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Abstract 

A significant focus of natural disaster research is aimed at improving the science, or the hazard 
assessment of natural disaster risk.  For example, improving the skill of short-term extreme weather or 
long-term climate forecasts, or enhancing the hazard and/or vulnerability component of natural disaster 
catastrophe models.  This aim implicitly assumes a user of this information will fully understand the 
scientific data and incorporate this into making well-informed rational decisions based on a systematic 
analysis of the tradeoffs between benefits and costs.  Or given the enhanced scientific aspects of a 
catastrophe model, losses will be able to be better predicted and ultimately managed lower.  
Unfortunately, while hazard assessments have improved, many forms of losses from natural disasters 
have increased over time with innumerable instances of inadequate investments in loss reduction 
measures and poor-decision making being experienced pre and post events. 

An increasing body of research provides empirical evidence of individuals exhibiting systematic biases 
and using simplified decision rules when making choices with respect to low probability/high impact 
events such as natural disasters.  It is found that how the scientific information is framed and presented 
can influence choices, so the way that natural disaster risk is communicated will have an enormous 
impact on the static and dynamic actions undertaken by individuals and organizations in the public and 
private sectors under the threat of this risk.  Further, little of this behavioral-based knowledge has been 
incorporated into natural disaster risk assessment including catastrophe modeling.  Natural disaster 
losses may therefore be reduced by employing appropriate economic incentives and risk management 
strategies that utilize this behavioral-based knowledge.   
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“Experience has shown that a purely technical assessment of risk, however sophisticated and cutting-
edge, is by itself unlikely to trigger actions that reduce risk. Successful risk assessments produce 
information that is targeted, authoritative, understandable, and usable.” (UNISDR, 2015 pg.148) 

 
Introduction 

Recent decades have seen significant progress in not only observing and understanding the 

weather, but also in the ability to provide more skillful and accurate forecasts (NRC, 2010; Hirschberg et 

al., 2011).  This is congruently true for a number of extreme weather events such as hurricanes as 

evidenced by the National Hurricane Center’s reduced annual average track forecast errors from 1970 to 

2014 (Figure 1).  For example, the 72 hour track forecast error has improved from nearly 450 nautical 

miles on average in 1970 (least squares trend line) down to less than 100 nautical miles in 2014.  And 

these forecast improvements have been credited with a number of associated benefits including a 

substantial reduction in the number of direct fatalities stemming from these events such as reduced U.S. 

hurricane fatality risk due to improved evacuation (Rappaport, 2000 & 2014; Gladwin et al., 2007).  

Likewise, the significant improvements in the science and modeling of these extreme weather hazards 

(see Lin et al., 2012 for an example of storm surge modeling) have led to the proliferation of the use of 

catastrophe models for natural hazard risk assessment since the early 1990s by the insurance industry, 

and ultimately the broad implementation of various associated natural hazard risk transfer mechanisms 

including reinsurance and capital markets (Grossi and Kunreuther, 2005).  These risk transfer 

mechanisms have allowed for the relatively uneventful absorption of natural hazard economic losses by 

the insurance industry in recent years.    

Despite these benefits of improved extreme weather scientific risk assessment, a number of 

concerning elements persist in regard to overall natural hazard risk reduction.  Firstly, the evidence 

suggests an upward trend over time in economic losses from various types of natural disasters 

worldwide (Figure 2), increasing steadily to an estimated annual average loss approaching $300 billion 

(UNISDR, 2015).  This is coupled with continued population and exposure growth in high hazard areas 
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(UNSIDR, 2013; UNISDR 2015) leading to at the least more people being affected by natural disasters, 

interdependencies in economic and social systems that increase vulnerability to disruptions, and 

potentially exacerbated hazard risks stemming from climate change impacts (UNISDR, 2015).  Moreover, 

many of the reduced mortality benefits have been limited to select developed countries1 (UNISDR, 

2015) and much of the non-insured and non-direct property losses including indirect losses and recovery 

are difficult to quantify and hence thought to be substantially underestimated (UNISDR, 2015).  Finally, 

even in a relatively sophisticated natural disaster risk management landscape like the U.S. there have 

been innumerable instances of inadequate investments in loss reduction measures in natural hazard 

contexts such as with Hurricane Katrina 2005 and Hurricane Sandy 2012, as well as poor decision 

making, for example with the 2013 Oklahoma City tornado where residents should have sheltered in 

place but were advised to evacuate south in their cars by a local meteorologist.  In other words, if the 

goal is to better manage natural hazards to ultimately reduce losses, there is a need to move beyond a 

primary focus on accurate hazard science in and of itself.                 

 In this paper we outline frontiers in how the traditional natural hazard forecast risk space may 

better transition from risk assessment to risk reduction. Illustrative examples show how a traditional 

natural hazard forecast risk space may be placed into a broader overview of event risk in time, 

importantly including behavioral implications of intertemporal decision-making.  We further describe an 

economic model of decision-making in this risk space highlighting the potential sources of bias as have 

been found in recent research.  

Defining the Natural Hazard Forecast Risk Space 

Natural hazard risk is defined as the probability of a natural hazard event occurrence combined 

with the expected impact of the event should it occur (Kunreuther and Useem, 2010).  Thus, the concept 

of natural hazard risk has two key components, hazard probability and impact, each of which has an 

                                                           
1 It is often the inability to forecast disasters in advance and provide early warnings in developing countries that is 
a root cause of this 
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element of uncertainty associated with it.  Geoff Love and Michel Jarraud of the World Meteorological 

Organization provide a schematic of this natural hazard risk space (Figure 3) with the probability of the 

hazard on the y-axis and the impact on the x-axis (Kunreuther and Useem, 2010).  Uncertainty is 

represented by the shaded region surrounding the three representative risks illustrated.   

Quite often, the emphasis for physical scientists in their respective fields working in this natural 

hazard forecast risk space is on the likelihood of occurrence of the event (y-axis) such as the return 

period for a flood event.  As an illustrative example of this predisposition, of the National Oceanic and 

Atmospheric Administration’s 2008 budget of $4 billion, only 0.6 percent of this is directed toward social 

science activities (NRC, 2010), or what would be more likely focused on the impact side of the risk.  

Likewise, in a catastrophe modeling framework of combined hazard, exposure and vulnerability 

components leading to loss (Grossi and Kunreuther, 2005), a heavy emphasis is typically placed on the 

hazard component of the framework despite differences in the other components potentially making 

large differences in losses and hence the overall risk.  For example, a Risk Management Solutions study 

found that loss estimates could change by a factor of 4 when property exposure data gaps were filled or 

inaccurate information was corrected (RMS, 2008).  Furthermore, catastrophe models focus primarily on 

the built environment, but hazards also create losses in the natural environment (Alliance Development 

Works, 2012). 

Given the state of existing natural hazard losses already described, there is a clear need for a 

more developed understanding of the impact side of the natural hazard risk equation (Kunreuther and 

Useem, 2010) if overall risk reduction is the goal.  For example, Botzen et al. (2015) find that in New York 

City overall flood risk perception is underestimated due to underestimation of the hazard impact 

component.  Truly integrated loss modeling between physical scientists and other disciplines such as the 

engineering and the social sciences is critical in this regard to better understand the multitude of 

concurrent factors ultimately driving natural hazard risk (Kunreuther and Useem, 2010; Morss et al., 
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2011; Tye et al., 2014).  Czajkowski and Done (2014) and Czajkowski et al., (2013) provide two examples 

of this integrated discipline (physical scientists and economists) natural hazard impact-assessment 

research for hurricane risks in coastal locations and inland flooding from tropical cyclones respectively.2  

The NRC (2010) provides an overview of the literature discussing progress on integrating socioeconomic 

considerations into weather research including six specific examples of successful programs (NRC, 2010 

pgs. 34 and 35).  Significantly, following the tornadic event tragedies in 2011 impact-based warnings for 

tornados (Figure 4) have been implemented by the NWS (NWS, 2015).3  A better understanding of the 

notions of uncertainty surrounding these impacts (Hirschberg et al., 2011) is also critical for natural 

hazard loss reduction in this forecast risk space (Kunreuther and Useem, 2010).       

Natural Hazard Forecast Risk Space in Time 

While forecasts of natural hazard risks are directly tied to an event, the extent of overall impacts 

is not isolated in time associated only to the event, but rather tied to a broader view of risk over time in 

the impacted areas.  Herman Leonard and Arnold Howitt of Kennedy School of Government at Harvard 

provide a time oriented view of events (Figure 5) including the oft-underappreciated stages of pre-event 

preparation and post-event recovery (Kunreuther and Useem, 2010).  While the majority of activity 

surrounding a natural hazard event is focused on the crisis management based stages of response 

preparation and the actual response (during and immediately afterward), much of the resulting socio-

economic impacts are rooted in the pre-event prevention and mitigation activities as well as the post-

event long-term recovery process and pre-event recovery planning.  Predominantly focusing risk 

reduction efforts in a narrow component of the overall timescale such as the event stage will likely not 

allow for optimal total risk reduction efforts.  The ability to expand the timescale of the natural hazard 

                                                           
2 A number of other recent impact focused assessments for extreme events exist as well such as Chavas et al. 
(2012); Malmstadt et al. (2009); Mendelsohn et al. (2012); Murnane and Elsner (2012); Murphy and Strobl (2010); 
Nordhaus (2006, 2010); Schmidt et al. (2009, 2010); Strobl (2011); and Zhai and Jiang (2014) amongst others for 
hurricanes.   
3 See Harrison et al., (2014) for a report assessment of the impact based tool. 
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risk-event space to earlier and later stages of the event is thus critical.  For example, how would warning 

messages of potential natural hazard event risk in the relatively distant future affect pre-event 

preparation activities today (NOAA, 2015)?   

Although expanding the timescale of the risk space is essential, interjecting the notion of time is 

potentially problematic given temporal behavioral biases often exhibited such as underweighting the 

future through hyperbolic discounting4 (Kunreuther et al., 2013).  For example, while the costs of pre-

event preparation and mitigation are immediate and certain, the benefits associated with the action are 

somewhere in the distant future and uncertain in both time and return.  Even if properly discounted 

benefits accrued over time (i.e., at a constant and appropriate discount rate) would outweigh the 

upfront costs, individuals would tend to disproportionately discount the future given the aversion for 

delayed gratification (Kunreuther et al., 2013).  A number of other intertemporal behavioral biases 

(Kunreuther et al., 2013) could likely exist in an expanded risk space timescale preventing optimal level 

of pre-event mitigation including myopic planning (limited time horizon focused only over the next few 

years), underestimation of the risk (hazard probability or impact), and affective forecasting errors (poor 

predictors of future emotional states including anchoring beliefs of future feelings based upon feelings 

today).5  Clearly here we begin to highlight the importance of behavioral tendencies of decision making 

in the natural hazard risk space.                          

Decision Making in Natural Hazard Risk Space from an Economic Perspective 

                                                           
4 Hyperbolic discounting rapidly discounts valuations for small time periods and slowly discounts valuations for 
longer time delays.  Exponential discounting on the other hand, discounts by a constant factor per unit delay, 
regardless of the total length of the delay. 
5 It is also possible that intertemporal bias of duration neglect (Kunreuther et al., 2013) could exist in the post-
event recovery phase where there is a tendency to overestimate the time to recover and hence future protection 
would be overvalued  
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From a rational economic perspective in the natural hazard risk space, individual decisions at 

any one point in time are made based upon expected utility theory.6  For example, when one is deciding 

to evacuate from a forecasted hurricane (Figure 6) utility (or disutility) would be assigned to each 

possible future state (landfall hit or miss) given the possible action (stay or evacuate), and where each 

possible future state is assigned a known probability with all probabilities summing to one.  The choice 

of staying or evacuating would be determined by selecting the action with the highest expected 

outcome across all possible states, or from Figure 6 choosing to evacuate.  Unfortunately, in this natural 

hazard risk space context this decision-making process can be quite complex (especially over multiple 

forecast periods)7 and rarely do those under the warning act rationally in reality.  Rather, the 

combination of systematic biases coupled with simplified decision rules play a primary role leading to 

choices that differ from what would be predicted by expected utility theory (Kunreuther and Useem, 

2010; Kunreuther et al., 2013).  

Kahneman (2011) highlights the difference between intuitive and deliberative thinking where he 

documents the extensive research on intuitive biases that operate in lieu of ideal deliberative decision 

making and could cause suboptimal choices for low probability-high consequence events such as natural 

disasters.  For example, the availability bias where the likelihood of disaster occurrence is estimated 

based upon saliency of the event as opposed to objective hazard probabilities.  Or, protective action is 

not undertaken given that the subjective probability of expected impact is below some threshold level 

                                                           
6 Other social science theories of decision making in a natural hazard context include the psychometric paradigm of 
psychology (Perception of hazards taking into account qualitative information (i.e. dread) rather than just 
statistical (i.e. probability)); cultural theory of risk in anthropology (social and cultural influences on risk 
perception); mental models approach of psychology and risk (individuals have a ‘mental model’ - model of reality 
influenced by social interactions and experiences - that they use as a lens to view risky situations); Protection 
Motivation Theory of psychology (People protect themselves based on their perception of severity, probability, 
effectiveness of protective action, and self efficacy); and Social Amplification of Risk Framework of geography (risks 
are amplified or attenuated due to individual, social, and cultural factors).  (NOAA, 2015)   
7 Czajkowski (2011) illustrates this decision over time from a dynamic perspective where each forecast period the 
evacuee has the ability to evacuate or wait for an additional forecast.   
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of concern.  Kunreuther and Useem (2010) discuss a whole host of other behavioral biases found in the 

research including those associated with group behavior, risk culture, fear and emotions, and trust.8       

 A considerable amount of research has been aimed at what factors drive positive behavior in 

this context controlling for these behavioral biases.  Meyer et al. (2013) uses an experimental 

environment to better understand risk perception and decision making in a realistic simulated 

stormview environment, whereas Meyer et al. (2014) interviews over 2000 respondents in real-time 

under the threat of hurricane strikes during the 2010 to 2012 hurricane seasons.  Beatty et al. (2015) use 

a big data approach in analyzing water bottle sales before and after a hurricane.  In their review and 

assessment on risk communication and behavior, NOAA (2015) points to Mileti et al. (2006), which 

identifies a number of factors across several categories consistently found to matter in the warning 

response context including: socio-demographic (female, white, more education, and children present); 

personal (experience, knowledge of hazard and actions, self-efficacy, fear, risk and vulnerability 

perception, more resources available, large and strong social network); source/channel (environmental 

or social cues present, official source, in person, familiar source, multiple sources); information (specific, 

credible, certain, frequent, consistent, and provides guidance on actions); and threat (less lead time 

available, greater severity, close, confirmed). Lastly, from a catastrophe model perspective little of this 

behavioral-based knowledge has been incorporated into natural disaster risk assessment. 

Conclusions 

Despite significant advances made in recent decades in observing, understanding, and forecasting 

extreme weather, the impacts and threat from natural disasters remain extensive.  We have defined and 

provided a context for decision-making in the natural disaster risk space where behavioral biases play a 

significant role.  Frontiers in reducing natural disaster risk will necessarily incorporate appropriate 

                                                           
8 Chapter 4 Cognitive Constraints and Behavioral Biases discusses these in more detail as does Chapter 5 The Five 
Neglects: Risks Gone Amiss from an expected utility perspective.   
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economic incentives and risk management strategies that utilize this behavioral-based knowledge.  We 

recommend a few here as an outcome of this overview: 

• Develop warning and forecast products that assess and communicate risk from both probability 

and impact perspective, including the notion of uncertainty. 

• Extend the timescale of the risk forecast space into pre-event preparation/mitigation and post-

event recovery planning 

• Account for the various behavioral biases to have been extensively shown in the socio-economic 

research literature when designing risk communication tools or incentivizing more proactive 

preparation/mitigation and/or recovery activities  

• Extend catastrophe models to include risk perception and behavior components via agent-based 

modeling techniques  
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Figures and Tables 

  

Figure 1. National Hurricane Center aAnnual average official track errors for Atlantic basin tropical 
storms and hurricanes for the period 1970-2014, with least-squares trend lines superimposed (Source: 
http://www.nhc.noaa.gov/verification/verify5.shtml) 

http://www.nhc.noaa.gov/verification/verify5.shtml
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Figure 2. NatCatSERVICE Loss events worldwide 1980 – 2014, Overall and insured losses                            
© 2015 Münchener Rückversicherungs-Gesellschaft, Geo Risks Research, NatCatSERVICE – As at January 
2015 

 

 

Figure 3. Natural Hazard Forecast Risk Space. Figure 3.1 Sourced from Kunreuther and Useem (2010) 
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Figure 4. NWS Tornado Impact Based Warning Example – Tag: Catastrophic  
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Figure 5. Overall Timeline of Natural Disaster Risk. Figure 2.2 Sourced from Kunreuther and Useem 
(2010)  

 

Outcome  
Action 

Landfall Strike 
(P = 0.3) 

Landfall Miss 
(P = 0.7) 

Expected  
Utility 

Stay -2000 0 (0.3 x -2000) + 
(0.7 x 0) = -600 

Evacuate 1500 -500 (0.3 x 1500) + (0.7 
x -500) = 100 

 

Figure 6. Evacuation Payoff Matrix.  Disutility of staying during a strike would be the expected injuries or 
mortality; Utility of evacuating for a strike would be the avoided injuries net of cost of evacuation; and 
the disutility of evacuating when no strike would be the costs of evacuation.    
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