VOLUME 15 WEATHER, CLIMATE, AND SOCIETY APR-JUN 2023

A Weather-Ready Nation for All? The Demographics of Severe Weather
Understanding, Reception, and Response

MICHAEL D. SMITH®,? JOHN E. TEN HOEVE,® CHRISTOPHER LAUER,° AND VANKITA BROWNY

# NOAA/Economics and Social Sciences Research, Alaska Fisheries Science Center, Seattle, Washington
® NOAA/Weather Program Office, NOAA Research, Silver Spring, Maryland
¢ Office of Standards Evaluation and Development, U.S. Coast Guard, Washington, D.C.
4 NOAA/Office of Under Secretary of Commerce for Oceans and Atmosphere, Silver Spring, Maryland

(Manuscript received 20 April 2022, in final form 20 December 2022)

ABSTRACT: NOAA’s National Weather Service (NWS) provides forecasts, warnings, and decision support to the public
for the protection of life and property. The NWS Weather-Ready Nation model describes the process of applying weather
information to achieve societal value. However, it is not clear how different racial and socioeconomic groups across the
United States receive, understand, and act upon the weather information supplied under this model. There may be barriers
that keep important, lifesaving information from the populations at the highest risk of severe weather impacts. This paper
estimates the extent of racial and socioeconomic disparities in severe weather risk information reception, comprehension,
response, and trust, as well as severe weather preparedness and risk perceptions in the United States. We use data from
the University of Oklahoma’s Severe Weather and Society Survey, which is annually completed by a sample of 3000 U.S.
adults (age 18+) that is designed to match the characteristics of the U.S. population. We pool data over four years
(2017-20) to provide reliable severe weather risk prevalence statistics for adults by race, ethnicity, and socioeconomic char-
acteristics. As a robustness check, we supplement this information with data from the annual FEMA National Household
Survey. We find that racial and socioeconomic groups receive, understand, trust, and act upon severe weather information
differently. These findings suggest that NWS and their partners should adjust their communication strategies to ensure all
populations receive and understand actionable severe weather information.

SIGNIFICANCE STATEMENT: Itis crucial that severe weather risk communication is received, appropriately inter-
preted, and trusted by all communities—especially the most vulnerable. Past research has not explained how different
racial and socioeconomic groups receive, understand, and act upon NWS forecasts and warnings. This study finds that
racial and socioeconomic groups receive, understand, trust, and act upon severe weather information differently. Risk
communication strategies should be adjusted to eliminate barriers that keep important, lifesaving information from vul-
nerable populations.

KEYWORDS: Climate services; Communications/decision-making; Decision support; Emergency preparedness;
Societal impacts; Vulnerability

1. Introduction The WRN vision is that communities across the nation
should be ready, responsive, and resilient to hazardous weather
and water events (Uccellini and Ten Hoeve 2019). This became
the foundation of a new NWS strategy, which involves the
NWS, America’s weather industry, academia, nonprofit organi-
zations, and federal, state, and local agencies involved in di-
saster response, working together to reduce the impact of
extreme weather (Department of Commerce 2022). Over
the last 10 years, NWS has made great strides in building re-
lationships with core partners, including emergency manag-

In 2011, 550 people in the United States died because of
tornadoes. In response, the National Oceanic and Atmospheric
Administration (NOAA) held a national summit in Norman,
Oklahoma, on 13 December 2011, with 175 participants from
government, academia, industry, emergency management,
the media, and nongovernmental organizations (Moore et al.
2012). The consensus that emerged was that all parties pre-
sent needed to work together and better connect forecasts
and warnings to decisions made by public safety officials, indus-
tries, and the public. This required a new level of relationship- TS, Water resource managers, public safety officials, and the
building, education, and outreach before hazardous weather media.
events, as well as new ways to communicate and deliver forecasts NOAA recognizes that it cannot achieve a weather-ready
and warnings. NOAA created Weather-Ready Nation (WRN) nation alone. It takes the entire weather enterprise working

as part of its National Weather Service (NWS) to answer this  together (academia, government, industry) to reach the diver-
need. sity of sectors and publics in need of weather information.

The Weather Research and Forecasting Innovation Act
(Weather Act) of 2017 directs NOAA to use social and be-
havioral science to improve communication and delivery of
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FIG. 1. The NWS Weather-Ready Nation logic model [the figure is adapted from Eastern Research Group (2016)].

13985, issued in 2021, goes further to mandate the federal gov-
ernment assess and improve the equity of government serv-
ices (Executive Office of the President 2021).

The Weather-Ready Nation concept requires that the role
of the NWS does not end at the provision of an observation,
forecast, or warning. NWS provides Impact-Based Decision
Support Services (IDSS; NWS 2020) before, during, and after
extreme events (Uccellini and Ten Hoeve 2019). The Weather
Act directed the NWS to increase IDSS to “state, local, and
tribal emergency management agencies, and other agencies
related to disaster management, to ensure a planned, coordi-
nated, and effective preparedness and response effort.” To
fully meet the mission of protecting lives and property, the
NWS must connect IDSSs to the needs of a wide array of de-
cision-makers and must measure the societal outcomes that
result from that interaction.

It is vital that different racial and socioeconomic groups
across the United States receive, understand, and act on
severe' weather information, and whether they do should
shape policy decisions. Yet we know little about whether they
do. This question is only becoming more urgent, as the nation
experiences demographic shifts. According to the 2020 census,
the Hispanic or Latinx population increased by more than
23% since 2010, making up more than 18% of the U.S. popu-
lation. Accounting for a little more than 19 million, the Asian
population is the fastest growing demographic group, growing
more than 35% in the last decade, and is expected to reach
more than 46 million by 2060 (U.S. Census Bureau 2021). His-
torically marginalized groups are disproportionately affected
by climate change and its effects, including severe storms,

!'We use the term “severe” to include both “extreme” and
“severe” weather events, as compared with the typical meteoro-
logical definition, which only includes weather from mesoscale
features such as thunderstorms or tornadoes.
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hurricanes, flooding, and extreme heat (EPA 2021; Tripati
et al. 2022).

Figure 1 presents a conceptual model used by NWS to de-
pict how observations, forecasts, and warnings create societal
value® as measured by avoided injuries, loss of life, and prop-
erty damage caused by hazardous weather, adapted from
Eastern Research Group (2016). The NWS observations,
forecasts, and warnings rely on a complex system of observing
infrastructure, numerical models, and computing resources.
Trained meteorologists must analyze information and com-
municate it through multiple channels and to multiple audien-
ces, from partners to the public, with varying levels of training
and experience. As part of this process, NWS provides IDSS
before, during, and after hazardous weather events (Uccellini
and Ten Hoeve 2019). Before an event, these efforts improve
understanding and comprehension of NWS products and
services and help foster relationships between NWS personnel
and local officials improving overall preparedness (Lazo et al.
2020). During the event, the NWS provides interpretative
services by putting forecasts and warnings in historical context
while helping government and community partners with real-
time decision-making. Given the key role NWS partners play
in a community’s ability to respond appropriately to hazard-
ous events, it is important that NWS cultivate partnerships
that can reach all segments of society, including historically
underserved or vulnerable populations. At the same time,
NWS must also improve the effectiveness of its direct out-
reach and hazard communications to these communities.

The WRN logic model ties the entire weather value chain
(observations, model guidance, forecasts and warnings, and

2 The weather enterprise contributes to these same societal out-
comes through their own individual logic models, but for simplicity
their contributions are not included.
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decision support) to intermediate and long-term indicators of
societal value (Fig. 1). Through decision support to partners
and direct communication of forecasts and warnings to the
public, the NWS aims to ensure the public’s capacity to under-
stand risks and respond appropriately in the face of extreme
weather and water events (Fig. 1). The WRN logic model
uses the following intermediate indicators to track this
capacity:

¢ Better informed—Measures reflecting how well informed
the public is about weather-related risks.

¢ Get prepared—Measures reflecting how well prepared the
public is prior to any event.

e Take action—Measures reflecting whether or not the public
took appropriate actions once an event occurs.

Individuals can take a range of actions in the face of an
extreme event based on their socioeconomic status and per-
sonal level of risk, all of which can improve preparedness
and response above a given baseline. To identify the actions
and partnerships that will be most effective at targeting
NWS efforts, we aim to identify which groups currently
lack capacity to obtain, understand, and act on NWS infor-
mation. Note that this logic model can be extended to the
entire weather enterprise, since the weather enterprise is
involved in all aspects of the weather value chain from ob-
servations to direct communication of forecasts to decision
support. Many of the results presented in this paper are the
result not just of NWS and NOAA efforts but of efforts of
the enterprise as a whole. Over the years, the NWS has
taken steps to build relationships with communities and
community organizations at the local level that expand
availability of NWS products and services to all Americans,
regardless of their socioeconomic status or racial back-
ground. A network of NWS volunteers provides prepared-
ness and forecast information in Spanish to offices across
the country to use in their operations (Trujillo-Falcén et al.
2021). Local and national efforts are growing to provide
services to the Deaf and Hard of Hearing Community
(Saari et al. 2019; https://www.weather.gov/wrn/dhh-safety).
The Flagstaff Weather Forecast Office developed a Navajo
Nation weather dashboard on their website to provide
IDSS specifically to this population (Panasiak et al. 2018;
https://www.weather.gov/fgz/Dashboards). Another exam-
ple involves the Metlakatla Indian Community in southeast
Alaska, which experienced one of the worst drought peri-
ods in 2018/19 resulting in the loss of hydropower to the
entire island impacting their electrical power generation,
drinking water, fisheries, and forest health. The NWS
Weather Forecast Office in Juneau, Alaska, provided
weekly IDSS drought updates to the Mayor of Metlakatla
for a full year, laying the groundwork for communication
networks into tribal communities across southeast Alaska
(https://www.weather.gov/media/wrn/NWS_Strategic_Plan_
Status_Update_FY19-20.pdf). In addition, NWS local offices
have built strong relationships with Pacific Island Nations, Afri-
can American populations across the South, and urban home-
less populations.
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Yet, only recently has NWS begun to adapt its long-standing
community engagement programs’ to address equity more ho-
listically (Department of Commerce 2022). For example, the
NWS is in the process of establishing a cohesive Community
Engagement Program (CEP) by restructuring existing pro-
grams to ensure historically underserved and socially vulnera-
ble communities can access NWS data and services. Significant
additional opportunities for progress on equity remain.

This paper examines how different racial and socioeco-
nomic groups receive, understand, trust, and act upon severe
weather information. This information may allow policy mak-
ers and weather services providers to address the barriers that
keep preparedness, communication, and response informa-
tion from certain vulnerable populations and better tailor
their products and communication efforts.

Review of literature related to the equity of weather
products and services

Inequality in information access may keep important, life-
saving information from certain populations that are more
vulnerable to extreme weather and water events (Griego et al.
2020; Strader et al. 2021). Unequal environmental impacts
have spurred a burgeoning climate justice literature that ex-
amines the interaction between extreme weather and water
events and existing social and environmental inequalities
(Smith and Wodajo 2022). Much of this literature focuses on
recovery and support after hazardous weather (e.g., Emrich
et al. 2019; McBride 2017; Méndez et al. 2020; Muifioz and
Tate 2016; Thompson et al. 2017). The impacts of climate
change are often unequal, disproportionately impacting popu-
lations who contributed least to the crisis (Watts et al. 2021).
Racial and ethnic inequities have significant implications for
the vulnerability and resiliency of communities to weather
and water-related events (Herreros-Cantis et al. 2020; EPA
2021). Each of these vulnerable racial and ethnic groups have
their own unique history, challenges, and opportunities associ-
ated with accessing, trusting, and acting on NWS information.
To give a detailed account of each group is beyond the scope
of this paper; however, we discuss several examples from the
literature below.

In the United States, historic environmental racism practi-
ces such as redlining in relation to home loans, relegated
many non-Whites to live in less desirable areas—including
areas where industrial sites and highways have led to higher
exposure to air pollutants, or to areas vulnerable to flooding.
These areas also include urban core spaces or cities that are
warmer due to urban heat islands that are created because of
the proliferation of paved parking lots, asphalt roads, build-
ings, and the lack of green spaces. Most death from heatwaves
occur in cities, and in their study of the 175 largest urbanized
areas in the United States, Hsu et al. (2021) found that on av-
erage, non-White minorities live in a census tract with higher

3 For example, the StormReady Communities Program, Sky-
warn Spotters Program, and the Weather-Ready Nation Ambassa-
dors Program.
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surface heat island intensity and are 2 times as likely to die
from heatwaves and suffer heat-related illnesses.

People of color are also disproportionately exposed to ex-
treme heat through their occupations. Noncitizen and Latinx
migrants make up 50% and 75% of agricultural workers in
the United States, respectively, and agricultural workers are
20 times as likely to die from heat-related illnesses as the aver-
age American worker (Castillo et al. 2021).

Inadequate language access is also a source of social vulner-
ability, leading to disproportionate damage and loss to popu-
lations with limited English proficiency in disaster (Xiang
et al. 2021). This is critical, considering that more than 67 million
people in the United States speak a language other than English
at home (Zeigler and Camrota 2019). Post-Hurricane Katrina
assessments have noted that many undocumented immigrants
were unaware of the danger of Katrina and failed to evacuate in
part because of limited English proficiency (Santos-Herndndez
2006). In 2013, tornadoes in Oklahoma killed nine people
from the Guatemalan community, and NWS acknowledges
that a lack of warnings in Spanish may have contributed to
their death. Trujillo-Falcon et al. (2022) surveyed a sample
of U.S. English (n = 1550) and Spanish (n = 1010) speakers
on their ability to accurately interpret the translations of
weather watches and warnings in order to determine whether
these translated products lead to linguistic disparities. In addi-
tion, they asked fluent Spanish speakers to evaluate the urgency
of translations of weather watches and warnings. To enhance
the impact of severe weather communications in multilingual en-
vironments, they recommend the NWS translate the meaning,
not the words, of critical risk statements in weather products. In
2017, the Multimedia Assistance in Spanish (MAS) team was es-
tablished in the southern region of the NWS and has since ex-
panded to include Spanish-speaking staff from across the
organization. This group assists with the Spanish translation of
important communications. Additionally, the NWS has a second
Spanish outreach team that translates fact sheets and prepared-
ness materials. Both teams are composed of volunteers and
have no dedicated resources. The NOAA service evaluations
completed for Hurricanes Florence and Michael in 2018 recom-
mend that translation resources were underutilized and that
they should be used more effectively during significant weather
events. In addition, the study suggests that these programs re-
ceive specific funding and be more officially structured (NWS
2020).

Maantay and Marko (2009) found that data aggregated by
census tract can underestimate flood exposure for minority
populations. Flooding risks are also more concentrated in
metro areas, and those who live in the lowest lying areas and
neighborhoods—without green space to absorb water—are
often individuals with low wealth and who are non-White. Re-
search has also identified several socioeconomic characteris-
tics that are associated with challenges to extreme weather
preparedness, communication, and response. For instance,
Senkbeil et al. (2012) found that education, age, and race all
influenced shelter-seeking behavior during severe storms.
Phillips and Morrow (2007) identify several factors that influ-
ence weather warning reception including age, race and eth-
nicity, disability, occupation, immigration status, and the
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interaction of these factors. Schumann et al. (2018) developed
a model of tornado warning reception that shows demographic
variables and previous experience affect warning response. So-
cial vulnerability data have helped to explain variances in
death and property damage estimates due to flooding and tor-
nadoes (Ashley et al. 2014; Ashley and Strader 2016; Strader
and Ashley 2015; Tellman et al. 2020).

This study uses data from the University of Oklahoma’s
Severe Weather and Society Survey, which is an annual online
survey that uses a sample of 3000 adults (age 18+) and is de-
signed to match the demographic characteristics of the U.S.
population as measured by the U.S. Census Bureau. The sur-
vey asks respondents numerous questions related to severe
weather understanding, preparedness, comprehension, and
response. For instance, Fig. 2 shows significant variation in re-
spondents’ perceived risk to severe weather segmented by
race and ethnicity. Black respondents report they are more at
risk than White respondents for extreme heatwaves (54%
vs 45%), extreme rainstorms (46% vs 39%), floods (40%
vs 26%), tornadoes (35% vs 25%), and hurricanes (34% vs
22%). Asian respondents report lower levels of perceived risk
than White respondents for extreme heatwaves (37%) and ex-
treme rainstorms (27%), but higher risk than White respond-
ents for droughts (36%). Hispanics report significantly higher
levels of perceived risk than non-Hispanics for every severe
weather category but tornadoes.

Respondents were also asked to indicate their level of trust
in severe weather information from various organizations and
groups. Figure 3 shows that Black (72%) and Asian (67%) re-
spondents have significantly lower levels of trust in the NWS
than White respondents (77%). Similarly, Hispanics report
significantly lower levels of trust in NWS (73%) than non-
Hispanics (77%). However, Black and Hispanic respondents
also report higher levels of trust in friends and family (41%
and 37%, respectively) than White and non-Hispanics.

These microlevel data make it possible to examine how
people perceive different weather hazards and how those per-
ceptions vary across different regions with varying exposure
levels, and they highlight the importance of understanding
specific community characteristics for effective communica-
tion (Silva et al. 2019; Ripberger et al. 2019; Allan et al. 2020;
Ripberger et al. 2020). We build on this foundation of re-
search and offer actionable recommendations for NWS to
improve service equity. As a robustness check, we also use re-
cent data from FEMA’s annual National Household Survey,
finding similar results. Our analysis reveals important differ-
ences in how different demographic groups receive, understand,
trust, and act upon severe weather information. Further study is
needed to understand the roots of these issues (mechanisms)
and how NWS and their local partners can most effectively ad-
dress these differences.

The remainder of this paper is organized as follows: in the
next section, we discuss the data and methods used for our
analyses; the results are then presented and discussed. We
conclude with a discussion of our findings and how they can
be used to ensure important, lifesaving information reaches
every person in the United States.
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FI1G. 2. Percentage of respondents that perceive severe weather risk for themselves and the people in their area, by race
and ethnicity (data source: 2017-20 Severe Weather and Society Surveys).

2. Data and methods

To measure the public’s capacity to respond to NWS infor-
mation we use the 2017-20 waves of the Severe Weather and
Society Survey (WX Survey) conducted by the University of
Oklahoma, which is an annual online survey of adults. Re-
spondent data are pooled over four years to ensure large
enough sample sizes for reliable analyses of population
groups. We supplement these data with FEMA’s National
Household Survey (NHS; FEMA 2021), for variables where
questions from the NHS are similar to the WX Survey. The
NHS tracks the American public’s personal disaster prepared-
ness, actions, attitudes, and motivations.

The WX Survey includes annual recurring questions that
measure forecast and warning reception, comprehension, and
response, and a rotating supplement that addresses important
emerging topics in the weather community. The online ques-
tionnaire is completed each year by 3000 adults across the
contiguous United States with a sample designed to match the
demographic characteristics of the U.S. population. The inter-
net survey company Qualtrics provides the sample of survey
participants and uses a quota system to produce representative
samples. The WX Survey provides consistent, transparent, and
replicable measures that permit generalizable inference to the
U.S. population (Ripberger et al. 2019).

The WX Survey is unique in its use of multiple questions
that gauge reception, trust, comprehension, and response

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/19/23 06:34 PM UTC

across different situations and events, which can decrease mea-
surement error (Cohen et al. 1996; Ripberger et al. 2019). The
first wave of the WX Survey in 2017 focused primarily on
questions around tornado warning reception and response,
but the survey has been expanded each year to include addi-
tional types of severe weather. While some WX Survey ques-
tions use a Likert scale—an ordered set of possible answers to
each question—we construct binary versions of each depen-
dent variable for simplicity in interpretation. While this allows
us to present measures that are easily interpretable, some in-
formation is lost using this technique. As a sensitivity analysis,
we explore the full-ordered responses in appendix D using
multilevel ordered logistic models. The results are qualitatively
similar to those using the binary measures.

a. Dependent variables

We use the intermediate capacity indicators from the WRN
logic model to construct our dependent variables—namely,
“better informed,” “get prepared,” and “take action”—to
identify relevant survey questions from the dataset (see Table 1).
See appendix A for a complete list of the survey questions associ-
ated with each WRN index.

b. Analysis samples

The survey began in 2017, focusing on tornado risk. As a re-
sult, there are typically larger sample sizes for the tornado-related
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FIG. 3. Percentage of respondents that trust information about severe weather from various information sources, by
race and ethnicity (data source: 2017-20 Severe Weather and Society Surveys).

measures. The objective comprehension, trust in information,
and risk perception questions were asked in all four years,
2017-20. Tornado information reception, subjective risk
comprehension, and weather response questions were asked
in the years 2018-20, and weather information reception
and risk perceptions were asked in 2019-20. To avoid com-
paring groups of respondents across different samples, we
combined the samples of similarly themed survey questions:

Severe weather information reception and tornado informa-
tion reception responses are combined into a single sample,
and the subjective comprehension and objective compre-
hension responses are combined into a single sample. We
dropped observations for individuals who failed to provide
valid information on one or more of the questions used to
construct the dependent variables (i.e., dropped missing ob-
servations). Column 2 of Table 1 shows the original sample

TABLE 1. Analysis samples. Counts were calculated using sample-weighted individual-level data from the 2017-20 Severe Weather
and Society Survey waves and the 2018-20 FEMA National Household Surveys.

Dependent variables Survey years Obs Regression sample
Better informed
Severe weather information reception
Weather information reception 2019, 2020 5301 5082
Tornado information reception 2018, 2019, 2020 8735 5082
Severe weather information reception (FEMA) 2018, 2019, 2020 12707 12707
Severe weather comprehension
Subjective comprehension 2018, 2019, 2020 8751 8320
Objective comprehension 2017, 2018, 2019, 2020 10612 8320
Trust in weather sources 2017, 2018, 2019, 2020 10574 10341
Get prepared
Severe weather preparedness 2019, 2020 5726 5612
Severe weather risk perceptions 2017, 2018, 2019, 2020 10962 10709
Severe weather preparedness (FEMA) 2018, 2019, 2020 12957 12957
Take action
Severe weather response 2018, 2019, 2020 8328 8162
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sizes for each group of measures. We pooled the 2017-20 WX
Survey responses to ensure adequate sample sizes for analysis.
We also dropped observations for individuals who failed to pro-
vide valid information on one or more of the questions used to
construct the control variables. Column 3 shows our sample sizes
for the regression analyses after dropping these missing values.*

c. Better informed

We study several different dimensions of “better in-
formed,” including the reception of information, comprehen-
sion of the information, and trust in the information.

1) SEVERE WEATHER INFORMATION RECEPTION

The WX Survey measures reception of information by try-
ing to capture most circumstances surrounding severe weather
information reception and encourages respondents to think
about reception of information across multiple settings and
times of day (Ripberger et al. 2019). We use two survey ques-
tions as the basis for our severe weather information recep-
tion measures: The first concerns the source of weather
information and the frequency with which each source is
used. The second asks specifically about the timeliness and re-
liability of tornado warning reception. We also examine simi-
lar questions from the FEMA NHS on preferred media
sources and real-time warning reception (FEMA 2021).

2) SEVERE WEATHER SUBJECTIVE AND OBJECTIVE RISK
COMPREHENSION

The WX Survey measures both subjective and objective
comprehension of severe weather warnings. The subjective
measure of severe weather warning comprehension uses mul-
tiple items that measure comprehension generally by asking
participants if they recognize the difference between all types
of watches and warnings, severe thunderstorm watches and
warnings, and tornado watches and warnings. The survey also
asks about respondents’ understanding of maps and radar im-
ages, which are the principal tools that forecasters use when is-
suing tornado warnings (Ripberger et al. 2019). The objective
comprehension measure uses test questions to gauge respond-
ents’ actual comprehension across multiple dimensions. The
survey first asks about basic knowledge of the difference be-
tween tornado watches and warnings, but then goes into more
detail, asking about average watch and warning lead times and
the geography of watches and warnings. These dimensions are
important because comprehension requires that severe weather
warning recipients know what the risk is, where the risk is, and
when to act if they want to reduce loss of life and property
(Ripberger et al. 2019).

3) TRUST IN SEVERE WEATHER INFORMATION

We use one survey question that asks about the level of
trust for different providers of weather information, including

“We do not apply survey weights for the regression analyses
since we use the same control variables in each model that were
used to calculate the sample weights.
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NWS, national television (TV), regional/local TV, state/local
emergency managers, and family or friends.

d. Get prepared
1) SEVERE WEATHER PREPAREDNESS

The WX Survey contains several questions about pre-
paredness, including questions about emergency supplies,
plans for emergency situations and practices, or drills to re-
spond to hazardous events. Similarly, the FEMA NHS has
several questions about preparation, shelter options, emer-
gency plans, supplies, and financial resources and respond-
ents’ confidence about their disaster preparedness.

2) SEVERE WEATHER RISK PERCEPTIONS

Last, we include questions related to respondents’ self-
rated risk for several types of hazardous weather events.

e. Take action
SEVERE WEATHER INFORMATION RESPONSE

The WX Survey measures tornado warning response by
asking respondents to estimate how often they have taken
protective action in response to past tornado warnings and
how confident they are that they will take protective action in
response to future tornado warnings in a variety of circum-
stances (Ripberger et al. 2019).

f- Other control variables

The WX Survey also collects information commonly con-
sidered determinants of severe weather information recep-
tion and response.” These variables capture demographic,
socioeconomic, and geographic characteristics and are mea-
sured at the individual and household level. Specially, we in-
clude the following variables in our multivariate regression
analyses:

¢ An indicator for whether the respondent is female.

e Age group of the respondent: 18-24 years (reference),
25-34,35-44, 45-54, 55-64, and 64-100 years old.
Indicators for whether the respondent is White (reference),
Black, Asian, or other.

e An indicator for whether the respondent is Hispanic
(ethnicity).

Indicators for whether the respondent’s highest education
level is less than high school (reference), high school, some
college, bachelor’s degree, and postgraduate degree.

¢ Respondents’ estimated total annual household income in
quartiles: $0-$50,000 (reference), $50,000-$100,000, $100,000~
$150,000, and $150,000 or more.

Indicators for whether the respondent’s current primary
residence is located in an urban location in a densely popu-
lated area, suburban location in a neighborhood that is

5> A description of the FEMA variables used is presented in
appendix A.
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TABLE 3. As in Table 2, but for tornado warning reception for linear fixed-effects models.

Receive most

Receive tornado warnings as Receive all

Variables tornado warnings soon as they are issued tornado warnings
Female 0.007 (0.014) 0.019 (0.014) 0.019 (0.015)
Black —0.030 (0.021) —0.025 (0.022) 0.008 (0.022)
Asian —0.146™" (0.029) —0.076" (0.030) —0.068" (0.030)
Other —0.071" (0.039) —0.076" (0.041) 0.037 (0.041)
Hispanic —0.006 (0.020) 0.013 (0.020) 0.019 (0.020)
25-34 0.085"" (0.026) 0.058" (0.026) 0.071"" (0.026)
35-44 0.1217"" (0.027) 0.104™" (0.027) 0.107""" (0.027)
45-54 0.126™" (0.027) 0.058™ (0.027) 0.069"" (0.027)
55-64 0.144™" (0.026) 0.085™"" (0.027) 0.068™" (0.028)
65-102 0.133"" (0.026) 0.035 (0.026) 0.036 (0.027)

High school
Some college
Bachelor’s degree
Postgraduate
$50,000-$100,000
$100,000-$150,000
$150,000 or more

0.031 (0.051)
0.035 (0.051)
0.054 (0.051)
0.073 (0.051)
0.038"" (0.016)
0.037° (0.022)
0.084™"" (0.024)

Urban 0.017 (0.016)
Rural —0.002 (0.019)
CWA- and year-fixed effects Yes

Log likelihood —3251.174
No. of obs 5082

R? 0.117

0.056 (0.051)
0.059 (0.051)
0.054 (0.051)
0.058 (0.051)
0.014 (0.017)
0.007 (0.022)
0.077"" (0.025)
0.063™" (0.017)
0.028 (0.020)

0.060 (0.051)
0.070 (0.051)
0.057 (0.051)
0.075 (0.051)
0.033" (0.017)
0.036 (0.022)
0.096"" (0.025)
0.058"" (0.017)
0.012 (0.020)

Yes Yes
—3411.174 —3485.013

5082 5082
0.091 0.076

near a densely populated area (reference), or a rural loca-
tion in a sparsely populated area.

We also include NWS County Warning Area (CWA)-fixed
and year-fixed effects in our multivariate regression analyses
to control for any policy changes and regional climate shocks.

3. Econometric methods

For the regression analyses of severe weather information
reception and response, we estimate a series of parsimonious
linear fixed-effects models to adjust for differences in demo-
graphic, socioeconomic, and geographic characteristics of
respondents.® The models for severe weather information re-
ception and response are as follows:

Y = f(race, ethnicity, gender, age, education,

household income, rurality), 1)

where Y is the binary dependent variable. The control varia-
bles in the model include race, ethnicity, gender, age groups,

® We use linear probability models instead of probit or logistic
models on the binary outcome variables to avoid the incidental
parameters problem with the fixed effects. For example, the in-
cidental parameters problem can cause fixed effects probit and
logistic models to produce biased estimates and standard errors
(i.e., in nonlinear models, as the number of groups increases to-
wards infinity, the number of estimated parameters increases at
the same rate, which may produce inconsistent estimates). As a
robustness check, we present a series of ordered logistic models
in appendix D, finding similar results with both methods.
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education level, household income, and rural, suburban, or
urban location. We are interested in how these demo-
graphic characteristics are correlated with an individual’s
ability to be informed, prepared, and take action in re-
sponse to weather-related hazards. We also include NWS
CWA- and time-fixed effects, respectively. These allow us
to control for heterogeneity across survey years, underlying
policy differences across NWS warning areas, and any re-
gional climate and/or economic shocks that may influence
peoples’ survey responses. Last, as a sensitivity analysis
to the linear fixed-effects models, we also run a series of
multilevel ordered logistic models using the full-ordered
WX Survey responses (i.e., Likert-scale variables; see
appendix D).

To conserve space, the descriptive statistics are included
in appendix B.” These statistics represent the most detailed
nationally representative information on severe weather
information reception and response across racial, ethnic,
and socioeconomic groups to date, allowing for better tar-
geting of NWS communication and services.

7 We use poststratification survey sample weights provided by
Ripberger et al. (2019) for the descriptive statistics to address
minor imbalances from the Qualtrics quota samples in the geo-
graphic and demographic attributes of respondents. The survey
weights are constructed by dividing the proportion of the target
population that shares the demographic characteristics of each
respondent (the population proportion) by the proportion of
the sample that shares these characteristics (Ripberger et al.
2019). All descriptive statistics in this report were estimated
by applying the survey weights to responses by the surveyed
individuals.
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TABLE 5. As in Table 2, but for trust in weather sources for linear fixed-effects models.
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State or local

National TV

Regional or

Variables NWS emergency managers (Weather Channel) local TV Family or friends
Female 0.030"" (0.009) 0.026™ (0.010) 0.055"" (0.010) 0.020™" (0.010) —0.009 (0.009)
Black —0.058""" (0.014) —0.038™ (0.015) 0.023 (0.014)  —0.024 (0.015) 0.029" (0.015)
Asian —0.082"" (0.020)  —0.056""" (0.021) —0.019 (0.020) —0.026 (0.021) 0.005 (0.020)
Other —0.020 (0.023) —0.033 (0.025) —0.009 (0.025)  —0.025 (0.025) —0.001 (0.024)
Hispanic —0.021" (0.012) —0.009 (0.014) —0.009 (0.014)  —0.003 (0.014) 0.025" (0.014)
25-34 0.009 (0.017) —0.016 (0.018) —0.025 (0.018) 0.001 (0.018) 0.027 (0.018)
35-44 0.058™" (0.017) 0.028 (0.018) 0.048™ (0.018)  0.078" (0.019)  0.063™" (0.019)
45-54 0.092""" (0.017) 0.038™ (0.018) 0.051" (0.018) 01117 (0.018)  —0.038"" (0.018)
55-64 0.132""" (0.016) 0.076™ (0.018) 0101 (0.018)  0.168™ (0.018) —0.056""" (0.018)
65-102 0.157"" (0.016) 0.077"" (0.018) 0.118™" (0.018)  0.160" (0.018) —0.106™" (0.017)

High school
Some college
Bachelor’s degree
Postgraduate

0.017 (0.032)
0.052 (0.032)
0.092"" (0.032)

0.078" (0.032)

—0.010 (0.034)
0.031 (0.034)
0.033 (0.035)
0.034 (0.035)

0.009 (0.034)
0.026 (0.034)
0.065" (0.034)
0.040 (0.034)

0.048 (0.034)
0.052 (0.034)
0.073"" (0.035)
0.059" (0.035)

EEEY

—0.004 (0.034)
—0.034 (0.034)
—0.052 (0.035)
—0.045 (0.035)

$50,000-$100,000 0.017 (0.010) 0.023™ (0.012) 0.021° (0.011)  0.033™ (0.011) 0.007 (0.011)
$100,000 or more 0.029"" (0.012) 0.032™" (0.013) 0.021" (0.013) 0.032"* (0.013) 0.008 (0.013)
Urban 0.034"" (0.010) 0.046™" (0.011) 0.0517" (0.011) ~ 0.047° (0.011)  0.085™" (0.011)
Rural —0.015 (0.012) —0.019 (0.014) —0.030"" (0.014)  —0.015 (0.014) 0.012 (0.013)
CWA- and year-fixed effects Yes Yes Yes Yes Yes

Log likelihood —5568.572 —6823.375 —6783.930 —6768.931 —6566.547
No. of obs 10341 10341 10341 10341 10341

R? 0.049 0.029 0.044 0.052 0.049
4. Results more likely to get weather information from every source,

We find that several racial and socioeconomic characteris-
tics are correlated with the probability of being informed, pre-
pared, and able to take action during hazardous weather
events. We do not attempt to account for potential endogene-
ity; therefore, causality cannot be inferred without strong as-
sumptions. However, understanding these correlations is a
first step in understanding the differences in severe weather
information reception and response across differing popula-
tions in the United States.

a. Better informed

1) BEING INFORMED: SEVERE WEATHER
INFORMATION RECEPTION

Table 2 shows that demographic characteristics have an
effect on the source of weather information gathered by individ-
uals. After controlling for other demographic, socioeconomic,
and geographic characteristics, we find a statistically significant
difference between Black respondents and their White
counterparts: Black respondents are more likely to get
weather information from local TV, cellular telephone
(cellphone) applications, and cable TV (6.7, 4.3, and 8.9
percentage points, respectively). Black respondents are also 6.8
percentage points less likely than White respondents to get
their weather information from nongovernment websites. Sim-
ilarly, Asian respondents are 8.9 and 6.0 percentage points less
likely than Whites to get their weather information from cable
TV and friends and family, respectively. Black respondents
are more likely than Whites to get weather information from
newspapers and government websites. Similarly, Hispanics are
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when compared with non-Hispanics.

In checking the sensitivity of the WX Survey results, it
is seen that the FEMA data similarly showed that Black
and Hispanic respondents are more likely to get weather
information from television and weather channels (see
Table C1 in appendix C for results). FEMA data also
showed that Black respondents are less likely than White
respondents to get weather information from nongovern-
mental internet sources and social media. Overall, the
FEMA results showed similar relationships to the WX
Survey results.

Gender had a small but significant effect on the likely
source of weather information. Women are less likely than
men to get weather information from local TV, nongovern-
ment websites, cable TV; but more likely than men to get
their weather information from family, friends, or col-
leagues. Women are less likely than men to get weather in-
formation from radio, social media, and newspapers. Age
correlates with likelihood of getting weather information
from local and cable TV, and declining likelihood of get-
ting weather information from websites (government and
nongovernment), social media, and family or friends. Spe-
cifically, adults 65-100 years old are 39 percentage points
less likely to get weather information from social media
than those who are 18-24 years old. Other weather sources
have a nonlinear relationship with age. For example, mid-
dle-aged respondents use cellphone applications and radio
more than both 18-24-year-olds and adults from 65 to 100.

FEMA data similarly showed that women are more likely
to get information from friends and family and social media,
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TABLE 6. As in Table 2, but for severe weather risk perceptions for linear fixed-effects models.
At risk for At risk for

extreme extreme At risk for At risk At risk for At risk for

Variables heatwaves rainstorms droughts for floods hurricanes tornadoes
Female 0.048™" (0.009)  0.022™ (0.009)  0.016™ (0.008) 0.013 (0.008) —0.024""" (0.007)  —0.002 (0.008)
Black 0.051""" (0.015)  0.035™" (0.015) 0.014 (0.013)  0.072"" (0.014)  0.053" (0.013)  0.046™" (0.014)
Asian —0.095"" (0.020) —0.068"" (0.019) —0.042"" (0.018)  —0.014 (0.018) 0.032" (0.017) 0.009 (0.018)
Other 0.068™"" (0.023) 0.014 (0.023) 0.016 (0.022) 0.026 (0.022)  0.048" (0.019) 0.033 (0.021)
Hispanic 0.013 (0.014)  0.029™ (0.013)  —0.003 (0.013)  0.043"" (0.013)  0.025™ (0.011) 0.019 (0.012)
25-34 0.073""" (0.017) 0.022 (0.018)  0.054™" (0.015) 0.024 (0.017)  0.046™" (0.015)  0.053™ (0.016)
35-44 0.072""" (0.018) 0.022 (0.018)  0.093" (0.016)  0.039™ (0.017)  0.054™ (0.015)  0.070""" (0.016)
45-54 0.073""" (0.018) 0.010 (0.018)  0.069"" (0.015) —0.068""" (0.017) —0.034" (0.014)  —0.004 (0.016)
55-64 0.067° (0.017)  —0.018 (0.018)  0.062°"" (0.015) —0.074""" (0.016)  —0.025" (0.014)  —0.010 (0.016)
65-102 —0.009 (0.017) —0.095"" (0.017) 0.008 (0.015) —0.155"" (0.016) —0.053""" (0.013) —0.056""" (0.015)

High school

Some college

Bachelor’s degree

Postgraduate

$50,000-$100,000

$100,000 or more

Urban

Rural

CWA- and year-
fixed effects

Log likelihood

No. of obs

R2

—0.002 (0.034)
0.010 (0.034)
0.005 (0.034)

—0.003 (0.034)

—0.002 (0.011)

—0.021" (0.013)

0.029"" (0.011)

—0.022" (0.013)
Yes

—6856.117
10718
0.155

0.022 (0.033)
0.012 (0.033)
0.020 (0.033)
0.033 (0.033)
0.013 (0.011)
—0.003 (0.013)
0.017 (0.011)
—0.002 (0.014)
Yes

—7011.954
10718
0.088

0.035 (0.028)
0.025 (0.028)
0.037 (0.028)
0.048" (0.028)
0.018" (0.010)
0.028™ (0.011)
0.024™ (0.010)
0.023™ (0.012)
Yes

—5621.711
10718
0.208

0.006 (0.030)
0.011 (0.030)
0.019 (0.030)
0.038 (0.030)
—0.013 (0.010)
—0.010 (0.011)
0.056""" (0.010)
—0.010 (0.012)
Yes

—5930.168
10718
0.104

0.002 (0.027)
—0.024 (0.027)
—0.010 (0.028)

0.004 (0.028)
0.021"" (0.008)

0.036™" (0.010)

0.057°" (0.009)

—0.003 (0.010)
Yes

—4090.620
10718
0.304

0.043 (0.029)
0.017 (0.029)
0.014 (0.029)
0.044 (0.029)
0.018" (0.010)
0.038""" (0.011)
0.046™" (0.010)
0.012 (0.012)
Yes

—5542.611
10718
0.154

and less likely from the internet and radio (Table C1 in
appendix C). FEMA data also showed that respondents are
more likely with age to get their information from television
and newspapers, and less likely from social media and the
internet.

Gathering weather information from all sources increases
monotonically with household income—that is, the richer you
are, the more likely you are to gather weather information
from every source. Urbanites were also more likely to use ev-
ery source than suburbanites.

2) BEING INFORMED: TORNADO WARNING RECEPTION

After controlling for other characteristics, there are no
statistical differences between Black and Hispanic respond-
ents from White and non-Hispanic respondents, respec-
tively, in terms of receiving timely tornado warnings (Table 3).
However, Asian and other respondents are 14.6% and 7.1%
less likely to receive most tornado warnings than White
respondents.

Respondents are more likely to receive tornado warnings as
they age and with additional income. And while we cannot distin-
guish differences between suburban and rural areas from zero,
urban respondents are 6.3 and 5.8 percentage points more likely
than suburban residents to receive tornado warnings as soon as
they are issued and receive all tornado warnings, respectively.

Black, Asian, and Hispanic respondents also rated them-
selves less likely than White and non-Hispanic respondents,
respectively, to receive real-time tornado alerts and warnings
in the FEMA survey data (Table C2 in appendix C). The
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FEMA data also showed a similar age effect, where tornado
warning reception increases with age.

3) BEING INFORMED: SEVERE WEATHER SUBJECTIVE
AND OBJECTIVE RISK COMPREHENSION

People must not only receive weather warnings, but also un-
derstand those warnings, to be considered informed. The next
set of results (Table 4) explores what the data tell us about
how demographic characteristics correlate with weather warn-
ing comprehension. Black respondents are less likely than
White respondents to report that they understand the differ-
ences between watches and warnings, understand severe thun-
derstorm watches and warnings, understand tornado watches
and warnings, understand maps, and understand radar images,
respectively. Similarly, Asian respondents are less likely than
Whites to think they understand each of the subjective com-
prehension measures. Hispanic respondents are 4.2 percentage
points less likely to feel they understand the differences be-
tween watches and warnings than non-Hispanics.

Women are much less confident than men in their ability to
understand severe thunderstorm watches and warnings, tor-
nado watches and warnings, maps, and radar images. Older
respondents have more confidence in their ability to under-
stand the differences between tornado watches and warnings
than younger respondents, but their subjective understanding
of maps and radar images is lower than younger respondents’.

Subjective comprehension of each risk category increases
with household income. Urban respondents have higher sub-
jective comprehension of severe thunderstorm watches and
warnings and tornado watches and warnings than suburban
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TABLE 7. As in Table 2, but for severe weather preparedness for linear fixed-effects models.
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Disaster Specific meeting Practiced or

Variables Small supply kit Specific plan supply kit place drilled plan
Female —0.019 (0.013) —0.020 (0.013)  —0.031"" (0.013) —0.022° (0.012)  —0.032""" (0.012)
Black —0.018 (0.021) 0.029 (0.021) 0.015 (0.020) 0.042™" (0.020) 0.044™ (0.020)
Asian —0.069" (0.028)  —0.078""" (0.026) —0.037 (0.028)  —0.082""" (0.024)  —0.054™" (0.024)
Other 0.028 (0.038) 0.021 (0.037) 0.019 (0.038) 0.047 (0.036) 0.006 (0.034)
Hispanic 0.041™" (0.019) 0.050""" (0.019)  0.064™ (0.019) 0.036" (0.018) 0.014 (0.018)
25-34 0.005 (0.025) —0.014 (0.024) 0.041" (0.024) —0.030 (0.024) —0.006 (0.024)
35-44 0.039 (0.026) 0.042° (0.026)  0.093"" (0.025) 0.013 (0.025) 0.003 (0.025)
45-54 —0.021 (0.025) —0.046" (0.025) 0.016 (0.024)  —0.084"" (0.024)  —0.091""" (0.023)
55-64 0.009 (0.025) —0.041" (0.025) 0.028 (0.025)  —0.085"" (0.024)  —0.136""" (0.023)
65-102 —0.062™" (0.024)  —0.070""" (0.024) —0.019 (0.024)  —0.149"" (0.023)  —0.148™" (0.022)

High school
Some college

Bachelor’s degree

Postgraduate
$50,000-$100,000
$100,000 or more
Urban

Rural

CWA- and year-fixed effects

Log likelihood
No. of obs
R2

—0.009 (0.047)
0.016 (0.047)

—0.039 (0.047)
—0.023 (0.046)

0.051 (0.043)
0.067 (0.043)

0.067" (0.040)
0.057 (0.039)

0.031 (0.047)
0.058 (0.047)
0.052""" (0.016)
0.042"" (0.018)
0.036™ (0.015)
0.025 (0.019)
Yes
—3699.005
5612
0.063

—0.055 (0.047)
0.009 (0.047)
(0.015)
0.086""" (0.018)
0.036™ (0.015)
0.009 (0.018)

EEEY

0.054°

Yes

—3572.782

5612

0.055

0.068 (0.043)

0.082" (0.043) 0.
0.047""" (0.015) 0.
0.048"" (0.017)
0.044™"" (0.015)

0.029 (0.018)

Yes

—3526.420

5612

0.077

0.040

0.043 (0.039)
089" (0.040)
029" (0.014)

0.082""" (0.017)

(0.014)
0.004 (0.017)
Yes

—3227.700

5612
0.067

—0.015 (0.041)
—0.009 (0.041)
—0.018 (0.041)
0.041 (0.041)
0.0417 (0.014)
0.050""" (0.016)
0.051""" (0.014)
0.019 (0.017)
Yes
-3051.978
5612

0.079

respondents; rural respondents have higher subjective com-
prehension than suburban respondents of radar images.

The WX Survey also tested respondents’ objective com-
prehension, by asking questions about the ability to correctly
interpret the definitions of tornado watches and warnings.

Relative to Whites, Black respondents are less likely to cor-
rectly interpret the tornado watch or warning experiment,
tornado watch size experiment, tornado warning time ex-
periment, and tornado watch time experiment. Asian re-
spondents are also less likely than Whites to answer each of

TABLE 8. As in Table 2, but for tornado warning response for linear fixed-effects models.

Take protective If you are at  If you are with If you are with If you are If you are If you are

Variables action work or school a small group a large group at a store in a car sleeping
Female 0.027" (0.011) —0.002 (0.008)  0.010 (0.009)  0.007 (0.009)  —0.007 (0.010) —0.034™" (0.010) 0.001 (0.011)
Black 0.009 (0.018) —0.007 (0.013) —0.000 (0.013) —0.001 (0.013) 0019 (0.014)  0.022 (0.015)  0.039" (0.017)
Asian —0.008 (0.024) —0.036" (0.019) —0.046™ (0.019) —0.034" (0.019) —0.080" (0.022) —0.115"" (0.023) —0.094™ (0.024)
Other —0.093"" (0.031) —0.006 (0.025) —0.016 (0.025) —0.016 (0.026) —0.050" (0.028) —0.043 (0.029)  —0.041 (0.032)
Hispanic 0.021 (0.016) —0.011 (0.012)  0.005 (0.012)  0.009 (0.012)  —0.005 (0.014)  0.004 (0.014)  0.035 (0.016)
25-34 0.069"" (0.021) 0.066™" (0.017) 0.067" (0.016) 0.055"" (0.017) 0.056™ (0.018)  0.035° (0.019) 0.089™ (0.021)
35-44 0.122"" (0.022) 0.076™" (0.017) 0.079" (0.017) 0.088™" (0.017) 0.082"" (0.019) 0.057" (0.019) 0.109™ (0.021)
45-54 0.024 (0.022) 0.090™ (0.017) 0.075™" (0.017) 0.072™" (0.017) 0.059™" (0.019)  0.048™ (0.019)  0.036" (0.022)
55-64 0.038" (0.022) 0.072" (0.017) 0.064™" (0.017) 0.065™ (0.018) 0.050”" (0.019)  0.036" (0.019)  0.017 (0.021)
65-102 0.031 (0.021) 0.055™ (0.016) 0.049™ (0.016) 0.048™ (0.017)  0.048™ (0.018) 0.026 (0.019)  —0.019 (0.021)
High school 0.040 (0.044)  0.046 (0.039)  0.068" (0.038)  0.016 (0.037)  0.101" (0.042)  0.085" (0.042) 0.037 (0.044)
Some college 0.004 (0.044)  0.069" (0.038)  0.068" (0.038)  0.026 (0.037)  0.086™ (0.042)  0.079" (0.042)  —0.003 (0.044)
Bachelor’s degree 0018 (0.044) 0.082" (0.038)  0.072" (0.038)  0.041 (0.037)  0.103™ (0.042)  0.078" (0.042)  —0.022 (0.044)
Postgraduate 0.041 (0.044) 00717 (0.038)  0.067° (0.038)  0.024 (0.037)  0.098™ (0.042)  0.081" (0.042) —0.008 (0.044)
$50,000-$100,000  0.030” (0.014) 0.027" (0.010)  0.015 (0.010)  0.009 (0.011) 0.002 (0.012)  0.024™ (0.012) 0.040" (0.014)
$100,000 or more  0.053" (0.015) 0.040” (0.011)  0.013 (0.011)  0.002 (0.012) 0.008 (0.013) 0.016 (0.013)  0.069™" (0.015)
Urban 0.029" (0.013)  0.017° (0.010)  0.008 (0.010)  0.009 (0.010)  0.024™ (0.011) ~ 0.024™ (0.011)  0.044™" (0.013)
Rural 0.026 (0.017) —0.007 (0.012) —0014 (0.012) —0.012 (0.013) —0.004 (0.014)  0.004 (0.014)  —0.001 (0.017)
CWA- and Yes Yes Yes Yes Yes Yes Yes

year-fixed

effects
Log likelihood —5754.182 —3206.629 —3257.057 —3658.059 —4400.177 —4546.641 —5718.510
No. of obs 8162 8162 8162 8162 8162 8162 8162
R? 0.038 0.035 0.025 0.023 0.027 0.031 0.040
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TABLE Al. Dependent and explanatory variables. Data are from the 2017-20 Severe Weather and Society Surveys.

WRN model

category Binary dependent variables Survey question and description

Better informed
Severe weather information reception

Weather information reception
(WX-Survey)
Local TV

Cellphone applications
Nongovernment websites
Cable TV
Family, friends, or colleagues
Radio
Government websites
Social media
Newspapers

Tornado information reception

(WX-Survey)

You receive most tornado warnings
You receive tornado warnings as
soon as they are issued
You receive all tornado warnings

Severe weather information reception
(FEMA NHS)
TV, TV news, weather channels

Internet

Newspapers

Conversation with others
Brochure, pamphlet, flyers
Provided by employer, at work
Public service announcement
Commercial on TV/radio

Utility company or other business
An event or training

Social media

Real-time alerts and warnings
Information about how to prepare

Severe weather comprehension

Subjective risk comprehension
(WX-Survey)

Do you understand the difference
between watches and warnings?

Do you understand severe
thunderstorm watches and
warnings?

Do you understand tornado
watches and warnings?

Do you understand maps?

Do you understand radar images?

How frequently do you get information about the weather from each
of the following sources?

Possible answers: a) never, b) less than once per week, c) about once
per week, d) several times per week, ) about once per day, or f)
several times per day; we construct a series of binary variables that
equal 1 if the respondent reported “at least once per week” or
more frequently for each question

Please tell us how strongly you agree with the following statements
about tornado warnings: 1) you receive most tornado warnings,
2) you receive tornado warnings as soon as they are issued, and
3) you receive all tornado warnings

Possible answers: a) strongly disagree, b) disagree, c) neither disagree
nor agree, d) agree, or e) strongly agree; we construct a series of
binary variables that equal 1 if the respondent reported agree or
strongly agree to each of the questions

How did you get the information that you read, saw, or heard about
getting better prepared for a disaster?

Possible answers for each question: a) yes or b) no; we construct a
series of binary variables that equal 1 if the respondent reported
yes to each of the questions

Now we have some questions about the NWS, an agency of the
United States government that issues weather forecasts and
different kinds of alerts to the public about hazardous weather,
including severe weather watches and warnings

1. In general, do you understand the difference between watches and
warnings?

2. Do you understand severe thunderstorm watches and warnings?

3. Do you understand tornado watches and warnings?

4. Do you understand maps?

5. Do you understand radar images?

Possible answers: a) definitely no, b) probably no, c) not sure, d)
probably yes, or e) definitely yes; we construct a series of binary
variables that is equal to 1 if the respondent reported probably or
definitely yes to each of the questions
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TABLE Al. (Continued)

WRN model
category Binary dependent variables Survey question and description

Objective risk comprehension
(WX-Survey)
Tornado watch or warning 1. The next few test questions focus on severe thunderstorms and
experiment tornadoes—they may be relatively rare in your area, but severe
thunderstorms and tornadoes can happen in every state; to the best
of your knowledge, is the following alert considered a tornado
watch or a warning?
Tornado watch size experiment a. This alert is issued when severe thunderstorms and tornadoes are
possible in and near the area; it does not mean that they will
occur, it only means they are possible

Tornado warning time experiment b. This alert is used when a tornado is imminent; when this alert is
issued, seek safe shelter immediately
Tornado watch time experiment 2. If the National Weather Service issues a tornado warning for your

area, how much time do you have before the tornado arrives?

a. You indicated that there is less than 1 hour between when
tornado warnings are issued and when tornadoes arrive; to the
best of your knowledge, how many minutes are there between
when tornado warnings are issued and when tornadoes arrive?

3. If the National Weather Service issues a tornado watch for your
area, how much time do you have before the tornado arrives?

a. You indicated that there is 1 to 24 hours between when tornado
watches are issued and when tornadoes arrive; to the best of
your knowledge, how many hours are there between when
tornado watches are issued and when tornadoes arrive?

We construct four binary variables that equal 1 if the respondent got
each of the test questions correct
Trust in weather information sources
measures (WX-Survey)

The National Weather Service Extreme weather can be dangerous and technically complex, so

Regional or local TV getting information you can trust is important; please indicate your
level of trust in information about extreme weather from each of
the following organizations and groups

National TV (Weather Channel) Possible answers: a) no trust, b) low trust, ¢) moderate trust, d) high

State or local emergency managers trust, or e) complete trust; we construct a binary variable that is

Family or friends equal to 1 if the respondent reported high trust or complete trust

Get prepared
Severe weather preparedness We construct a series of binary variables that equal 1 if the
(WX-Survey) respondent reported yes for the following questions:
Prepared a small kit with In the last year, have you prepared a small kit with emergency
emergency supplies supplies that you keep at home, in your car or where you work to
take with you if you had to leave quickly?

Made a specific plan In the last year, have you made a specific plan for how you and your
family would communicate in an emergency situation if you were
separated?

Prepared a disaster supply kit In the last year, have you prepared a disaster supply kit with

emergency supplies like water, food and medicine that is kept in a
designated place in your home?
Established a specific meeting place In the last year, have you established a specific meeting place to reunite in
the event you and your family cannot return home or are evacuated?
Practiced or drilled on what to do In the last year, have you practiced or drilled on what to do in an

in an emergency emergency at home?
Subjective risk perceptions (WX-Survey)
At risk for extreme heatwaves Thinking about all four seasons (winter, summer, spring, and fall),

how do you rate the risk of the following extreme weather events
to you and the people in your area?

At risk for extreme rainstorms 1) at risk for extreme heatwaves, 2) at risk for extreme rainstorms,
At risk for droughts 3) at risk for droughts, 4) at risk for floods, 5) at risk for
At risk for floods hurricanes, and 6) at risk for tornadoes
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TABLE Al. (Continued)

WRN model

category

Binary dependent variables

Survey question and description

Take action

Control
variables

At risk for hurricanes
At risk for tornados

Severe weather preparedness (FEMA)

Did you take any steps to prepare

Developed and discussed
an emergency plan

Plan includes information about
where to shelter

Enough supplies set aside in your
home

Do you have money set aside for
emergency

Do you have copies of critical
documents

Have you practiced what to do in
a disaster

Rely on public transportation or
the local authorities

Confident that you can prepare
for a disaster

Severe weather response (WX-Survey)

Always take protective action

Take protective action if you are
at work or school

Take protective action if you are
with a small group

Take protective action if you are
with a large group

Take protective action if you are
at the store

Take protective action if you are
driving

Take protective action if you are
sleeping

Female
Race

Ethnicity

Possible answers: a) no risk, b) low risk, ¢) moderate risk, d) high
risk, or e) extreme risk; we construct a series of binary variables
that equal 1 if the respondent reported high or extreme risk to
each of the questions

We construct a series of binary variables that equal 1 if the
respondent reported yes for the following questions:

After receiving the information about how to get better prepared, did
you take any steps to prepare for a disaster?

Has your household developed and discussed an emergency plan that
includes instructions for household members about where to go and
what to do in the event of a local disaster?

Does your plan include information about where to shelter or a safe
place you can stay in the event of a disaster?

Do you have enough supplies set aside in your home to get you
through three days or more without power or running water and
without transportation?

Do you have money set aside for emergency?

Do you have copies of critical documents, such as identification,
insurance, and banking information, stored in a fireproof/
waterproof location or stored electronically?

In the past year, have you practiced what to do in a disaster by
participating in a disaster preparedness exercise or drill at home?
In the event of a disaster that required you to leave your area, would
you need to rely on public transportation or the local authorities

for transportation in order to leave?

How confident are you that you can take the steps to prepare for a
disaster in your area? Would you say you are (read a—e)?

Possible answers: a) not at all confident, b) slightly confident, c)
somewhat confident, d) moderately confident, or e) extremely
confident; we construct a series of binary variables that equal 1 if
the respondent reported somewhat confident, moderately confident,
or extremely confident.

Please tell us how strongly you agree with the following statements
about tornado warnings: 1) always take protective action, 2) take
protective action if you are at work or school, 3) take protective
action if you are with a small group, 4) take protective action if you
are with a large group, 5) take protective action if you are at the
store, 6) take protective action if you are driving, and 7) take
protective action if you are sleeping

Possible answers: a) strongly disagree, b) disagree, c) neither disagree
nor agree, d) agree, or e) strongly agree; we construct a series of
binary variables that equal 1 if the respondent reported agree or
strongly agree to each question

A dummy variable that is 1 if the individual is female

A set of dummy variables that represent whether the individual is White,
Black, Native, Asian, or other; Native is composed of American Indian
or Alaska Native and Native Hawaiian or Pacific Islander

A binary variable that is 1 if the individual is Hispanic
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TABLE Al. (Continued)

Survey question and description

A set of dummy variables that represent whether the individual is

18-24, 25-34, 35-44, 45-54, 55-64, or 65-102

WRN model
category Binary dependent variables
Age group
Education

A set of dummy variables that represent whether the individual has

less than high school, high school, some college, bachelor’s degree,
or postgraduate degree

Household income

A set of dummy variables that represent whether the individual’s

household income is 0-$50,000, $50,000-$100,000,
$100,000-$150,000, or $150,000 or more

Rurality

A set of dummy variables that represent whether the individual is

located in urban, suburban, or rural areas

the objective comprehension questions correctly. Similarly,
Hispanic respondents are less likely to understand the tor-
nado watch size and tornado watch time experiments cor-
rectly® than non-Hispanics. These findings align generally
with respondents’ self-reported comprehension of these
concepts.

Women are 3 percentage points less likely to answer the
objective tornado watch size question correctly but are largely
indistinguishable from men in the objective comprehension of
severe weather watches and warnings. Objective comprehen-
sion also generally increases with age. Household income
plays a limited role in determining objective comprehension,
although the likelihood of answering the tornado watch
size experiment correctly generally increases with income.
Geographic location, however, plays a large role in determin-
ing objective comprehension. Urban respondents have much
lower objective comprehension of all tornado watch and
warning experiments, relative to suburban respondents.

4) BEING INFORMED: TRUST IN SEVERE WEATHER
INFORMATION

The final aspect of the “being informed” component of the
WRN logic model is trust in severe weather information. Af-
ter controlling for other characteristics, Black respondents are
5.8 and 3.8 percentage points less likely than White respond-
ents to trust the NWS and local emergency managers, respec-
tively (Table 5). However, they are 2.9 percentage points
more likely than Whites to trust in family, friends, and col-
leagues. Similarly, Hispanics are 2.1 percentage points less
likely to trust the NWS but 2.5 percentage points more likely
to trust in family, friends, and colleagues (although this result
is weakly significant at the 10% level). Asian respondents also
have lower trust in weather information from the NWS and
local emergency managers than White respondents.

81t is important to be clear about what we mean by “correctly.”
Respondents were given an objective test question, so there was
technically a correct answer. However, we do not mean to imply
that respondents themselves are correct or incorrect. The responsi-
bility for determining the right answer does not lie solely with partic-
ipants or members of the public. Rather, the onus is on the NWS to
ensure that severe weather information is comprehensible across
different backgrounds, cultures, languages, and lived experiences.
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Women trust every weather information source more than
men, except for family or friends where the difference is sta-
tistically insignificant. Similarly, respondents are more likely
with age, in comparison with 18-24-year-old adults, to trust
every weather source except for family and friends. Trust in
family or friends as a source of weather information has a
nonlinear relationship with age, increasing at middle age, and
decreasing with old age. Trust increases with household in-
come, although not at an increasing rate. Relative to those in
suburban areas, individuals located in urban areas have signifi-
cantly more trust in every type of weather information source.

5) BEING INFORMED: SUMMARY

Overall, we find large differences in being informed about
severe weather by demographic and socioeconomic status.
For example, while Black and Hispanic respondents are more
likely than Whites to get weather information from govern-
ment websites, they are far less trusting in the NWS and local
emergency managers. Black and Hispanic respondents tend
to trust their friends and family for their severe weather infor-
mation. Women are also more likely than men to gather
weather information from friends and family and less from of-
ficial sources but have greater trust than men in all sources of
weather information, except for friends and family. Wealthier
respondents are more likely to gather and trust weather infor-
mation. While we do not see much difference in the reception
of tornado warnings across Black and Hispanic respondents,
Asian respondents report much lower probabilities of receiv-
ing tornado warnings, than do White respondents.

We also find large differences in subjective and objective
comprehension of severe weather risk information across
demographics and socioeconomic status. Black and Hispanic
respondents report lower subjective comprehension (i.e., be-
lieve they understand tornado and severe thunderstorm
watches and warnings) and objective comprehension (ie., an-
swered correctly to the tornado watch or warning experimental
questions). Women reported lower subjective comprehension of
severe weather information but are largely indistinguishable from
men in the objective comprehension of severe weather watches
and warnings. Finally, both subjective and objective comprehen-
sion of severe weather watches and warnings increase with house-
hold income.
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TABLE B3. As in Table B2, but for additional FEMA severe weather information reception descriptive statistics.

Race Ethnicity
Variables Total sample White Black Asian Other Not Hispanic Hispanic
Real-time alerts  0.815 (0.389) 0.826 (0.379) 0.807""" (0.395) 0.696™" (0.461) 0.727""" (0.446) 0.827 (0.378) 0.724™"" (0.447)

and warnings

Information 0.439 (0.496) 0.454 (0.498) 0.377 ~ (0.485)
about how to
prepare

No. of obs 12707 10058 1528

0297 (0.457)  0.431"" (0.496) 0.447 (0.497) 0.383" (0.486)

431 690 10867 1840

A well-informed public is a key component of the NWS WRN
strategy. Without an understanding of core weather information,
the public will not assess risk appropriately and may not prepare
and respond in their best self-interest. NWS should take into ac-
count this population-specific information when building out-
reach and education materials. Future studies should investigate
the factors contributing to these differences and explore strategies
to close gaps across different demographic groups.

b. Get prepared

A second intermediate indicator in the WRN logic model is
how well prepared the public is prior to an event. We exam-
ined two survey questions that provide indicators of the level
of preparedness among survey respondents.

1) GET PREPARED: SEVERE WEATHER RISK
PERCEPTIONS

Risk perceptions are an important driver of individual ac-
tions to prepare for hazardous events (Guillot et al. 2020;
Keul et al 2018; Levac et al. 2012). Thus, we first examined re-
spondents’ self-assessed risk for several types of hazardous
weather events (Table 6).

After controlling for other characteristics, Black respondents
are more likely than White respondents to rate their risk highly,
and the risk of others in their area, for extreme heatwaves, rain-
storms, floods, hurricanes, and tornadoes (5.1, 3.5, 7.2, 5.3, and
4.6 percentage points more likely, respectively). Similarly, His-
panics rate their risk higher than non-Hispanics for extreme
rainstorms, floods, and hurricanes. Relative to White respond-
ents, however, Asian respondents are 9.5, 6.8, and 4.2 percentage
points less likely to rate their risk high for extreme heatwaves,
extreme rainstorms, and droughts, respectively.

Women are more likely than men to rate their risk high for ex-
treme heatwaves, rainstorms, and droughts. However, women are
2.4 percentage points less likely than men to rate their risk high
for hurricanes. Respondents are more likely with age, relative to
18-24-year-old adults, to consider themselves at high risk for ex-
treme heatwaves and droughts, but less likely for extreme rain-
storms and floods. Other types of severe weather risk have
nonlinear relationships with age. For example, middle-aged re-
spondents are more likely to rate their risk high for hurricanes
and tornadoes than are 18-24-year-olds, but both decrease signifi-
cantly in old age.

Last, self-rated risk for droughts, hurricanes, and tornadoes
rises with household income. That is, the richer you are, the more
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likely you are to consider yourself more at risk for these severe
weather types. Respondents in urban areas are more likely than
suburban respondents to consider themselves at high risk for ev-
ery severe weather category except for extreme rainstorms, while
rural individuals consider themselves less at risk than suburban re-
spondents for extreme heatwaves, but more at risk for drought.

2) GET PREPARED: SEVERE WEATHER PREPAREDNESS

The WX Survey contains questions about concrete actions
taken by respondents to prepare for severe weather events, in-
cluding planning, supply kits, and practicing for an event. Black
respondents are 4.2 and 4.4 percentage points more likely than
White respondents to have a specific meeting place and have
practiced or drilled a plan in case of a disaster, respectively
(Table 7). Similarly, Hispanics are more likely to be prepared in
each category than non-Hispanics, except for practicing a disas-
ter plan. However, Asian respondents are less likely than White
respondents to be prepared for each category of preparedness,
except for having a disaster supply kit, which is negative but sta-
tistically insignificant. These results are unsurprising given that
the self-rated risk of these groups from exposure to hazardous
weather is generally higher than White respondents.

The FEMA survey results similarly showed that Black,
Asian, and Hispanic respondents are more likely than White
and non-Hispanic respondents, respectively, to take steps to
prepare for severe weather (Table C3 in appendix C). Simi-
larly, Black respondents are more likely to have practiced
what to do during a disaster.

According to the WX Survey, women are less likely than men
to have a disaster supply kit and a specific meeting place as well
as to have practiced a disaster plan. Generally, severe weather
preparedness is highest among middle-aged respondents and de-
creases among older and younger respondents. Severe weather
preparedness increases with household income, and at an increas-
ing rate. Also, relative to those in suburban areas, individuals lo-
cated in urban areas report they are significantly more prepared.

Similar results are shown in the FEMA data, with female
respondents being less likely to have supplies set aside or to
report confidence in their disaster preparedness (Table C3 in
appendix C). Additionally, the FEMA data suggest that the types
of preparedness actions taken can vary widely across age groups.

3) GET PREPARED: SUMMARY

Overall, we find differences in severe weather risk percep-
tions and preparedness by demographic and socioeconomic
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TABLE C2. As in Table C1, but for additional FEMA severe
weather information reception for linear fixed-effects models.

Real-time alerts

Information about

Variables and warnings how to prepare
Female —0.021""" (0.007) 0.023"" (0.009)
Black —0.031"" (0.010) —0.103"" (0.014)
Asian —0.132"" (0.023) —0.114™" (0.024)
Other —0.023 (0.017) —0.020 (0.020)
Hispanic —0.087""" (0.011) 0.010 (0.013)
25-34 0.010 (0.017) 0.055"*" (0.020)
35-44 0.047" (0.017) 0.122""" (0.020)
45-54 0.084™"" (0.016) 0.161""" (0.019)
55-64 0.083"" (0.015) 0.172"" (0.018)
65-100 0.049™" (0.015) 0.167""" (0.018)
High school 0.058"" (0.021) 0.045" (0.023)
Some college 0.112"" (0.020) 0.134™" (0.022)
Bachelor’s degree 0.124"" (0.020) 0.169"" (0.022)
Postgraduate 0.129™" (0.020) 0.214™" (0.023)
FEMA region- and Yes Yes

year-fixed effects
Log likelihood —5388.258 —8932.678
No. of obs 12788 12788
R? 0.041 0.052

status. For example, Black and Hispanic respondents are
more likely than Whites to highly rate their risk for severe
weather events. Correspondingly, these groups also report to
be more prepared (e.g., have a specific meeting place and
practiced or drilled a plan in case of a disaster) than White re-
spondents. Women are generally more likely than men to rate
their risk for extreme weather highly, but they are less likely
to have a disaster supply kit or a specific meeting place or to
have practiced or drilled a plan in the event of a disaster. In
general, we find the richer a respondent is, the more likely
they are to consider themselves at risk for severe weather
events and to be more prepared.

¢. Take action

The final indicator of a population’s capacity to respond to
NWS-provided information is whether members of the com-
munity take action in response to this information. The WX
Survey asked respondents whether they take protective ac-
tions in response to tornado warnings and the situations in
which they take those protective actions.

1) TAKE ACTION: SEVERE WEATHER
INFORMATION RESPONSE

Black and Hispanic respondents are more likely, than
White and non-Hispanic respondents, respectively, to take
protective action after receiving a tornado warning by means
of a siren or other means that woke them when they were
sleeping (Table 8). Asian respondents are significantly less
likely than White respondents to take protective action in
each of the scenarios after receiving a tornado warning.

Women are 2.7 percentage points more likely to take pro-
tective action than men but are 3.4 percentage points less
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likely to take protective action specifically when in a car. In
general, respondents are more likely with age, relative to
18-24-year-old adults, to take protective action when receiv-
ing a tornado warning in each scenario. Respondents are also
more likely to take protective action as household income
rises. Urban respondents are 2.9 percentage points more
likely to take protective action than suburban respondents,
and more likely to take protective action than suburban re-
spondents when at work, at the store, in the car, and when
sleeping.

Similarly, the FEMA survey had questions about reliance on
public transportation; non-White respondents are roughly 15 per-
centage points more likely to be reliant on public transportation
in the event of an emergency (Table C3 in appendix C).

2) TAKE ACTION: SUMMARY

We found differences in severe weather risk information re-
sponse by demographic and socioeconomic status. For exam-
ple, Black and Hispanic respondents are more likely to take
protective action after receiving a tornado warning while
sleeping than are White and non-Hispanic respondents. By
contrast, Asian respondents are generally less likely than
White respondents to take protective action after receiving a
tornado warning. We find that women are more likely than
men to take protective action and that protective actions in-
crease with household income.

Understanding why certain groups are more likely to take
protective action is an important component of achieving the
NWS WRN vision. Ignorance of appropriate measures, a lack
of means such as access to adequate shelter, or insufficient
time between warning reception and arrival of the hazardous
event could all drive lack of action (Potter et al 2018; Kox and
Thieken 2017; Weyrich et al. 2020). Improving knowledge of
these barriers can help NWS tailor hazard communication
and strike the appropriate balance between timely communi-
cation that risks false positives and more accurate forecasts
that may not leave time for effective response to warnings.

5. Discussion and conclusions

We set out to examine racial and socioeconomic differences
in the intermediate indicators of the NWS Weather-Ready
Nation model; namely, that populations who receive NWS-
provided observations, forecasts, and warnings are informed,
prepared, and able to take action. Using nationally represen-
tative data on U.S. individuals from the 2017-20 Severe
Weather and Society Surveys and the 2018-20 FEMA Na-
tional Household Surveys, we conducted regression analysis
to estimate the associations between racial and socioeconomic
characteristics and survey questions linked with the factors
identified in the WRN model. Prior to the collection and anal-
ysis of these microlevel datasets, the NWS could not estimate
these intermediate indicators and as a result, could not know
if its preparedness, education, outreach, and decision support
activities were having the intended outcomes. We find evi-
dence that these services and activities do not reach all groups
equally.
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TABLE D2. As in Table D1, but for tornado warning reception for multilevel ordinal fixed-effects models.

Receive most
Variables tornado warnings

Receive tornado warnings as Receive all
soon as they are issued tornado warnings

Female

Black

Asian

Other

Hispanic

25-34

35-44

45-54

55-64

65-102

High school
Some college
Bachelor’s degree
Postgraduate
$50,000-$100,000

0.008 (0.014)
—0.030 (0.021)

sk

—0.181"" (0.065)
—0.146™" (0.029)
—0.008 (0.020)
0.087"" (0.026)
0.123™" (0.027)
0.128™" (0.027)
0.146™"" (0.026)

0.134™" (0.026)
0.031 (0.051)
0.036 (0.051)
0.053 (0.051)
0.072 (0.051)

0.038"" (0.016)

0.020 (0.014)
—0.025 (0.022)
—0.122" (0.069)
—-0.076"™" (0.030)
0.012 (0.020)
0.058" (0.026)

0.105™" (0.027)
0.059" (0.027)
0.085™"" (0.027)

0.035 (0.026)
0.057 (0.051)
0.060 (0.051)
0.054 (0.051)
0.058 (0.051)
0.014 (0.017)

0.020 (0.015)
0.008 (0.022)
—0.076 (0.066)
—0.068"" (0.030)
0.016 (0.020)
0.072"" (0.026)
0.108™" (0.027)
0.070"" (0.027)
0.070"" (0.028)
0.037 (0.027)
0.060 (0.051)
0.072 (0.050)
0.057 (0.051)
0.075 (0.051)
0.034" (0.017)

$100,000-$150,000 0.037° (0.022)

$150,000 or more 0.084 " (0.024)
Urban —0.018 (0.016)
Rural —0.019 (0.021)
CWA- and year-fixed effects Yes

Log likelihood —3249.307
No. of obs 5082

R? 0.118

0.007 (0.022)

0.037" (0.022)

0.077"" (0.025) 0.097" (0.026)
—0.063"" (0.017) —0.058™" (0.017)
—0.035 (0.022) —0.046"" (0.023)
Yes Yes
—3410.283 —3481.422
5082 5082
0.092 0.077

Our analyses have several limitations that should be noted.
First, it is important to emphasize that this paper does not es-
tablish causal relationships. Our models do not fully correct
for unobservable characteristics of respondents. Future re-
search should seek to better understand the barriers faced by
different populations in becoming informed, prepared, and
taking action in the face of hazardous weather events, and the
root causes of differences across these populations. Second,
while the Severe Weather and Society Surveys and FEMA
National Household Surveys provide useful information, they
are still limited in their ability to capture information on racial
and ethnic minorities, and we consider this analysis only a first
step in measuring inequality for these populations. For exam-
ple, due to limited sample sizes in our data there are fewer
Black, Asian, and “other” race individuals in our sample.
Thus, the estimates for these minority groups may be inher-
ently less reliable (i.e., more variance within the group). This
is also a problem in much larger surveys. For example, the
U.S. Census Bureau has also acknowledged statistically signif-
icant undercounts for many minority groups in the 2020 de-
cennial census (U.S. Census Bureau 2022). Additionally, the
populations we look at in this paper are not necessarily homo-
geneous among themselves, and in many cases an even finer-
scale analysis would be more appropriate (e.g., Trujillo-Falcén
et al. 2021). Future work should incorporate the full range of
tools available to social scientists; surveys need to be supple-
mented with field work, qualitative interviews, and commu-
nity-driven perspectives. For example, using qualitative field
studies to talk to vulnerable populations, social scientists (see
Méndez et al. 2020) and have uncovered various vulnerabil-
ities not addressed in survey data.
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Third, the data used in our study are based on self-reported
information and because of this, there may be measurement
error in the data. If this is a nonclassical measurement error,
then our estimates of the associations between racial and so-
cioeconomic characteristics and severe weather reception and
response may be biased. For example, Hispanics are more
likely than other Americans to show acquiescence bias and
are also more likely to give responses they perceive as socially
desirable in response to sensitive questions (Brown 2015).
Such patterns could help explain some of our findings (e.g.,
Hispanics claiming they are more prepared). Finally, while we
use NWS CWA- and time-fixed effects in the model, we were
unable to control for several characteristics related to severe
weather due to data limitations, such as recent exposure to
relevant hazards (Dow and Cutter 2000; Senkbeil et al. 2012;
Schumann et al. 2018), respondents’ living situation (Donner
2007; Ashley et al. 2008), urban characteristics, such as hous-
ing and street density (Pardowitz 2018), and amenities that co-
incide with environmental hazards (Maldonado et al. 2016).
Future research should consider a broader range of factors
that contribute to an informed and prepared public.

We find important statistically significant differences across
racial and socioeconomic groups for a wide range of outcome
measures. Low income, minority, and other vulnerable popu-
lations report more perceived exposure to weather related
hazards. At the same time, these populations report lower lev-
els of trust in NWS and are less likely to seek information
about hazardous weather from government sources. Many of
these subgroups had lower subjective and objective compre-
hension of severe weather warnings. However, Black and His-
panic respondents are more likely to have a plan for how to
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TABLE D4. As in Table D1, but for tornado warning response for multilevel ordinal probability model estimates.

Take protective If you are at  If you are with If you are with  If you are at If you are in If you are

Variables action work or school a small group a large group a store a car sleeping
Black 0.009 (0.018) —0.007 (0.013) 0.000 (0.013) —0.000 (0.013) 0.019 (0.014) 0.023 (0.015)  0.039™ (0.017)
Native —0.064 (0.045)  0.035 (0.033) —0.003 (0.034) —0.020 (0.036)  —0.006 (0.039)  —0.024 (0.041)  —0.042 (0.044)
Asian —0.008 (0.024) —0.036" (0.019) —0.046™ (0.019) —0.034" (0.019) —0.080" (0.022) —0.115"" (0.023) —0.094"" (0.024)
Other —0120"" (0.042) —0.042 (0.034) —0.027 (0.034) —0.012 (0.035) —0.090" (0.040)  —0.059 (0.038)  —0.039 (0.044)
Hispanic 0.022 (0.016) —0.010 (0.012) 0.006 (0.012)  0.009 (0.012)  —0.003 (0.014) 0.005 (0.014)  0.035™ (0.016)
CWA- and Yes Yes Yes Yes Yes Yes Yes

year-fixed

effects
Log likelihood —5753.618 —3203.395 —3255.408 —3656.895 —4398.694 —4541.018 —5718.034
No. of obs 8162 8162 8162 8162 8162 8162 8162
R? 0.038 0.035 0.025 0.023 0.027 0.032 0.040

react in the event of hazardous weather, potentially reflecting
their perceived or actual increased exposure (Hoffman et al.
2020) as well as the disparities in postdisaster-recovery resour-
ces (Emrich et al. 2019; McBride 2017; Méndez et al. 2020;
Muiioz and Tate 2016; Nelson and Molloy 2021).

The results indicate a disconnect between the “better in-
formed” and “get prepared” indicators in the WRN model.
While Black and Hispanic respondents report that they are
more prepared, they also report that they are less informed
than White respondents and also trust government sources of
weather information less. According to the FEMA survey,
Black respondents felt they received less information about
how to prepare than White respondents. This is consistent
with findings in Senkbeil et al. (2014). This poses a challenge
to government agencies such as the NWS or FEMA, since mi-
nority communities’ efforts to prepare may be more vital
given their higher exposure to hazards (Zanocco et al 2022;
Sharpe and Wolkin 2022). But at the same time these efforts
may not be as informed as they could be.

The value of improving weather forecasting is integrally
linked to the use of forecasts to improve societal outcomes.
The societal benefits of NWS investments will increase with
understanding of user needs. To be most effective, this under-
standing must be precise, shareable, and systematically col-
lected. Shareability of information about user needs requires
that it be documented and archived instead of being distrib-
uted across the memories of individual NWS employees.

Instead of relying on interactions at conferences, during emer-
gencies, and unplanned user meetings, the NWS should sys-
tematically collect the information needed to meet user
needs, ensuring that the information is appropriately repre-
sentative and varies when needed to account for differences
among users and geographies (i.e., ad hoc data collection is
not likely to be representative of the population). Documen-
tation and archiving of this information is important because
it can then be studied and shared and used to inform the effi-
cacy of existing or new products, services, and partnerships.
The process should include a feedback loop to indicate when
meeting a specific user need will require a low versus high
level of effort, or when it is impossible to meet a need. The
Severe Weather Society Survey and the FEMA Household
Survey are excellent sources of information for this purpose.
We advocate that these sources continue to be collected peri-
odically so researchers and other key decision-makers (e.g.,
emergency managers) can have tools to better understand
how these groups respond to different hazards. We are also
excited to see efforts to expand the Severe Weather Society
Survey to include other weather phenomena (e.g., tropical
weather or flooding), create a Spanish language version
(Krocak et al. 2022), and to survey core partners in addition
to the general public.

Our findings suggest that there is considerable heterogene-
ity in severe weather reception, preparedness, and response
by race and ethnicity and by socioeconomic status. To address

TABLE DS5. As in Table D1, but for trust in weather sources for multilevel ordinal probability model estimates.

State or local National TV Regional or Family or
Variables The NWS emergency managers (Weather Channel) local TV friends

Black —0.058"™" (0.014) —0.038"" (0.015) 0.023 (0.014) —0.024 (0.015)  0.030" (0.014)
Native —0.063" (0.036) —0.064 (0.035) —0.076" (0.034) —0.068" (0.033)  —0.03 (0.027)
Asian —0.082""" (0.020) —0.056""" (0.019) —0.018 (0.018) —0.026 (0.018)  0.006 (0.017)
Other 0.007 (0.030) —0.013 (0.029) 0.035 (0.028) 0.003 (0.028)  0.018 (0.025)
Hispanic —0.021" (0.014) —0.009 (0.014) —0.01 (0.013) —0.004 (0.013)  0.025" (0.011)
Controls Yes Yes Yes Yes Yes
CWA- and year-fixed effects Yes Yes Yes Yes Yes
Log likelihood —6603.775 —6759.922 —5419.421 —5744.233 —3959.163
No. of obs 10341 10341 10341 10341 10341
R? 0.157 0.090 0.210 0.106 0.304
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TABLE D6. As in Table D1, but for severe weather preparedness for multilevel ordinal probability model estimates.

Variables Small supply kit  Specific plan  Disaster supply kit Specific meeting place Practiced or drilled plan

Black —0.017 (0.021) 0.029 (0.021) 0.016 (0.020) 0.042™" (0.020) 0.044™" (0.020)
Native 0.075 (0.046) 0.007 (0.044) 0.066 (0.047) 0.101"" (0.044) 0.007 (0.041)
Asian —0.069" (0.028) —0.078""" (0.026)  —0.037 (0.028) —0.082""" (0.024) —0.054"" (0.024)
Other —0.065 (0.060) 0.050 (0.062)  —0.072 (0.056) —0.058 (0.056) 0.005 (0.058)
Hispanic 0.043™ (0.019)  0.050""" (0.019) 0.066™"" (0.019) 0.037"" (0.018) 0.014 (0.018)
Controls Yes Yes Yes Yes Yes
CWA- and year-fixed effects Yes Yes Yes Yes Yes

Log likelihood —3696.823 —3572.509 —3523.369 —3224.712 —3051.830
No. of obs 5612 5612 5612 5612 5612

R? 0.063 0.055 0.078 0.068 0.079

these important issues, NWS must continue to move towards
a customer centric service delivery model that focuses on ex-
panding relationships and partnerships across the weather en-
terprise and with historically underserved and vulnerable
communities across the nation. History, culture, and hazard
vulnerabilities are unique for each community. NWS must
recognize that differences in knowledge about hazards and
trust in the NWS will impact efforts to reach these communi-
ties, and identify the possible barriers that keep preparedness,
communication, and response information from certain popu-
lations vulnerable to severe weather conditions. Nevertheless,
because extreme weather risk is a product of hazard, vulnera-
bility, and exposure, NWS must make a shift towards serving
more diverse and vulnerable populations to build a WRN.
NWS’s place-based service delivery organizational structure
can facilitate this transformation, but a culture shift in NWS
operations is also needed to allow for more innovative, com-
munity-based solutions. This culture shift, for example, may
include a new emphasis on a community engagement model
that seeks to build the required trust between communities
and NWS needed to facilitate the reception of and response
to risk messages. This model would center on the lived experi-
ences and local knowledge of communities moving the en-
gagement beyond transactional to transformative whereby
existing community networks and resilience are strengthened.

Public health models have employed similar approaches in-
cluding community-based health prevention and intervention
methods (Galer-Unti and Tappe 2019) that leverage existing
relationships and partners to create community advisory
councils to inform strategies and initiatives, and other models
to train trusted individuals and community organizations to
serve as extended informational networks (New York Acad-
emy of Medicine 2010). Likewise, the cultural shift could also
include the exploration of new strategic partnerships across
the weather enterprise (including industry, academia, non-
profits, etc.) to enhance NWS’s service delivery model to
meet growing demand and provide local, culturally appropri-
ate decision support. Meeting the needs identified in this
study may also require NOAA and the NWS to invest more
resources in bringing members of underserved populations
into the weather enterprise at all levels. Finally, NWS must in-
vest more in social science research and applications to better
connect forecasts to decisions. This could include the estab-
lishment of an organizational function within NOAA that
would conduct longitudinal social science surveys as well as
near-real-time assessments during extreme events, utilizing a
variety of data sources.

It is our hope that this research can help the NWS to under-
stand some of the complexities that inform people’s ability to
receive, comprehend, and prepare for severe weather, and the

TABLE D7. As in Table D1, but for severe weather risk perceptions for multilevel ordinal probability model estimates.

At risk for At risk for
extreme extreme At risk for At risk for At risk for
Variables heatwaves rainstorms droughts At risk for floods hurricanes tornados

Black 0.019 (0.021) 0.013 (0.021)  0.028 (0.020) 0.043™ (0.020)  0.050"" (0.019)  0.072™"" (0.020)
Native 0.037 (0.044)  —0.025 (0.043) —0.026 (0.039) —0.021 (0.038) 0.035 (0.032) 0.031 (0.038)
Asian —0.126™" (0.027) —0.089"" (0.025) —0.039 (0.026)  —0.051"" (0.024)  —0.002 (0.022)  —0.015 (0.024)
Other 0.068 (0.063)  —0.046 (0.060)  0.050 (0.061) 0.081 (0.059) 0.049 (0.057) 0.110" (0.057)
Hispanic —0.013 (0.019) 0.033" (0.019)  —0.007 (0.018) 0.042"" (0.018)  0.049™" (0.016) 0.029" (0.017)
Controls Yes Yes Yes Yes Yes Yes
CWA- and Yes Yes Yes Yes Yes Yes

year-fixed

effects
Log likelihood —3620.512 —3659.288 —3038.431 —3195.337 —2229.770 —2936.625
No. of obs 5612 5612 5612 5612 5612 5612
R? 0.138 0.092 0.170 0.118 0.293 0.159
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need to develop the right partnerships with other public, pri-
vate, and nonprofit organizations to build capacity and ad-
dress these challenges. NOAA should work to ensure that
everyone in the United States, especially the most vulnerable,
are more resilient to the socioeconomic consequences of se-
vere weather and other climate-related hazards. Using social
science research to enhance information and service delivery
will help NOAA to meet its goals and save lives.
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APPENDIX A

Variable Description

See Table Al for a complete list of the survey questions
associated with each WRN index.

APPENDIX B

Regression Sample Descriptive Statistics

The descriptive statistics are included in Tables B1-B9.

APPENDIX C

Sensitivity Analyses: FEMA National Household Survey

We examine the sensitivity of the WX Survey results us-
ing FEMA data (Tables C1-C3). Overall, the associations
for the FEMA NHS results and the WX Survey results
were comparable.

APPENDIX D

Sensitivity Analyses: Multilevel Ordered Logistic Models

The WX Survey contains natural hierarchical or clus-
tered data. The first level consists of individual- and
household-level characteristics of the respondent. The sec-
ond level represents information from the CWA where the
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respondent lives (e.g., regional unemployment rate). Ignor-
ing the importance of this clustering (individuals within
CWAs) may render invalid many traditional regression
analysis assumptions (Goldstein 2011). For example, be-
cause of this clustering, the assumption that observations
are independent and identically distributed may be vio-
lated. Hence, multilevel models are commonly used for
clustered data in econometric analysis (Gelman and Hill
2007; Smith et al. 2017).

In order to utilize the full information provided by the
Likert-scale questions and address these clustering concerns
we use a series of multilevel ordered logistic models as
follows:

Pr(y; > kX,

k, u].) = H(Xl.jB + z i — k), (D1)
where H() is the logistic cumulative distribution function.
The measures of severe weather reception and response are
for individuals i in NWS County Warning Area j; y;;, is an
ordered categorical response, following the Likert-scale
convention of low to high, and k denotes the corresponding
set of cut-points. Respondents in this framework are clus-
tered in CWAs, with u; representing the set of CWA ran-
dom intercepts. X; contains all the explanatory variables at
the individual level, including race and ethnicity, and the
explanatory variables at the CWA level (i.e., unemployment
rate and percentage that do not speak English well). The
model also controls for heterogeneity across survey years
by using year fixed effects. We assume the errors are dis-
tributed independently of each other and distributed as
Gaussian with means of zero and variances of o7 and ofj

The ordered response model estimates the probability
that score §j; is less than k; to obtain the probability that
the severe weather measure is in category 1. The probabil-
ity that S;; is between k; and k, will in turn give the proba-
bility that the severe weather measure is in category 2; simi-
larly, for the remaining the severe weather categorical
responses. §;; is defined as §; = X;B + z;u; + e;. For the
binary dependent variables, we use multilevel logistic re-
gression. The results of our sensitivity analysis, which are
found to be robust across model specifications, are pre-
sented in Tables D1-D7.
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