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Abstract

As climate change impacts intensify worldwide, assessing climate risks comprehensively is essential
for guiding effective disaster risk management and adaptation strategies. This systematic literature
review examines the latest developments in Climate Risk Assessment (CRA), focusing on how
climate risks are framed and assessed. It explores advancements, ongoing challenges, and emerging
opportunities to guide future generations of CRAs. Key findings highlight a more nuanced risk
framework that incorporates climate responses, modulating the three risk determinants (exposure,
vulnerability, and hazards), as outlined in the latest IPCC assessment. The state-of-the-art
concentrates on the temporal and spatial characteristics of hazards, while exposure and
vulnerability are increasingly understood as dynamic concepts influenced by socioeconomic
changes. Recent developments, such as multi-hazard approaches, risk tolerance integration, and
the concept of Climatic Impact-Drivers (CID), provide new perspectives on assessing climate risks.
However, managing complexity and uncertainty remain the main operational challenges,
underscoring the need for improved CRA methodologies and models, as well as consistent,
interoperable datasets. The paper discusses avenues to advance CRA, emphasizing the importance
of bridging the gap between academic advancements and practical implementation. Conceptual
recommendations include adopting a systemic approach to, for example, better account for the
cascading and compounding risks, hazard thresholds, adaptation limits, and risk amplifiers, as well
as using storylines to improve CRA communication. Technical recommendations include
leveraging emerging technologies such as artificial intelligence, machine learning methods and big
data analytics to improve real-time risk prediction and modeling. To enhance the CRA practice, the
study advocates for greater stakeholder involvement and inclusive governance to ensure that CRAs
remain context-specific and relevant. These recommendations, together with strengthened
interdisciplinary collaboration and knowledge-sharing, are expected to pave the way for more
effective climate risk management, adaptation, and resilience-building strategies.

1. Introduction risks, as well as the effective responses to them. cli-

mate risk assessment (CRA) has always been vital
As climate change increasingly impacts individu- for the scientific, practice, and policy communities,
als, assets, and nature (Abbass et al 2022, IPCC providing stakeholders with crucial insights necessary
2023a), there is a growing need to understand the for effective decision-making. However, the require-
type, scale, interactions, and significance of climate mentsand expectations placed on how the assessment

© 2025 The Author(s). Published by IOP Publishing Ltd
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Figure 1. The shift of focus from climate vulnerability to climate risk in IPCC 4th and 5th assessments.

should identify, analyze, and evaluate current and
future climate risks have evolved. Against the back-
ground of new requirements at various governance
(e.g. national, regional, municipal; Warren et al 2018,
Conway et al 2019) and systems levels (e.g. finance,
food, critical infrastructure or health; (Challinor et al
2018, Estoque et al 2020, Battiston et al 2021), we
review the challenges and limitations, and explore the
ways to move forward.

Our understanding of climate risks, methods for
assessing them, and management practices (Reisinger
et al 2020, Simpson et al 2021) is reflected in the
evolving concepts and frameworks employed by the
Intergovernmental Panel on Climate Change (IPCC)
to frame climate risks across the assessment reports
(AR) 4 (IPCC 2007), 5 (IPCC 2014) and 6 (IPCC
2023b). An important conceptual shift occurred dur-
ing the transition from the AR4 to AR5 (Birkmann
and Mechler 2015). While AR4 focused on assess-
ing climate vulnerability and understanding risk as
a potential consequence of climate change impacts,
AR5 adopted a new framework centered around risk
factors. This shift® (figure 1) from consequences to
risk has paved the way for a more nuanced under-
standing of the multifaceted interplay of risk drivers.

The AR5 has helped to portray risk as an interplay
of exposure, vulnerability, and (current and future)
hazards, building on decades of long research and
practice in the disaster risk reduction domain. This
risk-focused approach comes with greater potential
to inform a wide range of decision-makers and prac-
titioners, including those who may not have extens-
ive experience or familiarity with the concept of

6 This shift has been well documented in IPCC’s 5th assessment
cycle and started with the publication of the SREX! report in 2012
(IPCC 2012) further feeding into the 5th assessment report (AR5)
in 2014 (IPCC 2014).

risk. Since the transition from climate vulnerabil-
ity to risk and with increasing impacts from climate
change being felt, CRAs have gained attention and are
increasingly being implemented across various scales,
sectors, regions, and communities (Ara Begum et al
2022), including the private sector such as finance
(Walenta 2020, Battiston et al 2021) and insurance
(Golnaraghi 2018, Lyubchich et al 2019, Nobanee et al
2022).

Responding to the increasing relevance of CRA
for understanding, managing, and preparing for
climate-related risks, this paper comprehensively
reviews the state-of-the-art regarding the current
operationalization of risk assessment and its com-
ponents (i.e. hazard, exposure, and vulnerability).
This refers to the application of climate risk con-
cepts into guiding frameworks and methodologies for
assessing climate-related risks in real-world scenarios.
It also identifies recent advancements in the field,
the persistent challenges faced in assessing ongo-
ing and future climate-related risks, and the latent
opportunities that can enhance future generations of
CRAs. To this effect, this systematic literature review
seeks to critically analyze the current state of CRA
in peer-reviewed studies, providing valuable insights
for researchers, policymakers, and practitioners on
four aspects: (i) Current conceptualization of risk; (ii)
Recent conceptual developments; (iii) Advancements
(technological and methodological) and prevailing
challenges in CRA; and (iv) Emerging opportunities
and new directions for future CRA.

The methodological approach for conducting
this literature review is described in section 2, fol-
lowed by the main findings in section 3 present-
ing the current conceptualization of the risk com-
ponents, emerging concepts, recent advancements
and challenges encountered in CRA. Section 4
gives an outlook including future directions and
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opportunities for CRA, building on technical and
practice recommendations, areas of future research,
and conceptual advancements.

2. Methodology

We conducted a systematic review of the peer-
reviewed literature to provide a comprehensive over-
view of key themes in the field of CRA. Focusing
on both conceptualization and operationalization
aspects, we qualitatively synthesized recent advance-
ments, challenges and opportunities for this discip-
line. To achieve this, we utilized a specific search
on keywords ‘climate’, ‘risk] ‘assessment, ‘analysis),
‘framework’, ‘tool, ‘method’, ‘approach’, ‘review’ and
‘concept™ across a variety of databases, including
Scopus, JSTOR, PubMed, and DOAJ. Articles did not
need to feature all keywords simultaneously (except
for ‘climate’ and ‘risk’) and the combination of the
keywords ensured a broad capture of relevant liter-
ature (by using Boolean operators AND and OR).
The keywords ‘climate’ and ‘risk’ were linked with
the Boolean operator AND, meaning that all docu-
ments must contain these terms. The remaining terms
(i.e. assessment, analysis, framework, tool, method,
approach) were connected using OR, so documents
may contain at least one of them. The latter allowed us
to capture the plurality of terms used within the field
to study climate risks. The keyword ‘review’ was also
included using OR to capture overviews and syntheses
of CRA approaches, methodologies, and frameworks,
as well as the current state and other insights in a
particular sub-area of CRA—aspects central to our
research goals. Similarly, ‘concept*” was included in
the search strategy with OR to capture both, art-
icles exploring conceptual approaches or frameworks
for CRA, and articles delving into the conceptualiza-
tion of climate risk and its drivers (hazard, exposure,
and vulnerability). Doing so, enabled the inclusion of
both, established and forward-looking articles related
to CRA. Additionally, our review focused on publica-
tions in English spanning from 2010 to 2023, resulting
in 656 results. This period was selected to capture rel-
evant literature during the transition initiated by the
new conceptualization of climate risk at the time of
publication of IPCC SREX/ARS.

The screening of papers involved manual sort-
ing based on title and abstract. Articles that explicitly
mentioned the description, utilization, development,
or review of a CRA framework, tool, method, or
approach in the title or abstract were included in the
review. Given that this review was conducted within
the CLIMAAX project (www.climaax.eu/), our review
is focused on how climate risk concepts and assess-
ment approaches are developed and applied in the
European context, hence, we concentrated the fur-
ther analysis on publications from this region. Also,
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publications that dealt with conceptual or generic
applications were included.

To ensure the included papers held significant
influence within the CRA community, we implemen-
ted a citation threshold. Papers published between
2010 and 2019 required a minimum of 30 citations.
This citation threshold was chosen as a pragmatic
criterion to include papers that had demonstrated a
minimum influence in the field. We acknowledge that
citation counts can vary significantly depending on
the year of publication due to differing time frames
for accumulating citations. Thus, papers published
from 2020 onward faced no such citation restrictions.
While a formal sensitivity analysis on the chosen cita-
tion threshold could further refine our selection cri-
teria as different thresholds might yield different sets
of papers; however, this was beyond the scope of this
study. Importantly, this limitation does not under-
mine the validity of our review or its findings.

From the initial 656 search results, 48 papers were
selected for full-text review. Nevertheless, three pub-
lications were excluded from the final analysis as
one did not meaningfully address CRA-related issues,
while the other two were deemed inaccessible due to
subscription-based access (paywalls). Figure 2 sum-
marizes the article selection process used in this study.

Next, the selected 45 articles were subject to con-
tent analysis inspired by Berg (2006) and Bernard
(2013), which consisted of classifying the text based
on predetermined codes that aligned with specific
guiding questions (see appendix). To facilitate this
process, we used the open-source reference manage-
ment software Zotero. Following the coding, a them-
atic analysis (Nowell et al 2017, Thompson 2022) was
performed by transferring the codes into a matrix.

For instance, the following statements were clas-
sified under the code ‘Challenge’, and the respect-
ive thematic category as they address the question
of ‘Which challenges and barriers were identified
regarding CRA?”: ‘(...) about the objectivity or replic-
ability of qualitative assessment approaches (...) it is
challenging to make the process of such an evaluation
as representative as possible by including enough people,
having a good mix of stakeholder and experts, and ask-
ing the right questions, as well as correctly evaluating the
answers.” (Zebisch et al 2021, p 52). Another example,
which was coded as “Vulnerability’ and answers the
research question ‘How were risk and its compon-
ents conceptualized and considered?” under the them-
atic category of ‘Risk conceptualization’ is: ‘Overall,
the approach to vulnerability ‘as an outcome’ seemed
to be the most data and resource demanding, but sim-
ultaneously most comprehensive in terms of assess-
ments of future risks. The approach to vulnerability
as ‘a pre-existing condition’ was the most common,
and suitable for both assessments of current and future
risks. This approach is more suitable for understanding
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Figure 2. Process for selecting the literature.
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the patterns of risk, as well as mapping risks, rather
than identifying adaptation measures and their effect.
‘Vulnerability as a threshold’ requires modeling skills,
and preferably stakeholder involvement to determine
thresholds. This approach also allows to set the pri-
orities for adaptation areas and objects. (Jurgilevich
et al 2017, p 10). In a similar fashion, each code was
assigned to a thematic category, and each category
was analyzed across all the findings according to the
respective guiding question to identify patterns and
trends in the specific theme.

3. Results

The results of our analysis are structured along the
main categories addressed in the subsequent sections.
These include the state of the art of risk and its
three main drivers (exposure, hazard, vulnerability),
operational challenges and limitations currently faced
in the CRA, as well as emerging key topics and
approaches to improve CRA.

3.1. Current understanding of climate risk

IPCC’s most recent 6th AR has defined risk as ‘the
potential for adverse consequences for human or ecolo-
gical systems [...]. In the context of climate change, risks
can arise from potential impacts of climate change as
well as human responses to climate change’ (Reisinger
etal 2020, p 4). The Risk Propeller diagram from IPCC
SREX (IPCC 2012), where risk is determined by haz-
ard, exposure, and vulnerability, has been taken up
and updated in AR6 (Reisinger et al 2020), emphas-
izing complexity and the role of responses (i.e. mit-
igation and adaptation) in modulating each of these
determinants (figure 3(a)). Although the report does
not consider responses as a new risk determinant,
it suggests this as a perspective for future CRAs

(figure 3(b)). This underpins the need for a consistent
multi-disciplinary approach to CRA, such as the one
applied in the European CRA—EUCRA (European
Environment Agency 2024).

Additionally, this definition better conveys the
fact that risk is not static but rather constantly
evolving and influenced by changes in hazards, vul-
nerability, and exposure caused by climatic and non-
climatic factors (IPCC 2012, Reisinger et al 2020,
Chen et al 2021, Ranasinghe et al 2021). These
changes, whether they are natural, unintended, or
deliberate, contribute to the dynamic nature of risk
(Reisinger et al 2020). For instance, urban sprawl
(among other factors) in Southern Europe is intensi-
fying the extreme heat and drought risks, while more
frequent storm surges due to sea level rise are height-
ening flood risks in Northern Europe (European
Environment Agency 2024). The complex nature of
climate risks becomes evident when considering how
changes in one system (e.g. climate, ecosystem) can
trigger responses in others (e.g. society, economy)
and vice versa (i.e. feedback loops), how multiple
risks can combine and escalate over time (i.e. cascad-
ing or compounding interactions), and how unpre-
dictable changes can occur due to the non-linear
behavior of the climate system, often leading to
unexpected or unprecedented outcomes (surprises)
that challenge existing models and knowledge (Ara
Begum et al 2022). These surprises can have far-
reaching consequences and may arise from changes
in the correlation of extreme events that increase
their likelihood of occurring simultaneously or in
rapid sequence (compounding); from tipping ele-
ments leading to abrupt changes in stable compon-
ents of the earth (e.g. glacier and ice sheets, El Nino—
Southern Oscillation—ENSO, Atlantic meridional
overturning circulation—AMOC, and the Amazon
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Figure 3. Modified representation of the IPCC AR6 ‘Risk Propeller’, emphasizing complexity and the role of responses.

rainforest); or from the ‘unknown unknowns’ (Kopp
et al 2017). Such complex dynamics require a more
nuanced approach to assessing climate risks.

Anthropogenic climate change, natural climate
variability, and socioeconomic development all play
significant roles in shaping risks, exposure, and vul-
nerability (IPCC 2012, Field et al 2014); risks can
thus also arise from maladaptation or side effects of
some responses (Reisinger et al 2020). Consequently,
not only does climate change generate risks that can
surpass the limits of adaptation and result in signi-
ficant losses and damages (IPCC 2023a); but also,
poor planning and mismanagement of climate risks
can have far-reaching implications. Therefore, the ter-
minology of ‘weather and climate events and ‘dis-
aster risks’ used in the SREX report (IPCC 2012),
has evolved to a broader understanding in the AR6
(IPCC 2021) with terms referred to as ‘climate haz-
ard’ and ‘risk’, respectively. Thus, in the context of
the IPCC reports, risk specifically refers to potential
adverse effects of climate change (Field et al 2014),
and risks induced by shifts in physical climate phe-
nomena that directly influence human and ecological
systems (Ranasinghe et al 2021).

3.2. State of the art of the risk drivers hazard,
exposure, and vulnerability

3.2.1. Current conceptualization of hazards

Different approaches have been taken forward to
develop hazard definitions based on the phenom-
ena characterization. Some frameworks classify haz-
ards based on specific typologies. For instance,
Oppenheimer et al (2014) categorized hazards into
floods, droughts, heatwaves, cold spells, wind, land-
slides, coastal hazards, wildfire, water scarcity, and

more. Another classification method groups haz-
ards as intensive or extensive events (Lam and Lassa
2017). Extensive events are gradual changes on a
broad scale, such as droughts, sea level rises, and
gradual temperature increases, while intensive events
are extreme occurrences of physical phenomena, such
as heavy precipitation, heat waves, and storm surges.
Following this logic, a categorization of hazards in
their temporal manifestation distinguishes between
slow-onset processes or trends and sudden onset extreme
events (Cardona et al 2012).

Taking a more comprehensive approach to the
definition of hazards’, UNDRR and ISC (2020) com-
piled an extensive list of 302 hazards grouped into
eight clusters. These clusters include processes, phe-
nomena, and human activities that (i) have the poten-
tial to impact a community; (ii) have measurable spa-
tial and temporal components; and (iii) have proact-
ive and reactive measures available. The list excludes
complex, compound, and cascading hazards, as well
as underlying disaster risk drivers like climate change.
Unlike other hazard categorization systems, the pub-
lication refrains from categorizing some phenom-
ena as ‘climate hazards’ to avoid attributing their
causes to climate change, despite acknowledging cli-
mate change as a key factor contributing to their
occurrence.

In terms of hazard assessment methods, as nat-
ural hazard events exhibit natural randomness (aleat-
oric uncertainty), probabilistic approaches are con-
sidered the most appropriate for the analysis of such

7 ‘A process, phenomenon or human activity that may cause loss
of life, injury or other health impacts, property damage, social
and economic disruption or environmental degradation’ (United
Nations General Assembly 2016).
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processes (Hochrainer-Stigler et al 2023). This typ-
ically entails studying past occurrences through stat-
istical analysis or developing weather generators cap-
able of simulating hazards and categorizing those into
10-, 50-, and 100 year events (the inverse of which
is the occurrence probability). Quantiles, averages, or
threshold levels are commonly employed as statistical
risk measures for establishing extremes (Grossi et al
2005). Recently, increasing use of Machine Learning
techniques (Zennaro et al 2021), Earth Observation
imagery (Kotchi et al 2019), and big data approaches
(Pollard et al 2018) have been applied worldwide
to improve hazard characterization and forecasting
through the enhancement of real-time detection, pre-
diction and monitoring.

3.2.2. Current conceptualization of exposure
The characterization of exposure in current CRAs
and related literature varies considerably, for example
depending on the analyzed hazards, impacted sec-
tors, and the spatial scale of the assessment. The IPCC
definition of exposure® is widely referenced in the
literature (e.g. Gallina et al 2016, Adger et al 2018,
Aznar-Siguan and Bresch 2019, Simpson et al 2021,
O’Neill et al 2022), which alludes to the geograph-
ical location of elements relative to a climate haz-
ard (Jurgilevich et al 2017), for example, the number
of buildings or communities within a specific flood-
prone river basin area. Conversely, some studies con-
ceptualize exposure by focusing on the effects of chan-
ging hazard characteristics due to climate change (e.g.
Lung et al 2013, Onyango et al 2016, Parker et al
2019, Zebisch et al 2021) and lack of timely adapta-
tion action (Warren et al 2018). Rather than the rel-
ative location of the elements to a hazard, this per-
spective considers how changing climate and absence
of proactive preparedness might alter the intensity or
likelihood of hazards (e.g. sea-level rise or deglaci-
ation), thereby impacting other elements over time
that were not originally exposed to associated risks.
Exposure is primarily characterized as the pop-
ulation or socially valued (socioeconomic, cultural,
infrastructures and environmental) assets at risk (e.g.
Cavan and Kingston 2012, Lissner et al 2012, Gallina
et al 2020, Harrington et al 2021, Simpson et al 2021,
Rising et al 2022), which is also the case for the
EUCRA (European Environment Agency 2024). The
indicators that are used to characterize exposed ele-
ments can be hazard-dependent, such as population
exposed to Malaria (Onyango et al 2016) or heat
waves (Lissner eral 2012), as well as sector-dependent,
for example, using crops exposed to water scarcity
(Ronco etal 2017) or health services exposed to floods

8 “The presence of people, livelihoods, species or ecosystems, envir-
onmental functions, services, and resources, infrastructure, or eco-
nomic, social, or cultural assets in places and settings that could be
adversely affected’ (Oppenheimer et al 2014).
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and landslides (Zebisch et al 2021). While not often,
other elements at risk, such as supply chains and eco-
systems, are also the subject of analysis in literat-
ure. For instance, Challinor et al (2018) analyze the
exposure of food supply chains in Europe to climate-
related impacts through changes in price spikes and
volatility in the region and abroad. Similarly, Gallina
et al (2020) focus their exposure assessment on envir-
onmental receptors (i.e. exposed elements) of cli-
mate impacts such as wetlands, beaches, protec-
ted areas, and river mouths. In other regional- to
local-scale CRAs in Europe, studies also account
for additional elements at risk such as a variety
of crops (Ronco et al 2017), tourism attractiveness
(Agulles et al 2022), value chains (Liickerath et al
2023), human health and socioeconomic activities
(European Environment Agency 2024).

3.2.3. Current conceptualization of vulnerability
Vulnerability in most recent analyses refers to the
potential harm or loss a system may suffer when
exposed to a hazard. This is in line with the concep-
tual shift of considering vulnerability as not an ana-
lytical endpoint but a risk driver, according to IPCC
AR5 terminology (Oppenheimer et al 2014). It is a
function of the character, magnitude, and rate of cli-
mate change and variation to which the system is
exposed, including sensitivity and adaptive capacity
(Zebisch et al 2021). Sensitivity refers to how much
a system is affected (positively and negatively) by a
climate-related driver, and it can be influenced by nat-
ural factors (e.g. ecosystem types, land cover, slope,
water holding capacity and erodibility of soils), phys-
ical factors related to human land management activ-
ities and infrastructures (e.g. existence and quality
of dikes, terraces, irrigation systems, houses, roads,
electrical grids) as well as societal factors like pop-
ulation density or age structure (Warren et al 2018,
Zebisch et al 2021). Adaptive capacity, on the other
hand, relates to the societal characteristics that enable
a community to prepare for and cope with the con-
sequences of a hazard, including a rapid recovery. It
is determined by factors such as economic strength,
human skills, education, technology, infrastructure,
as well as institutional capability and preparedness
(Lung et al 2013). The IPCC WGII defines adaptive
capacity as ‘the ability of systems, institutions, humans
and other organisms to adjust to potential damage, to
take advantage of opportunities, or to respond to con-
sequences’ (IPCC 2014, p 214).

Vulnerability is usually measured in relation to
the impact, e.g. through so-called fragility or dam-
age curves (Aznar-Siguan and Bresch 2019, Kropf
et al 2022). As the impacts of climate-related haz-
ards are various and manifest in different sectors,
vulnerability is multifaceted and can vary depend-
ing on the extent or intensity of the hazard and
the affected sector (Oppenheimer et al 2014, Gallina
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et al 2020, O’Neill et al 2022). Physical vulnerab-
ility focuses on the potential of a system to suf-
fer physical damage (e.g. infrastructure damage)
(Cremen et al 2022). Social vulnerability studies the
socio-economic factors (age, income, gender, edu-
cation, etc) that drive people’s vulnerability to nat-
ural hazards. The level of social vulnerability is often
represented by using social vulnerability indices,
which combine different factors into one composite
index (Cutter et al 2003, Oppenheimer et al 2014).
Ecological vulnerability focuses on the susceptibil-
ity of ecosystems to damage, including impacts on
biodiversity, ecosystem services, and environmental
resources (Torresan et al 2016, Zebisch et al 2022). In
the recent EUCRA (European Environment Agency
2024), each of these vulnerabilities are thoroughly
considered.

It is well understood that vulnerability varies over
time, not only as a response to the changes in haz-
ard and exposure, but as the expression of the soci-
etal evolution of the systems (Oppenheimer et al
2014). For instance, implementing adaptive processes
can help decrease vulnerability, however, vulnerabil-
ity can also increase in the short term after damage
is incurred from a hazard. Thus, when multiple haz-
ards hit the same location in a short time interval,
it is extremely important to account for vulnerability
dynamics (Ward et al 2022) (see also section 3.3.4).

3.3. Emerging concepts, approaches, and
frameworks

This section presents an overview of relevant con-
cepts, approaches and frameworks reshaping CRA.
It begins by describing climate responses as a com-
ponent of risk, where recent frameworks and stud-
ies reflect on the dual nature of adaptation and mit-
igation strategies, either mitigating or driving cli-
mate risks. The section further unfolds with con-
cepts such as Climatic Impact-Drivers (CID), risk tol-
erance, and exposure and vulnerability as dynamic
components that enhance the understanding of the
effects of climate change on human and ecological
systems. Finally, the section highlights the signific-
ance of multi-hazard approaches alongside the innov-
ative event-based storylines approach to better com-
prehend the dynamic and complex nature of climate
risk landscapes.

3.3.1. Climate responses as a component of risk

The framework for complex climate risks (Simpson
et al 2021) recognizes that risks can also arise from
climate adaptation and mitigation responses, not just
from the influence of climate change on the conven-
tional risk propeller (hazard, exposure, and vulner-
ability) (IPCC 2012, 2014). Accordingly, the authors
incorporate ‘responses’ as the fourth risk compon-
ent. This is also aligned with Terzi et al (2019) who
support the idea that maladaptation practices can
increase risks to other hazards. Furthermore, several
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studies have explored how adaptation responses can
affect climate risk at local, national and international
levels including the socio-economic dimension in
the risk assessment framework (Oppenheimer et al
2014, Dawson et al 2018, Warren et al 2018, Simpson
et al 2021). For instance, the third United Kingdom
Climate Change Risk Assessment (UKCCRA)
includes the effectiveness of existing and planned
adaptation responses as a sub-step to determine the
risk urgency (Brown and Berry 2022).

Regarding the influence of adaptation responses,
Jurgilevich et al (2017) identified various stud-
ies in Europe (i.e. Norway, Germany, Italy, and
Netherlands) that integrated the simulation and
evaluation of adaptation measures and scenarios
(business-as-usual, opportunistic adaptation, active
adaptation) to gain understanding of risk-increasing
factors. Adger et al (2018), building on the exper-
ience of the second UKCCRA, reviewed the CRA
practice with a focus on adaptation policy develop-
ment. They highlight the influence of non-rational
decision-making, such as the use of heuristics, and
introduce biases in risk perception (e.g. loss aver-
sion, cognitive myopia and preference for maintain-
ing the status quo). This can lead to varying pref-
erences for adaptive responses and overreactions to
perceived risks (i.e. social amplification of risks), ulti-
mately resulting in maladaptive responses. Terzi et al
(2019) explored the interdependency of adaptation
responses and other anthropogenic processes within
amulti-hazard framework and how they can generate
cascading effects.

These complexities underscore the increasing
interest in analyzing a range of responses within the
CRA to better understand and integrate aspects such
as residual risks, risk tolerance, and societal percep-
tion of risk, which can ultimately inform more effect-
ive policy interventions (Adger et al 2018).

3.3.2. Climatic Impact Drivers

The concept of CID, introduced by Ruane et al (2022)
and adopted in the IPCC ARG (see Chen et al 2021),
expands the evaluation of physical climate condi-
tions (averages, events, and extremes) beyond hazards
that may affect human and ecological systems. The
authors argue that depending on the system’s toler-
ance, climatic conditions can have not only negative
or detrimental impacts, but may also have beneficial,
neutral, or even mixed consequences, across different
interacting system elements, regions, and sectors of
society. The objective of this framework is to allow for
a more systematic and neutral approach to assessing
and identifying climatic factors that are relevant for
the assessment of risk. The CID concept was applied
in the latest IPCC report (Ranasinghe et al 2021)
in a comprehensive assessment of physical climate
conditions, recognizing that multiple sectors can be
influenced by various CIDs, with each CID having
an impact on multiple sectors that can be considered
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either hazards when associated with risk, or ‘boons’
when associated with benefits or opportunities.

3.3.3. Risk tolerance

Risk tolerance incorporates the risk preference of
households, private and public sector agents towards
risks they face. Assessing risk tolerance can be con-
sidered an additional step in risk evaluation from
objective (modeled) to subjective (perceived) risk.
For instance, Laino and Iglesias (2023) found that
integrating local perspectives from ten European cit-
ies through Living Labs provides a more context-
specific and comprehensive understanding of the
impacts and risks of climate change in coastal regions.
Risk tolerance assessments can be used to break
down the risk space into domains where risk is con-
sidered acceptable (no further climate risk manage-
ment is necessary), tolerable (risk reduction meas-
ures necessary, depending on resources), and intoler-
able, where no action is feasible as limits to adaptation
are encountered (Mechler et al 2014). For example,
this type of assessment has been undertaken in the
national risk assessment of The United Kingdom, The
Netherlands, Portugal, Switzerland, Germany, and
Austria (OECD 2018). Risk tolerance is closely linked
to risk perception, as people are more likely to tolerate
risks that they perceive as low or manageable. Risk can
be perceived differently depending on the temporal
positioning (e.g. after an extreme event, people tend
to perceive similar risks as higher, which may turn to
lower levels over time), as well as the existing social,
economic, political, cultural, technical and environ-
mental conditions (Aerts et al 2018). For example,
coastal regions that rely heavily on tourism may per-
ceive risks of high erodibility and storms as more
significant compared to drought or landslide risks,
which primarily impact other sectors such as agricul-
ture or ecosystems (Laino and Iglesias 2023). Besides
that, the assessment of risk preferences allows for
the categorization of actors, communities, regions, or
sectors as risk-averse, risk-neutral, or risk-tolerant.
This is important for risk evaluation as well as for tail-
oring adaptation investments and measures, such as
insurance products. Considerations of risk preference
and tolerance are not new to socio-economic ana-
lysis (Klinke and Renn 2002) but have only recently
entered CRA (e.g. Kunimitsu et al 2023) in line with
discussions regarding the limits of adaptation (Klein
et al 2014, Masson-Delmotte et al 2018). Yet, to date,
risk tolerance assessments have not yet reached con-
ventional approaches to CRA and remain somewhat
disconnected from climate risk management studies
that ascertain the effectiveness of adaptation.

3.3.4. Dynamic exposure and vulnerability
Recent studies have acknowledged that exposure is a
dynamic concept (e.g. Zscheischler et al 2018, Kropf
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et al 2022, Rising et al 2022, Ward et al 2022, Zebisch
etal 2022). Many authors discuss how socioeconomic
development and adaptation responses could influ-
ence future climate risks by changing exposure and
vulnerability (Gallina et al 2016, Berrouet et al 2018,
Cremen et al 2022, Rising et al 2022). In fact, some
authors (i.e. Gallina et al 2016, Harrington et al 2021,
Menk et al 2022) argue that exposure may be a more
significant risk driver than changes in hazard char-
acteristics due to climate change. These studies sug-
gest the need to better account for future changes
in exposure by exploring socioeconomic or land-use
change scenarios (Gallina et al 2016, Berrouet et al
2018, Cremen et al 2022), which is still often neglected
in current research due to a lack of projections data at
scale (Jurgilevich et al 2017, Menk et al 2022, Zebisch
etal 2022).

Berrouet et al (2018) describe the dynamic nature
of vulnerability in socio-ecological systems as being
influenced by various factors, such as changes in the
system’s adaptive capacity, recoverability after dis-
turbances, and the degree of the dependencies of
the affected components with the climate impacts.
By focusing on the interconnectedness of socio-
ecological systems, the authors introduce a concep-
tual framework that recognizes vulnerability dynam-
ics in response to environmental, social and economic
factors. Likewise, Ward et al (2022) highlight the
importance of considering changes in vulnerability
over time as vulnerability can increase after a hazard
due to the suffered damage. These dynamics are par-
ticularly important in the context of multi-hazards,
when more than one hazard hits the same location
in a short time interval. Furthermore, future changes
in climate risks are driven by socioeconomic develop-
ments that influence exposure and vulnerability such
as population growth or decline, urbanization and
urban sprawl and progress in human development
(e.g. equality, poverty reduction) (Cardona et al 2012,
O’Neill et al 2017, Thiery et al 2021). These future
dynamics can be explored with the help of projections
based on socioeconomic scenarios (Jurgilevich et al
2017, Cremen et al 2022, Kropf et al 2022). However,
vulnerability dynamics are rarely assessed in the cur-
rent literature.

3.3.5. Multi-hazard approaches

There is a growing interest in multi-hazard
approaches, analyzing how different hazards coin-
cide, amplify and cascade to generate compound risks
(Aznar-Siguan and Bresch 2019, Parker et al 2019).
Multiple hazards in the context of climate risks have
been studied from two different angles: one by invest-
igating how multiple drivers coincide to drive impacts
and risks (van den Hurk et al 2023a), and another by
analyzing natural hazards of different kinds and their
interrelationships in time and space (e.g. trigger-
ing, amplifying, independent, compound; Ward et al
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2022). In both cases, the compound impacts of the
overlapping hazards have a greater impact than each
hazard alone. For instance, the combination of the
storm surge from cyclone Xynthia with the high tide,
large waves, and already saturated soil led to severe
damage on the coasts of France in 2010 (Tilloy et al
2019).

Various frameworks for assessing multi-hazard
risks exist (Gallina et al 2016, Hochrainer-Stigler
et al 2023). One of the first frameworks for the
assessment of risk from compound hazards was pro-
posed by Zscheischler et al (2018). Gallina et al
(2020) developed a multi-risk assessment methodo-
logy, designed to evaluate cumulative climate impacts
in coastal areas using a case study on the North
Adriatic coast. To do so, multiple hazards are ana-
lyzed using an influence matrix to determine haz-
ard strength interactions across spatial units and tem-
poral scales and, later, integrated along with exposure
and vulnerability of different receptors (e.g. beaches,
wetlands, urban areas). Also, some studies used the
impact chain approach for tracing how multiple haz-
ards propagate and aggregate through systems to gen-
erate risk conditions (e.g. Agulles et al 2022, Menk
et al 2022, Zebisch et al 2022). The multi-hazard
approach can present a more comprehensive ana-
lysis of risks in a region (Gallina et al 2016, Terzi
et al 2019, Simpson et al 2021). For instance, Sutanto
et al (2020) investigated the occurrence, interaction,
and cascading nature of heatwaves, droughts, and
wildfires across Europe, identifying spatial and tem-
poral patterns of these hazards, thus, areas prone to
concurrent and sequential events. Such an under-
standing can support better risk management options
that account for synergies between risk management
measures for individual hazards (De Ruiter et al
2021). A multi-risk perspective may also consider
both climatic and non-climatic factors (e.g. dynamics
of vulnerability and exposure) that interact to gener-
ate risks (Lung et al 2013).

3.3.6. Event-based storylines approach

Unlike deterministic approaches, probabilistic
approaches for CRA assess the impacts of natural haz-
ards based on their likelihood (Sillmann et al 2021),
providing a spectrum of possible outcomes. However,
they do so by assuming a constant probability distri-
bution over a climatic reference period—typically
30 years—implying that the statistical properties of
the climate system remain unchanged during this
time (Cheng and Agha-Kouchak 2014). This assump-
tion can be misleading because climate change does
not follow consistent or predictable patterns, influ-
encing climate processes with non-linear behavior
and variations across multiple scales (Hurrell et al
2009). For example, small changes in ocean tem-
peratures and atmospheric circulation can result in
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significant, and sometimes sudden, shifts in the fre-
quency, intensity, and spatial distribution of extreme
weather events (IPCC 2012, 2023a, Masson-Delmotte
et al 2018), such as hurricanes or storms. While
probabilistic models that better account for the
evolving climate and its associated risks have been
developed more recently (Cheng et al 2014, Vanem
2015, Cancelliere 2017), they have not been taken up
yet in the CRA literature. To complement probabil-
istic approaches, non-probabilistic approaches have
been recently applied, including those building on
event-based storylines (Shepherd et al 2018, Sillmann
et al 2021, van den Hurk et al 2023b). Storylines are
valuable not only because they help to integrate both
quantitative (including scenario-based information)
and qualitative information, providing a holistic view
of potential impacts addressed, but also for under-
standing and exploring low likelihood but plausible
outcomes (see Baldissera Pacchetti et al (2023) for
more on climate storylines). This approach focuses
on the interaction of driving factors and the res-
ulting impacts (Shepherd et al 2018), rather than
quantifying event probabilities, which can be diffi-
cult due to their rarity and uniqueness (Zscheischler
et al 2018). By considering plausibility, salience, and
relevance, climate risk is addressed with a combina-
tion of physical and human facets of climate change,
which includes vulnerability and exposure consider-
ations (Sillmann et al 2021). Additionally, analysis of
past weather events under different climatic, socio-
economic, or policy changes can provide valuable
insights into the impacts and dynamics of hypothet-
ical events, known as ‘counterfactuals’ (Ciullo et al
2021).

Despite both approaches having their advantages
and limitations, a combination of probabilistic and
storyline approaches is possible (Brusselaers et al
2023). While the probabilistic approach is especially
useful, for example, risk financing and cost-benefit
analysis, the storyline approach can reveal the com-
plexities of natural hazard events both in terms of
direct and indirect impacts of various risk bearers.
van den Hurk et al (2023b) describe that through a
storyline of the impacts on the European food sup-
ply caused by droughts in North and South America.
Therefore, constructing storylines comprising uncer-
tain events and emerging impacts can provide novel
system insights that might be missed in a probabilistic
approach and may give meaningful inputs to stake-
holders in a decision-making process.

3.4. Progress and challenges encountered in CRA

Considering the rapidly changing climate,
socio-economic inequalities and other societal and
environmental challenges, the development and
implementation of CRAs need to proactively take
on and incorporate multiple factors. In the reviewed
literature, complexity and uncertainty are dealt with
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as major issues for CRAs, along with other practical
challenges, such as technical choices related to an
increasingly rich landscape of approaches and tools,
the need for data enhancement, involving and being
relevant to a broad range of stakeholders and their
respective needs through more inclusive and iterative
approaches, and the need to enable a better consider-
ation of CRA outcomes in decision-making related to
climate risk management. These factors are discussed
in the following sub-sections.

3.4.1. Handling complexity

Characterizing climate risk is challenging due to the
various components and interactions of risk drivers
that are not yet fully understood (Simpson et al
2021, Menk et al 2022). Climate risks can have com-
plex ramifications of impacts that cascade through
inter-related systems (e.g. sectors, ecosystems or geo-
graphical regions) (Challinor et al 2018). Analyzing
these indirect risks and causal risk pathways, includ-
ing their economic implications, is not an easy task
(Challinor et al 2018, Cremen et al 2022, Rising et al
2022), particularly, when determining the variabil-
ity of risk perceptions across different spaces, times,
sectors, and cultural associations (Brown and Berry
2022). While the dynamic interplay between haz-
ard, exposure, and vulnerability makes it difficult to
estimate the occurrence and progression of risk events
properly (Ward et al 2022), analyzing interconnected
and interacting climate-related risks on multiple sec-
tors and effects on their components, increases the
assessment complexity (Terzi et al 2019, Menk et al
2022).

Distinguishing cause-effect relationships from the
various interacting factors, natural variability, and
threshold values can be analytically complex. This
complexity often causes compartmentalization of
approaches which can lead to a fragmented view of
risks (Brown and Berry 2022). For example, by:

e Focusing on specific hazards overlooking other
risks that may have serious consequences (Cremen
et al 2022) and without exploring a wider variety
of potential scenarios and associated outcomes and
their uncertainty (Pirani e al 2024).

e Only considering the hazard variability as climate
changes, omitting variations in exposure and vul-
nerability over time (Jurgilevich et al 2017, Brown
and Berry 2022).

o Assessing multi-risk as the aggregation of indi-
vidual risks from different hazards (e.g. floods and
droughts) based on existing conditions or specific
scenarios rather than accounting for how these
risks may interact over time (Ward et al 2022), as
seen when droughts and heatwaves increase the risk
of wildfires (e.g. Sutanto et al 2020).
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e Not considering relevant aspects such as adaptive
capacity (of both nature and humans), system resi-
lience and stability under different future climates
and socio-economic pathways (Brown and Berry
2022), and system recoverability after disturbances
(Berrouet et al 2018).

e Focusing on specific subsets of systems, such as par-
ticular sectors or communities, without consider-
ing important linkages in risk transmission (e.g. via
supply chains) (Challinor et al 2018).

To face these limitations, recent CRA literature has
approached complexity from various perspectives.
To categorize this within climate risks Simpson
et al (2021) proposed a framework which introduces
single-driver interaction, multiple-driver interaction,
and interacting risks as three categories contributing
to increasing complexity. Additionally, Cremen et al
(2022) conducted a review on modeling and quan-
tifying future climate risks. Authors highlighted the
framework of Bouwer (2013) to account for dynam-
ics in hazard (due to climate change), exposure pat-
terns (e.g. population, land use, built environment),
and vulnerabilities (e.g. due to adaptation and socio-
economic changes).

Also, various CRA scholars have progressed in
the understanding of climate risks interconnected-
ness and impact transmission across the systems.
Challinor et al (2018) propose a new approach that
distinguishes between climate factors (e.g. extreme
weather events) and socio-economic factors (e.g.
trade, migration) in the transmission of climate risks
across borders (e.g. droughts in one region triggering
food insecurity in another) and sectors (e.g. droughts
disrupting the energy system, affecting raw material
supply chains and manufacturing sector), based on
a review of various methods for assessing transmit-
ted risks and risk amplification. Furthermore, Harris
et al (2022) introduce a protocol that helps incor-
porate analysis of transboundary risks (risks cross-
ing geographical or political borders) by leveraging
principles for managing complex risks and frame-
works for assessing risk ownership (who is respons-
ible for managing the risk across different scales).
Carter et al (2021) present a conceptual framework
for assessing cross-border impacts and emerging risks
by examining initial impacts and downstream con-
sequences, including recipient risk and impact and
response dynamics. Additionally, van den Hurk et al
(2023b) propose the event-based storyline approach
which tracks remote climate events that may have
impacts across geographical borders and sectors, as
experienced with the landfalls of hurricanes Sandy in
2012 and Harvey in 2017 in the United States that
triggered global trade shocks, with indirect economic
repercussions for Europe (refer to Middelanis et al
2021).
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Furthermore, advancements in multi-risk assess-
ment models have allowed for improved methods of
assessing climate-related risks by taking into account
how different hazards are interrelated. Terzi et al
(2019) compared various models to determine which
were most effective at representing spatial and tem-
poral changes, managing uncertainties, conducting
cross-sector evaluations, incorporating adaptation
strategies, and handling complex data. The results
showed that system dynamic and hybrid models had
the greatest potential for assessing multiple risks and
adapting to climate change (Terzi et al 2019). In addi-
tion, Tilloy et al (2019) identify different types of haz-
ard interrelations (i.e. triggering, change condition,
compound, independence and mutually exclusive)
and study 19 modeling methods (stochastic, empir-
ical, and mechanistic) that can be leveraged to assess
these hazards in the European context. The authors
also provide insights into how to account for cas-
cading hazards (e.g. how a storm can lead to land-
slides) and compounding hazards (e.g. extreme heat
with a concurrent drought) to help better under-
stand the overall impact of climate risks. Gallina
et al (2020) present a multi-risk approach that com-
bines different climate hazards, exposure, and vul-
nerability factors, using GIS and statistical tech-
niques to identify high-priority multi-hazard and
multi-vulnerability areas in different spatial and tem-
poral scales. More recently, Hochrainer-Stigler et al
(2023) propose a six-step framework for analyz-
ing and managing risk across different levels in five
pilot regions in Europe (Scandinavia, Danube Region,
Veneto Region, North Sea, and Canary Islands). This
integrated approach seeks to enhance the practical
application of multi-risk assessment, encompassing
single to multi and systemic risks.

There are further key methodological improve-
ments needed to overcome analytical challenges. For
instance, how to comprehensively describe the poten-
tial cascade impacts under different future scen-
arios (Gallina et al 2016), considering the differ-
ent spatial and temporal scales to identify the wide
range of disparate risks (Brown and Berry 2022),
and including a detailed analysis of risk interactions
(i.e. aggregation, compounding or cascading) and
dynamic interdependencies among and within the
risk components (Gallina et al 2016, Terzi et al 2019,
Simpson et al 2021, Ward et al 2022). Additionally,
Zscheischler et al (2018) emphasize the importance
of interdisciplinary collaboration in understanding
the complex interactions between various risk drivers,
such as urbanization, infrastructure, and anthropo-
genic emissions, and how they compound to shape
risks. Jurgilevich et al (2017) highlight the import-
ance of incorporating risk dynamics into CRA by
considering changes in exposure and vulnerability
over time, as well as integrating biophysical and
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socio-economic aspects to effectively address present
and future challenges. These improvements should
be complemented with enhanced ways to communic-
ate and visually present the many risk features (see
section 3.4.5), such as cause-effect relationships (e.g.
how deforestation leads to increased flood risk), feed-
back loops, the combined effects of risk drivers (e.g.
land regulations affecting on both the number of ele-
ments exposed and hydrological conditions associ-
ated to floods), and how risks evolve over time and
across different locations, enabling more informed
decision-making (Lieske 2012, Terzi et al 2019, Menk
et al 2022). Overall, more than an impediment, com-
plexity of climate risks offers new areas for innova-
tion and development, which can enable more com-
prehensive and dynamic CRAs.

3.4.2. Addressing and embracing uncertainty

When projecting and predicting risks, each compon-
ent of the CRA involves various sources of uncertainty
(table 1), which should be treated carefully (Cremen
etal 2022). Modeling future changes and variability of
impacts on each risk component is a methodological
challenge that has not been fully addressed (Menk
et al 2022). Defining the plausibility of future out-
comes is not an easy task due to the intrinsic uncer-
tainty of the response of climate to human-caused
changes, uncertainties in the representation of pro-
cesses by climate models, and uncertainties related to
the scenarios themselves that are built around narrat-
ives of projections of factors such as changes in popu-
lation and global governance that also have associated
uncertainties (Hawkins and Sutton 2009, Harrington
et al 2021). Projecting future changes in vulnerability
is highly uncertain, considering that it also depends
on socio-economic aspects such as education, wealth,
health, and how they interact (Jurgilevich et al 2017).
Additionally, CRAs are often constrained by limited
information about risk dynamics, future exposure
and vulnerability, and ‘hidden’ risk factors across
socio-ecological systems (Jurgilevich et al 2017, Melo-
Aguilar et al 2022, Rising et al 2022, Zebisch et al
2022).

In the face of this challenge, van der Sluijs (2012)
discusses two possible directions for dealing with
(deep) uncertainty: one where uncertainty is a miss-
ing piece of current knowledge status and the other,
accepting uncertainty and including it into CRAs
when possible.

Several studies have explored ways to reduce
uncertainty in CRAs. Kaspersen and Halsnaes (2017)
found that detailed and spatially explicit data can
lower overall uncertainty and help identify vulner-
able assets, demonstrated through a case study in
Denmark. Additionally, Harrington et al (2021) sug-
gest a methodology for assessing uncertainties in
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Table 1. Sources of uncertainty.
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Source of uncertainty

Source

Structural uncertainty: incomplete understanding of processes and
components in climate, impact, and economic models.

The noise of natural fluctuations: distinguishing climate change
impacts in specific locations from natural fluctuations.

Downscaling methods: estimating the probability of low-frequency,
high-intensity events in specific locations by downscaling data from
global climate models.

Cross-sectoral sensitivities: changes in sectoral sensitivities in a
changing climate.

Physical teleconnections: changing physical teleconnections that can
affect sectors and regions differently.

Unexpected changes in systems: unprecedented socio-economic and
environmental changes and their interactions with climate change
effects.

Incomplete climate impact pathways: insufficient characterization of
climate change effects in the human and ecological systems, including
direct and indirect impact pathways, webs of interconnections, and
propagation mechanisms at various temporal and spatial scales.
Masking of climate change effects: overlapping climate change
effects (exempting extreme events) with other dynamics, like urban
development or demographic changes.

Risk aggregation: assumptions made upon integrating information
from different scales and sources to assess overall risks and priorities.
Relative importance of each input factor: quantifying the relative
importance of every risk factor in different exposed systems and in an
evolving landscape of multiple risks.

Evolving adaptive capacity: modeling how quickly and effectively
people and systems will adapt to the changing climate.

Spatial patterns of hazards: representing the spatial distribution of
climate hazards and their impacts against local risk thresholds for
different types of hazards.

Temporal variations: variability of climate impacts over time,
including feedback loops and interacting risks.

Unpredictable events: unidentified or yet unknown risks, including
‘black swan’ events.

Individualization of impacts: estimating the extent of impacts and
their spatiotemporal probability and frequency precisely, within
varied risk perceptions and risk-aversion attitudes across the society.
Uncertain datasets: intrinsic uncertainty in input data and
inconsistency between datasets used for climate modeling.

(Kaspersen and Halsnaes 2017)
(Kaspersen and Halsnaes 2017)

(Kaspersen and Halsnaes 2017)

(Challinor et al 2018)
(Challinor et al 2018)
(Conway et al 2019)

(Conway et al 2019,
Melo-Aguilar et al 2022)

(Conway et al 2019)

(Harrington et al 2021)

(Harrington et al 2021,
Melo-Aguilar et al 2022)

(Harrington et al 2021)

(Harrington et al 2021,
Rising et al 2022)

(Rising et al 2022)
(Rising et al 2022)

(Kaspersen and Halsnaes 2017,
Rising et al 2022)

(Melo-Aguilar et al 2022)

the ‘Reasons for Concern’ framework by quanti-
fying multiple dimensions of uncertainty, includ-
ing model-related uncertainty, uncertainty related
to future socioeconomic development, and uncer-
tainty related to local risk thresholds and its vari-
ance depending on the governance and severity of the
climate hazard in a given location. Similarly, Melo-
Aguilar et al (2022) propose a standardized probab-
ilistic framework that treats each component (indic-
ators and weights) of a composite risk index as a prob-
ability density function. By quantifying and propagat-
ing uncertainties associated with each element of the
risk assessment, the authors provide a confidence
level of the risk value and simulated future scenarios
in an illustrative application in the Balearic Islands,
Spain.
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However, with the paradigm of ‘uncertainty
reduction’ potentially reaching its limits, ‘making
uncertainty manageable’ is a promising path to be
pursued by, for example, following an event-based
storyline approach (e.g. Sillmann et al 2021), invest-
igating adaptation tipping points (e.g. Kwadijk et al
2010) or exploring ‘solution spaces’ for adaptation
options (e.g. Haasnoot et al 2020).

3.4.3. CRA approaches and choices

The urgency of addressing climate change has
brought forth diverse methods to assess climate risk,
ranging from top—down global modeling to bottom—
up, more localized assessments. However, this vari-
ety of scaled approaches has created a challenge for
decision-makers and relevant stakeholders, especially
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at sub-national levels, where not only strengths but
also limitations and inherent trade-offs of CRA
approaches also play a significant role in the selec-
tion process.

On the one hand, top—down approaches can be
applied at a large scale (e.g. national), having results
that are replicable and scalable (Conway et al 2019,
Zebisch et al 2021), and represent conditions at dif-
ferent timeframes (Menk et al 2022) with support-
ive data and objective rigor (Melo-Aguilar et al 2022).
On the other hand, bottom—up approaches can reveal
new information on the risk and its implications in a
given context (Zebisch et al 2021, Menk et al 2022).
These approaches can unpack the impacts of risks on
individuals’ lives and the individuals’ responses and
reactions to specific risks (Terzi et al 2019), capturing
the numerous factors and risk processes that interact
in intricate ways (Berkhout et al 2013, Aznar-Siguan
and Bresch 2019, Terzi et al 2019, Brown and Berry
2022, Kropf et al 2022).

While both, top—-down and bottom-up
approaches, come with their individual advantages
CRA results from both approaches tend to lead to an
incomplete understanding of the complex interplay
between climate and socio-economic systems and,
thus, may lead to a failure to address the root causes
of climate risk adequately. With regards to top—down
approaches, these face major difficulties related to
the assumptions for assessing future climate risks,
as well as their ambiguity in defining ‘referenced
conditions’ and the ‘shifting baselines’ syndrome
(Brown and Berry 2022). Top—down approaches
often have ‘blind spots’ in the prediction of future
risks due to insufficient historical data (Challinor
et al 2018). Moreover, their high reliance on primary
climate data rather than bioclimatic data, makes them
unsuitable for evaluating climate risks in ecosystems
and biodiversity (Brown and Berry 2022). In con-
trast, bottom—up approaches face challenges related
to high subjectivity (Melo-Aguilar et al 2022) and
low consistency of results (Zebisch et al 2021). These
approaches heavily rely on participant data, expertise
and local knowledge, which can vary widely between
different groups of participants (Cavan and Kingston
2012, Melo-Aguilar et al 2022, Menk et al 2022) and
lack precision and spatial distinction (Zebisch et al
2021). Bottom—up approaches tend to simplify the
complexity of risk processes in order to ensure wider
and more active participation by representing con-
ditions at a specific time without explaining changes
over time, the evolution of risks, or risk interactions
within system components (Menk et al 2022). For
instance, Participatory Climate Scenario Planning
focuses narrowly on how future climate condi-
tions will be impacted by socio-economic dynamics,
neglecting the influence of socio-economic dynamics
on climate risk factors (Conway et al 2019).
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Recent CRA literature increasingly includes
the combination of top—down and bottom—up
approaches, often referred to as integrated or hybrid
approaches (UNDRR 2022). Doing this enhances the
usefulness (Peng et al 2021) and robustness (Onyango
et al 2016) of CRAs, not only balancing the deficits
of each approach but reinforcing their strengths. For
instance, integrated assessments, such as the ones
in Denmark and Italy by Kaspersen and Halsnees
(2017) and Torresan et al (2016) respectively, con-
sider various factors like human responses, biocli-
matic processes, and socio-economic dynamics, and
have the potential to incorporate the concerns of
relevant stakeholders. Hybridization (i.e. the com-
bination of top—down and bottom—up approaches)
of CRA approaches provides a more complete picture
of risks when compared to individual methods used
in isolation, not only by capturing both large-scale
(e.g. hydrometeorological phenomena and environ-
mental changes from climate models and projec-
tions) and local conditions (e.g. the adaptive capa-
city of communities, and stakeholders’ perceptions
of risk) but also mitigating deficits of each method.
For example, they can cover ‘blind spots’ in models
(Challinor et al 2018) by capturing notions of how
risks affect people’s lives, behavior, and responses
(Terzi et al 2019); insights into the non-monetary
and indirect effects of climate risks on specific assets,
systems, or groups at the local level (Menk et al 2022)
as well as conditions for system failure scenarios
(Shortridge and Zaitchik 2018). Likewise, they can
supplement participatory processes with informa-
tion on climate risks at different timeframes as well
as their spatial concentration, dynamics and distribu-
tion (Zebisch et al 2021) to generate narrative-based
descriptions that are locally relevant for decision-
makers (Conway et al 2019). Thus, the hybridization
of CRA approaches seems to be the most compre-
hensive strategy for understanding current and future
climate risks in the literature.

Nevertheless, with the combination of
approaches, new challenges arise. Data gathered from
each approach tends to be different, and harmon-
izing it can be problematic (Conway et al 2019).
Combining data can raise verification and repro-
ducibility issues, considering that some aspects, such
as exposure and vulnerability, are sometimes assessed
using indirect or subjective methods (Melo-Aguilar
et al 2022). While there has been some progress
in developing climate services and improving data
quality, there is still some work to do in develop-
ing and upscaling frameworks for quality assurance
and harmonizing information across platforms in
Europe (Street et al 2022). Other emerging issues are
related to the need for data-rich environments, high
computational resources and expertise, more com-
plicated validation and verification processes, and
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additional sources of uncertainty (Conway et al 2019,
Terzi et al 2019, Zennaro et al 2021, Kondrup et al
2022).

3.4.4. Improving data as the key to overcome challenges
Beyond access and availability of reliable data, one of
the major challenges in conducting CRAs is ensuring
the quality, granularity, temporal consistency, and
interoperability of data, tailored specifically to cli-
mate risk factors (i.e. hazard, exposure and vulnerab-
ility). Literature indicates that developing more con-
sistent and comprehensive datasets on exposure and
vulnerability, especially socio-economic data, as well
as enhancing the data on extreme weather events,
can significantly enhance the projection of future risk
dynamics (Jurgilevich et al 2017, Gallina et al 2020,
Zennaro et al 2021). Aligning to this, Menk et al
(2022) highlight the importance of overcoming data
scarcity and inconsistency (e.g. due to heterogeneous
spatial scales or resolution) to improve the accuracy of
CRAs. Also, Zebisch et al (2021) indicate that refining
or downscaling climate model data to local conditions
can be a step towards more reliable and applicable risk
assessments. Moreover, Challinor et al (2018) suggest
that comprehensive datasets can reduce uncertainty
in model-based frameworks and enhance the descrip-
tion of risk transmission pathways across sectors and
borders. Altogether, this can aid in calibrating and
validating models with climate and socio-economic
data more consistently (Lissner et al 2012, Zebisch
etal 2021).

Additional improvements may arise if data repres-
enting the system related to qualitative aspects such
as socio-economic information, stakeholder pref-
erences and local perception of risk is adequately
collected and integrated into models (Terzi et al
2019, Melo-Aguilar et al 2022). This must be done
carefully, for example, when choosing the right
indicators of vulnerability that can represent the
actual conditions while being univocally compre-
hensible for policymakers and stakeholders (Parker
et al 2019). Addressing these data challenges not
only improves the quality of CRAs but also ensures
that derived adaptation strategies are grounded in a
more accurate and holistic understanding of climate
risks.

3.4.5. Influencing decision-making

CRA provides essential information for decision-
making, empowering decision-makers to undertake
local adaptation action. However, translating CRA
results and scientific information into accessible and
actionable formats can be challenging. Through a case
study in Ireland, McDermott and Surminski (2018)
demonstrate that local decision-makers actions are
ultimately guided by political realities (e.g. various
competing goals must be balanced, decision scenarios
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with high uncertainty, the timespan of decisions,
the need of public support), and normative choices
(e.g. defining ‘acceptable risk levels’ and determining
‘adequate’ protection levels), which involves broader
consensus and stakeholder participation to secure
decisions’ acceptability.

The literature shows ways to overcome this chal-
lenge and meet the expectations of decision-makers.
To do that, it is essential to build on a robust evid-
ence base that can account for the unequal distribu-
tion of benefits and costs (‘winners’ and ‘losers’) of
the changing climate (Peng et al 2021), and is charac-
terized by high confidence levels and widespread con-
sensus (Torresan et al 2016, Brown and Berry 2022).
This can be particularly beneficial when power imbal-
ance and conflicting interests exist, fostering inclusive
assessments and more just and equitable risk man-
agement decisions (Challinor et al 2018, Menk et al
2022).

Moreover, the literature suggests ways to enhance
the interpretability of the CRA results, especially at
higher levels of aggregation. The increasing volume
of data, when properly interpreted (McDermott and
Surminski 2018), can be used to develop relevant
information (Gallina et al 2016, Zebisch et al 2021)
and lead to better decisions. To do so, CRA results
need to be translated and contextualized to make
them more accessible, relevant and actionable, while
aligning with the specific needs of different stake-
holders, such as government agencies, communities,
and individuals (Conway et al 2019, Melo-Aguilar
et al 2022). Although the process of translating and
contextualizing information may imply simplifica-
tion, loss of information, and even misinterpretation
(e.g. over- or underestimating results, or data mis-
representation), it is also bringing innovative com-
munication strategies aiming to ensure the effect-
ive communication of climate risk-related inform-
ation. For example, through climate impact chains
(e.g. Zebisch et al 2021, 2022, Estoque et al 2022,
Menk et al 2022, Lickerath et al 2023), multi-layer
risk maps (e.g. Torresan et al 2016, Ronco et al 2017,
Gallina et al 2020), network maps and flowcharts
(e.g. Yokohata et al 2019), online interactive visuals
(e.g. Herring et al 2017), burning embers diagrams
(e.g. Zommers et al 2020), narratives (e.g. Dessai et al
2018, Jack et al 2020), storylines (e.g. Shepherd et al
2018, Shepherd 2019, Jack et al 2020, Sillmann et al
2021, Young et al 2021, Kunimitsu et al 2023, Tanaka
et al 2023, van den Hurk et al 2023b), and virtual
3D simulations (e.g. Haynes et al 2018, Wang et al
2019, Van Gevelt et al 2023). Continuously improv-
ing communication strategies is pivotal in match-
ing climate risks and adaptation responses (Brown
and Berry 2022). Showcasing effective communica-
tion strategies to decision-makers is indeed a critical
challenge for the CRA community.
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4. Discussion

This section discusses future directions and oppor-
tunities within the domain of CRA, drawing from rel-
evant literature insights. Current operationalization
of risk components, challenges (especially complex-
ity and uncertainty), as well as developments in con-
cepts and frameworks, call for new perspectives in the
CRA field. The discussion and conclusion unfold in
four main points, namely new tools for CRA, inclus-
ive CRA, chances for pushing boundaries in the field,
and reimagining CRAs.

4.1. Technological advances for more robust CRAs
The CRA field is rapidly advancing, driven by new
technologies and a deeper understanding of cli-
mate risks. In Europe, the future of CRA is being
shaped by technological initiatives like Destination
Earth (DestinE). It aims to create high-precision
digital replicas of the Earth—"digital twins’—to mon-
itor and predict environmental change, suppor-
ted by a cloud-based core service platform offer-
ing data-driven decision-making tools, a data lake
consolidating various data sources, and two pilot
digital twins for climate adaptation and extreme
weather (Bauer et al 2021, Hoffmann et al 2023).
Besides that, accessible and user-friendly decision-
making tools, like DESYCO (see Torresan et al 2016),
have been developed, focusing on integrating local
information (e.g. vulnerability, exposure, impacts)
and global climate data (e.g. hazards, climate and
socio-economic scenarios) to create tailored, practical
CRAs. Also, open-source platforms like CLIMADA
(Aznar-Siguan and Bresch 2019) enable resource-
limited regions to conduct effective CRAs and indic-
ating a trend towards more accessible, transparent,
and collaborative risk assessment methods. By enhan-
cing access to data, complex computations can be
made more manageable. This can be facilitated by
promoting the use of data management best practices
(such as the FAIR principles), virtual data labs (e.g.
the European Open Science Cloud platform), and fos-
tering collaboration and knowledge-sharing between
users (i.e. scientists, local governments, community
groups, and other stakeholders). Such actions can
ultimately support the trust-building of local CRAs.
Artificial intelligence and machine learning are at
the forefront data-driven CRA methods using tech-
niques such as decision-trees, random forests, and
artificial neural networks (Zennaro et al 2021). These,
along with cloud computing and satellite imagery,
are enhancing the data collection, availability, quality,
and processing, as well as the precision and applic-
ability of CRAs (see Mosavi et al 2018, Kotchi et al
2019, Tsatsaris et al 2021, Zennaro et al 2021, Avalon-
Cullen e al 2023). For example, researchers may
use machine learning and remote sensing to enhance
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the predictive capabilities of CRA models by ana-
lyzing complex and high-resolution climate data in
real-time. Similarly, these technologies offer means
for facilitating decision-making and implementation.
For instance, artificial intelligence can assist decision-
making by processing large datasets to identify risk
patterns, trends, and dynamics to prioritize adapta-
tion measures, while remote sensing can enable prac-
titioners (e.g. Civil Protection, NGOs) near real-time
monitoring of climate impacts (e.g. flood, drought,
urban heatwaves) in critical areas (e.g. water, food,
energy, health, transport) to pre-emptively act and
address climate risks. Additionally, emerging fields
like citizen science, big data analytics, and network
analysis hold significant potential for innovating CRA
practices (more in Challinor et al 2018, Pollard et al
2018, Zennaro et al 2021, Avalon-Cullen et al 2023).
They suggest a future where CRA is more interact-
ive, data-driven, and socially informed, emphasiz-
ing the importance of adopting these technologies
for advanced, effective risk management and adapt-
ation planning. We encourage exploring and lever-
aging these new technologies to their full potential in
the field of CRA.

4.2. Local stakeholder engagement in CRA

Local stakeholder involvement is increasingly recog-
nized as a crucial element in the effectiveness of CRAs
(e.g. Gallina et al 2016, Torresan et al 2016, Conway
et al 2019, Peng et al 2021, Brown and Berry 2022,
Porter and Clark 2023). Incorporating local know-
ledge and perspectives can have two-fold benefits:
provide a deeper understanding of the local con-
texts including hidden aspects of risks that models
cannot capture and build a shared understanding
of the problem at hand—particularly important for
better decision-making processes. Recent research in
Europe (see Terzi et al 2019, Menk et al 2022, André
et al 2023, Liickerath et al 2023) underscores the
importance of participatory governance as a critical
path for improving CRAs (Arribas et al 2022), advoc-
ating for the active involvement of all relevant parties
to utilize localized information and foster decision
ownership.

Future CRAs are expected to increasingly consider
the behavior and perceptions of individuals, busi-
nesses, and governments. Integrating these human
elements, societal dynamics and other factors (e.g.
collective memory, past experiences, previous societal
interests and decisions, social acceptability) prom-
ises to make CRAs more context-specific and relev-
ant. In this regard, CRAs need more participatory and
inclusive spaces, like stakeholder workshops, which
have been identified as valuable for understanding the
roots, drivers and impacts of local climate risks (e.g.
Torresan et al 2016, Melo-Aguilar et al 2022, Menk
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et al 2022, Zebisch et al 2022). Consulting stake-
holders during the formulation and representation of
problems will be essential (Peng et al 2021), as well as
emphasizing a more transparent means to assess cli-
mate risks (Bressan et al 2024).

To achieve this, a blending of scientific methods
from both natural and social sciences is anticipated
(Aertsetal 2018). An integrated approach, combining
top—down and bottom—up insights, is seen as essen-
tial for a comprehensive and nuanced understanding
of climate risks (Conway et al 2019). Coupling these
approaches in iterative data exchange can improve
the understanding of cause-effect dynamics, feed-
back, and connections across systems. This sug-
gests a shift towards more holistic, interdisciplinary
CRAs that better reflect and address local needs and
complexities.

4.3. Areas for future research

Recent research and conceptual developments in the
CRA literature pointed out new areas to be explored
that we proposed as potential key research frontiers
and emerging knowledge gaps:

o Cause-effect relationships with human well-
being: link climate impacts directly to human well-
being and understanding how (chronic) environ-
mental shocks (e.g. prolonged droughts), reinforce
vulnerabilities (see Aerts et al 2018).

e Societal dimensions of climate risks: delve into
aspects such as trust, risk-related behavior, norm-
ative choices, political realities, social ties, percep-
tion, disparity and tolerance (or aversion).

e Vulnerability and exposure dynamics: encompass
the study of changes in exposure and vulnerability
under diverse future socioeconomic scenarios and
development pathways and understanding changes
in the risk distribution over time and space due to
the dynamic interplay and variation of exposure,
vulnerability, hazards.

o Responses modulating climate risks: consist of
integrating into the CRA aspects such as the effect-
iveness and limits of adaptation measures, residual
risks, and the influence of response performance
on the risk profiles over time (including the risk of
maladaptation).

o Risks under transient scenarios, and risk dis-
tribution: involves assessing probabilities and
impacts of future events in transitional climate
scenarios (time-dependent), as well as incorpor-
ating evolving non-climatic factors (e.g. popula-
tion growth, land-use change, ecosystem shift, eco-
nomic development) in projecting future risks. It
also refers to understanding changes in the risk dis-
tribution over time and space due to the dynamic
interplay and variation of exposure, vulnerability,
and hazards.
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e High-resolution models: enhancing downscaling
techniques and producing high-resolution climate
models at the regional, sub-national, and local
level, as well as advancing technical and human
resources and scientific methods for integrating
those into CRA.

e Other emerging topics: comprise low-likelihood
high-impact events, systemic risk transmission
mechanisms, tipping points, and early signs of sys-
tem disruptions.

Addressing these areas while achieving a unified
understanding of vulnerability will be essential for
not only estimating climate risks more precisely but
also for managing them more effectively.

4.4. CRAs under a systemic approach

As the field advances, newfound knowledge and
understanding of climate risks have created oppor-
tunities to refine and enhance CRA. The concep-
tual shift over the past decade—from climate vulner-
ability to climate risk and stress tests—has been of
crucial importance for advancing climate adaptation
and resilience planning. Given the complex nature
of climate risks, the CRA community is undergo-
ing a notable shift towards a more systemic perspect-
ive (UNDRR 2022), examining interrelationships
between multiple climate risks, as well as integrating
multiple hazards and socio-economic dynamics.

A systemic approach in CRA accounts for various
forms of vulnerability (e.g. physical, economic, social,
and ecological) and adaptation limits when assessing
the risks. This is achieved through evaluating indicat-
ors of sensitivity, adaptive capacity, system stability,
resilience, and hazard threshold values. Likewise, a
systemic analysis of climate risks necessitates a deeper
understanding of how risks can propagate across
various sectors and regions (risk transmission), the
factors that increase the severity of risks (risk amp-
lifiers), correlations between local risks and climate
phenomena in distant areas (teleconnections), how
multiple impacts converge into a larger effect (impact
aggregation), and how initial climate-related disrup-
tions trigger a cyclical chain of effects that accelerate
or intensify risk conditions (feedback loops).

In this context, findings suggest that a lead-
ing CRA practice worldwide, including in Europe,
involves the integration of top—down and bottom-—
up approaches in iterative cycles of data exchange
(see Terzi et al 2019, Menk et al 2022). Combining
quantitative with qualitative approaches, and lever-
aging citizen science, the internet, and social media
can enhance CRAs’ comprehensiveness. Such a hybrid
approach provides a better understanding of cause-
effect dynamics, cross-system connections, and hid-
den impacts or ‘blind spots’in models.
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Evaluating risk pathways from a systemic per-
spective is also crucial for future CRAs and risk
scenarios. This involves exploring risk pathways in
ecological and human systems under varying levels
and rates of climate change and anthropogenic pres-
sures, assessing the impacts of socio-economic path-
ways on risk dynamics and variability, estimating
the timing of risk emergence, and exploring future
opportunities. The latter shifts the focus of CRA,
from a problem-oriented to a solution-oriented per-
spective by including the evaluation of potential
benefits arising from changing climatic conditions
(as done in the third UKCCRA; Watkiss and Betts
2021) and proactive and effective climate risk man-
agement (e.g. in terms of creation of new mar-
kets, products, services or safeguarding development
goals).

This review indicates that uncertainty remains a
major challenge for decision-making, and a more sys-
temic CRA approach not only increases complexity
(e.g. due to inter-system dependencies and cascad-
ing effects), but also the associated uncertainty. Thus,
managing uncertainty while continuing to look for
ways to reduce it seems to be the way to move for-
ward in future CRAs. Combining probabilistic meth-
ods with event-based storylines and integrating con-
fidence and sensitivity analysis in CRA results seem to
be promising remedies to manage uncertainty. This
encompasses developing, utilizing, and integrating a
variety of climate and socio-economic scenarios that
support the analysis of cross-system dynamics and
facilitate formulating adaptation options that, instead
of being optimized for a certain future, are optimized
for a multiplicity of plausible futures.

In essence, integrating systemic thinking opens
avenues to further refine the conceptualization, meth-
odological development, and implementation of
future CRAs. These may include utilizing system
dynamics or network analysis to map risk propaga-
tion within and across systems, identifying vulnerab-
ilities and resilience nodes in interconnected systems,
or embedding feedback loops and tipping points in
risk models. Similarly, advancing CRAs towards a
more systemic approach requires progress in other
areas, such as leveraging advanced technologies like
Al, machine learning, remote sensing, and big data
analytics for real-time risk assessment and modeling
system’s complexity; strengthening data interoperab-
ility and availability (particularly at lower decision-
making scales) for comprehensive and consistent
risk analysis across systems; enhancing stakeholder
engagement to identify less-visible risks and system
interdependencies; and exploring societal and insti-
tutional dynamics to better understand how gov-
ernance structures and collective behavior shape risk
outcomes.

Embracing these advancements will lead to bet-
ter understanding of climate risks and their impacts,
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fostering more informed and effective decision-
making. Collaboration across disciplines is essen-
tial to not only leverage technology, data, and col-
lective knowledge, but also build a more compre-
hensive, flexible, and effective approach to CRA. Yet,
bridging the gap between advancements in concep-
tualization and method refinement within academic
circles and their practical application in real-world
CRA is imperative. This review highlights advanced
theoretical developments in CRA, which have not
yet been translated into practice. Addressing this
issue ensures that academic progress yields tangible,
actionable, and useful knowledge for practitioners,
thereby enhancing the overall utility of CRAs.
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Appendix. Content and thematic analysis

Table A.1. Guiding questions, coding and thematic categories.

O Higuera Roa et al

Guiding questions Codes Description Thematic categories
Which tools, methods ‘Tool” and This code covers tools or methods, Technical
and approaches have underneath: as well as approaches (quantitative, implementation
been applied? - ‘Approach’ qualitative, hybrid) that have been choices
- ‘Scale’ applied to CRA. Scales, timeframes,
- ‘Time’ metrics, and the choice of future
- ‘Metrics’ scenarios/projections were also
- ‘Scenario’ included.
- ‘projection’
How were risk, and its ‘Risk’ and It includes conceptual and Risk conceptualization
components underneath: analytical considerations regarding
conceptualized and - ‘Hazard’ risks and each of its components:
considered? - ‘Exposure’ hazard, exposure, and vulnerability.
- “Vulnerability’ Responses, as a fourth component
- ‘Responses’ of risk, were also considered.
- ‘Impacts’ Additionally, the conceptualization
of impacts was also included.
Are there technical/ - ‘Drawback’ Drawbacks are shortcomings, Drawbacks and
methodological - ‘Limitation’ disadvantages, or negative aspects limitations
shortfalls? of a particular method, approach,
or practice in CRA. Limitations
refer to the inherent restrictions or
boundaries that exist within the
CRA process, which influence the
analysis and its outcomes. Both
represent weaknesses.
Which challenges and ‘Challenges’ General difficulty, obstacle, or Challenges
barriers were identified problem that the study faced and
regarding CRA? needs to be overcome. It ranges
from conceptual and analytical
issues, such as uncertainty and
complexity, to practical and
perceptible aspects, such as
decision-making relevancy,
stakeholder consensus, data quality
and availability.
What are the most ‘Gaps’ Areas where critical information, Remaining gaps
pressing issues that data, or knowledge is missing or
need to be addressed in incomplete, and hinders the
the field of CRA? understanding of climate-related
risks and their impacts.
Are there promising ‘Trends’ This code relates in a more general Trends and emerging
trends and/or new or conceptual sense to emerging concepts
perspectives which are concepts, recurrent topics, or areas
relevant for CRA? of innovation in the CRA field.
What would be future ‘Outlook’ It refers to potential directions on a Future directions
directions or particular issue in the field, based
opportunities for CRA on the discussions and
to enhance recommendations of the studies. It
effectiveness, relevance, covers mainly scientific issues but
and extends to practical, technological,
comprehensiveness? and political aspects.
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