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About this publication - Ocean prediction:
present status and state of the art

Ocean prediction services have been improving and evolving during the last decades and today are a crucial tool
for decision-making in multiple socio-economic sectors, being the backbone of many applications, including those
that enhance marine safety, disaster risk reduction, and coastal zone management. This compilation describes the
actual status of ocean forecasting, detailing its degree of development in the different regions of the world and the
most recent advances in all the relevant specific aspects associated with the technology, such as artificial intelli-
gence and cloud computing. This publication results from the coordinated work of a group of experts that forms the
so-called “Ocean Forecasting Co-Design Team”, integrated in the OceanPrediction Decade Collaborative Centre,
a cross-cutting collaborative centre of the UN Decade of Ocean Science for Sustainable Development. It has been
prepared in close collaboration with several Decade Programmes, which are closely linked to OceanPrediction DCC,
such as Oceanpredict/ForeSea, OceanPractices, and DITTO. The result is a complete picture of the situation of
ocean prediction that demonstrates its relevance and will foster future developments to overcome the present-day
limitations. This compilation will be followed by a second one where gaps and ways forward on ocean forecasting

and its applications will be explored.
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Abstract. Operational ocean forecasting systems (OOFSs) have proven to be immensely valuable today. Nu-
merous successful and inspiring services are operating in various regions of the world, contributing to cutting-
edge applications within the marine community. This success lays a strong foundation for building a global
community around ocean forecasting. However, the development and enhancement of existing forecasting sys-
tems remain challenging due to the absence of best practices, standards, and community-endorsed architectures.
The OceanPrediction Decade Collaborative Center (DCC) and its associated Decade actions aim to address these
challenges by leveraging the UN Decade of Ocean Science for Sustainable Development (2021-2030) and the
concept of digital twinning. This paper introduces the OceanPrediction DCC and outlines the forward-looking
strategies to achieve these ambitious goals. The special issue introduced by this paper is part of this broader

effort.

1 Introduction

The United Nations Decade of Ocean Science for Sustainable
Development (2021-2030), also referred to as “the Decade”,
was proclaimed by the 72nd session of the UN General
Assembly on 5 December 2017. Coordinated by the IOC-
UNESCO, the Decade seeks to promote large-scale, trans-
formative change to shift from the “ocean we have” to the
“ocean we want”. The Decade supports the development
of ocean data, information, and knowledge systems, driving
them toward higher levels of readiness, accessibility, and in-
teroperability. The scale of this effort must be exponentially
greater than anything previously undertaken.

To guide the Decade’s implementation, the IOC (Intergov-
ernmental Oceanographic Commission) has developed an
Implementation Plan (IOC-UNESCO, 2021), supported by
contributions from member states, UN agencies, intergovern-
mental organizations, nongovernmental organizations, and
relevant stakeholders. The OceanPrediction Decade Collab-
orative Center (DCC) is a cross-cutting structure within this
plan that operates globally, fostering collaboration among the
Decade actions related to ocean prediction.

Published by Copernicus Publications.

Mercator Ocean International has been entrusted by the
IOC-UNESCO to coordinate the OceanPrediction DCC, with
the mission “to achieve a predicted ocean through a shared
and coordinated global effort within the framework of the
UN Ocean Decade.” The center implements a community-
driven agenda that allows the ocean prediction community to
collaborate on activities such as communication, outreach,
training, cost sharing, joint workshops, and the standard-
ization of language and outputs. Additionally, it facilitates
the co-design of an architecture necessary for developing a
global ocean prediction system.

The center acts as a global convener of multidisciplinary
ocean prediction expertise, collaborating with intergovern-
mental programs (e.g., GOOS, ETOOFS, IODE, OBPS) to
establish agreements on operational infrastructure, terminol-
ogy, and standards needed to deliver unified services from
multiple geographic and thematic nodes

2 OceanPrediction DCC objectives

The objectives of the OceanPrediction DCC (https://www.
unoceanprediction.org/en, last access: 6 March 2025) are as
follows.
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2 E. Alvarez Fanjul and P. Bahurel: OceanPrediction Decade Collaborative Center

— To provide a collaborative backbone structure and a col-
lective voice for the ocean prediction community, sup-
porting the Decade’s implementation, focusing on the
following.

— Creating a global, inclusive forum (spanning the
coastal to deep sea, nowcasting to climate, biology
to physics, public to private, users to scientists) and
other tools to facilitate dialogue and information
exchange.

— Implementing capacity development and ocean lit-
eracy initiatives.

— Promoting operational ocean forecasting systems
(OOFSs) as a crucial tool for the blue economy and
ocean policy.

— To develop a global technical and organizational struc-
ture centered on the following.

— Co-designing, in collaboration with Ocean Decade
actions and other key stakeholders, a new scenario
for ocean forecasting that facilitates data sharing
and interoperability while leveraging digital twin
technologies.

— Identifying needs and coordinating the develop-
ment of new tools, standards, and best practices
for the implementation and improvement of Ocean
Forecasting Services and its applications, with a fo-
cus on a science-to-service framework and promot-
ing interoperability and integration.

— Aligning Decade actions with the objectives of
ocean forecasting and fostering collaboration be-
tween Decade initiatives and other relevant actors.

— To support the Decade Coordination Unit (head of the
Decade) by collaborating with other Decade collabo-
rative centers and coordination offices, ensuring align-
ment and monitoring of Decade actions to secure their
long-term legacy.

3 OceanPrediction DCC in the UN “Decade
ecosystem”

OceanPrediction DCC will closely coordinate with the Data
Sharing DCO (led by IODE) and the Observations DCO (led
by GOOS) to establish a framework for developing ocean
monitoring and forecasting services throughout the Decade.
OceanPrediction DCC shall be responsible for promoting
collaboration between Decade programs and their relevant
Decade projects, as well as Decade contributors when these
fall under the scope of work, all done in coordination with
the mentioned DCOs.

The Decade implementation plan links each DCC and
DCO to specific Decade programs, named “primary attach-
ments”. In the case of OceanPrediction DCC, these are the
following.

State Planet, 5-opsr, 1, 2025
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— FORESEA has the following overarching goals: (1) to
improve the science, capacity, efficacy, use, and impact
of ocean prediction systems and (2) to build a seamless
ocean information value chain, from observations to end
users, for economic and societal benefit. These transfor-
mative goals aim to make ocean prediction science more
impactful and relevant.

— Ocean Practices for the Decade Programme (“Ocean-
Practices”) will support all ocean stakeholders in secur-
ing, equitably sharing, and collectively advancing this
methodological heritage.

— Digital Twins of the Ocean (DITTO) will establish and
advance a digital framework on which all marine data,
modeling, and simulation along with AT algorithms and
specialized tools including best practices will enable
shared capacity to access, manipulate, analyze, and vi-
sualize marine information.

— Global Environment Monitoring System for the Ocean
and Coasts (GEMS Ocean) is designed to boost
its multi-stakeholder partnership convened by UNEP,
bringing together experts from earth observation, mon-
itoring, and modeling communities, together with end
users and a broad range of stakeholders to provide fit-
for-purpose key information for policymaking.

— Ocean Acidification Research for Sustainability
(OARS) will foster the development of the science
of ocean acidification including the impacts on ma-
rine life and sustainability of marine ecosystems in
estuarine—coastal-open-ocean environments.

— The NASA Sea Level Change Science Team has been
conducting interdisciplinary sea level science by col-
lecting and analyzing observational evidence of sea
level change, quantifying underlying causes and driv-
ing mechanisms, and producing projections of future
changes in sea level.

— France’s Priority Research Program “Ocean of Solu-
tions” aims to address ocean-related societal challenges
through integrated research.

The collaboration with these programs will be particularly
intensive, but additional collaborations with other programs
will be established as “secondary attachments”.

4 OceanPrediction DCC collaborative structure

To achieve its objectives, OceanPrediction DCC will estab-
lish two global collaboration structures:

— A decentralized regional structure, consisting of re-
gional teams that focus on community development and
capacity-building efforts.

https://doi.org/10.5194/sp-5-opsr-1-2025
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— A central structure, comprising the Ocean Forecast-
ing Global Co-design Team (OFCT) and a central of-
fice, which will liaise with various UN, EU, and na-
tional bodies. The OFCT focuses on co-design align-
ment and consists of experts covering different aspects
of the ocean forecasting value chain (Alvarez Fanjul et
al., 2022).

Having different teams for technical aspects and community
building will allow efficient management: a smaller special-
ists team able to deliver technical results on time and a larger
geographically based structure able to integrate the commu-
nity and catalyze the governance and organizational compo-
nent.

4.1 The regional teams

The OceanPrediction DCC regional teams have the following
objectives:

— Act as regional nodes of OceanPrediction DCC.

Contribute to the coordination and cooperation with
ocean forecasting-related Decade actions in the region.

— Identify gaps and ways forward in the regional land-
scape of ocean forecasting.

— Support OceanPrediction DCC in the design and organi-
zation of regional events for capacity building, ocean lit-
eracy, and other purposes, such as courses, workshops,
and hackathons.

— Advocate for regional implementation of best practices,
standards, and tools derived from OceanPrediction ac-
tivity.

— Collaborate with the other OceanPrediction DCC re-
gional teams to support global actions.

— Support OceanPrediction DCC in obtaining information
for the building of an atlas describing the situation of
ocean forecasting around the globe (including services,
institutions, interested persons, experts, and any other
relevant data).

— Promote the use of OOFS in each region for decision-
making purposes, including a sustainable blue economy,
as well as technical, policy, and legal aspects.

The regional team distribution is based on both UNEP
(United Nations Environment Programme) regional seas
and GOOS Regional Alliances (GRAs), clustering some re-
gions. The concept of the regional teams was announced at
the OceanPrediction DCC kick-off meeting, an event that
demonstrated the appetite for this initiative, with 1800 reg-
istered participants from all continents. At this moment we
are building these teams, and several leaders are volunteer-
ing worldwide to chair each region.

https://doi.org/10.5194/sp-5-opsr-1-2025

— Region 1: the western Pacific and marginal seas of
South and East Asia. Chair: Swadhin Behera (JAM-
STEC Japan).

— Region 2: Indian seas, covering South Asian Seas and
the ROPME sea area. Chair: Sudheer Joseph (INCOIS
India).

— Region 3: African seas. Chair: Kouadio Affian (Ivory
Coast — Chair of IOC Africa). For this region, we have
decided to have several co-chairs and a subregional di-
vision to address the differences in technical develop-
ment.

— Region 4: Mediterranean and Black Sea. Chair:
Emanuela Clementi (MONGOOS/CMCC - Italy).

— Region 5: the northeastern Atlantic. Chairs: Ghada al
Serafy and Loreta Cornacchia (EuroGOOS coastal WG,
Deltares).

— Region 6: South and Central America. Chairs: Clemente
Tanajura (Universidade Federal da Bahia) and Boris De-
witte (CEAZA).

— Region 7: North America. Chairs: Patrick Hogan
(NOAA), and Fraser Davidson (DFO).

— Region 8: the Arctic. Chair: Heather Reagan (NERSC
Norway).

— Region 9: the Antarctic. Chair: Stuart Corney (UTAS —
Australia).

4.2 The Ocean Forecasting Co-Design Team

Ocean forecasting systems (OFSs) have proven invaluable
for understanding the ocean and providing critical infor-
mation for decision-making. However, challenges remain in
areas like standardization, interoperability, and integration.
Building an OFS from scratch, without guidance, is a daunt-
ing task, often resulting in isolated systems with limited in-
tegration into a larger framework.

This situation hampers the proliferation of forecasting ser-
vices, especially in technologically less advanced countries,
and hinders the growth of the ocean forecasting commu-
nity and collective knowledge. The Ocean Forecasting Co-
Design Team (https://www.unoceanprediction.org/en/about/
technical, last access: 6 March 2025) is an international
group of experts working under OceanPrediction DCC co-
ordination, collaborating to overcome these limitations by
developing a new ocean forecasting architecture. This team
comprises worldwide specialists whose collective expertise
covers the whole value chain. It will leverage existing tech-
nologies and initiatives, such as the digital twins, and the
IPCC activities on standardization, interoperability, and in-
tegration.

State Planet, 5-opsr, 1, 2025
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As an initial step, the team assembled the current special
issue and evaluated the status of operational ocean forecast-
ing systems from both user and expert perspectives (Cilib-
erti et al., 2023). The team’s primary objective is to design a
unified ocean forecasting architecture that leverages the con-
cept of digital twinning (Tzachor et al., 2023). This architec-
ture aims to facilitate a simpler, modular, and more robust
system development in the future. A key aspect of this de-
velopment will be the establishment of well-defined building
blocks, which will take the form of standards, tools, and best
practices. While this new framework will benefit all forecast-
ing services, it will be especially impactful for organizations
that are just beginning their activities.

The Ocean Forecasting Co-Design Team’s role is to iden-
tify this architecture and define the essential building blocks
needed for its expansion. This effort will support the various
Decade programs by providing clear development targets.
However, the team’s role is not to “code” these components
directly but rather to inspire and guide the implementation of
these targets by Decade programs.

5 Next steps

The OFCT will continue its activities, and, in the future, it
is planned to address the identification of gaps in ocean fore-
casting and the priorities for further development. The results
of these works will be published in subsequent special issues.
These efforts form part of a wider strategy to promote ocean
forecasting worldwide, which is summarized in the virtuous
loop shown in Fig. 1.

The Ocean Prediction DCC’s community, organized
around the regional teams and integrating the Decade pro-
grams related to ocean forecasting, will be at the center of
all the developments. This community will be articulated
through the OceanPrediction DCC web page (https://www.
unoceanprediction.org/en) and, more specifically, around a
forum, where the community will share experiences and ad-
dress doubts, as well a an atlas that will serve to identify who
is who.

The description of the virtuous loop can start with the
knowledge required to understand ocean forecasting tech-
niques and their degree of development and implementation.
The publications presented in this special issue and the future
gap analysis mentioned above are part of this effort, which
is centralized around the ETOOFS guide (Alvarez-Fanjul et
al., 2022). This is a GOOS publication that compiles the ba-
sic knowledge related to the different aspects of ocean fore-
casting. Now the guide has been transformed into a wiki site
under the OceanPrediction DCC website. This will permit
the update of content by the addition of community contribu-
tions.

This compilation of common knowledge will serve as a
valuable tool for capacity development, and therefore it will
facilitate the construction of new operational services and

State Planet, 5-opsr, 1, 2025
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Figure 1. OceanPrediction DCC’s virtuous loop towards the pro-
motion of ocean forecasting.

the improvement of existing ones. To additionally facilitate
this task, the OFCT has delivered the so-called “Architecture
Guide”, available at the resource center of the OceanPredic-
tion DCC website. This document describes all the compo-
nents and “internal wiring” required to implement a robust
forecasting service. The architecture is based on “building
blocks”, which will take the form of data standards and tools.

Once a system is implemented, it is required to operate
it properly. To facilitate this task, the OFCT has developed
the Operational Readiness Level (ORL; Alvarez Fanjul et al.,
2024). This is a new tool to promote the adoption and imple-
mentation of best practices in ocean forecasting. Thanks to
its application, system developers will be able to assess the
operational status of an ocean forecasting system. Improving
the ORL qualification of a service is a means to implement
best practices and standards in ocean forecasting, improving
the system.

The ORL comprises three independent digits designed to
certify the operational status of an ocean forecasting system.
Each digit ranges from 0 (minimum) to 5 (maximum), with
decimal numbers being allowed. These digits correspond to
distinct aspects related to operations: the first digit reflects
the reliability of the service, the second monitors the level of
validation for the service, and the third assesses the various
degrees of product dissemination achievable by the system.

In the last conceptual step of the virtuous loop, the data
will be integrated into interoperable frameworks, such as

https://doi.org/10.5194/sp-5-opsr-1-2025
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Digital Twins of the Ocean. This will allow a richer exploita-
tion of the data, extracting more information useful for sci-
ence and decision-making. The knowledge generated in this
way will be incorporated into our common knowledge, clos-
ing the loop.

We intend for this compilation to become a relevant part of
the shared knowledge that forms part of this loop, describing
where ocean forecasting stands today. By examining current
methods and new developments, we highlight how impor-
tant ocean forecasting is for keeping our marine environment
healthy and productive for future generations.
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Abstract. The capacity in monitoring and forecasting the global ocean is increased nowadays, thanks to the
advancements in observing and in modelling the main physical ocean processes and dynamics. This has led to
the growth of core services, devoted to providing free and open data, science-driven, and based on users’ needs.
Here we illustrate the fundamental steps that have been developed, over the last decades, for improving the ocean
value chain — from access to upstream data like observations to the delivery of products to users for downstream
services and applications, with description of worldwide state-of-the-art operational ocean forecasting systems at
a global scale. We also provide some examples on core service organisation, like the Copernicus Marine Service

and many others, which are available today and operating for the provision of near-real-time predictions.

1 Introduction

Effective monitoring and prediction of the global ocean is
nowadays a crucial and demanding need for supporting a
wide range of applications — from maritime safety and trans-
ports to search and rescue and from offshore industry oper-
ations to addressing climate change, including management
and planning of fisheries, ecosystems and aquaculture activ-
ities. It implies coordinated actions among marine core ser-
vices and users through downstream applications as in the
“butterfly” diagram shown in Fig. 1 from Alvarez Fanjul et
al. (2022): it positions the marine core service as one of the
pillars of the whole value chain, in charge of providing high
quality information of the ocean state by combining observa-
tions and numerical modelling, delivered to users in a timely
manner for the implementation of tailored tools for decision-
making.

Therefore, a core service should have by definition the fol-
lowing characteristics:
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It feeds from ocean observations, from both satellite and
in situ sources.

— It provides reliable access (production requirements are
defined and information provided to users on target
delivery time, timeliness and monitoring of dedicated
key performance indicators (KPIs)) to both quality-
controlled measured and forecasted ocean data.

— Itis user-driven, and specific support to the users is pro-
vided.

— It generates data useful for final and intermediate users,
enabling the latter to produce tailored information for
final users.

— The development, evolution and operations are done
under well-controlled planning, ensuring availability,
timeliness and quality of the resulting products.

The concept of a “core service” was developed in the frame-
work of the Copernicus programme, but the idea of provid-
ing reliable and up-to-date information on the state of the
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Figure 1. The ocean value chain (from Alvarez Fanjul et al., 2022).

environment is universal. There are other global ocean ser-
vices, such as the Global Ocean Observing System (GOOS),
which also provide information on the state of the world’s
oceans and seas. However, the specific services offered and
the way in which they are organised may differ between pro-
grammes, so not all of them can be considered core services
in the sense developed by Copernicus. Here we define a core
service as the provision of open and free data together with
dedicated user support with the characteristics described in
the next section.

In this chapter, we will focus on the general characteristics
of existing global ocean forecasting systems and their col-
location in the framework of marine core services and exist-
ing international initiatives that support scientific networking
and activities for improving and advancing numerical ocean
predictions.

2 Global ocean forecasting systems: where we are
today

The last decade has been characterised by vibrant advance-
ments in numerical ocean modelling and observational net-
works that have opened new opportunities for improving
global ocean monitoring and forecasting. The last review on
the status of ocean forecasting systems described in Tonani
et al. (2015) outlined that 12 global systems were regularly
operating up to 2015 across the world — from France, UK,
Norway and Italy to the USA, Canada and Brazil; from Aus-
tralia to Japan; and from China to India — with an increase of
30 % with respect to 2009, when only 7 were providing fore-
cast products. These actions were and still are supported by
an international coordinated effort promoted by the Global
Ocean Data Assimilation Experiment (GODAE) over three
main steps.

— Phase 1 — the experiment (Bell et al., 2009). GODAE
started in 1998 and developed over 10 years, with the
main scopes of the following:
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— applying state-of-the-art ocean models and data as-
similation methods for producing short-term fore-
cast and for providing initial and boundary condi-
tions for regional-to-coastal subsystems and

— providing global ocean analysis to understand the
ocean state, to improve predictability, and to sup-
port the design and the effectiveness of the global
ocean observing system.

— Phase 2 — “science to underpin societal needs” (Bell
et al., 2015; Schiller et al., 2015). Following the first
step, over the next 10 years, GODAE OceanView con-
solidated the coordination by launching new activities
devoted to developing predictive systems to meet users’
needs. Such activities included the following:

— the consolidation and improvement of global (and
regional) systems;

— the scientific evolution for the next generation of
systems;

— the exploitation of this capacity in other contexts,
like ocean reanalysis, weather forecasting, seasonal
and decadal prediction, climate change, and coastal
impacts;

— the assessment and the design of the ocean observ-
ing network.

— Phase 3 — advancing the science of ocean predic-
tion with OceanPredict. In 2019, GODAE OceanView
became OceanPredict, with the main scope to en-
hance ocean prediction within an overall operational
oceanography context (The OceanPredict — Strategy
2021-2030, 2021), by working on five major drivers
(https://oceanpredict.org/about/strategy/goals/, last ac-
cess: 30 April 2025):

— data assimilation — to improve ocean forecasting
and also data assimilation capacity;

https://doi.org/10.5194/sp-5-opsr-2-2025
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— verification — for monitoring and demonstrating im-
proved accuracy and utility of ocean analysis and
forecasting products resulting from OceanPredict
contributions, by coordinating regular system inter-
comparisons and verifications;

— observing system evaluations — for contributing to
projects and assessment to better determine obser-
vation impact and feeding back to the observing
system community information about opportunities
for further improving the impact of observations on
forecasting skill;

— models — collaborating with R&D groups through
OceanPredict task teams to improve ocean predic-
tions in shelf seas and coastal environment, for bio-
geochemical variables and for coupled environmen-
tal prediction systems;

— visualisation — collaborating with ocean product de-
velopers and ocean services to improve visualisa-
tion and accessibility tools for predictions and ob-
servations.

The GODAE/OceanPredict Science Team, which includes
more than 30 experts that are leaders in the field of opera-
tional oceanography from national, international and inter-
governmental organisations, is in charge of maintaining up-
dated information about the current global ocean forecasting
capacity of the physical and biogeochemical components, in-
cluding technical description of the systems and available
viewing services. In Alvarez Fanjul et al. (2022), detailed
complementary inventories of global ocean systems available
worldwide are given. Table 1 summarises services provided
by the operational centres (technical characteristics of opera-
tional ocean forecasting systems are given in Alvarez Fanjul
et al. (2022), showing that state-of-the-art ocean model and
data assimilation methods are used to produce standard prod-
ucts including main Essential Ocean Variables (EOVs)).

3 The Copernicus Marine Service as reference core
service and its offer for the global ocean

In the framework of the EU Copernicus programme, the
Copernicus Marine Service is organised to provide opera-
tional service to external users and to get user feedback to
improve an user-driven service. It has been defined with the
following specificities:

— Free access to reliable up-to-date and historic data is
key for enhanced knowledge and better understanding
of our oceans.

— Copernicus Marine Service provides data from satel-
lites, in situ sensors and numerical models covering the
global ocean and the European regional seas and asso-
ciated product quality information.

https://doi.org/10.5194/sp-5-opsr-2-2025

— Information on past, present and future trends is made
available to empower all users who want to drive the
Blue Economy, for scientific innovation and to support
sustainable ocean initiatives.

— Anyone can use the data — scientists, policy-makers,
entrepreneurs and ordinary citizens, from all over the
world.

— Services and training are tailored and adapted to differ-
ent levels of expertise and familiarity with ocean data.

— Users can get help from the Copernicus Marine User
support team.

— Interoperability between different producers is ensured
between all the products available in the catalogue and
to allow connection between the producers.

— Standards (including best practices) are defined and ap-
plied by the producers for the products (resolution, fre-
quency, variable, time series, forecast length, etc.), the
format, the quality information and the timeliness.

User feedback is organised within the core service by col-
lecting and analysing information on access to data, the ser-
vices offered and user support through surveys and train-
ing sessions, as well as through a user uptake programme
in the form of projects and thanks to a group of experts (i.e.
the Champion User Advisory Group) that analyses and sum-
marises needs.

Access to the Copernicus Marine Product Catalogue is
possible through https://marine.copernicus.eu/ (last access:
30 April 2025).

Copernicus Marine Service is organised around Thematic
Assembly Centers (TACs) and Monitoring Forecasting Cen-
ters (MFCs) (Fig. 2). TACs process data acquired from satel-
lite ground segments and in situ platforms to produce real-
time (today) and reprocessed (30-year historic) products.
They are organised by thematic hubs including sea ice, wind,
sea level, in situ, ocean colour, sea surface temperature, wave
and multiple observations. MFCs run ocean numerical mod-
els assimilating data provided by TAC data to generate re-
analysis (30 years in the past), analysis (today) and 10d
forecasts of the ocean. They are organised in geographical
areas, including the global ocean and European seas such
as the Arctic Ocean, the Baltic Sea, the Atlantic European
North-West Shelf, Iberian—Biscay—Irish seas, the Mediter-
ranean Sea and the Black Sea.

Focusing on global ocean forecasting systems, the Coper-
nicus Marine Service, through the GLO MFC, provides ma-
rine data (waves, currents, temperature, salinity, sea level and
biogeochemistry) for the world’s oceans, Atlantic, Indian,
Pacific, Arctic and Antarctic, and the European seas. The
past, present and future are covered by these data, providing
information for 30 years in the past up to 10d in the future.
The portfolio of products (as summarised also in Table 1)
includes the following:
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Table 1. Updates on the inventories as given in Alvarez Fanjul et al. (2022) and by OceanPredict (https://oceanpredict.org/science/
operational-ocean-forecasting-systems/ocean-products-services/, last access: 30 April 2025), with focus on provided Essential Ocean Vari-
ables (EOVs) and summary of offered service.

System

EOV

Service

GIOPS (Global Ice Ocean
Prediction System)
1/4° resolution

Temperature, salinity, sea surface height,
zonal and meridional velocity components,
sea ice concentration, sea ice thickness,
northward sea ice velocity.

Daily means and 3 h average surface fields. From 2014 to
present

https://science.gc.ca/site/science/en/concepts/
prediction-systems/
global-ice-ocean-prediction-system-giops (last access:
30 April 2025)

ESSO-INCOIS (Earth System
Science Organisation—Indian

National Centre for Ocean
Information Services)
1/4° resolution

Temperature, salinity, sea surface height,
zonal and meridional velocity components,
mixed layer depth.

6 h average hourly fields for 5 d forecast
https://incois.gov.in/ (last access: 30 April 2025)

MOVE (Multivariate Ocean
Variational Estimation)

nested grid from 1° at a global

scale to 1/33° around Japan

Temperature, salinity, sea surface height,
zonal and meridional velocity components,
sea ice concentration.

Daily mean

Daily mean from October 2020 to present, 31 d forecast
for the North Pacific and 11 d forecast with a higher
resolution for the Japan area.
https://www.jmbsc.or.jp/jp/online/file/f-online23100.html
(last access: 30 April 2025) (in Japanese)

OceanMAPS (Ocean
Modelling, Analysis and
Prediction System)
1/10° resolution

Temperature, salinity, sea surface height,
zonal and meridional velocity components.

Daily means. From 2007 to present
https://research.csiro.au/bluelink/global/forecast/ (last
access: 30 April 2025)

GLO MFC (Global
Monitoring Forecasting
Center from Copernicus
Marine Service)

1/12° resolution

Temperature, salinity, sea surface height,
zonal and meridional velocity components,
mixed layer depth, bottom temperature.
Chlorophyll, dissolved inorganic carbon in
sea water, iron, oxygen, nitrate, phosphate,
silicate, primary production, alkalinity, pH,
surface partial pressure of carbon dioxide
in sea water, volume attenuation coefficient
of downwelling radiative flux.

Significant wave height, wave period, peak
period, wave direction, wave maximum
height, Stokes drifts, swell significant
heights, swell wave directions.

Hourly, daily and monthly means from 2020 to +10d for
the physical component; daily and monthly means from
2021 to present for the biogeochemical component;
hourly instantaneous from 2021 to +10d for the wave
component
https://marine.copernicus.eu/about/producers/glo-mfc
(last access: 30 April 2025)

FOAM (Forecast Ocean
Assimilation Model)
1/12° resolution

Temperature, salinity, sea surface height,
zonal and meridional velocity components,
sea ice concentration, sea ice thickness, sea
ice velocity.

Daily forecasts out to 7 d producing data with daily and
3 h frequency.
https://www.metoffice.gov.uk/research/weather/
ocean-forecasting/ocean-development (last access:

30 April 2025)

GOFS3.1 (Global Ocean
Forecasting System)
1/12° resolution

Temperature, bottom temperature, salinity,
sea surface height, zonal and meridional
velocity components, sea ice concentration,
sea ice thickness, sea ice velocity.

3 h means. From 2018 to +4d
https://www.hycom.org/dataserver/gofs-3pt1/analysis
(last access: 30 April 2025)

GOFS16 (Global Ocean
Forecasting System)
1/16° resolution

Temperature, salinity, sea surface height,
zonal and meridional velocity components.

Daily means of +5d
https://gofs.cmcc.it/ (last access: 30 April 2025)

NMEFC (National Marine
Environmental Forecasting
Center)

1/12° resolution

Temperature, salinity, velocities, sea ice.

Daily means and 5 d forecast.
https://www.nmefc.cn/ybfw/seacurrent/Global (last
access: 30 April 2025)
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Figure 2. Organisation of Copernicus Marine Service including
Thematic Assembly Centers (TACs), which provide ocean observa-
tions, and Monitoring and Forecasting Centers (MFCs), which pro-
vide reanalysis and forecast at a global scale and for the European
seas. Exchanges with users happen through the Central Information
System (CIS).

— Near-real-time (NRT) datasets provide physics and
waves at 1/12° resolution and biogeochemistry at
1/4°, forced by ECMWEF IFS atmospheric forecasting
product (see https://www.ecmwf.int/en/elibrary/81235-
evaluation-ecmwf-forecasts-including-2021-upgrade
(last access: 30 April 2025) for a description of the
systems and their evolution).

— Global Ocean Physics Analysis and Forecast, run
by Mercator Ocean International, provides analy-
sis and forecast of the 3D ocean regularly every
day. The time series is aggregated in time to reach
a full 2 years’ time in a sliding window to +10d.
The core model is based on NEMO (Nucleus for
European Modelling of the Ocean v3.6, coupled to
LIM3 sea ice model): it assimilates temperature and
salinity profiles as well as sea surface temperature,
sea ice concentration and sea level anomaly data,
provided by corresponding TACs using the SAM?2
data assimilation scheme. Details are given in Le
Galloudec et al. (2023) and Lellouche et al. (2023).
An example of the sea surface temperature forecast
field is given in Fig. 3.

— Global Ocean Biogeochemistry Analysis and Fore-
cast, run by Mercator Ocean International, provides
analysis and forecasts of the 3D global ocean up-
dated weekly. The time series is aggregated sim-
ilarly to the physical system. The core model is
based on NEMO v3.6 online coupled to PISCES for
the biogeochemical component: it assimilates satel-
lite ocean colour provided by the OC TAC using
the SEEK (Singular Evolutive Extended Kalman)
data assimilation scheme. Details are given in
Lamouroux et al. (2023) and Lamouroux and To-
nani (2023).

https://doi.org/10.5194/sp-5-opsr-2-2025

— Global Ocean Waves Analysis and Forecast, run by
Météo-France, provides analysis and forecasts of
the global ocean sea surface waves. The core model
is MFWAM, with spectral resolution of 24 direc-
tions and 30 frequencies: it uses optimal interpola-
tion for the assimilation of significant wave height
from altimeters. Details are given in Dalphinet et
al. (2023) and Aouf (2023).

— Multi-Year (MY) datasets provide physics at 1/12°
resolution, biogeochemistry at 1/4°, and waves at
1/5°, forced by ECMWF ERAS5 atmospheric reanalysis
(Hersbach et al., 2020).

— Global Ocean Physics Reanalysis, run by Mer-
cator Ocean International, provides reanalysis of
the global ocean covering the altimetry period
(from 1993 onward). The core model is based on
NEMO v3.1, coupled to LIM2 (Louvain-la-Neuve
Sea Ice Model) and implementing the SAM2 (Sys-
tem assimilation Mercator) scheme for the assimi-
lation of reprocessed observations such as satellite
sea surface temperature, sea ice concentration, sea
level anomaly, in situ temperature and salinity pro-
files. Details are given in Drevillon et al. (2023a,
b).

— Global Ocean Biogeochemistry Hindcast, run by
Mercator Ocean International, provides biogeo-
chemical hindcasts for the global ocean over a pe-
riod starting in 1993. The core model is based
on NEMO v3.6 coupled to PISCES. Details are
given in Le Galloudec et al. (2022) and Perruche
et al. (2019).

— Global Ocean Waves Reanalysis, run by Mercator
Ocean International, has provided the global wave
reanalysis since 1993. The core model is MFWAM,
coupled to an optimal interpolation scheme for the
assimilation of significant wave height provided by
altimeters. Details are given in Law-Chune (2023)
and Law-Chune et al. (2023).

4 Other worldwide ocean services

The list of operational oceanography centres and associated
services is evolving rapidly, and the centralisation and
updating of this information is one of the important activities
for international coordination and is carried out within
the framework of OceanPredict (https://oceanpredict.
org/science/operational-ocean-forecasting-systems/
ocean-products-services/) and the Decade Collaborative
Centre for Ocean Prediction, where a dedicated atlas is pro-
vided (https://www.unoceanprediction.org/en/atlas/people?
1at=16.46769474828897&1Ing=23.5546875&zoom=2, last
access: 30 April 2025).
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Figure 3. Sea surface temperature as predicted by the Global Ocean Physical Analysis and Forecasting System on the 27 March 2024:
visualisation provided by the Copernicus Marine Service — MyOcean Pro Viewer.

— The National Oceanic and Atmospheric Administra- CEPTS provides operational access to real-time fore-

tion (NOAA) is the reference agency in the USA that
provides understanding and predictions of changes oc-
curring in climate, weather, ocean and coasts, sharing
knowledge and information and conserving and man-
aging coastal and marine ecosystems and resources.
The NOAA’s National Ocean Service operates with
the Center for Operational Oceanographic Products
and Services (CO-OPS) for gathering accurate, re-
liable and timely water-level and current measure-
ments. The NOAA’s National Weather Service (https:
/loceanservice.noaa.gov/, last access: 30 April 2025)
provides, through the Environmental Modeling Cen-
ter, the Global Real-Time Ocean Forecast System prod-
ucts (https://polar.ncep.noaa.gov/global/, last access:
30 April 2025), delivered via FTP. Visualisation of now-
cast/forecast products and reference metrics are pro-
vided as well through a dedicated web page, available
at https://polar.ncep.noaa.gov/global/.

From the collaboration between Environment and Cli-
mate Change Canada, Fisheries and Oceans Canada,
and National Defence departments, the Government of
Canada supports the Canadian Operational Network
of Coupled Environmental PredicTion Systems (CON-
CEPTS; https://science.gc.ca/site/science/en/concepts,
last access: 30 April 2025) for the monitoring of the
met-oceanographic conditions in the country. CON-
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casts through dedicated web services (i.e. geospatial
web services and third-party websites), including bul-
letins produced with static images. CONCEPTS in-
cludes prediction systems like the Global Ice Ocean Pre-
diction System (GIOPS) with delivery of 10d forecast
of daily ocean and sea ice analysis, together with re-
gional systems (e.g. the Regional Ice Ocean Prediction
System (RIOPS) and the Regional Deterministic Pre-
diction System Coupled over the Gulf of St. Lawrence
(RDPS-CGSL)) and a dedicated one for the Great
Lakes (i.e. the Water Cycle Prediction System Coupled
over the Great Lakes (WCPS-CGL), https://science.gc.
ca/site/science/en/concepts/prediction-systems, last ac-
cess: 30 April 2025).

— The European Centre for Medium-Range Weather

Forecasts (ECMWF) develops and maintains an oper-
ational system called OCEANS (https://www.ecmwf.
int/en/research/climate-reanalysis/ocean-reanalysis,

last access: 30 April 2025), a global eddy-permitting
ocean-sea ice ensemble with five members from
1979 to present. It includes a behind-real-time (BRT)
component to produce ocean reanalysis from 1979
to present (ORASS; https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-orasS?tab=overview, last
access: 30 April 2025) and a real-time (RT) component,
initialised from the last BRT analysis to compute an

https://doi.org/10.5194/sp-5-opsr-2-2025



analysis up to real time every day using a variable
assimilation window. Data are accessible through
the Copernicus Climate Data Store and are used for
performing past reconstruction of the ocean climate
state at a global scale.

The Australian Government Bureau of Meteorology is
Australia’s national weather, climate and water agency
(http://www.bom.gov.au/?ref=hdr, last access: 30 April
2025). It provides marine and ocean products such as
wind maps, tide predictions, sea temperature and cur-
rents, wave maps, and seasonal ocean temperature. The
service is for citizens and society, so the communication
is done through VHEF, radio and radiofax, internet, and
satellite.

The Japan Meteorological Agency (JMA; https:/
www.jma.go.jp/jma/indexe.html, last access: 30 April
2025) is the reference Japanese agency for monitor-
ing weather, earthquakes and volcano activities. The
ocean component of the JMA carries out oceanographic
and marine meteorological observations in the west-
ern North Pacific and seas adjacent to Japan. Addition-
ally, it operates with a set of operational ocean data
assimilation and prediction systems named MOVE for
preventing coastal disasters; supporting fishery, marine
transportation and marine industry; and providing the
oceanic initial conditions for the coupled atmosphere—
ocean forecasting systems (Hirose et al., 2019; Fujii et
al., 2023; Yamanaka et al., 2023).

The China Meteorological Administration (CMA; https:
/Iwww.cma.gov.cn/en/, last access: 30 April 2025) is
an operator, service-provider and regulator in weather
forecasting and warning, climate prediction and pub-
lic meteorological services. The National Meteoro-
logical Centre (NMC) undertakes the responsibility
of issuing forecasts and warnings for 13 different
types of hazardous weather conditions within the
next 24h. These include typhoons, heavy rain, se-
vere convective weather, blizzards, cold waves, gales
at sea, sandstorms, low temperatures, high tempera-
tures, frosts, ice storms, heavy fog, and haze. The Bei-
jing Climate Centre operates its own global ocean sys-
tem for the monitoring of the ocean climate events
like El Nifio in the central and eastern equato-
rial Pacific (https://www.cma.gov.cn/en/forecast/news/
202402/t20240229_6093860.html, last access: 30 April
2025).

The National Marine Environmental Forecasting Center
(NMEFC;  http://www.nmefc.cn/hailiu/quangiu.aspx,
last access: 30 April 2025) is the national operation and
research centre for marine environmental forecasting
and marine hazard warning and provides advisory
information for public policy, decision-making, and

https://doi.org/10.5194/sp-5-opsr-2-2025
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socio-economic and sustainable development, which
is a public institution directly under the Ministry of
Natural Resources of China.

— Mercator Ocean International (MOi; https://www.
mercator-ocean.eu/, last access: 30 April 2025) is a
non-profit organisation, in the process of transform-
ing into an intergovernmental organisation, providing
ocean-science-based services of general interest fo-
cused on the conservation and the sustainable use of
the oceans, seas and marine resources. After running
the European MyOcean projects since 2009, Mercator
Ocean was officially appointed by the European Com-
mission on 11 November 2014 to implement the Euro-
pean ocean-monitoring service, the Copernicus Marine
Service, as part of the European Earth observation pro-
gramme, Copernicus.

— The Met Office (https://www.metoffice.gov.uk/, last ac-
cess: 30 April 2025) is the UK’s national weather and
climate service and produces operational global and re-
gional ocean forecasts on a daily basis using the FOAM
system as well as waves, storm surge and ecosystem
predictions. The research effort is reinforced by a close
collaboration with academic groups, including those in
the National Partnership for Ocean Prediction (NPOP).

— The CMCC (https://www.cmcc.it/, last access: 30 April
2025) Foundation (Euro-Mediterranean Center on Cli-
mate Change) is an international, independent, multi-
disciplinary research centre that studies the interaction
between climate change and society. They produce ad-
vanced climate research developing cross-cutting and
multidisciplinary analyses and data that combine first-
class climate modelling with climate change impact
modelling and environmental economics.

— ESSO-INCOIS  (https://incois.gov.in/portal/aboutus,
last access: 30 April 2025) was established as an
autonomous body in 1999 under the Ministry of Earth
Sciences (MoES) and is a unit of the Earth System
Science Organisation (ESSO). ESSO-INCOIS is man-
dated to provide the best possible ocean information
and advisory services to society, industry, government
agencies and the scientific community through sus-
tained ocean observations and constant improvements
through systematic and focussed research.

5 Conclusion

The development of operational ocean analysis and forecast-
ing systems began in the late 1990s for institutional and ex-
pert users. The first systems produced analyses and forecasts
of the physical ocean at intermediate resolutions (between 1°
and 1/4°) and frequencies that were daily at best. The out-
put from these systems was made available directly on super-
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computers or on archive centres or ftp servers. The progress
made in production systems was accompanied by progress
in dissemination systems, visualisation tools, data processing
and the support provided to users in order to create what are
currently called core services. The horizontal resolution of
global models now reaches a few kilometres, and the tempo-
ral resolution of forecasts updated daily can be hourly, with
assimilated data and model forcings also having progressed
in line with the targeted resolutions. Data are now distributed
on cloud servers in optimised formats, enabling large vol-
umes of data to be viewed and handled efficiently. Standard-
isation of the associated documentation and monitoring of
operational production and user support mean that these op-
erational products can be used more easily. The number of
users of operational oceanography products has risen sharply,
with some core services currently able to serve several tens
of thousands of users. Digital Twin Ocean’s developments
will make it possible to integrate new technologies and, in
the near future, will represent an important evolution in the
core service for operational oceanography.
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Abstract. Operational ocean forecasting systems provide important information on physical and biogeochem-
ical variables across global, regional, and coastal scales. Regional systems, with higher resolution than global
models, capture small-scale processes like eddies and usually include tides but lack detailed land—sea interac-
tions essential for coastal areas. These models, often nested within global systems, vary in spatial resolution
(1-20km) and may include biogeochemical components. While regional systems focus on physical parameters
such as sea surface height, temperature, salinity, and currents, only a few incorporate biogeochemical processes.
The growing demand for biogeochemical data has prompted advancements and more systems will include this

component in the coming years.

This paper provides a preliminary overview of the current status of regional forecasting systems, discussing
examples such as the Copernicus Marine Service from OceanPredict, analysing the offer in terms of covered
regions, resolution, and catalogues of ocean variable products.

1 Introduction

Numerous oceanographic systems are providing data on
physical and biogeochemical variables, spanning global, re-
gional, and coastal scales. It can be challenging to precisely
define the characteristics of a regional oceanographic sys-
tem versus a global or coastal system, as there may be some
overlap in the information they provide and the regions they
cover. Regional models typically offer greater detail than
global models due to their higher resolution and ability to
capture small-scale processes such as eddies, fronts, and lo-
cal features. This approach avoids the significant computa-
tional costs associated with running a global system at high
resolution. Additionally, most regional models incorporate
tides, which are not always included in global models. More-
over, they can be optimized for specific areas, which may
have unique oceanographic characteristics and require higher

Published by Copernicus Publications.

resolution or tailored parameterizations (Tonani et al., 2015).
However, they do not include the processes of land—sea in-
teraction that are important for coastal areas, e.g. the dynam-
ics of nearshore currents, sediment transport, delta and estu-
ary processes, and some biogeochemical processes, typically
solved by coastal systems. In addition, the spatial scale is
a factor in differentiating global, regional, and coastal. Re-
gional systems are directly nested into global systems and
may or may not have nested coastal systems. In recent years,
various approaches have been developed to increase model
resolution only where needed, leveraging unstructured grid
models. These models show great promise in balancing the
need for high-resolution detail with manageable computa-
tional costs. As a result, the distinction between regional
and coastal models has become less defined. However, dif-
ferences in the processes resolved and key parameterizations
remain essential for accurately representing coastal dynam-
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ics and processes versus regional. Another promising devel-
opment is the use of machine-learning-based forecasting sys-
tems and hybrid models. Once properly trained, these sys-
tems can deliver accurate forecasts while significantly reduc-
ing computational costs. Although most of these systems are
still under development or in pre-operational stages, they are
expected to be integrated into the landscape of operational
forecasting systems in the near future.

Several regional forecasting systems have been developed
across the world and are currently in operation (Tonani et
al., 2015; Schiller et al., 2018; Alvarez Fanjul et al., 2022).
A brief overview of the main characteristics of these sys-
tems is presented in Sects. 2 and 3. Section 4 provides de-
tails on the regional systems described by OceanPredict (To-
nani et al., 2015; Bell et al., 2015) and the Copernicus Ma-
rine Service (Le Traon et al., 2019), considered a representa-
tive overview of the systems currently in operation. Provid-
ing an exhaustive account of all the regional forecasting sys-
tems is outside the scope of this document and would require
a dedicated survey. This need is fulfilled by the Atlas ini-
tiative (https://www.unoceanprediction.org/en/atlas/, last ac-
cess: 22 February 2025), launched a few months ago by
the OceanPrediction Decade Collaborative Centre (Ocean-
Prediction DCC), aiming to map all the operational forecast-
ing centres and their characteristics.

2 General characteristics

There are several factors that determine the spatial scale of
a regional ocean forecasting system, including the region’s
size, bathymetry, and oceanographic characteristics, as well
as the system’s purpose. Operational systems currently have
resolutions ranging from approximately 1 to 20km. Usu-
ally, larger regions do not need the same fine resolution as
smaller regions and can therefore cope with a coarser reso-
Iution. Shelf sea regional systems may require a finer spatial
resolution compared to larger regions such as the North At-
lantic basin. For example, in shelf areas, smaller grid cells
of around 1 km are necessary, whereas in the North Atlantic,
larger grid cells of 10 km or more are enough.

The resolution needed by a model grid for resolving the
baroclinic eddy dynamics can be computed as a function of
the first baroclinic Rossby radius of deformation, Rq. A well-
established metric used for assessing this relationship (Hall-
berg, 2013) is Ry = Ryqv/(Ax2 + Ay?2)/2, where Ry is the
first baroclinic Rossby radius of deformation and Ax and Ay
represent the horizontal grid spacing of the model. A model
is defined as eddy-resolving when Ry > 2; otherwise, it is
eddy-permitting.

The choice between a regional, global, or coastal oceano-
graphic system will depend on a variety of factors, including
the specific operational needs of the user, the oceanographic
characteristics of the region of interest, and the computa-
tional resources and data availability. Regional forecasting
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systems must be tailored to the specific processes character-
izing their target areas. This requires selecting appropriate
parameterizations and designing system components accord-
ingly. In some cases, coupling additional components may
be justified if the resulting improvement in forecast accuracy
outweighs the associated computational costs.

Design, components, and configurations of these systems
can vary widely. Most of them use an ocean general cir-
culation model such as NEMO (Madec and NEMO Sys-
tem Team, 2022), ROMS, or HYCOM and data assimilation
components based on the Kalman filter or variational meth-
ods. Additionally, some systems include wave and biogeo-
chemical model components. These model components can
be stand-alone or coupled in various configurations. Most
of them rely on atmospheric fields at the ocean—atmosphere
boundaries because they are not coupled with an atmospheric
model. Biogeochemical components are a standard feature
in all the European systems of the Copernicus Marine Ser-
vice, but they are missing in most other systems. Some coun-
tries, such as India, are currently developing a biogeochemi-
cal component for future use.

Regional models are often nested into a global system or
another regional system, a parent model, providing them with
lateral boundary forcing. Many systems, in turn, provide lat-
eral boundaries and initialization fields to coastal systems.

Most systems provide deterministic forecasts, although a
few already have the ability to produce ensemble forecasts.
There is a growing interest in developing systems that can
produce ensemble forecasts.

The forecast production is daily for most systems, al-
though some run them twice per day. The forecast lead time
is typically between 5 and 10d (short to medium range)
(WMO, 2021). The time resolution of their products varies
from hours to days, with some fields delivered at a higher
frequency of 15 min.

Ultimately, the spatial and temporal scales of a regional
ocean forecasting system, as well as the selection of its com-
ponents, will depend on the region’s specific needs and char-
acteristics.

3 Oceanographic information provided by regional
systems

Regional oceanographic services play a crucial role in mea-
suring the essential ocean variables (EOVs) defined by the
Global Ocean Observing System (GOOS). EOVs are classi-
fied into four categories: physics, biology and ecosystems,
biogeochemistry, and cross-disciplinary. This description is
mainly focused on short-term forecasting products because
most systems do not provide long climatological series of the
past to understand how ocean conditions are changing over
time. Several regional reanalysis studies exist, but obtaining
information about the services delivering these data can be
challenging. The Copernicus Marine Service offers an oper-
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Table 1. Summary of the regions covered by regional ocean forecasting systems based on the information available from OceanPredict and
the Copernicus Marine Service. The last column describes the ocean essential variables (defined by GOOS) provided by each system.

Country/provider Geographical area/system Resolution Essential ocean variables
Australia — Bluelink Relocatable regional model along ~2km Physics (T, S, currents, SSH, waves)
Australian coast Biogeochemistry under development
Brazi_l‘: REMO — Atlantic Ocean -1/12° Physics (T, S, currents, SSH)
P, — Brazilian continental margin —1/24°
(METAREA V)
Canada — Concept — Arctic -1/4° Physics (T, S, currents, SSH, sea ice)
RIOPS — North Atlantic and Great Lakes -1/36°
Bel Somm Sewsmer™
China — NMEFC — Northwest Pacific —1/20° (1/36°) Physics (T, S, currents, SSH)
. > >4 — Bohai Sea, Yellow Sea, and East -1/30°
L) China Sea - 1/30°
@‘/ — South China Sea
Europe — Copernicus Marine ~ — Arctic Sea —3-6km Physics (T, S, currents, SSH, sea ice,
Service — Baltic Sea —~2km waves)
— Northwest European Shelf —~2and 7km Biogeochemistry (nutrients, oxygen,
— Iberian—Biscay—Irish Sea —~2-3km carbonate system, organic carbon,
— Mediterranean Sea —~5-3km optics)
— Black Sea —~3km Biology (plankton)
India — INCOIS — Indian Ocean (INDOFOS) -1/12° Physics (T, S, currents, SSH)
— Local Indian Ocean regions —1/48° Biogeochemistry under development
|NC Is (HOOFS) -1/16°

— Indian Ocean nested into global
(ITOPS-I0)

Japan - MOVE/MRI.COM

— Japanese area

~1/33° x 1/50°

Physics (T, S, currents, SSH)

/"_'“\ — North Pacific -1/10°x 1/11°
|:‘ Ll
Republic of Korea — North Pacific —1/28° Physics (T, S, currents, SSH)
O SEHYTAL — The Yellow and East China Sea —3km
(KOOEFS)
US — NOAA West Coast Operational Forecast 4km Physics (T, S, currents, SSH)

e .\\
&

System (WCOEFS)

ational service for reanalysis produced by all its regional sys-
tems, updated at least annually. However, additional services
are also available. In this context, the Ocean Prediction DCC
Atlas will be instrumental in providing detailed and struc-
tured information on these systems. While regional forecast-
ing systems primarily focus on physical parameters such as

temperature, salinity, currents, and sea level, some also in-
clude wave and sea ice components to provide comprehen-
sive information about the ocean’s physical characteristics.
It is important to clarify that most regional systems fore-
cast sea level, also referred to as sea surface height. This
represents the distance between the ocean surface and a ref-
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erence mean sea level. This reference mean sea level de-
pends, at each individual grid point, on the model domain
and its physics (barotropic vs. baroclinic, consideration of
tides, wind parameterization), as well as on the physics and
characteristics of the parent model. This should be consid-
ered when comparing model data with observations (e.g. tide
gauge data usually refer to national or local datums) or other
models (e.g. regional versus coastal models). Additionally,
approximations made by the models and their parameteriza-
tion, as well as data assimilation schemes, can impact the
accuracy of this information. Except for the Copernicus Ma-
rine Service, most regional systems do not deliver informa-
tion on biogeochemistry and biology. These models are com-
putationally very expensive due to the high number of vari-
ables and processes they take into account, in most cases
preventing them from providing the level of detail and ac-
curacy that users require. However, despite these limitations,
there is a growing recognition of the importance of mon-
itoring and understanding biogeochemical variables in the
ocean as confirmed by the steady increase in the demand for
biogeochemical products from the Copernicus Marine Ser-
vice. Additional regional systems, i.e. INDOFOS in India
and CSIRO-Bluelink in Australia, are currently developing a
biogeochemical model that will be coupled to their systems.

4 Operational regional systems across the world

Different countries and organizations have developed re-
gional ocean forecasting systems. The European Copernicus
Marine System (Le Traon et al., 2019), since 2015, has a
set of regional systems that cover all the European seas, the
Arctic Ocean, and the northeastern Atlantic. Australia has
a relocatable regional system for refining its global model
around its own region. Other countries such as Brazil (Franz
et al., 2021; Lima et al., 2013), Canada, China, India, Japan
(Sakamoto et al., 2019), Republic of Korea, and the US have
regional ocean forecasting systems or a set of them, covering
the ocean and seas surrounding their coasts.

These systems use different data sources and modelling
techniques, but they also have many similarities. Table 1 pro-
vides a non-exhaustive summary of the regional systems as
described by OceanPredict and by the Copernicus Marine
Service.

As described in Sect. 1, their geographical extension can
vary from relatively small surfaces to extended areas and
their horizontal grid resolution is usually of the order of 2—
20km. They do all provide the standard physical variables,
but only a few also provide biogeochemical information.

Differences also exist in the level of operational readiness
among the systems described, as well as in their product val-
idation procedures and data dissemination policies. Not all
this information has an open and free access policy, but all
the regional systems play an important role in monitoring and
forecasting the ocean.
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Abstract. Coastal services are fundamental for society, with approximately 60 % of the world’s population liv-
ing within 60 km of the coast. Thus, predicting ocean variables with high accuracy is a challenge that requires
numerical models able to simulate processes from the mesoscale to the submesoscale, to capture shallow-water
dynamics influenced by wetting—drying and resolve the ocean variables in very high resolution spatial domains.
This paper introduces key aspects of coastal modelling, such as vertical structure of the mixed layer depth, pa-
rameterization of bottom roughness, and the dissipation of kinetic energy in coastal areas. It stresses the need
for models to account for the nonlinear interactions between tidal currents, wind waves, and small-scale weather
patterns, emphasizing their significance in refining coastal predictions. In addition, observational advancements,
such as high-frequency (HF) radar and satellite missions like Surface Water and Ocean Topography (SWOT),
provide unique opportunities to observe coastal dynamics. This integration enhances our ability to model phys-
ical and dynamical peculiarities in coastal waters, estuaries, and ports. Coastal models not only benefit from
such high-resolution observations but also contribute to evolving observational systems, creating feedback loops
that refine monitoring and prediction capabilities. Modelling strategies are also examined, including downscal-
ing and upscaling approaches, and numerical challenges like implementing robust data assimilation schemes
to refine estimations of coastal ocean states are addressed. Emerging techniques, such as advanced turbulence
closure models and dynamic vegetation drag parameterization, are highlighted for their role in enhancing the
realism of modelled coastal processes. Furthermore, the integration of atmospheric forcing, tidal asymmetries,
and estuarine dynamics underlines the necessity for models that span the complexities of the coastal continuum.
It also demonstrates the critical importance of accurately modelling coastal and estuarine systems to capture
interactions between mesoscale and submesoscale processes, their connections to broader oceanic systems, and
their implications for sustainable coastal management and climate resilience. This work underscores the poten-
tial of advancing coastal forecasting systems through interdisciplinary innovation, paving the way for enhanced
scientific understanding and practical applications.

Published by Copernicus Publications.
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1 Introduction

High-resolution observation and modelling are needed so
that marine services can be compliant with small-scale pro-
cesses in the ocean, particularly in coastal areas where these
processes have a significant impact on dynamics and bio-
geochemistry (Fig. 1). The importance of high resolution in
coastal services is underscored by the coastal ocean’s sig-
nificance to humanity, not least because about 60 % of the
world’s population lives within 60km of the coast (Rao et
al., 2008). These areas are highly dynamic, subject to both
direct and indirect anthropogenic impacts, respectively, such
as eutrophication, overfishing, offshore wind farm develop-
ment, dredging, and pollution; global warming; sea-level
rise; and changes in meteorological and hydrological condi-
tions. These combined influences frequently trigger regime
shifts, coastal erosion, flooding, and the introduction of inva-
sive species, underscoring the vulnerability and complexity
of these systems.

Accurately predicting ocean variables in coastal environ-
ments is challenging due to the need to resolve mesoscale
to submesoscale dynamics and their interactions with atmo-
spheric and hydrological processes. The inherent variability
of these systems requires models that can account for a wide
range of phenomena, including tidal asymmetries, wetting—
drying cycles, nonstationary river and atmospheric forcing,
and nonlinear feedback mechanisms between tidal currents
and wind waves (Staneva et al., 2017). These processes influ-
ence mixing, ocean circulation, and the accuracy of sea sur-
face temperature predictions. Thus, high-resolution models
are indispensable for capturing the fine-scale interactions that
drive coastal dynamics and shape biogeochemical responses.

Observational data play a pivotal role in advancing coastal
modelling. High-frequency (HF) radar and novel high-
resolution satellite missions offer unprecedented opportuni-
ties to observe and understand coastal processes with fine
spatial and temporal resolution (De Mey-Frémaux et al.,
2019). These data sources are integral to improving the rep-
resentation of physical and biogeochemical variability in the
models, bridging the gap between observations and predic-
tive frameworks. By integrating data from remote sensing
and in situ platforms, coupled with advanced data assimila-
tion techniques, models can better capture the complexity of
estuarine and nearshore processes.

Science-based services in the coastal ocean are essential
for ensuring efficient management, sustainable use of coastal
systems, and the development of strategies that are adaptable
to the changing climate, including sea-level rise. These ef-
forts, for example, align with the marine strategy framework
directive in the European context (Hyder et al., 2015).

The aim of this paper is to introduce high-resolution ocean
forecasting services that address the challenges of coastal
dynamics by improving predictions of physical and biogeo-
chemical processes. It focuses on the integration of advanced
modelling techniques and modern observational tools to en-
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hance understanding of small-scale dynamics and their con-
nections to larger ocean systems. The paper first describes
the spatial scales and processes that high-resolution models
address, focusing on local, regional, and transitional zones. It
then explores advanced observational tools, such as satellite
missions and HF radars, and their role in improving coastal
forecasts. Following this, the discussion highlights numerical
modelling techniques, including turbulence modelling and
bottom drag parameterization, which are essential for captur-
ing small-scale coastal dynamics. It also examines the role
of data assimilation techniques and Observing System Ex-
periments in improving prediction accuracy and guiding the
design of observation networks. Finally, the paper concludes
with a summary of findings, identifies current challenges, and
outlines future directions for advancing coastal forecasting
systems. By addressing these topics, the paper aims to sup-
port the development of more robust and adaptable tools for
coastal forecasting, which are critical for sustainable man-
agement and improving resilience to environmental changes.

2 Typical spatial scales and processes solved by
high-resolution services

High-resolution services in the coastal ocean operate at vari-
ous spatial scales depending on the specific applications and
objectives. These scales can range from local to regional lev-
els, aiming to capture fine-scale processes and variations.
Here are some typical spatial scales for high-resolution ser-
vices:

1. Local scale. At the local scale, high-resolution services
focus on small coastal areas, such as individual bays, es-
tuaries, or nearshore zones. These services aim to pro-
vide detailed information and predictions for specific lo-
cations of interest. Spatial resolutions in this range can
be on the order of metres to a few kilometres, allow-
ing for precise observations and modelling of localized
processes.

2. Coastal scale. High-resolution services at the coastal
scale cover larger coastal regions, spanning multiple
bays, estuaries, and coastal zones. These services pro-
vide a broader view of the coastal environment and
its dynamics. Spatial resolutions in this range typically
range from metres to a kilometre, enabling the capture
of coastal- to regional-scale variations and interactions.

3. Transition zones. Transition zones refer to areas where
coastal and open-ocean processes interact. These zones
often exhibit complex dynamics and are of particular
interest for high-resolution services. Spatial resolutions
in transition zones can vary depending on the specific
characteristics and objectives, but they generally aim
to capture the intricate interactions between coastal and
open-ocean processes.

https://doi.org/10.5194/sp-5-opsr-4-2025
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Figure 1. Schematic representation of the coastal zone, hazards (e.g. HAB, harmful algae bloom), metocean and biogeochemical variables,

and observations and applications (adapted from Melet et al., 2020).

A collection of 11 recent studies on operational coastal ser-
vices utilizing high-resolution models offers significant in-
sights into the relevant spatial scales, objectives, and ap-
plications, thereby strengthening the analysis in this con-
text (Sotillo, 2022). Eddies or isolated vortices, meandering
currents, or fronts and filaments are characteristic features
of oceanic mesoscale processes. These processes typically
exhibit spatial scales ranging from 10 to 500 km, depend-
ing on geographic latitude and stratification, and timescales
ranging from several days to approximately 100d. Subme-
soscale processes in the ocean, on the other hand, are char-
acterized by smaller scales, typically ranging from 1 to
10km (McWilliams, 2016). These scales are smaller than
the Rossby radius of deformation. Submesoscale processes
also have shorter temporal scales, usually lasting only a few
hours, and their relative vorticity is greater than the Coriolis
parameter f. In contrast, for mesoscale motion, the relative
vorticity is comparable to f. Overall, studying and observ-
ing submesoscale processes require advanced techniques and
methods to overcome their small scale and rapid variability,
but their understanding is crucial for comprehending the in-
tricate dynamics of the ocean.

The surface and bottom mixed layers in the open ocean
occupy just a tiny part of the ocean volume because these
layers are much thinner than the almost viscousless ocean in-
terior. However, in the coastal zone, drag parameterizations
become increasingly important in shallow water and even
more so where the impact of vegetation is significant. Fur-
thermore, a large part of kinetic energy in the ocean is dis-
sipated in the coastal zone, which necessitates an adequate
modelling of this important small-scale process, vital for the
global energy balance (Munk and Wunsch, 1998). To accu-
rately represent the coastal dynamics and the fine structure

https://doi.org/10.5194/sp-5-opsr-4-2025

of these layers, models need to resolve the vertical structure
of the mixed layers. This requirement necessitates the use of
turbulence closure models, which account for the effects of
turbulence and mixing in these regions. Additionally, models
for coastal processes need to consider the impact of bottom
drag. The parameterization of bottom roughness, often based
on the grain size distribution, allows for the inclusion of bot-
tom drag effects. In cases where vegetation is present, drag
parameterizations become even more important. A signifi-
cant portion of the kinetic energy in the ocean is dissipated in
the coastal zone. Therefore, it is crucial to adequately model
these small-scale processes in order to maintain a balanced
representation of the global energy dynamics. Understanding
and accurately simulating the dissipation of kinetic energy in
coastal areas contribute to a comprehensive understanding of
the ocean’s energy budget.

In shallow water, the variability of surface elevation
caused by tides and storms becomes comparable to the water
depth itself. In some coastal areas, shallow-water tides play a
significant role in the overall tidal dynamics. To improve the
accuracy of tidal predictions in shelf regions, it is necessary
to consider higher harmonics and assess the ability of ocean
models to fully resolve the tidal spectrum.

Some important processes, such as the nonlinear feed-
back between strong tidal currents and wind waves, can-
not be ignored in the coastal zone (Staneva et al., 2016a, b,
2017). Wave—current coupling tends to decrease strong winds
through wave-dependent surface roughness (Wahle et al.,
2017), affects mixing and ocean circulation, and improves
predictions for sea surface temperature. Further examples of
the value of the incorporation of coupling in the numerical
models in the coastal ocean are given by De Mey-Frémaux
et al. (2019). These scientific developments of operational
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oceanography are in pace with the trend in the Earth sys-
tem modelling to seamlessly couple different environmental
prediction components of atmosphere, waves, hydrology, and
ice.

The small spatial scales that are characteristic of coastal
and estuarine systems require coastal models to consider
ageostrophic (deviating from the Earth’s rotation) and three-
dimensional dynamics, primarily driven by boundary-layer
processes (Fringer et al., 2019). Understanding these small-
scale processes is crucial, particularly the interactions be-
tween mesoscale and submesoscale dynamics and their con-
nection to larger-scale processes. It is essential to improve
the representation of exchanges between the coastal and open
ocean, as well as their coupling with estuaries and catch-
ment areas, in order to capture the complexity of coastal sys-
tems. Accounting for high-resolution atmospheric forcing in
the coastal models is essential for accurately capturing local
meteorological dynamics, including wind patterns, temper-
ature gradients, and precipitation rates. Such detailed atmo-
spheric data drive fundamental processes like heat and mo-
mentum fluxes, profoundly influencing coastal hydrodynam-
ics, sediment transport, and ecosystem responses. The im-
plementation of a novel high-resolution atmospheric forcing,
combined with the refinement of bulk formulae for surface
flux computations, significantly enhances the performance of
various high-resolution modelling systems for port environ-
ments (Garcia-Ledn et al., 2022). Coastal models need to ac-
curately account for frictional balances, taking into consider-
ation the effects of friction on the movement of water. They
must also address wetting and drying processes, as well as
hydrological forcing, to capture the transitions between shal-
low environments and larger regional scales. By incorporat-
ing these factors, models can provide a more realistic repre-
sentation of coastal dynamics. In addition, the grid charac-
teristics used in coastal models should be carefully selected
to accurately represent the dominant spatial scales present in
the coastal environment. Choosing grid resolutions that cap-
ture the essential features of the coastal system is crucial for
obtaining reliable and meaningful results.

In the coastal ocean, characteristic timescales are sig-
nificantly shorter compared to the global ocean. These
timescales, typically around 1d, are determined by various
processes, including tides, inertial motion, diurnal cycles,
and synoptic weather patterns. The fast-paced dynamics of
the coastal ocean require models to accurately capture these
shorter time scales. In estuaries, the periodicity becomes
more complex due to strong tidal asymmetries and the pres-
ence of secondary circulation patterns. The interactions be-
tween tidal forcing, river flow, and estuarine geometry result
in intricate and variable periodic patterns (as shown in Cam-
puzano et al., 2022, for the Western Iberian Buoyant Plume;
Sotillo et al., 2021a, for the whole European Atlantic facade;
and Pein et al., 2021, for the Elbe Estuary). The periodic-
ity observed in coastal seas is mainly influenced by exter-
nal forcing signals, such as atmospheric conditions or remote
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ocean signals. These external signals propagate in the coastal
models through the specification of lateral boundary condi-
tions, which is a crucial aspect of modelling in coastal areas.
Unlike global models that can operate without open bound-
aries, coastal models require careful consideration of these
boundary conditions to accurately represent the interactions
between the coastal and open ocean.

The predictability limit of models depends on the geophys-
ical processes. For synoptic processes in the open ocean, this
limit is on the order of weeks to months. For the coastal
ocean, it is on the order of hours to days. The loss of pre-
dictability, associated with nonlinear processes, is exempli-
fied by the growth of errors in predictive models. Assimila-
tion of data containing spatial and temporal scales below the
predictability limit is needed to address this issue. Simula-
tions at grid resolutions that would sufficiently resolve the
coastal submesoscale would require horizontal grid resolu-
tions of approximately 1-10 m in estuaries and 0.1-1km in
coastal shelf domains. However, achieving such high reso-
lutions poses significant computational challenges and re-
source demands.

By employing high-resolution services with appropriate
spatial scales, scientists and stakeholders can gain a more de-
tailed and accurate understanding of coastal processes, im-
prove forecasting capabilities, and support effective coastal
management and decision-making.

3 State-of-the-art data and tools for coastal
forecasting

3.1 Required observations

Observing systems are spatiotemporally sparse in coastal re-
gions compared to the small scales of ecosystem variabil-
ity found there. A crucial challenge in observations is ad-
dressing the variety of important spatial and temporal scales
within the coastal continuum, which encompasses the seam-
less transition from the deep ocean to estuaries through the
shelf. In order to achieve this, observations should sample
the multiscale, two-way interactions of estuarine, nearshore,
and shelf processes with open-ocean processes. Addition-
ally, they need to account for the different pace of circula-
tion drivers, such as fast atmospheric and tidal processes, as
well as the slower general ocean circulation and climate forc-
ing. It is also important to accurately sample the gradients
of biological production, ranging from mesotrophic estuaries
to oligotrophic oceans. Given the current situation, observa-
tional practices and strategies need to be strongly coupled
with numerical modelling to effectively extract the informa-
tion contained in the data and advance the quality of coastal
services.

Most global and regional prediction products use a com-
bination of satellite observations and in situ observations.
Traditionally, in situ observations constituted the major data
source for coastal ocean monitoring. During the end of the

https://doi.org/10.5194/sp-5-opsr-4-2025
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past century, satellite observations contributed significantly
to the understanding of spatial variabilities. Novel instru-
ments, such as the acoustic Doppler current profiler (ADCP),
which measures current profiles throughout the water col-
umn, enhanced our understanding of current shear and bot-
tom stress. Nowadays, high-resolution numerical simulations
in the coastal ocean are keeping pace with high-resolution
observations. A similar trend is observed in coastal waters,
estuaries, and ports, which are rich in different activities and
interests: fishing, recreational activities, search and rescue,
protection of habitats, storm forecasts, and maritime indus-
tries, as well as routine maintenance operations (De Mey-
Frémaux et al., 2019).

The coastal ocean observations only are not sufficient to
fully support the present-day need for high-quality ocean
forecasting and monitoring because measurements may rep-
resent very localized and short-scale dynamics, and it is not
straightforward to know how fully they describe the complex
coastal system. Therefore, recent practices employ the syn-
ergy between observations and numerical modelling, which
ensures valuable research advancements and practical im-
plementations (Kourafalou et al., 2015a, b). The core com-
ponents of operational oceanographic systems consist of a
multi-platform observation network, a data management sys-
tem, a data assimilative prediction system, and a dissemina-
tion/accessibility system (Kourafalou et al., 2015a; De Mey-
Frémaux et al., 2019; Davidson et al., 2019). By combining
observations and models through data assimilation methods,
ranging from coastal to global and from in situ to satellite-
based, we can assess ocean conditions and create reliable
forecasts. This integration adds value to coastal observations
and enables a wide range of applications (De Mey-Frémaux
etal., 2019; Ponte et al., 2019), as well as providing decision-
making support. For a comprehensive review of ocean moni-
toring and forecasting activities in both the open and coastal
oceans, please refer to Siddorn et al. (2016).

High-frequency radars (HFRs) offer unique spatial resolu-
tion by providing reliable directional wave information and
gridded data of surface currents in near-real time. The use
of HFR networks has become an essential element of coastal
ocean observing systems, contributing to high-level coastal
services (Stanev et al., 2016a; Rubio et al., 2017; Reyes et al.,
2022). The outputs from prediction systems extend the util-
ity of HFR observations beyond the immediate observation
area (Stanev et al., 2016b), enabling adequate estimates even
where no direct observations have been made. This demon-
strates how models connect observations, synthesize them,
and assist in the design of observational networks. In turn,
observations can guide the development of coastal models
(De Mey-Frémaux et al., 2019).

Alongside ADCP data, HFR data are used for skill assess-
ment of operational wave and circulation models (Lorente
et al., 2016). Another valuable source of fine-resolution data
in the coastal region is provided by colour data from satel-
lites. In terms of sea-level observations, some challenges as-
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sociated with the use of altimeter data in the coastal zone
are expected to be overcome through the use of wide-swath
Surface Water and Ocean Topography (SWOT) technology.
SWOT is a landmark satellite mission that delivers two-
dimensional sea surface height observations at high resolu-
tion across a 120 km swath. It represents a major step forward
in resolving mesoscale and submesoscale features critical to
coastal dynamics. Recent Observing System Simulation Ex-
periments (OSSEs) have demonstrated that wide-swath al-
timetry substantially enhances ocean forecasting capabilities.
For instance, a constellation of two SWOT-like wide-swath
altimeters provides a ~ 14 % reduction in sea surface height
forecast error compared to a 12-nadir altimeter constella-
tion and also improves estimates of surface currents and La-
grangian trajectories (Benkiran et al., 2024). These results
highlight the importance of SWOT-type observations for re-
solving small-scale coastal variability and improving model—
data integration.

Further advances in coastal observations are enabled by
autonomous platforms such as Slocum gliders. These glid-
ers can carry a wide array of physical and biogeochemi-
cal sensors and perform repeated transects, thus providing
high-resolution observations of dynamic features such as ed-
dies, frontal systems, and upwelling events. Their operational
flexibility and ability to collect subsurface data make them
valuable for both sustained monitoring and adaptive sam-
pling strategies (Rudnick, 2016; Testor et al., 2019). In par-
allel, satellite technologies continue to evolve. Moreover, the
Japanese geostationary meteorological satellite Himawari-8
provides high-frequency (every 10 min) and high-resolution
(up to 500 m) visible and infrared imagery. These capabili-
ties allow for near-real-time monitoring of sea surface tem-
perature (SST), making it possible to track rapidly evolving
coastal phenomena such as diurnal warming, river plumes,
and thermal fronts (Kurihara et al., 2016).

These complementary in situ and remote sensing plat-
forms represent essential components of integrated coastal
observing systems, supporting the growing demand for ac-
curate forecasts, early warnings, and data-driven decision-
making tools.

3.2 Numerical models

Addressing specific processes in the coastal ocean and accu-
rately modelling the transition between regional and coastal
scales cannot be achieved solely by adjusting the model reso-
lution. Certain processes, such as shallow-water tides, which
are often overlooked in global and regional forecasting, play
a dominant role in coastal ocean dynamics. The previous
sections have highlighted the importance of a tailored ap-
proach in observational practices and numerical models for
the coastal ocean. For further information on other popu-
lar coastal models, refer to the comprehensive discussion by
Fringer et al. (2019).
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Table 1. Circulation models in alphabetical order, which can be used for coastal and regional studies and/or provision of services.

Model Citation C: coastal, Finite-volume (FV)
R: regional, or finite-element
G: global (FE)
ADCIRC Luettich et al. (1992); C FE
Westerink et al. (1994)
COAWST Warner et al. (2008, 2010) C/R FV
COMPAS Herzfeld et al. (2020) C/R FV
CROCO Marchesiello et al. (2021) C/R FV
Delft3D Deltares (2012) C FV
FVCOM Chen et al. (2003) C/R/G FV
GETM Burchard and Bolding (2001) C FV
MITgem Marshall et al. (1997) C/R/G FV
MPAS Ringler et al. (2013) R/G FV
NEMO Madec et al. (2016) C/R/G FV
POMS Blumberg and Mellor (1987); C/R FV
Mellor (2004)

ROMS Shchepetkin and McWilliams (2005) R FV
SCHISM Zhang et al. (2016b) C/R/G FV/FE
SELFE Zhang and Baptista, 2008 FV/FE
SHYFEM Umgiesser et al. (2004) C FE
SUNTANS Fringer et al. (2006) C FV
TRIM/UnTRIM  Casulli (1999); C FV

Casulli and Zanolli (2002, 2005)

3.3 Fine-resolution nested models and their
downscaling and upscaling

High-resolution coastal services must properly resolve in-
teractions between various coastal processes, including
nearshore, estuarine, shelf, drying, and flooding dynamics.
Achieving this requires a resolution of approximately 10—
100 m. Simultaneously, it is essential to capture open-ocean
processes at a resolution of around 1km or coarser. Com-
mon approaches employed in addressing this challenge in-
clude downscaling and multi-nesting techniques (e.g. Debreu
et al., 2012; Kourafalou et al., 2015b; Trotta et al., 2017), as
well as the use of unstructured-grid models (e.g. Zhang et al.,
20164, b; Federico et al., 2017; Stanev et al., 2017; Ferrarin
et al., 2018; Maicu et al., 2018). Another important aspect to
consider is upscaling (Schulz-Stellenfleth and Stanev, 2016),
which becomes relevant when addressing the two-way inter-
action between coastal and open-ocean systems.

Most coastal models are one-way nested, relying heavily
on forcing data from larger-scale models as the coastal sys-
tem is primarily influenced by the atmosphere, the hydrology,
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and the open ocean. Enhancing the horizontal resolution of
the North Sea operational model from 7 to 1.5 km (Tonani
et al., 2019) has shown improvements in off-shelf regions,
but biases persist over the shelf area, indicating the need for
further enhancements in surface forcing, vertical mixing, and
light attenuation.

An important consideration in downscaling and coastal
modelling is the treatment of open boundary conditions
(OBCs), which play a critical role in determining model fi-
delity near the boundaries. OBCs are typically derived from
larger-scale models but often require case-specific tuning
to ensure dynamic consistency and minimize reflection or
spurious signals. The choice and configuration of OBCs
— such as Flather-type, radiation conditions, or relaxation
zones — can significantly affect the transport and energy bal-
ance within the coastal model domain. Given the diversity
of physical processes and geometries encountered in coastal
environments (Marchesiello et al., 2001). Models equipped
with a wide suite of configurable boundary condition types
offer a practical advantage, particularly in multi-scale cou-
pled frameworks. Ensuring consistency across nested do-

https://doi.org/10.5194/sp-5-opsr-4-2025



J. Staneva et al.: Solving coastal complexity through ocean forecasting 7

mains while preserving physical realism remains an ongoing
challenge, motivating continued development and intercom-
parison of OBC strategies in operational and research set-
tings.

While the downscaling of information from coarser global
or regional models to high-resolution coastal models is well
established, the reverse process of upscaling is more chal-
lenging and continues to be a subject of research. Two-way
nested models allow assimilated information from coastal
observations, typically not assimilated by larger-scale fore-
casting systems, to propagate beyond the coastal region while
maintaining dynamic consistency. This upscaling capability
has the potential to benefit regional models. Coastal observa-
tions have demonstrated their potential to improve boundary
forcing or surface wind forcing in regional models.

The coupling of a coarse-resolution regional model with
a fine-resolution coastal model using a two-way nesting ap-
proach has been studied in the context of the straits connect-
ing the North Sea and the Baltic Sea. The intricate topog-
raphy and narrow cross-sections of the straits result in the
dominance of small-scale motions, which play a vital role in
the exchange between the two seas and significantly influ-
ence Baltic Sea stratification. The two-way nesting method,
designed to exchange information between the child model
in the straits and the parent model in the seas, incorporates
elements of data assimilation and allows for different vertical
discretizations in each model. The Adaptive Grid Refinement
in FORTRAN (AGRIF), originally developed by Debreu et
al. (2008, 2012), has found wide application as a library for
seamless spatial and temporal refinement over rectangular re-
gions in the NEMO modelling framework (Madec and the
NEMO System Team, 2024; Debreu et al., 2008)

Recent advancements in two-way nesting frameworks
have demonstrated their effectiveness in improving multi-
scale model accuracy. The implementation of a general two-
way nesting framework has enhanced the exchange of phys-
ical properties between nested grids while preserving nu-
merical stability and computational efficiency. Additionally,
the integration of two-way nesting in a global ocean model
has significantly improved surface tidal accuracy, refining
regional tidal dynamics without compromising large-scale
coherence (Herzfeld and Rizwi, 2019; Jeon et al., 2019).
Further applications of AGRIF have demonstrated improve-
ments in hydrodynamic simulations and the estimation of en-
vironmental indicators in coastal systems, underscoring its
potential to refine fine-scale hydrodynamics while ensuring
consistency with larger-scale ocean processes (Petton et al.,
2023).

The organization of these multi-model studies is identified
by the coastal modelling community as a need. Firstly, to
tackle common assessments of the wide range of overlapping
(global, basin, or regional and local) models that are avail-
able for users in some coastal zones. Secondly, these multi-
model validation exercises, comparing the performance of
global/regional “core” model forecasts (i.e. from services
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such as the Copernicus Marine one) and coastal model so-
lutions, nested into the former, are useful to identify the po-
tential added value (and the limitations) of performed coastal
downscaling with respect to the “parent” core operational so-
lutions, in which high-resolution coastal models are nested.

Frishfelds et al. (2025) highlight the benefits of on-demand
coastal modelling employing two-way nesting, emphasizing
its capacity to dynamically refine coastal processes while
maintaining consistency with larger-scale ocean simulations.
This approach enhances the accuracy and reliability of high-
resolution forecasting systems, facilitating improved repre-
sentation of fine-scale coastal dynamics.

In that sense, these multi-model intercomparison exercises
are key elements for many initiatives, such as the Hori-
zon Europe project, FOCCUS (2025), that have enhanced
existing coastal downscaling capabilities at their core, de-
veloping innovative coastal forecasting products based on
a seamless numerical forecasting from regional models of
the Copernicus Marine Service covering the EU regional
seas to member states’ coastal forecasting systems. Espino et
al. (2022) emphasized the significance of extending Coper-
nicus Marine Environmental Monitoring Service (CMEMS)
products to coastal regions, highlighting the integration of
high-resolution models and observational data to improve
coastal forecasting capabilities. Their work underscores the
importance of tailoring operational ocean models to better
capture nearshore dynamics, ensuring more accurate and ac-
tionable predictions for end-users.

Furthermore, and from an end-user perspective, multi-
model studies focused on extreme event simulations provide
valuable input on the performance of operational forecasting
systems. For instance, Sotillo et al. (2021b) examined Gloria,
the record-breaking western Mediterranean storm, by evalu-
ating five different model systems, including Copernicus Ma-
rine Service products (global, regional Mediterranean, and
Atlantic IBI solutions) alongside two coastal nested models.
Such studies play a crucial role in assessing model accuracy,
leveraging local HF radar observations, and informing future
improvements to regional and coastal forecasting services.
In addition, it contributed to an increase in the knowledge
about the model systems in operations and an outline of fu-
ture model service upgrades (both in the regional and coastal
services), aimed at achieving a better coastal forecasting, es-
pecially during the extreme events.

3.4 Unstructured-grid models for cross-scale coastal
dynamics

The use of unstructured-grid models is crucial for cross-
scale modelling and effectively addressing the interactions
between estuaries and the open ocean. One key aspect
is the accurate representation of freshwater transformation
from rivers, which is often oversimplified in ocean models
by specifying river runoff as a point source. Unstructured-
grid models, while often employing lower-order spatial dis-

State Planet, 5-opsr, 4, 2025

2.3



8 J. Staneva et al.: Solving coastal complexity through ocean forecasting

cretizations due to interpolation complexities on irregular
meshes, provide enhanced flexibility in resolution placement
and transition zones. This allows them to effectively capture
subtidal, tidal, and intermittent processes in coastal and es-
tuarine environments, supporting a more realistic representa-
tion of estuarine dynamics and improved coupling with estu-
arine models.

Compared to curvilinear and Cartesian grids, unstructured
grids excel in resolving complex bathymetric features with-
out significant grid stretching. Since bathymetry plays a fun-
damental role in governing the dynamics of estuaries and
the near-coastal zone, unstructured-grid models offer greater
accuracy and computational efficiency in numerical fore-
casting. Their flexibility also enables more effective reso-
lution of multiscale dynamic features. Fine spatial resolu-
tion in unstructured-grid models allows for the resolution
of secondary (transversal) circulation in estuaries and straits,
thereby improving mixing and enhancing the representation
of long-channel changes in stratification, as demonstrated
by Haid et al. (2020). Zhang et al. (2016a) have empha-
sized the role of cross-scale modelling in capturing multi-
scale hydrodynamic interactions, particularly in tidal straits,
where unstructured-grid models enhance the representation
of exchange flows and stratification dynamics. As Ilicak et
al. (2021) have shown, these advancements contribute to
more precise simulations of estuarine and strait dynamics.
Recent research has further elucidated the mechanisms gov-
erning secondary circulation in tidal inlets. Chen et al. (2023)
demonstrated that subtidal secondary circulation can arise
due to the covariance between eddy viscosity and velocity
shear, even in predominantly well-mixed tidal environments.
This finding highlights the necessity of incorporating high-
resolution turbulence parameterizations within unstructured-
grid models to accurately capture submesoscale and cross-
channel processes, thereby improving the fidelity of numeri-
cal simulations in complex coastal and estuarine systems.

However, the construction of grids and the need to ensure
reproducibility in unstructured-grid modelling still present
challenges. Grid generation is not always fully automated,
and subjective decisions are often made based on the spe-
cific research problem, applications, and intended services.
The development of more objective grid construction meth-
ods and reproducibility standards is an ongoing concern
in unstructured-grid modelling (Candy and Pietrzak, 2018).
One significant advancement is the introduction of the JIG-
SAW mesh generator (Engwirda, 2017), which enables the
creation of high-quality unstructured grids designed to sat-
isfy specific numerical requirements. JIGSAW produces cen-
troidal Voronoi tessellations with well-centred, orthogonal
cell geometries that are particularly suitable for mimetic
finite-volume schemes. JIGSAW incorporates mesh opti-
mization strategies tailored to geophysical fluid dynamics
and has been increasingly adopted in ocean modelling ap-
plications.
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Moreover, the generation of unstructured meshes is a crit-
ical component in configuring coastal and estuarine ocean
models, as it directly influences numerical accuracy, com-
putational efficiency, and the ability to represent complex
shoreline and bathymetric features. Tools such as Ocean-
Mesh2D offer MATLAB-based workflows for high-quality,
two-dimensional unstructured mesh generation, facilitating
user control over mesh density and coastal geometry resolu-
tion (Roberts et al., 2019). Similarly, OPENCoastS provides
an open-access, automated service that streamlines the setup
of coastal forecast systems, integrating mesh generation,
model configuration, and forecast production (Oliveira et al.,
2019, 2021). The OCSMesh software developed by NOAA
represents another important advancement. It enables data-
driven, automated unstructured mesh generation tailored for
coastal ocean modelling, offering a robust framework to en-
sure mesh quality, reproducibility, and interoperability with
NOAA modelling systems (Mani et al., 2021). Together,
these developments represent the ongoing progress toward
objective, reproducible, and user-oriented mesh generation
in support of high-resolution coastal ocean modelling.

3.5 Observing System Simulation Experiments,
Observing System Experiments, and data
assimilation

Data assimilation in coastal regions presents challenges due
to the presence of multiple scales and competing forcings
from open boundaries, rivers, and the atmosphere, which are
often imperfectly known (Moore et al., 2019). Data assim-
ilation is particularly challenging in tidal environments (es-
pecially for meso- and macro-tidal environments and not so
in micro-tidal coastal zones; De Mey et al., 2017; Stanev et
al., 2011; Holt et al., 2005). Studies by Oke et al. (2002),
Wilkin et al. (2005), Shulman and Paduan (2009), Stanev et
al. (2015, 2016a), and others have demonstrated the value of
assimilating HF radar observations to improve the estimation
of the coastal ocean state.

Observing System Simulation Experiments (OSSEs) and
Observing System Experiments (OSEs) are widely used
techniques for assessing and optimizing ocean observational
systems. OSSEs involve numerical simulations that test the
potential impact of hypothetical observations on forecast
models before actual observations are made, enabling im-
proved planning and cost-effective observational strategies.
In contrast, OSEs assess the impact of existing observa-
tions by systematically removing certain datasets from as-
similation systems and evaluating the resulting degradation
in model performance. OSSEs and OSEs have the capability
to incorporate diverse observing systems, including satellite-
based observations, HF radars, buoys with low-cost sensors,
and autonomous vehicles. These approaches are useful for
refining data assimilation techniques and guiding the de-
velopment of future observational networks. For further de-
tails, we refer readers to Oke and Sakov (2012) and Fujii et
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al. (2019), who provide comprehensive discussions on the
methodologies and applications of OSSEs and OSEs in oper-
ational oceanography. An in-depth review of OSSE method-
ologies, as well as insights into how OSSE and OSE method-
ologies contribute to improving ocean forecasting, design-
ing observational systems, and refining numerical models, is
given in Zeng et al. (2020). These approaches can help iden-
tify gaps in existing coastal observing networks, assess oper-
ational failure scenarios, and evaluate the potential of future
observation types. Pein et al. (2016) used an OSE-type ap-
proach to investigate the impact of salinity measurements in
the Ems Estuary on the reconstruction of the salinity field,
identifying observation locations that are more suitable for
model—data synthesis. This type of analysis can contribute to
the design and optimization of both existing and future ob-
servational arrays, especially in coastal regions where fine
resolution is required.

3.6 Riverine forcing and its role in coastal ocean
modelling

Rivers play a critical role in shaping coastal circulation and
stratification by delivering freshwater, nutrients, and sed-
iments that influence estuarine and shelf dynamics. The
treatment of riverine inputs in ocean models remains a
key source of uncertainty, especially when estuarine plume
dynamics and mixing processes are unresolved. In many
coarse-resolution systems, river discharge is prescribed via
simplified surface or salinity fluxes, which may misrepre-
sent the spatial structure and strength of river plumes (Sun
et al.,, 2017; Verri et al., 2020). To address this, high-
resolution and regional-scale models increasingly incorpo-
rate momentum-carrying river inflows or artificial estuar-
ine channels (Herzfeld, 2015; Sobrinho et al., 2021). For
instance, Nguyen et al. (2024) demonstrated how high-
resolution modelling in the German Bight captures the hy-
drodynamic and biogeochemical responses to extreme river
discharge events, showing significant implications for salin-
ity, stratification, and nutrient dispersion during floods. These
findings underscore the importance of resolving riverine in-
flow variability and extreme events in coastal ocean predic-
tion systems.

Recent work has also focused on operational strategies
for river forcing (Matte et al., 2025 in this report), includ-
ing real-time discharge data integration (e.g. from GloFAS;
Harrigan et al., 2020) and estuary box models that approxi-
mate sub-grid plume behaviour (Sun et al., 2017). These ap-
proaches aim to enhance predictive capabilities while main-
taining computational feasibility in global-to-coastal mod-
elling chains. Choosing the appropriate river input strategy is
therefore application-dependent and strongly influenced by
spatial resolution and target phenomena.
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3.7 Integration of Al in coastal modelling and forecasting

The integration of artificial intelligence (AI) and machine
learning (ML) techniques in ocean and coastal forecasting
has rapidly evolved, providing novel methodologies for im-
proving predictive accuracy, computational efficiency, and
data assimilation in operational models. Recent advances in
Al-based approaches for parameterizing subgrid-scale pro-
cesses, hybrid modelling techniques, and ensemble forecast-
ing highlight the transformative potential of these methods in
coastal modelling (Heimbach et al., 2025 in this report).

Machine learning applications in coastal ocean modelling
primarily focus on two domains: (1) enhancing conventional
physical models by integrating ML-based parameterizations
and error corrections and (2) fully data-driven approaches
that employ neural networks as surrogate models (Zanna and
Bolton, 2020; Bolton and Zanna, 2019). The former lever-
ages ML techniques to optimize numerical model perfor-
mance by improving subgrid parameterizations, bias correc-
tion, and data assimilation strategies, while the latter explores
the potential of deep learning algorithms such as Fourier neu-
ral operators (FNOs) and transformer-based architectures for
high-resolution ocean forecasting (Bire et al., 2023; Wang et
al., 2024).

Data assimilation, a critical component of operational
forecasting, benefits from Al-enhanced methodologies that
improve state estimation and predictive skill. Al-driven data
assimilation frameworks, such as the combination of deep
learning with variational assimilation (4D-VarNet) (Fablet
et al., 2023), have demonstrated superior performance in
coastal and regional models. Hybrid approaches incorporat-
ing Al techniques into numerical models have been applied
to refine coastal simulations, allowing for better representa-
tion of multi-scale interactions (Brajard et al., 2021). Fur-
thermore, convolutional neural networks (CNNs) have been
successfully used for downscaling sea surface height and cur-
rents in coastal areas, addressing challenges related to obser-
vational gaps and improving model resolution (Yuan et al.,
2024).

Coastal high-resolution models often suffer from errors
stemming from inaccuracies in numerics, forcing (e.g. open
boundaries, meteorological inputs), and unresolved physi-
cal processes. Al-based methods have been increasingly ap-
plied to address these challenges, particularly in the realm
of subgrid-scale parameterization. Al-enabled parameteriza-
tions of mesoscale and submesoscale processes using deep
learning techniques, such as residual networks and genera-
tive adversarial networks (GANs), have shown promising re-
sults in reducing bias in numerical simulations (Gregory et
al., 2023; Brajard et al., 2021). Additionally, hybrid meth-
ods combining physics-based models with ML correction
schemes have demonstrated improved predictive skill for re-
gional and coastal ocean models (Perezhogin et al., 2023).

The use of ML for extreme event prediction has gained
increasing attention in the context of operational coastal
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forecasting. Al models trained on historical storm data and
high-resolution numerical simulations have been utilized to
enhance storm surge predictions and improve early warn-
ing systems (Xie et al., 2023). Transformer-based models,
originally developed for atmospheric forecasting, have been
adapted for ocean applications, achieving competitive skill in
eddy-resolving ocean simulations (Wang et al., 2024).

The integration of Al in ensemble forecasting further con-
tributes to uncertainty quantification, providing probabilistic
predictions for extreme coastal events. Bayesian inference
techniques, combined with ML-based ensemble prediction,
offer a framework for optimizing multi-model ensembles and
reducing systematic errors in operational forecasts (Boual-
legue et al., 2024; Penny et al., 2023). The synergy between
ML-driven emulators and traditional ensemble forecasting
techniques has the potential to enhance coastal hazard pre-
dictions, particularly in regions prone to high-impact events.

Despite the advancements in Al for coastal modelling, sev-
eral challenges remain. The interpretability and robustness of
ML-based solutions need further improvement, particularly
for operational applications requiring high levels of reliabil-
ity (Bonavita, 2024). Additionally, integrating ML models
with real-time observational data streams, including remote
sensing and high-frequency radar (HFR) networks, remains
an ongoing area of research (Reichstein et al., 2019). The ex-
tension of ML-based ocean forecasting to seasonal and inter-
annual timescales also poses challenges related to long-term
stability and physical consistency (Beucler et al., 2024).

4 Summary and outlook

The critical importance of high-resolution coastal modelling
is demonstrated in addressing the complexities of dynamic
coastal systems. Coastal areas are shaped by the interplay of
mesoscale and submesoscale processes, strong tidal currents,
atmospheric and hydrologic forcing, and significant anthro-
pogenic pressures. Advanced techniques, including turbu-
lence closure models for capturing vertical mixing and pa-
rameterizations of bottom roughness and vegetation drag for
representing energy dissipation, are essential for accurately
modelling these systems. The nonlinear interactions between
tidal currents and wind waves emerge as a particularly influ-
ential factor, affecting ocean circulation and improving the
accuracy of sea surface temperature predictions.

It is shown that the integration of high-resolution obser-
vational data, such as HF radar for surface currents and the
SWOT satellite mission for sea surface topography, has the
potential of substantially enhancing the resolution and relia-
bility of coastal models. These data facilitate a detailed char-
acterization of processes in transition zones spanning estuar-
ies, nearshore areas, and the open ocean. Improved coupling
between regional and local models has advanced the repre-
sentation of boundary conditions and enabled simulations of
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small-scale dynamics, essential for capturing the complexity
of the coastal continuum.

The application of data assimilation techniques addresses
the rapid variability inherent in coastal processes, highlight-
ing the challenges and limitations of predictability in these
highly dynamic environments. Strategies to extend the accu-
racy of short-term and localized forecasts are provided, lever-
aging multiscale data integration to refine predictions. The
ability to simulate interactions between atmospheric con-
ditions, hydrological inputs, and oceanographic processes
strengthens the foundation for more accurate modelling. This
contribution underscores the importance of bridging observa-
tional and modelling gaps to achieve a comprehensive un-
derstanding of coastal systems. It highlights the necessity
of integrating small-scale dynamics with broader processes
to better inform sustainable coastal management practices.
By aligning advanced techniques with high-resolution data,
this work offers a pathway for more robust representations
of coastal ocean dynamics and supports informed decision-
making in the face of growing environmental and societal
challenges.

Several directions for advancing coastal ocean modelling
to address evolving environmental and societal challenges
are highlighted. Future efforts should focus on integrating
emerging observational technologies, such as high-resolution
satellites (e.g. SWOT), autonomous platforms like gliders
and drones, and hyperspectral imaging. These tools, com-
bined with machine learning techniques for data analysis, can
bridge gaps in spatial and temporal data coverage, providing
a richer understanding of coastal dynamics.

Developing coupled modelling systems that seamlessly in-
tegrate atmospheric, hydrological, and oceanographic pro-
cesses will be essential for capturing the complexities of the
land—ocean continuum. Incorporating river runoff, estuarine
dynamics, and nearshore processes into such systems will
significantly enhance the scope and accuracy of predictions.
Addressing computational challenges associated with high-
resolution modelling is equally critical; this includes leverag-
ing high-performance computing and cloud-based process-
ing and optimizing numerical schemes to achieve efficient
and precise simulations.

Improving data assimilation techniques through ensem-
ble approaches and probabilistic forecasting is another prior-
ity. These methods will better integrate multiscale observa-
tional data, reduce uncertainties, and enhance the reliability
of predictions in dynamic environments. Concurrently, there
is a pressing need to explore the impacts of climate change
on coastal systems, including sea-level rise, increased storm
intensity, and shifting precipitation patterns. Understanding
these impacts will guide the development of adaptive strate-
gies and strengthen resilience in vulnerable coastal zones.

The future of coastal modelling also depends on foster-
ing interdisciplinary collaboration, engaging expertise from
oceanography, meteorology, hydrology, and ecology. By
aligning scientific research with societal needs and practical

https://doi.org/10.5194/sp-5-opsr-4-2025



J. Staneva et al.: Solving coastal complexity through ocean forecasting 11

applications, collaborative frameworks can ensure the rele-
vance and effectiveness of modelling efforts. Additionally,
applying artificial intelligence to optimize model parameter-
ization, grid design, and predictive analyses will unlock new
capabilities for simulating small-scale processes like sedi-
ment transport and ecosystem responses.

Finally, enhancing global and regional coordination for
coastal monitoring and modelling will be vital. Strengthen-
ing networks to ensure consistency in data and modelling
approaches can foster international collaboration, facilitating
the exchange of best practices and resources. These collec-
tive advancements promise to deepen our understanding of
coastal systems and provide robust tools to manage and pro-
tect these critical areas sustainably in the face of ongoing and
future challenges.
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biogeochemical processes, numerical strategies must be employed. The authors provide an outlook on the status
of operational ocean forecasting systems in eight key regions including the global ocean: the West Pacific and
Marginal Seas of South and East Asia, the Indian Seas, the African Seas, the Mediterranean and Black Sea,
the North East Atlantic, South and Central America, North America (including the Canadian coastal region, the

United States, and Mexico), and the Arctic.

The authors initiate their discussion by addressing the specific regional challenges that must be addressed and
proceed to discuss the numerical strategy and the available operational systems, ranging from regional to coastal
scales. This compendium serves as a foundational reference for understanding the global offering, demonstrating
how the diverse physical environment — ranging from waves to ice — and the biogeochemical features besides
ocean dynamics can be systematically addressed through regular, coordinated prediction efforts.

1 Introduction

The vast and dynamic nature of the world’s oceans plays
a critical role in shaping global climate, supporting biodi-
versity, and sustaining human economies. Accurate ocean
forecasting is essential for a variety of applications, includ-
ing maritime navigation, fisheries’ management, disaster pre-
paredness, and climate research. As such, the ability to pre-
dict ocean conditions with precision is of paramount impor-
tance to scientists, policymakers, and coastal communities
alike.

Over the past few decades, significant advancements have
been made in the field of ocean forecasting, driven by im-
provements in observational technologies, numerical model-
ing, and computational capabilities. Satellite remote sensing,
autonomous underwater vehicles, and enhanced buoy net-
works have expanded our ability to monitor oceanic param-
eters with unprecedented resolution and coverage. Concur-
rently, sophisticated numerical models, integrating physical,
chemical, and biological processes, have improved the accu-
racy and reliability of ocean predictions.

Despite these advancements, the status of ocean forecast-
ing varies widely across different regions of the world. Fac-
tors such as technological infrastructure, scientific expertise,
and financial resources influence the development and imple-
mentation of forecasting systems. Some regions have estab-
lished comprehensive and highly accurate forecasting capa-
bilities, while others struggle with limited data availability
and outdated methodologies.

This paper aims to provide a comprehensive overview of
the current state of ocean forecasting services across various
regions globally (reanalysis services are not contemplated).
By examining the technological, scientific, and operational
aspects of forecasting systems in different parts of the world,
we seek to identify both the strengths and gaps in existing
capabilities.

The main inventory for operational ocean forecasting ser-
vices existing today is the atlas of these services hosted on the
OceanPrediction Decade Collaborative Center (DCC) web-
site (https://www.unoceanprediction.org/en/atlas, last access:
8 May 2025) In this already growing inventory more than 150
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worldwide systems are described in detail showing a compre-
hensive picture of the activity in this field (Fig. 1).

The following sections describe, starting with global sys-
tems and analyzing region by region, the situation across dif-
ferent regions of the world ocean.

2 Global ocean forecasting services

Historically, global ocean forecasting efforts were initially
focused on naval operations and scientific research, with
early models developed to support strategic planning and
military navigation. The advent of global observing sys-
tems, such as satellite altimetry and Argo floats, provided
unprecedented datasets, leading to significant improvements
in model accuracy.

With the establishment of initiatives such as the Global
Ocean Data Assimilation Experiment (GODAE) in the late
1990s and early 2000s, operational oceanography moved to-
ward a coordinated, global-scale framework. These efforts
laid the foundation for modern global ocean forecasting ser-
vices, which now provide continuous, high-resolution fore-
casts tailored for various sectors, including fisheries, ship-
ping, offshore energy, and climate services.

Today, global operational ocean forecasting systems are
operated by multiple institutions worldwide, using state-of-
the-art ocean circulation and sea ice models coupled with
data assimilation techniques. These models are forced by at-
mospheric reanalysis and forecast systems, integrating satel-
lite and in situ observations to improve the accuracy of pre-
dictions. The outputs of these systems are crucial for under-
standing ocean dynamics, predicting extreme events such as
hurricanes and marine heat waves, and supporting policy de-
cisions related to climate change adaptation and marine re-
source management.

Table 1 shows the global systems already registered in
the OceanPrediction DCC Atlas and their main characteris-
tics. All the detailed information about these systems can be
found at the OceanPrediction DCC Atlas. To the knowledge
of the authors, only a few systems remain to be incorporated
into this inventory: LICOM, operated by the Institute of At-
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Table 1. Global ocean forecasting services on the OceanPrediction DCC Atlas.

System Organization Forecasted Essential Ocean Numerical Horizontal Maximum
Variables (EOVs) model(s) grid type resolution
Global Ocean Analysis Mercator Ocean Currents, salinity, sea ice NEMO, MFWAM, Regular 9km
and Forecast System International concentration, temperature, sea and PISCES
(Copernicus Marine state (waves), biogeochemistry
GLO-MFC) variables
FIO Ocean Forecasting First Institute of Currents, ocean surface heat MOM - GFDL and  Curvilinear 10km
System Oceanography flux, salinity, sea ice MASNUM wave (MOM) and
concentration, sea state (waves), model Regular
temperature (MASNUM)
neXtSIM-F Nansen Sea ice concentration neXtSIM — Next Regular 4 min
Environmental and Generation Sea Ice
Remote Sensing Model
Center
Global FOAM Met Office Currents, salinity, sea ice NEMO and Curvilinear 7km
concentration, sea surface height ~WAVEWATCH III
(sea level), temperature
INCOIS global HYCOM Indian National Currents, salinity, sea surface HYCOM - HYbrid  Regular 25km
Centre for Ocean height (sea level), temperature Coordinate Ocean
Information Services Model
MOVE-JPN Meteorological Currents, ocean surface heat MRI.COM V4 TriPolar 15 min
Research Institute flux, ocean surface stress, coordinate
salinity, sea ice concentration, system
sea surface height (sea level),
temperature
Real-Time Ocean National Oceanic Currents, salinity, temperature HYCOM TriPolar 9km
Forecasting System and Atmospheric coordinate
(RTOFS) Administration system
Hurricane Forecast National Oceanic Currents, salinity, sea state HYCOM Curvilinear 1km
Analysis System (HAFS) and Atmospheric (waves), temperature
Administration
INPE wave prediction National Institute for ~ Sea state (waves) WAVEWATCH III Regular 15 min
system Space Research
INCOIS-WAVEWATCH Indian National Sea state (waves) WAVEWATCH I Regular 8km
11T Centre for Ocean
Information Services
Global Ocean Forecasting Centro Currents, ocean surface heat NEMO TriPolar 3km
System GOFS16 Euro-Mediterraneo flux, salinity, sea ice coordinate
sui Cambiamenti concentration, sea surface height system
Climatici (sea level), temperature
Global Ice Ocean Environment and Currents, salinity, sea surface NEMO and CICE TriPolar 12km
Prediction System Climate Change height (sea level), temperature, coordinate
Canada sea ice properties (concentration, system
thickness, snow depth,
temperature, internal pressure)
Chinese Global National Marine Currents, salinity, sea ice MaCOM Unstructured 5 min
Operational Environmental concentration, sea surface height
Oceanography Forecasting  Forecasting Center (sea level), temperature
System
JCOPE-FGO Japan Agency for Currents, salinity, sea state POM Regular 10km

Marine-Earth
Science and
Technology

(waves), sea surface height (sea
level), temperature
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Figure 1. The OceanPrediction DCC Atlas (https://www.unoceanprediction.org/en/atlas/models, last access: 8 May 2025).

mospheric Physics (China), and NAVY-ESPC and GOFS3,
both developed by the Naval Research Laboratory (USA).

Other interesting characteristics can be derived from the
replies not shown in the area. For the circulation models, the
number of vertical layers ranges from 29 to 98, Z coordinates
being the most used system (four systems). All the systems
(except some wave systems) use data assimilation, but only
two make use of ensemble techniques.

The data sources employed for assimilation change from
one system to another, the ones used being ARGO profiles,
satellite altimetry, satellite sea surface temperature (SST),
buoy data, drifters, XBT, and gliders. Six systems use dy-
namic coupling between different models or model compo-
nents. All systems, but one, provide third parties with data,
directly or after a specific request. Surprisingly, almost half
of the systems declare not being validated operationally. The
forecast horizon is usually between 5 and 10 d.

It is interesting to note that in regions where regional and
coastal systems are scarce, global services have become a
main source of information for many applications. In African
seas, for example, outputs from the global services are dis-
seminated on a local web portal. Bandwidth is cited as the
most common problem affecting the accessibility of global
forecast services. Some countries provide bulletins in pdf
format, and some add local value to global services by de-
veloping and disseminating optimized metrics. Examples of
the variety of use types are provided here:

— Mauritius (using Copernicus Marine Global Ocean
Monitoring and Forecasting (GLO-MFC) products).
The Mauritius Oceanography Institute provides a web
portal, available at https://moi.govmu.org/gmes/forecast
(last access: 8 May 2025) (affiliated with GMES and
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Africa) that outputs a regional subset of global sea-state
forecasts. Monthly bulletins are targeted at users from
the marine and fisheries’ realm for monitoring purposes
and are a source of information for researchers and the
scientific community.

— Kenya (using INCOIS). The Kenyan Meteorological

Department provides daily and weekly marine fore-
cast bulletins (https://meteo.go.ke/, last access: 8§ May
2025).

— Mozambique (using INCOIS). The Integrated Ocean

and Information System for Mozambique is developed
by the INCOIS project Hyderabad and the Regional In-
tegrated Multi-Hazard Early Warning System (RIMES).

— South Africa (using the NCEP Global Ensemble Fore-

cast System — Wave (GFS-Wave), available at https:
/Iwww.nco.ncep.noaa.gov/pmb/products/gfs/, last ac-
cess: 8 May 2025, and Copernicus Marine GLO-MFC
products). The South African Weather Service uses the
National Centers for Environmental Prediction — Global
Forecast System (NCEP GFS), as well as currents from
the Copernicus Marine Service forecasts, to run an oper-
ational regional and coastal wave and storm surge model
(Barnes and Rautenbach, 2020). Additionally, they dis-
seminate regional information based on Copernicus Ma-
rine forecasts.

— South Africa (using Copernicus Marine GLO-MFC

products). Regional value was added to Copernicus Ma-
rine products, e.g., marine heat waves, location of the
Agulhas Current (e.g., distance from shore), and SST
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anomalies in an operational service. The tools are cur-
rently being integrated into the web portal.

3 West Pacific and Marginal Seas of South and East
Asia

In the West Pacific and Marginal Seas of South and East Asia
(WPMSEA), ocean forecasting systems are particularly im-
portant due to the region’s vulnerability to tropical cyclones,
tsunamis, and other oceanic phenomena, as well as socio-
economic development needs.

Regional and coastal forecasts

In this region, it is very frequent that the regional systems
also include nested coastal applications, so the description is
merged into a single section.

The Japan Coastal Ocean Predictability Experiment
(JCOPE; https://www.jamstec.go.jp/jcope/htdocs/e/jcope_
consortium.html, last access: 8 May 2025) system, devel-
oped by the Japan Agency for Marine-Earth Sciences and
Technology (JAMSTEC) based on the Princeton Ocean
Model (POM; Blumberg and Mellor, 1987), is a dynamic
ocean monitoring and forecasting system (Miyazawa et al.,
2009, 2021). Originally tailored for the western North Pa-
cific at eddy-resolving resolutions, JCOPE is now extended
to cover the global ocean with a new eddy-resolving quasi-
global ocean reanalysis product, the JCOPE Forecasting
Global Ocean (JCOPE-FGO). The model covers the global
ocean from 75° S to 75° N except for the Arctic Ocean, with
a horizontal resolution of 0.1° x 0.1° and 44 sigma levels.
The validation against observational data demonstrates
JCOPE-FGO’s effectiveness, while assessments using
satellite data show its capability in representing upper-ocean
circulation (Kido et al.,, 2022). The significance of river
forcing for accurately representing seasonal variability is
emphasized by highlighting the inclusion of updated global
river runoff in JCOPE-FGO and its significant impacts on
near-surface salinity.

Kyushu University in Japan operates several real-time
ocean forecasting systems based on the Research Insti-
tute for Applied Mechanics Ocean Model (DREAMS;
https://dreams-c1.riam.kyushu-u.ac.jp/vwp/html/vwp_
about.html.ja, last access: 8 May 2025) system. This
3-dimensional ocean model is formulated in spherical
coordinates with a horizontal resolution of approximately
1.5km and features 114 vertical levels (Liu and Hirose,
2022). Its domain covers a rectangular region southwest of
Japan, including part of the East China Sea Shelf and the
deep Okinawa Trough.

The Mass Conservation Ocean Model (MaCOM) model
(Feng et al., 2024) is a newly established and operated global
circulation model developed at National Marine Environ-
mental Forecasting Centre (NMEFC) in China (Fig. 2). This
model adopts a complete physical framework, the key fea-
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tures of which are mass conservation, enthalpy conservation,
and salt conservation, and which is based on pressure coordi-
nates. The MaCOM system is used from global (~ 10 km) to
coastal (~ 100 m) forecasts and replaces several previously
used models in NMEFC. The LASG/IAP Climate System
Ocean Model (LICOM) Forecast System (LFS) is another
forecast system from China that maintains a horizontal res-
olution of 3600 x 2302 grids (1/10°) and 55 vertical levels.
Assessments indicate that LFS performs well in short-term
marine environment forecasting. For example, LFS is also
able to forecast the marine heat waves around the China Sea,
especially in the South China Sea and East China Sea (Yi-
wen et al., 2023). The surface wave—tide—circulation coupled
ocean model developed by the First Institute of Oceanogra-
phy (FIO-COM) is another global model with an emphasis
on tidal mixing (Qiao et al., 2019). The model is developed in
close partnership with the Intergovernmental Oceanographic
Commission of UNESCO Sub-Commission for the Western
Pacific (WESTPAC). MaCOM ocean forecast systems also
provide regional as well as coastal forecasts on scales from
kilometers to meters with various applications from oil spill
forecasts and fishery to ice drifts and marine heat waves.

The BMKG Ocean Forecast System (BMKG-OFS; https:
//maritim.bmkg.go.id/ofs, last access: 8 May 2025) is an ad-
vanced forecasting system developed by Indonesia’s Meteo-
rological, Climatological, and Geophysical Agency (BMKG)
to provide accurate and timely oceanographic information
for the Indonesian seas (Fig. 3). Launched in 2017, BMKG-
OFS offers up to 7d forecasts on various ocean parame-
ters, including wind, waves, swell, currents, sea temperature,
salinity, tides, sea level, and coastal inundation. The system
utilizes the WAVEWATCH III model to predict sea wave con-
ditions and the Finite Volume Community Ocean Model (FV-
COM) to provide information on ocean currents, salinity, and
sea temperature at various depths. There is a plan to improve
the horizontal and vertical resolutions and an atmospheric-
ocean-wave model.

Two major South Korean institutes, the Korea Hy-
drographic and Oceanographic Agency (KHOA) and
the Korea Institute of Ocean Science and Technology
(KIOST) (whose details are provided in the OceanPre-
dict National Report, 2020, https://oceanpredict.org/science/
operational-ocean-forecasting-systems/system-reports/, last
access: 14 May 2025), operate ocean forecasting systems
to support various activities. Since 2012, KHOA has oper-
ated the Korea Ocean Observing and Forecasting System
(KOOFS), consisting of nested ocean and atmospheric mod-
els with horizontal resolutions ranging from 4 to 25km.
These models generate daily forecasting data covering re-
gional, sub-regional, coastal, and port areas, with resolutions
as fine as 0.1 km for major port areas.

Since 2017, KIOST has also operated the Ocean Pre-
dictability Experiment for Marine environment (OPEM) (Jin
et al., 2024), a regional ocean prediction system that pro-
vides weekly 10 d forecasts for the western North Pacific and
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Figure 2. Surface currents derived from the MaCOM system (source: https://english.nmefc.cn/ybfw/seacurrent/WestNorthPacific, last ac-

cess: 8 May 2025).

has shown strong performance in simulating ocean condi-
tions around the Korean Peninsula, particularly in response
to extreme events such as typhoons and coastal upwelling.
In 2020, a sub-coastal model with a resolution of ~300m
was established, nested within the coastal model, which itself
has a resolution of 1km. In addition to these major oceano-
graphic centers, some universities are also developing coastal
forecasting systems.

Bluelink (https://research.csiro.au/bluelink/global/
forecast/, last access: 8 May 2025) is an Australian ocean
forecasting initiative established in 2003 through a collabo-
ration between the Commonwealth Scientific and Industrial
Research Organisation (CSIRO), the Bureau of Meteorol-
ogy, and the Australian Department of Defence. It aims to
develop and maintain world-leading global, regional, and
littoral ocean forecast systems to support defense applica-
tions and provide a national ocean forecasting capability
for Australia. Bluelink’s operational system, the Ocean
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Modelling and Analysis Prediction System (OceanMAPS;
http://www.bom.gov.au/marine/index.shtml, last access:
8 May 2025), provides 7d forecasts of ocean conditions,
including currents, temperature, salinity, and sea level, on
a near-global scale. These forecasts are crucial for various
sectors, including maritime industries, defense applications,
and climate research, aiding in decision-making and en-
hancing safety at sea (Brassington et al., 2023). Version 4,
operational since 2022, uses the ensemble Kalman filter
(EnKF).

4 Indian Seas

Forecasting Essential Ocean Variables (EOVs) for the In-
dian Seas comes with several hurdles compared to other re-
gions due to the complex nature of the ocean dynamics and
the specific characteristics of the Indian Ocean region such
as the land-locked northern boundary. Major processes that
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2025).

make forecasting difficult in the region include the monsoon
system, which brings abrupt and significant variability in
wind patterns, precipitation, and oceanic processes. The In-
dian Ocean is characterized by seasonally reversing circula-
tion patterns under the influence of monsoonal winds, coastal
upwelling, and interactions with neighboring ocean basins.
Comprehensive and high-quality observational data for ini-
tializing and validating ocean forecast models are scarce, par-
ticularly in remote areas and during extreme weather events.
The Indian Seas have a complex coastline with extensive es-
tuaries, deltas, and coral reef systems. Coastal processes, in-
cluding tides, waves, and sediment transport, interact with
ocean circulation and impact nearshore areas. Accurately
representing these coastal processes in forecasting models
poses challenges due to the high spatial variability and the
need for high-resolution data and modeling techniques.

4.1 Regional systems

The Indian National Centre for Ocean Information Services
(INCOIS) operates two regional ocean forecasting systems
utilizing the Hybrid Coordinate Ocean Model (HYCOM)
and the Regional Ocean Modeling System (ROMS). The re-
gional INCOIS-HYCOM has the highest resolution of ap-
proximately 6.9km, followed by regional INCOIS-ROMS
with approximately 9.2km resolution. Regional INCOIS-
HYCOM is forced with atmospheric variables from the
NCEP GFS and uses and assimilates sea surface temperature
(SST) data derived from the Advanced Very High Resolution
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Radiometer (AVHRR) sensor, along-track sea level anoma-
lies, and in situ profiles from various observing platforms
using the Tendral Statistical Interpolation (T-SIS) scheme
data assimilation (DA) method (Srinivasan et al., 2022), tak-
ing boundary conditions from INCOIS global HYCOM de-
scribed earlier (Table 1).

ROMS from INCOIS uses atmospheric forcing from the
National Centre for Medium Range Weather Forecasting
(NCMRWEF; https://www.ncmrwf.gov.in/, last access: 8§ May
2025) Unified Model (NCUM) atmospheric system. It as-
similates SST and vertical profiles of temperature and salin-
ity from in situ platforms using a local ensemble transform
Kalman filter (LETKF) DA method. Data visualization and
products from these models are available through a web
interface (https://incois.gov.in/portal/osf/osf.jsp, last access:
8 May 2025) to users, and data are made available to users
on request.

INCOIS also provides operational wave forecasts through
its integrated Indian Ocean Forecasting System (INDOFOS;
https://incois.gov.in/portal/osf/osf_rimes/index.jsp, last ac-
cess: 8 May 2025). These forecasts are essential for mar-
itime safety, navigation, and various ocean-based activi-
ties. INCOIS utilizes the third-generation wind wave model
WAVEWATCH III (Tolman, 2009) (Fig. 4).

4.2 Coastal systems

INCOIS ROMS-Coastal is the only coastal model identi-
fied for the Indian Seas. It has approximately 2.3 km spa-
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Figure 4. Example of wave forecast produced by INCOIS.

tial resolution, which is forced with the same NCUM atmo-
spheric variables as in the case of ROMS and does not as-
similate any data but takes initial and boundary conditions
from the 9.2km regional setup of ROMS. Data visualiza-
tion and products are made available through a dedicated IN-
COIS web portal, available at https://incois.gov.in/portal/osf/
osf.jsp (last access: 8 May 2025), and data are available to
users on request.

5 African Seas

The African Seas can be subdivided into six regions, based
on distinct ecosystem characteristics: the Canary Current
large marine ecosystem (LME), the Guinea Current LME,
the Benguela Current LME, the Agulhas—Somali Current
LME, the Red Sea LME and the Mediterranean Sea LME.
Aside from the Mediterranean Sea LME, which will be dis-
cussed separately, an overview of the landscape with respect
to operational ocean forecast services will be provided be-
low. Operational ocean modeling is a developing field, with
limited capacity in most parts of Africa. Operational services
in these regions therefore depend largely on core global prod-
ucts and vary in levels of complexity, from disseminating lo-
cally relevant information via monthly bulletins to limited
area forecast models that use global products at their bound-
aries. While various types of ocean forecast services exist to
support national priorities, two consortia have been devel-
oped through Global Monitoring for Environment and Se-
curity (GMES; https://gmes.rmc.africa/, last access: 8§ May
2025) and Africa to provide more regional support for marine
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and coastal operations. These are Marine and Coastal Opera-
tions for Southern Africa and the Indian Ocean (MarCOSIO;
https://marcosio.org/, last access: 8 May 2025) and Marine
and Coastal Areas Management in North and West Africa
(MarCNoWA; https://geoportal.gmes.ug.edu.gh/#/, last ac-
cess: 8 May 2025). These platforms currently make use of
global services for Earth observations (EOs) as well as ma-
rine forecast products that in some cases are optimized for
local conditions.

5.1 Regional systems

There are a limited number of regional forecast systems op-
timized specifically for African Seas.

— The Iberia Biscay Irish Marine Forecasting Centre (IBI-
MEFC;  https://marine.copernicus.eu/about/producers/
ibi-mfc, last access: 8 May 2025) Ocean Physics,
Waves and Biogeochemistry Analysis and Forecast
products, provided by the Copernicus Marine Service,
are suitable for use by regional services in north and
northwest Africa.

— The INCOIS project Hyderabad and the Regional In-
tegrated Multi-Hazard Early-Warning System (RIMES;
https://rimes.int/, last access: 8 May 2025) have devel-
oped an integrated high-resolution regional ocean fore-
casting system that encompasses the ocean regions of
Madagascar, Mozambique, and the Seychelles.

— The Integrated Red Sea Model (iREDS-M1) has been
developed by the King Abdullah University of Science
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and Technology in Saudi Arabia. Its atmospheric and
ocean (wave and general circulation) models are run-
ning on an operational basis to provide short-range fore-
casts for the Red Sea (Hoteit et al., 2021).

The South African Weather Service (SAWS; https://
www.weathersa.co.za/; last access: 8 May 2025) pro-
vides regional wave, wave—current interaction and tide
forecasts, downscaled from global services, none of
which are assimilative (Barnes and Rautenbach, 2020).
They also provide an empirically derived algorithm-
based forecast of the sea ice edge for METAREA VII
(de Vos et al., 2021).

The MarCNoWA focuses on delivering Earth observa-
tion (EO) services to coastal and marine environments
and fisheries:

provision of potential fishing zone charts overlaid
with vessel traffic,

monitoring and forecasting of oceanography vari-
ables,

forecast of ocean conditions,

oil spill monitoring,

generation of coastal vulnerability indices and map-
ping of coastal habitats.

Through a network of national stakeholders, regional
fisheries and environmental bodies, academia, private
sector, and researchers, the project is to impact de-
cision making in the beneficiary countries. It down-
scales Copernicus Marine products and provides fore-
casts (Forecasts — Global Monitoring for Environment
and Security & Africa, https://gmes.rmc.africa/, last ac-
cess: 14 May 2025).

The forecasting system GCOAST (Geesthacht Cou-
pled cOAstal model SysTem; https://www.hereon.
de/institutes/coastal_systems_analysis_modeling/

research/gcoast/, last access: 8 May 2025), devel-
oped by Hereon, is implemented at regional scale
for the western coast of Africa. GCOAST (available
at  https://www.hereon.de/institutes/coastal_systems_
analysis_modeling/research/gcoast/index.php.en, last
access: 8 May 2025) is built upon a flexible and
comprehensive coupled model system, integrating the
most important key components of the regional and
coastal systems and, additionally, allowing information
from observations to be included. The operational
modeling system is developed based on a downscaling
approach from the Copernicus Marine GLO-MFC
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5.2 Coastal systems

Operational ocean forecast services for African coasts in-
clude the following:

— The National Coastal Forecasting System for

Mozambique (FEWS-INAM) provides 3d ocean
and meteorological forecasts in the form of daily
bulletins and text messages to support operations
at sea. It uses global NCEP GFS data to provide
meteorological and wave boundaries and GLOS-
SIS (https://www.deltares.nl/en/expertise/projects/
global-storm-surge-information-system-glossis,  last
access: 8 May 2025) for the storm surge boundary
conditions. The forecasts include wave information,
tide and surge water levels, and atmospheric weather
information. This system was developed by a consor-
tium, including Mozambique’s Met Office INAM31,
Deltares, UK Meteorological Office, and the DNGRH.

SAWS provides higher-resolution wave forecasts, op-
timized for key coastal regions as well as storm surge
forecasts. The information is disseminated on their
web portal (https://marine.weathersa.co.za/Forecasts_
Home.html, last access: 14 May 2025)

The SOMISANA (A sustainable Ocean Modelling Ini-
tiative: a South African Approach, available at https:
//[somisana.ac.za/, last access: 8 May 2025) has de-
veloped two limited-area downscaled bay-scale opera-
tional forecast systems for key areas around the South
African coastline, which are (i) Algoa Bay and (ii) the
southwest cape coast. The models run daily and pro-
vide 5d forecasts of currents, temperature, and salin-
ity through the water column (Fig. 5). The models are
forced by the GFS atmospheric forecasts at the surface
and by the Global Ocean Analysis and Forecast sys-
tem provided by Copernicus Marine Service at the lat-
eral boundaries. The model outputs can be explored at
https://somisana.ac.za/. The validation reports are avail-
able for the two operational forecast models.

Coastal and fluvial flood forecasting has been devel-
oped in response to the extreme storm surge and flood-
ing events on the KwaZulu-Natal coast of South Africa
by Deltares and the local municipality (details available
in the informative leaflet at https://publications.deltares.
nl/EP4040.pdf, last access: 8 May 2025). The coastal
(Delft3d) and fluvial (SWMM) models are run in fore-
cast mode (Delft-FEWS) every 6 h and provide 3 d fore-
casts. As inputs, they use global forecast services from
the ECMWF and the NCEP.

forecast products at 1/12° resolution, focusing on the
western African coast. The wind wave model is based
on WAM (WAve Modeling). The atmospheric forcing
is taken from ECMWE.

The coastal forecasting system developed in response
to extreme storm surge, waves, and flooding events along
the eastern coast of Ghana utilizes advanced modeling
techniques and global forecast services. The coastal model
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Figure 5. The web portal of the bay-scale forecast system developed by the SOMISANA team in South Africa. The web portal allows
users to explore the variables as well as scrutinizing various depth levels of the forecasts. The insets show the oil spill tracking functionality,
developed using the OpenDrift software, that allows for the seamless integration of the global and regional, bay-scale forecasts in tracking

the spill.

employed in this system is a flexible and modular modeling
platform GCOAST for regional and coastal applications.
The hydrodynamical model is based on SCHISM (Semi-
implicit Cross-scale Hydroscience Integrated System
Model; https://ccrm.vims.edu/schismweb/, last access:
8 May 2025), which is coupled with the wind wave model
(WWM). The coastal forecasting modeling platform en-
sures a flexible grid for the eastern coast of Ghana, with a
resolution ranging from 50 m in the estuaries up to 1km.
The system is designed to provide both hindcasts and
forecasts. For hindcast simulations, it uses the GLORYS12
reanalysis (Global Ocean Physics Reanalysis, product
ID: GLOBAL_REANALYSIS_PHY_001_030; available
at https://data.marine.copernicus.eu/product/GLOBAL _
MULTIYEAR_PHY_001_030/description, last access:
8 May 2025). For forecasts, it uses the GLO-MFC (product
ID: GLOBAL_ANALYSIS_FORECAST_PHY_001_024).
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Atmospheric forcing is provided by the ECMWF operational
forecast products. At the boundaries, the model is coupled
to the Global Ocean Physics Reanalysis GLORYS12 pro-
vided by the Copernicus Marine Service (as part of the
GLO-MFC product catalogue) and produced by Mercator
Ocean International. The coastal forecasting system incor-
porates tidal forcing from the Finite Element Solution 2014
(FES2014; Lyard et al., 2021) global ocean tide model,
which provides tidal elevations and currents on a 1/16°
grid and has demonstrated significant improvements over
previous versions, particularly in coastal and shelf regions.
This comprehensive approach ensures that stakeholders
receive timely and accurate information to prepare and
respond effectively to extreme events along the eastern
coast of Ghana. In addition to its predictive capability, the
system also supports environmental resilience. It integrates
mangrove vegetation into the modeling platform to assess
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and promote nature-based solutions for coastal protection.
This component enables the evaluation of scenarios in
which mangrove cover is varied to estimate its potential
to mitigate wave energy and reduce coastal erosion. The
implementation builds on the findings of recent studies
demonstrating the buffering role of mangroves against
hydrodynamic forces in the coast of Ghana, contributing to
sustainable coastal management strategies. These insights
guide the design of adaptive coastal management strategies
based on nature-based interventions (Jayson-Quashigah et
al., 2025).

6 Mediterranean and Black Sea

The beginning of the 21st century can be considered the start-
ing point of the Mediterranean and Black Sea’s operational
forecasting services thanks to the favorable conjunction of
several aspects:

— A general concept of operational oceanography was
emerging worldwide.

— The advent of new ocean monitoring technologies al-
lowed for multiplatform systems, including both in situ
monitoring and satellite remote sensing, that in addi-
tion to the development of internet network connections
started providing open data with a near-real-time avail-
ability (Tintore et al., 2019).

— The development of numerical modeling and prediction
systems gave rise to the release of the first ocean fore-
cast of the Mediterranean Forecasting System (MFS) in
2000, which provided regular and freely available 10d
predictions of the Mediterranean Sea dynamics with a
spatial resolution of 7 km (Pinardi et al., 2003).

— The first Black Sea nowcasting and forecasting systems,
developed during the first decade of 2000, were imple-
mented in the framework of the ARENA (http://old.ims.
metu.edu.tr/black_sea_goos/projects/arena.htm, last ac-
cess: 8 May 2025) and of the EU FP6 ECOOP (Euro-
pean COastalshelf sea OPerational observing and fore-
casting system) projects.

— The Mediterranean scientific community started to get
organized to establish a Mediterranean Operational
Oceanography Network (MOON), which in 2012 be-
came the Mediterranean Operational Network for the
Global Ocean Observing System (MonGOOS; https://
mongoos.eurogoos.eu/, last access: 8 May 2025). Also,
the Black Sea Community, within the Global Ocean
Observing System, has been established into the Black
Sea GOOS (https://eurogoos.eu/black-sea/, last access:
8 May 2025).

In the following, some details on the services implemented
in the Mediterranean and Black Sea are provided at regional
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scale, for the whole basins, and at coastal scale (here the
global services are not considered since these basins have
strongly regional dynamics and maintain a connection to the
global ocean through the narrow Strait of Gibraltar, in the
case of the Mediterranean Sea, therefore, this section will
only consider regional and coastal services).

6.1 Regional systems

There are a limited number of regional forecast systems op-
timized specifically for African Seas.

During the last decades, major developments have been
undertaken to improve the operational forecasting systems
of the Mediterranean and Black Sea, first in a pre-operational
phase within MyOcean EU projects leading to the Coperni-
cus Marine Service since 2015. The Mediterranean (Med-
MEFC; Coppini et al., 2023) and the Black Sea (BS-MFC;
Ciliberti et al., 2022) Monitoring and Forecasting Centers
can be considered the core services for these regions (Fig. 6).

They provide, every day, 10d forecast fields at around 4
and 2.5 km resolution, in the Mediterranean and Black Sea
respectively, for the whole set of Essential Ocean Variables,
including currents, temperature, salinity, mixed layer thick-
ness, sea level, wind waves, and biogeochemistry, which are
freely available to any user (scientists, policymakers, en-
trepreneurs, and ordinary citizens, from all over the world)
though the Copernicus Marine Data Store. To support users,
tailored services and training, adapted to different levels of
expertise and familiarity with ocean data, are also provided.

Three operational systems compose both the Med-MFC
and the BS-MFC: the physical component, which is based
on the NEMO (Gurvan et al., 2022) ocean general circula-
tion model (OGCM); the wave component, which is based
on the third-generation spectral model, WAM (The Wamdi
Group, 1988); and the biogeochemical component, which is
based on the Biogeochemical Flux Model (BFM; Vichi et
al., 2020) and on BAMHBI (Grégoire et al., 2008; Capet et
al., 2016) for the Mediterranean and Black Sea, respectively.
The systems assimilate in situ and satellite data, including sea
level anomalies, along-track altimetry data, significant wave
height, sea surface temperature, and chlorophyll-a concen-
tration, provided by the corresponding Copernicus Marine
Thematic Assembly Centers, and are jointly and constantly
improved following users’ needs. These Mediterranean and
Black Sea core services, by providing accurate boundary
conditions in a timely manner, enable the implementation
of higher-resolution and relocatable forecasting systems in
different areas and support the development of many down-
stream applications and services.

In addition to the abovementioned core services, other
forecasting systems are implemented at regional scale such
as the following:

— A high-resolution Mediterranean and Black Sea sys-
tem based on the MITGCM (Massachusetts Institute of
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by Copernicus Marine Service

Figure 6. Mediterranean and Black Sea Forecasting Systems sea surface currents visualization as provided by the Copernicus Marine

Service.

Technology General Circulation Model; Marshall et al.,
1997) described in Palma et al. (2020). The system in-
cludes tides, is resolved at a 2 km resolution (and higher
resolution in specific areas), and is nested in the Med-
MEC. This system has been used as a basis to develop
a 1/16° model to assess present and future climate in
the Mediterranean Sea focusing on sea level change —
MED16 (Sannino et al., 2022).

— The KASSANDRA (http://kassandra.ve.ismar.cnr.it:
8080/kassandra, last access: 8 May 2025) storm surge
forecasting system for the Mediterranean and Black
Sea is based on the coupled hydrodynamic SHYFEM
(Umgiesser et al., 2004) and wave (WAVEWATCH III)
models, allowing for very high resolution in specific ar-
eas (Ferrarin et al., 2013).

— The MFS (Mediterranean Forecasting System; https:
/lmedforecast.bo.ingv.it/, last access: 8 May 2025) is de-
veloped at INGV (National Institute of Geophysics and
Volcanology, Italy) with 1/16° resolution and is based
on NEMO and implementing a 3D variational data as-
similation scheme (OceanVar; Dobricic and Pinardi,
2008).

— The physical and wave ocean system MITO (Napolitano
et al., 2022) provides 5 d forecasts of the Mediterranean
Sea circulation based on the MITGCM and is forced by
the Copernicus Mediterranean physical and wave fore-
casting products to generate 5 d forecasts data at a hori-
zontal resolution up to 1/48° degree.

— The POSEIDON (https://www.poseidon.hcmr.gr, last
access: 8 May 2025) basin-scale Mediterranean fore-
casting system (~ 10 km resolution) ocean and ecosys-
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tem state is developed at HCMR (Hellenic Centre for
Marine Research, Greece). This includes a hydrody-
namic model, based on POM (Blumberg and Mellor,
1987), which assimilates satellite and in situ data (Kor-
res et al., 2007), and a biogeochemical model, based on
ERSEM (European Regional Seas Ecosystem Model,
Baretta et al., 1995; Kalaroni et al., 2020a, b).

— The CYCOFOS wave forecasting system provides 5d
forecasts of the Mediterranean and the Black Sea (Zo-
diatis et al., 2008) based on WAM and is forced by the
SKIRON high-frequency winds.

6.2 Coastal systems

Several coastal systems are developed and implemented in
the Mediterranean and Black Sea, not only for operational
uses but also for research purposes by a wide research com-
munity. These modeling systems generally make use of com-
munity models that are widely used by the scientific commu-
nity for a diverse range of applications including the hydro-
dynamical, waves and biogeochemical marine components.
In the following, several of them are illustrated, providing
main information and references for more details.

6.2.1 Hydrodynamics

— The IBI-MFC Physics Analysis and Forecasting Sys-
tem  (https://data.marine.copernicus.eu/product/IBI_
ANALYSISFORECAST_PHY_005_001/description,
last access: 8 May 2025) provides operational analysis
and forecasting data at 1/36° resolution, implementing
the NEMO model integrated with a data assimilation
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scheme SAM?2, which allows for a multivariate as-
similation of sea surface temperature together with
all available satellite sea level anomalies and in situ
observations.

The Sistema de Apoyo Meteorolégico y Oceanografico
de la Autoridad Portuaria (SAMOA; Alvarez Fanjul et
al., 2018; Sotillo et al., 2019; Garcia-Ledn et al., 2022)
provides operational downstream services and a signifi-
cant number of high-resolution forecasting applications,
based on Copernicus Marine forecasting services and
the Spanish Meteorological Agency (for atmospheric
forecast), including 20 atmospheric models, 21 wave
models, and 31 circulation models. ROMS (Regional
Ocean Modeling System) is implemented at a resolu-
tion of 350 to 70 m.

The WMOP model (Juza et al., 2016; Mourre et al.,
2018) based on ROMS is a downscaling of the Coper-
nicus Mediterranean system, with a spatial resolution
of 2km and covering the western Mediterranean basin
from the Strait of Gibraltar to the longitude of the Sar-
dinia Channel. It is implemented by SOCIB (Balearic
Islands Coastal Observing and Forecasting System) and
is run operationally on a daily basis, producing 72h
forecasts of ocean temperature, salinity, sea level, and
currents.

A high-resolution numerical model, developed as part
of an operational oceanography system in the frame
of the Sistema Autonomo de Medicion, Prediccion y
Alerta en la Bahia de Algecira (SAMPA) project is im-
plemented by Puertos Del Estado (Spain), providing op-
erational ocean forecast data in the complex dynamical
areas of the Strait of Gibraltar and the Alboran Sea.

The MARC (Modelling and Analyses for Coastal Re-
search) and ILICO (Coastal Ocean and Nearshore Ob-
servation Research Infrastructure) are implemented us-
ing the MARS3 model in the Bay of Biscay—English
Channel-northwestern Mediterranean Sea at 2.5km
horizontal resolution and nested in the Copernicus Ma-
rine global system.

The Tyrrhenian and Sicily Channel Regional Model
(TSCRM; Di Maio et al., 2016; Sorgente et al., 2016)
is based on a regional implementation of POM at 2km
resolution and is nested into the Copernicus Mediter-
ranean Analysis and Forecasting system.

The Southern Adriatic Northern Ionian coastal Fore-
casting System (SANIFS; Federico et al., 2017)
is a coastal-ocean operational system based on
the unstructured-grid finite-element 3D hydrodynamic
SHYFEM model reaching a resolution of a few meters.
It is a downscaled version of the Med-MFC physical
product and provides short term forecast fields.
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— The Aegean and Levantine eddy-resolving model

(ALERMO; Korres and Lascaratos, 2003) is based on
POM implemented at 1/48° resolution and nested into
the Copernicus Mediterranean Analysis and Forecasting
system.

The Cyprus Coastal Ocean Forecasting and Observ-
ing System (CYCOFOS; Zodiatis et al., 2003, 2018) is
specifically developed to provide a sub-regional fore-
casting and observing system in the eastern Mediter-
ranean (including the Levantine Basin and the Aegean
Sea). The latest system is forced by the Copernicus
Med-MFC physical forecasting system and implements
POM at 2km resolution to produce initial and open
boundary conditions in specific locations.

The TIRESIAS Adriatic forecasting system is based
on the unstructured grid 3D hydrodynamic model
SHYFEM and represents the whole Adriatic Sea to-
gether with the lagoons of Marano—Grado, Venice, and
the Po Delta (Ferrarin et al., 2019). It is a downscaled
version of the Med-MFC physical product and provides
3 d forecast fields.

6.2.2 Waves

— The IBI-MFC Waves Analysis and Forecasting system

(Toledano et al., 2022) is based on MF-WAM (Meteo-
France WAM). It is implemented at 1/36° resolution
and produces wave forecasts in the western part of the
Mediterranean Sea twice a day.

The SAPO (Autonomous Wave Forecast System;
https://static.puertos.es/pred_simplificada/Sapo/d.
corunia/sapoeng.html, last access: 8 May 2025) based
on WAM is implemented at several Spanish ports with
a 72h forecast horizon, and it is nested within the
PORTUS forecast system, an operational wave forecast
for Spanish Port Authorities.

The WAMADR setup of ECMWF WAM is imple-
mented by the Slovenian Environment Agency for the
Adriatic and central Mediterranean domain with a hor-
izontal resolution of 72h and a spatial resolution of
1.6 km. The model is forced by a hybrid ALADIN SI
and ECMWEF surface wind product and runs daily.

Several coastal and local wave applications providing
wave information near the harbors, as well as boundary
conditions for specific wave agitation inside the port ap-
plications, use the SWAN model (Booij et al., 1999).

6.2.3 Biogeochemistry
— The IBI-MFC Biogeochemical Analysis and Fore-

casting  System  (https://data.marine.copernicus.eu/
product/IBI_ANALYSISFORECAST_BGC_005_004/
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description, last access: 8 May 2025) is implemented
using the PISCES (Aumont et al., 2015) model at 1/36°
horizontal resolution.

— The Northern Adriatic Reanalysis and Forecast-
ing system (NARF) and the CADEAU physical-
biogeochemical reanalysis (Bruschi et al., 2021) imple-
ment the MITgcm—BFM coupled models in the North-
ern Adriatic Sea, reaching up to 750 m with a further
high resolution (~ 125 m) and nesting in the Gulf of Tri-
este (https://medeaf.ogs.it/got; last access: § May 2025).

7 North East Atlantic

Operational oceanography in European countries was mainly
operated at a national level until the 1990s. In 1994, the Eu-
ropean part of the Global Ocean Observing System (Euro-
GOOS, https://eurogoos.eu/, last access: 8 May 2025) was
founded. It grouped these national endeavors into a network
of European monitoring and forecasting systems and initi-
ated several regional and thematic working groups to sup-
port specific developments. Since the early 1990s, the Eu-
ropean Commission has been actively funding programs to
support ocean monitoring and forecasting through, for in-
stance, its series of MyOcean projects (2009-2015) and its
ongoing ambitious Copernicus Earth observation program,
which includes the Copernicus Marine Service component.

Due notably to the coordinating efforts provided by the
Copernicus Marine Service over the last decade, the North
East Atlantic region is now well equipped in terms of op-
erational marine forecasting services. Also, each segment of
the North East Atlantic coastline is included in at least one
regional system, such that global forecast services are sel-
dom used directly, except for the provision of boundary con-
ditions to downstream forecast systems. An inventory of op-
erational marine and coastal models around Europe was com-
piled out of a survey conducted in 2018-2019 among mem-
bers of EuroGOOS and its related network of regional oper-
ational oceanographic systems (Capet et al., 2020), address-
ing the purposes, context, and technical specificities of oper-
ational ocean forecast systems (OOFSs). Here, we re-focus
this analysis on the North East Atlantic by excluding the Arc-
tic, Mediterranean, and Black Sea basins from the original
analysis. It should be noted that this inventory only includes
OOFSs actively reported to the survey and might therefore be
incomplete. A further expansion of the North East Atlantic
OOFS inventory is expected from the OceanPrediction DCC
Atlas.

Besides the three Copernicus Marine regional forecast ser-
vices, the inventory includes 35 other regional OOFSs and 32
coastal OOFSs, arbitrarily identified as systems with a spa-
tial resolution below 3 km and a longitudinal and latitudinal
domain extent below 5°.
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7.1 Regional systems in the framework of the
Copernicus Marine Service

The major marine core service for the North East At-
lantic is provided by the Copernicus Marine Service and
its three regional Monitoring Forecasting Centres (MFCs)
dedicated to the Iberian, Biscay, and Irish seas (IBI-
MFC); European Northwestern Shelves (NWS-MFC; https://
marine.copernicus.eu/about/producers/nws-mfc, last access:
8 May 2025); and Baltic Sea (BAL-MFC; https://marine.
copernicus.eu/about/producers/bal-mfc, last access: 8 May
2025), respectively (Fig. 7).

In terms of modeling, each of these three MFCs is com-
posed of dedicated components addressing ocean circulation
(PHY), biogeochemistry (BGC), and wave dynamics (WAV).
These systems operate under the coordinated umbrella of
Copernicus Marine Service and therefore benefit from ho-
mogenized protocols in terms of operational data production,
validation, documentation, and distribution (Le Traon et al.,
2019). Products and related documentation can be accessed
through the central Copernicus Marine Data Store, together
with observational datasets including in situ, remote sensing,
and composite products for the Blue (physics and hydrody-
namics), Green (biochemistry and biology), and White (sea
ice) ocean. Operational data delivery is provided through on-
line data selection tools and a variety of automatic protocols
(e.g., Subset, FTP, WMTS), which effectively enables a num-
ber of operational downstream services to depend directly
on those core services. A catalogue of such downstream us-
age and its potentialities is exposed on the Copernicus Ma-
rine Use Cases portal (https://marine.copernicus.eu/services/
use-cases, last access: 8 May 2025).

7.2 Other regional systems

The 35 regional forecasts systems that are not operated by
Copernicus Marine are mostly operated by national enti-
ties and provide data free of charge to relevant users in
71 % of the cases. They address circulation (80 % of the re-
gional OOFSs), wave dynamics (23 %), and biogeochemistry
(14 %), as well as Lagrangian drift dynamics, for the sake of
oil spills and search and rescue services. Of these 35 systems,
12 report a dependence on the Copernicus Marine products
(including GLO-MFC forecast products) in terms of open-
sea boundary conditions. Many of these systems (10) benefit
from the SMHI e-Hype products to constrain river discharge.
Regarding atmospheric conditions, the majority (22 regional
OOFSs) rely on Pan-European products (typically provided
by ECMWEF), but regional atmospheric products are also ex-
ploited, as qualitative operational products are provided by
national agencies in most European countries.

7.3 Coastal systems

A total of 32 coastal OOFSs are reported in the EuroGOOS
Coastal Working Group (CWG) inventory for the North Sea,
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Figure 7. The Copernicus Marine regional monitoring and forecasting centers operating in the area: IBI-MFC (in blue), NWS-MFC (in
orange), and BAL-MFC (in green). The map shows bathymetry (m) and the composite regions obtained from the MyOcean Viewer (https:
//marine.copernicus.eu/access-data/ocean- visualisation-tools, last access: 14 May 2025).

Baltic Sea, and European shelves, addressing circulation
(68 % of the coastal OOFSs), biogeochemistry (29 %), and
wave dynamics (4 %). Again, these OOFSs are mostly oper-
ated by public entities (although this is recognized as a po-
tential bias in the survey, as discussed in Capet et al., 2020)
and provide, in the vast majority of cases, forecast data that
are freely accessible to relevant users.

Among coastal OOFSs, the usage of land and atmospheric
forcing data from specific national sources is much more
common than for regional systems, indicating that adequate
products are available at local scales. Besides, several coastal
system operators rely on their own atmosphe