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HIGHLIGHTS

« Integrated Coastal Climate Services platform for European coasts.

+ Co-designed user stories aligned with operational adaptation decisions.

* Cloud-based framework combining web viewer and coding environment.
« Integrated into EDITO for sustainable long-term operational uptake.

ARTICLE INFO ABSTRACT

Dataset link: EDITO: https://coclico.lab.dive.ed Coastal zones face increasing climate-driven hazards such as sea-level rise, storm surges, flooding and
ito.eu erosion, threatening infrastructure and ecosystems. Addressing the need for actionable climate information
Keywords: in adaptation planning, we developed an integrated Coastal Climate Core Services platform for Europe that
Coastal climate services consolidates sea-level projections, flood and erosion maps, exposure data, damage estimates, and adaptation
Sea-level rise projections options into a unified, cloud-based service. Co-designed with national authorities, municipal planners, and
Coastal flood risk assessment infrastructure owners, the platform offers an interactive web viewer for non-experts and a collaborative coding
Climate adaptation strategies environment for advanced users. It delivers localized, FAIR(Findable, Accessible, Interoperable, Reusable)-
SpatioTemporal Asset Catalog compliant data supporting evidence-based adaptation planning and compliance with European frameworks.

By bridging scientific data and operational climate services, this platform (https://platform.coclicoservices.eu)
enhances climate resilience and informs strategic coastal risk management across Europe and shows how a
broad-scale coastal climate service can be delivered.

1. Practical implications flooding. Despite substantial scientific advances, actionable risk in-
formation often remains inaccessible, scattered across various disci-

Coastal areas across Europe are increasjngly exposed to climate- plines or overly COIIlpleX for key decision-makers. The Coastal Climate
driven hazards such as sea-level rise (SLR), storm surges, and coastal Core Services platform addresses this gap by offering an open-access,
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user-oriented digital service that transforms scientific data into usable
knowledge for adaptation planning at various spatial (national to local)
scales.

The platform integrates state-of-the-art datasets — covering SLR pro-
jections, flood hazards, exposure, damage costs, and adaptation effec-
tiveness — into six “user stories” designed around real-world decision-
making needs. An intense iterative co-design process provided qualita-
tive evidence that the platform architecture and functionalities aligned
well with the operational needs of the intended end users. It offers
two main interfaces: (1) a web viewer to explore interactive flood maps,
risk indicators, and scenario comparisons, and (2) a cloud-based coding
environment for advanced users to perform custom analyses using the
full data catalog.

All data are served in open, cloud-native formats and follow the
FAIR principles, ensuring interoperability and long-term usability.

National Authorities: Strategic Adaptation Planning National
policy-makers require consistent, scenario-based data to develop long-
term adaptation strategies. The platform allows users to compare flood-
ing and damage estimates across future time horizons, under both
unprotected and adapted conditions.

To illustrate, the Adaptation Cost-Benefit story helps quantify
avoided damages and supports investment prioritization. These insights
are particularly relevant for national climate adaptation plans and EU
resilience reporting.

Cities and Towns: Local Risk Management Urban planners in
coastal municipalities benefit from local-scale data that are often dif-
ficult to compile independently. Through the web viewer, users can
identify vulnerable districts, infrastructure, and populations, as well
as explore SLR and storm surge impacts for mid- and late-century
scenarios. In addition, they can assess the benefits of local adaptation
options.

For example, a planner may assess how a 100-year flood in 2050
could impact specific urban zones, then use that information to pri-
oritize investments or communicate risks to stakeholders. The plat-
form’s maps and statistics help translate climate data into public-facing
material for planning consultations and resilience strategies.

Infrastructure Owners: Risk identification Private owners of crit-
ical infrastructure (e.g. ports, energy facilities) are increasingly re-
quired to assess climate-related risks and disclose them in financial and
regulatory frameworks. The platform allows asset managers to quantify
exposure to flooding under various climate scenarios, estimate potential
damages in monetary terms, as well as evaluate adaptation options
based on cost-effectiveness and return periods.

For instance, a port authority might use the Damage Costs user story
along with the critical infrastructure and flood map layers to assess
whether to relocate port infrastructure (buildings) in the future, given
projected storm surge and sea-level rise.

Flexible Access for Technical and Non-Technical Users

The platform was designed to serve a diverse audience. Non-expert
users can access pre-processed risk layers via a visual, intuitive inter-
face. Meanwhile, technical users can query and analyze the underlying
datasets — delivered in formats such as GeoTIFF, Zarr, and Parquet
— through a Jupyter-based coding environment. Tutorials and doc-
umentation are provided to lower the barrier to entry and support
reproducible workflows.

Scalability and Integration

Developed using open standards and a cloud-native architecture,
the platform has been adopted into the European Digital Twin of the
Ocean (EDITO) framework. This ensures alignment with broader EU
digital infrastructure and enables long-term scalability, sustainability,
and cross-sectoral integration.

Conclusion

The CoCliCo platform provides a practical, scalable solution for
making climate risk information accessible and actionable at multiple
decision levels. By combining visual tools, socio-economic metrics, and
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co-designed user stories, it enables more informed coastal adaptation
planning across Europe — from national strategies to local interven-
tions. As climate pressures intensify, a climate service like this are
essential to support evidence-based resilience investments and policy
decisions.

2. Introduction

Coastal areas are among the most climate-vulnerable regions glob-
ally, facing increasing hazards including sea-level rise (SLR), storm
surges, erosion, and coastal flooding. In Europe, more than 50 million
people live in low-lying coastal zones (below 10 m elevation), with
approximately 670,000 currently exposed to a 1-in-100 year flood
event (IPCC, 2023).

Projections indicate that global mean sea level could rise by up
to a meter or more by 2100 under high-emissions scenarios (IPCC,
2021). In combination with potential changes in storm characteristics,
this implies that coastal flood events currently considered rare (e.g. 1-
in-100 year events) are expected to occur more frequently in the
future, highlighting the urgent need for robust adaptation strategies.
Consequently, decision-makers at national, regional, and local levels re-
quire timely, tailored, and actionable climate information to effectively
manage these coastal risks (Le Cozannet et al., 2017; Oppenheimer
et al., 2019).

The concept of climate services has evolved significantly over the
past decades. It has roots in meteorological services dating back to
the early 20th century, traditionally providing weather forecasts to
support agriculture and transportation (WMO, 2014). From the 1990s
onward, rising awareness of climate variability and climate change
motivated initiatives to deliver seasonal climate predictions, initially
aimed at climate-sensitive sectors such as water resources, agriculture,
and disaster risk management (Hewitt et al., 2012). This period also
saw the formalization of climate services as a framework for providing
science-based, user-oriented climate information, culminating in the
establishment of the Global Framework for Climate Services (GFCS)
under the World Meteorological Organization in 2009 (WMO, 2014;
Vaughan and Dessai, 2014). Since then, climate services have progres-
sively expanded in scope to include multi-decadal climate change pro-
jections and sector-specific impact information, with a strong emphasis
on co-production and stakeholder engagement to ensure relevance and
usability (Street et al., 2015; Bruno Soares et al., 2018; Lavoie et al.,
2024).

Despite these advances, relatively few climate services have ad-
dressed coastal climate risks specifically (Le Cozannet et al., 2017;
Haasnoot et al., 2020), even though these pose substantial challenges
to societal and economic resilience (Nicholls et al., 2021). Existing
coastal climate information is often fragmented across scientific stud-
ies, engineering assessments, policy documents, and technical datasets
(Ballinger and Dodds, 2020), making it challenging for practitioners
to synthesize this knowledge into consistent, actionable guidance. This
gap is particularly urgent at the local to regional scales, where ur-
ban planners, infrastructure managers, and national authorities must
make investment and land-use planning decisions grounded in reliable,
spatially explicit data (de Ruig et al., 2019; Hinkel et al., 2018).

Coastal climate services aim to address this gap by providing cus-
tomized coastal hazard and adaptation information to key stakeholders.
However, the effectiveness of these services depends greatly on how
the information is delivered. Both custom-developed open-source geo-
information systems and commercial web-based tools are currently the
most established technologies in this field. Since the late 1990s, the
development of the Extensible Markup Language (XML) has enabled the
integration of spatial and non-spatial data for visualization and query-
ing on the internet (Skoulikaris and Ganoulis, 2014). As a result, georef-
erenced web-based information systems have become the standard for
data sharing, integrating a range of advanced computing technologies



A. Luijendijk et al.

Climate Services 43 (2026) 100678

COCLICO OPEN WEB-PLATFORM

COCLICO
USERS & STAKEHOLDERS

Co-design,
test, validation

CORE WEB-PLATFORM

B

COCLICO
COASTAL RISK ASSESSMENT

A

Data
request

||°| MAPPING
a
FLOOD DIRECTIVE

Q SEARCH « CLIMATE CHANGE (SLR, surge, waves)

B3 AnaLysinG

+ COASTAL HAZARDS (flood & erosion)
@ DOWNLOADING

« VULNERABILITY & EXPOSURE (population,

BB cimEsaTowNs

A Future
&  COASTALINFRASTRUCTURES services

EXPLORATORY TOOLS

economic assets, infrastructure)

Science

information « ADAPTATION

&8 EXPLORING

INTEROPERABILITY STANDARDS

Fig. 1. The coastal climate service concept of linking users and stakeholder to coastal risk assessments through the web platform.

and programming languages across both terrestrial (Sermet et al., 2025)
and coastal environments (Paranunzio et al., 2024).

The platform described in this paper is a new open-access Coastal
Climate Services platform developed under the EU-supported H2020
CoCliCo project, to improve coastal risk management and adaptation
across Europe. This paper presents the design, development, and ini-
tial implementation of a European Coastal Climate Services platform
that delivers consistent, transparent, and user-oriented coastal hazard
and adaptation information to decision-makers at multiple scales. The
following sections describe the platform’s data architecture, function-
alities, and service components — including its cloud-native infras-
tructure, SpatioTemporal Asset Catalog (STAC)-based data catalog, and
hybrid user interfaces. We also demonstrate how the platform addresses
diverse user needs through co-defined user stories with Champion Users
representing different stakeholder groups, and evaluate the potential
of this approach to enhance evidence-based coastal climate adapta-
tion by providing standardized, accessible, and actionable climate risk
information across Europe.

3. Platform overview and user-centered design

The Coastal Climate Services (CoCliCo) platform (hereafter the plat-
form) provides consistent data and tools on present and future coastal
risks, helping to bridge the gap between climate science and decision-
making. It is designed to support coastal adaptation planning at multi-
ple scales — from national policymaking to local urban planning and in-
frastructure management — by integrating state-of-the-art datasets and
models into user-friendly services. Ultimately, the platform’s mission
is to transform scientific data into ‘understandable, actionable knowl-
edge’, enabling a broad spectrum of users to identify risk hotspots,
explore plausible future scenarios, and develop evidence-based adap-
tation strategies for Europe’s coastal zones.

The platform combines novel data and knowledge on coastal risks
and adaptation, geospatial data management and user-oriented deci-
sion analytics (Penning-Rowsell et al., 2023; Hinkel et al., 2019). In
doing so, it recognizes that a successful climate service is intended
to improve climate-sensitive decisions by making climate informa-
tion ‘useful, usable and used’. Effective co-design is a pre-requisite to
achieving this goal and setting out a common understanding (between
provider and user) of ‘what it is that is being designed’ and for what
purpose, with an explicit focus on providing a coastal information web-
platform (Fig. 1) to inform coastal adaptation to SLR. The platform was
co-developed with end-users to ensure it meets real-world decision-
making needs. During development, we engaged “Champion Users”
from three target groups — national policymakers, municipal coastal

planners, and infrastructure operators. Through close collaboration
and progressive reviews we worked with the Champion Users to co-
define six representative user stories to maximize the utility of the
platform. Each user story captures a common task or challenge faced by
coastal stakeholders, guiding the platform’s features and data outputs.
These user stories (detailed later) include, for example, assessing SLR
projections, mapping flood extents for extreme storm events, estimating
exposed assets/populations, and evaluating cost-beneficial adaptation
measures. A user story typically presents statistics per administrative
unit: either municipalities (LAU, 2020: Local Administrative Units),
regions (NUTS2, 2021: Nomenclature of territorial units for statistics)
and countries (NUTSO, 2021). This is one of the outcomes resulting
from the early involvement of end-users, confirming that the platform
embraces a user-driven approach common in modern climate services.

The co-design process with Champion Users has shaped the plat-
form’s priorities and interface to be fit-for-purpose for each user cate-
gory through a progressive process of initial co-design (to understand
the main challenges and state-of-the-art used in practice), refinement
(as the platform evolved to enable users to influence design choices),
and a final stage of validation (to confirm suggestions had been acted
upon and where future development priorities may lie). Recognizing
that SLR is a significant challenge for all those with an interest in
managing coastal risks, the co-design approach segmented the de-
cision space into three distinct areas to capture the wide spectrum
of coastal decision-makers, through three perspectives to enable core
requirements to be distilled, namely:

- National Authorities (Policymakers and Regulatory Agencies):
These users need broad-scale assessments to inform national pol-
icy (e.g. compliance with the EU Floods Directive, e.g. Le Cozan-
net and Cazenave, 2024) and identify coastal risk ‘hotspots’. An
ability to evaluate flood risks at national/regional scales, map
flood hazard extents, and quantify exposed populations and as-
sets, supporting the development of flood risk management plans
is central requirement to appropriate national planning (e.g. Say-
ers et al., 2022). For instance, a ministry can use the platform
to visualize projected flood zones under future SLR and storm
scenarios, helping prioritize where to invest in adaptation, includ-
ing defenses or updated land-use plans. This supports strategic
planning and ensures policy decisions are grounded in up-to-date
climate risk data.

Local Authorities (Urban Planners in Coastal Cities and Towns):
City and town planners require high-resolution, locally relevant
information to design adaptation strategies and protect their com-
munities (Jenkins et al.,, 2024). Tools that translate complex
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climate data into planner-oriented, decision-relevant formats are
critical for integrating climate risk into urban planning processes,
as demonstrated in studies on urban climate services for collabo-
rative adaptation planning (Giordano et al., 2020). The platform
allows municipal users to perform city-scale coastal risk assess-
ments, pinpointing vulnerable neighborhoods, critical infrastruc-
ture, and populations under various SLR and storm scenarios. By
providing tools to explore local flood extent maps, erosion trends,
and the benefits of nature-based solutions, it helps urban plan-
ners craft tailored resilience actions. For example, a coastal city
can assess how a 100-year storm surge in 2050 might inundate
certain districts, then use that insight to evaluate and compare
potential adaptation responses, such as spatial planning measures,
upgraded drainage systems, ecosystem-based approaches, or flood
protection infrastructure — depending on local objectives and
constraints. The platform’s data-driven visuals and maps make
it easier for local officials to communicate risks and engage the
public and elected leaders on adaptation plans.

Infrastructure Owners and Managers: Operators of ports, roads,
industrial facilities, and other coastal infrastructure need to en-
sure the long-term continuity and safety of their assets (Jenkins
et al., 2025; Koks et al., 2023). The platform helps these users
analyze how coastal hazards (flooding and erosion) could impact
specific infrastructure sites and what adaptation measures are
cost-effective. For instance, a port authority can evaluate future
flood depths across its terminals under different protection levels,
or a rail network manager can identify stretches of track at risk
from coastal erosion. By providing targeted hazard information
and risk metrics, the platform informs operational decisions and
investments in protective measures, enhancing the resilience of
critical infrastructure.

Notably, the platform is also a valuable tool for broader communi-
ties, including climate scientists, consultants, academics, practitioners,
and insurers, who can use the web-based map viewer, its data and
analytical coding hub (Section 5.4) for more detailed studies. Besides,
it can serve an educational role in postgraduate training. In summary,
the platform was designed with a matrix of needs in mind, aiming
to support high-capability users who need detailed analytics as well
as high-level users who benefit from ready-made maps and simplified
indicators (Fig. 2). By tailoring outputs to multiple end-user types, the
service maximizes its relevance and uptake in the coastal adaptation
domain.

4. Data products and climate information offered

A core strength of the platform is the breadth of coastal climate
data that it consolidates and delivers in an integrated, consistent way.
All datasets are organized in a structured SpatioTemporal Asset Cata-
log (STAC), which facilitates efficient search, retrieval, and standard
metadata for the geospatial assets. STAC is a standardized metadata
description that is used both by the high-level front-end (web-based
map viewer) as well as the low-level APIL, and minimizes data duplica-
tion. It is a light layer around the heavy data that enables data usage
at multiple levels. The catalog underpins the platform’s data offerings,
which span the following four thematic categories:

- Sea-Level Rise Projections: Regional and global SLR projections
based on the latest Intergovernmental Panel on Climate Change
(IPCC) scenarios (e.g. AR6 SSP pathways, plus high-end scenar-
ios IPCC, 2023) that provide estimates of future mean sea level
up to the year 2150. These projections incorporate the major
components (thermal expansion, ice sheet and glacier melt, land
water changes, see Melet et al., 2024) and apply regional ad-
justments (vertical land movement related to e.g. glacial isostatic
adjustment Thiéblemont et al., 2024) for Europe. Users can ex-
plore multiple scenarios (from low-emission to high-emission and
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a high-impact low confidence scenario considering rapid changes
and the collapse of melting ice sheets) and time horizons, viewing
results as maps or graphs of sea-level change. In addition, it
features future storm surge and extreme sea-level statistics, Total
Water Levels (TWL) for various return periods, and drivers of
the TWL. This informs long-term planning by indicating plausible
ranges of SLR for specific coastal locations.

Coastal Hazards — Flooding and erosion: This category in-
cludes data and model outputs characterizing extreme water lev-
els, flood extents and erosion at the coast. It presents high-
resolution (25 m) flood inundation maps for coastal flood events
(Cotrim et al., 2026). The flood maps show the extent and depth
of flooding for combinations of storm conditions (Cotrim et al.,
2025a) and SLR, produced through large-scale 2D flood simu-
lations. They account for tides, storm surges, wave setup, and
even potential coastal defense overtopping or failure, to depict
realistic flooding scenarios (Cotrim et al., 2025b). For example,
a user can select a 100-year storm event in the year 2100 un-
der a high emissions scenario and visualize which areas along
the European coastline would be underwater (including depth),
both with and without existing coastal defenses. Crucially, the
platform provides flood statistics aggregated by administrative
units (e.g. by municipality or province), such as the number of
people or buildings exposed in each area. This helps policymakers
quickly identify the hardest-hit localities and supports require-
ments under the EU Floods Directive to assess and map risks
at various scales. Land use and coastal vulnerability information
(such as an erosion susceptibility typology are also included based
on (Hanson et al., 2026) to indicate how vulnerable locations
are to hazards. The data on coastal change (Calkoen et al., 2025)
informs the user whether erosion may jeopardize the first line of
flood defense, making the area more vulnerable to flooding in
case of no adaptation.

Exposure and Vulnerability Data: To estimate impacts, the
platform includes layers on the exposure of assets and populations
in coastal zones. High-resolution datasets of buildings, infrastruc-
ture networks, and population distribution are integrated, for
both present day and future projections. For instance, it uses
building footprint data (e.g. OSM-derived or national data) and
critical infrastructure locations to identify assets in harm’s way
(Ye et al., 2025). It also incorporates socio-demographic projec-
tions of population change in coastal areas, since future exposure
depends on where people live and work. Combining the hazard
maps with these exposure layers allows the platform to quantify,
for any scenario, how many people, buildings, or infrastructure
elements would be impacted. For example, a user story focuses
on “Building Exposure” — enabling one to map all buildings
within projected flood zones for a given event, highlighting at-risk
infrastructure.

Risk and Adaptation: Beyond identifying exposed assets, the
platform estimates potential impacts and economic damages from
coastal flooding. Using established impact models and vulnerabil-
ity curves, it translates flood hazards into metrics like expected
economic damage to buildings/infrastructure and affected pop-
ulation counts. One of the user story layers specifically provides
damage cost assessments for exposed infrastructure under various
flood scenarios. These datasets help stakeholders understand the
scale of potential losses (e.g. in euros of damage) associated with
a given coastal hazard scenario. By integrating exposure, depth-
damage functions, and asset values, the platform can map where
the highest losses would occur if, say, a 1-in-100 year storm surge
strikes in 2050. Such information is vital for cost-benefit analysis
of adaptation measures. Importantly, the platform not only maps
hazard and risk information, it also informs coastal adaptation.
A dedicated data layer category is for adaptation planning (Volz
et al., 2025), which currently includes analyses of raising coastal
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Fig. 2. Compilation of visuals of the Coastal Climate Services (CoCliCo) platform interface. The web-based map viewer (central panel) allows users to toggle
between thematic categories (Sea Levels, Natural Hazards, Exposure & Vulnerability and Risk & Adaptation) and User Stories (e.g., SLR projections) or data layers.
The interface supports interactive exploration, with options to adjust scenarios, time horizons, and view summary statistics as well as graphs or add layers to a
dashboard. Such a design enables decision-makers to visualize complex climate data intuitively. The top row shows examples of the hazards (SLR, flood maps,
coastal change) and population dynamics, while the lower row shows visuals of respectively infrastructure overlayed with a flood map, damage costs of exposed
buildings aggregated to LAU level, and cost-benefit adaptation strategies at country level, respectively. The web platform can be found at: https://platform.

coclicoservices.eu.

defenses and their cost-effectiveness. For example, at the scale of
countries, a cost-benefit analysis dataset evaluates raising dike
heights under different climate and socioeconomic scenarios. This
helps identify where investing in higher protection yields eco-
nomic benefits (avoided damages) that outweigh the costs. One of
the six user stories is “Adaptation based on cost-benefit analysis”,
giving end-users a scenario of optimal protection levels: e.g. how
a maximum protection standard in a given area would reduce
expected damages by a certain amount. By visualizing side-by-
side scenarios (e.g. no adaptation vs. improved defenses), the

platform highlights the potential payoff of enhancing resilience
measures. Decision-makers can thus use these tools to prioritize
adaptation options that are most efficient in reducing risk.

In total, six User Story layers were derived to synthesize the above
data into ready-made scenario maps. These user stories are:

- Sea-level rise (projections);
- Flood perspectives - inundation distribution during a flood event;
- Building exposure - projections of exposed buildings;
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Fig. 3. Overview of the platform’s architecture highlighting the different components and their connections as well as the links to different types of end-users.

- People exposure - projections of exposed people;
- Damage costs (of exposed buildings);
- Cost-benefit analysis (of coastal adaptation).

Each User Story represents a common question a user might ask. For
example, “What are the expected flood extents and depths in my region
for a 100-year storm in 2050?” would be answered by the inundation
user story; or “How many people and assets would be affected, and
what would the damages cost, under that scenario?” answered by
the exposure and damage cost stories; and “How much risk reduction
would a certain dike upgrade achieve by 2100?” answered by the
adaptation story. By packaging complex analyses, overlaying multiple
data layers, into these pre-cooked thematic stories, the platform makes
it easier for non-experts to obtain insights quickly. Simultaneously,
all underlying data and methods are transparent and accessible for
experts who want to dive deeper. The next section describes the in-
novative infrastructure enabling this balance of interactive simplicity
and analytical power.

An important aspect of the platform is the explicit consideration of
uncertainty in future coastal risk assessments. The underlying datasets
are generated using a consistent set of integrated scenarios that com-
bine climate pathways (RCPs), socio-economic pathways (SSPs), time
horizons, return periods, and adaptation assumptions, thereby span-
ning a broad range of plausible future conditions. Rather than pre-
senting a single deterministic future, the platform enables users to
explore how projected hazards, exposure, damages, and adaptation
effectiveness vary across alternative scenarios. Within the web viewer,
users can interactively compare combinations of scenario parameters
through maps, statistics, and dashboards, while the Workbench pro-
vides advanced users with direct access to the underlying datasets for
more detailed uncertainty analyses, including comparisons of uncer-
tainty ranges in climate projections. In doing so, the platform sup-
ports exploratory adaptation planning under uncertain future climate
and socio-economic conditions, helping users assess the robustness of
decisions and reduce the risk of long-term lock-in.

5. Cloud infrastructure and innovative framework

Delivering the rich data described above in an accessible yet flexible
manner required a novel, cloud-based architecture. The platform is

built on a modern cloud infrastructure that hosts all data products and
provides tools for on-demand analysis, aligning with Open Science and
FAIR data principles. The modular approach of the platform architec-
ture enables the independent scalability of both front- (web-based map
viewer) and back-end (data & catalog), as well as the use of any with
other infrastructures/services (interoperability). Fig. 3 below captures
the platform’s key components and 4 shows a visual of the outcome
for the CoCliCo project. Each component is elaborated in the following
sections.

5.1. Catalog: SpatioTemporal asset catalog (STAC)

At the core of the platform’s architecture is a STAC that connects all
components. The STAC is essentially a standardized metadata catalog
for all data assets, including raster layers, vector layers, and time-series,
enabling interoperability and efficient search. By adopting the STAC
specification, the platform ensures that each dataset (each ‘spatiotem-
poral asset’) is described with consistent JSON metadata (including
spatial/temporal extent, resolution, and license) and can be indexed
and searched uniformly. This standardization is key to the FAIR data
principles — making data findable and accessible to users via open
APIs. Furthermore, the platform provides a RESTful STAC API that
external applications or users can deploy to search and retrieve data
programmatically (following Open Geospatial Consortium (OGC) API
standards). By using STAC, the developers avoid the need to build a
custom data API from scratch; instead they leverage a robust, widely-
used framework (also employed by e.g. Google and NASA) that is highly
scalable and interoperable. For example, data can be queried by area,
time or property using standard STAC queries, and many existing tools
can directly read STAC catalogs.

5.2. Data: Cloud storage and data formats

Equally important is the way the data are stored and served. The
platform uses cloud-optimized data formats and cloud storage to handle
large geospatial datasets efficiently. Many datasets (especially large
gridded datasets like climate projections or flood maps) are stored as
Cloud Optimized GeoTIFFs (COGs), in multi-dimensional Zarr format or
tabular Parquet files on cloud object storage. These formats are cloud-
native, meaning they can be accessed via HTTP range requests served
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Fig. 4. Data pyramid and platform components (from top to bottom or high-level to high-capability users: front-end with User Stories, workbench with Tutorials
and Exploratory Tools and data & catalog with API-based cloud-formats). The small insets represent screenshots of the components in this figure. The CoCliCo
STAC catalog contains 43 datasets (input data) of which 17 datasets are post-processed to be web-viewer data layers or dedicated user stories.

by GeoServer and allow partial loading (so a user can retrieve just a
small tile or a subset of a dataset without downloading it all). The use of
cloud object stores (for example, Google Cloud Storage buckets for large
arrays) and tiling services (e.g. MapBox for pre-rendered map tiles and
Geoserver for OGC compliant services) means that even continental-
scale datasets can be viewed quickly in the web interface without heavy
local processing. For instance, national authorities can pan/zoom a map
of Europe’s flood zones seamlessly, because the flood data have been
preprocessed into tiled layers at multiple zoom levels and served via
a tile service for smooth visualization. Meanwhile, the full-resolution
data remain accessible on the cloud for analysis. All data ingested are
also made CF-compliant (Climate and Forecast metadata conventions)
and follow standardized vocabularies, such as CMIP6 variable names,
ensuring scientific compatibility.

5.2.1. Data fairness and standards

A brief but decisive point is that the platform was built follow-
ing best practices in data management, in compliance with the FAIR
principles. Each dataset has rich metadata, DOIs where applicable, and
standardized formats like Parquet, GeoTIFF, or Zarr. Conversions are
done to ensure consistency (e.g. many original NetCDF datasets were
converted to Zarr for cloud efficiency, with checks on CF-compliance),
as well as to create lighter data formats for visualization. As a charac-
teristic example, NetCDF files of approximately 7.5 GB were converted
to about 1.8 GB Zarr, corresponding to a compression of roughly 76%.
At the same time, raster files in typical GeoTIFF formats of 5.1 GB
were transformed into COG files of 0.6 GB, enabling rapid visualization,
data overlaying, and spatial analysis requests by users. By doing so, the
platform not only serves its own application, but effectively creates a
coastal climate data repository that others can easily use. In the long
term, this could feed into broader European climate data platforms
(e.g., Copernicus Marine Service or a Copernicus Coastal Hub) or digital
twin initiatives, illustrating how targeted climate services can comple-
ment larger data ecosystems. The platform is also part of a cluster of
EU projects (e.g. collaborating with projects like SCORE, PROTECT, and
others) aiming to build an “ecosystem” of coastal adaptation services
— sharing knowledge and ensuring interoperability across efforts.

5.3. Front-end: Map viewer

The platform front-end is a web-based map viewer that any user can
access through a browser. It provides interactive maps, layer selection
menus, scenario sliders, and simple analytics (charts, summaries). Users
can overlay multiple layers (e.g. viewing flood depth with population
density) and obtain statistics at specific locations or administrative
units. The viewer highlights the results of the six user stories at the

appropriate spatial scale. For example, a city planner can click on their
municipality (the Local Administrative Unit, LAU) and see summary
statistics like number of buildings in flood-prone areas or expected an-
nual damage cost in that area — derived from the underlying data. The
latter ability to get statistics per administrative unit could be valuable
for local decision-making and reporting. The web interface is designed
to be intuitive for non-experts, with informative tooltips, a tour and
“story” narratives that guide the interpretation of each layer. Hence,
not all data present in the data catalog is present on the map viewer
(see Fig. 4). The users can also access the Handbook (Section 5.6)
to be guided through a detailed overview of the functionalities of
the platform and how to use them. A key feature is the interactive
dashboard capability, where users can add multiple layers or indicators
and create a custom dashboard for their region of interest, facilitating
comparisons between scenarios or over time.

5.4. Workbench: Collaborative coding hub

For more advanced users, such as researchers and technical staff,
the platform offers a collaborative cloud-based coding hub, referred to
as the ‘Workbench’. This is essentially a collection of notebooks, under
git version control, hosted on an open server (Github) pre-configured
with access to all the platform’s data via the STAC API. Expert users can
launch interactive notebooks (for instance via Binder or Google Colab
integration) that come with the necessary Python libraries and example
scripts to query and manipulate the datasets. Through the Workbench,
users can write custom code to perform analyses beyond the canned
user stories, i.e. Exploratory Tools. For example, running a tailored
flood frequency analysis for a specific subregion, or cross-comparing
platform data with their own local datasets. The STAC catalog can
be accessed directly from these notebooks, allowing users to browse
available datasets without downloading them in full. They can pull in
only the required portion of data (benefit of cloud-optimized formats)
and apply their analysis. This approach brings the computation to
the data, avoiding the need for users to handle large files on their
own machines. Moreover, the workbench environment is integrated
with version-controlled repositories (GitHub), so users can share their
notebooks, reproduce each other’s analyses, and collectively improve
the code base. This encourages a collaborative community around the
platform and ensures analysis workflows are transparent and repro-
ducible (a key aspect of FAIR services). Notably, by providing both a
friendly web GUI and a programming interface, the platform caters to a
wide audience — from decision-makers who just want a quick answer,
to data scientists who want to deeply engage with the data.


https://score-eu-project.eu/
https://score-eu-project.eu/
https://score-eu-project.eu/
https://score-eu-project.eu/
https://score-eu-project.eu/
https://www.protect-pcp.eu/
https://www.protect-pcp.eu/
https://www.protect-pcp.eu/
https://www.protect-pcp.eu/
https://www.protect-pcp.eu/
https://www.protect-pcp.eu/
https://www.protect-pcp.eu/

A. Luijendijk et al.
5.5. Cloud services for efficient visualization

To support efficient visualization on the web, the platform leverages
additional cloud services. Map tile layers are generated and hosted
through services like Mapbox and Geoserver, which provides stan-
dardized visualization templates and high-performance map delivery.
The flood and hazard maps, for example, are pre-rendered into tile
sets (with styling for depth ranges) and served via Geoserver tiling,
so that when a user toggles on a layer, the map loads quickly. The
base maps and background layers (e.g., administrative boundaries,
satellite imagery) are also integrated via these services. The architec-
ture is modular and scalable — new data layers can be added to the
STAC catalog and immediately become available through the same
framework, and the cloud infrastructure can scale to accommodate
increased user uptake or data volumes. The entire platform is being
developed as open-source software, which means the code for the
front-end and the analytical tools are openly available, encouraging
community contributions and transparency (see on Code Availability).

5.6. User handbook

To assist the platform user to navigate through the viewer and how
to use the information, a digital User Handbook was developed and
is easily accessible via the platform. This handbook shares background
information related to the datasets and links to resources and associated
documentation to assist in understanding the data. Also a direct link
to the Data Catalog (STAC) is embedded to enable a direct access to
the underlying datasets. Furthermore, an explanation on the use of
the Workbench and its Exploratory Tools is included. This involves
details on running Python Notebooks through either online coding
environments or through an offline (local) setup.

6. Outputs of the climate service

In the subsections below we detail the outputs of the climate ser-
vice, starting from high-level (user story highlights) to high-capability
(exploratory tools) user output.

6.1. User story highlights

To illustrate how the platform brings together data for end-users, we
present an example of a coastal flood risk user story output. In Fig. 5,
the platform’s flood mapping capability is demonstrated for a location
in Normandy, France under different adaptation scenarios.

This example underscores the platform’s utility in translating com-
plex model outputs into decision-relevant visuals. A policymaker could,
for instance, use such maps to argue for higher investment in coastal
defenses in certain provinces, by showing the reduction in flood extent
(and by extension, reduced exposure of communities) between the un-
protected and protected scenarios. Similarly, an infrastructure manager
might focus on the left panel to see worst-case flood extent and ensure
critical facilities outside the protected zone have contingency plans.

Other user stories provide analogous insights: the ‘Sea-level rise pro-
jections’ story offers graphs and maps of how sea levels rise under each
climate scenario, often informing questions about planning for different
time horizons (e.g., what does 0.5 m of SLR mean for our city’s port
by 2070?). The ‘Building exposure’ and ‘Population exposure’ stories
produce choropleth maps indicating the number of buildings or people
in flood-prone zones, enabling quick identification of the most exposed
municipalities or city districts — valuable for emergency preparedness
and adaptation resource allocation. The ‘Damage costs’ story assigns
monetary values to those exposures, translating hazard scenarios into
estimated economic impact (which can support cost-benefit evaluations
and raise awareness of the potential ‘cost of inaction’). Finally, the
‘Adaptation cost-benefit’ story goes one step further to compare the
damage avoided vs. cost incurred by specific adaptation investments,
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helping users quantitatively assess the costs, benefits, and timing of
different adaptation options under varying future risk scenarios.

All these functionalities are accessible within a single platform,
providing consistency (e.g. the same SLR scenario feeds both the hazard
and impact analyses) and ease of use. This integrated approach is
a marked improvement over the fragmented tools often used in the
past, where practitioners might have had to manually gather data from
disparate sources and run their own analyses. By co-designing the user
stories with stakeholders, the platform ensures that these outputs align
with practice — for example, informing EU Flood Directive reporting,
municipal climate adaptation plans, or infrastructure risk assessments
in the private sector.

6.2. Tutorials

The Workbench includes a dedicated set of tutorials that guide
high-capability users in accessing and analyzing the platform’s coastal
climate data using programmatic tools. These tutorial notebooks pro-
vide short, practical examples on how to configure and interact with
the CoCliCo STAC data repository, illustrating workflows for different
data types such as Cloud Optimized GeoTIFFs (CoGs) rasters, Zarr
multi-dimensional arrays, and Parquet tabular datasets. The tutorials
are designed to support both online coding environments (e.g., Google
Colab or Binder) and offline local installations, enabling users to ex-
plore platform datasets, query the STAC catalog, visualize results, and
build customized analyses beyond both the predefined user stories in
the web-based map viewer as well as developed Exploratory Tools. By
offering step-by-step instructional notebooks, the workbench tutorials
lower the barrier (also for interested high-level users) to enter advanced
data exploration and support reproducible research using the platform’s
FAIR-compliant data assets.

6.3. Exploratory tools

Some user needs identified through the course of the project have
been defined as Exploratory Tools within the Workbench, as these ser-
vices were too specific to be implemented in the web-based map viewer
but could potentially support future services. The Exploratory Tools
typically consist of fully developed Jupyter notebooks designed to allow
users to interact with the data through STAC APIs for their own needs.
The Exploratory Tools that are currently implemented include for ex-
ample code to aggregate population, buildings or networks exposure to
coastal flood scenarios at various spatial levels (i.e. from LAU to NUTS-
0), or to explore the details of the cost-benefit analyses (user story 6) at
finer temporal and spatial scales. Exploratory Tools are also conceived
to allow users to interact with the core platform using their own input
data. As an example, we designed an exploratory tool that enables
users to use their own high-resolution (1-m instead of 25-m) coastal
flooding simulation results (as geospatial layer) to estimate potential
damage costs to buildings following the CoCliCo risk analysis approach.
In the area of coastal adaptation, this type of interlinkages between
high-resolution locally-owned datasets and stakeholder tools alongside
broad scale data is considered critical for the success of coastal climate
services because using higher resolution digital elevation models and
more precise information on coastal defenses usually improves flood
modeling results significantly (Chaumillon et al., 2017). In addition,
broad scale data can also be used as boundary conditions for high res-
olution adaptation exploration tools (e.g. Future Flood Explorer (Sayers
et al., 2020), applied with the Fens case study (Jenkins et al., 2024)).
Exploratory Tools also include a notebook to visualize and compare
sea-level projections from IPCC’s (Intergovernmental Panel on Climate
Change) AR5 (Church et al., 2013) and AR6 (Fox-Kemper et al., 2021),
allowing users to determine to what extent the scientific understanding
on projected sea-level changes has evolved over the last decade in their
region of interest (Fig. 6).
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Fig. 5. Example output from the “Flood perspectives” user story, showing modeled inundation distribution in a coastal region (around the Vendee, France) for a
1000-year extreme event of total water level (TWL) around year 2100 under various coastal defense assumptions. Left: Unprotected flood map — the inundation
distribution (blue shading) if no coastal defenses are present or functional. Center: Flood distribution with a minimum standard of protection (e.g., existing
defenses of lower quality or height). Right: Flood distribution with a maximum standard of protection (e.g., upgraded dikes or robust natural barriers). The
comparison vividly shows how stronger coastal defenses significantly reduce the inland reach of flooding. Such scenario maps help users evaluate the benefits of
adaptation measures. For instance, national authorities can gauge how policy-driven improvements in defense standards might limit damages, and local planners
can identify areas where even maximum protection would still be overtopped, indicating hotspots for additional measures. These maps were generated by
combining high-resolution terrain data, extreme sea level statistics, and known defense data, using a fast inundation model (RFSM: Rapid Flood Spreading Model)
to simulate water flow inland. The platform displays these outputs interactively, allowing users to toggle defense levels, choose return periods (e.g., 100-year vs
1000-year event), and select timeframes (present-day vs future) to see how flood risk evolves.
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Fig. 6. Mean SLR projections in the Netherlands according to the AR5 (left) and the AR6 (right).

7. Integration into EDITO infrastructure

The demonstrated prototype of the Coastal Climate Services plat-
form is designed for long-term sustainability and integration within
broader European digital infrastructures. In this context, the platform
has been taken up by the European Digital Twin of the Ocean (EDITO),
an initiative of the European Commission that aims to provide high-
resolution, data-driven digital replicas of the ocean and coastal systems
to support science-based policy and sustainable ocean governance.
Integration into EDITO ensures that the platform and its underlying
coastal hazard and adaptation datasets — covering SLR, floods and
erosion, exposure, and cost-benefit adaptation analyses — become ac-
cessible through a federated, continued and interoperable digital twin
ecosystem. This alignment enables enhanced cross-sectoral applica-
tions, including support for the EU Missions on Adaptation to Climate

Change and on Ocean and Waters, as well as the EU Climate Law.
Moreover, the platform’s adherence to FAIR data principles, cloud-
native architecture, and use of STAC standards made it technically well
compatible with EDITO’s core infrastructure. Through this exploitation
pathway, the platform will serve not only as a standalone decision-
support service but also as a foundational component of Europe’s
next-generation coastal and marine digital services for the years to
come, contributing to climate resilience, coastal planning, and the
operational delivery of digital public goods.

8. Discussion

This section reflects on key design and development decisions made
during the creation of the Coastal Climate Services platform, highlight-
ing both technical and user-oriented considerations that shaped the
final framework.
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8.1. Technical considerations

The platform’s data catalog and web-based viewer were built around
the STAC standard, enabling a flat architecture with minimal reliance
on additional servers. This design choice facilitated a lightweight and
modular system architecture. However, the reliance on a static STAC
configuration introduced scalability limitations, particularly when han-
dling large volumes of JSON metadata — such as asset queries in
notebook environments, which resulted in noticeable performance bot-
tlenecks.

Although a dynamic STAC implementation would have resolved
these issues, an interim solution was found by introducing GeoParquet-
based STAC items at the collection level during the platform’s final
development phase. At the project outset, STAC technology was still
maturing, and several functionalities were implemented through a
project-specific extension. These were gradually replaced by standard-
ized extensions as the ecosystem evolved. The subsequent adoption of
dynamic STAC by EDITO enabled smoother integration of the platform
into Europe’s digital ecosystem, supporting long-term sustainability and
interoperability.

To support visualization in the map-based viewer, data duplication
could not be avoided - particularly for vector (Zarr), raster (GeoTIFF)
and tabular (Parquet) formats — across platforms such as MapBox and
GeoServer. This necessitated the careful design of data pipelines to
ensure that updates were propagated consistently. As the platform op-
erates on preprocessed data layers rather than dynamic computations,
each user story had to be developed as a distinct STAC collection.
This significantly increased post-processing effort, limiting the num-
ber of user stories that could feasibly be included during the initial
development phase.

Regarding data format transformation, the conversion of conven-
tional formats (e.g. NetCDF) into cloud-native formats (e.g. Zarr, Geo-
TIFF) proved advantageous in terms of storage efficiency and process-
ing performance. Nevertheless, this process remains highly case-specific
and lacks generalizability, particularly due to the heterogeneity in
input data structures, dimensions, variables, and metadata. The harmo-
nization of variable names and metadata, especially for CF-compliant
vocabularies, was a major challenge in a multidisciplinary environment
with many partner institutions. This underscores a broader need for im-
proved vocabulary governance and semantic standardization in future
coastal climate services initiatives.

Similar climate service platforms are increasingly emerging in other
regions and sectors, often focusing on specific hazards, urban adapta-
tion, or national-scale climate information portals (e.g. Lavoie et al.,
2024; Paranunzio et al.,, 2024). Compared to these initiatives, the
CoCliCo platform emphasizes the integration of coastal hazards, ex-
posure, risk, and adaptation within a single interoperable framework.
Importantly, the platform architecture was intentionally developed
using open-source components, FAIR principles, and cloud-native stan-
dards (e.g. STAC, Zarr, COGs), allowing components to be adapted or
simplified for use in regions with more limited technical or financial
resources. The modular structure also enables lightweight implemen-
tations that can operate with fewer datasets, reduced computational
demands, or locally hosted services.

Finally, an important consideration in interpreting future coastal
flood scenarios is the non-stationary nature of coastal flood hazards
under climate change. The return periods referenced in this study
are based on present-day statistical estimates of extreme water levels.
However, progressive sea-level rise alters these probabilities over time.
As mean sea levels rise, flood events currently associated with rare
return periods (e.g. present-day 1-in-100 year events) are expected to
occur more frequently during the 21st century. This highlights the
importance of interpreting future flood risk dynamically rather than
assuming stationary present-day probabilities.
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8.2. User-centric development process

From a user-engagement perspective, the adoption of a fast-track
version of the platform early in the project proved highly effective.
It catalyzed more focused discussions with end-users, clarified expec-
tations, and significantly enhanced user commitment throughout the
development process. Although working closely with Champion Users
demanded considerable effort, this investment paid off through well-
defined user story requirements and early-stage mock-ups that guided
front-end development.

Although a formal quantitative usability assessment was beyond the
scope of the present study, the platform underwent iterative valida-
tion through repeated interactions with Champion Users representing
the three target user groups. Feedback collected during workshops,
demonstrations, and progressive prototype reviews directly informed
the refinement of user stories, visualization choices, administrative
aggregation levels, and scenario selection. This iterative co-design pro-
cess provided qualitative evidence that the platform architecture and
functionalities aligned well with the operational needs of the intended
end users.

However, releasing an initial prototype in the first year posed cer-
tain (budgetary) risks, notably the potential obsolescence of underlying
software components. Indeed, a mid-project upgrade to VUE3 became
necessary to support continued development and deployment of the
final platform version.

A defining feature of the platform is the consistent application of
integrated scenarios across all data products. These scenarios, informed
by stakeholder needs, specified emissions (RCPs: 2.6, 4.5 and 8.5),
socio-economic (SSP: 1, 2 and 5) pathways, time horizons (2010, 2030,
2050 and 2100), storm return periods (1, 100 and 1000 years) and
adaptation choices. All in all, this resulted in 192 scenarios to be
calculated, of which specific combinations were selected to span the
solution space (envelope of possibilities). This alignment ensured co-
herence in the boundary conditions applied across CoCliCo’s technical
work packages focused on SLR, hazards, exposure & vulnerability, and
risk & adaptation.

Defining these scenarios required intense coordination early in the
project — often before model configurations were even finalized by
the respective teams. Nevertheless, this early alignment exposed inter-
dependencies across the modeling cascade and laid the foundation
for the following integration and harmonization of data layers in the
final platform. In doing so, the project demonstrated a successful
approach to scenario-driven co-design, enabling traceability and con-
sistency throughout the platform’s components.

9. Conclusions and outlook

The development of this European Coastal Climate Services platform
demonstrates a novel approach to climate data delivery for adaptation.
It combines cutting-edge climate science (e.g. IPCC AR6 sea-level sce-
narios, high-resolution flood modeling) with user-centric design and
modern cloud technology to bridge the gap between data producers
and decision-makers.

By providing an open, authoritative source of coastal risk informa-
tion, the platform helps planners and policymakers access up-to-date
evidence on which to base climate resilience strategies. Users can
identify at-risk areas, explore future scenarios, and even test adaptation
options in a virtual setting — fulfilling key needs such as prioritiz-
ing investments, observing trends, exploring alternatives, and future
planning.

A particular innovation is the two-tier publicly accessible interface:
a simple interactive web-based map viewer for rapid insights, and a
dedicated cloud workbench for detailed analysis. This lowers the entry
barrier for less-resourced users (maps and statistics acquisition with a
few clicks), while still empowering experts to perform advanced tasks
(scripting against the data for custom analysis). An intense iterative
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co-design process provided qualitative evidence that the platform ar-
chitecture and functionalities aligned well with the operational needs
of the end users. The use of cloud infrastructure and open standards
(STAC, cloud-optimized formats) means the service is scalable and
interoperable; it can easily integrate new datasets (e.g. updated cli-
mate projections or observed data) and link with other platforms. The
commitment to FAIR data and open-source development also ensures
transparency and reproducibility, which builds trust in the informa-
tion provided — a crucial factor for an “authoritative platform” that
practitioners can rely on.

This coastal climate service can serve as a template for similar
tools in other global regions or for other sectors. It exemplifies how
leveraging advanced digital technologies — from cloud computing to in-
teractive geo-visualization — can enhance climate resilience by putting
‘powerful tools into the hands of decision-makers’. By enabling stake-
holders to easily access and interpret complex coastal risk information
and allowing them to combine the broad scale datasets with their
own local data (see Section 6.3), the platform can support evidence-
based planning and help coastal communities across Europe better
understand today’s risk and prepare for the challenges of rising seas
and climate change. The platform should therefore be viewed as a
decision-support environment that enables users to evaluate alterna-
tive adaptation strategies under consistent scenarios, rather than as a
prescriptive tool for selecting preferred interventions.

Ultimately, climate services like this aim to contribute to building
more climate-resilient societies by connecting science, data, and policy
in a usable form. The Coastal Climate Services platform described here
aims to do exactly that for Europe’s coasts — turning detailed climate-
risk data into actionable knowledge for those on the front lines of
adaptation. As coastal hazards continue to grow in the coming decades,
these tools will be indispensable in guiding effective responses and
safeguarding coastal livelihoods and assets.
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Code data availability

All produced data products, being the core of the Coastal Climate
Service, can be found in the digital User Handbook accessed through
the web platform: https://platform.coclicoservices.eu/. An identical
copy of the platform can also be found on EDITO (https://coclico.la
b.dive.edito.eu). Background information regarding the User Stories as
well as the Tutorials and Exploratory Tools with their corresponding
Jupyter Notebooks as part of the Workbench can also be found in the
Handbook. The User Handbook can also be accessed on Zenodo: https:/
/doi.org/10.5281/zenodo.18327718. All CoCliCo technical reports and
materials can be found here: https://doi.org/10.3030/101003598.
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