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Executive Summary
This report covers the Deliverable 5.2 “Methods for Decision Making Under Uncertainty and
Guidance Document”.
There is a growing focus on the analysis of adaptation, especially as adaptation strategy and
policy moves to practical implementation. Against this background, this deliverable reviews
the possible methods for decision making under uncertainty and considers their application
to IMPACT2C
The approaches considered include: social cost-benefit analysis; cost-effectiveness analysis;
real options analysis; portfolio analysis; robust decision making and iterative risk
management (adaptive management).
The deliverable synthesises each method, provides case study examples, and assesses
their strengths and weaknesses for climate adaptation decisions. On the basis of this review,
guidance and recommendations are presented to help users identify when these new
approaches might be appropriate for specific applications, and recommendations on aligning
the methods to the IMPACT2C framework are made.
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1 Introduction
The tasks in Work Package 5 are concerned with the development of guidance and generic
principles of the climate change impact and adaptation assessment. One element of this
guidance is for a review of methods on decision making under uncertainty (5.5) and guidance
(5.6). The DOW text is included below.

Task 5.5: Development of methods and guidance on decision making under uncertainty

Lead: SEI, Partners: PWA
Task 5.5 Review of methods.
Lead: SEI-OXFORD, Partner: PWA
This task will first review the existing information on decision making under uncertainty, including an
assessment of the available tools and methods. It will establish the state of the art in the rapidly
moving field of decision support with the aim of identifying advances with potential for application to
the complex problem domains that is climate change adaptation. We will carefully assess the evidence
for successful deployment. This task will therefore explore advances in conventional tools and
mechanisms such as Cost-Benefit Analysis, Real Options Analysis, Portfolio Analysis, Multi-Criteria
Decision Analysis, Comparative Risk Assessment, Analytic Hierarchy Process, Systems Dynamics
and then evaluate examples of their integration and enhancement with appropriate artificial
intelligence (AI) techniques such as Fuzzy Logic and Fuzzy Cognitive Mapping, Case-Based
Reasoning, Bayesian Networks and Agent-Based Models. Based on the existing literature, the task
will then review the types of decisions, and options, that are used in these frameworks to date, with an
assessment of their value in these contexts.

Task 5.6: Developing a guidance on decision making under uncertainty.
Lead: SEI-OXFORD, Partners: PWA, PIK
The work package will then examine this information in the context of the results of WP11, linking the
analysis of uncertainty into a practical method / guidance document The aim will be to ensure a
consideration of decision making under uncertainty in all subsequent impact tasks (sector and crosssectoral), in terms of identification of options and consideration of costs. It will also lead directly to the
way in which options proposed for adaptation are assessed in relation to potential impacts in WPs 6-8.

D5.2: D5.2. Report of methods for decision making under uncertainty and guidance document,
Month 18.
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2 Background
There is increasing policy interest in the appraisal of adaptation. This information is
potentially relevant at a number of different levels of geographical aggregation, addressing
different objectives. In Europe, these include:
•

The European (trans-boundary level), where information on adaptation can raise
awareness on the need for adaptation, and provide input to discussion on the options,
resources and funds implied for European level adaptation strategies. Examples are
available for Europe from the ClimateCost project (Watkiss et al, 2011).

•

The national level, where such information is relevant for scoping national adaptation
financing needs, and for prioritisation of sectoral policies and programmes within national
strategies or plans. Examples include analysis in Sweden (SCCV, 2007) and the
Netherlands (van Ierland et al, 2006; de Bruin et al, 2009)).

•

The sub-national or local level, where the appraisal of adaptation can be used in the
design and prioritization of adaptation programmes and projects.

A major part of such assessments are in relation to the costs and benefits of adaptation, and
their input into decision support tools for appraising adaptation. Estimates of costs and
benefits of adaptation at these geographical scales are emerging (as identified by reviews by
EEA, 2007; OECD, 2008; Parry et al, 2009; UNFCCC, 2009; CEPS/ZEW, 2010; Watkiss et
al, 2011; Agrawala et al, 2011) though the empirical data remains scattered, often with low
confidence levels attached to the magnitude of cost and benefit estimates that are produced.
In addition, there are many methodological challenges with adaptation (EEA, 2007: OECD,
2008: UNFCCC, 2009) and empirical estimates appear to depend on the methods used, as
well as the spatial, sector, and temporal contexts, the level of future climate change, and the
objectives set for adaptation and the framework of analysis. Thus, the scope for comparison
is constrained. A principal methodological challenge is uncertainty1 (Markandya and Watkiss,
2009; Hallegatte, 2009), linked also to data availability. This can be demonstrated by way of
following example.
Figure 1 shows the outputs from regional climate model projections for Europe from the
ENSEMBLES project (with plots from Christensen et al, 2011), comparing twelve alternative
model projections for the SRES scenario (A1B) for late century. The figure shows the range
of projections from the models. This shows that the level of temperature (top) across Europe
varies enormously between warmer and colder models, i.e. between the left and right top
panels, with a particularly high variation in the warming signal for Southern Europe. For
precipitation (bottom), the analysis shows even greater differences between the wetter and
drier models, i.e. between left and right panels. In this case, not only does the magnitude of
the signal vary, but in many cases, even the direction of change is different, particularly for a
large transect from the UK in the north-west to Romania in the east.

1

Note that there are many definitions of uncertainty. We adopt a definition from the economic literature, which
generally distinguishes between risk, defined as the likelihood, measured by its probability, that a particular
event will occur, versus uncertainty, defined as the condition in which the number of possible outcomes is
greater than the number of actual outcomes and it is impossible to attach probabilities to each possible outcome.
(HMT, 2007).
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A1B 2070-2099 (Minimum)

A1B 2070-2099 (Maximum

A1B 2070-2099 (Minimum)

A1B 2070-2099 (Maximum

Figure 1. Top. Change in surface air temperature (°C) for summer (JJA) in 11 RCM
simulations from the ENSEMBLES archive, showing the range across the alternative model
projections for the same time period and emissions scenario (2070-2099 A1B).
Bottom. Relative change in summer precipitation (%) for summer (JJA) showing the
alternative model projections for the same time period and emissions scenario (2070-2099
for A1B). Source of plots, Christensen et al, 2011.
These projected differences cascade through to impacts, damage costs, and in turn, to
adaptation. Figure 2 shows the variability in the changes of the expected annual damage
(EAD) costs (between the 2080s and baseline period) using the outputs of alternative A1B
model runs for end of century for the Lisflood model – one of the major models within the
IMPACT2C project. While some countries, such as the UK, show fairly constant changes in
each case, many other countries show increases or decreases between model outputs.
Indeed, in most cases, there are differences in the direction of change across the full set of
model outcomes.
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Figure 2. Change in EAD between the 2080s (2071-2100) and baseline period (1961-1990)
for the A1B scenario based on LISFLOOD simulations driven by various regional climate
models. Each plate represents the results for one of the 12 GCM-RCM combinations. Source
Feyen et al, 2011.
It has become clear that the most common techniques used in appraisal (and decision
support) have limitations in coping with the uncertainty associated with the climate change
decision context (e.g. see Hunt and Watkiss, 2011). As a result, there is a growing
consensus that economic appraisal of climate change adaptation should incorporate the
multiple sources of uncertainty.
While the focus on decision making under uncertainty has become widespread in the
adaptation literature, with a focus on iterative adaptation management (Adger et al, 2006;
Downing et al, 2012), there has been much less adoption of these concepts in the domain of
economic assessment and appraisal. Indeed, the default position is to rely on conventional
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approaches, notably cost-benefit analysis, which has traditionally been adopted in appraisal
of sectoral development plans and projects. Further, while it is recognised that new
economic decision support tools may help account for uncertainty, there are relatively few
practical adaptation applications to date.
Against this background, this Deliverable critically reviews a number of approaches for
potential use in adaptation appraisal.
These include cost-benefit analysis and cost-effectiveness analysis, which reflect the
principal tools currently used in economic appraisal and climate change mitigation
respectively - and a series of alternative decision support tools that address target the
treatment of uncertainty.
In evaluating each approach, we assess the following:
•

The formal concept of the approach, identifying their objective(s) and the types of data
typically required;

•

A review of the application of the approach to adaptation, and the strengths and
weaknesses in this decision context.

•

A summary of existing case study material in the climate adaptation context; and

The review includes consideration of input requirements (including climate data inputs,
economic information, resources needed and degree of expertise required), as well as the
potential uses of outputs and their value to those involved in the decision process. On the
basis of this review, an assessment is made as to which approaches are potentially suitable
to different types of adaptation problems, for different decision framings, and what
constraints might be most relevant.
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3 Method Review
This section starts by introducing cost-benefit analysis, to provide a baseline to compare
subsequent approaches against. It then assesses the potential for cost-effectiveness
analysis, considering how this differs from its recent use in the mitigation domain. It then
provides a systematic review of three alternative approaches which have a greater focus on
uncertainty.

3.1 Cost benefit analysis
Outline of the approach
Cost-benefit analysis is used in most Government economic appraisal or economic impact
assessment (e.g. HMT, 2007; EC, 2005).
Social cost-benefit analysis (CBA) values all relevant costs and benefits to society of all
options, and estimates a net present value (i.e. total benefits minus total costs, discounted)
or a benefit:cost ratio that can be used to compare alternative options. CBA is an absolute
metric, i.e. it is possible to assess whether the benefits of intervention exceed the costs, and
thus to justify a project or policy (a key difference to cost-effectiveness, which is a relative
metric) though it is often difficult to value all the costs and benefits of a particular project).
The advantage of CBA is by working with a common metric (money) it allows resources to be
allocated efficiently between different adaptation options, and between adaptation and other
public priorities.
Application to adaptation
In theory, formalised CBA could be used to set adaptation priorities. Adaptation has a cost,
e.g. as defined by the IPCC as the "cost of planning, preparing for, facilitating and
implementing adaptation measures, including transition costs", but also a benefit, expressed
as "the avoided damage cost or the accrued benefits following the adoption and the
implementation of adaptation measures". In the simplest terms, if the economic benefits of
adaptation such as the reduction in climate change impacts (or the potential positive
consequences) outweigh the costs, then there are net benefits – if not, then this potentially
leads to mal-adaptation. This overarching principle is important because resources need to
be allocated efficiently between different adaptation strategies and between adaptation and
mitigation strategies. This can be done only if costs and benefits of the different options are
clearly determined (though note benefits do not need to be in monetary terms).
Many of the sectors that are vulnerable to climate change already work within a framework of
government policy and economic appraisal (e.g. utilities, or public sector investment).
However, past research has generally shown that the more unique, and less routine, the
decision-making context is, the less the use of CBA, and the greater the reliance on informal
methods. In the context of climate change, CBA is appropriate only in some decision-making
contexts, and inappropriate in others.
This is because CBA does not fully address many of the complex issues of adaptation, which
as highlighted by UNFCCC (2009), include inter and intra generational issues, discounting
over long-time periods, distributional effects, the complete coverage of ancillary benefits or
costs, and uncertainty. As a result, in the context of climate change, CBA is not necessarily
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appropriate for all decision-making contexts or problems. Indeed, it is the problem of CBA in
dealing with uncertainty that is leading to the discussion of alternative decision support tools.
Many previous CBAs of adaptation work with single central model projections from defined
scenarios (or ensemble means), using a predict-then-optimise approach. The problems of
this approach can be illustrated with the damage cost outputs from Figure 2, which show the
change from current conditions across different models (in most countries) includes both
increases or decreases in flood risk from climate change. In such a scenario, the use of a
central scenario, ensemble mean, or expected value optimises to a minor deviation from
current conditions. Further, these measures might not be needed under more modest or
positive outcomes (implying wasted resources) or will be insufficient to cope with more
severe outcomes.
CBA has proved particularly controversial in the area of climate change, and is not used in
mitigation policy. While some of the potential controversies around climate change CBA are
less relevant in a European context for adaptation than for mitigation, there are certain
characteristics of climate change that make a formal cost-benefit analysis framework
challenging, notably the high uncertainty.
CBA works best when costs and benefits of different options are clearly determined. In
contrast, analysis of climate change is extremely uncertain and very sensitive to assumptions
(particularly when combining climate, socio-economic projections, impacts and valuation).
Moreover, there are additional complexities due to the long time-frames involved (much
longer than with a traditional project or policy CBA), the threats of major effects including
irreversible effects, the high distributional nature of effects, the dynamic and changing pattern
of climate over time, and the challenges with valuation to all affected sectors (non-market
sectors).
Additional issues also include:
•

Key variations occur in the economic values according to decision parameters in the
choice of input or decision perspectives, most importantly discount rate, study time
horizon, the reporting of central tendency, and climate sensitivity. Each of these
variables can significantly influence the values, leading to differences in values of orders
of magnitude. There has been some recent guidance in some Member States on
alternative discount rates with (HMT, 2008) with inter-generational discount schemes.
However, there is no wider consensus (amongst expert economists) on which discount
rates to use, and also less agreement on other aspects (e.g. equity and distributional
weighting, risk and ambiguity aversion, central tendency, etc).

•

Related to this, the routine CBA applied in economic appraisal poorly addresses many of
the complex issues of adaptation (e.g. inter and intra generational issues, including the
discounting over long-time periods, distributional effects, the complete coverage of
ancillary benefits or costs, and the fundamental question of uncertainty). The problems
are generally not as large as for mitigation, where the period between action and benefits
are much longer, and relate to complex global public goods. However, they will still be
important in looking at longer term adaptation planning.

•

The values also vary according to the coverage of climate impacts and sectors assessed.
Very few studies cover any non-market damages, locally-specific precipitation effects,
and almost none cover potentially large scale events (see the literature review). This
makes a full cross sectoral analysis with CBA almost impossible, because there is not the
supporting information.
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•

A number of other aspects related to indirect costs, price changes from future scarcity,
transition and learning costs, etc are also not covered (see EEA, 2007)

Case Study Applications for Adaptation
CBA is widely used and has many advantages, though the obvious weakness of the
approach is it requires all benefits to be expressed in monetary terns: it is often difficult to
value all the costs and benefits of a particular project, or to derive benefit values in nonmarket sectors. There are a large and growing numbers of applications to adaptation.
The use of impact assessment outputs have been commonly fed into CBA assessments for
adaptation, and this has been the main approach in relation to sector impact assessment
modelling, e.g. in relation to coastal erosion and beach nourishment (Hinkel et al. 2010) as
well as in several project assessments (e.g. AIACC et al. 2006). Such assessments apply a
predict-then-optimise based approach, applying CBA to discrete climate (and socioeconomic) future scenarios.
As an example, a comprehensive formal economic assessments of the costs and benefits of
adaptation was undertaken for the Berg River Basin in South Africa (AIACC et al, 2006). The
study is particularly interesting because it outlines a methodology for incorporating
development, climate and ancillary effects into the benefit cost assessment of projects. The
study developed a hydrologic-economic model and used this for a development project, also
extending the framework to assess climate change, where the model was designed to allow
the estimation of the benefits and costs and of acting optimally. It considered water
management/adaptation options, looking at both structural (water storage capacity through
the construction of a dam) and institutional options (establishment of an efficient water
market) for increasing water supply.
The study effectively demonstrated the framework of Fankhauser (1998), which stresses that
the costs of adaptation have to be measured against current adaptive measures; and that
many adaptive measures may have climate change as well as non-climate-change-related
benefits. The study assessed the economic benefits and costs associated with expanding
future water demand for this development project. It then assessed what the economic costs
and benefits might be from this project in a changed future climate (which was not explicitly
planned for, i.e. a development project that did not take climate change into account).
Finally, it also looked at costs and benefits when climate change was explicitly factored into
and planned into the project, taking account of outcomes where a more or less severe
climate actually occurs ex post. In undertaking the analysis it therefore adopts some
methodological criteria for separating the effects of development from the effects of climate
change on economic welfare in the reference case(s) used in the analysis, and separating
the net benefits of adapting to development from the net benefits of adapting to climate
change
From a benefit-cost perspective (AIACC, 2006), the construction of the Berg River Dam at
capacity levels that were optimal for the climate scenarios were justified on the basis of
economic efficiency. However, the implementation of an efficient system of water markets,
with or without construction of the Berg River Dam, resulted in the highest net returns under
all climate and urban demand scenarios. However, the analysis of the costs of caution and
precaution did not provide any unambiguous results that would allow one to determine if it
would be less costly to anticipate climate change or plan cautiously.
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Application in IMPACT2C
The application of traditional cost-benefit analysis does not consider uncertainty, but it is
possible to adapt the approach or use it as part of an iterative framework (see later example
on iterative risk management).
The DIVA model, which is part of the IMPACT2C project portfolio, does include some costbenefit algorithms, notably in relation to coastal erosion and beach nourishment. Some early
work on costs and benefits (and CBA ratios) has also been included as part of (offline)
analysis with the LISFLOOD model. However, while these provide useful headline values,
the analysis does not capture uncertainty and thus there is a need to complement any such
studies with the additional methods or concepts discussed below.

3.2 Cost effectiveness analysis
Outline of the approach
Cost-effectiveness analysis (CEA) is a decision support tool. CEA is a relative measure, i.e. it
provides comparative information between choices. One of the major advantages of the
approach is that it combines economic (cost) and non-monetary (benefits) information
together, hence its widespread use in environmental policy analysis.
At the technical or project level, CEA can be used to compare the relative costs of different
options. This allows the cost-effectiveness ranking of alternative options in terms of their
cost per unit of benefit, e.g. the cost per tonne of pollution abated.
As well as ranking options in appraisal, cost-effectiveness can be used as a benchmarking
tool. A cost-effectiveness threshold can be set, and options can be compared against this.
An example is with new treatments in National Health Service provision (such as in the UK),
where the clinic effectiveness of new interventions are compared against a costeffectiveness threshold, measured as the cost (€) per Quality Adjusted Life Year (QALY).
New treatments or drugs are considered cost-effective if they are lower than ~ €30,000 per
QALY (NICE, 2010). Such an approach is needed because publicly funded healthcare
systems cannot pay for every new medical treatment which becomes available. Recognising
that limited resources are available, and choices have to be made, cost-effectiveness
analysis allows the largest benefits with the available resources.
At the policy level, CEA can compare the relative costs of combinations of different options to
achieve pre-defined targets or thresholds, e.g. environmental standard levels, often using
cost curves. This allows the analysis of the least-cost approach (i.e. the most cost-effective
way) of achieving a target. However, while technique is usually applied to assess predefined targets, it can also be used to provide information in target setting, by examining if
there is a point on the cost curve where cost-effectiveness falls significantly (i.e. where
disproportionate costs are involved for small additional benefits). It can also be used – in
theory - to consider the level of intervention possible with a pre-defined budget, though such
applications are rare.
Cost-effectiveness analysis has had widespread use in European and Member State policy,
and was previously the main approach used for air quality policy. Target levels were set on a
scientific basis, and then the costs of alternative ways of achieving these targets (or
progressing towards them) were assessed using cost-effectiveness analysis.
CEA has also been used in risk-based flood protection assessment, particularly for coastal
protection. Such an approach has been used to assess the costs of flood protection, for
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example once defined levels of acceptable risk are set, such as a 1 in 1000 or even 10000
year return period, the cost-effectiveness of options (or combinations of options) can be used
to assess the best options and strategies.
Importantly, CEA has become the main appraisal technique used for mitigation, as it allows
the comparison and ranking of GHG abatement options through cost-effectiveness analysis
(measured as the cost/tonneCO2 abated). There has also been widespread use of marginal
abatement cost curves, showing the relative ranking of options and the potential (or least
cost route) for achieving emission reductions. As a result, many commentators have
recommended the use of cost-effectiveness for adaptation, as well as mitigation. However,
the application of cost-effectiveness to adaptation involves a number of major differences,
set out in the box below, which limits a similar cross-economy application to adaptation.
Box 1. Comparing Mitigation and Adaptation
Cost-effectiveness analysis has become the default method of appraisal for mitigation.
However, adaptation is very different to mitigation, for the following reasons.
Mitigation involves a single common metric of benefits, i.e. a tonne of GHG emissions. It
makes no difference whether these emissions are abated from different sectors or locations
(e.g. a tonne of CO2 abated from road transport in the UK is the same as a tonne abated
from the electricity sector in Spain). This allows cross-economy analysis of options using the
same metric, i.e. €/tCO2. The application of CEA to mitigation has tended to focus on least
cost analysis (and optimisation) for CO2 benefits alone, rather than the wider performance of
options against many criteria. Importantly, most of the option analysis for mitigation has
focused on technical options, which are easier to quantify.
Adaptation, in contrast, is a response to a local, regional or national level impact, rather than
to a global burden. There is not one single common burden (GHG emissions), and
adaptation has to tackle many different types of potential risks across many sectors, often
acting together. Even for a specific risk, the benefits (and effectiveness) of adaptation are
location and technology specific, i.e. it makes a difference whether adaptation takes place in
the UK and Spain.
All of this means there is no single common metric for adaptation and it is impossible to
compare across sectors, or often even within sectors for different risks (unless all benefits
are expressed in monetary terms). It also means it can be difficult to pick a single metric for
cost-effectiveness: as an example, addressing sea level rise needs to consider the protection
of people, the reduction of coastal erosion risks, the protection of natural ecosystems, etc. as
well as ancillary costs and benefits (including GHG emissions). It is possible to capture
several attributes through more detailed analysis, but such assessments are rarely
undertaken.
Cost-effectiveness involves a broad series of common methodological steps.
•

Establish the effectiveness criteria.

•

Collate a list of options.

•

Collect cost data for each option - noting this involves the full costs over the lifetime of the
option, including capital and operating costs – and thus requires all values in a common
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economic base (expressed in equivalent terms using discount rates and either an
equivalent annualised cost or a total present value2).
•

Assess the potential benefits (effectiveness) of each option. In many but not all, these are
expressed as an annual benefit, relative to a baseline or reference case.

•

Combine these to estimate the cost-effectiveness, by dividing the lifetime cost by the
lifetime benefit (or annualised costs by annualised benefit).

At this point, all the options can be expressed in similar terms, as a cost per unit of
effectiveness. It is possible to rank measures at this stage, and identify the most costeffectiveness options, i.e. those that deliver high benefits for low costs.

Each bar represents a specific measure,
arranged in order of cost-effectiveness
(left to right). The vertical axis indicates
the cost of abatement (costeffectiveness) of the measure – in this
case €/CO2.
The width of each bar on the horizontal
axis indicates the total abatement
potential of each option (in this case total
emissions reduction potential), thus wider
bars are options with larger benefits that
reduce more emissions than narrow
bars.

Abatement cost (€/tCO2)

These can then be used as part of a marginal cost curve analysis, e.g. in relation to a policy
application or a complex project assessment. In simple terms, a cost curve combines
different options together, to assess the overall least cost way to achieve a target or
objective, or to look at the costs of achieving progressively more ambitious target. It does
this by assessing the cumulative effectiveness of options, starting with the most costeffective first, and adding additional options (in order of cost-effectiveness) up until the point
where the objective is achieved, assessing the total effectiveness of each option as it
proceeds. Cost curves have been used for many decades in policy analysis, and have been
used for mitigation for over twenty years. In graphical terms, they are often presented as
cumulative bar charts, shown below.

Emissions potential (cumulative tCO2)
Figure 3. Typical Cost Curve

The cost curve show options in terms of their cost-effectiveness (left to right). In this,
marginal abatement costs are below the zero line, which implies that it is possible to achieve
benefits at negative cost, so called no regret options. By reading off the horizontal axis of the
graph, it is possible to see the total benefits (emissions) that can be achieved for increasing
cost levels. This automatically estimates the optimal set of options to achieve a target at
least cost, though in practice, further checks are needed to ensure that options can be
implemented together. In the graph above, the most cost-effective options are implemented
first in line with the ranking. If the less cost-effective options on the right were implemented
first, it would cost far more to achieve the same target level.

2

Note that in practice, the choice between a PV or equivalent annual cost does lead to subtle differences in the ranking of
measures on the cost side (even when annual benefits of a measure are consistent over time). On the benefit side, the
difference is important between life-time versus annual benefits for measures which have a declining benefit against the
baseline over time.
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Application to Adaptation
CEA has been applied in many of the sectors of relevance to adaptation. The key strengths
of the approach are that it does not require information on economic benefits, and so it
applicable to issues that difficult or contentious to value (e.g. ecosystems). The approach is
relatively simple to apply and gives easily understandable ranking that is easy to understand.
As highlighted above, adaptation is a response to a local, regional or national level impact,
rather than to a global burden. There is not one single common burden (GHG emissions),
and adaptation has to tackle many different types of potential risks across many sectors,
often acting together. The lack of a common metric for adaptation makes an analysis
between sectors impossible, and furthermore, in many cases, adaptation metrics vary within
a sector, as adaptation is a response to individual risks, making intra-sectoral comparison
difficult. Even for a specific risk, the benefits (and effectiveness) of adaptation are location
and technology specific. Importantly, adaptation generally requires analysis of impacts
(rather than a burden, as with mitigation) which involves a more complex analysis pathway.
An important challenge in the applicability of CEA to adaptation is in the dynamic nature of
climate change, starting with the risks of current climate variability, and moving to the longerterm trends and changes in extreme events with future climate change. This implies that
benefits (effectiveness) vary over time, as well as being location specific.
All of this means there is no single common metric for adaptation and it is impossible to
compare across sectors, or often even within sectors for different risks (unless all benefits
are expressed in monetary terms). It also means it can be difficult to pick a single metric for
cost-effectiveness: as an example, addressing sea level rise needs to consider the protection
of people, the reduction of coastal erosion risks, the protection of natural ecosystems, etc. as
well as ancillary costs and benefits (including GHGs). It is possible to capture several
attributes through more detailed analysis, but such assessments are rarely undertaken. CEA
has most relevance where there is a clear headline indicator, or there is a dominant policy
issue, because it optimises to a single metric. It may therefore need to be complemented
with further analysis to consider other positive or negative issues with options, to ensure
these are taken into account in the prioritisation of options.
There are multiple attributes/objectives that are important when adapting to any individual
climate risk, e.g. the protection of people as well as ecosystems for coastal flood risks. In
many cases there will also be cross-sectoral effects. Moreover, adaptation options often
have wider ancillary effects which can be positive or negative, including synergies or conflicts
with mitigation. Failure to take all of these effects into account is unlikely to lead to the most
appropriate (holistic) adaptation options. However, the presence of numerous attributes
complicates CEA, because least cost optimisation assesses a single attribute (e.g. in
mitigation, this is GHG reductions). It is possible to address multiple criteria or objectives
through simultaneous optimisation, which makes the assessment of adaptation options more
complex, or by choosing a single headline indicator. There are also a number of other
aspects that are important in ranking options but which are challenging to include in CEA,
including distributional effects, the acceptability of options, public perception and political
legitimacy.
There are also some major differences between the logic of CEA and the adaptation
literature: CEA presents a simplistic policy scenario, where discrete options are implemented
linearly and sequentially in order of their cost-effectiveness. However, much of the
adaptation literature focuses on the need for portfolios of options, and there are important
inter-linkages that follow.
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Furthermore, CEA approach tends to focus on technical options, because these can be
easily assessed in terms of costs and benefits (effectiveness). However, adaptation is now
seen as a process as well as an outcome, and capacity building is an important and early
priority. Such non-technical options do not lend themselves easily to the quantitative
analysis in CEA, thus they tend to be given lower priorities or rankings (or omitted). Any
CEA for adaptation needs to have an explicit analysis of such measures, and may need
complementary decision support to make sure these are part of the policy mix.
Finally, adaptation involves additional challenges to mitigation in the form of uncertainty.
Existing applications of CEA to the adaptation domain have tended to largely ignore
uncertainty, working with single central projections – or at most a central and a worst case
scenario. This follows the tradition used in mitigation, where single cost curves are used. In
such cases, following the example in Figure 2, the use of cost curves has the potential to
provide misleading results, providing an optimised response, rather that options – or
portfolios of options - that are flexible, robust and resilient. The difference from the RCM
outputs is likely to change the absolute level of effectiveness of options, the shape of the cost
curve, and the relative ranking of options.
It is possible to address uncertainty by sampling across the range of outcomes, and looking
at how this changes the baseline conditions, the relative ranking of options, the shape of the
cost curve, and the total costs, using multiple runs or stochastic approaches that sample
uncertainty, but this has resource implications.
It is also noted that CEA also works with defined time periods, usually focusing on the shortterm (2020 or 2030). The time-scale of analysis is very important, because costeffectiveness analysis is time dependent, requiring the specification of a base year and a
future analysis year: this requires multiple assessments and analysis of the inter-linkages
between periods. It does not lend itself to iterative risk management, which may mean that
CEA has most application for the short-term, or that it needs to be used in conjunction with
other techniques, e.g. testing the CEA of different options within specific time windows, for
each of several points as part of an iterative adaptation pathway analysis.
CEA has most relevance where there is a clear headline indicator, or there is a dominant
policy issue, because it optimises to a single metric. It may therefore need to be
complemented with further analysis to consider other positive or negative issues with
options, to ensure these are taken into account in the prioritisation of options.
Notwithstanding these constraints, there remains potential for the use of CEA for adaptation,
at least at the individual sector level, under certain assumptions.
•

The application of cost-effectiveness to adaptation will need to be context and location
specific, and need to capture sector or even risk specific metrics.

•

The application of CEA to adaptation will require consideration of technical and nontechnical options.

•

Cost-effectiveness analysis requires baselines, which will vary case by case, according to
starting conditions and existing and planned policy. This is strongly linked to the choice
of socio-economic scenarios, but also extends to the consideration of existing and
emerging policy.

•

For timing, it is possible to analyse the cost-effectiveness of current measures for current
climate variability / vulnerability (and the adaptation deficit), and then look to assess costeffectiveness in a number of defined future periods. A minimum of two future time
periods are probably needed, e.g. the 2020s and the 2050s. This also requires greater
linkages between time periods, to ensure options are kept open and lock-in is avoided.
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•

There is a need to capture multiple attributes and cross-sectoral effects. A single
headline indicator (a single metric) could be used, but it will be essential to consider other
potential costs and benefits in the overall ranking exercise, perhaps through some
adjustments to take account of ancillary costs and benefits as well as cross-sectoral
issues (including positive or negative effects on GHG emissions).

Critically, any application of CEA to adaptation will have to deal with the problem of
uncertainty in a much more robust way than has been undertaken for mitigation. The use of
single marginal abatement cost (MCA) curve is counter to the new literature and consensus
for adaptation. A way forward would be to undertake several assessments, e.g. applying the
analysis to low, central and high ends of the range of possible climate outcomes, to see how
cost-effectiveness varies. In more advanced analysis, there is also the potential for
stochastic cost-effectiveness and cost curve analysis, including Monte Carlo analysis to
check how this changes the ranking of alternative options.
Case Study Applications for Adaptation
There are several applications of CEA to adaptation.
The Defra Cross-regional Research Programme (Project C, Wade et al, 2005) assessed the
impact of climate change on the management of water resource zones and existing water
infrastructure, including extreme events on water resources, with a focus on two regions (the
South-East of England and the South-East of Scotland), both of which are under pressure
from climate variability and population growth, and are vulnerable to drought conditions. The
study assessed each of the catchments and assessed the 30-year average household water
deficit each time period (2011-2040, 2041-2070 and 2071-2100) for each of the four UKCIP
climate-socioeconomic scenarios. The cross regional research study (E) (Boyd et al (2006),
in Metroeconomica et al. (2006) expanded the analysis and investigated the cost of
addressing the water deficit, using information from Wade et al on the range of options for
managing public water supply (including options that reduce demand and options that
increase supplies), and by constructing indicative cost-yield curves (cost-effectiveness
curves), to estimate how to eliminate the household water deficit at minimum cost.
There are also applications in the context of health, working through the metric of Disability
Adjusted Life Years (DALYs). The Disability-Adjusted Life Year (DALY) is a measure of
overall disease burden, combing information on mortality and morbidity into a single
comparable measure, and thus providing a common metric to allow cost-effectiveness
analysis. The Economics of Climate Adaptation Working Group (ECA, 2009) undertook an
example on health adaptation in Tanzania using cost-effectiveness, and built up a cost curve,
looking at drought related health impacts. The analysis looked at the future estimated
disease burden that would be prevented by different health intervention measures,
discounted by the penetration rate - the proportion of the population that could be reached and the efficacy rate (%). Applying this information, the study ranked a number of potential
strategies on the basis of cost per effective case. The study found the educational
programmes and water quality improvements (rainwater harvesting) were highly cost
effective measures.
Application in IMPACT2C
CEA is considered most useful for near-term adaptation assessment, particularly for
identifying low and no regret options. The approach can be applied to both market and nonmarket sectors, but it particularly relevant for areas that are difficult to value in monetary
terms, e.g. biodiversity, health. The use for long-term assessment is considered most
appropriate when used as part of an iterative adaptive management analysis, rather than as
a tool on its own.
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An obvious area of application in IMPACT2C would be for the health sector, to compare
alternative adaptation options in terms of cost-effectiveness, though monetary valuation is
also possible (CBA) and has been previously applied to adaptation by the IMPACT2C team.
It could also be applied to look at ecosystems, though the modelling environment does not
easily lend itself to this application.

3.3 Real Options analysis
Introduction to the Approach
The concepts of real options analysis lie originally in the financial markets. A financial option
gives the investor the right, but not the obligation, to acquire a financial asset in the future,
allowing them to observe how market conditions play out before deciding whether to exercise
the option. This transfers risk from the buyer to the seller, making the option a valuable
commodity. Options analysis quantifies this value based on how much such a risk transfer is
worth (Black and Scholes, 1973; Merton, 1973).
The same insights are also useful for investment in physical assets (hence ‘real’ options), in
cases where there is risk/uncertainty (e.g. McDonald and Siegel, 1986, Pindyck, 1993, and
Dixit and Pindyck, 1994). Real options analysis (ROA) quantifies the investment risk
associated with uncertain future outcomes. It is particularly useful when considering the
value of flexibility of investments. This might be for example flexibility over the timing of the
original capital investment, or the flexibility to adjust the investment as it progresses over a
number of stages, allowing decision-makers to adapt, expand or scale-back the project in
response to unfolding events.
ROA typically gives two types of result that set it apart from traditional cost-effectiveness
analysis. The first type of result affects projects that seem to be cost-effective under a
deterministic analysis. ROA shows that sometimes it makes more sense to wait for the
outcome of this new information, rather than investing immediately. Conversely, the second
type of result affects projects which may fail a deterministic test of cost-effectiveness. Under
conditions of uncertainty, it may make financial sense to start the initial stages of the project
where these are needed to keep the overall project alive, in case its fortunes change at a
later date and it starts to look like an attractive investment option.
The approach has been widely cited as a possible decision support tool for climate change
adaptation, particularly when considering the rationale for irreversible capital expenditure
such as flood defences.
ROA has been applied quite widely in the energy sector, including analysis of mitigation
options, and there are examples in the literature (e.g. EPRI, 1999; Tseng and Barz, 2002;
Hlouskova et al. 2005; Fleten et al. 2007), with examples looking at the uncertainty of climate
change policy (e.g. Rothwell, 2006, examining returns on investment in nuclear plant with
uncertainty on carbon prices, and Laurikka and Koljonen (2006) and Kiriyama and Suzuki
(2004) against future emissions trading). Such studies show ROA can provide information to
help decisions in cases of three key conditions:
•

First, the investment decision is irreversible once taken,

•

Second, the decision-maker has some flexibility when to carry out the investment (either
in a single step, or in stages),

•

Third, the decision-maker faces uncertain conditions and by waiting to invest they are
able to gain new valuable information regarding the success of the investment.
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The formal application of the approach (e.g. Dixit and Pindyck, 1994) is rather complex, but
the intuition of the method can be described relatively easily (see box for an example).
The example below shows a schematic cash flow, showing the expected gross margin (total
revenues minus operating costs) over time. Annuitized capital costs are shown on the same
axis as a blue shaded area. Uncertainty is represented as an anticipated price shock or an
information event that occurs at some time in the future (Tp) which could affect the project’s
cash flow either adversely (the red line) or favourably (the green line). The normal rule for
investing in a project – i.e. that there is a positive NPV - would require that expected gross
margin is greater than annualised capital costs or cost / benefit ratio for public infrastructure
projects.
Case A (top) represents the normal positive NPV criterion, e.g. for a company (or policy
maker) that has to decide once and for all at time t=0 whether or not to invest. In this case,
there is not the option to wait. The expected ‘best guess’ (central orange line) is the average
of the upper and lower estimate of the outcome of the price shock. In the schematic, risks
are symmetrical, and cancel out such that the expected value of project will continue to be
profitable (and thus the policy maker should proceed with the investment).
In Case B (bottom), the company has the opportunity to wait until after time Tp before
making the investment. This allows it to avoid the potential loss that might occur if conditions
turn out worse than expected (shown as red dashed area).
Case A: “Now or never” investment option at t=0
Cash
Flow ($)

Immediate investment
decision point

Upper estimate of gross margin
Expected (average) gross margin

Capital cost
Now
t=0

t=Tp

Lower estimate of gross margin

time

Case B: Option to wait until after t=Tp, the expected time of some change, e.g. policy
change that affects the investment.
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Cash
Flow ($)

Delayed investment decision
point

Opportunity
cost of
waiting

New expected gross margin
Upper estimate of gross margin
Original expected gross margin
Avoided loss

Capital cost
Now
t=0

Lower estimate of gross margin

t=Tp

time

Figure 4. The concepts of Real Options Analysis

For a simple one-off investment opportunity which faces uncertain outcomes, it may be worth
waiting to invest at a later date when more information is gained about the likelihood of
different outcomes. Waiting can help the decision-maker to avoid costly mistakes by allowing
them to decide not to proceed with an investment if they find themselves facing poor
investment conditions. For waiting to be worthwhile, the decision-maker must reasonably
expect to gain valuable information. The value of waiting will then be higher (lower) if:
o

The degree of uncertainty regarding the cost-effectiveness of the project is
greater (smaller)

o

The duration of the period of waiting before information is gained is shorter
(longer)

The value of waiting needs to be balanced against the cost of waiting. During the period of
waiting, the project will not be delivering the goods, services or other benefits it set out to
achieve.
ROA therefore provides decision-makers with a new investment criterion that takes account
of uncertainty. Projects should proceed if the project overall seems cost-effective, AND if the
cumulative lost value of these benefits during the potential waiting time exceeds the value of
waiting.
In comparison with normal cost-effectiveness criteria, the ROA investment rule will therefore
favour projects that have substantial near-term benefits, relatively small variance in outcome
scenarios, and / or the need to wait for long periods of time before new information is likely to
arise that affects the investment decision. This will be the case for example when there is an
existing adaptation deficit (that the immediate investment can reduce, such as current flood
risks), and/or if there is a long life-time between the decision to proceed and the scheme
actually being built.
In the context of adaptation, ROA will tend to suggest that there is considerable value in
delaying projects that are focussed on long-term benefit, with highly uncertain outcomes,
given the expectation of valuable information arising over coming years and decades
regarding climate impacts.
Projects are usually more complex than a simple one-off investment, and ROA can add
considerably to understanding how project value evolves during the various stages of project
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development. There will often be flexibility to adapt the project as it proceeds through these
stages, for example to expand, contract, or even stop the project altogether if it appears
unlikely to be successful.
Cost-effectiveness analysis normally assesses the performance of the project over its whole
lifecycle without taking account of the value of this flexibility. Averaging the outcomes across
multiple scenarios will tend to undervalue projects, because it does not take account of the
ways in which projects can be adapted to adjust as these various scenarios manifest
themselves over time. ROA can incorporate the value of this flexibility, and may lead to
better decision making (HMT, 2007).
This will be relevant to adaptation in situations where project stages proceed on a similar
timescale over which information is gained about likely climate impacts (and therefore
benefits of different project options).
In particular, ROA may show that initial enabling steps that help to secure projects for future
development (should they subsequently prove to be appropriate) even if on the basis of
current information, the project is not expected to be cost-effective.
Application to Adaptation
ROA can be carried out in a variety of ways. The most relevant to adaptation is an approach
called dynamic programming which is essentially an extension of decision-tree analysis.
This defines possible outcomes, and assigns probabilities to these. The decision-tree
defines how a decision-maker responds to resolution of uncertainty at each branching point
in the tree. Quantifying the value of these decision options then proceeds by assessing all
the branches. ROA calculates option value based on the expected value over all branches
contingent on making the optimal choice being taken at each decision-point. The optimal
decision in turn is evaluated based on all the possible outcomes downstream of that decision
in the tree.
This ROA value can be compared to a normal cost-effectiveness calculation that would
simply be a probability-weighted average of the outcomes along each possible branch in the
tree.
The need to be able to define probabilities in the decision-tree may in practice narrow the
potential application of the technique – a point that many commentators have missed in
recommending ROA very widely for adaptation. Nevertheless, it can be a useful tool, as
shown in the application to coastal flooding to sea level rise. The approach is most relevant
to large, irreversible capital intensive investments (hard adaptation). Capacity building, noregret or soft options would only be applicable to the extent that they represent necessary
initial steps which can keep the door open for future (hard) investment options.
Whilst the approach is used in a more informal way in situations where probabilities of
different outcomes not so well-defined, in general, the poorer the estimates of probability, the
less accurate will be the results.
As with all methods, ROA has strengths and weaknesses. The key strength is the
information it provides on large adaptation investment decisions, providing a way to assess
in quantitative and economic terms the relative benefits of implementing now versus waiting,
and so incorporating uncertainty into the heart of the analysis. It also provides a way to value
the economic benefits of flexibility, i.e. to allow an economic appraisal of whether the
additional marginal cost of this flexibility (or the lower benefits they may offer initially) are
offset by the option value for future learning, i.e. for uncertainty resolution.
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The decision trees often used in the method also provide a way to conceptualise the context
of adaptive management – indeed this is probably the greatest strength of the approach and
the transferability for wider application. However, it also has a number of disadvantages,
notably, the complexity of the formal economic approach, which is likely to need expert
application, the need for probabilities to allow the formal technique to work which limits the
cases where the approach is likely to be applicable, and the need to consider multiple risk
points for climate change.
Case Study Application to Adaptation
The practical application of ROA to the adaptation domain is very limited, with few practical
examples to date. HMT (2009) provides a theoretical (and highly simplified) example, which
is incorporated into supplementary Government guidance on how to assess adaptation and
climate change. This recognises that there may be activities (or options) with the flexibility to
upgrade in the future, and that these provide an option to deal with more (or less) severe
climate change, and that information about uncertainty changes over time (from learning or
research). The guidance presents an example using sea wall defence and sets out the use
of decision trees to understand the sequence of actions and decision points. It uses
information on probabilities of two alternative options, investing now in a large sea wall
defence versus investing a wall which has the potential to be upgraded in the future. The
NPV of the investment into a sea wall is assessed under low and high future sea level rise
scenarios (hypothetical), estimating the expected value (assuming equal chance of low and
high climate change). It then compares this to an upgradeable wall, which has the flexibility
to upgrade in the future to cope with higher levels of sea level rise. The simplified analysis
shows adding flexibility to cope with the future increases the NPV and changes the
investment decision.
In practice, this example is not very close to real world application, as it does not reflect the
complexity or challenges involved with the derivation of SLR scenarios, probabilistic changes
in storm surge risks, and costed assessment of capital investment project as part of a
discounted NPV analysis.
An example of how complex such analysis becomes when applying to real case studies can
be seen with the study of Jeuland and Whittington (2013), who applied real option analysis
for a water resource planning case study in Ethiopia (along the Blue Nile) looking at the
planning of new water resources infrastructure investments (for five large dams, each with
different relative characteristics) and their operating strategies in a world of climate change
uncertainty.
Their analysis considered flexibility in design and operating decisions – the selection, sizing,
and sequencing of new dams, and reservoir operating rules - using a simulation model that
included linkages between climate change and system hydrology, and testing the sensitivity
of the economic outcomes of investments in new dams to climate change and other
uncertainties. Using Monte Carlo methods, they assessed economic outcomes of a set of
specific alternatives across different climate change and water withdrawal (development)
conditions. The analysis then compared these alternatives’ economic outcomes using a
series of relative measures of downside, expected, and upside performance that facilitate
their comparison. This looked at real options (i.e., design features and operating rules of
dams) that could arise from the inherent operational flexibility of different infrastructure
configurations, or from delaying investments until more information was obtained, taking
account of the lost expected value from the delay.
The results indicated that there was no single investment plan that performed best across a
range of plausible future climate conditions. The value of the real options framework was its
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use in identifying dam configurations that were both robust to poor outcomes and sufficiently
flexible to capture high upside benefits should favourable future climate and hydrological
conditions arise.
Recent work in the Netherlands is also testing ROA to look at dike heights in more practical
examples (van Ierland et al, forthcoming) and to compare hard (engineered) versus soft
(sand dunes, with lower capital costs, higher operating costs, and higher flexibility).
Application to IMPACT2C
Real options analysis is primarily a tool for project analysis, or combinations of projects,
rather than higher aggregation levels such as for national or European scale analysis. This
means it is less relevant for application to the IMPACT2C project, though it would be possible
to include it within one of the case studies.
However, the broad concepts of the approach, including the use of decision trees, plus the
conceptual framework of considering the value of information and value of flexibility are
extremely useful for the adaptation assessment more generally.
The obvious areas to explore would be the application in the coastal sector in relation to
DIVA outputs and coastal protection (dikes) where most of the current RO literature is
focused, and potentially in some of the other major infrastructure issues associated with, for
example, water or energy.

3.4 Robust Decision Making
Review of method and examples
Robust Decision Making (RDM) is a decision support tool that is used in situations of deep
uncertainty. RDM is premised on the concept of “robustness” rather than “optimality” (such
as with predict-then-act approaches, including CBA). The approach was developed to help
policymakers make more informed near-term decisions which have long-term consequences
(30 or more years).
RDM involves testing near-term strategies across a large number of plausible future states.
The primary aim is to help policymakers anticipate or mitigate negative impacts of possible
future surprises resulting from the interaction of factors (exogenous uncertainties) outside of
their control, with measures that are within their control. This is described as decision
making under situations of deep uncertainty, for which little or no probabilistic information is
available. The approach can be applied when traditional risk information (e.g. well-defined
probability distributions) is not available, when there is no agreement on the conceptual
models to use or how to evaluate the desirability of alternative outcomes. Moreover, RDM
aims to help decision makers to take robust or resilient decisions today, despite imperfect
and uncertain information about the future.
Description of approach and method
RDM is an analytic, scenario-based approach for strategic decision-making. It involves the
combination of both qualitative and quantitative information through a human and computerguided modelling interface (Lempert et al, 2003: Groves and Lempert, 2007). This powerful
combination surpasses the analytical power of traditional qualitative and quantitative decision
support tools. RDM enables researchers to evaluate how different strategies perform under
large ensembles (often of thousands or millions of runs) reflecting different plausible future
conditions (Lempert et al, 2003). Iterative and interactive techniques are then applied to
“stress test” different strategies, identifying potential vulnerabilities or weaknesses of
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proposed approaches (Dessai et al., 2009). The formal application of the approach is
characterised by the use of data mining algorithms which carry out vulnerability-andresponse-option analysis (Groves and Lempert, 2007).
RDM analysis begins by structuring the problem (Figure X). However, instead of
characterising key uncertainties (or more accurately, risks) as a prelude to optimally ranking
strategies, the analysis proposes alternative strategies. Uncertainties associated with
parameters defining these strategies are then characterised (assigning a range of
uncertainty values for each variable using stakeholder consultation or other approaches).
Each strategy is then assessed over a wide range of computer-generated scenario futures.
Combinations of uncertainty parameters that are most important to the choice between
strategies are statistically derived and a summary of key trade-offs among promising
strategies developed (Groves et al, 2008).

Figure 5. The RDM process (Groves, et al., 2008).
The performance of one or more strategies across scenario futures is determined by
performance measures indicating if pre-selected, desirable outcomes have been achieved.
Ideally, an RDM analysis helps to identify a robust strategy – one that performs well over a
very wide range of scenario futures. In the event that a robust, well performing strategy is not
identified, the iterative process of strategy reformulation begins again with stakeholders.
One formal application of RDM (as designed by the RAND corporation) tests many strategies
against computer-simulated future scenarios using an XLRM framework, where:
•

X – Parameters of exogenous uncertainty or factors outside the realm of decisionmakers’ control, which are driving forces in determining strategies’ ultimate success.

•

L – Policy or decision levers within the realm of present or future human control.

•

R – Functional relationships between Xs and Ls.

•

M – Quantitative performance measures for assessing the relative
desirability/performance of strategy outcomes across scenario ensembles.
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The XLRM framework is the basis for development of simulation models. Supporting
software for exploratory modelling is then applied for scenario generation. Candidate
strategies are then evaluated across scenarios to identify vulnerabilities, which are iteratively
addressed in by users adjusting scenario design. The former method involves application of
statistical or data-mining algorithms such as Latin Hypercube Sampling.
The Application to Adaptation
RDM has many attributes that align with the concept of adaptive management (Lempert and
Groves, 2010): The method seeks strategies (or policies or options) that are robust (‘good
enough’) rather than optimal, considers large ensembles and achieves robustness iteratively
in partnership with stakeholders. Use of performance measures in RDM, i.e. guidance
metrics for decision-makers to reference and monitor, also aligns with the concept of iterative
adaptive management, and monitoring and evaluation.
However, in the context of adaptation, some applications of RDM have been narrower in
focus. For example, Dessai et al. (2009) and Hallegatte et al, (2012) focused on the
uncertainty surrounding climate model projections or climate information - rather than full
uncertainty.
When future uncertainties are poorly characterised and probabilistic information is limited or
not available, RDM provides a useful decision tool for strategic planning. However, the lack
of quantitative probabilities associated with scenarios used in RDM can make identifying
vulnerable scenarios a more subjective decision, influenced by stakeholders’ perception of
risk. The (formal) application of the approach also involves very high demands for
quantitative information and computing power to inform modelling and analysis, and
associated high costs of in-depth analysis by RDM experts. Some of these aspects can be
overcome by more informal applications of the approach, particularly when limited to the
climate model projections alone.
Case Studies of RDM applications in Climate Change
There are a few concrete applications of the approach. Dessai and Hulme (2007) present an
example for one of the driest regions in England, the East Suffolk and Essex (ES&S) Water
Resource Zone (WRZ), focusing on the implications of uncertain drivers of global climate
change on proposed adaptation actions at a local/regional level. The analysis quantified
uncertainty associated with climate change and its potential impacts on water resources
(supply). Methods for managing uncertainty were explored by testing different approaches
under a range of conditions, and for different purposes (noting these were undertaken one at
a time, rather than in combination when computer techniques are used). Overall findings
indicated that the existing ES&S water plan was robust, primarily because it had already built
in climate change considerations using one of the drier climate models available at the time
of plan development. The analysis also strongly indicated that the largest uncertainty
introduced into adaptation planning came from the regional climate response.
A more comprehensive, and more formal, application of RDM was presented by Lempert and
Groves (2010) for Southern California’s Riverside County Inland Empire Utilities Agency
(IEUA). This work examined how climate change might affect IEUA’s 2005 Urban Water
Management Plan (UWMP), looking at climate change but also the region’s growth and
socio-economic development trends. The analysis selected key performance measures (e.g.
annual water demand) and then developed alternative management strategies using a
decision-tree framework within a Water Evaluation And Planning (WEAP) model. In
collaboration with IEUA stakeholders, potentially significant uncertainties were identified.
These included six key areas ranging from climate projections to costs of options. Using the
decision-tree framework, adaptive strategies were assessed and presented through a
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succession of 5-year signposts to allow an iterative approach. This enabled water
managers to assess if the strategy should adopt an alternative course of action in future
periods. Strategy performance was measured using projected present value (PV) costs in
USD billions against PV shortage costs.
The analysis found that large declines in precipitation, larger-than-expected impacts of
climate change on the availability of imported supplies and reductions in percolation of
precipitation into the region’s groundwater basin, would all lead to high operating costs. In
response, the RDM analysis identified eight response strategies, four static and four
adaptive, finding that the adaptive strategy led to fewer vulnerable states than the static
version. Findings also showed that many local resource development options, including
increasing efficiency, not only reduce vulnerability to climate change, but offer cheaper
options in the future.
Application in IMPACT2C
The formal application of RDM is very resource intensive, and highly stakeholder driven, and
does not really fit with the model based framework of IMPACT2C. However, the informal
testing of adaptation strategies across different climate model outputs aligns well with the
broad range of scenarios and models being produced in the project. This has potential for
many of the models within the project and is recommended within the project, i.e. testing
adaptation options against the suite of climate model and scenario outputs.

3.5 Portfolio Theory
Introduction to the approach
Portfolio Analysis (PA) originated in the financial markets as a way to use portfolios of
financial assets to maximise the return on the investments subject to a given level of risk.
The central principle is that spreading investments over a range of asset types spreads risks
at the same time. More specifically, the theory uses the principle that as individual assets are
likely to have different and unpredictable rates of return over time, an investor should ensure
that he or she maximises the expected rate of return and minimises the variance and covariance of their asset portfolio as a whole, rather than aim to manage the assets individually
(Markowitz, 1952). As long as the co-variance of assets is low then the overall portfolio risk in
minimised, for a given rate of overall return. Aggregate returns for an individual investor are
therefore likely to be higher when low returns on an individual stock in a certain period are at
least partly offset by higher returns from other stocks during the same period. Diversification
is beneficial as long as investment returns are less than perfectly correlated (Aerts et. al.
2008).
Portfolio analysis is a tool that helps in the design of such portfolios. It is a decision support
tool that highlights the trade-off between the returns on an investment and the riskiness of
that investment. It measures risk as defined by the variance or standard deviation of the
portfolio return. Thus, a portfolio with a relatively high variance is judged to have a higher risk
since the likelihood of the portfolio resulting in a relatively low return is larger. The
information on returns and risks is used by an investor to identify a portfolio that most closely
matches their own preferences. In the first instance, the investor would identify the set of
portfolios that are efficient (from all feasible portfolios), i.e. those portfolios that have the
highest possible expected return for a given risk or the lowest possible degree of risk for any
given mean rate of return (Aerts et. al. 2008). The investor is then able to choose an efficient
portfolio that best represents their balance of preferences between risks and returns.
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A generic representation of this preference determination is given below. The small circles
represent portfolios of two technologies combined in varying proportions, located in returnvariance space. The efficiency frontier is identified by linking those portfolios which have the
highest return for a given level of variance or, equivalently, the lowest variance for a given
return. In the figure, any portfolio that is located to the bottom-right of portfolio B will be
inefficient, i.e. portfolios D, E and F.

Figure 6. Risk-Return Space and the Efficiency Frontier in Portfolio Analysis
The principal steps involved in undertaking Portfolio Analysis are set out below:
•

The objective has to be established.

•

The investment possibilities, or adaptation options, need to be defined.

•

Feasible portfolios have to be constructed and evaluated, noting that these may be
constrained by total available budget.

•

The investment returns have to be defined and measured. This can include physical or
economic metrics, e.g. the quantity of water conserved, the monetary value of water
conserved, or the Net Present Value.

•

The risk has to be characterised. In portfolio analysis, uncertainty (or more accurately
risk) has traditionally been characterised in terms of the variance or standard deviation
around the mean. This requires probabilities of alternative outcomes since the mean – or
expected value - of a distribution is calculated as the sum of all the products of outcomes
and their associated probabilities. The probabilities are therefore employed to estimate
the Expected NPV (ENPV). The variance of the NPV expresses the risk that the actual
(NPV) return will differ from the expected return.

•

The expected return of each portfolio is estimated and the efficiency frontier is identified.
The risk-return data for each portfolio is estimated by multiplying the ENPV of each asset
in the portfolio by the proportion (of cost) of each asset in the portfolio. The risk-return
data for each portfolio is combined to create a plot in the space as shown above. The
efficiency frontier is then defined by the plots of the portfolios whose returns are
maximised for a given level of variance.

•

The decision-maker needs to define preferences with respect to returns and risk. The
efficiency frontier identifies the optimal risk-return trade-offs that are available to the
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decision-maker. In the adaptation context, the trade-off to be made is therefore between
the possibility of a high degree of effectiveness in reducing climate risks, and the risk that
the adaptation options will fail to be effective over a certain range of climate change. The
choice that is made will then be determined by the level of risk aversion. In the figure
above, a more risk-averse decision-maker is likely to choose a portfolio located between
B and C, whilst a more risk-loving decision-maker is likely to choose a portfolio located
between A and B.
Applications to Adaptation
The principles of diversification and the use of portfolios have high relevance for adaptation,
as a tool that helps the design of portfolios of options to respond to a range of climate
futures. PA can assess the effectiveness of portfolios against future scenarios and climate
model projections, i.e. it can help in selecting a range of options that, together, are effective
over the range of possible projected future climates, rather than one option that is best suited
to one possible future climate. Importantly, “returns” may be measured using various metrics,
including physical effectiveness, cost effectiveness or economic efficiency. The use of
portfolio theory in the adaptation context requires identification of a range of possible
adaptation options, data on the average effectiveness (or expected return) of each option,
the variance of each option over the range of climate scenarios, and the covariance of return
of each option over the range of climate scenarios. A minimum level of effectiveness also
needs to be defined.
Case Study Applications for Adaptation
There is a small literature that has applied Portfolio Analysis in the adaptation context.
Crowe and Parker (2008) provide an empirical case study of the approach for forest
regeneration. The objective was to apply and test the method in selecting genetic material for
the restoration or regeneration of a forest under climate change futures. Data were used to
estimate how well different seed populations of White Spruce grew under different climatic
conditions. This data, combined with regional climate data under alternative, modelled
climate scenarios, allowed the statistical Species-Range Impact Model (SRIM) to estimate
how well each population – or seed source – would be adapted to a specific site (under
alternative climate futures). For each seed source, the SRIM estimated the distance over
which a seed source was adaptive from any given location, for a given climate future. The
study found that current locations of seed populations were poor predictors of optimal future
locations, confirming the case for adaptation and for adoption of a broad portfolio of seed
sources. The efficiency frontier showed that there were only two unique solutions in each
time period. The portfolio approach resulted in covariance being minimised across scenarios,
such that the optimality of the seed sources varied according to the scenario, suggesting that
the approach is successful in producing an outcome robust to climate change uncertainties.
The optimal approach was considered to be a range of specialist seed sources.
Hunt (2009) applied portfolio analysis to a case of flood management at the local
geographical scale, for the River Severn in Shrewsbury in the UK. The application
considered climate change and socio-economic change over future decades through to 2050
and flood event frequencies and return periods (of up to 150 years return period). Three
alternative measures were considered: hard defences; flood warning systems; and property
level resistance. The option and portfolio returns were measured by economic efficiency (net
present value). Benefits included damage avoided to residential and business property,
infrastructure, as well as health impacts avoided. Costs comprised the associated capital and
running costs of each option. A clear positive, relationship was found between return and
variance, reflecting the fact that while NPV will be higher with the inclusion of some options
(e.g. Hard Defence), there is a trade-off with a higher uncertainty of return. Furthermore,
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some portfolios were found to be clearly sub-optimal. The analysis also repeated the analysis
taking account of interdependence, recognising that NPVs of individual options are not
always independent, e.g. implementation of a hard defence system will reduce the
subsequent flood risk (and benefits) of property-based measures. When option
interdependence was recognised, the return-variance trade-off could still be identified, but
the relationship was found not to be as strong.
Methodological issues
The main strength of the portfolio analysis approach is it provides a structured and quantified
way of accounting for (climate change) uncertainty through combinations of options, which
consideration of individual adaptation options does not allow, i.e. of assessing portfolios
rather than individual options. It can consider different forms of returns, from physical
effectiveness through to NPV. The use of the efficiency frontier appears to be an effective
way of presenting these trade-offs. The approach also has high resonance with the concepts
of adaptive management. However, the main disadvantage is that it is resource intensive,
requires a relatively high degree of expert knowledge and judgement. It relies primarily on
the availability of data on effectiveness (return) and (co-variance). In the formal application, it
requires probabilities (or other assumptions, such as scenario equivalence). Additional
complexity also arises from option inter-dependence.
Application in IMPACT2C
The formal application of PA is very resource intensive, and needs detailed information on
economic costs and effectiveness, probabilities. The applications of the approach have been
local or national, and it is more challenging to apply formally to the European domain.
Nonetheless, the concepts for PA could be considered, through the analysis of portfolios of
complementary adaptation options across individual sectors. There might also be some
potential within WP11 (case studies) to explore the approach.

3.6 Economic Iterative Risk Management (Iterative Adaptive
Management)
Outline of Approach
Iterative risk management – also known as adaptive management - is a long established
approach that uses a monitoring, research, evaluation and learning process to improve future
management strategies.
The potential of the approach for adaptation has been recognised for some time (Tompkins
and Adger, 2004) and aligns with the IPCC AR4 Act-Learn-Then act again approach (Klein et
al. 2007). It has been widely recommended for adaptation, including in the latest IPCC
Special Report: Managing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation (SREX) (IPCC, 2012). In this context, iterative risk management is
reported as involving a portfolio of actions to reduce and transfer risk and to respond, as
opposed to a singular focus on any one action or type of action. Recent applications have
also used the term ‘adaptation pathways’ to reflect the shift from predict-and-optimise based
approaches to dynamic pathway approaches which consider uncertainty (Downing, 2012).
This has a focus on starting with current climate variability (and the adaptation deficit) and
then looking at future climate change within a framework of decision making under
uncertainty. Early steps within such a framework (Watkiss et al, 2011) has a strong focus on
building adaptive capacity, implementing low and no-regret options, and identifying areas of
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long-term concern that warrant early investigation or action (e.g. long lived infrastructure or
major (irreversible) effects such as affecting land-use change, natural resource loss).).
However, the development of iterative economic appraisal is less advanced, especially for
climate change. At the project level, the broad approach for economic iterative risk
management has been demonstrated, as with the TE2100 project (see example below).
These approaches are now starting to be considered for national level adaptation planning
(e.g. see Watkiss and Hunt, 2011: Frontier, 2013 in the UK; Watkiss et al, 2013 in Ethiopia).
There is less of a formal methodology than the other techniques above. Recent economic
applications of IRM to climate change (Reeder and Ranger, 2011: Watkiss et al, 2013)
identify the following broad steps.
•

Understanding (the economic costs) of current vulnerability through analysis of current
climate variability and the adaptation deficit.

•

Identify the major risks of concern, which would materially affect plans, growth, people or
natural resources, either from the exacerbation of current risks from climate change, or
new risks that will emerge.

•

Build up possible future sensitivities/scenarios to climate change for these risks, looking
at how these risks could evolve over time (more accurately climate change and socioeconomic change). These include multiple scenarios of future changes, often including
sensitivity analysis with extreme (upper bound) scenarios.

•

Investigate and identify key vulnerability/impact thresholds between now and various
scenarios/sensitivities, especially where these trigger risks or go beyond current coping
capacity, and to look for suitable indicators to measure and assess these risks. This can
include multiple thresholds along one risk pathway.

•

Identify possible adaptation responses/options – or portfolios of options - to cope with
different threshold or risk levels. This often checks key interactions with other key issues.

•

Develop adaptation pathways or route maps of response options to the thresholds/risks.

•

Assess the costs and benefits of these options, set against the various scenarios and
thresholds (noting that this has to assess how the costs and benefits vary under different
baselines and rates of change). Note that the method of appraisal can vary.

•

Recommend an initial preferred route or pathway, along with key variables which should
be monitored to assess if a switch of route will be needed in the future.

•

Implement and monitor, and change the strategy as evidence improves or with learning.

Application to Adaptation
As highlighted above, IRM has been widely recommended for the application to adaptation,
to address uncertainty.
The key advantage of an adaptation pathway approach is that rather than taking an
irreversible decision now about the ‘best’ adaptation option – which may or may not be
needed depending on the level of climate change that arises - it encourages decision makers
to ask “what if” and develop a flexible approach, where decisions are made over time, and
these plans adjusted as the evidence emerges, i.e. to ensure (EA, 2011) the right decisions
are taken a the right time. Additional options can be brought forward– or delayed to a later
time period – depending on how climate change actually evolves. Critically this recognizes
that actions might be needed now (in the short-term) to enable adaptation to occur effectively
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in the future, i.e. to make sure that flexibility is incorporated, the risks of lock-in minimized,
and future options are kept open.
There is considerable flexibility in the analysis of options as part of the approach. It can
therefore use qualitative or semi-quantitative decision support tools (e.g. MCA) or use more
formalised CBA or CEA. In this case, the issues of addressing uncertainty in these
conventional approaches is reduced by the use of the iterative analysis. However, it is also
possible to use the tools above for decision making under uncertainty in an economic
iterative framework – or combinations of approaches – for example using CBA to identify low
regret measures, then PA to look at the portfolios of future options. However, to date, most
economic applications seem to conventional CBA or MCA.
The disadvantage of the approach relates to the identification of suitable risk thresholds.
While this has been demonstrated for slow onset sea level rise (where the direction of
change is known), it is much more complicated, particularly when moving from the project to
programme (or especially national) level. It is often very difficult to derive quantitative
thresholds, which then makes the analysis of costs and benefits challenging. Moreover, in
most cases (e.g. in the agricultural sector) there are often multiple risks acting together, each
with different scenarios and thresholds, which makes analysis extremely challenging.
Furthermore, the large number of scenarios assessed requires considerable information, and
numerous assessments of costs and benefits (which are needed for each scenario). As a
result, like many of the approaches here, it is time and resource intensive. Further, many of
the early options tend to be capacity building and soft options, which as highlighted above,
are more challenging to appraise.
Case Study Applications for Adaptation
One of the most frequently cited examples of economic iterative risk management is the
Thames Estuary 2100 project (TE2100) (EA, 2009:2011; Reeder and Ranger, 2011). This
project has developed a tidal flood risk management plan for London and the Thames
estuary and aimed to determine the appropriate level of flood protection (adaptation) needed
for the next 100 years in the context of a changing climate and the varying socio-economic
scenarios. It has considered a wide range of options including the construction of a new
downstream Thames Barrier. The cost of maintaining and improving current defences was
justified by the high value of assets protected, with over 1.25million people living and working
in the tidal flood plain and £200bn of property at risk (EA, 2011). The TE2100 Plan sets out a
short-, medium- and long-term programme of investments and other recommended actions
to manage tidal flood risk through to the end of this century, and beyond. The analysis uses
iterative risk management, to build in uncertainty, combining this approach with CBA and
MCA for option appraisal.
A number of future scenarios for future climate change and sea level rise were adopted
based upon varying emission trends over the next 100 years. This also included an extreme
water rise scenario in excess 2 metres by 2100. The limits of existing protection levels, and
a series of options to strengthen existing defences, as well as major new defence structures
were consideration, with the aim of leaving major irreversible decisions (such as a new
Thames Barrier) as far as possible into the future to make best use of the information
available. The project included a monitoring and evaluation strategy. If monitoring reveals
that climate change is happening more quickly (or slowly) than predicted, the implications for
decision points are established. The strategy can be reappraised in light of the new
information and options can be brought forward (or put back).
The plan examined multiple options to manage flood risk; focussing down on 10 options on
which detailed appraisal was undertaken. The study conducted Cost-Benefit Analysis (CBA)

Page 31 of 48

of all these options. Multi-Criteria Analysis was also used to articulate a comprehensive
range of impacts for inclusion in the analysis, allowing indirect and ancillary impacts to be
captured in the decision- making process. For the first 25 years of the TE2100 Plan to 2034,
the recommendation is for the existing flood defence system to be maintained and improved,
at an estimated cost of £1.5bn (2009 prices). From 2035 to 2050, the recommendations are
for a £1.8bn programme of renewal and improvement. Around 2050, a decision must be
made on the ‘end of century’ option, to be in place by the year 2070. Current indications are
that this might either be a new Thames Barrier in Long Reach, 17km (10.5 miles)
downstream of the current Thames Barrier site or a major rebuild of the current barrier at
Woolwich. But the decision - to be made in the 2050s - will depend on appraisal of
conditions at that time. From 2050 to 2070 the new defence arrangements will be planned,
designed and put in place. Beyond 2070, the defences will be maintained, improved and
raised to accommodate climate change and other requirements. The cost of this third phase
is estimated as £6bn to £7bn - depending on the ‘end of century’ option adopted. A major
new structure such as a barrier commissioned in 2070 will have a design life of 100 years,
and the Plan will therefore shape the management of tidal defences for London and the
Thames estuary up until the year 2170. The plan reports an average benefit cost ratio of
38.0, thus economic justification of TE2100 investment programme is high although there are
some areas with lower benefits identified which are unlikely to justify full exchequer funding.
As well as the economic appraisal, the study adopted a wider multi-criteria ranking of
options, that implies full economic benefits are more than a factor of two greater than the
quantified benefits alone.
IRM is also being applied to programmes of adaptation, at national level (e.g. Watkiss et al,
2013 in Ethiopia). The use of such iterative planning (Watkiss and Hunt, 2011) aims to build
adaptive capacity, implement low and no-regret options, and identify and assess areas of
long-term concern that warrant early investigation/action (e.g. long lived infrastructure or
major effects), to ensure flexibility is incorporated, risks of lock-are minimized, and future
options are kept open.
Application in IMPACT2C
The formal application of IRM has tended to focus on projects, though there is emerging use
in national level analysis. The focus on risk thresholds makes analysis at the European
scale challenging (because the breadth of thresholds will be so wide). However, the
concepts of IRM can be applied, identifying the path of risks and adaptation responses over
time, and placing these within the context of European adaptation policy. These have a
broad applicability to the IMPACT2c project across many sectors, as well as in the WP11
case studies.

3.7 Other Approaches
In addition to the methods above, a number of other possible decision support tools have
been reviewed, outlined below.
Multi-criteria analysis (MCA)
Multi-criteria analysis (MCA) techniques and frameworks allow consideration of quantitative
and qualitative data together using multiple indicators. The basic idea of MCA is to define a
method for integrating different broad objectives (and related decision criteria) in a
quantitative analysis without assigning monetary values to all factors. In short, MCA provides
systematic methods for comparing these decision criteria, some of which are expressed in
money terms, some of which are expressed in other units).
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where full valuation of costs and benefits is thought not to be possible or worthwhile, they
should still be recorded. Multi-criteria analysis can then be used to bring directly into the
appraisal process data expressed in different units. These can be weighted according to their
importance and the results used to rank options.’
The great advantage of MCA frameworks is that they allow consideration of quantitative and
qualitative data together (i.e. monetised and non-monetised effects), particularly useful in a
case such as climate change where full valuation of all aspects is currently impossible. In
cases where monetary data exists (e.g. with costs), direct quantitative values can be used to
score different options. In cases where only qualitative data exist (e.g. expert judgement of
risk), different options can be assigned a score. Relative weightings are then given to
different categories, usually through stakeholder workshops or expert opinion.
While MCA can be a useful tool, especially for comparing options, it is also has a number of
limitations, particularly in the context of climate change. Like CBA, it is a formal, quantitative
comparison of costs and benefits, albeit the metric is no longer money. While this reduces
some problems and can allow a wider range of evidence to be compared, it introduces new
problems of subjectivity in weighting and ranking. Finally, formal MCA is also a complex and
time-consuming process as it requires extensive consultation and expert input.
MCA only allows the ranking of alternative options, but can—on the other hand—evaluate
measures or interventions for which more criteria are deemed relevant and when
quantification and valuation in money terms of costs and/or benefits is not possible.
Subjective judgement plays an important role in this technique, making outcomes more
arbitrary than that of CBA.
The application of MCA to adaptation has been already applied. Indeed, examples of multicriteria based approach for adaptation can be seen with many of the NAPAs (National
Adaptation Programmes of Action), which provide a process for Least Develop Countries
(LDCs) to identify priority activities that respond to their urgent and immediate needs with
regard to adaptation to climate change.
A more comprehensive application of MCA is the Dutch ARK study on national adaptation
(outlined in the earlier section), which used a scoring system on the attributes of adaptation,
and a weighting, to provide a ranking of options. This is an example of a more informal MCA
(van Ireland et al 2006 3), see box below
It provided a ‘systematic assessment’ of potential adaptation options to respond to climate
change in the Netherlands in connection to spatial planning. This looked at the direct and
indirect effects of adaptation options. The report includes an inventory of adaptation options
and a database to rank the various options according to a set of criteria and a relative
ranking on the basis of these criteria.

3

E.C. van Ierland, K. de Bruin, R.B. Dellink and A. Ruijs (2006). A qualitative assessment of climate change
adaptation options and some estimates of adaptation costs. Routeplanner naar een klimaatbestendig Nederland
Adaptatiestrategiën. Study performed within the framework of the Netherlands Policy Programme ARK as
Routeplanner projects 3, 4 & 5.
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ARK
Within the ARK project, a number of steps aimed to evaluate adaptation options. This included:
•

The identification of relevant evaluation criteria for a qualitative assessment of the adaptation options;

•

The establishment of scores of the identified adaptation options in relation to the different evaluation criteria
applied in the database, including the construction of tools to rank options based on (a) ordering of criteria and
(b) weighted summation of criteria;

•

The (partial) validation of the scores and ranking of the adaptation options in a workshop

•

with experts in the field of adaptation to climate change in the Netherlands;

The adaptation options were given scores relating to
(i)
the importance of the option,
(ii)
the urgency of the option,
(iii)
the no-regret characteristics of the option,
(iv)
the ancillary benefits to other sectors and domains and
(v)
(v) the effect on climate change mitigation.
The importance of an option reflects the level of necessity to implement the option. Important options can reduce
major risks and/or preserve essential function provided by our surroundings. In principle, important options
generate substantial benefits, though potentially at high costs.
The urgency of the option relates to the need of implementing the adaptation option immediately or whether it is
possible to defer action to a later point in time. Long-lasting investments and conservation of the existing situation
require early planning, and therefore a long period of waiting before implementing the option will render the option
redundant (e.g. raising awareness), much more costly (e.g. for large infrastructure projects) or impossible (e.g. for
conserving nature).
In assessing the economic efficiency of various adaptation options a distinction is made between no-regret
options and ancillary benefits options. No-regret options are those adaptation options for which non-climate
related benefits, such as improved air quality, will exceed the costs of implementation; hence they will be
beneficial irrespective of future climate change taking place. The study used the UKCIP definition of no-regret
adaptation options (or measures) as options (or measures) that would be justified under all plausible future
scenarios, including the absence of human-induced climate change. A no-regret option could be one that is
determined to be worthwhile (in that it would yield economic and environmental benefits which exceed its cost),
and continue to be worthwhile, irrespective of any benefits of avoided climate damages.
Ancillary benefit options on the other hand are specifically designed to reduce climate-change related vulnerability
while also producing corollary benefits that are not related to climate change. Ancillary benefits thus concern
external effects which have a positive impact on policy goals unrelated to climate change policy.
Finally, the options can be ranked according to their effect on mitigation. Certain adaptation options will also
induce a reduction of greenhouse gas emissions, and thus score very high on mitigation effect (i.e. are
complementary to mitigation policies), while other adaptation options are substitutes to mitigation and increase
greenhouse gas emissions.
This approach was taken and applied to order and rank adaptation options according to the sector (agriculture,
nature, water, energy & transport, housing & infrastructure, health and recreation & tourism); this does not entail
an implicit ranking of option. It was emphasised that the scoring is tentative and based on subjective expert
judgement. The importance of an option reflects the level of necessity to implement the option. Important options
can reduce major risks and/or preserve essential function provided by our surroundings. In principle, important
options generate substantial benefits, though potentially at high costs. The urgency of the option relates to the
need of implementing the adaptation option immediately or whether it is possible to defer action to a later point in
time. Long-lasting investments and conservation of the existing situation require early planning, and therefore a
long period of waiting before implementing the option will render the option redundant (e.g. raising awareness),
much more costly (e.g. for large infrastructure projects) or impossible (e.g. for conserving nature). Note that a high
score on urgency does not necessarily imply that the option is important. It only means that postponing action
may result in higher costs or irreversible damage.
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The scoring system is shown below. priority is given to options that score highest on (i) importance, (ii) urgency,
(iii) no-regrets characteristics, (iv) ancillary benefits and (v) mitigation effect.
An MCA weighting system was also applied. A criteria weighting of (i) 40% weight for importance, (ii) 20% weight
for urgency (iii) 15% weight for no-regrets characteristics (iv) 15% weight for ancillary benefits and (v) 10% weight
for mitigation effect.
The choice of the weights does not affect the top options, as these score very high on most criteria and high on
the other. However, it does affect options further down the list.

MCA has also been used alongside CBA, as in the example of the Thames Estuary 2100
project (EA, 2011) where it was used to assess attributes that were difficult to value.
The approach has application to adaptation, and to the IMPACT2C project. It has potential
for the early appraisal of options, but it is more difficult to apply in the context of European
wide analysis.
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Analytical Hierarchical Processing (AHP)
Analytical Hierarchical Processing (AHP) is a type of multi-criteria analysis that is used to
analyse complex decisions where multiple perspectives need to be considered. It was
developed in the early 1980s (Saaty, 1980) to help decision-makers find the option that best
suits their goal and understanding of the ‘problem’. While it has been used in a wide variety
of fields (e.g. engineering, business strategic management, education, quality assessment) it
also has benefits for the analysis of climate adaptation related decisions since it is most
useful where a range of stakeholders are dealing with issues with a high degree of
complexity, uncertainty and risk, involving subjectivity - human perceptions and judgments and where the outcomes have possible long-term consequences (Bhushan, 2004).
Furthermore, it is relevant where important elements of the decision are difficult to quantify or
compare, or where different expertise, goals, and world-views are a barrier to consensusbuilding and communication. When applied to climate adaptation, the method can be used to
compare a set of adaptation options against a set of defined criteria using participants’
experience and judgment about the issue of concern. It allows the comparison of diverse
elements that are often difficult to measure in a structured and systematic way using a scale.
Though its first applications in the field of climate change were in the context of the global
negotiations (Ramanathan, 1998) and mitigation policy instruments (Konidari and Mavrakis,
2007), AHP has been increasingly used in the area of climate adaptation. For example, it has
been applied using a participatory approach for the integration of indigenous knowledge
within adaptation strategies in the Tabasco Plains of Mexico (Ponce-Hernandez and Patel,
forthcoming), in the evaluation of adaptation options for human settlements in South East
Queensland (Choy et al., 2012), in the integration of GIS modelling to look at crop impacts in
Australia (Sposito, 2006), and to explore the impacts of storm surge and sea level rise in
Canada and Caribbean (Lane and Watson, 2010). Yin et al (2008) applied AHP to evaluate
adaptation options for the water sector in the Heihe River Basin in north-western China,
resulting in institutional options for managing water demand (imposing constraints on large
consumers, water conservation initiatives through water user associations and transferrable
water allocation permits) ranking higher than engineering options to increase water supply.
In the context of climate adaptation, the AHP method can evaluate adaptation options and
criteria against a climate adaptation goal by comparing them to one another, two at a time
(pairwise comparison). These comparisons are made using a scale that represents how
much more one element is preferential to another given that the criteria and options chosen
are as mutually exclusive as possible (for comparison of non-mutually exclusive options
AHP is very flexible and can be adapted to different needs and contexts. Criteria (or
attributes) and sub-criteria can be decided in advance by the expert or through a
participatory process with stakeholders to increase transparency, dialogue and ownership of
the process and outcome. There is no upper limit to the number of criteria or sub-criteria,
except for the time that is then required to do the comparison. Criteria can be tangible and
intangible and defining them can involve as many participants as required. The number of
alternatives to evaluate can also vary, though they should be as mutually exclusive as
possible.
As with MCA, while AHP does have potential for adaptation, its role for the IMPACT2C
project is probably on early option analysis and the potential for use in the case studies in
WP11.

Fuzzy Cognitive Mapping (FCM)
Fuzzy Cognitive Mapping (FCM) is a research method suitable for getting an insight into
stakeholders' perceptions towards some issue or problem. The objective is elicitation of
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qualitative data which are then used to build a model of the system in terms of a set of
variables and the causal relations among these variables, which are recorded as directed
links in a graph. Variables can be can be “physical quantities that can be measured, such as
amount of precipitation or percent vegetation cover, or complex aggregate and abstract
ideas, such as political forces or aesthetics” (Ozesmi and Ozesmi, 2004) but are not
assigned any number. The links are assigned a number; Kosko (1986) was the first to use
fuzzy causal functions (numbers probabilistically drawn from the range [-1,1]) to calculate
weights and therefore integrate uncertainty into the models. Visualisation and analysis of the
resulting FCM can be useful in several ways: to identify possible ‘drivers’ of development of
the whole system (and therefore policy levers); to elicit behavioural rules of actors, their
probable responses to different policies, and how these may in turn affect a system; or to
compare and contrast different the perceptions of different stakeholder groups and raise
awareness and develop shared understandings of this, for example. Many authors highlight
the speed and ease with which sufficient information can be gathered to build a FCM. A
drawback of the method is that the maps are static and found to not easily incorporate new
information. On the other hand the functions/weights can be easily changed. Optionally, a
neural network computational method can be applied to compute an outcome for given initial
conditions (which may include policy scenarios).
This review found no example applications in climate adaptation research or practice.
Ozesmi and Ozesmi (2004) review a handful of examples in ecology. Ozesmi and Ozesmi
(2004) develop a multi-step approach to combine opinions of different experts and
knowledge of local people into several individual and combined FCMs, and Prosperi et al.
(2010) use FCM as a way of obtaining knowledge of local people about the possible factors
affecting the development of biorefinery facilities in rural areas in Foggia, Italy. Despite the
lack of examples, the method seems to have some potential in adaptation decision support.
The number of concepts that can be represented in such a map is often in the range 10-30
nodes, and it can therefore be used to represent quite complicated problems with complex
relationships that include feedbacks, as often do adaptation problems. It could be useful in
the initial stages of better defining a problem. Similar methods have been used by those
doing research on climate change policy making eg. policy network mapping (Turnpenny et
al. 2005). Lack of take-up among decision makers in European adaptation policy could be
related to its multilayered representation of the problem, the difficulty to interpret the structure
and to generate recommendations, combined with the fact that policy researchers are not
using it much in favour of other methods (eg. Turnpenny et al. use policy network mapping)
to explore a system. Recommendations can be provided by comparing the outcomes of
simulations of different policy options. On the other hand, with neural networks the
transformation of all data into a 'black box' with numerical inputs and outputs has implications
for transparency and understanding – in this sense it is quite similar to Bayesian Belief
Networks.
While the approach is interesting, it is not considered applicable within the IMPACT2C
environment, primarily because of the challenge of applying within the context of a European
orientated project.
Agent Based Modelling (ABM)
Agent Based Modelling (ABM) involves the assembling of models based on understanding of
the behavioural rules and interactions of the multiple actors of a social or ecological system.
The focus on rules is at the level of the individual (in ecology the approach is more often
known as individual-based modelling). Simulations are then carried out to explore the
resulting aggregate patterns in the system, and to relate different simulation outcomes to
changes in initial parameter settings or to different model assumptions. In this way it is
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possible to understand the causal mechanisms and the relationship between micro and
macro levels, which can often be complex. ABM is thought to be a promising approach for
complexity science/ complex systems research. Because of the often very large number of
different variables and rules that are included, they can become difficult to validate. Hence
they have very limited use in prediction/forecasting - researchers have to be very careful as
to what can be inferred from the model about the real world system. The general problem is
that it is difficult to collect sufficient empirical data to carry out validation. In this respect it is
beneficial if stakeholders can be involved. Participatory modelling is a strong theme in most
applied ABM work - applied to the study of well-identified empirical systems – for several
reasons. First, because of the opportunity to improve the models with expert, local,
knowledge. Second, to make the application relevant to users of the research (e.g
stakeholder input to exploration of relevant policy scenarios). Third, to build awareness of
issues, integrating different points of view of different actors. Fourth - through some of the
ideas of systems thinking and complexity approaches - to support co-learning about the
problem situation, because otherwise it is difficult to understand precisely the consequences
of the interplay among many drivers, rules and interactions.
There are now several applications of ABM in the area of adaptation research (a review of
several is provided by (Balbi and Giupponi 2009). Some notable applications are a case
study of sustainability in the Arctic community of Old Crow (Berman et al. 2004) for which
scenarios were developed with input of local residents. They consider eight employment
scenarios defined by different policies for tourism and government spending, as well as
different climate futures. Bharwani et al. (2005) use climate change scenarios to investigate
adaptive decision making among villagers in the Limpopo district of South Africa, focusing on
the use of seasonal forecast information in farming strategies. Data from the Hadley Centre
climate model – HadAM3 – showing a 100-year drying trend with increasing potential
evapotranspiration (PET), were used as model input. Simulations show that farming is
resilient when the forecast is correct 85 % of the time – under which conditions farmers are
trusting of seasonal forecasts and are able to choose cropping strategies that are suited to
climate change. Krebs et al. (2012) discuss an ABM of societal adaptation to climate change
stresses caused by heat waves and the effect on provision of health care services and policy
formation. We could find no examples of use of research results by decision-makers in
adaptation, and this is a general observation about the low uptake of ABM (Lucas 2011). Use
of ABMs for intervention in society – through providing decision-support to stakeholders –
occurs quite rarely, but see for example Etienne (2003) reporting use of ABM as a mediating
and negotiation tool.
While ABM is an interesting modelling approach, particularly as a complement to more
formal economic modelling, it requires extensive resources and dedicated modelling
capability. These are not available within the IMPACT2C project/
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4 Discussion
4.1 Summary of the Methods
A summary of the decision support tools considered in our review is presented in Table 1
below. The evaluation of strengths and weaknesses is based on our subjective judgement.
Table 1. Attributes of the Decision Support Tools.
Decision
Strengths
Support Tool
Cost-Benefit
Analysis

Well known
and widely
applied.

Input
requirements

Benefits
analysis

Individual
scenario and
climate model
outputs.

Reduction in
Medium.
baseline costs
(benefits).

Baseline
damage costs
from scenariobased IA.
Analysis of
CostEffectiveness benefits in
non-monetary
Analysis
terms.

Scenario and
climate model
outputs and
often baseline
damage costs.

Resources / Weaknesses
expertise

Benefits
expressed in
monetary
terms.

Benefits
Medium
expressed in
quantitative (but
not monetary)
terms.

Effectiveness as
reduction in
impacts (unit /
total).
Real Options Value of
flexibility,
Analysis
information.

Probability or
probabilistic
assumptions for
climate (multiple
scenarios).

Analysis of
High.
benefits of
options
expressed in
monetary terms

Multi-model
scenario and
climate model
outputs.
Formal
approach
requires
uncertainty
information for
all parameters.

-Single headline
effectiveness metric
difficult to identify
-Common metric
makes less suitable for
complex or crosssectoral adaptation.

-Requires probabilities
-Requires decision
points
-Most relevant where
adaptation deficit.
-Challenge of
valuation-for nonmarket sectors.

Baseline
damage costs.
Robustness
rather than
optimisation.

-Consideration of
uncertainty limited to
probabilistic risks

-Consideration of
uncertainty

Decision points.

Robust
Decision
Making

-Difficulty of monetary
valuation for nonmarket sectors and
non-technical options.

Benefits
High.
expressed in
quantitative or
economic
terms.

-Often qualitative
inputs (stakeholder)
-High computational
analysis (formal) and
large number of runs
-Large numbers IA
assessment (CC)
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Portfolio
Analysis

Analysis of
portfolios
rather than
individual
options

Probability or
probabilistic
assumptions for
climate (multiple
scenarios).

Benefits,
High.
expressed as
physical or
monetary inputs
/ NPV outputs

-Requires probabilities

Benefits
Variable.
expressed in
quantitative or
economic
terms.

-Challenging when
multiple risks acting
together.

-Issues of interdependence between
options

Variance and
covariance of
each option.
Iterative
Economic
Iterative Risk analysis
Assessment incorporating
monitoring,
evaluation and
learning.

Multi-criteria
analysis

Sets of scenario
and climate
model outputs,
but flexible.
Threshold levels
for risks.

Analysis of
Quantitative /
costs and
qualitative data
benefits in
non-monetary
terms.

Benefits
expressed in
qualitative or
quantitative
terms

-Thresholds are not
easy to identify.

Low

-Less focus on
uncertainty (though
Medium – if
can be an attribute)
stakeholder
driven
-Analysis can be rather
subjective
-Less quantitative in
nature

In comparing the methods, a number of key differences emerge.
•

Of the approaches considered, two require the economic valuation of benefits (CBA and
ROA): the others (CEA, RDM, PA, IRM. MCA) have greater flexibility and can consider
economic or non-economic (physical) benefits, increasing their applicability in areas that
are challenging for valuation.

•

Of the new decision support tools, two are risk orientated, requiring estimates of
probability (ROA and PA), while two are more applicable under situations of uncertainty
(RDM and IRM), where probabilistic information is low or missing.

•

While powerful, all uncertainty-focused tools (ROA, RDM, PA, IRM) are technically
complex. In their formal application, they are data and resource intensive, requiring a
high degree of expert knowledge.

The review also finds that none of these tools is universally applicable to all adaptation
problems. They each have particular strengths for certain decisions. The applicability of
each tool is summarised in Table 2. This leads to some observations.
•

Climate uncertainties are currently rarely characterised in probabilistic terms. Where
climate change uncertainty is very large, it is more difficult to apply tools that require
probability/expected value (ROA and PA) thus favouring RDM and IRM.

•

There are differences in the most relevant time periods for applications. RDM has broad
application for both current and future time periods, especially the identification of lowand no-regret options. When investments are nearer term (especially high upfront capital
irreversible investments), especially where there is an existing adaptation deficit, ROA is
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a potential useful tool - though scenario probabilities have to be imposed by the analyst while for long-term investments in conditions of a low current adaptation deficit, IRM may
be more applicable. Similarly PA analysis offers potential for (combinations) of options to
future scenarios, and so more effectively addresses future uncertainties.
•

With respect to the appropriate scale for application: ROA appears to be more orientated
towards projects (investments), while RDM and IRM have greater potential for project
and programme/sector analysis.

Note that while the tools are presented individually, these are not mutually exclusive. Indeed,
it is easy to imagine that a decision-support tool focussed on economic efficiency may be
usefully complemented by the use of a tool focussed on robustness; the decision-maker
would then be better able to make an informed judgement across these criteria.
Table 2. Applicability of the Different Decision Support Tools.
Decision Support Applicability
Tool
Cost-Benefit
Analysis

Usefulness & limitations Potential uses of
in climate adaptation
approach
context

Short-term assessment, Most useful when:
particularly for market
-Climate risk probabilities
sectors.
known
-Climate sensitivity small
compared to total
costs/benefits

Low and no regret option
appraisal (short-term).
As a decision support tool
within iterative risk
management

-Good data exists for major
cost/benefit components
CostEffectiveness
Analysis

Short-term assessment, Most useful when:
for market and non-As for CBA, but for nonmarket sectors.
monetary metrics (e.g.
Particularly relevant
ecosystems, health);
where clear headline
-Agreement on sectoral
indicator and dominant
social objective (e.g.
impact (less applicable
acceptable risks of
cross sectoral and
flooding).
complex risks)

Low and no regret option
appraisal (short-term).

Real Options
Analysis

Project based analysis

Economic analysis of major
investment decisions,
notably major flood
defences, water storage.

Robust Decision
Making

Project and strategy
analysis.

Most useful when:

As a decision support tool
within iterative risk
management.

Large irreversible capital -Large irreversible capital
investment, particularly decisions
where existing
-Climate risk probabilities
adaptation deficit.
Potential for justifying
known or good information
flexibility within major
Comparing flexible vs.
-Good quality data exists for projects.
non flexible options.
major cost/benefit
components

Conditions of high
uncertainty.
Near-term investment

Most useful when:

Identifying low and no
regret options.

-High uncertainty in
direction of climate change Testing near -term options
signal.
or strategies (e.g.
infrastructure) across a
Mix of quantitative and
large number of futures, or
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with long life times (e.g. qualitative information.
climate projections.
infrastructure)
-Non-monetary areas (e.g. Comparing technical and
ecosystems, health)
non-technical sets of
options.
Project based analysis for
Portfolio Analysis Analysing combinations Most useful when:
of options, including
future combinations for
-A number of adaptation
potential for project and
future scenarios.
actions likely to be
strategy formulation.
complementary in reducing
climate risks.
Designing portfolio mixes
-Climate risk probabilities as part of iterative
known or good information pathways.
Economic
Iterative Risk
Assessment

Project level

Most useful when:

Strategy level for
-Clear risk thresholds
framework for planning.
-Mix of quantitative and
qualitative information.
-For non-monetary areas
(e.g. ecosystems, health);

Multi-criteria
analysis

Project or policy level

Lack of quantitative data
(costs and/or benefits)

Flexible, though very
relevant for medium-longterm where potential to
learn and react.

Applicable as a general
framework for adaptation
policy development.
Early filtering of options.

While powerful, all of the new techniques that focus on uncertainty (ROA, RDM, PA, IRM)
are technically complex. In their formal form, they are all data and resource intensive, and
require a relatively high degree of expert knowledge and judgement. They are also very
difficult to apply at the European domain, which is the focus of the IMPACT2C project.
However, notwithstanding the limitations for formal application found by the review, there is
the opportunity to take the general concepts from these approaches and simplify for more
general application, i.e. to develop ‘light-touch’ methods that include the conceptual aspects
of the methods, but for use in qualitative or semi-quantitative analysis, to allow a wider
application of the benefits they offer in addressing uncertainty. Indeed, applying these in the
European context would be an innovative application for IMPACT2C to explore

4.2 Application to IMPACT2C
The final part of the review and guidance is to recommend the application of these
approaches in IMPACT2C. The IMPACT2C modelling environment is shown below.
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Figure 7. IMPACT2C modelling environment
The intention is that all models will run the set of five scenarios selected from Ensembles and
an addition 10 selected from Cordex, five using RCP 2.6 and five using RCP 4.5. This will
provide a broad range of future model outputs to analyse uncertainty, and therefore to test
the approaches outlines above.
For all sectors, the broad application of robust decision making can therefore be applied, i.e.
by looking at how adaptation options perform against the alternative future scenarios. Where
the modelling environment allow this, it will be possible to test this with more quantitative
analysis.
To complement this, for all sectors, the broad concepts of iterative risk management can also
be applied, i.e. looking at an adaptation pathway for each sector to look at options over time,
considering capacity building and early low regret options as well as key long-term issues
(which include portfolios of options).
For a number of specific sectors, more context specific analysis will be explored. A number
of the model assessments involve the consideration of infrastructure, notably floods (coastal
SLR and river floods) and water and energy infrastructure. For these, the consideration of
informal real options analysis (e.g. through the use of decision trees) will be undertaken.
Finally, the application of the more detailed versions of these decision support tools will be
considered in the WP 11 case studies, as these are focused on national to local level, and
thus lend themselves to more detailed analysis.
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