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Abstract

Tornadoes are one of the most dangerous weather hazards in the United States, prompting the
National Weather Service to continuously evaluate how warnings are communicated to the
public. Amid concerns that over-warning may erode public trust and a belief that current
warnings can be further refined, this study employed a mixed design to test the effectiveness of
traditional versus probabilistic tornado warning formats. A total of 347 participants were
randomly assigned to receive one of the two formats across three simulated exposures. The study
measured perceived likelihood, severity, message clarity, information sufficiency and seeking,
and protective action intention, all components of the Protective Action Decision Model. It also
measured cognitive load, Perceived Message Sensation Value, message fatigue, and
desensitization, all novel applications from the field of health communication. While the
probabilistic format was consistently rated as more novel, emotionally arousing, and dramatic—
without invoking significant mental effort—traditional formats were rated significantly higher in
perceptions of likelihood, severity, and protective action intention when averaged across all three
exposures. Contrary to prevailing assumptions, participants did not perceive high message
fatigue; in fact, individuals reporting higher fatigue indicated greater trust in forecasters. These
findings suggest that probabilistic warnings amplify perceived threat in the most at-risk areas and
reduce perceived threat in regions farther from the core impact zone. Fears of over-warning are

not supported by the available data.

Keywords: Probabilistic tornado warning, message fatigue, cognitive load, Perceived

Message Sensation Value, Protective Action Decision Model, desensitization
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The Visual Language of Tornado Warnings: Perception and Emotional Response Across
Format and Exposure

On May 22, 2011, a large and destructive EF-5 tornado moved through downtown Joplin,
Missouri, causing catastrophic damage and extensive loss of life. It tossed cars, leveled
numerous homes, and damaged notable downtown structures such as the St. John's Regional
Medical Center. With over 160 deaths, it became the single deadliest tornado dating back to
1950. Total damage topped $2.8 billion, cementing the storm as the costliest tornado on record in
United States history (K'Y3 Staff, 2022). The Joplin tornado was a shocking outlier in modern
history given consistent progress toward more accurate forecasts and longer warning lead times

that have generally decreased the number of fatal tornadoes each year (Schmid, 2011).

The devastation wrought by the tornado highlights the work the National Weather Service
(NWS) must still conduct in improving preparedness for violent tornadoes. In advance of
conditions that favor the formation of tornadoes, the Storm Prediction Center in Norman,
Oklahoma, issues tornado watches for broad geographic locations. As thunderstorms develop and
the formation of tornadoes appears imminent, local NWS offices issue tornado warnings
National Weather Service, n.d.). Between 2016 and 2020, the average time between the issuance
of a tornado warning and the touchdown of a tornado varied between 8 to 10 minutes. However,
approximately 70 percent of tornado warnings issued by the NWS constitute false alarms, or
warnings that did not include a confirmed tornado (Erdman, 2021). Extensive debate is currently
occurring among meteorologists regarding the importance of focusing on over-warning. A

generous approach to warning may result in fatigue and decreased protective action, whereas a



conservative approach to warning may result in missed tornadoes and increased loss of life

(Brooks & Correia, 2018).

The NWS’s mission is to protect life and property, and as such, the organization
continues to develop new ways to refine their approach to saving lives. Accordingly, social
scientists are currently working in conjunction with forecasters at the NWS to test a new way to
visualize tornado warnings. The project has previously been referred to as Forecasting a
Continuum of Environmental Threats, but more recently, it is known as Threats in Motion. This
project seeks to revolutionize tornado warning information by utilizing probabilistic displays,
where lighter colors/lower probabilities suggest reduced risk and darker colors/higher
probabilities indicate increased risk. In addition, scientists are investigating whether the current
weather software can support dynamically updating warnings in real time, representing a major

shift from the static warning polygons currently in use (Stumpf & Gerard, 2021).

While some literature has explored how various tornado warning displays affect
perception, the resultant findings have been inconsistent. Furthermore, some studies have
suffered from the lack of an established theoretical framework, as well as a restrictive sample
size. Further, almost none of these studies explore the cognitive or emotional responses to
varying tornado warning formats. Thus, this paper seeks to contribute additional information to
probabilistic warning information across a broader sample size while simultaneously providing
novel information about the mental strain and emotions that these warnings elicit from
individuals. In doing so, it will provide additional data for the NWS to examine in their quest to

refine warning messages and protect citizens.

Literature Review

Theoretical Framework



Lindell and Perry (2012) devised the Protective Action Decision Model (PADM) to
highlight the various factors that influence individual decision making during a crisis. This
model begins with a series of factors that reside under the umbrella term of environmental and
social context, including environmental cues, social cues, information sources, channel access
and preference, warning messages, and receiver characteristics. These factors initiate pre-
decisional processes, such as exposure, attention, and comprehension. These processes, in turn,
shape individuals’ perceptions of environmental threats, protective actions, and the credibility of
stakeholders (Lindell and Perry, 2012). All these factors ultimately contribute to protective action
decision making, in which individuals draw on prior experiences, evaluate the effectiveness of
potential actions, consider whether additional information is needed, seek out that information,

and ultimately take steps to protect themselves from the threat (Lindell and Perry, 2012).

Having navigated the pre-decisional processes, assessed perceptions of threat, protective
actions, and stakeholders, and entered protective action decision making, the PADM suggests
that individuals continue toward behavioral response. This includes information searching,
protective action, and emotion-focused coping. This step is complicated by competing situation
factors that may either assist or inhibit an individual from acting against a threat. Additionally,
the model suggests a feedback loop originating from behavioral response that returns individuals
back to the beginning environment and social context stage, usually because individuals seek to
either validate or invalidate prior warnings they have received, as well as seek out additional

sources of information to rely upon (Lindell & Perry, 2012).

Consistent with this framework, the present study operationalized threat perceptions

specifically through perceived likelihood and perceived severity, reflecting participants’



assessment of both the probability of a tornado event occurring and the anticipated consequences

of that event.

PADM Application

Traditional Tornado Warnings

The PADM has been applied to a variety of different meteorological contexts, including
tornadoes, hurricanes, and wildfires. As it relates to tornadoes, prior studies have devoted a
significant amount of research on people’s responses to traditional tornado warning polygons.
The literature suggests that traditional tornado warning polygons strongly promote the tendency
for people to perceive the centroid of the warning as the location of great risk, particularly when
no contextual information is given to the graphic display (Ash et al., 2014; Jon et al., 2019;
Lindell et al., 2016; Sherman-Morris, 2005). Consistent with this finding, Jon et al. (2018, 2019)
found that individuals fail to recognize there is a much greater risk of danger along the near edge
of the polygon versus the centroid. Although it is the NWS’s intention that individuals perceive a
significantly greater degree of risk just inside the polygon versus just outside the polygon,

studies suggest only a slight polygon edge effect in perception of risk (Ash et al., 2014).

Additional research found that higher perceptions of being in the tornado's path were
associated with decreased expectations of resuming normal activities and increased intention to
seek information, shelter, or evacuate (Ash et al., 2014; Jon et al., 2018, 2019; Lindell et al.,
2016). Differences in response appear to vary by gender, with females being less likely to ignore
warning messages and more likely to take protective actions (Lindell, 2020). However, no other
demographic variables exhibit a statistically significant relationship between perceptions of risk

and expected response actions (Jon et al., 2018, 2019; Lindell et al., 2016; Miran et al., 2020).



This is consistent with similar research for hurricane evacuations (Huang et al., 2016). Taken
together, this literature suggests that traditional tornado warning displays erroneously promote
the perception that the greatest risk is at the center of the warning. This results in individuals
closer to the tornado perceiving less danger, and individuals farther from the tornado perceiving
greater danger, than is truly the case. One potential remedy to this predicament is the utilization

of probabilistic displays, which would highlight the greatest threat closer to the tornado.

Probabilistic Tornado Warnings

Rather than a solid-colored warning polygon, probabilistic tornado warnings utilize a
probability matrix to convey the odds of a particular location being affected by a tornado.
Typically, lighter colors are utilized for lower probabilities farther from the tornado path while
darker colors are utilized for higher probabilities closer to the tornado. Only a handful of studies
have sought to explore how the public perceives this novel form of tornado warning, to mixed
result. Some studies have found that probabilistic tornado warning information can broadly
increase risk perception, cognition, and protective action (Klockow, 2013; Miran et al., 2017),
while others have found that these outcomes are highly dependent on the tornado likelihood
threshold (Miran et al., 2018; Miran et al., 2019; Miran et al., 2020; Qin et al., 2024). Some
research was unable to establish a consistent advantage in probabilistic displays, with variance

depending on the exact design and color scheme utilized (Ash et al., 2014).

Utilizing the literature previously discussed, the following hypotheses are presented:

Hla: Probabilistic tornado warnings are associated with greater perceived likelihood of

tornado impact relative to traditional tornado warnings.



H1b: Probabilistic tornado warnings are associated with greater perceived severity of

tornado impact relative to traditional tornado warnings.

Hlc: Probabilistic tornado warnings are associated with greater perceived information

sufficiency relative to traditional tornado warnings.

H1d: Probabilistic tornado warnings are associated with lower intentions to seek

additional sources of information relative to traditional tornado warnings.

Hle: Probabilistic tornado warnings are associated with greater intentions to seek

protective action relative to traditional tornado warnings.

Yet, despite the potential advantages that probabilistic warnings may bring, there are
important limitations to keep in mind. For example, previous literature suggests a reluctance
among scientists to utilize probabilistic displays when conveying information to a general
audience, namely because they fear the uncertainty information may overwhelm or confuse
viewers (Hullman, 2020). This underscores the need to explore whether probabilistic tornado
warning displays, while increasing perceived risk, may ultimately prove inferior to traditional
warning displays because they are mentally taxing or even delay the decision-making process

during times when every second counts.

Cognitive Load

Grounded in educational psychology, the theory of cognitive load was first introduced in
the 1980s through observing learners as they completed problems (Sweller, 1988). According to
the theory, individuals learn through a mixture of working memory (short-term) and long-term
memory processes (Cowan, 2008). Long-term memory stores information in a way that can be

easily retrievable to solve problems over time (Paas et al., 2003). By contrast, the working



memory system is constrained in that an individual can only process a limited amount of
information simultaneously without losing it over time (Jonides et al., 2005). Given this fact,
cognitive load encompasses two elements: mental load and mental effort. Mental load refers to
concepts such as the complexity and presentation of a problem. As the name suggests, mental
effort refers to the cognitive work necessary to learn and complete a task (Paas 1992; Paas et al.,
2003). Notably, Sweller et al. (2019) point out that, “Cognitive load is increased when
unnecessary demands are imposed on the cognitive system...[c]ognitive load may also be
increased by processes that are germane to learning, such as instructional methods that

emphasize subject information that is intrinsically complex™ (p. 262).

Though not part of the original theory, recent literature concerning cognitive load has
introduced three subcategories within the framework, all which compound to the overall
cognitive load: intrinsic load, extraneous load, and germane load (Sweller et al., 1998). Intrinsic
load relates to a learning task's complexity (Klepsch et al., 2017) while extraneous load refers to
the presentation of the learning materials (Sweller et al., 2019). Germane load differs from the
previous two in that it is not inherently negative. Rather, it describes how much effort a person
chooses to spend to meaningfully understand learning material (Klepsch et al., 2017).
Holistically, cognitive load has been found to contribute to information overload, reducing
learning efficiency, reducing retention of information, and perhaps most importantly,

constraining the decision-making process (Firth et al., 2019).

Because cognitive load is an education psychology term, there is little research extending
the concept into a meteorological context. Some research has established that immersive virtual
reality in classrooms or the redesign of online tools may reduce cognitive load and enhance the

understanding of weather- and climate-related topics (Annetta & Newton, 2023; Calvo et al.,



2022; Liu et al., 2022). Other studies have explored how cognitive load influences the usability
of smartphone weather applications during times of severe weather (Khamaj, 2019). Aviation-
focused literature found that the symbology and colors used during weather presentations for
pilots significantly influenced their cognitive load and understand (Ahlstrom, 2005; Ahlstrom &
Dworsky, 2012). Perhaps most relevant to this study is a 2013 journal article which found that
complex graphical displays hinder an individual's ability to make optimal decisions (Fox et al.,

2013).

Utilizing the literature previously discussed, the following hypotheses are presented:

H2a: Probabilistic tornado warnings are associated with greater cognitive load relative to

traditional tornado warnings.

H2b: Higher cognitive load is negatively associated with intentions to seek protective

action.

While warning format and cognitive load reflect how individuals process tornado
warnings cognitively, it is equally important to consider their emotional and sensory reactions.
This shift in focus is captured by Perceived Message Sensation Value (PMSV), which

emphasizes how message features shape audience engagement.

Perceived Message Sensation Value

PMSV refers to how aspects of a message elicit sensory, affective, and arousal responses
in an individual (Everett & Palmgreen, 1995). Early research predating PMSV established that
individuals require a certain level of stimulation to devote attention to, and be persuaded by, a
message (Harrington et al., 2003; Morgan et al., 2003). Subsequent literature established the idea

of high sensation seekers or low sensation seekers, depending on the level of arousal that a



message provides (Donohew et al., 1998; Zuckerman, 1988). In the principal PMSV study, the
authors developed a 17-item scale that included four elements: emotional impact, physiological
impact, sensory impact, and novelty (Everett & Palmgreen, 1995). However, owing to a limited
sample size that prevented a factor analysis, additional research refined this scale to establish
three important factors: emotional arousal, dramatic impact, and novelty (Stephenson &

Palmgreen, 2001).

In other words, messages high in sensation value are novel, creative, or unusual;
complex; involve stimuli that are emotionally powerful or arousing; graphic or explicit;
somewhat ambiguous; unconventional; fast-paced; and suspenseful (Everett & Palmgreen, 1995;
Palmgreen & Donohew, 2003; Noar et al., 2010). While all these features need not be present to
elicit greater attention from an individual, the effects are additive, particularly as it relates to
novelty (Palmgreen & Donohew, 2003). Throughout the 2000s, literature drew a distinction
between PSMV and message sensation value (MSV). While both concepts directly relate to the
principles of emotional arousal, dramatic impact, and novelty, PMSV measures the subjective
evaluation of a message by participants, whereas MSV is operationalized as an objective
evaluation of a message by analyzing the formal video, audio, and content dimensions (Morgan

et al., 2003).

Within a health communication context, PMSV has been directly related to the
persuasiveness of a message. Specifically, research utilizing self-reported measures has
established that visual graphics (Thorson & Lang, 1992) and emotionally arousing messages
(Lang et al., 1996) affect arousal and cognitive outcomes. Empirical studies tracking measures
such as heart rate and skin conductance have reaffirmed these findings. Additionally, the

effectiveness of the message seems equally strong for high sensation seekers and low sensation
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seekers (Xu, 2015). Unfortunately, because PMSV has been applied largely to health
communication, very little literature exists within a meteorological context. A sole study has
explored how the high PMSV of a climate change film heightened the risk perception among
viewers (Lin, 2013). Otherwise, there is a clear avenue to extend research about PMSV into an

entirely new arena.

Utilizing the literature previously discussed, the following hypotheses are presented:

H3a: Probabilistic tornado warnings are associated with greater emotional arousal relative

to traditional tornado warnings.

H3b: Probabilistic tornado warnings are associated with greater dramatic impact relative

to traditional tornado warnings.

H3c: Probabilistic tornado warnings are associated with greater novelty relative to

traditional tornado warnings.

H3d: Probabilistic tornado warnings are associated with greater accuracy relative to

traditional tornado warnings.

H3e: Probabilistic tornado warnings are associated with a greater sense of urgency to act

relative to traditional tornado warnings.

While PMSV highlights the importance of emotionally engaging and visually impactful
warning messages, a common concern among meteorologists is that over-warning, regardless of
the warning display, will lead to a disengaged public. In the context of tornado warnings, where

false alarms and frequent alerts are common—yparticularly in the Midwest and Southern United
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States—understanding how message fatigue interacts with an individual’s response is critical to

explore.

Message Fatigue and Desensitization

Message fatigue refers to feelings of exhaustion, boredom, and decreased motivation
resulting from prolonged exposure to redundant health messages. So et al. (2017) highlighted
research from prior studies which found that message avoidance, annoyance, information
seeking, desensitization, cognitive elaboration, and counterargument are all key variables in
quantifying message fatigue. The study sought to build upon this literature by proposing, and
validating, four dimensions of message fatigue. The first dimension included perceived
overexposure, or an individual’s belief they received a health-related message too frequently. The
second dimension referenced perceived redundancy, or an individual’s belief that messages fail
to provide new information. The third dimension referenced exhaustion, or an individual’s
feeling of being overwhelmed by the messages. The fourth and final dimension referenced

tedium, or an individual’s feeling or boredom from the messages.

Meanwhile, Cho & Salmon (2007) found that message fatigue may, over time, lead to an
emotional response known as desensitization. Drawing upon previous literature, the authors
noted that repeated exposure to health messages may render the public apathetic over the long
run. This concept was first affirmed by Lazarsfeld and Merton (1948) which noted that mass
media saturates the public with information, reducing their willingness to act politically on social
issues. Subsequent research argued that even powerful images, such as photos of dead soldiers
during times of war, lose their impact after they have been viewed repetitively (Downs, 1972).

More recently, Kinnick et al. (1996) extended this research to demonstrate that long-term media
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coverage of crime, homeless, AIDS, and child abuse resulted in desensitization toward these

issues among the public.

A widespread concern within the meteorological community is the fear that issuing too
many tornado warnings may result in fatigue or complete disregard of the warning message.
Many of these fears appear to originate from a singular event, the Joplin tornado. While literature
published after that event found that frequent false alarms may indeed influence whether people
respond to the tornado warning out of overexposure (Paul et al., 2015), very few studies have
been conducted to validate this fear. A principal study in 2019 found that concerns about false
alarms leading to a complacent public are overblown, namely because individuals assess tornado
warnings to be more accurate than they truly are. The percentage of false alarms and the number
of tornado warnings did not predict taking protective action (Lim et al., 2019). Otherwise, little
literature exists to apply these concepts in relation to tornadoes. Some application exists in
relation to wildfires, with mixed results in whether overexposure to warning messages impacts
willingness to act (Hanson-Easey et al., 2019; Islam et al., 2024; Mackie, 2014). Meanwhile, an
examination of Bangladesh tropical cyclones found that overexposure to failed warning

messages inhibited protective action (Ahsan et al., 2016).

There is a notable gap in research on message fatigue and desensitization in
meteorological contexts. Repetitive tornado warnings may parallel repetitive health messages,
where studies show fatigue can lead to serious outcomes, including the adoption of message-
inconsistent beliefs and reduced protective actions (Keating & Skurka, 2024). Considering the
potentially catastrophic consequences of extreme weather events—such as tropical cyclones,
flash floods, wildfires, or tornadoes—the effects of message fatigue and desensitization in this

context could have life-threatening implications. Moreover, further research into message fatigue
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and desensitization could help quantify forecasters’ anecdotal concerns that excessive warnings

may pose a significant risk to public safety.

Utilizing the literature previously discussed, the following hypotheses are presented:

H4a: Greater message fatigue is positively associated with lower trust in forecasters due

to repeated false alarms.

H4b: Message fatigue moderates the effect of warning format on perceived likelihood,

such that the effect of format is weaker for individuals with higher fatigue.

H4c: Message fatigue moderates the effect of warning format on PMSV outcomes
(emotional arousal, dramatic impact, novelty), such that individuals with higher fatigue

report lower PMSV regardless of format.

H4d: Probabilistic tornado warnings are associated with lower desensitization relative to

traditional tornado warnings.

Methods
Participants
A total of 347 participants were recruited for this study, including 72% (n = 250) via

CloudResearch and 28% (n = 97) via the University of Oklahoma’s research opportunities pool
(SONA). Participants ranged from 18 to 75 years (M =32.9, SD = 12.8, n = 332). The sample
was 48.7% male (n = 169), 49.3% female (n = 171), and 1.7% non-binary/third gender (n = 6);
0.3% (n = 1) preferred not to state their gender. The sample was 75.2% (n = 261) White, 10.4%
(n = 36) Black or African American, 5.8% (n = 20) Hispanic or Latino, 2.3% (n = 8) American

Indian or Alaska Native, 4.6% (n = 16) Asian, 0.3% (n = 1) Native Hawaiian or Pacific Islander,
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and 0.3% (n = 1) Other. In terms of educational attainment, 0.6% (n = 2) had not completed high
school, 13.8% (n = 48) held a high school diploma or GED, 38.9% (n = 135) had some college
experience, 11.0% (n = 38) held an associate degree, 24.5% (n = 85) held a bachelor’s degree,
8.4% (n =29) held a master’s degree, and 2.9% (n = 10) held a doctorate. Collectively, 23.1% of
participants (n = 80) lived in an independently owned or rented residence while 76.9% (n = 267)

did not. Additionally, 28% (n = 97) reported having children while 72% (n = 249) did not.

The geographic distribution of participants was divided into two regions: the Midwest
and Southern regions of the United States. The Midwest region included the states of lowa,
Illinois, Indiana, Kansas, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South
Dakota, and Wisconsin. The Southern region included the states of Alabama, Arkansas, the
District of Columbia, Delaware, Florida, Georgia, Kentucky, Louisiana, Maryland, Mississippi,
North Carolina, Oklahoma, South Carolina, Tennessee, Texas, Virginia, and West Virginia. Both
regions were defined using CloudResearch’s US Regions tool. Of the 344 participants, 74% (n =
255) resided in the Southern region while 26% (n = 89) resided in the Midwest region. Since the
study sought individuals with prior tornado experience, participation outside these regions was
restricted via CloudResearch, and SONA access was necessarily limited to University of
Oklahoma students. Furthermore, only participants that spoke English were recruited for this

study.

In all, 333 participants (96%) reported prior experience with either a tornado warning or a
confirmed tornado, while only 14 (4%) did not. Asked to estimate exposure to tornado warnings,
52 participants (15%) responded they receive tornado warnings rarely (less than one per year),
132 (38%) responded occasionally (one to two times per year), 88 (25.4%) responded frequently

(three to five times per year), and 75 (21.6%) responded very frequently (more than five times
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per year). Asked to rate their familiarity with the tornado warning system, including the design of
the warnings and the messages that accompany them, 9 participants (2.6%) were very unfamiliar,
12 (3.5%) were unfamiliar, 30 (8.6%) were somewhat unfamiliar, 36 (10.4%) were neutral, 103

(29.7%) were somewhat familiar, 99 (28.5%) were familiar, and 58 (16.7%) were very familiar.

Procedure

This study utilized a 2 (Warning Format: traditional vs. probabilistic) x 3 (Exposure: first,
second, third warning location) mixed factorial design. The between-subjects factor was the
format of the tornado warning, in which participants were randomly assigned to view either a
traditional warning or a probabilistic warning. Participants were assigned into one of these two
conditions by Qualtrics’ built-in randomizer function to ensure a roughly equal number of
participants per group. The within-subjects factor was the warning exposures, in which all
participants of the study viewed three sequential tornado warnings, each depicting their location

in a different part of the polygon (near the beginning, middle, and end of the polygon).

After providing informed consent, participants answered basic demographic questions,
including their age, gender, ethnicity, highest level of education, state of residence, living
situation, and whether they had children. Subsequent questions assessed participants' prior
tornado experience, including whether they had personally experienced a tornado or a tornado
warning. If so, they were asked whether they had been injured, sustained property damage, taken
shelter during a warning, or chosen to ignore one. Additional items measured the frequency of
tornado warnings in their area per year and their familiarity with the current tornado warning
system. After participants were exposed to a message fatigue scale, they were evenly divided into
two conditions. The traditional warning format condition included a graphical display featuring a

solid red polygon consistent with operational tornado warnings. The probabilistic tornado
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warning format condition included a graphical display featuring a color-coded probability
polygon, with gradient colors representing the odds of a given location being impacted by the
tornado. Each participant viewed three warnings within their assigned condition, with the
participant’s location varying across the warnings: at the beginning, the middle, and the end of
the warning area (Figure 1). The order of presentation was not randomized. After each individual
exposure, they completed a series of questions related to perceived likelihood, severity, message
clarity, information sufficiency and seeking, protective action intention, and cognitive load. After

all three warnings, they answered questions measuring PMSV and desensitization.

A A

More than 90% More than 90%
80% 80%
70% 70%

60% 60%

50% 50%
40% 40%
30% 30%
|

20% 20%

| o
| 3
Less than 10% | Less than 10%

Figure 1: Tornado warning displays used during the study

To test my study hypotheses, a series of statistical analyses were employed after
restructuring the data into a long format. Hla through H2a were examined using mixed-effects

repeated-measures models employing an autoregressive covariance structure that assessed the



17

main effects of warning format, exposure, and their interaction on key dependent variables:
perceived likelihood (H1a), perceived severity (H1b), information sufficiency (H1c), information
seeking (H1d), protective action intention (H1e), and cognitive load (H2a). In all cases, the
subject identifier was set as the random effect to account for individual variability. Exposure was
entered as a within-subjects factor, and warning format was entered as a between-subjects factor.
Interactions between exposure, warning format, and demographic variables were included to
model the dynamics over time. Meanwhile, H2b, predicting that higher cognitive load would be

associated with lower protective action intention, was evaluated using Pearson’s correlation.

The dimensions of PMSV—emotional arousal, dramatic impact, and novelty (H3a-
H3c)—were assessed with a multivariate analysis of variance (MANOVA) followed by
subsequent univariate tests. H3d and H3e, which tested differences in perceived accuracy and
urgency between warning formats, were examined using independent samples t-tests. H4a,
concerning the relationship between message fatigue and trust in forecasters, was also assessed
via Pearson’s correlation. Finally, hierarchical regression analyses were conducted to evaluate
whether message fatigue moderated the effects of warning format on perceived likelihood (H4b)
and PMSYV outcomes (H4c), while H4d—predicting that desensitization would differ between

warning formats—was examined using an independent samples t-test.

This study was approved by the University of Oklahoma’s Institutional Review Board
(IRB #18342), and all participants provided informed consent prior to beginning the survey. All
statistical analyses were conducted using IBM SPSS Statistics Version 29. Three attention check
items were embedded throughout the survey: one was presented to all participants while the
other two were condition specific. Participants were excluded from the final dataset if they failed

both the universal attention check and the attention check assigned to their condition.
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Additionally, participants who completed only a small portion of the survey or skipped a
majority of any one principal section (message fatigue, PADM, cognitive load, PMSV, or
desensitization) were removed from analysis. After three exclusions, the final analytic sample

included 347 participants.

Measures

Message Fatigue

Message fatigue was measured using a 17-item scale, with each item rated on a 7-point
Likert scale ranging from strongly disagree to strongly agree. The scale was adapted from
Williams (2020), which itself was based on So et al. (2017). Items assessed emotional and
cognitive weariness resulting from repeated tornado warning exposure, including feelings of
annoyance, frustration, disengagement, and reduced perceived urgency. An example item is, “At

this point, I’ve heard about threats related to tornadoes more than I ever needed to.”

Protective Action Decision Model

Constructs of the PADM included perceived likelihood, perceived severity, message
clarity, information sufficiency, information seeking, and protective action intention. Perceived
likelihood was measured with the item, “How likely is a tornado to impact your specific location
based on this warning?” utilizing a 7-point Likert scale ranging from extremely unlikely to
extremely likely. Perceived severity was measured with the item, “How severe do you believe the
effects of this tornado could be for your area?” using a 5-point Likert scale ranging from not
severe to extremely severe. Although we considered creating a construct that combined perceived
likelihood and severity under the umbrella of threat perception, these constructs were only

moderately correlated, #(344) = .56, p <.001, indicating related but distinct components.
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Therefore, they were analyzed as separate variables. Message clarity was measured using the
statement, “This tornado warning clearly explains what actions I should take and makes those
actions seem easy to implement.” Information sufficiency was measured with the item, “This
tornado warning provides both accurate and sufficient information for me to assess the risk to my
safety,” Information seeking was measured with the item, “This warning makes me want to seek
additional information and verify the risk with other sources.” All aforementioned items were
measured using a 7-point Likert scale ranging from strongly disagree to strongly agree. A follow-
up question asked participants to check which sources they would trust most for information,
with options including television, radio, social media, internet websites, weather apps, text alerts
from authorities, and friends or family members. Protective action intention was measured with
the item, “Would you decide to take immediate action after seeing this warning?” using a 5-point

Likert scale ranging from definitely not to definitely yes.

Cognitive Load

Cognitive load was measured using a single-item scale adopted from Paas (1992). The
item asked, “Please rate the amount of mental effort you invested in interpreting this tornado
warning” using a 9-point Likert scale ranging from very, very low mental effort to very, very high
mental effort. Although subsequent studies have developed larger-item scales, the original Paas
scale continues to be the most popular method of measuring cognitive load among researchers

(Sweller, 2018).

Perceived Message Sensation Value

A novel scale was developed to measure PMSV. Because it is typically used to assess the

audio-visual elements of public service announcements in health communication campaigns,
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many commonly used items were not appropriate for application to tornado warning graphics.
Instead, a new scale was created based on the core dimensions of PMSV—emotional arousal,
dramatic impact, and novelty—as well as their potential influence on source trust, accuracy, and
behavioral intention. Emotional arousal was measured with the item, “The colors and design of
these warnings made the tornado threat feel real and immediate.” Dramatic impact was measured
with the item, “The way these tornado warnings were visually displayed lacked intensity and
made the situation feel less serious.” Novelty was measured with the item, “The way these
tornado warnings were visually presented felt fresh and different from other tornado warnings I
have seen.” Source trust was measured with the item, “When tornado warnings repeatedly fail to
correspond with actual tornado events, I begin to trust forecasters less.” Accuracy was measured
with the item, “The way these tornado warnings were visually displayed made me question their
accuracy.” Behavioral intention was measured with the item, “The way this tornado warning was
visually displayed made me feel less urgency to take shelter.” In all cases, items were measured

using a 7-point Likert scale ranging from strongly disagree to strongly agree.

Desensitization

Desensitization was measured using a 4-item scale adapted from So et al. (2017). The
four items included, “Tornado-related messages no longer arouse any emotions in me,” “I am
immune (not responsive) to tornado-related messages,” “I feel indifferent about tornado-related
messages,” and “I feel numb to tornado-related messages.” All four items were measured using a

7-point Likert scale ranging from strongly disagree to strongly agree.

Results

Protective Action Decision Model
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Mixed-effects repeated-measures models were conducted to examine whether perceived
likelihood, severity, message clarity, information sufficiency and seeking, and protective action
intentions varied as a function of warning format (traditional vs. probabilistic), exposure order
(first, second, third warning), and their interaction. Detailed statistics are provided in Table 1.
Unless specifically referenced, no other demographic variables significantly moderated the

effects of warning format, exposure, or their interaction on any of the PADM variables (all p >

05).

PADM LMM Results

Table 1: Linear Mixed Model Tests of Fixed Effects for PADM Outcomes

DV

Effect

F

df (Num, Den) P
Likelihood Format 1, 338.6 4.81 029
Exposure 2,643.7 329.51 <001
Format x Exposure 2, 643.7 69.90 <.001
Severity Format 1, 359.4 4.37 037
Exposure 2, 668.0 325.66 <.001
Format x Exposure 2., 668.0 101.93 <.001
Message Clarity Format 1, 361.6 3.57 060
Exposure 2, 681.6 33.71 <001
Format x Exposure 2, 631.6 0.96 382
Information Sufficiency Format 1, 3554 0.01 924
Exposure 2, 677.7 13.48 <.001
Format x Exposure 2, 677.7 7.05  <.001
Information Seeking Format 1, 357.5 0.05 .823
Exposure 2,679.1 20,65 <001
Format x Exposure 2, 679.1 0.01 987
Protective Action Format 1, 345.4 16.45 <.001
Exposure 2, 661.9 23117 =.001
Format x Exposure 2, 661.9 4458 <.001

Table 1: Tests of fixed effects for PADM variables

Likelihood
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Results indicated a significant main effect of warning format on perceived likelihood,
with probabilistic warnings (M = 5.25, SD = .76) generating slightly lower perceptions of
likelihood compared to traditional warnings (M = 5.49, SD = 1.08). Therefore, Hla’s assumption
that participants in the probabilistic group would report greater perceived likelihood was not
supported by the available data. There was also a significant main effect of exposure. Perceived
likelihood decreased steadily from Exposure 1 (M = 6.03, SD = 1.36) to Exposure 3 (M =4.11,
SD = 1.60). Further, a significant interaction emerged between warning format and exposure
(Fig. 2). Follow-up estimated marginal means revealed that probabilistic warnings generated
higher perceived likelihood at Exposure 1 (M = 6.50, SD = 1.18) compared to traditional
warnings (M = 5.58, SD = 1.37), but this pattern reversed by Exposure 3, where traditional
warnings elicited higher likelihood perceptions (M =4.7, SD = 1.49) than probabilistic warnings
(M =3.50, SD = 1.48). Pairwise comparisons with Bonferroni adjustment indicated that all
exposure contrasts were significant at p < .001, with perceived likelihood decreasing across each

subsequent exposure for both warning formats.

Education moderated the combined effects of warning format and exposure, such that the
pattern of likelihood perceptions over time varied slightly by education level. Similarly, having
children moderated the warning format by exposure interaction, suggesting differing patterns
between parents and non-parents. Warning frequency moderated the effect of exposure alone,
indicating variation in likelihood perceptions across exposures depending on how often

participants typically receive warnings.
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Perceived Likelihood by Exposure
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Figure 2: Perceived likelihood across warning format by exposure

Severity

Results revealed a significant main effect of warning format on perceived severity.
Participants in the traditional warning condition reported higher perceived severity (M = 3.51,
SD = .84) compared to those in the probabilistic warning condition (M = 3.35, SD = .59).
Therefore, H1b’s assumption that participants in the probabilistic group would report greater
perceived severity was not supported by the available data. There was also a significant main
effect of exposure. Perceived severity decreased across exposures, with the highest perceptions at
Exposure 1 (M =3.91, SD =.96) and the lowest at Exposure 3 (M =2.59, SD =1.08). A

significant interaction between warning format and exposure was also observed. Follow-up
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estimated marginal means indicated that probabilistic warnings led to higher severity perceptions
at Exposure 1 (M =4.32, SD = 0.72) compared to traditional warnings (M = 3.52, SD = 1.0).
However, by Exposure 3, this pattern reversed, with traditional warnings generating higher
severity perceptions (M = 2.98, SD = 1.1) than probabilistic warnings (M = 2.18, SD = 0.89).
Pairwise comparisons with Bonferroni adjustment confirmed significant differences across all
exposures (p < .001), with perceived severity decreasing across each subsequent exposure in

both conditions.

Age moderated the effect of warning format, such that perceptions of severity differed
slightly across age groups depending on the warning format viewed. Gender, while not
moderating any interaction effects, was a significant overall predictor of perceived severity.
Residence status, prior tornado experience, warning frequency, and warning familiarity also
emerged as significant main effects, indicating differences in severity perceptions across these

characteristics.
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Perceived Severity by Exposure
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Figure 3: Perceived severity across warning format by exposure

Message Clarity

Results revealed that the main effect of warning format on message clarity was not
statistically significant. There was no significant difference in perceived message clarity between
the traditional warning format (M = 5.52, SD = 1.33) and the probabilistic warning format (M =
5.24, SD = 1.47). However, there was a significant main effect of exposure. Perceived message
clarity decreased across exposures, from Exposure 1 (M =5.73, SD = 1.47) to Exposure 3 (M =
5.05, SD = 1.65). The interaction between warning format and exposure was not statistically
significant, suggesting that the effect of exposure on clarity did not differ between warning

formats. Pairwise comparisons with Bonferroni adjustment indicated significant differences
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between all three exposures (p < .001), with clarity decreasing steadily across exposures for both

warning formats.

Age showed a significant main effect, indicating that perceptions of message clarity
varied slightly across age groups. Residence status also showed a significant main effect, such
that participants' living situations were associated with differences in perceived clarity.
Additionally, having children moderated the effect of warning format, indicating differing
perceptions of message clarity between parents and non-parents depending on the warning

format viewed.

Information Sufficiency

Results indicated that the main effect of warning format on information sufficiency was
not statistically significant. Participants in the traditional warning condition (M = 5.44, SD =
1.26) and the probabilistic warning condition (M = 5.45, SD = 1.17) reported similar perceptions
of information sufficiency. Therefore, Hlc’s assumption that participants in the probabilistic
group would report greater perceived information sufficiency was not supported by the available
data. There was a significant main effect of exposure. Perceived information sufficiency
decreased over time, from Exposure 1 (M =5.61, SD =1.35) to Exposure 3 (M =5.25, SD =
1.43). Additionally, there was a significant interaction between warning format and exposure.
Follow-up estimated marginal means indicated that probabilistic warnings led to higher
perceived information sufficiency at Exposure 1 (M = 5.76, SD = 1.27) than traditional warnings
(M =5.46, SD = 1.41). However, this advantage diminished across subsequent exposures, with
nearly identical ratings by Exposure 3 (Probabilistic: M = 5.14, SD = 1.39; Traditional: M = 5.35,

SD = 1.46). Pairwise comparisons with Bonferroni adjustment indicated significant decreases in
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perceived information sufficiency between Exposure 1 and Exposure 3 (p < .001), while the

difference between Exposure 1 and 2 was not significant (p = .089).

Education moderated the effect of exposure, such that perceptions of information
sufficiency across repeated warnings varied slightly by education level. Additionally, having
children moderated the effect of warning format by exposure, and warning frequency moderated
the effect of warning format alone, indicating differing perceptions based on these

characteristics.

Information Seeking

Results showed that the main effect of warning format on information seeking was not
statistically significant. Perceived information seeking was nearly identical between the
traditional warning condition (M =4.87, SD = 1.63) and the probabilistic warning condition (M =
4.91, SD = 1.33). Therefore, H1d’s assumption that participants in the probabilistic group would
report lower intentions to seek additional sources of information was not supported by the
available data. There was a significant main effect of exposure. Perceived information seeking
increased from Exposure 1 (M =4.69, SD = 1.76) to Exposure 2 (M =5.11, SD = 1.68) and
remained relatively stable at Exposure 3 (M =4.87, SD = 1.68). The interaction between warning
format and exposure was not significant, indicating that the pattern of information seeking across
exposures did not differ between the two warning formats. Pairwise comparisons with
Bonferroni adjustment indicated a significant increase in information seeking between Exposure
1 and Exposure 2 (p < .001), and a significant decrease between Exposure 2 and Exposure 3 (p =

.002). No significant difference was observed between Exposure 1 and Exposure 3 (p = .188).
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Gender moderated the combined effects of warning format and exposure, such that
patterns of information seeking varied slightly between men and women across repeated
warnings. Residence status moderated the combined effects of warning format and exposure,
with differences emerging based on participants’ living situations. Additionally, having children
moderated the effect of warning format alone, indicating variation in information seeking

between parents and non-parents depending on the warning format viewed.

Protective Action

Results revealed a significant main effect of exposure, indicating that participants'
intention to take protective action changed across warning exposures. Follow-up pairwise
comparisons (with Bonferroni adjustment) showed that immediate action scores significantly
decreased from Exposure 1 (M =4.30, SD = .89) to Exposure 2 (M =4.26, SD = .90) to
Exposure 3 (M =3.30, SD = 1.22). There was also a significant main effect of warning format,
with participants exposed to traditional warnings (M = 4.13, SD = .83) reporting higher
immediate action intentions than those exposed to probabilistic warnings (M = 3.77, SD = .80).
Therefore, Hle’s assumption that participants in the probabilistic group would report greater
intentions to take immediate protective action was not supported by the available data.
Additionally, the interaction between warning format and exposure was significant, suggesting
that the decline in immediate action intentions over repeated exposures was steeper in the

probabilistic warning condition than in the traditional warning condition.

Gender moderated the combined effects of warning format and exposure, such that
patterns of immediate action intention varied slightly between men and women across repeated
warnings. Residence status moderated the effect of exposure alone, with differences emerging

based on participants’ living situations. Education moderated the effect of exposure alone,
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suggesting slight variation in immediate action intentions across warning exposures depending
on education level. Prior tornado experience moderated the effect of exposure alone, indicating
different patterns between participants with and without prior tornado exposure. Warning
familiarity moderated the combined effects of warning format and exposure, such that
perceptions of immediate action intention differed across levels of familiarity with warning

messages.

Protective Action by Exposure
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Figure 4: Protective action intentions across warning format by exposure

Cognitive Load

A mixed-effects repeated-measures model was conducted to examine whether cognitive

load varied as a function of warning format (traditional vs. probabilistic), exposure order (first,
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second, third warning), and their interaction. Results indicated a significant main effect of
exposure. Cognitive load was highest at Exposure 1 (M =4.77, SD = 2.06) and decreased slightly
by Exposure 2 (M =4.68, SD = 2.16) and Exposure 3 (M =4.36, SD = 1.98). However, there was
no significant main effect of warning format. Therefore, H2a’s assumption that participants in the
probabilistic group would report higher cognitive load was not supported by the available data.

Additionally, the interaction between warning format and exposure was not significant.

Age moderated the effect of warning format, such that perceptions of cognitive load
differed slightly across age groups depending on the warning format viewed. Education
moderated the effect of exposure alone, and having children moderated the effect of exposure
alone, suggesting that perceptions of cognitive load across repeated warnings varied depending

on participants’ education level and parental status.

H2b surmised that, regardless of group, participants who reported higher cognitive load
would also report lower likelihood of taking immediate protective action. A Pearson correlation
was conducted to explore this relationship. Results indicated a non-significant positive
correlation between cognitive load and protective action. Therefore, H2b was not supported by

the available data.

Perceived Message Sensation Value

To assess participants' perceptions of the warning design, three distinct constructs were
measured following exposure to all three warnings: emotional arousal, dramatic impact, and
novelty. Each construct was measured using items averaged across the three warning exposures
(e.g. by averaging all three emotional arousal responses within the standard warning group). This

resulted in composite scores for emotional arousal, dramatic impact, and novelty. A factor
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analysis was conducted to determine whether these dimensions could be combined into a single
PMSYV composite. However, results indicated poor communalities for novelty (.087) and
dramatic impact (.364), leaving only emotional arousal with a sufficiently high communality
score (.827). Therefore, the emotional arousal, dramatic impact, and novelty were analyzed as

separate dependent variables rather than combined into a single PMSV score.

Next, a MANOVA was conducted to examine whether the format of the warning
influenced participants' perceptions of emotional arousal, dramatic impact, and novelty. Given
the violation of the assumption of homogeneity of covariance matrices (Box’s M = 24.55, p <
.001), Pillai's Trace was utilized. Results indicated a significant multivariate effect of the

warning's format on PMSV variables.

Follow-up univariate tests indicated that participants exposed to probabilistic warnings
reported significantly greater emotional arousal, dramatic impact, and novelty than those
exposed to traditional warnings (Fig. 5), providing consistent support for H3a, H3b, and H3c. A
summary of detailed statistics is provided in Table 2. Specifically, participants exposed to
probabilistic warnings reported greater arousal (M = 5.63, SD = 1.16) than those who viewed
traditional warnings (M = 5.01, SD = 1.54), greater dramatic impact (M = 5.41, SD = 1.36)
compared to traditional warnings (M = 4.59, SD = 1.77) and greater novelty (M =4.17, SD =

1.64) compared to traditional warnings (M = 3.77, SD = 1.56).



32

Dimension

Trad. M Prob. M F(1,344)

p n,

Emotional Arousal
Dramatic Impact
Nowvelty

501 [4.81,5.21] 563 [5.435.84] 1793 <
150 [4.354.82) 541 [5.17,5.65] 2343 <
3.77 [3.53,4.01] 417 [3.934.41]  5.49

0.001  .050
0.001 .063
020 016

Table 2: Univariate ANOVA results for PMSV variables
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Figure 5: PMSV dimensions across warning format
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Novelty

H3d hypothesized that participants exposed to probabilistic warnings would rate them as

more accurate compared to those who viewed traditional warnings. Accuracy was measured by a

single reverse-coded item assessing whether the warning display made participants question its

accuracy. An independent samples t-test was conducted to compare the groups. Results indicated

that there was not a statistically significant difference in perceived accuracy between the



33

traditional warning group (M = 4.86, SD = 1.62) and the probabilistic warning group (M = 4.99,

SD = 1.47). Therefore, H3d was not supported by the available data.

H3e hypothesized that participants exposed to probabilistic warnings would report a
greater sense of urgency to act after all three exposures compared to those who viewed
traditional warnings. This behavioral intention was measured using a reverse-coded question
stating that the visual display of the warning made them feel less urgency to act. An independent
samples t-test was conducted to compare the groups. Results indicated a statistically significant
difference in behavioral intention. Specifically, participants in the probabilistic warning group (M
=5.34, SD = 1.43) reported a significantly higher intention to act compared to those in the
traditional warning group (M =4.93, SD = 1.61). Therefore, H3e was supported by the available

data.

Message Fatigue

H4a posited that participants with greater message fatigue would report lower trust in
forecasters due to repeated false alarms. Trust was assessed with a single item measuring reduced
trust in forecasters due to repeated false alarms. A Pearson correlation was conducted to analyze
the data. Counterintuitively, results indicated a statistically significant positive relationship
between message fatigue and trust. Since H4a suggested a negative relationship, it was not

supported by the available data.

To test H4b, a hierarchical regression analysis was conducted to examine whether
message fatigue moderated the effect of warning format on perceived likelihood. Message
fatigue was mean-centered, and an interaction term was created by multiplying centered message

fatigue by warning format. In the first step, centered message fatigue and warning format were
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entered as predictors. The resultant model significantly predicted likelihood perceptions, R? =
055, F(2, 343) =9.96, p < .001. Both message fatigue (B =-0.174, p < .001) and warning
format (B = -0.214, p = .031) were significant predictors. Higher fatigue was associated with
lower likelihood perceptions, and participants in the probabilistic group reported lower
likelihood perceptions than those in the traditional group. In the second step, the interaction term
was added to the model. However, this addition did not significantly improve the model fit, AR?
=.001, F(1, 342) =0.51, p = .474, and the interaction effect alone was not statistically
significant, B = -.066, p = .474. In the third step, a bootstrapping procedure with 5,000 samples
was conducted to assess the robustness of the interaction effect given the low variance in
message fatigue. The bootstrapped 95% confidence interval for the interaction term ranged from

-0.242 to .099, which includes 0, indicating the interaction effect was not robust.

Taken together, these results did not support H4b. Although both message fatigue and
warning format independently predicted perceived likelihood, the interaction between them was
not significant. This suggests that message fatigue did not moderate the relationship between

warning format and perceived likelihood of a tornado.

To test H4c, a hierarchical regression analysis was conducted to examine whether
message fatigue moderated the effect of warning format on emotional arousal, dramatic impact,
and novelty. Message fatigue was mean-centered to create a centered message fatigue score, and
an interaction term was created by multiplying centered message fatigue by warning format. The
robustness of the interaction effect was assessed through a bootstrapping procedure with 5,000
samples. The 95% confidence interval in all cases included 0, indicating the interaction effort

was not significant. Detailed statistics are referenced in Table 3.
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Outoome Fatiue B (p) Format B (p} Interaction B (p) R* AR?
Emotional aronsal <0414 {<.001)  0.663 (<.001) 0134 (0.306) A48 003
Dramatic impact 0,513 (<.001) 0883 (<.001) 0,023 (0.877) AT 000
Novelty 0.057 (0.481)  0.401 (0.020) 0.215 (0.184) 018 005

Table 3: Format % Fatigue effects on PMSV

The resultant model significantly predicted emotional arousal, dramatic impact, and
novelty. Message fatigue and warning format were significant predictors for both emotional
arousal and dramatic impact. For novelty, the warning format was a significant predictor, but
message fatigue was not. In all cases, adding the interaction term to the model did not
significantly improve model fit, and the interaction effects were not statistically significant.
Together, these findings did not support H4c. While message fatigue and warning format each
played independent roles in shaping participants' perceptions of PMSV outcomes, message
fatigue did not moderate the effect of warning format on emotional arousal, dramatic impact, or

novelty.

Desensitization

H4d hypothesized that participants exposed to probabilistic warnings would report lower
levels of desensitization compared to those exposed to traditional warnings. An independent
samples t-test was conducted to analyze the data. Results indicated no significant difference in
desensitization between the traditional group (M = 2.45, SD = 1.28) and the probabilistic group
(M=2.56,S8D =1.46), (345) =-0.76, p = .450, d = -0.08, 95% CI [-0.29, 0.13]. Therefore, H4d

was not supported by the available data.
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Discussion
This study examined traditional versus probabilistic tornado warning formats across a

range of PADM constructs—namely, perceived likelihood, severity, message clarity, information
sufficiency and seeking, and protective action intention—as well as message fatigue, cognitive
load, PMSYV, and desensitization. A 2x3 mixed design was utilized within a Qualtrics survey of
347 participants to explore these variables. Broadly, the findings indicate that probabilistic
warnings generated higher initial perceptions of risk and emotional response but declined more

sharply over repeated exposures compared to traditional warnings.

Results from Hla and H1b indicated that traditional warnings ultimately produced higher
perceptions of likelihood and severity after multiple exposures, contradicting the expectation that
probabilistic warnings would excel in these metrics. Perceived message clarity and information
sufficiency (H1c), meanwhile, eroded over time regardless of warning format, though
probabilistic warnings held a temporary advantage in initial exposure. There were no significant
differences in information seeking (H1d), though exposure effects dominated, with participants
most likely to seek information at Exposure 2 before declining at Exposure 3. Again, contrary to
expectations, traditional warnings generated stronger and more stable responses to protective

action intention (H1e), while probabilistic warnings suffered a sharp decline over time.

H2a hypothesized that probabilistic tornado warnings would elicit greater cognitive load,
while H2b hypothesized that as cognitive load increased, protective action intention would
decline. However, neither hypothesis was supported by the available data. As it related to the
core principles of PMSV, H3a through H3c were supported, as probabilistic warnings elicited
greater emotional arousal, dramatic impact, and novelty. While the probabilistic warnings were

not perceived as more accurate in a rebuke of H3d, they did increase the perceived urgency to act
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in support of H3e. Importantly, H4a was an unexpected finding that found higher levels of
message fatigue among participants was associated with greater trust in forecasters. H4b and H4c
found that message fatigue predicted lower perceptions of likelihood and PMSV outcomes but
did not significantly moderate the warning format effects. H4d was not supported, as
desensitization did not differ between formats Across the core PADM variables, demographic
variables only infrequently moderated the effects of warning format or exposure. These effects
were inconsistent across models, though some characteristics such as education, parental status,
residence status, prior tornado experience, and warning frequency appeared more frequently than

others.

The PADM framework posits that threat perceptions are fundamental in driving
protective action decisions (Lindell & Perry, 2012). In my study, I operationalized threat
perception through measures of perceived likelihood and severity. The results showed that
traditional warnings, compared to probabilistic warnings, generated higher ratings for both
likelihood and severity. Consequently, the PADM would predict that traditional warnings should
produce stronger protective action intentions, a prediction that my data supports. Additionally,
the PADM emphasizes the role of information sufficiency in influencing decision-making. The
initial advantage of probabilistic warnings in conveying sufficient information suggests they
initially improved comprehension; however, this advantage faded over repeated exposures,
undermining sustained protective responses. These outcomes underscores the PADM’s assertion
that multiple, interrelated components must align and be sustained to drive effective protective

action.

PMSYV refers to the degree to which warning attributes evoke sensory, affective, and

arousal responses in individuals (Everett & Palmgreen, 1995). Prior studies indicate that
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messages high in PMSV capture attention and elicit strong emotional responses. In my study, we
operationalized PMSV using three dimensions: emotional arousal, dramatic impact, and novelty.
The results show that probabilistic warnings are significantly more effective than traditional
warnings at generating these responses. Although heightened PMSV was not accompanied by an
increased immediate intention to act (H1e), the data did reveal that participants felt a stronger
general urge to take protective action (H3e). This pattern is consistent with the PADM’s focus on
warning characteristics: while a more emotionally charged message can elevate concern about
the threat, it does not automatically ensure a corresponding behavioral response. In other words,
probabilistic warnings may prime individuals with a heightened sense of urgency and concern,
even if this does not immediately translate into action. Such findings underscore the notion that

multiple factors must interact and be sustained to drive protective behavior.

Cognitive load refers to the mental effort required to process and comprehend
information (Paas, 1992). Cognitive load theory suggests that when information is complex or
unfamiliar, the high mental demand can hinder comprehension and subsequent decision-making
(Sweller, 1998). In my study, cognitive load was assessed using a single-item measure and
served as a proxy for the effort participants had to invest in interpreting the warning messages.
My results indicate that cognitive load was highest at the initial exposure and then decreased
slightly with subsequent exposures. Notably, there was no significant difference in cognitive load
between traditional and probabilistic warning formats. This is an encouraging result that suggests
communicating threat probabilistically does not overwhelm participants and stifle decision-

making, a concern that has plagued academics for decades (Joslyn & LeClerc, 2012).

Message fatigue is generally defined as the weariness and reduced motivation to process

warning messages following repeated exposure (So et al., 2017). In theory, high message fatigue
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is expected to erode trust in the warning source and lower protective action intentions. In my
study, however, the results for message fatigue deviated from these expectations. Specifically,
although we hypothesized that higher fatigue would be associated with lower trust in forecasters
(H4a), my data revealed a significant positive relationship. This unexpected result implies that
elevated message fatigue may not signal diminished trust in forecasters; rather, it may reflect an

increased familiarity with severe weather that, in turn, fosters greater reliance and trust.

Additionally, hierarchical regression analyses aimed at testing whether message fatigue
moderated the relationship between warning format and perceived likelihood or PMSV outcomes
(H4b-H4c) found no significant interaction effects. This indicates that regardless of the level of
fatigue, the differences between traditional and probabilistic warnings remained consistent, and
its moderating influence on key pre-decisional processes appears minimal in my study. Relatedly,
desensitization, or the diminished emotional response to warnings after repeated exposure (Cho
& Salmon, 2007), was measured as part of my study but did not show significant differences
across warning formats. The straightforward explanation for this result is that desensitization is
considered a byproduct of high message fatigue (So et al., 2017); because fatigue levels were
relatively low in this dataset, there was no opportunity for the effects of desensitization to
materialize. This is important because it challenges a widespread perception among

meteorologists that over-warning may lead to disengagement from the public.

In practice, these results indicate the crucial role that every aspect of the warning plays in
driving behavior change. It is not sufficient for a warning to simply be dramatic, fresh, or
emotional. This must be paired with clear messaging that provides sufficient information and a
clear picture of threat perception to spur citizens to act. These findings suggest that one

promising approach may be to develop a hybrid warning design that combines the simplicity and
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clarity of traditional warnings with probabilistic elements—applied when perceived threat is
high—to maintain public attention. Further, these findings challenge the notion that forecasters
should issue tornado warnings sparingly for fear of fatiguing the public. While forecasters should
always strive for accurate warnings with few false alarms, the public seems broadly supportive

of their mission to keep citizens safe, even if the warnings are not always perfect.

While my study provided valuable insights into the temporal dynamics of tornado
warning perceptions using a repeated-measures design, several limitations must be
acknowledged. Although we strived to recruit a more diverse sample (n = 347) covering ages 18
to 75 (M = 32.9), my sample was still disproportionately White (75%) and college-educated
(85.7% with some college education or higher). This raises important questions about the
generalizability of these findings to minority and non-college-educated groups where differences

in cultural background or educational attainment may influence how the warnings are processed.

The reliance on self-reported Likert scales also introduces inherent bias. These measures
captured participants’ perceptions in a hypothetical, online setting rather than in a genuine life-
threatening scenario. Therefore, there is a risk that the responses may not fully reflect how
individuals would behave in an actual tornado emergency. Future research should explore
alternative methodologies that introduce real stakes, such as laboratory simulations. These
simulations should also consider employing behavioral or physiological measures such as eye
tracking, heart rate, and respiration for a more nuanced understanding of instantaneous reactions.
In addition, while useful for directly observing how warning perceptions evolve over time, my
repeated-exposure design was constrained. Participants were only exposed to warnings at three

fixed locations within the warning area, which may not have allowed for a comprehensive
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picture of how participants process these types of warnings. Future studies might utilize more

dynamic or interactive exposure methods.

Finally, there are limitations regarding the measurement of message fatigue and cognitive
load. The message fatigue scale used in this study was originally developed for health
communication contexts, where messages are encountered over much longer periods and at
higher frequencies. In the context of tornado warnings, which are comparatively rare, the scale
may not fully capture acute fatigue responses. Future research should explore whether a new
message fatigue scale should be adopted to cover shorter temporal windows such as explored
here. Similarly, we employed a single-item measure to assess cognitive load because this remains
the most common way to measure the concept (Sweller, 2018). However, newer multi-item
scales may nevertheless offer a more nuanced understanding of the cognitive effort required to

process warning messages, and future research should consider employing these scales.

Conclusion

In sum, probabilistic tornado warnings reliably increase emotional arousal, dramatic
impact, and novelty without adding cognitive load, and they momentarily boost perceived risk at
the first exposure. However, by the third exposure that risk advantage vanishes, and traditional
warnings again drive the highest threat perceptions and strongest protective action intentions.
Unexpectedly, greater message fatigue was linked to increased trust in forecasters rather than
disengagement. By integrating message fatigue and PMSV into a meteorological context
alongside the PADM, this work refines theoretical understanding and points toward hybrid
warning designs that blend the clarity of traditional formats with the dynamic specificity of

probabilistic elements.
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However, these findings rest on a predominantly White, college-educated sample,
self-reported Likert measures, fixed simulated exposures, and single-item scales for cognitive
load and fatigue, all of which are constraints that may limit generalizability. Future research
should diversify participant pools, employ laboratory or field simulations with behavioral and
physiological metrics (e.g., eye-tracking, heart rate), and adopt multi-item scales to more fully
capture cognitive effort and message fatigue. Extending this integrative approach with additional
risk communication and cognitive-psychology frameworks will further guide the development of

effective tornado warnings—and ultimately enhance public safety.
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