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G¢CKS NAIK(OG 62NRaaltBSIKBEOSA AKI

(Sellnow, Iverson and Sellnow, 2017)

1. Summary

Ly GKS ! yAGSR YAY3IR2YQA | 2dzaS 2F /2YY2ya Ay
made the suggestion that recent scientific advances might allow the weather in the city to

be know/ twihty-fourK 2 dzZNBE Ay | Rl yOSQd ¢KS | 2ditieS oNR{ S
idea was considered utterly preposterous. But with thousands of lives being lost in the

country every year as a result of storms, by 1861 storm warnings were being wired$o po

using the new telegraph system. As agrgduct of this, the Meteorological Office charged

gAOK LINRPRdAzOAY 3 GKS g NyAy3a ftaz asSya | wgSt
Gt NPLIKSOASAa YR LINBRAOGAZ2Y A (K 8cableltodiBh a2 i @ DD (i
2LIAYA2Y |d& A& GKS NBadzZ i 27T The aadhgirBdoEA O O2 Y0 A
Manual of Practical Meteorologiitzroy, 1863)

Fitzroy, the father of the weather forecast, regularly replied to his critics in the media (who
were usually complaining that bad weather had been forecast) and had to deal with
scepticism from scientific colleagues about his methods, funding problems from
government, and complaints from those who lost business as a result of false alarms in the
warnings Tragically he killed himself as a resuhly a few years after initiating the

forecasting project, never seeing the weather forecast become a ubiquitous part of life
worldwide.

Operational earthquake forecasting today finds itself in a rather similar position. We cannot
tell whether, in 1008 NBEQ (GAYS>S aSAAYAO FT2NBOlFada oAff
of the weather became, but we can learn from the experience of fields such as meteorology
and storm forecastinghat have wrestled with many of the problems of communicating

uncertan, dynamic, geographically variable, probabilistic information. In this report we aim

to draw together the collective experience of multiple different fielgathered through

reviewing the academic literature and speaking to practitioners and researcharsange

of fields, whom we thank for their generous time and assistance

Hopefully bylearning from collective experienege can avoid repeating mistakes and

develop inbuilt resilience to the pressures and criticisms that will inevitably fall on those
who try to forecast.

27/11/2020
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I THE WEATHER,
_—.—o.___
METEOROLOGICAL REPORTS.
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General wcather probable during next iwo days i
North—~Moderate westerly wind ; fine,
West—Moderate south-westerly ; fina.
Bouth—Fresh westerly ; fine,

Explanation.

B. Barometer, corrected and reduced to 32° at mean sea level;
each 10 feet of vertical rise causing about one-hundredth of an inch
diminution, and each 10° above 32° causing nearly three-hundredths
ifncrease. E. Exposed thermometer in shade. AL Moistened bulb
{for cvaporation and dew-point). D. Dircetion of wind (true—
two points st of magnetit). F. Force (I to 12—cstimated). C.
Oloud (1 to 9). I. Initials :-b., blue sky; e¢., clonds {detached);
f foz ; h., hail ; 1, lizhtning m., misty (hazy) ; o., overcast (dull};

mln s 8, fn0W ; t., thunder. S, Sen distnrbance {itog), -
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2. What makes O0gecodnmuinslkcati ono
good?

What information do people want? What information do people need? And how can we
best communicate that information?

These are the opening questions we all ask ourselves when starting to design
communication material but the prodem with forecasts of potential disasters is that there
is so much complexity: not just to the information, but to the uncertainty around them and
to the psychological reactions of people receiving the information.

¢tKS FTASEtR 2F WNA &dgragping Witheyhdnpdf theseagp@ctsKdr somed S
time.wAal O2YYdzyAOFdA2y OFlYy 6S RSTAYSR la alye
health or environmental risks between interested part{&€ovello, von winterfeldt and

Slovic, 1986)In this section we summarise some of the useful terminolagycepts and

findings from the field of psychology and risk communication and how they relate to the

specific problems of communicating earthquake forecasts.

2.1. Thinking about communication

There is a fairly simple model that dates right back to the 124@sa researcher called
LaswellLasswell, 1948which is useful when studying communication:

WHO communicates WHAT, in WHAT FORM, TO WHOM, to WHAT EFFECT?

Of course, the real world of the media is far more complex, containing multiple
intermediaries(Gladwinet al.,, 2009) but kreaking the elements of communication down

such a simple forrtke this allows us to be more specific about the variables involved and to

Oft SINIT & ALISOATeEe oKI Gstuddgro Ayl GA2y gSQNB | O dzt

The final part of this modegg Wi 2 &
FNBE YSFada2NARy3I: |y
difficult to define.

| clis th8 depeSdent ariable, the thing that we
R

K
R RSTAYAY3I 6KIG 6S YSI &adNB

C2NJ O2YYdzyA O (i2NR ¢ K behavioyfqgsuchi & emekgengyangssdgifge LIJ S C
toevacuatecci KS RSAaANBR STFSOG Aa NBtIGAgSte OfSI N
g2dzt R S@I OdzZ 6SKQ 2NE S@Sy o0SUGSNI WK2g Ylyeé L

For communicators who purely want to inform their audiento ensure that they

understand the likelihood and potential impact of an event for which there is not an
200A2dza> 20SNBKSE YAYyT WNAIKI -nReO s IoAgRriiQ 0 F 2 NJ
seismic hazard so that they can determine what sorts afping policies are appropriate),

measuring the desired outcome is more difficult. We can test whether they remember the
numbers we have told them, but that tells us very little about their perception and

understanding of what those numbers represent.

27/11/2020
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2.2. Ris k and risk perception

Gwh & 284 y2i SEA&l AYREyBREHPEH 2 F 2 dzNJ YA Y R

Imagine, for example, that someone had a 10% risk of dying from CXO\MiEhey caught
it. One in ten of people like &m would die.

LYF3AYS GKFEG NRA] FLLIEASR (2 @2dz2NJ OKAf R® ¢ KI
imagine awful scenes at school with several children per class potentially dying.

Now imagine that that risk applied to your 95 year old, vémother (a much more
NEBIfAZGAO aOSYINAR2: AYyOARSydlrfttes Fa | wmmE> N
if they catch it would be very sad, of course, but not a shocking surprise. That 10% feels
somehow different.

Thus there is an imptant distinction to be made between a risk and the perception of

it. Whilst you can use objective calculations and expert assessment to calculate hazard and
SELR&dz2NBI Nral LISNOSLIA2Yy AGasStT Aa | YSydidlf
with its subjective, perceptual evaluatigBjoberg, 2000; Rosa, 2003s such, perceived

NA&]l YIe& RATFTFSNI adzoadl yial t f(StarfleE;SlokE LISNI | a
Fischhoff and Lichtenstein, 1982F | YR G KA & LISNOSAGPSR NR&a| A&
numerical, calculated absolute risk as long as it is not based on a misunderstanding of that
absolute risk.

This was a classic mistake made early in research into risk communication: judgements of

NA&l 6SNB | dadzyYSR (2 06S YIRS Ay fAYyS 6AGK WS
YFHGKaQ yR GKI G g2dzZ R 3 A A tohddntse didnidikise aRS OA & A
particular outcome) (Von Neumann and Morgenstern, 1944; Edwards, 1954; Jeffrey,

1983). Where judgements were irrational, it was assumed that this was due to lack of

ly26f SR3IS | 062dz2li GKS &Alddd A2y 2N 4dz62S0O0T |
Y2ROSfQarSEyld GKIFG LIS2LX S 02 yosyu NI} G§SR YIFAyfe@
GNBAY3 (2 WSRAzOI GSQ LIS2LX S gAGK Y2NB FyR 0Si
considerationMillet et al., 2020)

LyadSFRE AGQa Y2NB dzaS¥dz (2 GKAY]l o62dzi NRa
about natural hazards it is sometimes formally conceptualised as:

Risk = hazard x exposure x vulnerability

Here, thehazardis amanmade or natural event that has the potential to cause harm, and
encompasses both how big the eventsgs\erity, and how often it occurs

(likelihood. Exposureelates to what elements are at risk from the hazard in question, and
their density (for @ample is it people, agriculture, buildings et&inally,vulnerability

relates to the characteristics of the exposed elements that makes them susceptible to
damage by the hazard in questi¢Doyle and Potter, 2015)

27/11/2020
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Vulnerability may be physical (the potential for physical impact on the built environment or
the population), social (the response of indivals or groups to the hazard), economic

(direct or indirect economic costs) or systemic (the disruption to delivery of services such as
telecommunication or powgrand is defined differently by researchers in different fields
(Geoscience Australia, 2020)

The magnitude of these three components of risk can vary depending on the space and time
over which each is considere@nd that, of course, depends on who thadience is. For
example, a national policy maker might be interested in time frames similar to the term of
their office, and over a nationally representative area; a local government official might be
interested in a smaller geographical region onlyudding manager might only be

interested in the risk as it applies to their specific building, but might be interested in a

much longer time frame if the lifecycle of the building is, say 50 years.

The vulnerability component is the one that is perhaps thost subjective and difficult to
quantify. Whilst it is easy to start trying to think of risks simply as nhumbers, it is \elean
you consider how you might define the vulnerability of a person or a sottiatyisksare
not an objective, numerical caept.

¢KS STFFSOOG 2F KdzYly LlaeOKz2f23e |yR a20A2f 238
perceptions of a risk therefore have multiple componegtnd it is important to have an
overview of these when considering how best to communicate risk and hazardhation.

2.2.1. How we understand factual information

We are limited in how much information we can process. Research suggests we are capable
ofstoringjustan G OKdzy 1 aé¢ 27F A Y T 2 NXNShifirlnand Ndsdfsky, y& 2y S
1994; Doumont, 2002; Kane and Engle, 200&)ilst quality of decisions ingases with

information available initially, after a certain point adding more information reduces
performance(Chewning and Harrell, 1990Jhus simply mviding more information does

not always lead to better comprehension or higher quality decision making, especially in

people who are less numeraf@eters, 2008)

Cognitive psychologists got ebexl about researching how we decide what information to
pay attention to and base our ideas on.

2S | ff dzaS WO23AYAUALBS KSdzZNAAGAOAQSX aK2NIOdzia
ignore othergTversky and Kahneman, 1974f@hese generally help us make quick
RSOAaA2yas FyR OlFly a42YSiAYSa tSIR (2veY2NBE WN
process migh{Gigeenzer and Brighton, 2009However, heuristic thinking can be subject

G2 LINBRAOGIFIOES O0AF&ASA YR NBadzZ G Ay WANNI GAZ2
misperceptions of riskr failing to prepare or react in the way most likely to protect

ourselves from harme.g.(Van Vugt, Griskevicius and Schultz, 2014; van der Lin@&m). 2

A few relevant biases include:
T W @gFLAtlroAtAGE O0A1&AQY (GKAy3a GKIF G .FoNS WySH
example, people often take out insurance against an event after it has happened
(Tversky and Kahneman, 1973)

27/11/2020
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 Wormalisationbia®@ Y NBf I 4§ SR § 2 whakw® haveddperiénted ih thet 1 & 0 A
pastseemsthe most likely outcome in the futuramaking us less responsive to
varying levelsofrise a Af SGA YR hQ. NASY>S mMdbopHO
f W yOK2NAY3A o0AFaQyY GKS FANRGO LASOS 2F AyT2
more weight than subsequent information, which is interpreted in the light of what
5 SQR LINB O XTXaizhyfaid K&hBdmbidR1974a)
T W/ 2yIFEMN2Y O0ALFAQ FYR WY2GAQFGSR NBlFaz2yiay3aQ
remember information that confirms what we always thought, and not like
information that challenges our prior beliefs; and we interpret evidence to suit the
decisions we already want tnake(Kunda, 1990)
f WhLILAYAAY O0AI&AQY 6S GSYR (2 (K@hafot, 6F R KA
2011)
¢CKS Y2NB O23yAUGA2Y A& Ga20SNI2FRSRé¢ o6& (KS LIN
likely we are to relypn these cognitive heuristics, and potentially fall foul of their biases
when processing information and making decisid@isce stress uses up cognitive resources
(Qinet al,, 2009)we may be even more challenged in our information processing
capabilities during the crisis phase of disastarsd more susceptible to these biases in
judgement and decision making.

wkiKSNI t A1S GAadzZ £ Af € dza A 2y pedpleihave @actedptd Jdzf  NJ
hazards in irrational ways, for example discounting certain risks such as not preparing for
hurricanes despite living in high risk areas €Bakeret al,, 2012; RicchettMasterson and

Horney, 2013)

Psychologists like to separate the mental skOrtizi & 2 F WK S dzNXdeépihA O4 Q T NRB )
WAAUBYYBHYR2GKAY 1 AYy 3 I o2NAO S 3 DEVayR20§3120083 1 KA &
2011; Evans and Stanovich, 203 YY2yf & (y26y GKNRdzZAK GKS 022
{ £ Aabneman, 2011)They callthe fasK SdzNRA &G A Oa ac¢e LS L& LINROSa
more reflective think 3 G ¢ @ LJS LL&é® / 2YYdzyAOFrGA2ya YAIKIG
oAl aSa oKAfad FOOSLIWAY3 GKIG LIS2LX S FNB 3I2AY
RSaA3ay 2F | SFOIKSNI FLILI F2N) LIS2L)X S G2 3t yoOS
thinking (e.g. the design of a report for polisyakers who have the time to make a

considered decision)Of course, decisions and conclusions from either kind of thinking are

y2i ySOSaalNARte& WwWoSiidSND K LHigited(Baddéleyz 1 KSNX ¢ &
1992) but it might also encouge us to try to exclude some of our natural emotions and

experience, which can be important when making decisions and taking &E&ters and

Slovic, 2000)

2.2.2. The effect of feelings and experiences
As researclmasprogressedver the last 50 yearst hasbemme clearhow important a role
our emotions( KI G LJa & OK 2 f 2)Zhid&ExXperiendd-have to play B O €
perception of and response to a risk

One aspect of this is the feelings that are evoked by the idea of the risk Es&lence
suggestgshatwe areA y ¥f dzZSY OSR o6& (g2 1Se& LaeOoOKz2ft23A0!If
describes hazards that are charagsed by lack of control, feelings of dread and perceived

27/11/2020
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OFGlFradNRPLIKAO LRAOSYUGAFE S YR adzyly26yé NRaAl:
unknown, new or delayed in consequen@aeschhoftet al, 1978; Slovic, Fischhoff and
Lichtenstein, 1981; Peters and Slovic, 1996)

Ourfeelingsabout a risk play a vital role in our informationseeking angbrocessingOur

experience and associated emotions interact vatid moderate more deliberative,

cognitive assessments of rigkoewensteiret al,, 2001; Sloviet al, 2004) ¢ KA & ARSI 2 7F
Fda FTSStAy3Iaé Aa LIaI callddhe caffedt heurRtt adeidbyo SR 06 @
people judge the riskiness of hazards based on a pool of positive or negative emotions they
associate with that hazar@Finucaneet al,, 2000; Sloviet al,, 2007) Under the aféct

heuristic, judgements of risk may be expected to be influenced by whether or not an

individual has had experience with that hazard, and in turn what the emotional nature of

that experience was; the more experience one has had, the more positive otirlegdS & (0 | 3 & ¢
that particular hazard has and the greater the influence of that experience on risk
perception(Damasio, 1994)The more negative tags associated with a risk, the more risky

that thing is perceived to béDamasio, 1994)

There have been many studies examining the effect of experienpemeptions of and
behaviours regarding hazardsa practical senseFor exampleseveralstudies have shown
that those who have higher perception of the risk, afdhvedirectly experienced hazards
tend to seek out mediated information (such as newsdaalcastsand are more likely to

take precautionary measures than people who have never experienced them [{Efasa

and Glaavin, 2007; Armstrong, Cain and Hou, 20Z)rthermorethere is evidence that

those who have had even indirect hazard experience tend to have an emergency pla
(Maduzet al., 2019) Howeveiit is also possible thahose who have experienced a mild

form of a hazard evennhay bemore likely to underestimate the potential danger of such a
KETFNR® ¢KAE O2dAZ R 65 %Ak &iid 2 ¥ RUhBEINNAR SAIZI i
people interpret the impact of the event they have experienced as the norndamubt
appreciate how much worse, (or better!), such an event can be (e.g. having experienced a
mild earthquale, not realising what a really intense one could be like or vice versa).

Over timg people begin to forget about their experiene K I Be@d |  f StRne afK | t F
2 0 f A @eghsf,£2009) When the salience of a hazard lessgtiere isa concern that

people can become less informatiseekingHagemeieiKlose and Wagner, 20097 his

might be particularlyproblematic for the communication of high impact low probability

events such as earthquakes, where even though the impact of the event can potentially be
catastrophic, theérequency of the event is low and thus easy to forget with the passing of
time.

On top of all thatjn some circumstancese seem to behave as though we have limited

emotional resourcegLinville and Fischer, 1998) ¢ KA & ARSI ¢l & 6SSy SELJ
L2 2t 27T ¢ ethaNBKS Nikgsithhek that we can worry about at any one time

(Hansen, Marx and Weber, 2004)though the COVHDO pandemic provides evidence that

worry about COVIE19 did not decrease worry about other hazafds L. J. Freeman,

Schneideret al, 2020; Siscet al, 2020) only distract attentionWe & K 2 dzftHoygtiy

G2 WYF1S LIS2LXS g2NNEQ | o62dzi GKAYy3IA OGKFG A
given their other concernsand higher levels of risk perception do not essarily translate

into protective actiong there are so many other factors that again continue to act.

27/11/2020
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2.2.3. The role of trust and authorities

When we hear messagesjevel of trust in the institutions communicating to usstzn
influence on our responsethe messageg¢Slovic, 1993People tend to place trust in those
they believe to be knowledgeable ailst a particular risk and who are willing to share
accurate informatioraboutit (Earle and Cvetkovich, 1995; Slovic, 1999, 2000; Siegrist and
Cvetkovich, 2000; Lang and HallmamZ,0Coles and Hirschboeck, 2020)deed trust in

both information and its source have been shown to be important influences on the
adoption of preventative behaviours for a hazard ev@Paton, 2007; Morsst al., 2016)

Naturally, people are more likely to act on information from trusted authorifiegrist and
Zingg, 2014)Those who do not have personal knowledge about the issue at hand tend to
rely on trust in authorities moréSiegrist and Cvetkovich, 2008t surprisingly,

information coming from a responsible authorifgeanet al,, 2015)or even better a central
federal agency is more likely to be an object of tnw#h a large proportion of the
population(Maduzet al., 2019) Trust in a particular institution may be lost if it is perceived
to be removed from extreme events and regular, daily situatigrerker and Handmer,

1998; Savadoret al., 2004) potentially leading to people seeking information from
alternative sources in which they place higher tr(Mileti, 1995; Parker and Handmer,
1998; Coles and Hirschboeck, 20Z0he definition of, and components of, trust is another
large area of study, but it broadly encompasses judgements on expertise and motivation &
integrity).

Research suggesisK I i dza SNE Q GNXzA G Ay RAAFAGSNI 61 NYAY
quality (Karl, Rother and Nestler, 2018 liability (Kaufholdet al., 2018)and privacy and
security(Fischer, Putzkelattori and Fischbach, 201 ®Yhilst user perceptions and uptake of

hazard technologies, and the extent to which they follow behavioural advice provided in

warnings by them, is influenced by how trustworthy they perceive the app t(@hkegrist

and Cvetkovich, 2000; Kotthaus, Ludwig and Pipek6; ApplebyArnoldet al., 2019)

However, there are additional barriers to action on a messagee of whichappearsto be
that somepeople expect the authorities to protect them and do not percedigaster
preparation to be their owmesponsibiliy (making sure to have their own preparations in
case an event occu§colobig, De Marchi and Borga, 2012)st, then, can be a negative
as well as a positive in terms of encouraging preparedness.

2.2.4. The influence of the media, society and culture

We do not receive and react to information in a vacuum. Humans are essentially social
animals, and a lot of our behaviour is affected by our social values and the perceptions of
others.

¢CKS W{20ALl f | YLISHKRARRIDE Al.21992; Piflgean AKaspers6ri\ahdYy

Slovic, 2003; Kaspersenhal.,, 2016)is a theoretical approach that highlights the roles of

social norms, interpersonal interactions and the mass media in how perceptions of risk are
formed (van der Linden, 2017Despite qualitative evidence of the social amplification of

risks (e.gBarnett and Breakwell, 2003; Renn, 2011; Smith and Joffe, 203pa @SNE RA T
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to quantify the causal effects of social influences on risk percegiamn, 2011although
there has been some work in this area (€Ipne<et al,, 2013; van der Linden, 2015;
Dryhurst, Schneidegt al., 2020)

Several frameworks have also been developed that attempt to integrate a psychological

approach with the influence of values, worldviews and the broader structure and

functioning of societyl y St NI & | LILINBIF OK ¢l a (KS 1970;dzf § dzNJ f
Douglas & Wildavsky, 1982; Dake, 198B)ch divides people intéour broad cultural

worldviews that define the relationship an individual has to society and how this affects

their risk perceptions. These groups include hierarchism (communitariéviduals who

favour hierarchical, regulatory societal structures), fatalism (individualists who favour

hierarchical, regulatory societal structures), egalitarianism (communitarian individuals who

do not favour such structures) and individualism (indigigkis who do not favour such

structures).

a2NB NBOSyiGfteée (GKS aOdz GdzNIF £ O23yAldAzy (KS&aAa
two dimensions; hierarchggalitarianism and individualiscommunitarianism, and

suggests that people are motivated tocapt and integrate information about a risk that is
O2yaraisSyid 6AGK GKSANI SEAaGAY3 62NIX ROASHaE 04
suggests that individuals vary in their risk perception depending on where they lie on these
dimensions.

Reseach suggests that worldviews can have small but significant effects on risk perception,
for example,jndividualists tend to have lower risk perception of a variety of hazards,
including climate changg@._eiserowitz, 2006; Kahaat al,, 2012; Smith and Leiserowitz,

2012; Xueet al,, 2014)and infectious disasegDryhurst, Schneidegt al., 2020)

Individuals and cultures also differ in their degree of fatalism towards natural disasters
although a metaanalysis byKueet al.(2014)of 67 effect sizes from a pooled sample of
15,660 people showed no significant relationship between fatalism and environmental risk
perceptions. Some maylamethe occurrence of catastrophic events or natural calamities
2y WONIYyAaINBEOADY BASREMIM22 GNB (G2 RAaAO02dzNY 3S
unacceptablgDouglas, 1992)and others on supernatural powefBatonet al., 2010;

Richard Eisest al,, 2012) For example, many religious leaders consistently associate
earthquakes with homosexual behavidgiithe Atlantic, 2010; The Guardian, 2015; BBC
News, 2016; The Independent, 2016)

2.3. 0To what effect 6?

| 263 GKSYyZ Oly 6S YSI&dz2NE WNARA] LISNOSLIIAZ2YQK
Weinstein and Sandmaweinstein and Sandman, 1993)

1) ComprehensiofDoes the audience objectively understand the content of the
communicaton?), which can be measured through simple knowlebgsed questions.

2) AgreementDoes the audience agree with any interpretation or recommendation
included in the message?), which may only be relevant in messages that contain advice.
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3) Doseresponse cosistency(Do people facing a higher impact or dose perceive the risk as
greater or show a greater readiness to take action than those facing a lower impact or
dose?)

4) Hazareresponse consistendpo people facing a higher likelihood of an outcome
percewve the risk as greater or show a greater readiness to take action than those facing a
lower likelihood?)

5) Uniformity(Do audience members shown the same level of risk in a communication tend
to have similar responses to it?)

6) Audience evaluatiofDoesthe audience subjectively find the message helpful, clear,
accurate etc?)

7) Failuretype (What types of failure of the communication are possible and if they
occurred would they be acceptable?)

Not all of these will be relevant to every communicationt they do provide a useful
framework when designing evaluation studies.

2.4. The gap between feelings, perceptions,
knowledge, and behaviour

Awareness and risk perception are important, but not sufficient for people to take

protective action. If the goal of yw communication is behaviour change, then there are a

few more potential barriers. i®tection-motivation theory(Rogers, 1975)roposes that

GKSNB INBE F2dzNJ FIF OG2NAR Ay@2f @SR Ay LIS2LX SQa
severity and vulneraility that makes up the risk perception but alanother factor:the

feeling that there are actionthat will make a significant difference (response efficacy) and

that they themselves can do them effectively (self efficaclyg protective action decisio

model (Lindell and Perry, 2012dds in social norms.

2.5. Risk communica tion - summary

WoIL OK 2F dza KlFa (2 RSOARS gKIG GKS NAIKG ol f
L K2LS 0(KFG YShngider, Yy 3T 020KQ

Good risk communication depends on an understanding of how the various audiences

perceive the risk being communicaté8piegelhalter, 2017)This perception of a risk that

people hold in their minds, however, is rarely a direct replication of the actual quantified

risk. Risk and the perception of risk, then, are two distinct conceptse way that a risk is

perceived is not based purely on rational weighting of likelihood and impact, but is in fact a
combination of information and our psychological reaction to that informati®hus simply

LINE GARAY3I 2y SQa | dzR k8¢ iDSBeasing thek knwvaedde) ahovit® 2 NI | { A
particular risk might not be the most effective communication strategy, at least not in
isolaton.Lyaid SFRX O2YyaARSNIYGAZ2Y 2F Yy AYRAGARdZ ¢
psychology and the culture and setyi within which they are embedded is essential in

understanding how they might perceive a risk you are trying to communicate, and thus in
designing that communicatiofRenn, 2008) This may be particularly important where the
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NAail Aa&a t26 Ay LINRPoOlFOAfAGE o6dzi KAIK Ay AYLI C
apply to the communication of earthquake risk.

Careful consideration of the aims of the communicat and how success might be

measured in an evaluatiors also vital. Do people understand the communication in a
deeper sense than simply remembering the numbers? And are they in a position to, and
mindset to, act on it? A key part of theoretical evdlaa could be to measure hazard

and/or doseresponseconsistency: whether higher risk numbers (in terms of likelihood or
impact) result in a correspondingly higher response from the audience in terms of salience
of that information in their decisiommaking The only real evaluation, though, is one done in
the real world, when an event happens.
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3. Why is it hard to communi ca
earthquake forecast?

The precise timing and location of an earthquake event cannot be predicted accurately

(Gelleret al,, 1997) What is available however, are tirdependent and location specific
probabilistic forecasts of earthquake occurrences, from models that combine localised time
dependent earthquake clustering models and tianmedependent models based on historical
earthquakes and fault datéGerstenbergeet al., 2005¥p l & & @pekationall KSasS a
9F NI Kljdzr 1S C2NBOlFaitaé¢d LINPGARS aLl GdAalrftfe |yR
changes in likelihood of an earthquake event in real timg.(Jordaret al., 2011, 2014;
Gersenbergeret al,, 2014; Fielekt al,, 2016; Marzocchi, Taroni and Falcone, 2D17)

The aim oOperational EarthquakBorecasing (OEF) is tdisseminag authoritative
informationaboutii A Y S TR S LIS ¥y R S fifututelN@tlaqliakeihbzard dndrit,

help communities prepare for potentially destructive earthquakésdaret al.,, 2014;
Beckeret al,, 2020) OEFs are now produced by several countries worldwide, including the
US, New Zealand, Italy and Japan.

Some researchers have criied the usefulness of OEF in an operational sense (e.g.
(Peresan, Kossobokov and Panza, 2012; Wang and Rogers, Z@&4 have been

discussed and rebutted at lenglly (Jordanret al., 2014) however one of the mostommon
criticisms bears mentioning herehat effective building evacuations are the most impactful
emergency management decisions that can be taken prior to an earthquake event, and that
such evacuation decisions cannot be made on the low probabilityigiormation that OEF
typically providegWang and Rogers, 2014\While it may be true that no risk manager

would decide to perform a full scale evacuation on a change in probability from 0.001% to
5%, evacuations can be made lower cost by targeting those building that are weakest and
on the poorest soil, making it a more feasible opti{@an Stiphout, Wiemer and Marzocchi,
2010) Additionally, during aftershock sequences, probability gains may be much larger
providing stonger grounds for higher cost action. In turn whilattaquake events are
typically treated as acute, with short periods of impact, the response to which transforms
quickly into a phase of recoverhe occurrence and impacts of prolonged aftershock
sequences such as the Canterbury Earthquake Sequéve® Zealandyr Ridgecrest
(California) highlights a need for communication of this continuous and dynamically
changing background rig& inform decision makers undertaking risk managem@ecker

et al. 219). This is something that OEF can provide, and during the Canterbury and Cook
Strait earthquake sequences in New Zealand, was shown not only to be useful to emergency
managers, but also to encourage personal actions by members of the public, indetfing
evacuationgGerstenbergeet al., 2014)

There are also several legost uses to which OEF can be put in an operational context, such
as rehearsing disaster response scenarios in drills, reissuing preparedness advice and
increasing the readiness of emerggnmesponsdJordaret al, 2014; Woo and Marzocchi,
2014) Indeed, in the US, OEFs are used by emergency managers to advocata for b
organisational and household preparedness (€3pltz, 2015; McBridet al., 2019), whilst

in New Zealand aftershock forecasts have been put to a variety of purposes, informing
decisions about things like safe access into buildings, demolition and timing of repair,
rebuilding operations and public communicati@lulia Beckeet al, 2015; Beckeet al.,
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2019, 2020) Although stakeholders were uncertain about how to apply these aftershock
forecasts to decision making during response and recovery procedseker et al. (2020)

go on to suggest that scientists should work with communities in the development of
aftershock forecasts such that they can be tailored to the specific needs of each individual
audience. In turnitis recommended that such commumice should include
recommendations for specific actions that can be taken in response to the forecast to
reduce risk.

The public too can put the low probability gains that OEF provides to use in low cost actions
such as checking emergency supply &its complete and that mounted items are securely
fixed to the walls of their homesBecker et al.2020 showed that, in the aftermath of the

2016 Kaikoura earthquake, the public did use aftershock forecasts to inform their decision
makingregarding, forexample, securing furniture to walls or securing the foundations of

their houses.

Beyond operational value, OEF can also have psychological Jatdarget al, 2014. For
example(Wein and Becker, 2018emonstrated that the public of Christchurch greatly

valued OEF information during the Canterbury Earthquake Sequence, particularly the simple
knowing thatearthquake aftershocks were behaving in the manner expected by experts.
There is also an ethical element: should a relative risk increase of several orders of
magnitude be left unreported to those whose lives may be in danger in the event of seismic
activity, or policymakers and managers of significant infrastructure (such as power stations,
bridges or tunnels)

Clearly then, although not a forecasting panacea, OEF has value to a variety of audiences
both prior to and during earthquake events and seqoes (se€Beckeret al., 2020)for a
thorough analysis and review). To maximise its value however, it must be communicated in
a clear, comprehensible, trustworthy and actionable way. This raisessatftea significant
issues.

3.1. The challenge of rare event s

Earthquakes happen all the time. But damaging earthquakes are aa@ in any particular
geographic location, very rare indeed.

This presents us witbeveralproblems. One is thapeople struggldéo understand small
probabilities(Camerer and Kunreuther, 1989; Halpern, Blackman and Salzman, 1989; Lipkus,
2007)

2S R2y QG NBIFIffte& dzyRSNRGFYR K2g LIS4LUgkuS LINR OSa
2007) According to prospect theory, people are expected to underweight small
probabilities(Kahneman and Tversky, 1978hd there is evidence in the literature for this

effect (e.g.(Hertwiget al,, 2004). There is also evidence thatople sometimeslismiss

small probabilitiegentirely (e.g(Stone, Yates and Parker, 1994However other studies

have shown that people sometimes overestimate probabilities where outcomes are-affect

laden (emotionally charge(Rottenstreich ad Hsee, 2001 whilst others stilhave shown

explicit bimodalities in response within the same studjth some people overestimating
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and others underestimatine.g.(McClelland, Schulze and Hurd, 1990; McClelland, Schulze
and Coursey, 199B)

Adding to thiscomparing between different small probability evemsdifficult¢ people
appear tostruggle to distinguish between small numbgeasthough there is not a huge
amount of empirical evidenc@aplan, Hammel and Schimmel, 1985; Cohen, Ferrell and
Johnson, 2002)For examplesay we forecast that there is a 0.000&#@nce of a
magnitudeM7 earthquake occurring at a particular location, but the next dayfavecast a
0.001% chance the two numbers are likely to be difficult to perceive as an order of
magnitude different If peoplestruggle to perceive a difference between these two small
numbers then they miss the vital information that the risk, whigstl low, has increased 10
fold.

The rarity of events also makes it difficult for forecasters to assess the confidence in their
forecasts, as there is not a lot of data to check against. Nor is there a good track record of
forecasts for the public to lea from: unlike everyday weather forecasts, no one is being
able to constantly check the accuracy of forecasts over a period of time.

All of these factors make the communication of these high impact but low probability
events difficult. Butarthquake forecasters are not aloneveral fields suffer from the
problem of having to communicate small probabilities or numbers, and throughout the
review we have looked for empirical work of relevarfican any domain

3.2. The challenge of dynamically va rying risks

Seismic activity is, of course, constantly changing. During active phases, there might be
changes in a particular geographical region Rbyshour which need to be communicated.
During quiescent phases there may be no change in riskefansat a time. This huge range
of variability over time, added to the spatial nature of the risk, makes it particularly difficult
to communicate as audiences in most regions will not experience heightened risks very
often.

Several fields (g.storm forecasting face similar challenges, and so in this review we again
attempt to pull together best practice and empirical work from such domains.

3.3. The challenge of high uncertainty

9PSNE2YS dzy RSNEGFYRa GKFIGO AG AaFTZAHBOLIALDA @i &
used by Fitzroy when describing his weather forecasts in order to avoid the trap of
WLIINBRAOQOUAZ2YQd ¢KAA A& R2gy (2 I 1AYR 2F dzyOS
throwing dice): it is inevitable and due to the random factorshef universe. It means that

everything we communicate about the future will inevitably be a likelihood or probability:

the chances of something happening.

.dzii dzy F2NIlidzyt 4Ste GKFdiQa y20 GKS 2yfeée {AYyR 2
out of the way:
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WOLIAAGSYAOQ dzy OSNI I AyGeé Aa GKS GSNXY dzAaSR F2N
things that could theoretically be establisheHpistemic uncertainty often applies to past

and present events although it can also apply to future propecti For example,

predictions about what sort of damage a building might sustain during an earthquake of a

given intensity will contain epistemic uncertaintyncertainty caused by parameters in the

model that could in theory be known, not being knowrg(ehe current state of the

0dZAft RAYy3Qa AYGSNYIFf aidNWzOGdzZNBaov o

Why (2t 23A0FtQ dzy OSNIFAyiGeé RSAONAROGSA dzy OSNI | A
adzZFFAOASY (Gt e adzOK GKIFG 2y SQa (Spiegelatet, 2047 LINE OS
van der Ble®t al., 2019)Whilst aleatory and epistemic uncertainty may be classed as

Gly2e6y dzyly2eyaég o00G2 dzaS GKS GSN¥ya 2F GKS Ay
a2YS SEGSYylG 65 Y2RSttSR 2N ljdad yGAFTASRE 2y G2t
dzy 1| y2 6y & ¢ sauangve sdbjectile assessment of the representativeness of

the model(Spiegelhaltg 2017) And with earthquake forecasts, there are plenty of

ontological uncertainties.

Each of these different types of uncertainty can have different effects on the audience. For
example, communicating the epistemic uncertainty as a numerical rasugh @s a

confidence interval) does not appear to undermine tr(sn der Blegt al,, 2020) whilst
communicating a lowerwplity of evidence behind an estimate caéchneideet al.,in

prep).

Although the public appears to have a natural sense of understanding about aleatoric
uncertainty, and hencenfer uncertainty from even deterministic weather forecastsence
explaining their willingness to accept probabilistic forecétsrsset al,, 2008; Joslyn and
Savelli, 2010 the much higher degree of uncertainty around seismic forecaststland
lack of familiarity that the public have with ihake it a particularly daunting challenge.

3.4. The challenge of misinformation

In February 2009 a local man working as a technician at the Gran Sasso National Physics
[ F02NI 2NEB Yy St N {seriedjofizinbtéur earihquaka predigtiong baBed on
radon gas concentrations. Widely reportehd with one of them being followed by a shock
shortly after he made a public warninpese caused many citizens to evacuate their towns.
The rising public carern, fanned by this misinformation, forced government geoscientists
to make public statements about the absolute probability of a large earthquake remaining
very small, and culminated in the infamous meeting and press conference on 31st March
that year, aesigned to reassure the public, and which resulted in the legal trial after the
tragic earthquake that occurred only days laf@texander, Q10; Jordan, 2013a)

Misinformation, then, is of deep concern to seismic forecasters.

Misinformation is information that is initially presented as true but subsequently found to
be false(Lewandowsky, Ullrich K.H. Ecketral,, 2012) Misinformation can be
disseminatedhctivelywith the intent todeceive (in suclmstarcesit is sometimes referred

to as disinformation)however this is not always the cage unfolding event such as a
natural disaster may seeitial reporteddamage odeath tolls updated at a later date once
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more information is receivefCook, Ecker and Lewandowsky, 2015her way
misinformation is a global problem affecting many diverse topics including climate change
(Oreskes and Conway, 2010; van der Linelead., 2017a; Farrell, McConnell and Brulle,
2019; Maertens, Anseel and van der Linden, 202@VIEL9 (BBC News, 2020; D. Freeman
et al,, 2020; Jolley and Paterson, 2020; Roozenlaeht., 2020) politics(Allcott and

Gentzkow, 2017; Lee, 201%accinationgGangarosat al., 1998; Poland and Spier, 2010;
Lewandowsky, Ullrich K. H. Ecketral,, 2012) andnatural disastergwWhitney, Lindell and
Nguyen, 2004; Alexander, 2010; Takayeisal., 2015; Falloet al,, 2020; Hunt, Wang and
Zhuang, 2020)The spread of misinformationanpotentially tndermire both science and
society(Lewandowsky, Ecker and Cook, 2017; Lireteal,, 2017; Roozenbeek and van der
Linden, 2019b) Indeed, a studgf the US publiby (Barthel, Mitchell and Holcomb, 2018)
showed that many Americans said that fake news left them confused about even basic facts
and misinformationhas been ranked by the World Economic Fo(\world Economic

Forum, 2014ps one of the major risks threagrcountries across the gleb

Misinformationcan emerge from a variety of sources, both traditiome&diaandonline

(Cook, Ecker and LewandowsR915; Painter and Gavin, 201@ndhas been shown to

have considerable influence on beliefs and behaviour in many areas. Several studies have
shown that misinformation about climate change undermine beliefs in climate change being
anthropogenically aased(Cook, Lewandowsky and Ecker, 2017a; van der Lieidai

2017a) whilst misinformation about the measkesumpsrubella (MMR) vaccination that
erroneously suggest it is linked to autism have had a significant negative effect on vaccine
uptake in many countrie@Gangarosa&t al., 1998; Poland and Spier, 2010)

In a foundational study bfTurner, Nigg and Paz, 1986)which they surveyed a

representative sample of 1450 Southern Californian residents, it was discovered that 43.5%
of participants believed that unusual weather might be a predictor of earthquakes, while
67.5% hought that unusual animal behaviour was a predic{@vhitney, Lindell and

Nguyen, 2004investigated belief in a variety of earthquake myths and facts in a sample of
Southern Californian college students, and how this infbeehtheir levels of seismic hazard
adjustment. Whilst certain beliefs (erroneous or factual) might be expected to increase
seismic hazard adjustment, others such as the belief that earthquakes are predictable might
reduce the motivation to prepare, espatly where people are waiting for a warning of such

a predicted earthquake(Whitney, Lindell and Nguyen, 20G#monstrated that although a
substantial minority of participants agreed with both the assertion that earthquaketd

be predicted and that they would receive a warning telling them of an impending
earthquake, when they examined the relationship between beliefs in the myths and seismic
hazard adjustment, the results were mixed. In one of their subsamples of partisithey

found a weak, negative correlation between belief in the predictability of earthquakes and
seismic hazard adjustment (people who endorse this belief more were less likely to
prepare), however this relationship was not significant in the fullgam Contrary to their
expectations, they found a significant positive correlation between the belief that
participants would receive a warning and levels of seismic hazard adjustment in their full
sample, but this relationship was not significant in tubsample.

A later study byBeckeret al,, 2013) conducted 48 qualitative interviews with residents of
locations in New Zealand subjeaotseismic risk, and found that belief in the idea that

people would receive a warning about various natural hazards did in fact reduce
preparedness in several of their participants, although they noted that this did not apply so
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much in the context of eéinquakes. Further researchowever,is required to confirm the
impacts of false beliefs on seismic hazard adjustment.

In a detailed case study of citizen seismology and misinformation in the French island of
Mayotte, (Fallouet al,, 2020)found that, in the wake of the 2018 earthquake swarm
experienced by the island, 10,000 people in the local community formed an online citizen
seismology group. They went on to show that, althougtiain members of this group did
share legitimate seismological information, misinformation and conspiracy theories also
emerged. (Fallouet al., 2020)assert that the lack of seismilata, scientific information and
communication from authorities during the earthquake swarm opened up an information
void that misinformation could fill. They also showed that this resulted in mistrust of a
variety of seismological organisations.
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4. Whatesearch can tel/l us abol
overcoming these chall enges

Many of the challenges outlined in the previous section are faced by fields other than
seismology, or even other natural hazards. Although in this review we dedicate individual
chapters to particularlgimilar fields and review the literature pertaining to each

individually, here we give an overview of what academic research in general has been done
on each topic.

4.1. The challenge of rare events

As discussed earligpeople struggle to understand small probabilit{€amerer and
Kunreuther, 1989; Halpern, Blackman and Salzman, 1989; Lipkus, 20@i&times under
weighting them and sometimes owareighting them. In turn, people find it difficult to
compare béween small numbers and thus between different, low probability events.

4.1.1. Choosing what numbers to display
CKSNBE INB aS@OSNIf ¢glea 2F LINBaSydadAy3a ydzyo SN
the small probabilities that are associated with rare events.

One example is by changing the time frame over which they are presented (for example
SadAYl GAy3 2y S Qacarbidsh Withir? aFdayR&dusi vidthirFtéB edrs);

people tend to perceive more danger when risks are communicated over a longger ti

frame than a shorter one (e.g¢Slovic, Fischhoff and Lichtenstein, 1978; Keller, Siegrist and
Gutscher, 2006; Bonner and Newell, 2008 LF GAYS FTNIYSEa INB G222
possible that peoplenay begin to discount the risk, feeling like it is not relevant to them

in their lifetime. Indeed people have different preferences for different time frames,

tending to choose one that is relevant to thgf®chapira, Nattinger and McHorney, 2015)

Anotherexampleis that presenting numbers in frequency (x times out of 100) rather than
percentage format increas the perception of the risk of an event (e(§iegrist, 1997;

Slovic, Monahan and MacGregor, 2000; Keller, Siegrist and Gutscher, 2006; A. L. J.

Freeman, Kerret al., 2020), perhaps becausi makes it easier to imagine the event in

guestion and thus attach emotion to it, or perhaps becausefitssdbetter with our

evolved techniques of acquiring information in the natural wqBigerenzer and

Hoffrage, 1995; Cosmides and Tooby, 1998)ereas a percentage gives a less tangible

sense of a real ever{Slovic, Monahan and MacGregor, 2000; Keller, Siegrist and

Gutscher, 2006)When using a frequency format, though, if the audience is being asked to
compare risks, it is important to keep the denominator the same (i.eRakoy 3 Wm Ay EQ
where x is variable). Otherwise there is a tendency for people to be misled by the size of

the numerators whilst neglecting the changing denominat®famagishi, 1997) arger
denominatorsca dzOK I & W2 dzilhe ésks seem higg€r thanl-tHe Samé frequency
SELINB&aaSR a WwW2dzi 2F mMnnQf L2aaAro®a.JoSOF dzas
Freeman, Kerret al., 2020) This finding tranates to time periods(Bonner and Newell,

2008)F 2 dzy R GKF G Wudpnn LIS2LX S RAS LISNI @SFEND 41 a
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Whilst the absolute risks of an event happening may be small, the relativesusk as how

YdzOK | 02@S 2NJ 6St2¢ Wol Ol INRdzyR dre§eablhhe 2 F NIR &
greatly increasedror example, although the actual probability of a smoker getting lung

cancer is around 14%, if the risk is expressed as a relative risk, comparing a smoker and a
nonrda Y21 SNRa NRail 2F 3ISaaAyiRy sdundyndch skief: Qs (G K S
are about ten times more likely to get lung cancer if they sm@akiteneuve and Mao, 1994;

Joslyn and LeClerc, 2013yommunicators should be aware of this potentially persuasive

power and use it judiciously. Indeed, some relative risks can make things seem very scary
indeed. For example, in earthqua&#ershock sequences the relative risk of another event

might be 100 times higher than it was before the mainshock, yet the absolute risk may still

be very low (maybe 1%!). In these instances, it may be better to communicate both the
absolute and relativeisk together but careshouldbe taken to ensuré¢hat the relative risk

is not mistaken for the absolute rigkisscher®t al, 2009)

Finally, the framing; either positive (such as chance of survivalan earthquake NOT

occurring), or negative (such as chance of death, or an earthquake occurcaignot

only affect the magnitude of the numbers being communicated (the chances of something

bad NOT happening being a vastly larger probability) chntalso affect the perceived risk
associated with it (e.gTversky and Kahneman, 1981, 1991; Johretai.,, 1993). In one

experiment on presenting the risks of dying from COY®Dalthough presenting the risks

in a positive framdas chances of surviyalas likal by participants and reduced their
LISNOSLIiA2y 2F GKS NARA] FYR GKSANI g62NNE | 62 dz
objective comprehension of the numbers involvgd L. J.leeman, Kerret al., 2020)

4.1.2. Putting a number into context

One of the difficulties in processing these small numbers, particularly for risks that are as
rarely experienced as these low likelihood events usually are, is attaching meaning to the
number. If there is a 1/10,000 chance ahagnitudeM7 earthquake event occurring in

your area, and you have never experienced an earthquake before and have no sense of
their underlying frequency, variation in size and severity, how can you make a jedgem
about how that probability magffect you, or a decision abowthat actions to take on the
basis of that information? One tool that risk communicators suggest for aiding with
comprehension of ur@miliar risks such as lareggeale earthquakes is the usécomparator
risks. Comparisons are thought to put 6k psychological perspective by providing a kind
2T a 02y 0S Lii(@evello, BIINIRisisithoGyhtéo improve understanding of risk
magnitudes and be more intuitively meaningful than absolute numerical probablhyies
allowing lesgamiliar risks to be compad with those that are better know (Fischhoftet

al., 1978; Wilson and Crouch, 1987; Covellandman and Slovic, 1988; Keller, Siegrist and
Gutscher, 2006)However, caution needs to be applied when making risk comparisons: in
addition to the content of the comparisone.g.which comparator risks are chosen),
context (e.g. is there an adversal or contentious context to the communication) should
also be considered an important component in designing the comparigomgello,
Sandman and Slovic, 1988; Rettal., 1990; Slovic, Kraus and Covello, 1990)

(A. L. J. Freeman, Keet,al., 2020)found that comparator risks in and of themselves were
helpful to people when trying to understand their personal risk from C@Nbut a
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graphical aid called ask ladder, which shows the positions of comparator risks along a
visual scale, is also often used. There is evidence that people are good at intuiting relative
risks, even if the probabilities they attach to each specific risk can vary by large
maghnitudes (Persoskie and Downs, 2019ndeed when people are asked to judge a

variety of risks on different scales, the same ordering between the different risks emerges
(although the attached numerical values vary great{ifischhoff and MacGregor, 1983)
Riskladders were developed to try to make use of this consistency in relative risk
judgements to aid communication of the likelihoo@lless familiar risk§Persoskie and

Downs, 2015) They have been shown to be an effective wagommunicate levelsf

risk of such less familiar (often low probability) risks, with participants able to intuit risk
levels depending upon the visual position of the risk on the d&d@dman, Weinstein

and Miller, 1994; Siegrist, Orlow and Keller, 2008)

The selection of comparator risk, atitis where the risk to be communicated sits on the
GAradzr £ NR&A] 1 RRSNJ &aOl t &ceptibnaBtheflikelihddd afthat 2 A y T
risk. By choosing risks that are substantially more likely than the low likelihood risk, it is
LI2aaAotsS G2 YAYAYAAS LIS2L) SQa LISNOSLIiAzy 27
risks, the majority of which ar@Wwer in likelihood than the risk to be communicatexn
SYKIyOS LIS2 L)X SQa (SasdwianS \WaEinstain/and2Viller (11898; Sikgrist, |

Orlow andKeller, 2008) The choice between logarithmic and a linear scale could also

make a difference. Although it can be very difficult to display risks of varyingsawtier

magnitude on a linear scal@A. L. J. Freeman, Keet,al., 2020)found that a logarithmic

scale can be less trusted than a linear one, although there are logarithmic scales in regular

use in medicine, such as the Paling Perspective ealag, 2003)

4.1.3. Can we use words instead of numbers?

There has been considerable research on attempts to use verbal rather than numerical
expressions of likelihood and\serity. Verbal probability expressions are thought to be

more natural for people to produce and easier for them to understand (Budescu & Wallsten,
1987), howeveit has been showthat there canbe substantialvariation in how people

interpret such expressionghe specific likelihood that one person associates with the
LIKNF &S adzyt A1Steeg OFy 06S oAfRf&@ RAFFSNBYy(d o685
1985; Brun & Teigen, 1988) and cultures (élgarriset al., 2013). The same is true of

verbal expressions to communicatee severity of the impact, wheneot only do different
people have a different interpretation of the severity, lpgoplealsoview the probability

of an eventas being greater than it is when the seveofiits impact is high (e.dWebe

and Hilton, 1990; De Brugt al,, 2000; Harris and Corner, 2011)

Several studies have demonstrated that using numerical and verbal (e.g. likely, unlikely)
togetherin communications of probabilistic forecasts can increase the level of
differentiation between the various terms, and increase consistency in their interpretation
(Witteman and Renooij, 2003; Patt and Dessai, 2005; Budescu, Broomell and Por, 2009;
Budescu, Por and Broomell, 2012} has been argued that the way that people react
psychologically to numbers and words is different, with words eliciting a more emotional
response, and hence that adding a verbal descriptor of the uncertainty alongside the
numbers can help people respoidindschitl and Wells, 1996Budesciet al., 2014)
demonstrated that using such verbalimerical formats increased the alignment between
GKS Lt/ / Qa O2YYdzyAOlI GA2Yy 2F A1 StAK22Ra 2F ¢
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FdZRASY O0SQa AYOSNIINBGFGAZ2Y 27F (KSHowevelBaJ A OF (A
study examining the effects of four types of probability expressions: verbal (e.g. unlikely)

numerical (e.g. 20%) and two expressions combining the two but in different orders (e.g.

unlikely [20% likelihood]; 20% likeliho@ahlikely]), (Jenkins, Harris and Lark, 2018)

cautioned against blanket usageafmbinedverbalnumerical expresions, suggesting that

such combinatorial approaches may be subject to an extremity effeciple interpreting

the verbal terms to mean a probability outside that of the numerical range indicabedl)

numericatonly statements are less subject tti.should also be noted thatumerical
SELINBaarzya Oly |tfta2 65 AYISNILINBGSR RAFTFSNBY
about the base rate occurrence of the event in question @¥jndschitl and Weber, 1999)

It is important for communicators to be aware of the pot@al impacts of all these different
ways of communicating the same information, else the interpretation by the audience
might be substantially different from that which was intended.

4.2. The challenge of dynamically varying risks

There is a lot of informatioto get across when it comes to communicating dynamically

varying risks, and this means their communication may be particularly prone to user

cognitive overload and the influence of biases discussed in earlier sections. Cindse

reduced by careful dégn of communications that use simple, familiar designs and make

use of visualisations as an gippler and Mengis, 2004; Tahal., 2020) Indeed a well
RSaAIYSR GAradzatAralidrzy o0AyOfdzRAY3 YILBAO OFYy
concise summary of data and even reveal hidden patterns in(@#p&us and Hollands,

1999; Tufte, 2001; Smerecrek al., 2010; Spiegelhalter, Pearson and Short, 2011)
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4.2.1.

How graphics can help

Visualisations or graphical
depictions of information
can reduce cognitive load
in seeral ways. Firstly,
they provide external
storage of detailed
information, allowing
internal representations to
be sparserather than a
detailed replica of the
information being
communicated (Hegarty,
2011; Pylyshyn 2003; Scalif
& Rogers 1996; Zhang &
Norman, 1994). Secondly,
they provide spatial
organisation of information
(Larkin & Simon, 1987),
facilitating visual search
and mental integration
(Hegarty, 2011). Thirdly,
they can map norvisual
data onto visual variables,
allowing patterns or

d SY S NBSHIIdzNS 2
detected by the visual
system that are more
salient (i.e. attract more
attention) than the
individual data themselves
(Pomerantz & Pristach,
1989), so offloading

cognitive processes onto

Types of visual display
Visuaispatial displaysanbe g K I (i A &oni@MlafioSakbr W
Hybrid{Hegarty, 2011).

Iconic displaysre representations of objects that are actual visual
spatial objects themselves, such as technical diagrams of a machir
road map, or a map of the London underground. They are often
simplified by comparison to theeal object(s), and as such can provic
potentially misleading distortions of reality, such as missing out cer
details, or distortinganydistance information depicted (Hegarty,
2011).

Relational displayare those that represent abstract relations betwes¢
things that are not themselves spatial and/or physically tangible, su
as a scatter plot to represent the correlation between height and
weight, or a tree diagram to represent phylogenetic relationships
between species (Hegarty, 2011).

Visualspatial displaysanbe a hybrid of these two, in that they
represent actual real world entities in addition to more abstract
properties, such as a map of Europe (iconic display) that shows
temperature or wind sped as a gradient of colours overlaid (relation
display)(Hegarty, 2011)

Eachof thesetype of displaycanbe made more complex by the
addition of different parameters, such as different sections through
brain MR, interactivity to allow rotation, zoom, the adding of layers
pop out text to provide additional information upon click, or a serieg
panels @ animated maps depicting change through tigkéegarty,
2011) (Tversky, Morrison and Betrancourt, 2002)

perceptual ones (Scaife & Rogers, 1996). In tushglocess can facilitate comprehension

by reducing the number of inferences it is possible to make from the represented data by
constraining properties of a visualisation to rules of logic, for example if object A is
visualised within object B in one pdrd a diagram, and object B within object C in another
panel, it is logically impossible that object A be bigger than object C (Scaife & Rogers, 1996;
Hegarty, 2011). Finally, in a similar vein, interactive visualisations can offload cognitive
procesgsonto action, such that internal computations are instead replaced by external
manipulations of the visualisation (Card et al. 1999) for example by allowing people to
change the orientation of an object without having to rotate it mentally, or allowingaghoi

in filtering ofwhichinformation is displayed (Kirsch & Maglio, 1994; Schneiderman, 1994;

Hegarty, 2011).

27/11/2020

26



RISE i Real-Time Earthquake Risk Reduction for a Resilient Europe

42.2. Dashboards

Dashboards are a graphical way to bring dynamic data together visually in such a way as to
help people recognise patterns and anomealquickly and easifyBrath and Peters, 2004;

Few, 2006)Although inspired by the dashboards of cars, trains and planes they are
designed to help people navigatgmhmic data rather than a moving landscape. A classic
early use was for stock market displays, but they are now used across many business and
datamanagement situations. City dashboards are a relatively new phenomenon: publicly
displayed graphical dashbatw that display constantly streaming data about the local
environment from both sensors and official information and cresedirced datgStehle

and Kitchin, 2020)Because they are designed for a public audience and change over time in
a geographical area, their design is perhaps of paldr relevance to displays of seismic
information. The audience are not simply passive recipients of hazard forecast
communication; increasingly, particularly due to the increase in online content access and
social media, they play an active role in itsation, evolution and dissemination and so may
contribute crowdsourced data to any communicatiofidyvarinen and Saltikoff, 2010;
Hugheset al,, 2014; Mors®t al., 2017; McBridet al., 2019)

The principles of dashboard design are like those of any atwmunication: start by
working with the audience to discover what information is important to their decision
making and then iteratively designd evaluag to improve them. However, there are some
other key principles once the right information has besstected(Few, 2006)Firstly,

putting all the information onto one screen (without the need for scrolling) to allow easy
and rapid comparisons of the different displays. Secondly, giving the information enough
context (e.g. displaying time series wheresiimportant to look at relative change through
time, or geographical information where it is important to compare values spatially), and
interpretation (e.g. visually indicating high and low values, important thresholds etc).
Thirdly, reducing excessivetdé or precision: every piece of information that is not
important to making the decision or seeing the pattern that is important (e.g. excess
decimal places, unnecessary axis space) reduces the visual space and the cognitive space of
the audiences for tb important information. Fourthly, carefully choosing the right forms to
represent the data; forms that both highlight the salient information (and the change being
looked for) and that take up the least visual space. Consistent use of the same graphical
presentations can help easy comprehension as the audience becomes familiar with the
graphic. This taps in to the principles of good data visualisation (see below). Finally,
arranging the data in the display in a way that helps the user, with the most peorni
positions given to the information that is needed first/most quickly/is most important, and
using colours consistently.

4.2.3. Graphical representations

There is a vast literature and decades of work on how best to represent data graphically
(e.g.(Tufte, 2001; Ware, 2013The Gestalt principles date to the 194Ugertheimer, 1923)
and have been elaborated on and built on ever sivge.will not review the entire field
here!

If communication is to be successfulmust bothbe easy on cognitive loaahd must also
convey the correct information in a comprehensible way that alloglsvant tasks to be

completed Representations of data that are informationally equivalent are not always
27/11/2020
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computationally equivalent (Larkin & Simon, 1987; Hegarty, 2011). Indeed performance on
different comprehension tasks can vary widely between défeeitypes of display of the

same information, such as graph type, choice of variable assigtto the x or y axis, and
choice of colour or intensity values (e.g. Hegarty, Canham & Fabrikant, 2010; Peebles &
Cheng, 2003; Sanfey & Hastie, 1998; Ye & WickR&8d ; Simkin & Hastie, 1987),

highlighting the need for careful design and evaluation of communications (Hegarty, 2011).

In turn, viewers may fail to encode information relevant to comprehension and task
performance if they are distracted by task irredat information that the communication
makes highly salient (Hegarty, 2011). This not only reduces the efficacy of the
communication but also could be considered to be potentially misleading if viewers are
guided towards incorrect conclusions.

z

Inaddil A 2y (2 G(HKAES LN@DE&EABA 2F OF GOKAY3I || @ASo
O2YLINBKSyaAz2y IyR RSOA&AAZ2Y YIF{Ay3a YlI& |faz2z o
1y26t SRAS o1 SIAFNIe Sid fd wnmnov o Yy2¢tf SRAS

ability to ignore irrelevant information and focus on that which is taslevant (Haider &
Frensch, 1996; 1999), whilst nexpert users are more likely to have their attention
captured by those features of the display that are most salient (Lowe, 1993; 1998). As
such, expert audiences may comprehend communicated information in a different way
from lay-audiences. As aforementioned, the role of emotions, experience and worldviews
can also affect the way in which information is interpreted and decisiomsrmade off the

back off it, adding variation and complexity in audience responses to a communication.

YY26Ay3d 6KIFEG Iy FdzZRASYOSQa o6lFyR AYRADOARdZ f Q&
cultural norms are however, is not always obvious. As disciesdidr, one first needs to

understand who the audiences for their communications are, what types of knowledge they

have about the system being communicated, what decisions these audiences are using the
communicated information to inform, and what informah they see as being most

relevant to facilitate that decision making.

Understanding of visualisations can also be challenged if people need to first learn the
YSFEYAYy3 2F RAFTFSNByG O2YLRySyda 2F | @QAadz A
(Pinker, 1990; Ratwani and Trafton, 2008what taskrelevant interactions with the

Gradz- t AalGA2y FNB LI2aaArAoftS 60S®ad NRUIGAZ2YOX
(DiSessa, 1994). Thus there may be some advantage of using formats that people are

already familiar with, for example using intuitieelours such as blue for water, or red for

danger and paler colours to indicate areas which are g&estrom, Anselin and Farris,

2008; HagemeieKlose and Wagner, 2009; Hegarty, 2011; Thompson, Lindsay and Gaillard,
2015)or using differences in symbsize to indicate different magnitudes (e.g. stronger,
larger)(GaspaiEscribano and Iturrioz, 201 Blthough one should be awaréd oross

cultural variability in these norms. In turn, other forms of communication, for example the

use of narratives or scenarios to communicate risk, can add depth and tone to

communications that might not be possible using a visualisatitowever, tlese should

not be employed blindly, as research in some areas (e.g. healthcare) has indicated how
O2YLX SE GKS STFSOGa 2T yI NNI (mékBgBehkBet 2y LIS2L
al., 2013) Thus careful, audienemformed design of communications and evaluation in

contexts relevant to that audience is essenti#le therefore review what has been

empirically tested in terms of visualisation within each chapfethcs report, with a
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particular concentration on testing of visualisations that may be relevant to seismic
forecasts.

42.4. Icons

Icons are graphical representations designed to remove the need for more-spasaming

and cogpnitivelyintensive text(Ware, 2013)Pictogramsg, WK dzYNByO 2 Iy A 1 | afeS 2
often used as they are memorable and easily underst@uatkinet al., 2016) Most,

however, are not simple pictograms, but are metaphors, representing eeparonly
metaphorically related to the object depicted itself. Both the clarity of the pictorial image
itself (e.g. a waste paper binand the clarity of the metaphor that links that image to the
intended meaninde.g. deletion of digital filedp the gecific audience is criticéCarroll,

Mack and Kellogg, 1988; Gaissmaital, 2012; Borkiret al, 2013, 2016)L F LIS2 L} S R2Yy
easily understand what physical object the imagstipposed to represe@it 2 NJ R2y Qi S| &
understand wilat concept that physical object is a metaphor for, the icon will iedins can

Ffaz2 0S WilF@8SNBRQI O2Y0AYAY Zendek RO0BTaerecalel K A Yy R
many principles of good icon use (Sg®rsythe, 2011jor a review), but as with other

communications the key is atesign and testing with the intended audience.

Qi
(qV]
(0p))

4.2.5. Visuo -spatial displays: Maps

One of the key properties of an effective map display is that it makes information that is

NEBf SOFyld (2 G§KS dzaSEBEtn, 1083;XKdsshyn)I980) 8100kt € & &I f
1999; Hegarty, Canham and Fabriké2@10) Cognitive scientists go some way towards

guiding the viewer towards which information is relevant to their particular task by

attempting to manipulag¢ the salience of conceptual objects, although upon evaluation the

effects of visual salienaan task performance have been mixed (€Fpbrikant, Hespanha

and Hegarty, 2010; Hegarty, Canham and Fabrikant, 2010)

Intuitively we might think maps are limited to displayiggographically varying information,
howeverthey canalsobe useful for displaying temporally varying information fowt just
by animation but also by representing relative rather than absolute valueshaage

Maps not only allow the display of objects at a scale we would not normally encounter (e.g.
a whole country or continent), they also allow multiple conceptual variables to be depicted
at once (e.g. temperature, precipitation, pressure and reathanges in a variety of
variables) by using different visual objects (Hegarty et al. 2080ain careful design is
essential however; aps are commonly used to communicate about natural hazgets,

they are often misunderstoo(lThompson, Lindsay and Gaillard, 2015; Marti, Stauffacher
and Wiemer, 2019)

What information to display: continuous versus categorical

(GaspatEscribano and lturrioz, 201apte that key to good map designnst only careful
selection of the visual aspects of the design itdalit also ofwhich and how many
parameters to be depicted in the first place. In tuitmose parameters and design features
that are suitable for one audience may not be suitable for another. They suggest that the
first consideration about each parameter to be represented is wheithidlows a

continuous (e.g. continuous gradient in tempared) or discrete (e.g. different countries on
a map) distribution, as this will determine hatnmight be represented graphically.
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According to cartographic principles, discrete data are themselves represented differently
depending on whether they repsent absolute or relative valu¢Robinsoret al., 1995;

B.D. Dent, 199). Absolute values are typically represented by proportional (or graduated)
circles, which are single symbols (often circles) whose size varies according to the value to
be represented, although proportional circles can also be used to represenveslat
amounts(GaspaiEscribano and Iturrioz, 2011)his gradation in size tunes into an intuitive
perception that bigger symbols reggent higher (larger, stronger etc) valuekwever,
perceptual biases mean that people find it very hard to accurately assess areas and volumes
(where they need to take into account change in more than one dimension) as compared to
lengths of lines (wheréhey only need to take into account a single dimengjbipkus and
Hollands, 1999)This means that representing absolte even relative)isks by ara of

circles is not likely to lead to accurate perceptions.

A chloroplethmap for

the Emilia 2012
earthquake showing the -
distribution of tweets
reporting damage, from

A OMian

SR N & 7 0
(Cresci et al., 2015F his AR - S T e
actually displays e G &l : TALY dga
absolute valuesynlike " Loprumeor oo esor 1 0000OBI 3. s
strict cartographic T W A AF T O MemnecueiMee
principles

Relative values can additionally be represented usiigropleth maps, which use a

predefined colour scheme to colour discrete geographic units. The decision about the
number of categories and size of class intervals is important for any discretef da¢

categories themselves are artificially imposed; several maps representing the same data can
look very different if they use different interval sizes and numbers of categEmemns,

1977; Cauvin, Escobar and Serradji, 2010; Gaspeibano andurrioz, 2011)

Continuous data can be represented using a continuous gradient of céithuwugh
(GaspatEscribano and lturrio2011)suggest isolines can be useful for representing
continuous datasmooth gradients were liked by participantgBeckeret al, 20192 a ¢ 2 NJ
on earthquake hazard maps as they avoided artificial boundaiékilst less disete than

the coloured polygons that might be used on a chloropleth map, isolines, even if
represented very densely, are often still discrete categories, for example lines connecting
points of equal temperature across a map.

Artificially imposing categories on continuous data deserves a little more discussion. Since
probabilistic hazard assessments have been judged by some to be difficult for lay people to
understand(Mileti et al,, 2004) it has been suggested that it may be better to represent

data for this audience as discrete categories on a map, such agieglium or low
(GaspatEscribano and Iturrioz, 2011While categorisation can be a useful way of

simplifying complex datat O y Qi 0 Shatlcam@irdnerSieh and decisianaking

quality will be enhanced. Categorisation can make data appear more certain and discrete
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than they actually are. As discussed in more depth later in this report, there is evidence
from a variety of disciplines that uncertainty can lead to highedigudecision making if
presented in the right wayRoulstoret al., 2006; Joslyet al., 2007; Mors®t al., 2008;
NadavGreenberg and Joslyn, 2009) turn, if the categories are given verbal descriptions
(e3 @ WK Andhdut &k riurhefidal definition, interpretaon of their meaning can differ
wildly between individualsags previously discussgdThus any decision to categorise data
should be carefully consideredieally with the intended audience (e.g. for some expert
audiences, certain threshold values mayéagarticular significance, e(@eckeret al.,

2019) and its effects evaluated, and at the very least it should be ensured that the
categories are attached to specific numeric definitions.

Using colour

Information on a map can baepicted intrinsically by manipulating attributes of what is

already depicted (e.g. using brightness, texture, colour and transparency (Bretin, 1981), or
animation and extra dimensionality such as making certain points 3D (Gershon, 1998), or
extrinsicallyby adding new objects to the visualisation (e.g. glyphs, arrows, bars or even

overlaid graphs) (Howard & MacEachren, 1996; Gershon, 1998; Kinkeldey et al. 2014).

/| K2AOS 2F SIFOK FGdNROG6dziS Oly KIF@S adzomaidl yial
high contrast ratios and clear colours improve map understan@itagemeieiKlose and

Wagner, 2009)with contrast particularly important for people with colour vision

deficienciefKunz, GréRegamey and Hurni, 2011)

Interpretations of colour are not neutral however. For example, maps depicting the same
information but using different colour palettes can be interpreted differgdty end users
(Thompson, Lindsay and Gaillard, 201Burthermore the choice of how to categorise
different data values using colour or other attributes affeatterpretation. Breaking

different subsetsf data into different colour coded categories may simplify the
representation and make maps easier to understéirdchset al., 2009; GaspaEscribano

and lturrioz, 2011; Marti, Stauffacher and Wiemer, 20I@wever this can atslead

viewers to perceive false dichotomies between the different coloured regions, where in fact
the distinction may be much more uncertgi@mith, 200Q) A continuous representation of

the data (for example by a using continuous transition of colour or hue) may provide a more
realistic representation of the data and its variability, altigh it may be difficult in such
representations for users to attribute specific values to individual datapaintdentify

small changes between values where the difference in colour is only very(Smdrtson

and Vatovec, 2012)

The choice of colour scheme and gradient is critical to avoldiitig perceived boundaries
where none exist, and perceptual biases based on our human colour percdpi®n.
therefore cruciato be aware ofwork specifically in this area, such(&ovesi, 2015;

Crameri, Shephard and Heron, 202Darker colours are typically associated with leigh
values, thus a gradient of different shades of the same colour can convey a hierarchical
order to data; if several different colours are used it may be harder to infer this relationship
(GaspaiEscribano and Iturrioz, 2011pn top of these perceptual biaseslaurs can also

carry intuitive meaning, such as blue for water, red for danger and paler colours to indicate
areas which arsafer(Bostrom, Anselin and Farris, 2008; Hagem#&ieise and Wagner,

2009; Hegarty, 2011; Thompson, Lindsay and Gaillard, 28l6h meanings can be

culturally and contexspecific and so the choice of colour must always be made carefully.
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4.2.6. Animation & alternatives

Animation is, of course, a way of displaying data intuitively through time, espestadiy

combining both geographical change with temporal change. However, it can bring

perceptual difficulties, and must be used carefully (6Beersky, Morrison and Betrancourt,

2002; Harrower, 2007)0ne problem that has been noted in particularhamge blindness

a decreasing ability of the audience to discriminate chanhgaich has been measured on

people viewing animated maps, and which requires careful research and testing of

combinations of colours and brightnesses to ensure that useragisted inidentifying key

changey D2f RA60SNNE YR . | 0GSNEOGGUEE 208 n dpT / @odz ai

An alternative to animation which still provide both spatial and temporal information in an
AyGdzA GAGS gl & Aa @QGAadzZ tAaAy3d WIL e LMecanr ¢ KA OK
also encode temporal informatiofThakur and Hanson, 201@ee below for examples.
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2D and 3D glyphs showing data that changes over both space and time, without animation
from (Thakur andHanson, 2010)

4.2.7. Interactivity

Usercontrol over visualisations and animations is generally considered to be a huge benefit
to understandingHarrower, 2007)

The optimal design and level of detail for one type of user may be very diffenthat

for another, and focus groups on operational earthquake forecasting comment how they
appreciate a range of presentatio(Beckeret al., 2019) although there is currently a

dearth of empirical evaluations about multiple fornsadind interactive displays.

Interactivity allows customisation by the individual user of various aspects of the
communication: switching between different formats, drilling down for deeper levels, and
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changing parameters on maps and graphics such asvadtelassification, colour scale (e.qg.
colour deficiency scales), geographical unit definition, and the addition or removal of other
visualised parameter@Cartwright, 1997; Miller, 2007; Petersen, 2007)

In :ome cases, however, nenteractive animated graphics are preferred by users to get an
overview, with interactivity only added when theye likely to want more detai{Slocumet
al., 2004)

Of course there is always a tradf between increasing optiorsnd interactivityand

overloading the user with visual informatiofhere is also something callédk S Wa LJ A
FdGSyaA 2afisedbipIkibdriuseEto entally integrate disparate sources of
information (Mayer and Chandler, 20Q1)his can easily be caused by interactive displays,
asusersare havingto learn to bothhow they are supposed tmteractwith the displayand
simultaneouslytake in the information being presented to them. As with everything, it is
necessary to test individual communications with their intended users.

4.3. The challenge of high uncertainty

Many scientists and poliapakers have concerns about communicating uncertainty, fearing

it may cause misunderstanding, bias interpretations, undermine perceptions of

ONHZA G 62 NI KAYSaa 2NJ ONBRAOGATAGES S@21% yS3alk Ga
undermine the quality oflecision makingFischhoff, 2012; Manski, 2018; Dryhurst, van der

Bles,et al., 2020; Hullman, 2020; van der Bigsal,, 2020) Nevertheless, some suggest that

there may be positive effects of communicating uncertainty, suggesting that communicating
uncertainty inherent to scientific information may build trust in institutsothrough

demonstrating trustworthines® h Qb SAf f T HAMMD U

Of course, we have already discussed the use of probabilistic terminology (either in
numerical form, or as both words and numbers), which seems to be broadly accepted by the
public in the context of wather forecasting, at least, as there appears to be an implicit
acceptance of aleatory uncertainty when talking about the futiiM®rsset al., 2008; Joslyn

and Savelli, 2010)

Several studies have begun to evaluate different formats of communicating epistemic and
aleatory uncertainty, antb examinefor possible negative effects. Many of these have
looked at the effects of communication of uncertainty on perceptions of trust. Some
demonstrated positive and negative effects on tr(isig.(Johnson and Slovic, 1995, 1998)
and others have shown that effects break doactording to particulaaudience
characteristics such aglucation leve(Schapira, Nattinger and McHorney, 200i)merical
ability (e.g.(Dieckmann, Peters and Gregory, 2Q1&hd prior beliefsabout a topi¢

particularly when contested or culturally relevant (g Babinovich and Morton, 2012;
Dieckmanret al,, 2017). However elsewhere studies have demonstratediegative
effectsof communicating uncertainty on perceived tr&uhn, 2000; Han, Klein and Arora,
2011) Othes still have shown positive effects, where communicating uncertainty is

I OlGdz ff& Faa20AF 0SSR ¢6A0K KAIKSNI £ SgSta 2F ON
accuracy(Joslyn and Lé€lc, 2012)

In a comprehensive studyn members of the public (including a field experiment on the
BBC website) examining the effects of communicating uncertainty on the trust in facts and
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numbers,(van der Blegt al,, 2020)tested the effects of using words and numerical ranges
to communicate uncertainty about topics such as climate change and immigration. They
demonstrded that whilst some verbal expressions of uncertainty can undermine
perceptions of trust, communicating uncertainty numerically only had a very small impact
on trust in the numbers, and none on trust in the communicators.

Several studies have examinecktafficacy of different types of visual communications for
serving audience comprehension. There is evidence that visual depictions of mean and
error that use gradient plots and violin plots may yield interpretations that are more
statistically valid thasimilar communications using bar charts with error béitsrekk and
Morgan, 1987; Newman and Scholl, 2012; Correll and Gleicher,.2(@4dhwandtneet al.,,
2016)have studied the same formats when used to reprégemporal uncertainty along a
timeline. They found that participants disliked the gradient and violin plots, but gradient
plots best represented the statistical uncertainty. Other studies have shown that mean and
error summary displays can often be misirpreted, by both the public and experts (Belia

et al. 2005; Newman & Scholl 2012; Savelli & Joslyn, 2013).

Another approach to visual communication of uncertainty is an ensemble display,
commonly used in epidemiological, weather and storm forecastirgg [irricane track

6adzOK Fa WwWO2ySa 2F dzyOSNIFAyidieQ 2y Yl Lk
extensive work on hurricane uncertainty.ge(Ruginski eal. 2016; Padilla et al. 2017))
NEBOSIFtAYy3d GKIFIG 020K GKS &adzyyYlF NBE wO2ySaoQ
misinterpretations, and work is ongoing to decrease these through rede@Rauslia,
CreemRegehr and’hompson, 2020)We review this work in more detail later in this report.

WEALI IKSGGA L 20aQ F2NJ 3S23aNIF LIKAOFE dzy OSNI |
oy
Iy

(Dryhurst, van der Blest al,, 2020)examined the effects of communicating uncertainty
around line plots in forma such a$an charts or gradient plotdJsing data series about
COVIBL9, migration, unemployment and election polls, they demonstrated that this
uncertainty communication did not generally have any effect on audience comprehension,
nor on their trust in the data or data providers. Encouragingly, the study also showed that
dzy OSNIFAyide YIe& AYyONBIasS LIS2Lx SQa ydz yOS

Another type of uncertainty ensemble displayanimated form is a hypothetical outcome
plot (HOP), and such visualisations have been shovpeitimrm better than intervaistyle
visualisations of error bars and violin plots when people are making judganadait
multiple quantities, potentially improving ability to estimate outcome variability and
interpret effect sizes(Hullman, Resnick and Adar, 20Hsifman, Goldstein and Hullman,
2020)

Alongside the quantified/quantifiable uncertainty (such as the probabilities or the ensemble
of models) is the unquantifiable uncertaintythe quality of the underlying evidence that

led to the model. This encomasses so much uncertainty in the field of seismic forecasting,
(a relatively young field, working on very incomplete data, with many theoretical
assumptions underlying the modelling) that it is particularly important to try to
communicate it. It is perhapthis kind of uncertaintg and the difficulty of communicating

it ¢ that is of most concern to forecasters.
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{SFaz2ytrft OfAYIGS F2NBOFadSNBR Ay GKS ! { adl ds
has performed over historical time) of theirrBrasts alongside theifBarnstonHe and

Unger,2000) Researchers healthcaredo a qualitative,subjectiverating of the quality of

evidenceand communicateit viaa 1-5 scale(Oxmarnet al., 2020; Santesset al., 2020) and

othersin different fieldshavesimilarkindsof subjectiverating systemgPuttick,2018)

Unfortunately, work on evaluating the effects of these attempts to communicate underlying

quality of evidence is in its infancy. Wdtkchneider, Freeman and van der Linden, 2021)

KFa akK2gy K2g ONXzOALl f & dzO kmakiggFapd\idattieA 2y A& Ay
assumptions from public audiences are often that scientific evidence is of higher certainty

than it actually is, so it will be particularly critical to work out how best to communicate the

low certainties that seismic forecasters have in their probabilfstiecasts.

4.4. The challenge of misinformation

wSaSINOK Ayil2 K2¢ o0Sad G2 O02Y0l 0 YAAAYTF2NXNI G
one. Indeed, misinformation can often be immune to pbet correction or retraction.

Under such circumstances people nfald on to the misinformation they have received

and integrated into their belief system, known as the continued influence efteobk,

Ecker and Lewandowsky, 2015; Cleaal., 2017; Walter and Tukachinsky, 202ZIhere had

Ffa2 0SSy O2yOSNYy GKFG O2NNBOUAZ2Y 2F YAaAyT?2
whereby the repeating of the misinformative statement during correction actually

reinforces the strength of belief in that misinformatigbewandowsky, Ullrich K.H. Ecketr,

al., 2012) resulting in recommendations to communicators that they should try not to

repeat misinfemative statements in any correction attemptisewandowsky, Ullrich K.H.

Eckerget al, 2012; Peter and Koch, 2016; Schwarz, Newman and Leach, Boi@ver,

there is little evidence for the backfire effe@cker, Lewandowsky and Chadwick, 2020)

and some studies suggest that repeating a piece of misinformation alongside the correction

is actually more effective than a correction that did not repedCiameroret al., 2013,

Ecker, Hogan and Lewandowsky, 2ahts even if correction desnot work, repeating the
YAAGAYTF2NXIGAZ2Y O2yiSyld 6AGK GKS O2NNBOGAZ2Y &
strength of belief irthe misinformation(Ecker, Lewandowsky and Chadwick, 2020)

This research was reinforced bytady by(Whitney, Lindell and Nguyen, 2004)the

earthquake literature that demonstrated that corrections of myths about earthquakes (such

as that they can be predicted) were more effective when they used 8 I NI KIj dz { S Ye& i
GSNBRdza Tl Ol aé¢ T2 Ndforinat thét Hesailed dadhguakie ka&stalonizi 16 R
further encouraging researclicker, Lewandowsky and Chadwick, 2080hd no negative

effect of a correction that contained reference to a misinformation statentbat was

novel to the reader i.e. corrections may also be useful prior to exposure to the

misinformation in the first place, and not just pdsbc.

It is worth noting here that this research may have some releg#m postalert messaging

after warningshave been issued. Rapid communications of corrections or explanations by
alert issuers if the alert turns out to be a false alarm or needs updating in any way has been
highlighted by several authors to be an important component of engendering trust in
organisations managing the crigSovello, 2003; Seeger, 2006; McBrdal., 2020) It is
encouraging that such po$toc communications and corrections may not reinforce beliefs

in the original warning that was issued, and thus may serve their purpose of keeping the
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population informed and engendering trust. Such corrections by official sources have been
shown to be highl effective in debunking misinformation around natural disasters
(Takayaswet al., 2015; Hunt, Wang and Zhuang, 2020)

In a slightly different approach, an area of research that shows great promise when it comes

to reducing the influence of misinformation is the idea of inoculating against it. Inoculation

theory was originally conceived of BWcGuire, 1970k y +y GG SYLIG G2 a @l OcC
propaganda. Just as an immunological vaccine mayepngtively confer protection against

a particular pathogen, inoculation theory argues that by-preptively presenting someone

with a weakened version of a misleading piece of information, immunity to the hctua
misinformation may be conferred by the weakened version triggering a thought process

F1AY G2 | Odz A @I (@Ea&npton22D130vahSler Limdén ahdy G A 6 2 RA S & ¢
Roozenbeek, 2020)Evidence has acad that inoculation approaches can confer

resistance to misinformation about heal{€ompton, Jagon and Dimmock, 2016politics

(Pfauet al., 2001)and even highly contested issues such as climate change and immigration,
where people often have strongly hetdl ideologicallyinformed prior belief{Cook,

Lewandowsky anécker, 2017b; van der Lindehal., 2017b; Maertens, Anseel and van der

Linden, 2020; van der Linden, Panagopoulos and Roozenbeek, 2020)

One possible weakness with these earlier inoculation attempts is that they rely on passive

reading of informatn in order to confer the desired resistance, whereas active and

experiential processes are much more conducive to learning. In turn, there is the issue of

how to scale inoculation theory; it would not be possible to-praptively refute every

individualfake news story that ever came alofgn der Linden and Roozenbeek, 2028)

solution developed byRoozenbeek and van der Linden, 201®ozenbeek and van der

Linden, 2019bjs using gamification; the authors developed a series of games that allow
participants to play the role ad fake news producer or a twitter user, charged with

attracting followers by sharing fake news onlirfelayers are exposed to weakened doses of

fake news by having them actively generate their own content in order to gain followers and

gAY GKS 3IFLYSo ¢tKS a. R bSgaé¢ 3IILYS F20dzasSa 2
fake news stories, such as impersonatoapple online, building echo chambers and using
SY2GA2y Lt fFy3adzad3S Ay 2NRSNJ (2 O2yFSNJI ONRBIF RS
conferred by earlier passive and topic specific approacli@eozenbeek and van der

Linden, 2019aintegrated a prepostsurveyd S& G Ay G2 GKS I YSsE (Saday
identify fake news items before and after playing. They found that the game significantly

reduced players beliefs in several of the key fake news strategies. A similar game has been
developed byBasol, Roozenbeek and van der Linden, 2628jtempt to combat

misinformation about COVip OF f £t SR aD2 +ANIfE€T 2y 0SS Syz2dAa
researchers will run similar analyses to ascertain whether this game is successful in

conferring resistance to misinformation about CO\MD
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5. Best practice I n communicat
andl i mate forecasts

Weather forecastbiave a long and venerable history, so forecast professionals have

developed a solid understanding of their different audiences through research and
SELISNASYOSe ! fiK2dAK a42YS 2F GKSANI O02YYdzyA Ol
to change sometimg that everyone has become used to), they have developed many ways

to overcome the problems of communicating uncertain forecasts, over wide geographical

areas, that constantly change through tinli@ngterm dimate communicators have also

gaineda lot ofexperiencan dealing with misinformation.

In this review we have separated everyday weather and climate forecasts from storm
forecasts in particular, which have a different focus.

5.1. What is being done in practice

Weather and climate services have seenidagevelopment in recent years, in part due to
technological developmenis meteorological observation and modelling, and in
telecommunications in gener@Deconinclet al,, 2017; Nkiakat al., 2019) (Vaughan,

Dessai and Hewitt, 20183viewed over 100 climate services and found that a typical service
was produed by a research institute, often in conjunction with a national meteorological
institute, and operated at a national scale to provide seasonal climate information
(sometimes paired with weather forecasts or longer term climate information)
communicated ohine, mostly to agricultural decision makers. The authors note however,
that there was a lack of empirical evaluation of the effectiveness of communications by
existing climate services.

5.1.1. Communicatingspatially dynamic information

Everyday wather forecatsare often designed to show the weather pattern over a
geographically broad area. This not only allows the forecast to be relevant to a large
audienceg useful for a broadcasir geographicalhwidely-distributed medium¢ but also
allows the audiencestget an understanding of the prevailing weather pattern (and hence
to develop their own feelings about the certainty or uncertainty of a forecast in one
particular location).
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As isfamiliar to most, weather forecastdten use a map (or series of maps), each showing

an average forecast for a single timepoint (such as a day) at a variety of locations across the

map. There is usually little probabilistic informatimnthis type of diplay. One challenge is

choosing the resolution of the forecast that suits the audience (or the uncertainty in the

forecast itself). This is a problem more acute in storm forecasting, and is covered in that

chapter.

Of coursewhere animation is possibleynamic change across the geographic @heaugh
time can be illustratedhy showing multiple maps one after the other.

Seasonal climate information, however, is often communicated in terms of relative risks. For
example, the US Climate Prediction Centenich provide seasonal forecasting (mainly for
agriculture), use colours and isobars to illustrate their forecasted temperature and
LINBOALIAGIGA2Y RS@GAFGA2ya FTNRBY Wy2NXIFEQ F2NJ C
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bh! ! [ fAYIFGS t deBsBhaldiedast ised By fglichltuial Pproducers and
water supply professionals showing the predicted relative difference from seadghal N | { Q
valuesover a 3month period (NDJ = November, December, January).

These seasonal forecast maps cannot galigplay uncertainty or detailed quantitative
AYF2NXYEFGA2Y D C2N) GKIFGX GKS / SYdSNJ LINPRdAzOS &
or via an interactive calculator. The maps are also accompanied by a text description,
including text designed fax nonexpert audiencégsee below)

SELECT A CLIMATE DIVISION POE CALCULATOR

Climate Division: Eastern New Mexico

PERCENTAGE

10 20 30 40 50 60 70 80 %

RESULTS
CLIMATOLOGY IRECAS!

1.3 0.7

Prognostic Discussion for Long-Lead Seasonal Outloocks
NWS Climate Prediction Center College Park MD
830 AM EDT Thu Oct 15 2020

SUMMARY OF THE QUTLOOK FOR NON-TECHNICAL USERS

La Nina conditions are present across the equatorial Pacific Ocean, as
represented in current oceanic and atmospheric observations. La Nina conditions
are likely to continue through the Northern Hemisphere winter and into Spring
2021.

The November-December-January (NDJ) 2020-2021 temperature outlock favors
above-normal seasonal mean temperatures for a majority of the CONUS and for
northern and western parts of Alaska. The greatest probabilities (larger than
60 percent) are forecast for parts of the Southwest. Below-normal temperatures
are most likely for areas of southeast Alaska, the Alaska Panhandle and parts
of the far Pacific Northwest.

The NDJ 2020-2021 precipitation outlook depicts enhanced odds for above-normal
seasonal total precipitation amounts for Alaska and parts of the Pacific
Northwest, northern Rockies and northern Great Plains. Below-normal
precipitation is most likely for much of California (slight tilt in the odds),
stretching eastward to include the Southwest, south-central Great Plains, lower
Mississippi Valley and Southeast.

Equal-chances (EC) are forecast for areas where probabilities for each category
of seasonal mean temperatures or seasonal total precipitation amounts are
favored to be similar to climatological probabilities.

BASIS AND SUMMARY OF THE CURRENT LONG-LEAD OQUTLOOKS
Note: For Graphical Displays of the Forecast Tools Discussed Below See:
http://www.cpc.ncep.noaa.gov/products/predictions/90day/tools/briefing

5.1.2. Communicating temporally dynamic information

As mentioned above, it is possiib communicate dynamic geographical information to
some extent by simply animating maps, ot audiences only interested in the fecast for
a particular locationapps and other very localised information sourceg (e local town
newspaper) can dispense with the need to cover a wide geographic area and instead
concentrate on giving more precise temporal information. Thais be given without
uncertainty (in a deterministic format), @rincreasingly commonlg given in a probabilistic
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form.! addzRé AY HamnI a0G2LILAY3I LMot AO 2y GKS &
weather forecasts were the preferred format, pexlarly for the unde#d0s(Abrahamet al.,
2015)
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5.1.3. Communicatinguncertaininformation

As with all forecasts, weathend climateforecasts are inherentlyncertainin nature.

However, they are oftefat least higorically)communicated in aeterministicway (eg.

OKNRdzZZK AO2ya AYRAOFUGAY3I NI-AKID® FRY ONES FidkiSaNet
audience, it is particularly important that treudienceunderstand theuncertainnature of

the forecast.

One of the major challenges is thus how to communicate uncertainty in a comprehensible

glre GKFIGd R2SayQi dzyRSNXAYS GNUzAG 2NI I OGA2YIl 06
Meteorological OrganizatiolWVMO, 2008) the US National Research Cour®iRC, 2003)

and the American Meteorological Sociefiifschberget al., 2011) that weather forecasts

should incorporate forecast uncertainty, throughout Europe, mediaamtiences have

traditionally been accustomed to deterministic communications about weather (e.g.

tomorrow it will rain or tomorrow it will not rainfZabiniet al,, 2015) and many experts are

reluctant to communicate this uncertainty to the general pulflioslyn and LeClerc, 2013)

Despite this, there is argument that people understand that weather forecasts are uncertain
even when ths information is not made explicit to them, and that they already assign their
own degree of uncertainty to these forecasts, which may be less accurate than assessments
users might make if provided with a probabilistic forecast upfront (@/prsset al., 2008;

Joslyn and Savelli, 201@\&@lli and Joslyn, 2012)

There has been an increased use of probabilistic communication in weather forecasts, but

this can clash with the old deterministic use of icoRisere is a concern amosgme

forecasters that if, for example, it rains whilsiet prediction was of a low probability chance

2T NI AY 0 yvks notuSed) WriNst couldbe und@Bnyhed as the forecast is seen

Fd WoMNBYIYXP GKSY>S @2dz aSS | WNIAYyQ AO2y 0SAY
associated with it is low.
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Aswell as conveying uncertainty, probabilistic information is particularly useful in a
dynamically changing context as it allows a gradual changing of the probabilities without the
sudden switching caused by using categorical, deterministic communicatgrcf@nce of

rain at a particular time

@) Global average surface temperature change

can change from 20% to L lrelative to 1986-2005)
40% to 60% as that time 77 2 -
approaches, without o] /{
changing suddenly from ] . i
YWy2 NIAYQ ¥ 0 f ™ 7 -
WNI Ay Q F2NB o o i 7 T 8

) Global average _suriace temperature change weanower (€) Northemn Hem_isphere Mean over
When it comes to .  (relative to 1986-2005) 0812100 September sea ice extent 2081-2100
climate forecasts, . i
specific quantified g ] i E 15,
uncertainties are more o - i ‘5& g
commonly , , SR : -
communicated. These 2000 s 20 o Y gl -t 5
can be either in @ e et o0s vemover (@ Global surface ocean pH —
projections on graphs ’ ' e ' e
(see right) or in some | ] . N -
form on geographical = 04 E 5?8_ o E_
representations 02 4 A eg

uzuou EUISU e g 762000 ZU[SU o =
Year Year

IPCClimate change forecastsder different scenarios,
including uncertainty around these foresta(IPCC, 2014)

5.1.4. Forecast skill scoring
lf 0K2dzAAK y28 RANBOGfe NBfFGSR (G2 K2¢g (KSe& O2
that weatherand climateforecasters are trained using forecast skill scoring, such as Brier
scoring, which is a system designed to punish @afident wong forecasts (through

calculating the mean square difference between the predicted probability assigned to an
outcome and the actual outcome).

As a very simple examp{@/ikipedia, 202Q)suppose thata forecastelis forecasting th
probability Pthat it will rain on a given day. The Brier score is calculated as follows:
1 If the forecast is 100%°€ 1) and it rains, then the Brier Score is 0, the best score

achievable.
1 If the forecast is 100% and it does not rain, then the BriereSisol, the worst score
achievable.

1 If the forecastis 70E 0.70)andiNJF Ay as> (GKSyYy GKS2=z00% SNJ { O21
1 In contrast, if the forecast is 70®+£ 0.70) and it does not rain, then the Brier Score
Ad o0 AHOHMAL N0
1 Similarly, if the forecast is 309« 0.30) and it rains, then the Brier Score is
0n d®AGLR.0
1 Ifthe forecastis50%°( ndpn0X GKSY (KZ0n0NMIFE&NBHO02NE A
regardless of whether it rains.
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There are a wide range of forecast skill scoring systeovg probability eventpresent a
challengeput sse:
https://www.cawcr.gov.au/projects/verification/#Methods_for_rare_events

TheW a {ekel of a@Qlimateforecast(i.e. how often that forecastis accurate over historical
time) is often displayedalongsiddt asa way of communicatinguncertainty(BarnstonHe
and Unger,2000)

5.1.5. Choosing an appropriate level of detail/precision

Expertswheninterviewed expressed conceroverthe level of detail included in weather

forecasts, e.g. hourly forecasts. Their worry was that showing such detailed information

could lead to false perceptions of accuracy. Indemek of the challenges of the forecaste

GKSe FStidz 61a wiz2 Yryl3S GKS | dzZRASyO0SQa SEL

However, with many competing and commercialised outlets for weather forecasts, the

W N¥Ya NIFIOSQ YSIkya GKFEG NBRdAzOAY3I (GKS FY2dzyld 2
communication of such uncertaintg difficult as competitorsnight not do so and hence

couldbe more popular.
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Case study: weather forecast communication in UK Met
Office

The UK Met Office produce forecasts for use across a wide spectrum of media as well as
audienceganging from the general public to specialist professionals who wantiange or
detailed geographical forecasts.

They use layered communication, with the tgvel message being eithardaily or hourly
forecast (depending on medium and sometimes aadéfcontrolled by individual users)
including temperature and likelihood of precipitation as the default main messages. They
produce both maghased (geographygentric) and locatiorspecific (timecentric) outputs that
are designed to be useable by diffeteoutlets.
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Change in space and time

On the UK rainfall mgphe rain is displayed showing the last 6 hours as well as the forecast i
the next 24 hours. This helps people visualise the movement of the rainstorms and have a (I
understanding of the forecast.

For each type of information, further information is available that can involve behavioural
recommendations or threshold measures

7 7

Y aSi hFFAOS O2yidQR

19:50 © R viRY n 1037 MO ® M +

& UKrainfall map “

Eastohours m

Key to UV exposures

Category definitions and protection
required:

I B Low - None. You can safely stay outside

Peterborough
n M Moderate - Take care during midday

E[y hours and do not spend too much time in
the sun unprotected.

Camendge High - Seek shade during midday hours,
cover up and wear sunscreen.

m Very high - Spend time in the shade
between 11 and 3. Shirt, sunscreen and
hat essential.

t Albans Chelmsfor@ 3 Extreme - Avoid being outside during
midday hours. Shirt, sunscreen and hat

essential.

Today 20:00 BsT [

. 21:00 22:00

5.2. Wh at is known about the effects on the
audience?

5.2.1. The right information?

In 1993, a winter storm hit the Eastern US with such force that hundreds of people died,
from exposure, heart attacks as they shovelled snow, road accidents and falling trees. The
Weather Channel, a 2Z#hour weather service had been broadcasting strong warnings and
forecasts of the storm in the run up to it hitting the region. Why had so many people died,
seemingly caught unawares? Téreannel called in risk communication expert Baruch
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Fischhoff to investigate. In a characteristically insightful piece of {éidchhoff, 1994)he
identified that it was not a problem of the public misunderstanding that bad weather was
forecast. What seemed to be a problem was understanding what that weather meant for
them. What killed people was the consequences of the stpthe driving condions, the
disruption of the transport system or electricity supply, their attempts to shovel snow. The
hazard was communicated, but not the risks associated with it.

Despite the maturity of weatheasind climateforecasting as a communications exercise,
research suggests that a gap still exists between what scientists think is useful information
and what users actually find usable for their decision makimgnos, Kirchhoff and
Ramprasad, 2012; Klemm and McPloers2017y Yy R a2 0ASGeQa YvYzal odz
particular are not benefitting from improvements in forecasting capa@iiset al., 2019;
Nkiakaet al,, 2019) This highlights the need to work with keydiences of weather and
climate communications globally, to design communications that are comprehensible and
trustworthy for users, and that serve their localised decision making needs. There is
considerable evidence that climate services that arelegeloped between producers and
their audience are those which are masgteful(Dilling and Lemos, 2011; Steyratral,,

2016; Vaughaet al.,, 2016)

5.2.2. Do people understand the information?

Another challenge associated with the rapid development of Wweatind climate services is
that users potentially have access to vast amounts of information that they did not
previously(Morsset al,, 2017) making it difficult to process and to sort task relevant from
task irrelevant information.

Use of icons and symbdisis been a popular way of trying to simplify weather forecast
information and increase its accessibility by the audiefkceelirg, 2010; Zabiret al, 2015)
However, a large survey of the public in the Italian region of Tus¢dapiniet al., 2015)
demonstrated fundamental misinterpretations of common weathemg@s dida study on
NorwegiangSivleet al., 2014) suggesting that such an approach may not be as effective at
communicating meteorological information as its prevalence might sugg£abiniet al,,
2015)note that these misinterpretations might be reduced by providing tfexsed
explanations to accopany the images.

In what seems a sensible hypothegldegarty, Canham and Fabrikant, 2040ygested that
YI1TAYy3 GKS AYyTF2NXVIGA2Yy Y2ad NBESOryd (2 | dz
information in weather maps might help their decisioraking. For example, if a weather

map shows both temperature (using a colour coded heat naaal) pressure information

(using isobar lines), but the task the viewer has to do relates to wind speed, then pressure
information will be more important to them than the temperature information. A
communicator can adapt a weather map to accommodate lilgisnaking the pressure
information more salient, perhaps by emboldening the isobars and reducing the intensity of
the temperature heatmap. Despite the apparent logic of this approach, evaluations of its
efficacy have been mixed, with some studies showisgal salience improves task
performance provided users have been trained in meteorological principleqKegarty,
Canham and Fabrikant, 20)0ndothers shoving no effect of visual salience, either before

or after training (e.dFabrikant, Hespanha and Hegarty, 2010)
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5.2.3. Do people understand the uncertainty?

Large studesin the US (overd00 participantseach showed thabver95% of thee

participantsinferred uncertainty in weather forecas8 @Sy 6 KSy A0 gl Ay Qi 0 S
communicatedMorsset al,, 2008; Joslyn and Savelli, 201Dhey also insctively realised

that shorter leadtime forecasts were likely to be more certaf significant majority also

preferred uncertainty to be communicated and likagercentage, probabilistic format

when given a choice, as well as a concise context foertaiaty if there is one (g. the

presence of a cold fronivhose movement is not easily predicted asahchange the

temperature forecast from one extreme to another

ltiswellSa Gl 6f AAaKSR GKFG GKS Lzt AO R2y QU Ay dSNL
forecasters intend, and indeed that forecasters themselves can differ in interpret@den

Elia and Laprise, 2005; Gigereneeal., 2005) Much of the issue gpears not to be with

GKS LINRPOFOAfAGE AdGaStTsy odzi ¢6A0GK GKS S@Syd
OKIyOSQ NBFTSNJ (G2 + 3IS23INILIKAOFET I NBF 20SN 6K
would rain, or the chance of rain occurring or notiparticular location etc? Thus, being

clear about the event described may be the KEischhoff, 1994; Handmer and Proudley,

2007; Joslyn, Nadayreenberg and Nichols, 2009; Juanchich and Sirota, 2016)

Despite expert concerns about communicating probabilfstiecaststhere isalsonow

evidence that people make higher quality decisions based on forecasts that communicate
numeric uncertainty estimates than they do based on deterministic forecasts or explicit
advice. For exampl@oslyret al., 2007)demonstrated that people made more accurate
decisions about whether to issue a wind speed advisory when using a forecast that included
probabilistic information than when using aquvalent deterministic forecastNadav
Greenberg and Josly(2009)found similar results for participants making a decision about
protecting roads against icing, as @Rloulstoret al., 2006)looking at decision making

based on temperature forectsand (Morsset al., 2008)on precipitation

This may eem at odds with earlier cited research suggesting that people do not

comprehend probabilities, particularly small probabilities, very eeli. Kahneman and

Tversky, 1979; Stone, Yates and Parker, 1994; Rottectstaead Hsee, 2001; Hertwag al.,

2004) However agJoslyn and I@lerc, 2013y 2 1S3> (KSaS addzRASa SoI t d:
LISNF2NXYIFyOS O2YLI NBR (2 | WNIdGA2ylLEQ adl yRIN
performance between forecast communications that do not communicate any uncertainty

and those that do. Indeed, in an earlgtudy(Joslyn and LeClerc, 20EXamined decision

quality regarding road salting based on probabilistic compared to deterministic forecasts

across a variety of different forecast@dobabilities of freezing temperatures. The rational

choice was to salt the road whenever the probability of freezing was at or above 17%, and

the study showed that decisions using the probabilistic forecast were significantly closer in

value to what theoutcome would be under purely rational conditions. In further

SyO02dzN)y 3Ay 3 NBadzZ §a FNRY GKA&a &adGdzReéx LI NI AOA
were higherthan they were in the deterministic forecast.

It should be noted however, thatia condition where the forecast of freezing was just
above the normative threshold of 17%, decision making using the probabilistic forecast was
poorest in quality; people chose to salt the roads only 35% of the time. The provision of
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decision making ade® improved the quality of decision making up to a value of 49%,
however the authors argue that for high impact, low probability events, where action may
need to be taken even where the absolute probability of the event is low (such as
hurricanes, earthquiges or tornadoes) probabilistic forecasting using absolute probabilities
may not be as helpful for decision makers as compared to deterministic forecasts.

In a complementary studyle Clerc and Joslyn, 201@3ted whether using an odds ratio
format for expressing uncertainwhich makes explicit the relative change in risk
compared to a particular baselinemproved decision making compared to the uncertainty
format using absolute risks. They found that likelihood of salting at low probabilities of
freezing increased substantiyato between 70 and 90%, although they showed that the
likelihood of salting also ineased below the 17% normative threshold. This suggests that
while relative risk communications seem to encourage more cautious decision making (as
might be useful for the low probability, high impact events mentioned above), they do not
lead to normativey better decisionsClearly then, the choice of format in which the
probability is expressed has measurable consequences for decision making and this should
be borne in mind when choosing if and how to communicate uncertainty.

Of course, a probabilistiforecast of very low frequency events is also very difficult to verify
(since the events happen so rarely) and public reactions to them may well be very different.

524, Verbal versus numerical communication

The literature around communicating risks and uncertainty verbally rather than numerically
is large, and includes many studies in weather and climate. The universal conclusion is that
verbal scales are interpreted differently, both within expert groups puldlic audiences

and so verbal terms cannot be relied upon to communicate quantitative measures or
degrees of uncertaintfe.g.(Patt and Dessai, 2005; Budescu, Broomell and Por, 2009;
Budescu, Por and Broomell, 2012; Haetisl., 2013; Budescat al., 2014; Mors®t al,,

2016)
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6. Best praicticemmuni cating stoc
and hurricane ri1 sks

A storm tornadoor hurricane forecast has many similarities to an earthquake forecast: it is
a potentially catastrophic event that occurs in certain geographic regions with higher
frequency than others, and whedorecasts are subject to a number of uncertainties in both
time and space. Thejo, howeverhave the distinct advantage of being visible to satellites!

6.1. What is being done in practice

Hurricane related deaths in the US have been reduced by 90% compared to 1950s
expectationg Rappaport, 2000) The dominant contributor to thiare timely evacuations in
response to hurricane forecastRappaport, 2000; Gladwat al., 2009) Data visualisations
are an important source of information during uncertain hazard events such as hurricanes
(Padilla et al. 2020). Evidence from the US shows that during storm etlen,blic

depend on news broadcasts to inform decisions about evacuation (e.g. Driscoll & Salwen,
1996; Lindell et al. 2005; Lindell & Perry, 2004), which typically use visualisations of
hurricanes to communicate storm risk (Padilla at al. 2020). @Jeswburing timely
communications about hurricanes and other storm events that are comprehensible,
trustworthy and actionable will be vital to the continued effotésredua losses from these
events.

Forecasts usually use one of two formats: a satellite image showing the current location and
extent of thestormwith graphical representations of its forecast route, or a purely graphical
forecast of its trajectory.

6.1.1. Communicatingsmall probabilities

Stomms (especially tornados) can be very localised and very transient in time, which means

that the probabilities of them occurring in any one place is very small. Forecasters

discovered that if they were forecasting over too small a spatial area or timedye¢hien

GKS LINBOFOATAGASE F2N) SOSYy WKAIAK fA]1StAK22RC
audience. But if they increased the time/space over which they were forecasting to increase

the probabilities to those which people might take noticetbft made it difficult to

increase the probability meaningfully during the day as certainty increased. This has

required careful tailoring, finding the right balance for the audience in terms of the size of

area being forecast for and the type of messadieing used (see NOAA case study).

6.1.2. Communicating uncertainty

The biggest challenge in communicating a storm warning is dealing with the multiple
dzy OSNIFAYGASa Ay GKS F2NBOFady GKS GAYAy3a 2
it at eachtime point; and the trajectory of the eye of the storm.

Storm forecasts in the US generally use text and quite sophisticated terminology because
GKSANI SELISNI dzaSNB ¢Aff dzyRSNBRIOFIYR Al LGQaA
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audience and mst of the work that has been don®n public communications relate to
hurricane forecastdJser understanding of forecast uncertairiga vital component of
informed decision makg regardindhurricaneevacuation choices.

Ensemble data is the most commtype of forecast data used in weather and climate

forecasting (Sanyal et al. 2010), and one that makes the geospatial uncertainty in a forecast
SELX AOAG® hyOS Ydzt GALX S RFGF @FfdzSa 2N aSya
individual forecastig models), they are visualised by piogeach on the same Cartesian
O22NRAYIGS LXIFyYyS adzOK GKFG Ftt @FfdzSa OFy o685
the geospatial uncertainty in such forecasts clear (Brodlie, Osorio & Lopes, 2012; Potter et

al. 2009; Harris 2000; Padilla et al. 2017).

Despite use of such displays within the scientific community, when communicating to the
public ensemble data are often simplified into summary displays that detail summary
statistics based on the underlyingsmble data (Pang, 2008; Whitaker, Mirzargar & Kirby
2013).

6.1.3. Giving emergency advice in a dynamically changing situation

Once a storm like a tornado is actually occurriiegecasterscan give warnings about

duration for the location, to within 15 minute$Vhat is vital is that the audience already

1Yy26 K2¢ G2 NBALRYR (2 (KS g4I NyAy3das yR 6KS
schools in the US in areas where tornados or hurricanes are likely, and this is effective.

one district, when a storm giick, no one betweethe ages of 522 were killed, and only

one parent of a child who had been in schdatingthat time. This probably demonstrates

the longlasting effect of training.
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Case study:  US National Oceanic and Atmospheric
Admini strationds storm warnings

bh! ! Qa SIFENIASad aG2N)Y F2NBOlFad 41 NYyAy3a RI
communicate them have changed little since the 1970s, when their main targets were expert §
groups such as emergency managemamd local meteorological centres. Since the 1990s they
have been using probabilistic and numerical communication rather than just verbal terms of
likelihoods.

SOFdzaS 2F GKAa fS3arodes yR (KS FIF 04 GKI
communications are not optimised for a public audience. However, they areattalhed to their
expert audience.

Nov 9, 2020 1300 UTC Day 1 Convective Outlbok

Updated: Mon Nov 9 12:49:29 UTC 2020 (Print Version | @ | ¥
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Day 1 Convective Outlook
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bh!! 02y {QR

Arrival Time of Tropical-Storm-Force Winds

Forecast Length* Arrival Time of TS Winds 5-day Windspeed Probabilities
Full Forecast | Earliest Reasonable I On
3 days Most Likely off |

@\ Earliest Reasonable Arrival Time of Tropical-Storm-Force Winds Q

0w

Wea, <
Tuesm8 ’Deﬁ’m
5 pm g
@o‘\ am R,

W

Tropical Storm Eta Storm Location O <34 kt (39 mph)
Mon. Nov. 9, 2020 4 am EST & 34-63 kt (39-73 mph) have at least a 5% chance of receiving
Advisory 36 Wind Speed @ 264 kt (74 mph) winds of 34+ kt (39+ mph)

* If the storm is forecast to dissipate within 3 days, the "Full Forecast" and "3 day" graphic will be identical

The communication of changes over timeuch as the arrival time of a storqis still relatively
complex totry to get across in a still image (see above), and uncertainties are also a key focug
way that uncertainties in time and space (such as the likely track of a hurricane) are communi
to a public audience is something that is being researchedf(dlesving section).
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bh!! 02y QR

The forecasts involve text warnings and there is an interactive map on the website which allo
audience to select what storm outcome they are interested in, and over what kind of backgro
(showing cities, mar road networks etc).

DNJ LIKAO& KIR S@2f OSSR gA0GK LINAYGSX gKSNB (KS
that this is possible, graphics are moving towards that, and away from categorical colour bang
O2f 2dzNJ 6 YRA | NB islza éhsuke that kheyla@ Gomparahli2abidiss différent
products. For example, one problem at the moment is that wind speeds can be represented b
very different scales (tropical storm force or hurricane force), but each share the same colour
TMa& RAFFSNBYOS 4| awher@@dtlenk TrumihistakevilydistScEalhirEane
having the potential to affect Alabama, and a map of the cone of uncertainty was changed to
NELINE&SYl KAa | 3aSNIA2Yy® bhADIAadadz8RYI T2
affect Alabama. The colours used on tropical storm and hurricane forecasts were the same,
although the wind forces represented were very different, and it is possible that someone mis
the forecast of tropical storm forceimds for one of hurricane force winds.

C2NJ KdZNNA OFySa |yR GNRLAOIT &AG2NXasz bh! ! |
more technical bulletins, which help translate the details for a public audience.

y:

N7 Key Messages for Tropical Storm Eta
Advisory 36: 4:00 AM EST Mon Nov 09, 2020

1. Heavy rainfall from Eta will continue across
portions of Cuba, Jamaica, the Bahamas, and
southern Florida and spread north into central
Florida. Life-threatening flash flooding will be
possible across inundated urban areas of
southeast Florida today. Flash and urban flooding
will also be possible for Cuba, Jamaica, the
Bahamas and the remainder of southern Florida,
along with potential minor river flooding in

central Florida.

2. Tropical storm conditions will continue across
portions of the Florida Keys, and south and
central Florida today.

3. Water levels will gradually recede along
portions of the southern coast of the Florida
peninsula and Keys. Residents in these areas
should follow any advice given by local
officials.

4. Eta could approach the Florida Gulf Coast
later this week as a tropical storm, and possibly
bring impacts from rain, wind, and storm surge.
Interests in this area should monitor the
progress of Eta and updates to the forecast this
week.

For more information go to hurricanes.gov
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bh!! O2yidQR

Interactive Map

Given that severe storms like tornadoes tend to be very localised and very transient there is aj
trade-off in terms of false alarm rate: it is impossible to-piint the exact path of the storm, and
yet it has high impact. Only research can help: itk S LJdzo f A OQ & -dlagris &N vy
missed forecasts, plus careful communication about uncertainty and rapidly changing alerts (g
WeKAA FESNI tlada on YAydziSao {SS]T O0O23SNJ

minutes thenitK & LI 84 SR @2dzNJ £t 20 A2y 2NJ RA&aAhLl

¢CKS AYLRNIFYOS 2F GSNX¥YAy2ft238 Aa faz AYL]
6adzOK a WY2RSNI 0SQ0> odzi I faz Gigg&threshals fori
certain emergency procedures. They discovered how important it was that they, as forecaster
knew the difference to the emergency services of moving from one category of risk to another
might trigger the closing of schools in cart localities etc.

The communications chain with broadcasters can be veryviag in the US. Local information is
important, so the Storm Prediction Center have an official chat room where local broadcasters
people with a login can give a local wetS NJ OKS Ol o0WK2g¢g o6A3 | NB
which can feed in to the forecast. The broadcasters therefore know the background: what ston
are brewing but not yet triggering a warning etc. The forecasters also have a contact list of
emergency ranagers, schools, infrastructure managers and broadcasters that they ensure th
contact if there is a warning to be made. Twice a year they have a media workshop training p
on how to interpret the information and report §6 dzii A (i Q dustlarfd telatlorgsigipdz(and

two-way communications).
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¢tKS 'YQa aSi hFFAOS ONBIGSa aSOSNB 46SI (KS)
including their own app, SMS notifications to subscribsdrs and partnerships with media
channelsas well as a tailored communication specifically for decisiakers such as local
emergency responders.

There are two aims to the warnings:
q alerting people of severe weather to help them get prepafedt
1 helping people make decisions about what actions need to be taken

In order to do this, the messages tend to comprise:
1 Whatthe hazard is (g.rain, wind, snow, fog)
Where (location showron map)
Wheno GAYS FNIYSEI gAGK GKS aSyidaSyoS a
What to expect as eesult
Further information link(e.g. how much snow is expected)

= =4 =4 =4
(@]]
(0]
(a8
gs

Level of risk and severity throughriak matrix
2 Kl 0Qa KILIWSyYyAy3d i GKS Y2YSyi
Expected impact

Depending on the audiences and situatipmsnay also contain:

1

)l

1
T Whatto do

= Met Office Wind Amber Warning: updated 09:43 on Saturday 8t Februan
(High Likelihood of Medium Impacts)

# Met Office National Severe Weather Waming Service
Further details
idespread ve: 2l |
Between ngla
i 08:00 Sun 9 Feb 2020 and

21:00 Sun 9 Feb 2020

Storm Ciara will bring a spell of very
strong winds. Disruption to travelis
likely during Sunday.

What to expect
o Flying debris could lead to Injuries or danger to
lify Reason forupdate

« Some damage to buildings, such as tiles blown
xpected

To expand the area to cover much of England and Wales and to increase the likelihood of
impacts.

Issued at 10:00 Fri 7 F. 2020 Updated at 09:43 Sat 8 Feb, 2020
i 1 ontact the Met Office Weather Desk
ov.uk

The warning is by default sent to people who are located in the warning area where there is a
KAIKSNI 0KFY prE: LINBOFOATAGE 2F | WYSRAdZYQ
information is usually issued2days in adance (minimum 2hrs in advance of an event, but for g
larger event, the more notice the better) and then updated daily for emergency responders, wj
more sporadic public updates. Giving a warning too long before an event is perceived as pote
leadirg to a devaluing of the accuracy and trustworthiness of the information.

Their alert messages are carefully worded, stressing the fact thatedely areas will be affected
to avoid creating false alarms over awide areg: é a 2 & i LJ | O Sfacted Howvever y 2
isolated thunderstorrawill bring severe trouble disruption in some locatiéns
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They frame their public messages as a story as well as embracing a layered communication
approach with a simple overview of the message linking down to deeper information. One
challenge is that after a public warning, there is increased public traffic to helplines asking
for personal confirmation of the warning.

For emergency responders, they proviaeisk matrix (seemage aboveglthough note that
G0KSe KI @S NBLRNIA 2F GKS O2f2dzNJ 6F yRAY 3
OSKI @A2dz2NI f T ROAOSO YR GOSNDBIf 0O2VYYdyhs OF
possible td, dis probabletoé, @ A f £ ¢ 0 | The2MetDHide R<® vekbal ¢erms instead of
numeric probabilities in their weather warningslthoughthey use a specific set of language
translating probabilities intdheseverbalterms:

N O
> ()
Dl

Matrix Likelihood | Best Practice Word/Phrase
Label Likelihood % Matrix Impact Recommended
High >80% Definitely, Certain, Will Label Word/Phrase
happen, Almost Certain, High Dangerous, Very Serious
Very Likely, Expected Medium Large, Substantial, Some
Medium 50-80% Anticipated, Good Chancg Low Minor, Few
L'kelyj Probgbly (PVObaP'E Very Low Limited, Negligible
Low 30-50% Possible, Might, Potential
Maybe, Perhaps, Could
Happen,Chance :
Very Low 10-30% Slight/Small Chance, Not Met Office Recommended
leely, Unllkely Term Word/Phrase
Very Low <10% Not expected (therefore Isolated Few places/here and there
no warning issued) Localised Some places/small area
Widespread Extensive
Widespread Over a large area
Word(s) not to use Rationale Suggestedlternative

Localised/isolated It is meaningless to those

outside meteorology

Some places, small areas

Confidence/confident

Feedback suggests that
confidence implies an

AYRAGARdIZ t Q&

and the message is not

considered authoritative or

reliable

Use likelihood words to convey the level @
certainty. Describe issues leading to
uncertainty in the Further Details sectioif
appropriate to do so

Best estimate

Interpreted as guessing

Use likelihood words to convey certainty

Uncertainty

Uncertainty is overused

Every warning is inherently uncertain,
therefore it is not necessary to state it all
the time. Using the likelihmd words will
O2y@Seé LINRPoOolIoAfAGES
F2NBOI a4 A& dzy OSNI I
possible that the impacts could occur
FAdzZNIG KSNJ y2NIKQ O2y(
a0FdAy3 WAG Aa dzyOf
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6.2. What is known about the effects on the
audience ?

Extreme weather event forecasting haeceived specific attention in the literatureith the

US hurricane forecasting system being thoroughly analysed from forecaster to end users by
(Bostromet al,, 2016) They interviewed National Weather Serviceforecasters, 5

broadcasters, and 6 public officiarsFloridato map their decisiormaking and

communications pathwayst highlighted that although aomunication was good between

the forecasters and the broadcasters and public officials, there was a proliferation of

LINE RdZOG 4 ¢6KAOK O2dzZ R 6S adNBIYfAAcER& YR 06Sai
concern of all was the communication of uncertaintygddhe need to communicate impacts

rather thanjust hazards(Potter et al., 2018)show that communications that integrate

AYLI OG AYyTF2NNIGAZ2Y AyG2 GKS O02YYdzyAOF A2y I ¥
understanding of potential impacts more than warnings based only on hazard information,
although they show thathis does not have an influence on how much action people

undertake in response to the warning. They also highlight the need to include information

on what people should do in response to the warning.

Ly | y20KSNJ S@Ffdzd GA2y 2F GKS ! { blaAaz2ylrt 2SI
weather information,(Demuthet al., 2013)highlight the need to improve communication of

threat existence, but also of the dynamic nature of weather hazards and their varied periods

of potential impact, by providing information on threat timing. They demonstrated that

providing coupled text deiling start and end time of both a sheduration severe

thunderstorm warning and a longer duration flo@dl G OK A YLINE GSR LJ NI A OA L
understanding of the precise timing the warnings were in effect.

6.2.1. Do people understand summaries of ensemble
models?

'. - Note: The cone contains the probable path of the storm center but does not show I
: the size of the storm. Hazardous conditions can occur outside of the cone.

Az Opress

Hurricane Sandy Current information: ® Forecast positions:
Friday October 26, 2012 Center location 27.7 N 77.1 W @ Tropical Cyclone  Q Post/Potential TG
11 PM EDT Advisory 19 Maximum sustained wind 75 mph Sustained winds: D < 39 mph
NWS National Hurricane Center Movement N at 7 mph $39-73 mph H 74-110 mph M= 110 mph
Potential track area: Watches: Warnings:
Day 1-3 Day 4-5 Hurricane Trop Storm I Hurricane Il Trop Storm
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Example forecast for Hurricane Sandy, Frida§ @8tober 2012 from the National Hurricane
Centre, USA. They use a summary display to depict the average forecasted path of the
hurricaneandthe uncertainty associated with that forecast.

Whilst hurricane drecasters typically use ensemble modelling, they then convert their
ensemble results into a summary graphic for their audienites.argued that summary

displays are easidor the viewer to understandhan a full ensemble modé¢Padilla et al.

2017). For example, chloropleth mathat use colour to encode summary gtdics rather

than plotting all individual data points) may be easier to comprehend than ensemble
displays (Harrower & Brewer 2003; Watson, 2013), and may decrease mental workload and
thus reduce task performance time (Dobson 1973; 1980).

Recent workthough,has suggested that there are some negatives to these kind of

summary displays (Padilla et al., 2D1Besides hiding important characteristics of a dataset
such as bimodality or ske(Whitaker, Mirzargar & Kirby, 2013), there is evidence that
summary displays can lead to biases in decision making as compared to ensemble displays
(Correll & Heer, 2017) and can be misinterpreted by both public and expert audiences (Belia
et al. 205, Newman & Scholl 2012; Savelli & Joslyn, 3013

The value of summary versus ensemble displays has been evaluated rigorously for hurricane
forecasts. Such forecasts are typically communicated in a particular format of summary
displaycg a hurricane congor cone of uncertainty that provides information on the

forecasted track of a hurricane through space and time tweduncertainty associated with

that summary forecasin the form of a 66% confidence interval acalculated by averaging
historical hurricane forecast tracks over a five year period (Cox et al. 2013; Padilla et al.
2017)(e.g.the figureabove. Alternative, ensemble displays have been developed to
communicate the same informatiobut illustratingeach individual path the hurricane

could take, rather than the summary statistithat theconedisplay usegsee below).

MAJOR HURRICANE IRMA (AL11)

EPS track guidance initialized at 1200 UTC, 06 September 2017

Current Intensity: 160 kt Current Basin: North Atlantic

—OFCL
—GFSO
—AEMN
==APnn
—AC00
NVGM
FEMN
==£Pnn
—FC00
CMC

60°N

50°N

CEMN
CPnn
CCo00

40°N

30°N

20°N

90°W 75°W 60°W 45°W 30°W
By using this plot, the user agrees to the UCAR Terms of Use
which can be accessed at: http//www2.ucar.edu/terms-of-use

Plot generated at 1952 UTC 06 September 2017 RNCAR
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There is increasing evidence to suggest t#aineof uncertaintfsummary displaysan be
interpreted in a biased way by the view For example viewers have been shown to

assume that locations in the centre of the cone that are at a later point in time will receive
more damage than those at an earlier point in time, although this bias also exists for
ensemble representations but ithe opposite direabn (Ruginski et al. 2016). Furthermore,
viewers have been shown to be significantly more likely to report that the display shows the
size of the hurricane growing through time when viewing a summary cone style display than
when viewng an ensemble versigpmather than the correct interpretation which is that

what is represented is thencreasing uncertainty of the forecast over tirffRuginski et al.

2016 Padilla et al. 2007 Padilla et al. 201further demonstratethat the salientvisual

features of both the cone (its increasing size) and the ensemble display (its diverging tracks)
can biagarticipant judgements about the hurricane being forecastétiey demonstrate

that although ensemble displays may better communicate the conegpncertainty in the
forecast, when used to make potbased judgements about impacts at specific locations,
individual ensemble members may be overweighted in their decision making. tAtseyo

onto suggest that decisions about which visualisationge should be informed by the task

the viewer is expected to perform using the visualisation (Padilla et al. 20R&¥lilla,
CreemRegehr and Thompson, 202§) on to demonstrate that this bias can be reduced by
charging the number of hurricane tracks the display depicts, and providing a text
explanation of the displgyalthough in neither case is the bias fully eliminated.

6.2.2. Evaluations of tornado alerts

Evaluation of communications abbtornadoshavealsoreceived some attention in the

literature. Many studies focus on the alert system and associated terminology ust by

US National Weather Service who communicate categories of alert inttheado

communications (and their communications about martlyes hazards, such dksh

floodsy @ {LISOATFTAOFffes (GKSe& AaadzS FfSNIa Ay (g
indicates an increase in the risk af @vent in a particular area. The second is a warning,

which indicates that mevent is highly proéible, imminent or occurring in that are@lorss

et al., 2016) This gradation allows meaningful updatingrébrmation in real time as the

forecast of the event changes.

Results of tests of comprehension of thesetiypes of alerthave been somewhat
inconsistent(Ripbergetet al, 2019) Whilst some studies demonstrate that the vast
majority of people can understand the distinction between a tornado watch and a tornado
warning(Balluzet al., 2000; Schultet al., 2010) others show comprehension is much lower
6t26Sttf YR hQl | ANE H n/Ripberget al.2¢19)suggBstthaBy 1 6 SA f
much of this variation likely comes from geography and sampling methods, altitbage

is also some demographic variatiamth comprelension increasing with agéPowell and

hQl I ANE H AMoyiS 20{0KaSd\NMfFiatidn due to geographic vabitity in amount

of exposure to these types of alerdst 2 ¢ St | y RHavisylidenkifid&Emanyn n y
measurement inconsistencies between these various studiesidience reception,
comprehension and responge tornado warnings(Ripbergeet al., 2019)have attempted

to develop a robust, reliable survey measure of these concepts that is still sensitive to
demogiaphic and geographic vation in response. Tledata andcodeare open source

and can be found herdattps://github.com/oucrcm
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6.2.3. Do people take action as the result of a warning?

Of courseas discussed earlier, in some cases the desired outcome of a communication is
not just to inform, but toencourage action of some softom basic preparedness through

to more extreme responsesuch as evaation. Thus many studies have also examined
peolJt SQa o0 SKI Jit@taedkNatiorndS\eadtb2nSardce AlerStudies that
measure behavioural response are quite varied inrthiadings about the proportion of
people responding to tornado warnings (e(Balluzet al., 2000; Chanegt al., 2013; Miran,
Ling and Rothfusz, 2018yhilst those that report on behavioural intentions are more
congstent, findngthat between 75% and 90% of participants intend to take action upon
receipt of the next tornado warning they rewei(e.g.(Schultzt al,, 2010; Ripberger, Silva,
JenkinsSmith and James, 2015; Ripberger, Silva, Jetsanith, Carlsorgt al., 2015; Lindell

et al, 2016; Ripbergeet al, 2019). This difference in consistency perhaps speaks in part to
the gap betwea behavioural intentions and actual practiced behaviour, and should be
borne in mind when considering the resultstbese sorts of studies.

There is again variation in response to thesets ofcommunications according to different
demographicgRipbergeet al., 2019) For example responsiveness seems to increase with
education levele.g.(Balluzet al,, 2000) and initially with age, although after a certain

point the age relationship is invertde.g.(Senkbeil, Rockman and Mason, 2012; Chatey
al.,, 2013). Additionaly, men are typically less responsive than wonferg.(Sherman

Morris, 2010; Ripberger, Silva, Jenkihsith and James, 2015; Robinson, Pudlo and Wehde,
2019) Clearly then, even within a public audience, different types of people respond in
different ways tosuchwarningcommunications.

6.2.4. Il s there a worry about ofalse alarn

Successfully providing pple with advanced warning of a hazard can save lives, for example
(Simmons and Sutter, 2008¢monstrated that tornado warnings with lead times up to 17
minutes reduce injuries and fatalities from these everifiere is an inevitable tradeff,
however,between probability of detection of a hazard event and the number of false
alarms [ you ne\er issue any warnings, you nevussuefalse alarms bubf courseyou also
never successfully warn people about actual events that do odEyou issue a warning for
everyforecastedevent then youreventdetection success rate is 100Btit at the cosiof
potentially issuing a multitude of false alarf@mmons and Sutter, 20Q9%ow this trade
off should be satisfied depends on what the effects of false alaresfar example do they
NBERdzOS LJS2 LX S gréparédyess lacidbadr Silfingnedsyo continue using alert
delivery devicesand do they increase the incidence of casualties from hazard évents

Thus far, evidence for the effects of false alarms have been mRerdhe studies have
shown that false alarms doohaffect confidence in warning systenmesd.(Schultzt al.,
2010), whilst others show little negative impact of false alarms on decision making in
response to warningse(g.(Dow and Cutter, 1998) However,other work ontornado early
warning systemsasdemonstratedthat the false ahirmrate is strongly related to tornado
fatalities and injuries, possibly by reducing responsiveness to war(faggnons and
Sutter, 2009)perhapsbecause theyindermine credibility of the organisation that issues
the alertin the first placg(Ripberger, Silva, JenkiSsnith, Carlsorgt al,, 2015)
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Although in the immediate aftermath of a falseaah the precise details of what went

wrong or the true nature of the hazard in question imignot be knownresearchsuggests

that rapid communicatiorn times of crisis malgelp maintain trust in the communicating

organisation (e.g(Covello, 2003; McBridet al,, 2020). Thusa dynamic system of post

alert updating, where the audience are rapidly advised of any mismatch betweendhma al

FYR GKS | Oldz- fAGe 2F (KS-Of88 WE 5 g tdbome DB G Sy G A |
solution to any problems associated with false alafiMsBrideet al., 2020)

6.2.5. The challenge of misinformation

Falserumours are a problem around hurricanes and other storms, just as they are around all
sorts of events. For example, in 2017, as both Hurricanes Harvey and Irma approached the
US coast, rumours spread on social media that evacuation shelters were cheskihggi S Q a
immigration statusOf course this could discourage many residents from seeking safe
shelter.(Hunt, Wang and Zhuang, 2026)lowed the spread of the rumour and its

corrections on Twitter. Official corrections from government offices were the most
retweeted, followed by messages from other verified accowamd news gencies The
NHzY2dzNJ a2 KFER FFENIf£Saa aGNIOlAz2y (GKS wasSozy
considerable correction activity after Hurricane Harveyis shows the importance of

credible sources and the power of both government and major mealiaces in debunking
rumours on social media.

6.2.6. Words or numbers?

Weather warning systems such th®sediscussed above prowedsomeuncertainty

informationthrough categorical warnings based on likelihood of occurrence, or categories

that combine likelihoogind severity (e.g. the/SNational Weatler{ SNIDA OSQa g G4 OK
warning systemthe UKa SG hTFFAO0SQa , Stt26x ! YOSNI I YR wSR
discussed earlier, there are very large variations in the numerical values people attach to

such verbally desibed probabilities, as evaluated extensively in the weather and climate

change literature Underestimations of the risk that should be attached to each category

may be one explanation for sometimes observed low compliance rates with emergency
protocolssuch as evacuatiofdoslyn and LeClerc, 2013ttaching numeric ptaabilities to

GSNBFE OFGS3I2NER (GSN¥XYa OFy AYLINROS LIggLX SQa |
(Budesctet al,, 2014). And indeedthe studies discussed above that show imed

decision makig when uncertainty information is communicated all use numeric formats in

their communications.
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7. Best practice I n communicat
ri sks

Flooding particularly flash floodingzan be a catastrophic riskather like seismic risk has
both geographic spread and temporal components as well as a magnitude of impact, all of
which can be uncertain.

However, it also has loAgrm components, with residents of areas at risk of flooding being
made aware of the gssibility of flood, how to prepare for it, what alerts and warnings are
available, and the flood risk also has implications on planning and catisin.

7.1. What is being done in practice
7.1.1. Being prepared

Flood risks are well preparddr in many countries. For example, many have emergency
protocols triggered by automatic level detection in water gauges. This can give-tntead

of several days for local decisiomakers and emergency responders to put [@amo

action. Having an emergency protocol in place means that messages can be shorter and
clearer: people already know what to do, they just need telling that an emergency protocol
has now been triggered-or example, in Zambia there is a flood warniggstam using

WhatsApp to alert the Red Cross and government figures, and an email system that goes to
local leaders.

What has proved important in all countries is training with the relevant stakeholders to

ensure that they know the protocols and understhtine communications. Involving them in

GKS RSaAady 2F (GKS O2YYdzyAOlFIGA2ya aeaidsSy Syad
their needs aswell as ensuring thaappropriate and wetunderstood language/graphicge

used

7.1.2. Communicating the potentiaimpact

There are many types of flooding.gecoastal, river, surface water) which each pose a
different kind of impact. Both the potential depth and the potential velocity of moving
water pose thresholds for flood warnings

Another problem is that impds vary hugely over short geographical distances: houses
slightly further from a river, or on slightly higher ground, may not receive any damage at all
compared to their surroundings.
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Case study: UK Environment Agency and Met Office

¢ KS ! Y eadnmdnica®ich B designed to increase awareness of the hazard, help people
dzy RSNRGIF YR NAR&A]1Z LINBLINB F2N Fft22Ra YR 0
NBaAfASYOSQ Aa ¢oKIFIG GKSe FAY (2 KSfKidehdNB O]
that local people buy in to the solutions being provided.

Preparation
WwSaAfASyOS Sy3arasSySyid FROA&A2NERQ 62N] f 20l
help them prepare for floods.

General risk

Non realtime modelling provides hazard map showing the level of risk to each geographic
location over a 1 year period. The map is searchable and zoomable and gives a colour coding
four levels of risk: High (dark blue), Medium (mid blue), Low (light blue), Very low (very light bj
These correspond to annual likelihoods of flooding of >3.3%3%, 0.11%, <0.1%.

A
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WENF FFAO tAIKGIQ O2f2dzNJ O2RAYy3I Aa yz2i0 dzi

Select the type of flood risk information you're interested in. The map will then update.
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Communicating mediurterm trends

Flood risk can increase over theediumterm, as detected by changing water levels. This increa
risk over both time and space can be communicated by catoded percentage increases in watg
levels at different geographic locatians

River flows
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*  “Naturalised” flows are provided for the River Thames at Kingston and the River Lee at Feildes Weir
+ Monthly mean flow is the highest on record for the current month (note that record length varies between sites)
Underlined sites are regional index sites and are shown on the hydrographs in Figure 3.2

Figure 3.1: Monthly mean river flow for indicator sites for January and February 2020, expressed as a
percentage of the respective long term average and classed relative to an analysis of historic January and
February monthly means (Source: Environment Agency). Crown copyright. All rights reserved. Environment
Agency, 100024198, 2020.
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Shortrangeforecasting
The likdihood offlood is forecast daily for the next 5 days via a series of 5 maps on the Enviror
Agency website. This is done every day to ensure that everyone is used to the system and wh
Ft22R 02YSaz LIS2LX S I NB chv, noveegtivel KS o1 O1 1

Four colours are used to communicate four levels of risk: Very low (green), Low (yellow), Me
(orange) and High (red). Alongside the map is text which is designed to be-factimsed and easj
to understand, and an arrow showing whether thekris increased since the last statement or
decreased. The broad scale of the map is designed to help emergency planners rather than th
public. These stakeholders are alsmailed a flood risk matrix showing likelihood and impact.
Beyond 5 days the unceinties in the forecast become too high to be useful. Numerical
probabilities are only shared with governmental partnerall others get verbal statements as

FSSRol Ol &adz33SaidSR GKSeé ¢l yaSR I WaAyYLX AT
to answer further questions.

Flood Guidance Statement FLOODFORECASTINGCENTRE Flood risk levels: things you should do

10:30hrs Monday 09 March 2020 mimseso @iy | S MetOftice

Flooding is very unlikely Flooding is possible - be aware
cather Check for flood

Be aware of your local wea

Monday Tuesday Wednesday Thursday Friday
9 Mar 2020 10:30-23:59 10 Mar 2020 11 Mar 2020 12 Mar 2020 13 Mar 2020

Trend since las

Increased 4  Increased 4 | Increased 4 | Increased 4 | Increased 4

Significant river flooding impacts are probable in mid-Wales and possible in the north
of England on Monday and Tuesday. Coastal impacts are possible over the next five
days.

Public shorterm floodwarning
Specific Areas of Concern Map 1: Monday 9 and Tuesday 10 March 2020

RISK AREA A 3] RISK AREA B RISKAREA C
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Esri, DeLorme, GEBCO, NOAA NGDC, and other contributors Leaflet | Powered by Esri
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Flood warning

Flood warningsnd shortterm flood forecass$ are based on real time modelg where information

is continuously updated according to the rainfall forecast and observati®@i® hours in advance

of a forecast flood, when a certain threshold is reached, an automated public warning system
triggered, which sends an alert to all phones in the areasskt(no subscription necessary). This
system has been in place since 1996. The time frame is chosen to allow people enough time §
prepare but to be close enough to the forecast event to minimise uncertainties, and increase
LIS2 L SQ&a O2y T askae wad & minyhisdiakySperibRoNdsiiess as they prepare.

The media, social media, emails and stakeholders such as local authorities, volunteer organiz
and the emergency services are all used to issue the warnings.

For public communicationghey try to relate the forecast event to a recent historical one to help]

AAAAA

3A0S O2yGSEG G2 GKS SELISOGSR AYLI OGa o6Sa3(
Localised public information

On the Environment Agency website, they display the whaeels at each of their gauges,
alongside their threshold trigger levels and the highest level ever recorded at that point. This g

people to check and monitor their local area themselves if they have any concerns, as well as
identify minor flood ri&s which would not trigger an automatic warning.

Check for flood warnings in this area

Latest recorded level 0.04m at 3:30pm Thursday 23 July 2020.

River levels at this location in the last 5 days

Now

2.00m \ 4 == Measured level
When the water
level reaches

1.50m 1.55m here, mino
flooding is

possible in this
area

1.00m

S == Highestrecorded
level. Hide

0.50m

0.00m i : ‘
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Case study:  Coastal flooding and the roulette wheel of doom

One problem with communicating coastal flooding is that the event is contingent on several
OANDdzvyaidl yoSa KIFLIWISYyAy3a G 2y 0SX G kentthbdsuN
it requires a high tide to be combined with low air pressure and high winds in the right directio
Forecasters therefore have the difficult job of trying to communicate that a potential situation i
developing, but that if one factor changethe whole situation could dissipate completely.

hyS gFeé (G2 R2 GKAAI AYyO@SYGdSR o0& | NOKAGSOI
of concentric rings, each showing the range of potential possible outcomes for an important f&§
and their potential likelihood (by area):

(GREAT

. @ AK2g6Ay3 GKFG | FE22R gAtt 2yteé 200dzNJ 4 ¢
can get a sense of the situation.

This was designed as a physical demonstration, but could be adaptegraghac for broadcasts,
where the public can see how aligned factors currently are and hence which to keep an eye o

27/11/2020

66



RISE i Real-Time Earthquake Risk Reduction for a Resilient Europe

7.2. What is known about the effects on the
audience ?

A systematic review of flood risk communicatiofiellenset al., 2013)concluded that
GKS2NBGAOLE FyR SYLRAISKEQ® afiTEefendzivdieS that thayB ay S| NI
reported on, alongvith a handful of othergincluding qualitative studiegjom our own

literature searcthowever,are worthconsidering

7.2.1. Sources of information

There is evidence that people use information from a variety of soyszesh as the media,
personal judgementforiver levels and rainfall, friends and neighbous)nform them

about flood risks (e.dMileti, 1995) (Creutinet al,, 2009), and prefer information to come
from numerous channel@reibichet al,, 2009) (Kaslefi et al,, 2009)found that those living
in flood-prone areas were extremely proactive in seeking information and showed a high
understanding of the risk, but that this was likely due to past experience affecting the
perception of the risk.The source of the informatioand its direct, local, relevance was
important to them in terms of trustand the reason they sought out information from many
sources was the concern that floods were such a localised and dHfictdtecast risk that
they expect them to be changeabledfor there to be many warnings on which they would
not need to actlt has also been shown thaeopleshare information amongst their social
networks(Coles and Hirschboeck, 2020h turn, social influences have been shown to be
anim2 NI Fyd FFEOG2NI AY | FFSOGAYI LIS PedkeeNa 0SKI ¢
al., 2010)Frankliret al, 2014). Given these impacts of social influences on flood risk
behaviour,(Beckeret al., 2015)recommend that communicators develop communications
that allow social transmission of information to occur.

One study(Griffinet al., 2008)found thatposteventanger at flood management agencies
for not doing more to minimise flood riskas a motivator of active information seeking
about floods, although they did noéport whether the information sought was from
alternative sourcesGriffin et al. (2008) further found that anger at these agesavas also
associated with lower institutional trust. Givémist in flood communications and/or their
communicatorhas been shown taffect intentions to take preparedness actiofMorsset
al.,, 2016) it is possible thapeople may not take action on the informatidimeir anger
motivates them to seek out

Looking for potential ways to increase engagemerhwilbod communications(Terpstra,
Lindell and Gutteling, 200@xamined the effects of a small flood risk communication
programme in the Netherlands administered via focus grdhps discussed severabpects
of flood risk,and workshopshat involved both direct (e.g. visits to pumping stations and
dyke reinforcemem projects and indirect (e.g. plang board games, listening to fictional
flood disaster stories, attending leces) experience with floodingnd flood prevention
Contrary to expectations, the flood risk communication had only a small effect on
particiLJ Y floéd fisk perceptios, although the authors posited that this may be a
methodological issue wheby there was a mismatch between the measures of risk
perception and the contents of the communication sessions.

27/11/2020

67



RISE i Real-Time Earthquake Risk Reduction for a Resilient Europe

(Lazruset al,, 2016)carried out interviews about flash flooding with members of the public
in Colorado, US, and emphasise the importance of ensuring that the public are aware in
advanceof what a flash flood might mean in terms of impact, and what to do if it happens,
as well as behaviours to avoid in case of a heightened hazard situatipmdads to avoid
driving on).This information should be part of any communications when a liblesel is
raised.¢ KS 3 NP dphferiMomssetal) 22M)on their interviews with

communications professionals and forecasters highlighted the if@®de saw in our own
interviews ofstorm forecasteryof close working between forecasters and those who would
communicate and act on the warnings, in order that everyone rehearsed the procedure and
understood what decisions others in the chain are making tasethe information being
provided.

7.2.2. Communicating small probabilities and
uncertainty

As discussed earliém this review the way in which a number is communicated affects
LIS2 LX SQa& LIS Nibedelidliekidente of this sdcifichlith regards to flood risk:
(Keller, Siegrist and Gutscher, 20p&sented people with the same flood risk, presented in
afrequency2 NY I G o6ahy |y I @SNF IS &akdSriaperdedtagé F 221
format (Each year, there is a 1% probability of a fl§padnd showed that people perceived
the event as riskier when the frequency format was yssthoing results found in o#r
domains They alsexamined the effects of providing percentage formats over different
time frames, and demonstrated that the 1#ol year format was rated significantly less
risky than the 40 year or 80 year format. It is notable that there was fiereince ketween

the 40 and 80 year ratings of risk however, suggesting this effect is due to an
underweighting of small probabilities.

Building on this work(Bel and Tobin, 200730 on to illustratesome of the complexities and
trade offs in choosing how tcommunicae flood risk. They examine the perceptions of

four flood communicationsthe 100year flood, a flood with a 1 percent chance of

occurring in ay year, a flood with a 26 percent chance of occurring in 30 years, and a flood
risk map depicting the 109ear floodplain.Similar tothe previous studyKeller, Siegrist and
Gutscher, 2006)they demonstrated that people perceived the 100 year flood
communication as more concerning than the 1% chance communication, and further than it
was more effective in motivatgprotective behaviou Howeverthe 1% description was
perceived as being more uncertain than the equivalent 100 year flood communication,
suggesting that choice of format must involve careful consideration of the key messages the
audience wish to receive arile communicatoris aiming to conveylndeed(Handmer,
2001)highlights that one of the key failings in the development and operation of flood
warning systems is that they do not centre their aims on the needs of the individuals at risk.
For exanplethere is some evidence that people want to know about possibledpeven if

it is not certain that it will happe(Brilly and Polic, 2005)mplying effective communication

of uncertainty may be an important component of flood risk communications

I NBZPASSH O NNA S Rrel@atrgermie¢kasest al! 20@invedtifaed R

the possibility of using probabilistic forecasts for flood warnings. At the time of their review,
there were no probabilisc flood warnings beingsed, but they reviewed the limited
academic researcfThey highlighted the usefulness of putting forecast events in context
with recent events for the audience.
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Kashefi et al drafted potential probabilistic flood forecasts, iditig one previously drafted
by NOAA:

Probability of a “Severe Flood Warning” -
o Majorfioodingl

Flow (m?/s)

Fri Sat Sun Mon Tue
29 Sept 30 Sept 1 Oct 2 Oct 3 Oct

Meaning of warning:

° |

Act now! Severe flooding is expected with H Sat

Sun | Mon | Tue |

29 Sept 30 Sept 1 Oct 2 Oct 3 Oct
extreme danger to life and property. On average the flow . On average the flow wil
Forecast flow  will fall in this range fall in this range
5 out of 10 times 8 out of 10 times

Probability of Flooding

[ greater than 50%
[_]25%-50%
[]lessthan 26%

N River Channel

(Source: NOAA 2008).

They then held focus groups to discuss the uncertainty and probabilistic communication. As
in other domains, they found that people naturally understood that flood forecasts were
uncertain.The 5day warning withguantitative probabilities (above) was popular because
people liked the precision of the numbers and had more impact that simply verbal
probability terms.The map (from NOAA) was also liked a lot, although participants

preferred the red/green colours ohe other graphicThe graph presentation (above) was
universally rejected as not clear and showing no useful information.

Severalstudies have examinegoublic understanding athe watch vs warningerminology

used by theUS National Weather Servitee communicate about flashidods and other
hazards such as tornadoesev8ral studies demonstrated that the majority of people
(although notably not all) are able to correctly distinguish the meaning of theidwos (e.g
(Schultzt al, 2010; Ripberger, Silva, JenkBmith, Carlsorgt al., 2015; Mors®t al,

2016). Despite evidence that the public understand qualitatively the difference in severity
between these two term&iowever, when ask to quantify the likelihood of a flash flood
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occurring based on each term, likelihood estimdi®sn the publc were lower than the
likelihood intended to be communicated by experts, sometimes substantia(lylscsset

al., 2016) This in turn was associated with lower anticipated likelihood of responding to a
warning by taking protective actigfMorsset al, 2016) Thisindicatesa needto attach
specific numeric probabilities to verbal terms usedhas been mentioned in several places
already in this review.

7.2.3. Use of maps

Maps are a common way of communicating flotk information and may serve as a
useful tool for maintaining risk awareness even in the (sometimes long) periods of time
between flood events(HagemeieiKlose and Wagner, 2009)HagemeieiKlose and
Wagner, 2009undertook adetailedmixedmethods evaluatiorof the communication
efficacy of flood hazard maps and web mapping services in Gernémgy highlightethe
diverse needs of user groups that such communications need to fulfil, and recommended
the use of a variety of kinds ofitared, locatscalecommunicatiors to cater to these various
needs, not only to achieve the goal of informing but alsoreate emotional empathy and
maintain user awareness between flooding everiffiey suggest such designs, if
implemented, could helpa raise flood awareness and knowledge, and encourage
information seeking.They also encourage ongoing nitoring and feedback to the various
audiences if the communications are to be successful.

They further concluded that most maps are either too singi¢oo complex.They

encourage mapedggners tocarefully trade off simplicity and complexity such asalgiding
technical terms unless it is simply explaintking advantage of associative information

such as using different blue colours tawey wder depth, andto create designs which

facilitate comparisons with past flooding evenfBhey also make a case for dynamic

updating of these communications, linking maps to i@l water level information, and

for a gradated labellingf flood risk (suke as highmedium and low). The latter fits with the
concern that(Smith, 2000has wth flood risk maps; that they do not provide effective
communications of the uncertainty in flood forecasts, creating a false absolute in the
RAOK2G2Ye 2F aFf22R LINER Y S {Katesyail WhiEe f1962)R FNB S€ d
expresses a similar theme, suggesting that lines on a map, like levees, might produce a false
sense of security. These theorié®wever,have yet to be evaluated empiricallgell and

Tobin, 2007)
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8. Best practice I n communicat
economic & financi al f or ecas
fl uctuati ons

Unimaginable sums of money flow through our digital financial exchanges@mbmies
every second of every day, with ripples and shockwaves affecting individuals and
institutions as meaningfiy as any physical, natural disaster.

2 A0K KdzaS FY2dzyta 2F Y2ySe a4 adalr1sS ryR | Fd
considernble investment has gone into visualisation software to help traders see what is
happeningg and forecast what might happerto prices through time and across many

different stocks (equivalent to geographical spread), or to key economic measures such as

GDP.

Most of the stock market visualisations are not forecasts, but-tiea information to allow
traders to make their own decisions based on their own personal forecasts. National
financial institutions, however, do publish economic forecasts.

8.1. What is being done in practice

8.1.1. Communicating an uncertain future

Corporate earnings forecasts are usually communicated in text form, and usually including
uncertainty as a numerical range.fed®he é@xpected earnings for the negeriod are
between$1.15 and $1.28JS NJ §.KI NBE QQ

(Holmsen et al., 2008)

Economic forecasts, however, are [Key policy rate J Output gap
most commonly done in the form of | | ]

lines with a fan chart representing —

uncertainty around the future I 1

forecast (and sometimes around I ]

past figures that are subject to S — T 90%
revisions)_ The fan Captures the 006 2007 2008 2009 2010 2011 006 2007 2008 2009 2010 2011 70%
guantified uncertainty irthe form of _ i 5 5 0%
different confidence intervals. | CP! .| |-
Although the impetus to move to fan

chart presentations by central banks *

was initially to improve i
communication and understanding
of the range of future projections, — 0 R )
the production of them also changec 2008 2007 2008 2009 2010 2011 2006 2007 2008 2009 2010 2011

the way that the forecaster; within 1) CPIXE: CPI adusted for tax changes and excluding temporary fluctuations
the banks approached their work, in energy prices
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making them think more about the range of possible outcorfig#ton, Fisher and Whitley,
1998)

8.1.2. Communicating a dynamic present/past

Norges bank has also experimented with showing how uncertainty in past forecasts has
been resolved, showinigow the impact ofdifferent exogenous shocks to the economic
sysem have resulted in changes to the measure. It is designed to communicate how the
bank responds to changing situations and give the audience a better sense of factors that
affect uncertainty in the economiHolmsenet al., 2008)

20 -1 2.0

15 r 115

1.0 1 1.0

05 1 0.5

0.0 -4 0.0
L

05 ¢ Bl Higher demand in Norway 108
Bl Higher inflation in Norway

-1.0 ¢ Hm Higher interest rates abroad 1-10
m Higher risk premium in the money market

15 = Lower growth abroad 1 -1.5
— Changes in the interest rate path

_2.0 1 1 | 1 L 1 _2.0

08Q3 09Q1 09Q@3 10Q@1 10Q@3 11Q1 11Q3

b2aNHSa ol y1Qa SHEHaSdeketab08) f 3INI LKA OA
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2 KSy Al O2YSa (2 adt2014a 2ssen R wERY N @ 2 dzQR
there are simple lingraphs showing what is happenin . 1g/a . $1.213.54 o

over time at one location (to one stock, share, curren

price or economic measure)

$1,213.54

However finance has also developed a unique formal e o "

to show daily change at multiple points at once

(multiple individual commaodities, or multiple

timepoints for the sam&ommodity), based on an 18

century way of showing rice prices in Japan. This is tl

WOl yRE SAGA01 Q OKI NI KA ISY Ay 3
closing price, highest price and lowest price of the da W

Ay 2yS WOIFIYyRfESQ 60GKS WNEX Ol YR
difference between the opening and closing price, the

colour of the candle representing which direction the

OKIFIy3aS ¢Syi> YR GKS Wgi SYR
representing the highest and lowest price of the day).

CKAA TFT2NXIG GKSNBEFT2NBE Oz F At A
time or another dimension. L

It also gives expe@enced traders an idea of likely future

changes, as the patterns revealed by the candles day

to-day show how the direction of travel turns. Of ‘

course this is only relevant where such changes foIIo

a pattern (as they tend to in financial markets).

1217 A [ & .

- EURUSD :
K2 H1 ‘
KN
I“Ill.
II
I
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A similar kind of chart is the OHLC (Ojptigh-Low-Close) chart, which has a vertical line
representing the high and the low of the day (like the full length of the candle plus wicks),
and little tick marks on the vertical line, lefhd right, to show the open and close prices.

LY TRRAGAZ2Y (2 GKAA LINAOS AYyF2NNIGA2Y S GNI RS
Y I NJ¢$aé fumber of other traders currently trying to buy or sell a particular financial

instrument- which requires kowing the volume and price of bids, asks and trades

dynamically through time. Visualisations incorporating all this information are complex and

tend not to be designed for a naive audiencey(@&Vright, 1995).

Line Chart (J) | Line Chart(S) | HLOC Chart = Candlestick Chart

110

100

Us-3

gad

&0

28-Sap 5-Oct 12-0ct 19-0Oct 26-Oct 2o

An interesting addition to these sorts of visual displays in an attempt to help traders

dzy RSNBE Gl YR GKS LI G§GSNYa AgturningtSe pRnfslinoaO R G|
soundscape, which can be much richer than the visual space possible odleelthdevice
(Neuhoffet al,, 2000; Berral, Daniels and Berger, 2001)

8.2. What is known about the effects of the
communications?

A lot of work has beedone in understanding how financial managers create forecasts and
choose how to communicate them, but this has mainly been about the degree of precision
that they choose to communicatevhich is often bound up with increasing credibility and
reducing leghliabilities(Duet al,, 2011) (Duet al,, 2011)found that the audience for

financial forecasts was not perturbed by the uncertainty in the communications, because
they expected it to be there and expected the precision of the communication to match
their understanding of the uncertainty. They also atlthat how the audience then

interpret and make decisions based on the range is complex (their evidence suggested that
they did not choose the midpoint of the range to base their actions on).

The effects of different visual presentations have receivedmass attention(Van Der

Bleset al.,, 2019)evaluated public and expert responses to fan charts aadignt plots as

ways of communicating uncertainty around past estimates (rather than forecasts), and

found that they were broadly wellinderstood, although the sharp boundaries between the
confidence interval bands in the fan were sometimes thoughtb 8t 02 y ¥Fdza Ay 3 | yR
FLEYyQ | LILINRFOK NBO2YYSYRSRO®
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Evaluations of the use of sonic representations alongside visual representations to give
enhanced information in a dynamically changing trading situations were niikeaghoffet

al., 2000; Keith V . Nesbitt, 2006h) some small experiments it seemed to enhance the
perception of direction of change, but sometimes only in one direction. It seems to be an
area in need of furthemvestigation as a way of helping those working in a very dynamic
and highpressured, datadriven situation (se€Vickers, 2011for more).
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9. Best practice i n communicat
epidemic and disease ri sk

As the world has recently become acutely aware, a spreading disease is a risk that is variable
in both space and time, with many uncertainties. Computational models in epidemiology

are wellrecognisel and wellused tools and have been instrumental in understanding the
temporal growth and geographical spread of infectious diseases like influenza, Ebola and
COVIbLY9.

9.1. What is being done in practice

9.1.1. Communicating spatial information

Just like a weather fecast, epidemiological forecasts come in two main fari@seisa

map view showing geographical spread, either currently, or as a forecast, which can help
public understanding but also polibgvel decision making about mitigation measures and
emergencyhealth preparations.

USA: new cases spread £ JOHNS HOPKINS

Johns Hopkins animation showing past COwWdp FA 3dzNBa 3IS23INI LKA O f f &
indicating case numbers in each geographical location. The image was animated to show
change over time.
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Columbia University COVID-19
Projections

Type Social Distancing

Daily new deaths l ’ Weekly 2% increase in R_e during winter; weekly 4% decrease in R_e during summer |

Show Log @ Off

Washington
Maine
Montana North Dakota
Oregon N Ty New Hampshire
Idaho South Dakota . New York
Wyoming 9 Connecticut
lowa Pennsylvania
Nebraska
hevaca Ohio. Maryland
Utah
Colorado Virginia
Kansas i i
California Missouri Kentucky
North Carolina
Arl Tennessee
L2008 New Mexico Oklahoma South Carolina
Mississippi Georgla
Louisiana “
Florida
]
0 100 200 300 400
Date: 12/10/20 Autoplay @D on

O
A Columbia university forecast of CO\tEDcaseshowinggeographical spread, with the
options to vary transmission conditiomsgain, this is a still image of an animation.

Such maps can be much more detailed, with the models including spatial paraneeters
better simulate the dynamic spread.

"~
%

NS

(4

Maps showing modelling of different disease spreads in the UK/g§o@nation measles, far

left; foot & mouth disease, second left; novel influenza, second right; smallpox, far right)
from (Riley, 2007)

9.1.2. Communicating temporal dynamics

The second type ofpedemiological model forecass that for a single locabn, in which case
the most common representation of the outputs is a line plot showing potential case
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numbers. Since ensemble modelling is heavily used, as for many other forecasts, the line
charts typically either show the individual component model au$p or a single summary
in the form of confidence intervals around the central estimate.

B Ensemble
Individual models o
o
=
FO
o
<,
b o
13
o
Q
o
S %
[ O 3
./ o <
s o
. Lo
P
o—e0 oe—®—0 i
Set
o
Inner Bands: 50% Prediction Intervals |

Outer Bands: 95% Prediction Intervals
e -

Se;;-01 Ser.;-15 Oct’-01 Oct'-15 Nov-01 Nov-15  Dec-01
The US Centers for Disease Control forecasts for €@\ixes in the US, showing both the
individual model outputs and a summary in the form of a fan chart.

Data for Albany, NY, week ending: Sun Apr 12 2020

Using observations through week 67

Peak Timing Date: 02 Feb 2020

StDev: 0.00 weeks, Expected Accuracy: 42%
Peak Intensity: 5280 cases:

6k StDev: 0, Expected Accuracy: null% Forecasts for Week 67: 1
Onset: 08 Dec 2019, StDev: 0.00 weeks Range: 0 - 2

Duration: 16,00 weeks, StDev; 0,25 weeks Region 2 forecast: 1

Sunday, Jul 5, 2020
* Fore

Cases (per 100,000 patient visits)

Sep'19 Oct"19 Nov'19 Dec '19 Jan ‘20 Feb '20 Mar ‘20 Apr '20 May ‘20 Jun 20 Jul'20
Observations from Week 67  -0- Forecasts for Week 67 Region 2 forecast

7

QfdzYoAl | YABSNEAGE QA Ay T dnabwing the preitNgs Gming G & T 2
and duration of the peak alongside expected accuracy estimates of the forecast.

9.2. What is known about the effects of the
communications?

Work done after the 2009 H1N1 influenza pandemic investigated the communication of
epidemiological forecasts and found, in common with studies into communication around

natural disasters, that a key (missing) part was communication between forecasters

(modellers) and decisiomakers in their study region, Canaff2riedger, Cooper and

Moghadas, 2014)By interviewing professionals after the event, they concluded that there

gla | ySSR (2 FT2NX¥ | WYoOmycsdmuhidation té éhsutelthtt Od A OS G
decisionY { SNEQ AYTFT2NXI A2yl ySSRa ¢ HWBwereSAYy3d Y
trusted relationships and clear communication of uncertainties and limitations in the
models.(Moghadaset al., 2015)then went on to start such a community of practice in

Canada, emphasising the need to standardise terminology so that all involved understand
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each other. Wdk around HIV modelling and policy decisioaking(Delvaet al., 2012)

OFYS (2 AAYAfI NI O2yOfdzaAiz2yaz YF{1Ay3a | adzyyYl N
LINBaSyidalriadAazy 2F NBadzZ Gaz AyOfdZRAYy3I dzy OSNI I Ay

going into further details of how these should be defihor evaluated.

One group of modellers who appear to have done this is a team from the University of
Cambridge who modelled the geographical spread of a plant disease in commercial citrus
plantations and potential mitigation actiof€unniffeet al., 2015) By working with policy
makers, regulators and growers they developed a web interface that visualised potential
outcomes from the model in a dynamic way. They did not do a formal evaluation of the
AYGSNFI OS o6dzi NB LR NI 6 SthdoNEpaclistaiselsl2 & A G A JS

UNIVERSITY OF Department of &  Epidemiology and Modelling Group
¥ CAMBRIDGE Plant Sciences =

There appears to be, however, a dearth of work evaluating the effects of epidemiological
model communication on their audiences. It may be that the C&@Ipandemic is the first
time such models have been shown to a signifiqgaublic audience, and so evaluations and
new model communication approaches may result.
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10. Best practice i n cemmeamicat
f orecast s

¢CKS wnndg [Q!ljdAatl SIFENIKIldza 1S ¢6la 2yS 2F (KS
inrecent history. Thedil a G SNJ 2F [ Q! ljdzAf Il gl & 2NRARIAYI e
G2 AGLINBRAOGE Iy SINIKIldzZ 1S K2gSOSNI AG KI&a o
O2YYdzyAOIF GAZ2YT SINIKIjdz- {S& | NS5 -pbletical 2dzad 3IS2L
incideril ¥Stewart, Ickert and Lacassin, 2018jus identifying the most effective way of
communicating seismic risgkkey to moving the discipline forward.

In this chapter we concentrate on operational earthquake forecasting: the communication
of the probability of a seismic event, posgiblongsitle its anticipated effectsWe also

include the context of these forecats LJS 2 LJriSk erceptitMar@hdly the forecasts
might affect their behaviour

As already mentioned, these forecagtbased on measured seismic activigre highly

uncertan, and dynamic in both space and time. The absolute probabilities of any event also
NBYFEAY OSNEB 26> SOSYy AT (GKS NBfFGAGBS NRal 6
given area) can be raised by orders of magnitude.

10.1. What is being done in practice

Earthquake risk communications are disseminated through a wide variety of channels, both
formal and informal(Whitney, Lindell and Nguyen, 2004¥1ost official government
messaging is formal in nature, such as public seammc®uncements and brochures
(Whitney, Lindell and Nguyen, 20G4at are designed to raise hazard awareness and
provide seismic hazard adjustmentca@mmendationgSorensen and Mileti, 1987)
conforming to recommendatios based on risk communication research that specific
information both about the hazard and what actions can be taken to prepare for it should
be includedMileti and Sorensen, 1987; Tierney, Lindell and Perry, 200bilst many
different sources can influence earthquake risk perception (for exaiigdék and

Neuwirth, 2000¥ound that dramatic portrayals of volcanoesdisaster movies had an
important effect mLJS 2 LX S Qa NJofitiem! Lil$sNIoughtaat Brymdst people
living in high risk areas, beliefs about earthquakes will be based on information from the
media and their peeréWhitney, Lindell and Nguyen, 2004; Hek¢ial,, 2005) This fits with
the idea of the social amplification of risk discussed eafRennet al., 1992; Pidgeon,
Kasperson and Slovic, 2003; Kaspesstoal., 2016)

Only a few countries have so far attempted to give {tgak earthquake forecasts to a
public or emergencyesponse audience. Here we feature two of these as case studies, and
then discuss the literature evaluating these and other, experimental, communications.
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Casestudy: New Zeal anddos Operational Earthl
(publicly accessible versions)

New Zealand has a website providing public earthquake forecasts for three seisiaataig/regions of the
country; Canterbury, Central New Zealand and Kaikd@orare information and formats were usetliring
the Canterbury earthquakswarm which are featired in the evaluation section of this chap}erThe three
forecasts vary slightly in their use of graphite Canterbury and Central New Zealand forecasts just sh
the general area of the forecast on a map, the Kaikoura forecast uses maps to shanedhe the forecas
and to give information about forecasted aftershock shaking intensity. Whilst the Canterbury and Ka
forecasts are OEFs, the Central New Zealand forecast is based on expert elicitation, thus we will foc
the former here. Moreadetail on how these forecasts are made can be found on the GNS Science we
(https://www.gns.cri.nz/Home/OwScience/NaturaHazardsand-Risks/Earthquakes/Operational
EarthquakeForecastiny

The information is generally text and taHbased. The Qaerbury and Kaikoura forecasts start with a grg
box which gives the current forecast in terms of an absolute percentage chance of an earthquake of
magnitude, and the absolute percentage in the last forecast for the region, with a verbal mefition o
WAYONBFASQ 2N WRSONBFrasSQ (G2 KAIKEAIKG GKS RAN
intensities, because it is thought that people are more familiar with magnitude, even though intensity
more relevance to them:

G[ 221 A Y Jseimic adtivity in thiefaffershock area of the November 2016l KailEarthquake, the
expected numbers of earthquakes continue to drop. There is now a 34% chance of one or m&é M6.(
earthquakes occurring within the next year, this has decreased frémf@89n our last forecast (12
b2@3SYOSNI HAM®DPO D&

This is a conscious decision to ensure that the fadme message is clear. The magnitude is stressed
because it is a common misconception that the magnitudes of aftershocks decrease, whereas it is thj
likelihoods, given a certain magnitude that change (meaning that a high magnitude event remains
possible).

This is followed by a table indicating the absolute probabilities of one or more earthquake of a given
magnitude, the average number of earthquakes ofweegimagnitude, and the range of the possible
YdzYo SNJ 2F SINUKIdz-1Sa 2F + IAGSY YIIAYyAlddzRSE |
active period, this time period is reduced). Absolute probabilities are used so as to avoid potentially
alaming relative risks during seismically active periods. This is followed by a verbal explanation of tH
table, sometimes giving verbal indicators of the probabilities.

Canterbury table:

Canterbury aftershock sequence long-term probabilities

M5.0-5.9 M6.0-6.9 M=7.0
Average Probability of one or  Average Probability of one or  Average Probability of one or
verag Range ey verag Range b verag Range ”y
number more number more number
Within1 o5 0-2 38% 0.04 0-1 4% 0.005 0-1 <1%

year

Issued on 1 September 2020. This table shows a forecast for future aftershocks for1 year from 1 September 2020, for the area from 171.6-173.2 degrees
east and 43.3-43.9 degrees south (see map).

This table says that:

« Within the next year, there is a 38% probability (unlikely) of one or more earthquakes of magnitude 5.0 to 5.9 occurring in the area shown in the box in
the map. It is expected that there will be between 0 and 2 events of this magnitude within the next year.

* |tis very unlikely (4%) that there will be a magnitude 6.0-6.9 earthquake.

* |t is extremely unlikely (less than 1%) that there will be an earthquake of magnitude 7 or greater.
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A

bSé %SIflyRQ& hLISNIGO2yEOR9 I NI KIj dzk | §

Kaikoura table:

Average Average Average
I'I:Il'l'lb:r of Range* of Probability of 1 or n:mb:r of Range* of Probability of 1 or n:mb:r of Range* Probability of 1
M5.0-5.9 M5.0-5.9 more M5.0-5.9 M6.0-6.9 M6.0-6.9 more M6.0-6.9 - of M=7 or more Mz7
within
one 4.8 0-13 91% 0.5 0-2 34% 0.04 0-1 3.7%
year

Forecast for rectangular box (see map below) with the coordinates -40.7, 171.7, -43.5, 171.7, -43.5, 175.5, -40.7, 175.5 at 12 noon, Monday 9 November
2020; 95% confidence bounds.

The aftershocks of the magnitude 7.8 Kaikoura earthquake are mostly occurring throughout a broad area from North Canterbury through to Cock Strait that
surrounds the faults that ruptured in that earthquake, although a few have occurred in the lower North Island. We forecast aftershock probabilities for the
area in the red box on the map below. The area near the centre of the box (around Kaikoura) is more likely to experience felt aftershocks than areas towards
the edge of the box. See the MMI map below for more information on the forecast shaking. Earthquakes can and do happen outside this box but the box
represents the most likely area for aftershocks in this sequence.

For example, there is a 34% chance of one or more M6.0-M6.9 within the next year. We estimate there will be between 0 and 2 earthquakes in this
magnitude range within the next year.

The current rate of M6 and above earthquakes for the next year is about 1.5 times larger than what we would normally expect for long term seismicity
represented in our National Seismic Hazard model. As the aftershock rates decrease, this difference will decrease as well.

——

Verbal estimates giveare always accompanied by numbers as is advised (and New Zealand
experienced communication problems during an event when geoscientists used verbal terms

emergency managers did not know what they meant).

a8 YSYGA2YSR | 02@S3 svamagiRsieNihg®odecasted padbabilitied of I f

shaking of particular intensities:

Probability of damaging shaking (MM6) in the next year
As at 12/112019

0

,,,,,,,,,,
wace B

MME shaking comesponds with intemal bullding damage. structural damage 10 a few weak
buikings, and wil i

-
%s

Other measures, such as peak ground acceleration, are used only for technical audiences.

The pages are only updated when there is a change to the information (ee safsmic activity).

This means that sometimes the information is a year old.
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Casestudy: US Geol ogical Societybs Oper
Forecasts

USGS started using earthquake forecasting publicly in 2018, releasing aftershock forecasts fr
around an hour after a mainshock in Anchorage, Alaska, updated over days, weeks and mont
They also learnt from experience in New Zealand and Nepal and interviews with potential exp
users. After feedback from emergency responders and monitoring mediaagpe¢hey adapted
their template to avoid misunderstandings.

The template is designed to have layers to allow increased depth of information. The forecast
L F OSR 2yt AYyS | yR I NS RSa&A 3y S RfteishdckAoledds$. Bé |
ready for more earthquakes. Our model of thepected numbers and odds of future earthquakes

The first tab is entirely texbased. It specifically keeps to a single defined time period, to avoid
confusion, alongside observed history (how many shocks have already been observed at the
location). Then a series of bullet points showing the expectedbar of earthquakes of different
magnitudes over different timepoints.

A second tab shows two tables, one showing the probability and one showing the likelihood of
earthquakes of different magnitudes. The third tab shows the parameters used in theirllingde

Commentary Forecast Model

Note: The expected rate of earthquakes continues to decline throughout the time windows. The probabilities in the longer
time windows are higher only because the rates are being summed over a longer time period. These longer periods may
be useful when planning recovery and rebuliding projects.

The probability of at least one aftershock of at least magnitude M within the given time frame. Forecast
starting 2019-11-30 18:00:00 (UTC)

1 Day 1 Week 1 Month 1 Year

M=>3 21 % 81 % >99 % >99 %
M=5 <1% 2% 7% 48 %
M=6 <1% <1% <1% 6 %

M=>7 <1% <1% <1% <1%

The likely number of aftershocks of at least magnitude M within the given time frame. Forecast starting
2019-11-30 18:00:00 (UTC)

1 Day 1 Week 1 Month 1 Year

M=3 Oto2 Oto5 3t013 47 to 86
Mz5 * * Oto2 Oto3
M=6 * * . Oto2
M=7

* Earthquake possible but with a low probability.

Likely number of aftershocks is the 95% confidence range.
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aftershocks, and somill be larger than others, but these wilecrease in frequenogver time.
USGS scientists do not know the exact time, locaton, magnitude of any specific earthquake.
The USGfamily also knows that earthquakes can be upsetting for peaptewill continue to
provide information to help peoplstaysafe and care for themselves and each othéBeckeret
al HamdpI KFER NBLER2NISR LINIAOALIYGa Fa al ej
gl a Wwiz2 OfAYyAOLFfQUOO®

An addition requested by the media and public was a likely duratiorh®period of the
earthquake sequence.

10.2. What is known about the effects on the
audience?

Although there is very little work specifically on the evaluation of operational earthquake
forecasts, we here briefly review the academic work that has been donentigdt be of
relevance to understanding the effects@mmunications ofuch forecasts first, and then
the specific work done on OEF.

10.2.1. Awareness & risk perception of seismic events

As might be expected from the complexities of human responses to ndtaralrds and
disasters in general, the link between earthquake hazard awareness, risk perception and
seismichazardadjustmentis not always straightforwar(Marti et al,, 2018) As previously
mentioned, risk perception is a core feature of both protectiantivation theory(Rogers,
1975)and the protective action decision modglindell and Perry, 2012and in accordance
with these frameworks ebeen shown to be a significant predictor of seismic hazard
adjustment (e.gKunreutheret al,, 1978; De Man and Simpséfousley, 1987; Palet al.,
1990; Dooleyet al., 1992; Mileti and Fitzpatrick, 1992; Lindell and Prater, 2000he
strength of these relationships igten weak howevefSdberg, Rossetto and Joffe, 2010)
and there areseveral examplesf studiesthat have shown no relationship between the two
variables at al{Jackson, 1981; Russell, Goltz and Bourque, 1995; Mileti and Darlington,
1997a) Thuswhilst communications aimed at raising risk pgttens may go some way to
encouraging seismic hazard adjustment, earthquake communicators should consider
approaches that target seismic hazard adjustments directly (see below).

Solberg, Rossetto and Joff&010 suggest that part of this variation in gty results may be
due to demographic differences between them that moderate the risk percegtaxard
adjustment relationship. Howeveit,is also worth noting that risk perception is a
multifaceted concept including cognitive, affective and sastitiural components (e.g.
(Douglas and Wildavsky, 1983; Loewenstgial,, 2001; Joffe, 2003; van der Linden, 2015)
Part of the disparity between these studies then, may be because they measure different
components of risk perception. For exam@éhough knowledge and thus awareness of
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earthquakes is one of the cognitive components of earthquake risk perceptioarae

studies have highlighted the disconnect between awareness of earthquakes and the
personalisation of that risklackson and Mukerjee, 1974; Turner, Nigg and Paz, 1986; Mileti
and Fitzpatrick, 1993; Mileti and Darlington, 199&)d it is that personalisation of the risk
that taps into the affeatze dimension of risk perception. Thsudies using variables such

as earthquake awareness or earthquake likelihood as proxies for risk perception may yield
different results when evaluating its relationship to seismic adjustment than studies that
use amore affective measure, like experience with or worry about earthquakes. Future
work would do well to create a more holistic measure reflecting all these components, and
to evaluate its relationship to seismic hazard adjustment.

10.2.2. Communicating small probabilities

As with many other risks, the way in which numbars presented in communications

Fo2dzi SFNIKIljdzr 1Sa KIFIa 6SSy akKz2gy G2 FFFSOG L
been many studies examining framing effects wigards to earthquake communications,

where logically equivalent but differelgtphrased statements can yield different risk
perceptions(Henrich, McClure and Crozier, 2018Y1cClure, White and Sibley, 2009)

examined the effects of framing communications abbath the outcome of an earthquake

event (experiencing harm or avoiding harm) and the proposed preparedness actions (taking

or not taking action), on both general earthquake preparedness actions and more specific

actions (such as buying a battery poweredicg. They found that negative framing of the

earthquake outcome increase willingness to engage in both general and specific

preparedness actions, whilst positive framing of the action itself compounded this effect for
specific preparedness actions. Ifodow up study however(McClure and Sibley, 201this

interaction was in the opposite direction; negative framindoth outcome and action

yielded the highest intentions towards specific preparedness actifviarti et al., 2018)

Ll2aAld GKFG GKA& Y@ 0S 0SOFdAS (GKS Ay Tt dzsSyOS
affective state (positive or negative) was not considered, despite studies in other disciplines

finding both to be an important moderator de effects of message framirffeller, Lipkus

and Rimer, 2003; Chang, 2007)

(Marti et al,, 2018)went on to examine for the effect of this thregay interaction between
FFFSOGZ NRA] LISNOSLIGAZ2Y YR FNIXYAYy3A 2y {6Aaa
precautionary measures towards earthquakes. They demonstrated that only in combination

did these factors influence attitudes. Specifically, a message that induced negative mood,
contained high risk information and used positive framing induced the gsédtegree of

attitude change, although messages that combined induy¢&sla I G A S Y22 RI f26n
informationandat 2aan¥N} YSE yR (K2aS 0(KIFId O2YoAYySR
AYF2NXYEFGA2Y YR IFAYTFNI YSR YSaalASai ax a2z Kl
attitudes.

Studies have also examined other ways in which numbers in earthquake communications

Oty 06S LINBaSyaGdSR GKFG YIre FFSOOG LIS2LX SQa LIS
which the risk is presented, or expressing outcomes in teshisequencies(Henrich,

McClure and Crozier, 201f8sted five statements that were logically equivalent but that

used different formats for presenting the riskhey found thatthé G I § SYSyYy G & ¢ KS NS
ME:> OKFYyOS Ay pn @SFNR GKFG mcnn LIS2LX S | NB
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The outcome (1600 peoplelled) was the largest number of the options givexhievedyy
using a longer time period over which the risk wassidered (as opposed to a yearly risk),
and yet the '10% chance in 50 years' made the time frame sowr@ tangible (i.e. possible
gAOKAY | LISiNaGn dyc@everyt SA0Fy&ais'AovieSobthe alternative phrasings
tested. All these types of studyighlight the importance of considered design and
evaluation of communications about earthquakes that take account of these potentially
powerful nuances in presentation of numbers.

10.2.3. Communicating spatially dynamic information

Maps are a popular way of communicating information about earthquéespar
Escribano and Iturrioz, 2011 Currently they are notsed to a large extent in operational
earthquake forecastindyut they are often useth the form of hazard maps, which are the
commonest way of visualising long teraeismic hazar@arti, Stauffacher and Wiemer,
2019) Hazard maps are typically designed for primary, expert Bensyet al., 2016a)

who might include geologists, seismologists and civil engineers and who are very familiar
with seismic hazard magMarti, Stauffacher and Wiemer, 2019There are other users
who are less familiar, such as other professionalg (esurance professionals, architects),
emergency responders, policy makers and the general public,f@hexample, might use
such maps to inform decisions about whether to buy a house in a particular avalaetiner
to purchase earthquake insurance).\Mever the hazard maps are typically communicated
in a from unaltered from that designed for expert uséfompson, Lindsay and Gaillard,
2015; Marti, Stauffacher and Wiemer, 2019)

Shakemaps are another commorpgyof map in seismology, developed originally by the

USGS and used to portray the extent and severity of ground shaking after an earthquake has
occurred(Waldet al,, 1999, 2006, 2008)Again, shakemap users are typically experts

including seismologists and geologists, but other key audiences are emergency responders
and risk managers. Shakemaps are also used by the general public

Studies that have empirically evaluated the efficacy (in terms of comprehension),
trustworthiness and actionability of thedezard and shakenaps for their users could

inform the design of mapfr use incommunicaing dynamic seismic information, suels

that from operational earthquake forecast&eneral map design as a tool for representing
temporally and spatially dynamic rigkasdiscussed earlier, but not all of this work is
empirically evaluated. Whilst expert based insights can be incredibfulusome

commonly used formats and features can have been maintained through statu&aguo

use of proportional circles to represent different magnitude$hus evaluation is a very
important component of map (and indeed most!) communication desMyhilst several
studies have empirically evaluated the efficacy of maps and-b@aed visualisations for
other natural hazards (e.gHagemeieiKlose and Wagner, 2009; Fabrikant, Hespanha and
Hegarty, 2010; Hegarty, Canham and Fabrikant, 2010; Thompson, Lindsay and Gaillard,
2015; Ruginslet al, 2016; Padilla, Ruginski and CreBegehr, 2017}here appears to

have been a lack of empirical evaluation of maps used to communicate information about
earthquakes. One notable exception {arti, Stauffacher and Wiemer, 2019vho provide

a novel evaluation of sgnic hazard maps as tools for commeation with non-expert

users, including architects and engineers who do not specialise in seismic retrofitting, and
the general public.
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Using the three different map types (hazard map, magnitude map and effects map) used by
the Swiss Seismological Seri8&D)(Marti, Stauffacher and Wiemer, 201@pok a mixed
methods approach to evaluate user comprehension of each map type, including
understanding of statistical information provided in statemenihey also evaluatethe

value of interactive content in facilitating comprehension. They found that most
participants were able to distinguish hazardous from less hazardous areas using the seismic
hazard map, although comprehension was significantly related to participant numerical
ability, with high numeracy participants performing better. This particodap had been
designedwhere possiblein line with best practice from the literature on visualisation of
other hazards, such as using darker colours to depict higher hazard areas and ensuring
legends are prominently positioned and contain numeric anditptale information
(GaspatEscribano and Iturrioz, 2011 his suggests that despite evaluations of hazard
maps from other disciplies showing they are-linderstood by the laypublic(Hagemeier
Klose and Wagner, 2009; Severtson and Vatovec,;Zjglgren, 2013; Permt al,, 2016b)
they may in some instances be informative provided they are well desigihaiti,
Stauffacher and Wiemer, 2018)so demonstrated that participants were less successful
when interpreting magnitude and effects maps, which had not been so closely based on
bestpractice (for example they had fairly low contrast ratios, which are thought to reduce
readability and comprehensidiHagemeieiKlose andVagner, 2009; Kunz, Gr®egamey
and Hurni, 2012) and conclude that these maps should be redesigned to improve
performance, perhaps being gqooduced with the relevant users.

In looking at participant interpretation of statistical informatigqiMarti, Stauffacher and
Wiemer, 2019¥ound that the magrity of participants (73.3%) were able to correctly
AYGSNIINBG | adraSYSyd RSaAONRoAYy3a ty S@Syd | a
they understood that the event could occur at any point during that time window. Again,
there was a positiveelationship between performance and numeracy, and risk perception
was found to moderate performance too. Finally, based on their smaller sample of
architects and engineers they concluded that SED map interactivity in its current form did
not facilitate participant comprehension(Marti, Stauffacher and Wmer, 2019¥inished by
highlighting the importance of not only evaluating current hazard communication products,
but also exploring and evaluating alternative products for raising risk awareness and
preparedness.

10.2.4. From awareness to action

One of thedesired outcomes of earthquake communications may be to raise seismic hazard
adjustment, which we define here in accordance wiBolberg, Rossetto and Joffe, 2046)

artf dGeSa 2F FOGA2ya YR 0SKIF@A2dz2NE dzy RSNI |
capacity to either reduce immediate risk of damage and loss during an earthquake, or to

prepare for postimpact conditions that might adversely affect survivdNR 6 | 6 A f AGA S&a € &
Indeed, given the impossibility of predicting the precise timing, location and consequences

of future earthquake events, proactive preparation is an important component in reducing

the amount of damage and fatalities from an earthquakeré®aton and Johnston, 2001;

Patonet al., 2015) and appropriate behaviour by both communities and individuals

affected by earthquakes has the potential to mitigate impact substantially, reducing the

burden on emergency respong®larti, Stauffacher and Wiemer, 2020)
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Frequent education and awareness campaigns are critical to increasing lévels o
preparedness for natural disastgfisapucu, 2008)As already notethowever, simply
providing information in isolatioto raise hazard awarenessr risk perceptiormay be
insufficient to cause behaviour chanjdelleret al., 2005; Marti, Stauffacher and Wiemer,
2020) A recent review byMarti, Stauffacher and Wiemer, 202@entified just ten
campaignsvaluated and written up in the literature that hadrgeted the public and
focused on their behaviour and on disaster preparation genea#iyof November 2018).
Eight of these focused on the J8ileti et al., 1991; Mileti and Fitzpatrick, 1992; Mileti and
Darlington, 1995; Tanaka, 2005; Blakley, Chen and Kaplan, 2009; Wood, 2013; Perez
Fuentes, Verrucci and Joffe, 2016aAtset al, 2017) one on New Zealand@eckeret al,,
2016)and one on IsradlShenhaet al,, 2015) (Marti, Stauffacher and Wiemer, 2020pte
that traditionally, such campaigns were mainly based on printed products such as
brochures, howevethey have moved more recently to include vimleanimation and online
communication, including social media. Although there is some evidence that people pay
less attention to channels such as social media tihay do tomore traditional sources of
information (Beckeret al., 2016; Adaraet al,, 2017) recent work by(McBrideet al., 2019)
suggest that social media communications could be an important tool for scientists and
scientific organisations in the influence they have on the narrative developed by the
mainstream media anth turn broadcast to the publiduring a disaster Examinngthe
information sources used by US media during the Bombay Beach earthquake swarm in
2016 (McBrideet al., 2019)showed that the media used a combination of information
sources including social media, as it provided rapid information about the dynamically
changing situatin, and that this interaction between news media and social media
continued even as the swarm in Bombay Beach slovicBride et al. 2019 go on to
caution however that the media were less linguistically precise in their reporting of
communications fra scientists.

The studies identified b§Marti, Stauffacher and Wiemer, 202@nd others associatewith
them, do provide some insights into the effects of the campaigns in question. For example
(Mileti and Fitzpatrick, 1992, 1998)und that the preparedness campaigns for the Parkfield
9 NI KIljdzt 1S t NBRAOGAZY 9ELISNAYSYdH Ay GKS ! {
that these raised risk peeptions related to increased information seeking behaviour. The
retention of information about earthquake hazard included in these communications
however was found to be podMileti and Fitzpatrick, 1998)and most of the behavioural
recommendations that were adopted were those that had been recommended for many
years rather than the more novel suggestions that the brochures commuai¢itileti and
Darlington, 1997h)perhaps speaking somewhat to a disconnect betwednpesception

and seismic hazard adjustmen(Whitney, Lindell and Nguyen, 20@)ggest that part of

the reason for this is that people who liveaarthquake risk areas might believe they
already know all the necessary information about earthquakes, and thus do not need to
attend to this additional information. They also comment that most risk communications
about earthquakes follow the knowledggeficit model of risk perception, which, as
previously discussed, is flawed. These studies also demonstratethéhaiationship

between risk perception and information seeking was strongest in those who knew others
who had engaged in protective behaviours, and who had received a variety of risk
messages. Another example of the value of mehnnel communication coes from
(Tanaka, 2005)ho demonstrated that risk perceptions of earthquakes in a US and
Japanese sample were higher in those who had received information about them via
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multiple channels. Nevertheless, after thorough review of thedampaignghey
identified, (Marti, Stauffacher and Wiemer, 202€)ncluded that they provide little
empiricalevidence on which future campaignan be based.

Drawing on work from other discipline@larti, Stauffacher and Wiemer, 2020)itline

some key recommendations for the design and communication of earthquamapedness
campaigns. These are worth reading at length in the paper, but we quickly summarise some
standout messages here. Firstly, they highlight the need for regular and repeated
communication, as discussed in the context of earthquake communicabip(iBanaka,

2005; Shenhaet al,, 2015) and suggest that regular training of the audiences for the
communications should be a component of this. They also note the importance of training
risk communicators and integrating them into canigras as much as possible. Secondly,

they emphasise the importance of knowing the characteristics of the audience for the
communications, and their personal context, particularly regarding the relevance and
practicality of implementation of recommended &mts. The information an audience

wants and the capabilities for implementation they have can often differ from that which
experts assuméSteelmaret al,, 2015) This speaks to the value of audience participation in
the design of communications abt earthquakegStewart, Ickert and Lacassin, 301
Finally,(Marti, Stauffacher and Wiemer, 2020ighlight the vital importance of evaluating
preparedness campaigns to ascertain things like their impact on target audiences or the
longevity of any behaviour change they may promote. Although this may involve upfront
cost, if careful design and evaluation helps ensure the success of a campssgmpleey

will be wasted on campaigns of low efficacy. Ind@ddrti, Stauffacher and Wiemer, 2020)
02 Y Y Sy (Protessionally designed and evaluated campaigns are essential for ensuring
that individuals can make use of faster, more accurate warnings based on sophisticated risk
FaaSaaySyidaosé

10.2.5. The challenge of misinformation

(Whitney, Lindell and Nguyen, 200egrried out a survey into earthquake knowledge and

belief inearthquakemyths in Californian studest and wenbn to show that corrections of

theseY@ K& @6SNBE Y2NBE STFSOUGADS oXKSNB dzxK STl QmaSR T
where myths and facts were presented alongside each other, than when theyaisadat

that detailed earthquake facts alone.

Rumours and misinformation can also spread damagingly after an Vekiayast al.,
2015)followed one such rumour on Twitter after the Great East Japan Earthquake in March
2011, warning that contaminated and dangerous rainfall was expected after a cilemi
explosion caused by the earthquake. From one user, 38,226 others were soon disseminating
the information. However, by 15 hours after the rumour started, correction tweets equalled
rumour tweets, and 21 hours after it started, The City Hall of the ikyoaf the explosion

sent a correction tweet directly to 15,000 followestating dAfter the LPG tanks explosion,
there are rumors that harmful chemically contaminated rain may fall. However, the
Earthquake Disaster Prevention Division of the City Fpareent confirmed that there is

no scientific basis for these rumors. Please be careful not to be confused by therimors
the end 56,818 users spread the correction and half were directly traceable to the City Hall
tweet. Again, mentioning the myth ahresponding with trustworthy authority worked.
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10.2.6. Communication of Operational Earthquake
Forecasting

Several studies have suggested that OEF can be used to motivate populations to take
protective action against earthquaké3ordaret al, 2011, 2014; Jordan, 2013Bieldet al,,

2016) HoweverOEF has significant challenges over and above those of communicating the
long-term seismic hazard which has been the focus of much of the research mentioned
above.

What information do audiences want?

Ly AYLERNIFYydG O2YLRYSYyOd 2F Ittt O2YYdzyAOlF A2y
general conclusions about the types of information different audiences need during an
aftershock sequence were drawn (eckeret al, 2019)researding the Canterbury
earthquakes in New Zealand. They carried out focus groups and interviews with 55
participants (public, media professionals, insurance professionals, infrastructure managers
and emergency respondershere was support for a variety afformation formats

highlighting the need for this information to be communicated in a variety of different ways
(e.g. maps, tables, text, graphs, probabilities, rates, analogies), although each needed to be
set within a context to ensure relevance of tildormation to the varied audiences using it
(Beckeret al., 2019) Another request was for information on whto do during the

aftershock sequence, including protective actige®plecould take(Beckeret al.,

2019) We reproduce the table of the information requirements mentioned by both experts
and public below:

Science information Protective action information Coping/recovery
information
® What had caused the earthquakes (including geological background) ® How to immediately respond to aftershocks (e.g. ® Getting to and from school
@ Likely future earthquake locations Drop, Cover, Hold) for parents
® Likely future magnitudes or intensities of aftershocks (e.g. “the aftershocks may be ® What to do next during the aftershock sequence ® Commuting to and from work
[felt as] as severe[ly] as the initial shock”) (e.g. look after your friends/family). ® Whether their house would
® To know there will be aftershocks ® How to get prepared (e.g. physical preparedness, be liveable
*® Duration of the aftershock sequence (e.g. “another six months”; “When's going to be the develop a family emergency plan). ® Advice on how to cope with
next one?”) aftershocks.

® Context around an aftershock forecast (how it compares to background seismicity,
what happened in previous NZ and overseas earthquakes, how do future earthquakes
relate to what we have already just experienced?)

® Aftershock information to inform longer term decision-making (e.g. future property
purchases).

The information that members of the public requested from OEF, (lBaxcker et al., 2019)
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Sector

Information needs

Uses

Urban Search and Rescue
(USAR)

Structural engineers/building
assessors

Geotechnical engineers

Critical infrastructure
providers

Emergency managers and
responders

Communication

representatives

Business representatives

Construction mangers
Insurers

Policymakers

Recovery leaders

® Details of earthquakes that had just occurred (e.g. earthquake
spectra)

Aftershock forecasts (size, number of earthquakes, location)
Likely consequences

Details of earthquakes that had just occurred (e.g. earthquake
response spectra)

® Aftershock forecasts (magnitude, probabilities, number of
earthquakes, location)

Likely consequences

LN

® Details of earthquakes that had just occurred (e.g. fault location,
orientation and nature of rupture. Peak Ground Accelerations
(PGA)).

Aftershock forecasts (probability, size, number, timeframe, decay
rate)

The probability of larger earthquakes (i.e. size), and the timeframe
in which these might occur.

Likely consequences (e.g. liquefaction)

.

General information about an earthquake that had occurred (e.g.
M, location, depth, time, what had caused the earthquakes, etc.)
Aftershock forecasts (probability, size (M and MM), number,
location, and timeframe (including timeframes related to
immediately after a large earthquake (6-12 h), within 7 days and
up to 1 month))

Likely consequences (e.g. risk of building collapse)

® General information about an earthquake that had occurred (e.g.
M)
General aftershock information

® General aftershock information (e.g. probability, size, timeframe)
Likely consequences

General aftershock information

Aftershock forecasts (e.g. probability, size, number, location,
timeframe, decay). They specifically wanted to know:

® When damaging earthquakes were going to cease (i.e. aftershock
duration)

“Aftershock likelihood combined with ground conditions”
(Scientist, K)

“Short, medium and long-term pictures” (Emergency manager and
insurance representative, R) e.g. up to 1 year

When the aftershock rate had decayed beyond a certain threshold
‘Where past events had occurred for decision-making context
Likely risks and consequences

Aftershock forecasts (e.g. size, number, timeframe) and specifically
the forecast 50-year decay rate

Aftershock forecasts (e.g. size, number location, timeframe (with
suggested timeframes of 1-5 years, though to decades)

® When the aftershock rate had decayed beyond a certain threshold

L L]

® To determine when it would be ‘safe’ enough to re-enter
buildings to save lives

To provide context for likely damaged buildings and how to deal
with them (e.g. earthquakes of M5.5 that had occurred were
used as a threshold” for shutting the Red Zone down)

To determine when it would be ‘safe’ enough to re-enter buildings
for assessment, and how to “sticker” them (Green - no restrictions,
Yellow - restricted access, Red — unsafe do not enter)

To provide context, so they could make judgements about the
likely evolution of aftershocks, and the risks they might pose

To inform risk models (e.g. liquefaction, landslide risk)

To prepare resources (e.g. size of labour force needed) and
develop relationships for response to potential aftershocks.
Determine repair scope, timing and standard of infrastructure
repair.

To determine risks in a fragile building environment

To decide where to place cordons around dangerous buildings/
infrastructure, how long to keep those in place, and how to control
the entry and exit of people

To decide when to stop people entering buildings (e.g. for building
assessment); and when it would be ‘safe’ to re-enter

To determine risks related to building demolitions

To inform the public about aftershocks and answer questions such
as, “Will there be more aftershocks?”, “When?” and “What will the
impact be?”

To inform how they would respond to an earthquake that had
just occurred (e.g. evacuate; check buildings). For example, M5
was used as a threshold for checking “certain things in [...]
buildings”

To inform what they would tell people about what had just
happened, and what might happen in future

To inform businesses’ decisions about whether they could re-
enter their buildings

Specific industries like tourism used forecasts to brief the tourism
industry about potential aftershocks, develop messages about the
city's damage and safety, and promote the return of tourists

To evaluate the risks of building demolitions.

To inform timing for repairs, rebuild and/or write-offs

To decide when insurers could begin insuring again

To understand whether properties could be insured

To decide the level at which insurance premiums should be set

To devise a local building standard that would be applied in the
Canterbury rebuild

To decide when to commence with repairs and recovery

To delineate red zones for land retirement and remediation

# Thresholds are mentioned throughout people's discussion with respect to making decisions about response (e.g. use of thresholds to determine when to stay out
or enter a dangerous area; when to check buildings/infrastructure) and recovery (e.g. when to begin repair and recovery).

The informatiorthat expert user groups requested from OEF, f(Bexcker et al., 2019)

Bothexpert groupsand the public desired a variety of different forms of information about
aftershocks, from basic information about what afteogks were to help improve

knowledge and contextual understanding, to more technical scientific information used by
agencies to help inform complex decision makiAg can be seen from the tables, they

often requested information about durations and expedttimings(Weinet al.,, 2016;

Beckeret al, 2019) They also asked for the informationto b8 plB 2 y I £ A & SR
T &wWhht théy $nigii expect as a result.

Y$I ya

g2

Beckeret al. (2019)plsohighlighted the fact that many people were unaware of the
availability of official seismic forecasts, and were using unofficial information asla resu
When shown the information, they found it useful to be able to compare the forecast risks
with those from both background seismic levels and previous earthquakes in New Zealand
and elsewhere t@ive them context.
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In what format do people want

forecast information?

(Beckeret al., 2019)showed their participants
various formats of OEF communication and asked
their opinions. Seeing a tab(eght) with the
forecasted number of shocks of a certain magnituc
alongside the actual observed number was found
be reassuring of the accuracy of the forecast.

Map presentationgbelow)were thought less
useful. Although participants liked the gradients of
colour as they conveyed the continuous nature of
the changing risk and thought the colour choice
intuitive, the expert audience questioned whether
WNBERQ YR WINBS¢@asria IK
WRI YIASND YR Wal¥FSQo ¢
the maps did not help their decisiemaking and the
24-hour period of the forecast was thought too
short, with the probabilities too low, to be useful.

useful

Forecast for Fri, May 27 2011 2:00 prm i
through Sat, May 28 2011 2:.00 pm

Expected Observed | Expected Observed
numberof numberof
after shocks after shocks

of magnitude of magni-
4.0-4.9 tude 5.0
and above

Sep 4 43-73 33 2-12 ¢
Sep5 11-29 18 0-5 100
Sep 6 - Sep 12 28-53 35 1-9 4
Sep 13 - Sep 19 8-23 20 0-5 0 |
Sep 20 - Sep 26 4-16 8 0-3 0
Sep 27 - Oct 3 2-13 0-3 0 |
Oct4 - 0Oct 31 10-26 15 0-4 3
Nov 1 - Nov 28 5-17 1 0-4 0 |
Nov 29 - Dec 26 3-13 4 0-3 0
Dec 27 - Jan 23 2-11 8 0-3 1|
Jan 24 - Feb 20 1-9 5 0-2 0
Feb 21 - Feb 22 0-2 0 0-1 0
Feb22-Feb28 | 12-29 56 0-5 4
Mar 1 - Mar 7 1-10 5 0-2 0
Mar 8 - Mar 14 0-6 8 0-2 0 |
Mar 15 - Mar 21 2-1 0 0-2 1

A graph formatbelow), designed with
structural engineers in mind, was thought

at showing the decline of projected

frequency of earthquakes, although some
wondered whether the public might find it
showed a lessening case for preparation.

Earthquake rates in Canterbury

[ — T 30
171,000,000 1/100,000 1/10,000 1/1,000 1/100 110 Long-term average
Probability of Experiencing Slight Damage(MM VI shaking) ag ) 3::":::"“
; 20 4
Finally, a table designed to show forecastlpabilities for a :
technical audiencébelow)was deemed difficult to g 5
understand by many participants, but useful by certain g ‘o
specialists, who appreciated the uncertainty ranges and wr
commented that careful choice of the magnitude ranges %1
displayed would b needed. 00 - : , ,
2010 2015 2020 2025 2030 2035 2040
Year
Start +1 Year +1 Month +7 Days
Date
Mag Avg. Poisson  Prob. Avg. Poisson  Prob Avg. Poisson  Prob
Range expecta conf. expecta  conf. expectati  Conf.
tion bounds tion bounds on bounds
15/6/11 5.0-59 4.1 18] 98% 1.85 [0 5] 84% 1.0 [0 3] 63%
6.0-7.9 042 [02] 34% 0.7 [01] 16% 0.09 [0 1] 9%
15/7/11 5.0-59 25 10 6] 92% 0.45 10 2] 36% 0.14 10 1] 13%
6.0-79 03 [02] 26% 0.05 [01] 5% 0.01 [01] 1%
15/8/11 5.0-59 22 [05] 89% 034 [02] 29% 0.09 [01] 9%

6.0-79 02 [01]  18% 0.04 101]) 4%

0.009 10 1] <1%
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As shown in our other case studySGS communicate operational aftershock forecasts
(OAFs) using an automated template that is integrated into the USGS recent earthquake
event webpages, allowing for more rapid dissemination of OAFs thanopieslystems

where reports were produced ad hoc with no automatidtichaelet al., 2019) These
templates are in a tiered format that provides basic information up top, then goes on to
provide more detailed numerical informatio(McBrideet al., 2018; Michaeét al,,

2019) During the Anchorage earthquake sequence that followed the 2018 M7.1
earthquake, it was found that these forecasts were mostly reported accurately by the media
except in a few cases where the probability of one or more events in a given time
magnitude window was merged incorrectly with the likely range in the number of
aftershock eventsThe template of these OAF communications has since been updated to
reduce such confusion going forwadichaelet al., 2019)

The challenge of sm all probabilities

One significantoncern abouOEF is thatommunicatinghe small probabilities inherent to

Ala aK2NI GSNY F2NBOlFad ylFGddz2NE YAIKGf dzy RSN A
only the larger probabilities associated witng-term hazardforecasts were communicated

(Wang and Rogers, 2014)ndeedcommunicating probabilistic information in a way which

is comprehensible for expert users and which motivates them to take preparedness actions

is difficult(Weinet al, 2016; Roeloffs and Goltz, 2017; Beakieal., 2019, 202Q)However,

there is empirical evidence frofiDoyleet al.,, 2018, 2020)hat during the 2013 Cook Strait

earthquake sequence in New Zealand, p#o S Qa LISNOSLIiA2ya 2F €A1 St )
presented in aftershock forecasts was positively related to preparedness a¢ailtingugh it

should be noted that the probabilities being communicated during an aftershock sequence

are typically substantialyMB SNJ 0Ky @g2dzZ R 0SS (GKS OFasS Ay al

I 2YYdzyAOFGAY3A GAYS GAYR264a 20SN) A% dshanke SOSy i
of a magnitude M7 earthquake inthe nexionthé 0 A & O2YY2y LX I OS Ay (K
of operational earthgake forecasts and aftershock forecasts. There is evidence that people
show skew in perception of likelihoods of earthquakecurring towards the end of the

time period communicated, discounting the risk posed today, which could delay decisions

such asgsuing alerts or evacuation for examgMcClure, Doyle and Velluppillai, 2015;

Doyleet al,, 2020) Evidence from studies of communications of probabilities over longer

time frames for likelihoods of volcanic eruptiofi3oyleet al., 2011; Doyle, McClure,

Johnstongt al, 2014)has shown that this skew can be somewhat mitigated by

communicating probabilities of these everatsoccurringwithin a certain number of years,

rather thanin a certain number of years. However wheme volcanology studyent on to

test this effect for shorter time windows, more relevant to operational earthquake forecasts

and aftershock forecast communications and the decisions that emergency services might

have to make during an aftershock sequebice it KS& aK2¢gSR GKIF G dzasS 27
not negate the skew in this cagpoyle, McClure, Johnstoet al, 2014) Nevertheless, the

approach has been adopted by both GNS Science and USGS in their OEF and aftershock
communications, as can be seen in both earlier case studies.

a
é
~

Searching for a psychological explanati@wgyle, McClure, Johnstoet al., 2014)suggest

that the upwards skew towards the end of a forecast window may be attributable to people
overlaying the provided statement with their own mental modefshe hazard event in
guestion (e.g(Woodet al., 2012; Bostronet al,, 2016), and that these mental models may
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Ay &a2YS AyalulyoOSa O2yairaid 2F SNNRByS2dza 0SSt AS
through time(Whitney, Lindell antNguyen, 2004) They liken this to a bagate effect,

GKSNBE 'y AYRAGARAZ f Q4 LINA2NJ 0SSt AST Foz2dzi GKS
contextual factors) is combined with the probability they are presented with to produce an
interpretation ofthat probability (Windschitl and Weber, 1999; McClure, Doyle and

Velluppillai, 2015) They also note a possible role for optimism Ksisarot, 2011and

temporal discountingMilfont, Wilson and Diniz, 2012) explain lower perceived

likelihoods in the nearer term.

As a practical outcoméPoyle, McClure, Patoet al., 2014)went on to recommend that to

try and reduce these biased interpretations across forecast windows, they should be
communicated over a variety of time frames, partanly in the very short term (the first 24
hours). They argue that this immediate time window would act as an anchor to centre the
information on the present and thus reduce underestimations of likelihood at the beginning
of forecast windows. Doyle et 2020 in fact had the opportunity to test the efficacy of

their advice in reducing the skew in perceived likelihood of earthquake aftershock forecasts
given over a short time window (24 hours to one week) and future, OEF forecasts given over
a longer timewindow (7 days to 1 year), in a wéthed survey run after the 2013 Cook

Strait earthquake sequence in New Zealand.

The short time window statement communicated weekly forecast probabilities, and
contained a 24 hour forecast window as the anchoringgetstatement. The longderm

forecast communicated yearly forecast probabilities, with a 7 day forecast window included
as the anchoring statement. They found that the short term foreeasmplete with

anchoring window did not show the skew that amailar forecast in previous work by
(McClure, Doyle and Velluppillai, 201&d done, however there was still skew in
interpretations of the longer term forecast. They speculate that the long time window in
this longer term forecast mayneourage greater temporal distancing of likelihoods than the
short 24 hour to one week forecast, thus rethugthe effectiveness of an anchoring time
statement in mitigating these effects. The results of this research are encouraging, at least
for presenttions of short term, aftershock probabilities, although(B®yleet al., 2020)
themselves note, further experimental research examining for skew effects in
interpretations of forecasts with and without short teramchoring statements will be
necessary to conclude more definitively the efficacy of the anchoring time statement
approach.

The problem with communicating probabilities is not limited simply to very small numbers.
(Beckeretal, 20200A Yy #Sa G A3 SR LIS2L)X SQ& dzy RSNER G yYRAY 3
earthquake in the Wellingtonegion of New Zealand in 2016. Whilst the forecast probability

F2NJ I aal tb SIFENIKIdd 1S Ay (KS ySEG MH Y2Y (K
ranged between 0%, with only a quarter of people selecting 5% or less. Although it is not
surprisingd K G LIS2 L)X SQ& yYdzYSNAOFE SadAYFGA2ya & SNEF
indicate that their perceptions of the risk were wrong, only their translation of their

subjective perception to a numerical lab@Beckeret al,, 2020)recognised a confusion over

time periods and how that related to probabilities.

The challenge of loss of trust and aléefal arm so

As previously noted in the case of tornado warnir@sdence for whetherorno® ¥ I £ & S
It | Mawaéahegative effect on trug not yet conclusivenoweverrapid communication
27/11/2020
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of the reasons behind a forecast or alert is likely to lower the potentialdputational and
trust damage.

Shakealert is the USGS Earthquake Early Warning system for the West Coast of the USA that
is currently transitioning into public messagingcBride et al. (2020) explored the value

and efficacy of posalert messaging asn addition to the current systemSuch messages

are sent after the early warning alert and serve as an evaluation of the performance of the
alert that can update emergency managers and technical operators of the alert system of
0KS I f SNIiapdimahaBe tHe lexpéecthtibris and inform the response of public
audiences to future alerts (McBride, 2020).

(Beckeret al., 2020)encountered problems with credibility and trust in New Zealand, with
participants in their surveys reportinig2 KSy @2dz LJzoft AAK LINPOFoAf Ad
significant figures, such as 98%, you lose all credibility with me. There is no way that you can
LINSERAOG @A GK & dzOdd einghadlise theSéed fo Comudabhle Bgess

rather than point estimates to reinforce the uncertainty, particularly at higher probabilities

(which imply greater certainty).

The role of emotions and previous experience

Although not of direct practical relevance, there has been somsearch on the role of

emotions and experience on the interpretations of OEF. As might be expected, levels of

concern about both immediate aftershocks and longgnm future earthquakes is an
AYLRNIFYG AyFtdzSyOS 2y LIS2 LitioBs@BeckéeSahRM% 2y a (2
Doyleet al,, 2018) as too are emotions during and in the immediate aftermath of an

earthquake (not just those about anticipated future evern(fSpltz, Russell and Bourque,

1992)

Only recently, however, has there been research into the effects of emotions on
interpretations of earthquake forecasts directl{Beckeret al., 2019)demonstrated a role

for emotion in interpretations of probabilistic statements in aftershock forecasts issued
during the Canterbury Earthquake sequence in New Zea(@aj/leet al., 2018)examined

the influence of emotions on perceptions of aftershock forecasts issued during the 2013
Cook Strait earthquake sequence in New Zealand, as well as on a longer term operational
earthquake forecast for Wetigton. For aftershock forecasts, they demonstrated that

ratings of how concerned participants felt about the forecast were not correlated with their
perceptions of the likelihoods. However, their concern about immediate aftershocks
themselves (rather thathe forecast informationyvascorrelated, with those people who

were more concerned about immediate aftershocks perceiving the forecast likelihoods to
0S KAIAKSNI GKIFYy GK24aS K2 gSNBE fSaa O2yOSNYySR
of anxiety &out the forecast, as well as their feelings of fear, nervousness and alertness
regarding the experience of the main Cook Strait earthquake itself was correlated with
perceptions of likelihood (again higher ratings for each of these were related to higher
perceived likelihoods). Although perhaps counterintuitively, there was a similar relationship
between higher ratings of relief about the aftershock statement and higher likelihood
NFGAy3Iao b2ilofte>s GKSNB g1 & yeconsdnfabolitA 2y a KA L
the future earthquakes in the longer term and the perceived likelihood of these future
earthquakes, supporting the idea that emotions are more important for shorter term risk
perceptions and resultant perceived likelihoods of earthquakes tthey are for longer

term perceptiongDooleyet al, 1992; Pennebaker and Harber, 1993)
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Both (Doyleet al,, 2020)and (Beckeret al., 2019)also demonstrate an important role for
pastexperience on perceptions of earthquake forecasts (not just the emotions assiciate
with these experiences)(Doyleet al, 2020)demonstrated that those that experience more
shaking during the main Cook Strairdsmuake perceived significantly higher likelihoods
when viewing aftershock forecasts. In their study of information needs and perceptions of
aftershock forecasts during the Canterbury earthquake sequgiBarkeret al., 2019)also
demonstrated a role for past experience in interpretations of probabilistic forecasts. They
went on to show thainformation needsand perceptions of likelihoodvolved through
sequenceadepending on the impacts people expanced and the role they played in the
event. People drew on things like the shaking they felt or the noises they heard, in
combination with reported earthquake information, to make assessments about the impact
of an earthquake and location of future evenin the sequence, as well as to inform the
actions they took.¢ KSa S (&1LiSa 2F SELISNASyOSa Oly o6
OdzSa¢s Ia RSAONAROGSR Ay (GKS tNRGSOGAGS 'O
(2012).

S OK
GA2Y
Other effecs on interpretaion of OEFs are worldviews and social nofdesyle, McClure,

Paton,et al, 2014; Weiret al,, 2016; Beckeet al, 2019F LJS2 LJ SQa LINA2NJ |y 2 ¢
earthquakes, the extent to which knowledgpersonalised and contextualised, and

credibility and trustBecler et al,, 2019) Onepossible practical approaaescribed by

(Beckeret al., 2019)is for scientists to be prepared to share their personal experiences and
SY2GA2ya IyR KSfL) SadlofAakK (KSIdJBHRGMNYET y\EF NOGA
where after every aftershock people would socially try to guess the magnitude and then use

the GeoNet website to confirm it and see who was closest. It helped people get a feeling for

the scale and tie the forecasts in with their persongperiences.

10.2.7. Impact based forecasting

Il ONR&aa Ylye 2F (GKS mfeedor iRférmatio endnspackR bfd Odza a SR
forecasted eventias been highlighted t S2 LY eedibiknb@tiat ad evanilis

likely to occurthey needto know what the ptential impacts of tat event will be, and in

GdzNy ¢KIFG GKS@ akKz2dZ R R2 Ay NBalLkRyasS (G2 GKAA
hazard itself, but the combination of that hazard with the amount of things (people,

buildings, agriculture) expodeand the vulnerability of those things to the hazard they are

exposed to.To illustrate this, consider the earthquake doublet that hit seutbst Iceland,

close tothe capital ofReykjavikon 17" and 2F' June2000respectively The first of the

mainevents was registered as magnitude Bl\&, and the second M@4 (Stefansson,

Guomundsson and Halldoms, 2000) There were no fatalities, althougtd3 buildings

experienced some damage and 30 were replaced having suféxteeime damage

(Bessasomet al,, 2012; loannowet al,, 2018) Consider now thenainshock of thg Q! 1j dzA t |
earthquakesequence in Italypf 6™ April 2009 which was registered as magnitude Mw6.3
(Alexander, 2010) This main shock killed 308 people, injured 1500 (of whom 202 we

seriously injured) and caused gars damage to 60,000 buildin{Sasarotti, Pavese and

Peloso, 2009; Volpini, 2009; Alexander, 201Dyvo earthquakes of similar maigude in two

different locations, with two drastically different outcomeblazardonly information would
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imply the events were very similar, but as soon as you consider the impacts, they appear
very different indeed

Typicallycommunications of forecasts about hazards have besrard or gohenomenoné
specific, for example what the likelihood of a particudarthquake of a particular
magnitudewill be for acertainarea, or what the wind speed will be for an incoming
hurricanefor another. There is increasing emphasis however, on the importance of impact
based forecasting; forecasts that shift from talking about the likelihood of what a hazard will
be like, and towards the likelihood of what a hazard ddl{Red Cross Red Crescent and UK
Met Office, 2018) It is hoped that this will not only improve the understanding and
preparedness of agencies and the pal§ind their willingness to take appropriate action to
issued warnings), bwtill also improve the efficacy of disaster response, and reduce its
costs.

W/ NHzOA ' f S@OARSYOS KI & 0 SefeftivehéssidKeéamdadtions 2 a4 K2 g C
(triggered byimpactbased forecasts). Across four catedies, Returof-Investment ratios

ranged fromUSD 28 ®H T2 NJ SOSNE | { 5 ™ EoodbayidiAgreyhureS | NI &
Organization. Global Dialogue Platform on-Bgflin 2018 (German Red Cross, 20(R¢d

Cross Red Crescent and UK Met Office, 2018)

Comparisons between traditional hazavdsed forecasts, impattased forecastdesigned
for the public, and impadbased forecasts edesigned with sectespecific users From(Red
Cross Red Crescent and UK Met Of2io28)

It has been shown that people are more likely to both beliamdact upon a warning if they

are knowledgeable about its impadtBerry and Lindell, 1990; Edr Baker, 1991; Morss and

Hayden, 201Q)although it is important to note that information not just about what the
KFETIFNRQ&E AYLI OGa oAttt o06S3 odzi INfya 2 deRoA2SdyiO Sexal
response.(Potteret al., 2018)examined the efficacy of impatlased severe weather
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