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Abstract: Coastal climate services play a crucial role in developing customised climate information
for diverse end-users and stakeholders. To build climate-resilient societies, decision-makers should be
empowered through easy access to powerful tools that enable timely adaptation to future and ongoing
hazards. For this reason, fit-for-purpose climate services are needed to conduct accurate historical
characterisation and projections for interpretative studies on climate- and water-related risks at the
local coastal scale. The EU-funded SCORE project (Smart Control of Climate Resilience in European
Coastal Cities) utilises climate and marine services for the development of smart technologies that
support nature-based solutions to address specific concerns, including rising sea levels, coastal
erosion, and coastal flooding due to extreme weather events. As part of the SCORE project, decision-
makers will be able to address climate change-related coastal effects in their own cities through novel
participatory approaches (Coastal City Living Labs—CCLLs). As part of this framework, this work (i)
discusses the main requirements for the identification of fit-for-purpose coastal climate services for
local-scale impact studies in European coastal cities based on CCLL requests and prior knowledge
and (ii) provides relevant parameters and features that fulfil the users’ needs.

Keywords: coastal climate service; urban areas; coastal hazards; climate resilience

1. Introduction

The awareness of the challenges posed to the environmental and socioeconomic system
by climate change is growing worldwide, together with the demand for customised climate
information [1]. A climate service may be defined as “the timely production and delivery
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of useful climate data, information, and knowledge to decision-makers” [2]. Basically, a
climate service is any type of service that transfers science-based climate data and informa-
tion from researchers/experts to users to support different stakeholders or decision-makers
in communicating the risks and opportunities of climate change and variability [3-6]. Ac-
tually, different definitions of climate services exist, and a unanimous description is still
lacking. Nevertheless, most of these definitions share some common goals. Specifically,
climate services are intended to (i) provide climate data and information for decision and
policy making, i.e., to support climate change adaptation and mitigation and facilitate
disaster risk management; (ii) provide users with need-based tailored products; and (iii)
disseminate and communicate climate-related hazards, risks, and vulnerabilities to build
more climate-resilient societies [7].

Given the ongoing digital transformation and in accordance with the Green Deal’s
adaptation goals [8], it is fundamental to foster the use of advanced digital technologies
(e.g., digital twins, advanced climate and hydraulic/hydrological modelling) and reliable
climate information to support decision making [9].

A range of national to European-scale services provides data and information about
climate change for large end-user categories. In 2016, a review of lessons learnt and future
perspectives for climate services by Brasseur and Gallardo [4] highlighted several shortcom-
ings in this framework. Among others, they found a lack of a systematic overview. Most
of the time, the perspective does not match the users’ expectations, creating a disjunction
between scientific outputs and stakeholders’ needs. This is also reflected in terms of the
temporal horizon, with which climate science tends to emphasise long-term predictions.
The temporal horizon is crucial for various applications, including investment decisions
and governance; however, it is of less interest for short-term planning purposes, e.g., from
seasonal to interannual scale [10]. The mismatch between the time scales provided by
scientists and those needed by the decision-makers is thus still a critical challenge [11].

The large availability of different climate services across Europe leads to many dupli-
cations or underutilisation, as well as difficulties for users in understanding what is best for
their purpose due to a lack of clarity [7,12]. Climate services should be grouped based on a
standard framework of different criteria and factors to avoid confusion for end-users [6,7].
These users include different actors, including local to national government agencies, civil
protection and risk management officers, industry, service providers (e.g., transportation,
tourism, food system, agriculture), and the public. Nevertheless, some initiatives across
Europe have been carried out to support agreement on a standardised classification of
climate services with diverse typologies [13]. Climate services are thus meant to transfer
climate research into an operational delivery of services for users to support climate change
mitigation and adaptation strategies [7].

In Europe, climate services focus on a range of diverse thematic areas; however, fewer
efforts have been specifically devoted to coastal climate services (CCSs) [3]. The need
for CCSs is becoming increasingly urgent since the risks of sea-level rise (SLR), coastal
erosion, flooding, and saline intrusion are growing rapidly worldwide [3,14]. SLR has
been approximately ~20 cm since 1990 [15], and projections range from 0.45 to 0.84 m by
2100, depending on the methodology and the emission scenarios considered [15]. In this
framework, coastal urban areas are key targets with respect to climate change impacts [16],
to which both methodology and emission scenarios contribute, and experience impacts
of climate-related hazards such as urban heat stress [17-19] and pluvial and coastal flood-
ing [20-25], which will most likely occur with increasing intensity and frequency in the
future [16,26]. Throughout history, most of the world’s cities expanded on the coast due
to the uniqueness of their resources [27], with an increasing migration expected in the fu-
ture [28]. In Europe alone, 30 million people live within the temporal horizon of a 100-year
event flood coastal plain, while currently, more than 50 million live in the low-elevation
coastal zone [27]. The coastal population potentially exposed to a 100-year coastal flood is
expected to increase by approx. 20% for a 0.15 m SLR compared to 2020 levels in the mid to
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long term [29]. Thus, in the future, these areas of increasing urban expansion are expected
to be particularly at risk [30].

Coastal risks are emerging due to a combination of climate-induced SLR hazards,
exposures, and vulnerabilities [31]. Adaptation and mitigation measures can reduce the
risks related to SLR [15] and should be supported by reliable and authoritative information
and policies [32]. Understanding sea-level trends at a regional and local scale is thus crucial
for the development of effective climate adaptation plans [33]. Coastal cities need to quickly
adapt and react to such hazards with tailored strategies and policies [1]. In Europe, until
2010, the planning of local coastal risk and adaptation was lacking to a great extent, and
the awareness of the utility of coastal adaptation was arguably more advanced in the UK
and the Netherlands as compared to other European countries [34]. Recently, planning and
coastal information have been increasingly demanded by various stakeholders, leading to
an emergent market uptake in sectors like, e.g., flood risk, energy, agriculture, transport,
and tourism [35]. Urban areas need to adapt, but actions and strategies differ from case to
case according to already established actions and depending on different exposures and
vulnerabilities to climate change impacts [36].

Cities thus need to be supported in their adaptation to climate change, although
understanding the “hows” is challenging. Novel participatory approaches are needed to
support cities” decision-makers in adapting to the expected local and regional changes
in climatic conditions and related impacts [8]. Such new strategies to address climate
change issues are based on the urban Living Lab (LL) participatory approach built upon
an iterative feedback process which stimulates the co-creation of innovative solutions
by linking different stakeholders. LLs are becoming an important component of smart
cities across Europe [37,38]. Recently, a new approach that expands on the LL concept
to coastal cities has been introduced [39], i.e., the Coastal City Living Labs (CCLLs). The
SCORE project (https://score-eu-project.eu/, accessed on 17 November 2023) aims to
address climate-related hazards in European coastal cities by adopting an integrated
approach, with the ambitious goal of planning appropriate measures to minimise climate
hazards, for which a deep knowledge of climatic parameters and changes for the historical
characterisation and simulation of future scenarios is needed.

This article seeks to provide insights and discuss the following key research questions:

1.  What is the current situation of climate services specific to coastal environments
in Europe?

2. Building on the novel CCLL participatory approach, what are the main requirements
to be considered while selecting climate services to meet users’ needs and to address
climate change impacts at a coastal local scale while delivering solutions?

3. What are the main challenges encountered by CCLL participants in the use of general
climate data and services?

This paper is organised as follows. Section 2 is focused on the analysis of coastal
users’ needs and technical requirements to define tailored local-scale climate services for
SCORE's coastal cities through a co-creative approach, considering the available products.
Section 3 reports the results of the research: an identification search for existing CCSs in
Europe; identification of user needs; indication of needed parameters, tools, and products;
and definition of the technical features of the project data hub developed to optimise data
collection and create the best user experience. Section 4 discusses challenges and gaps in
the development of fit-for-purpose CCSs. Section 5 summarises the main conclusion of the
current work, along with potential perspectives.

2. Materials and Methods
2.1. SCORE’s General Framework

The SCORE project (https://score-eu-project.eu/, accessed on 17 November 2023)
aims to address climate-related hazards in European coastal cities by adopting an integrated
approach as outlined below and summarised in Figure 1. Thus, SCORE’s ambitious goal is
to plan appropriate measures to minimise climate hazards, for which a deep knowledge of
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climatic parameters and changes for the historical characterisation (impacts and hazards)
and simulation of future scenarios (smart technologies and digital platforms) is needed.
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Figure 1. SCORE project concept.

Furthermore, as the SCORE project needs to build on previous initiatives across Europe
to produce a reliable dataset of climate and marine data at high spatiotemporal resolution,
the Living Lab methodology is applied through a network of 10 CCLLs by which each
develops to enhance climate resilience through climate modelling and projections, smart
technologies (digital twin), Ecosystem-based Approaches (EBA), and strengthening of
financial sustainability and social acceptance. CCLLs in the SCORE project are spread
around Europe and include Sligo and Dublin (Ireland), Massa (Italy), Oeiras (Portugal),
Barcelona province (Vilanova I La Geltrti), Benidorm and Basque (Oarsoaldea) region
(Spain), Gdansk (Poland), Piran (Slovenia), and Samsun (Turkey). For each CCLL, the
availability and usability of free and reliable climate and marine data are crucial as they
represent the basis for local climate impact assessment and for the delivery of solutions.
These are key factors for cities and decision-makers that are united in climate services to
plan and implement climate resilience measures, often under tight financial and social
constraints [9].

Thus, as user, stakeholder, and services are confusing terms, in the context of this
paper, the user is defined as someone who actively interacts with the climate services, while
the stakeholder is impacted by the delivery of the service and, to an intermediate extent, is
also passively interested. For the terms used in this article and their definitions, see Table 1.
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2.1 SCORE General
Framewark

Description of the
SCORE concept

o
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2.2 Identification
search

State-of-the art
of available CC5
in Europe

Table 1. Terms used in this article and their definitions.

Term Definition

A service that transfers science-based climate information and
knowledge to customised products from experts to users to assist
individuals and organisations in the decision-making process by
enabling preparedness and actions [3-6].
Coastal Climate Service Climate services in coastal areas [3].
User Someone who actively interacts with the climate service.
Stakeholder Someone who is impact.ed by the d.eliver.y of the service and, to
an intermediate extent, is also passively interested.

Climate Service

According to the SCORE concept and its objectives, the methodological approach
applied in this study is listed below and summarised in Figure 2 with each of these steps
being explained further in the Materials and Methods section.

2.3 User 2.4 Data 2.5 Spatio- 2.6 Data 2.7 Standards 2.8 Improving

Needs availability temporal Scale Quality and Formats Aceessibility Lo Sy
Identify the  Find the local data Determine  the  Check the  |nternational Prepare a portal  Exploring the
users  and  for each Coastal  actual spatial and  data and  ciandards te  to improve the  precise needs
their  needs  City and  temporal metadata enhance the  aceessibility of  and expectation
through the  complement resolution  and  Guality guality of €55 and  the CC5 for a  related to climate
LL concept them with data improve it by increasing better user  riskin the CCLLs

from the CC5 and using interoperability experience
low-cost sensors downscaling and

nm Bog e & 8

Figure 2. Methodological approach of this study.

2.2. Identification Search for the Available Coastal Climate Service in Europe

In order to define a preliminary state-of-the-art on CCSs in Europe, three databases
have been selected: Science Direct, Web of Science, and Scopus. An initial search with the
following keywords, limited to abstract, title, and authors” keywords, has been carried out:
“climate service” AND (coast* OR marine) AND Europe*, “climate data” AND (coast* OR
marine) AND Europe*, “climate service” AND “coast” AND “Europe”, “climate service”
AND marine AND Europe. The timeline 2010-2022 was selected since climate services have
only been established in recent decades compared to, e.g., weather services [40]. The search
was limited to Europe, the English language, and peer-review records. The application of
this search string and requirements lead to more than 800 articles. In the second step, to
achieve a result more focused on the topic of this paper, the search was limited to articles
dealing with user needs, user engagement, stakeholders, coastal climate change, climate
adaptation, climate resilience, coastal climate impacts, and climate information. Finally,
around 85 papers have been selected and included to support the key research questions
addressed in this work.

2.3. Identification of Users and Needs

It is fundamental to understand what type of climate information CCS users and CCLL
participants are interested in before delivering adaptation solutions. User engagement is
indeed the basis for performing a gap analysis of the data and information made available
through the identified climate services. Discussion around the usefulness of climate services
for a wide range of different users often points out their relevance for decision making
specifically. Different public and private institutions, projects, and programmes have
developed information portals and platform systems that provide access to a vast amount
of climate data, information, and tools. Most of these systems state to adopt a user-
need-oriented approach instead of a provider-driven approach, which is more devoted to
building a better structure to deliver data rather than focusing on the better user experience
to apply these data in practical applications [6,7,41].
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According to Brasseur and Gallardo [4], end-users expect that climate services will
advise them on how to use historical data and projections, how to deal with related
uncertainties, and how to address the challenges they cope with. Thus, a climate service,
through the eyes of end-users, is not seen as a mere data provision. Moreover, climate
change is a complex issue involving many physical, economic, and social aspects; thus, the
challenges addressed through a climate service should be taken by a broad spectrum of
experts and integrated into the stakeholders’ planning process. Long-term climate trends
based on different emission scenarios are of interest for long-term projects dealing with
investments and infrastructures but not for stakeholders who limit their plan of action to
the next 5-10 years at the latest. Many sectors (e.g., tourism, agriculture, energy, water
resources) cover situations from a few months (seasonal) to interannual scale, which is still
very challenging to predict [10].

The provision of climate information affected by uncertainty is another major issue
to be addressed by climate services. While scientists stress the need to communicate data
and projections with their uncertainties, stakeholders ask for “perfect” information [42].
Uncertainties are related to the different scenarios assumed for the future greenhouse gas
(GHG) emissions, the model spread (i.e., the climate response to the radiative forcing) and
model approximations, the initial conditions to initialise the models, the natural variability
of the climate system, and the time scale used [4]. This is hardly understood by decision-
makers who, instead, need certainty to take action in the institutional framework in which
they operate [12,33,43].

User engagement process is another challenging point [6]. Houtkamp et al. [44]
proposed a four-step engagement process, namely, the following: i) stakeholder mapping
and prioritisation, ii) user identification, iii) discussing and scoping the design situation,
and iv) persona—scenario construction (use cases with fictional characters who represent
typical user groups). In the framework of coastal adaptation decisions, Hinkel et al. [33]
proposed a decision analysis perspective to identify the kind of SLR information the users
need for local-scale impact assessment. The authors found that, to date, there has been
little systematic exploration of users’ needs, whether analysing the SLR information users
employ [3] or asking them directly what kind of information they use [45]. However,
asking users could sometimes bring misleading information due to lack of documentation
or technical background. Hinkel et al. [33] followed a procedure based on characterisation
and discussion of coastal adaptation decisions and SLR information given the state-of-the-
art rather than using these information needs as entry points.

This framework is based on the Living Lab (LL) concept [46], which operates as
intermediary among, e.g., citizens, scientists and decision-makers. LLs are real-life society
environments based on an iterative feedback process focused on co-design and co-creation
of innovative solutions and businesses of users to enhance climate resilience. The main
pillars of this framework are (i) the orchestration, (ii) multi-stakeholder participation
(quadruple helix model, academia, government, private and non-profit organisations), (iii)
their active involvement, (iv) co-creation, (v) real-life setting, and (vi) the multi-method
approach [47]. The CCLL is a new user-centric method that expands the LL concept to
a broader vision for coastal cities and settlements to specifically address coastal climate
change-related challenges [39].

2.4. Data Availability

The type of information that is needed differs depending on the purpose of use
of the data and the user profile, e.g., climate scientists, impact researchers, or decision-
makers. The former usually looks for historical and projected time series of temperature,
precipitation, and climate variables requiring potential processing (like statistical analysis
and downscaling). Decision-makers are instead more interested in customised products to
support actions and best practices. All these specific pieces of end-user information need
further processing, and thus, the number of intermediaries potentially increases to provide
every end-user with the information they need [7].
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Coastal cities are more particularly susceptible to climate change, which is also due to
effects of SLR. This requires that the data of greatest interest include climate and marine
data, alongside traditional meteorological and hydrological data, as they are needed to
estimate, for example, the effects of extreme weather events, like rapid sea-level rises, storm
surges, or coastal erosion.

Essential variables (EVs) are crucial for observing and monitoring the Earth. The
requirements for EVs are constantly reviewed by expert panels in terms of spatiotemporal
resolution and data quality. EVs include a wide range of different typologies [48]. In the
context of coastal-scale impact studies like the SCORE project, essential climate variables
(ECVs) and essential ocean variables (EOVs) are the most relevant. Concurrent time series
across different force times are needed to better understand the concurrence of multiple
hazard drivers like, e.g., compound flooding. Concurrent forcing data are available for
typical marine variables, e.g., water levels and waves, while time series for the evaluation
of dependencies between coastal and non-coastal forcing, like river flows and rainfall,
are still limited [49]. ECVs provide crucial information to understand and predict the
evolution of climate, support adaptation and mitigation actions, and underpin climate
services [50]. ECVs, as identified by the Global Climate Observing System (GCOS), include
a set of variables in the atmosphere, land, and ocean domains. EOVs refer to the ocean
system, biology, ecosystems, and biogeochemistry as the ocean ECVs; the main EOVs focus
on ocean circulation, transport, and distribution of salt, heat, and other water properties.
Note that, as many variables are part of both ocean ECVs and EOVs, there is an overlap
between the two categories. Hence, in the SCORE project, other key EVs will be considered
to provide support throughout the process since they can be crucial to perform specific
analysis on potential sectoral impacts experienced by the CCLLs, e.g., tourism, agriculture
stress, local economy, animal habitats, loss of wetlands, etc. [51].

2.5. Spatial and Temporal Scale

For climate services and CCSs, spatiotemporal scales matter: a region or an area is
usually impacted by multiple time scales. The importance of climate at different scales
varies depending on the location, time of the year, and the variables considered [11].

Weather and climate services are often used interchangeably. Based on the WMO
definition [52], the former covers timescales from days up to a month, while the latter
from months to decades. Actually, the methods and data sources for (current, present, and
future) climate projections and weather forecasts may differ a great deal and cannot be used
equally [7]. The issue is thus to again tailor the information provided to the users’ needs.

In this context, the uncertainty related to the climate information of interest should
not be neglected. The main sources of uncertainties are due to, e.g., future GHG emission
patterns and forcing conditions of the models, and vary widely depending on the timescale
and variable under consideration. Climate projections are typically run until 2100 based on
the Representative Concentration Pathway (RCP) scenarios for greenhouse gases, atmo-
spheric constituents, and aerosol concentrations that will affect the radiative balance of the
planet in the years to come. More recently, climate projections have often been based on the
Shared Socioeconomic Pathways (SSPs), the novel climate change scenarios that are meant
to improve upon and replace the RCPs [53]. As an example, in multidecadal projections,
different forcing scenarios must be considered since policies and socio-economic factors
will affect them significantly. Multimodel ensemble simulations are used to assess the
uncertainty related to model spread, while the skill in seasonal forecasting is more limited
due to the difficult predictability of the chaotic variations in climate variables [4].

In terms of spatial scales, global climate models (GCMs) provide climate information
on global and wide regional scales, covering what could be a broad area with very different
local extreme events and impacts. The horizontal resolution of such models limits the
possibility to cover smaller scales, from regional to local. Regional climate models (RCMs)
at relatively high resolution have been produced and made available to provide spatially
detailed information to interested users [54]. RCMs are driven from the GCMs, which
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provide them with lateral boundary conditions and a more accurate representation of
local phenomena (including extreme events). Nevertheless, estimating uncertainties in
long-term climate projections and in their sources is not that straightforward, considering
the internal variability of the systems. The degree of uncertainty is still very high for
specific climate variables of interest for coastal areas like, e.g., precipitation and SLR. This
is due to, e.g., fragmented and limited knowledge of some crucial physical processes
controlling the response of extreme precipitation simulated by GCMs and RCMs, inter-
model spread [55], lack or enhanced uncertainty in glaciers and ice-sheet representation in
the climate models [56], and errors in the basin-scale ocean circulation features [57]. RCMs
include uncertainties in the atmospheric circulation provided by global models, and thus,
it is not always certain that they are more reliable than coarser-resolution models [58].

Large time scales, from decades to centuries, are used for evaluating response features
of climate change and to detect its signals. Climate services at local and sectoral scales
require finer spatial and temporal resolution for decision-making. This could be overcome
by techniques like, e.g., downscaling methods and analogues. Obviously, downscaling
from coarse to local scales comes with further uncertainty, which is also due to the methods
selected for downscaling [59]. Local processes play a key role in global phenomena. As an
example, SLR is related to a range of processes causing instability of large ice masses at the
local scale, and the coarse resolution of GCMs cannot resolve them [60].

Some authors highlight the mismatch between the time scale used by climate mod-
ellers, who are interested in long-term simulations to detect climate change signals in a
noisy system, and climate service programs, which instead focus on shorter time scales for
local decision-making [59]. Areas are rarely impacted by only a single time scale. Analysis
of different climate time scales guides resilience, and planning provides a historical charac-
terisation of climate-related impacts, which can improve knowledge of future risks and
help adaptation strategies [11,61].

In terms of temporal coverage provided by the main CCSs, climate data re-analysis
datasets like ERA5 and ERA-5 Land go back in time up to 1950 and continue to nearly
the present day. Climate projections are generally available up to 2100 at daily accuracy
for both RCP 4.5 and 8.5 scenarios. Some datasets reach more accurate time scales (up to
sub-daily) or provide long-term horizons, like in the emission scenario CORDEX, and also
go beyond 2100, like in the case of CMIP5 and CMIP6.

2.6. Data and Metadata Quality

Climate services should provide quality-controlled data along with associated meta-
data that are able to ensure compliance with procedures related to the FAIR (Findable,
Accessible, Interoperable, Re-usable) data management approach [62] that forms the basis
of the data management plan commonly requested from research and development projects.
The push for adopting FAIR procedures is related to the machine-actionability of data,
i.e., the possibility of analysing data from heterogeneous sources with minimal or null
human support. The data quality aspect is indeed important. In this respect, some authors
claim that the typical limitations to the use of available data are identified as the mere
lack of interoperability, interactivity, and transparency [63]. Indeed, quality is also key for
climate services [64], and metadata must include information about data quality and the
processing followed to obtain such data. This is also related to the original data sources,
and this information should be communicated in the portals. Users relate clear and ade-
quate metadata with good-quality scientific data. Therefore, quality-assured information
with an independent quality assessment of the past, current, and future climate trends
should be guaranteed [6]. This is a prerequisite to making users trust data and accept the
services’ robustness, which are the main pillars considered when assessing the suitability
of the selected datasets for their own applications and analysis [63]. Different sources
of uncertainties have to be considered when dealing with climatology in particular, due
to various processing methods adopted (e.g., downscaling methods to provide data at
a spatiotemporal resolution suitable for local impact studies) and heterogeneity of data
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sources. For state-of-the-art long-term climate projections, the degree of uncertainty is still
very high for specific climate variables of interest for coastal areas like, e.g., precipitation
and SLR.

High standards of reliability are ensured by quality-controlled data and a metadata
quality control procedure [65]. Most available climate services in Europe guarantee high-
quality data and information provision through an operational framework of processes.
As an example, the C3S provides a QA /QC in its “Evaluation and Quality Control” ac-
tivities (https://climate.copernicus.eu/evaluation-and-quality-control-eqc, accessed on
17 November 2023) [6]. Thus, subsets stored in this platform guarantee additional metadata
quality control, which is not trivial considering that, often, data could have inconsistencies,
gaps, and metadata errors. Moreover, a continuous user-engagement process helps to
identify gaps in the service.

2.7. Formats, Standards, and Conventions

Ensuring links and consistency between international and national sources of climate
data and information is crucial. Since adaptation strategies will be implemented at a local
level (e.g., the CCLL), consistency between the above-mentioned sources and local data is
fundamental as well. Service-based interoperability is achieved through the implementa-
tion of interface protocols specified by international standards [63]. International standards
help to enhance the quality of climate services and increase their interoperability by imple-
menting interface protocols. File Transfer Protocol (FIP) and HTTP through web browsers
or download pages are the most popular ways to send files and information across the
network, although the use of web-based interactive computing platforms is increasing
among the data scientist community [66].

2.8. Accessibility and Portal Design

According to [67], the structure of the portals providing climate services and CCSs is
determined by data experts’ preferences, i.e., by the way they present their work efficiently,
but this is not necessarily the way users like to find (and use) information to address their
questions. As a matter of fact, recent studies highlighted that many times, users often
consider aspects like usability and accessibility rather than relevance because of the lack of
technical background to interpret the outputs and access these data [64].

Different data require different visualisation techniques and standards (see Section 3.6).
A survey among approx. 90 users [6] investigated the portals’ main features to be consid-
ered, revealing that free open access and scientific correctness are fundamental. Information
about the uncertainty of the results is particularly appreciated by impact researchers, while
intermediate organisations (e.g., consultants or environmental agencies) pay more attention
to guidance in the selection of climate data and impact indicators. Harmonisation of the
data and tools is also considered important, along with the need to avoid redundancies
among different sources. Moreover, the importance of taking the diversity of users, in
terms of skills and needs, into consideration when designing the portals is also highlighted.
Ease and comfort when browsing are thus key requirements for users since the website
would act as a “shop window” with direct links to products and services [68].

An important aspect to consider is related to applicability and maturity of the datasets.
As pointed out by Swart et al. [6], when interacting with climate service portals, users
appreciate the availability of guided search functions, help desks, and, in particular, the
presence of use cases as examples to follow. Use cases are examples of data and service
deployment, i.e., tools to make users understand how they can use climate data retrieved
by climate services in their daily work routine and how these data can be deployed in a
range of different applications of impact assessment.

2.9. Survey

The surveys were conducted among each of the 10 CCLLs. As a first step for involving
end-users, online questionnaire surveys were distributed to the project partners as follows:
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the first was distributed during the proposal stage of the project, the second was distributed
in October 2021, and the last was distributed in January 2022.

The responses were not specifically generated by a single person; instead, they were
the collective of the living laboratory, usually a collected response from the core CCLL
team with different positions: CCLL manager, project manager, pilot manager, communica-
tor /panel manager, and/or researcher /human interaction specialist. While these positions
within the CCLL can be filled by the same person, usually, a CCLL core team’s composition
is dynamic in time, having an average of three persons at any time. Still, the core CCLL
team members have interacted and asked for advice on certain availability of data within
their CCLL at specific stakeholders, making the responses to the surveys from this paper
an early reflection of collaboration between project partners and CCLL stakeholders.

With approximately 180 questions in total, the questionnaire explored the precise
needs and expectations related to climate risk in the ten coastal cities and, more specifically,
(i) basic information about the environmental and geographical coastal area context, natural
and climatic-related hazards, impacts, and vulnerable and exposed populations; (ii) ob-
jectives for creating and implementing the CCLL; (iii) expected outcomes; (iv) potential
stakeholders; (v) technical and financial capacities; (vi) previous experience in relevant
projects and level of expertise; and (vii) experience in different activities associated with
each WP.

A numerical scoring was developed to assess the CCLLs based on their responses,
which allowed for cross-comparison. These results were further investigated during the
three-day workshops organised in 2022 in each CCLL, in which user stories for the digital
twins and early warning support systems were fully defined (out of the scope of this paper).
During the workshops, the participants could actively exchange opinions and knowledge,
build consensus, and express disagreement to find common solutions to address coastal-
related issues.

3. Results
3.1. Identification and Description of Coastal Climate Services in Europe

Across Europe, a vast number of institutes, agencies, and industries acquire expensive
climate data, especially marine data, for specific purposes, thus generating large datasets
that are often used only once or remain unused in data servers. Recently, international
initiatives and programmes have started to centralise, standardise, and harmonise this
information for a wide range of users. Interdisciplinary networks of climate informa-
tion users, researchers, and providers complement the climate information at different
scales [63]. Most of the ongoing climate services in Europe have been promoted through
European research funding programs, such as Framework 6 and 7, Horizon 2020, or the
Joint Programming Initiative for Climate “Connecting Climate Knowledge for Europe” (JPI
Climate), which support a variety of projects within this field [69]. The results of the search
for these projects and climate services, as described in Section 2.3, are shown in Table 2,
and then consecutively, each service will be described in detail in the following sections.

The Copernicus programme is the European Union’s Earth Observation Programme,
driven by policies and by users’ requirements, including coastal managers. Copernicus
includes a dedicated Earth observation component (i.e., Sentinel mission), which is currently
the largest world producer of openly and freely available Earth observation (EO) data [70].
Sentinel-1, -2, -3, and -6 provide information on sea level and other parameters (e.g., waves
and surface winds) to monitor sea-level-related hazards and risks [71]. Copernicus offers
information services based on satellite, in situ and integrated numerical models to produce
quality-assessed datasets and information usable by different users. Copernicus data are
provided through six different services. Of particular interest in relation to coastal hazard
adaptation are the Copernicus Marine Environment Service (CMEMS), the Copernicus
Climate Change Service (C3S), the Copernicus Emergency Management Service (CEMS),
and the Copernicus Land Monitoring Service (CLMS).
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Table 2. Search results of the identification of the available coastal climate service in Europe.

Full Name Abbreviation Website

. . . https:/ /climate.copernicus.eu/, accessed on

Copernicus Climate Change Service C3S 20 November 2023
C icus E M t Servi CEMS https:/ /emergency.copernicus.eu/, accessed on

opernicus Emergency Management Service 11 November 2023

Copernicus Marine Environment Service CMEMS https://marine.copernicus.eu/, accessed on
P 17 November 2023

. L . https:/ /land.copernicus.eu/en, accessed on
Copernicus Land Monitoring Service CLMS 4 November 2023

World Climate Research
Program—Coordinated Downscaling WCRP-CORDEX https:/ /cordex.org/, accessed on 21 October 2023

Experiments Initiative

European Marine Observation and Data

Network

https://emodnet.ec.europa.eu/en, accessed on

EMODnet 25 October 2023

European Research Area for Climate
Services—Joint Programming Initiative

https:/ /jpi-climate.eu/programme/era4cs/, accessed

ERA4CS-JPI Climate on 8 November 2023

C3S is one of the major contributors to climate data in Europe [9,71,72]. C3S has
been designed around the Climate Data Store (CDS), which is a unified, freely available,
and unrestricted access entry point to a variety of quality-checked and quality-controlled
climate data. It provides information about past, present, and future climate, following a
rigorous quality control procedure to guarantee usability in a standardised and reliable
way. CDS datasets include observed historical climate data, reanalysis of past observations
at global and regional scales, seasonal forecasts, and simulated past climate and future
climate projections. An application programming interface (API) allows users to interact
with and integrate the CDS.

CMEMS, implemented by Mercator Ocean International, provides information on the
physical and biogeochemical state, dynamics, and variability of the ocean and sea ice for
the global ocean and European seas over the past and present and the prediction of the
situation 10 days ahead (forecast). CMEMS provides a response to European user needs,
e.g., for marine and maritime safety, resources, coastal environment, weather, seasonal
forecast, and climate. CMEMS responds to both public and private user needs by involving
users in the service delivery process [73]. CMEMS products are freely available through a
one-point access web interface (http://marine.copernicus.eu/ getting-started/, accessed
on 17 November 2023).

As part of the CEMS and of interest in the context of coastal flood risk, the European
Commission has developed the European Flood Awareness System (EFAS), which provides
operational flood predictions in major European rivers [74]. The project started in 2003 and
was developed by the European Commission Joint Research Centre (JRC) in collaboration
with national meteorological and hydrological services, research institutes and operational
services. It was a pioneering project on probabilistic flood forecasting based on ensemble
prediction systems in Europe.

The World Climate Research Program (WCRP) promoted the international Coordi-
nated Downscaling Experiments Initiative (CORDEX, [75]), which carried out coordinated
regional climate simulations for the 21st century for different regions of the world. For
the European domain, CORDEX generates climate change simulations that are of large
size and high resolution: one domain with two resolutions is used for the RCM simula-
tions, at 0.44° and 0.11° grid resolution at a sub-daily to monthly scale [76]. Within the
European region, the Mediterranean basin is a particularly vulnerable “hotspot” due to its
complex morphology, interactions, and socioeconomic conditions. An additional CORDEX
sub-domain, the Med-CORDEX initiative endorsed by Med-CLIVAR and HyMeX, has
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thus been promoted. Med-CORDEX [77] takes advantage of new high-resolution and fully
coupled regional climate system models (RCSMs), coupling the various components of the
regional climate. The C3S EURO-CORDEX fills the gaps between the GCMs’ “driving mod-
els”, RCMs, and RCPs to better depict uncertainty from models. C3S directly curated and
quality-controlled part of the CORDEX simulations and funded further climate simulations
on the European domain.

More focused on the provision of marine data is the European Marine Observation
and Data Network (EMODnet), established in 2009, a European marine data and observa-
tion network of more than 150 organisations supported by the EU’s Integrated Maritime
Policy [78]. These organisations collaborate to gather and process marine and coastal data
from different sources to provide an open access portal of data and metadata products.
Currently, EMODnet provides seven sub-portals, including bathymetry, physics, chemistry,
biology, seabed habitats, human activities, and geology. Recently, all EMODnet services
have been centralised into one unified EMODnet data service.

At national and regional scales, a number of European projects supported by different
EU programmes have furthermore contributed to increasing knowledge on coastal areas.

Copernicus data are increasingly exploited in a myriad of different sectors across
Europe to address climate-related challenges in coastal areas [79]. Some examples are the
MI-SAFE platform and the SHOC campaign. The former has been generated as a new
approach to combine remote sensing and field data from foreshores to predict how these
protect the shoreline; the latter uses SAR images to monitor the marine environment and
track storms and hurricanes. Data from C3S have been used to improve local hydrology
and coastal flooding models on the Irish east and west coasts, respectively, to address the
impact of climate change on coastal inundation [80]. The Copernicus programme is in
continuous evolution, with its progress driven by some ongoing and precursor projects like,
e.g., CoCliCo (Core Climate Coastal Services) and H2020 ECFAS (European Coastal Flood
Awareness System). The European Climate Adaptation Platform (CLIMATE-ADAPT, [63])
is a joint effort between the European Environment Agency (EEA) and the European
Commission (EC) to foster climate change adaptation in Europe by providing users with
access to and share information on expected impacts, adaptation strategies, and tools.
Moreover, since the 1990s, a number of studies started to focus on downscaling GCMs
or re-analysis over the European region (e.g., ENSEMBLES, Ref. [81]; RACCS, Ref. [82];
STARDEX, Ref. [83]; PRUDENCE, Ref. [84]; CIRCE, Ref. [85]; MERCURE, Ref. [86]).

In the framework of JPI Climate, the European Research Area for Climate Services [87]
has been one of the leading funders in Europe in the field of climate services. Some of the
projects developed under this initiative pointed to making use of coastal and marine data
to deliver more efficient CCSs. Some examples are the INSeaPTION project (https:/ /jpi-
climate.eu/project/inseaption/, accessed on 8 November 2023), which aims to integrate
SLR data and coastal and adaption science to co-develop and co-design with CCS users,
and the ECLISEA project, which aims to develop climate coastal services through the
development of innovative research of sea surface dynamics https:/ /jpi-climate.eu/project/
eclisea/, accessed on 8 November 2023.

At the national scale, some initiatives are being undertaken, and the concept of CCS
is being adopted to support National Adaptation Plans (NAPs) [63] to identify adapation
needs and develop strategies to address coastal flooding and related risks. A step-by-step
guideline to establish national frameworks for climate services has been addressed by
WMO [88].

3.2. Identification of User Needs and Engagement through Surveys

SCORE extended the Living Lab concept to coastal cities by creating the CCLL as
an innovative ecosystem in a real-life environment that uses people as a pillar of the
research base rather than limiting research to a mere science laboratory. Specifically, the
CCLL approach aims to exchange and upgrade knowledge amongst end-users through
feedback and reflection and to make the citizen evaluate and understand the context and
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solutions through informed approaches [39]. Through this, science data providers, different
end-users, and stakeholders in each of the ten coastal cities work together in a synergic
interaction to tackle specific challenges related to water and climate hazards in the area
related to SLR, coastal erosion, and other extreme climate change and weather events
through solutions comprising Ecosystem-based Approaches (EBA) and the use of smart
technologies [39] to produce tailored coastal services and products employing the climate
information available at coarser (regional) scale.

All actors are involved in the development process and regularly provide feedback to
improve it [39,89]. The interaction is thus “user-centred” to fully comprehend what users
really need. For this purpose, defining the type of users is crucial.

The main end-user groups have been identified based on the quadruple helix model [90],
which recognises four major actors: science, policy, society, and industry. This allows more
and more governments to prioritise greater public involvement in the innovation process.
This open approach implies that anyone can participate in the process and helps to gather
more varied feedback, which supports innovation in local governance.

During the workshops, users were asked what overall problem they would try to
solve during the project life in their CCLL and specifically how they can benefit from
climate services. Almost all CCLLs indicated coastal erosion, flooding, and SLR as the
main hazards to be addressed by adaptation strategies. Multi-hazards are also seen as a
major issue in the future. Based on survey results, the following have been identified as
the main sectoral climate impacts: risks to tourism and the local economy; loss of cultural
heritage, wetlands, and animal habitats; damage to commercial and residential buildings,
civil infrastructure, and energy networks; and agriculture stress. The survey explored
the experience of CCLLs with coastal climate data, i.e., the use of climate data to address
climate-related natural hazard issues, the perceived applicability of such information and
data, and the most appropriate way of knowledge transfer. Specifically, they were asked
whether they have access to forecast systems, completed or ongoing activities regarding
future projections, the availability of maps concerning hydrological and geological data,
information about existing models for hydrological and marine monitoring, the availability
of data, and whether or not their technical capacities need enhancing.

Results highlighted that 9 out of 10 CCLLs have access to forecast systems and prob-
abilistic forecasts, while 3 out of 10 CCLLs have ongoing activities with regard to future
projections. For many of them, there is a deficit of information when it comes to climate data
usage for the protection and enhancement of adaptation and mitigation strategies. They
argue that there is (i) a generalised lack of open climate and environmental information
and local-scale data, (ii) a lack of access to local-scale data, and (iii) a lack of knowledge
in tools for statistical analysis, modelling, or testing the probability of hazard occurrence.
In general, all CCLLs need an enhancement of technical capacities. Nevertheless, some
virtuous cities are already committed, with local governmental agencies collaborating and
transferring local scientific knowledge for project purposes and beyond. Furthermore, we
learned from end-users that participants mainly used this information and data for research
activities, immediate or short-term planning, and operational activities, as well as for other
purposes, such as strategic long-term decisions or to inform investment strategies.

3.3. Use of Historical Data and Projections

Climate data and projections are among the main sources of data production of
the SCORE project as they are fundamental for (i) enhancing the understanding of past
and future climate-related hazards and validating models to reproduce past situations;
(ii) enabling downstream services/models and, in particular, the hydraulic and land-sea
interaction models for urban-scale flooding and long-term evolution of the coast; (iii) de-
signing Ecosystem-based Approaches (EBAs); (iv) producing risk estimations; (vi) driving
models of digital twins; and (vii) supporting CCLLs activities. In the SCORE project,
researchers are the main users handling the direct output of the models and analysing
essential Earth observation and in situ parameters.
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CCLL stakeholders often mention the combined interpretation of meteorological
parameters, EOVs, and ECVs by multiple climate services as a strength in the accurate
prediction of local risks for extreme events. Thus, as for coastal flooding events, on the one
hand, often the astronomical gravitational pull (by the combined effect of the Moon and
the Sun) is a standard periodic variable that is easily predictable, while more locally, the
direction and intensity of the wind and the atmospheric pressure are additional key factors.
Under certain circumstances, these variables will mutually combine to potentiate the risk of
extreme events. Thus, normal high sea levels, in combination with storm surges, can lead
to coastal flooding. It is for such variables that it is desirable to have precise predictions
that are accurate in magnitude and spatiotemporal phasing. Timeliness in early warning is
directly connected to the response capability and, thus, to the mitigation of risks for citizens
and infrastructure. Thus, rather than having to extract meteorological data, EOVs, and
ECVs from various climate services and RCMs, it is generally much more preferable to
combine these variables in one particular local CCS. The challenge is to provide accurate
variable predictions at the local level, while often, the general climate services and RCMs
have too coarse resolutions (both temporal and spatial) of the key variables at the local scale.

In the SCORE context, since many EOVs are also ECVs as defined by the GCOS, it was
preferred to categorise the variables of interest in terms of the following categories related
to four macro categories: climate and weather, sea and coast, pollutants, and radiations.
Table 3 groups the most important variables identified. Climate- and weather-related
variables, along with marine data (sea and coast), are the main parameters of interest
for end-users and mainly on those on which the selection of the datasets has been based.
Pollutant- and radiation-related variables are, instead, secondary parameters that can help
additional and contingent analysis (beyond feeding other applications than the specific
coastal ones addressed in SCORE).

Table 3. Survey-identified variables of interest in SCORE’s CCLLs.

Climate and Weather

Sea and Coast Pollutants Radiations

Air temperature, dew point,

Atmospheric concentration

heat index Mean sea level (CO, CO,, NO,, ?02, PMyy, Solar irradiance
PM 5)
Humidity Sea (lakes, i‘;eeli& channels) pH Radiation in the ultraviolet
. . Mass concentration in the Radiation in the infrared
Atmospheric pressure Storm surge residual
water bands

Cloud height and coverage

Total water depth

Precipitation (rain, snow, hail)

intensity and total
precipitation

Sea temperature

Lightning strikes

Tidal elevation

Wind (speed and direction)

Sea wave motion

Zero-degree isotherm height

Shoreline position

Tropospheric features
(melting-layer height,
thickness)

Salinity

1 CO: carbon monoxide; CO,: carbon dioxide; NOj: nitrogen dioxide; SO,: sulfur dioxide; PM;g: particulate
matter with a diameter of 10 microns or less; PM, 5: particulate matter with a diameter of 2.5 microns or less.

Besides the products provided by the climate services, the CCLLs provide useful
digital information on local terrain models, coastal bathymetry, hydrological basins, and
urban maps, as well as local data from existing (legacy) sensor networks that are currently
used by municipalities, i.e., marine, meteo, and hydrological in situ measurements. To
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this aim, the cities have been asked to complete questionnaires with data requirements,
guidelines, and indications (see Section 3.1). These data will complement the information
provided by the CCSs by, e.g., filling eventual gaps and providing data for model initiali-
sation/calibration/validation. In addition, planned citizen science activities will gather
data from low-cost sensors (or citizen science sensor kits) that can contribute to reducing
existing spatial /temporal gaps or guarantee some desirable redundancies to produce more
solid coastal city early warning support systems.

3.4. Spatiotemporal Resolution, Downscaling, and Modelling

The conclusions suggested by coastal impact modelling (i.e., numerical) experiments
should be sufficiently robust to quantify and address the uncertainties in the parameters
and scenarios incorporated by the models and be in agreement with observations. Thus,
models should be sufficiently accurate and have a spatiotemporal resolution that is suitable
for local impact studies.

The time span is related, back in time, to the availability and occurrence of climate-
related hazard events in the ten coastal cities of interest and, in the future, to the temporal
horizon of the projections. From the spatial coverage point of view, since SCORE’s CCLLs
are distributed across Europe and on the Black Sea coast of Turkey, datasets covering at least
this spatial domain have been considered (i.e., 27° N-72° N—southernmost-northernmost
latitude—and 22° W-45° E—westernmost—easternmost longitude). These spatial domains
are not always provided on homogeneous grids; thus, projections could vary depending
on RCMs and domain.

Based on the occurrence of the main climate-related hazards identified across CCLLs,
the temporal coverage has to guarantee sufficient extension back in time for the historical
characterisation and for future scenarios. To investigate the historical time span, in situ
data measurements, wherever available, and/or re-analysis products are used. Well-
known climate data re-analysis datasets, e.g., ERA5 and ERA-5 Land, are exploited in this
framework since they go back in time up to 1950 and continue to the present day, providing
an accurate description of the climate of the past. Existing spatial and temporal gaps can be
reduced by ancillary measurements from low-cost sensors, whose aim is to complement the
available climate monitoring infrastructures. The temporal resolution needed to support
early warning should be at least at daily or better sub-daily scale.

Data produced from GCM have a large gap with respect to the RCM. GCM resolutions
are in the order of 0.25°-05° (25-50 km at the mid-latitudes) compared to the 0.125°-0.1°
(10-12 km at the mid-latitudes) of the RCM. For local scale studies, RCMs are necessarily
preferred over GCMs since they allow for reaching a higher spatial resolution and relatively
fine detail over a limited area to support more detailed adaptation assessments. The
availability of data at the European scale from various initiatives like the CORDEX (EURO
and Med CORDEX) project is crucial to properly describe the atmospheric forcing that
drives, e.g., wave, sea level, or hydrological local modelling. These climate projections
generally cover a period up to 2100 at a daily scale under RCP 4.5 and 8.5, but some of
them provide even 3 h resolution data.

To better simulate phenomena induced by processes predicted by large-scale climate
models at the urban scale, downscaling techniques are used to infer information at the
proper local scale. These underlie the provision of detailed models to enable the simulation
of urban-scale scenarios.

The concept of downscaling that we use in SCORE is not only to produce local-scale
data that may be of interest by themselves but also to enable the creation of new downstream
models (urban-scale models) that are crucial, for example, for flood mapping and the study
of adaptation solutions. In SCORE, downscaling was mainly focused on increasing the
spatial resolution of projections. The reason for this choice was principally due to the
availability of the physical variables and their accuracy in simulating wave climate, sea
water level, and rainfall rate at a sufficient temporal resolution, which was identified as
3 h, for all ten coastal cities. Marine and hydrological variables were downscaled using
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physical models nested in the RCMs along the projection time range. Atmospheric spatial
downscaling was instead assumed as less critical, and a statistical (neural-network-based)
approach was thus experimentally used to produce some sensitivity estimations for the
downstream models and the projection resolutions (in addition, note that an atmospheric
physical downscaling would be particularly computationally demanding and out of the
scope the project).

The RCMs related to the EUROCORDEX project are run on a geographical domain
containing all the CCLLs of the project. In order to guarantee consistency, produced
historical (1950-2005), evaluation (1979-2019), and scenario (2006-2100) runs of the same
RCM have been used.

Coastal cities have specificities compared to the surrounding natural coastal territory:
being located on the sea, they are the parts of the territory in which resident people are,
perhaps, most susceptible to the effects of climate change, which is also due to the effects
of SLR.

This requires that the data of greatest interest include marine data alongside traditional
meteorological and hydrological data, as they are needed to estimate, for example, the
effects of storm surges, extreme sea levels, or coastal erosion.

The main data of interest are therefore:

e  Wave data, which are used for various applications, such as estimating run-up ex-
tremes or forcing coastal morphodynamics;

e  Sea-level data, which are used for estimating storm surge effects and interactions with
urban hydraulics;

e Hydrological data, such as flow rates and levels, which are needed for urban flooding
models as well as to improve understanding of the potential effects of EBA solutions;

e  Meteorological data, which are needed to force all the other models, for example, to
provide a more correct distribution of the rainfall input to hydrological models.

Each of these datasets needs to be produced with tools, mainly models, that are
different from each other.

In terms of modelling choices, another general preference was given to physical models
that provide greater flexibility of use by avoiding the use of multi-nesting techniques. In
particular, especially for marine models, the adoption of unstructured mesh models was
preferred. This is because the aim of the project is not to build climate services on uniform
grids or with a uniform level of output but to focus on specific coastal areas in order to
build tools that guarantee the provision of highly detailed data for those areas and to
possibly maintain a certain easiness to replicate/adapt procedures and to guarantee the
exportability of the methods adopted in other contexts.

3.5. Data Quality and Standards

Conformity with the common data model and data format specifications is desirable
to ensure both easy cooperative data analysis and automated machine readability of data.
Most of the solutions adopted are finalised to implement the FAIR approach. The SCORE
project will benefit from data consistent with the international data sharing principles
and comply with agreed specifications and standards, such as ESGF, the International
Organisation for Standardisation (ISO) specifications, Open Geospatial Consortium (OGC)
Web Coverage Service, ESGF, OPeNDAP, or application programming interfaces such as
REST API], acting like a mediator between the users and the resources they need. In this
context, the INSPIRE Directive 2007 /2/EC aims to establish an Infrastructure for Spatial
Information in the European Community supported by legislation and technical guidelines
on data models and network services. Most climate data are provided using the Network
Common Data Format (NetCDF) model, following the climate and forecast (CF) convention
for metadata formalisation. The known advantage of NetCDF is that it is self-describing,
i.e., all of the metadata necessary to describe data can be contained in the same NetCDF file.
The recent version of the CF convention allows the use of new NetCDF-4 data types along
with the classical version as well. When NetCDF-4 cannot be used, earlier format versions
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are considered. Other common formats are CSV and ASCII files for plain text information
and GeoTIFF to share geographic images with georeferencing metadata embedded in TIFF
files themselves. Weather radar products or HF radars are instead made available in HDF5
or GRIB format. Data from local networks complementing the climate information from
climate services are thus provided or converted in a common and unified format for the
SCORE partners. All this information is being gathered into the SCORE ICT Platform (SIP),
allowing interfacing between the SCORE database and existing databases.

3.6. Improving User Accessibility: The SCORE Project Data Portal

In the framework of the SCORE project, climate services are intended to help not only
the scientific community but also the public in understanding the risks induced by climate
change and to empower all the stakeholders to respond to them. The idea behind SCORE is
that climate services should serve as public goods that any user can access and exploit [4].
Therefore, (i) climate (meta)data and information should be open and free of charge and
available online to guarantee easier accessibility to services on websites and platforms
through direct download or sub-setting service, and (ii) CCSs identified in the framework
of SCORE should guarantee a strong user experience of the web portals.

According to the above considerations, a dedicated SCORE ICT Platform (SIP) has been
designed and developed to support all the data and models generated within the SCORE
project. In this framework, to facilitate data retrieval for end-users, SIP also implements
interfaces to collect, store and share all heterogeneous data acquired from relevant climate
services for SCORE. This will allow access to raw data (consisting of both historical datasets
and real-time sensor readings) that feed models that generate climate services.

The SCORE platform consists of the following two macro-subsystems, which run
independent services, as shown in Figure 3.
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Figure 3. High-level architecture of the SCORE platform.

e  The Data Hub—developed using GeoNode (https:/ /geonode.org/, accessed on 17
September 2023) and GeoServer (https:/ /geoserver.org/,accessed on 17 September
2023)—includes the SCORE database where all project data are stored, including
the relevant services (spatial data, metadata, etc.) and interfaces (GUI, etc.). It also
provides the data and metadata catalogue, the data management services, the APIs to
access and manage the catalogue, and the client application;

e  The Sensor Service—based on the FROST server (https://www.iosb.fraunhofer.de/
en/projects-and-products/frost-server.html, accessed on 17 September 2023)—is dedi-
cated to the collecting, cataloguing, and publishing of sensors and sensor data.
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The Data Hub collects information from the sensor services and exposes the list of
sensors inside the data catalogue, along with the other resources directly managed by the
Data Hub itself.

The data portal of the SCORE project exhibits some remarkable features, which are
outlined hereafter:

It aggregates geospatial, documentary, and multimedia content from multiple channels;
It enriches the data that feeds the platform with metadata according to standard
formats (Dublin Core, ISO, etc.);

e It offers visual tools for creating maps, dashboards, and geostories based on the
catalogue of data and documents (in addition to being published on the platform itself,
these representations can be included in external portals and web pages);

e It is based on open-source software that can be used without license fees, is freely
analysed for quality and safety checks, and can be extended and modified by anyone.

e  Itis accessible at the following URL: https:/ /platform.score-eu-project.eu/, accessed
on 17 November 2023. The relevant landing page is depicted in Figure 4.

Oscore B D s o B

SCORE Platform

Data  Maps

Featured

PRI

Figure 4. Landing page of the SCORE platform at URL https://platform.score-eu-project.eu/,
accessed on 17 November 2023.

4. Discussion
4.1. Research versus Users’ Needs

The interaction between users and providers of the climate service is one of the least
developed aspects of climate services. The demand for user-driven climate information is
growing in almost every impact sector. Nevertheless, there is a broad agreement that climate
services tend to be more centred on the production of outputs that are not easy to handle
due to, e.g., the lack of technical capacity to interpret the outputs, thus limiting their use for
context-specific needs and decision making [64]. Good practices and strategies to achieve
effective user engagement have been fostered by WMO [68]. There, recommendations are
provided with examples of the use of climate information, showing who is involved in the
engagement, how their engagement operates, and the goal to achieve. In this context, use
cases are very serviceable and are part of the SCORE project strategy as examples of data
and service deployment to guide the users through some relevant climate services.

The CCLL concept introduced in SCORE is a user-centric social system focusing on
co-developing coastal city interventions to mitigate the impacts of climate change. It in-
volves the co-creation and co-production concepts that have been proven to be a valuable
form of collaborative governance between different actors playing critical roles in climate
adaptation. As such, users are involved from the very beginning of the project. They
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collaborate in gathering and analysing data and information and share critical thoughts.
Users and policy needs should drive the evolution of climate services in the coastal environ-
ments. Their involvement is crucial to better address questions related to spatial scale and
resolution, time scenarios, and choice of variables and, thus, to develop products tailored
to their expectations [57]. For instance, interactions between Copernicus and the European
countries will be deepened in the future. National marine engagement plans are to be set
up to allow specific discussions between the Entrusted Entity for the Marine Service and EU
Member States. This will contribute to a better integration of the CMEMS with European
countries’ expectations, which is of particular relevance in the context of the co-design of
services and products and for implementing actions with Member States in the coastal
areas. A similar roadmap was recently delivered for other Copernicus services [91]. Such
evolution will be crucial for the risk assessment of coastal zones. Precursor activities such
as ongoing European projects will contribute to enhancing the exploitation of European
climate services with regard to coastal areas [71].

4.2. Fragmented and Heterogeneous Knowledge and Data Sparse

Gaps in climate and weather information in data-sparse regions of the ocean and
seas undermine climate services worldwide. Coastal and marine data specifically tends
to be unfortunately gathered and stored in fragmented ways across Europe by different
national agencies, industries, and institutions. This is also due to the prohibitive cost of
acquiring data from the marine environment, often resulting in collecting data for specific
purposes or user needs. Fragmented datasets prevent marine knowledge and interactions
between land and sea, which are crucial to addressing climate resilience and the sustainable
economic development of Europe’s marine sector. Moreover, this makes access difficult for
non-expert or ad hoc data users.

The issue in Europe has been partially addressed recently by international initiatives
like the CMEMS or EMODnet. Nevertheless, some data (e.g., in situ wave data, buoys,
or multidisciplinary parameters at depth) are still very sparse and concentrated in a few
areas, thus limiting their application in local-scale models. Gaps in EOVs are partially filled
through satellite observations, e.g., Sentinel missions or modelling techniques. Nonetheless,
in situ measurements, including tide-gauge networks, are fundamental to validate and
complement the information retrieved by satellite-based measurements and models [73].

Data assimilation is an objective method to fill in the gaps in observations and com-
bine these data with model information to provide an estimate of the likely state (and
uncertainty) of the Earth system [92]. Additional sources of data are retrieved by citizen
science low-cost sensors and local data provided by local environmental agencies, weather
services, and consortia. These provide an opportunity to extend the range of observational
networks available to society and, in particular, at spatiotemporal scales that are highly
relevant to local-scale impact studies. Nevertheless, merging these data with traditional
sources (in situ and satellite) is not trivial, as they need to satisfy essential standards and
requirements to be assimilated [92]. In this framework, standards facilitate interoperability,
usage, and facility to integrate with other data. Standards also enhanced the reusability
and integrity of data underlying climate research.

Data should be available at a suitable scale to address a particular question. Observa-
tional marine datasets often provide insufficient spatial and temporal coverage to provide
reliable statistics and the data needed for local coastal impact studies. To partially fill
this gap, reanalysis and hindcasts are used as an alternative. These, along with historical
time series, are needed for operational purposes on shorter time ranges (e.g., seasonal to
multi-annual), such as those required for urban planning for data-sparse regions. Long-
term projections are instead mandatory for longer-term erosion, e.g., to model coastal
erosion and related protection or for adaptation plans and policies [93]. Moreover, in this
context, for sea-level scenarios, there is a generalised lack of information on the temporal
dynamics of sea-level changes [3]. Sources of temporal variability in sea-level projections,
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like mesoscale processes (El Nifio) or interactions between tides and SLR [94], are often
assumed to be stable in the future or considered as additional uncertainty [3,95].

4.3. Computational Challenges and Interoperability

The management of massive datasets and the algorithms involved in impact modelling
and downscaling are complex and computationally demanding. Actually, this is part of the
challenges of Big Data. Storage volume, process rate to transform data, data access, as well
as visualisation are the main issues to be addressed [63].

Creating the conditions to combine climate and marine data with other sources to
support the development of effective tools and models for climate change adaptation is
fundamental. This allows interoperability to be achieved, using common conventions and
standards to facilitate data use and accessibility [63,69]. In the SCORE project, interfacing
between the SCORE database and other relevant multiple sources following an Open
Science approach is foreseen through an ICT Platform. This will ensure data storage and
single-point access to any relevant information for project users, which will constitute an
efficient tool for sharing knowledge on climate and marine-related hazards in the CCLLs.

Another major challenge in this framework is the incorporation of continuously up-
dated climate data into the system. In the SCORE project, the integration and representation
of spatially distributed and real-time data derived from both institutional and cost-effective
sensors will be simplified by the use of smart GIS-based tools such as digital twins and
early warning support systems (currently in development). These data will be utilised to
visualise CCLLs in both present and future scenarios, thus making the integration of low-
cost citizen science sensors with weather forecasts and climate projections possible. The
collected sensor data will be utilised in the tools within the digital twins and early warning
support systems until the next maintenance cycle. These tools will measure specific param-
eters in various CCLLs, incorporating citizen science activities and diverse hydrodynamic
models. The weather forecast acts as a dynamic input for the DT system, while the digital
terrain model (DTM) used by models remains a static input. If, on the one hand, this can
be seen as a potential shortcoming of the system, on the other hand, this offline mode
enables environmental monitoring in a back-test scenario, evaluating model reliability and
environmental resilience under varying weather conditions and modifications to urban
infrastructures with a limited computational effort.

4.4. Fostering Interdisciplinarity

Data from climate services should be integrated with other information to improve
transnational, national, and local (urban) climate change risk and vulnerability assessments.
Adaptation services providing complementary information to climate services for different
sectors (e.g., on cost loss-benefits assessments, tools, and policies) are crucial. Climate im-
pact analysis requires an integrated interdisciplinary collaboration [12,96]. Intermediaries
with knowledge of different disciplines could help in these cases. Intermediaries such as
citizens, professionals, and scientists operating within the same sector might have different
views on how to adapt to the sector’s climate vulnerability, especially because they perceive
the sector’s ecosystem services differently (see [89] for the particular example of Adriatic
food production through marine aquacultures). Acknowledging and including social and
human sciences within climate action will strengthen climate resilience by empowering
citizens and creating an integrated and focused network throughout society (see [89]). A
framework for such participatory co-creation was recently developed by [97], while practi-
cal examples of co-created early warning adaptation pathways were recently published
that included Living Lab and citizen science approaches [98,99].

Consequently, the interaction with other non-scientific disciplines will also advance
climate services towards transdisciplinarity, facilitate mutual learning, and be of great help
in translating knowledge into usable information [7]. Despite the call for the inclusion
of social sciences in climate services over the past few years, the research mainstream is
still strongly oriented towards natural sciences. Insights from social and human sciences
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may lead to achieving a smoother interface between data producers and users and to
a more robust knowledge of climate service co-production [100]. Social sciences can
contribute to the co-production, co-design, governance, and innovation of climate services
by improving the accessibility of such services [69]. The CCLL concept in the SCORE project
works towards this direction since it involves ongoing research, knowledge, and tools
from different stakeholders dealing with interlinked environmental and socioeconomic
issues [101].

4.5. User Engagement and Impact on Decision Making

A meaningful decision-making support service would demand an active role of scien-
tists in understanding the governance and the context in which stakeholders and end-users
operate. Researchers can help support decision making under uncertainties or lack of
climate data availability. On the other hand, information has to be clear, and uncertainty
must be communicated in a proper way to increase the effectiveness of actions [102].
Engaging different users to identify improvements to CCSs through co-design and co-
production is crucial. Actually, user engagement goes beyond service distribution, rather
aiming to improve the quality of climate services through the co-production of usable
knowledge [69,100].

In this context, the role of the CCLLs is crucial as a “real-test” laboratory to develop
alternative solutions to climate change adaptation. The Living Lab framework ensures
enhanced end-user ownership of solutions through an integrative process. In the CCLL
framework, there is a continuous exchange among the CCLL core team and involved
end-users. The core team participates in the training and provides contact persons with
technical backgrounds, and the users become co-designers and co-developers of smart
solutions based on their own experience. By doing this, the possibility of success and
acceptance of the developed solutions greatly increases.

4.6. Methodology Evaluation

As the CCLLs are supposed to be a through-time evolving collaborative of stakehold-
ers, the metrics to assess the CCSs’ effectiveness through the co-creative CCLL approach are
acquired by analysing the number of non-project users and stakeholder identities linked
to the CCSs, both during the remaining SCORE period and beyond, along with whether
newly developed early warning support systems will be adopted, upscaled, upgraded,
and used within the CCLL. Since these metrics are not yet available, the methodology
can currently not be assessed as being useful or effective, but the current paper is trying
to integrate CCLL input in the CCSs in development. Thus, the current paper should be
considered more of a methodology proposal than a research paper.

5. Conclusions

This paper presents a framework for the preparation of a fit-for-purpose user-driven
climate service to address coastal climate-related risks in urban areas. Building on previous
experience in Europe and on the CCLL approach of the SCORE project, key user needs
and requirements are delineated. As outlined in the previous paragraph, some important
conclusions and answers to the initial research questions can be drawn from this work, as
listed hereinafter.

The climate information available to date on coastal environments in Europe was
gathered and provided to the CCLLs. The application and needs are geographically
distributed across Europe, which renders the approach and underlying considerations
transferable throughout urban coastal areas facing similar challenges, such as SLR, coastal
floods, storms, and erosion.

This work showcased the requirements for the baseline characterisation of the histori-
cal period and for the climate projections of interest for the activities of the SCORE project
by embracing the involvement of a large audience of different users.
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Data selected and produced should be user-oriented, i.e., fit-for-purpose for specific
applications at the local coastal scale, following appropriate specifications and standards.
At the same time, the processing should be sustainable in terms of computational costs,
timing of the activities and dedicated budget. The active involvement of the users in the
engagement process through co-development and co-designing is crucial to better delineate
their needs and specific actions at the coastal urban scale. The creation of a dedicated
project data portal fulfils the need for a climate and marine data repository from relevant
CCSs across Europe, thus facilitating consultation and use within the project to deliver
project activities and, in particular, modelling.

One of the main challenges to be addressed in this context is reducing the gap between
science data providers and end-users in terms of needs. This can also be achieved by en-
hancing the synergies between different research sectors, which can facilitate the translation
of information to non-academic users and stakeholders. The research is supposed to guide
users towards coastal models and products that are sufficiently accurate and spatiotem-
porally resolved to incorporate scenarios or projections of, e.g., SLR, coastal erosion, and
flooding, and to respond to their needs. Another major gap is related to the sparseness
and insufficient coverage of observational marine data. Nevertheless, CCSs and initiatives
across Europe are trying to fill the gap.

In terms of the future perspective of SCORE’s CCLL local climate services, while all
of the previously mentioned issues will be addressed by establishing the CCSs for each of
the 10 CCLLs within the next phase of the SCORE project, they will upgrade the current
situation of CCSs in Europe, with the feedback of the collected experience of the SCORE
project and in the light of ongoing experience of similar projects. The current work provides
new insights about relevant users’ requirements through the mediation of CCLL, which
is a novel approach bridging the gap between data providers and end-users in coastal
cities and creates challenges of providing tailored climate information to address climate
change in different coastal contexts, like the 10 SCORE CCLLs, and across Europe. The
analysis of coastal users’ needs and technical requirements will, in time, define the tailored
local-scale climate services for SCORE’s coastal cities through a co-creative approach, but it
depends largely on the further development of each CCLL and can only be finally assessed
after the finalisation of the project. Thus, the project data hub developed as an approach
here will identify user needs and indicate the needed parameters, tools, and products, as
well as define the technical features, optimise data collection, and provide the best user
experience for its CCSs, but the specific criteria and assessment details should be more
readily available within some two years from now, and it is anticipated that fit-for-purpose
CCSs will emerge, along with potential perspectives.

Author Contributions: Conceptualization, R.P, I.A. and T.A; methodology, R.P,, LA. and T.A.; formal
analysis, R.P.,, I.A. and T.A,; data curation, R.P, .A. and T.A.; writing—original draft preparation,
all authors; writing—review and editing, all authors; supervision, L.B. and S.G.; project administra-
tion, S.G.; funding acquisition, S.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the project SCORE (Smart Control of the Climate Resilience
in European Coastal Cities), funded by the European Commission’s Horizon 2020 research and
innovation programme under grant agreement No. 101003534.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.



Sustainability 2024, 16, 335 23 of 26

References

1. Cortekar, J.; Bender, S.; Brune, M.; Groth, M. Why climate change adaptation in cities needs customised and flexible climate
services. Clim. Serv. 2016, 4, 42-51. [CrossRef]

2. NRC. A Climate Services Vision: First Steps toward the Future; National Academies Press: Washington, DC, USA, 2001.

3. Le Cozannet, G.; Nicholls, R.; Hinkel, J.; Sweet, W.; Mcinnes, K.; van de Wal, R.; Slangen, A.; Lowe, ].; White, K.; Nicholls, R.J.;
et al. Sea Level Change and Coastal Climate Services: The Way Forward. J. Mar. Sci. Eng. 2017, 5, 49. [CrossRef]

4. Brasseur, G.P; Gallardo, L. Climate services: Lessons learned and future prospects. Earth’s Future 2016, 4, 79-89. [CrossRef]

5. WMO. Position Paper on Global Framework for Climate Services; World Meteorological Organization (WMO): Geneva, Switzerland,
2010; p. 48.

6. Swart, R].,; de Bruin, K.; Dhenain, S.; Dubois, G.; Groot, A.; von der Forst, E. Developing climate information portals with users:
Promises and pitfalls. Clim. Serv. 2017, 6, 12-22. [CrossRef]

7.  Bessembinder, J.; Terrado, M.; Hewitt, C.; Garrett, N.; Kotova, L.; Buonocore, M.; Groenland, R. Need for a common typology of
climate services. Clim. Serv. 2019, 16, 100135. [CrossRef]

8.  European Commission A European Green Deal | European Commission. Available online: https://ec.europa.eu/info/strategy/
priorities-2019-2024 /european-green-deal_en (accessed on 15 December 2021).

9.  Biihler, M.M,; Sebald, C.; Rechid, D.; Baier, E.; Michalski, A.; Rothstein, B.; Niibel, K.; Metzner, M.; Schwieger, V.; Harrs, ].A.; et al.
Application of copernicus data for climate-relevant urban planning using the example of water, heat, and vegetation. Remote Sens.
2021, 13, 3634. [CrossRef]

10. Sanchez-Garcia, E.; Rodriguez-Camino, E.; Bacciu, V.; Chiarle, M.; Costa-Saura, J.; Garrido, M.N.; Lledd, L.; Navascués, B.;
Paranunzio, R.; Terzago, S.; et al. Co-design of sectoral climate services based on seasonal prediction information in the
Mediterranean. Clim. Serv. 2022, 28, 100337. [CrossRef]

11. Goddard, L. From science to service. Science 2016, 353, 1366-1367. [CrossRef]

12. Lawrence, ].; Stephens, S.; Blackett, P; Bell, R.G.; Priestley, R. Climate Services Transformed: Decision-Making Practice for the
Coast in a Changing Climate. Front. Mar. Sci. 2021, 8, 703902. [CrossRef]

13. Joussaume, S.; Guglielmo, F.; Bessembinder, J.; Djurdjevic, V.; Doblas Reyes, E; Garrett, N.; Hewitt, C.; Jiménez, 1.C.; Kjellstrom,
E.; Krzic, A.; et al. Recommendations to Horizon Europe on Research Needs for Climate Modelling and Climate Services.
2019. Available online: https://www.climateurope.eu/wp-content/uploads/2019/09/D4_4_Climateurope_Recommendations_
PageLayout_02August.pdf (accessed on 25 December 2023).

14. Hinkel, J.; Jaeger, C.; Nicholls, R.J.; Lowe, J.; Renn, O.; Peijun, S. Sea-level rise scenarios and coastal risk management. Nat. Clim.
Change 2015, 5, 188-190. [CrossRef]

15. Oppenheimer, M.; Glavovic, B.C.; Hinkel, J.; van de Wal, R. Sea Level Rise and Implications for Low Lying Islands, Coasts and
Communities; Cambridge University Press: Cambridge, UK, 2019.

16. Vitousek, S.; Barnard, P.L.; Fletcher, C.H.; Frazer, N.; Erikson, L.; Storlazzi, C.D. Doubling of coastal flooding frequency within
decades due to sea-level rise. Sci. Rep. 2017, 7, 1399. [CrossRef]

17. Paranunzio, R.; Dwyer, E.; Fitton, ] M.; Alexander, PJ.; Dwyer, B.O. Assessing current and future heat risk in Dublin city, Ireland.
Urban Clim. 2021, 40, 100983. [CrossRef]

18. Paranunzio, R,; Ceola, S.; Laio, F.; Montanari, A. Evaluating the effects of urbanization evolution on air temperature trends using
nightlight satellite data. Atmosphere 2019, 10, 117. [CrossRef]

19. Ma, L.; Huang, G.; Johnson, B.A.; Chen, Z.; Li, M,; Yan, Z.; Zhan, W,; Lu, H.; He, W,; Lian, D. Investigating urban heat-related
health risks based on local climate zones: A case study of Changzhou in China. Sustain. Cities Soc. 2023, 91, 104402. [CrossRef]

20. Paranunzio, R.; Guerrini, M.; Dwyer, E.; Alexander, PJ.; O'Dwyer, B. Assessing Coastal Flood Risk in a Changing Climate for
Dublin, Ireland. . Mar. Sci. Eng. 2022, 10, 1715. [CrossRef]

21. Koks, E.E,; Jongman, B.; Husby, T.G.; Botzen, W.J.W.W. Combining hazard, exposure and social vulnerability to provide lessons
for flood risk management. Environ. Sci. Policy 2015, 47, 42-52. [CrossRef]

22. Tate, E.; Rahman, A.; Emrich, C.T.; Sampson, C.C. Flood exposure and social vulnerability in the United States. Nat. Hazards 2021,
106, 435-457. [CrossRef]

23. Rosenzweig, B.R.; McPhillips, L.; Chang, H.; Cheng, C.; Welty, C.; Matsler, M.; Iwaniec, D.; Davidson, C.I. Pluvial flood risk and
opportunities for resilience. Wiley Interdiscip. Rev. Water 2018, 5, €1302. [CrossRef]

24. Percival, S.; Teeuw, R. A methodology for urban micro-scale coastal flood vulnerability and risk assessment and mapping. Nat.
Hazards 2019, 97, 355-377. [CrossRef]

25. Xu, K; Zhuang, Y.; Yan, X.; Bin, L.; Shen, R. Real options analysis for urban flood mitigation under environmental change. Sustain.
Cities Soc. 2023, 93, 104546. [CrossRef]

26. Guerreiro, S.B.; Dawson, R.J.; Kilsby, C.; Lewis, E.; Ford, A.; Guerreiro, S.B.; Ford, A.; Dawson, R.J.; Kilsby, C.; Lewis, E.; et al.
Future heat-waves, droughts and floods in 571 European cities. Environ. Res. Lett. 2018, 13, 034009. [CrossRef]

27. Neumann, B.; Vafeidis, A.T.; Zimmermann, J.; Nicholls, R.J. Future Coastal Population Growth and Exposure to Sea-Level Rise
and Coastal Flooding—A Global Assessment. PLoS ONE 2015, 10, e0118571. [CrossRef] [PubMed]

28. Kulp, S.A,; Strauss, B.H. New elevation data triple estimates of global vulnerability to sea-level rise and coastal flooding. Nat.

Commun. 2019, 10, 4844. [CrossRef] [PubMed]


https://doi.org/10.1016/j.cliser.2016.11.002
https://doi.org/10.3390/jmse5040049
https://doi.org/10.1002/2015EF000338
https://doi.org/10.1016/j.cliser.2017.06.008
https://doi.org/10.1016/j.cliser.2019.100135
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://doi.org/10.3390/rs13183634
https://doi.org/10.1016/j.cliser.2022.100337
https://doi.org/10.1126/science.aag3087
https://doi.org/10.3389/fmars.2021.703902
https://www.climateurope.eu/wp-content/uploads/2019/09/D4_4_Climateurope_Recommendations_PageLayout_02August.pdf
https://www.climateurope.eu/wp-content/uploads/2019/09/D4_4_Climateurope_Recommendations_PageLayout_02August.pdf
https://doi.org/10.1038/nclimate2505
https://doi.org/10.1038/s41598-017-01362-7
https://doi.org/10.1016/j.uclim.2021.100983
https://doi.org/10.3390/atmos10030117
https://doi.org/10.1016/j.scs.2023.104402
https://doi.org/10.3390/jmse10111715
https://doi.org/10.1016/j.envsci.2014.10.013
https://doi.org/10.1007/s11069-020-04470-2
https://doi.org/10.1002/wat2.1302
https://doi.org/10.1007/s11069-019-03648-7
https://doi.org/10.1016/j.scs.2023.104546
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1371/journal.pone.0118571
https://www.ncbi.nlm.nih.gov/pubmed/25760037
https://doi.org/10.1038/s41467-019-12808-z
https://www.ncbi.nlm.nih.gov/pubmed/31664024

Sustainability 2024, 16, 335 24 of 26

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

Langsdorf, S.; Loschke, S.; Moller, V.; Okem, A. Climate Change 2022 Impacts, Adaptation and Vulnerability; Working Group II
Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2022.
Intergovernmental Panel on Climate Change (IPCC). Technical Summary. In The Ocean and Cryosphere in a Changing Climate;
Cambridge University Press: Cambridge, UK, 2022; pp. 39-70. [CrossRef]

Cardona, O.; van Aalst, M.; Birkmann, J.; Fordham, M.; McGregor, G.; Perez, R.; Pulwarty, R.; Schipper, E.; Sinh, B. Determinants
of Risk: Exposure and Vulnerability. In Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation—
Special Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2012; pp. 65-108.
[CrossRef]

Bisaro, A.; de Bel, M.; Hinkel, J.; Kok, S.; Stojanovic, T.; Ware, D. Multilevel governance of coastal flood risk reduction: A public
finance perspective. Environ. Sci. Policy 2020, 112, 203-212. [CrossRef]

Hinkel, ].; Church, J.A.; Gregory, ]. M.; Lambert, E.; Le Cozannet, G.; Lowe, ].; McInnes, K.L.; Nicholls, R.].; van der Pol, T.D.; van
de Wal, R. Meeting User Needs for Sea Level Rise Information: A Decision Analysis Perspective. Earth’s Future 2019, 7, 320-337.
[CrossRef]

Tol, R.S].; Klein, R.J.T,; Nicholls, R.]. Towards successful adaptation to sea-level rise along Europe’s coasts. J. Coast. Res. 2008, 24,
432-442. [CrossRef]

Cavelier, R.; Borel, C.; Charreyron, V.; Chaussade, M.; Le Cozannet, G.; Morin, D.; Ritti, D. Conditions for a market uptake of
climate services for adaptation in France. Clim. Serv. 2017, 6, 34—40. [CrossRef]

CDP. Cities at Risk: Dealing with the Pressures of Climate Change; CDP: London, UK, 2021.

Noble, K.; Ensefiado, E.M. Analyzing co-creation levels of urban living labs in Europe. Vis. Sustain. 2022, 18, 1-16.

Vollstedt, B.; Koerth, J.; Tsakiris, M.; Nieskens, N.; Vafeidis, A.T. Co-production of climate services: A story map for future coastal
flooding for the city of Flensburg. Clim. Serv. 2021, 22, 100225. [CrossRef]

Tiwari, A.; Campos Rodrigues, L.; Lucy, EE.; Gharbia, S.; Rodrigues, L.C.; Lucy, EE.; Gharbia, S. Building Climate Resilience in
Coastal City Living Labs Using Ecosystem-Based Adaptation: A Systematic Review. Sustainability 2022, 14, 10863. [CrossRef]
Alexander, M.; Dessai, S. What can climate services learn from the broader services literature? Clim. Chang. 2019, 157, 133-1409.
[CrossRef] [PubMed]

Williams, D.S.; Mafez Costa, M.; Kovalevsky, D.; van den Hurk, B.; Klein, B.; Meifiner, D.; Pulido-Velazquez, M.; Andreu, J.;
Suarez-Almifana, S. A method of assessing user capacities for effective climate services. Clim. Serv. 2020, 19, 100180. [CrossRef]
Taylor, A.L.; Dessai, S.; De Bruin, W.B. Communicating uncertainty in seasonal and interannual climate forecasts in Europe.
Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2015, 373, 20140454. [CrossRef] [PubMed]

Morss, R.E.; Wilhelmi, O.V.; Downton, M.W.; Gruntfest, E. Flood risk, uncertainty, and scientific information for decision making:
Lessons from an interdisciplinary project. Bull. Am. Meteorol. Soc. 2005, 86, 1593-1601. [CrossRef]

Houtkamp, J.; la Riviere, I.; de Groot, H.; Janssen, S.; de Jong, A. From research data to web-based policy tools: User-centered
design techniques in the development of the AgMIP impacts explorer. In Proceedings of iEMSs 2016 Conference Environmental
Modelling and Software for Supporting a Sustainable Future, the 8th International Congress on Environmental Modelling and Software;
Toulouse, France, 10-14 July 2016, Volume 4, pp. 841-848.

Tribbia, J.; Moser, 5.C. More than information: What coastal managers need to plan for climate change. Environ. Sci. Policy 2008,
11, 315-328. [CrossRef]

Hossain, M.; Leminen, S.; Westerlund, M. A systematic review of living lab literature. . Clean. Prod. 2018, 213, 976-988. [CrossRef]
Hyysalo, S.; Hakkarainen, L. What difference does a living lab make? Comparing two health technology innovation projects.
CoDesign 2014, 10, 191-208. [CrossRef]

Earthdata. NASA Essential Variables. Available online: https://www.earthdata.nasa.gov/learn/backgrounders/essential-
variables (accessed on 20 December 2022).

Simm, J.; Gouldby, B.; Lumbroso, D.; Matthewson, T. Effective Coastal Climate Services—An End-User Perspective for Resilient
Infrastructure. Front. Mar. Sci. 2021, 8, 706048. [CrossRef]

WMO GCOS. Essential Climate Variables. Available online: https://gcos.wmo.int/en/essential-climate-variables (accessed on
20 December 2022).

Weatherdon, L.; Fletcher, R.; Jones, M.; Sullivan, E.; Tittensor, D.; Mcowen, C.; Geffert, L.; van Bochove, ].-W.; Thomas, H.; Blyth, S.;
et al. Manual of Marine and Coastal Datasets of Biodiversity Importance; UNEP-WCMC: Cambridge, UK, 2015; ISBN 9789280733938.
Tall, A. What Do We Mean by Climate Services? Spec. Bull. World Meteorol. Organ. 2013, 62, 7-11.

Martinez, A.; Iglesias, G. Wind resource evolution in Europe under different scenarios of climate change characterised by the
novel Shared Socioeconomic Pathways. Energy Convers. Manag. 2021, 234, 113961. [CrossRef]

Giorgi, F. Thirty Years of Regional Climate Modeling: Where Are We and Where Are We Going next? J. Geophys. Res. Atmos. 2019,
124, 5696-5723. [CrossRef]

John, A.; Douville, H.; Ribes, A.; Yiou, P. Quantifying CMIP6 model uncertainties in extreme precipitation projections. Weather
Clim. Extrem. 2022, 36, 100435. [CrossRef]

Horton, B.P; Khan, N.S.; Cahill, N.; Lee, ].S.H.; Shaw, T.A.; Garner, A J.; Kemp, A.C.; Engelhart, S.E.; Rahmstorf, S. Estimating
global mean sea-level rise and its uncertainties by 2100 and 2300 from an expert survey. NPJ Clim. Atmos. Sci. 2020, 3, 18.
[CrossRef]


https://doi.org/10.1017/9781009157964.002
https://doi.org/10.1017/CBO9781139177245.005
https://doi.org/10.1016/j.envsci.2020.05.018
https://doi.org/10.1029/2018EF001071
https://doi.org/10.2112/07A-0016.1
https://doi.org/10.1016/j.cliser.2017.06.010
https://doi.org/10.1016/j.cliser.2021.100225
https://doi.org/10.3390/su141710863
https://doi.org/10.1007/s10584-019-02388-8
https://www.ncbi.nlm.nih.gov/pubmed/31866701
https://doi.org/10.1016/j.cliser.2020.100180
https://doi.org/10.1098/rsta.2014.0454
https://www.ncbi.nlm.nih.gov/pubmed/26460115
https://doi.org/10.1175/BAMS-86-11-1593
https://doi.org/10.1016/j.envsci.2008.01.003
https://doi.org/10.1016/j.jclepro.2018.12.257
https://doi.org/10.1080/15710882.2014.983936
https://www.earthdata.nasa.gov/learn/backgrounders/essential-variables
https://www.earthdata.nasa.gov/learn/backgrounders/essential-variables
https://doi.org/10.3389/fmars.2021.706048
https://gcos.wmo.int/en/essential-climate-variables
https://doi.org/10.1016/j.enconman.2021.113961
https://doi.org/10.1029/2018JD030094
https://doi.org/10.1016/j.wace.2022.100435
https://doi.org/10.1038/s41612-020-0121-5

Sustainability 2024, 16, 335 25 of 26

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Giannini, V.; Bellucci, A.; Torresan, S. Sharing skills and needs between providers and users of climate information to create
climate services: Lessons from the Northern Adriatic case study. Earth Perspect. 2016, 3, 1. [CrossRef]

Foley, A.M. Uncertainty in regional climate modelling: A review. Prog. Phys. Geogr. 2010, 34, 647—670. [CrossRef]

van den Hurk, B.; Hewitt, C.; Jacob, D.; Bessembinder, J.; Doblas-Reyes, F.; Doscher, R. The match between climate services
demands and Earth System Models supplies. Clim. Serv. 2018, 12, 59-63. [CrossRef]

DeConto, R.M.; Pollard, D. Contribution of Antarctica to past and future sea-level rise. Nature 2016, 531, 591-597. [CrossRef]
Wardekker, A. Contrasting the framing of urban climate resilience. Sustain. Cities Soc. 2021, 75, 103258. [CrossRef]

Wilkinson, M.D.; Dumontier, M.; Aalbersberg, 1].; Appleton, G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten, J.W.; da Silva Santos,
L.B.; Bourne, PE,; et al. Comment: The FAIR Guiding Principles for scientific data management and stewardship. Sci. Data 2016,
3,160018. [CrossRef]

Giuliani, G.; Nativi, S.; Obregon, A.; Beniston, M.; Lehmann, A. Spatially enabling the Global Framework for Climate Services:
Reviewing geospatial solutions to efficiently share and integrate climate data & information. Clim. Serv. 2017, 8, 44-58. [CrossRef]
Findlater, K.; Webber, S.; Kandlikar, M.; Donner, S. Climate services promise better decisions but mainly focus on better data. Nat.
Clim. Chang. 2021, 11, 731-737. [CrossRef]

ESS. European Statistical System Handbook for Quality and Metadata Reports: 2020 Edition; Publications Office of the European Union:
Luxembourg, 2020; ISBN 9789276091547

Kluyver, T.; Ragan-Kelley, B.; Pérez, F; Granger, B.; Bussonnier, M.; Frederic, J.; Kelley, K.; Hamrick, J.; Grout, J.; Corlay,
S.; et al. Jupyter Notebooks—A publishing format for reproducible computational workflows. In Positioning and Power in
Academic Publishing: Players, Agents and Agendas—Proceedings of the 20th International Conference on Electronic Publishing; 10S Press:
Amsterdam, The Netherlands, 2016; pp. 87-90. [CrossRef]

Bulens, J.; Vullings, W.; Houtkamp, J.; Vanmeulebrouk, B. Usability of Discovery Portals. In Proceedings of the 16th AGILE
Conference on Geographic Information Science, Leuven, Belgium, 14-17 May 2013; pp. 1-5.

Hewitt, C.D.; Stone, R.C.; Tait, A.B. Improving the use of climate information in decision-making. Nat. Clim. Chang. 2017, 7,
614-616. [CrossRef]

Bruno Soares, M.; Buontempo, C. Challenges to the sustainability of climate services in Europe. Wiley Interdiscip. Rev. Clim. Chang.
2019, 10, €587. [CrossRef]

Benveniste, J.; Mandea, M.; Melet, A.; Ferrier, P. Earth Observations for Coastal Hazards Monitoring and International Services:
A European Perspective. Surv. Geophys. 2020, 41, 1185-1208. [CrossRef]

Melet, A.; Buontempo, C.; Mattiuzzi, M.; Salamon, P; Bahurel, P; Breyiannis, G.; Burgess, S.; Crosnier, L.; Le Traon, P.Y.; Mentaschi,
L.; et al. European Copernicus Services to Inform on Sea-Level Rise Adaptation: Current Status and Perspectives. Front. Mar. Sci.
2021, 8, 703425. [CrossRef]

Buontempo, C.; Hutjes, R.; Beavis, P; Berckmans, J.; Cagnazzo, C.; Vamborg, F.; Thépaut, ].-N.; Bergeron, C.; Almond, S.; Amici,
A.; et al. Fostering the development of climate services through Copernicus Climate Change Service (C3S) for agriculture
applications. Weather Clim. Extrem. 2020, 27, 100226. [CrossRef]

Le Traon, P.Y;; Reppucci, A.; Fanjul, E.A.; Aouf, L.; Behrens, A.; Belmonte, M.; Bentamy, A.; Bertino, L.; Brando, V.E.; Kreiner,
M.B.; et al. From observation to information and users: The Copernicus Marine Service Perspective. Front. Mar. Sci. 2019, 6, 234.
[CrossRef]

Thielen, J.; Bartholmes, J.; Ramos, M.-H.; de Roo, A. Corrigendum to “The European Flood Alert System—Part 1: Concept and
development” published in Hydrol. Earth Syst. Sci., 13, 125-140, 2009. Hydrol. Earth Syst. Sci. 2009, 13, 155. [CrossRef]

Giorgi, F; Jones, C.; Asrar, G.R. Addressing climate information needs at the regional level: The CORDEX framework. WMO Bull.
2009, 58, 175-183.

Jacob, D.; Teichmann, C.; Sobolowski, S.; Katragkou, E.; Anders, I.; Belda, M.; Benestad, R.; Boberg, F.; Buonomo, E.; Cardoso,
R.M.; et al. Regional climate downscaling over Europe: Perspectives from the EURO-CORDEX community. Reg. Environ. Chang.
2020, 20, 51. [CrossRef]

Ruti, PM.; Somot, S.; Giorgi, F.; Dubois, C.; Flaounas, E.; Obermann, A.; Dell’Aquila, A.; Pisacane, G.; Harzallah, A.; Lombardi,
E.; et al. Med-CORDEX Initiative for Mediterranean Climate Studies. Bull. Am. Meteorol. Soc. 2016, 97, 1187-1208. [CrossRef]
Miguez, B.M.; Novellino, A.; Vinci, M,; Claus, S.; Calewaert, ].B.; Vallius, H.; Schmitt, T.; Pititto, A.; Giorgetti, A.; Askew, N.; et al.
The European Marine Observation and Data Network (EMODnet): Visions and roles of the gateway to marine data in Europe.
Front. Mar. Sci. 2019, 6, 313. [CrossRef]

Copernicus. A Selection of 99 User Stories by Local and Regional Authorities| 1 — The Ever Growing Use of Copernicus across Europe’s
Regions; Copernicus: Brussels, Belgium, 2018.

Copernicus Climate Change Service Coastal Flooding in Ireland | Copernicus. Available online: https://climate.copernicus.eu/
coastal-flooding-ireland (accessed on 7 October 2022).

van der Linden, P.; Mitchell, J EB. ENSEMBLES: Climate Change and Its Impacts: Summary of Research and Results from the
ENSEMBLES Project; Met Oftfice: Exeter, UK, 2009.

Christensen, ].H.; Machenhauer, B.; Jones, R.G.; Schir, C.S.; Ruti, PM.; Castro, M.; Visconti, G. Climate Dynamics Validation of
present-day regional climate simulations over Europe: LAM simulations with observed boundary conditions. Clim. Dyn. 1997,
13, 489-506. [CrossRef]


https://doi.org/10.1186/s40322-016-0033-z
https://doi.org/10.1177/0309133310375654
https://doi.org/10.1016/j.cliser.2018.11.002
https://doi.org/10.1038/nature17145
https://doi.org/10.1016/j.scs.2021.103258
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1016/j.cliser.2017.08.003
https://doi.org/10.1038/s41558-021-01125-3
https://doi.org/10.3233/978-1-61499-649-1-87
https://doi.org/10.1038/nclimate3378
https://doi.org/10.1002/wcc.587
https://doi.org/10.1007/s10712-020-09612-6
https://doi.org/10.3389/fmars.2021.703425
https://doi.org/10.1016/j.wace.2019.100226
https://doi.org/10.3389/fmars.2019.00234
https://doi.org/10.5194/hess-13-155-2009
https://doi.org/10.1007/s10113-020-01606-9
https://doi.org/10.1175/BAMS-D-14-00176.1
https://doi.org/10.3389/fmars.2019.00313
https://climate.copernicus.eu/coastal-flooding-ireland
https://climate.copernicus.eu/coastal-flooding-ireland
https://doi.org/10.1007/s003820050178

Sustainability 2024, 16, 335 26 of 26

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Goodess, C.M.; Anagnostopoulou, C.; Bardossy, A.; Frei, C.; Harpham, C.; Haylock, M.R.; Hundecha, Y.; Maheras, P; Ribalaygua,
J.; Schmidli, J.; et al. An intercomparison of statistical downscaling methods for Europe and European regions—assessing their
performance with respect to extreme temperature and precipitation events. Clim. Chang. 2005, 11, 1-68.

Christensen, ].H.; Carter, T.R.; Rummukainen, M.; Amanatidis, G. Evaluating the performance and utility of regional climate
models: The PRUDENCE project. Clim. Chang. 2007, 81, 1-6. [CrossRef]

Gualdi, S. The CIRCE simulations: A new set of regional climate change projections performed with a realistic representation of
the Mediterranean Sea. Bull. Am. Meteor. Soc. 2013, 94, 65-81. [CrossRef]

Hagemann, S.; Machenhauer, B.; Christensen, O.B.; Déqué, M.; Jacob, D.; Jones, R.; Vidale, P.L. Intercomparison of water and
energy budgets simulated by regional climate modelss applied over Europee. Max-Planck-Inst. Meteorol. 2002.

JPI. Climate ERA4CS—JPI Climate. Available online: https:/ /jpi-climate.eu/programme/era4cs/ (accessed on 17 January 2023).
WMO. Step-by-Step Guidelines for Establishing a National Framework for Climate Services; WMO Rep: Geneva, Switzerland, 2018.
Meulenberg, C.J.W.; Hawke, M.; Cavaion, I.; Kumer, P; Lenar¢i¢, B. Understanding interdisciplinarity through Adriatic maricul-
tures and climate change adaptation. Vis. Sustain. 2022, 1-26. [CrossRef]

Carayannis, E.G.; Campbell, D.E]. SpringerBriefs in Business; Springer: Berlin/Heidelberg, Germany, 2013; Volume 26,
ISBN 9788847026575.

Copernicus Environment Monitoring Service Roadmap for the Evolution of Copernicus Marine and Land Services to Bet-
ter Serve Coastal Users. 2018, pp. 1-27. Available online: https://land.copernicus.eu/en/technical-library (accessed on
23 December 2023).

Lahoz, W.A.; Schneider, P. Data assimilation: Making sense of Earth Observation. Front. Environ. Sci. 2014, 2, 16. [CrossRef]
Weisse, R.; Bisling, P.; Gaslikova, L.; Geyer, B.; Groll, N.; Hortamani, M.; Matthias, V.; Maneke, M.; Meinke, 1.; Meyer, EM.; et al.
Climate services for marine applications in Europe. Earth Perspect. 2015, 2, 3. [CrossRef]

Pickering, M.D.; Horsburgh, K.J.; Blundell, J.R.; Hirschi, J.J].M.; Nicholls, R.J.; Verlaan, M.; Wells, N.C. The impact of future
sea-level rise on the global tides. Cont. Shelf Res. 2017, 142, 50-68. [CrossRef]

Slangen, A.B.A.; Carson, M.; Katsman, C.A.; van de Wal, R.S.W.; Kéhl, A.; Vermeersen, L.L.A.; Stammer, D. Projecting twenty-first
century regional sea-level changes. Clim. Chang. 2014, 124, 317-332. [CrossRef]

Ciscar, ].C.; Rising, ].; Kopp, R.E.; Feyen, L. Assessing future climate change impacts in the EU and the USA: Insights and lessons
from two continental-scale projects. Environ. Res. Lett. 2019, 14, 084010. [CrossRef]

Hunter, N.B.; Roberts, D.C.; Sutherland, C.; Slotow, R. Co-creation between cities and climate change science achieves research
and action agenda. Curr. Res. Environ. Sustain. 2022, 4, 100189. [CrossRef]

Veeckman, C.; Temmerman, L. Urban living labs and citizen science: From innovation and science towards policy impacts.
Sustainability 2021, 13, 526. [CrossRef]

Jenewein, O.; Hummel, M.A. Co-Creating Climate Adaptation Pathways in Coastal Cities: A Practical Guide for Engaged Scholars
and Urban Designers. Sustainability 2022, 14, 16046. [CrossRef]

Bojovic, D,; St. Clair, A.L.; Christel, I.; Terrado, M.; Stanzel, P.; Gonzalez, P; Palin, E.J]. Engagement, involvement and empower-
ment: Three realms of a coproduction framework for climate services. Glob. Environ. Chang. 2021, 68, 102271. [CrossRef]
Huang-Lachmann, J.T. Systematic review of smart cities and climate change adaptation. Sustain. Account. Manag. Policy ]. 2019,
10, 745-772. [CrossRef]

Hewitt, C.D.; Guglielmo, E; Joussaume, S.; Bessembinder, J.; Christel, I.; Doblas-Reyes, FJ.; Djurdjevic, V.; Garrett, N.; Kjellstrom,
E.; Krzic, A.; et al. Recommendations for future research priorities for climate modeling and climate services. Bull. Am. Meteorol.
Soc. 2021, 102, E578-E588. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10584-006-9211-6
https://doi.org/10.1175/BAMS-D-11-00136.1
https://jpi-climate.eu/programme/era4cs/
https://doi.org/10.13135/2384-8677/6945
https://land.copernicus.eu/en/technical-library
https://doi.org/10.3389/fenvs.2014.00016
https://doi.org/10.1186/s40322-015-0029-0
https://doi.org/10.1016/j.csr.2017.02.004
https://doi.org/10.1007/s10584-014-1080-9
https://doi.org/10.1088/1748-9326/ab281e
https://doi.org/10.1016/j.crsust.2022.100189
https://doi.org/10.3390/su13020526
https://doi.org/10.3390/su142316046
https://doi.org/10.1016/j.gloenvcha.2021.102271
https://doi.org/10.1108/SAMPJ-03-2018-0052
https://doi.org/10.1175/BAMS-D-20-0103.1

	Introduction 
	Materials and Methods 
	SCORE’s General Framework 
	Identification Search for the Available Coastal Climate Service in Europe 
	Identification of Users and Needs 
	Data Availability 
	Spatial and Temporal Scale 
	Data and Metadata Quality 
	Formats, Standards, and Conventions 
	Accessibility and Portal Design 
	Survey 

	Results 
	Identification and Description of Coastal Climate Services in Europe 
	Identification of User Needs and Engagement through Surveys 
	Use of Historical Data and Projections 
	Spatiotemporal Resolution, Downscaling, and Modelling 
	Data Quality and Standards 
	Improving User Accessibility: The SCORE Project Data Portal 

	Discussion 
	Research versus Users’ Needs 
	Fragmented and Heterogeneous Knowledge and Data Sparse 
	Computational Challenges and Interoperability 
	Fostering Interdisciplinarity 
	User Engagement and Impact on Decision Making 
	Methodology Evaluation 

	Conclusions 
	References

