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Abstract

situations, people are risk-seeking such that they often do not take protective actions

when it is

economically rational to do so. This study examined this phenomenon from a signal detection

theory perspective. A random likelihogd model was,introduced to estimate the subjec
’ 2 A th/j»»(, £ Vh;n

tive

criterion, the likelihoo’g\ above which one takes protection actions. This model separates the

subjective criterion from subjective likelihood, participants’ perception of the probabi
&y

lity of the

weather. Two experiments manipulated the economically rational critérion ‘fthe’ criterion based on

N

Tl "
expected value theory) and gain-

loss framing to examine their effect on the subjective
When the econonucally rational criteri
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the economically rational criterion and the center of the range (50%)/\

athen
en the gain-Joss

framing was manipulated, the subjective criterion was higher in a lossiframe than a

Was manipulated, the subjective cnte jon was

ol L

cntenon.

be/éef

gdin frame,

In addition, participants showed an overestimation in subjective likeliﬁmod that was unaffected

by the manipulations. The shifted subjective criterion overcame this OVGrestlmanon an

d resulted
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in risk-seeking decisions in sol!'e conditions. Thus, the shift of the subjective criteridn is a so pree
ratht~ a4 ﬁ‘ﬂ& il }»QJW ‘4“"[&/

of risk-seeking decisions in naturalistic decision tasks. Potential mtervennons are discussed with
A

the aim to improve the placement of the subjective criterion.




In real world decision making under riskj'

&, people

often need to make decisions for an uncertain future. For example, when facing a possible

tornado, people must decide whether to take protective actions siich as taking shelter] Taking

protective actions costs time and resources but can protect hea from harm. On the other hand,

not taking protective actions might expose decision-makers to potential harm but can save time

and resources if a tornado does not materialize. Due to the potential serious harm of these events,

people are advised to take protective actions even when the probability is low. For example,

tornado warnings are issued by the US National Weather Service whepn the probability

ofa

tornado is 10% or higher (Qin et al., 2024). Due to the low probability, these weather|events

often fail to occur at the residents® location, making protective actions seem like a waste of time.

Indeed, research on people’s response to forecasts and warnings in severe weather events, such

as floods, tornadoes, and hurricanes, showed that people often failed to take protective

actions, a

risk-seeking tendency (Baker, 1995; Joslyn & LeClerc, 2013; Atreya ¢tal., 2015; LeClerc &

Joslyn, 2015; Qin et al., 2024).

One reason contributing to this low uptake of protective action is that people do not

receive probabilistic information (e.g., there is a 20% chance of tornado) of the severe-

‘weather

events from the forecast to form an accurate risk perception. Indeed, many forecasts do not

Pprovide people with an estimated probability of the event, although such information {s

increasingly available (Gallo et al., 2016; Karstens et al., 2015; Joslyn & Savelli, 2021

; Gulacsik

et al., 2022; Qin et al., 2024). There is experimental evidence that providing such information

can

Gaud help people better understand the likelihood of the weather event, increase trust fin the

forecast, and allow people to make better decisions (Ash et al., 2014; ,Jgos’l_yn & LeClere, 2013;

Vv



Klockow-McClain et al., 2020; Demnitz & Joslyn, 2020; Gulacsik ef al., 2022; Qin ¢t al., 2024).

However, people’s decisions still often showed a risk-seeking tendenlcy (often not taking

protective actions when they were warranted) even though their percgption of the likelihood of

the weather event measured by self-reporting was accurate or even slightly overestimated
(Grounds & Joslyn, 2018; Burgeno & Joslyn, 2023; Gulacsik et al., 2022; Qin et al., 2024).

Therefore, receiving the probability of the severe weather event is onﬂy' part of the pyzzle.

UYL |
Additional biases might have contributed to their risk-secking decisions.

Naturalistic Weather Tasks Requiring Decision Making under Risk

There had been a plethora of experiments examining people’siresponse to forecasts in

naturalistic weather tasks. Many of them measured partig ipLa‘nts’ percéption of the risk given the

Iw wiie

forecast but did not include a decision task whese participants made decisions with stimulated

economical consequences (Baker, 1995; Morss et al., 2008; Ash 'et.al,; 2014; Lindell ¢t al., 2016;

Cet

Ash et al., 2014). While examining perception of risk is important, de?:isicn.,paﬁems qeutd not be

directly inferred from these experiments. On the other hand, there were several experiments that

examined behaviors using naturalistic weather tasks requiring decisioh making under|risk (Joslyn

& LeClerc, 2013; Grounds & Joslyn, 2017; Demmnitz & Joslyn, 2020; Klockow-McClain et al.,

2020; Gulacsik et al., 2022; Burgeno & Joslyn, 2023; Qin et al., 2024).

In these decision tasks, participants were given numeric probabilistic forecasts for a

possible severe weather event over a number of trials and made decisipns under a point system.

Cqm
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These tasks were usually framed in a loss frame such that participants ’eetrld' only lose|points e

not gain points, similar to real world severe weather situations. In the wsual safe optios
|

e

participants paid a small point cost to protect themselves from the wea,:%ther event. In the usual
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risky option, participants did not take any protective action and the Weather event igeurtttivge ?

greater point penalty PACEHEAEE. The participants’ goal was to have as many pointg as possible

after a series of trials. These studies usually had two dependent measures on each trial: 1)
Subjective likelihood: Participants’ self-reported perception of the li‘l(.telihood of the weather
event, usually measured using a continuous scale from 0% to 100% @WDemnitz &
Joslyn, 2020; Gulacsik et al., 2022; Qin et al., 2024); 2) Binary decii‘sions: The decisipn between
the safe and the risky option (reported in all studies).

Both measures were compared to a W rational standard ig }' A
LeClere, 2013; Grounds & Joslyn, 2018; Demnitz & Joslyn, 2020; Kiockow—McC}lai‘;tl;ct al.,

2020; Gulacsik et al., 2022; Burgeno & Joslyn, 2023; Qin et al., 2024). Subjective likelihood was

compared to objective probabilities, which were the probabilities of the weather event on each

bhot wigs
welty calibrated to be roughly reliable!. Objective probabilities were provitled to the

trial am
participants in experimental conditions as probabilistic information. On the other hand, binary
decisions were compared to economically rational decisions based on;expected value|theory.
According to expected value theory, if people want to maximizetheirigain or minimize their loss,
they should choose the option with the best expected value (sum of the option’s outcdme values
multiplied by the probability; Tversky & Fox, 1995). There is a probability at which the fixed
cost of the safe option and the expected value of the risky option brokfe even. This prabability is

considered the economically rational probability threshold above: wh1¢h one should choose the

nade with

). Decisions 1

1 'Usually rounded up or down to a number divisible by 5 (e.g., 33.33% rounded to 30%).




The findings of these studies were twofold. First, participants’ subjective likelihood was

slightly overestimated compared to the objective probabilities (Demnitz
& Joslyn, 2020; Gulacsik et al., 2022; Qin et al., 2024). Next, Participants’ decisions|almost
always failed to adhere to the economically rational standard (Joslyn 1&. LeClerc, 2013; Grounds
& Joslyn, 2018; Demnitz & Joslyn, 2020; Gulacsik et al., 2022; Burgeno & Joslyn, 2023; Qin et
al., 2024). This happened even when their subjective likelihood of th@ weather event|was close to
the objective probabilities (Demnitz & Joslyn, 2020; Gulacsik et al., ?022; Qin et al.| 2024).
Most tasks used a loss frame like the example above in which parﬁciﬁants ﬁ o\nly lose points.
Participants were overall risk-seeking, a decision bias where they chdse the risky option more
often than the economically rational decisions (Joslyn & LeClerc, 2013; Grounds & Joslyn,
2018; Gulacsik et al., 2022; Burgeno & Joslyn, 2023; Qin et al., 2024). On the other hand, some
of the tasks involved a mixed gamble in which it was possible to b'otﬁ gain and lose points from
the options. In these tasks, participants were overall risk-averse, a dec[ision bias whereg they chose
the safe option more often than the economically rational decisions (Demnitz & Joslyin, 2020).
The results about the binary deci’sions-a?o;(dlf/b'e explained by prospect theory (Kahneman
& Tversky, 1979). Participants’ overall risk-seeking tendency in a loss frame and riskraversion in
amixed gamble is consistent with a gain-loss framing effect that people tend to take more risk
than is economically rational for losses and less r.isk than is rational f'c?r: gains (Kahneman &
Tversky, 1979). The gain-loss framing effect anl:fe explained by the utility function of prospect

theory (Seadiian s#ion; Kahneman & Tversky, 1979). The theory

suggests that people trapislate the value of an outcome (e.g., $100) into a utility (how much $100

is worth to them). Profspect theory further suggests that people translate values into utility

relative to a status duo reference point, and that the increase/decrease in value has diminishing

el Fu f




return in utility as it moves away from the reference point. For example, gaining or lpsing $200
is assumed to have less than twice the absolute utility of gaining or losing $100. Because of the
diminishing return in utility from the reference point when it comes to expected utility, a 50%
chance of gaining $200 (risky option) has a worse expected utility (less gain) than gdining $100
for sure (safe option) while a 50% chance of losing $200 (risky option) has a better expected
utility (less loss) than losing $100 for sure (safe option). Therefore, people tend to be risk-averse

in a gain frame while risk-seeking in a loss frame.
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Figure 1
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On the other hand, the result of overestimated self-reported subjective likelihpod and
risk-seeking decisions in a loss frame (Gulacsik et al., 2022; Qin et al., 2024) presents a curiosity
if considered together. Subjective likelihood is thought to be among the components leading to
people’s decisions (Ferrell & McGoey, 1980; Krizan & Windschitl, 2007). When all ¢lse is equal
and unbiased, an overestimated self-reported subjective likelihood should have led tq risk-averse
decisions. If people thought the likelihood of the weather event was l-ﬁgher than it actually was,
they should have taken the safe option more often than economically rational. Nonetheless, the
studies reviewed here found that they were risk-seeking in their decisions (Gulacsik et al., 2022;
Qin et al., 2024). This curiosity 6212'( be explained by prosp@ct,thjeory,, which does not tackle
subjective likelihood as measured by self-reporting (Kahneman & Tversky, 1979).

This curiosity was also observed in a non-naturalistic, games of chance experiment,
suggesting that this phenomenon is not limited to naturalistic weather tasks (Barron & Ursino,
2013). In this loss-frame study, participants provided subjective likelihood and chose [between a
safe option (sure loss) and a risky option (a gamble) with no ptovidedk probabilistic information.
Both the probability of a large loss on each trial and the economicallylf rational probability
threshold in the risky lottery was low, at 15%, similar to low probabili:ty high severity weather
events in real life. Participants’ decisions showed risk-seeking, but their subjective likelihood
showed overestimation, Therefore, this disconnect between the subjective likelihood and

decisions was not because of the naturalistic weather settings.

Solving this curiosity is important for studies using naturalistic tasks like weather related
settings. These studies aimed to improve people’s perception of the likelihood of the ¢vent, as
represented by self-reported subjective likelihood and with the idea tht it might, in turn

]

improve their decision making (Baker, 1995; Morss et al., 2008; Ash ﬁt al., 2014; Lindell et al.,




2016; Gulacsik et al., 2022; Qin et al., 2024). With some exceptions (Demnitz & Jos]yn, 2020;
Gulacsik et al., 2022; Qin et al., 2024), most studies that measured sglf-reported subjective

likelihood did not use a decision task with an economically rational standard (Baker,|1995;

Morss et al., 2008; Ash et al., 2014; Lindell et al,, 2016; Ash et al., 2014). These studies made the
assumption that improving subjective likelihood can lead to better de;cisi()n-making.
valid overall in some cases (Demnitz & Joslyn, 2020; Gulacsik et al.,;2022; Qin et al), 2
result of risk-seeking decisions and overestimated self-reported subjective likelihood|i
that this is not the whole picture. There must be another component in the decision-m
process that leads to the risk seeking bias described above.

The study reported here examined t decisions amdeme

ihagd in naturalistic weather forecasting tasks using
an alternative perspective: Signal detection theory. This alternative perspective assumes that a

decision to choose the safe option is made when the subjective likelihood is above a dertain

likelihood threshold called a criterion. For economically rational demsmns, thadeanamioatls
bt ]"lowc_él"lﬁw &
is the economically rational criterion. Mméﬂmt people

A
choose the safe option whenever their subjective likelihood is above thelr subjectlve griterion,
Vomoz s, Ly
which is not necessarily the economically rational criterion. The studyt reported here ;opgseg.
WW
~Hamt a biased subjective criterion is the component in the decision-making process, gillacihanmhc

d, that leads to biased, risk-seeking decisions.

ﬁ Biased subjective criterion was used to explain biased reasonirlg in the motivated

T
Teasoning literature ﬂ%ple requ:lre more evidence to be convnnced that their preferred
conclusion is false ghan nonpre £ed conclusion (Kunda, 1990). In Suteaiiapiadingen artificial

gambling tasks w1ﬂ1 probabilistic information, biased subjective cnterion was considered one




account for why people had accurate self-reported subjective likelihd.od but were mgre likely to

predict their desired outcome to happen than the undesirable outcome (Windschitl et
T4,4

al., 2010).

¥ account suggests that while people’s subjective likelihood remained the same, they had a

lower subjective criterion to predict a desirable outcome to happen tqan to predict an

undesirable

outcome. The same component of subjective criterion might also be biased in naturalistic

weather tasks requiring decision making under risk. When subjective likelihood is wi
to objective probabilities, a higher subjective criterion can lead to a decision bias tow

risky option, as people require higher subjective likelihood in order to choose the saff

Theoretically a high enough subjective criterion can counteract overestimated subjective

likelihood (det

example, if the objective probability is 30% and the economically rational criterion is
should choose the safe option. However, this person chooses the risky option because

subjective likelihood is 40% and their subjective criterion is 50%. In this case, despitg

p

) and lead to risk-seeking decisions. F:

211 calibrated

ards the

> option.

or
20%, one
their

> the

by
3

overestimated subjective likelihood, this person shows a decision biag towards the risky option.

Therefore, a biased subjective criterion can potentially explain the disconnect betwee

overestimated subjective likelihood and risk-seeking decisions.

Signal Detection Theory and Decision Making

Originated from perceptual experiments, signal detection theoty concerns two

1

separate

psychological mechanisms: Internal representation of the stimulus and subjective criterion (See

s

Aon
Figure 2, Macmillan & Creelman, 2005). Somate internal representathons.afe generated,,one—-

weledlew e

represent&ﬁst the stimulus is presentm absent. Weyme assum:ed to be
A A

noisy and follow a normal distribution. This means that the same external signal mimistves




= 10
53
ih@all};\re‘pre‘senited differently each time. The ability to differentiate thesvigme intérnal
&9 ‘ v sy )

representationprepresenting that the stimulus y presentaed absent is the person’s sepsitivity. The
sensitivity is jointly determined by the distance between the two internal representation
distributions and how noisy they are. The further apart or the less noigy they are, the less the two
distributions overlap, and in turn the greater the sensitivity. The subjective criterion is the
strength of the internal representation above which the presence of th}e stimulus is reported. The

A subjective criterion indicates whether there is a decision bias towards reporting a pregence or an

absence of the stimulus. It




Subjective Criterion N .
Take risky option Take safe option

Distribution of subjective likelihood Distribgtiop of subjective likelihaod
when the weather event does hot when the weather event occurs

occur \ ” //

Probability of a Certain
Internal Representation

0 internal Representation (% Subjective Likelihood of the Weather Event) 100
Figure 2
Random Likelihood Model Example Based on Signal Detection Theary

Note. The random likelihood model does not assume the shape of the internal representation
distribution. Normal distributions are used in the graph as an example.

[
oM
| WQ/
M ,(Lw/“/
12

11



subjective criterion when the stimulus is present, or it might fall above the subjective

' when the stimulus is absent. Both instances lead to errors. Therefore,
outcomes in a stimulus detection task, two correct outcomes and two

stimulus when it is present. A false alarm is when people erroneously

when it is present. A correct rejection is when people correctly report

when it is absent. The theory suggests that under the same sensitivity,

(a decision bias towards reporting a presence of the stimulus) leads ta

leads to a decrease in both these outcomes. In short, a change in subje

behavioral change even if the internal representation distributions stay

Given the same sensitivity, the noisy internal representation might fall below

stimulus when it is absent. A miss is when people erroneously report the absence of 1l

there are four p

7 the same.

/!

- ﬁéé’ﬂé

740

NN

the

criterion

ossible

errors: Hit, false alarm,

report the presence of the

an increase in both hits

12

miss, and correct rejection (See Table 1). A hit is when people correctly report the presence of the

he stimulus
the absence of the stimulus

a lower subjective critetion

and false alarms while a high subjective criterion (a decision bias towards reporting an absence)

ctive criterion can lead to a
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Stimulus Present

Stimulus Absence

Reporting a presence Hit

False Alarm

Reporting an absence Miss

Correct Reje

ction

Table 1
Stimulus-Response Table Used in Signal Detection Theory

Mo M2
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rle oy
/\Slgnal detection theory tewigiei-vgiie, Gtochastic iaseenal representation: oi’ten studled

.ix}‘decision literature (Busemeyer & Townsend, 1993; Thurstone 1994: Wallin et al 2 D18). § 'ﬁ

ot
By ONC Mg not make

stochastic representations miean

the same decision every time, jast-erit . This camd@-—
$ ' Ao
cause, $4#s probability of choosing the safe or risky optioy\'followﬁ an S-shaped function as

o has bes—
opposed to a step function (See Figure 3). This S-shaped ﬁmmion:n?observed in previous

EWI\_, G—"’?fg o C"[%

studies (Busemeyer & Townsend, 1993; Qin et al., 2024). Signal deter:ﬁon theory thet=tackles
wrth (X 1 g}
A variable internal representations cewsiet be integrated with behavioral e?conormcs theories such as

prospect theory thatcensi 205 10 betttTr understand decision-

making processes (Lynn et al. @" 2..? / 9
he.s

The application of signal detection theory in real life decision | aking under risk wwe
oﬁex}?t:dfe? in the context of diagnostic decisions (Swets et al., 200 ). For example, |in medical
.diagl;osti’cf problems, a physician needs to diagnose whether a patient pas cancer based on an X-
ray. The physician’s ability to interpret the X-ray is their sensitivity a.rrd the amount of evidence
they need in order to diagnose cancer is their subjective criterion. Lik;? in many diagnpstic
decisions, the utility of a hit is not the same as the utility of a false alatm In this case, perhaps
correctly diagnosing cancer when the patient actually has cancer is ‘m?re important than
incorrectly diagnosing cancer when the patient does not have cancer. Thereforer, the physician

should have a lower, more liberal criterion to ensure h1gher h1ts at t?’ bxpense of higher false

A
&
X
N,
§
\(\\
g
3
2

alarms. An application of signal detection theory in these Wls’ to find the (ecanomically) A

that ca-
rational criterion and.cowld increase disgRasacaeenraeyeand utility in d]bmams like H
medical/psychiatric diagnoses, violent risk assessment, weather for,eca{st‘lng and schm?_j
admissions (SigiteaieimBeans, {j
V——n,

& 4 fW"“‘-
Jugat OV prie 20-2/

-
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100%
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60%
50%

S 40%

30%

20%

10%

0% } :
0% 20% 35%  50% 65%  80% |
Objective Probability \

i

100% |

Probabiltiy/Proportion of Choosing the Safe
Option

Figure 3 !
Hypothetical Probability/Proportion of Choosing the Safe Option in a Loss Frame
Assuming that the economically rational criterion is 50%. In the S-shaped function, the
probability/proportion of choosing the safe option increased in an S-s peasa funct‘;}:n of

objective probability. In the step function, participants never choose the safe option when below
the criterion and always choose when above the criterion.

LW}/




. value of the options breaks even. Participants choose the safe option whenever their subjective

\ event and the subjective ctiterion jointly determine the decision.
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Random Likelihood afzialiiilli®n Model

The four outcomes in the naturalistic weather decis{on tasks requiring decisign-making \é
under risk aligned with Quicomes | in signal detection theory 1) Hit: Participants chosg the safe §

option and the weather evént occurred; 2) False alarm; Pamclpants chose the safe option and the

weather event did not occur: 3)\ Miss: Participants chose the risky option and the wealther event

occurred: 4) Correct rejection: Partlclpants chose the risky option and the weather event did not

occur. This allows the application of the theory to participants’ behavjor in these tasks.

Subjective likelihood is considered the internal representations of whether or not the weather

A
¥
X
Sy
3

event will occur, using a similar method to a previous application of signal detection theory

> e#/ /‘??’Z

’\

(Ferrell & McGoey, 1980). The subjective criterion can be expressed as a subjective: likelihood
threshold at which the expected utility of the options breakevern. Thislis parallel to how the

economically rational criterion is expressed as an objective probability at which the expected

zﬁ Horye
ot ST ™

likelihood is above their subjective criterion. Therefore, the subjective likelihood of the weather

Affa el

Signal detection theory is applied in this project by assuming a random likelihood model
(Figure 2), analog to the random utility model where the given value is translated to a noisy
utility (Bockenholt, 2006). The random likelihood model assumes that people’s subjettive
likelihood of the weather event and their subjective criterion are the séle determents of their
decision. In this model, the subjective likelihood of the weather event has variability while the
subjective criterion has no variability. This model predicts that the subljective likelihogd varies

over the trials even when given the same external forecast information (objesti

‘this-east). The model does not assume a- speciﬁc shape of distribution for this variability. This is
A LA
because in this study subjective llkGllhOOdA wie elicited w and tlw
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vasKpewn. For example, in Figure 2, some part of the subjective likelihood

distribution falls higher than the subjective criterion even when the cénter of the subjective

likelihood distribution is lower than the subjective criterion, resulting in false alarms| This

5). This assumption is also consistent with previous studies
with naturalistic decision-making tasks where the subjective likelihoad was different/in the same
participant in different trials with the same displayed probabilistic information (Demnitz &
Joslyn, 2020; Gulacsik et al., 2022; Qin et al., 2024). In this project, this random varigbility of
subjective likelihood is considered the result of an amalgamation of I:my factors. For example,
experience of multiple weather events in preceding trials was found t¢ affect the behavior in the
following trials, perhaps due to the availability heuristic, where an event is deemed mlore likely if
an event of the same type is experienced more recently and therefore, /more likely to ¢ome to
mind (Kahneman, 2003; Demnitz & Joslyn, 2020). A learning effect might also have taken place
to vary the subjective likelihood from trial to trial.
On the other hand, the random likelihood model assumes that the subjective criterion has

~ no variability, consistent with the typical application of signal detectign theory (Macmpillan &

Creelman, 2005). e 11%Xed subjective criterion o simmt TR AN

caTaTal

saple-might-chrE e SUD]ecive CHIeIoN De Ve e SO O] 3 example was that Wi

CopieeRpeTIicnced Juvere WCALLCT TN TCCONT UTAlS, LhCY ‘ni" 0 choose 1 eop'_o’n more

"2920). With
‘this assumption, as the subjective likelihood of the weather event given the same information can
fluctuate above or below the subjective criterion, this model predicts that one’s decision might

not always be the same when given the same information.
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This model allows systematic bias in the subjective likelihood or the subjective criterion.

Systematic biases in either of these two can shift one’s decision away from the econgmically
| s'a.e..L K er; am-—

rational decision, This

affect the decision in three separate ways. 1) A higher subjective criterion can lead tola decision
bias towards the risky option while a lower subjective critetion can lgad to a bias towards the
safe option. 2) A bias in the subjective likelihood can also lead to a shift of both the internal
representation of the weather occurring and that of the weather not oc curring (See Figure 2).
Higher subjective likelihood shifts the internal representations right, effectively leading to a
decision bias towards the safe option. Lower subjective likelihood shifis the internal

representations left, leading to a bias towards the risky option. This bias is assumed tg not affect

14

the sensitivity as both internal representation distributions are moved equally. 3) A greater
sensitivity either resulting from increased distance between the distributions or reduced noise can

lead to more hits and less false alarms regardless of the decision bias.

In naturalistic weather tasks, prior studies have found that there is a small but tonsistent
trend of overestimated subjective likelihood from the objective probability (Demnitz & Joslyn,
2020; Gulacsik et al., 2022; Qin et al., 2024). However, with one exception with a self-report

measurement in a decision task (Joslyn & Grounds, 2015), the subjective criterion wals not

examined ipsina - Therefore, the study reported here used the random likelihood model

s
to examine a possible systematic bias in the subjective criterion in ¥s. This study

proposes that biases in the subjective criterion can lead to biased decisions. This is the subjective
TR,

criterion hypothesis. 7ZC 9 /W é;};_( YT N
He WLyl b wéu '”s #le
$v Yodne_ [ileel 4,,;( 4 /y,g//t{ezd ,
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Possible Sources of Bias o tHy St {

/ Two sources that might shift the subjective criterion fiom the economjcally
e 2y
rational criterion aweme the centering effect and the gain-loss framing »-ﬂ‘eci‘;;' The centgring .effecb

suggests—ﬂae&whefm(d;mg a quantity\ people end to bias their judgement towards the center of

the quantity’s range (also called central tendency bias; Poulton, 19791 Olkkonen et al , 2014).

This effect traced its roots in perceptual experiments and has been observed in many different
settings, including noise volume, distance, color perception, and estimation of opposing bidders’
bid in an auction (Poulton, 1979; Radvansky et al., 1995; Olkkonen e al., 2014). It is|possible
that a similar effect is also present in the subjective criterion and subjective likelihood in
decision-making tasks.
her ol ,
It w8 also {ound. that when the information regarding the quantity in question was

A}
5
available, the centering effect swe® reduced (Radvansky et al., 1995). The economically rational

2017; Demnitz & Josltyn, 2020; Gulacsik et al., 2022; Burgeno & Joslyn, 2023; Qin ef al., 2024),
This left room for centering. In contrast, while not examined in the o ginal studies, centering did

neral

overestimation was observed, rather than overestimation at lower likelihoods and

underestimation at higher likelihood that one might expect if centering was influencing
participants responses (Figure 4 & Figure 8 from Qinetal., 2024). The lack of centerihg might
have been due to the probabilistic information provided to girggpants in these studies. The

study reported here proposes {gis centering agagmether eﬂ‘ec:{ shiﬂié the subjective criterion. The

subjective criterion might be affected by this bias such that it shifts towards 50% (the center of




20
the range) from the lower-than-50% economically rational criterion, potentially raising it to lead
to risk seeking decisions. A 5 P <o {r"'C, 0‘;

& 'the gain and lgss frame, as

explained by prospect theory, manifest as biased subjective criteria. Risk-aversion in the gain
frame might correspond to a lower subjective criterion while riskeseeil(ing tendency in the loss
frame might correspond to a higher subjective criterion. This can potgntially explain the risk-
seeking decisions observed in loss frame tasks, despite the overestimated subjective likelihood
(Gulacsik et al., 2022; Qin et al., 2024). In these cases, the higher subjective criterion| due to the
loss frame might have counteracted the overestimated. subjective hkclth

ood. These two sources
Ahies | . . . PN
k /‘ are not mutually exclusive and might both contribute to a biased subjéctive criterion.

A 2V e .
Overview of Analyses and Experiments QV’” < ’/7) /9 ‘Z[ / (71’
' 1 b‘d"' we |
.5 =X ; : st analyzed the subjective likelihood, subjective criterion, and
the sensitivity of two experiments from Qin et al., 2024. The purpose pf't na ‘wa

examine the randens-Mleehi

explain the results 1n existing expe m w1th a naturahstlc de sion making under : -sk task.

Tlhmect thene&anaﬂd the subJectlve cntenon hypothesm and poémble sohirces of

bias leading to tisk-seeking declslons and overestimated subjective likelihood in a na

R

N

3 A

g - 'Til_ca__ e e bes ".»—
S

weather decision task jg ts]. A drought task based on Demnitz & Joslyn (2020)
wd’d It was chosen as it was easier to frame as a gain or a loss compared to the tarnado

setting in the reanalyses. The focus was to discriminate a bias in subjective criterion filom a bias
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in subjective likelihood and/or a difference in sensitivity. Two manipfilations were examined: 1)

Manipulation of the economically rational criterion to expose the cenering effect. Aseqrding to

the centering efl SH Y lvl heoblehrauide-amunreriorwatio e} kg
theirxati LY 4 2444 ICTCIONC, 11 thie % N |

voas hqmpq
criterion to examine centering on the subjective cntenor}) "

p =
subjechve likelihood and sensitivity. Experiment 2 cagakimed both the

wesd e

criterion and gain-loss framing manipulatisee-to allow a comparison between the two effects
A\ P

within a single experiment.

6. 2) Manipulation of the gain-loss framing.

HSE"E 'S

economically fational

Djective

Reanalysis of Previous Experiments

Method of Tornado Experiments

The two tornado experiments were from Qin et al., 2024. In these two experinfents,

participants made decisions on whether to take shelter from possible tornadoes (safe gption) or

not (risky option) $ased on a tornado warnin

tpamiem] he format of the tornado warnin

g was manipulgted

nly includedftwo probabilistic formats (ved format and

tabular format) that were present in both experiments. In these formats, participants were given

reliable percent chance information about the tornado (e.g., 30% chance of tornado) either in the
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form of a color-coded visualization (red format) or a numeric percentage (tabular format). As the

difference between these conditions was not the concern of the study reported here, they were

combined. For these conditions, the number of participants was 83 for tornado experiment 1 and

85 for tornado experiment 2.

The procedure of the two experiments was identical. There w

¢ 68 trials in total. On

each trial, participants saw a tornado warning, rated how likely they ought the torngdo would

be (likelihood ratings, operationalization of subjective likelihood), and decided between the safe

option and the tisky option (binary decision). At the end of each trial, |they were told Whether the

tornado occurred. The outcomes of their decisions were represented with a point strugture (see

the section below). The experiment was framed in a loss frame. Participants’ goal was to lose as

few points as possible by the end of the experiment.

The main difference between the two experiments was the point structure (se¢ Table 2).

In both experiments, the risky option had no cost but would incur a 1 ,000-point penalty if there

was a tornado on that trial. Participants could mitigate this loss completely by choositig the safe

option for a fixed cost. In tornado experiment 1, this cost was 90 points. In tornado experiment 2,

this cost was 270 points. Therefore, the probability of the tornado whe
the risky option broke even with the cost of the safe option was 9% in
27% in tornado experiment 2. The 9% and 27% were considered the e

criterion of tornado experiment 1 and 2 respectively. Other than this k

difference was that in tornado experiment 1 the overall proportion of t

23.5% while in tornado experiment 2 it was 38.2%. As the objective probabilities (pravided to

participants) were mostly reliable (M= 24.4% for tornado experiment

experiment 2), the mean objective probability and the proportion of drpught trials were

te the expected|value of
tornado experiment 1 and
conomically ratjonal

ey difference, another

rials with a tornado was

1 and 37.4% for tornado




considered the same (23.5% for tornado experiment 1 and 38.2% for
the analyses.
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tornado experiment 2) in

In summary, in both tornado experiments, participants received probabilistic information

about the tornado. Their likelihood ratings and binary decisions were

measured. The main

difference was that the economically rational criterion was 9% in torfiado experiment 1 and 27%

in tornado experiment 2.

Results

Three sets of analyses were conducted to examine the three possible ways thel decisions

can be affected: Mean calculated subjective criterion for each experin

ratings, and Receiver Operating Characteristic (ROC) plots constructs

nent, mean likeljhood

ed from likelihopd ratings

and decisions. ROC plots are used in signal detection theory to indicate the sensitivity of

participants for predicting a tornado. In this case, the greater the area
the sensitivity (see Figure 4). The ROC curve also indicated how part]
probability would change given different subjective criterion. Inferent

t-tests were conducted with an alpha of .05.

under the curvethe greater
cipants” hit and| false alarm

al statistics in the form of
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Experiment 1 Safe Option Risky Optjon
Tornado Occurred Hit; -90 points Miss: ~1000 points
Tornado Did Not Occur False alarm: -90 points Correct rejection} 0 points

Experiment 2 Safe Option Risky Option
Tornado Occurred Hit: -270 points Miss: -1000 goints
Tornado Did Not Occur False alarm: -270 points Correct Rejectiont 0 points

Table 2

Point Structure of the Two Torado Experiments
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Calculation of the ROC plots with Hypothetical Data

For each hypothetical cut-off point, a pair of hit and false alarm prob
the relative frequency of likelihood ratings above the cut-off. For exs

le, if the cut:

ff is at

30%, 40% of the tornado trials had a rating above the cut-off (hits) while 20% of the no tornado
trials had a rating above the cut-off (false alarms). There were 20 possible cut-offs and thus 20
possible pairs of hit and false alarm probabilities. These pairs were plétted to form the ROC

curve. The orange point was calculated from participants’ decisions.

probabilities of actual decisions were calculated for each participant. T

alarm probability were then plotted as the orange point.




Calculated Subjective Criterion

The mean calculated subjective criterion was estimated using each participant’s

26.

likelihood ratings and frequency of choosing the safe option in each ¢xperiment. Its ¢alculation

was based on the assumption of the random likelihood model that patticipants chose

option whenever their subjective likelihood was higher than their subyj

ective criterion

the safe

and that the

subjective likelihood followed a distribution while the subjective critetion had no variability.

etween matched

won Of

likelihood ratings falling
the

calculateg. This point was

called the calculated subjective criterion because if the participant always chose the safe option

when their likelihood rating was above this pouzt, their proportion of trials with a like

is

rating higher than their subjective criterion weslddde the same as the observed propor

lihood

ton of

trials in which they chose the safe option. The calculated subjective criterion was expressed as a

percent with a possible range from 0 to 100%. For example, say a part
options on 50% of the trials, then a number was located on their likelil

such that on 50% of the trials had a likelihood rating higher than this 1

This number, say 40% likelihood rating, was regarded as the calculate

this participant. With this method, a calculated subjective criterion was obtained for each

participant and a mean was calculated for each experiment.

A

lumber (See Figure 5).

d subjective criterion for

s
2

icipant chose the safe

hood rating distribution
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14%
1% Calculated Criterion
40%
10%
3 The participant chose the safe option.ﬁs of the trials
S 3% 0.50 is the area under the distribution o1 the right
g side of the red line.
g
T 6%
E |
4%
2%
25 7.5 125 17.522.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5 62.5 67.5 72.5 775 82.5 87.5 92.5 97.5
Likelihood Ratings
Figure 5

Example of Calculation of Subjective Criterion
The blue area. is the likelihood ratmg dlstnbutlon of a hypothetlcal participant.

,_ ’ 1t 40% where 50% of the trials were on the right side of the lix

t that if participants used a fm subjective criterion of 40% always chose
Option when the likelihood rating was above the subjective criterion, they would have chosen the
safe option in 50% of the trials.
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In Figure 6, the calculated criterion is shown for tornado expériments 1 and 3
independent t-test revealed that the mean calculated criterion in tornado experiment
31.0%, SD = 18.6%) was significantly lower than in tornado experiment 2 (M = 41.2

13.8%) with a difference of -10.2% ((148.6) = 4.07, p <.001). In addition, the mean

28

'An
| (M=
%, SD =

calculated

criterion in each tornado experiment was compared to the respective gconomically rational

critetion in two one-sample t-tests. In tornado experiment 1, the calculated criterion was

significantly higher than the economically rational criterion of 9% w:{th a difference ¢f 22%

(t(82) = 10.77, p < .001). In tornado experiment 2, the calculated critérion was significantly

higher than the economically rational criterion with a difference of 14.2% (1(84)=9.81,p

<.001). The calculated criterion was higher than the economically rational criterion in both

experiments, but more so in the experiment with the lower cconomiceTlly rational crit¢rion.

Therefore, there is evidence of a biased subjective criterion.

Likelihood Ratings

Figure 7 shows the likelihood ratings for tornado experiment 1 and 2 as a fundtion of

objective probabilities. The mean likelihood rating in each experimenT was compared|to the

respective actual proportion of tornado trials with two one-sample t-tésts. In tornado gxperiment

1, the mean likelihood rating (M = 33.7%, SD = 10.0%) was significantly higher than|/the

proportion of tornado trials of 23.5% with a difference of 10.2% (1(82) = 9.33, p <.000). In

tornado experiment 2, the mean likelihood rating (M = 42.7%, SD = 7,5%) was 4.5%

higher than

the proportion of tornado trials of 38.2% (t(84) = 5.48, p <.001). Thergfore, the mean|likelihood

ratings were higher than the objective probabilities in both experiments. In addition, Figure 7

shows that the overestimation was observed at most objective probability levels except for the

extreme high end.
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Calculated Subjective Criterion in the Two Tornado Experiments
The difference of 10.2% between the two experiments was significant
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Figure 7
Likelihood Ratings as a Function of Objective Probabilities in Tormadp Experiment 1 jand 2
The blue line represents the likelihood ratings of tornado experiment r The orange line

represents the likelihood ratings of tornado experiment 2. aalaso.obsery L

chigorm—
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Receiver Operating Characteristic Plots
The ROC ﬂ( analysis had two aims: 1) Illustrating the random likelihood 1

method of calculating the subjective criterion, 2) Examining whether the sensitivity 1

o gueYset
between experiments by calculating the area under ROC curves. Jim
reveal whether participants’ ability to predict the tornado was the same in the two ex;

The ROC plots were composed of two parts: 1) Receiver Operating Characte;
created from participants’ likelihood ratings and actual tornado occurrence; 2) Points

representing the outcomes of participants’ binary decisions (safe option/risky option;

4 for a hypothetical ROC plot with both the curve (blue) and the poixT (orange)).

’hit

onfg‘a:tual,tomadn occurrenceNhe likeli

cut-off on the distribution with a method similar to Ferrel & McGoey

was that participants should have high likelihood ratings on tornado tz

tornado trials. The varying b4 g

Tyl

what was considered “high” and “low.” A hit was defined as a trial on

was above the cut-off and a tornado occurred. This indicated that the likelihood rating

on a tornado trial. The hit probability was the relative frequency of tornado trials aboy

off. A false alarm was a trial on which the likelihood rating was above
and a tornado did not occur. This indicated that the likelihood rating w
trial. The false alarm probability of likelihood ratings was the relative
trials above the cut-off. By varying the h%[cut—off at 5% step

likelihood rating distribution, a pair of hit and the false alarm probabilj

d false alarm 1

d a varying hyp

which the likel]

as high on ano

frequency of no

31

nodel
Nﬁ&ﬁerent
sensitivity sgaigis can

beriments.
ristic curves
on the plots

See Figure

rates based

othetical

(1980). The assumption
ials and low ratings on no

fifl cut-off on the likelihood rating distribution determined

hood rating
was high

e the cut-

the hypothetical cut-off

tornado

tornado

5 from 0% to 100% on the

l‘
b of leei "
e




each step (20 in total) was calculated (See Figure 8 for an example). The 20 pairs we

the ROC curve (the blue curve in Figure 4).

Table 3 shows an example of Yo pairs of hi find false alarm probabilities of

32

re plotted as

likelihood

ratings used in Figure 4 with hypothetica\data. Ithe example, if the hypothetical cut-off was at

30% likelihood rating, in 40% of tornado triy} the likelihood rating was above the cyt-off (hit

probability). If the hypothetical cut-offfvas incrdased to 50%, the hit probability became 20%

and the false alarm probability becge 10%. In sunmary, points on the ROC curves indicated

the hit and false alarm probabiliffes of likelihood ra ngs above 20 different hypothetical cut-offs.




e Hypothetical Cut-off: 30%

16%

14%

[
N
-3

Relative Frequency
ey
R

6%
4%
2%
0% .
2.5 7.5 12.517.522.527.5325 37.542.547.552.557.562.567.572.5
Likelihood Ratings
Figure 8
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—Tornado Tta!.

=—=No Tornadp Trial

40% of tornado trials had a likelihood rating abpve 30%

| 20% of no tornado trials had'a\'\keﬁhood ratingjabove 30%

[

S~

77.582.587.592.597.5

Example of Hit and False Alarm Probability Calculation with Hypoths
The hypothetical cut-off is placed at 30%. Using this cut-off, 40% of

stical Data
rnado trials (hits) had a

likelihood rating above 30%. The hit probability is therefore 40%. 20% of no tornado trials (false
alarms) had a likelihood rating above 30%. The false alarm probability is therefore 20%.




Hypothetical Cut-off at 30% likelihood rating

Xelative Frequency of Trials ;
Likelihood Rating Below t
off

Relative

Frequency of Trials with

Likelihood Rating Abovie the Cut-

off

Tornado Trial

\ 60% (Miss Ray

40% (Hit Rate)

No Tornado Trial

80% (Sorrect Rejeg

20% (False Alarm Rate)

Hypothetical Cut-off at 50% likelihdgd rating

Relative FrefuenXy of Trials with
Likelihood/Rating Relow the Cut-
off

Relative

Frequency of Tirials with

Likelihood Rating Above the Cut-

off

Tornado Trial

/30% (Miss RaX\¢)

20% (Hit Rate)

No Tormado Trial

909 (Correct Rejectiog Rate)

10%

o (False Alarm Rate)

Table 3

An Example of Hit and Jhise Alarm Rate of Likeli{ood Ratings with

offs

Note. This table used fiypothetical data.

Different Hypothetical Cut-




Next, 2 point representing the proportion of hits and false alar
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 of participants’ actual

binary decisions was added to the ROC plot of each condition (the orange dot in Figure 4). For

this point, a hit was when the participant chose the safe option and

alarm was when the participant chose the safe option and no tornado occurred.

e tornado occurred. A false

The first goal of the ROC plot analysis was to test the random likelihood model method

of calculating the subjective criterion. If participants always chose the safe option whenever their

likelihood rating was above their subjective criterion, the hit and falsr alarm probabilities of their

RPE cuqv ve

| S e~
likelilrood-vetings should align with the hit and false alarm probabili

95% CI overlapping with the likelihood rating ROC curve, then the 1

was considered consistent with the ROC curve.

es 05,‘ decisions pwithrar—
ision pj'lnt had its

ean binary decision point

In the next ROC plot analysis, the mean percent area under the ROC curve was measured

as the sensitivity (ability to predict the tornado). The greater the area ynder the curve khe greater

the sensitivity. Figures 9 & 10 show the ROC plots for tornado experiment 1 and 2. I both

experiments, the ROC curve and the 95% CI of the decision point ove

the decision point was consistent with the ROC curve. An i O t-test revealed

rlapped. This indicates that

that the

mean percent area under the ROC curve was significantly lower in formado experiment 1 M=

64.0%, SD = 6.8%) than in tornado experiment 2 (M = 78.1%, SD = 6.8%) with a difference of -

14.1% (t(165.86) = 13.41, p < .001). This indicates a worse sensityvity in experiment |

v 5’/‘11&

experiment 2.

(7)
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Figure 9

ROC Plot for Tornado Experiment 1

The blue curve is ROC curves created from likelihood ratings. The orange dot is created from

binary decisions. The mean percent area under curve was 64.0%.

( b
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Figure 10

ROC Plot for Tornado Experiment 2

The blue curve is ROC curves created from likelihood ratings. The orange dot is created from
binary decisions. The mean percent area under curve was 78.1%
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Discussion

The reanalysis of the tornado experiments indicates that partic

‘was higher than the economically rational criterion in both experiments, which could

risk-seeking tendency. This is consistent with the loss frame leading te
addition, the subjective criterion was closer to 50% than the economid

o~
experiments did not have a gain frame condition nor a condition wher

criterion was higher than 50%, it is not possible to distinguish betwee

in the new experiments reported in this study, these conditions were

centering effect and the gain-loss framing effect.

The mean likelihood rating analysis showed that the likelihood ratings were sil i
o e b ‘C'IHE%"(

overestimated in both experiments. There was also no centering effect as there was s

amount of overestimation across all objective probability levels excep!
equal, overestimated likelihood ratings should have led to risk-averse
higher-than-rational subjective criterion counteracted the overestimate

Aol oy
led to risk-seeking decisions instead. Qu-the-ether-tandyas the trial co

of trials with a tornado) in the two experiments was different, their mean lik

not comparable with each other. In the new gxperirpents reporfed in th]
v ofie 2‘7:011 -y

both experiments. This result is consistent with the centering ;eﬁ’ec;t; Because the torngdo

d likeljhood rat;
e i

position (e.g.,|pr
le Jud]

ipants’ subjectiy

y risk-seeking b

n these two effe

ded to distinguiish the

for 90%. When all else is

decisions. Hows

P Les

is study, the pro

portion of
2l | _

o

rational griterion in
<!

e the economicglly rational

oS,

e criterion
lead to a

chavior. In

st

lar

ever, the

e(’fh_.&w‘,/? ‘_,,‘{;( gg,,A MI‘L'LIA og"”’"{“‘" lah&éé‘

kt

< 4]

Hence

ficantly |

Were

trials with a weather event was held constant among conditions t})‘\ allonforthat-semparisan.

In addition, participants had different mean sensitivity in the e3
two experiments had different trial compositions (e.g., the number of t
probability level and the proportion of tornado trials), it cannot be infe

difference stemmed from the change of the economically rational critei

tials at each obj

rred whether thi

S

cperiments. Agajin, as the

gctive.

rion between the two



experiments. This is because participants could predict whether a tor
trials with extreme (e.g., 10% or 90%) than with mid-range (e.g., 501

The two experiments differed in the proportion of these trials. Hence

) objective pro

39

nado would happen better in
babilities.

in the new expgriments

reported here, the trial composition was held constant across the conditions to remove it as a

potential confound.

More importantly, in the ROC plots of both experiments, the

D5% CI of the bi

alarms of participants’ actual binary decisions was consistent with the R

\Wiors
likelihood ratings and actual tornado occurrence. This in turn &
Loy

criterion and subjective likelihood (likelihood ratings)wese the sole

decisions. This supports the random likelihood model method of calct

criterion as a way of operationalizing the subjective criterion.

equency can be

>nts reported her

ihe

of choosing

in previous

hlacsik et

another, non-signal

affected by

efore, a conclusion about

the safe option was not

e. If the
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sensitivity was also the ank in the new experiments, then the analysis of the relative frequency
@, the reanalyses indicated a bias in the subjective criterion that overcatpe the bias
in subjective likelihood and led to risk-seeking decisions in the two tomado experiments. It left

the door open to a possible centering effect and a gain-loss framing effect.

o e ‘,M ’
A
sS4 [~
Experiment 1
Experiment 1 focused on the centering effect on subjective criterion by manipulating the
economically rational criterion. The idea was that the shift of the subjective criterion towards
50% due to centering can be observed by varying the economically rational criterion below and
above 50%. Experiment 1 used a drought task in a loss frame. The economically rational
criterion was manipulated to be higher, the same as, or lower than 50% to expose a centering
By anv sob) i CV’/&”4 .
effect such that participants’ subjective criterion would shift towards $0%. This manipulation 4 ///&9’1
. '~ i
was expected to affect only the subjective criterion and sy not affect the subjective

likelihood or sensitivity.

Method
Participants
A total of 160 participants from the US were recruited from Prplific Academic|in January
2024, a crowdsourcing platform for online research. After an elimination process, 157
participants were used in the analysis. Three were eliminated for failing the comprehension

check (see the procedure section below). Each participant was paid $4for participation plus a
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performance based monetary bonus. The mean age was 40 (SD = 13.91, range 20 to B0 years).
There were 80 (51%) females, 75 (48%) males, 1 (1%) who preferred not to say, and| 1 where

Prolific did not provide data.

Prt;c.edure and Stimuli
The experiment was hosted on Qualtrics. The experiment information and link to the
Qualtrics survey were posted on Prolific inviting potential participants who were residents of the
US to participate. The informed consent form was displayed on the first page of the Qualtrics
survey. Participants were instructed to click next and continue if they lconsented, or tq close the
program and cancel their"participati;n on Prolific if they did not consent.
After providing informed consent, participants were provided instructions to g task in

which they decided which crop to plant based on climate projections ¢oncerning possible
PR SNy

) W, participants played the role of an agricultural consultant who advised

farmers on whether to plant a drought resistant crop (safe option) or aregular crop (risky option).

The outcomes of their decisions were tracked with a point structure (see the section below).
Their goal was to have as many points as possible by the end of the experiment. They|were paid
a monetary bonus commensurate with their point balance at the end of the experiment,.
At the beginning of the task, participants read background infarmation on the threat of
drought to farmers’ crops and their own role in the task. Participants were told that the potential |

drought might incur a loss, compared to regular, non-drought seasons. They achieved their goal

ﬁ

hY
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and then performed a practice trial.

4
encourage participants to put forth their best eﬁort,w point structure

/ 7_4(3(_ (f‘u’.}/{f\! 6'{._(

rational cﬁterioﬁzconditions (erc): 25% (25erc), 50% (50erc), and 754

the regular crop (risky option) provided a loss of 0 points if there was

implemented in which participants lost points based on their decision (See Table

42

by losing as few points as possible. They were then introduced to the point structure|of the task

Point Structure. In order to simulate real life decisions with consequences, and to

e

- There were three economically

conditions
/

‘aloss of

400 points if there was a drought. In the 25erc, 50ere, and 75erc condition, the droug]

crop (safe option) provided a sure loss of 100, 200 and 300 points r

up to make it roughly equivalent in the three conditions. In the 25erc ¢ ndition, parti¢ipants were

paid $1 for every 1,000 points in their balance above a payment threshold of 15,000 points, In

the 50erc condition, participants were paid $1 for every 2,000 points {n their balance above

10,000 points. In the 75erc condition, participants were paid $1 for e

ry 3,000 points in their

balance above 5000 points. This payment threshold was set up to prevent participants from

taking the simplistic approach of choosing the safe option in every sir

gle trial. For example, in

the 25erc condition, if they chose the safe option in all 50 trials, they would end u-plwnh 15,000

points (20,000 — 50 * 100).

Trial Structure. After reading through the background information, point structure, and

going through a practice trial, and two attention checks, participants began the 50 experimental

trials. In each trial, participants saw three screens. On the first screen,

participants saw a forecast
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which described the probability that drought would occur (e.g., The latest climate forecast

indicates a 35% chance of drought in the upcoming season for farmer-client 1). This percent

chance will be referred to as the objective probability. It was calibrated to be roughly|reliable.

Participants then moved the slider on a visual analog scale (VAS) with anchor points impossible
and certain to answer the question “Move the marker to indicate what you think the likelihood of
a drought is” (likelihood rating). On the second screen, participants saw the same forécast and
chose which crop they wished to plant by pressing one of the two butfons (binary dedision). The
two buttons were “Regular Crop: A loss of 0 points if there is no drought; A loss of 400 if there is
a drought” (25erc example) and “Drought Resistant Crop: A loss of 100 points regardless of
drought.” After making their decision, the third screen showed the oufcome of the tridl. Based on
whether a drought occurred and participants’ decisions, the appropriate number of points were
added or deducted from the participants’ balance,
The 50 trials varied in their qu'ective probabilities and occurrence of drought (W ’
m Objective probability was shown to participants as part|of the drought forecast. It
had five within-subject levels: 20%, 35%, 50%, 65%, and 80%. The trial order was randomized

for each participant.




25erc Condition
Safe Option Risky Option
Drought Occurred ~100 points -400 points
Drought Did Not Occur -100 points 0 points
50erc Condition
Safe Option Risky Optipn
Drought Occurred -200 points ~400 points
Drought Did Not Occur -200 points 0 points
75erc Condition
Safe Option Risky Optipn
Drought Occurred -300 points -400 points
Drought Did Not Occur -300 points 0 points
Table 4

Point Structure of the Three Conditions in Experiment 1
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Post-Task Questions. After completing all 50 trials, a summary of participants’ decisions
and their outcomes across the trials was shown along with several questions. Participants were

first asked a comprehension check question. They then indicated their (self-re orted) criterion of
L1 wep ot

their decision. This was an alternative way te-tirerat iterien of gesing the subjective

criterion, This self-reported criterion was asked at the end of the experiment and thug reflected
the decision criterion based on experience from the 50 trials, similar fo a previous study (Joslyn

& Grounds, 2015). This self-reported criterion was also conscious. As such, it might hot match

participants’ actual declswn—makmg procejz hjch might also be affected by uncons¢ious

& el wn( o.lwfw .

processes. Next, partlclpants rated frow-diSenlt the task ang\ an open ended question [ableingeklae
G .p t -~ e

they foun dlfﬁcult to understand. Thes two questions were meant

to check whether the descriptions of the goal in the gain or loss frame conditions had la different

difficulty which would have been a confound. Participants reported no diffgrence in the difficulty
weve. s 4’.‘\«?‘

of understanding the two condltlons Finally, participants sepested any problem in the
M 4

etion of all questions,
participants were thanked and provided with a unique completion code to enter into Prolific to

verify their participation and receive payment.

Desig
esIgh ha ‘e ‘, A
Experiment 1 used a 3 x 6 mixed design. There was one betwegn-group independent

variable: Economically rational criterion with three levels: 25erc, 50erc, and 75erc. There was
one within-group independent variable: Objective probability of a drowght with levels} 20%,
35%, 50%, 65% and 80%. Other parameters were fixed: The frame was the loss frame foomnw

_SgnerggiBigleand the proportion of drought was 36% across 50 trials, As the objective
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probabilities were reliable (M = 36.5%), the mean objective probabilfty and the propprtion of
drought trials were considered the same (36%) in the analyses.

In terms of dependent variables, participants reported likelihood ratings using a VAS and

made i g
y, binary de_:c’isioyxon each trial, At the end of the experiment, participants answered the
comprehension check question, reported their self-reported criterion, difficulty of understanding
. ‘ _ o 7/ e
siahes they
encountered.
Results
‘ £qus*/
sis Overview b # M
é/ - 5«5\;”[ e 4 el +
S OiTTienN ) the mean subjective criterion jygaeld shift

q
towa.rds 50%. This meant that in the 25erc condition, the subjective criterion would He between

25% and 50% while in the 75erc condition, the subjective criterion would be between 50% and
| log P
75%. In the 50erc condition, the subjective criterion would be close to SvO%AThe mampulatiox? of

the economically rational criterion should not affect subjective likelihood or sensitivity. ko

The same set of dependent measures as the reanalyses were used in expetiment 1. To

measure the decision bias, the calculated criterion and the self-reported criterion wers analyzed.
In addition, the relative frequency of choosing the safe option was analyzed as an altdrmative way
to examine the decision bias. If a centering effect was present, participants would chdose the safe

option less often (consistent with a subjective criterion shifted from 25% to 50%) in the 25erc




condition than the economically rational decisions. They would also choose the safe

often (consistent with a subjective critetion shifted from 75% to 50%) in the 75erc condition than

they should. They would be comparatively risk-neutral (consistent with a subjective

near 50%) in the 50erc condition. Likelihood ratings were analyzed to detect any bias i

subjective likelihood. Finally, to measure the sensitivity, the area under the ROC curs

analyzed. The analysis of sensitivity tested whether it s

pption more

criterion

fe was
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in

Cq‘t‘,'a

s possible to rule out the manipulation

of economically rational criterion affecting itf A series of ANOVAs and t-tests were ¢

comparisons under omnibus ANOVAs. Tukey method was used for post hoc pairwise

comparisons under omnibus ANQVAs.

I

Decision Bias mdc

v
towards the safe option in the two conditions. Theee dependent variables were exami

avl

onducted.

Holm-Bonferroni M%od was used for planned and post hoc t-tests as week as planned pairwise

l"‘ Mv"'a’“ : "

ed here:

Calculated subjective criterion/,tself-reported subjective criterion, ané

criterion of the random likeliﬁood model

alternative way to examine the decision Yias ndt under the purview of the model and

Calculated Subjective Criterion. In Figure 22, the calculated critetion is show
dots for 25erc, 50erc, and 75erc conditions. The mean caleulated criterion was 35.0%
13.3%) in the 25erc condition, 48.4% (SD = 15.9%) in the 50erc condition, and 58.19

_. sy i3
15.3%) in the 75erc condition. AsmANQVA sith the economically rational criterion m

signal detection theory. The latter was an

the theory.

h as blue
(SD=
% (SD =

anipulation




(25erc, 50erc, and 75erc) as-tire

comparisons were conducted. The S0erc condition had a significantly higher calculated criterion

than the 25erc condition with a difference of 13.4% (t(154) = 4.54, p < .001, torrectetd-aipha—

“=6257. The 75erc condition had a significantly higher calculated criterion than the J0erc

condition with a difference of 9.7% (t(154) = 3.30, p = .00, NI artrr—— 3. In summary,

the economically rational criterion manipulation had a main effect on the calculated ¢riterion.

In addition, three planned one-sample t-tests compared the calculated criterioh in each

condition with the respective economically rational criterion. In the 25erc condition,

calculated criterion was significantly higher than 25% with a difference of 10% (t(53) = 5.47, p

<.001, comeeteemwipirmmm@ialy. In the 50crc condition, the difference of 1.6% betweén the

calculated criterion and 50% was not significant((46) = 1.40, p = .17). In the 75Serc condition,

the calculated criterion was significantly lower than 75% with a difference of -11.9% (t(53) =
8.06, p <.001, Chutesigslealplsne=®$d) This result was consistent with the centering effect such

that the calculated critetion shifted towards 50% from the economically rational criterion.
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F1gure 22

Calculated and Self-Reported Subjective Criterion in the Three Conditions of Experiment 1

In the 25% economically rational criterion condition, the ealewlesed criterion s sigh ificantly

higher than 25%. In the 50% economically rational cntenon condition hccaleuleted criterion

was not mgmﬁcantly different from 50%. In the 75% economically, rationaff ctiterion condition,

: N Was s1gmﬁcan  lower than 75%.

In the 25%, econog ally rat jonal cyifEfion cor . fion, {Jaf self- ported cHeT:

higher tigh 2524} the 560 ecodo cally Hnal Gt gOpe ﬁ»)
asdot Sigttics tl fiftérenyiro 50 Y.

sg] ecportddefiteridn#as sighifipe ﬂ loWwerfthdh 7 D.
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1
| i
Self-Reported Criterion. In Figure 22, the self-reported criterion is shown as Trange dots

for the 25erc, S0erc, and 75erc conditions. Among the 157 participants, 146 (93%) indicated that
they had used a criterion for their decision and 11 (7%) indicated that they did not.

AV thib wcod a cvitese
analyses included onlyfhase 146 pariﬁcipants. The mean self-reported criterion was 414.4% (SD=

e following

12.0%) in the 25erc condition, 51.8% (SD = 8.6%) in the 50erc condition, and 58. 9%i (SD=
14.4%) in the 75erc condition. Aa-ANQVAxiththe economlcally rational criterion ni!ampulanon
(25erc, S0erc, and 75erc) as-the-ind

Q ) Wa,\/'
-£ S

n effect,gf

'c:ompari‘sons were conducted. The S0erc condition had a significantly higher self-reportec

criterion than the 25erc condition with a difference of 7.4% (t(143) = 3.09, p = .002, wasakas

criterion.

In addition, three planned one-sample t-tests compared the self-reported critetion in each
condition with the respective economically rational criterion. In the 25erc condition, the self-
reported criterion was significantly higher than 25% with a difference of 19.4% (%(51) = 11.62, p
<.001, cOrERtmlebglBRII). In the 50erc condition, the difference of 1.8% betweeln the self-
reported criterion and 50% was not significantly different (t(46) = 1.40,p=.17).In Lt_l’lae 75erc

condition, the self-reported criterion was significantly lower than 75% with a differerice -16.1%

((46) = 7.68, p < .001, con

Pt TR Aot

g This result was consistent with the centering

effect.




calculated criterion in the 25erc, 50erc, and 75erc conditions. The self-reported criterjon was

'.\

Finally, three post hoc paired t-tests compared the self-reported criterion and the

51

significantly higher than the calculated criterion (M = 34.5, SD = 13.4) in the 25erc dondition

with a difference of 9.9% (t(51) = 4.26, p < .001, cqpreert™

L 7 T

between the self-reported criterion and the caleulated criterion (M = 48.6, SD = 16.3)

{). The difference of 3.2%

in the

50erc condition was not significantly different (1(46) = 1.36, p = .18). Similarly, the difference of

2.6% between the self-reported criterion and the calculated criterion (M = 56.3, SD =

14.7) in the

75erc condition was not significantly different (1(46) = 1.38, p = .17). In summary, the self-

from it in the 50erc or 75erc conditions.

reported criterion was higher than the calculated criterion in the 25er¢ condition but,Tot dieren)t

Relative Freguen of Choosing the Safe Option.

Participants’ relative ﬁ:equeﬁcy of

choosing the safe option was also analyzed. In Figure 23, the relative frequency is shown for the

25erc, 50erc, and 75erc conditions. The mean relati

re frequency was 41.0% (SD = 11
25erc condition, 32.4% (SD = 11.1%) in the 50e
75erc condition. An ANOVA with the economj
and 75erc) on the relative frequencies shdwygkl a main effect of this manipulation (F(2
35.40, p <.001). Three post-hoc pairwise £dmparisons were conducted. The 50erc co

a significantly higher relative frequencyfthan the 25erc condition with a difference of

-1%) in the

£ condition, and 22.9% (SD = 11.4%) in the
ally rational criterion manipulation (25erc, 50erc,

,154) =

dition had

8.6%

Ike 75erc condition had a significantly higher

p<.001,

icantly higher relative frequency than

the SOerc condition with a diffefence of 9.6% (t(154) = 4.33, p <.001, with Tukey cofrection). In

Con 74P
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summary, the Ypanipulation had an effect such that participants chose the safe option most often
in the 75erc condjtion and least in the 25erc condition.

In addition) the relative frequency of choosing the safe option in each condition was

compared to the relatiye frequency the participanty'would get if they used objective

and the economically rational criterion. The ecofomically rational based relative f
would have been 48% in the 25erc condition, 20% to 32% in the 50erc condition, and 10% in the
75ere condition. The economically rational Yased relative frequency in the 50erc conliition was a
range because the expected valle of the safe and risky option was the same in trials with 50%

objective probability. Therefore, ik these frials, either option was economically rationfal.
Therefore, if the relative frequency Ny petween 20% and 32%, it was considered coxfistent, with

the economically rational standard.

Three post hoc one-sample t-festS\compared the relative frequency of ch;oosinF» the safe
option in each condition with the regspective economically rational based relative freq|uency.» In
the 25erc condition, the relative fifquency was significantly lower than 48% with a difference of
-7.0% (t(53) = 4.65, p < .001, cofrected alpha =\025). In the 50erc condition, the re]ﬂtive
frequency was higher than the ange of 20% to 32%. Therefore, it was compared to 32%. The
difference of 0.4% between tlje relative frequency an\ 32% was not significantly different (t(48)
=.026, p = .80). In the 75erq condition, the relative freqd¢ncy was significantly higher than 10%
‘with a difference of 12.9%{(t(53) = 8.30, p < .001, corrected ¥pha = .017). This pattern of results
suggests that participantsjwere risk-seeking in the 25erc condition! risk-neutral in the|50erc

condition, and risk-averse in the 75¢rc condition.
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Figure 23

Relative Frequency of Chopsing the Safe Option in the Three CondNjons of Experimér

The red line i in the 5% e nomlcally ratlonal cntenon condmon sho.__ s the relathe
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Likelihood Ratings

ys the likelihood ratings as a function of objective probabilities in the three

Figure 2¢

conditions. The mean likelihood rating was 37.1% (SD = 7.0%) in the 25erc condition, 39.3%

kel o sgo.%d» e

wetth the economically rational criterion manipulation (25erc, 50erc, and 750'1‘02‘011 the mean
t . e (F(2,154) T—. 0.81, p

=11.9%) in the 50erc condition, and 37.8% (SD = 7.1%) in the 7Serc condiﬁon.lmm

likelihOOd ratings shawed.n

p———

npared the mean likelihood r?tmg ineach |

ected alpha = .025). Thiwguggests that the likelihood of dréught

ratings was close to ffie proportion of drought trials (relatiye frequency of drought) and g

anipulation of economically rational criterion, Jaeadtitti

MDn&ﬁons had similar likelihood rating patterns_Li

| Lt~ A |

overestimated at all objective probability levels ¢
y ]
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Flgure 24 '
Likelihood Ratings in the 25%, 50%, and 75% Economically Rational Criterion Comilitions asa
Function of Objective Probability in Experiment 1

The blue line represents the 25 economically rational criterion condition, The orange line
represents the 50 economically rational cntenon condition. The purple lme represent. the 75
economically rational criterion condition. T v . e ,

The laljol oo clores, filimeep
e e putliy oty o
S/ / o€ A ‘ﬂqér/\,
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Sensitivity } .
The next analysis examined i@#’sensitivity Q‘éar‘ticipants‘ ability to predict the droughi,
as measured by the area under the ROC curve. In Figure 25, ROC plots are shown f‘of" the 2561'0,
S0erc, and 75erc conditions rEsfafi#dl. The ROC curves of the three conditions wefe similar,
indicating that all conditions had similar sensitivity or the ability to predict drought sted on

provided drought forecasts. The mean percent area under ROC curve was 71.2% (Sq 5.0%) in

the 25erc condition, 70.3% (SD = 5.5%) in the 50erc condition, and 70.6% (SD = 5. 4{%) in the
Tl e oI
75erc condition. MW the economically rational criterion mampulatlon (Q}Serc 50erc,

P S8y wq _g'

oAt The
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ROC Plot for the 25% Economically Rational Criterion Condition in Experiment 1 |

.7 0809 1

The blue curve is ROC curves created from likelihood ratings. The orange dot is created from

binary decisions. The percent area under curve was 71.2% for the ZSej‘c condition, 70.

50erc condition, and. 70.6% for the 7 Serc condition,

4% for the



QINALAS ; 0‘:.. he I . wiviveye Iv ear AR = I_ —’~nl-|-»~,-~” o
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fation. The results showed both the calculated and the self-reported criterion shrowetd the

AK‘_ 4 e

# towards 50% in the 25¢erc and 75erc condition, while-there~warsittre-sPT1ThE [50e1C

“ym@tton. This result supports the centering effect on the subjective criterion. ITadditi

Ifg the sale optlonmdidated that participm?ts were

risk-secking in.the-dSere-omtHtton; Tisk-neutrs#4n the S0erc condition, and risk-averse in the
wisesepansition, Tog ther with the same al composition and sensmmty among the 1:ondmons,
this difference in relativi\frequency/6f choosing the safe option indicated a higher ,su‘uecnvc

criterion than the economicyllyrational criterion of 25% in the 25erc condition, a sul#j ective

.. . . T
ol DICCLIVE a1 '

b aﬂ
Next, asg!pﬂ'wd the manipulation of economlcally rational c,?ntenon did not|aﬂ‘ect the

likelihood ratings or the sensitivity. This suggests that changing the economically ratllonal

criterion %does not affect people’s perception of the probability of drought or their ability to

predict the drought. :

The results also yielded additional findings. Ei sreparted criterion was
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s, Wi Z: the ROC plots (Figure 25), the binary decisions (the decision dot indicating

proportion of hits and false alarm) were consistent with the respective ROC curves, ;rrovldmg

support for the calculation method of the calculated criterion. Finally; as seen in Figqre 24, there
was a slight overestimation but no observed centering effect in likeliiood ratings as indicated by

comparing them to the objective probability levels.

Overall, experiment 1 yielded support for centering affecting the subjective cmtenon and

in turn binary decisions, consistent with the subjective criterion hypothesis. Likelihogd ratings

and the sensitivity were not affected by the manipulation of economically rational criiterion.;

,Lp/&y ;wf-ﬁ Experiment 2

Experiment 3 ﬁxamin%the gain-loss framing effect in addition to the centering effect

L=

| | 4'44»( th O
Wt Experiment 2 used the same task as experunen’t 1 both the economi

My, ”[4/5 r«-—l}—/’g
rational criterion and gain-loss framing W The cconomlcal}y rational criteri

the 50erc or the 25erc but not the 75erc condition. The reason for excluding the 75erci condition
Pl L.,
meach-eondition. Real life severe weathfar events

usually require people to take protective action at a low probability which corresponqs to a low

economically rational criterion. Therefore, the 75erc condition was ndt as realistic as the 50erc or

. Crnet, A2
the 25erc conditions and W the most disposable among the three It was hence Iexcluded to

maximize participants into other conditions. Bothrrpais
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Method
Participants

Atotal of 591 participants from the US were recruited from Prolific A’ca‘demii: in March
2024, a crowdsourcing platform for online research. After the elimination process, 5#8
participants were used in the analysis. Eleven were eliminated for having a lower ﬂ'lafl 0.7
ReCAPTCHA score, a bot detection system used by Qualtrics survey platform, Twe’rity-two were
eliminated for failing the comprehension check (same question as experiment 1). anh
participant was paid $4 for participation plus a performance based monetary bonus, s%me as
experiment 1. The mean age was 39 (SD = 11.91, range 18 to 81 years). There were».2:29 (41%)
females, 327 (59%) males, 1 (<1%) who preferred not to say, and 1 where Prolific di? not

provide data. !

Procedure and Stimuli

The procedure was identical to experiment 1. Participants performed a d‘rougl%t decision
task as described in experiment 1 with additional conditions and corresponding;pointéstmctures,
The gain frame used was equivalent to the loss frame with the drought resistant crop tsafe,
option) yielding a sure gain while the regular crop (risky option) having the potential !to yield a

higher gain gt WGP Their goal was to have as many points as possible by the end of

the experiment. They were paid a monetary bonus commensurate with their ending 'p?int

balance. [J«D’U v
wa/
Point Structure. In Experimentl/,i both a gain frame and a loss: frame M There

were two economlcally rational criterion levels (erc) 25% (25erc), and 50% (50erc).




were four conditions in total. The point structure in the 25erc and S.qu loss frame cdnditions
were identical to those of experiment 1 while the point structure in the gain frame cej:djﬁOns. was
equivalent to their loss frame counterparts (See table 8). Thesfifiae. beginning point b+.lancc and

) Weve Fle sonwpr
payment structure of the 25¢erc and 50erc conditions #f experiment 1 M
A
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25erc Condition Gain F’rarﬁe
Safe Option | Risky Optizon
Drought Occurred Hit: 300 points : Miss: 0 poi;ms
Drought Did Not Occur False Alarm: 300 points C;t)rrect Rejection: 400 points
25erc Condition Loss Frame | ]
Safe Option Risky Optiion.
Drought Occurred Hit: -100 points | Miss: -400 pi)ints
Drought Did Not Occur False Alarm: -100 points ?orrect R_ejection!f 0 points
50erc Condition Gain Frame | !
Safe Option Risky Oqun
Drought Occurred Hit: 200 points Miss: 0 poi%xts‘
Drought Did Not Occur False Alarm: 200 points Cf)rrect Rejection: }ri()() points
S0erc Condition Loss Frame !
Safe Option Risky Optl%m
Drought Occurred Hit: -200 points Miss: -400 p+ints,
Drought Did Not Occur False Alarm: -200 points qlorrect Rejection% 0 points

Table 8

Point Structure of the Four Conditions in Experiment 2
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Trial Structure. The trial structure was the same as experiment 1. After readuirg through
the background information, point structure, and go'ing through a pragtice trial, partiqipants saw
two attention check questions. Participants then began the 50 expetimental trials WhﬁSe
composition was identical to experiment 1. The post-survey question?:were identical ito

experiment 1.

Design

Experiment 1 used a 2 x 2 x 6 mixed design. There were two between-group i{ndependent
variables: Economically rational criterion with two levels: 25erc, and' 50erc and .‘ga’in_-iloss
framing with two levels: Gain frame and loss frame. There was one 1vsfithin-group indeendent
variable: objective probability of a drought with levels: 20%, 35%, 50%, 65% and 80%%. The
proportion of drought was 36% across 50 trials, same as experiment 1. Like in experizgne_nt 1,as

36. swe
)

: cons1dered the same (36%) in thF anal

the objective probabilities (shown to participants) were reliable (M

probability and the proportion of drought trials

W dependent vanables,.ﬁim&l expenment ],p&mﬂq“e likelfhood
ratings using a VAS and binary erop decls1ons M At the enfi of the experiment,
p !

participants answered a comprehension check question, reported their criterion, difﬁeiulty of

understanding the task, and any glitches they encountered as with expierﬁnent. 1. Umi!ie
experiment 1 where no difference in the difficulty between conditionﬁ’ was reported, an ANOVA
with gain-loss framing (gain frame, loss frame) and economically rat‘i%mal criterion (Q{Serc,
50erc) manipulations as the independent variables, on the difficulty r,af'tings revealed that

participants in experiment 2 reported the loss frame condition M= 1#2.,. SD =224, range 0 to



 baslightly peore difficult to understand than the gain frame condition (M = 10.5,8D =
16.6, F(1, 554) = 4.94, p = .027). | |
Results

Analysis OveNjew | ,

Based on\gsults from experiment 1 and Mprospect hg ry, the pw&cﬁ.onwas
that there should be Roth a centering effect and a gain-loss ﬁam g ei?j’ect on the subj%ctive.
criterion. As with exper\ment 1, the centering effect should shift the sibjective critetiim in the
25erc condition towards 5§% while having no effect on :subj,eetiv% criterion in théI 50erc

condition, Based on the utility function of prospect thgbry (Tversky & Kahneman, 19;79),:the;

)
N
\
N
X
gain-loss framing effect shouldead to a higher sy#fjective criterion in the loss conditipn than in “‘—/
the gain condition. Moreover, no iNteraction bgfween these two effects was expected Ias their
mechanisms should be theoretically iNdepghdent, Finally, the manipuﬁaﬁon of econor*ﬁcally
rational criterion and gain-loss framing/yere not expected to affect li_kfelihood.ratin‘g?s lor |
sensitivity. Q
The same set of dependghit measures Were used as were used in reanalyses ancl
experiment 1. To measure dfcision bias, the calcNated criterion, the s?sif-reported criftf:rion, and \Ig
the relative frequency offchoosing the safe option wre analyzed. N:e)ﬁa, likelihood ratin_gs were Q
analyzed to detect agy bias in subjective likelihood. Finh Y, to measute the -sens,itivit;?, the area
under the ROC glirve was analyzed. A series of ANOVAs a t-tests vere conducted. iHolm-

Bonferroni Method was used for planned and post hoc t-tests.

Decision Bias
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Calculated Subjective Criterion. In Figure 26, the calculated c;;riterion is shown for the
four conditions. The calculated criterion in the loss frame condition vYas higher than in the gain
frame condition. It was higher than the economically rational criterion in the 25erc c¢ndition and

lower than the economically rational criterion in the 50erc condition. »

1

Lo (q/u. ot cta
was a main effect of the gain-loss framing manipulation such tha/t‘m the loss frame (M = 40.6%,

SD = 15.9%) thegiapiigiemmitarion Was 2.7% higher than in the gain frame (M = 37.9%, SD =
16.9%; F(1, 554) = 4.38, p = .037). There was a main effect of the ec?nomically’ :ratioinal criterion
manipulation such that the calculated criterion in the 50erc condition (M =43.7%, SI!) =16.7%)
was 9.2% higher than in the 25erc condition (M = 34.5%, SD = 15.0‘%"2;; F(1, 554) = 4{5.76, P
<.001). There was no significant interaction between the gain-loss fré;ming and the efonomically’

rational criterion manipulation (F(1, 554) = 1.03, p = .31). The two manipulations both had an

effect on the calculated criterion.
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Figure 26

Calculated Subjecuve Criterion in the Four Conditions of Experiment 2 :

In the 25erc gain frame condition, the calculated criterion was 7.5% Ingher than the ;
economically rational criterion of 25%. In the 25erc loss frame condlﬁon, the calculated criterion
was 11.6% higher than 25%. In the 50erc gain frame condition, the calculated criterion was 7.0%
lower than the economically rational criterion of 50%. In the 50erc loss frame condition, the
calculated criterion was 5.6% lower than 50%. :
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heinteraction-betWETT gain-loss framing SATe 5the.$1iglled m

deviation of the calculated criterion from the economically rational ctiterion was ana!yzed,, A

higher (more positive) signed deviation in the loss frame condition th%an in the gain filame
' A
condition indicates th;'m framing effect. A higher signed deviation in the 25% condition \
' )

than in the 50% condition indicates J centering effect. A

iatign. The -si%gned deviation in the loss

condition (M = 0.2%, SD = 17.7%) with a difference of 2.6% (F(1, 554) = 4.38, p= 037). The
signed deviation of calculated criterion in the 25erc condition (M = 9,5%, SD = 15.0%) was
|

frame condition (M = 2.8%, SD = 17.7%) was significantly higher than in the gain frame %
u
significantly higher than in the 50erc condition (M =-6.3%, SD = 16.5%) with a difference of \T)

15.8% (F(1, 554) = 139.51, p <.001). The interaction between the gajln-floss framing fmd the
economically rational criterion -maxﬁpui’agions failed to reach significance (F(1, 554)  1.03, p

N » o ¢ Cir— brast o Qc”’y{(-\
=.31). In summary, the result showed Mpmmsnﬁbdth the gain-loss| G,

and the economically rational criterion mar 'pul'ation*x_’
| Coubityye | - |
W,f 0 better understand the domisimm in each cml’-'ditiqn, four planned |one-sample
t-tests compared the calculated criterion with the economically ration%l criterion in eqch
condition (25erc gain frame, 25erc loss frame, 50erc gain frame, and 50erc loss framq) In the

25erc gain frame condition, the calculated criterion (M = 32.5%, SD = 15.4%) was significantly

higher than the economically rational criterion of 25% with a .diﬁ‘ereﬁpe of 7.5% (’t(‘140) =5.76,




(M =43.0%, SD = 16.8%) was significantly lower than the economiqal’ly rational criterion of

50% with a difference of -7.0% (t(148) = 5.10, p < .001, chsfdet 28). In the 50erc

v  loss frame condition, the calculated criterion (M = 44.4%, SD = 16.5%) was also significantly
;E lower than 50% with a difference of -5.6% (1(137) = 137, p <001, bl -
i Ao e 200 b
/ In summary, both manipulations affected th;\amwx but they did mot interact

D
2 with one another. While the calculated criterion in the 25erc condition was as--predlcted by
centering higher than the economically rational criterion, the calculat%d criterion in the 50erc

condition was unexpectedly s% lower than the economically rational criteripn.

Self-Reported Criterion. In Figure 27, the self-reported crlten?n is shown for shown for

the four conditions, The-selfereportedtCHTETion 1n the loss frame cond#tlon was hlghexi then in the

558 participants, 464 (83%) indicated that they had used a criterion for their decisionjand 94
(17%) indicated that they did not. One participant among the 464 wag removed from the analysis
as they provided a self-reported criterion of 505, which was out of the range from 0 t¢ 100. The

following analyses included only the remaining 463 participants.

was a main effect of the gain-loss framing manipulation such that in the loss frame (M = 46.8%,
| A

SD = 12.2%) the self-reported criterion was 3.2% higher than in the gain frame (M =43.6%, SD

= 13.0%; F(1, 459) = 9.06, p = .003). There was a main effect of the e’r:onomically rational

criterion manipulation such that the self-reported criterion in the 50er¢ condition (M = 48.7%,
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SD = 11.8%) was 7% higher than in the 25erc condition (M = 41.7%; SD = 12.7%; B(1, 459) =

39.64, p <.001). There was no significant interaction between the gain-loss framing and the
| P Sy
economically rational criterion manipulation (F(1, 459) = 2.76, p = .097. The two manipulations
A

both had an effect on the self-reported criterion.
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Figure 27
Self-Reported Subjectwe Criterion in the Four Conditions of Experiment 2

In the 25erc gain frame condition, the self-reported criterion was 14. 0% higher than the
economically rational criterion of 25%. In the 25erc loss frame condmon, the self-reported
criterion was 19.3% higher than 25%. In the 50erc gain frame condition, the self-reparted
criterion was 2.0% lower than the economically rational criterion of 50%. The difference was
insignificant. In the 50erc loss frame condition, the self-reported cntenon was 0.5% lower than
50%, but the difference was insignificant.
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Wm The mean signed deviation in the loss frame condition (M = 9.6%, SD =
15.5%) was significantly higher than in the gain frame condition (M = 5.8%, SD = 14.6%) with a
difference of 3.8% (F(1, 459) = 9.06, p = .003). The signed deviation of self-reported criterion in
the 25erc condition (M = 16.7%, SD = 12.7%) was significantly higher than in the 50erc

condition (M = -1.3%, SD = 11.8%) with a difference of 15.4% (F Fd, 459) 253.324

The interaction between framing and centering failed to reach s1gmﬁcance (F(1,459)=2.76,p v X
cloge 1< olccm\ Loeu )}

=.097). In summary, the result showed shew B .ofﬁoth the gain-loss framing

and the economically rational criterion manipulations w
aé)e MM\ Sies
M to better understand the dewintion in each conditian, four post hog one- &q

sample t-tests compared the self-reported criterion with the economically rational criterion in

each condition (25erc gain frame, 25erc loss frame, 50erc gain frame, and 50erc loss frame). In
the 25erc gain frame condition, the self-reported critetion (M = 39.0%, SD = 12.8%) was

significantly higher than the economically rational criterion of 25% with a difference of 14.0%

condition, the -2% difference between the self-reported criterion (M = 48.0%, SD = 11.6%) and

50% was not significant (t(121) = 1.92, p =.057). In the 50erc loss ﬁ‘%me condition, the -0.5%
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\Y“ “——— In summary, both manipulations affected the 5
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difference between the self-reported criterion (M=49.5%,SD = 12.0%) and 50% was not

e i~ Libs

aan but they did not

significant (t(109) = 0.45, p = .66).

interact. The self-reported criterion was as predicted higher than the économically rational
criterion in the 25erc condition and not different from the economicawlly rational criterion in the
50erc condition.

Finally, four planned paired t-tests compared the self-reported criterion and the cal;ar\ed\
criterion in each condition (25erc gain frame, 25erc loss frame, 50erc gain frame, and 50erc loss
frame) to explore their differences. In the 25erc gain frame condition, the self-reported criterion
was significantly higher than the calculated criterion (M = 31.6%, SD = 13.3%) with.a difference
of 7.4% (t(114) = 4.30, p < .001, corrected alpha = .01 3). In the 25er¢ loss frame condition, the
self-reported criterion was significantly higher than the calculated criterion M=36.8%, SD=
14.0%) with a difference of 7.5% (t(115) = 2.77, p <.001 corrected allpha =.017). In the 50erc
gain frame condition, the sclf-repérted criterion was signiﬁcantly'hig#ler than the calculated
criterion (M = 42.3%, SD = 15.0%) with a difference of 5.7% (t(121)=3.29, p = .001, corrected
alpha = .05). In the 50erc loss frame condition, the self-reported critetion was significantly
higher than the calculated criterion (M = 41.9%, SD = 12.8%) with a difference of 7.6% (t(109)
=35.02, p <.001, corrected alpha = .025). This suggests that the Self-'rfei)qrted criterion was
significantly higher than the calculated criterion in all four conditions among those who it:i-oitcd/

a self-reported criterion.

Relative Frequency of Cho bs e Option. As with experiment 1, the participants’

relative frequency of choosing the safe g#ftid was also analyzed, In F}gure 28, the relative

Mottebe. o0 477*
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frequency is shown for ﬂl four conditions. Participants had higher relative frequency than the
economically rational based relgtive frequency, the frequengy based on objective probabilities
and the economically rational critgrion, in all but 25erc J0ss frame condition, where the relative
frequency was lower. The .econ‘omi.'v Iy rational basefl relative 'ﬁequ,?ncy was 48% in the 25erc
condition, and 20% to 32% in the 50¢ conditionf/An ANOVA with fh’e gain-loss framing (gain
frame, loss frame) and economically ra\jonal cgfterion (25erc, 50erc) manipulations as the
independent variables were conducted or\theffelative frequency. 'I,'.hex‘fe was a main effect of the
gain-loss framing manipulation such that j the gain frame (M =43%, SD = 18%) the relative
frequency was 3% higher than in the lofs frdme (M = 40%, SD = 16%; F(1,554)=5.65,p

= .018). There was a main effect of e econoryically rational crit)el'i"f)ﬁ1 manipulation such that the
relative frequency in the 25erc cofidition (M = 47%, SD = 16%) was P’O%'hi'gh‘.er than in the
S0erc condition (M = 37%, ST} £ 15%; F(1,554) % 59.11, p < .001). T}xae was a significant
interaction between the gainfloss framing and the eXonomically rati‘orlial criterion manipulation
such that the gain-loss fraghing manipulation had a griater effect at Zierc compared to SOerc
(F(1,554) = 10.21, p = £01). The two manipuilations bo¥a had an effect on the relative frequency.

However, an interactjon was detected.
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Figure 28
Relative Frequency of Choosing the Safe Option inkhe Four Conditions of Experiment 2

The red line in the 25% econoghically rational criterid condition .-shox_?vs the relative frequency of
48%. The red box in the 50%/economically rational crerion condition shows the relative
frequency between 20% to $2%. These lines are the relXjve frequency the participants would get
if they always chose the sgffe option when the objective p¥pbability was above the economically
rational criterion in theirfespective conditions.
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To better detect the intergction between gain-loss frang ing and centering, the signed
deviation of the relative frequency from the economically ional ba§ed.'relaﬁve frequency was
analyzed with the same set of analyses for the calculatedf iterion and the self-reported criterion.
A higher (more positive) signed deiation in the loss ffame condition|than in the gain frame
condition suggests a gain-loss framikg effect. A higher (more posi_tiveit) signed deviation in the
S0erc condition compared to the 25ert condition » an be the resuit of the centering effect shlﬁmg
the subjective criterion in the 25erc cokdition Jfipward (creating a neg?ﬁva deviation of relative
frequency) but not the 50erc condition. An 4NOVA with the gain-loss framing (gain frame, loss
frame) and economically rational ctiteriol v,(:-2f5er_c, 50erc) manipulatiops as the independent
variables were conducted on the signed fleYiation. The mean signed diFViatfion in the gain frame
condition (M = 3.7%, SD = 16.1%) wf sig ificantly higher than in the loss frame condition (M
=0.7%, SD = 16.2%) with a differeffce of 3.§% (F(1,554) = 5.65, p =.018). The mean signed
deviation in the 50erc condition (M = 5.0%, D = 15.4% ) was significantly higher than in the
25erc condition (M = -0.6%, SDf= 16.5%) with a difference of 5.6% (iF(l,554) =1842,p
<.001). There was an interacti$n between the §vo manipulations such that the difference of the
relative frequency between th ‘:},gain frame and the loss frame was higl;ie_r at the 25erc condition
than in the 50erc condition §F(1,554) = 10.21, o 3 .001). As expectfed,!these results suggest that
increasing the economicaljy rational criterion an§ using a loss frame Ipade people choose the
safe option less often. .Hf:wever;“ there is an unexgected interaction suggesting that the framing
manipulation had little £ ﬁ'ect at the S0erc conditidn while having a big;gcr effect at the 25erc
condition.

In addition.ffour planned one-sample t-testf compared the relative frequency in each

condition to the egonomically rational based relativk frequency to further examine participants’
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significantly lower thanf8% with a difference of -4% (1(129) = 3.6 1,p <.001, corrected alpha

=.025). In the 50erc gain frame cdndition, the relative frequency was significantly higher than

50erc cghdition.

Likelihood Ratings

29 shows the hkehhood ngs as "objectiye probabilities in the four
clc’.u.é ﬁw | Z, ‘
conditions. The llkellhood rau%, i

’p%nz:a mean likelihood ratings in the gain frame condition (M = 39 9%, SD = 10.0%) and

in the loss frame condition (M = 40.0%, SD = 10.3%) was not s,igniﬁc'rant (F{1,554)=.017,P

d[é"‘ é7 ,%[7 ﬂt!’gw
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WeT Eemcan likelihood ratings in the 25erc condition (M =

40.1%, SD = 9.2%) and in the 50erc condition (M = 39.8%, SD = 10.9%),was not significant
(F(1, 554) = 0.23, P = .64). There was no significant interaction between th‘ gain-loss framing

and the economically rational cri:tcriOn.\(F(zl, 554) = 0.36, P = .55).

likelihood ratings were gl affected by either manipulation.
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Likelihood Ratings in the Four Conditions as a Functioriof Objective Probability in Experiment
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The green solid line represents the 25erc gain frame condftion. The green dashed line represents
the 50erc gain condition. The red solid line represents the R5erc loss frame condition. The red
dashed line represents the SOere loss condition. There was Yio observed centering effect.
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In additior) four post hoc one-sample t-tests compared the mean likelihood rating in each
condition to the proportion of drought trials of 36%. A significant deviation suggests a bias in
likelihood ratings. In the 25erc gain frame condition, e mean likelihood rating (M = 40.5%, SD
= 9.8%) was significantly higher than the proporjin of drought trials with a difference of 4.5%
(t(140) = 5.45, p < .001, crected alpha = .0} ) In the 25erc loss frame condition, the mean
likelihood rating (M = 39.7%, SD = 8.Sj Was significantly higher than the proportion of
drought trials with a differenck of 3. A. (t(129) = 4.93, p < .001, corrected alpha = .017). In the
50erc gain frame condition, theYyéan likelihood rating (M = 39.3%, SD = 10.1%) was
significantly higher than the | bkrtion of drought trials with a difference of 3.3% (t(148) = 4.01,
P <.001, corrected alpha =//025). I\ the 50erc loss condition, the mean likelihood rating (M =
40.3%, SD = 11.8%) ws also signifi¥antly higher than the proportion of drought trials with a
difference of 4.3% ((137) = 4.28, p < Y01, corrected alpha = .05). This suggests that, as with the
previous two expy ﬁments, the likelihood\ratings were overestimated compared to the proportion
of drought trigls regardless of the gain-losy framing o the economically rational criterion
manipulatigh. Finally, as seen in Figure 29, Yhe four conditions had similar likelihood rating
patterns. Likelihood ratings were overestimatkd at all objective probability levels except for

35%, sdme as experiment 1.

Sensitivity

The next analysis examined the sensitivity of péffigifang$’ aBil; {10 p oflic
as measured by the area under the ROC curve. In Figure 30, ROC plots are shown for the four
conditions r}% The ROC curves of the four conditions were similar, indicating that @ 4/ /

conditions had similar sens1t1v1ty 0.»' 1y 18 fdug aiZbased Gl pro d drps
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%ﬁts All but 50erc gain frame conditions had the 95% CI of binary decisions overlapping
with the ROC curves. The mean percent Area under ROC% was 70.0% (SD = 8.1%) in the
25erc gain frame condition, 71.1% (SD = 5.2%) in the 25erc loss condition, 69.8% (SD = 7.6%)
in the 50erc gain condition, and 69.6% (SD = 6.9%) in the 50erc loss condition. An ANOVA with
the gain-loss framing (gain frame, loss frame) and economically rational criterion (25erc, 50erc,
and 75erc) manipulations as the independent variables on the mean percent area under the curve
showed no significant main effect of the gain-loss framing (F(1, 554)=0.51,p= 47) or the
economically rational criterion manipulations (F(1, 554) = 1.93, p= .17). There also was not an
interaction (F(1, 554) = 0.94, p = .33). This suggests that the sensitivity did not differ among the
conditions and was not affected by the manipulation of gain-loss framing and economically

rational criterion.
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Figure 30

ROC Plot for the Four Conditions in Experiment 2
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The blue curve is ROC curves created from likelihood ratings. The orange dot is created from
binary decisions. The percent area under curve was 70.0% in the 25er¢ gain frame condition,

71.1% in the 25erc loss frame condition, 69.8% in the SOerc gain frame condition, 69.6%. in the

50erc loss condition.,
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anipulation of the economically

rational criterion and gain-loss framing Should affe f the subjective criterion. These two
manipulations should not interact in the subjgcyive criterion as the gain-loss framing effect and
the centering effect were considered theor  independent. In addition, the manipulation of
gain-loss framing and economically rajfnal criteridy should not affect subjective likelihood or
sensitivity.

There was evidence for a centering effect in the subjective criterion exposed By the

wtes, similar to the findings of experiment 1. Both the
calculated and self-reported criterion were higher than 25% in the 25¢rc condition suggesting
movement toward the center (50%). The difference between the subjective criterion (calculated
and self-reported) and the economically rational criterion was higher in the 25erc condition than
in the 50erc condition. LW, the calculated criterion in the 50erc condition was slightly
but significantly lower than 50%, a result not seen in experiment 2 where the calculated criterion
dld not iffer froz 50% in the 50erc condition. This difference was not seen in the self-reported

be 1 ot ;LL (4-. -
cnteno;l\ One ossxble explanation is that ing P

ind, Finally, similar to the gain-loss framing

manipulation, the manipulation of the economically rational criterion did not affect likelihood

mtingsorsen_;i_.'yity. et .e///'é"‘ 4» e frnny eAfeIL

v

LTS d vOU 11}

Ny Ly PICUIC cte
ch«.. LI e Lur\ l"~ e fvﬂ Aotiee.
r calculated and subjective criterion thalm

in the gain frame m The participants in the loss frame condition also chose the safe

option less often than those in the gain frame condition, showing a risk seeking decision biasﬂ
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not affected by manipulating the framing, it can be inferred that the gain-loss framing effect

operates by altering the subjective criterion. Finally, it should be noted that participants in the

loss condition reported this experiment to be slightly more dlgcwzn patticipants in the gain
Ly ~\
condition. Therefore, the difficulty level might have

ore, if for some reason,

participants became more risk-seeking with increased difficulty.

Nex\ as expected, the interaction hefween the gain-loss framing and the economically

calculated and subjecti¥ frompthe economically rational criterion, it is fair to make the inference

that the lack of interactionfuplies that these two subjective criterion measurements’ shift due to
the gain-loss framing yfas not Xfected by centering. However, there was an unexpected

interaction betweey’the two manip _“,vation,s in the relative frequency of choosing the safe option.
Participants weg

¢ slightly risk-averse ¥ both the gain frame and the loss frame in the 50erc

condition, bfit they were, as predicted, on) risk-averse in the gain frame while risk-seeking in

the loss ffame in the 25erc condition. With noNnteraction detected in the subjective criterion,

likelihbod ratings, or the sensitivity, it is unclear Bow this interaction came to be if subjective
critérion and subjective likelihood were the sole deteNminant of the decisions.

In terms ofgifset siz? of the two effects, the gain-loss framing eect shifted the
calculated criterion by 4.2% in the 25erc condition W The centering effect shlfted

xBadf) above 25% in the 25erc
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condition, Therefore, it appears that at 25% economically rational criterion, the centering effect

dam’a«(_, = ALC i G147
- g aal igeaiitorion than the gain-loss framing effect.

The results also yielded additional findings. First, as with the previous experiments, the
likelihood ratings were not affected by manipulating either gain-loss framing or economically
rational criterion. However, they were overestimated compared to the proportion of drought trials
(practically the same as the mean objective probabilities). The overestimation but no centering
effect was observed in likelihood ratings as a function of objective probability levels as seen in

Fi:gure 29. This is also consistent with experiment 1.

Next, pary cipants showed overall risk-aversgdendency when operationalized as relative

frequency to choose ¥ge safe option in all but 25€rc loss frame condition where they were risk-

seeking as predicted. egdlency in the 25erc loss frame condition is consistent
with previous studies using Noss fragié and an economically rational criterion lower than 50%

(Gulacsik et al., 2022; Qin et al. Jf024). The risk-averse relative frequency in both the 50erc gain
and loss frame conditions ons \tent with the observed lower-than-rational subjective
. criterion in these conditj#ns. The risk-s\eking frequency in the 25erc loss frame condition was
consistent with the gbserved higher-than » aWonal subjective criterion. However, the risk-averse

relative frequenfy in the 25erc gain frame condi¢ion was not consistent with the observed higher-

than-rationgfl subjective criterion. This inconsistendy could be explained by overestimated

likelihgbd ratings, which in this case perhaps counteraded the risk seeking tendency brought by

higher-than-rational subjective criterion and shifted the Qecisions towards risk aversion.

Next, in the ROC plots, the binary decisions ¢sormras

<lapesswrerteings) were consistent with the respébﬁve, ROC curves (from likelihood ratings and

" t()m adO occuﬂ'ellce)g
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ikelthood ratings. Th1s ist e onl cy in
binary decisions observed across all three experiments. IW&& this inconsistency

was a statistical false negative.
’

T sy, £ wd ¢,4£)¢ e
Quupwert, experiment 2 Yieldedsewppors for both the gain-loss framing st and gk
He

centering *.on subjective criterion.
' ~

, consistent with the subjective
eriterion hypothesis. The centering effect appeared to have a larger effect on the subjective
criterion than the gain-loss framing effect when the economically rational criterion was at 25%.
A Sey
@siigi’c. Am
likelihood ratings and sensitivities were not affected by the manipulation of gain-loss framing or

economically rational criterion.

General Discussion
Summary of Results
This research examined potential psychological mechanisms that might account for a
shift in subjective criterion in naturalistic weather decision leading to a bias towards risky
decision making. The subjective criterion (calculated and seIf-reported) was subjz N{Vk p

M Wt
separate effects: a gain-loss framing effect and a centering effect. &we reanalyses of previous
I

experiments and two new experiments




the effect of the manipulations on the subjective likelihood and sens1t1v1ty Neither subjective

likelihood nor the sensitivity sasmot affected by manipulating £f#fef the economically rational

"('LL 2xh LVwJ" MGN)IJ(« ! 86

skA The gain-loss framing and the economically rational G

¢d. A centering effect, tested in experiments 1 and 2, was observed in both subjective ¢ =
criterion measures such that it shifted towards 50% when the economically rational criterion was -
25% or 75% while stai'ed comparatively close to 50% when the economically rational criterion '
T M Vi 5
was 50%. both subjective criterion measures were found to be higher, more risk-seeking inaloss =~
frame compared to a gain frame, consistent with the gain-loss framing effect as described by B ;’
’ W

prospect theory. Wﬁe regaieme! analysis of the ROC plots were consistent with the r_én‘d‘om

likelihood model. In 6 out of 7 conditions the participants® binary decisions were consistent with

the ROC curve based on their likelihood ratings asd geti2by Aol

e. This validates the
estimation of the calculated criterion using likelihood ratings and binary decisions.

In addition to examining the subjective criterion, the current experiments also examined
w & infe

criterion or frame in any of the experiments.

RJA/&« lecw- gM /é/ \/1

studies using similar naturalistic decision tasks. In terms of decisions shown by relative

frequency of choosing the safe option, the risk-seeking decisions in the 25erc loss frame

condition I g E eapoR were consistent with previous studies using loss fr nd a
V‘C’{ ” Vl.

low economically rational criterion (Gulacsik et al. » 2022; Qin et al., 2024). Th; risk-averse

decisions in the gain frame were also consistent with previous naturalistic and artificial gamble
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studies using either mixed-gamble tasks with overall more chance to gain points than lose or
pure gain frame tasks (Tversky & Kahnema;,, 197§?Demnit;z & Joslyn, 2020).

Previous studies showed that while overall people can have relatively accurate albeit
slightly overestimated perception of thellikelihood of the severe weather event with probabilistic
information than without, they séﬁo’q!showed- risk-seeking decisions in loss scenarios
(Gulacsik et al., 2022; Qin et al., 2024). The same small overestimation was observed in the two

experiments here. The similar risk-seeking tendency was also observed in the 25erc loss

condition of both experiments. This curiosity of risk-seeking decisions and overestimated

reported) m loss frames when the economically rational criterion was low (<50%). The higher-
than-rational subjective criterion mﬁﬁé‘;e 'counteract#the overestimated subjective
likelihood, leading to risk-seeking decisions. On the other hand, in the gain conditions here or the
mixed-gamble study (Demnitz & Joslyn, 2020), the subjective criterion, although still higher-
than-rational, might not be high enough to fully counteract the overestimated subjective
likelihood. This leads to risk-averse decisions. In summary, the findings here are consistent with
previous studies with similar naturalistic tasks requiring decision making under risk and can
provide insight into why people can have relatively accurate perception of the likelihood of the

weather event while still making suboptimal decisions.

Random Likelihood Model
The results of the comparisons between the ROC curves and the binary decisions support

the application of the random likelihood model in similar naturalistic tasks requiring decision-
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making under risk. The ROC curves ow this study did not take the participant l&

Co\ sequwardpe ~
VRERRCT Teweeeeant. Feismmesns the ROC curves did not have confidence intervals. Therefore,
the analysis of the consistency between the binary decisions (proportion of hits and false alarms
in decisions) and the ROC curves (from likelihood ratings and actual ﬂrought,;occurrence) was
conservative, Even so, the analysis found consistency in 6 out of 7 conditions, suggesting that the
subjective criterion and subjective likelihood jointly determine the decisions.

m the analysis based on the random likelihood model can supplement the analysis of
the relative frequency of choosing the safe option to examine the risk-seeking/risk-averse
tendency in decision-making tasks. This is an important advancement because the relative
frequency can be affected by trial composition, which makes it problematic to compare between
studies or conditions within a study with different trial compositions. The analysis based on the
random likelihood model, on the other hand, isolated the bias in the subjective criterion from the
bias in the subjective likelihood and difference in sensitivity. This isolation allows the
comparison of decision bias between studies with different trial compositions. As seen in the
reanalyses, while the relative frequency of choosing the safe option between the two tornado
experiments could not be compared due to different trial compositions, the calculated subjective
criterion could be compared. However, the analysis of relative frequency has advantages as well.
The analysis based on the random Iikelihood model requires a large number of trials to acquire a
comprehensive subjective hkehhood distribution to galculate the subjective criterion and
construct ROC curves. Qn-thunhet-;ug tlllle analy51s of the relative frequency can be conducted
with a smaller number of trials and without measuring likelihood ratings. Overall, the reml}f of
the experiments :suppo:Xthe application of the random likelihood model to examine decisions in

similar naturalistic tasks requiring decision making under risk.

)
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The Centering Effect

Anw important finding was that the subjective criterion was affected by the centering
effect (Poulton, 1979, Olkkonen et al., 2014), Interestingly, in experiment 1 with a 75erc
condition, when the economically rational criterion was higher than 30%, the subjective criterion
was lower-than-rational, leading to risk-averse decisions even in a lo§s frame. This suggests that
the centering effect is quite powerful, even able to overcome the upward shift of the subjective Q’
criterion brought by the loss frame. Indeed, in experiment 2 with both the gain-loss framing and :
the centering effect combined, centering seemed to have a greater effect size than the gain-loss %

framing.

precise center of the range (50%). Instead it appears to have shifted the subjective criterion
f shee

p-u R ‘
sence support ﬁhisz 1) In experiment 1, the
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In addition, it appears that the centering effect did not shift the subjective criterion to the .\§

calculated criterion in the 75erc condition shifted downward to a greater extent than the F
Ny

caleulated criterion shifting upward in the 25erc condition; 2) In experiment 2, the calculated

c:tzgon mfo*tlitile galfn at(;l,?.s; ﬁazlf,?ff 002%1:?1:"928 s&%ﬂmﬂ ;hzn ,759(‘):’/6, at
43% and 44%: respectwely/(\)ne explanation is that perhaps partlclpamts preconceived notion of
severe weather events was that the potential harm should be much greater than the cost of
protective actions. Therefore, they expect a narrower range of criterion that does not encompass
the high end (e.g., 90%) but encompasses the low end (e.g., 10%). As aresult, the center of the
range was slightly lower than 50%.

In addition, based on Figure 7, 19, 24, and 29, no centering effect was observed in the
subjective likelihood across objective probability levels, consistent with previous studies

(Demnitz & Joslyn, 2020; Gulacsik et al., 2022; Qin et al., 2024). In perceptual studies, it was
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found that when the information regarding the quantity in question was available, the centering
effect was reduced (Radvansky et al., 1995). In the current experimerits, the available
probabilistic information can explain the absence of a centering effect in subjective likelihood.
Indeed, effects similar to the centering effect were observed in subjective likelihood in similar
tasks if no probabilistic information was given (Demnitz & Joslyn, 2020; Qin et al., 2024). In
these studies, when participants were told that the weather event in question would happen
instead of being provided with probabilistic information, their subjective likelihood was close to
50%. Therefore, providing direct information of the economically rational criterion (e.g., “you
should choose the safe option when the probability is above 25%) might be a way to counteract
the centering effect that occurs with subjective criterion.

0&;—- pota - ﬁ*u./?n 'S

; of the centering effect on the subjective cntenownch@nng and

By
pt (Kahneman, 2003). Anchoring and adjustmegt sigpests when
A

people are estimating a quantity, they start their estimate on a numberi that recently comes to
mind and then adjust their estimate. The adjustment is often insufficient. In the case of the
centering effect, it is possible that the center of the range of the subjective criterion was used as a
default estimate S8 anchcﬁdue to a lack of direct information on the economically rational
criterion (e.g., “you should ch‘bose the safe option when the probability is above 25%). In this
way, the subjective criterion starts at the center of the range and then shifts towards the
economically rational criterion, albeit insufficiently. The anchoring account can also explain why

A ¢ o

subjective likelihood was not affected by a centering effect in the current experiments,

Probabilistic information served as a greater anchor replacing the center of the range .Mer

o

{amsitte account is that people might wish to avoid extreme decisions jand thereby Shlﬁ their

subjective criterion towards the center of the range which they might consider less extreme. This

N Ly P"’\»
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is similar to the compromise effect observed in decision making (S’in*onson, 1989), This
compromise effect suggests that when choosing between three or more choices with equal utility
but different charactensucs people tend to choose the middle one an¢i avoid the extreme ones. In

summary, anchonng’ adjustment and extreme-avoiding tendency are two accounts that might

explain the centering eﬁ’ect.

Mg?v(,, f‘p .éay?

The Gain-Loss Framing Effect g it S

The findings of experiment 2 indicate that the subjective critetion, but not subjective

likelihood, was affected by the gain-loss framing effect as described by prospect theory
(Kahneman & Tversky, 1979). This indicates that, as revealed by the 'T;pplica‘tion of the random
likelihood model, the risk-seeking/averse tendency predicted by the utility function of prospect

theory can be partially explained by a shift in the subjective criterion. The subjective criterion in

a loss frame is higher than that in a gain frame, leading to a greater rlsk-se,e tenden
T .Hm: Gt Cont 1 kmg "L‘f

former. »f prospect theory -a:aqompmble W1th the random
likelihood model amdanshe-wmiegeated to better explain decisions.
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Potential Behavioral Interventions

The current experiments revealed that in situations where the gconomically rational
criterion is low, people tend to be risk-seeking due to a higher-than-rational subjective criterion.
There are two psychological effects that contributed to the shift of the subjective criterion away
from the economically rational criterion: Centering and framing. In real life situations, adverse
‘weather events have a low probability of happening but might cause hjgh casualties and severe

damage. This translates into a low objective probability and a low economically rational
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criterion. In naturalistic weather decision tasks simulating these situations, people tend fo be risk-
seeking, exposing themselves to unnecessary risks (Baker, 1995; Joslyn & LeClerc, 2013; Atreya
et al,, 2015; LeClerc & Joslyn, 2015; Qin et al., 2024). Therefore, one important application of
the findings of the current experiments is to design behavioral interventions to reduce the risk-
seeking decision bias and improve decisions in these situations. Changing the gain-loss framing
is a conceptually straight forward intervention. Framing the consequences of the event in a gain
frame should shift the subjective criterion closer to the economically rational criterion when the
latter is low as shown in the current experiments. However, while some events can be relatively
easily framed as a gain (e.g., disease problem (Tversky & Kahneman, 1981), droughts (this
study), others are not easily framed as a gain (e.g., tornadoes, frozen roadways; Grounds &
Joslyn, 2018; Gulacsik et al., 2022; Qin et al., 2024).

For the centering effect, a potential intervention is to directly provide the economically
rational criterion (e.g., “you should choose the safe option when the probability was higher than
25%). In naturalistic tasks requiring decision making under risk with no probabilistic
information, this method was found to be no more effective than simply suggesting the
economically rational decision to participants (e.g., “In this trial you should choose the safe
option,” Joslyn & Leclerc, 2012). However, as there was no probabilistic information in these
conditions, it was possible that while the subjective criterion was close to the economijcally
rational criterion, the subjective likelihood was not accurate, leading to suboptimal decisions.
The effectiveness of directly supplying both economically rational criterion information and
probabilistic informagion has not been tested. It is possible that when both are supplied,

woul
participants.gawitl make better decisions with both a subjective critetion close to the

economically rational criterion and accurate subjective likelihood. £ similar intervention is to ask

——
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participants to estimate the economically rational criterion in situations where such estimation is
possible. In a study about the compromise effect where there was missing information regarding
the options, the compromise effect was reduced when participants were asked to infer the
missing information themselves (Cheng et al., 2012). Of course, interventions involving
information about the economically rational criterion might not be feasible in many real-life

scenarios involving members of the public. This is because in these scenarios, the potential loss

LA b
y /', ,’/ e

is difficult to quantify and cannot be represented by one il | number as the circumstance
is different from person to person. On the other hand, Such intervénﬁ¢ns might be feasible for
policy makers who are concerned with economical loss or human caspalty statistics that can be
represented by numbers. In short, direct knowledge of the economically rational criterion might
be a way to reduce the centering effect on the subjective criterion.

Another possible intervention is to constrict the range of the subjective criterion in order
to shift the center of the range closer to the economically rational criterion. As the adverse
weather and climate events usually have a small probability of happening, this intervention
perhaps can be done by constricting people’s perceived range of the objective probability. One
possible way to constrict the perceived range is to show a narrower probability range in the
forecast. For example, the forecaster can restrict the range of the probability shown to the
audience and display any probability greater than 50% as “greater than 50%.” As the probability
in the forecast has a range of only 0% - 50%, the audience might fixate on this range and
constrict their perceived range of likelihood to the same range, not unlike the anchoring and
adjustment heuristic (Kahneman, 2003). This way, the center of the range becomes 25% instead
of 50%. The centering effect should W shift the subjective criterion towards 25% instead of

50%. On the other hand, not presenting the actual probabilities in situations where the probability
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is over 50% might reduce trust (Joslyn & LeClerc, 2013), perhaps due to people’s perception that
754
the forecast is withholding information. wl constri :;%the range might be another way to

counteract the centering effect.

Limitations and Future Directions

One limitation of the current project is the limited examination of the connection between
the subjective criterion and utility which is the cornerstone of research in decision making under
risk (Von Neumann & Morgenstern, 1947; Tversky & Kahneman, 1979; Weber, 1994). The
finding that the gain-1 ssg'aming had an effect on the subjective criterion but not subjective
likelihood hmte,::::urzc connection between the subjective criterioni and utility. One simple
hypothesis is that the placement of the subjective criterion is mostly determined by the expected
utility of options, just like the economically rational criterion is deteme by the expected

Lelenne
value of options. If this is the case, many psychological mechamsmgﬁm utility might also be
applicable to the subjective criteri(?n. This interaction between signal detection theory and utility
theories might open doors to both theoretical and applied possibilities; Therefore, a future
direction is to examine the connection between the subjective criterion and the utility.

Next, while the current experiﬂaents provided a case for the usefulness of applying the
random likelihood model in naturalistic tasks requiring decision making under risk, the model
still operates on the assumption that the subjective criterion has no vatiability and fixed across
decisions. However, a previous study found that after recent encountess with adverse weather
events, one’s decisions became more risk-averse while the subjective likelihood remain
unchanged (Demnitz & Joslyn, 2020). This suggests that the suh]ectlve criterion eocui‘:i gl‘a‘nge

between decisions based on their recent trial experience. This might not be the only reason on® 6’"’
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changes ﬁ subjective criterion. The objective probability might serve as an anchor that shifts

the subjective criterion from one trial to the next. Hewex

experiments could not examine these effects. This is because i AE »

- were not enough trials to conduct within-group analysis at different objective probability levels.

For example, there were only five trials with 80% objective probability per participant. They

were not enough to acquire a comprehensive likelihood rating distribution to calculate a

participant level subjective criterion. A similar experiment with a higher number of trials can be
snet 2

used to conduct these analyses.‘En a-muc;hi longer experiment can be logistically difficult to

conduct. Therefore, one future direction is to develop a paradigm able to examine the within-

et
group effects on the subjective criterion while still logtmiapomy to conduct,

; [c:emlw 4!«/!;,

The study reported here used the random likelihood model based on signal detection

theoty to better understand naturalistic weather decisions y%% In many previous

experiments, participants failed to protect themselves compared to the economically rational

Conclusion

standard, even though they overestimated the likelihood of the severe weather event. The current
experiments manipulated gain-loss framing and economically rational criterion to observe the
impact on ﬁgz‘-meerasures The subjective criterion (flikeliho:od above which one chooses the safe
option), subjective likelihood (perception of the event’s probability), and sensitivity (the ability
to predict the event). The subjective criterion was affected by both manipulations. It was more
risk-seeking in the loss frame than in the gain frame, consistent with prospect theory. It also
shifted towards the center of the range for extreme economically ratiohal cnteno% consistent

with a centering effect. Neither manipulation affected subjective likelihood or sensitivity;.(%
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* effects led to a higher-than-rational subjective criterion when the econoﬁaically rational
criterion was low and counteracted the overestimated subjective likelihood to result in risk-
seeking decisions. With these two sources of bias identified, one can develop behavioral
interventions based on these two effects in order to improve p:eOple’sédecisions; More generally,
the random likelihood model was found to be useful and can be used in similar naturalistic

settings.

New Py
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Appendix A

Background (Gain)

Farmers are faced with many tough decisions. One is deciding what type of crop to plant when the
future climate is uncertain. Drought conditions (extended periods of below-normal precipitation, like
rain) pose a significant threat to many farmers. Droughts have the potential to drastically reduce
farmers' crop yields, thereby reducing farmers' monetary profit.

Fortunately, some precautions can be taken. For example, instead of the regular crop, farmers can
plant crops that are more resistant to drought than conventional crops, but such drought-resistant crop
often cost more. Farmers want to maximize their profit despite the irre. ylar seasons. Therefore they
hired you from an international agricultural consulting firm to advise them which crop to plant. You
must decide which crop to plant based only on a climate prediction whicli: will be provided to you.

Background (Loss)

Farmers are faced with many tough decisions. One is deciding what type of crop to plant when the
future climate is uncertain. Drought conditions (extended periods of below-normal precipitation, like
rain) pose a significant threat to many farmers, Droughts have the potentigl to drastically reduce
farmers' crop yields, thereby reducing farmers' monetary profit.

Fortunately, some precautions can be taken. For example, instead of the regular crop, farmers can
plant crop that are more resistant to drought than conventional crop; but such drought-resistant crop
often cost more. Farmers want to minimize their losses compared to the I'%gular crop in nofi-drought
seasons. Therefore they hired you from an international agricultural consu ting firm to advise them
which crop to plant. You must decide which crop to plant based only on a climate prediction which
will be provided to you.

Figure A1l

Scenario Background Description in the Drought Task

Note: The colored texts are to indicate condition and the highlights were used to show the
difference between the two conditions. They were not shown to the participants.
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