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Abstract Despite considerable uncertainties regarding the exact contribution of anthropogenic
climate change to disaster risk, rising losses from extreme events have highlighted the need
to comprehensively address climate-related risk. This requires linking climate adaptation to
disaster risk management (DRM), leading to what has been broadly referred to as climate risk
management (CRM). While this concept has received attention in debate, important gaps
remain in terms of operationalizing it with applicable methods and tools for specific risks and
decision-contexts. By developing and applying a methodological approach to CRM in the
decision context of sovereign risk (flooding) in Austria we test the usefulness of CRM, and
based on these insights, inform applications in other decision contexts. Our methodological
approach builds on multiple lines of evidence and methods. These comprise of a broad
stakeholder engagement process, empirical analysis of public budgets, and risk-focused eco-
nomic modelling. We find that a CRM framework is able to inform instrumental as well as
reflexive and participatory debate in practice. Due to the complex interaction of social–
ecological systems with climate risks, and taking into account the likelihood of future contin-
gent climate-related fiscal liabilities increasing substantially as a result of socioeconomic
developments and climate change, we identify the need for advanced learning processes and
iterative updates of CRMmanagement plans. We suggest that strategies comprising a portfolio
of policy measures to reduce and manage climate-related risks are particularly effective if they
tailor individual instruments to the specific requirements of different risk layers.
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1 Introduction

Much of the concern about the impacts of climate change is related to projected shifts in
intensity, duration, and frequency of climate-related extremes such as floods and droughts
(EEA 2014). Science has shown climate change to alter the frequency, duration, and intensity
of many natural hazards globally—heatwaves, droughts, and heavy precipitation (IPCC
2014)—as well as to modify heavy precipitation events on local to regional scales (APCC
2014). There is a long history of managing climate-related and geophysical-driven extremes
via disaster risk management (DRM).1 Recently, the Intergovernmental Panel on Climate
Change’s (IPCC) Special Report on Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation (SREX) (IPCC 2012) and 5th Assessment Report (IPCC
2014), as well as other policy-relevant publications (e.g., UNISDR 2015), identified important
synergies between DRM and climate change adaptation (CCA) with regard to risk drivers,
policy instruments and actors, and made a call for further linking agendas for development
practice and planning at the sub-national, national, and international levels (IPCC 2012; 2014;
Saito 2013; UNISDR 2015).

International disaster risk and climate policy has followed suite and the Third United
Nations (UN) World Conference on Disaster Risk Reduction in Sendai in early 2015, with
climate change being among its four priorities for action on local, national, regional, and global
levels, emphasized synergies between understanding risk, strengthening risk governance,
investing in resilience, enhancing preparedness (UN 2015). Recently, the climate negotiations
at the United Nations Framework Convention on Climate Change’s 21st Conference of the
Parties (COP21), which resulted in the Paris Agreement, stressed the need for fostering
national adaptation planning, including a broad assessment of climate change impacts and
vulnerability; this would include comprehensive risk assessment and management in order to
deal with climate-related risks (UNFCCC 2015).

In line with the attention being paid to climate risk, there has been discussion concerning
appropriate methodological approaches for assessing and managing climate risks. In the
IPCC’s 5th Assessment Report (IPCC 2014) Chambera et al. (2014) see increasing need to
consider risk in adaptation policy and evaluation, and Jones et al. (2014) suggested climate risk
management (CRM) as a broad formula for research, policy, and practice to concurrently
tackle climate adaptation and disaster risk in order to reduce negative impacts on the natural
environment, human society, and economies. Watkiss et al. (2014) identified climate risk
management as a blueprint for early action on climate-related extremes—addressing the
current adaptation deficit in the short term, and mainstreaming climate change into medium-
term climate adaptation. Mechler et al. (2014) suggested that CRM means comprehensively
reducing, preparing for, and financing climate-related risk, while tackling the underlying risk
drivers, including climate-related and socio-economic factors. They advise distinguishing
between frequent (average) and infrequent (fat-tailed) risks, leading to the notion of risk
layering, whereby policies tackling climate-related risk are aligned with the return period of

1 We use disaster risk management (DRM) when referring to the operational aspects of disaster risk reduction
(DRR) , i.e., the practical implementation of DRR measures.
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impacts. Patt (2013) also identifies the significant benefits of CRM for longer-term climate
adaptation by building up experience through the linking of climate-relevant science to
decision-making on shorter-term risks.

Taking into account the multiplicity of risks to manage, the transdisciplinary nature of the
problem at hand (see e.g., Mustelin et al. 2013; Bréthaut and Hill Clarvis 2015), the
complexity of social–ecological systems (Lavell et al. 2012), as well as the different framing
and decision-making contexts (Berkhout et al. 2014) and information needs of stakeholders
(Hanger et al. 2013), numerous methods may need to be incorporated into a CRM process.
Organizing processes such as these implies tackling fundamental epistemological questions
involving uncertainty, as well as learning theories for reducing these uncertainties. In the
context of climate change, Jones et al. (2014) suggest distinguishing between CRM assessment
methodologies and responses based on the notions of complexity and uncertainty. In a similar
vein, Lavell et al. (2012) propose different ways of learning in order to generate different levels
of knowing. Accordingly, for simple risks—characterized by relatively low uncertainty in
terms of occurrence and outcomes, as well as linear cause-effect relationships—, standard
analytical, expert-centric techniques (such as risk modelling) would be suitable for deriving
(and over time, providing there was an increase in knowledge, improving) estimates of future
risks, which would in turn be communicated to key stakeholders. Complicated risks, defined
by uncertainty in outcomes and frequency would need to see strong collaborative and iterative
stakeholder interaction, including negotiation of mental and analytical models. Finally, com-
plex risks, characterized by deep uncertainty and contested outcomes, require strong deliber-
ative and adaptive exercises to foster shared understanding and ownership.

Although there are some early policy examples of considering managing risk as an element
of national-level adaptation policy and implementation, these have often either dealt with
sectors such as water, agriculture, and health, rather than identifying the synergies with disaster
risk management (EEA 2014), been associated with institutional barriers (separate and non-
cooperation agencies for DRM and CCA) (Mimura et al. 2014), or informational challenges
for properly representing variability using probabilistic metrics (Watkiss et al. 2014). Overall,
as the CRM formula suggested has been rather broad, clarification is needed as to which risks
and decision-contexts CRM can be applied to, as well as to what methodological innovation
this entails.

The objective of this study is to identify key lessons in the literature on CRM and to then
apply them in an empirical context to evaluate their usefulness for informing policy and
practice. To that end, we develop a methodological approach to CRM in the decision context
of sovereign (public sector) climate-related risk. We then apply and test this approach in
Austria, a country that has been subject to recurrent large-scale flooding, creating substantial
fiscal stress. Based on the results of this Austrian case study, and in collaboration with Austrian
stakeholders, we co-generate a generic iterative framework that can be used for applying CRM
in a wide range of decision contexts.

We find that a CRM framework building on multiple lines of evidence and a variety of
methods can, generally speaking, be useful for informing risk management decisions in the
short-medium term by addressing the existing adaptation deficit. To deal with the substantial
uncertainties associated with risks from future climate change, and with future contingent
climate-related fiscal liabilities expected to increase substantially due to socioeconomic devel-
opments and climate change, we identify the need for advanced learning and an iterative
approach to CRM. We distill major building blocks of a generic iterative CRM strategy
applicable to other contexts with similar risks by building on the evidence generated in this
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case study. In particular, we suggest that strategies comprising a portfolio of policy measures to
reduce and manage climate-related risks at the national and international level are particularly
effective if they tailor individual instruments to the particular requirements of different risk
layers.

2 Building blocks of sovereign CRM

Progress in various policy-focused and methodological discourses needs to be taken into
account, when considering operationalizing CRM.

2.1 Shift towards pro-active policy to manage disaster risks

Over the last few decades, there has been a paradigm shift in the choice of policy instruments
to address disasters, thus moving towards a more pro-active approach, and putting a stronger
emphasize on ex ante DRM (Linnerooth-Bayer et al. 2005). Understanding that disasters are
not acts of God, but largely unnatural has drawn attention to the need for fostering pro-active
risk management in lieu of reactive response (relief and reconstruction) (World Bank and
United Nations 2010). Risk management systems, which strive to reduce, pool, and financially
share risks, have been devised and in many instances employed. This new notion of pro-active
DRM relates to the concept of pro-active—or planned—adaptation in the climate change
discourse. In contrast to re-active climate adaptation, which can be described as the gradual
coping with consequences over time, pro-active climate adaptation refers to actions which
allow to prepare for risks before events materialize. This kind of anticipatory approach is
especially important for adapting to the impacts of extreme weather events, such as floods and
droughts.

2.2 Dealing with government risk in the balance sheets

Although comprehensive disaster risk management requires joint efforts by the private and
public sector, to date it has been the public sector risk that has played a more significant role in
the application of proactive risk management approaches. Governments’ central position in
DRM is due to the fundamental role it plays in providing goods and services and redistributing
income, particularly in times of need (Mechler 2004). For example, governments own and
allocate public goods (e.g., infrastructure) which are exposed to disaster risk, but they also
absorb private sector risk if private coping mechanisms (e.g., disaster insurance) are non-
existent, incomplete or break down, and in the case of partial market failure, may also step in to
provide those coping services; furthermore, governments provide support to those who are
unable to protect themselves. Consequently, when unprecedented hazard events occur the
burden falls mainly on governments.

While losses for extreme hazard phenomena can be high, for governments disaster risk
usually constitutes a contingent liability, i.e., costs that accrue only in the case of an event. As a
result, governments have often ignored catastrophic risks in their planning, and implicitly or
explicitly exhibit risk-neutrality (Mechler 2004; Gurenko 2004). This can be justified if risk
neutrality prevails (i.e., risks can be absorbed and refinanced relatively easily (Arrow and Lind
1970). Nevertheless, in line with the global shift to a more pro-active approach, many
developing countries have become more aware of their risk-averse position and started to plan
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and budget accordingly. Faced with increasing risk in the short-medium term and climate
change in the medium-long-term, and aware that contingent liabilities may cause considerable
fiscal stress, there is an indication that OECD countries are also beginning to take action (e.g.,
USA, Austria) (Mechler and Hochrainer-Stigler 2014).

Progress in public sector risk-planning has been achieved by using the tools available to
systematically assess and manage risks in the fiscal balance sheet (Polackova Brixi and Schick
2002; Mechler and Hochrainer-Stigler 2014). Many developed countries, including Austria
(our main point of reference in this case) already have an instrument, such as a disaster fund, in
place to take some of the implicit climate risks out of their balance sheets and make these
contingent climate-related liabilities more explicit.

2.3 Climate change: from burning embers towards calculated risk

Conceptualizations and applications of risk in the context of climate impacts and adaptation
research are not new and have been part and parcel of discussions on dealing with uncertainty
(e.g., Swart et al. 2009). However, debate in this case was largely confined to the epistemo-
logical, as opposed to the instrumental debate seen in the DRM domain (IRGC (International
Risk Governance Council) 2005). In order to inform Article 2 of the United Nations
Framework Convention on Climate Change (UNFCCC) on the question of dangerous inter-
ference with the climate system (UN 1992), the IPCC developed the aggregate analysis and
visualization of the so-called five reasons for concern, known colloquially as burning embers,
and this became an iconic representation of key risks (Smith et al. 2001, 2009). Most
significantly this visualization informed both the 2-degree global warming target adopted at
COP 16 to the UNFCC and later the 1.5 degree target adopted by the Paris agreement. Over
the last few years, the role of risk in responses to climate change has attracted more attention,
particularly with the publication of IPCCs 5th Assessment Report. Although it generated
intense discussion among working groups I, II, and III, it was working group II that
particularly fostered thinking on climate risk and risk management. The foundational chapter
by Jones et al. (2014) suggested a balanced perspective organized around three framings of
risk, each with their own particular emphases: (1) Idealized risk—the conceptual framing of
climate change risk under the UNFCCC as dangerous anthropogenic interference with the
climate system, represented by the reasons for concern as the dominant framework for
informing mitigation and the 2-degree target; (2) perceived risk—the subjective judgment
people make about an idealized risk for informing adaptation; and (3) calculated risk—the
product of a quantitative risk analytical exercise based on a mixture of historical (observed)
and theoretical information for informing both adaptation and mitigation questions. Jones et al.
(2014) suggest that while the focus has mainly been confined to (1), (2), and (3) are also
beginning to generate more attention.

2.4 Managing risk and fostering learning for dealing with uncertainty

In addition to linking DRM and CCA in practice in order to facilitate comprehensive CRM,
more recently, the literature has moved towards a more reflexive-participative approach.
Acknowledging the uncertainties and complexities inherent in social–ecological systems
interacting with climate-related risks, analysts have started to emphasize iterative and adaptive
learning (see, e.g., O’Brien et al. 2012; Mochizuki et al. 2015). Lavell et al (2012) suggest a
learning loop framework (see also Kolb and Fry 1975; Argyris and Schön 1978; Keen et al.
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2005) that integrates different learning theories, such as experiential learning (Kolb 1984),
adaptive management (Holling 1978) and transformative learning (Mezirow 1995). This
framework distinguishes three different loops according to the degree these processes support
transformational change of CRM strategies.

Figure 1 suggests three different CRM approaches for dealing with climate-related
risks under uncertainty that are applicable in the short, medium, and long term,
respectively. The table is organized around the Knightian distinction (1921) of risk,
uncertainty, ambiguity, and ignorance, defined as the knowledge of probabilities and
outcomes. DRM, with a long and proven track record for tackling disaster risks, and
characterized by modeled probabilities and consequences, is often considered the
appropriate short-term entry point. While shorter-term (less than a decade) risk
assessment and management is characterized by difficulties in estimating the magni-
tude and likelihood for extreme events and their impacts—particularly true when
focusing on the influence of climate change—probabilities and consequences are
known with a certain degree of uncertainty (Lavell et al. 2012). Elaborate techniques
are necessary for short-term estimation; yet, may be considered relatively simple (in
terms of learning), as defined by Jones et al. (2014). In the medium-term (one to two
decades into the future), uncertainty, both in terms of probability and outcomes,
becomes more prevalent. Thus, a strong and conclusive case for climate change
increasing extreme event risks beyond the physical impacts still needs to be made
(Bouwer 2011; IPCC 2012; Mechler et al. 2014). So far, the increase in losses has
been primarily attributed to socioeconomic trends and rising exposure of people and
capital at risk, while at the same time acknowledging that an influence of climate
change on trends in losses cannot be excluded (IPCC 2012). Climate risk may
therefore be considered complicated, and requires a stronger collaborative and iterative
stakeholder interaction, including reframing both learning and management processes,
as well as mental and analytical models (Lavell et al. 2012). Finally, in the long-term
(i.e., beyond 2050), risks become deeply uncertain and complex in terms of contested
outcomes, which requires strong deliberative and adaptive exercises to foster transfor-
mative learning towards a shared understanding and ownership (Lavell et al. 2012).

 

Consequences

Probabilities Known Unknown

Known
Risk

Ambiguity
(subjective risk)

Uncertainty

Ignorance
(deep uncertainty)

Unknown

Fig. 1 Three CRM
approaches—analytical CRM,
iterative CRM, and adaptive
CRM—for dealing with climate-
related risk
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2.5 Policy and decision context for CRM in Austria

Austria provides an opportunity to develop and test these CRM propositions. Exposed to
various hazards, such as flooding, drought, and avalanches, Austria suffered losses of several
billion Euro in riverine floodings in 2002, 2005, and 2013, leading to substantial stress on
private and public financial reserves. At the same time, concern about climate change ranks
high among Austrian stakeholders, and efforts involving the research, policy, and practice
communities have been undertaken to understand the scope of future climate risk, as well as
proper risk management and adaptation responses. Whether and how to link DRM and CCA,
however, is yet to be explored.

As one of the first bodies to conduct a comprehensive national assessment of climate
change, the Austrian Panel on Climate Change (APCC) showed in 2014 that warming in
Austria has been more severe than the global average, that risks are bound to increase and that
overall there is a need to upgrade adaptation efforts (APCC 2014). More recently, in 2015 a
country-wide assessment of the costs of climate change was published, detailing the significant
financial implications of unmitigated climate change for public and private actors, amounting
to about a billion Euro already today (Steininger et al. 2015). In terms of policy engagement, in
2012, Austria developed its national adaptation strategy (BMLFUW 2012), which co-
generated options with a large set of stakeholders, and identified several possible alternatives
for action. Protection from natural hazards and disaster risk management are two of 14
different activity categories which are detailed in the climate adaptation strategy and which
we will examine here in the context of a more comprehensive discussion of CRM.

3 Towards a methodological approach for operationalizing CRM for policy
and practice

Due to the transdisciplinary nature of the problem at hand, the inherent complex dynamics of
social–ecological systems, as well as different frames and decision-making contexts of
stakeholders, the operationalization of CRM, based on the essential building blocks outlined
above, requires a methodological approach comprising of various research methods. Hence,
we suggest a methodological approach for operationalizing this CRM concept to consist of, at
least, the following elements: assessment of literature on current CCA practices dealing with
extreme events and natural hazards; assessment of expert and stakeholder views and knowl-
edge via interviews and workshops; empirical assessment of public budgets; and forward-
looking, analytical assessment employing climate-risk-based economic modeling.

3.1 Review of disaster statistics and stakeholder consultation

A comprehensive literature review as well as a broad stakeholder dialogue is crucial to monitor
recent developments in climate science, to understand and monitor the current framing of a
country’s CRM practice (e.g., what adaptation instruments are already in place) and to
anticipate potential future developments given the specific current political and institutional
framework conditions. Disaster statistics are of immediate importance for monitoring current
levels of climate risks. A systematic collection of information on risk management expendi-
ture, in combination with data on disaster losses, allows policy makers to evaluate the
effectiveness of implemented measures in reducing the negative impacts of disaster events
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and eventually to assess the level of resilience against current and future disaster risks.
Moreover, disaster statistics increase transparency and may contribute to the promotion of
disaster risk management within a country. However, most countries do not have a central
repository (such as national accounts) that clearly distinguishes and accounts for disaster risk
reduction (DRR) expenditures. Moreover, if data does exist, no clear cut distinction between
ex ante and ex post DRR measures can be drawn and to an even lesser degree expenditures
relevant for CCA can be identified. Hence, very often the only way to gather empirical
expenditure data regarding current and past CRM expenditures is to directly address those
federal agencies currently in charge of implementing and financing DRR measures.

3.2 Modelling disaster risk and fiscal stress testing

As a cornerstone of our methodological approach to CRM we employ the
CATastrophe SIMulation (CATSIM) framework. CATSIM was designed to evaluate
public sector financial disaster risk management strategies and illustrate the trade-offs
and choices a country has to make in managing the risks of catastrophic disasters (see
Hochrainer-Stigler et al. 2013). CATSIM uses probabilistic modelling of disaster risk
to understand the current and future stress imposed on the fiscal position. Risk has to
be evaluated at national levels. This task is complex and usually data as well as
resource intensive. In Austria, for example, several flood hazard models on local
scales exist, however, currently only two flood risk modelling approaches provide
country-level flood loss distributions (for a more detailed discussion on flood hazard
modelling see Appendix).

CATSIM follows the common practice in catastrophe models and evaluates monetary
catastrophe loss as a function of hazard, exposure, and vulnerability modules (Grossi and
Kunreuther 2005). Losses are summarized with the help of risk metrics or loss distributions,
which inform about the probability that losses do not exceed a given level. In more detail, we
perform a copula-based approach to derive probabilistic flood risk estimates on the country
level for Austria. We apply a structured coupling of probability loss distributions on the basin
scale (derived from the GIS-based distributed model for river basin scale water balance and
flood simulation (LISFLOOD); see van der Knijff et al. 2010; Rojas et al. 2012).
Dependencies between river basins in Austria are estimated using different copulas (e.g.,
Clayton, Frank or Gumbel) and are based on maximum river discharges for the period 1990–
2011. Afterwards, the loss distributions from each basin are coupled using the given copulas
and a minimax ordering approach to finally derive a loss distribution at the country level. The
details of the copula methodology, which has been recognized as most appropriate to avoid
underestimation of extreme risk (Jongman et al. 2014), and a general algorithm to perform
such coupling can be found in Timonina et al. (2015).

As a further key step in the CATSIM framework, losses are conjoined with an estimate of
fiscal resilience (broadly speaking, budget flexibility) to identify fiscal stress (termed
fiscal risk), which provides the basis for evaluating fiscal instruments for managing this
risk (Fig. 2).

3.3 Dynamically addressing different layers of risk

In a next step, modelling results can be evaluated in order to reflect on any dynamic
change to the loss distribution (the new normal)—characterized by emerging natural
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hazard and socioeconomic thresholds by employing a risk layering lens. As there are
different kinds of climate-related risks, frequent events with only minor impacts vs.
infrequent, but destructive events, it is advisable to employ a varied portfolio of
instruments, each carefully chosen to be applicable for a certain layer of climate-
related risk (Mechler et al. 2014). By contrasting the potential future economic losses
due to climate risks against the public resources available for absorbing these risks to
assets, the relevant layer of risk at which a specific country might experience fiscal
stress in the future, and concrete options to remedy this situation, can be identified.

4 Results: evidence and insights from testing the methodology for the case
of Austria

We present results obtained by testing the CRM approach, methods, and tools within
a broad stakeholder process in Austria. By linking up with key stakeholders in order
to conduct budget analyses and expert interviews as well as an expert workshop, we
were able to estimate current and future flood risk (as well as any changes therein)
according to different layers of risk as well as fiscal consequences of contingent
disaster risk liabilities in Austria. Overall, this allowed for shedding light on key
economic aspects of the Austrian disaster risk management and climate change
adaptation policy and practice.

Employing this comprehensive methodological approach to concrete case studies contrib-
utes to identifying major building blocks for the practical implementation of a CRM strategy or
the iterative update of a CRM strategy already in place. These insights are not only relevant for
the specific country under consideration but may also inform the development of a generic
iterative CRM strategy applicable to different national and international decision contexts,
which we discuss below.

Loss exceedance distribu�on – direct risk Fiscal resilience
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• Catastrophe fund
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• Budget diversion
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Fig. 2 Modeling fiscal risk as a function of losses (direct risk) and fiscal resilience by employing the CATSIM
framework. Source: adapted from Hochrainer-Stigler et al. 2013
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4.1 Collaborating with stakeholders: DRM as early adaptation in Austria

Semi-structured open-ended interviews with relevant Austrian stakeholders provided insights
regarding the framing of the current DRM practice in Austria and helped to identify current
and past public expenditures for DRM. A first difficulty was to identify the relevant admin-
istrative bodies, as there is no uniform regulation in the Austrian legislation concerning the
protection from natural hazards, resulting in a fragmentation of responsibilities. Based on a
comprehensive literature review (see, e.g., Rechnungshof 2008) we identified the key institu-
tions dealing with catastrophic impacts and risks of natural hazards in Austria as being located
in three ministries—the Federal Ministry of the Interior, the Federal Ministry of Finance and
the Federal Ministry of Agriculture, Forestry, Environment and Water Management
(BMLFUW). Within these ministries, we identified those public agencies which are respon-
sible for the implementation and the funding of DRR measures in Austria as our prime target
group for the expert interviews.

The expert interviews focused on questions regarding both, the status quo and the medium
term future of the Austrian DRM practice. As a follow-up to the expert interviews, a
stakeholder workshop brought together researchers and relevant experts from the different
public agencies involved in the Austrian DRM practice. The aim of this workshop was to
discuss the empirical findings regarding the public costs of DRR and CCA, the potential future
impacts of climate-related disasters on the fiscal position in Austria and to identify potential
entry points for an iterative and robust CRM strategy in Austria. The expert interviews and
workshop with stakeholders from the key institutions in the Austrian DRM practice clearly
showed that in the current Austrian DRM practice climate change considerations do not play a
major role and are not explicitly taken into account in the deliberations by the public agencies
responsible for the implementation of DRR measures in practice. As the main reason for that
the interview partners stated the lack of a scientifically proven link between the climate change
signal and extreme weather events, such as floods, for Austria. In contrast to some German
regions (Baden-Württemberg and Bavaria), where hydrological studies (focusing on large-
scale weather patterns) have shown a link between climate change and an increase in the
frequency and intensity of extreme flood events (Hennegriff et al. 2006; Hennegriff and
Kolokotronis 2007), no statistically significant link has been identified for Austria until today
(Schöner et al. 2010; Prettenthaler et al. 2015). On the other hand, there is high confidence that
today’s and future losses are rising as more assets and people are moving in harm’s way also in
Austria (Prettenthaler et al. 2015). Hence, the interviewed experts argued, no explicit impli-
cations for the current DRM practice, such as designing and dimensioning of preventive
measures, can be derived from existing climate model results, while socioeconomic develop-
ments leading to higher exposure require careful attention. In addition to the fact that climate
change does not explicitly influence decisions on or conceptions of risk management measures
in Austria, there is also no clear consensus in the Austrian DRM practice which public
expenditures can be regarded as relevant for CCA.

Due to these reasons, no information on explicit public expenditure for CCA is currently
collected and provided in the areas of DRM and the protection from natural hazards. However,
the interview partners’ statements on the topic made clear that the Austrian DRM community
does not neglect the potential impacts of climate change on future natural hazards. Even
though they are not explicitly taken care of at the moment, climate change considerations are
implicitly incorporated in the Austrian DRM practice. For example the implementation of no-
regret and low-regret options can, according to the IPCC’s SREX report, be seen as starting
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points for adaptation, as they have the potential to offer benefits now and lay the foundation for
addressing projected changes in exposure, vulnerability, and climate extremes. (IPCC 2012;
Watkiss et al. 2014) Moreover, by continuously reviewing and integrating new scientific
knowledge on climate change (e.g., emerging early trends and changes in variability that
exacerbate existing risks or create new risks) the practitioners are adjusting their decisions over
time with evidence.

Hence, we find that the DRM practice in Austria can be considered as early adaptation to
climate change, addressing the existing adaptation deficit and mainstreaming climate change in
decision processes (as, e.g., required by the European Union (EU) Flood Directive:
DIRECTIVE 2007/60/EC; European Parliament and Council 2007). In turn, current and
past public expenditures in the Austrian DRM field (BMLFUW and bmivt 2012) can be
interpreted as expenditures for no-regret and low-regret early adaption measures and may
serve as a first impression of how much money is being spent today to address the current
adaptation deficit.

The key instrument for financing public disaster risk management in Austria is the Austrian
disaster fund (BMF 2012). In addition to the annual endowment of the fund, which is
dependent on tax revenues and hence on overall economic development, the fund can also
draw on a built up reserve (BMF 2014). Originally accumulating in nature, the accumulation
of reserves has been capped with the issuance of the current disaster fund law. Thus, in years
where it was not necessary to withdraw funds from the reserve (as there were no major
catastrophic events taking place in Austria or additional funds for ex post payments were
available from extraordinary increases), surpluses from the disaster fund (deposits minus
expenditures) were redistributed to the general budget as the build-up of the reserve was
capped.

Severe floods in 2002, 2005, and 2013—with cost estimates for the 2002 and 2013 floods
amounting to more than Euro (EUR) 3 billion (Habersack et al. 2004) and EUR 0.9 billion
(BMI 2014), respectively—led to the situation that the fund’s usual resources (including the
reserve) were not sufficient to cope with the losses of these catastrophic events. Hence, special-
laws were enforced which provided an ad hoc increase of resources for the disaster fund.
Figure 3 visualizes how these extraordinary allocations have been put to use.2 As a first
reaction by the Austrian government, the federal funds provided via the disaster fund to the
BMLFUW alone will be increased to annually 200 million EUR over the next five years
(BMLFUW 2014).

4.2 Climate risk modelling: Evaluating the fiscal burdens and required allocations
to the disaster fund

Based on the empirical evidence, the next analytical step has been to project fiscal risk and
compare it with budgetary allocations. In terms of risks to the Austrian disaster fund, we found
that in 2015 the fund’s endowment, amounting to EUR 290 million, was still sufficient to cover
the expected losses of EUR 260 million for this year (Fig. 4). According to actuarial science
this would imply that the fund’s endowment is sufficient to cover the fair premium (i.e., the
expected losses), which is a prerequisite to keep the fund positive in the long run. According to

2 While the funds from the increases based on the special laws in 2002 and 2005 had to be put to use within two
and, respectively, three years, the increases based on the more flexible decision process as implemented by the
2008 fiscal equalization scheme had to be used in the very same year.
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ourmodeling results the picture, however, changes until 2030, when contrasting the development
of expected annual flood losses in Austria with the business as usual development of
deposits in the Austrian disaster fund up to 2030 and 2050. Assuming a GDP growth rate of
1.7 % p.a. and an inflation rate of 1 % p.a. we estimated the endowment of the Austrian disaster
fund amounting to EUR 320 million in 2030 and EUR 370 million in 2050. Neither in 2030
nor in 2050 this endowment will be sufficient to cover expected annual losses of EUR 350
million for 2030 and EUR 510 million for 2050, respectively, and severe stress could be put on
the disaster fund’s financial resilience. Hence, Austrian decision-makers are well advised to
understand that the public ex ante and ex post DRR expenditures will likely have to increase
accordingly to given socio-economic and climate-related risk drivers to guarantee a sufficient
level of protection from natural hazards and to remedy losses after a catastrophic event has
occurred.

4.3 Evaluation of the new normal according to risk layers

Results for different flood loss return periods (Fig. 5) also indicated an increase in losses up to
2050. Cumulated losses over the different return periods were estimated to increase from EUR
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17 billion in 2015 to EUR 24 billion in 2030 and EUR 34 billion in 2050. It should be noted
that the results are mainly driven by socioeconomic developments, leading to higher exposure
of assets to flood risk, while climate change impacts are not found to be large in the near to
medium future (the relative importance of climate change, exposure and vulnerability in
driving risk is now a very active research area, see for example Mechler et al. (2014) for a
discussion).

Probabilistic modeling results have been presented and discussed at a stakeholder
workshop with the DRM and adaptation experts that had already been approached
during the monitoring phase of our assessment, as well as with further participants
active in this field. The main focus was on increasing participants understanding, of
how a probabilistic modeling exercise may extend the analysis of risk by giving not
only information about the changes in average losses but also about changes of the
tails, i.e., extreme risk. Policy makers ought to also pay attention to the full loss
distribution, particularly the tails of the distribution (high and very high return periods
in Fig. 5). When talking about catastrophic events it is the low probability, high
impact events that should matter most in decision making, as in case of occurrence
such events could impose severe stress on federal budgets and can overburden risk
instruments, such as the Austrian disaster fund, exactly at the moment when they are
needed the most.

The fact that the losses caused by the floods in 2002, 2005, and 2013 put Austria’s main
vehicle to finance DRR—the disaster fund—under pressure (Fig. 3), can be seen as a first
evidence that the current approach to financing DRR in Austria is insufficient to sustainably
cope with catastrophic climate-related events such as those in 2002 and 2013. The diversions
from the general federal budget, which were necessary to provide additional resources for the
Austrian disaster fund, put additional stress on the Austrian federal budget. Our analysis thus
leads to the conclusion that the current, static approach to financing CRM in Austria is not an
appropriate approach to manage low-frequency, high-impact events such as extreme floods
and other climate risks in a broader understanding of CRM.
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4.4 Building blocks for an update of the Austrian CRM strategy at different layers
of risk

Based on the climate risk modeling results and insights from their evaluation according to
different layers of climate risks, we proceed by suggesting an update of the Austrian CRM
strategy. For example, to tackle the 100-year return period layer of risk, we suggest to foster
investments into preventive measures against flood risk in Austria. While the Austrian disaster
fund has been an effective and well-functioning tool for risk reduction at this lower layer of
risk, we still suggest some improvements to the current set-up of the fund. First, building-back-
better damaged assets, which would serve the purpose of increasing resilience against future
natural hazards, is not foreseen under the current form of Austria’s disaster fund. Providing
financial assistance beyond the asset’s pre-catastrophe present value for rebuilding assets in a
more catastrophe-proof fashion, would increase the effectiveness of preventive measures under
the disaster fund as early adaptation measures dealing with existing and exacerbating climate
variability and extremes. Second, while the preventive measures financed by the Austrian
disaster fund today are almost exclusively physical measures, a more comprehensive approach
to financing ex ante risk reduction should also incorporate tackling the underlying drivers of
risk, e.g., by preventing the placement of capital (e.g., buildings) in flood-risk prone areas. The
implementation of a national flood risk management plan, as required by the EU floods
directive 2007/60/EC (European Parliament and Council 2007) is currently being established
in Austria accompanied by a comprehensive stakeholder process. The draft version
(BMLFUW 2015) proposes 22 measures along the full flood risk management cycle and
has thus the potential to allow the broadening of the Austrian DRM praxis, moving beyond the
pure focus on building measures as ex ante risk management and the remedying of losses as
post-disaster relief measure, towards a more integrative approach to DRM. Third, in its current
form, the Austrian disaster fund does not finance preventive measures in the private domain.
Private households are only eligible to relief (up to a certain percentage of the asset’s pre-
catastrophe present value) after a catastrophic event has occurred. Financing private preventive
measures would change the incentive structure in the Austrian risk management practice
further from a rather re-active to a pro-active approach and could prove highly cost effective
in reducing climate-related risks.

For higher layers of risk, i.e., flood risks with, e.g., a 250-year return period, it is well worth
considering to complement the disaster fund with natural catastrophe (NatCat) insurance
systems to deal with private losses. Germany and Belgium are examples of countries that
already have such NatCat insurance schemes in place, though with different nuances regarding
the public-private character of the insurance system. Also for Austria, actionable models for
NatCat schemes have been proposed, with the most comprehensive framework dating back to
2009 (Prettenthaler and Albrecher 2009). This model suggests a compulsory extension of the
coverage of fire and or household insurances, as well as the pooling of different climate risks
(flooding, landslide, earthquake, and avalanche). The establishment of a risk-bearing-commu-
nity, comprising insured persons, insurers, re-insurers and a to-be-established NatCat Pool is
suggested. Up to a system boundary, reflecting the annual loss-related requirements and the
insurance ceiling, the NatCat risk-bearing-community scheme compensates for private losses.
Beyond that ceiling a traditional disaster fund compensates further private losses. However,
only private parties insured by the NatCat system should be eligible for a compensation via the
disaster fund. Insurance premiums and deductibles should be diversified according to different
flood risk zones.
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Tackling even higher layers of climate risk, characterized by flood risk return periods of
500 years and beyond, we suggest to foster national and international risk financing and risk
absorption schemes, such as the European Union Solidarity Fund (EUSF) or regional risk
pools. The EUSF was established in 2002, a year of extensive flooding in Europe, as an ex
post loss financing vehicle for EU member states and candidate countries (Aakre et al. 2010;
Hochrainer et al. 2010; Hochrainer-Stigler et al. 2015). The EUSF, based on the latest reforms
in 2014, pursues three major aims: to promote solidarity with those European countries having
the least coping capacities regarding major disaster shocks; to contribute to proactive disaster
risk reduction and DRM; and to foster its robustness regarding its own risk to depletion
(Hochrainer-Stigler et al. 2015) In that way, low middle and high layers of risk can be tackled
with appropriate instruments based on different needs perceived to be relevant from different
stakeholders. Furthermore, by embedding risk layering within an iterative process as described
in the following section, it is possible to evaluate and design today’s adaptation strategies (e.g.,
to close the adaptation gap) as well as to update these strategies for the future with evidence.

5 Discussion and conclusions: a need for iteration—developing a generic
iterative climate risk management strategy and methodological approach

Our study suggested a multi-method approach for the operationalization of CRM, and tested it
using Austria as a case study. Here, we present and discuss the key specific and general lessons
learnt for a more general application in research and practice.

5.1 Informing reflexive and participatory debate

Overall, we find that the CRM approach, co-developed with key national-level decision-
makers, can serve as a useful reflexive-participatory framework to address the existing
adaptation deficit and the uncertainties associated with future climate change impacts and
losses in policy and practice. Moreover, as new knowledge on the complex dynamics of
social–ecological systems and their interactions with a changing climate becomes available,
this CRM framework can inform the required iterative update of current learning and CRM
practice within a learning loop framework (Kolb and Fry 1975; Argyris and Schön 1978; Keen
et al. 2005). Building on the results presented in the previous section, and based on the recent
developments within the nexus of DRM and CCA research, the following generic
operationalizable CRM framework (Fig. 6), which is applicable to other national and interna-
tional decision-contexts, can be distilled.

At its core, our CRM framework (Fig. 6) consists of four steps and is embedded in a
comprehensive participatory process, which at every stage requires thorough stakeholder
involvement (e.g., DRM practitioners, the research community, affected communities, and
representatives of ministries of finance, ministries of the interior and environmental ministries).
Step (1) of our framework includes monitoring existing instruments, new scientific knowledge
on climate change (e.g., emerging early trends and changes in variability that exacerbate
existing risks or create new risks), natural hazard data (e.g., hydrological data), loss databases,
and the climate signal. This is the basis for step (2): a model-based analysis of climate risks
acknowledging the uncertainties associated with climate change in order to identify the new
normal, which is characterized by new hazard-based and socioeconomic thresholds. This is
followed by step (3): testing and evaluating the new normal according to different layers of
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climate risk, and potentially by an update of the measures already in place or the implemen-
tation of new instruments framed around the building blocks risk prevention, risk financing,
and risk budgeting: step (4).

Similar to other national CRM practices, the Austrian CRM approach is currently charac-
terized by a single-loop learning process, which is reacting to the new normal and focusing on
improving the efficiency of current practices without questioning underlying mental models
(Fig. 6). Based on our Austrian insights regarding flood risk, we argue that a new normal of
climate risks may require a more fundamental reconsideration of the current approach, as well
as a reframing of the problem and management goals within a double-loop learning process;
the reason for this being that the current regimes in place might not be sustainable and resilient
to anticipated shifts in flood losses. Moreover, in the longer term, the proposed CRM
framework could even be extended by integrating entirely new approaches and additional
parties into governance and participatory risk management in order to facilitate triple-loop
learning. This approach to learning raises deep questions regarding the underlying principles of
CRM, which could lead to a fundamental transformation of existing CRM practices, where
planning is aimed at robust strategies rather than optimality (Pahl-Wostl 2009). In other words,
this iterative approach to CRM allows for an adjustment of decisions over time with evidence
and will eventually contribute to more robust policy response pathways to deal with the
adaptation deficit and the future impacts of climate change.

Irrespective of the potential contribution of climate change to recent or future natural
disaster losses and losses from extreme weather events, the most recent extreme event losses
in Austria and elsewhere have revealed the urgent need for early adaptation, i.e., the need to deal
with the current adaptation deficit based on current climate variability and weather extremes
(see UNISDR 2015 for an assessment on the global scale). As part of an iterative CRM

Fig 6 Iterative framework for climate risk management embedded in a triple loop learning process. Source: own
figure, learning loop process adapted from Lavell et al. (2012)
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strategy, the international DRM practice will have to deal with these current and future climate
risks in whatever way possible. In the medium to longer term, as new significant scientific
evidence becomes available—in particular, research focusing on attributing natural hazards
and associated losses to climate change—, climate change considerationsmight be incorporated
in an iterative manner in the development of robust national and international adaptation
pathways. This will require not only reconsidering how best to deal with losses from
catastrophic events ex post but looking at future investments into preventive and protective
ex ante measures—the eventual aim of ex ante DRR measures being to reduce ex post public
liabilities.

5.2 Informing instrumental debate

Many countries have a disaster fund or comparable disaster risk financing instruments in place.
The fact that the losses incurred as a result of recent floods put Austria’s disaster fund under
pressure, and required diversions from the general federal budget, can be seen as primary
evidence that a static disaster fund approach to financing DRR may not be sufficient for coping
with catastrophic climate-related events in a sustainable way. In fact, national governments are,
implicitly (through moral obligations) and explicitly (through entitlements), taking over more
and more climate risks on behalf of society. In combination with potentially reduced financial
coping capacity under future socioeconomic and climate change developments, a continuation
of this re-active approach to financing DRR would likely result in a reduction of governments’
fiscal spaces and may eventually lead to high opportunity costs as other socially desirable
investments have to be forgone. One solution for counteracting these potential fiscal risks
could be to link the development of deposits of a national disaster fund to ex ante estimates of
future expected annual losses, and by doing so maintain a positive balance in the long run.
However, as, e.g., the example of Mexico shows, this would not increase a country’s resilience
to major natural disasters where losses significantly exceed AAL (Cardenas et al. 2007).
Another strategy might be to set up a national disaster fund’s reserve policy as an accumulat-
ing, un-capped reserve. However, there are also caveats linked to any uncapped reserve,
mainly arising in the form of opportunity costs associated with those funds set aside. Instead
of having these reserves sitting idly3 in anticipation of, what are by definition, low probability
catastrophic events, they could instead be employed to finance other socially and environ-
mentally desirable investments. Eventually, these foregone investments may even contribute
indirectly to a reduction in climate-related risks.

What is more, instead of relying on a single risk management tool, we suggest employing a
more comprehensive and integrative approach to CRM. As there are different kinds of climate-
related risks, some occurring frequently with only minor impacts while others occuring fairly
infrequently but with devastating consequences (low and high return period events, respec-
tively (see Fig. 5)), countries should employ a varied portfolio of instruments, each carefully
chosen to be applicable for a certain layer of climate-related risk (Mechler et al. 2014) and,
based on the evidence available, iteratively adjusted over time. For low layers of climate
risk—characterized by high probability of occurrence but comparably low impacts—, risk
reduction is often the most effective and cost efficient way forward. Ex ante preventive

3 In the case of the Austrian disaster fund, the reserves have become a sole accounting identity since a reform in
2013 and no interest yields are accrued anymore since then from the invested reserve. Instead, the disaster fund’s
reserves are regularly used for other public investment and expenditure items.
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measures, such as constructing flood barriers, could be financed, e.g., through a disaster fund
as in Austria. Medium layers of risk, with a lower probability of occurrence but in the event of
an emergency lead to significantly more damaging (economic) impacts, may require alterna-
tive risk financing and risk transfer mechanisms if risk reduction possibilities are limited, e.g.,
natural catastrophe insurance. High layers of risk, with climate-related risks characterized by
high return periods, mean that these risks are rare but catastrophic, requiring public post
disaster assistance instead in order to absorb the manifested risks—as is the case in Austria,
where it is financed by the Austrian disaster fund. However, given the potential for severe
fiscal stress imposed by climate-related risks in the future, new and additional financing
mechanisms may be needed. Internationally coordinated aid schemes, such as the EUSF, or
international risk pools, are potentially highly cost-efficient and effective risk management
instruments to deal with these high layers of risk.

5.3 Challenges and opportunities

We based our analysis on multiple lines of evidence and methods—expert interviews and
stakeholder workshops, empirical budget analyses, and risk-based modeling of past, current,
and medium-term economic impacts of flood risks. While this comprehensive methodological
toolbox is well-equipped to provide a complete picture of the current state of national CRM
practices, future developments of climate risks and associated fiscal risks it is, at the same time,
highly resource-intensive. This is particularly true in terms of budget data and the understand-
ing and engagement with country-specific political and legal processes; the proposed approach
requires a high level of commitment from all stakeholders involved. Nevertheless, our
experience in Austria shows that this comprehensive, methods- and stakeholder-driven ap-
proach is highly relevant for designing robust national CRM pathways. With regard to the state
of the art flood risk modeling approach employed in this study, it is important to note that the
results are highly dependent on assumptions regarding flood protection levels. As for most
flood models today, our flood loss calculations do not incorporate actual protection standards
and, therefore, likely overestimate losses, especially for more frequent events. Ideally, one
would use detailed information at the very local level to determine the specific protection level
that actually exists at each location. However, this is not possible on larger scales (e.g., country
level) as this kind of comprehensive information is not yet systematically available. To
circumvent this problem, we used protection levels estimated in Jongman et al. (2014) which
define flood protection standards as the minimum statistical probability of discharge that leads
to flooding. Further research in this field is necessary in order to be able to generate more
robust flood risk estimates. Applying the proposed iterative CRM framework, methods, and
tools to other national contexts would be another natural fruitful area of future research. In
doing so, this actionable approach to CRM itself can be iteratively adjusted and improved over
time to eventually establish robust risk management pathways on a global scale.

Our methodological framework, case study findings and suggested building blocks for the
practical implementation of an iterative CRM framework are of relevance beyond the case of
Austria. Many countries and communities are feeling the impact of changes due to extreme
events and are looking for robust strategies to reduce and manage the risks. Regions are
developing improved approaches for absorbing increasing burdens, e.g., through the reforma-
tion of the European Solidarity Fund, or the establishment of regional risk pools for buffering
against the financial risks from extremes in the Caribbean or Africa. Finally, the international
community is committed to jointly tackling disaster risk based on the principle of moral
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responsibility via the Sendai mandate, as well as through the Warsaw International Mechanism
on Loss & Damage (UNFCCC 2013). Fundamental to all these approaches is a broad-based
and actionable perspective on CRM, which, we believe, will gain more traction in the years to
come.
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Appendix

Flood hazard modelling

Two methodological approaches are commonly used to estimate future losses due to climate
and weather extremes: either a catastrophe modeling approach building on detailed analysis of
physical hazards (Grossi and Kunreuther 2005), or the application of extreme value theory
relying on past loss events (McNeil et al. 2005). Several flood hazard models at very local
scale exist in Austria, however, currently only two flood risk modeling approaches provide
country-level flood loss distributions. Full details of these models and discussion can be found
in Prettenthaler et al. (2015). What is important for our discussion here is that in the first model
(see Lugeri et al. 2010; Hochrainer-Stigler et al. 2014) the hazard module is not based on a
dynamic hydrological model while the second one (Prettenthaler et al. 2015) performed the
analysis via a bottom up-approach which did not include all exposure assets. We avoid both
these limitations by using simulated losses based on the LISFLOOD hydrological model and
an economic damage model (van der Knijff et al. 2010; Rojas et al. 2012). The flood loss data
set has been validated in previous pan-European studies (Jongman et al. 2014) and provides
therefore an ideal entry point for our analysis as we have been able to include climate change
effects within one coherent approach. Note, that flood risk estimates (here in the form of loss
distributions) from catastrophe modeling approaches are usually only available at GRID or
basin scale (as in our case) and there is the additional challenge to up-scale these loss
distributions to higher scales. Not until recently, information at larger scales on flood risk
was only available for specific events or expressed in terms of average losses. Consequently,
the full probabilistic risk information was not available anymore at these scales and risk
management strategies could not be applied any longer (additionally averages do not give any
information about the severity from extremes, see for a discussion Jongman et al. 2014).

In this paper we employ a risk based modeling tool, the IIASA CATSIM framework, to
estimate future direct economic losses of extreme weather events and their repercussions on
the Austrian federal budget. CATSIM follows the common practice in catastrophe models and
evaluates the direct damages via three components or modules, i.e., the hazard, the exposure,
and the vulnerability modules (Grossi and Kunreuther 2005). A fourth loss module summa-
rizes the results from these modules with the help of risk metrics or loss distributions, which
inform about the probability that losses do not exceed a given level of damage. Loss
distributions are cumulative distribution functions where the x-axis represents the losses,
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e.g., monetary losses, annual losses in terms of GDP, or capital stock losses. The y-axis
represents the probability that losses do not exceed a given level of damage. It therefore can be
called the event axis. For example, in Fig. 7, a value of 0.98 on the event axis means that with a
probability of 98 % the losses do not exceed a given level of damage, say x2. In other words,
with a probability of 2 % the losses will exceed this level of damage. Note that a 2 %
probability can be interpreted as a (1/0.02=) 50-year event, e.g., an event that happens on
average once every 50 years. The same principle can be used for all other events. The loss
distribution function itself is very useful for risk management purposes because various risk
measures can be calculated from it (see Pflug and Römisch 2007). For example, the average
annual loss, which is the area above the loss distribution, the Value at Risk (VaR) which is
defined as VaR(p) =F−1(1−p), where F−1 is the quantile function defined as the inverse of the
loss distribution function, or the probable maximum loss (PML) which is associated with a
given probability of exceedance (see also Grossi and Kunreuther 2005).

We perform a copula-based approach to derive probabilistic flood risk estimates at the
country level for Austria. In more detail, we apply a structured coupling of probability loss
distributions at the basin scale (derived from LISFLOOD; see van der Knijff et al. 2010; Rojas
et al. 2012) based on a method discussed in Jongman et al. (2014) and more recently in
Timonina et al. (2015). Dependencies between river basins in Austria are estimated using
different copulas (e.g., Clayton, Frank, or Gumbel) and are based on maximum river dis-
charges for the period 1990-2011. Afterwards, the loss distributions from each basin are
coupled using the given copulas and a minimax ordering approach to finally derive a loss
distribution at the country level. The details of the copula methodology, which is now seen as
most appropriate to avoid underestimation of extreme risk (Jongman et al. 2014), and a general
algorithm to perform such coupling can be found in Timonina et al. (2015). To the authors’
knowledge the only other model currently available for Austria employing a copula approach
is the aforementioned one discussed in Prettenthaler et al. (2015), which, however, falls short
in comprehensively including all exposed assets.

It is important to note here that, as in most flood models today, our flood loss estimates do
not incorporate actual protection standards and therefore likely overestimate losses, especially
for more frequent events. Ideally, one would use detailed information at the very local level to
determine for each location the specific protection level which actually exists. However, this is
not possible at higher scales (e.g., country level) as such comprehensive information is not
systematically available yet. To circumvent this problem, we use protection levels estimated in

Fig. 7 Generic loss distribution
function: Cumulative distribution
function with the x-axis
representing losses (e.g., monetary
losses, annual losses in terms of
GDP, or capital stock losses), and
the y-axis representing the
probability that losses do not
exceed a given level of damage
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Jongman et al. (2014) which defined flood protection standards as the minimum statistical
probability of discharge that leads to flooding. The assessment was based on a large pan-
European literature survey and modeling effort to establish estimates at the basin level for all
European countries.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.

References

Aakre S, Banaszak I, Mechler R, Rübbelke D, Wreford A, Kalirai H (2010) Financial adaptation to
disaster risk in the European Union. Mitig Adapt Strateg Glob Change 15:721–736

APCC (2014) Österreichischer Sachstandsbericht Klimawandel 2014 (AAR14). Austrian Panel on
Climate Change (APCC), Verlag der Österreichischen Akademie der Wissenschaften, Wien,
Österreich, 1096 Seiten. ISBN 978-3-7001-7699-2

Argyris C, Schön D (1978) Organizational learning: a theory of action perspective. Addison-Wesley, Reading
Arrow KJ, Lind RC (1970) Uncertainty and the evaluation of public investment decisions. Am Econ Rev 60:

364–378
Berkhout F, van den Hurk B, Bessembinder J, de Boer J, Bregman B, van Drunen M (2014) Framing climate

uncertainty: socio-economic and climate scenarios in vulnerability and adaptation assessments. Reg Environ
Change 14(3):879–893. doi:10.1007/s10113-013-0519-2

BMF (2012) Der Katastrophenfonds in Österreich. Federal Ministry of Finance. Vienna, Austria. https://www.
bmf.gv.at/budget/finanzbeziehungen-zu-laendern-und-gemeinden/Katastrophenfonds_deutsch.pdf?520iek.
Cited 13 Nov 2015

BMF (2014) Katastrophenfondsgesetz 1996. 10. Bericht des Bundesministeriums für Finanzen. Federal Ministry
of Finance. https://www.bmf.gv.at/budget/finanzbeziehungen-zu-laendern-und-gemeinden/
Katastrophenfondsbericht_2012-2013.pdf?4jwmz5. Cited 13 Nov 2015

BMI (2014) Bericht der Republik Öterreich über die Verwendung der Finanzhilfe nach dem
Hochwasser im Juni 2013. Federal Ministry of the Interior. Available at: http://www.bmi.gv.at/
cms/BMI_Zivilschutz/schutz/files/Bericht_Solidarittsfonds_sterreich_2013_final_publik.pdf. Cited
13 Nov 2015

BMLFUW (2012) The Austrian strategy for adaptation to climate change. Federal Ministry of Agriculture,
Forestry, Environment and Water Management, Vienna

BMLFUW (2014) Österreich wird sicherer. The Austrian Federal Ministry of Agriculture, Forestry, Environment
and Water Management. http://www.naturgefahren.at/massnahmen/wlv2014-2019.html. Cited 13 Nov 2015

BMLFUW (2015) 1. Nationaler Hochwasserrisikomanagementplan: Sicher Leben mit der Natur. The Austrian
Federal Ministry of Agriculture, Forestry, Environment and Water Management. http://www.bmlfuw.gv.at/
wasser/schutz_vor_naturgefahren/beratung_information/oeffentlbeteil_2.html. Cited 13 Nov 2015

BMLFUWand bmivt (2012) Schutz vor Naturgefahren in Österreich 2002-2011. The Austrian Federal Ministry
of Agriculture, Forestry, Environment and Water Management and Bundesministerium für Verkehr,
Innovation und Technologie. Available at: http://www.bmlfuw.gv.at/publikationen/wasser/hochwasser_
schutz/Schutz_Naturgefahren.html. Cited 13 Nov 2015

Bouwer LM (2011) Have disaster losses increased due to anthropogenic climate change? Bull Am Meteorol Soc
92:39–46. doi:10.1175/2010BAMS3092.1

Bréthaut C, Hill Clarvis M (2015) Interdisciplinary approaches for analysing governance challenges across the
Rhône basin. Reg Environ Change 15(3):499–503. doi:10.1007/s10113-014-0747-0

Cardenas V, Hochrainer S, Mechler R, Pflug G, Linnerooth-Bayer J (2007) sovereign financial disaster risk
management: the case of Mexico. Environ Hazards. 7(1):40–53. DOI 10.1016/j.envhaz.2007.04.005

Chambera M, Heal G, Dubeux C, Hallegatte S, Leclerc L, Markandya A, McCarl BA, Mechler R,
Neumann JE (2014) Economics of adaptation. In: Field CB, Barros VR, Dokken DJ, Mach KJ,
Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma B, Kissel ES,
Levy AN, MacCracken S, Mastrandrea PR, White LL (eds) Climate change 2014: impacts,
adaptation, and vulnerability. Part A: global and sectoral aspects. Contribution of Working

Mitig Adapt Strateg Glob Change

http://dx.doi.org/10.1007/s10113-013-0519-2
https://www.bmf.gv.at/budget/finanzbeziehungen-zu-laendern-und-gemeinden/Katastrophenfonds_deutsch.pdf?520iek
https://www.bmf.gv.at/budget/finanzbeziehungen-zu-laendern-und-gemeinden/Katastrophenfonds_deutsch.pdf?520iek
https://www.bmf.gv.at/budget/finanzbeziehungen-zu-laendern-und-gemeinden/Katastrophenfondsbericht_2012-2013.pdf?4jwmz5
https://www.bmf.gv.at/budget/finanzbeziehungen-zu-laendern-und-gemeinden/Katastrophenfondsbericht_2012-2013.pdf?4jwmz5
http://www.bmi.gv.at/cms/BMI_Zivilschutz/schutz/files/Bericht_Solidarittsfonds_sterreich_2013_final_publik.pdf
http://www.bmi.gv.at/cms/BMI_Zivilschutz/schutz/files/Bericht_Solidarittsfonds_sterreich_2013_final_publik.pdf
http://www.naturgefahren.at/massnahmen/wlv2014-2019.html
http://www.bmlfuw.gv.at/wasser/schutz_vor_naturgefahren/beratung_information/oeffentlbeteil_2.html
http://www.bmlfuw.gv.at/wasser/schutz_vor_naturgefahren/beratung_information/oeffentlbeteil_2.html
http://www.bmlfuw.gv.at/publikationen/wasser/hochwasser_schutz/Schutz_Naturgefahren.html
http://www.bmlfuw.gv.at/publikationen/wasser/hochwasser_schutz/Schutz_Naturgefahren.html
http://dx.doi.org/10.1175/2010BAMS3092.1
http://dx.doi.org/10.1007/s10113-014-0747-0
http://dx.doi.org/10.1016/j.envhaz.2007.04.005


Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge and New York, pp 945–977

EEA (2014) National adaptation policy processes in European countries—2014. European Environment Agency.
EEA Report No 4/2014. Luxembourg. ISSN 1977-8449

European Parliament and Council (2007) Directive 2007/60/EC of the European Parliament and of the Council of
23 October 2007 on the assessment and management of flood risks. Official Journal of the European Union
L 288/27

Grossi P, Kunreuther H (2005) Catastrophe modeling: a new approach to managing risk. Springer, New York
Gurenko E (2004) Introduction. In: Gurenko E (ed) Catastrophe risk and reinsurance: a country risk management

perspective. Risk Books, London, pp xxi–xxvi
Habersack H, Bürgel J, Petraschek A (2004) Analyse der Hochwasserereignisse vom August 2002 – FloodRisk.

Synthesebericht. Bundesministerium für Land- und Forstwirtschaft, Umwelt und Wasserwirtschaft, Wien
Hanger S, Pfenninger S, Dreyfus M, Patt A (2013) Knowledge and information needs of adaptation policy-

makers: a European study. Reg Environ Change 13(1):91–101
Hennegriff W, Kolokotronis V (2007) Methodik zur Ableitung von Klimaänderungsfaktoren für

Hochwasserkennwerte in BadenWürttemberg. WaWi WasserWirtschaft 9:31–35
Hennegriff W, Kolokotronis V, Weber H, Bartels H (2006) Klimawandel und Hochwasser. Erkenntnisse und

Anpassungsstrategien beim Hochwasserschutz. KA – Abwasser, Abfall 53(8):770–779
Hochrainer S, Linnerooth-Bayer J, Mechler R (2010) The European Union Solidarity Fund. Mitig Adapt Strateg

Glob Change 15(7):797–810
Hochrainer-Stigler S, Mechler R, Pflug GC (2013) Modeling macro scale disaster risk: the CATSIM model. In:

Amendola A, Ermolieva T, Linnerooth-Bayer J, Mechler R (eds) Integrated catastrophe risk modeling:
supporting policy processes. Springer, Dordrecht, pp 119–144

Hochrainer-Stigler S, Lugeri N, Radziejewski M (2014) Up-scaling of impact dependent loss distributions: a
hybrid-convolution approach. Nat Hazards 70(2):1437–1451. doi:10.1007/s11069-013-0885-6

Hochrainer-Stigler S, Linnerooth-Bayer J, Lorant A (2015) The European Union Solidarity Fund: an assessment
of its recent reforms. Mitig Adapt Strateg Glob Change (published online 06 October 2015). DOI 10.1007/
s11027-015-9687-3

Holling CS (1978) Adaptive environmental assessment and management. John Wiley and Sons, Chichester,
p 377

IPCC (2012) Managing the risks of extreme events and disasters to advance climate change adapta-
tion. A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate
Change. In: Field CB, Barros V, Stocker TF, Qin D, Dokken DJ, Ebi KL, Mastrandrea MD, Mach
KJ, Plattner GK, Allen SK, Tignor M, Midgley PM (eds). Cambridge University Press,
Cambridge and New York, p 582

IPCC (2014) Climate change 2014: impacts, adaptation, and vulnerability. Part A: global and sectoral aspects.
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. In: Field CB, Barros VR, Dokken DJ, Mach KJ, Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL,
Estrada YO, Genova RC, Girma B, Kissel ES, Levy AN, MacCracken S, Mastrandrea PR, White LL (eds).
Cambridge University Press, Cambridge and New York, p 1132

IRGC (International Risk Governance Council) (2005) Risk governance: towards an integrative approach. White
paper no. 1

Jones RN, Patwardhan A, Cohen SJ, Dessai S, Lammel A, Lempert RJ, Mirza MMQ, von Storch H
(2014) Foundations for decision making. In: Field CB, Barros VR, Dokken DJ, Mach KJ,
Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma B, Kissel
ES, Levy AN, MacCracken S, Mastrandrea PR, White LL (eds) Climate change 2014: impacts,
adaptation, and vulnerability. Part A: global and sectoral aspects. Contribution of Working Group
II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge and New York, pp 195–228

Jongman B, Hochrainer-Stigler S, Feyen L, Aerts JCJH, Mechler R, Botzen WJW, Bouwer LM, Pflug G, Rojas
R, Ward PJ (2014) Increasing stress on disaster-risk finance due to large floods. Nature Climate Change 4:
264–268. doi:10.1038/nclimate2124

Keen M, Brown VA, Dyball R (2005) Social learning in environmental management: towards a sustainable
future. Earthscan, London

Knight FH (1921) Risk, uncertainty, and profit. Schaffner & Marx; Houghton Mifflin Company, Boston
Kolb DA (1984) Experiential learning: experience as the source of learning and development. Prentice-Hall,

Englewood Cliffs
Kolb DA, Fry R (1975) Toward an applied theory of experiential learning. In: Cooper C (ed) Theories of group

process. John Wiley, London, pp 33–57

Mitig Adapt Strateg Glob Change

http://dx.doi.org/10.1007/s11069-013-0885-6
http://dx.doi.org/10.1007/s11027-015-9687-3
http://dx.doi.org/10.1007/s11027-015-9687-3
http://dx.doi.org/10.1038/nclimate2124


Lavell A, Oppenheimer M, Diop C, Hess J, Lempert R, Li R, Muir-Wood R, Myeong S (2012) Climate change:
new dimensions in disaster risk, exposure, vulnerability, and resilience. In: Field CB, Barros V, Stocker TF,
Qin D, Dokken DJ, Ebi KL, Mastrandrea MD, Mach KJ, Plattner GK, Allen SK, Tignor M, Midgley PM
(eds) Managing the risks of extreme events and disasters to advance climate change adaptation, A Special
Report of Working Groups I and II of the Intergovernmental Panel on Climate Change (IPCC). Cambridge
University Press, Cambridge and New York, pp 25–64

Linnerooth-Bayer J, Mechler R, Pflug G (2005) Refocusing disaster aid. Science 309:1044–1046. doi:10.1126/
science.1116783

Lugeri N, Kundzewicz ZB, Genovese E, Hochrainer S, Radziejewski M (2010) River flood risk and adaptation in
Europe—assessment of the present status. Mitig Adapt Strat Glob Change 15(7):621–639. doi:10.1007/
s11027-009-9211-8

McNeil AJ, Frey R, Embrechts P (2005) Quantitative risk management: concepts, techniques, tools Princeton
series in finance, 608 pages. Princeton University Press

Mechler R (2004) Natural disaster risk management and financing disaster losses in developing countries. Verlag
fuer Versicherungswissenschaft, Karlsruhe

Mechler R, Hochrainer-Stigler S (2014) Revisiting Arrow–Lind: managing sovereign disaster risk. J Nat Resour
Policy Res 6(1):93–100. doi:10.1080/19390459.2013.873186

Mechler R, Bouwer LM, Linnerooth-Bayer J, Hochrainer-Stigler S, Aerts JCJH, Surminski S, Williges K (2014)
Managing unnatural disaster risk from climate extremes. Nat Clim Change 4(4):235–237. doi:10.1038/
nclimate2137

Mezirow J (1995) Transformation theory in adult learning. In: Welton MR (ed) In defense of the life world. State
University of New York Press, Albany, pp 39–70

Mimura N, Pulwarty RS, Duc DM, Elshinnawy I, Redsteer MH, Huang HQ, Nkem JN, Sanchez
Rodriguez RA (2014) Adaptation planning and implementation. In: Field CB, Barros VR, Dokken
DJ, Mach KJ, Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma
B, Kissel ES, Levy AN, MacCracken S, Mastrandrea PR, White LL (eds) Climate change 2014:
impacts, adaptation, and vulnerability. Part A: global and sectoral aspects. Contribution of
Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge and New York, pp 869–898

Mochizuki J, Vitoontus S, Wickramarachchi B, Hochrainer-Stigler S, Williges K, Mechler R, Sovann
R (2015) Operationalizing iterative risk management under limited information: fiscal and eco-
nomic risks due to natural disasters in Cambodia. Int J Risk Sci. 6(4): 321–334 (Published online
14 December 2015). DOI: 10.1007/s13753-015-0069-y

Mustelin J, Kuruppu N, Kramer AM, Daron J, de Bruin K, Guerra A (2013) Climate adaptation research for the
next generation. Climate Dev 5(3):189–193. doi:10.1080/17565529.2013.812953

O’Brien K, Pelling M, Patwardhan A, Hallegatte S, Maskrey A, Oki T, Oswald-Spring U, Wilbanks T,
Yanda PZ (Lead authors) and Mechler R et al. (Contributing authors) (2012) Toward a sustainable
and resilient future. In: Field CB, Barros V, Stocker TF, Qin D, Dokken DJ, Ebi KL, Mastrandrea
MD, Mach KJ, Plattner G-K, Allen SK, Tignor M, Midgley PM (eds)Managing the risks of
extreme events and disasters to advance climate change adaptation. A Special Report of Working
Groups I and II of the Intergovernmental Panel on Climate Change (IPCC). Cambridge University
Press, Cambridge and New York, p 437–486

Pahl-Wostl C (2009) A conceptual framework for analysing adaptive capacity and multi-level learning processes
in resource governance regimes. Global Environ Chang 19(3):354–365

Patt T (2013) Climate risk management. Laying the groundwork for successful adaptation. In: Moser SC,
Boykoff MT (eds) Succesful adaptation to climate change. Linking science and policy in a rapidly changing
world. Routledge, New York

Pflug GC, Römisch W (2007) Modeling, measuring and managing risk. 301 pages, World Scientific 2007, ISBN
978-981-270-740-6

Rojas R, Feyen L, Bianchi A, Dosio A (2012) Assessment of future flood hazard in Europe using a large
ensemble of bias-corrected regional climate simulations. J Geophys Res-Atmos 117:(17). doi:10.1029/
2012JD017461

Polackova Brixi H, Schick A (eds) (2002) Government at risk: Contingent Liabilities and Fiscal Risk. World
Bank and Oxford University Press, Washington DC

Prettenthaler F, Albrecher H-J (eds) (2009) Hochwasser und dessen Versicherung in Österreich. Studien zum
Klimawandel in Österreich Bd. III

Prettenthaler F, Kortschak D, Hochrainer-Stigler S, Mechler R, Urban H, Steininger KW (2015) Catastrophe
Management, Chapter 18. In: Steininger et al. (ed) Economic Evaluation of Climate Change Impacts:
Development of a Cross-Sectoral Framework and Results for Austria, Springer Climate

Mitig Adapt Strateg Glob Change

http://dx.doi.org/10.1126/science.1116783
http://dx.doi.org/10.1126/science.1116783
http://dx.doi.org/10.1007/s11027-009-9211-8
http://dx.doi.org/10.1007/s11027-009-9211-8
http://dx.doi.org/10.1080/19390459.2013.873186
http://dx.doi.org/10.1038/nclimate2137
http://dx.doi.org/10.1038/nclimate2137
http://dx.doi.org/10.1007/s13753-015-0069-y
http://dx.doi.org/10.1080/17565529.2013.812953
http://dx.doi.org/10.1029/2012JD017461
http://dx.doi.org/10.1029/2012JD017461


Rechnungshof (2008) Schutz vor Naturgefahren; Verwednung der Mittel aus dem Katastrophenfonds. Austrian
Court of Auditors. Vienna, Austria. http://www.rechnungshof.gv.at/fileadmin/downloads/2008/berichte/
teilberichte/wien/wien_2008_04/Wien_2008_04_2.pdf. Cited 13 Nov 2015

Saito N (2013) Mainstreaming climate change adaptation in least developed countries in South and Southeast
Asia. Mitig Adapt Strateg Glob Change 18(6):825–849. doi:10.1007/s11027-012-9392-4

Schöner W, Böhm R, Haslinger K, Blöschl G, Merz R, Blaschke AP, Viglione A, Parajka J, Kroiß H, Kreuzinger
N (2010) Anpassungsstrategien an den Klimawandel für Österreichs Wasserwirtschaft – Kurzfassung.
Vienna, Austria

Smith JB, Schellnhuber H-J, Mirza MMQ, Fankhauser S, Leemans R, Erda L, Ogallo L, Pittock B, Richels R,
Rosenzweig C, Safriel U, Tol RSJ, Weyant J, Yohe GW (2001) Vulnerability to climate change and reasons
for concern: a synthesis. In: McCarthy JJ, Canziani OF, Leary NA, Dokken DJ, White JS (eds) Climate
change 2001: impacts, adaptation, and vulnerability. Contribution of Working Group II to the Third
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge and New York, pp 913–967

Smith JB, Schneider SH, Oppenheimer M, Yohe GW, Hare W, Mastrandrea MD, Patwardhan A, Burton I,
Corfee-Morlot J, Magadza CHD, Füssel H-M, Pittock AB, Rahman A, Suarez A, van Ypersele J-P (2009)
Assessing dangerous climate change through an update of the Intergovernmental Panel on Climate Change
(IPCC) Breasons for concern^. Proc Natl Acad Sci U S A 106(11):4133–4137

Steininger KW, König M, Bednar-Friedl B, Kranzl L, Loibl W, Prettenthaler F (eds) (2015) Economic evaluation
of climate change impacts: development of a cross-sectoral framework and results for Austria. Springer
Climate

Swart R, Bernstein L, Ha-Duong M, Petersen A (2009) Agreeing to disagree: uncertainty management in
assessing climate change, impacts and responses by the IPCC. Clim Change 92:1–29. doi:10.1007/
s10584-008-9444-7

Timonina A, Hochrainer-Stigler S, Pflug G, Jongman B, Rojas R (2015) Structured coupling of probability loss
distributions: assessing joint flood risk in multiple river basins. Risk Anal 35(11):2102–2129. doi:10.1111/
risa.12382

UN (1992) United Nations Framework Convention on Climate Change. United Nations, New York
UN (2015) Sendai framework for disaster risk reduction 2015–2030, A/CONF.224/CRP.1, 18 March 2015
UNFCCC (2013) Decision 2/CP.19: Warsaw international mechanism for loss and damage associated with

climate change impacts. http://unfccc.int/resource/docs/2013/cop19/eng/10a01.pdf#page=6. Cited 13 Nov
2015

UNFCCC (2015) Adoption of the Paris Agreement. Decision FCCC/CP/2015/L.9 https://unfccc.int/resource/
docs/2015/cop21/eng/l09r01.pdf. Cited 13 Feb 2016

UNISDR (2015) Making development sustainable: the future of disaster risk management. Global assessment
report on disaster risk reduction. United Nations Office for Disaster Risk Reduction (UNISDR), Geneva

van der Knijff JM, Younis J, De Roo APJ (2010) LISFLOOD: a GIS-based distributed model for river-basin
scale water balance and flood simulation. Int J Geogr Inf Sci 24(2):189–212. doi:10.1080/
13658810802549154

Watkiss P, Hunt A, Savage M (2014) Early value-for-money adaptation: delivering VfM adaptation using
iterative frameworks and low-regret options. Report by Global Climate Adaptation Partnership (GCAP)
for evidence on demand

World Bank and United Nations (2010) Natural hazards, unnatural disasters. The economics of effective
prevention. World Bank, Washington

Mitig Adapt Strateg Glob Change

http://www.rechnungshof.gv.at/fileadmin/downloads/2008/berichte/teilberichte/wien/wien_2008_04/Wien_2008_04_2.pdf
http://www.rechnungshof.gv.at/fileadmin/downloads/2008/berichte/teilberichte/wien/wien_2008_04/Wien_2008_04_2.pdf
http://dx.doi.org/10.1007/s11027-012-9392-4
http://dx.doi.org/10.1007/s10584-008-9444-7
http://dx.doi.org/10.1007/s10584-008-9444-7
http://dx.doi.org/10.1111/risa.12382
http://dx.doi.org/10.1111/risa.12382
http://unfccc.int/resource/docs/2013/cop19/eng/10a01.pdf%23page=6
https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
http://dx.doi.org/10.1080/13658810802549154
http://dx.doi.org/10.1080/13658810802549154

	A...
	Abstract
	Introduction
	Building blocks of sovereign CRM
	Shift towards pro-active policy to manage disaster risks
	Dealing with government risk in the balance sheets
	Climate change: from burning embers towards calculated risk
	Managing risk and fostering learning for dealing with uncertainty
	Policy and decision context for CRM in Austria

	Towards a methodological approach for operationalizing CRM for policy and practice
	Review of disaster statistics and stakeholder consultation
	Modelling disaster risk and fiscal stress testing
	Dynamically addressing different layers of risk

	Results: evidence and insights from testing the methodology for the case of Austria
	Collaborating with stakeholders: DRM as early adaptation in Austria
	Climate risk modelling: Evaluating the fiscal burdens and required allocations to the disaster fund
	Evaluation of the new normal according to risk layers
	Building blocks for an update of the Austrian CRM strategy at different layers of risk

	Discussion and conclusions: a need for iteration—developing a generic iterative climate risk management strategy and methodological approach
	Informing reflexive and participatory debate
	Informing instrumental debate
	Challenges and opportunities

	Appendix
	Flood hazard modelling

	References


