
Frontiers in Psychology | www.frontiersin.org 1 July 2021 | Volume 12 | Article 579207

PERSPECTIVE
published: 19 July 2021

doi: 10.3389/fpsyg.2021.579207

Edited by: 
Gerrit C. Van Der Veer, 

University of Twente, Netherlands

Reviewed by: 
Jessica K. Witt,  

Colorado State University,  
United States

Robin Kundis Craig,  
The University of Utah, United States

*Correspondence: 
Lace Padilla  

lace.padilla@ucmerced.edu

Specialty section: 
This article was submitted to  

Human-Media  
Interaction,  

a section of the journal  
Frontiers in Psychology

Received: 02 July 2020
Accepted: 03 May 2021
Published: 19 July 2021

Citation:
Padilla L, Dryhurst S, 

Hosseinpour H and 
Kruczkiewicz A (2021) Multiple 

Hazard Uncertainty Visualization 
Challenges and Paths Forward.

Front. Psychol. 12:579207.
doi: 10.3389/fpsyg.2021.579207

Multiple Hazard Uncertainty 
Visualization Challenges and Paths 
Forward
Lace Padilla 1*, Sarah Dryhurst 2, Helia Hosseinpour 1 and Andrew Kruczkiewicz 3,4

1 Spatial Perception, Applied Cognition and Education (SPACE) Lab, Cognitive and Information Sciences, University of 
California Merced, Merced, CA, United States, 2 Department of Pure Mathematics and Mathematical Statistics, Winton 
Centre for Risk and Evidence Communication, University of Cambridge, Cambridge, United Kingdom, 3 International 
Research Institute for Climate and Society, The Earth Institute, Columbia University, Palisades, NY, United States, 
4 Red Cross Red Crescent Climate Centre, The Hague, Netherlands

Making decisions with uncertainty is challenging for the general public, policymakers, and 
even highly trained scientists. Nevertheless, when faced with the need to respond to a 
potential hazard, people must make high-risk decisions with uncertainty. In some cases, 
people have to consider multiple hazards with various types of uncertainties. Multiple 
hazards can be interconnected by location, time, and/or environmental systems, and the 
hazards may interact, producing complex relationships among their associated 
uncertainties. The interaction between multiple hazards and their uncertainties can have 
nonlinear effects, where the resultant risk and uncertainty are greater than the sum of the 
risk and uncertainty associated with individual hazards. Effectively communicating the 
uncertainties related to such complicated systems should be a high priority because the 
frequency and variability of multiple hazard events due to climate change continue to 
increase. However, the communication of multiple hazard uncertainties and their 
interactions remains largely unexplored. The lack of practical guidance on conveying 
multiple hazard uncertainties is likely due in part to the field’s vast expanse, making it 
challenging to identify entry points. Here, we offer a perspective on three critical challenges 
related to uncertainty communication across various multiple hazard contexts to galvanize 
the research community. We advocate for systematic considerations of multiple hazard 
uncertainty communication that focus on trade-offs between complexity and factors, 
including mental effort, trust, and usability.

Keywords: compound risks, hazards, uncertainty, visualization, multiple, cognitive effort, trust, communication

INTRODUCTION

In early April of 1991, Mount Pinatubo in the Philippines began producing precursory activity 
to a volcanic eruption (Self et  al., 1993). Scientists from the Philippines and the United States 
quickly established monitoring stations around Mount Pinatubo and accurately forecasted the 
eruption on July 15, 1991. Officials evacuated the areas around Mount Pinatubo 48h before 
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the eruption, saving thousands of lives (Westby and Phillips, 
2016). At the same time that Mount Pinatubo was producing 
17 megatons of sulfur dioxide and ash, typhoon Yunya also 
made landfall in the Philippines (Self et  al., 1993; Gill and 
Malamud, 2014). The typhoon’s massive rains combined with 
large amounts of ash caused mudflows and collapsed roofs, 
resulting in unanticipated casualties of people who had been 
evacuated to unfortified structures. This paper is motivated 
by the question: Can the visualization community develop 
methods to convey multiple hazards and their uncertainties 
in a way that would help policymakers and the public prepare 
for such hazard interactions and reduce their vulnerability to 
hazards? In the case of Mount Pinatubo, what challenges could 
have been overcome to visualize a volcanic eruption combined 
with a typhoon and the associated uncertainties that would 
have helped people take appropriate action when the risk  was 
elevated with both hazards occurring concurrently?

Quantifying the interactions of risks and uncertainties for 
multiple hazards is an active research area (for reviews, see 
Balch et al., 2020; Raška et al., 2020). As illustrated in Figure 1 
(see the relationship among hazards), multiple hazards can occur 
in the same location and at the same time (i.e., correlated 
hazards), as in the 1991 volcanic eruption and typhoon in the 
Philippines. The correlation of the eruption and typhoon at 

Mount Pinatubo produced a compound risk, where the risk 
created by the interaction of the two hazards was greater than 
the sum of each hazard (Gill and Malamud, 2014). Concurrent 
hazards occur simultaneously but in different locations, such 
as when the August Complex fire in 2020 burned over a million 
acres in northern California at the same time the SQF Lightning 
Complex fire burned hundreds of thousands in the southern 
part of California (CALFire, 2020; for an alternative definition, 
see De Luca, 2020). Sequential hazards occur at the same location 
but at different times (Balch et  al., 2020; for a discussion of 
terminology, see Cutter, 2018). For example, in 2010, Haiti 
experienced a magnitude 7.0 earthquake that killed 250,000 
people, followed by a cholera epidemic, and then a category 
two hurricane (PAHO/WHO, 2011). Sequences of hazards can 
have a nonlinear additive effect on vulnerability, where the 
resultant risk is greater than the sum of the risk associated 
with individual hazards (Kappes et al., 2012; Haqiqi et al., 2021; 
Kruczkiewicz et  al., 2021).

Even though researchers are making significant advances in 
quantifying the interactions between multiple hazards (e.g., hazards 
that are meaningfully interconnected by space, time, and/or 
environmental systems), visualizing the relationship between 
multiple hazards with uncertainty remains largely unexplored. 
A recent review found that of 693 studies that examined multiple 

FIGURE 1 | Overview of multiple hazard uncertainty visualization considerations discussed in this paper. Uncertainty types based on discussions in Padilla et al. 
(2021). Relationship between hazards based on Balch et al. (2020). Summary of graphical annotations redrawn from Padilla et al. (2021). Mount Pinatubo example 
based on accounts in Gill and Malamud (2014).
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hazards, only 5% visualized the hazards using vulnerability maps, 
and no studies visualized uncertainties (Raška et  al., 2020). 
The underrepresentation of visualizations of multiple hazards 
and their uncertainties is surprising since a substantial body of 
work demonstrates that visualizing uncertainty can significantly 
improve decision quality (for review, see Padilla et  al., 2021).

Communicating the uncertainty associated with multiple hazards 
is imperative to facilitate individuals’ informed decision-making 
on an institutional scale (e.g., national-level anticipatory action 
plans) and on a more personal basis (e.g., evacuating when there 
is a perceived risk from a hazard; Morss et al., 2016). For example, 
the humanitarian sector is increasingly developing standard operating 
procedures for anticipatory action (Pichon, 2019), including impact-
based risk assessments that require policy-makers to understand 
both geophysical and socioeconomic uncertainty (WMO, 2015; 
Forzieri et al., 2016; Taylor et al., 2021). Decision-makers without 
an understanding of the uncertainty in a forecast may 
be underinformed, placing undue levels of confidence in a forecast 
(Fischhoff, 2012; Fischhoff and Davis, 2014).

Further, entities and researchers suggest that when groups 
communicate uncertainty, they can demonstrate the trustworthiness 
of their science by showing a commitment to transparency (e.g., 
O’Neill, 2012; Stocker et al., 2013). Indeed, prior research suggests 
that communicating uncertainty can maintain perceptions of 
trustworthiness (Van Der Bles et al., 2020). Given the pragmatic 
and ethical reasons why communicating uncertainty is critical, 
organizations, including the Intergovernmental Panel on Climate 
Change (IPCC), advocate for communicating uncertainty about 
natural events (Stocker et  al., 2013).

To motivate the visualization community to address the gap 
in research on visualizing multiple hazards with uncertainty, 
we offer a discussion of three critical multiple hazard communication 
challenges for policy and personal decision-making. We also discuss 
potential paths forward for research on visualizing uncertainty 
in multiple hazards. In this paper, we  focus our discussion on 
challenges for uncertainty visualizations of multiple hazards for 
policy decisions, such as governmental disaster-risk reduction and 
personal choices. Efforts are also needed to advance uncertainty 
visualization of multiple hazards for scientific data analysis and 
education but are beyond this discussion’s scope.

MULTIPLE HAZARD UNCERTAINTY 
COMMUNICATION CHALLENGES AND 
PATHS FORWARD

Multiple hazard scenarios have several forms of uncertainties 
associated with each hazard, which could be  visualized for 
decision-makers. Researchers have made efforts to classify these 
forms of uncertainty within various typologies (e.g., Van Asselt 
and Rotmans, 2002; Walker et  al., 2003; Morgan, 2009; 
Spiegelhalter, 2017; van der Bles et  al., 2019).

As demonstrated in Figure  1 (see uncertainty types), 
visualization researchers commonly classify uncertainties into 
two groups:  direct and indirect (Padilla et al., 2020b). Researchers 
can characterize direct quantified uncertainties (i.e., epistemic; 
Spiegelhalter, 2017) with mathematical expressions denoting 

error or variability in measurements. For example, in the case 
of Mount Pinatubo, uncertainties existed within the target 
period of the eruption forecast, along with the extent of the 
impact. Additionally, the typhoon forecast had multiple forms 
of direct uncertainty, including the uncertainty associated with 
the path of the storm, speed of forward motion, wind speeds, 
central pressure, storm surge, and rainfall. For Mount Pinatubo/
Typhoon Yunya, at least nine forecast parameters and 
uncertainties could be visualized along with their interrelations.

Indirect uncertainty (i.e., ontological; Spiegelhalter, 2017) is 
also associated with each forecast parameter, which is uncertainty 
that cannot be  quantified directly, such as unknown amounts 
or levels of missing data, or unidentifiable error that enters 
the modeling pipeline (Pang et al., 1997). For example, forecasts 
for Mount Pinatubo eruptions did not previously have impact 
maps, and the maps were quickly generated (Westby and 
Phillips, 2016). The team of scientists from the Philippines 
and the United States had limited time to create and test the 
impact maps, thereby leading to unquantifiable amounts of 
error. Forecasters can express this type of indirect uncertainty 
as subjective expert interpretations of forecast or model accuracy 
(Budescu et  al., 2012; IPCC, 2014).

The eruption of Mount Pinatubo and Typhoon Yunya had 
at least nine forecast elements, each with both direct and 
indirect uncertainties (nine elements * direct and indirect = 18 
uncertainties) and 18 possible interactions (18 
interactions * direct and indirect uncertainty = 36 uncertainties). 
If forecasters were to fully communicate all the forecast parameters 
and uncertainty, they would need to visualize 54 types of 
uncertainties. Presenting policy-makers or the general public 
with such complex information (i.e., data with numerous 
components and nonlinear relationships) could overburden 
their decision making. However, what is the “right” number 
of uncertainties to visualize, and for whom? Should some 
uncertainties be combined before the visualization step to make 
composite risk indices (if so, which ones?), or should some 
uncertainties be  left out? Can decision-makers deal with more 
uncertainty before a forecasted hazard, such as when developing 
preparatory action plans?

Defining the Optimal Amount of Visualized 
Multiple Hazard Uncertainty for Different 
Decision-Makers
The first challenge we  highlight is the need for research to 
define the optimal amount of visualized uncertainty to support 
decision-making by policy-makers and the general public. 
We  argue that hazard communicators should consider trade-
offs when deciding how to visualize the uncertainty associated 
with multiple hazards and their interactions (Politi et al., 2011; 
Chen et  al., 2016). There may be a sweet spot where decision-
makers are provided with sufficient uncertainty information 
to increase decision efficacy but not so much that their decisions 
become overcomplicated, leading to their reliance more on 
heuristics than on the data (Sullivan-Wiley and Gianotti, 2017). 
For example, in the case of Mount Pinatubo/Typhoon Yunya, 
rather than visualize all 54 types of uncertainty, forecasters 
could summarize the indirect uncertainties across each hazard 
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into one account of model accuracy. Alternatively, forecasters 
could integrate some forecast components, such as volcanic 
impact area and storm surge, into an estimate of vulnerability 
and visualize the aggregated uncertainty. Research is needed 
to provide guidance about the ideal amount of uncertainty, 
which hazard communicators could use to decide when 
uncertainty aggregation or reduction is needed.

Further, researchers have found that making decisions with 
uncertainty requires more of our limited mental effort than 
judgments without uncertainty (Sprenger and Dougherty, 2006). 
Researchers in psychology and cognitive science have established 
that mental effort involves the controlled use of our limited 
ability to process information at a given time (Trujillo, 2019). 
As the number of uncertainties in a multiple hazard visualization 
increases, decision-makers will be  forced to expend more of 
their limited mental effort until they reach their maximum. 
When decision-makers’ mental effort becomes overloaded, they 
will not be  able to process additional uncertainty information, 
which is highly likely in disaster/crisis response and preparedness 
situations and could produce adverse effects on disaster 
management decision-making (Comes et  al., 2013).

Intelligent transparency, which inspires our recommendations 
for future directions, focuses on demonstrating the 
trustworthiness of science to help viewers more accurately 
evaluate if the information is deserving of trust (Gustafson 
and Rice, 2020). As O’Neill (2012) asserts, “Our aim – everybody’s 
aim – is surely to trust the trustworthy, but not the untrustworthy.” 
We  advocate for research that aims to provide people with a 
useful amount of uncertainty to understand the possible outcomes 
of multiple hazard interactions and evaluate if the science is 
honest, competent, and reliable. At the same time, these 
visualizations should not overburden decision-makers with 
superfluous uncertainty information that harms their decision-
making to the point where they discount and or discredit the 
available uncertainty information. Work is also needed to define 
the applicability of such trade-offs (e.g., sweet spot) to various 
multiple hazard situations. For example, would the sweet spot 
be  the same for a multiple hazard scenario with a volcanic 
eruption and a hurricane compared to a heatwave and a 
flash flood?

Determine the Impact of Individual 
Differences and Task Demands on 
Decision-Making With Multiple Hazards
When examining the optimal amount of uncertainty to convey, 
researchers should consider that different viewers may have 
varying abilities to incorporate visualized uncertainties into 
their decision-making processes. Experienced multiple hazard 
risk decision-makers may view multi-hazard risk as a system, 
and they may benefit from seeing unaggregated uncertainties 
since they can easily build up a holistic understanding of the 
interacting risk in their minds. In contrast, the general public 
may try to understand the risk associated with each hazard 
(within that system) and then face the daunting task of fusing the 
uncertainties together in a piecemeal fashion (Tilloy et al., 2019). 
Further, decision-makers vary in the amount of mental effort 

they have available to consider multiple forms of visualized 
uncertainties and their interactions (Padilla et al., 2019). Future 
research should examine how mental effort limits interaction 
with various hazards and tasks, including decisions related to 
disaster-risk reduction within high-stress environments in the 
humanitarian sector.

In humanitarian and disaster contexts, tension is also present 
between the possible increase in mental effort and time needed 
to process visualizations with uncertainty and the lack of  
time to prepare for many hazards – both geophysical and  
nongeophysical (Zhang et  al., 2002; Richardson et  al., 2010; 
Comes, 2016). In such moments, people may rely on their 
automatic, and sometimes biased, judgments of uncertainty 
visualizations rather than systematically evaluating the multiple 
uncertainties presented to them (Padilla et  al., 2018).

Future research also needs to account for emotions and 
prior experiences, and how specific hazards are weighted based 
on affect (e.g., a volcano eruption may take cognitive precedence 
because it may be  perceived as more threatening than rain). 
Uncertainty provokes anxiety (Greis et  al., 2017), and some 
decision-makers may become uncomfortable with depictions 
of uncertainty (Hullman, 2019). If processing uncertainty of 
a single hazard already provokes anxiety, being presented with 
multiple uncertainties and their interactions could increase 
anxiety considerably, leading to situations where decision-makers 
are biased toward more risk-averse actions (Lauriola et  al., 
2007; Fiala, 2017; Bourdeau-Brien and Kryzanowski, 2020). 
Further, decision-makers may not realize the degree to which 
the risk-aversion is leading them to underestimate the genuine 
risk. As stress uses mental effort (Qin et  al., 2009), people 
will likely have less mental effort available to consider multiple 
hazard uncertainties during stressful hazard events. The negative 
impacts of stress may play a more significant role for traditionally 
underserved populations (Evans and Schamberg, 2009), 
commonly the intended beneficiaries of disaster risk reduction 
strategies, but governance of these populations may be  lacking 
(Kruczkiewicz et  al., 2018).

Trust is a crucial predictor of attention to scientific experts 
(e.g., Bleich et al., 2007) and the likelihood of taking preparatory 
action (Losee and Joslyn, 2018). A large body of research 
finds that trust is influenced by prior experiences with hazard 
forecasts (e.g., Wall et al., 2017), particularly after an anticipated 
hazard did not occur (i.e., false alarms; Dow and Cutter, 1998; 
Savelli and Joslyn, 2012; LeClerc and Joslyn, 2015). High rates 
of false alarms lead to poor decision-making and decreased 
trust (LeClerc and Joslyn, 2015). However, less work has 
examined how multiple hazard uncertainties impact trust among 
the public and high-stakes end-users. For example, we  do not 
know how the increased possibility of false alarms will impact 
viewers’ trust in situations where multiple hazards are forecast 
or how previous experiences may influence perceptions of trust.

Two fundamental components of an individual’s judgment 
about who and what to trust include apparent intent and 
competence (Fiske et al., 2007; Fiske and Dupree, 2014), which 
can be  demonstrated by communicating uncertainty (Jensen, 
2008). Whereas communicating uncertainty signals 
trustworthiness in institutions by demonstrating a commitment 
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to transparency and scientific credibility (e.g., O’Neill, 2012, 
2018), giving too detailed an account of multiple uncertainties 
could lead people to view the research as incompetent, and 
then to switch to other less complicated but less reliable sources.

In line with the intelligent transparency approach (O’Neill, 
2018), we  advocate for research seeking to find the sweet 
spot in multiple hazard communication to foster trust but 
not provide superfluous information. Research is needed to 
examine how to optimize the amount of uncertainty visualized 
in multiple hazard scenarios for a wide range of decision-
makers and task demands, particularly for decision-makers 
who might experience high levels of anxiety, time pressure, 
stress, and diminished trust.

Identifying Effective Visualization 
Techniques for Conveying Multiple Forms of 
Hazard Interactions and Their Uncertainties 
That Facilitate Decision Making
Reasoning with visualizations of common forms of probability 
is challenging for both novices and experts (Belia et  al., 2005). 
For example, hurricane path visualizations are one of the most 
studied hazard visualizations, and all currently available 
visualization techniques produce some misunderstanding about 
a storm’s path (Cox et  al., 2013; Ruginski et  al., 2016; 
Padilla et  al., 2017, 2018, 2020a). A few studies have examined 

how to communicate various types of components of one 
hazard, such as hurricane path, storm size, and intensity (see 
Figure 2; Liu et al., 2019). However, no work has systematically 
studied best practices for visualizing uncertainty related to two 
(or more) hazards and their interactions, including the uncertainty 
that results from the co-occurrence of two hazards.

Future work is needed to examine how graphical annotations 
and visual encodings of uncertainty can be  used to convey 
uncertainties’ interactions (see Figure  1 for examples of 
empirically tested graphical annotations and visual encodings 
of uncertainty). As previously discussed, multiple hazards may 
interact differently (as shown in Figure  1, the relationship 
between hazards). Research is needed to identify uncertainty 
visualization techniques that are effective for each type of  
multihazard interaction. For example, Figure 2 shows a redrawn 
eruption impact map produced by United  States Geological 
Survey for Mount Pinatubo (Newhall, 1997) and an empirically 
validated ensemble hurricane forecast technique that shows 
the uncertainty in the storm’s path, size, and intensity (Liu 
et  al., 2019). Research is needed to determine how to combine 
the information from both visualizations to convey interacting 
risk in situations similar to Mount Pinatubo erupting at the 
same time and location as Typhoon Yunya making landfall.

In addition to visualization design guidelines, such as 
minimizing clutter, research should consider the appropriate 

FIGURE 2 | Left, map of Mount Pinatubo pyroclastic flows, lahars, and ash impact areas (redrawn from https://pubs.usgs.gov/fs/1997/fs113-97/). Right, an 
example of an ensemble hurricane forecast map showing the path, size, and intensity of the forecasted storm along with the associated uncertainties (reprinted with 
permission from Liu et al., 2019).
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amounts of uncertainty to display differences in decision-makers’ 
abilities to use visualized uncertainties, prior experiences, and 
trust in the forecasts.

CONCLUSION

With the rise in the frequency and severity of natural-hazard-
driven disasters (Field et  al., 2012), effective communication 
of the uncertainty associated with multiple hazards is increasingly 
essential. This paper demonstrates the need for future work 
in multiple hazard uncertainty communication and highlights 
barriers to visualizing multiple hazards and their uncertainties 
for policymakers and the public. We  highlight the concept of 
intelligent transparency (O’Neill, 2012) as a guiding principle 
in uncertainty communication that can help researchers consider 
the trade-off in visualization complexity, decision-maker abilities, 
and trust. A future set of priorities in this space should 
be  reviewed and refined by the transdisciplinary actors within 
it – using the challenges shared here as a starting point to 

convene and facilitate a discussion and critical reflection. Such 
research would require a large-scale interdisciplinary effort, 
incorporating knowledge from visualization design, disaster 
preparedness, climate science, policy, and governance.

AUTHOR CONTRIBUTIONS

LP led the writing of this article along with making intellectual 
contributions to this work. SD contributed both to the writing 
and development of concepts and arguments. HH added valuable 
insights about the writing and injected clarity into each section. 
AK incorporated expertise in disaster relief management and 
added structure and conceptual development to the writing. All 
authors contributed to the article and approved the submitted version.

FUNDING

This work was supported by NSF grant # 2028374.

 

REFERENCES

Balch, J. K., Iglesias, V., Braswell, A. E., Rossi, M. W., Joseph, M. B., Mahood, A. L., 
et al. (2020). Social-environmental extremes: rethinking extraordinary events 
as outcomes of interacting biophysical and social systems. Earth’s Future 
8:e2019EF001319. doi: 10.1029/2019EF001319

Belia, S., Fidler, F., Williams, J., and Cumming, G. (2005). Researchers 
misunderstand confidence intervals and standard error bars. Psychol. Methods 
10:389. doi: 10.1037/1082-989X.10.4.389

Bleich, S., Blendon, R., and Adams, A. (2007). Trust in scientific experts on 
obesity: implications for awareness and behavior change. Obesity 15, 2145–2156. 
doi: 10.1038/oby.2007.255

Bourdeau-Brien, M., and Kryzanowski, L. (2020). Natural disasters and risk 
aversion. J. Econ. Behav. Organ. 177, 818–835. doi: 10.1016/j.jebo.2020.07.007

Budescu, D. V., Por, H.-H., and Broomell, S. B. (2012). Effective communication 
of uncertainty in the IPCC reports. Clim. Chang. 113, 181–200. doi: 10.1007/
s10584-011-0330-3

CALFire (2020). 2020 Incident Archive. Available at: https://www.fire.ca.gov/
incidents/2020/ (Accessed May 2021).

Chen, L., van Westen, C. J., Hussin, H., Ciurean, R. L., Turkington, T., 
Chavarro-Rincon, D., et al. (2016). Integrating expert opinion with modelling 
for quantitative multi-hazard risk assessment in the eastern Italian Alps. 
Geomorphology 273, 150–167. doi: 10.1016/j.geomorph.2016.07.041

Comes, T. (2016). “Cognitive biases in humanitarian sensemaking and decision-
making lessons from field research,” in Proceedings of the 2016 IEEE 
International Multi-Disciplinary Conference on Cognitive Methods in Situation 
Awareness and Decision Support (CogSIMA); Mar 21–25, 2016.

Comes, T., Hiete, M., and Schultmann, F. (2013). An approach to multi-criteria 
decision problems under severe uncertainty. J. Multi-Criteria Decis. Anal. 
20, 29–48. doi: 10.1002/mcda.1487

Cox, J., House, D., and Lindell, M. K. (2013). Visualizing uncertainty in predicted 
hurricane tracks. Int. J. Uncertain. Quantif. 3, 143–156. doi: 10.1615/Int.J.U
ncertaintyQuantification.2012003966

Cutter, S. L. (2018). Compound, cascading, or complex disasters: what's in a name? 
Environ. Sci. Policy Sustain. Dev. 60, 16–25. doi: 10.1080/00139157.2018.1517518

De Luca, P. (2020). Concurrent hydroclimatic hazards from catchment to global 
scales. Thesis Commons [Preprint]. doi: 10.31237/osf.io/upknr

Dow, K., and Cutter, S. L. (1998). Crying wolf: repeat responses to hurricane 
evacuation orders. Coast. Manag. 26, 237–252. doi: 10.1080/08920759809362356

Evans, G. W., and Schamberg, M. A. (2009). Childhood poverty, chronic stress, 
and adult working memory. Proc. Natl. Acad. Sci. U. S. A. 106, 6545–6549. 
doi: 10.1073/pnas.0811910106

Fiala, O. (2017). “Experiencing natural disasters: how this influences risk aversion 
and trust,” in Natural Disasters and Individual Behaviour in Developing 
Countries. Springer, Cham, Switzerland: Springer, Springer International 
Publishing. 43–83.

Field, C. B., Barros, V., Stocker, T. F., and Dahe, Q. (2012). Managing the 
Risks of Extreme Events and Disasters to Advance Climate Change Adaptation: 
Special Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press.

Fischhoff, B. (2012). Communicating uncertainty fulfilling the duty to inform. 
Issues Sci. Technol. 28, 63–70.

Fischhoff, B., and Davis, A. L. (2014). Communicating scientific uncertainty. Proc. 
Natl. Acad. Sci. U. S. A. 111(Suppl. 4), 13664–13671. doi: 10.1073/pnas.1317504111

Fiske, S. T., Cuddy, A. J., and Glick, P. (2007). Universal dimensions of social cognition: 
warmth and competence. Trends Cogn. Sci. 11, 77–83. doi: 10.1016/j.tics.2006.11.005

Fiske, S. T., and Dupree, C. (2014). Gaining trust as well as respect in 
communicating to motivated audiences about science topics. Proc. Natl. 
Acad. Sci. U. S. A. 111(Suppl. 4), 13593–13597. doi: 10.1073/pnas.1317505111

Forzieri, G., Feyen, L., Russo, S., Vousdoukas, M., Alfieri, L., Outten, S., et al. 
(2016). Multi-hazard assessment in Europe under climate change. Clim. 
Chang. 137, 105–119. doi: 10.1007/s10584-016-1661-x

Gill, J. C., and Malamud, B. D. (2014). Reviewing and visualizing the interactions 
of natural hazards. Rev. Geophys. 52, 680–722. doi: 10.1002/2013RG000445

Greis, M., Karolus, J., Schuff, H., Woźniak, P. W., and Henze, N. (2017). 
“Detecting uncertain input using physiological sensing and behavioral 
measurements,” in Proceedings of the 16th International Conference on Mobile 
and Ubiquitous Multimedia; November 26–29, 2017.

Gustafson, A., and Rice, R. E. (2020). A review of the effects of uncertainty 
in public science communication. Public Underst. Sci. 29, 614–633. doi: 
10.1177/0963662520942122

Haqiqi, I., Grogan, D. S., Hertel, T. W., and Schlenker, W. (2021). Quantifying 
the impacts of compound extremes on agriculture. Hydrol. Earth Syst. Sci. 
25, 551–564. doi: 10.5194/hess-25-551-2021

Hullman, J. (2019). Why authors don’t visualize uncertainty. IEEE Trans. Vis. 
Comput. Graph. 26, 130–139. doi: 10.1109/TVCG.2019.2934287

IPCC (2014). Climate change 2014: impacts, adaptation, and vulnerability. Part 
A: global and sectoral aspects. Contribution of Working Group II to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
In Cambridge University Press, Cambridge, United  Kingdom and New  York, 
NY (pp.  1132).

Jensen, J. D. (2008). Scientific uncertainty in news coverage of cancer research: 
effects of hedging on scientists’ and journalists’ credibility. Hum. Commun. 
Res. 34, 347–369. doi: 10.1111/j.1468-2958.2008.00324.x

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1029/2019EF001319
https://doi.org/10.1037/1082-989X.10.4.389
https://doi.org/10.1038/oby.2007.255
https://doi.org/10.1016/j.jebo.2020.07.007
https://doi.org/10.1007/s10584-011-0330-3
https://doi.org/10.1007/s10584-011-0330-3
https://www.fire.ca.gov/incidents/2020/
https://www.fire.ca.gov/incidents/2020/
https://doi.org/10.1016/j.geomorph.2016.07.041
https://doi.org/10.1002/mcda.1487
https://doi.org/10.1615/Int.J.UncertaintyQuantification.2012003966
https://doi.org/10.1615/Int.J.UncertaintyQuantification.2012003966
https://doi.org/10.1080/00139157.2018.1517518
https://doi.org/10.31237/osf.io/upknr
https://doi.org/10.1080/08920759809362356
https://doi.org/10.1073/pnas.0811910106
https://doi.org/10.1073/pnas.1317504111
https://doi.org/10.1016/j.tics.2006.11.005
https://doi.org/10.1073/pnas.1317505111
https://doi.org/10.1007/s10584-016-1661-x
https://doi.org/10.1002/2013RG000445
https://doi.org/10.1177/0963662520942122
https://doi.org/10.5194/hess-25-551-2021
https://doi.org/10.1109/TVCG.2019.2934287
https://doi.org/10.1111/j.1468-2958.2008.00324.x


Padilla et al. Multiple Hazard Uncertainty Visualization

Frontiers in Psychology | www.frontiersin.org 7 July 2021 | Volume 12 | Article 579207

Kappes, M. S., Keiler, M., von Elverfeldt, K., and Glade, T. (2012). Challenges 
of analyzing multi-hazard risk: a review. Nat. Hazards 64, 1925–1958. doi: 
10.1007/s11069-012-0294-2

Kruczkiewicz, A., Klopp, J., Fisher, J., Mason, S., McClain, S., Sheekh, N., et al. 
(2021). Compound risks and complex emergencies require big progress with 
preparedness. Proc. Natl. Acad. Sci. U. S. A. 118:e2106795118. doi: 10.1073/
pnas.2106795118

Kruczkiewicz, A., Sayeed, S., Hansen, J., Furlow, J., Rose, A., and Dinh, D. 
(2018). Review of Climate Services Governance Structures: Case Studies 
from Mali, Jamaica, and India.

Lauriola, M., Levin, I. P., and Hart, S. S. (2007). Common and distinct factors 
in decision making under ambiguity and risk: a psychometric study of 
individual differences. Organ. Behav. Hum. Decis. Process. 104, 130–149. doi: 
10.1016/j.obhdp.2007.04.001

LeClerc, J., and Joslyn, S. (2015). The cry wolf effect and weather-related decision 
making. Risk Anal. 35, 385–395. doi: 10.1111/risa.12336

Liu, L., Padilla, L., Creem-Regehr, S. H., and House, D. (2019). Visualizing 
uncertain tropical cyclone predictions using representative samples from 
ensembles of forecast tracks. IEEE Trans. Vis. Comput. Graph. 25, 882–891. 
doi: 10.1109/TVCG.2018.2865193

Losee, J. E., and Joslyn, S. (2018). The need to trust: how features of the 
forecasted weather influence forecast trust. Int. J. Disaster Risk Reduct. 30, 
95–104. doi: 10.1016/j.ijdrr.2018.02.032

Morgan, M. G. (2009). Best practice approaches for characterizing, communicating 
and incorporating scientific uncertainty in climate decision making: Synthesis 
and Assessment Product 5.2 Report (Vol. 5): US Climate Change Science Program.

Morss, R. E., Demuth, J. L., Lazo, J. K., Dickinson, K., Lazrus, H., and 
Morrow, B. H. (2016). Understanding public hurricane evacuation decisions 
and responses to forecast and warning messages. Weather Forecast. 31, 
395–417. doi: 10.1175/WAF-D-15-0066.1

Newhall, C. G. (1997). The Cataclysmic 1991 Eruption of Mount Pinatubo, 
Philippines: US Geological Survey.

O’Neill, O. (2012). Reith lectures 2002: a question of trust. Lecture 4: trust 
and transparency.

O’Neill, O. (2018). Linking trust to trustworthiness. Int. J. Philos. Stud. 26, 
293–300. doi: 10.1080/09672559.2018.1454637

Padilla, L., Castro, S., Quinan, P. S., Ruginski, I. T., and Creem-Regehr, S. H. 
(2019). Toward objective evaluation of working memory in visualizations: 
a case study using pupillometry and a dual-task paradigm. IEEE Trans. Vis. 
Comput. Graph. 26, 332–342. doi: 10.1109/TVCG.2019.2934286

Padilla, L., Creem-Regehr, S., Hegarty, M., and Stefanucci, J. (2018). Decision 
making with visualizations: a cognitive framework across disciplines. Cogn. 
Res. Princ. Implic. 3:29. doi: 10.1186/s41235-018-0120-9

Padilla, L. M. K., Creem-Regehr, S. H., and Thompson, W. (2020a). The powerful 
influence of marks: visual and knowledge-driven processing in hurricane 
track displays. J. Exp. Psychol. Appl. 26, 1–15. doi: 10.1037/xap0000245

Padilla, L., Kay, M., and Hullman, J. (2021). “Uncertainty Visualization,” in Wiley 
StatsRef: Statistics Reference Online. eds. N. Balakrishnan, T. Colton, B. Everitt, W. 
Piegorsch, F. Ruggeri and J. L. Teugels (Springer Science). 

Padilla, L. M., Powell, M., Kay, M., and Hullman, J. (2020b). Uncertain about 
uncertainty: how qualitative expressions of forecaster confidence impact 
decision-making with uncertainty visualizations. Front. Psychol. 11:579267. 
doi: 10.3389/fpsyg.2020.579267

Padilla, L., Ruginski, I. T., and Creem-Regehr, S. H. (2017). Effects of ensemble 
and summary displays on interpretations of geospatial uncertainty data. 
Cogn. Res. Princ. Implic. 2:40. doi: 10.1186/s41235-017-0076-1

PAHO/WHO (2011). Earthquake in Haiti—one year later. Emergency Operations 
Center, Washington, DC: Pan American Health Organization.

Pang, A. T., Wittenbrink, C. M., and Lodha, S. K. (1997). Approaches to 
uncertainty visualization. Vis. Comput. 13, 370–390. doi: 10.1007/s003710050111

Pichon, F. (2019). Anticipatory humanitarian action: what role for the CERF?
Politi, M. C., Clark, M. A., Ombao, H., Dizon, D., and Elwyn, G. (2011). 

Communicating uncertainty can lead to less decision satisfaction: a necessary 
cost of involving patients in shared decision making? Health Expect. 14, 
84–91. doi: 10.1111/j.1369-7625.2010.00626.x

Qin, S., Hermans, E. J., van Marle, H. J., Luo, J., and Fernández, G. (2009). 
Acute psychological stress reduces working memory-related activity in the 
dorsolateral prefrontal cortex. Biol. Psychiatry 66, 25–32. doi: 10.1016/j.
biopsych.2009.03.006

Raška, P., Dolejš, M., Pacina, J., Popelka, J., Píša, J., and Rybová, K. (2020). 
Review of current approaches to spatially explicit urban vulnerability 
assessments: hazard complexity, data sources, and cartographic representations. 
GeoScape 14, 47–61. doi: 10.2478/geosc-2020-0005

Richardson, D., De Leeuw, S., and Vis, I. F. (2010). “Conceptualising inventory 
prepositioning in the humanitarian sector,” in Proceedings of the Working 
Conference on Virtual Enterprises; October 11–13, 2010.

Ruginski, I. T., Boone, A. P., Padilla, L., Liu, L., Heydari, N., Kramer, H. S., et al. 
(2016). Non-expert interpretations of hurricane forecast uncertainty visualizations. 
Spat. Cogn. Comput. 16, 154–172. doi: 10.1080/13875868.2015.1137577

Savelli, S., and Joslyn, S. (2012). Boater safety: communicating weather forecast 
information to high-stakes end users. Weather Clim. Soc. 4, 7–19. doi: 
10.1175/WCAS-D-11-00025.1

Self, S., Zhao, J.-X., Holasek, R. E., Torres, R. C., and King, A. J. (1993). The 
atmospheric impact of the 1991 Mount Pinatubo eruption.

Spiegelhalter, D. (2017). Risk and uncertainty communication. Annu. Rev. Stat. 
Appl. 4, 31–60. doi: 10.1146/annurev-statistics-010814-020148

Sprenger, A., and Dougherty, M. R. (2006). Differences between probability and 
frequency judgments: the role of individual differences in working memory capacity. 
Organ. Behav. Hum. Decis. Process. 99, 202–211. doi: 10.1016/j.obhdp.2005.08.002

Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., et al. 
(2013). IPCC, 2013: The Physical Basis Contribution of Working Group 
I  to the Fith Assessment Report of the Intergovernmental Panel on Climate 
Change. In: Cambridge University Press, Cambridge, UK and New  York.

Sullivan-Wiley, K. A., and Gianotti, A. G. S. (2017). Risk perception in a multi-
hazard environment. World Dev. 97, 138–152. doi: 10.1016/j.worlddev.2017.04.002

Taylor, A. L., Grainger, S., Dessai, S., Siu, Y. L., and Soares, M. B. (2021). Communicating 
uncertainty in climate information for China: recommendations and lessons 
learned for climate services. J. Meteorol. Res. 35, 77–86. doi: 10.1007/s13351-021-0118-y

Tilloy, A., Malamud, B. D., Winter, H., and Joly-Laugel, A. (2019). A review 
of quantification methodologies for multi-hazard interrelationships. Earth 
Sci. Rev. 196:102881. doi: 10.1016/j.earscirev.2019.102881

Trujillo, L. T. (2019). Mental effort and information-processing costs are inversely 
related to global brain free energy during visual categorization. Front. Neurosci. 
13:1292. doi: 10.3389/fnins.2019.01292

Van Asselt, M. B., and Rotmans, J. (2002). Uncertainty in integrated assessment 
modelling. Clim. Chang. 54, 75–105. doi: 10.1023/A:1015783803445

van der Bles, A. M., van der Linden, S., Freeman, A. L., Mitchell, J., Galvao, A. B., 
Zaval, L., et al. (2019). Communicating uncertainty about facts, numbers 
and science. R. Soc. Open Sci. 6:181870. doi: 10.1098/rsos.181870

Van Der Bles, A. M., van der Linden, S., Freeman, A. L., and Spiegelhalter, D. J. 
(2020). The effects of communicating uncertainty on public trust in facts and 
numbers. Proc. Natl. Acad. Sci. U. S. A. 117, 7672–7683. doi: 10.1073/pnas.1913678117

Walker, W. E., Harremoës, P., Rotmans, J., Van Der Sluijs, J. P., Van Asselt, M. B., 
Janssen, P., et al. (2003). Defining uncertainty: a conceptual basis for 
uncertainty management in model-based decision support. Integr. Assess. 4, 
5–17. doi: 10.1076/iaij.4.1.5.16466

Wall, T. U., Brown, T. J., and Nauslar, N. J. (2017). Spot weather forecasts: improving 
utilization, communication, and perceptions of accuracy in sophisticated user 
groups. Weather Clim. Soc. 9, 215–226. doi: 10.1175/WCAS-D-15-0055.1

Westby, E., and Phillips, D. (2016). Remembering Mount Pinatubo 25 Years Ago.
WMO (2015). WMO guidelines on multi-hazard impact-based forecast and 

warning services.
Zhang, D., Zhou, L., and  Nunamaker, J. F. Jr. (2002). A knowledge management 

framework for the support of decision making in humanitarian assistance/
disaster relief. Knowl. Inf. Syst. 4, 370–385. doi: 10.1007/s101150200012

Conflict of Interest: SD was formerly employed by Frontiers.

The remaining authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as a potential 
conflict of interest.

Copyright © 2021 Padilla, Dryhurst, Hosseinpour and Kruczkiewicz. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1073/pnas.2106795118
https://doi.org/10.1073/pnas.2106795118
https://doi.org/10.1016/j.obhdp.2007.04.001
https://doi.org/10.1111/risa.12336
https://doi.org/10.1109/TVCG.2018.2865193
https://doi.org/10.1016/j.ijdrr.2018.02.032
https://doi.org/10.1175/WAF-D-15-0066.1
https://doi.org/10.1080/09672559.2018.1454637
https://doi.org/10.1109/TVCG.2019.2934286
https://doi.org/10.1186/s41235-018-0120-9
https://doi.org/10.1037/xap0000245
https://doi.org/10.3389/fpsyg.2020.579267
https://doi.org/10.1186/s41235-017-0076-1
https://doi.org/10.1007/s003710050111
https://doi.org/10.1111/j.1369-7625.2010.00626.x
https://doi.org/10.1016/j.biopsych.2009.03.006
https://doi.org/10.1016/j.biopsych.2009.03.006
https://doi.org/10.2478/geosc-2020-0005
https://doi.org/10.1080/13875868.2015.1137577
https://doi.org/10.1175/WCAS-D-11-00025.1
https://doi.org/10.1146/annurev-statistics-010814-020148
https://doi.org/10.1016/j.obhdp.2005.08.002
https://doi.org/10.1016/j.worlddev.2017.04.002
https://doi.org/10.1007/s13351-021-0118-y
https://doi.org/10.1016/j.earscirev.2019.102881
https://doi.org/10.3389/fnins.2019.01292
https://doi.org/10.1023/A:1015783803445
https://doi.org/10.1098/rsos.181870
https://doi.org/10.1073/pnas.1913678117
https://doi.org/10.1076/iaij.4.1.5.16466
https://doi.org/10.1175/WCAS-D-15-0055.1
https://doi.org/10.1007/s101150200012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Multiple Hazard Uncertainty Visualization Challenges and Paths Forward
	Introduction
	Multiple Hazard Uncertainty Communication Challenges and Paths Forward
	Defining the Optimal Amount of Visualized Multiple Hazard Uncertainty for Different Decision-Makers
	Determine the Impact of Individual Differences and Task Demands on Decision-Making With Multiple Hazards
	Identifying Effective Visualization Techniques for Conveying Multiple Forms of Hazard Interactions and Their Uncertainties That Facilitate Decision Making

	Conclusion
	Author Contributions

	References

