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Abstract

In any crisis, there is a great deal of uncertainty, often geographical uncertainty or, more
precisely, spatio-temporal uncertainty. Examples include the spread of contamination from an
industrial accident, drifting volcanic ash, and the path of a hurricane. Estimating spatio-
temporal probabilities is usually a difficult task, but that is not our primary concern. Rather, we
ask how analysts can communicate spatio-temporal uncertainty to those handling the crisis.
We comment on the somewhat limited literature on the representation of spatial uncertainty on
maps. We note that many cognitive issues arise and that the potential for confusion is high.
We note that in the early stages of handling a crisis the uncertainties involved may be deep, i.e.
difficult or impossible to quantify in the time available. In such circumstance, we suggest the

idea of presenting multiple scenarios.

Keywords: crisis response; geographical risk; risk communication; scenario-focused thinking;

spatio-temporal uncertainty.

1 INTRODUCTION

Crisis management is fraught with uncertainties, many of which relate to geographical issues:
uncertain volumes of contamination from an industrial accident or ash from a volcano may be
dispersed by wind and washed out by rain. The uncertain path of a hurricane can put
communities at risk. Disease spread can provide interesting issues when transport networks
and complex food chains spread the infection across great distances between ‘nodes’ from
which it can spread out as a contagion. Although it is hard to develop spatio-temporal models
to assess such risks and provide crisis managers with predictions to guide their response, that
is not our focus. Rather we are concerned with how analysts should convey their assessments
to crisis managers. Communicating spatial risks is a surprisingly under-researched topic. Many
cognitive issues arise and the potential for confusion is high. The representation of
geographical uncertainty is an active research front and there is a lack of guidance on good
practice. We provide some suggestions on improving such communication; but our primary
aim is to stimulate further research. Recently we have completed a project on Presenting

Uncertain Information in Radiological Emergencies @ and that together with our long
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experience of emergency planning for such events may bias our comments to that context.
Also much of our experience is UK centric. Nonetheless, we believe that our remarks have

much wider relevance.

In the next section, we consider the crisis management context, noting the importance of
addressing geographical uncertainty in many cases. In Section 3 we summarise some relevant
issues in risk communication, a well-researched topic in relation to public communication, but
far less so in relation to communication between analysts and crisis managers. We describe
some current practices and indicate our concerns in relation to the presentation of geographical
uncertainty. The urgency of the early hours of a crisis means that many uncertainties are deep,
i.e. difficult to quantify with any confidence. In Section 4 we discuss how deep uncertainty may
affect geographical risks and suggest ways of presenting limited information on these through
the means of several scenarios. We close with a general discussion and suggestions on

avenues for future research.

2 THE CRISIS MANAGEMENT CONTEXT

2.1 Introduction

Crises and emergencies take many forms: natural disasters, industrial accidents, epidemics,
financial crashes, terrorism, and so on. Most involve considerable uncertainty and most of
those involve some aspect of geographical risk. Our focus is on major accidents and disasters,
typically at regional, national or international levels, in which teams of analysts with many
different areas of expertise are quickly assembled to provide advice and guidance to those
managing the response. We avoid discussion of terrorist or similar deliberate incidents, in

which, e.g., the location of the perpetrators may be unknown @,

2.2 Radiation accidents

Chernobyl and Fukushima hang heavy in our memories of industrial disasters, and their costs
are still accumulating, though their health hazards may not be as great as first feared © 4.
Typically accidental releases of radiation at nuclear plants have three broad phases: threat,

immediate response and long term recovery. Early decisions are driven primarily by the
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imperative to reduce exposure to radiation. In the later phases, however, issues of reducing
stress, socio-economic consequences, agricultural and environmental impacts are likely to
become much more important ®. Our concern is with decisions on off-site countermeasures
to protect the public from the contamination. Geographical uncertainty is central to many of the
decisions that are needed: most obviously, what are the likely levels of exposure to radiation to
the public living in different areas and during what periods will they be most at risk? Such
uncertainties arise from many causes, particularly in relation to the strength, composition,
profile and duration of the release, i.e. the source term, and to the vagaries of the weather
which will transport the cloud. The source term is notoriously difficult to forecast and —
fortunately! — we have little empirical information from past accidents to help. Moreover,
meteorological uncertainty and source term uncertainty interact in complex ways and need to

be considered in combination.

2.3 Volcanic ash clouds

Volcanic ash is a major hazard to air travel. Fine ash clouds can cause engine damage and
cut-outs. The 2010 Eyjafjallajokull eruption in Iceland grounded most European flights for more
than a week and is estimated to have cost the airline industry some €3.3billion, aside from the
wider disruption it caused. Thus when a volcano erupts or threatens to erupt, there is an urgent
need to bound the areas that may be a risk to the safety of aircraft. The only really effective
countermeasure is to avoid ash clouds or perhaps limit the total flying time in such clouds before
engine maintenance is undertaken. Further complications arise because the limited range of
aircraft prohibits long diversions. The decisions on whether to fly and what route to follow are
made by each pilot following his or her airline’s guidelines; with government agencies and air
traffic controllers largely only advising. Geographical uncertainty is again key in the decision-
making, and like the radiation accident context, it is driven by factors relating to the strength,
composition, profile and duration of the eruption and the meteorology; but there is an added
complication in that 3-dimensional information is needed; it may be possible to fly over or,

perhaps, under the cloud.
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2.4 Food safety

Food safety can have many geographical dimensions due, e.g., to complex global food chains.
Europe is home to a complex network of food producers, processors, packagers and outlets.
A pizza from a supermarket may have been made in another country from ingredients sourced
from several others. So when a food safety issue arises, tracking down the source can be very
difficult. The 2011 outbreak of E-coli poisoning in Germany claimed over 50 lives and led to
diplomatic incidents arising from false accusations about Spanish cucumbers, before the true
source of contaminated sprouts from Saxony was identified. Geographic uncertainty here is
very different to that relating to atmospheric dispersion. Transport links can move contaminated
food vast distances, leading to local spread around nodes in a supply network with links
extending hundreds or thousands of kilometres. Many decision-makers are involved in
handling food safety crises, including national and international regulators, supermarkets and

producers, and the public (via change in dietary habits).

2.5 Commonalities and Differences

There are common features in these examples: the need to predict the location, the spread and
duration of risks. Uncertainty is high at the outset of a crisis. Initially not only is there little data,
but also expertise may be lacking, either because it takes time to bring people together or
because the experts are focused on dealing with some localised aspect. There are differences,
however. The decision-makers vary between the contexts: in a radiation incident, emergency
managers are the dominant decision-makers. For volcanic ash, each pilot has the ultimate
authority, though they may be offered very strong guidance by their company. The authorities
and agencies largely only have advisory roles. In the case of food safety, decision-making is
widely distributed with the public ultimately deciding what they will eat. This means that
information on geographical and other uncertainties needs to be presented to different types of
decision-makers, with varying levels of experience, training and knowledge to be expected in

different groups.

There are also differences in the imperatives driving decision-making. In the case of radiation
accidents and food safety decisions relate to reducing risks from events that have or are

happening. In the case of volcanic ash, once any planes in the immediate vicinity of the eruption
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have landed, decision-making relates to making further flights, i.e. decisions which could

actively put the passengers at risk.

3 COMMUNICATING SPATIAL UNCERTAINTY AND RISK

3.1 Introduction

There is an enormous body of research on risk perception and communication, and this has
led to much guidance on how to advise stakeholders sensitively and effectively (see. €.9. 6. 7-10),
However, most guidance focuses on communication to the public, not decision-makers. The
perception of risk and uncertainty by the unfocused public and the focused crisis manager are
similar but not identical. Moreover, very little research concerns perception and communication
of geographical uncertainty. MacEachren, Robinson®? surveyed what little was known a
decade ago, including understanding methods for capturing uncertainty and the different
components, their interrelationships and influence on decisions, where visualisation aids may
help, the methods and tools available and their usefulness. There have been few advances

sincel.

Risk, uncertainty and probability are used almost interchangeably in everyday language. There
are many definitions, often contradictory, stemming from different philosophical perspectives
(see, e.g., 12,13-15)  \When uncertainty is sufficiently well understood to be modelled guantitatively,
we shall assume that this is done probabilistically. We shall use the term deep uncertainty to
refer to circumstances in which some uncertainties are so great that it is impossible to agree
on probabilities for these. Risk will be taken to reflect both the uncertainty of an event and its

impact.

3.2 Risk and Decision Behaviour

Montibeller and Winterfeldt(®® recently summarised research into risk perception and behaviour,

particularly as it affects risk and decision analysis. Kahneman®?” discusses two types of

1 MacEachren (2014) Private communication.
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thinking: System 1 and System 2. The former, often referred to as ‘intuition’ or ‘gut reaction’,
involves superficial analysis and interpretation of the relevant information based on much
simpler forms of thinking on the fringes or outside of consciousness. The latter is characterised
by conscious analytical thought and detailed evaluation of a broad range of information. Formal
risk and decision analyses are examples of System 2 Thinking that have been validated against
both theory and experience (1820, The methodologies of risk and decision analyses are
designed to avoid the pitfalls that may arise from System 1 Thinking and guide those involved

to a shared understanding of the uncertainties and possible impacts.

Amongst the many ‘shortcomings’ of System 1 Thinking, two are particularly relevant to our

discussion:

e the Plausibility Effect in which people substitute plausibility for probability (see, e.g., 22);
o the Framing of statements, in which positively framed descriptions of potential
outcomes of actions cause people to become more risk averse and negatively framed

ones, risk prone (see, e.g., 22.

3.3 Communicating Risks to Decision-makers

Mishra et al. (2011, 2013, 2015) are among the few to have considered the general information
needs of decision-makers in crises. Deitrick and Wentz @9 reflect on the different needs of
scientists and decision-makers in working with geographical uncertainty, recognising that
scientists are interested more in the uncertainties arising from their data, while decision-makers
are more interested in the uncertainties about what their actions may achieve. One question is
whether it is better to use qualitative or quantitative expressions of uncertainty. Many studies
suggest that qualitative expressions can be understood in a variety of ways ¢7-28), There are
many warnings that the interpretation of uncertainty expressions can be so varied that their use
risks significant misunderstandings. The Intergovernmental Panel on Climate Change (IPCC)
has made considerable efforts over several years to use a formalised system, a probability
lexicon, to express uncertainties qualitatively. However, ongoing criticism suggests that they

may not have been unambiguously successful (2931,

Deep uncertainty relates to uncertainties for which experts cannot agree on quantitative

probabilities. In crisis management deep uncertainty usually arises from lack of knowledge and
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time. Several authors have considered how qualitative and quantitative forms of analysis may
be combined to address deep uncertainties, in particular, the use of multiple scenarios to
conduct several parallel quantitative analyses ©23), Some have noted the potential of this
approach to structure analyses for nuclear crisis management ©%39)  However, these
references have tended to use more quantitative and probabilistic methods that are not yet
computationally feasible in the first few hours of a crisis. Also, it may be difficult to muster the
expert judgements needed to initialise them quickly. For the present, more qualitative
explorations of scenarios in the tradition of scenario planning may offer the way forward ©5. 40.

41), We discuss this further in Section 4.

3.4 Communicating Geographical Risk and Uncertainty

Discussions of uncertainty and probability modelling usually focus on uncertainty about events,
unknown quantities or, perhaps, propositions. Adding a spatial dimension to the things about
which we are uncertain introduces several conceptual, technical and psychological
complexities. Uncertainty about a single point is not so hard, but uncertainty about a line,
boundary or region inevitably brings in issues of probabilistic dependence: properties of points
spatially close together are usually correlated. Understanding and modelling spatial
probabilistic dependence is hard. With the addition of a time dimension relating to the evolution
or movement of an entity, the problem becomes even more complex. Notwithstanding this
difficulty, statisticians have developed many approaches to modelling and analysing spatio-
temporal processes (see, e.g., 2. Atmospheric or hydrological dispersion models are examples
of spatio-temporal stochastic processes of specific natural processes 3. However, there has
been remarkably little work and less progress on how to communicate the results of such
analyses to non-technical decision-makers and others (see, e.g., 1oranextensive survey) - Since the
MacEachren, Robinson@b review, little progress has been made. Jurin, Roush®¥, Gregory,
Failing®® Tomaszewski® are essentially silent, though representing uncertainty on maps
would seem important to their topics. Although the concept video? produced for the US

Department of Homeland Security show some interesting suggestions for exploring the

2 http://precisioninformation.org/.
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implications of different weather scenarios, both it and the accompanying report contain little

on the communication of geographical uncertainty 9,

There are many reasons why the communication of geographical uncertainty is particularly
challenging. Conceptually, defining spatio-temporal events in unambiguous terms is not trivial.
Although they may be defined with mathematical precision, non-technical decision-makers are
likely to miss or misunderstand nuances, particularly in the urgent circumstances of crisis
management @), Geographical uncertainty inevitably means that the points and areas of
interest and uncertainties about them will be located on maps, introducing psychological and
cultural issues. Cartography and its conventions are long established. Maps are expected to
be precise (see, e.g.,, *® and do not show uncertainty in their everyday forms. Any
communication of uncertainty is left to an accompanying commentary — and the vagaries of
qualitative uncertainty expressions. A guiding principles of developing clear statistical figures
is to focus on at most 3 or 4 ‘messages’ “° %0, Maps, however, show many hundreds of details;
overlaying any representation of uncertainty risks confusion with extraneous geographical
details. But which details are extraneous in the handling of some crisis a priori: a village name,

the location of the regional hospital, the course of a stream?

Wu, Lindell®) considered the presentation of the uncertain paths of hurricanes. They found
“mixed evidence for people’s ability to comprehend probabilistic information about hurricanes.”
Generally local officials understood the uncertainty inherent in a hurricane’s path, but their
judgement of the uncertainty were affected by its intensity, the higher the strength the more

likely they thought they would be struck.

There have been some previous suggestions for displaying uncertainty relating to paths and
strengths of plumes in the context of a radiation accident ©%52.53), These suggestions provided
an action focus within the plots, indicating the uncertainty of thresholds above which
countermeasures should be implemented: cf. Deitrick and Wentz(® suggestion that decision-
making requires attention primarily to what one can or should do. Haywood®9 suggested the
plotting of multiple plumes generated by sampling from the probability distributions of the source
term and the weather predictions, to show the alternative outcomes from different assumptions

in source term strength, release duration and weather evolution.
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We have discussed uncertainty in atmospheric events; similar issues arise in hydrological
dispersion based upon, e.g., ocean currents. Much more difficult are situations in which
transport or similar networks are involved. Diseases may spread locally through contact with
infected individuals and then ‘jump’ great distances in a matter of hours. How such

uncertainties are represented on maps is far from clear.

4 PRESENTING GEOGRAPHICAL UNCERTAINTY IN CRISIS

MANAGEMENT

How is geographical uncertainty represented in crisis management currently? From our
perspective: hardly at all — although this does not mean that such uncertainty is unrecognised
and ignored. Uncertainty is handled through discussion between experts, looking at available
data and drawing on experience, with little or no quantification. Models are used to produce
single predictions. Sometimes discussion is supported by agreed prior guidance, such as?®
‘expect errors in the modelling to be up to 1 or 2 orders of magnitude.” However, such guidance
is not always present and in our experience somewhat optimistic in that experts overestimate
the accuracy of their models and predictions. Simply using qualitative descriptions of
uncertainty, without regularly used and agreed terminology, provides poor communication,

even in expert communities. With inexpert participants, the approach is highly questionable.

Crisis managers often ask: ‘How bad might things get?” To answer this a reasonable worst
case (RWC) is used. RWC is common in emergency planning to ensure sufficient resilience is
built into a system without being excessive. The concept has been taken over from emergency
planning into emergency response without apparent recognition that these contexts are
significantly different. The former relates to possible disasters; the latter to something which

has definitely happened. Although in emergency response care is usually taken not to focus

3 For example advice given in 2011 by the International Volcanic Ash Task Force (IVATF):
http://www.icao.int/safety/meteorology/ivatf/Meeting%20MetaData/IVATF.2.WP.011.2.en.

pdf
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on an absolute worst case, which might be ridiculously pessimistic, we are aware of occasions
when a single RWC has dominated the discussion . The use of RWC was central to the UK's
handling of the Swine Flu Pandemic and may have delayed an appreciation that the flu was
less virulent than feared ©4. It is far from clear that emergency response should focus on a
single RWC. Winkler®® emphasises the importance of a balanced view of uncertainty in his
reflections on the response to Winter Storm Juno. Moreover, many different negative impacts
may result from the emergency and some impacts may not be apparent in a single RWC,

leading to crisis managers failing to recognise and prepare for some outcomes.

An approach to reducing a tight focus on a single RWC uses scenario analysis, presenting
crisis managers with several potential scenarios. We explored this idea in the context of
radiation accidents @. The most basic forms of scenario analysis develop a series of maybe 4
or 5 scenarios that are 'interesting' in some sense and may be used as backdrops for strategic

conversations: e.g.,
e reasonable best and worst cases of some form — useful for bounding possibilities;
o alikely case — useful for maintaining a balanced perspective;

e an assumption that a particular event happens or does not — useful if a key event is

unpredictable and shrouded in deep uncertainty.

Since there may be no single RWC which illustrates all potential negative impacts, we might
include two or three RWCs. Note that only a handful of scenarios are developed. In crisis
management, there is no time to do more. There is also the issue of cognitive capacity in that
decision-makers often cannot absorb and balance out the implications of many scenarios (56,
The presentation of each scenario would include maps or sequences of maps showing the
evolution of events under the assumptions implicit in its definition: see Figure 1. Our initial
experiments relating to the handling of radiation accidents have certainly taken this form @, It
is important to realise that the scenarios are neither mutually exclusive nor span/partition the
future, so assigning probabilities to them is meaningless. The key idea in presenting several
scenarios is to stretch the crisis managers’ thinking and make them consider a wide range of
possibilities. It is important, of course, to guard against framing and plausibility biases. This

might be done by a continual process of challenge to justify their thinking implicitly @8),
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5 CONCLUDING REMARKS

There is a need for more appropriate ways of presenting geographical uncertainty in crises.
We recognise that technological and computational advances are only just making it possible
to provide crisis managers with quantitative assessments of spatio-temporal uncertainty; but
now assessments are available, there is a need to acknowledge, discuss and address such
uncertainty more explicitly than in present procedures. How do we communicate the
uncertainty so that sound deliberation can take place? Our review of the research literature
and current practices suggests that the answer to this question is far from clear and that it

needs much more attention.

One way around the problems of too tight a focus on a single RWC may be to build on the ideas
of scenario analysis “0 41 and present the crisis managers with several potential scenarios.
The key idea in presenting several scenarios is to stretch the crisis managers thinking and
make them consider a wide range of possibilities. We have begun to explore this idea
practically in the context of radiation accidents, presenting several scenarios through
sequences of maps showing the evolution of events under different assumptions ; and this
work is continuing in a newly funded project (http://resy5.iket.kit.edu/CONFIDENCE/). 1t is
important, of course, to guard against framing and plausibility biases. This might be done by a

continual process of challenge to justify their thinking (8).
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- 12 - 18/12/2017



ACKNOWLEDGEMENTS

Our recent work has been funded by the UK Atmospheric Dispersion Modelling Liaison
Committee, as well as by the organisations in which we work. Before that we have worked on
many UK and European research and development projects relating to crisis management.

However, we would emphasise that the views expressed here are ours alone.

- 13 - 18/12/2017



REFERENCES

1. French S, Argyris N, Layton H, Smith JQ, Haywood SM, Hort M. Presenting Uncertain

Information in Radiological Emergencies. https://admlic.wordpress.com/publications/. UK

Atmospheric Dispersion Modelling Liaison Committee, 2016.

2. Banks DL, Aliaga JMR, Insua DR. Adversarial risk analysis: CRC Press; 2015.

3. IAEA. The Fukushima Daiichi Accident: Report by the Director General; Technical
Volume 1/5, Description and Context of the Accident; Technical Volume 2/5, Safety
Assessment; Technical Volume 3/5, Emergency Preparedness and Response; Technical
Volume 4/5, Radiological Consequences; Technical Volume 5/5, Post-accident Recovery;
Annexes. Vienna: International Atomic Energy Agency, Vienna International Centre, P.O. Box

100, A-1400 Vienna, Austria, 2015.

4. IAEA. Chernobyl’s Legacy: Health, Environmental and Socio-Economic Impacts and
Recommendations to the Governments of Belarus, the Russian Federation and Ukraine.
Wagramer Strasse 5, P.O. Box 100, A-1400 Vienna, Austria.

http://www.iaea.org/Publications/Booklets/Chernobyl/chernobyl.pdf: 2006.

5. Papamichail KN, French S. 25 years of MCDA in nuclear emergency management.

IMA Journal of Management Mathematics 2013;24(4):481-503.

6. Bennett PG, Calman KC, Curtis S, Fischbacher-Smith D, editors. Risk

Communication and Public Health. 2nd Edition. Oxford: Oxford University Press; 2010.

7. Fischhoff B. Risk perception and communication In: Detels R, Beaglehole R, Lansang
MA, Gulliford M, editors. Oxford Textbook of Public Health 5th Edition. Oxford: Oxford

University Press; 2008. p. Chapter 8.9.

- 14 - 18/12/2017


https://admlc.wordpress.com/publications/
http://www.iaea.org/Publications/Booklets/Chernobyl/chernobyl.pdf

8. Spiegelhalter DJ, Riesch H. Don’t know, can’t know: embracing deeper uncertainties
when analysing risks. Philosophical Transactions of the Royal Society A: Mathematical,

Physical and Engineering Sciences 2011;369:4730-50.

9. Cabinet Office. Communicating Risk Guidance. London: UK Government, Cabinet

Office, 2011.

10. EFSA. When Food Is Cooking Up a Storm — Proven Recipes for Risk
Communications. Via Carlo Magno 1A, 43126 Parma, Italy: European Food Safety Authority,

2012.

11. MacEachren AM, Robinson A, Hopper S, Gardner S, Murray R, Gahegan M, et al.
Visualizing geospatial information uncertainty: what we wnow and what we need to know.

International Journal of Geographic Information Science. 2005;32(3):139-60.

12. Cox LA. Confronting deep uncertainties in risk analysis. Risk Analysis.

2012;32(10):1607-29.

13. Flage R, Aven T, Zio E, Baraldi P. Concerns, Challenges, and Directions of
Development for the Issue of Representing Uncertainty in Risk Assessment. Risk Analysis.

2014;34(7):1196-207.

14. French S. Cynefin, Statistics and Decision Analysis. Journal of the Operational

Research Society. 2013; 64(4):547-61. doi: doi:10.1057/jors.2012.23.

15. Strand R, Oughton D. Risk and uncertainty as a research ethics challenge. National

Committees for Research Ethics in Norway. 2009.

16. Montibeller G, Winterfeldt D. Cognitive and Motivational Biases in Decision and Risk

Analysis. Risk Analysis. 2015.

17. Kahneman D. Thinking, Fast and Slow. London: Penguin, Allen Lane; 2011.

- 15 - 18/12/2017



18. French S, Maule AJ, Papamichail KN. Decision Behaviour, Analysis and Support.

Cambridge: Cambridge University Press; 2009.

19. Smith JQ. Bayesian Decision Analysis: Principles and Practice. Cambridge:

Cambridge University Press; 2010.

20. Bedford T, Cooke R. Probabilistic Risk Analysis: Foundations and Methods.

Cambridge: Cambridge University Press; 2001.

21. Bazerman MH. Managerial Decision Making. 6th ed. New York: John Wiley and

Sons; 2006.

22, Kuhberger A. The influence of framing on risky decision making. Organisational

Behaviour and Human Decision Process. 1998;75:23-55.

23. Mishra JL, Allen DK, Pearman AD. Information use, support and decision making in
complex, uncertain environments. Proceedings of the American Society for Information

Science and Technology. 2013;50(1):1-10.

24, Mishra JL, Allen DK, Pearman AD. Understanding decision making during
emergencies: a key contributor to resilience. European Journal of Decision Processes.

2015;3:397-424.

25. Mishra JL, Allen DK, Pearman AP. Activity theory as a methodological and analytical
framework for information practices in emergency management. Information Systems for
Crisis Response and Management (ISCRAM) Available Online at:

http://wwwiscramliveorg/ISCRAM2011/proceedings/papers/140pdf. 2011.

26. Deitrick S, Wentz EA. Developing Implicit Uncertainty Visualization Methods
Motivated by Theories in Decision Science. Annals of the Association of American

Geographers. 2015;105(3):531-51.

- 16 - 18/12/2017


http://wwwiscramliveorg/ISCRAM2011/proceedings/papers/140pdf

27. Dieckmann NF, Peters E, Gregory R. At Home on the Range? Lay Interpretations of

Numerical Uncertainty Ranges. Risk Analysis. 2015:n/a-n/a. doi: 10.1111/risa.12358.

28. Rowe G. Assessment of the COT uncertainty framework from a social science
perspective: A theoretical evaluation. London: UK Food Standards Agency.

http://www.food.gov.uk/sites/default/files/multimedia/pdfs/evaluncertframework.pdf; 2010.

29. Harris AJ, Corner A. Communicating environmental risks: Clarifying the severity effect
in interpretations of verbal probability expressions. Journal of Experimental Psychology:

Learning, Memory, and Cognition. 2011;37(6):1571.

30. Cooke RM. Messaging climate change uncertainty. Nature Climate Change.

2015;5(1):8-10.

31. Budescu DV, Broomell S, Por H-H. Improving communication of uncertainty in the
reports of the Intergovernmental Panel on Climate Change. Psychological science.

2009;20(3):299-308.

32. Wright G, Goodwin P. Future-focused thinking: combining scenario planning with

decision analysis. Journal of Multi-Criteria Decision Analysis. 1999;8(6):311-21.

33. Stewart TJ, French S, Rios J. Scenario-Based Multi-criteria Decision Analysis. In:
Antunes CH, editor. URPDM2010: Uncertainty and Robustness in Planning and Decision

Making; Coimbra, Portugal2010.

34. Williamson D, Goldstein M. Bayesian policy support for adaptive strategies using
computer models for complex physical systems. Journal of the Operational Research Society.

2012;63(8):1021-33.

35. French S. Cynefin: Uncertainty, Small Worlds and Scenarios. Journal of the

Operational Research Society. 2015;66(10):1635-45.

- 17 - 18/12/2017


http://www.food.gov.uk/sites/default/files/multimedia/pdfs/evaluncertframework.pdf

36. Carter E, French S. ENSEMBLE: Design of Decision Makers' Web Tools. Manchester
Business School, University of Manchester, Booth Street West, Manchester, M15 6PB, 2003

ENSEMBLE(WG3)TN(02)01.

37. Comes T, Wijngaards N, Van de Walle B. Exploring the future: Runtime scenario
selection for complex and time-bound decisions. Technological Forecasting and Social

Change. 2015;97(1):29-46.

38. Comes T, Hiete M, Schultmann F. An Approach to Multi-Criteria Decision Problems

Under Severe Uncertainty. Journal of Multi-Criteria Decision Analysis. 2013;20(1-2):29-48.

39. Haywood SM. A method for displaying imprecision in early radiological emergency

assessments. Journal of Radiological Protection. 2010;30(4):673.

40. Schoemaker P. Scenario planning: a tool for strategic thinking. Sloan Management

Review. 1995;36(2):25-40.

41. van der Heijden K. Scenarios: the Art of Strategic Conversation. Chichester: John

Wiley and Sons; 1996.

42, Gelfand AE, Diggle P, Guttorp P, Fuentes M. Handbook of spatial statistics: CRC

press; 2010.

43. Benamrane Y, Boustras G. Atmospheric dispersion and impact modeling systems:
How are they perceived as support tools for nuclear crises management? Safety Science.

2015;71:48-55.

44, Jurin RR, Roush D, Danter J. Environmental communication: Springer; 2010.

45, Gregory RS, Failing L, Harstone M, Long G, McDaniels T, Ohlson D. Structured
Decision Making: A Practical Guide to Environmental Management Choices. Chichester:

Wiley-Blackwell; 2013.

- 18 - 18/12/2017



46. Tomaszewski B. Geographic Information Systems (GIS) for Disaster Management:

CRC Press; 2014.

47. PNNL. Gap Assessment in the Emergency Response Community. Pacific Northwest

National Laboratory, Richland, Washington 99352, 2011 Contract No.: PNNL-19782.

48. Severtson DJ, Myers JD. The influence of uncertain map features on risk beliefs and
perceived ambiguity for maps of modeled cancer risk from air pollution. Risk Analysis.

2013;33(5):818-37.

49. Chapman M, Mahon B. Plain Figures. London: Her Majesty's Stationery Office; 1986.

50. Ehrenberg A. Reading a table: An example. Applied Statistics. 1986:237-44.

51. Wu H-C, Lindell MK, Prater CS, Samuelson CD. Effects of Track and Threat
Information on Judgments of Hurricane Strike Probability. Risk Analysis. 2014;34(6):1025-39.

doi: 10.1111/risa.12128.

52. Carter E, French S. On Presenting ENSEMBLE Predictions and Associated
Uncertainty to Decision Makers. Manchester Manchester Business School, 2003 Contract

No.: ENSEMBLE(WG3)-TN(02)03.

53. Raskob W, Gering F, Bertsch V. Approaches to visualisation of uncerrtainties to
decision makers in an operational decision support system. In: Landgren J, Jul S, editors.

Proceedings of the 6th International ISCRAM Conference; Gothenburg, Sweden2009.

54. House of Commons Science and Technology Committee. Science and Technology
Select Committee - Third Report: Scientific Advice and Evidence in Emergencies. London:

Houses of Parliament; 2011.

55. Winkler RL. The importance of coummicating uncertainties in forecasts:

overestimating the risks from winter storm Juno. Risk Analysis. 2015;35(3):349-53.

- 19 - 18/12/2017



56. Miller GA. The magic number seven, plus or minus two: some limits on our capacity

for processing information. Psychological Review. 1956;63:81-97.

- 20 - 18/12/2017



