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Abstract
Severe weather often requires protective action at low likelihood due to the seriousness of the
consequences. However, people often fail to protect when it is warranted to do $0, resulting in
risk-seeking decisions, even in situations where reliable probabilistic information is present. This
study applied signal detection theory to examine whether in these situations, risk-seeking
decisions are due to biases. in the subjective criterion for taking protective action or due to biases
in the perceived likelihood of the weather event. Participants evaluated forecasts to decide
whether to take protective action. Two manipulations were of primary interest. First, the
economically optimal criterion (likelihood above which one should take protective action) was
manipulated to reveal a céntering effect. We found that the subjective criterion (likelihood above
which one decides to take protective action) was shifted toward 50% regardless of whether the
economically optimal criterion was above or below 50%. Second, the framing of the decision as
a gain or loss shiféed the subjective criterion toward risk-averse (gain) or risk-seeking (loss).
However, decisions remained risk-seeking overall. This tendency was not due to a biased
perception of likelihood which was unaffected b{:e manipulations. Thus, we conclude that a
bias in the subjective criterion, shiftable by the centering and framing effects, contributed to risk-
seeking decisjons in naturalistic decisiontasks.» Possible interpretations of these results are
discussed along with potential interventions to reduce risk-seeking behavior.
Keywords: Severe Weather Warning; Signal Detection Theory; Risk Perception; Risk Seeking;
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the likelihood of severe weather was above an internal criterion that is higher than the

economically optimal criterion (e.g., shelter only when the likelihood of a tornado is 50% or
greater as opposed to the recommended 30%). This is referred to as their subjective criterion,
Therefore, in the study reported here, we ask whether a higher than optimal subjective criterion,
the likelihood above which one decides to take protective action, contributes to the observed
risk-seeking tendency. We refer to this as the biased criterion hypothesis.

A high enough subjective criterion could counteract overestimated subjective likelihood
and lead to risk-seeking decisions. For example, suppose the probability of the adverse event is
30% and the economically optimal criterion for choosing the safe option is 20%. A person might
choose the risky aption in this case even if their perceived likelihood is at, say, 40%, if their
subjective criterion is at, say, 50%. Therefore, a biased subjective criterion could explain the
combination of overestimated subjective likelihood and risk-seeking decisions. A similar
explanation has been used for biases in the motivated reasoning literature. For instance, people
require more evidénce (higher criterion) to be convinced that their preferred conclusion is false

compared to the nonpreferred conclusion (Kunda, 1990; Windschitl et al., 2010).

Signal Detection Theory and Decision Making

In the work presented here, a signal detection approach was used to identify the

<&,
participants’ subjective criterion so that it-¢easkd be compared to the optimal criterion. Signal

detection theory, typically used to understand perceptual processes, concerns two psychological
‘ : velevmnt™
concepts: 1) Separate internal representations of the strength of thf}\sﬁmulus and the background
veloeve
in absence of the stimulus (two distributions in Figure 1), as well as 2) the subjective criterion
N
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representing the strength of the internal representation of the stimulus required by the decision
maker to identify it as present (red line in Figure 1; Macmillan & Creelman, 2005).
Both of the internal representations are assumed to be noisy and follow some distribution.
Because of this noise, the same stimulus might be internally represented differently each time it
occurs. The ability to differentiate internal representations of the stimulus present versus absent
is the person’s sensitivity in stimulus detection. Sensitivity is determined by the distance between
the two distributions of the internal representation relative to their variability. The further apart
the distributions or the less vanablllty, the gréater :hj(s(enjti;nty. ‘/
The placement of the subjective criterion hagigmbes whether there is a decision bias
towards reporting the presence or the absence of the stimulus. Under the same internal
representation, a lower subjective criterion leads to an increase in both hits (reporting stimulus is
present when it isj and false alarms (reporting stimulus is present when it is not). In contrast, a
higher subjective ¢riterion leads to a decrease in both outcomes. In short, a change in subjective
criterion can lead to a behavioral change even if the internally represented distributions stay the
same,
Assuming stochastic internal representations such as those of signal detection theory is
not new to decisioh theories (Busemeyer & Townsend, 1993; Thurstone, 1994; Wallin et al.,
2018) and can account for situations in which one does not necessarily make the same decision
based on the same external information. This means that, in the context of weather decision
tasks, it can explain situations in which one does not take protective action every time the
objective probability is above the economically optimal criterion. Furthermore, signal detection
theory can be integrated with behavioral economics theories, such as prospect theory, to better L
understand dwisioh-Mg pro,cessese. ‘?'I‘m et al,, 2015). Indeed, signal detection theory has |

—Luen, Sttoles 2’.65 evaze,
2011



been applied to diagnostic decisions to identify the economically optimal criterion to increase
outcome utility in many domains including medical diagnoses, weather forecasting, and schoolb

has bfes |
admissions (Swets et al., 2000). In weather forecasting research, signal detection theory wascsiwer d

used to distinguish sensitivity and criterion to understand how forecasters make forecasts under

different circumstances (Harvey et al., 1992).

[/
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Random Likelihood Model
Signal detection theory was applled in fc_h_is project by assuming a random likelihood

model. As illustrated in Table 1, the four outcomes in naturalistic weather decision tasks can be
aligned with the four outcomes in s1gna.l d,é.te_ction' theory (hit, false alarm, miss, correct
rejection; Ferrell & McGoey, 198',6, Hz;r\_rey et al, 1992). Here, m&ha-ae& similar to Ferrell /
and McGoey (1980), the internal réptésénfétion ‘was the participant’s subjective likelihood
estimate of the weather event. The subJ ecﬁ\‘/e cﬁteﬂon was the subjective likelihood above which
the participant deéided to take pro‘-tc'act_i‘:re :a_tci_ion. We assum; that the subjective likelihood of the v’
weather event has variability. Hoxn;ev;ri there was no need to assume a specific shape of
distribution because subjective likélih&pd faﬁngs were elicited directly from participants and
used to estimate the interna} reﬁresentéﬁohs.

&( We further assumed that partlclpants subjective likelihood varied over trials even when
:l::e same probabilistic forecast mformatlon W This assumption is consistent with v

p\r
A
previous studies using naturalistic declsmn-makmg tasks showing that subjective l1kehhood‘ {

ratings made by the same partlclpant differed on diffzeht malﬁ;-:ﬁﬁehkthe same well calibrated

probabilities werEFailligdd (Demnitz & Joslyh, 2020; Gulacsik et al., 2022; Qin et al., 2024),
Q&MW: model lasstﬁt}ed no variability in the subjective criterion, v’

consistent with the typical application of signal detection theory (Macmillan & Creelman, 2005).

In other words, we assumed that people chose the safe option whenever their subjective

likelihood was above the same subjective criterion e eri/’ume This i 1s a snnphfymg assump’uon,
e g bt é;f-Fm, s swtl @
as peaplﬁmight-okeage-ﬂm&subjecuve cntenon bmmmns.depmdaﬁgnthe outcome of

previous trials (Dmetz & Joslyn, 2020)
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This modg] can be used to account for biased decision making in several ways that are
illustrated in ’Figqre 1. One is shifting the subjective criterion. Shifting the subjective criterion to
the right of the oqtlmal criterion can lead toa nsk-seeklng bias while a left-shifted criterion can
leadto a nsk-avefse bias. “., F J L P‘t

Another way is a change in the;\ swwer internal representation distributions on the right of
the subjective criterion (hits and false alarms) Larger areas to the right, taking protective action
more, represent sk-avcrs‘.e“mh:{e smaller areas, taking protective action less, represent a

yor by
nsk-seekmgh— 'Inﬂated subjective hkehhood can also cause a shift to the right (in either one or
both internal repr@enfaﬁons. stimulus present and/or aitnt) leading to a nsk-aversg—;me
other hand, a shift to the left can lead to a risk-seeking bim.

A change in sensitivity can lead to a change in decisions that is not a bias. Lower
sensitivity, an inctease in the overlap between the two internal representations, leads to worse
decisions compared to economically obtimal. This is not a bias necessarily as long as it does not
also cause an oven;all. shift in the distributions. To determine whether the manipulations (see
sections below) lead to biases as opposed to changes in the overlap of the distributions, we also
conducted an analysis of sensitivity. '.

In sum, thq study reported here used the random likelihood model to examine two
possible explanaﬁqims for the tendency toward risk-seeking decisions described above: The
biased criterion hypothesis, which is a biaé in the subjective criterion, versus the biased

- likelihood hypothesis, which is a bias in the subjective likelihood.

Possible Psychological Mechanisms of Biases in Subjective Criterion
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We examined two possible psychological mechanisms that could lead to a shift in the

subjective criterion away from the economically optimal criterion. The first s the centering

Mthe t”enden;:y'to Bias Judgements towards the center of the response range (also called &
central tendency bias; Poulton, 1979; Olkkonén et al., 2014). Originally observed in perceptual
judgements (noise volume, distance, color perception), this effect has been observed in

judgement and decision-making tasks such as the estimation of opposing bidders’ bid in an

auction (Poulton, 1979; Radvansky et al., 1995; Olkkonen et al,, 2014). It is possible that a

similar effect is piFesentv in the subjecﬁVe, criterion in decision-making tasks. It can be revealed by
manipulating the T,,con()mically‘ optimal criterion. For instance, an economically optimal criterion

at 20% might resylt in a subjective criterion above 20% closer to the midpoint of 50%, while an

economically optimal criterion at 80% might lead to a subjective criterion below 80%, again,
a ' . :
closer to 50%. h,..Mtion, % centering effect might also be seen in subjective likelihood. v

A second psychological mechanism that could bias the subjective criterion isﬂa/gain-

loss framing #df that is central to prospect theory (Tversky & Kahneman, 1979). Risk-seeking
Luv  pellev

in the loss frame mad ton by raising subjective criterion above optimal while risk-aversion
‘ w Jlwv
in the gain frame #ﬁght-bedue to a lower subjective criterion than is economically optimal. This
v

eoeld be revealed by manipulating the frame (loss/gain). These two psychological mechanisms

are not mutually exclusive and might both contribute to a biased subjective criterion.
Overview of Analyses and Experiments

To Reg‘ , two previously published experiments from Qin et al., (2024) were reanalyzed
‘Mveingy g

to sewe the random |likelihoocl model and to detect possible framing and/or centering effects in l/

subjective crit,erioq or subjective likelihood. Then, two new naturalistic weather decision
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these conditions \rrem not the concern of the analysis reported here, they were combined. There
were 83 pa.rumpapts from Experiment 1 and 85 from Experiment 2 in the reanalyses pa /L. o J
The proceflure of the two experiments was identical. There were 68 trials nﬂota.l On /
each trial, partlclqants saw a tornado warning, rated how likely they thought a tornado would
occur (likelihood ?F,atings), and decided between the safe option and the risky option (binary
decision). At the e}nd of each trial, they were told whether the tornado occurred. As mentioned
above, there was ép’oint cost to shelter and a larger point penalty if participants failed to shelter
and a tornado hit their location. Therefore, only losses were possible. Participants’ goal was to
lose as few pointskas possible by the end of the experiment.
The main q:liﬁ‘erence between the two experiments was the cost of the safe option (see
| e g I s @ v
Table 2). In both dxpcnments, the risky option had no cost but would incur a 1,000-point penalty

if a tornado hit, Pq.mclpants could mitigate this loss completely by choosing the safe option f‘?
Thiy yweds AL
90 points in Tornaflo Expenmcnt*‘and 270 points in Tornado Experiment 2. ng-;e.

economically optlfnal cntenongn@% in Tornado Experiment 1 and 27% in Tornado
A
Experiment 2. Andl;ther difference was that in Tornado Experiment 1, 23.5% of trials resulted in a

!

tornado, while in Tomado Experiment 2 ’shr.pse‘pimm was 38.2%.
Results

Three sets T')f analyses were conducted for each experiment. Analyses were conducted on
mean subjective chter,ion and mean likelihood ratings to detect biases. In addition, sensitivity,
operationalized as !the area under curve in Receiver Operating Characteristic (ROC) plots, was
analyzed. In order to test the assumption that subjective likelihood and subjective criteria jointly
determined decisions, ROC plots were constructed from participants likelihood ratings and

o kot Haatr

decisions,ser internal consistency bﬂsee Figure 2). T-tests were conducted comparing the
A .




Figure 2 .
4 Typical ROC Curve.
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Subjective Crz'ter{on
|

The subjegtive criterion was estimated using each participant’s likelihood ratings and

proportion of trials on which they chose the safe option. The assumption was that participants

chose the safe option whenever their subjective likelihood was higher than their subjective

Ve ke (/

criterion. Thus, for each participant, a peseqetimwee X% was determined such that the

cumulative proportion of likelihood ratings falling between X% %ﬂd 100% matched the ~ £—

proportion of t’ria]js on which the participant chose the safe option. The likelihood at the end point

(X%) is referred tF’ as the subjective criterion. For example, if a participant chose the safe option
on 57% of the tr.iﬁls, a nusalser was located on their likelihood rating distribution such that 57%

| ' valel |
of the trials had a Pikelihood rating higher than that swesber (Figure 3). This number, say 51%

likelihood (the rec‘i line in Figure 3), was the subjective criterion for this participant. With this

method, a subjectﬂve criterion was obtained for each participant, and 2 mean was calculated for

each experiment. l
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In Figure 4, the m[ean subjective c‘npicﬁoi{ir:aiafzew is shown as a blue dot inselgtion
to the economical|tly> optimal criterio;;(. An independent t-test revealed that the mean subjective
criterion in Toma@o Experiment 1 (M = 31.0%, SD = 18.6%) was significantly lower than in
Tornado Expc‘r’im%nt 2 (M =41.2%, SD = 13.8%) with a difference of -10.2% (95% CI -15.2%, -
5.3%; 1(148.6) = 4.07, p < .001, Hedge’s g = .62). This suggests that the subjective criteria were
influenced by the idifferen't economically optimal criterions in each experiment.

In additioxj,r, the mean subjective criterion in each experiment was directly compared to
the economically é)ptimal criterion in that experiment using one-sample t-tests. In both cases the
mean subjective c'fiterion was higher than the economically optimal criterion. In Tornado
Experiment 1, the/subjective criterion (M = 31.0%) was significantly higher than the
economically optimal criterion of 9% with a difference of 22% (95% CI 18.0%, 26.1%; t(82) =

10.77, p <.001, Cphen’ d = 1.18). In Tornado Experiment 2, the subjective criterion (M = 41.2%)

was also si‘gniﬁca1|nﬂy higher than the economically optimal criterion of 27% with a difference of
14.2% (95% CI 11.4%, 17.1%; t(84) = 9.81, p <.001, Cohen’ d = 1.03). Thus, the subjective
criterion was high%r than the economically optimal criterion in both experiments, suggesting the
subjective criterioffl was biased to result in risk-seeking decisions. Moreover, the bias was larger

|
in the experiment with the lower economically optimal criterion.

Likelihood Ratz'ngs;'

In each ex;#eﬁment, one-sample t-tests were used to compare the mean likelihood rating
(over all trials mt% differing probability levels) to the mean objective probability, operationalized
as the proportion o;ff trials in which a tornado occurred in that experiment. In both experiments

! This is equivalent tlf the mean objective probability which was reliable.
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Receiver Operati%g Characteristic Plots

The ROCianalysis was conducted to test the assumption of the random likelihood model

that subjective li telihood and the subjective criterion jointly determine the decision. The graphs
in Figure 6 were Tomposed of two parts: 1) ROC curves 2) Points indicating the hit and false

alarm rates of deq;isions in each experiment. For a similar approach see Harvey et al. (1992). The
Pav
calculation of each is explained below.

ﬁ
The ROC curves represent the relationship between the estimated mnd false alarm
of e Adistrduler Hf )%' wl;g .

probabilities at hypothetical cut-off points. These cut-off points occur at 5% intervals on the
Py .

likelihood rating illistribution from 0% to 100% (similar to Ferrel & McGoey, 1980). A hit was
defined as a trial W'mth a likelihood rating above the cut-off and a tornado. The hit probability was
the proportion of #r@o trials above that likelihood cut-off, A false alarm was a trial with a
likelihood rating gbove the hypothetical cut-off and no tornado. The false alarm probability was
the proportion of Lals without a tornado above the likelihood cut-off. By varying the cut-off in
5% steps from 09 I to 100%, a pair of hit and the false alarm probabilities was calculated at each
step (20 total) an lplotted as the ROC curve in Figure 6. As 68 trials per participant were too few

data points to popplate 20 steps to create participant level ROC curves, trials from all participants

were combined tocreate a single ROC curve for each experiment.
Ve pire :Mg‘)iq +e
Next, oifit Py rcieainacimentmisnsad o participants’ binary decisionsfwas

added to the apprapriate ROC plot. It indicates the mean proportion of hits (the participant chose
the safe option and the tornado occurred) and false alarms (participant chose the safe option and
no tornado occurred) in that experiment.

The first goal of the ROC analysis was to test the internal consistency of the random

likelihood model method of calculating the subjective criterion. If participants chose the safe
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Discussion
In the rean'rs.lyses presented above, participants’ subjective criterion was higher than the
economically opﬁ.%nal criterion in both experiments, indicating a risk-seeking tendency. This
analysis does not chisti_nguish whether the bias was due to framing, centering or something else.

|
Both experiments employed a loss frame which tends to lead to risk-seeking behavior. Neither

tested a gamfram? that would theoretically have produced a risk-averse bias. In addition, the
subjective criterion in both experiments was elevated bringing them closer to 50%, consistent
with the centering effect. However, neither tested a criterion that was higher than 50% which,

according to centering, would have lowered the subjective criterion creating a risk-averse bias.

Therefore, it is no‘ﬁI possible to distinguish between these two explanations. Hence in the new
experiments rep,orly:d. in the next section, the appropriate conditions were added to distinguish
between the effects of gain-loss framing and centering.

The reanalysis presented above also suggests that the risk-seeking tendency observed in
these two experim#nts was not due to biased subjective likelihood. The mean likelihood rating
was significantly gver- rather than underestimated and similar in both experiments. Nevertheless,

the higher-than—op#ima] subjective criterion counteracted the overestimated likelihood ratings

and led to risk-seeking decisions?.

Finally, in {he ROC plots of both expenments the 95% co dence m of the binary ‘/
decision point ov#lapped with the ROC curb:r;ei This 1nd1c:ates that the propomon of hits and false
alarms based on p#:nc1pants» binary decisions was consistent with the ROC curve of hits and

false alarms based on likelihood ratings. This in turn suggests that the subjective criterion and

? Due to different trial compositions in the two experiments, one cannot draw conclusions about the effect of
different economically optimal criterion on likelihood ratings.
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Participalrlts were first provided with instructions. In the task, henceforth called the
drought task, participants played the role of an agricultural consultant who advised farmers on
whether to plant a drought-resistant crop (safe option) or a regular crop (risky option) based on a

drought forecast T‘or ﬂff:p);?n’gnf jza(s;onfl;iruimgazg xac;tcg&hﬁ a potential drought might
lead to a loss for farm;erjieﬂected in a point loss for participants, compared to non-drought
seasons. They 'We!re then introduced to the point structure that tracked the outcomes of their
decisions (see below).

Point Structure. The purpose of the point structure was to simulate real life decisions with
consequences and to encourage participants to put forth their best effort (See Table 3). It also
allowed us to establish and manipulate the optimal criterion. In all conditions participants were
endowed with a starting balance of 20,000 points. There were three econ(;mically optimal
criterion conditions (eoc): 25% (25e0¢), 50% (50eoc), and 75% (75e0c). In all conditions the

regular crop (risky option) cost 0 points but resulted in a loss of 400 points if there was a

drought. The drought resistant crop (safe option) was available at a cost of 100, 200 and 300
points in the 25eo¢, 50eoc, and 75eoc conditions, respectively resulting in three different optimal
criterion (See table 3). The economically optimal criterion in each condition was the probability
where the expected values of the two options broke even (e.g., in the 25e0c condition: 400 X
25% (risky option) = 100 (safe option). At the end of the experiment participants were paid a
monetary bonus commensurate with their ending point balance. Participants’ goal was to lose as
few points as possible.

The bonus payment structure was set up to make the bonus roughly equivalent in the
three conditions, In the 25¢e0c condition, participants were paid $1 for every 1,000 points in their

balance above a payment threshold of 15,000 points. In the 50eoc condition, participants were




33
|

paid $1 for every |%,000 points in their balance above 10,000 points. In the 75eo0c condition,
participants were paid $1 for every 3,000 points in their balance above 5000 points. Payment
thresholds were designed to discourage taking the simplistic approach of choosing the safe
option in every single trial. For example, in the 25eoc condition, if they chose the safe option in
all 50 trials, they would end up with 15,000 points (20,000 - 50 * 100).

Trial Structure. After reading the instructions, going through a practice trial, and
answering two attention check questions (See Supplementary Materials), participants began the
50 experimental trials. Each trial comprised three screens. On the first screen, participants saw a

forecast which described the drought probability for that trial (e.g., “The latest climate forecast

indicates a 35% chance of drought in the upcoming season for farmer-client 1*). We refer to this

as the objective probability because it was calibrated to be roughly reliable: The mean objective
probability (M = 36.5%) matche(l the proportion of droughts across the 50 trials (36%). /
Objective probability hagﬁve within-subject levels: 20%, 35%, 50%, 65%, and 80% (see
Supplementary Materials S2). Each level was also calibrated. The trial order was randomized for
each participant.
Participants then rated drought likelihood by moving the slider on a visual analog scale
(VAS) with anchot points impossible and certain (likelihood rating). On the second screen,
participants saw thr.e. same forecast again and chose the crop they wished to plant by pressing one
of the two buttons|(binary decision) labeled “Regular Crop: A loss of 0 points if there is no
drought; A loss of 400 if there is a drought” (25eoc example) and “Drought Resistant Crop: A
loss of 100 points regardless of drought.” Then, the third screen showed the outcome of the trial

in terms of point deductions.




manipulation of tr\e economically optimal criterion should not affect subjective likelihood or
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sensitivity.
The same set of dependent measures as those used in the reanalyses reported above were

‘ mest |

analyzed in Experiment 1. These included the subjective criterion ;an%kelihood ra‘tin@./ Asthe d

trial compositions were kept the same across the conditions, an analysis of sensitivity (area under

the ROC curve) was conducted to examine whether sensitivity changed due to the manipulation.

For all dependent|variables, a series of ANOVAs and t-tests were conducted. Holm-Bonferroni

Method was used for planned and post hoc t-tests as well as planned pairwise comparisons under

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

ANOVAs. All tests were two-tailed where applicable.
Subjective Criterion

In Figure 7, the subjective criterion for 25eo¢; S0eoc, and 75eo0c conditions is shown as
blue dots. The mean subjective criterion was 35.0% (SD = 13.3%) in the 25eoc condition, 48.4%
(SD = 15.9%) in the 50eoc condition, and 58.1% (SD = 15.3%) in the 75e0c condition. An
ANOVA on the su}bjective' criterion with economically optimal criterion (25eo0c, 50eoc, and
75¢0c) as the independent variable showed a main effect (F(2,154) =32.53, p < .001, 5, = 30),
suggesting that participants’ subjective criterion increased with the economically optimal
criterion. In planned pairwise comparisons the 50eoc condition had a significantly higher
subjective criterion than the 25eoc condition with a difference of 13.4% (95% CI 7.6%, 19.2%;
t(154) = 4.54, p < 1001, corrected alpha = .025, Hedge’s g=0.91). The 75eoc condition had a
significantly higher subjective criterion than the 50eoc condition with adifference 0of 9.7% (95%

CI 4.0%, 15.5%; 1(154) = 3.30, p = .001, corrected alpha = .05, Hedge’s g = 0.62).




In addition

3%
s e

, the pattern of self-reported criterion (Supplementary Materials S3) was
A

consistent with that of the subjective criterion, although the self-reported criterion was pulled

towards 50% to a

greater extent than the subjective criterion in the 25eoc condition. In addition,

the pattern of the proportion of safe option choices was also consistent with the estimated

subjective criterion. The proportion of safe choices was lower than economically optimal

proportion (risk-seeking) in the 25eoc condition, not different from economically optimal (risk-

neutral) in the 50epc condition, and higher than economically optimal (risk-averse) in the 75eo0¢

condition.

Likelihood Ratings

Figure 8 shows mean likelihood ratings by eoc condition as a function of objective

probabilities. To determine whether the centering effect was observed in perceived likelihood, an

ANOVA was conducted on mean likelihood ratings collapsed over objective probability levels

with the economic;

ally optimal criterion manipulation as the independent variable (25eoc, 50eoc,

and 75eoc). It failed to reach significance (F(2,154) = 0.81, p = .45, 7,2 = .01). Mean likelihood

ratings were simil
75eoc: 37.8%:; SD

To assess li

likelihood rating in each eoc condition with the proportion of drought trials (36%). None of the

Ir across conditions ( 25eo0c: 37.1%, SD = 7.0%; 50eoc: 39.3%, SD = 11.9%;
=7.1%).

kelihood rating accuracy, post hoc one-sample t-tests compared the mean

three differences reached significance (25¢oc: 1.1%, 95% CI -0.8%, 3.0%; 1(53) =1.16,p = .25,

Cohen’ d = 0.16); 50eoc: 4.3%, 95% CI -0.1%, 6.7%; t(48) = 1.94, p = .06, corrected alpha

=.017, Cohen’d =

alpha = .025, Cohen’ d = 0.25). This suggests that the likelihood ratings were fairly accurate,

0.28); 75eoc: 1.8%, 95% CI -0.1%, 3.8%; (53) = 1.88, p =.07, corrected
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unaffected by thT' manipulation of economically optimal criterion and each closely follows the

| Tin Sty <o sbowin
objective probabflity. Wadditiannassesn in Figure 8, the three conditions had similar mean [/
likelihood rating patterns. Likelihood ratings were slightly overestimated at all objective

probability levels except for 35%.

ROC Plots and Sensitivity

Figure 9 jsTho‘ws ROC plots for the 25eoc, S0eoc, and 75eoc conditions. Mgﬁe

dots representing|the mean binary decisions fell on the ROC curve in all three conditions,

validating the assumption of our analyses that decisions were indeed based on subjective
likelihood and subjective criterion.

In addition, the ROC curves of the three conditions were similar, indicating that all
conditions had similar sensitivity (area under the curve). The mean percent area under ROC
curve was 71.2% (SD = 5.0%) in the 25eoc condition, 70.3% (8D = 5.5%) in the 50eoc

condition, and 70.6% (SD = 5.4%) in the 75eoc condition. An ANOVA on the mean percent area

under curve, with the economically optimal criterion as the independent variable (25e0¢, 50eoc,
and 75eoc) failed {o reach significance (F(2,154) = 043, p = .65, n,? = .01). This suggests that

the economically pptimal criterion manipulation had no observed effect on the sensitivity.



Figure 8
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Mean Likelihood Ratings by eoc condition, as a Function of Objective Probability in Experiment
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Discussion

Experiment 1 tested two predictions based on the hypothesis that risk-seeking is due to a
shift in subjective criterion and that it shows a centering effect: 1) the subjective criterion shifts
away from the optimal criterion towards 50%; 2) Likelihood ratings are unaffected by the change
in criterion. Supparting the first prediction, the subjective criterion was between 25% and 50% in
the 25eoc condition (a shift up towards 50%), and between 50% and 75% in the 75eoc condition
(a shift down towards 50%). Meanwhile there was little shift in the 50eoc condition. These

results were corroborated by analyses of self-reported ctiterion and the proportion of trials

choosing the safe option in which similar patterns were observed. Thus, WM '/

when compared with the optimal criterion, participants were risk-seeking in the 25eoc condition,
risk-neutral in the 50eoc condition, and risk-averse in the 75eoc condition. In addition, as
predicted by the biased criterion hypothesis, there was no evidence that {( ulating the

economically optimal criterion affected the likelihood ratings, ruhn; l;ased:ubjectlve likelihood
was an explanation for participants biased choices.

Next, the ROC plots (Figure 9) supported the method for calculating participants®
subjective criterion. The binary decisions plots were consistent with the ROC curves in each
condition, suggesting that the subjective criterion and the subjective likelihood were the sole
determinants of the binary decisions. Moreover, sensitivity was unaffected by manipulating the
economically optimal criterion.

In summary, Experiment 1 yielded support for the hypothesis that manipulating the
economically optital criterion impacts the subjective criterion but not subjective likelihood or
the sensitivity.

Experiment 2

v
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Design
Experiment 1 used a 2 x 2 x 6 mixed design. There were two between-groups

independent variables: Economically optimal criterion w1th two ievels: 25eoc, and 50eoc and

gain-loss framing with two levels: Gain and loss frame. There was one within-group independent

variable: objective probability of a drought with five levels: 20%, 35%, 50%, 65% and 80%.

Results
Analysis Overview
As with Experiment 1, we expected the results to"-ingiicate a biased subjective criterion

due to gain-loss framing and/or centering effects. The effect of ﬁ'ammg is supported if there is a
higher subjective criterion in the loss than in the gain frame condition, signaling a greater risk-
seeking tendency. As with Experiment 1, the centering ;aft’ec"t shouid shift the subjective criterion
in the 25¢o0c condition up towards 50% while having no effect on the subjective criterion in the
50eoc condition. No interaction between these two effects was. e;(pected as their mechanisms are
theoretically independent. Neither manipulation was expected to affect likelihood ratings or
sensitivity. All tests were two-tailed where applicable.
Subjectz:i Sr}terzorz ’P |

‘/\Figure‘ 10 shows the subjective criterion for the four conditions. An ANOVA on the
subjective criterion with the gain-loss framing (gain frame, loss frame) and economically optimal
criterion (25eoc, 5Peoc) revealed a main effect of the g;ain_-lossv framing manipulation such that in
the loss frame (M + 40.6%, SD = 15.9%) the Subjectivé critefioﬁ was 2.7% higher than in the
gain frame (M = 37.9%, SD = 16.9%) as predicted by prospect ’ﬂleory (F(1, 554)=4.38,p

=.037, ,° = .01). There was also a main effect of manipulating the economically optimal
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In summary, both manipulations affected the subjective criterion and they did not
significantly interact with one another. While the subjective criterion in the 25eoc condition whs
higher than the economically optimal criterion as predicted, the subjective criterion in the $0eoc
condition was unexpectedly lower than the economically optimal criterion. : J ‘P
(ZXN
In addition, like Experiment 1, the pattern of self-reported criterion (See Figure 1 /0\) and
proportion choosing the safe option was consistent with the pattern of results for the subjective

criterion (Supplementary Material S4).




Figure 10

Subjective and Self-Reported Criterion in the Four Conditions of Experiment 2
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Likelihood RatinL's

Figure 11
four conditions. 4
levels with the gz
50eoc, and 75eoc

similar across cor

3
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shows mean likelihood ratings as a function of objective probabilities in the

An ANOVA on the mean likelihood ratings collapsed over objective probability
in-loss framing and economically optimal criterion manipulation (25eoc,
) as the independent variables, revealed that mean likelihood ratings were

nditions. The difference in mean likelihood ratings in the gain (M = 39.9%, SD

= 10.0%) and in the loss frame (M = 40.0%, SD = 10.3 %) conditions failed to reach significance

(F(, 554)=.017
the 25eoc M =4
reach significance

significance (F(1,

3
4

P = .68, 7, = <.001). Similarly, the difference in mean likelihood ratings in

D.1%, SD = 9.2%) and 50eoc (M = 39.8%, SD = 10.9%) conditions failed to '

i

(F(1, 554) = 0.23, p = .64, 7,° < .001). The interaction failed to reach

554) =0.36,p = .55, 5,2 <.001).

In addition, four post hoc one-sample t-tests compared the mean likelihood rating in each

condition to the proportion of drought trials (36%). In all conditions, the mean likelihood rating

was slightly but si

gnificantly higher than 36%. Thus, likelihood ratings were overestimated

compared to the proportion of drought trials and unaffected by either the gain-loss franing or the

economically optij

mal criterion manipulation.
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a Function of Objective Probability in Experiment 2
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ROC Plots and Sensitivity

¢ next analysis examined sensitivity, as measured by the area under the ROC curve. ,
45! (v };Ehzn /i:a ' | I/

S Figure 12. In Ln ANOVA on the mean percent area under the curve with the gain-loss

framing (gain frame, loss frame) and economically optimal criterion (25eoc, 50eoc) as the
independent variables, neither the main effect of gain-loss framing (F(1, 554) =0.51, p = 47, n,?
<.001) nor that of economically optimal criterion reached significance (F(1,554)=1.93,p -
=.17, n,? <.01). The interaction also failed to reach significance (F(1, 554) =0.94, p= .33,
<.01). This suggests that sensitivity was not affected by the manipulation of gain-loss framing or

economically optimal criterion. The mean percent Area under ROC curve was 70.0% (8D =

8.1%) in the 25eo¢ gain , 71.1% (SD = 5.2%) in the 25eoc loss, 69.8% (SD =7.6%) in the 50eoc
gain, and 69.6% (8D = 6.9%) in the 50eoc loss condition. In addition, the 95% confidence
interval of binary decisions overlapped with the ROC curves in all but the 50eoc gain ‘ﬁ'Aamo

condition suggesti

g that participants’ decisions can be explained by the combination of

|
subjective likelihopd and subjective criterion.




Figure 12
ROC Plot for the
L,

Four Conditions in Experiment 2
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Discussion

Experimei|1t 2 tested the hypotheses that two mechanisms lead to a biased criterion but not
biased subjective likelihood: 1) Centering, in which the subjective criterion migrates toward the
center of the range (50%). 2) Gain-loss framing, in which the subjective criterion tends to be
higher in the loss than in the gain frame. Both effects were observed and did not significantly
interact with one another. Nor did they impact likelihood ratings,

The mean subjective criterion was higher than 25% in the 25e0¢ condition suggesting
movement toward the center (50%). The difference between the subjective criterion and the
economically optimal criterion was greater in the 25eoc condition than in the 50eoc condition
where little movement was expected. Interestingly, the subjective criterion in the 50eoc condition
was slightly but significantly lower than 50%. This is corroborated by the proportion of safe
choices in the 50epc condition, where participants tended to be risk-averse (Supplementary
Materials $3). This result was also consistent with the trend in proportion of safe choices
observed in Experiment 1. This could mean either that the center was slightly lower than 50%, or
other factors shifted the subjective criterion m

There was glso evidence of a framing effect. The subjective criterion in the loss frame
condition was significantly higher than that in the gain frame condition. This resulted in
participants choosing the safe option less often and showing a risk-seeking decision bias in the
loss compared to the gain frame.

It is also interesting that the effect sizes for the two manipulations differed in the 25eoc’
condition which is most similar to real world situations for which precautions are warranted for
low-probability high-impact weather events. Gain-loss framing shifted the subjective criterion by

4.2% in the 25eoc ¢ondition while the centering effect shifted the subjective criterion to.9.5%
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above 25%. Therefore, at the 25% economically optimal criterion, the centering effect had a
larger impact on the subjective criterion than the gain-loss framing effect, which may have
implications for applied communication interventions.

Consistent with Experiment 1, the likelihood ratings were not affected by manipulating
economically optimal criterion. This experiment also found that the likelihood ratings were not
affected by gain-loss framing. In addition, they were overestimated in all conditions compared to
the objective probabilities as shown in Figure 11. However, this small amount of overestimation,
which should lead to risk aversion all else being equal, was not enough to overpower the
centering and framing effects on subjective criterion leading to risk seeking. This is also
consistent with Experiment 1 and prior research that suggests that biased subjective likelihood
did not contribute to the risk-seeking behavior observed in the loss frame.

In the ROC plots, the binary decisions (summarized by proportion of hits and false
alarms in decisions) were consistent with the respective ROC curves (from likelihood ratings
conditionalized by drought occurrence) in almost all conditions, suggesting that decisions were
Jointly determined by subjective likelihood and subjective criterion. In the 50eoc gain frame
condition alone, which was not tested in previous experiments, the binary decisions were below
the ROC curve. This is the only inconsistency in the ROC analysis observed across both
expetiments. It is unknown whether this inconsistency was a statistical false negative or whether
there were some unknown effects on participants’ behavior in this condition. In addition, the
sensitivity was not affected by either manipulation.

General Discussion
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In naturalistic task requiring decision-making under risk, people often make decisions
that incur more risk than is normatively optimal. The research reported here used a novel signal

detection theory approach to examine some of the psychological reasons for this phenomenon.

Summary of Results

Using participants’ decisions and subjective likelihood ratings for an adverse weather
event, we estimated their subjective criterion for taking a protective action. There were four main
results.

1) Manipulating both economically optimal criterion and gain-loss frame significantly
affected the subjective criterion but not subjective likelihood. Thus, these results are consistent
with the hypothesis that risk-seeking is due to a biased subjective criterion and reject the
hypothesis of a biased subjective likelihood.

2) Experiment 1 demonstrated, for that first time, that manipulating the economically
optimal criteria revealed a centering effect on the subjective criterion. Specifically, the subjective
criterion moved toward 50% relative to the economically optimal criterion. This occurred
whether the economically optimal criterion was above or below 50%,

3) In Experiment 2, the manipulation of framing resulted in a shift of the subjective
criterion that was consistent with greater risk-seeking with a loss compared to a gain frame. The
framing effect was smaller than the centering effect in the key conditions that required protective
action at the aoli\l':élémood of an adverse event (25%).

4) The internal consistency of the proposed random likelihood model was verified in both
the reanalysis of previously published experiments and the two new experiments, This supports

the key assumptions of the random likelihood model.
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lower than 50%. In Experiment 1, the subjective criterion in the 75 economically optimal
A

criterion conditign shifted downward to a greater extent than the subjective criterion shifted

J
upward in the 25 economically optimal criterion condition. In Experiment 2, the~subjeotive /
A e He cug) e /18
Clitemia in both the gain and loss fram,e\: 50 economically optimal criterion con_ditionls were e k/'l-,
A A

significantly lower than 50%, at 43% and 44%, respectively. One possible explanation is that
participants’ preconceived notion of severe weather events was that the potential harm is much
greater than the cost of protection to take action. Therefbré, they adopted a criterion that was
slightly lower than 50% as such a criterion was consistent with their preconceived notion.

A potential mechanism for the centering effect is anchoring and adjustment (Kahneman,
2003). When people estimate an unknown quantity, they sometimes start with a number recently
encountered and then adjust away from that anchor to make their estimate. The adjustment is
often insufficient. In the case of the centering effect observed in the experiments reported here, it
is possible that the center of the range of possible probabilities (50%) was an anchor from which
adjustment was insufficient. Alternatively, it might be that participants intentionally shifted the
subjective criterion toward the center of the likelihood range to avoid extreme decisions. This is
similar to the compromise effect observed in decision making (Simonson, 1989).

The centering effect did not appear in subjective likelihood in the reanalyses or new
experiments reported here. Perceptual studies suggest that when good information regarding the
correct response is available, the centering effect is reduced (Radvansky et al., 1995). In the
current experiments, reliable probabilistic information was provided in each forecast, perhaps
overpowering the influence of centering on subjective likelihood. Indeed, in control conditions of
previous studies in which probabilities were not provided, effects consistent with centering were

observed such that the mean likelihood ratings were close to 50% (Demnitz & Joslyn, 2020; Qin
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et al., 2024). However, when probabilities were provided, the centering effect on subjective

likelihood disappeared.

The Gain-Loss Framing Effect
In Experiment 2, framing was manipulated. Consistent with prospect theory (Kahneman

& Tversky, 1979), the subjective criterion was higher, that is more risk-seeking, for a loss

compared to a gain. However, with a 25% economically optimal criterion in the gain frame, the

subjective criterion was also risk-seeking, although less so than with a loss/Similar patterns we

observed in the shift in self-reported criterion and the proportion of trials choosing the safe

option, corroborating this analysis. Yhis suggests that a shift in the subjective criterion mediates

risk-averse tendencies observed here.

However, the effect size of gain-loss framing in this study was small (only 3% difference
at 25% economically optimal criterion) in comparison to classic experiments in prospect theory.
For example, in the disease problem (Tversky & Kahneman, 1981), in a loss frame a quarter of
participants chose the safe over the risky option while in a gain frame three quarters chose the
safe over the risky option. There are two potential explanations. First, the multi-trial nature of the
experiments reported here might have led participants to consider the big picture as opposed to
one trial at a time (narrow framing) when making decisions, When considering a series of risky
decisions together instead of each trial independently, people are better able to consider the long
term strategies that underly an appreciation of expected value (Thaler, 1999) and are less
susceptible to the effects of gain-loss framing as a result. An alternative explanation is that in
classic prospect theory experiments, the expected values of the safe and risky options were the

same or similar. In the experiments reported here, the expected value of the risky option might
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differ drastically from that of the safe option and varied trial by trial. Therefore, it was possible

that the gain-loss framing effect became less salient when the expected values varied widely.

Random Likelihood Model

This work introduces a new application of signal detection theory, the random likelihood
model. It is based on the assumption that subjective likelihood and a subjective criterion alone
determined participants’ decisions. Our approach is different from previous applications of signal
detection theory in two ways. First, it introduces variability into the representation of likelihood
rather than utility. This is realized in the current experiments by varying likelihood from trial to
trial and holding the cost of the safe choice constant. Second, rather than assuming a normal
distribution for the internal representation of likelihood, we use the observed distribution of the

Ch bl witl e

likelihood ratings aleag-side binary decisions to estimate the subjective criterion. This is viable
for these decision-making tasks in which participants found it relatively easy to report aspects of
their decision. *l, o made (

To validate these-assumpiions, ROC plots were calculated from likelihood ratings
conditionalized by whether or not there was a drought. In 6 out of 7 cases the participants’ binary
decisions (proportion of hits and false alarms in decisions) were consistent with the ROC curve
based on the likelihood ratings. This supports the validity of this approach which 1solates the

effects of subjectlve criterion from that of subjective hkehhooef/fn addition, for future research

ng this method the subjec'uve criterion would remain unaffected by trial structure, allowing

for comparison between studies with different trial compositions.

Potential Behavioral Interventions — C ‘41&
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An abundance of previous research investigating naturalistic decisions suggests that
people are risk-seeking for losses, especially when the economically optimal criterion is low
(Baker, 1995; Joslyn & LeClerc, 2013; Atreya et al., 2015; LeClerc & Joslyn, 2015; Qin et al.,
2024). The current experiments revealed that in such situations, risk-seeking decisions are

mediated by a higher-than-optimal subjective criterion. In Yee

weconomically optimal crilcrioaibocausoaiithomeiontia QuoLe cquenees. Therefore, one

important implication of the findings of the current experiments is that behavioral interventions
to lower the subjective criterion might help to reduce risky decisions. Based on the gain-loss
framing effect, changing the frame of the situation is a straightforward intervention, but framing
might not make sense in some real-word situations (e.g., framing taking shelter as a gain).

On the other hand, there are several possible interventions that take advantage of the
centering effect. Here, this effect was observed in the subjective criterion but not subjective
likelihood for which the objective probability was provided. Therefore, communicating the
relevant optimal criterion to participants might reduce the centering effect in subjective criterion
as well. For instance, participants might be told “you should choose the safe option when the
probability of a severe weather event is higher than 25%.” The effectiveness of directly
supplying both economically optimal criterion information and probabilistic information has not
been tested, although some evidence suggests that providing explicit advice to protect whenever
the optimal criterion is exceeded improves decisions, as long on the event probability is also
provided (Joslyn & LeClerc, 2012). Alternatively, it might help to simply bring attention to the
criterion by asking participants to estimate the economically optimal probability for taking action

when they have sufficient information to do so (Cheng et al., 2012). However, this might not be



65

feasible in some real-life scenarios because the potential loss might be difficult to quantify and
might differ depending on individual circumstances.

Another possible intervention to adjust participants’ subjective criterion is to manipulate
what they perceive as the center of the range of possible likelihoods. For example, the forecast
could provide a visualized ruler showing a range of likelihoods from 0% to 50% and indicating a
specific point as the likelihood of a given weather event, e.g., 15%. This might cause users to
constrict their perceived range of possible subjective criterions to 0%-50%, making 25% the
value toward which estimates would shift toward because of the centering effect. Future studies
should test these and other interventions to reduce the subjective criterion and risk-seeking

choices.

Limitations and Future Directions

Theoretically, the placement of the subjective criterion should be based on the utility as
well as the likelihood of the options. The reanalyses and two new experiments reported here
focused on likelihood alone. Consider several examples of this focus. The objective probability
of weather events was manipulated from trial to trial while utility was held constant. Participants
reported a likelihood rating on every trial but never reported utility, Therefore likelihood ratings
but not utility were used to calculate the subjective criterion. Future research might shift the
focus to utility to d’etelmin’(i the impact ox;?ﬁ%}ective criterion. 7

For instance, a possible future direction is to incorporate the expected utility (perceived
efficacy in risk communications; Rogers, 1975) of protective actions into the model as a variable
that can have stochastic distributions. The experiments reported above assumed perfect efficacy

of protective actions. This is rarely the case in real world situations. According to protection
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Constraints on Generality

The new experiments and the reanalyses used an online US nationwide sample that was
fairly representative in terms of age, gender, race. However, since the sample was recruited from
Prolific, the education level is expected to be slightly higher than a representative sample (see
Prolific, 2025). For that reason, the results might not extend to those with lower levels of
education. Nonetheless, as the sample was fairly representative in age, gender, race, so we
consider it suitable for generalizing to the US population.

Conclusion

This study used a random likelihood model based on signal detection theory to better

understand the risk-seeking tendency in naturalistic weather decisions with reliable probabilistic

| llows cone  fo esth
information. The random likelihood model - Qackiag aig the subjective criterion

bypem whiel g deckin IS Lotoff

CRIIRQSIeRSddonminmpmaniantiy, t1e findings suggest that, in real life situations where the

likelihood of the severe weather is low but the potential damage is great, people’s risk-seeking

tendency is likely due to an inflated subjective criterion instead of underestimated subjective
likelihood. Therefore, the subjective eriterion is an important psychological construct to target in

behavioral interventions that aim to promote protective actions.



