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Abstract. Despite considerable efforts and progress in in-
creasing resilience to natural hazards, the adverse socio-
economic impacts of extreme weather events continue to in-
crease globally. As climate change progresses, disaster risk
management needs to be aligned with adaptation measures.
In this perspective paper, we discuss complications in dis-
aster risk management that have manifested during recent
events from an interoperability perspective. We argue that
a lack of interoperability between data and models, infor-
mation and communication, and governance is a barrier to
successful integrated disaster risk management and climate
adaptation. On this basis, we take a detailed look at the chal-
lenges involved and suggest that transdisciplinary knowledge
co-production is key to promoting interoperability between
these components. Finally, we outline a framework for en-
abling knowledge co-production to enhance risk governance
by improving ways of facilitating transdisciplinary stake-
holder engagement and draft a novel open-source federated
data infrastructure, which allows stakeholders to consolidate
and connect relevant data sources, models, and information
products.

1 Introduction

In July 2021, the low-pressure system Bernd smashed several
rainfall records and caused catastrophic flooding and havoc
in central Europe, particularly in Germany and Belgium, with
estimated losses exceeding EUR 30 billion and over 200 lives
lost (Mohr et al., 2023). Only a few weeks later, temperatures
around the Mediterranean Sea rose above 40 °C, and forest
fires devastated extended areas. In the north of the Greek is-
land Euboea, already-charred landscapes without trees and
other vegetation to hold water and soils suffered unexpected
extreme precipitation, triggering floods and landslides, caus-
ing severe damage to local settlements and infrastructures.
The series of hydro-climatic extreme events continued in the
summer of 2023, with flooding in the Italian Emilia Ro-
magna region in May, where, after a long period of severe
drought, heavy rainfall washed away houses and livelihoods
(Arrighi and Domeneghetti, 2024); extended periods of ex-
treme heat stress, in particular in southern Europe; and the
record-breaking rainfall deposited by Storm Daniel, which
caused for instance catastrophic flooding in Libya in Septem-
ber. In all these examples and many others worldwide, such
as the Henan floods in China (Hsu et al., 2023) or the Pak-
istan flood in 2022 (Mallapaty, 2022), the impacts on local
communities have gone beyond what has previously been ob-
served. Besides the impacts of climate change, which alter
the frequency and intensity of such events, other factors re-
lated to disaster risk management play a role, as shown when
researching the causes of disasters and avoided disasters.

A closer inspection of flood risk management before and
during the flood in July 2021 in central Europe reveals de-
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ficiencies in communication between actors, in information
exchange between simulation models and users, and in in-
stitutional mechanisms for managing risks and impacts. For
instance, this applies to disseminating flood forecasts and
meaningful warnings for the timely implementation of emer-
gency measures (Thieken et al., 2023; Fekete and Sandholz,
2021; Mohr et al., 2023). Further, lacking awareness of the
actual flood hazard and disregarding information about his-
toric floods in extreme value estimation for defining low-
probability flood scenarios (Vorogushyn et al., 2022) meant
that the population was largely unprepared and emergency
response organizations were overwhelmed. In the absence of
historic flood observations or due to a lack of local flood
experiences, expanding the view to hydrologically similar
catchments is useful for learning about the possible magni-
tude of extreme floods and consequences from other regions
(Kreibich et al., 2017; Bertola et al., 2023). However, antici-
pating local extremes using information from distinct places
in Europe requires access to comprehensive data across re-
gions and countries, which is not straightforward (Bertola
et al., 2023). Whilst learning from other regions facing simi-
lar risks is possible, a lack of “lived experience” and the un-
certainty of the true impacts of the many interacting factors
at play in different locales still prove challenging to act upon.
In addition, the uptake of such information among decision-
makers and stakeholders is often hindered by wishful think-
ing biases (Ommer et al., 2024).

Despite these shortcomings, careful implementation of
natural hazard risk management has demonstrated the capa-
bility to successfully mitigate impacts, even from unprece-
dented or surprising hazard events. A recent analysis of
flood- and drought-paired events pinpoints the reorganiza-
tion of early warning systems and emergency response, im-
proved collaboration between actors, and the integration and
exchange of data with enhanced accessibility of information
as key factors (Kreibich et al., 2022, 2023). However, it is
not enough to analyze and understand the dynamics of disas-
ter risk in terms of what went wrong and what worked well
within the disaster risk management cycle (Schroter et al.,
2018). It is uncontested that learning from thorough ex-post-
event analyses is a fundamental step but must be turned into
actionable recommendations to inform forward-looking risk
management decisions, e.g., to build back better (Keating
et al., 2016). Furthermore, some measures can be maladap-
tive, adding complexity through unexpected direct and indi-
rect effects; e.g., the building of protection schemes can lead
to increased settlement in flood-prone areas, thus increasing
vulnerability (Kates et al., 2006; Burby, 2006; Haer et al.,
2020; Simpson et al., 2021). Management decisions need to
be informed by an understanding of such interdependencies
and the potential for maladaptation (Schipper, 2022).

Owing to changes in climate, vulnerability, and exposure
(Merz et al., 2021; Steinhausen et al., 2022), disaster risk
management is a continuous task and is closely intertwined
with climate change adaptation. For instance, planners and
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decision-makers need to update design values to account for
future changes, adapt structural defenses and flood control
systems, or implement nature-based solutions. The projec-
tion of extreme precipitation and other hydrological variables
under future climate conditions for future flood risk assess-
ment and climate adaptation is the subject of research (Byun
and Hamlet, 2020; Hattermann et al., 2018) but is not an-
chored in planning processes. In some cases, safety margins
for design values are applied to take into account the possi-
ble impacts of climate change. However, these are often not
rooted in evidence-based analyses but are rather subjective
and reflect the decision-makers’ attitude to risk. Therefore,
information on local climate change impacts on hazard vari-
ables, such as rainfall intensity and volume, prolonged dry
spells, and higher extreme temperatures, needs to be pro-
duced but — importantly — also needs to be accessible and
embedded in practical planning processes in a structured and
transparent way.

Responsibilities for planning, implementation, and man-
agement are distributed across administrative offices, which
complicates and impedes the exchange of information and
communication. In addition, communication of climate and
disaster risks to the public is typically a one-way process
and homogeneous but can be enhanced through two-way dia-
logues that identify, engage, and consult with specific stake-
holders to develop tailored communications (requiring de-
tailed analysis of the composition of different actors within
an audience) and three-way participation where communica-
tion becomes a collective and continuous process of knowl-
edge production between citizens, science, and decision-
makers (Stewart, 2024), e.g., using methods such as art and
citizen science, interactive games, and role plays. Key dif-
ferences and examples of the continuum between one-way,
two-way, and three-way communications are provided by
Stewart (2024). Moving from product to process, for in-
stance, the Tandem framework (Daniels et al., 2020) was ap-
plied in a southern African urban context, addressing adap-
tation and disaster risk challenges in peri-urban areas using
a transdisciplinary “learning lab” approach and “embedded
researchers” to bring stakeholders together to identify and
prioritize challenges and co-create solutions, creating long-
lasting relationships that support ongoing networks such as
the public—private multi-stakeholder partnership, e.g., the
Lusaka Water Security Initiative (LuWSi). Recent applica-
tions (Bharwani et al., 2024) have diversified Tandem’s use
in different socio-economic settings and decision domains.
A rural Indonesian community of smallholder coffee and ca-
cao farmers co-created weather forecasts with the national
meteorological office to tailor farmer field school curricula
with local ecological knowledge, concepts, and terminology.
In Sweden, urban planners, meteorological scenario mod-
elers, hydro-climatologists, and city officials co-explored
compound events related to flooding (cloudburst events and
spring floods) and heatwave scenarios to inform the city’s
2024 Stockholm’s Environmental Programme (2020-2023)

https://doi.org/10.5194/nhess-25-3055-2025

and the Climate Adaptation Action Plan (2022-2025). In
Colombia, a participatory group, the river basin council, in-
cluding representatives from local and regional communi-
ties and institutions addressing water scarcity and inequitable
access (farmers, municipalities, NGOs, indigenous popula-
tions, and the private sector), co-designed a graphical web
tool interface that translated hydro-meteorological data into
accessible, relevant, and usable information and language
for basin planning, which continues to be used today. All
of these processes have enhanced information interoperabil-
ity, as well as the capacity and confidence of stakeholders
to work with and recognize the limits of climate information
(Bharwani et al., 2024).

The above non-exhaustive selection of examples — with a
predominant focus on floods — indicates a pattern of com-
plications between the phases of the disaster risk manage-
ment cycle; between the various institutions and actors in-
volved; between the data, methods, and tools deployed; and,
on a higher level, between the planning domains for disas-
ter risk management (DRM) and climate change adaptation
(CCA). We argue that these complications emerge from bar-
riers or gaps within the practical implementation of DRM
and CCA at different levels, as illustrated in Fig. 1. DRM and
CCA involve different governance levels at (inter-)national,
regional, and local scales. The phases of the risk management
cycle are carried out under the direction of various planning
departments with different responsibilities, often with the in-
volvement of consultants and other actors such as emergency
management and insurance companies. Data and models are
usually applied for dedicated tasks in a sectoral approach
and are often agnostic of parallel or subsequent activities.
One example is the production of flood hazard and risk maps
during the implementation of the European Floods Directive
(Directive 2007/60/EC, 2007), with diverging definitions re-
garding the extreme flood scenario, which lead to inconsis-
tencies in hazard and risk information across federal state or
national borders and eventually confuse decision-making for
transboundary flood risk management (Thieken et al. , 2016).

We attribute the emergence of gaps to a lack of inter-
operability within governance structures and processes; in
communication and knowledge exchange between responsi-
ble institutions and actors in the different phases of the risk
management cycle (prevention, preparedness, response, and
recovery); and regarding data, models, and tools that sup-
port the many different tasks and decisions in disaster risk
management. In general terms, interoperability refers to the
ability of a system to work together with other systems or
pieces of equipment or products (Cambridge Dictionary).
From a technical viewpoint, syntactic interoperability means
the ability of two systems to communicate with each other,
and cross-domain interoperability refers to multiple organi-
zations working together and exchanging information. Con-
cerning data, for example, the Infrastructure for Spatial In-
formation in the European Community (INSPIRE) directive
defines interoperability as “the possibility for spatial data sets
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and scales
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supporting decision making in
different phases of DRM + CCA
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communitation between
phases of DRM + CCA

Figure 1. Disaster risk management and climate change adaptation involve different governance levels at (inter-)national, regional, and
local scales. The phases of the risk management cycle are carried out under the direction of various planning departments with different
responsibilities, often with the involvement of consultants and other actors such as emergency management and insurance companies. Data
and tools are usually applied for dedicated tasks in a sectoral approach and are often agnostic of parallel or subsequent activities. The
illustration exemplifies selected gaps (black circles) to evince the critical role of interoperability at different system levels.

to be combined, and for services to interact, without repeti-
tive manual intervention, in such a way that the result is co-
herent and the added value of the datasets and services is
enhanced”.

We suggest that the concept of interoperability can be ap-
plied to DRM and CCA in the sense that the exchange be-
tween different systems is necessary as a prerequisite for in-
formed and efficient decision-making, which ultimately im-
proves disaster resilience. In these domains, systems can be
different actors, responsible institutions, and areas of respon-
sibility in the phases of the risk management cycle. Actors
involved include civil protection, firefighters, healthcare ser-
vices, municipalities, and non-profit organizations, among
others, for whom the exchange of information and commu-
nication is essential for cooperation, e.g., in emergency re-
sponse (Migliorini et al., 2019). Systems also refer to dedi-
cated models, tools, or specific databases or providers, which
are used in the various DRM and CCA tasks for decision
support. Using vast amounts of heterogeneous data for ef-
ficient and informed decision support presents many chal-
lenges regarding the accessibility, comparability, quality, or-
ganization, and dissemination of temporal and spatial data
for natural hazards (Tomas et al., 2015). These various sys-
tems, i.e., data and models, information and communication,
and governance, should be understood as parts of an overall
DRM and CCA system, which requires coordination for the
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interaction between the individual components (Vercruysse
et al., 2019).

Both in higher-level DRM and CCA systems and in these
three systems do we see a variety of interoperability chal-
lenges. For data and models, these relate to technical as-
pects of data accessibility, security, privacy, and licensing,
as well as longevity, information about uncertainty, trans-
parency, and contextualization, e.g., in terms of metadata.
For information and communication, interoperability chal-
lenges pertain to the sector-specific understanding of infor-
mation, including underlying encoded (subjective) assump-
tions, the exchange of knowledge across disciplines, and up-
take in decision-making, as well as oversights, replication,
and redundancy of communication and information use due
to information silos. Interoperability challenges emerge from
governance, financial, and legal mechanisms and processes,
including political will, disconnected short-term financing,
ambiguity in complex decision processes with wide implica-
tions, and the need to harvest the best available knowledge
from various knowledge repositories.

In this perspective paper, we discuss interoperability chal-
lenges for DRM and CCA by taking a detailed look at data
and models, information and communication, and gover-
nance systems (Sect. 2). On this basis, we propose recom-
mendations for overcoming these challenges (Sect. 3) based
on research and development work carried out in the inter-
and transdisciplinary EU innovation project DIRECTED,
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which aims to reduce vulnerability to extreme weather events
and foster disaster-resilient societies by promoting interop-
erability between DRM and CCA. While learning from real-
world labs within the DIRECTED project is based on the spe-
cific conditions given in these European settings, the meth-
ods proposed will be applicable in other geographical and
cultural contexts. We summarize our perspectives on inter-
operability for disaster resilience through transdisciplinary
knowledge co-production (Sect. 4).

2 Challenges

The three systems — data and models, information and com-
munication, and governance — each pose different and spe-
cific challenges to interoperability and are described in the
following sections and illustrated using examples.

2.1 Challenge 1: data and model interoperability

We begin our exploration with the foundational aspects of, in
particular, digital data — specifically, issues of format com-
patibility, standards, and data availability and accessibility.
Moving forward, we discuss the challenges related to the
coupling of models, such as using data outputs from one
model as inputs for another, acknowledging that this can re-
sult in a cascade of uncertainties due to model imperfections
and biases. We highlight the necessity of making these bi-
ases transparent across models and data sources. Finally, we
address the challenges related to the usage and interpretation
of data and models, emphasizing the critical importance of
contextual knowledge and the imperative of transferring ex-
pertise across various domains.

Data are the foundation of any digital information product.
Consequently, the accessibility and quality of data have a di-
rect impact on the possible quality of the information product
and the decisions taken. The principles of FAIR data (find-
able, accessible, interoperable, and reusable) were published
in 2016 (Wilkinson et al., 2016) and have been promoted
since, but they have not yet become standard. Even if data can
be found and accessed in an interoperable way, reusing them
is often not straightforward. Different (open) standards ex-
ist across, but also inside, various domains. In DIRECTED,
most data sets have a spatial and temporal reference and fol-
low standards developed by the Open Geospatial Consortium
(OGC, 2024) that are largely accepted. However, the OGC
also offers more than 30 geospatial data and information ex-
change standards. Whether the desired data set and the tool
to further analyze and process the data are compatible is not
guaranteed, and intermediate steps to further transform and
map the data are often necessary.

The availability and management of data are challenged
not only by the technical aspects of interoperability but also
by legal and operational constraints. Licensing terms can re-
strict the use and sharing of data, since, for instance, scien-

https://doi.org/10.5194/nhess-25-3055-2025

3059

tific users might not have a legal team to handle subtleties
of non-open licenses (e.g., CC BY-NC-SA), non-commercial
users might not have the financial means to pay for expen-
sive data licenses, or commercial users might not want their
derived products to have open licenses (e.g., CC BY-SA).
Furthermore, privacy regulations, such as those mandated
by the General Data Protection Regulation (Regulation (EU)
2016/679), while necessary to protect basic human rights,
impose additional layers of complexity, often requiring data
anonymization. For instance, simply revealing the total num-
ber of minors in a vulnerable region, while potentially valu-
able for risk assessment models, could also be exploited by
human traffickers and thus requires extra care and considera-
tion before sharing. This can inadvertently increase the com-
plexity of the data or the models used. Another critical inter-
operability issue is the longevity and upkeep of necessary ex-
ternal data and models, particularly those developed through
open-source projects initially supported by research funding.
When the funding dries up, these projects often face the risk
of becoming “dead data”, i.e., inaccessible, outdated, or ir-
relevant. The uncertainty surrounding the longevity of open
data and models also stems from a lack of explicit commit-
ments from the providers. The creation of open models and
data sets requires not just a dedication to openness but also a
significant investment of time. Often, these efforts are side-
lined in favor of short-term efficiency, constrained budgets,
or individual career objectives. This compromises interoper-
ability and the potential for long-term benefits, introducing
a risk for users in deciding whether or not to rely on open-
data models. While this results in a data challenge, it is ulti-
mately a governance and cultural challenge. Besides techni-
cal compatibility, metadata are key to meaningfully using the
acquired data and modeling results in subsequent processing
steps. Information about the semantics of the data, their ori-
gin, and their provenance, as well as normative assumptions,
needs to be understood.

In the subsequent processing through models and chains
of models, their final and intermediate outputs are again data,
and the same challenges apply. However, if additional trans-
formations of one model’s output become necessary to be
used as another model’s input, this stresses the importance
of data interoperability. Furthermore, modeling typically im-
plies certain assumptions on the inputs and the outputs, as
well as modeling biases (Wang et al., 2014) and uncertain-
ties (Pianosi et al., 2016; Kropf et al., 2022). Managing and
communicating uncertainties — a result of data quality, model
assumptions, or inherent biases — become increasingly com-
plex as networks of models expand. Quality control, harmo-
nization, and contextualization are essential at each of the
data transfer points between the models to prevent the mag-
nification of errors and uncertainties along the model chain.
Thus, additional information needs to be added to the data
and treated sensibly. While the UncertWeb (Bastin et al.,
2013) project and other initiatives developed some technical
tools and standards, their application in practice is still rare.
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Decision-making biases and uncertainties do not just
arise from model imperfections and measurement errors
but also arise from deeply embedded normative assump-
tions that shape model outputs. These assumptions may
influence adaptation planning substantially; e.g., local and
global economic models may respond sharply to changes in
the underlying assumptions, including growth and develop-
ment projections (Halsnes et al., 2015; Buhaug and Vestby,
2019). Simple pathway-based models, including the Shared
Socio-economic Pathways (SSPs) (O’Neill et al., 2017), may
streamline conceptual understanding and future planning, but
they can also gloss over the intricacies of uncertainty model-
ing in real-world settings. This emphasizes that transparency
and contextualization in how data and models are constructed
become crucial, which can be even more difficult due to the
proprietary nature of commercial data and model providers
(Arribas et al., 2022).

Furthermore, even if all data are interoperable and well
documented by metadata, it remains challenging to use them
in practice as users can rarely be experts in all the fields re-
quired to judge the fitness for purpose adequately. The crux
of data and model interoperability rests on finding the equi-
librium between model complexity and the granularity of in-
put and output, harmonized with stakeholder-specific pref-
erences as well as collective contextual understanding and
discernment. An overabundance of detail in data and meta-
data can obscure vital insights, and an overly intricate and
complex model at one stage may be suboptimal to the per-
formance of subsequent applications. The objective is to re-
flect on important aspects for different stakeholders and to
supply the appropriate amount and level of data and contex-
tual knowledge sharing necessary to inform the next stages in
modeling or decision-making processes. While several tech-
nical solutions, such as the definition of data standards, are
prerequisites for this objective, direct exchange between ex-
perts of connected models and data is often the only way to
achieve maximum interoperability.

Within DRM and CCA, a synergistic interplay exists be-
tween the application of local expertise and the analytical
prowess of data-driven models, each contributing its unique
insights to enhance risk assessment. Local experts need to
harness weather model warnings to guide immediate deci-
sions, like emergency resource allocation, or to shape strate-
gies for future adaptation to unprecedented risk levels. How-
ever, these local judgments often hinge on historical data
(éakic’ Trogrli¢ et al., 2019), which may not account for new
or evolving risk patterns. Climate models, on the other hand,
are less constrained by historical data and more reliant on dy-
namic modeling, essential for proactive disaster response and
adaptation planning. Due to their forward-looking nature, un-
certainties, and biases — subtle or overt — human oversight in
interpretation is a necessity.

Hence, facilitating knowledge sharing and iterative and re-
flexive communication among users, data providers, mod-
elers, policymakers, and even the general public is essen-
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tial. These interactions are pivotal not only for systemati-
cally mitigating errors that propagate through data and model
chains but also for identifying and addressing uncertainties
and biases that could affect decision-making based on the
data, model outputs, and their interpretation. By providing
insights into subjective knowledge and inherent biases, they
highlight the necessity for contextual understanding and nu-
anced model interpretation.

2.2 Challenge 2: information and communication
interoperability

Translating data and knowledge into action is often missing
due to a lack of understanding of user needs and the integra-
tion of different stakeholder perspectives and aspects, knowl-
edge, and disciplines. This can compound the lack of collab-
oration between data providers themselves, with users, and
with other stakeholders and can lead to a dismissal of values
and norms that inform decision-making and therefore affect
the uptake and application of data and information as they
may not be fit for both purpose and context. These challenges
filter down to citizens and the public and require inclusive
dialogue, knowledge exchange, and effective translation to
result in coordinated action.

Translating climate risk information and research into
policy and action has been severely lacking and remains
challenging (Klein and Juhola, 2014; Brasseur and Gal-
lardo, 2016). Often, climate information and data remain
overly technical or are developed in isolation from user
needs, which thus reduces its usefulness for, and uptake by,
decision-makers (Lemos et al., 2012). Similar challenges
limit the application of information on complex risks to pol-
icy (Sillmann et al., 2022), not to mention the tendency of
actors and research to produce knowledge in disciplinary si-
los that constitute tunnel vision. Due to the difficulties con-
cerning the availability and interoperability of relevant data
sets (Challenge 1), users face additional challenges in under-
standing this information well enough to be able to use it
and connect to the producers and other experts. Hence, the
taxonomies and general approaches implemented by differ-
ent models may not be consistent across institutions or sci-
entific domains — or even across models from the same field
(Barrot et al., 2020). As such, technical data interoperabil-
ity must be accompanied by efforts to support the interoper-
ability of information and communication channels and ap-
proaches seeking to address these issues (see Challenge 1
in Sect. 2.1). In addition, the underpinning assumptions and
values embedded in data systems represent a challenge of-
ten left undiscussed. After all, the selection of parameters for
climate, hazard, and risk modeling is also a subjective (and
political) process, e.g., in terms of extreme event attribution
and discourses surrounding the concept of “loss and dam-
age” (McNamara and Jackson, 2019; Olsson et al., 2022).
For example, merely the effort to assess an event as “ex-
treme” involves the introduction of human value judgments
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into the scientific process, thus making it a subjective claim
(Olsson et al., 2022). Values can also be found in concep-
tualizing mapping and modeling losses and damages with
extreme events; these tend to emphasize economic dimen-
sions at the expense of impacts in terms of human well-being
(McNamara and Jackson, 2019). In the wider global context,
the trends in scientific discourses reflect (primarily Western)
epistemological assumptions which continue to shape what is
perceived as “trusted” knowledge and solidify certain ways
of knowing over others (Shawoo and Thornton, 2019; Funk
and Guthadjaka, 2020). This means that not all knowledge
and knowledge types (e.g., local or practitioner and scien-
tific) are included as “trusted” knowledge in a particular do-
main. Thus, and in alignment with the commitment to “com-
munication interoperability”, there is a need to accommodate
critical reflexivity regarding who has or should have the right,
mandate, power, and position to communicate and how.

A related challenge for interoperability between actors is
found between data providers and users, including decision-
makers and planners. Considering that the efficacy of data
is often limited by their isolation from user needs (Lemos
et al., 2012), the absence of multi-scalar collaboration and
communication continues to propagate the development of
solutions and products — such as risk models and scenarios
— that are not fit for management purposes and decision-
making contexts. Meanwhile, knowledge silos and discrep-
ancies between actors at different levels are likely to consti-
tute oversights, replication, and redundancy of communica-
tion and information use. Finally, issues of communication
interoperability may extend beyond the circles of scientists,
experts, modelers, and decision-makers to citizens and the
broader public. Risk information is typically made accessi-
ble through one-way, top-down dissemination from authori-
ties to the general public, e.g., hazard warnings/alerts or risk
maps. This poses numerous challenges — especially in terms
of early warnings. Even the most elaborate forecasting mod-
els and early warning systems will be rendered ineffective
in the absence of timely, clear, and tailored communication
(Lemos et al., 2012; Kreibich et al., 2017; Fakhruddin et al.,
2020). One example is flood warnings, which only lead to a
noticeable reduction in damage if those warned know what
to do, underlining the need for warnings to contain helpful
and specific instructions for action (Kreibich et al., 2021).

2.3 Challenge 3: governance interoperability

The previous sections outlined the challenges stemming from
a lack of interoperability related to data and models and to
communication. Both challenges impact governance inter-
operability. Most prominently, challenges pertain to knowl-
edge integration, a reflection of the wider social implications
of policies, and goal alignment of governance mechanisms
across organizations. Governance broadly refers to the struc-
tures and processes “through which society and the econ-
omy are steered towards collectively negotiated objectives”
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(Ansell and Torfing, 2016). Risk governance more specifi-
cally includes the totality of actors, rules, conventions, pro-
cesses, and mechanisms concerned with how relevant risk in-
formation is collected, analyzed, and communicated and how
management decisions are taken (Aven and Renn, 2020).
Risk governance especially draws attention to the institu-
tional structures and socio-political processes that influence
collective activities in the context of decision-making on risk
(Klinke and Renn, 2021). As such, risk governance is con-
cerned with both analyzing risk based on up-to-date informa-
tion and the best available knowledge and decision-making
on risk based on a reflection of the implications of those de-
cisions (Florin and Biirkler, 2018).

First, the ideal of pooling all relevant information requires
sharing of data, which comes with various challenges as out-
lined above. In addition, harvesting the best available knowl-
edge requires tapping into diverse knowledge repositories
to garner information on hazards and risks and their fur-
ther implications for DRM and CCA (Kelman et al., 2012;
Mercer, 2012; Weichselgartner and Pigeon, 2015). There-
fore, stakeholder and public engagement in risk governance
is motivated by the realization that these groups provide
crucial information for assessment from diverse standpoints
and perspectives, including scientific knowledge and other
knowledge systems (Fischhoff, 1995). The “operationaliza-
tion gap” between knowledge generation and its uptake
in DRM and CCA policy and practice has been well de-
scribed within interdisciplinary research projects; e.g., the
Enhancing synergies for disaster prevention in the Euro-
pean Union (ESPREssO) project addressed the integration
of DRM and CCA (Zuccaro et al., 2020). Thus, a key gov-
ernance challenge is streamlining the processes of informa-
tion and knowledge sharing and synthesizing among diverse
stakeholders, including knowledge producers and users. This
challenge is highly intertwined with others discussed above,
including siloed knowledge production and communication
gaps.

Second, risk governance is concerned with taking deci-
sions on risk which require a reflection on the wider soci-
etal implications of policies and governance measures based
on value judgments. In the context of DRM and CCA deci-
sions, the underlying risk problems are rarely ever simple,
i.e., characterized by simple cause-and-effect chains such
as that smoking tobacco is linked to an increase in cancer
risk. Rather, DRM and CCA decisions touch upon complex
risk problems for which it is difficult to predict the perfor-
mance of the system considered, based on the dynamic and
highly complex interplay of its constituent parts and inter-
vening external factors (Aven and Renn, 2020). In addition,
risk problems are associated with uncertainty if it is diffi-
cult to accurately predict not only the occurrence of events
but also their potential consequences (Aven and Renn, 2020).
Linking with the discussions above on data and information
challenges, this uncertainty can be due to incomplete or in-
valid data and/or modeling inaccuracies. Furthermore, am-
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biguity arises if there are different views on the relevance,
meaning, and implications of the information for decision-
making (interpretative ambiguity) (Aven and Renn, 2020). In
addition, ambiguity arises about the underlying worldviews,
norms, and values that need to be protected and which prior-
ities for selecting policies and governance measures follow
from these considerations (normative ambiguity) (Aven and
Renn, 2020). All of these risk issues are at play when con-
sidering DRM and CCA. As a consequence, the governance
of DRM and CCA needs to consider the concerns and value
judgments of relevant interest groups and the affected pub-
lic. This requirement calls for discourse-based strategies of
inclusion and participation that go beyond mere stakeholder
consultation for assessing the implications of management
options (Schweizer and Renn, 2019).

Third, as a consequence of the previous challenges, risk
governance is concerned with streamlining financial and le-
gal mechanisms and processes of interactions between ac-
tors and institutions. More specifically, disaster-risk-related
governance takes place in multi-faceted forms ranging from
international environmental agreements and national legisla-
ture to activities without strict legal character, such as climate
adaptation or disaster risk management strategies, action
plans, and non-binding programs and mechanisms. These
multiple forms of governance horizontally and vertically link
state and non-state actors in a complex, multi-level gover-
nance configuration. However, actor responsibilities for re-
ducing disaster risk and adapting to climate change are frag-
mented across multiple institutions, sectors, and levels, thus
requiring mechanisms to enable integration and interconnect-
edness across governance systems (Keast et al., 2007; Gilis-
sen et al., 2015; Cumiskey et al., 2019). Further governance
challenges hindering DRM and CCA integration in practice
include a lack of capacity at different levels, but especially
at the local level, and a lack of political will, combined with
disconnected and short-term financing arrangements (Birk-
mann and Von Teichman, 2010; Dias et al., 2020). Although
the need for governance coherence, alignment, and integra-
tion across DRM- and CCA-enabling policy frameworks and
practice has been identified (Mysiak et al., 2018; Schweizer
and Renn, 2019; Medway et al., 2021; Adams et al., 2020;
Leitner et al., 2020), good practice reports on cross-border
and cross-sectoral collaboration amongst multiple stakehold-
ers in multi-level settings are challenging to align and fa-
cilitate due to fragmentation and silos, a lack of agency
and capacity, and diverging jurisdiction and accountability.
Despite continued calls for more coherence between DRM
and CCA policy and practice, good practice examples of
methods, policies, and practices capturing synergies are lim-
ited (Mysiak et al., 2018; Booth et al., 2020; Deubelli and
Mechler, 2021). This governance challenge aligns with the
challenge for data/information providers to produce fit-for-
purpose or tailored DRM and CCA data, information, and
tools that meet policymakers’ needs.
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3 Propositions

Given the complex challenges of interoperability in data and
models, information and communication, and governance,
we propose that inclusive transdisciplinary knowledge co-
production processes are the key to fostering interoperabil-
ity between these systems to manage complex and inter-
connected climate and disaster risks. We define knowledge
co-production as “transdisciplinary engagement processes
through which public, private and civil society actors pro-
duce and integrate knowledge toward resilience and sustain-
ability”, following Norstrom et al. (2020) and Daniels et al.
(2020).

The challenges discussed in Sect. 2 can be traced to dis-
ciplinary silos; a lack of collaboration; and the fractured
landscapes of academia, decision-making, practice, financ-
ing, and policy. As such, it is evident that interoperability
for DRM and CCA hinges upon the cultivation of relation-
ships and connections which can support collaborative ac-
tion, knowledge integration, and joint learning. Knowledge
co-production holds the potential to enable transdisciplinary
collaboration for more effective management of complex-
ity, environmental change, and risk (Cosens et al., 2021;
Norstrom et al., 2020; Polk, 2015; Mees et al., 2017; Brug-
nach and Ozerol, 2019). For the three above-mentioned Sys-
tems, this is possible in the following ways.

3.1 Sub-system interoperability
3.1.1 Data and models

To respond to data interoperability needs, for instance,
co-production may support the demand-led tailoring,
preparation, and provision of “usable” as opposed to just
“useful” information (Lemos et al., 2012). For instance, the
Copernicus Climate Data Store provides various climate
services that are “useable” through a web portal or open
application programming interfaces (APIs). However, its
usefulness depends on the actual user. A farmer in the field,
for instance, will find those climate services hardly useful
without additional processing and information derivation
tailored to his needs and day-to-day questions. Connecting
users of data with data providers, with the aim to identify an
equilibrium between model complexity and the granularity
of outputs for planning and decision-making, will foster
increased use and uptake of climate and risk information.
Indeed, establishing avenues for transdisciplinary collab-
oration and communication between producers and users
of data is essential to develop processes (e.g., sustained
relationships and connections) and information products
that are fit for purpose and thus maximize their impact.
For example, the Flood Resilience Measurement for Com-
munities (FRMC) tool not only quantitatively assesses
different sources of resilience against flood risks on the
community level but also highlights strengths and weak-
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nesses in community resilience using different perspectives
that can be visualized, arranged, and displayed flexibly
according to the user’s needs (Zurich Flood Resilience
Alliance  2019; https://zcralliance.org/resources/item/
the-flood-resilience-measurement-for-communities-frmc/,
last access: 19 June 2025).

Strategic co-production may enable knowledge sharing
and reflexive communication between data providers, mod-
elers, and policymakers not only to assess and identify po-
tential errors and uncertainties embedded in data and model
chains, but also to evaluate biases underpinning modeling as-
sumptions.

A possible way to embed this in existing workflows is to
build standardized and simplified data and model pipelines,
which encapsulate some of the complexity and allow for the
easy running of separate models addressing the same ques-
tion. This allows comparison of model outputs from different
approaches, which can help build trust in the models to be fit
for the intended purpose.

While it should be acknowledged that running different
models does not inherently enhance trust in the models, in
particular when outputs are highly uncertain and variable,
using several distinct modeling approaches building up to
shared evidence and a common understanding of the phe-
nomenon of interest is one of the main ways for scientists to
build trust in models that are only hardly verifiable (Taylor
et al., 2012; Merz et al., 2024). For instance, climate mod-
els may yield very large variances in global temperature out-
puts for the same emission trajectories. Confidence in the cli-
mate models is established by pooling the information from
several distinct models. This confidence was built thanks to
a large-scale interoperability effort led by the CMIP team.
This type of multi-model angle is required not only on the
physical modeling side, where it is already common through-
out the entire chain of information, but also ideally for all
models to best characterize uncertainties. However, this of-
ten shows how large they are and is often difficult for stake-
holders to fully understand. More importantly, disclosure of
uncertainties does not inherently increase trust and credibil-
ity in risk analyses (Doyle et al., 2019), and thus information
about uncertainty should be embedded in the co-production
process and tailored to the specific audience, considering
their perspectives, technical knowledge, and concerns (Merz
et al., 2024). Crucially, to bridge this gap, there arises a need
to build trust among modelers, stakeholders, and decision-
makers. Effective communication plays a pivotal role in es-
tablishing trust in DRM and CCA decisions. The proposed
knowledge co-production process, i.e., connecting modelers,
data providers, and end users, promotes discussions regard-
ing different modeling approaches and explores user needs
vis-a-vis available information in a non-hierarchical manner
(Daniels et al., 2020). This is expected to increase the us-
ability and accessibility of information by clarifying poten-
tial errors, uncertainties, and underpinning assumptions em-
bedded in each model for users to align available informa-
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tion with the needs of planners and decision-makers. In other
words, the co-production process is an ongoing negotiation
between needs and what models can provide, which, insofar
as uncertainty is accounted for, also generates trust in data
through continuous and transdisciplinary engagement with
them (Daniels et al., 2020).

Although knowledge co-production cannot necessarily ad-
dress issues related to open data and the longevity of data
systems, it represents a starting point for open and transdis-
ciplinary collaboration towards addressing the gaps between
available information and its use. However, co-produced in-
formation products tailored to user needs to maximize their
usefulness foster interest and motivate longevity.

3.1.2 Information and communication

Alongside the challenges of data interoperability, knowledge
co-production can also contribute to addressing gaps in in-
formation exchange and communication between stakehold-
ers. For example, collaborative and interactive methods can
be leveraged to deconstruct disciplinary silos, with a com-
mitment to unpacking, explaining, and interpreting field-
specific or otherwise highly contextual concepts with ac-
tors in transdisciplinary settings as an attempt to support
knowledge integration in planning for disaster and climate
resilience (Daniels et al., 2020; André et al., 2021; Bhar-
wani et al., 2024; Jack et al., 2020). Creative and interdis-
ciplinary approaches to communicating complex and uncer-
tain information can help embrace the audiences’ character-
istics and foster emotional responses (Stewart, 2024; Balog-
Way et al., 2020). Interactivity is one of the key principles of
knowledge co-production (Norstrom et al., 2020). Creative
approaches can include interactive games to co-explore is-
sues, language, and terminology (Daniels et al., 2020) and
participatory-art-based methods to support three-way com-
munication between decision-makers, scientists, and com-
munities (Stewart, 2024). These aim to clarify and unpack
complex and sometimes field-specific knowledge so that they
become easily accessible for all stakeholder groups, for in-
stance, with the help of interactive and game-based methods,
such as tabletop exercises, serious games, or “future-casting”
and visioning. In practical terms, modeling, information and
communication, and governance systems will benefit from a
commonly understood language to strengthen interoperabil-
ity. Co-production can be leveraged in the efforts to build har-
monized language regarding shared challenges and potential
solutions. More importantly, it can build trust and the forma-
tion of new relationships (Fledderus, 2018; Norstrom et al.,
2020), thus constituting the foundation upon which commu-
nication interoperability can be built. It also has the potential
to alter and shift the dynamics of power between stakeholders
involved — which, beyond being a normative agenda — is im-
portant for building new coalitions and identifying transfor-
mative pathways toward change beyond a status quo (Cosens
et al., 2021; Wyborn et al., 2019).
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3.1.3 Governance

This latter potential also links knowledge co-production and
the wider challenges of risk governance. For instance, com-
munication gaps, as discussed above, are often underpinned
by siloed knowledge production and a lack of formal pro-
cesses and institutions or knowledge-sharing mechanisms
between stakeholders that could enable collaboration. Fac-
ing this complexity, co-production can be leveraged to “co-
produce governance” by expanding and opening the land-
scape of governance to actors who are not traditionally con-
sidered a part of it (Cosens et al., 2021). It may also provide
an opportunity to reflect on the wider socio-economic and
political context and values underpinning risk management
decisions. As pointed out by Wyborn et al. (2019), long-
term, iterative, and inclusive co-production processes can
help develop consensus and trust among stakeholders facing
potentially controversial or sensitive topics. Co-production
with diverse groups of actors requires tailored governance
arrangements that facilitate collaboration and knowledge in-
tegration and encourage innovation across science, policy,
and practice. This requires opening up risk governance to
deliberative and participatory processes of stakeholder en-
gagement and public participation, which become a source
of legitimacy in governing risk and incorporating extended
peer, stakeholder, and public communities (Klinke and Renn,
2021). Inclusive risk governance assumes that stakeholders
make valid contributions to the process of risk governance
and that mutual communication and exchange of ideas, as-
sessments, and evaluations improve disaster risk manage-
ment by providing substantial knowledge rather than imped-
ing the decision-making process or compromising the qual-
ity of scientific input and the legitimacy of legal require-
ments (Renn and Schweizer, 2009; Schweizer and Renn,
2019). Evidence-based risk analysis provides relevant scien-
tific facts needed for risk characterization and risk manage-
ment. Governance of disaster risks consists of many dimen-
sions, e.g., the rule structure, the distribution of resources,
value orientations and cultural settings, and attitudes and
beliefs. Thus, the inclusion of stakeholders and civil soci-
ety is expected to provide a normative yardstick for evaluat-
ing characterizations and the management options available
(Schweizer and Renn, 2019; Schweizer, 2021).

In addition to these general requirements of risk gover-
nance that operate via inclusive and transdisciplinary knowl-
edge co-production, specific roles and capacities are needed
to facilitate such transboundary activities supporting trans-
disciplinary co-production. These roles support transdisci-
plinary knowledge co-production through their capacity to
network, communicate, facilitate, and convene multiple di-
verse stakeholders; navigate their different goals/values; and
synthesize, integrate, and broker knowledge to influence pol-
icy or practice. This entails identifying champions and fa-
cilitators capable of and interested in bridging connections
between the disciplines and knowledge involved (Bharwani
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et al., 2024), taking into consideration the skills and ca-
pacities required for them to enable co-production as de-
scribed above. These roles are recognized through a range
of terms emerging from practice and policy, e.g., boundary-
spanning roles (Williams, 2011), collaboration champions
(Crosby and Bryson, 2010), policy entrepreneurs (Meijerink
and Huitema, 2010), academia/science (e.g., integration ex-
perts) (Hoffmann et al., 2022), and knowledge brokers (Cvi-
tanovic et al., 2016; Meyer, 2010). Such facilitators of co-
production can work within existing collaborative structures
or partnerships, e.g., social learning within regional flood
and coastal committees in England (Benson et al., 2016)
or developing new place- or theme-based “laboratory” ar-
rangements to embrace collaborative learning through ex-
perimentation, e.g., learning labs for climate information co-
production in Lusaka, Zambia (Daniels et al., 2020); the Am-
sterdam Crisis Resilience Living Lab (Boersma et al., 2022);
and Baden-Wiirttemberg labs for transdisciplinary sustain-
ability research (Bergmann et al., 2021).

3.2 Innovations for interoperability

Considering the above-mentioned recommendations, the DI-
RECTED project proposes two interconnected innovations:
The Risk-Tandem framework and the Data Fabric. The DI-
RECTED project, with its transdisciplinary consortium of re-
searchers, practitioners, and industry partners, began its work
in late 2022 and is scheduled to conclude in September 2026.
The project’s main objective is to strengthen the disaster re-
silience of societies by overcoming existing silos in DRM
and CCA. DIRECTED aims to enhance interoperability be-
tween modeling tools used in DRM and CCA to improve
communication and governance processes. These innova-
tions for interoperability are co-developed and implemented
in an iterative approach with local project partners and stake-
holder groups in four European real-world labs in Denmark,
in Germany, in Italy, and along the Danube River. For more
detailed information on the regions and project partners, we
refer to the website here: https://directedproject.eu/#about
(last access: 19 June 2025).

The Risk-Tandem framework is a novel approach combin-
ing risk management approaches and tools with iterative co-
production methods and processes in an effort to promote
the co-design of fit-for-purpose solutions contributing to-
ward strengthened risk governance alongside DRM and CCA
stakeholders (Parviainen et al., 2025). The Risk-Tandem
framework centers around knowledge co-production for en-
hancing risk governance by enabling new and improved ways
of facilitating transdisciplinary engagement, knowledge co-
production, science-based dialogue, and risk governance in
the field of extreme climate and associated events. This inte-
grated DRM and CCA risk governance framework puts en-
gagement and knowledge co-production, including capacity
development, at its core by building on the Stockholm En-
vironmental Institute’s Tandem framework (Daniels et al.,
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2020) and its applications (Bharwani et al., 2024). The Tan-
dem framework (Daniels et al., 2020) is a practical, non-
prescriptive guide to co-designing climate services by inte-
grating diverse stakeholder goals and values; enhancing trust;
and addressing multiple preferences, goals, capacities, and
power dynamics. The framework has been applied in diverse
settings with a range of users, from municipalities in south-
ern Africa and farmers in Indonesia to city planners in Swe-
den and communities and institutions in a Colombian river
basin. Each case demonstrated the framework’s effectiveness
in moving from “useful” to “usable” information, increasing
institutional embedding, improving climate information up-
take, and building capacity and confidence among users and
providers of climate information (Bharwani et al., 2024).

The Risk-Tandem framework bridges risk governance,
communication, data, and modeling by drawing on the In-
ternational Risk Governance Council’s Risk Governance
Framework (Florin and Biirkler, 2018), the ITASA risk-
layering approach (Hochrainer-Stigler and Reiter, 2021),
and the SHIELD model developed in the EPREssO project
(Lauta et al., 2018).

Within a risk-layer approach, frequencies and correspond-
ing losses of disaster events are grouped into risk layers (e.g.,
low, middle, high) and further related to generic risk instru-
ments (e.g., risk reduction, risk financing, and assistance).
Losses in this context can be tangible or intangible, and they
can be measured in monetary terms based on market methods
or not (Hochrainer-Stigler et al., 2023). Either way, the ap-
proach relies on the principle that different types of decision-
makers, e.g., in households, businesses, or the public sector,
experience different contexts, and each of them should there-
fore adopt the most appropriate strategy given their prob-
abilistic hazard exposure, the cost efficiency of the risk-
mitigating solutions they can use, and their access to financ-
ing instruments. Hence, through risk layering, gaps in indi-
vidual risk measures and the most appropriate instruments to
increase resilience can be identified, from both a quantita-
tive and a governance perspective (Hochrainer-Stigler et al.,
2024).

The Data Fabric is proposed as a novel open-source feder-
ated data infrastructure, which enables stakeholders to con-
solidate and connect relevant data sources, models, and infor-
mation products across DRM and CCA application domains
and institutional operating systems and languages. The soft-
ware underlying the federated data infrastructure will be im-
plemented based on open-source solutions, and extensions
to it will be made available under an open-source license.
This allows for easy uptake to reuse or further develop the
solutions in DIRECTED beyond the project for anyone in-
terested. The platform will be federated in a way such that
not all data sources and models have to be hosted and run in
the same infrastructure but can be connected across differ-
ent institutions and deployments via APIs. This way, we ad-
dress the limitations arising from restrictions on data sharing,
which is not always freely and openly possible in the context
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of DRM. The open-source federated data infrastructure will
feature some open data and information products, but not all
data will necessarily be openly available. The infrastructure
enhances information accessibility and offers bespoke visu-
alization and communication to decision-makers or relevant
stakeholders. The interoperable infrastructure aims to iden-
tify flexible solutions around access rights, data sharing, tax-
onomies, and languages promoting open access and FAIR
principles. The Data Fabric will build on suitable standards
based on their application experiences, current use, and ac-
ceptance and will adopt or develop new best practices where
needed. The data infrastructure flexibly integrates data and
models already in place. Further, it provides enhanced func-
tionality for connecting new models to the Data Fabric using
APIs and to distributed data storage and (cloud) computing.
Another building block is visualization, which aims to enable
a visual element of information transfer.

The Risk-Tandem framework and the Data Fabric both
complement one another to foster interoperability for disas-
ter resilience. Both outputs aim to overcome silos, remove
barriers between systems, and link agents active in different
domains of DRM and CCA (Fig. 2).

Within the DIRECTED project, all real-world laborato-
ries (RWLs) have identified stakeholder needs and developed
use cases for the Data Fabric, selecting back-end compo-
nents for model integration. Currently, they are co-designing
the front-end aspects of their Data Fabric implementations
while also developing user-role-specific training modules. In
the capital region of Denmark, the primary challenge lies in
future planning efforts, particularly involving flood simula-
tions, impact assessments, and uncertainty analysis for adap-
tation measures around Roskilde Fjord. Key stakeholders in-
clude multiple municipalities in the region. For the Emilia-
Romagna region, focus areas include real-time modeling
and forecasting of pluvial and coastal flooding and wild-
fire propagation. The main stakeholders driving this work
are the regional civil protection authorities, firefighting ser-
vices, and volunteer organizations. These groups prioritize
inter- and intra-organizational communication and coordina-
tion, with a specific focus on engaging tourists in the region.
The Danube region has two focus areas in Vienna (Aus-
tria) and the Hungarian Zala region. This RWL addresses
urban pluvial flooding and the impacts of climate-related
floods and droughts on agriculture and tourism. Stakeholders
range from local first responders to international insurance
companies. A key objective is the development of consis-
tent, cross-national data sets and models for DRM and CCA.
The Rhine-Erft region focuses on improving communication
and coordination among stakeholders, including the Water-
board Erftverband, municipalities, and emergency manage-
ment services. Current efforts involve integrating social vul-
nerability into cost—benefit analyses for climate change adap-
tation, with a focus on strengthening governance at all lev-
els. The RWL approach was specifically chosen for its trans-
disciplinary research mode, which supports knowledge co-
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Figure 2. Risk-Tandem and Data Fabric are key outputs of a real-world-lab-based co-production process to foster interoperability between
data, models, communication, and governance by removing barriers and silos (a) and connecting actors in DRM and CCA (b).

production, and its focus on experimentation, which facili-
tates testing and refinement of the Risk-Tandem and the Data
Fabric (Schipke et al., 2018). Another feature of this ap-
proach is the motivation to investigate real-world problems
that are directly relevant to citizens and interest groups in
those regions (Bergmann et al., 2021; Schipke et al., 2018).
Thus, the situatedness of the DIRECTED RWLs in specific
geographical, ecological, and social contexts provides the
necessary focus for the inclusion of local knowledge and tai-
lored engagement with interest groups. In addition, the DI-
RECTED RWLs are co-hosted by local authorities or other
relevant actors in DRM and CCA, as well as risk manage-
ment and disaster risk scholars. This joint responsibility sup-
ports building the capacity of “co-production facilitators” to
ensure the longevity and sustainability of activities beyond
the duration of the DIRECTED project. The RWLs, led by
practice-based hosts and supported by researchers/scientists,
act as a testing ground for co-developing and refining the
Risk-Tandem framework and the Data Fabric and benefit
from strengthening stakeholder relationships through knowl-
edge co-production, leading to enhanced data and model,
information and communication, and governance interoper-
ability. The transdisciplinary co-production process in the
RWLs will serve to strengthen the capacity of real-world lab
hosts and enhance stakeholder and community engagement
on DRM and CCA to support the development of both out-
puts and to stimulate real-world partnerships and collabora-
tion that will last beyond the project.

The Risk-Tandem framework is co-developed and tested in
RWLs and refined based on the feedback and needs of RWLs.
New insights generated from the process are expected to sup-
port RWL participants in their strategic (integrated) decision-
making at long-term and immediate timescales and help
break down silos between technical and political authorities
at all levels, e.g., organizations, sectors, and disciplines. Ex-
periences from the co-production process in the RWLs em-
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phasize that the implementation of the Risk-Tandem frame-
work is resource-intensive. Its implementation within a co-
production approach requires continuous engagement of all
stakeholders in discussions and continuous adjustments to
balance between a theoretical approach that requires prac-
tical implementation and risk governance practice. Instead
of following a standard implementation approach, customiz-
able and flexible application concepts are recommended to
meet the case-specific stakeholder needs and shared chal-
lenges. Risk-Tandem facilitates a theory-informed approach
for transdisciplinary co-production of risk reduction and cli-
mate change adaptation strategies (Parviainen et al., 2025).
In practice, this refers to the co-development of creative
methodologies to co-explore contextual risk issues (includ-
ing via the use of tabletop exercises, serious games, and vi-
sioning exercises), supporting the phases of co-design, dur-
ing which fit-for-purpose interventions are developed along-
side RWL stakeholders. Interventions will prioritize issues
of risk governance, such as stakeholder engagement and co-
ordination, and risk communication, for instance, improving
public risk communication and awareness. Local leadership
by RWL hosts based in different DRM and CCA agencies
in combination with support from researchers/scientists en-
sures that all Risk-Tandem activities and resulting solutions
are rooted within local issues and priorities. To support this
practical application of Risk-Tandem, RWL hosts are trained
to build their collaborative, systems-thinking, creative, and
reflexive capacities and related facilitation, research, and de-
sign skills to implement knowledge co-production in their
RWLs (Cumiskey et al., 2025). For example, one host, the
Civil Protection Agency of the Emilia-Romagna region, ben-
efited from training on systems-mapping exercises and seri-
ous games. This increased their capacity to design and facili-
tate interactive workshop activities to map governance gaps,
perspectives, needs, and priorities for their RWL stakehold-
ers. This then led to designing and implementing an interven-
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tion in their RWL. For example, a flood simulation exercise
was conducted with multiple stakeholders, including volun-
teers, to test the flood mapping tools being co-designed in
the Data Fabric for extreme climate events and to better un-
derstand communication needs, communication flows, and
decision-making between agencies for different risk manage-
ment actions, e.g., emergency response and urban planning.
The increased effort of this interdisciplinary co-production
approach thus also leads to further development of the local
actors and stakeholders and a deeper understanding of the
factors and interrelationships that are crucial for the success-
ful implementation of effective measures.

The stakeholder engagement and knowledge co-
production processes will enable the co-production of
the Data Fabric to meet specific needs in each RWL. As
such, the Data Fabric will be developed particularly along
the requirements and pain points of the RWLs, asking
the following questions. What information is needed to
support robust decisions? Where are the gaps to be filled?
What are the issues hindering the wide acceptance of truly
interoperable data and models? Where do these intersect
with barriers related to communication and governance?
Additionally, the Risk-Tandem framework in RWLs can
identify governance barriers and enablers to ensure that
the integrated data and modeling infrastructure can be
embedded into institutional systems and result in improved
risk analysis, communication, and management decisions
for DRM and CCA.

4 Summary of perspectives

Implementing disaster risk management and climate change
adaptation measures needs alignment but is complicated by
barriers and gaps at different levels, including governance
structures and processes, communication and knowledge ex-
change among actors, and data and models. In this perspec-
tive paper, we discuss challenges associated with interoper-
ability between these components of integrated DRM and
CCA.

To promote the application of data in planning or decision-
making contexts — and to ensure these data remain fit for
purpose and context — multi-scalar knowledge exchange and
communication between actors are essential. This includes
inclusive dialogues and communication between DRM and
CCA communities across multiple levels, such as resolv-
ing issues in understanding early warnings or seasonal fore-
casts and translating relevant information into effective and
coordinated actions. In this regard, tailored and translated
model-based information, such as flood forecasts, disaster
risk assessments, climate projections, and cost—benefit anal-
yses, can play a critical role in decision support in different
phases of the integrated DRM and CCA cycle.

Governance interoperability aims to overcome siloed or
fragmented knowledge and information sharing between ac-
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tors across various political and societal levels, sectors, and
disciplines while leveraging synergies and multi-risk think-
ing to support integrated practices and policies. More specif-
ically, governance interoperability facilitates data and in-
formation sharing across knowledge repositories, supports
a critical reflection of the societal implications of manage-
ment options based on stakeholder and public participation,
and aims for more coherence of processes and responsibil-
ities across governance levels and domains. As such, view-
ing risk governance through the lens of interoperability of-
fers a means to address the governance challenges by linking
them with information, communication, data, and modeling
challenges to find opportunities for collaboration, synergy,
and integration across DRM and CCA knowledge and gov-
ernance systems.

We argue that inclusive transdisciplinary knowledge co-
production processes are the key to fostering interoperabil-
ity between these systems to manage complex and intercon-
nected climate and disaster risks. Knowledge co-production,
however, is not a silver bullet. Its implementation remains
challenging for numerous reasons: (i) it is resource-intensive
due to its iterative, reflexive, and non-linear nature (Polk,
2015); (ii) it is transdisciplinary at its core, which involves
a wide range of stakeholders across the science—society in-
terface, representing a diversity of disciplines, sectors, skills,
and knowledge types (Norstrom et al., 2020); (iii) it can sur-
face or compound inequalities (Turnhout et al., 2020); and,
thus, (iv) it ideally requires actors with a particular set of
skills to co-design and carry out the process, including fa-
cilitators or knowledge brokers (Cvitanovic et al., 2016).
Therefore, knowledge co-production processes should be
understood as context-led solutions to complex challenges
(Norstrom et al., 2020), which require continuous nurturing,
learning, and adapting to embed in multi-level, collabora-
tive, or inclusive risk governance systems. In addition, and
given that knowledge co-production has been critiqued due
to its lack of practical methodologies and empirical evidence
demonstrating impact (Miller and Wyborn, 2020), a struc-
tured and well-monitored approach is required.

The application of knowledge co-production processes
with multiple DRM and CCA stakeholders can enhance
knowledge exchange, learning, practice, and policy; how-
ever, there is a limit to the change it can achieve. Such pro-
cesses act as a space to develop shared goals, visions, and
ambitions and conduct the groundwork to advocate neces-
sary changes to regulatory regimes, organizational mandates,
or funding mechanisms for DRM and CCA. As such, the suc-
cess of the proposed approach is dependent on other contex-
tual factors which are beyond its control, such as the politi-
cal landscape and conflict. However, the combined focus on
enabling governance, information and communication, and
data and model interoperability aims to strengthen stakehold-
ers’ collective capacity to continuously adapt and respond to
the changing context and associated needs/gaps for DRM and
CCA. The Risk-Tandem framework and the Data Fabric are
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applicable in different contexts, sustained by the overarch-
ing international policy context, such as the Sendai Frame-
work for Disaster Risk Reduction, the UN Sustainable De-
velopment Goals, and the Paris Agreement. The core premise
of the underlying co-production approach is the need to be
tailored to the application context. It is thus valid in vari-
ous geographies and decision domains requiring transdisci-
plinary participation between a wide range of actors across
the science—society interface. For example, the Tandem ap-
proach has been applied in both European contexts and be-
yond, including Africa, Asia, and Latin America. Through
the DIRECTED project we intend to advance the required
methods and tools and provide novel outputs for the DRM
and CCA community to implement and fruitfully replicate
the recommended co-creation process in RWL settings glob-
ally.
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