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A B S T R A C T

Severe weather can often include multiple hazard threats, including simultaneous tornadoes and
flash floods. These events, known as TORFF events or TORFFs, create a complex decision-making
process for the people receiving warning protocols, as the recommended protective actions for
the two hazards are contradictory––sheltering below ground during a tornado and moving to
high ground during flash flooding events. Public response to TORFF events, which are warned for
approximately 400 times per year, has yet to be examined. In the current study, we utilized struc-
tural equation modeling (SEM) to assess the factors and mechanisms of protective decision-
making in members of the public (N = 247) who experienced concurrent tornado and flash flood
threats on the 25 and 27 of March 2021 in the U.S. Southeast region. SEM analysis found direct
and indirect relationships between hazard information sources, risk perception, and protective
action for both hazards. In addition, results found that an increase in tornado risk perception led
to a decrease in flash flood protective action. These results suggest that more public education
and awareness on TORFF hazards is needed, along with dual protective guidance, particularly for
socially vulnerable populations.

1. Introduction and background
On average (mean), tornado and flooding hazards have killed 156 people per year since 1990, making them the second (flooding)

and third (tornado) deadliest types of weather events behind heat [1]. Approximately 400 times per year within the United States
(U.S.), the National Weather Service (NWS) forecasters issue simultaneous tornado and flood warnings in a given area—events known
as potential TORFFs [2]. Those that are then verified via local storm reports (LSRs) are considered verified TORFFs. Verified TORFFs
are tornado and flash flood warnings that intersect each other in geographic space and time (within 30 min of one another; [2,3].
These dual warnings occur most frequently in south-central Missouri and the lower Mississippi River valley [2]; e.g., Fig. 1).

Potential TORFFs are considered to be challenging for members of the public receiving warning protocols, as the recommended
protective actions for the two hazards are contradictory––sheltering below ground during a tornado and moving to high ground dur-
ing flash flooding events [2,4]. TORFF events, therefore, can create confusion for the public about the level of danger for each threat
and what protective action they are recommended to take. For example, in May 2013 a lethal tornado developed west of Oklahoma
City, killing eight people. In addition, the storm caused extensive flooding and 12 people were killed from flash flooding when they
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Fig. 1. Geographic distribution of overlapping tornado and flash flood warnings that occurred in the U.S. within 30 min of one another from January 1, 2021 – De-
cember 31, 2021. The shaded polygons correspond to the area that is common between both the tornado and flash flood warning (see Nielsen et al., 2015; Nielsen and
Schumacher, 2021 for details)1. 1Image downloaded from http://schumacher.atmos.colostate.edu/weather/TORFF_rt/.

took shelter from the tornado in a drainage ditch [5]. The NWS found that people were warned about the tornado, but many members
of the public indicated they were not aware of simultaneous flash flood threats despite warnings being issued [5]. This event and
other similar events (e.g., concurrent tornadoes and floods from Hurricane Harvey [6], highlight the life-threatening situations that
TORFFs can produce.

Furthermore, when TORFF events occur, dimensions of social vulnerability may further compound protective decision-making as
many people do not have access to the resources (i.e., basement, storm shelter, vehicle, etc.) necessary to respond safely to one or
both hazards [7–11]. For instance, when tornado threats arise the NWS recommends that mobile/manufactured home residents flee
their home for more sturdy shelter [11]. This presents an issue given many mobile/manufactured home residents evacuate their home
in a vehicle, placing themselves at greater risk for flash flooding. Thus, a factor in TORFF response may be related to social vulnerabil-
ity, which includes the various social conditions that create conditions of inequality that determine the resources that people have at
their disposal to prepare for, cope with, and recover from the impacts of natural hazards (e.g., Refs. [12–18].

In the current study, we utilized structural equation modeling (SEM) to examine the factors and mechanisms influencing protec-
tive decision-making in members of the public (N = 247) who experienced simultaneous tornado and flash flood threats on 25 and
March 27, 2021 in the U.S. Southeast region. The overall goal of this study is to contribute foundational knowledge about the factors
involved in the protective decision-making process during multi-hazard risk perception, with a focus on TORFFs. We believe this un-
derstanding can guide future research by informing theoretical and methodological approaches to investigating protective decision-
making in multi-hazard situations. It can also help guide studies of risk communication to enhance protective decision-making during
TORFF warnings.

2. Literature review
Prior studies indicate the protective decisions people make are based upon a variety of factors, including knowledge and under-

standing of local risk and exposure, hazard information and warnings, perceptions of threat and forecast uncertainty, and resources to
take protective action [7,14,19–26]. First and foremost, prior research suggests that individuals who do not receive hazard warning
are less likely to take protective action [18,26,27]. Lack of hazard warning receipt has been found time and again by numerous stud-
ies to be an influential decision factor. Research has found there is not a single most effective information source for hazard warnings,
but that hazard warnings disseminated by a variety of sources (e.g., TV, radio, outdoor warning sirens, word-of-mouth communica-

http://schumacher.atmos.colostate.edu/weather/TORFF_rt/
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tion [28]; is the initial motivator in protective action if the receiver is able to understand the warning and know what protective ac-
tion to take.

Second, people's appraisal of risk or risk perceptions play an important role in how they respond to warnings. Hazard risk percep-
tion, has long been studied, and includes the perceived probability or consequences that relate to a certain hazard and is an important
motivator to consider protective action [22,27,29,30]. Risk perception may also be conceptualized as a mediating agent, as theorized
by behavioral response models such as Protection Motivation Theory (PMT [31]; and the Protective Action Decision Model (PADM;
[22]. Both models theorize that when individuals become aware of a hazard threat, it initiates appraisal of risk perception, which in
turn affects a behavioral response. When individuals perceive the hazard threat as high, they consider taking protective actions, but if
risk perception is low, they are less likely to consider protective action [32]. For example, in the PADM, Lindell and Perry [22] con-
ceptualize the protective decision-making process as a multi-stage model that includes a casual chain of responses involving reception
and attention to warnings and environmental cues; individual threat and coping perceptions; and a behavioral response that includes
actions such as information search and protective response action (i.e., sheltering, evacuating).

Although prior research has examined protective decision-making during tornadoes [33]; Ash et al., 2014 [34–36]; and flash
floods [37,38], these studies have focused on each hazard individually and research has yet to examine the process when these haz-
ards co-occur. As mentioned previously, when tornadoes and flash flood hazards occur concurrently, TORFF events can create confu-
sion for the public about what protective action they are recommended to take (e.g., shelter below ground for a tornado and move to
higher group for a flash flood threat). Furthermore, the public may amplify one risk over another. From an NWS forecaster perspec-
tive, Henderson et al. [4], found that forecasters believe the public perceive tornadoes as more of a dangerous threat and that flash
floods are often viewed as a nuisance, which indicates that tornado threats may take precedence over flash flood threats if they occur
at the same time.

While recent research has examined TORFF events in conjunction to climatological conditions [2,39] and the operational chal-
lenges faced by NWS forecasters [4], research has yet to examine how members of the public actually respond to TORFF events. The
current study addresses this gap and examined protective decision-making with a sample of 247 adults (N = 247) exposed to TORFF
events on 25 and March 27, 2021 in the U.S. Southeast. Our study's research questions are as follows:

RQ1: During concurrent tornado and flash flood warnings, how does hazard information sources shape (a) tornado risk
perception, and (b) flash flood risk perception?

RQ2: During concurrent tornado and flash flood warnings, how does tornado risk perception impact (a) tornado protective action,
and (b) flash flood protective action?

RQ3: During concurrent tornado and flash flood warnings, how does flash flood risk perception impact (a) flash flood protective
actions, and (b) tornado protective actions?

As previously stated, protective decisions are often based upon a variety of factors such as receiving hazard information and warn-
ing, perceptions of threat and forecast uncertainty, and their available resources to take protective action [7,14,22,24,25]. Therefore,
we propose the following hypotheses:
H1. Access to more hazard-related information sources will be associated with (a) increased tornado risk perceptions and (b) in-
creased flash flood risk perceptions.
H2. Having increased tornado risk perceptions will be associated with (a) more tornado protective actions, and (b) less flash flood
protective actions.
H3. Having increased flash flood risk perceptions will be associated with (a) more flash flood protective actions, and (b) less tornado
protective actions.

3. Study region
The U.S. Southeast is the most tornado disaster-prone region of the U.S [40–42]. In fact, tornado mortality in this region is driven

by a combination of elevated climatological risk, higher population densities, and societal and environmental vulnerabilities (e.g.,
Refs. [13,17,42,43]. Specifically, the Southeast U.S. contains a high population and developed land density that increases tornado ex-
posure, a greater number of mobile/manufactured homes that are less wind resistant to tornadic winds, a higher percentage of so-
cially vulnerable populations (i.e., people without vehicles, people with disabilities, older adults, and people with limited English pro-
ficiency, etc.), and a larger number of nocturnal tornado events, each of which increases tornado casualty odds [40–42,44]. Research
has also highlighted this area as being subject to higher flash flooding risk [13], especially during simultaneous tornadic events (i.e.,
TORFFs; [39].

In the current study we focus on two dates (25 and March 27, 2021) where TORFF events occurred in southeastern Arkansas,
southern Tennessee, northern Mississippi, and northern Alabama (Fig. 2). These events were a part of two separate severe weather
events that occurred on 25 and March 27, 2021. The March 25, 2021 TORFFs were a part of a Storm Prediction Center (SPC) high risk
outlook, with a 30% significant tornado threat centered on northeastern Mississippi and northwestern Alabama. The Weather Predic-
tion Center (WPC) issued a moderate (20–50% risk of rainfall exceeding flash flood guidance within 40 km of a point) and slight
(10–20%) categorical outlook for this region as well. The tornado and flood warnings were issued during the mid-afternoon on March
25, 2021, with the primary storms of concern being the embedded supercells within a quasi-linear convective system (QLCS).

The March 27, 2021 TORFF events were a part of a SPC enhanced risk with a 10% chance of significant tornadoes centered on the
Memphis, TN region. The WPC did issue a moderate excessive rainfall outlook for this day as well. The storm mode for the March 27,
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Fig. 2. TORFF events that occurred on 25 and March 27, 2021 across the Southeast U.S. The zip codes intersected by each TORFF event are also denoted.

2021 TORFFs was QLCS with embedded supercells. All tornado and flash flood warnings for this event were issued after 7 p.m. (CDT)
as the sun was setting or after sunset. Local sunset time for Memphis on March 27, 2021 is 7:17 p.m. (CDT).

To compare social vulnerability of the Census tracts affected by the March 2021 TORFF to the larger U.S. geographic region, we
employed the Center for Disease Control (CDC) Social Vulnerability Index (SVI) [45] Census tract-level data [46]. The SVI data com-
prises 15 different population measures (e.g., income, employment, age, race, language, mobile/manufactured homes) that are often
linked [44] to increased hazard vulnerability and impacts. Specifically, the SVI tract data separates these measures into four distinct
categories, socioeconomic status, household composition and disability, minority status and language, and housing type and trans-
portation. Compared to the rest of the U.S., the Census tracts affected by the March 2021 TORFF events (Table 1) contained greater

Table 1
Social vulnerability estimates for study areas impacted by the 25 and March 27, 2021 TORFF events.

Mean Median St. Dev. Minimum Maximum

Population Density (ppl per
sq.km)

77.5 (2043) 23.4 (834.1) 141.7 (4544) 1.58 (0.0) 679.1 (135,234)

Housing Density (homes per
sq.km)

36.6 (861) 10.5 (349) 72 (2079) 1.1 (0.0) 422.9 (98,903)

Socioeconomic Theme 1 % Below Poverty 17.1 (15.2) 16.5 (12.0) 7.7 (11.9) 2.2 (0.0) 41.5 (100.0)
% Unemployed 6.9 (6.3) 6.5 (5.3) 3.7 (4.7) 0.7 (0.0) 18.1 (100.0)
Income (per capita) 24,323 (32,

279)
23,450 (28,
554)

4978 (16,
826)

15,183
(42)

42,239 (227,
064)

% No High School Diploma 17.1 (13.0) 17.3 (10.1) 5.4 (10.5) 3.9 (0.0) 30.1 (100.0)
Household Composition Theme 2 % Aged 65 or Older 18.1 (16.0) 18 (8.0) 3.4 (8.0) 9.3 (0.0) 26.9 (100.0)

% Aged 17 or Younger 22.0 (22.1) 22.1 (22.2) 3.5 (6.7) 31.2 (0.0) 12.1 (87.6)
% Civilian with a Disability 19.5 (13.3) 19.2 (12.5) 5 (5.9) 8.0 (0.0) 37.4 (100.0)
% Single-Parent Households 7.8 (9.2) 7.2 (7.9) 3.8 (6.4) 1.0 (0.0) 21.9 (100.0)

Minority Status and Language Theme 3 % Minority 19.3 (38.3) 14.6 (29.6) 16.1 (30.0) 1.2 (0.0) 78.5 (100.0)
% Speaks English “Less than Well" 0.55 (4.2) 0.1 (1.3) 0.96 (6.8) 0 (0.0) 5.7 (100.0)

Housing Type and Transportation Theme
4

% Multi-Unit Structures 1.6 (12.4) 0.2 (4.6) 4.2 (18.5) 0 (0.0) 40.9 (100.0)
% Mobile/Manufactured Homes 23.0 (6.0) 22.8 (0.7) 12.1 (10.7) 0 (0.0) 47.3 (100.0)
% Crowding 1.7 (3.6) 1.2 (1.8) 1.8 (5.2) 0 (0.0) 8.1 (100.0)
% No Vehicle 5.8 (9.4) 4.1 (5.3) 5.3 (12.2) 0.4 (0.0) 37.2 (100.0)
% Group Quarters 1.9 (2.4) 0 (0.2) 5.1 (8.2) 0 (0.0) 35.5 (100.0)

Note: The mean, median, standard deviation, minimum, and maximum of all tracts affected are presented. In parenthesis are the conterminous U.S. values for compari-
son.
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mean percentages of persons in poverty (17.1%), those who were unemployed (6.9%), and individuals with no high school diploma
(17.1%). This finding suggests that those affected by the TORFF events were more socioeconomically vulnerable. Focusing on the
CDC SVI vulnerability Theme 2 (household composition), persons in the TORFF-affected tracts were also more likely to be aged 65
years or older (18.1%) or have a disability (19.5%). However, the percentages of households with minor populations (less than 17
years old) and single parents were less than the U.S. Only 19.3% of all persons impacted by the TORFF events were considered racial/
ethnic minorities and 0.6% spoke English “less than well.” The greatest difference between TORFF-affected tracts and the rest of the
U.S. was found in the mean percentage of homes that are mobile/manufactured (23% vs. 6% for the conterminous United States).
Prior research indicates that elevated mobile/manufactured housing density leads to greater probability of tornado fatalities
[9,11,13,17,40,43,46,47]. As shown in Table 1, these TORFF events intersected populations where a variety of socioeconomic and de-
mographic vulnerability factors could impact mortality and protective action-taking efficacy.

4. Methods
Data collection and participants. To investigate protective decision-making during TORFF warnings we survey 247 adults living

in areas that were exposed to the March 2021 TORFF events detailed above. An online survey was conducted on individual hazard in-
formation sources, individual risk perceptions of tornadoes and flash floods, and tornado and flash flood protective actions taken,
and demographic and socioeconomic variables. Data collection procedures with human subjects were approved by the [Identity Re-
moved for Review] Institutional Review Board (IRB). The study sample included 312 adults (18 years or older) living in one of the
counties affected by TORFF events on March 25 and 27, 2021 that occurred across the Southeast U.S. This sampling procedure in-
creased the likelihood that respondents had a recent potential TORFF experience, though not all respondents were exposed to one or
both warnings. Because the current study focused on protective decision-making during TORFF events, our analysis was limited to
the 247 respondents (N = 247) that were within the warning polygons for both tornado and flash flood warnings. Data were col-
lected during 15–20 April 2021 approximately three weeks following the TORFF events. Although we did not directly assess partici-
pant past TORFF experiences, participants may have had previous exposure to TORFF events according to prior research conducted
by Nielsen [48]; Henderson et al. [4]; and the TORFF archive at Colorado State University (e.g., Fig. 1).

Participants were recruited via a Qualtrics Panel aggregator system which recruits participation from a pool of U.S. adults who
have volunteered to be in online research via the company. The company is able to recruit participants in targeted areas and provides
participants with compensation to participate in a research study. Potential respondents were invited via email with a secure URL
from Qualtrics to review the study's purpose and access the survey questionnaire. All participants first read a consent form and were
required to provide consent to participate in the study by selecting an “I agree to participate in the study” button. After consenting to
the study, participants were directed to the online survey. Participants were compensated for their time with incentives through
Qualtrics incentive program, which includes prize drawings and cash incentives.

The majority of participants were female (55.5%) and White (78.9%) followed by participants identifying as Black (16.6%), His-
panic (2.8%), and Asian American (1.2%). Nearly one-third (29.9%) of participants made less than $29,000 per year and 14.6%
resided in a mobile/manufactured home. More than one-third (35.6%) of participants indicated their property was damaged by the
severe weather events, 79.6% of participants indicated that at the time of the severe weather events they believed they or someone
they knew could be killed or harmed and 87.6% of participants viewed damaged areas in their community. Less than half of partici-
pants (35.6%) indicated their property was damaged by the severe weather events, 79.6% of participants indicated that at the time of
the severe weather events they believed they or someone they knew could be killed or harmed and 87.6% of participants viewed dam-
aged areas in their community. See Table 2 for descriptive information for the survey.

In comparison to the larger Southeast U.S. geographic region for the study areas impacted by the TORFF events (see Table 1),
more than half of the survey participants were found to have an income of $30,000 USD or higher in comparison to the regional mean
income of $24,323 USD. Minority status for survey participants was 21% in comparison to the regional estimates at 19.3%. Estimates
for mobile/manufactured home owners for the survey participants was lower at 14% in comparison to the study region at 23%.

4.1. Measures
Hazards information sources. Based on prior literature [27,28,49], hazard information sources were measured by creating an

observed variable by asking participants the following question: “Which of the following were sources of information you used dur-
ing the recent severe weather events in your area? (1) Television (e.g., TV news, emergency broadcast system announcements), (2)
AM/FM commercial radio (e.g., weather forecasting radio sites), (3) News media websites, (4) Wireless emergency alerts (smart
phone alerts), (5) Landline phone (e.g., reverse 911), (6) Outdoor warning sirens, (7) National Oceanic Atmospheric Administration
(NOAA) weather radio, and (8) Family, friends, neighbors. Response options were not at all (0), a little (1), somewhat (2), or a great
deal (3). The scores of all items were summed to reflect indexes of weather information sources and create an observed variable. The
scores range from 0 to 24, with a higher score indicating access to more hazard information sources, the mean (M) = 12.41 and the
standard deviation (SD) = 4.02. In the present sample, the reliability or internal consistency of the instrument is represented by the
Cronbach's alpha value of 0.64. Cronbach's alpha utilizes inter-item correlations to determine if an instrument's items are measuring
a specified domain/factor (Cronbach, 1951). Cronbach's alpha values above 0.60 are considered to be an acceptable index while val-
ues below 0.60 are considered to be low [50].

Tornado risk perception. Based on prior research [30]; Liu et al., 2019) tornado risk perception was measured with six items
assessing the degree to which the respondent perceives tornado hazard situations as a threat to create a latent variable. These
questions included: “I think that tornadoes are likely to happen in my area”, “I think that a tornado can cause major damage to
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Table 2
Descriptive information on study participants (N = 247).

N %

Gender
Male 107 43.3
Female 137 55.5

Race
Black/African American/Afro-Caribbean 41 16.6
Asian American 3 1.2
Hispanic/Latino 7 2.8
White 195 78.9
Native Hawaiian or other Pacific Islander 1 0.4

Age
18–25 40 16.2
26–35 41 16.6
36–45 57 23.1
46–55 37 15.0
56–65 30 12.1
66–74 33 13.4
75 and older 9 3.6

Income
Less than $15,000 27 10.9
$15,000 to $29,999 47 19.0
$30,000 to $44,999 29 11.7
$45,000 to $59,999 35 14.2
$60,000 to $74,999 34 13.8
$75,000 to $104,999 29 11.7
$105,000 or more 46 18.6

Education
Grade School 1 0.4
Some High School 10 4.0
High School Graduate 62 25.1
Some College 61 24.7
College Graduate 66 26.7
Advanced Degree 47 19.0

Housing Structure
Mobile/Manufactured Home 36 14.6
One-family house detached from other buildings 149 60.3
One-family house attached to other buildings 25 10.1
A building with apartments 33 13.4
A boat, RV, van, etc. 4 1.6

Hazards Exposure on 3/25/21 or 3/27/21
Had property damage 88 35.6
Had Injuries 67 27.1
Knew people who had damage to their property 158 63.9
At the time of the event, believed they or someone they knew could be killed or harmed 197 79.7
Viewed scenes of the aftermath (damaged areas, debris) 220 87.6

my home”, “I think that a tornado can cause injury to me or other family members”, “I think that tornadoes are unpredictable”,
“I think that tornadoes can pose great financial threat”, and “Thinking about the possibility of a tornado makes me feel fearful or
worried.” Each item is scored on a 5-point Likert scale from 1 (strongly disagree) to 5 (strongly agree). In the present sample, the
Cronbach's alpha value was 0.83 (M = 24.47, SD = 4.98).

Flash flood risk perception. Based on prior research [38,51] flash flood risk perceptions were measured with six items assessing
the degree to which the respondent perceives flash flood hazard situations as a threat to create a latent variable. These questions in-
cluded: “I think that flash floods are likely to happen in my area”, “I think that a flash flood can cause major damage to my home”, “I
think that a flash flood can cause injury to me or other family members”, “I think that a flash flood is unpredictable”, “I think that
flash floods can pose great financial threat”, and “Thinking about the possibility of a flash flood makes me feel fearful or worried.”
Each item is scored on a 5-point Likert scale from 1 (strongly disagree) to 5 (strongly agree). In the present sample, the Cronbach's alpha
value was 0.77 (M = 21.26, SD = 5.14).

Tornado protective actions. Based on prior research [52]; Ash, 2016) tornado protective actions were measured by the following
four indicators related to TORFF warnings on March 25th or 27th, 2021 to create a latent variable: “I paid attention to the weather
forecasts and warnings because I knew about the threat of tornadoes that day.” “I searched for more information of forecasted timing
and severity of the tornado threats (e.g., look to TV, social media, online, apps).” “I sought confirmation of the tornado threats (e.g.,
looked outsides, environmental cues).” “I took action to protect myself or my loved ones against the threat of tornadoes that day
(e.g., sought shelter below ground or in an interior room, evacuated mobile/manufactured home).” Each item is scored on a 5-point
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Likert scale from 1 (strongly disagree) to 5 (strongly agree). In the present sample, the Cronbach's alpha value was 0.75 (M = 9.76,
SD = 2.24).

Flash flood protective actions. Based on prior research [38,51] flash flood protective actions were measured by the following
four indicators related to TORFF warnings on March 25th or 27th, 2021 to create a latent variable: “I paid attention to the weather
forecasts and warnings because I knew about the threat of flash floods that day.” “I searched for more information of forecasted
timing and severity of flash flood threats (e.g., look to TV, social media, online, apps).” “I sought confirmation of the flash flood
threats (e.g., looked outsides, environmental cues).” “I took action to protect myself or my loved ones against the threat of flash
flooding that day (e.g., went to higher ground, avoided flooded areas).” Each item is scored on a 5-point Likert scale from 1
(strongly disagree) to 5 (strongly agree). In the present sample, the Cronbach's alpha value was 0.82 (M = 8.50, SD = 2.59).

5. Statistical analysis
Structural Equation Modeling (SEM) was used to examine the protective decision-making process during overlapping tornado and

flash flood warnings. SEM is a statistical method that combines confirmatory factor analysis and path analysis which provides impor-
tant advantages for this analysis. First, SEM is able to estimate latent variables from indicators of the underlying constructs and ac-
counts for measurement error. Second, SEM also allows for the simultaneous examination of direct and indirect relationships between
multiple independent and dependent variables (e.g., hazard warning information, tornado and flash flood risk perception, tornado
and flash flood protective action), allowing for a more accurate model of complex path structures between multiple variables [53].

Data analyses were completed using R statistical software and packages (R Development Core Team, 2011). SEM is able to esti-
mate both the proportion of variance common to multiple indicators of a given construct and the structural relations among latent
constructs while correcting for measurement error [53]. Following this two-step procedure recommended by Kline [53]; a confirma-
tory factor analysis (CFA) of the measurement structure first tested the relationships between latent variables and indicators to test
the study's hypotheses. Confirmatory factor analysis (CFA) is a method for measuring latent variables based on the correlated varia-
tions of the dataset from their indicators. In the CFA, each parameter of the measurement model was estimated to produce a predicted
variance-covariance matrix (e.g., Σ) that resembles the sample variance-covariance matrix (e.g., S). The objective in a CFA was to find
a set of factor loadings that produce the predicted Σ matric using the input of S matrix [53].

Second, after establishing the measurement model, a structural model was estimated to examine the direct and indirect associa-
tions between the independent and dependent variables that are hypothesized to influence people's protective actions during dual
hazards (e.g., hazard warning sources, risk perception, behavioral actions). In the structural model, unstandardized coefficients are
model parameter estimates based on the analysis of raw data, while the standardized coefficient, or a beta value (β), indicating the
size and direction of the effect of an independent variable on the dependent variable in a path model based on the analysis of stan-
dardized data [53]. To estimate the SEM models, the fixed factor method was used which sets the latent variance to one (e.g.,
ψ = 1.0) and a robust maximum likelihood estimation to ensure multivariate normality [53]. For missing data, a full information
maximum likelihood estimation was implemented. The indirect effects between variables were further tested using Preacher and
Hayes [54] procedure by inspecting the 95% confidence interval of 1000 bootstrapped resamples of the product of coefficients to en-
sure the confidence intervals do not include zero, and therefore the effect is considered statistically significant.

Guidelines for goodness of fit indices for estimated models (Little, 2013) included chi-square test (χ2) which tests the hypothesis
that there is a discrepancy between model-implied covariance matrix and the original covariance matrix, the root mean square error
of approximation (RMSEA; values of 0.08 or less indicate adequate fit), standardized root mean square residual (SRMR; values of 0.08
or less indicate adequate fit), Tucker–Lewis Index (TLI; which should be equal to, or greater than values of 0.90), and comparative fit
index (CFI; which should be equal to, or greater than values of 0.90). Modification indices were also inspected for high values indicat-
ing the possible need to remove an item or change the path of an indicator (Little, 2013).

6. Results
To examine protective decision-making during overlapping tornado and flashflood warnings, we used structural equation model-

ing (SEM) to examine the associations between the observed variable (hazard-related information sources) and latent variables (haz-
ard risk perceptions and protective actions). We first conducted a confirmatory factor analysis of the measurement model to ensure
the study's indicators represented the latent variables well (Table 3). The measurement model was found to exhibit acceptable fit with
the data and the model fit statistics were: χ2(164) = 627.952, p < .01, CFI = 0.91, TLI = 0.91, RMSEA = 0.06, SRMR = 0.08.
Comparative fit index (CFI) and Tucker-Lewis index (TLI) values are above 0.90 (Little, 2013). Root mean square error of approxima-
tion (RMESA) is below the threshold of 0.8 and standardized root mean square residual (SRMR) is below 0.08 (Little, 2013). All factor
loadings (λ) were found to be greater than 0.50 (0.51–0.88), suggesting that the measurement items are reliable [55]. Therefore, the
latent constructs were found to be reflected by their corresponding items.

After establishing the measurement model, the structural model was estimated. In the structural model, the Flash Flood Risk →
Tornado Protect (β = 0.130, p = .189) path was not found to be significant, thus a revised model was estimated that deleted or
trimmed the nonsignificant path to find the most parsimonious model [56]. In addition, additional inspections such as residual matrix
and modification indices were conducted [53]. Based on the inspections, correlated residual variances were included in the model for
tornado risk item 2 and 3 and flash flood risk item 2 and 3. The revised structural model was found to achieve acceptable fit, model fit
statistics included: χ2(181) = 528.140, p < .01, CFI = 0.91, TLI = 0.90, RMSEA = 0.08, SRMR = 0.08.

Our first hypothesis (H1) predicted that access to more hazard-related information sources will be associated with (a) increased
tornado risk perceptions and (b) increased flash flood risk perceptions. H1a was supported as results found that for the public, having
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Table 3
Measurement model.

Latent Variables and Indicators Factor
Loading

Standard
Error

R2

Tornado Risk Perceptions
TR1: I think that tornadoes are likely to happen in my area 0.680 0.062 0.463
TR2: I think that a tornado can cause major damage to my home 0.851 0.069 0.725
TR3: I think that a tornado can cause injury to me or other family members 0.885 0.063 0.783
TR4: I think that tornadoes are unpredictable 0.807 0.070 0.652
TR5: I think that tornadoes can pose great financial threat 0.775 0.084 0.601
TR6: Thinking about the possibility of a tornado makes me feel fearful or worried 0.543 0.080 0.294

Flash Flood Risk Perceptions
FR1: I think that flash floods are likely to happen in my area 0.564 0.075 0.319
FR2: I think that a flash flood can cause major damage to my home 0.716 0.070 0.513
FR3: I think that a flash flood can cause injury to me or other family members 0.800 0.062 0.640
FR4: I think that a flash flood is unpredictable 0.676 0.070 0.457
FR5: I think that flash floods can pose great financial threat 0.687 0.083 0.472
FR6: Thinking about the possibility of a flash flood makes me feel fearful or worried 0.693 0.074 0.480

Tornado Protective Action
TP1: I paid attention to the weather forecasts and warnings because I knew about the threat of tornadoes that day 0.699 0.065 0.489
TP2: I searched for more information of forecasted timing and severity of the tornado threats (e.g., look to TV, social media,

online, apps)
0.704 0.063 0.495

TP3: I sought confirmation of the tornado threats (e.g., looked outsides, environmental cues) 0.530 0.058 0.281
TP4: I took action to protect myself or my loved ones against the threat of tornadoes that day (e.g., sought shelter below

ground or in an interior room, evacuated mobile/manufactured home)
0.712 0.056 0.508

Flash Flood Protective Action
FP1: I paid attention to the weather forecasts and warnings because I knew about the threat of flash floods that day 0.811 0.054 0.658
FP2: I searched for more information of forecasted timing and severity of flash flood threats (e.g., look to TV, social media,

online, apps)
0.750 0.055 0.563

FP3: I sought confirmation of the flash flood threats (e.g., looked outsides, environmental cues).” 0.517 0.052 0.267
FP4: I took action to protect myself or my loved ones against the threat of flash flooding that day (e.g., went to higher

ground, avoided flooded areas)
0.855 0.053 0.730

access to more hazard-related information sources increased respondents’ tornado risk perception (β = 0.202, p < .01). H1b was
also confirmed as results founds more hazard-related information sources increased flash flood risk perceptions (β = 0.434,
p < .001). Next, our second hypothesis (H2) predicted that having increased tornado risk perceptions will be associated with (a)
more tornado protective actions, and (b) less flash flood protective actions. H2a was confirmed as results found that tornado risk per-
ception was found to increase tornado protective actions (β = 0.302, p < .01), and H2b was confirmed when tornado risk perception
was found to decrease flash flood protective action (β = - 0.182, p < .05). Our third hypothesis (H3) predicted that having increased
flash flood risk perceptions will be associated with (a) more flash flood protective actions, and (b) less tornado protective actions. Re-
sults found that H3a was confirmed as flash flood risk perception was found to increase flash flood protective actions (β = 0.315,
p < .01), but H3b was not confirmed as flash flood risk perception did not have an effect on tornado protective actions. Finally, the
indirect effects were tested and results found that hazard information sources were associated with greater tornado protective action,
via the mediating pathway of tornado risk perception (β = 0.057, p < .01, [CI 95%: 0.020, 0.077]) based on the 95% confidence in-
terval from 1000 bootstrapped resamples [54]. In addition, results found that hazard information sources were also associated with
greater flash flood protective action via the mediating pathway of flash flood risk perception (β = 0.042, p < .001, [CI 95%: 0.025,
0.108]) based on the 95% confidence interval from 1000 bootstrapped resamples. See Table 4 and Fig. 3 for structural model results.

7. Discussion
While previous studies have highlighted the protective decision-making process during both tornadoes and flash flood events, this

study examined the decision-making process when both threats occur. We examined the direct and indirect relationships between
hazard information sources, risk perception, and protective action variables using structural equation modeling. Our results indicate
several main findings.

First, we found that having multiple hazard information sources was directly associated with increased risk perception for both
hazards, tornado and flash flood. Consistent with prior research [14,22,23,28] our finding highlights the central role of hazard warn-
ing and information sources in initiating the cognitive processes for protective decision-making. The current study sheds new light on
the need to understanding how warning notifications motivate individual behavior through risk perception, particularly in multi-
hazard situations. Results suggest that during TORFF events, public risk perception for both hazards was increased by receiving haz-
ard information from multiple sources. However, it is worth noting that our hazard warning sources variable only measured the num-
ber of hazard warning sources and did not disaggregate forecast information or warning communication content related to each haz-
ard threat.
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Table 4
Structural Model.

Direct and Indirect Paths Standard Estimate Standard Error

Hazard Info Sources → Tornado Risk (R2 = 0.08) 0.202** 0.016
Hazard Info Sources → Flash Flood Risk (R2 = 0.19) 0.434*** 0.019
Hazard Info Sources → Tornado Protect (R2 = 0.30) 0.402*** 0.025
Hazard Info Sources → Flash Flood Protect (R2 = 0.39) 0.488*** 0.024
Tornado Risk → Tornado Protect (R2 = 0.30) 0.302** 0.104
Tornado Risk → Flash Flood Protect (R2 = 0.39) - 0.182* 0.102
Flash Flood Risk → Flash Flood Protect (R2 = 0.39) 0.315** 0.120
Hazard Info Sources → Tornado Risk → Tornado Protect (R2 = 0.30) 0.057**

[CI: 0.020–0.077]
0.014

Hazard Info Sources → Flash Flood Risk → Flash Flood Protect (R2 = 0.39) 0.042**
[CI: 0.025–0.108]

0.019

Note: N = 247, Model Fit: χ2(181) = 528.140, p < .01, CFI = 0.91, TLI = 0.90, RMSEA = 0.08, SRMR = 0.08. *p < .05, **p < .01, ***p < .001.

Fig. 3. Diagram of Structural Model. N = 247, Model Fit: χ2(181) = 528.140, p < .01, CFI = 0.91, TLI = 0.90, RMSEA = 0.08, SRMR = 0.08. *p < .05, **p < .01,
***p < .001.

We also found that risk perceptions played both a direct and mediating link for increased protective actions for both threats (e.g.,
looking for more information, sought confirmation, sheltered below ground, avoided flooded areas). This finding confirms the per-
ceived probability or consequences that relate to hazards is direct motivator for protective action [22,27,30]. In addition, our findings
indicate that risk perception is a mediating agent in a multi-stage model, as theorized by behavioral response models [22,31]. As our
SEM model shows, after individuals become aware of hazard threats, it initiates appraisal of risk, which in turn affects a behavioral re-
sponse. Risk perception, therefore, was found to provide a mediating mechanism that connects hazard warning information to a be-
havioral response of protective action against hazards.

Furthermore, our findings highlight the complexity of decision-making when tornadoes and flash flood threaten concurrently. As
our results indicate, even when people are aware of both threats, deciding what protective actions to take can be complex and may
lead to prioritizing protective action for one threat over the other. Specifically, our findings indicated that while tornado risk percep-
tion increased tornado protective action, it decreased protective action for flash flood events. In addition, we found that flash flood
risk perception did not have an effect on tornado protective action. This finding is consistent with prior research by Henderson et al.
[4], which found NWS forecasters believe the public perceives tornadoes as more dangerous than flash floods, and therefore they are
more likely to attend to tornado warnings than flashflood warning. Thus, during TORFF situations, tornado risk perceptions may play
an amplified role in how people assess both threats and make decisions to take protective action. Furthermore, these results highlight
that risk perceptions in other compound hazard context could lead to interacting risk situations, where one threat (i.e., tornadoes) is
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perceived as greater than the other, and one hazard could reduce protective action for another hazard [57]. For example, in a qualita-
tive study with mobile/manufactured home residents in the Southeast on their tornado protective decision-making, Ash (2016) found
respondents indicated that one hazard (i.e., lightning) could affect protective action decision-making for a second hazard (tornadoes)
when a portion of respondents noted they routinely unplug electronics during thunderstorms to protect property from an electrical
surge caused by lightning. Local television stations are still the most widely used source for weather hazard information in the USA,
and therefore if the television is unplugged, one is less likely to receive an urgent bulletin about a tornado in their area and fail to en-
act a sheltering plan (Ash, 2016). Our results, along with these examples, further highlight how in multi-hazard situations one hazard
threat could be perceived as greater and reduce protective actions for another hazard.

In addition, our findings highlight that social vulnerability may further compound protective decision-making. Although TORFF
events can occur anywhere across the U.S., these events presented a unique issue as they occurred in a region of the U.S. with a high
percentage of homes that are mobile/manufactured [17]. Thus, the consequences of dual warning messaging as it relates to popula-
tion protective actions are heightened in this region. Prior research has illustrated that the elevated mobile/manufactured housing
density leads to greater probability of tornado fatalities [13,40]; Schmidlin et al., 2009 [43,46,47]; Simmons & Sutter 2011; [11].
Therefore, when tornado threats arise, NOAA, NWS, and Federal Emergency Management Association (FEMA) recommend that resi-
dents flee their home for more sturdy shelter [11] which presents an issue given most residents will evacuate their home in a vehicle,
and could place themselves at greater risk for flash flooding. Complicating the issue even further, the Southeast is home to the great-
est frequency of nocturnal tornado events [13,58,59] which makes driving during heavy rains after dark even more dangerous. How-
ever, it is important to note that while we were able to compare the social vulnerability characteristics of our study area to our survey
demographics, our sample size and geographic scope limited the ability to examine SEM relationships between social vulnerability in-
dicators and the survey variables. Future research should be conducted with a larger sample size to examine potential relationships
between social vulnerability indicators and protective decision-making (e.g., spatially explicit SEM).

In total, TORFF events can create complex weather scenarios with conflicting safety protocols that can create uncertainty and con-
fusion for protective decisions, particularly among socially vulnerable populations. In terms of implications, we recommend more
public education and awareness on TORFF hazards is needed, especially within high TORFF risk areas in the U.S. Southeast. Informa-
tion on the frequency of TORFF events that occur every year, along with guidance on how the public might assess their potential for
compounding risk given their location (e.g., located near a flood plain) and shelter vulnerabilities (e.g., residing in a mobile/manufac-
tured home), could help increase public awareness and protective actions for both threats. For example, public outreach initiatives
and educational materials (e.g., handouts, website information) could be developed for individuals living in TORFF-prone communi-
ties to increase public awareness and motivate safety planning for when both extreme winds and flash flooding occur. Preparedness
and warning information should include socially vulnerable populations. For instance, safety planning for mobile/manufactured
home residents can include preparing tornado evacuation plans that are routed to avoid flood-prone areas. Likewise, during TORFF
warning situations, forecasters and emergency management should provide specific guidance on what residents should do to seek
protection from both tornadoes and flash flood threats (e.g., evacuate from mobile/manufactured homes; do not drive through
flooded road; do not shelter in roadside ditches or storm drainage systems; see Ref. [4]. However, as our findings indicate, deciding
what protective actions to take can be complex and often nuanced to each individual situation.

Our findings also identify several additional areas for future research. First, more in-depth investigation into how diverse popula-
tions perceive, interpret and respond to TORFF warnings is needed. More specifically, future studies should employ qualitative meth-
ods for providing further context into lived experiences (Bica et al., 2021) and protective decision-making process that occurs during
dual hazards. Second, our results suggest it is important to understand how multiple risk perceptions (e.g., tornado and flash flood) in-
teract to affect protective actions. However, while this study focused on cognitive risk perceptions (e.g., perceived likelihood of
threat, severity of impacts), other research suggests it is also important to investigate people's perceived efficacy or coping appraisal,
as these can also have influence on decision-making [22,60]. Furthermore, our study highlights the importance of effectively commu-
nicating multi-hazard risk and uncertainties and the need for protective guidance that considers how the public can respond to multi-
hazard threats [61]. Future research is needed to test how to effectively communicate multi-hazard risk and uncertainties related to
TORFF events in locally relevant ways [62]. This knowledge can then be used to improve overlapping tornado and flashflood alerts
with the goal of helping people prepare for and evaluate risk combinations and decide what to do given the dynamic, uncertain nature
of multi-hazard threats [63]. The global COVID-19 pandemic has shown the urgent need for research that considers the interactions
of multi-hazard risk between natural hazards and pandemics (e.g., seeking refuge at a mass shelter vs. social distancing) along with
compounding social vulnerabilities. Understanding the protective decision-making process within multi-hazard risk situations is es-
sential for reducing deaths and injuries and for developing mitigation and resilience-building strategies for the future.

8. Conclusion
Traditionally, disaster planning and communication has focused on specific, singular events. In the current study we examined the

direct and indirect effects between hazard warning sources, risk perceptions, and protective actions during concurrent tornado and
flash flood threats using SEM. We found that hazard warning sources had a direct effect on increased risk perceptions (both tornado
and flash flood) and an indirect effect on increased protective actions (both tornado and flash flood) through risk perceptions. Results
also found that while risk perceptions of tornado threats led to prioritizing protective actions for tornadoes, they decreased protective
actions for flash flood events. These results highlight that more public education and awareness on TORFF hazards is needed, along
with dual protective guidance, particularly for socially vulnerable populations. Increasing multi-hazard education and awareness is
essential for reducing vulnerability and enhancing public protective actions.
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