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Abstract. Multi-hazard events pose increasingly complex
challenges as natural hazards interact in cascading and com-
pounding ways that amplify risks beyond individual haz-
ards. Understanding these interactions – from hazard pro-
cesses to cascading effects across social, economic, gov-
ernance, and infrastructure systems – is critical for effec-
tive disaster risk management. National and international
frameworks increasingly recognise these risk dynamics, most
notably the United Nations Sendai Framework for Dis-
aster Risk Reduction 2015–2030. The Sendai Framework
Mid-Term Review (MTR) in 2023, however, identified sub-
stantial implementation challenges across its four priori-
ties; these challenges include gaps in risk data governance,
fragmented multi-scale coordination, insufficient investment
mechanisms, and limited coverage of multi-hazard early
warning systems. With the Sendai Framework approaching
its conclusion, there is a pressing need to address these cur-
rent shortcomings. Responding to this need, the 3rd Interna-
tional Conference on Natural Hazards and Risks in a Chang-
ing World took place in Amsterdam, the Netherlands, on 12–
13 June 2024, with the objective of: (1) assessing current
progress in multi-hazard risk research and policy practice;
and (2) identifying scientific priorities to support further im-
plementation of Sendai Framework until 2030 and beyond.
Here, we document the arc of the scientific discussions held
at the conference, synthesise the main findings from ses-
sions, and set forth expert knowledge on how state-of-the-
art science can fill gaps outlined by the MTR by identifying
four perspective themes: (1) assessments and tools for risk
understanding and decision-making; (2) understanding and
management of complex risk landscapes; (3) emerging tech-
nologies for risk and resilience; and (4) multi-level gover-
nance for coordinated risk management. Ultimately, we call
for governance reform enabling multi-scale coordination, in-
vestment in knowledge brokers translating across systems
and scales, and participatory technology deployment ensur-
ing emerging tools are applied to reduce disaster risk man-
agement inequalities. This perspective emphasises that effec-
tive Disaster Risk Reduction requires both incremental tech-
nical improvements and fundamental shifts in governance,
data sharing, and inclusive engagement to address systemic
risks and implementation gaps.

1 Introduction

In March 2011, northeastern Japan experienced a devastat-
ing cascade of hazards when a magnitude 9.0 earthquake,
the Great East Japan Earthquake, triggered a tsunami that

breached protective barriers leading to the Fukushima nu-
clear disaster. This overwhelmed existing response systems
and revealed compounding vulnerabilities (Mimura et al.,
2011; Ranghieri and Ishiwatari, 2014). It is a tragic exam-
ple of the complexity and interconnected nature of multi-
hazard events and their subsequent catastrophic impacts on
society. Understanding and managing disaster risk in all its
dimensions requires consideration of complex interplays be-
tween natural hazards, exposure, vulnerability and response.
Complex interactions may take many forms: hazards such as
earthquakes, flooding, heatwaves, or windstorms may have
direct and tangible impacts (e.g., injuries, deaths, infrastruc-
ture damage), and indirect or intangible impacts (e.g., long-
term economic or social disruptions) (Ducros et al., 2025;
Gall et al., 2015; Knittel et al., 2024; Mandel et al., 2021; Pe-
duzzi, 2019; Ward et al., 2020; Weichselgartner and Pigeon,
2015). Often, these hazards are interconnected through trig-
gering, amplifying, and compounding relationships that cre-
ate complex risk landscapes, such as heatwaves and droughts
increasing wildfire risk or seismic events causing landslides
(Ciurean et al., 2018; Claassen et al., 2023; Gill and Mala-
mud, 2014, 2016; Jäger et al., 2025; Libonati et al., 2022;
de Ruiter et al., 2020; Takagi et al., 2019).

The multitude of hazards that a region faces, and the differ-
ent ways in which they interact, are more broadly understood
as multi-hazards (UNDRR, 2017). As of 2025, the UNDR-
R/International Science Council Hazard Information Profiles
(Murray et al., 2021) have been updated to encompass multi-
hazard contexts (Gill et al., 2025). The inherent complexity
of multi-hazards challenges both preparatory and responsive
disaster risk management (DRM), particularly because soci-
eties still recovering from one event often have reduced ca-
pacity to prepare for or respond to another hazard (De An-
geli et al., 2022). In the context of multi-hazards, social, eco-
nomic, governance, and cultural factors require explicit con-
sideration that goes beyond traditional exposure and vulner-
ability assessments (Buijs et al., 2025; Haer and de Ruiter,
2024; Juhola et al., 2022). Advancing our understanding of
multi-hazards is therefore critical for reducing their societal
risks and impacts (Ward et al., 2022, 2026; White et al.,
2025).

Recognising these challenges, national and international
frameworks have increasingly stressed the importance of
these dynamics, most notably the Sendai Framework for
Disaster Risk Reduction 2015–2030 (UNDRR, 2015). The
Sendai Framework represents a paradigm shift in DRM by
emphasising the need for a multi-hazard and systemic risk
assessment approach. It focuses on reducing existing risks
and avoiding new risks. and enhancing resilience through
four priorities: (1) Understanding Risks; (2) Strengthening

Geosci. Commun., 9, 185–221, 2026 https://doi.org/10.5194/gc-9-185-2026



T. Tiggeloven et al.: Multi-hazard risk assessment and management: pathways for the Sendai Framework 187

Governance to Manage Risk; (3) Investing in Disaster Risk
Reduction (DRR) for Resilience; and (4) Preparedness for
Response and “Building Back Better (BBB)” for Recovery.
One of the guiding principles of the Sendai Framework is the
recognition of systemic risks that emerge from the intercon-
nectedness of multi-hazards and their cascading effects on
society, economy, and the environment (Hochrainer-Stigler
et al., 2023; ISC-UNDRR-RISK KAN Briefing note on sys-
temic risk, 2025). It also highlights the need for a compre-
hensive, multi-level governance and stakeholder approach to
DRR, including governmental actors, the private sector, and
the civil society/community level.

Nearly a decade after its inception, while the Sendai
Framework has seen some advances toward its seven
global targets, particularly in expanding early warning sys-
tem (EWS) coverage (Target G) and enhancing international
cooperation (Target F), overall progress remains insufficient.
The Sendai Framework Midterm Review (MTR) (UNDRR,
2023) documented that most targets are unlikely to be met
by 2030, with particular shortfalls in reducing disaster af-
fected population totals (Target B), economic losses (Tar-
get C), and infrastructure damage (Target D). Critically, there
has been a lack of progress on preventing the creation of new
risks, as disaster impacts continue to rise in absolute terms
despite increased DRR investments.

Analysis of the MTR reveals that implementation gaps
cluster around three interrelated challenges. First, persistent
knowledge and data gaps: inadequate understanding of how
hazards interact, limited data on cascading impacts, and in-
sufficient tools for multi-hazard risk assessment hinder ef-
fective planning and investment decisions. Second, gover-
nance fragmentation: siloed institutional structures, weak co-
ordination across scales and sectors, and inadequate legal
frameworks prevent coherent risk management even when
knowledge exists. Third, resource and capacity constraints:
insufficient public and private investments in DRR, limited
technical capacity for integrated risk assessment, and in-
equitable access to EWS perpetuate vulnerabilities, partic-
ularly in resource-poor contexts. Critically, these challenges
are interconnected: knowledge gaps justify continued siloed
approaches; fragmented governance limits demand for in-
tegrated knowledge; and resource constraints prevent both
knowledge generation and governance reform.

Therefore, advancing the scientific foundation of multi-
hazard risk assessment is essential, not as a substitute for
governance or investment reforms, but as a necessary com-
plement that can demonstrate the value of integrated ap-
proaches and at the same time provide evidence for invest-
ment prioritisation, and enable more effective multi-scale co-
ordination. This includes developing a shared understanding
of risk, improving tools and methodologies, ensuring all-of-
society engagement in DRR, and applying emerging tech-
nologies to manage complex risks. Multi-hazard research is
particularly crucial because single-hazard approaches sys-
tematically underestimate risks when hazards interact, lead-

ing to sub-optimal resources and inadequate preparedness for
such events (Brett et al., 2025b; Hochrainer-Stigler et al.,
2023; Šakić Trogrlić et al., 2024). Extreme events continue to
increase in frequency and severity, heightening the urgency.
Although various multi-stakeholder initiatives, such as the
Global Platform for Disaster Risk Reduction, Early Warn-
ing for All, and the Global Initiative on Resilience to Natural
Hazards through AI Solutions, have been making important
strides, critical implementation gaps however remain.

Responding to these needs, the 3rd International Confer-
ence on Natural Hazards and Risks in a Changing World took
place in Amsterdam, the Netherlands, on 12–13 June 2024,
with the objective of strengthening the integration of multi-
hazard risk into scientific research and policy practice in sup-
port of the Sendai Framework. This gathering brought to-
gether approximately 280 scientists and practitioners, pro-
viding a platform to foster a dialogue and collaboration
across disciplines and sectors, while placing special em-
phasis on strategies for tackling the complexity of multi-
hazard DRM research and management. Attendees pre-
sented progress in addressing multi-hazards and captured
how emerging research and technologies can be harnessed
for reducing risks in an increasingly interconnected world.
Here, we document the extent of the scientific discussions
held at the conference, synthesise the main findings from ses-
sions, and set forth expert knowledge on how state-of-the-art
science can address gaps outlined by the MTR through four
research questions linked to identified perspective themes
that emerged from conference discussions and are aligned
with Sendai Framework MTR gaps. The following research
questions arose during discussions and will be considered
throughout this study:

– How can inclusive, participatory assessment approaches
and advanced analytical tools bridge the gap between
scientific risk knowledge and actionable decision-
making across diverse stakeholder communities? (Tools
and Assessments for Resilient Decision-Making)

– What methodological and governance advances are
needed to capture systemic risk dynamics and en-
able integrated decision-making for multi-hazard risks
across interconnected social-ecological systems? (Com-
plex Risk Landscapes)

– How can artificial intelligence (AI), digital twins, and
earth observation technologies be integrated to en-
hance multi-hazard risk assessment capabilities while
ensuring accessibility and interpretability for decision-
makers? (Emerging Technologies for Risk and Re-
silience)

– What governance frameworks and institutional arrange-
ments are most effective for enabling coherent, inte-
grated risk management that spans sectors, scales, and
disciplines while maintaining operational feasibility?
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(Multi-Level Governance for Multi-Hazard Risk Man-
agement)

We address these questions by drawing on multiple comple-
mentary sources such as expert consultations with session
conveners, thematic analysis of conference session reports,
posters and presentations, and examples of existing tools and
applications from the literature to contextualise conference
insights within broader scientific and policy developments.
Our findings identify key areas of attention for scientific re-
search, policy, and practice to develop a more resilient and
better prepared society.

2 Methods and conference setup

This paper synthesises insights from the “Natural Hazards
and Risks in a Changing World” conference, held in Ams-
terdam, the Netherlands, in June 2024, through a structured
methodological approach that combines multiple data col-
lection and analysis techniques. The conference was organ-
ised by the MYRIAD-EU project, RISK-KAN, and the Na-
tRiskChange research training group, but abstract submis-
sion was open to all, though many attendees were affiliated
with institutes in Europe. Our methodological approach pro-
gressed through the following sequential steps:

1. Identification of key themes and knowledge gaps in
multi-hazard risk research by the organising committee,
with themes aligned to address shortcomings identified
in the Sendai Framework MTR

2. Development and organisation of 14 specialised con-
ference sessions by expert session conveners reflecting
these priority themes (see Table 1)

3. Pre-conference survey of participants (n = 86) to iden-
tify perceived barriers to multi-hazard risk research and
management

4. Facilitation of the conference with approximately
280 participants from diverse scientific disciplines and
areas of practice

5. Collection of session summaries/reports from conven-
ers and rapporteurs, focusing on contributions to novel
scientific ideas (Appendix A)

6. Inductive thematic analysis of conference outputs is de-
veloped to identify emergent themes and knowledge pri-
orities

7. Retrospective mapping of emergent themes and themes
assigned to gaps identified in the Sendai Frame-
work MTR

8. Development of four “perspective themes” based on the
cross-comparison of conference discussions and Sendai
Framework gaps: Complex Risks; Assessments and

Tools; Emerging Technologies; and Multi-level Gover-
nance

9. Post-conference survey of session conveners for de-
tailed written input on how their sessions can address
gaps identified in the Sendai Framework MTR linked to
one of the perspectives themes (Appendix B)

10. Integration and thematic analysis of all inputs (sur-
vey data, session reports, expert insights) to refine/dis-
cuss four key perspective themes (Sect. 3) and outlook
(Sect. 4, see Fig. 2)

2.1 Conference structure and participants

The conference hosted 14 sessions, as proposed by the
conveners (see Table 1). For an overview of all abstracts,
see Mirenzi and Pijpen (2024) (abstract booklet). For an
overview of conference reports of the sessions see Ap-
pendix A.

2.2 Analytical framework development

Following the conference, we conducted a systematic, in-
ductive analysis of the 14 session reports to identify re-
curring themes, methodological approaches, and knowl-
edge gaps that organically emerged from conference discus-
sions. This bottom-up analysis revealed four major thematic
clusters (Complex Risks; Tools and Assessment; Emerging
Technologies; and Multi-level Governance), which we then
mapped against gaps identified in the Sendai Framework
MTR (UNDRR, 2023) to situate them within the policy con-
text. This retrospective mapping demonstrated strong align-
ment between conference priorities and policy needs. Each
emergent theme was then articulated as a research question
(see Sect. 3 introductions) to provide a framework for organ-
ising our synthesis.

2.3 Post-conference expert consultation

After the conference, we assigned each session to one of
the four perspective themes based on the primary focus of
the session content and its strongest alignment with our ana-
lytical approach. Session conveners of the 14 sessions were
asked to respond to specific questions related to their as-
signed perspective theme (detailed in Appendix B). These
questions were designed to elicit insights on how their ses-
sion topics contribute to addressing the specific research
question associated with their perspective theme.

We acknowledge that these thematic categorisations are
not mutually exclusive as many sessions contained elements
relevant to multiple perspective themes. For example, AI ap-
plications discussions in the Emerging Technologies per-
spective theme may overlap with methodology advances in
the Assessments and Tools perspective theme. At the same
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Table 1. Overview of conference sessions and number of abstracts selected for poster or oral presentation.

Conference session Number of
abstracts/

presentations

How Can Stakeholder Engagement and Knowledge Co-Production Enhance Effective Multi-Risk Management? 24
Science for policy and practice: Synergising Disaster Risk Reduction and Climate Change Adaptation 18
Recent developments in multi-hazard early-warning systems 4
Nature-based Solutions for Disaster Risk Reduction 6
Systemic risk – assessing, modelling, coping 14
Dynamics, interdependencies and interactions of risk drivers 22
Health and Disasters 11
Artificial Intelligence and Machine Learning for Multi-Risk Assessment 16
Assessing multi-hazard risk using Earth-Observation data 12
Advancing critical infrastructure modelling in a complex world 12
Learning from the past: historical perspectives and “success stories” of DRR 11
Storylines and narratives for multi-hazard, multi-risk decision-making 14
General advances in disaster risk science and compound events 35
Demonstration of tools and services 6

time, Complex Risks could reasonably intersect with gov-
ernance challenges addressed in the Multi-level Governance
perspective theme. Moreover, the Critical Infrastructure ses-
sion could equally fit within Complex Risks as its assigned
category of Emerging Technologies. This interconnected na-
ture reflects the holistic approach needed to address multi-
hazard risks, and the categorisation served as a practical
analytical approach rather than a rigid taxonomy. The as-
signment of sessions to perspectives was conducted by the
lead authors and validated through discussion with session
conveners during the post-conference consultation process.
Drawing from all sources across these interconnected per-
spectives, we synthesised two main priorities per perspective
theme through iterative discussion among the author team.

2.4 Survey design and analysis

The anonymous online survey of conference participants was
conducted in the weeks leading up to the conference. From
this we obtained 86 unique responses, representing approxi-
mately 40 % of conference attendees. As questions were not
mandatory, per-question sample sizes vary from 32 to 73.
Respondents span various career stages, with 66 % identi-
fied themselves as Early Career Researchers (PhD students
or postdoctoral researchers). Half of the respondents work at
universities, followed by another 26 % at national research
institutes. This academic-heavy representation should be
noted as a potential limitation when interpreting the survey
findings. Fields of research and practice were highly diverse,
spanning the physical and social sciences across disaster risk
research, with flooding (25 %) being the most frequently
cited specialisation, followed by multi-hazard (21 %), DR-
M/DRR (18 %), climate adaptation/change/risk (18 %), and
infrastructure resilience (8 %), along with substantial repre-

sentation across other hazards (11 %) such as volcanic erup-
tions, landslides, and wildfires.

The survey consisted of 20 questions covering demo-
graphic information, research specialisations, conference lo-
gistics, perceived barriers to multi-hazard research and man-
agement, and prototypical examples of multi-hazard events.
The survey was distributed via email to all registered con-
ference participants two weeks before the conference, with
several reminders sent.

Within the survey, we used the answers to the following
questions to directly inform our outlook section (Sect. 4):
“What do you think is the biggest impediment to progress in
understanding of multi-hazard risks over the next 5 years?”
and “What do you think is the biggest impediment to bet-
ter managing multi-hazard risks over the next 5 years?”.
We conducted a qualitative, thematic analysis of these open-
ended responses, identifying recurring concerns and group-
ing them into key categories that informed our recommenda-
tions. From the survey responses, thematic patterns emerged
around institutional capacity, coordination challenges, and
technical limitations. The integration of survey insights with
conference discussions and expert consultations provided tri-
angulation of findings across different data sources. The fol-
lowing sections combine these data sources and are bolstered
by comparison with recent literature.

3 Perspective themes

In this section, we integrate the input from the conference
sessions, survey results, and expert insights to gain insights
around our four perspective themes and illustrate how the
current state of the art science can help to fill these gaps.
First, we outline the structure of this section, which pro-
gresses through the four key perspective themes that emerged
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from our analysis of conference discussions and their align-
ment with MTR gaps (see Fig. 1): (1) assessments and tools
for risk understanding and decision-making; (2) complex risk
landscapes; (3) emerging technologies for risk and resilience;
and (4) multi-level governance for coordinated risk manage-
ment. For each perspective theme, we begin with an overview
of current scientific understanding, then present a discussion
for two key research avenues, that draws on conference re-
ports and expert consultation and highlight critical pathways
for advancing disaster risk science and practice. Each per-
spective relates to a specific research question.

3.1 Advancing risk science: tools and assessments for
resilient decision-making

New developments in risk assessment methods and tools,
such as improved learning from past events (e.g., retrospec-
tive analysis) and the use of storylines, can support an in-
crease in risk awareness and improve risk management ca-
pabilities (van den Hurk et al., 2023; Keating et al., 2016;
Sillmann et al., 2021; UNDRR, 2024). These tools and
assessments demonstrate how complex data can be trans-
formed into actionable insights for better decision-making
and proactive risk management (Bastos Moroz and Thieken,
2024; Tools for mainstreaming disaster risk reduction, 2025;
Marshall, 2020). However, barriers to their widespread appli-
cation in multi-risk assessment and DRM remain (Šakić Tro-
grlić et al., 2024), including technical limitations (model
uncertainties, data quality), institutional challenges (frag-
mented governance, resource constraints), and usability is-
sues (skill gaps, accessibility, differing stakeholder needs,
language barriers). Bridging the gap between scientific ca-
pabilities and practical application requires improving tool
accessibility and co-developing tools with end-users to en-
sure relevance and legitimacy. We have identified two re-
search avenues (Sect. 3.1.1 and 3.1.2) for how science can
contribute to the Sendai Framework and beyond through par-
ticipatory approaches and advanced analytical tools that en-
able shared understanding of risk knowledge and actionable
decision-making.

3.1.1 Inclusive, participatory assessments

Conference participants highlighted that effective stake-
holder engagement – from local communities to decision-
makers – can ensure recovery efforts reflect diverse
needs while building resilience and long-term sustainability
(Granville et al., 2016; Lillywhite and Wolbring, 2022; Moj-
tahedi and Oo, 2017; van Oosterhout et al., 2023; Villeneuve,
2021). However, participatory processes can themselves be-
come maladaptive when they reinforce existing power im-
balances, exclude marginalised voices, or legitimise prede-
termined decisions without genuine influence on outcomes
(Juhola and Käyhkö, 2023). Effective planning can benefit
from involving all levels of society, particularly marginalised

groups, to address systemic vulnerabilities and power imbal-
ances that can otherwise hinder equitable recovery (Carrasco
et al., 2023). Similarly, evidence also shows that some effec-
tive DRR measures (such as building codes and regulatory
frameworks) have been successfully implemented through
hierarchical governance structures. Nevertheless, this all-of-
society engagement begins with participatory processes and
elicitation, such as interviews and workshops, that explicitly
address power dynamics, cultural contexts, and competing
interests, recognising that community knowledge on disas-
ter risk and capacity to prepare and respond can be central
to shaping risk mitigation and recovery strategies (Haer and
de Ruiter, 2024; Mortensen et al., 2024a; Olonilua, 2022; Pe-
traroli and Baars, 2022).

Here, we discuss novel tools and approaches that have the
potential to make DRM more inclusive and participatory.

One of these tools and approaches is storylines, defined
here as plausible, narrative-based representations of how
risks and event pathways might unfold under different so-
cial, environmental, and policy conditions (Mazzoglio et al.,
2021). These narrative-based approaches are increasingly be-
ing used to explore uncertainty and support decision-making
in DRR (Marciano et al., 2024; Shepherd et al., 2018), and
can be used to facilitate the communication and understand-
ing of complex multi-risk interactions. Moreover, they are
flexible enough to enable integration of qualitative and quan-
titative data (Tanaka et al., 2023), as highlighted by many
of the session presentations. An essential component of sto-
ryline development is stakeholder engagement through iter-
ative participatory methods (Aldunce et al., 2015; Baulenas
et al., 2023). The flexible nature of storylines allows them
to be developed together with a range of stakeholder groups,
depending on their intended scope. For example, some sto-
rylines are co-created at the community level, involving
decision-makers and community groups using local knowl-
edge and data (Cocuccioni et al., 2025). Co-creative pro-
cesses should be sure to include marginalised groups, such
as those with varying levels of literacy, gender and sexual
minorities, people with disabilities, and socioeconomically
disadvantaged communities (e.g., Bou Nassar et al., 2021;
Mortensen et al., 2025). This enables knowledge sharing and
further helps to acknowledge and reduce potential power
imbalances and engages stakeholders at different levels of
decision-making processes (Aldunce et al., 2015). Guides for
practical implementation, especially with respect to multi-
risks, facilitate these public-facing engagements, such as the
online repository of storylines and storymaps by the British
Geological Survey that may support stakeholder engagement
with drafting forward looking pathways for plausible future
events (British Geological Survey, 2025). The visualisations
of these storymaps make them attractive and understandable
for engaging with the general public.

Involving stakeholders can build trust and collaboration,
and this is a critical (often overlooked) concept (Bonfanti et
al., 2023). Achieving meaningful stakeholder engagement
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Figure 1. Overview of the four perspective themes and key messages (circle segments) and the contributing conference session topics
(smaller rectangles at the sides). CCA: Climate Change Adaptation.

requires carefully identifying and critical thinking of who
should be involved, how to make sure marginalised voices
are genuinely represented rather than tokenised, and how to
develop solutions that respect diverse cultural contexts and
knowledge systems. When these conditions are met, trust
and meaningful stakeholder engagement may also allow
for producing more context-specific solutions that integrate
local knowledge with scientific data and hazard analysis.
Subsequently, it allows for reducing the risk of top-down
interventions not responding to the local realities and needs
of communities (Prabhakar et al., 2024). It also aids the
identification of potential shortcomings in preparedness.
For example, during a series of snowstorms in March 2023
in the Southern California mountains, lack of advance
coordination across emergency response, road-maintenance
teams, and utility companies contributed to 2–3 m of snow
accumulation on roadways as the snow accumulation of the
previous storm remained to be cleared. Subsequently, tens of
thousands of residents were homebound for up to two weeks,
food and medicine had to be airlifted and hand-delivered at
great expense, and numerous fires occurred due to gas leaks
in houses buried under snowdrifts. Subsequently, it is impor-
tant to incorporate stakeholder insights and co-production

as early in the (tool) development process as possible
(Parviainen et al., 2025). For example, platforms like Flood-
Adapt (https://www.deltares.nl/en/software-and-data/
products/floodadapt, last access: 2 April 2026)
and Urban Digital Twin (https://regions4climate.eu/
unlocking-efficiency-and-insight-with-digital-twins/, last
access: 2 April 2026) incorporate local insights to guide
interventions and enhance transparency. They encourage
open data and citizen input, along with other perspectives
on recovery, to ensure just and equitable recovery out-
comes. Building trust between communities, stakeholders,
governments and researchers ultimately requires genuine
co-production of risk knowledge where communities are
equal partners (Lejano et al., 2021; Sharpe, 2021).

Moreover, DRR frameworks may further support inclusive
preparedness and recovery by incorporating multi-sector col-
laboration. Initiatives like RiskScape (Paulik et al., 2023) and
MYRIAD-EU (Ward et al., 2022) aim to exemplify the de-
sign of DRR actions that are holistic, context-specific, and
adaptive. Such examples show how education, communica-
tion, and stakeholder collaboration help build community re-
silience, while addressing regional research gaps and opti-
mising data collection. Several decision-support tools have
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emerged to address the challenges of making tools accessible
for a wide range of users. For example, DAPP-MR employs
interactive visualisations of Dynamic Adaptation and Policy
Pathways to facilitate multi-hazard risk decision-making un-
der uncertainty (Schlumberger et al., 2024, 2025). Similarly,
open-source platforms like RiskScape enable rapid assess-
ment of risks from multiple hazards including volcanic erup-
tions, earthquakes, and floods (https://www.riskscape.org.
nz/, last access: 2 April 2026), while CLIMADA provides
comprehensive climate risk and adaptation modelling capa-
bilities (https://climada.ethz.ch/, last access: 2 April 2026).
The MYRIAD-EU software platform offers modular, open-
source tools for multi-hazard and multi-risk scenario gen-
eration (Daniell et al., 2025). Another example is the use
of serious games to foster better awareness, agreement and
common insights by simulated multi-risk events and stake-
holder roleplaying (Arctik, 2025; de Ruiter et al., 2021).To
ensure that tools are regularly and widely used their applica-
tion could be increased by providing incentives, e.g. certifi-
cates, or by linking them to certain funding schemes.

3.1.2 Integrating risk assessment tools in governance
frameworks

Several talks and tool demonstrations at the conference illus-
trated how the increasing granularity of risk data and gov-
ernance frameworks permits precise, equitable interventions
through the integration of different data sources across haz-
ards and sectors. The DELTA Resilience system (Disaster
and Hazardous Events, Losses and Damages Tracking and
Analysis) exemplifies this integration by enabling nationally
owned disaster tracking that links hazardous events to dis-
aggregated losses and damages across sectors and scales,
supporting both risk-informed planning and accountability
through standardised, interoperable data structures. Here, we
provide a discussion on data governance and the need for
data granularity for assessment and tools to move towards
context-specific tools and assessments.

Although technological advances enable ever more de-
tailed disaster data collection the ultimate goal is not achiev-
ing the highest possible resolution but rather ensuring data
are fit-for-purpose and appropriately tailored to support ef-
fective disaster knowledge services (Wang et al., 2020). Data
granularity is most essential when there is a need for more
precise risk management strategies and processing and visu-
alising data at higher resolutions. For example, for hazards
like landslides or urban flooding, impacts can vary signifi-
cantly within small spatial extents and where fine-scale to-
pography and infrastructure characteristics determine both
exposure and vulnerability (Ferrer et al., 2024; Sieg et al.,
2023).

However, overly fine resolutions can possibly lead to a
challenge in model validation, increase computational de-
mands, and introduce false confidence or uncertainty. There-
fore, it is essential to balance system resolution, problem

scale, and user requirements to develop effective and trust-
worthy DRR tools. For example, starting with local knowl-
edge and then moving to satellite imagery to capture nuanced
vulnerabilities at local and regional scales was found to be an
effective approach (Migliorini et al., 2019; Montillet et al.,
2024; Saulnier et al., 2019).

Despite growing recognition of data’s critical role in disas-
ter risk management, current data governance practices face
several significant challenges, including the fragmented na-
ture of data policies and distribution mechanisms. For exam-
ple, there is institutional competition for funding and policies
that often prevent data sharing across organisations and sec-
tors. Furthermore, the predominant focus of existing datasets
on single-hazards further reflects the domain-specific nature
of most research efforts, while the need for integrated multi-
hazard data is continuing to grow (Ward et al., 2022; White
et al., 2025). Fragmented data ecosystems with immature
governance structures and limited collaboration further com-
pound these interoperability challenges (Van den Homberg
and Susha, 2018).

A prototypical example of a challenge for data gover-
nance can be found in the Earth Observation (EO) domain,
as satellite datasets from national space agencies are pro-
vided in multiple formats with inconsistent documentation
and are often scattered across various mission-specific web-
sites, which can create substantial friction for users. While
many EO products are freely available, there are also prod-
ucts that would be incredibly useful for scientific research,
such as the high-definition product of NASA’s VIIRS Black
Marble Nighttime Light data, that are currently only avail-
able to collaborators on funded projects. Similarly, insur-
ance and risk datasets marketed to homeowners and busi-
nesses are typically proprietary and opaque, with method-
ologies going undocumented and key assumptions remaining
unquestioned, even when different providers present sharply
conflicting metrics for identical risk assessments (Condon,
2023; Schubert et al., 2024). These governance gaps are fur-
ther complicated by emerging technologies such as AI and
Internet of Things (IoT) sensors, which generate actionable
data but lack established frameworks for integration, stan-
dardisation or in the case of AI lacking ethical frameworks
and responsible usage for DRM (Tiggeloven et al., 2025b).

Addressing these challenges requires fundamental im-
provements to data governance, which includes the poli-
cies, standards, and accountability frameworks that deter-
mine how data are collected, used, and shared (Kanbara
and Shaw, 2022). For example, transparent data governance
frameworks enhance the accountability and credibility of
decision-makers, actors, and the whole disaster governance
system. Such frameworks can also help ensure that data
are shared responsibly and used ethically. Subsequently, this
strengthens collaborative efforts across sectors and regional
data partnerships, even though competition for funding and
disconnects between research, industry, and government may
still persist. These challenges are increasingly being ad-
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dressed through better stakeholder interaction and inclusive
governance approaches that are also tackling vulnerabilities
that are otherwise able to undermine resilience-building ef-
forts (Shahat et al., 2020). This is especially the case in dy-
namic and rapidly changing risk landscapes for which timely
and localised data are essential for risk-informed decision-
making. Likewise, good practices rely on data standards
and interoperability, which would pave the way to enable
information exchange across systems, sectors, and regions
(Migliorini et al., 2019). Open standards such as those in
platforms like the Crisis Management Innovation Network
Europe (CMINE) cluster and the Disaster Risk Gateway
(https://disasterriskgateway.net, last access: 2 April 2026)
ensure consistency and reliability across different datasets,
supporting coherent decision-making in line with global
frameworks like the Sendai Framework.

To address these governance and interoperability chal-
lenges, several platforms have emerged to facilitate data shar-
ing and knowledge exchange. The MYRIAD-EU dashboard
guides users through systemic risk frameworks for multi-
hazard assessment and management (Hochrainer-Stigler
et al., 2023; https://dashboard.myriadproject.eu/, last ac-
cess: 2 April 2026). The Climate ADAPT platform simi-
larly supports climate resilience through shared adaptation
knowledge (https://climate-adapt.eea.europa.eu/, last access:
2 April 2026). Additionally, toolboxes such as the CLI-
MAAX CRA toolbox provide risk workflows for compil-
ing regional climate multi-risk assessments (https://www.
climaax.eu/handbook/toolbox/, last access: 2 April 2026)
complemented by the living metadata catalogue of geospa-
tial data for climate risk assessments (Climate Risk STAC;
https://climate-risk-data.github.io/climate-risk-stac/, last ac-
cess: 2 April 2026; Reimann et al., 2026), and the CCDR
toolbox enables quick risk screening (https://gfdrr.github.io/
CCDR-tools/home.html, last access: 2 April 2026).

Yet, critical infrastructure data present a fundamental para-
dox, as comprehensive detailed data are essential for mod-
elling interdependencies and protecting systems, yet can ex-
pose vulnerabilities and security risks, which is particularly
relevant for energy grids amid increasing geopolitical ten-
sions and hybrid threats (Larsson and Große, 2023; Ouyang,
2014). Subsequently, governance approaches should address
this tension in distinct ways, where security concerns ne-
cessitate direct researcher-operator collaboration rather than
public data sharing to balance analytical needs with vulnera-
bility protection (Larsson and Große, 2023).

Some sector-specific tools have emerged with the purpose
of sectoral integration for multi-hazard risk assessment and
DRM. For example, the “Tourism Destination Resilience and
Sustainability Scorecard” integrates qualitative expert eval-
uations with quantitative multi-hazard and multi-risk data
to generate a holistic risk profile for tourism destinations.
The scorecard is designed in line with the Sendai Frame-
work’s priorities and targets for disaster risk reduction. By
embedding these principles, the scorecard operationalises

Sendai’s priorities in a tourism context, translating high-level
multi-hazard goals into actionable local metrics. This ap-
proach has been fully implemented for California (https://
www.risklayer-explorer.com/, last access: 2 April 2026) and
extended to the Canary Islands. Beyond tourism, enhanced
data granularity has improved assessments across multiple
sectors; examples of these include the commercial flood im-
pacts in France using balance sheet data (Bossut and Tyagi,
2024) and drivers of flood hazard types through detailed in-
ventory research in Serbia (Petrović et al., 2024).

Such sector-specific applications demonstrate how Sendai
Framework targets can be effectively transferred to diverse
economic contexts and provide a template for similar risk as-
sessment frameworks in sectors such as agriculture, health-
care, and urban planning. However, sectoral development can
itself drive risk by increasing exposure, as demonstrated by
research showing how flood insurance can incentivise pop-
ulation growth in floodplains (Tesselaar et al., 2023). This
highlights the broader challenge that disaster risk manage-
ment is more developed in some sectors than in others. Thus,
there is a need for cross-sectoral tools so that sectors can con-
sider the implications of interventions, planning, and actions
they take on other sectors and vice versa.

Furthermore, the ability to turn granular data into action-
able insights requires the application of both quantitative and
qualitative approaches, as discussed in Sect. 3.1.1 on story-
lines. By further integrating socio-economic data, exposure,
and vulnerability indicators, storylines allow scientists and
decision-makers to explore potential hazard and impact tra-
jectories and the outcomes of different interventions based
on preferences and risk perception (Goulart et al., 2024; Ku-
nimitsu et al., 2023; Young et al., 2021), as well as identify
data governance and granularity needs to support actionable
insights.

3.1.3 Bridging science and action: key insights and
recommendations

Our analysis reveals that bridging the gap between scientific
risk knowledge and actionable decision-making requires par-
ticipatory assessment approaches and inclusive governance
structures to guide the usage of advanced analytical tools,
from study design through to practical application. We dis-
cuss for example that participatory assessment approaches
have the potential to enable us to develop complex scien-
tific information into locally relevant, contextually appropri-
ate decisions.

However, several critical implementation barriers persist.
First, usability and accessibility challenges mean that many
sophisticated tools remain confined to expert users. This is
limiting their uptake by decision-makers and communities.
Next to co-development, the key to address this is invest-
ment in user-centred design, training programs, and simpli-
fied interfaces without sacrificing analytical rigour. Second,
data governance fragmentation is preventing seamless inte-
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gration across sectors and scales. This issue is evident for
institutional competition, proprietary datasets, and inconsis-
tent standards. To overcome these issues, it is important to
move towards transparent governance frameworks, open data
policies, and standardised protocols that balance data shar-
ing with privacy and security concerns. An example would
be the development of standardised multi-risk metrics and
their implementation in international frameworks (White et
al., 2025). Third, there are resource constraints and capac-
ity gaps that limit the ability of resource-poor communities
and organisations to access, interpret, and apply advanced
tools, perpetuating inequalities in risk management capacity.
This necessitates dedicated funding mechanisms, capacity-
building initiatives, and attention to digital divides (Brett et
al., 2025a; Budimir et al., 2025).

We recommend three strategic interventions to strengthen
and bridge the gap between knowledge and action. First, we
argue that co-developing tools with end-users from incep-
tion through iterative participatory design processes would
ensure that tools actually meet decision-making needs rather
than only reflecting researcher assumptions (Parviainen et
al., 2025; Tran and Kim, 2023). Second, we recommend es-
tablishing interoperability standards and open-access repos-
itories that reduce friction in data discovery, access, and in-
tegration while maintaining quality control and ethical safe-
guards, and that these should be applied across disciplines
and sectors (Kanbara and Shaw, 2022). A third recommen-
dation is to invest in boundary organisations and knowledge
brokers who are specialised in the translation between scien-
tific, policy, and community contexts (Lejano et al., 2021).
This would facilitate more comprehensive knowledge ex-
change and ultimately build trust across stakeholder commu-
nities (Sharpe, 2021).

3.2 Complex risks landscapes: understanding systemic
interactions and cascading impacts

Traditionally, the focus of DRR measures is often on short-
term risk reduction. However, a shift is occurring toward
more forward-looking, long-term actions in response to cli-
mate change (Sillmann et al., 2024). For example, this in-
cludes proactive approaches that embed long-term adapta-
tion to prepare communities for evolving (risks Owen, 2020;
Pal et al., 2023; Schlumberger et al., 2024; Tiggeloven et
al., 2020). The 2012 IPCC Special Report on Managing the
Risks of Extreme Events and Disasters (SREX) was a key
milestone in aligning concepts, frameworks, and methods
that framed risk as the interaction between hazards, expo-
sure, and vulnerability. A decade later, the complexity of risk
was stressed in IPCC (2023) and the need to account for
the multivariate nature of interacting drivers, including haz-
ards, exposure, vulnerabilities, and societal responses, was
highlighted. As such, the IPCC risk framework has evolved
beyond assessing climate change impacts alone to also in-
clude risks from ineffective risk mitigation and adaptation

responses (Malmström et al., 2025). Based on insights from
the conference and expert consultations, we identify two key
research avenues (Sect. 3.2.1 and 3.2.2) for how science can
contribute to further uncovering these complex risk land-
scapes in terms of systemic risk and highlight the need to
integrate decision-making for systemic risks in support of the
Sendai Framework and beyond.

3.2.1 Uncovering systemic risk dynamics

Systemic risk describes situations where interconnections
within and across systems amplify risks beyond individual
hazards through cascading impacts, compounding effects,
contagion, and feedback loops (Hochrainer-Stigler et al.,
2023; ISC-UNDRR-RISK KAN Briefing note on systemic
risk, 2025). Emerging from system structure and dependen-
cies, these risks often centre on “keystone” vulnerabilities
where small disruptions trigger wider failures (Mechler et al.,
2025; Schweizer and Renn, 2019). Important drivers include
socio-economic vulnerabilities, critical infrastructure depen-
dencies, institutional fragmentation, and unequal power dis-
tributions that shape how shocks propagate through systems
(Bakhtiari et al., 2025; Kuran et al., 2020; Stolte et al., 2024).
Recent Alpine flood and landslide events illustrate how inter-
connected vulnerabilities can trigger cascading failures (e.g.,
the 2024 Swiss floods and landslides). Research increasingly
focuses on understanding systemic risks (Hochrainer-Stigler
et al., 2023; Santos et al., 2024; Schweizer and Juhola, 2024),
while exploring forward-looking approaches (Haasnoot et
al., 2024; Jack et al., 2024; Lüthi et al., 2023) or stakeholder
engagement methods to address and prevent systemic risks
(Syukriyah and Himaz, 2024; Thieken et al., 2023a; Zenker
et al., 2024).

An important challenge is identification of appropriate
methodologies to capture and model systemic risks. While
systemic risks are increasingly recognised in policy and prac-
tice, current approaches remain conceptual or limited to
single-system analyses, lacking operational frameworks for
real-world decision-making (Schweizer and Juhola, 2024;
ISC-UNDRR-RISK KAN Briefing note on systemic risk,
2025). Methodological challenges persist: defining which
system elements and spatial/temporal scales to include,
identifying whether to focus analysis on triggering events
or whole-system dynamics, and determining when to ap-
ply quantitative, qualitative or mixed-method approaches
(Hochrainer-Stigler et al., 2020, 2023). Sillmann et al. (2022)
offer a comprehensive review of systemic risk attributes and
emerging methodologies. For example, researchers must de-
cide whether to frame analysis around the entire system, a
specific hazard, or a triggering event. Furthermore, the tem-
poral dimensions of systemic risks are important yet often
neglected. This is challenging because risk drivers change
at different rates; for example, climate hazards and vari-
ability tend to change gradually while socioeconomic vul-
nerabilities can change rapidly following policy shifts or
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economic disruptions (Haasnoot et al., 2013; de Ruiter and
van Loon, 2022; Vogel et al., 2024). This temporal com-
plexity aligns with evolutionary resilience perspectives in
which systems continuously adapt and transform in response
to disturbances, making vulnerability a dynamic rather than
static characteristic (Davoudi et al., 2013; Shao and Sun,
2023). Various approaches, including forward-looking sto-
rylines (Lüthi et al., 2023), surveys (Thieken et al., 2023b)
and case studies (Sairam et al., 2025; Syukriyah and Hi-
maz, 2024) contribute critical insights into evolving systemic
risks. Furthermore, the criticality of temporal dimensions of
systemic risks is illustrated by Matanó et al. (2022) in a study
on a series of drought and flood events in East Africa, where
ethnic conflicts, food insecurities, and health issues have led
to economic disruptions.

The dimensions of vulnerability as identified by de Ruiter
and van Loon (2022), such as underlying structural drivers,
vulnerability during prolonged disasters, and the compound-
ing effects of consecutive events, are further challenging
to capture due to their complex, dynamic, and context-
dependent nature. For example, a community’s vulnerability
to hazards such as landslides, wildfires, or flooding changes
both due to underlying factors like migration patterns or eco-
nomic shifts, and through erosion of financial resources and
mental health during multi-year droughts or through damage
to infrastructure and social networks from previous disasters.
These are examples of dynamics that standard vulnerability
assessments typically fail to capture (Stolte et al., 2024). Data
availability poses a major challenge to operationalising these
concepts and capturing vulnerability dynamics in practice,
particularly regarding vulnerability data, which frequently
vary in quality and quantity across regions and over time
(Cutter, 2024) and often fail to address risk perception (Rufat
et al., 2025). Moreover, data accessibility remains restricted
due to privacy regulations (von Szombathely et al., 2023)
and the lack of standardised formats or tools, as discussed
in Sect.3.1.2 (Lindner et al., 2021; Poschlod et al., 2021).
Addressing these data challenges requires combining tradi-
tional and novel data sources: for instance, integrating mo-
bile phone data, satellite imagery, and household surveys can
be integrated to create high-resolution poverty maps (Chi et
al., 2022; Steele et al., 2017). Additionally, qualitative stud-
ies provide complementary insights into local process-based
understanding of vulnerability dynamics within specific geo-
graphical contexts, which have the potential to capture mech-
anisms and contextual factors that quantitative datasets alone
cannot reveal (Bertoldo, 2021). Yet, the challenge of general-
ising these findings across different spatial contexts remains
(Sparkes et al., 2025).

While hazard projections can represent short-duration ex-
tremes, corresponding exposure and vulnerability projections
are rarely available at high temporal resolution (Bubeck et
al., 2020; Geiß et al., 2024; Hudson et al., 2020). Address-
ing these dimensions for sudden onset disasters requires data
capturing rapid changes in assets and population dynamics at

high temporal resolution (hourly to daily) (Haraguchi et al.,
2022; Pittore et al., 2017, 2023). Post-disaster longitudinal
surveys are methodologically challenging and remain lim-
ited in number (Bronstert et al., 2018; Hudson et al., 2020;
Thieken et al., 2023a). They are crucial for understanding
recovery pathways and the causes of setbacks (Ngulube et
al., 2023; Terumoto et al., 2021). They are also essential
for capturing long-term impacts, such as persistent mental
health effects after major disasters, evolving social networks,
and changing livelihood opportunities, as well as revealing
how factors like displacement, housing insecurity, and de-
mographic characteristics differentially shape recovery tra-
jectories over time (Kunii et al., 2022; Sairam et al., 2025;
Syukriyah and Himaz, 2024; Zenker et al., 2024). Further
development of methodologies that can capture these varied
temporal scales is essential for comprehensive risk manage-
ment (Jurgilevich et al., 2021; Peters, 2021; Staupe-Delgado
and Rubin, 2022).

3.2.2 Integrated decision-making for systemic risks

Systemic risks challenge traditional risk governance mod-
els, which are often compartmentalised and sector-specific
(Maskrey et al., 2023; Schweizer, 2021). Therefore, an inte-
grative governance approach is needed – one that combines
interdisciplinary analysis with adaptive, inclusive, and trans-
parent decision-making (Schweizer and Juhola, 2024). For
example, externalities and non-economic impacts, such as
the health and public-safety implications of power outages,
are rarely considered when regulating utilities in the US,
contributing to underinvestment in resilience (The Febru-
ary 2021 Cold Weather Outages in Texas and the South Cen-
tral United States|FERC, 2025). Although DRR and climate
change adaptation (CCA) are deeply interconnected (Birk-
mann et al., 2013), they still operate largely in silos, limit-
ing integrated responses (Dias et al., 2018; Sillmann et al.,
2024). Important frameworks like the Sendai Framework for
DRR and the Paris Agreement’s Global Goal on Adaptation
are taking steps to bridge these gaps, but further scientific
support is needed.

Effective integrated decision-making for systemic risks
requires overcoming technical and institutional barriers to
knowledge integration. Several frameworks have recently
been proposed to address interoperability challenges be-
tween data, models, communication channels, and gover-
nance structures, which can fragment decision-making pro-
cesses, as highlighted by Schröter et al. (2025). To address
these challenges, Parviainen et al. (2025) developed the Risk-
Tandem Framework, which uses a transdisciplinary approach
that structures stakeholder engagement and knowledge co-
production to bridge gaps between risk science, policy, and
practice and consolidates diverse data sources and analyti-
cal tools that address the need for better risk assessment and
governance (Hochrainer-Stigler et al., 2024; Parviainen et al.,
2025; Schröter et al., 2025).
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Moreover, Ciullo et al. (2025) advocate for a systemic risk
governance approach that moves beyond sectoral silos to ad-
dress the interconnections between climate hazards, disaster
risk, and sustainability through coordinated multi-level gov-
ernance, cross-sectoral policy integration, and adaptive insti-
tutional arrangements. This includes developing and utilis-
ing vulnerability scores from the Sustainable Development
Goals (SDGs), which allows for modelling complex socio-
economic networks while, for example, studying how the
impacts from weather extremes propagate through systems.
Such integration can be achieved through various method-
ological approaches. For example, agent-based modelling
simulates environmental–social interactions to assess sys-
temic risks (Aerts, 2020; Jiang et al., 2024; Moradi et al.,
2025). Similarly, social and causal network analysis can map
dynamic risk drivers and tipping points for stakeholder en-
gagement, while Bayesian networks can incorporate stake-
holder perceptions of risk and preferences into risk assess-
ments (Kunimitsu et al., 2023). By advancing the method-
ologies and governance frameworks, systemic risk research
can better inform policy and strengthen societal resilience in
the face of future climate and nature-related challenges.

3.2.3 Understanding and governing systemic risks: key
insights and recommendations

Effectively managing systemic risks requires methodologi-
cal innovation and reformed governance structures. While
conceptual understanding has advanced, critical gaps persist
in translating systemic risk insights into operational frame-
works for decision-making across interconnected systems.

Three critical barriers limit progress. First, methodologi-
cal challenges: defining system boundaries, selecting appro-
priate temporal and spatial scales, and determining suitable
uses of quantitative versus qualitative approaches remain un-
resolved, particularly for capturing dynamic vulnerabilities
(Hochrainer-Stigler et al., 2023; de Ruiter and van Loon,
2022). Second, data limitations: integrating traditional and
novel data sources (e.g., satellite imagery, mobile networks,
surveys) to create high-resolution, temporally dynamic vul-
nerability assessments is constrained by inconsistent qual-
ity, accessibility, and standardisation, with longitudinal data
particularly scarce (Steele et al., 2017). Third, governance
fragmentation: DRR and climate adaptation remain siloed
despite deep thematic interconnections, and interoperabil-
ity challenges between data, models, and institutions impede
decision-making (Schweizer and Juhola, 2024; Scolobig et
al., 2017; Sillmann et al., 2024).

We recommend three strategic interventions. First, de-
velop integrated methodological frameworks orchestrating
multiple methods that address temporal dynamics from
rapid-onset events to slow-developing stressors while in-
corporating stakeholder knowledge, e.g., agent-based mod-
elling, network analysis, and participatory methods (Jiang
et al., 2024; Lüthi et al., 2023; Moradi et al., 2025; Wu

et al., 2022). Second, invest in transdisciplinary knowledge
co-production using approaches that bridge science, pol-
icy, and practice through structured stakeholder engagement
and federated data infrastructures (Parviainen et al., 2025).
Third, transform governance to enable coordinated multi-
level action, cross-sectoral integration, and adaptive insti-
tutions that address climate–disaster–sustainability intercon-
nections (Brett et al., 2025a; Ciullo et al., 2025). Ultimately,
managing systemic risks requires better methods better data,
and integrated, adaptive, and equitable governance systems
tailored to context-specific gaps and needs (Renn et al.,
2022).

3.3 Emerging technologies for risk and resilience

Emerging technologies such as Artificial Intelligence (AI),
Earth Observation (EO) instrumentation, and digital risk
modelling transform risk assessment and management in
multi-hazard and systemic risk contexts (Kuglitsch et al.,
2022b; Lagap and Ghaffarian, 2024). For example, AI, re-
mote sensing, and digital modelling can uncertainty around
risk characteristics and enhance the effectiveness of risk re-
duction strategies across multiple scales (Cao, 2023; Cheng
et al., 2024; Rezvani et al., 2024). However, these tech-
nologies come with critical challenges including computa-
tional barriers, algorithmic biases, limited interpretability,
and risks of technological solutionism that can exacerbate
existing inequalities (Lythreatis et al., 2022; McGovern et
al., 2024; Tiggeloven et al., 2025b). Based on the conference
and expert consultation, we identified two research avenues
(Sect. 3.3.1 and 3.3.2) regarding how science can contribute
to the progress of the Sendai Framework and beyond.

3.3.1 Next-generation, AI-driven multi-hazard risk
assessment

Emerging technologies (e.g., AI and machine learning) are
now capable of processing vast, multi-dimensional datasets
that capture the dynamic interplay of multiple hazards, some-
times in real time, and can provide predictive insights for
more informed multi-hazard risk management (Kolivand et
al., 2024; Kuglitsch et al., 2022a; Ogie et al., 2018).

However, as conference participants emphasised, realising
AI’s potential requires addressing fundamental challenges
(Kochupillai et al., 2022). These include potential biases
in training data (Gevaert et al., 2024; Láng-Ritter et al.,
2025), temporal biases that underrepresent short-duration
high-magnitude events, inherent observational biases from
training data, challenges in capturing indirect multi-hazard
interactions and dynamic factors, challenges of interpretabil-
ity, and the risk of reinforcing existing inequalities (Ferrario
et al., 2025; Gevaert et al., 2021; McGovern et al., 2024;
Tiggeloven et al., 2025a). For instance, AI-powered EWS
trained predominantly on data from high-income countries
may perform poorly in data-scarce regions, creating warn-
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ing gaps precisely where vulnerability is highest (Tiggeloven
et al., 2025b). Similarly, the computational demands and fi-
nancial costs of state-of-the-art deep learning models can ex-
clude researchers and practitioners in resource-constrained
settings from developing locally relevant applications, poten-
tially widening rather than narrowing global inequalities in
disaster risk management capacity (Lythreatis et al., 2022).
To ensure responsible usage of AI for EWS, Tiggeloven
et al. (2025b) posed critical questions addressing explain-
ability and accountability, establishing clear responsibility
frameworks when systems fail, integrating local and in-
digenous knowledge alongside technological solutions, and
maintaining meaningful community engagement to ensure
that AI complements rather than replaces local expertise.

Nevertheless, AI can offer innovative solutions to long-
standing challenges, such as real-time responses to cascading
disasters (AghaKouchak et al., 2023; Dunant et al., 2021).
AI models, such as long short-term memory (LSTM) net-
works for fast onset predictions (e.g., floods, landslides),
have been harnessed to integrate sensor data and climate
models, which in turn may enable more accurate predictions
(Prakash et al., 2023). Moreover, for slow onset predictions,
models such as XGBoost are used for predicting droughts
and food security (Busker et al., 2024). Deep learning tech-
niques have been applied to analyse the intersection between
hazards and socio-economic and infrastructure data, allow-
ing researchers to pinpoint communities and regions that are
most susceptible to multi-hazards and disaster impacts. Fi-
nally, natural language processing (NLP) tools, such as large
language models (LLM) and text mining, can also be used
to analyse textual information in policy documents and other
media to detect and quantify hazard impacts (Diemert and
Weber, 2023; Madruga de Brito et al., 2020; Sodoge et al.,
2023). Yet these methods may amplify existing language and
cultural biases, struggle with misinformation detection, and
underrepresent impacts in digitally disconnected communi-
ties (Gevaert et al., 2021; Karimiziarani and Moradkhani,
2023).

One of the identified gaps of the Sendai Framework MTR
centres on increasing the granularity of data and creating haz-
ard maps and tools for collecting data on vulnerability, partic-
ularly relevant in high-risk rural areas (UN, 2024). For exam-
ple, 2024’s Hurricane Helene caused devastating flooding in
Southeast US mountain communities, nearly all of which oc-
curred along small, steep, poorly observed and modelled wa-
tercourses, leading to a major underestimation and commu-
nication of high-end flood risk. AI and remote sensing tech-
nologies enable the collection of high-resolution, location-
specific data. For example, combining high-resolution hy-
drogeomorphic modelling with EO data and AI enables de-
tailed multi-hazard exposure assessments (Paszkowski et al.,
2025). AI can be used to produce fast and accurate downscal-
ing in complex topography, which is key to reducing uncer-
tainty in extreme event representation in future climate pro-
jections, and is particularly relevant for indicators that have

sparse ground measurements (in combination with space-
based EO). Additionally, foundation models can be trained
with specific applications through transfer learning, for ex-
ample in the contexts of specific regions (Bommasani et
al., 2022; Zhuang et al., 2021), and data augmentation tech-
niques can be used in areas of low data coverage (Alzubaidi
et al., 2023). In-situ impact data are essential for supporting
these advances and their paucity remain a bottleneck in many
cases.

To responsibly integrate AI into DRR, advancing technical
capabilities must ensure these innovations address real-world
DRR needs including interpretability, uncertainty quantifi-
cation, and integration with local knowledge. As the field
of AI and multi-hazard research are both fast developing,
we outline some future steps that may be crucial for bet-
ter understanding, monitoring and communication of risks.
For instance, emerging tools (e.g., graph diffusion models,
causal AI, hierarchical Graph Neural Networks and field the-
ory) go beyond static predictions, while enabling the dis-
covery of causal relationships and feedback mechanisms
in complex Earth systems that can inform anticipatory hu-
manitarian interventions and reveal context-specific vulner-
abilities across different spatial and temporal scales (Cerdà-
Bautista et al., 2025; Tárraga et al., 2024; Tesch et al., 2023).
Moreover, physically-informed AI bound to scientific princi-
ples enhance the reliability and interpretability of predictions
(Zheng et al., 2023), while probabilistic machine learning re-
duces the uncertainty of model outcomes to better inform risk
estimates (Zhou et al., 2022). Critically, AI and participatory
approaches should be complementary, rather than competing
paradigms: technical advances require validation and contex-
tualisation through in-situ data and input from local commu-
nities to ensure model outputs translate into actionable, lo-
cally appropriate DRR interventions (Kuglitsch et al., 2022b;
Pham et al., 2021; Ye et al., 2021), especially with the rise of
explainability of AI frameworks (Ghaffarian et al., 2023).

3.3.2 Integrating digital technologies for disaster risk
management

While effective governance remains central to DRM, im-
proving multi-hazard risk assessments at the local level,
where impact-based forecasting and risk reduction planning
are often most effective, also requires the development of lo-
cal asset databases (UNDRR, 2015), a need clearly empha-
sised in conference discussions. Remote sensing in combina-
tion with AI has in recent years been instrumental in creating
digital global built-environment databases that are detailed,
standardised, and interoperable. The next challenge is to de-
velop procedures for automated characterisation to link this
more directly with physical vulnerability and quantifiable
economic losses (Aravena Pelizari et al., 2021). Furthermore,
EO techniques allow continuous collection and monitoring
of spatiotemporal data for large areas (Khan et al., 2020; Li
et al., 2023). When combined with AI-driven classification
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and change detection algorithms, this information helps dis-
aggregate coarse exposure data into finer spatial resolution
and augment various risk parameters, for example by identi-
fying building footprints, land-use changes, or infrastructure
development (Chen et al., 2023; De Plaen et al., 2024; Gu et
al., 2023; Kuglitsch et al., 2023).

The field of digital technologies for DRM, such as dig-
ital twins, creates a space for highly detailed assessments
(Ghaffarian, 2025; Yu and He, 2022). Digital twins cre-
ate virtual replicas of physical systems, such as cities, in-
frastructure, or watersheds, that synchronise with real-world
data through sensors, satellites, and manual inputs, enabling
stakeholders to simulate disaster scenarios and monitor con-
ditions in near real-time (Fan et al., 2020; Ford and Wolf,
2020). The enormous quantities of data produced by (semi-
overlapping) remote-sensing missions, together with the
multidimensional specifications, uncertainties, spatiotempo-
ral coverages, and other considerations that vary by mission,
make AI-powered data-harmonisation tools particularly at-
tractive to explore (Fan et al., 2021). Recent advances in-
tegrate IoT sensors, agent-based models, and human-in-the-
loop decision-making, allowing flexible interventions across
disaster management phases (Ghaffarian, 2025).

However, to enhance localised risk and impact assess-
ments, these vast amounts of data need to be integrated into
meaningful digital representations of risks (Ariyachandra
and Wedawatta, 2023). Critical barriers persist : high compu-
tational demands and infrastructure requirements limit acces-
sibility; data gaps from limited satellite revisit times, cloud
cover, and sensor limitations constrain real-time monitoring
capabilities for rapid-onset hazards; and challenges in vali-
dating remotely sensed products against ground-truth obser-
vations introduce uncertainties that can undermine decision-
maker confidence (Zhao et al., 2022). Furthermore, the de-
velopment of digital twins requires substantial investments
in data infrastructure, technical expertise, and ongoing main-
tenance, which raises questions about scalability, equity, and
sustainability (Yu and He, 2022). Technological advances
and international data-sharing frameworks are needed, as
well as capacity-building initiatives and hybrid approaches
that combine automated EO with manual field observations,
IoT and local knowledge to ensure these tools serve diverse
contexts equitably (Bellini et al., 2022).

Complementing these technological advances, volun-
teered geographic information and crowdsourcing are in-
creasingly contributing to disaster risk data generation and
response capacities (Moghadas et al., 2022). Digital volun-
teering networks, including Humanitarian OpenStreetMap
Teams, map affected areas during disasters, and Virtual Op-
erations Support Teams provide real-time social media ana-
lytics to emergency operation centres during crises for situ-
ational awareness and decision-making (Fathi and Fiedrich,
2022). Transitioning from theoretical models to real-world
analyses, especially when moving from assessing single in-
frastructure impacts to modelling complex failure cascades,

requires vast heterogeneous datasets that include potentially
crowdsourced socio-economic data (Nirandjan et al., 2024).
In addition, recent studies show the potential of using un-
piloted aerial vehicles (UAVs) or drones to aid rapid emer-
gency response evaluation that can be used by communities
(Chandran and Vipin, 2024; Khan et al., 2022; Kucharczyk
and Hugenholtz, 2021). These community-driven approaches
fill critical data gaps and demonstrate how resilience may
emerge from bottom-up information systems that comple-
ment top-down risk assessment frameworks.

Towards 2030, the Sendai Framework MTR stresses
that multi-hazard, vulnerability, and exposure analysis
must inform high-level, multi-year socio-economic plan-
ning (UNDRR, 2023). This requires integrating multi-
hazard risk assessments into decision-making processes,
highlighting how hazards interact and cascade. Many
EO products are now open source to maximise opera-
tional relevance and long-term improvement. These form
the backbone of critical services protecting life and
infrastructure-protection services against hazards like earth-
quakes, floods and forest fires, such as the European
Forest Fire Information System (McInerney et al., 2012)
or the European Flood Awareness System (https://www.
copernicus.eu/en/european-flood-awareness-system, last ac-
cess: 2 April 2026). Similarly, where hazards are dynamic
and involve both natural and managed components, decisions
around risk-mitigating infrastructure must be supported by
near-real-time information. For decision makers it can be
challenging to pinpoint where exactly resources and mea-
sures must be implemented to efficiently improve system-
wide infrastructure resilience, and digital twins and other
emerging targeted technologies may be vital in these devel-
opments.

3.3.3 Deploying emerging technologies responsibly: key
insights and recommendations

Emerging technologies offer transformative potential for ad-
vancing multi-hazard risk assessment and subsequently in-
forming DRM. Yet, realising this potential requires us to con-
front critical implementation barriers and pursue deliberate
strategies to ensure equitable, effective, and responsible de-
ployment.

Three interconnected barriers limit progress. First, data
and algorithmic challenges: AI systems can be trained
with biased datasets, temporal biases underrepresent short-
duration high-magnitude events, and limited interpretabil-
ity of complex models undermines decision-maker trust and
stakeholder engagement (Kuglitsch et al., 2022b; UN, 2024).
Second, there are infrastructure and capacity constraints
as these technologies require substantial computational de-
mands, specialised expertise, and ongoing maintenance costs
that potentially widen rather than narrow global inequali-
ties in DRM capacity (Lythreatis et al., 2022; Yu and He,
2022). Third, the following barriers exist as integration and
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validation gaps: challenges in combining automated systems
with manual field observations and local knowledge, diffi-
culty validating against ground-truth data, and limitations in
real-time monitoring for rapid-onset hazards (Kochupillai et
al., 2022). All of these constrain the translation of technical
capabilities into operational DRM (Khan et al., 2022; Zhao
et al., 2022).

We recommend three strategic interventions in the re-
search, practice, and policy spheres to ensure responsible
and equitable deployment of emerging technologies. First
is advancing and centralising responsible AI frameworks
that prioritise interpretability, establish clear accountability
mechanisms when systems fail, integrate uncertainty quan-
tification into model outputs, and ensure meaningful com-
munity engagement to complement rather than replace lo-
cal expertise (Kuglitsch et al., 2022a; Tiggeloven et al.,
2025b). Second is building accessible and interoperable
infrastructure through open-source platforms, international
data-sharing frameworks, and AI-powered harmonisation
tools that integrate diverse data sources including EO, IoT
sensors, crowdsourcing, and field observations (Bellini et al.,
2022; Fan et al., 2021). This requires supporting bottom-
up information systems such as community-driven Open-
StreetMap and volunteered geographic information to fill
critical data gaps while strengthening capacity through train-
ing programs and technology transfer initiatives. Third is de-
veloping hybrid methodologies and governance frameworks
that combine automated monitoring with human-in-the-loop
decision-making, enable digital twins spanning preparedness
through recovery phases, and integrate multi-hazard vulner-
ability and exposure analysis into high-level socio-economic
planning (Ghaffarian, 2025; UNDRR, 2023). Ultimately, re-
sponsibly advancing emerging technologies for DRM re-
quires coordination and guardrails to ensure that these pow-
erful tools reduce rather than exacerbate existing inequalities.

3.4 Integrating multi-level governance for multi-hazard
risk management

Effectively managing disaster risks requires a shift towards
more coherent, integrated approaches that transcend silos,
sectors, and scales (Becker and Reusser, 2016). It demands
clearer defined and coordinated roles and responsibilities,
better governance, and knowledge co-production to manage
trade-offs and synergies in decision-making (Maldonado et
al., 2010). However, institutional silos, competing sectoral
priorities, and the technical complexity of risk frameworks
often prevent such coordination, limiting the development
of shared understanding and reducing capacity for integrated
responses (Hochrainer-Stigler et al., 2023; Šakić Trogrlić et
al., 2024). Based on the conference and expert consultation,
we identified two research avenues (Sect. 3.4.1 and 3.4.2) re-
garding how science can advance the Sendai Framework and
beyond to facilitate more coherent and integrated risk man-

agement and build capacity for risk-informed decision mak-
ing.

3.4.1 Coherent and integrated management of
multi-scale risks

Effective disaster risk management requires coherent gov-
ernance structures spanning local communities, national au-
thorities, and regional/global coordination bodies. However,
the Sendai Framework MTR reveals persistent fragmenta-
tion as local authorities lack sufficient capacity, and national
frameworks often fail to meet local needs. Moreover, dis-
connects between global policies and local realities, as well
as unclear roles across scales, continue to hinder integration
of DRM and climate change adaptation (CCA) (Liss et al.,
2024; UNDRR, 2023). Initiatives that bridge scales, such as
the UNDRR programme on Comprehensive Disaster and Cli-
mate Risk Management (CRM), help increase coherence by
integrating risk-centred approaches into National Adaptation
Plans (NAPs) while supporting subnational authorities to in-
corporate climate information into local strategies.

Capacity building across local, national, and regional ac-
tors is crucial to develop skills in multi-risk thinking, meth-
ods, and approaches (Schlumberger et al., 2022). Exam-
ples include co-produced evaluation frameworks (Schlum-
berger et al., 2024); the Dynamic Adaptive Policy Pathways
for Multi-Risk (DAPP-MR) approach to co-develop multi-
hazard risk reduction pathways engaging actors from com-
munity to national scales; in-depth stakeholder interviews
across governance levels and sectors (van Maanen et al.,
2025); evidence-based tools to support bridging DRR and
CCA communities’ capacity at local and national scales (Pol-
jansek et al., 2017); and stochastic multi-criteria acceptabil-
ity analysis (Jäpölä et al., 2024).

Realising these multi-scale approaches requires dedicated
knowledge brokers to translate across knowledge systems
and facilitate co-production (Butler et al., 2025; Kusumas-
tuti et al., 2021). These competencies support systems think-
ing and learning in dynamic risk contexts (Butler et al.,
2025). During disasters, such brokering roles also emerge
informally through digital volunteers who function as “dis-
aster knowledge workers”, able to coordinate information
flows, connect resources with the specific needs of people on
the ground, and mediate between formal response organisa-
tions and the affected communities (McKay and Perez, 2024;
Smith et al., 2021).

Multi-scale risk management requires stronger gover-
nance capacity to strengthen relationships among actors and
enable collaborative mechanisms (e.g. boundary spanning
staff or joint funds) that reduce trade-offs and support cross-
scale coordination (Allen et al., 2023; Cumiskey et al.,
2019). For example, England’s partnership funding mech-
anism show how joint project definition and co-financing
can reduce fragmentation (Cumiskey et al., 2019). Allen et
al. (2023) note that multi-scale governance must also nav-
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igate inherent tensions between centralised control and de-
centralised autonomy, short-term versus long-term priorities,
and competing worldviews across actors. Together, they re-
quire adaptive, learning-based approaches that balance sta-
bility with flexibility. Overarching and vertical coordination
and knowledge sharing are needed to bridge crosscutting
DRR and CCA issues (Zuccaro et al., 2020).

Nature-based Solutions (NbS) exemplify how disaster risk
governance and progress toward SDGs can be strength-
ened by applying established ecosystem management princi-
ples within participatory, multi-stakeholder processes across
sectors, domains, and scales (Nithila Devi et al., 2025;
Sudmeier-Rieux et al., 2019, 2021). NbS operate across
scales with distinct objectives: at regional/macro scales they
maintain ecological security patterns, co-benefits and con-
nectivity; at city/meso scales they address urban challenges
through integrated green-blue infrastructure networks; and at
site/micro scales they deliver specific services like stormwa-
ter management (Langemeyer and Baró, 2021; Liu et al.,
2024; Mortensen et al., 2024b; Tiggeloven et al., 2026).

3.4.2 Early warning systems and risk-informed
decision-making in an all-of-society approach to
risk management

Reflecting the above points, the consensus view at the con-
ference called for an all-of-society risk management, inte-
grated stakeholder engagement, improved early warning sys-
tems, and risk-informed decision making (Budimir et al.,
2025). To foster such an approach, it would be essential to
enhance inclusive stakeholder engagement where the values
and perspectives of policymakers, researchers, nonprofit or-
ganizations, and local as well as indigenous communities
are reflected (Clark et al., 2025; Seddon et al., 2021). The
UN’s Early Warnings for All (EW4ALL) initiative demon-
strates operational pathways toward all-of-society engage-
ment through locally led co-design, multi-stakeholder plat-
forms, clarified governance roles, and coordinated financ-
ing (WMO, 2025). However, implementation gaps persist
as few countries have anticipatory action plans or MHEWS
and many systems depend on external, unsustainable fund-
ing, particularly in LDCs.

Presented examples of methods to achieve risk manage-
ment objectives include qualitative system dynamics mod-
elling (e.g. causal loop diagrams) that can help to build a
shared understanding (Hanf et al., 2025). Studies by Michel-
lier et al. (2026) and Villeneuve (2021) show how partici-
patory methods prioritise high-risk groups’ needs by inte-
grating lived experiences with scientific evidence. Similar
insights emerge from the EWS community, where a grow-
ing body of knowledge highlights the effectiveness of in-
cluding the most vulnerable in EWS (Hermans et al., 2022;
UN.ESCAP et al., 2023) – particularly through community-
based efforts, such as building a low-cost and effective local-
level EWS (Rai et al., 2020). Similarly, the Missing Voices

Approach developed by Practical Action (Brown et al., 2022)
focuses on the inclusion of the most marginalised people
across social and geographical categories.

The current state of MHEWS distils many of these chal-
lenges (WMO, 2025). A MHEWS consists of a warning
value chain with multiple actors from the weather modellers
and agencies who are generating forecasts to end users who
receive these warnings (Golding, 2022). In a perfect warn-
ing chain, the warning received by the end user would con-
tain precise and accurate information that perfectly meets
their needs. Yet, weather and hazard forecasting models
– and their communication effectiveness – remain imper-
fect. Forecasting multi-hazard events is particularly com-
plex, as impacts often depend on infrastructure performance
or operational decisions that are difficult to model due to
stochasticity or information of an intricate, internal nature
(Budimir et al., 2025). Various projects, presented at the con-
ference, are developing protocols to evaluate EWS (e.g. The
HuT project, HiWeather project, MEDEWSA project), and
these form a good starting point to improve and expand
MHEWS to account for multi-hazard interactions and re-
sponse trade-offs (van den Homberg and McQuistan, 2019).
Yet these predominantly address hydrometeorological haz-
ards where forecasting capabilities are relatively mature.
Multi-hazard complexity intensifies dramatically when inte-
grating geophysical hazards with deep epistemic uncertain-
ties, such as earthquake-triggered tsunamis requiring rapid
evacuation, volcano-earthquake interactions where cascad-
ing lahars and ashfall require divergent protective actions,
or earthquake-triggered landslides evolving with aftershock
sequences. Each requires a fundamentally different forecast-
ing approach, lead times, and communication strategies that
are challenging unified MHEWS frameworks (Amaliya et al.,
2021; Fathani et al., 2023; Gill and Malamud, 2016; McBride
et al., 2022; Srinivasa Kumar and Manneela, 2021).

To develop meaningful multi-hazard early warnings, indi-
cators must capture not just individual hazards but their in-
teractions, cascades, and combined risk dimensions. While
many indicators exist for single hazards, few explicitly ad-
dress multi-hazard relationships or integrate vulnerability
and exposure alongside hazard characteristics into composite
risk indicators suitable for early warning thresholds (White
et al., 2025). Doing so requires co-developing actionable
indicators with stakeholders using mixed methods aligned
with real-time monitoring frameworks like EW4All (Her-
mans et al., 2022; White et al., 2025). Stakeholder engage-
ment and knowledge co-production contribute significantly
to improving MHEWS. Research presented by Msigwa and
Makinde (2024) and Siu (2024) demonstrates how combin-
ing community-driven insights, vulnerability data, and new
technologies have made these systems more effective and ac-
tionable in different geographic settings.
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3.4.3 Operationalising multi-level governance: key
barriers and recommendations

Three main barriers impede multi-scale governance. First,
we observe a vertical misalignment of authority, resources,
and responsibility. This is evident as risks manifest locally
but resources and decision-making authority concentrate na-
tionally or globally, which subsequently creates implemen-
tation gaps where local authorities bear responsibility with-
out adequate capacity or funding. At the same time national
frameworks control investments without sufficient local con-
textual knowledge, and global commitments rarely translate
into enforceable local action (Cumiskey et al., 2019; Her-
mans et al., 2022). Second, risk frameworks are often in-
compatible across scales and disciplines. For example, dif-
ferent governance levels prioritise different hazards, operate
on incompatible timescales (local immediate action versus
national long-term planning), and use sector-specific met-
rics that prevent integration (Hochrainer-Stigler et al., 2020;
Parviainen et al., 2025). Third, weak vertical accountabil-
ity and knowledge flows show that top-down policy frame-
works rarely specify how communities can challenge inade-
quate implementation or feed local knowledge upward, par-
ticipation remains consultative rather than co-decisional, and
power asymmetries undervalue local and indigenous exper-
tise (Allen et al., 2023; Hermans et al., 2022).

We recommend three strategic interventions. First, de-
velop integrated multi-risk indicators for EWS that address
various hazards and embed vulnerability and exposure along-
side hazard interactions. This can be achieved through par-
ticipatory threshold-setting, locally adaptable design, and
impact-based forecasting that is able to translate technical
monitoring into actionable predictions across diverse social
groups (Budimir et al., 2025; White et al., 2025). Second,
institutionalise multi-scale coordination through statutory
frameworks that specify mutual obligations between gov-
ernance levels, partnership funding requiring co-financing
across scales, dedicated boundary-spanning roles connect-
ing local to national actors, and platforms formalising bidi-
rectional knowledge and resource flows (Allen et al., 2023;
Cumiskey et al., 2019). Third, invest in knowledge brokers
who translate across scientific and local knowledge systems,
facilitate co-production across governance levels, and bridge
incommensurable disciplinary frameworks through shared
vocabularies and standards (Butler et al., 2025; Smith et al.,
2021).

4 Implications and future directions

As the global community begins shaping the post-2030 DRR
framework, our contribution highlights innovations in sci-
ence and technology that advance global DRR priorities. The
2024 conference provided a timely platform to gather com-
munity perspectives and explore future directions, and this
paper surveys how emerging risk assessment tools and in-

clusive, participatory approaches are transforming our un-
derstanding of multi-hazard risks, reflecting the rapid evo-
lution in multi-hazard risk research and practice over the
past decade. Through structured expert consultation combin-
ing presentations, breakout discussions, and post-conference
synthesis, we identify concrete scientific priorities and im-
plementation barriers that can inform the Sendai Framework
Mid-Term Review recommendations and the design of post-
2030 frameworks.

Our findings align with broader community perspectives:
a recent survey of natural hazards researchers identified sim-
ilar challenges, including shortcomings in risk knowledge
and inadequate translation of science to policy and practice
(Šakić Trogrlić et al., 2022). Similarly, Brett et al. (2025b)
found several critical barriers related to persistent silos, con-
flicting terminology across disciplines, and limited uptake of
existing multi-hazard frameworks by practitioners. We note
our findings are shaped mainly by perspectives from Euro-
pean researchers and may underrepresent practitioner view-
points from other regions and hazard contexts. Below, we
summarise how our work addresses gaps identified in the
Sendai Framework MTR and how scientific advances – and
our recommendations – align with priorities raised in pre-
conference survey responses.

4.1 Synthesising science-policy priorities for the Sendai
Framework and beyond

Our analysis across four thematic perspectives reveals inter-
connected challenges that require integrated solutions. Ta-
ble 2 provides an overview of critical barriers and strategic
interventions.

Addressing these interconnected barriers requires sys-
temic interventions operating across multiple scales and
timeframes which address fundamental governance, equity,
and capacity dimensions. We synthesise here immediate pri-
ority actions, spanning the technological, governance, social,
and physical-scientific realms, that should be pursued both
to accelerate progress toward the 2030 Sendai targets and to
contribute to broader discussions on post-2030 disaster risk
reduction governance.

However, there are substantial obstacles that extend be-
yond technical or financial constraints. Power asymmetries
embedded in existing institutional structures resist redistri-
bution of resources and authority required for genuine multi-
level coordination. Moreover, disciplinary silos are perpetu-
ated by academic incentive structures, funding mechanisms,
and professional identities hinder the transdisciplinary col-
laboration essential for systemic risk management. Acknowl-
edging such structural barriers is essential for designing real-
istic, largely incremental pathways toward transformation.

Nonetheless, these strategic interventions would directly
advance Sendai Framework objectives across all four priori-
ties. For example, Priority 1 (understanding disaster risk) can
benefit from integrated methodological frameworks captur-
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Table 2. Critical barriers and recommended action for the Sendai Framework and discussions beyond.

Themes Critical barriers Strategic interventions

Assessment
and tools

1. Usability barriers limiting non-expert uptake 1. Co-develop tools with end-users through iterative
participatory design that integrate into existing
operational workflows

2. Fragmented data governance preventing integration 2. Establish interoperability standards and open-access
repositories

3. Resource constraints perpetuating inequalities 3. Invest in boundary organisations to make science
actionable and link tool adoption to funding
mechanisms

Complex risk
landscapes

1. Methodological gaps in capturing dynamic
vulnerabilities

1. Develop integrated methodological frameworks
orchestrating multiple methods for temporal dynamics

2. Data limitations constraining high-resolution
temporal assessments

2. Invest in transdisciplinary knowledge co-production
bridging science-policy-practice;

3. Governance silos between DRR and climate
adaptation

3. Transform governance structures enabling
coordinated multi-level, cross-sectoral integration

Emerging
technologies

1. Algorithmic biases and limited interpretability
undermining trust

1. Advance responsible AI frameworks prioritising
interpretability, accountability and community
engagement

2. Infrastructure costs excluding resource-constrained
regions

2. Build accessible interoperable infrastructure through
open-source platforms and data-sharing frameworks

3. Integration challenges between automated systems
and local knowledge

3. Develop hybrid methodologies combining
automated monitoring with human-in-the-loop
decision-making

Multi-level
governance

1. Vertical misalignment where authority/resources
concentrate nationally while responsibilities fall locally

1. Develop integrated multi-risk indicators embedding
vulnerability through participatory threshold-setting

2. Incommensurable frameworks operating on
incompatible timescales

2. Institutionalise multi-scale coordination through
statutory frameworks and partnership funding

3. Weak accountability preventing community input 3. Invest in knowledge brokers translating across
scientific-local knowledge systems and across
governance levels and scales

ing systemic interactions, and multi-risk indicators embed-
ding vulnerability dynamics. Statutory multi-level coordina-
tion mechanisms and knowledge brokers facilitating vertical
knowledge flows could contribute to Priority 2 (strengthen-
ing disaster risk governance). Priority 3 (investing in DRR
for resilience) should be supported by interoperable infras-
tructure, open-access repositories, and hybrid methodologies
combining technological innovation with local knowledge.
Priority 4 (enhancing preparedness for effective response and
“Build Back Better”) can be advanced through participatory
early warning indicator development and human-in-the-loop
decision-making frameworks.

While we recognise that international frameworks do not
automatically translate into effective on-the-ground disaster
risk reduction, particularly in resource-constrained contexts,
the Sendai Framework MTR provides a valuable structure
for identifying where scientific advances can support policy
objectives and prioritise research investments.

4.2 Community perspectives: validating priorities
through broader consultation

Prior to the conference, we conducted a survey of prospective
conference attendees (n = 86 respondents, primarily aca-
demic researchers) to identify key priorities and barriers in
multi-hazard risk research. These survey responses both in-
formed our conference agenda and provided advance indica-
tion of themes subsequently elaborated at the conference and
in manuscript preparation. Figure 2 summarises the survey
responses on multi-hazard risk research priorities and barri-
ers in Word Clouds.

Our analysis of survey responses validates three key di-
mensions of the barriers and priorities identified in Sect. 4.1.
Firstly, respondents emphasised that effective risk manage-
ment for multi-hazards requires institutions that are both ca-
pable of and committed to making long-term, large-scale in-
vestments in knowledge generation and sharing, policy de-
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Figure 2. Word clouds depicting survey responses on multi-hazard risk research priorities and barriers. Survey respondents (n = 86) identi-
fied key themes for (a) future progress in multi-hazard research, emphasising the need for better models, data integration, and artificial intel-
ligence applications; barriers to (b) understanding multi-hazard risks, highlighting funding constraints, data limitations, and interdisciplinary
communication challenges; and barriers to (c) managing multi-hazard risks, focusing on policy gaps, funding issues, and communication
between science and practice. Word size reflects frequency of mention across open-ended survey responses.

velopment, and concrete actions across domains and ge-
ographies. These efforts should both inform and be in-
formed by relevant physical and social science research
as interpreted, integrated, or indeed enhanced by qualified
boundary-spanning organisations as part of an all-of-society
approach. This directly supports our recommendation to in-
vest in boundary organisations and knowledge brokers (Ta-
ble 2).

Secondly, survey respondents expressed strong enthusi-
asm for delivering on the promise of current and emerg-
ing science to enhance societal well-being through a ro-
bust, transdisciplinary environment of actors spanning re-
search, policy, and practice, through conferences, training
programmes, research grants, and similar initiatives. The
greatest excitement lies in the increasing integration of ef-
forts across the research-to-action or research for policy
spectrum. Such advances are understood to hinge on progress
both in technical areas and at the organisational or gover-
nance level, with the latter perceived to potentially benefit
most from developing science-informed multi-hazard poli-
cies and incentivising the bidirectional exchange of ideas be-
tween research and practice. This community-wide recogni-
tion of integration momentum reinforces our recommended
priority actions for transdisciplinary co-production, knowl-
edge brokers, and interoperability standards.

Thirdly, respondents highlighted that emerging technolo-
gies such as digital twins, AI-driven frameworks, and par-
ticipatory tools can drive the development of integrated
and adaptive models that deepen knowledge and enhance
decision-making. Such an environment could naturally inte-
grate concepts, share data and methods, and build from foun-
dational multi (-hazard) risk concepts toward a more fully
realised risk management meta-strategy that responds to cur-
rent needs while anticipating those that may yet be over the
horizon. However, implementing this is likely to be signif-
icantly challenging, particularly due to persistent data limi-
tations which remain a major obstacle to advancing under-
standing of multi-hazard risks, as cited by nearly half of sur-
vey respondents. This widespread recognition of data bar-
riers underscores the urgency of our recommended strate-
gic interventions for accessible infrastructure, open-access
repositories, and hybrid methodologies that can function de-
spite data constraints.

4.3 Concluding remarks

The barriers and strategic interventions identified across our
four thematic perspectives share a common thread: effective
disaster risk reduction depends fundamentally on strength-
ening connections between data systems, governance lev-
els, scientific disciplines, and knowledge systems. We call
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for integrated approaches that combine technological inno-
vation with governance transformation: establishing knowl-
edge brokers who bridge scales and disciplines; institution-
alising transdisciplinary co-production from research de-
sign through implementation; and redistributing authority to
match responsibility across governance levels. These find-
ings and recommendations not only address current gaps in
the Sendai Framework MTR but also seek to inform the de-
velopment of its post-2030 successor, emphasising that ef-
fective DRR must initiate transformative processes to build
resilience amid growing pressures from climate change and
other global challenges – ultimately supporting broader ef-
forts to achieve the Sustainable Development Goals (SDGs)
through enhanced societal resilience.

Appendix A: Conference reports

A1 General advances in disaster risk science and
compound events

This area drives a nuanced understanding of disaster risks
and compound events, recognising interconnected risks and
scientific breakthroughs (which directly supports Priority 1
and 4 of the Sendai Framework). The session “General ad-
vances in disaster risk science and compound events” high-
lighted many forms of single and multi-hazards, covering
both meteorological and hydrological, geohazard, societal
and biological types. Disaster risk science is a fast-evolving
field where progress is being made for a diverse range of
topics, including hazard assessment, management, impacts,
adaptation, and the inclusion of inequality in social vul-
nerability. Valuable steps to advance this dynamic field in-
clude enhancing communication strategies to better engage
decision-makers and the public, addressing data gaps through
targeted collection efforts in the Global South, and maximis-
ing the potential of existing datasets by fostering innovative
approaches to their integration and analysis. The need for ad-
dressing disaster risk in an increasingly inclusive (e.g., multi-
hazard context and all-inclusive world) manner holds a key
opportunity to address the systemic nature of hazards without
unnecessary complexity. There is a need for the compound
risk communities to communicate and collaborate with those
in the disaster risk reduction field to work around this com-
plexity.

A2 Dynamics, interdependencies and interactions of
risk drivers

Understanding how risk drivers interlink and amplify each
other is crucial for systemic resilience, underscoring the need
for comprehensive, integrative risk analysis methods (which
directly supports Priority 1, 2, and 4 of the Sendai Frame-
work). The session “Dynamics, interdependencies and in-
teractions of risk drivers” detailed these complexities and
stressed the value of coordinated risk reduction strategies.

Although, the session was marked by single-hazard studies,
and difficulties in including dynamics in risk assessments,
many promising developments in the field of dynamic risk
assessments are emerging. For example, novel qualitative as-
sessments may give new insights into vulnerability and risk,
such as causal loop diagrams and risk profile scenarios, but
introduce complexities and challenges in transferring find-
ings across locations or scaling across spatial levels. For
quantitative analyses however, data limitations, uncertainty
in quality/biases significantly restricted the scope of the re-
search, which could lead to creating a paradox where in-
creased focus demands even more precise information. Fu-
ture scenarios, while uncertain, highlight that present choices
shape potential outcomes, underscoring the need to consider
evolving risk drivers, socio-economic trends, and unintended
impacts in risk assessments.

A3 Systemic risk – assessing, modelling, coping

Evaluating systemic risk across interconnected domains em-
phasises the need for coordinated risk assessments in a multi-
hazard context. This approach advances understanding of
complex risk interactions, addressing gaps in data and gov-
ernance to manage risks across sectors (Priority 1: Under-
standing Risk and Priority 2: Governance). The session “Sys-
temic risk – assessing, modelling, coping” explored the chal-
lenges of addressing multi-hazards and the need for cross-
sector collaboration. A key challenge is to identify and poten-
tially streamline approaches for capturing and analysing sys-
temic risk. While several features of systemic risk set risks
apart from other risks, e.g. complexity as well as transbound-
ary and cascading effects within systems, across systems or
systems domains, a key methodological challenge remains
with regards to setting system boundaries and defining what
is considered inside or outside a system and, hence, the an-
alytical focus. Another key methodological challenge is on
starting points for systemic risk analysis, such as whether
to focus on the system, hazard, or trigger event, and how to
balance quantitative with qualitative data for meaningful in-
sights. Furthermore, there is a need for harmonising diverse
case study approaches and improving models by integrating
simulations with real-world observations, but also for paying
attention to societal impacts and distributive justice issues.
Finally, a key take-away of the session is that researchers
should not only focus on academic puzzles but also provide
scenarios, models, and tools that are useful for policymak-
ers, interest groups and the public for answering societally
relevant questions.

A4 Advancing critical infrastructure modelling in a
complex world

Modelling critical infrastructure (CI) interdependencies
helps mitigate risks to essential services in multi-hazard sce-
narios. Progress here is critical for both reducing exposure
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and building resilient systems (Priority 2: Governance, Prior-
ity 3: Resilience Investment). The session “Advancing criti-
cal infrastructure modelling in a complex world” was charac-
terised by a high degree of diversity, on the one hand through
a wide variety of applied methods, but also through the cover-
age of various CI (e.g., transportation networks, ports, health
infrastructure, airports, and electricity grids) and different
hazard types (e.g., floods, multi-hazards, volcanic eruptions,
storms), although no man-made hazards. One of the key chal-
lenges is to approach CI from an all-encompassing and sys-
temic perspective of the interconnected nature of CI and re-
sulting cascading effects not only on the physical level but
including social and economic factors. Another, yet scarcely
addressed challenge is the inclusion of the temporal dimen-
sion (short and long-term) in CI impact modelling. Data
availability remains a bottleneck, but the growing access to
public data is improving CI modelling, shifting from theo-
retical to more empirical, real-world-based approaches. Fu-
ture research should focus on deepening the understand-
ing of complex CI interactions further, especially in the
face of multi-hazard and cascading effects beyond hazard
boundaries, for example by using novel methods such as
deep learning algorithms and agent-based modelling seems
promising to make use of the growing data availability.

A5 Artificial intelligence and machine learning for
multi-risk assessment

AI and ML improve predictive capabilities for multi-risk as-
sessments, which may enhance early detection and response
strategies. Rapid advancement in these fields is essential for
furthering the understanding (Priority 1: Understanding Risk
and Priority 4: Preparedness and “Build Back Better”). The
session “Artificial Intelligence and Machine Learning for
Multi-Risk Assessment” emphasised the transformative role
of AI in synthesising complex hazard data for more adaptive
risk management, and covered applications of AI methods
on very different aspect of risk analysis, starting from haz-
ard analysis and forecasts, exposure and vulnerability factors
and integrated multi-risk approaches. Recent advancements
in machine learning, including deep learning (e.g., convo-
lutional neural networks and Transformers) and ensemble
models (e.g., Random Forest and XGBoost), have been ap-
plied to a range of problems such as multi-hazard suscepti-
bility mapping (that integrates climate and geophysical haz-
ards), downscaling techniques, water quality assessment, and
analysing the relationship between food security, social con-
flicts, and weather factors. A key recent development in the
field is the growing emphasis of explainability of AI, with
many methods, such as feature importance, SHAP values and
Partial Dependency plots, being used to understand the role
played by risk factors in the analyses. One of the challenges
is the integration of the multi-hazard context into risk analy-
sis applications of AI, however more attempts are lately re-
cently made. Furthermore, the role of Large Language Mod-

els and Generative AI in climate services, highlight the po-
tential of Deep Reinforcement Learning (DRL) to optimise
the adaptation process and Multi-Modal Generative ML to
identify specific adaptation options addressing multi-risks.

A6 Assessing multi-hazard risk using Earth-observation
data

Earth Observation (EO) data supports real-time monitoring
and allow for spatially detailed risk assessments (Priority 1:
Understanding Risk and Priority 4: Preparedness and “Build
Back Better”). The session “Assessing multi-hazard risk us-
ing Earth-Observation data” provided an in-depth look at
EO’s potential in capturing dynamic, overlapping hazards
with precision covering a wide array of hazards (among
them volcanic eruptions, floods, landslides, earthquakes, and
heavy cloud cover) and geographies. One of the benefits
of using satellite data is the global coverage and advances
in imaging and data analysis that enable detailed earth sci-
ence at building or field scales, even in traditionally data-
poor areas. Oftentimes on-site collaboration with stakehold-
ers helps guide problem identification and contribute cru-
cial local knowledge about both the relevant processes and
the impacts of the events in question. However, attributing
risk in multi-hazard scenarios and distinguishing their cu-
mulative impact (such as spatial correlations in geography)
remains a significant challenge to consider hazards that are
not just multiple but correlated. To address these challenges,
future directions could include refining methodologies, pro-
moting satellite use for disaster studies, and leveraging inter-
pretable AI to develop standardised multi-sensor comparison
products for multi-hazard risk analysis.

A7 Health and disasters

Integrating health considerations into multi-hazard assess-
ments is vital, as disasters often exacerbate health risks,
including disease outbreaks like waterborne illnesses post-
floods or vector-borne diseases like malaria. Strengthening
health resilience within disaster risk reduction directly sup-
ports Sendai Priority 2 and 4 by emphasising preventive mea-
sures and rapid response to safeguard populations. The ses-
sion “Health and Disasters” highlighted critical intersections
between disaster risk and public health, addressing both im-
mediate and long-term risk assessments. In recent years, it
has proven quite a challenge to bring together the disaster
risk and health research domains, which made clear that there
are still improvements to be made in integrating health and
disease research into disaster risk science. However, a lot of
studies, ranging from climate models to identify potential
heat mortality extremes, mental health, systemic effects on
healthcare facilities to practitioners discussing real-life im-
pacts, are taking important steps to address these challenges.
One of the main needs is for practitioners and scientists to
work together to advance the integration of these research do-
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mains, and to produce actionable research outputs on health
and disasters. A key opportunity is to not only learn from the
risk as we have seen it in the past, but also potential health
implications that the world could face in the future, such as
intensified heat extremes and the potential expansion of the
endemic area of diseases, in which storylines have proven to
be a specifically useful tool.

A8 Recent developments in multi-hazard early-warning
systems

MHEWS play a critical role in preventing disasters and fa-
cilitating anticipatory action by providing timely, reliable
warnings that empower communities to respond proactively.
Progress in expanding and integrating MHEWS is urgent
to enhance community resilience (Priority 4: Preparedness
and “Build Back Better”). The session “recent developments
in multi-hazard early-warning systems” highlighted a list
of key challenges and opportunities in early warning sys-
tems (EWS), especially for MHEWS. Small Islands De-
veloping States (SIDS) are often overlooked in EWS re-
search, and there is a need to avoid getting caught in ter-
minology, instead focusing on addressing multi-risk within
EWS. It is essential to ensure a clear link between mod-
elling activities, hazard intensity thresholds, and warning
criteria, theoretically embedded within the disaster warn-
ing model itself. On the opportunities side, soft adaptation
measures show promise, particularly in the context of SIDS.
MHEWS should also expand beyond natural hazards to con-
sider other systems, such as health and human-induced risks.
The UNDRR’s “first mile” approach, which emphasises lo-
cal engagement for those directly impacted, should be widely
adopted, and standardisation of MHEWS approaches is nec-
essary to streamline efforts.

A9 Nature-based solutions for disaster risk reduction

Nature-based Solutions (NbS) integrate ecosystem-based ap-
proaches to reduce disaster risks while promoting envi-
ronmental sustainability. Their role in fostering resilience
aligns with investments in long-term DRR measures (Prior-
ity 3: Resilience Investment, Priority 4: Preparedness). The
session “Nature-based Solutions for Disaster Risk Reduc-
tion” explored the benefits and challenges of implementing
ecosystem-based approaches in hazard-prone areas. This is a
powerful approach building on nature enhancement, ecosys-
tem restoration, and protection, which can help societies to
adapt to climate change and reduce disaster risk while pro-
viding numerous additional benefits such as health, recre-
ation, food, and clean water. However, their implementa-
tion is hindered by an array of gaps in the knowledge base,
preventing them from delivering their full potential. Some
challenges relate directly to stakeholders involved in NBS
projects and to better understand how stakeholders interact
within debates, their roles, and the values they share, to facili-

tate future coalition building and enhance acceptance of NbS.
Continued research on stakeholder attitudes, acceptance, and
investment willingness is crucial and providing stakeholders
with evaluation frameworks can further facilitate NBS imple-
mentation. Literature on NbS is complex and entails differ-
ent terminologies and heterogeneous approaches to evaluate
their performance, while novel methods allow for new risk
frameworks that can include NbS.

A10 How can stakeholder engagement and knowledge
co-production enhance effective multi-risk
management?

Stakeholder engagement and knowledge co-production are
essential for developing inclusive, effective risk manage-
ment strategies, enabling communities and experts to work
collaboratively to build greater resilience (Priority 2: Gov-
ernance, Priority 4: Preparedness). The session “How Can
Stakeholder Engagement and Knowledge Co-Production En-
hance Effective Multi-Risk Management?” underscored the
importance of knowledge co-production and stakeholder en-
gagement in understanding multi-risk contexts and captur-
ing the interrelationships necessary for developing adaptable,
context-specific risk management solutions. Connecting lo-
cal and scientific knowledge, including systemic, orientation,
and transformation knowledge, enhances the effectiveness of
these efforts. One of the key challenges in effective engage-
ment is ensuring equity and enabling interdisciplinary col-
laboration, as well as transdisciplinary work with stakehold-
ers such as policymakers, technical practitioners, and local
communities in a multi-sectoral, multi-hazard setting. Addi-
tionally, ethical considerations are crucial, and collaborators
should be involved at every stage, with special attention to
sensitive contexts like conflict settings where sensitive data
must be handled carefully. In doing so, building trustworthy
relationships may slow progress, but the long-term value is
clear. Capacity-building for interface roles – those who sup-
port dialogue and co-creation – is critical yet often underval-
ued.

A11 Science for policy and practice: synergising
disaster risk reduction and climate change
adaptation

Science-driven strategies help bridge DRR and climate adap-
tation, strengthening policies and frameworks to address in-
tersecting risks. Advancements here drive systemic under-
standing and proactive responses (Priority 1: Understand-
ing Risk, Priority : Governance). The session “Science for
policy and practice: Synergising Disaster Risk Reduction
and Climate Change Adaptation” was characterised by chal-
lenges, novel approaches and recommendations that enhance
resilience by linking DRR and Climate Change Adaptation
by using methods such as participatory approaches, the co-
creation of knowledge, and the communication of risks to
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non-scientific actors. One of the biggest challenges is the in-
creasing complexity of quantifications and inherent uncer-
tainties of managing risks in a multi-hazard decision-making
context, where present-day risks and long-term future risks
need to be considered. Oftentimes, the relevant planning
timelines across risk-relevant sectors and governance levels
rarely align as they might be influenced by election cycles
being shorter than planning cycles, thus requiring additional
interfacing capacity to proactively seek synergies and inte-
gration. Recent tools and approaches are incorporating inno-
vative ways to co-create future scenarios in a participatory
way following a systematic understanding of present and fu-
ture risks, like the gradual introduction the complexity of the
multi-hazard risk context to non-scientific actors, and the po-
tential of stronger qualitative or semi-quantitative approaches
such as system dynamics and agent-based modelling. Im-
proved communication and mainstreaming the benefits of ad-
dressing DRR and CCA together will help minimise the risk
of maladaptation and lock-ins while simultaneously reduc-
ing future risks through DRR and addressing current risks
through CCA (REF).

A12 Storylines and narratives for multi-hazard,
multi-risk decision-making

Narrative-based scenario planning helps communicate com-
plex risks, increase risk awareness and informed decision-
making among diverse stakeholders (Priority 1: Understand-
ing Risk, Priority 2: Governance). The session “Storylines
and narratives for multi-hazard, multi-risk decision-making”
discussed the important role of storylines and narratives as
an approach to explore complex and cascading risks and
unprecedented events, including direct and indirect impacts
across different sectors and contexts, such as the humanitar-
ian sector and hazard specific contexts. There are many defi-
nitions of the term storyline, the frameworks and the method-
ologies applied to create storylines, as well as varying meth-
ods and tools including narratives and elicitation, timelines,
scenarios, modelling, impact chains and causal networks, of-
ten tied to the local context. One of the key challenges is the
intersectionality of the physical and social sciences and the
role of the interdisciplinary and transdisciplinary approaches
for storylines that include the social drivers. Furthermore,
there is a challenge of integrating quantitative evidence into
the qualitative storylines, or what qualitative data can bring
to quantitative analysis. The iterative nature of storyline de-
velopment is an essential component of storyline develop-
ment, such as stakeholder engagement through participatory
engagement (e.g. elicitation). Finally, a challenge of visualis-
ing storylines remains, including how to communicate com-
plex graphical models to diverse audiences and incorporate
temporal components, and an opportunity exists in exploring
the role of arts and humanities, like illustrations, to make the
science more accessible.

A13 Learning from the past: historical perspectives and
“success stories” of DRR

Historical perspectives offer valuable insights into effec-
tive DRR strategies, emphasising the importance of build-
ing on past successes to inform present and future actions
(Priority 1: Understanding Risk, Priority 4: Preparedness).
The session “Learning from the past: historical perspec-
tives and ‘success stories’ of DRR” highlighted how his-
torical analysis can guide improvements in current DRR
practices. One of the key challenges, however, for disaster
forensics is incorporating climate change and urbanisation
as multi-hazard drivers into assessment frameworks. In the
response phase there is a need for hazard-specific response
capacity and recovery planning, including evacuation facili-
ties and long-term housing, while also identifying synergies
with other sectors. More education and public communica-
tion are needed to improve public safety in the face of climate
change-influenced hazards, which can enhance the effective-
ness of warning, response, and recovery measures, including
severe and infrequent “black swan” events. Currently, there
is a research gap in addressing topics such as evacuation,
large-scale recovery analyses, and the role of insurance in
recovery and adaptation needs in the field of disaster foren-
sics. However, while there may be opportunities and benefits
for learning across regions, barriers to transferring lessons
learned remain and more harmonisation is needed to contex-
tualise these lessons.

A14 Demonstration of tools and services

Demonstrations of new tools underline their impact in trans-
lating complex data into actionable insights, supporting in-
formed decision-making and proactive risk management
(Priority 1: Understanding Risk, Priority 4: Preparedness).
The session “Demonstration of tools and services” show-
cased innovative tools and services enhancing data-driven
decision-making for multi-hazard resilience. The barriers in
the use of new technology-based solutions for multi-risk
assessment and management may relate to usability, skills
gaps, access, availability, and stakeholder interests, needs,
and priorities. Ensuring these tools are accessible to a di-
verse range of stakeholders, using tutorials, and addressing
technological challenges based on stakeholders’ needs, espe-
cially for non-technical users, can enhance engagement, for
example through initiative like the Disaster Risk Gateway.
Early discussions with stakeholders about their information
needs, especially for tools like Digital Twins, and integrat-
ing these tools into planning processes, particularly for ur-
ban planners, can significantly improve their relevance and
usability. Maintaining open-mindedness, understanding data
barriers, and ensuring that platforms are designed by and for
the users can enhance their effectiveness and adoption.
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Appendix B: Expert consultation on how science can
contribute Sendai Framework progress

B1 Assessments and tools

The “Assessments and tools” perspective focuses on en-
hancing the understanding and management of disaster risk
through inclusive, data-driven, and technology-enabled ap-
proaches. This includes developing a shared understanding
of risk, improving tools and methodologies, and ensuring all-
of-society engagement in disaster risk reduction (DRR). The
following themes aim to gather insights on how the topic and
focus of your session can contribute to advancing these goals:

1. Enable more inclusive recovery: highlight the role of
tools and assessments in ensuring recovery processes
are inclusive and aligned with Building Back Bet-
ter (BBB) principles, supported by legal frameworks.

2. Develop a shared understanding of risk: explore how
your topic/session contributes to better data availability,
stakeholder engagement, and multi-hazard risk manage-
ment to inform planning and decision-making.

3. State-of-the-art tools: share advancements in tools
methodologies that enhance risk analysis or decision
support for DRR.

4. Enhance granularity in risk data and information: ex-
plain how your topic/session addresses the need for dis-
aggregated data that captures vulnerabilities and im-
pacts across different groups and indicators.

5. Improve data standards, governance, and technology:
provide insights on how your topic/session supports
better data interoperability, governance, and integration
into decision-making platforms.

6. Enable all-of-society engagement and participation: re-
flect on how the research of your topic/session promotes
community involvement, stakeholder collaboration, and
the use of open and local data for DRR.

B2 Complex risks

The “Complex risks” perspective focuses on understanding
and addressing the interconnected and multi-layered nature
of risks in today’s world. This includes systemic risks, health
and disease-related risks, and the challenges posed by tech-
nological advancements and rapid change. This perspective
will also highlight the need for improved collaboration be-
tween DRR and statistical communities, enhanced granular-
ity of data, and strengthened communication and awareness
to build resilience and support governance. The following
themes aim to gather insights on how the topic and focus
of your session can contribute to advancing these goals:

1. Enhance knowledge and understanding of the systemic
nature of risk: reflect on how your topic/session sup-
ports systemic evaluations (address health and disease-
related risks or risk drivers) and promotes stakeholder
engagement to manage interconnected risks.

2. Improve collaboration between disaster risk reduction
and statistical communities: share examples of how col-
laboration between statistical and DRR practices can
improve data collection, analysis, and risk assessments.

3. Emerging technologies: discuss what the role of scien-
tific and technological advancements in addressing or
managing complex risks for your topic.

4. Enhance granularity in risk data and information: ex-
plain how the research of your topic/session contributes
to creating disaggregated data sets to capture vulnera-
bility, exposure, and impacts across diverse groups and
indicators.

5. Strengthen risk awareness and communication: provide
insights on how your topic/session improves public or
stakeholder understanding of risks and fosters a culture
of prevention and resilience-building.

B3 Emerging technologies

The “Emerging technologies” perspective focuses on lever-
aging transformative tools and advancements to expand our
capacity for risk assessment, resilience-building, and disas-
ter preparedness. This includes improving infrastructure re-
silience, fostering a shared understanding of risk, enhancing
data quality and granularity, and applying emerging tech-
nologies to manage complex risks. The following themes aim
to gather insights on how the topic and focus of your session
can contribute to advancing these goals:

1. Invest in resilient infrastructure and systems: describe
how the research of your topic/session contributes to
developing, upgrading, or incentivising resilient infras-
tructure systems that integrate risk assessments and sup-
port public investment mechanisms.

2. Develop a shared understanding of risk: share insights
on how your topic/session promotes multi-hazard, vul-
nerability, and exposure analysis to inform planning,
budgeting, and financing for disaster risk reduction.

3. Emerging technologies: highlight the role of innova-
tive technologies, such as AI or scenario-planning tools,
in improving risk assessments and managing complex
risks.

4. Enhance granularity in risk data and risk information:
discuss how the research of your topic/session advances
the development of disaggregated datasets to capture di-
verse vulnerabilities, and disaster impacts across multi-
ple indicators.
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5. Improve data standards, enhance data governance, and
invest in data technology: reflect on how your topic/ses-
sion emphasises the importance of interoperable data
systems, enhanced data governance, or the integration
of advanced tools for risk analysis and decision-making.

B4 Stakeholder engagement and disaster risk
management

The “Stakeholder engagement and disaster risk man-
agement (DRM)” perspective highlights the critical role
of inclusive governance, cross-sectoral collaboration, and
community-based approaches in managing and reducing
risks effectively. It emphasises building capacity for inte-
grated decision-making, multi-scale governance, and im-
proving early warning systems. The following themes aim
to gather insights on how the topic and focus of your session
can contribute to advancing these goals:

1. There is a need for more coherent and integrated man-
agement of risks: reflect on how the research of your
topic/session supports adaptive governance and coor-
dinated risk management across sectors, domains, and
scales, considering the evolving scope of hazards and
risks.

2. An all-of-society approach to risk management: de-
scribe how your topic/session fosters inclusivity by en-
gaging diverse stakeholders, including scientific, pri-
vate, local, and Indigenous communities, with a focus
on addressing the needs of high-risk groups.

3. Multi-scale risk management: discuss how your top-
ic/session contributes to connecting risk governance
structures at local, national, regional, and global levels
to strengthen risk reduction efforts.

4. Building capacity for integrated risk-informed decision-
making: share insights into how your topic/session
builds technical capacity and supports pathways or sto-
rylines to inform decision-making across all phases of
the risk management process.

5. Increase the coverage and performance of early warn-
ing systems: highlight how your topic/session con-
tributes to improving Multi-Hazard Early Warning Sys-
tems (MHEWS) by incorporating vulnerability data,
integrating regional and community-level insights, or
leveraging cross-boundary collaboration.
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