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Abstract The Earth's future depends on how we manage the manifold risks of climate change (CQ). Itis
state-of-the-art to assume that risk reduction requires participatory management involving a broad range
of stakeholders and scientists. However, there is still little knowledge about the optimal design of partici-
patory climate change risk management processes (PRMPs), in particular with respect to considering the
multitude of substantial uncertainties that are relevant for PRMPs. To support the many local to regional
PRMPs that are necessary for a successful global-scale reduction of CC risks, we present a roadmap for
designing such transdisciplinary knowledge integration processes. The roadmap suggests ways in which
uncertainties can be comprehensively addressed within a PRMP. We discuss the concept of CC risks and
their management and propose an uncertainty framework that distinguishes epistemic, ontological, and
linguistic uncertainty as well as ambiguity. Uncertainties relevant for CC risk management are identified.
Communicative and modeling methods that support social learning as well as the development of risk
management strategies are proposed for each of six phases of a PRMP. Finally, we recommend how to
evaluate PRMPs as such evaluations and their publication are paramount for achieving a reduction of CC
risks.

1. Introduction

Today, all societies need to manage the numerous risks of anthropogenic climate change (CC), i.e., potential
future negative impacts of hazardous events or trends that are due to CC. The Intergovernmental Panel
on Climate Change (IPCC) proposes to address the persistent uncertainties of future CC and its impacts
by iterative risk management [IPCC, 2014a; Jones et al., 2014]. Due to magnitude, complexity, uncertainty,
and ambiguity of CC risks, risk management requires the cooperation of a broad range of scientists and
stakeholders [Mimura et al., 2014]. The challenge is to design transdisciplinary or participatory processes
(PP) that enable a productive and meaningful integration of scientific and stakeholder knowledge of the
human-environment systems of interest as well as consideration of the various legitimate concerns and
values of all stakeholders [Renn et al., 2011]. While PPs have gained increasing popularity in risk governance
and environmental management and are prescribed, for example, by European Union regulations on water
and flood management, there is still the need for learning about how to best implement PPs [e.g., Stokols,
2006; Blackstock et al., 2007; Renn et al., 2011; Lang et al., 2012; Klenk and Wyatt, 2015; Scholz and Steiner,
2015].

Scientific projections of the future state of the planet are an important element of participatory CC risk man-
agement. However, risk management is hampered by uncertainties concerning future climate and physical
hazards caused by CC, characterization of exposure, and vulnerability to these hazards as well as effective-
ness and costs of risk management strategies. Scientific projections with small uncertainties would allow
rather straightforward adaptation decisions. For example, the height of dykes could be increased by the
amount that is computed by quantitative flood projections or assisted migration of species to habitats
that are computed to be more suitable for them in the future could be started. However, the prevailing
large uncertainties, in particular at the local and regional scales that are of interest for risk management
[e.g., Fatichi et al., 2016], prevent this type of risk management. These uncertainties are due to our limited
understanding of the human system and the Earth system as well as of their interactions, and include lim-
ited knowledge of the state of our world and of interactions of system components. The long time frames
that must be taken into account in CC risk management due to delayed responses of the physical system
to emission changes increase uncertainties in exposure and vulnerability. Thus, CC has added epistemic
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uncertainty to the ontological uncertainty inherent in climate-related hazards like floods that is due to
the stochastic nature of weather (for definitions of epistemic and ontological uncertainty, see Section 2.2).
To achieve an effective, efficient, and fair CC risk management, it is necessary that all participants in the
management process have a clear understanding of the multiple uncertainties and that all legitimate inter-
pretations of these uncertainties are considered [Van Asselt and Rotmans, 2002].

This is not easily accomplished. A significant body of literature exists on classification of types and levels of
uncertainty relevant for decision-making [e.g., Van Asselt and Rotmans, 2002; Ascough et al., 2008; Kwakkel
etal. 2010; Stirling, 2010]. However, uncertainty in scientific statements is often interpreted differently by
stakeholders and scientists. Given the restricted scientific literacy of many practitioners, they may interpret
uncertainty statements as expression of ignorance, which hampers consideration of scientific evidence in
decision-making. Scientists may not understand the meaning and relevance of certain types of uncertain-
ties to stakeholders, and interpretations of uncertainties in projected climate and CC impacts differ even
among scientists [Wesselink et al., 2015]. Not everything relevant for CC risk management is equally uncer-
tain, and some uncertainties can be characterized better than others. Enormous scientific efforts have been
made to understand and partially quantify uncertainties in projections of CC and its many potential hazards.
For example, it is well established that hazards that are driven mainly by temperature changes suffer from
less uncertainty than hazards that are mainly driven by changes in less predictable precipitation changes.
A set of plausible emissions scenarios and multi-model ensembles of climate scenarios has been produced.
Those ensembles are increasingly used as input to ensembles of impact models (e.g., hydrological mod-
els) such that hazards caused by CC (e.g., a decrease in water availability [Schewe et al., 2014]) can now be
assessed regarding their uncertainty. Characterization of uncertainties in vulnerability and exposure is less
advanced than characterization of hazard uncertainties. Differences in uncertainties and in our knowledge
about them should be fully accounted for when deciding on risk management measures.

While there is broad agreement that insufficient consideration of uncertainties will lead to suboptimal deci-
sions [Bastin et al., 2013], little information is available on how to best address and explore the diversity of
uncertainties, and on their significance for participatory risk management. Publications on PPs rarely docu-
ment or discuss how uncertainties were treated. For example, analyzing 23 participatory scenario planning
processes, Oteros-Rozas et al. [2015] found that uncertainty was mentioned in the PP description in only 16
cases and only in relation to the drivers of change; uncertainty about the causal relations within the sys-
tems of consideration or other types of uncertainty were not mentioned. Scenario generation is a suitable
method for dealing with uncertainty about future conditions [e.g., Stirling, 2010], but it frequently remains
the only instance when uncertainties are dealt with in PPs.

Many local to regional PPs will have to occur to achieve a global-scale reduction of CC risks. The objective of
this paper is to provide a roadmap for the design of participatory CC risk management processes (PRMP) in
which CCrisks are assessed and risk management measures are identified. The roadmap focuses on how to
address the many uncertainties that are relevant for PRMPs. It is designed to support those who seek to set
up a PRPM by providing (1) a possible structure for such a process, (2) suggestions for dealing with differ-
ent types of uncertainties throughout the PRMP, and (3) information on specific participatory methods that
may be applied depending on the characteristics of the PRMP (problem framing, data availability, partici-
pants, and temporal or financial management constraints). Given the large number of methods that may
be suitable in PRMPs, methods cannot be presented in any detail, and the list of methods is not exhaustive.
The roadmap may also inform social and natural scientists who increasingly participate in PRMPs. It is not
suitable for PPs that exclusively aim at identifying local to regional CC mitigation options as in this case no
CC risk assessment would be required.

While a number of synthesis papers on PPs include treatment of uncertainties, in particular in participa-
tory modeling [e.g., Kelly et al., 2013; Hamilton et al., 2015; Voinov et al., 2016], a synthesis on how uncer-
tainty might be dealt with specifically in participatory CC risk management processes is lacking. Focusing
on a specific (while still very broad) problem field allows us to address the complex and diverse uncer-
tainty issues that are particular to this problem field. We can therefore give more specific guidance on
how uncertainty issues relevant for CC risk management are best addressed than has been possible in the
synthesis papers without a thematic focus. This paper is based on our experiences with inter- and transdis-
ciplinary knowledge integration [D6ll and Krol, 2002; Romero-Lankao et al., 2013; Diispohl and Déll, 2016],
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with modeling of CCimpacts [Déll, 2009] and as co-authors of IPCC reports [e.g., Romero-Lankao et al., 2014;
Jiménez Cisneros et al., 2014]. Voinov et al. [2016] proposed to work toward a “Good Practice Guide” for par-
ticipatory assessments to which we wish to contribute with this paper. As a multidisciplinary author team
composed of a hydrologist and a sociologist, we also aim at a balanced and comprehensive treatment of
both the natural and social science aspects of CC risks and their management.

In the following section, we introduce CC risks and their participatory management and propose a frame-
work for categorizing uncertainties that are important in CC risk management. In Section 3, we present a
roadmap for the design of PRMPs that aim at a transdisciplinary generation and integration of system, tar-
get, and transformation knowledge (see Section 2.1 for a definition of these knowledge types) about the
management of CC risks. In our presentation of the roadmap, we follow the prototypical PRMP phases of
preparation (framing/scoping), introduction, risk identification, risk assessment, risk evaluation and iden-
tification of risk management strategy. In Section 4, we address the topic of PRMP evaluation. Finally, we
draw conclusions and identify research needs.

2. Uncertainty in Participatory Management of CC Risks

2.1. CCRisks and Their Participatory Management

CC risks are a function of (1) the physical hazards caused by CC, (2) the exposure of humans or assets to
the hazard, and (3) their vulnerability to the hazard [IPCC, 2014a] (Table 1). Vulnerability is a function of
both sensitivity and adaptive capacity. CC risks can be reduced by reducing greenhouse gas emissions,
i.e., by CC mitigation, and by adaptation to CC [IPCC, 2014a]. An example is the risk of water rationing due
to groundwater scarcity caused by CC, where the physical hazard is a decrease of groundwater recharge
due to CC. If this hazard actually materializes, it has the potential to create negative impacts. The actual
impacts will depend not only on the magnitude of the hazard but also on the number of people relying
on groundwater for their water supply (exposure), the degree of water scarcity as well the dependence of
the population on groundwater for their water supply (sensitivity) and the adaptive capacity, i.e., the abil-
ity water users have to draw on income and water infrastructures to respond to and avoid the negative
impacts of decreases in groundwater recharges [D6ll, 2009; Romero-Lankao et al., 2013]. Risk management
by CC mitigation (Table 1) reduces CC and thus the hazard (here the groundwater recharge decrease), while
adaptation to CC (Table 1) may reduce the hazard (e.g., by decreasing soil sealing) as well as exposure (e.g.,
by relocation of the population), or sensitivity (e.g., by reducing water demand); it may also enhance adap-
tive capacity (e.g. by education).

An assessment of exposure and vulnerability should tease out the relative influence of exposure, sensitiv-
ity, and adaptive capacity across different social groups. Collaboration among social and natural scientists is
necessary to achieve a good assessment of CC risks, combining the natural scientists’ expertise on physical
hazards and biophysical factors contributing to exposure and vulnerability with the social scientists’ exper-
tise on exposure and social vulnerability [Rothman et al., 2014]. Furthermore, expertise of social scientists is
needed for the analysis of risk-related concerns of the public and of risk governance. In addition, an inter-
disciplinary collaboration can illuminate the dual nature of risk as an actual potential for physical change
and harm on the one hand and as a social construction on the other hand [Renn, 2008]. Scholars have used
risk frameworks to discuss challenges to CC risk management in terms of thresholds between tolerable
and intolerable risks, conditioned by the frequency and intensity of adverse impacts, which will increase in
the absence of strong mitigation efforts [IPCC, 2014b, 2014c]. They have also highlighted the highly variable
degree to which CC hazards impose risks upon diverse actors in relation to their unique circumstances, liveli-
hoods, perceptions, values, and priorities. Scholars divide this variation into three categories: acceptable risks
considered sufficiently minimal by stakeholders that risk reduction efforts are not justified; tolerable risks or
conditions where adaptive risk-reduction efforts are necessary to bring risks from such hazards as droughts,
or flooding to within reasonable levels; and intolerable risks related to high frequency, intensity, or duration
of impacts, caused by unchecked emissions, for which no amount of adaptation effort will alleviate the
threats imposed to livelihoods and/or values [Renn, 2008; Dow et al., 2013]. The dual components of risk are
dynamic, with many risks progressing over time from acceptable to intolerable.

The systemic and dual nature of CC risks, i.e., their complexity, uncertainty, and ambiguity, prevents
the determination of a CC risk as a function of a well-defined probability of hazard occurrence and the
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Table 1. Concepts and Terms Central for PRMPs

Concept or term

Explanation

Risk The potential for consequences (impacts) where something of value is at stake and where
the outcome is uncertain, recognizing the diversity of values [Agard et al., 2014]. CC risk for
each social group depends on the CC-related hazard as well as on exposure and
vulnerability of the group

Hazard The potential occurrence of a natural or human-induced physical event or trend that may
cause negative impacts such as disease and damage to property and ecosystems [Agard
etal., 2014]

Exposure The presence of people, livelihoods, species or ecosystems, environmental functions,
services, and resources, infrastructure, or economic, social, or cultural assets in places and
settings that could be adversely affected by the hazard [Agard et al., 2014]

Vulnerability The propensity or predisposition to be adversely affected; encompasses sensitivity to
hazard and lack of capacity to cope and adapt [Agard et al., 2014]

(Coping/adaptive) The ability of systems, institutions, and individuals to adjust to potential damage, to take

capacity advantage of opportunities, or to respond to consequences [Agard et al., 2014]

Adaptation The process of adjustment to actual or expected climate and its effects, which seeks to
moderate harm, reduce vulnerability or exploit beneficial opportunities [Agard et al., 2014]

CC mitigation Reduction of greenhouse gas emissions

Deliberation Open exchange of knowledge and arguments (factual, normative, and subjective

knowledge claims) free of coercion of any kind that allows people to come to a rationally
motivated agreement (discourse theory and discourse ethics of Habermas [1981]).
Oriented toward the common good and toward finding the best possible consensus (not
compromise) about potential actions based on knowledge about consequences and an
agreement on basic human values and moral standards [Renn, 2008, p. 298]

Social learning Learning by communicative interactions among individuals, including cognitive learning
(acquisition of new or the structuring of existing knowledge), normative learning (shift in
value or paradigm), relational learning (improved understanding of others’ mindsets,
enhanced trust, and ability to cooperate) [Baird et al. 2014] as well as new or changed
relations among the individuals and new or changed actions [Beers et al., 2016].

Convergence of perspectives on problems and their solutions [Van der Wal et al., 2014]

CC, climate change; PRMPs, participatory climate change risk management processes.

potential negative impact, as has been done traditionally and remains to be suitable for simple risks [Renn
etal., 2011]. Instead, the state-of-the-art is to apply iterative, adaptive, and participatory risk analysis and
management [Jones et al., 2014]. This type of risk management is consistent with concepts of adaptive
resource management [Holling, 1978] including adaptive water management [Pahl-Wostl et al., 2007al,
risk governance [Renn etal., 2011] and transdisciplinary research [Siew and Déll, 2012]. It is a process of
iteratively planning, implementing, and modifying strategies for managing risks in the face of uncertain
change. Adaptive management involves adjusting policies in response to observations of their effect
and changes in the system [Agard et al., 2014]. Participation refers to the inclusion of a broad range of
stakeholders in CC risk management. CC risk management can be conceptualized as the iteration of (1) a
preparatory framing (or problem definition) phase which includes the determination of the scope of the
specific CC risk management process, (2) an analysis phase comprising risk identification, assessment, and
evaluation as well as the development of a risk management strategy and decision-making, and (3) an
implementation and subsequent monitoring phase at the end of which the new knowledge on the state of
the world and the effectiveness of the implemented measures is assessed, feeding into the next problem
definition phase. In this paper, we restrict ourselves to phases 1 and 2.

Participatory CC risk management is consistent with the shift from traditional state-centric and hierar-
chical approaches to policymaking, supported by scientific expert opinion, to multi-level governance
systems including multi-actor alliances of governmental actors and actors from civil society in addition
to scientists [Renn, 2008]. PPs enable transdisciplinary integration of diverse system knowledges (how
does the system work?), target knowledges (which different problem perspectives, values and goals exist?)
and transformation knowledges (how to achieve common goals?) [Conference of the Swiss Scientific
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Academies/ProClim-, 1997]. A study of the United States Environmental Protection Agency/Science Advi-
sory Board [2001, p. 3] found that “an adequate treatment of science is possible in stakeholder processes,
but typically only if substantial financial resources, adequate time, and high-quality staff are available from
the outset to allow the necessary deliberation and provide the necessary support on an iterative basis
through ongoing interaction with the stakeholders.” Stakeholders learn together how to best deal with
risks. This social learning occurs in processes in which stakeholders are connected “in flexible networks that
allow them to develop the capacity and trust they need to collaborate in a wide range of formal and infor-
mal relationships ranging from formal legal structures and contracts to informal, voluntary agreements”
[Pahl-Wostl et al., 2007b]. Participation is assumed to improve not only the quality but also the legitimacy
and effectiveness of developed CC risk management strategies that typically need to be implemented by
a broad range of stakeholders. Stakeholders include governments/agencies, private sector/industries, civil
society/non-governmental organizations, and the general public at various levels from local to global. In
PPs, mostly representatives of organizations (such as non-governmental organizations or private compa-
nies) participate, even though involvement of the general public, i.e., of individual citizens, should also
occur in some form.

In PRMPs, identified risks are assessed and evaluated taking into account the uncertainty of hazards (as
derived by climate and impact models), exposure, and vulnerability. After the preliminary identification
of risk management options, their robustness with respect to the prevailing uncertainties is investi-
gated, mostly using scenario methods. A widely proposed and applied type of adaptation in the face of
climate-related uncertainty are “no-regret/low-regret” measures that do not rely on specific risk scenarios
but increase the resilience of the social-ecological system. However, Dilling et al. [2015] point out that
“no-regret/low-regret” strategies that aim at adapting to current climate variability may even increase CC
risks if future dynamics of vulnerability and consequences of adaptation are not taken into account. A
number of practical approaches for identifying robust and/or flexible adaptive risk management strategies
in the face of large uncertainties have been proposed and applied in some cases (e.g., Robust Decision
Making—RDM, [Groves et al., 2014], Dynamic Adaptive Policy Pathways—DAPP, [Haasnoot et al., 2013],
and turning points for adaptation measures, [Werners et al., 2013] [see also Jones et al., 2014; Maier et al.,
2016; Kwakkel et al., 2016, for a comparison of RDM and DAPP].

In many cases, CC merely exacerbates unsustainable conditions and existing or future risks, e.g., groundwa-
ter depletion, loss of biodiversity or floods. Then, the still relatively new CC risks may open up a deadlocked
discussion by providing an incentive for new thinking in the face of an external threat.

2.2. Uncertainty Framework

There are many terms that imply aspects of uncertainty (e.g., ignorance, imprecision, ambiguity, and risk),
and the term uncertainty can have different meanings to different people in different contexts. It is therefore
necessary to use a common framework and classification of uncertainty-related terms to discuss and delib-
erate uncertainty in PRMPs. To devise such a framework, it is helpful to imagine the situation in which there
was no uncertainty: (1) future CCimpacts are accurately quantified with precision and everyone agrees with
this quantification, and (2) optimal risk (or rather impact) management measures can be determined posi-
tively and unambiguously in a way that everyone finds fair and optimal. All deviations from this unachiev-
ableideal are uncertainties. We propose to apply an uncertainty framework that slightly modifies the frame-
work of Kwakkel et al. [2010] and extends it by using elements and ideas from the uncertainty classifications
of Ascough et al. [2008] and Bijlsma et al. [2011]. Due to its comprehensiveness and terminological clarity,
this framework is suitable for addressing uncertainty in PRMPs.

In our framework, three dimensions of uncertainty are used: position, nature, and level of uncertainty
(Figure 1). These three dimensions were proposed by Kwakkel et al. [2010] who, however, used the term
“location” instead of “position,” which may cause misinterpretation as a geographical location. Position
refers to where the specific uncertainty occurs within the whole participatory risk management process.
Within any computational modeling, which is most likely to be part of the PRMP, positions are (1) demar-
cation of the system boundary, (2) conceptual model, (3) computational model including algorithms,
parameters and input variables, (4) coding, and (5) post-processed output [Kwakkel et al., 2010]. Uncer-
tainty of observational and statistical data, often listed in other classifications [Ascough et al., 2008], can
be related to uncertainty of input variables of the computational model. However, PRMPs include many
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and potential external impacts
transformations on process

Figure 1. Description of an uncertainty according to its position, nature and level [based on Kwakkel et al., 2010; Ascough et al., 2008;
Bijlsmaetal., 2011].

other components beyond modeling where uncertainties matter. These positions of uncertainty may be
described in a nested way. A supra-ordinate position is, for example, the modeling of the climate system,
with the five positions of Kwakkel et al. [2010] listed above being its pertaining subordinate positions.
Another example of a supra-ordinate position of an uncertainty is the effectiveness of adaptation measures
where subordinate positions include process understanding and quantitative relations between cause and
effect.

We classify the nature of the uncertainty into four categories: (1) epistemic uncertainty, (2) ontological uncer-
tainty, (3) ambiguity, and (4) linguistic uncertainty (Figure 1). Epistemic uncertainty is caused by limited
knowledge. Following Bijlsma et al. [2011], we distinguish two types of epistemic uncertainties relevant
in PRMPs and PPs in general: Substantive uncertainty is limited knowledge about the substance (content,
subject matter) of the problem under consideration, i.e., limited system, target, and transformation knowl-
edge. Participatory process-related uncertainty refers to uncertainties within the PP. Somewhat modifying
the definitions and terminology of Bijlsma et al. [2011], we define PP-related uncertainty as consisting of
lack of knowledge about how participants of a PP will act within the PP (internal PP-related uncertainty),
and of lack of knowledge how the PP will be impacted by external actions, e.g., by governance actions at
a higher level (external PP-related uncertainty). Bijlsma et al. [2011] found that PP-related uncertainty was
very important for the course of a PP and that there was a low tolerance for PP-related uncertainty in their
case study. Ontological uncertainty, also called random, stochastic, aleatory or variability uncertainty, refers
to the inherent variability of human or natural systems [Ascough et al., 2008]. In PRMPs, relevant ontological
uncertainties are due to the stochastic nature of weather that makes it impossible to predict the occurrence
of a certain weather hazard or weather-related hazard such as a flood event. In addition, there is a random-
ness in the composition of the participants of the PRMP regarding their knowledge base, attitudes, and
Il as in the governance conditions of the PRMP, e.g., the current political climate [Ascough
1“l i biguity is uncertainty arising from multiple legitimate perspectives on the problem under
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consideration (including its severity, justification, and wider meaning) such that even in the absence of epis-
temic uncertainty not everybody should or could agree [Renn, 2008; Kwakkel et al., 2010; Renn et al., 2011].
Ambiguity exists when stakeholders frame the problem or interpret knowledge differently due to differ-
ent value systems, expectations, experiences, and forms of knowledge [Renn, 2008; Kwakkel et al., 2010]. It
remains even after epistemic uncertainty about target knowledge, i.e., knowledge about goals and values
of the stakeholders, could be reduced during the PRMP. Linguistic uncertainty arises because our language
is vague, equivocal, under-specified, and context-dependent, and the meaning of words can change over
time [Regan et al., 2002; Ascough et al., 2008]. Carey and Burgman [2008] found that explicit treatment of this
uncertainty changed the agreement on risks among workshop participants. In case of discussions among
participants that do not share the same mother tongue, linguistic uncertainty can be expected to be partic-
ularly large. Differences in culturally appropriate ways of communication increase linguistic uncertainty, too.

The nature of an uncertainty affects how it should be handled. Different from ontological uncertainty,
the other types of uncertainty may be reduced by human action. Epistemic uncertainty may be reduced
by research, ambiguity by specific participatory methods within the PRMP, and linguistic uncertainty by
agreed-upon terminology, precise wording, and quantification. So once the position of an uncertainty is
defined, its nature should be identified.

In the last step, participants of the PRMP need to address the level or degree of an uncertainty, which may
range from certainty (deterministic knowledge) to total ignorance. Kwakkel et al. [2010] proposed four levels
(shallow, medium and deep uncertainty, and recognized ignorance) which differ by the way in which the
likelihood of the occurrence of an outcome can be assigned (see explanation in Figure 1). We suggest to
use these four levels of uncertainty for describing epistemic and ontological uncertainty, and use levels
low, medium, and high to describe the degree of ambiguity and linguistic uncertainty (Figure 1).

PRMPs integrate general systems knowledge about CC processes, risks, and risk management (e.g., about
the general impact of CC on agricultural yields or water availability for cities) with knowledge on local con-
ditions (e.g., local precipitation change and number of people living in floodplains). Therefore, uncertainties
in knowledge about local conditions and in general systems knowledge need to be considered in PRMPs.
IPCC reports, which assess the state of knowledge about CC risks and their management and are therefore
a central source for general systems knowledge about CC processes, qualify the findings by a description
of their certainty. To avoid linguistic uncertainty in the description of certainty, a calibrated uncertainty lan-
guage is used in the reports that is common to all IPCC working groups [Mastrandrea et al., 2011]. The IPCC
author teams first assessed the amount of evidence (limited, medium, robust) for the specific finding as
well as the scientific agreement (low, medium, high) about the finding. If possible, the author teams then
evaluated the level of confidence in the finding (very low, low, medium, high, and very high). If confidence
could be evaluated, the author teams determined in a third step whether there was enough information
available for a probabilistic quantification of the uncertainty of a finding. In this case, the certainty of the
finding was described by its likelihood, ranging from exceptionally unlikely (0-1% probability) to virtually
certain (99-100%) [Mastrandrea et al., 2011, their table 1].

3. Roadmap for a Comprehensive Treatment of Uncertainties in PRMPs

Consistent with the prototypical phases of participatory risk governance processes [Renn, 2008], we have
structured the PRMP into a preparation phase and a main phase that includes risk identification, assessment,
and evaluation as well as the development of a risk management strategy, with the addition of an introduc-
tory phase (Figure 2). Risk identification and evaluation are not included within the risk assessment phase to
clearly show theirimportance. The roadmap explores uncertainties and suggests methods to address them.
The core of the PRMP is a series of workshops in which stakeholders, scientists (technical experts), and PP
experts collaborate. PP experts are scientists or consultants with experience in PP methods. Collaboration
within the workshops should be supported through diverse participatory methods as well as through input
to the workshop by PP experts, natural scientists, and social scientists (Figure 2). This input may comprise
the results of surveys, focus groups, interviews, data analysis, modeling and literature reviews. The roadmap
offers guidance for the design and organization of the PRMP, including: schedule, selection of participants,
and choice of applied participatory methods, all of which depend on the specific setting of the PRMP and
the available resources.
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Figure 2. Phases of transdisciplinary knowledge integration in a PRMP, also specifying external inputs to the PRMP workshops by PP
experts, natural scientists and social scientists.

3.1. PRMP Preparation Phase

Participants in the preparation phase are key stakeholders (including governmental organizations with
remit over CC risk management) and PP experts. Goals are (1) to frame the problem to be addressed, i.e.,
to agree on scope and objectives to be revisited in the risk identification phase, (2) to identify other stake-
holders to be invited, and (3) to agree on the design of the PRMP including a preliminary time plan and
organizational issues. While communication with the general public about the PRMP should be agreed on
in the preparatory phase, methods and uncertainties of communication with the public are beyond the
scope of this paper.

3.1.1. Uncertainties

Substantive epistemic uncertainty (Figure 1) regarding systems, target, and transformation knowledge can
be addressed by eliciting the diverse knowledges of stakeholders and scientists; therefore, selection of par-
ticipants in the PRMP should aim at covering a broad range of knowledge and knowledge types. Ambiguity
(Figure 1) arising from different problem perspectives should not be avoided when selecting participants
(even if this may make the PRMP more “difficult”) but should be embraced to promote social learning and
to make the outcome of the PRMP more likely to be implemented. However, under certain political con-
ditions, not all potential stakeholders can be included in the PRMP. In addition, a certain randomness in
the composition of participants cannot be avoided. Barriers to participation mean that some knowledge is
always excluded and this carries uncertainties with it. Due to illness and other random events, some knowl-
edge may be missing at decisive moments of the PRMP. Due to a chance encounter at the coffee machine,
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Table 2. Main PRMP Participatory Modeling Methods
Applicability
Addressed Uncertainties

Modeling Method Type in PP Phases Examples

Causal network? Qualitative None 3 [Diispohl and Déll,

/concept map 2016]/[Catenacci and
Giupponi, 2013]

Actor modeling Semi-quantitative  Ambiguity (eliciting 2,3,5 [Titz and Doll, 2009;

(based on stakeholder’s framing and Dtispohl and Déll, 2016]

perception system, target and

graphs) transformation knowledge)

Actor-based Semi-quantitative Deep substantive epistemic 3,5 [Déll et al., 2013]

modeling uncertainty by scenarios of

drivers and other model input

Bayesian Network Quantitative Shallow substantive epistemic 3,5 [Richards et al., 2013;
modeling probabilistic (as uncertainty in expert belief Catenacci and Giupponi,
and output is explicitly 2013; Diispohl and Déll,
quantified) 2016]
Deep substantive epistemic
uncertainty by scenarios of
drivers and other model input
(Coupled) Quantitative Substantive epistemic (only if 3,5 [Rutledge et al., 2008;
component deterministic effect of structural and Schewe et al., 2014;
modeling (or parameter uncertainties Haasnoot et al., 2014]
integrated quantified by Monte Carlo
modeling) method)

Deep substantive epistemic
uncertainty by scenarios of
drivers and other model input

PP, participatory processes; PRMPs, participatory climate change risk management processes.

Data requirements increase from top to bottom. Some of these and other methods are discussed in Kelly et al. [2013]
and Voinov et al. [2016].

aAlso basis for actor, actor-based, and Bayesian Network modeling.

two participants may develop a new idea. Unforeseeable political developments external to the PRMP may
change its course and relevance. All this causes deep ontological uncertainty (Figure 1).

3.1.2. Methods

A rapid appraisal can be performed for a preliminary understanding of the local CC risks and their man-
agement [Beebe, 1995]. A stakeholder analysis is indispensable to understand the relationships between
groups that will impact the CC risk management and be impacted by it. Based on key stakeholder(s)" knowl-
edge, literature, and focus groups, potential stakeholders can be classified according to their stakes, inter-
est in PRMP, importance, political clout, and networks including power relationships [Grimble, 1998]; an
influence-interest matrix can be set up. Reed et al. [2009] discuss the strengths and weaknesses of various
stakeholder analysis methods. Stakeholder analysis is a type of actor analysis [Hermans and Thissen, 2009]
that is concerned with influence, interest, and networks. It is state of the art that a stakeholder analysis is
required for achieving an optimal selection of participants of the ensuing main phase of the PRMP includ-
ing the development of risk management strategies. We suggest to complement the stakeholder analysis
with an actor analysis in which the diverse actor perceptions and perspectives are elicited, modeled and
analyzed (“actor modeling” in Section 3.2.2.2 and Table 2). In actor modeling, only participants in the main
phase are included and are interviewed before phase 1 of the PRMP (Figure 2). Actor modeling forms the
basis for the generation of a shared problem framing and perception in CC risk management.

3.2. PRMP Main Phase

3.2.1. Phase 1: Introduction

Participants of the main phase of the PRMP should include, besides key stakeholders and PP experts, approx-
imately 15 stakeholders and five scientists. If the PRMP group is larger, participatory methods might have
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to be adapted to enable active participation of all stakeholders, and the PRMP becomes more costly. Objec-
tives of this phase are to (1) introduce the rationale for undertaking a PP to advance CC risk management
and to clarify concepts and terms, (2) to introduce and revise the objectives and scope of the PRMP, and (3)
to agree on the conditions for collaboration within the PRMP.

3.2.1.1. Uncertainties

While ambiguity can arise from the concurrent presence of multiple valid and occasionally conflicting ways
of framing CC risks, linguistic uncertainty can arise when scientists and stakeholders operate with different
terms and languages. Another important uncertainty that is best addressed in this phase is PP-related epis-
temic uncertainty due to uncertain behavior of PRMP participants and uncertain impacts on the PRMP by
external conditions.

3.2.1.2. Methods

Phase 1 consists of a sequence of presentations and discussions during a workshop with all participants.
First, objectives and scope of the PRMP are presented by the key stakeholder(s). To decrease linguistic uncer-
tainty, the PP experts then introduce the concept of a participatory, iterative, and adaptive management
of CC risks (Section 2.1 and Figure 2) including a number of important terms (Table 1). Because in com-
plex problem fields like CC risks, good decision-making requires fully embracing uncertainty, a goal of the
PRMP is to explore the many uncertainties that are relevant for finding the best strategies for risk manage-
ment. The PP experts present the uncertainty framework (Section 2.2 and Figure 1) and stakeholders share
their understanding of uncertainty such that a common understanding of different uncertainties and their
various aspects can be achieved.

Two discussion phases follow: (1) A discussion about the underlying rationale for PPs according to Haber-
mas [1981] and Renn [2008]: In contested problem fields such as CC, the best (effective, efficient, legitimate,
reflective, and morally right) actions can be identified only through deliberation (comp. Table 1) and nego-
tiation by all stakeholders. The PRMP is designed as an analytic-deliberative process [Stern and Fineberg,
1996] that combines scientific expertise with deliberation among all participants. (2) A discussion of objec-
tives and scope of the PRMP, and a potentially necessary enlargement of the participant group, with agreed
modifications to be implemented in the PRMP.

To reduce PP-related epistemic uncertainty, the PP experts present a proposal for a “memorandum of under-
standing” that clearly defines the objectives and scope of the PRMP, the role of the different participants
as well as the rules of communication and collaboration [see Renn, 2008, pp. 318-320; Voinov et al., 2016,
pp. 214-215]. It includes also a list of planned outputs, e.g., joint reports by scientists and stakeholders,
papers including their potential co-authors, websites, and social media output. In addition, ways of commu-
nication with other stakeholders not included in PRMP and with the public must be discussed. Participants
then discuss and modify the memorandum, and finally agree on it as the basis for their joint effort. They
also discuss and agree on the time plan of the PRMP.

3.2.2. Phase 2: Risk Identification
The objective of this phase is to identify perceived CC risks, relevant to the stakeholders taking part in the
PRMP and — preferably—to the general public.

3.2.2.1. Uncertainties

While scientific knowledge on general CC risks is well developed, and key risks have been identi-
fied and described by world regions [IPCC, 2014a], substantive epistemic uncertainties remain at
the scale of risk management units such as river basins, in particular in developing countries where
little information exists at the local scale. A major concern is uncertainty from lack of identifica-
tion of all risks relevant to scientists, stakeholders, and the general public. For risk identification,
ambiguity arises from different stakeholder perspectives and from unacknowledged substantive dif-
ferences among different knowledge systems that need to be considered in the PRMP. For instance,
participants might come from different knowledge traditions (engineers and indigenous commu-
nities) or have different stakes on the CC risk issue (e.g., farmers associations and governmental
agencies).
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3.2.2.2. Methods

To support the identification of all relevant perceived risks, PP experts prepare a preliminary list of risks by
synthesizing the results of the following three studies (Figure 2): (1) elicitation of the problem perception
of each of the stakeholders involved in the PP in the form of a perception graph, the central element of
actor modeling (Table 2), performed by the PP experts, (2) a concern assessment in which the concerns of
the general public are determined [Renn, 2008], performed by social scientists, and (3) a review of the sci-
entific literature, performed by the PP experts or scientists. These studies are done before the start of the
main phase of the PRMP. They help to reduce epistemic uncertainty regarding risks and to better under-
stand epistemic uncertainty and ambiguity. The synthesis is provided to the PRMP participants before the
workshop in which they discuss the results, jointly agree on CC risks to be assessed in the next phase, and
acknowledge the difficulties of bringing together knowledges (i.e., different types of knowledge) that have
different political valences [Brugnach and Ingram, 2012].

Actor modeling has the unique capacity to show ambiguity in PPs because perception graphs, derived for
each of the stakeholders, show the diverse system, target, and transformation knowledges of the stake-
holders, i.e., their problem perceptions and values (Table 2). Perception graphs are directed acyclic graphs
that relate stakeholder goals (e.g., the reduction of specific CC risk) with influencing factors, options for
action by specified actors and external factors (e.g., change of climatic variables) ([Bots, 2007]; actor model-
ing software DANA at http://dana.actoranalysis.com/). They are semi-quantitative, as factors, utility of goal
achievement and causal relations are all expressed on a scale of 7. Perception graphs are constructed dur-
ing interviews with one or more stakeholders [Titz and Déll, 2009]. The guiding questions to stakeholders
should include what and who may prevent successful risk management. Elicitation could be introduced by
providing information on plausible local CC and related hazards. The various goals included in the stake-
holders’ perception graphs serve to compile risks in the risk identification phase. Furthermore, perception
graphs and their analysis support risk assessment and identification of risk management measures.

Renn [2008, p. 366] suggests concern assessment as an important element of risk governance and man-
agement. Concern assessment is a purely scientific assessment (in parallel to a scientific risk assessment
done by social and natural scientists) that provides sound knowledge about concerns, expectations, and
worries that individuals or groups who do not participate in the PRMP may associate with the hazard. For
example, while economists and engineers see water problems best solved through allocation mechanisms,
ecologists and indigenous communities might see watershed conservation as the primary concern [Brug-
nach and Ingram, 2012]. While some might consider nuclear energy to be a safe and proven alternative to
mitigate climate risks, others might fear its potential negative impacts. As a result, people often put forward
conflicting framings of and approaches to the same climate risk concerns [Romero-Lankao and Gnatz, 2014].

3.2.3. Phase 3: Risk Assessment
In this phase, CCrisks identified in phase 2 are assessed with respect to their magnitude and uncertainty in
hazard, exposure and vulnerability.

3.2.3.1. Uncertainties

Substantive epistemic uncertainties in CC risks are apparent at many positions of the social-ecological
system, and concern physical hazards, exposure, and vulnerability (Table 3). At the beginning of the
causal chain of physical hazards, there is deep uncertainty (Figure 1) in future greenhouse gas emis-
sions and their complex societal drivers. However, this type of uncertainty only becomes important for
projections for the second half of the 21st century because near-term climate is strongly conditioned
by past greenhouse gas emissions [I[PCC, 2013]. Dynamics of future hazards are also directly affected
by societal activities and processes, e.g., dyke construction, land development, or political turmoil. This
likewise leads to deep uncertainty in future hazards, exposure, and vulnerability. The level of all the
other uncertainties listed in Table 3 can be characterized as shallow to medium (Figure 1). Except for
the change in climatic variables, the uncertainty level depends on local knowledge, data, and mod-
eling capacity. Substantive epistemic uncertainty about CC also affects the way in which ontological
uncertainty of hazards that is due to the stochastic nature of weather can be quantified. Due to CC, prob-
abilities of, e.g., flood occurrence can no longer be determined from observations [“Stationarity is dead,”
Milly et al., 2008].
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Table 3. Positions of Substantive Epistemic Uncertainty in Assessing CC Risks, Related to Physical Hazards and to Exposure and Vulnerability

Uncertain
Knowledge About

Physical Hazards (Examples Relevant
to Freshwater-Related CC Risks )

Exposure and Vulnerability (Examples
Relevant to Freshwater-Related CC Risks)

Future human
activities

Functioning of

Current conditions
Coarse spatial
aggregation

Coarse temporal
aggregation

affecting greenhouse gas emissions

(Representative concentration pathways)

affecting hazard by CC adaptation or other developments
(Expansion of urban areas, waste water treatment)

the climate system as simulated by climate models
(Climate model structure and parameters,
bias-correction, downscaling)

the physical system affected by climate change

as simulated by impact models

(Hydrological model structure and parameters)

(Groundwater recharge, stormflow drainage)
(Water management units are smaller than one grid cell
of a typical climate model)

(Climate change projections cannot be reasonably made
for a particular year)

affecting exposure

(Land use)

affecting vulnerability

(Income, water infrastructure, risk perception)

the social-ecological system: Vulnerability and its societal
and ecological drivers

(Capacity of farmers to switch to irrigated farming,
adaptability of water users’ networks and water
management institutions)

technological systems

(Resilience of water supply and flood protection
infrastructure)

(Number of people living in floodplain, or with access to
piped drinking water and sanitation)

(Socio-economic data do not distinguish between people
living within the floodplain and outside)

(Only decadal census track data on people, buildings and
infrastructure available but conditions in developing

countries change within a decade)

CC, climate change.

Uncertainty of CC risks is obviously higher than uncertainty of CC hazards, which is due to uncertainties in
how economic conditions, land use change, demographic dynamics, perceptions, and governance shape
current and future exposure and vulnerability. Like hazard estimation, estimation of vulnerability and expo-
sure is affected by ontological uncertainty, related to the dynamics of everyday life. For example, exposure
to hazards may be affected by commuting. It is important to address in this phase of the PRMP the uncer-
tainties of any model output and other information, and their relevance for risk assessment. Identification
of dominant uncertainties is recommended.

3.2.3.2. Methods

Risk assessment for simple systems can be done by identifying the probability of a hazard and the magni-
tude of its impacts. However, the deep und non-quantifiable uncertainties in the dynamics of future hazards,
exposure, and vulnerability due to the deep uncertainty in human behavior and its societal drivers (e.g.,
economic, demographic, cultural and political) make this type of risk assessment impossible. These deep
uncertainties can instead be addressed by risk scenarios, i.e., by the descriptions of plausible future risk
developments without an assigned probability. Risk scenarios are based on alternative greenhouse gas
emissions and socio-economic futures, where the former mainly drive the hazard, while the latter mainly
drive future exposure and vulnerability.

The substantive epistemic uncertainty in the causal links between emissions and hazards (due to model-
ing including bias-correction and downscaling, Table 3) can be considered to be at a medium level, thus
allowing some sort of ranking. Clark et al. [2016] even suggested that a probabilistic characterization of
hydrological hazard uncertainties is possible by a thorough analysis and combination of the uncertainties
in the individual computational steps. Currently, CC hazards under a given emissions scenario are estimated
best by the analysis of the output of multi-model ensembles that include climate models and, depend-
ing on the hazard, impact models such as agricultural yield or hydrological models (e.g., www.isimip.org).
Assuming that each output data set is equally likely and that the outputs represent the total probability
space, a probability function of future CC hazards under a given emissions scenario can be estimated but
this function is itself highly uncertain [Déll et al., 2015]. This approach for considering epistemic uncertainty
of future drivers is called “top-down,” while the “bottom-up” way is to first identify a threshold for a hazard
that, if exceeded and if considered intolerable by stakeholders, will require some action [Jones et al. 2014].
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In the bottom-up approach, the ensemble of climate or hazard scenarios can be used to determine the
likelihood of threshold exceedance.

With multi-model output, maps of changes of, e.g., renewable groundwater resources for different
exceedance probabilities can be generated [Crosbie et al., 2013], where the probabilities address different
degrees of risk aversion of the water managers [Déll et al., 2015]. According to IPCC [2014a, p. 9], “assess-
ment of the widest possible range of potential impacts, including low-probability outcomes with large
consequences, is central to understanding the benefits and trade-offs of alternative risk management
actions.” Therefore, not only multi-model ensemble means should be analyzed but also low-likelihood
hazardous trends that may have strong negative impacts due to high exposure and vulnerability.

PRMPs are best supported by local integrated models of CC risks that are driven by (1) a number of CC
scenarios covering the plausible local range of CC and (2) by a number of socio-economic scenarios. Such
models first compute future CC hazards, exposure, and vulnerability based on scenarios of the drivers and
then combine hazards, exposure, and vulnerability to estimate CC risk. In addition, the models should be
able to compute the effects of potential risk management measures such that they can be used to support
strategy development in phase 5. While natural scientists contribute knowledge and data about physical
hazards, social scientists do the same for exposure and vulnerability (Figure 2).

A number of methods exist for integrated modeling in support of PRMPs (Table 2). Which model type is
appropriate for a specific PRMP depends mainly on the availability of knowledge, data, and models. While
the output of coupled component models may be most informative for a PRMP, such a modeling method
is only appropriate in case of good knowledge, extensive data, and existing component models. This type
of modeling is so involved that it is difficult for participants to take part in it. At the other extreme, qualita-
tive causal networks or concept maps (Table 2) can easily be constructed in a participatory manner by the
stakeholders and allow stakeholders to share, increase and harmonize their systems knowledge but they
do not provide any quantitative information. They are a good basis for many types of modeling. Perception
graphs of the different stakeholders can be synthesized into one joint perception graph as representation
of the social-ecological system under consideration. This joint graph can form the basis for actor-based
modeling [Dd6ll et al., 2013] or Bayesian Network modeling [Diispohl and Déll, 2016]. Bayesian Networks
have many advantages for PRMPs. A number of different disciplinary domains can be easily integrated, the
links between factors can be quantified even if only expert beliefs are available, and uncertainty is made
explicit by using probabilities to describe states and links. However, results of Bayesian Networks are in gen-
eral less specific and tangible than results of, e.g., (coupled) disciplinary component models that integrate
large amounts of data. A further disadvantage is that temporal developments cannot be easily represented.
Guidelines for Bayesian Network modeling including a discussion on sensitivity of Bayesian Network out-
put can be found in Marcot et al. [2006] and Chen and Pollino [2012]. Kelly et al. [2013] discuss advantages
and disadvantages of the integrated modeling approaches system dynamics, Bayesian Networks, coupled
component models, expert systems, and agent-based models.

Once a good system understanding has been achieved by all participants of a PRMP, joint development of
qualitative scenarios is a very good means for knowledge integration and social learning, and for under-
standing how uncertain future developments might affect CC risk [e.g., Carpenter et al., 2015; Oteros-Rozas
etal., 2015; Dispohl and Déll, 2016]. For CC risk assessment, participants develop exploratory scenarios that
show the different plausible developments of future CC risks [Maier et al., 2016], based on, e.g., a causal
network and a derived joint perception graph, or some other sort of system analysis. A practical guideline
for development of qualitative scenarios is provided by Meinert [2014], while Cobb and Thompson [2012]
describe how the development of qualitative scenario based on future climate scenarios helps managers
to better understand specific vulnerabilities and risks in National Parks.

Qualitative —quantitative scenarios are ideal for CC risk assessment but require the existence of quantita-
tive models. The qualitative scenarios developed with stakeholders serve to derive consistent quantitative
scenarios, e.g., by guiding the selection of values of input variables of the applied (integrated) models. In
addition, they complement the quantitative scenarios with respect to variables that are not considered in
the quantitative model [Alcamo, 2009]. Therefore, risk scenarios that combine quantitative with qualitative
elements provide a richer description of risk than qualitative or quantitative scenarios alone.
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For CC risk assessment, risk scenarios should be derived at least until 2100 as (1) risks can be expected to
increase with time unless a strong emissions reduction takes place soon, (2) climate scenarios are available
until that time, and (3) there are many human activities whose effects last that long (e.g., urban development
and dam construction). If the time until mid-century is considered, a probabilistic approach to the character-
ization of CC hazards is appropriate as until then, CC depends more strongly on past than on unpredictable
future emissions and uncertainty in translating emissions into CC is relatively high [/PCC, 2013]. Deep uncer-
tainty of future vulnerability and exposure still requires a scenario approach even if only the near-term future
is considered, unless the CC risk assessment is simplified by considering only current exposure and vulner-
ability (which is not recommended).

3.2.4. Phase 4: Risk Evaluation
The objective of this phase is to evaluate the CC risks assessed in the previous phase to identify the most
important risks that should be considered when developing a risk management strategy in phase 5.

3.2.4.1. Uncertainties

Two main uncertainties can arise during risk evaluation: substantive epistemic uncertainty and ambiguity
due to different and sometimes conflictive types of knowledge and values involved. Risk evaluation does
not only rely on what is known or not known about CC risks but also on the knowledge gained by stake-
holders through their experiences and practices.

3.2.4.2. Methods

The risk scenarios generated in the previous phase are analyzed and discussed with respect to (1) risk mag-
nitudes, (2) temporal risk dynamics as caused by the temporal developments of hazards, exposure, and
vulnerabilities, (3) which social groups are at major risk and who may benefit, and (4) their uncertainties.
Then, risks are ranked according to their overall importance either individually or in small groups. The pre-
cautionary principle may lead participants to give risks with a high uncertainty but high potential damage
a high rank. This is where deliberations on tolerable and intolerable risks are paramount. The stakeholders
discuss their different rankings and different techniques are applied (e.g., dialogical learning) to agree on a
ranking if possible. Otherwise, the different rankings should be documented.

3.2.5. Phase 5: Development of a Risk Management Strategy

The objective of this last phase is to develop a strategy for CC risk management by combining measures
for adaptation to CC with measures for CC risk mitigation. Focusing on the most important risks identified
in phase 4, this involves the identification of measures and assessment of their effects, consideration of
costs, benefits, and trade-offs among risk management options, taking into account different social groups
and ethical and political aspects. Given the high uncertainty of CC risks, CC risk management should be
iterative and adaptive (see Section 2.1). While taking into account the long-term effects of risk manage-
ment strategies, the PRMPs should consider that due to the uncertainties, strategies identified now need
to be re-evaluated and adjusted in the light of new knowledge in, e.g., 10 years. This calls for flexible mea-
sures that can be easily abandoned, extended or adjusted and that constrain future options in a minimal
way [Maier et al., 2016]. If flexible approaches are not sufficient for CC adaptation, e.g., because infrastruc-
ture with large lifetimes is concerned, or because institutions and cultural norms are difficult to change,
robust measures that perform satisfactorily under a large range of plausible futures (and not optimally
under specific—unknown—future conditions) need to be identified. Adaptation strategies should aim at
increasing the resilience of people and the social-ecological system to plausible future changes.

3.2.5.1. Uncertainties

There is substantive epistemic uncertainty in the effectiveness, fairness, cost, and acceptability of risk man-
agement measures [e.g., Olmstead et al., 2016]. Table 4 lists the positions of such uncertainties. Ambiguity
may be high in particular in case of negative impacts of adaptation measures and regarding their costs and
benefits for particular groups. In multi-criteria decision analysis (MCDA) (Section 3.2.5.2), ambiguity affects
the selected weights, while indicator choice including the choice of indicator states and drivers are posi-
tions of substantive epistemic uncertainty [e.g., Hyde and Maier, 2006]. Of all phases, this phase suffers most
from PP-related epistemic uncertainty.
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Table 4. Positions of Substantive Epistemic Uncertainty in Managing CC Risks by Identifying Suitable CC Adaptation
and Mitigation Measures

Uncertain Knowledge About Example Positions for Freshwater-Related CC Risks

Dynamics of hazard and risk, and their uncertainty Future changes in flood and drought hazard

Goals of affected populations Risk aversion regarding flood hazard

Effectiveness of different management instruments and their Effect of financial incentives on water use

implications for stakeholders Technical feasibility of potential new water

infrastructure

Costs of mitigation or adaptation for different social groups Costs of climate proofing water supply and storm
water drainage; sources of revenue to cover these
costs

Costs avoided by mitigation or adaptation for different social Avoided flood damage

groups

Functioning of governance Complex water administration structure

CC, climate change.

3.2.5.2. Methods

To support the identification of risk management strategies, we propose to deepen the stakeholder network
analysis done during the preparation phase (Section 3.1) by a visual and qualitative participatory network
mapping exercise [see Hauck et al., 2015]. Then potential risk management measures including adaptation
and mitigation measures are identified. To this end, PRMP participants may develop qualitative normative
scenarios in which they explore what measures can lead to an envisioned risk reduction under different sce-
narios of CC and other external drivers [Diispohl and Déll, 2016; Maier et al., 2016]. Stakeholder knowledge
about local risk governance including knowledge about the relevance of uncertainty in decision-making
processes at various levels (personal, organizational) should be synthesized with knowledge from social
sciences (Figure 2 and Table 4).

Then, the model developed for risk assessment is enhanced such that at least the effects of some risk
management measures on the social-ecological system under consideration can be simulated. The devel-
opment of adaptive risk management strategies is preferable. In such strategies, the set of measures 1 is
appropriate before a certain turning point, while the set of measures 2 performs better once the turning
point is reached [Werners et al., 2013]. Such strategies can be developed with the risk assessment model
following the Dynamic Adaptive Polity Pathways approach of Haasnoot et al. [2013].

Ideally, the effect of adaptation measures on greenhouse gas emissions and the effect of CC mitigation
measures on risk is quantified, too. Non-quantifiable effects should be described in a qualitative manner.
If any of the stakeholder groups is risk-averse, it may be suitable to consider only climate projections for a
high emissions scenario for identifying plausible adaptation strategies.

To support strategy development, the net effects of risk management measures must be described quan-
titatively or qualitatively by indicators that allow for comparison of the performance of different measures.
Comparison and selection are generally done by MCDA. We suggest applying a simple MCDA method as it
is more transparent to stakeholders. Munda [2006] propose to perform a quantitative MCDA not to derive
the final strategy directly from the quantitative MCDA result but only to support a holistic judgement of
the best strategy. In this way, MCDA helps the stakeholders to shape or transform preferences and to make
a decision in conformity with their goals. Strategy development in PPs can also be supported by scientific
multi-criteria optimization studies, such as the study of Beh et al. [2015] who developed an adaptive optimal
sequencing approach for urban water supply augmentation under deep uncertainty.

4. PRMP Evaluation

While CC risk management is urgent and requires the collaboration of a broad range of scientists and stake-
holders, there is limited experience with participation in CC risk management. Therefore, it is very important
to optimize the outcome of PRMPs by optimizing their design. This is best done by learning from PRMP
experiences. Hence, evaluation of PRMPs, with publication of results and lessons learned, is necessary for
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improving CC risk management. Ideally, a set of PRMPs would be organized in such a way that they can be
compared to each other, or learn from each other.

Obviously, a PRMP must be evaluated according to its goals. General goals are social learning and the devel-
opment of a CC risk management strategy. The future outcome of the PRMP, e.g,, its political effects, is
beyond the scope of the evaluation. Renn [2008, his Table 8.3] lists normative, substantive and procedu-
ral evaluation criteria. For the evaluation, it is problematic that there is no widely accepted definition for
social learning in the management of social-ecological systems [Van der Wal et al., 2014]. An interpretation
suitable for CC risk management can be found in Pahl-Wostl and Hare [2004, p. 195] who suggest seven
capacities that stakeholders need to build up in order to be able to engage in social learning: (1) awareness
of each other’s sometimes different goals and perspectives; (2) shared problem identification; (3) under-
standing of the actors’ interdependence; (4) understanding of the complexity of the management system;
(5) learning to work together; (6) trust; and (7) the creation of informal as well as formal relationships. The
first four aspects belong to the social-cognitive dimension, the others to the social-relational dimension of
social learning. In the evaluation of a PRMP aiming at a comprehensive treatment of uncertainty, an eighth
capacity would be added: understanding of uncertainties affecting risk management (social-cognitive).
Convergence of perspectives (similar to capacity 2 above) can be evaluated by asking the participants the
same questions before and after the PP, or by comparing perception graphs or concepts maps that were
elicited before and after the PP [Baird et al., 2014; Van der Wal et al., 2014; Diispohl and Déll, 2016]. To sup-
port an improved design of PRMPs, it is important to not only evaluate the overall process but to evaluate
the impacts of specific components such as the applied participatory modeling methods or the scenario
development [Diispohl and Déll, 2016].

PRMP evaluation is discussed with the participants at the end of phase 1. After pointing out the importance
of learning from the PRMP experience to improve future PRMPs, the PP experts set the two main PRMP
goals to be evaluated, social learning (Table 1) and development of a CC risk management strategy. They
suggest suitable evaluation criteria and methods and ask for feedback. PRMP evaluation is performed by
the PP experts who share the evaluation results with the participants after the end of the PRMP (or selected
evaluation results already during the PRMP).

5. Conclusions

Managing risks of CCis an inevitable but very complex task as CC risks are uncertain, pervasive, and delayed,
as well as intertwined with many other risks to a sustainable development. The proposed roadmap encom-
passes the phase of CC risk management when CCrisks are assessed and strategies for risk management are
devised in a participatory manner through transdisciplinary knowledge integration among stakeholders
and scientists. CC risk management means decision-making under uncertainty, or rather under a multi-
tude of uncertainties; this is why the roadmap focuses on how uncertainties may be addressed in local and
regional PPs for CC risk management.

Even with this roadmap, design and implementation of PRMPs will remain a challenge. To achieve a locally
adapted and context-specific implementation, a good overall understanding of CC, its uncertain risks and
risk management options must come together with an understanding of the local situation, in particular
the institutional factors that shape options to address ambiguity [Brugnach and Ingram, 2012]. Awareness
of the implementation challenges is key. Stakeholders and scientists hold different framings of the CC
risk problem, and their interest in participating and collaborating needs to be fostered by creating a CC
risk management space that supports collaboration. Research is required to better understand which of
the participatory integrative risk modeling methods (Table 2) is suitable given local knowledge, data, and
institutional conditions, and how these participatory modeling methods are best implemented within
the PRMP, for example, without overloading participants given time constraints. Climate scientists and
CC hazard modelers (e.g., hydrologists) need to work on characterizing and quantifying the uncertainty
of hazards [see Clark etal., 2016], while social scientists need to understand societal processes deter-
mining populations’ vulnerability and diverse ways of framing risks. PRMPs should be evaluated with
respect to the specific approaches and methods that were applied. Only by sharing experiences and
mutual learning can PRMPs become more effective, which is what our societies need for their sustainable
development.
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