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A B S T R A C T

In October 2019, California became the first state in the United States to fully activate a public
earthquake early warning system—ShakeAlert®—managed by the U.S. Geological Survey. The
system was subsequently rolled out in March 2021 in Oregon and May 2021 in Washington.
Earthquake early warning (EEW) systems can provide seconds of notice to people and technologi-
cal systems that shaking is imminent, but their effectiveness depends on recipients’ expectations
and actions as well as technical performance. To better understand these dependencies, we sur-
veyed representative samples of adults in California (N = 1219), Oregon (N = 1020), and Wash-
ington (N = 1037) in February 2021. Most respondents had experienced earthquakes, but few
had lived through violent shaking; most had not followed protective action guidance to Drop,
Cover, and Hold On (DCHO) in earthquakes; and most reported no personal or social harm from
prior earthquakes. Nevertheless, expectations and perceived usefulness of EEW were high, and
higher still for those who expected alerts to be accurate and easy to use, expressed tolerance of
missed and erroneous warnings, and expected to be affected by a damaging earthquake in their
lifetime. Results suggest opportunities to better align public preferences and expectations with
ShakeAlert operations. For example, some respondents preferred lower alerting thresholds than
those proposed by government and scientists. Moreover, reported tolerance of warning errors
was widespread, but respondents wanted explanations quickly, suggesting a need to further de-
velop post-alert messaging. Findings from this study should be informative for future research on
the co-evolution of experiences and expectations with EEW systems.

1. Introduction
This paper presents the results from a survey representative of populations in California (CA), Oregon (OR), and Washington (WA)

in the United States (US). This research was conducted about the U.S. Geological Survey (USGS)-managed ShakeAlert Earthquake
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Early Warning System (a.k.a. ShakeAlert EEW system, ShakeAlert system, or ShakeAlert), to assess risk perceptions and expectations
of earthquakes and EEW. It builds on previous work conducted on earthquake early warning systems in the Pacific Northwest from
Dunn et al. [1] and Bouta et al. [2] before ShakeAlert was operational in the three US West Coast states.

ShakeAlert detects significant earthquakes so quickly that alerts can reach many people seconds to tens of seconds before shaking
arrives.1 The USGS—in partnership with state governments, universities, and private foundations—has been developing the ShakeAl-
ert system for CA, OR, and WA since 2006; ShakeAlert-powered alerts to cell phones went live statewide in CA in October 2019 and
then in OR and WA in March and May of 2021, respectively [3].

Warning systems work to the extent that they reduce damage, injury, loss of life, or emotional anxiety. As noted by the United Na-
tions ([4]; p. v), “To be effective, early warning systems must be people-centered and must integrate four elements: (i) knowledge of
the risks faced; (ii) technical monitoring and warning service; (iii) dissemination of meaningful warnings to those at risk; and (iv)
public awareness and preparedness to act. Failure in any one of these elements can mean failure of the whole early warning system”
(see also [5,6]). More recently, the National Academies of Sciences, Engineering, and Medicine ([7] p. 2) defined the purpose of alerts
and warnings as follows: “… To provide the necessary information to warn the public and effect the necessary actions that will lead to
their safety and to deliver the messages to populations at risk of imminent threats with the goal of maximizing the probability that
people take protective actions and minimize the delay in taking those actions.”

Recognizing the integral, integrated social elements of early warning systems—from the end users to the operators of these sys-
tems—is crucial for early warning systems to succeed [7–10]. While this recognition is not absent from ShakeAlert, the social science
is nascent, especially when compared to the physical science investment in the development of this groundbreaking warning system.
To progress this vital, potentially lifesaving multidisciplinary work, the research reported here develops a framework and survey de-
sign for assessing and informing further development of ShakeAlert, including future outreach, education, training, and technical en-
gagement efforts. The survey results provide a baseline assessment of earthquake and EEW perceptions, experiences, and expecta-
tions, against which changes in expectations and responses to earthquakes and to EEW can be measured in the future. Our framework,
research approach, and resulting findings are therefore relevant for those researching, developing, and making policies for EEW sys-
tems, as well as those engaged in outreach, education, training, and technical engagement efforts.

The schematic shown in Fig. 1 illustrates one way of thinking about EEW systems and how they can reduce the harms from earth-
quakes. It highlights the differing roles of scientists and professionals in developing and operating the system, in contrast to the roles of
other individual and organizational decision makers whose decisions and actions the system is designed to inform. Two classes of deci-
sions are highlighted in the schematic: the choices of warning algorithms and thresholds at which to warn, and the choices individu-
als, organizations and communities make to prepare for earthquakes or respond to them, which can be influenced by warnings. For
example, in considering earthquake risk, scientists are responsible for where sensors should be placed, what they should measure, and
how to assimilate collected data into algorithms to estimate shaking levels at various locations. Emergency management organiza-
tions are likely to be those who determine when an alert should be disseminated and how. Individuals and organizations make
choices based on available knowledge and resources regarding the installation of warning apps or systems, and whether to drill warn-
ing responses.

The resultant actions taken emerge from decision makers’ expectations of the hazard and warning system, which can vary depend-
ing on their roles and responsibilities in the warning ecosystem [12]. Diversity in perspectives can lead to conflicting expectations and
preferences between system developers and technicians and end users. Further, in countries with multiple EEW systems there may be
inconsistencies across systems, leading to additional conflicts in expectations [13]. While Fig. 1 shows that integrated warning sys-
tems begin with risk assessment, it does not reflect that they require public education to assure preparedness and knowing what to do
when a warning arrives; indeed, public responses to warnings are the integrated outcome of public education, threat detection, and
warning management ([11]; p. 31).

When they succeed, early warning systems for earthquakes and other hazards alert people and technical systems to impending
events, allow time to engage in swift recommended protective actions, and ultimately reduce harm. Because they rely on detecting an
earthquake in progress, EEW systems provide perhaps the least advance time of any such systems. Based on pressure waves (primary
or P-waves) that precede more damaging shear or shaking waves (secondary or S-waves), EEW systems typically provide seconds to
maximally minutes of warning that earthquake shaking is on the way. Further complicating efforts to warn the public, alerts some-
times arrive during shaking or after damaging shaking has commenced. While early performance of ShakeAlert has been promising in
terms of warning lead time [12], complications such as late or missed alerts have the potential to disappoint public expectations and
damage trust in the EEW system.

Prior research has examined the anticipated and experienced benefits of EEW systems in a range of geographic and cultural con-
texts [2,14,15], and the demand for and expectations of such systems (e.g,. [1,16]). EEW systems have varied in their efficacy. For ex-
ample, in the 2017 Mexico City earthquake, the EEW system provided much less warning than people were used to and expected
based on previous earthquake alerts [17]. The EEW system struggled notably for the M9.1 Great East Japan earthquake in 2011, mis-
calculating the size and location of the earthquake as well as suffering from regionally varying operational issues during the first
48 hours of its aftershock sequence due to higher seismic background noise and power failures [18]. Despite the challenges with the
system, the majority of those polled in subsequent studies reported that the EEW system in Japan was useful [18,19]. It is worth not-
ing, however, that five percent of respondents in one follow-up study in Japan did not want to receive any alert [19].

1 Alerts delivered by third parties such as app providers are derived from a USGS-issued ShakeAlert Message, which is a data package that contains an estimate of the lo-
cation, size (magnitude), and shaking intensity distribution for a given earthquake.
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Fig. 1. Logic model for earthquake early warning (EEW) systems (adapted from Ref. [11]). This diagram depicts the elements (inputs, decisions, outputs, and outcomes)
of integrated sociotechnical EEW systems.

Seismologists and emergency management officials often express concerns that false alarms and missed alerts might decrease in-
terest in and responsiveness to warning systems [20]; see also [21,22]. In line with this, many have proposed that a successful earth-
quake early warning system, such as ShakeAlert, is one that alerts (only) for damaging earthquakes [23–27]. To assess the prevalence
of these types of attitudes, expectations, and preferences, this study explores the expectations of potential warning recipients in CA,
OR, and WA, along with their preferences, perceptions, attitudes, and knowledge of earthquakes and the ShakeAlert system.

The specific research questions that guided this study were:
• How do CA-OR-WA residents living in the US West Coast perceive the risks of earthquakes?
• What awareness and expectations do CA-OR-WA residents have of EEW, with regard to its behavior and its usefulness?
• What earthquake experiences have CA-OR-WA residents had that might inform their expectations of the system and preparedness

actions?
• What preferences do CA-OR-WA residents have with regard to alerts, regarding alerting thresholds, content, and alert lead-time?
• How prepared are CA-OR-WA residents for earthquakes and to receive alerts?

These research questions were developed from prior research on earthquake early warning and the theories reviewed in section 2,
with the pragmatic aim of evaluating the effects of EEW and informing EEW communication and education programs. Survey sam-
pling and analysis methods are described in section 3. Findings in section 4 are presented in the following order: current awareness,
knowledge, and expectations of EEW and ShakeAlert (4.1), previous earthquake experiences and expectations of future earthquakes
(4.2), alerting expectations (4.3), and determinants of perceived usefulness of ShakeAlert and of interest in learning more about it
(4.4). Section 5 explores alerting preferences, followed by discussion and limitations in section 6, and areas for future research and
conclusions in section 7. The baseline results presented here provide an important foundation for future research, as the intention is to
replicate this survey annually or bi-annually, to track changes in the populations of the ShakeAlert states over time.

1.1. Literature review
1.1.1. Earthquake early warning in context

Although “front detection” using alarm seismometers to detect shaking on railways had been employed since the 1960s in Japan
[28], public earthquake early warning became operational first in Mexico City in 1991 following the 1985 Mexico Earthquake, which
killed more than 10,000 people [17,29,30]. It took another decade and a half until a second public alerting system was released in
Japan in 2007 [28]. Other major metropolitan areas and countries have followed suit in terms of offering public alerts, limited release
alerts, and real-time testing and development of EEW systems, respectively. (Fig. 2).

1.2. EEW alerts and ShakeAlert
Currently ShakeAlert takes a multi-pronged alerting strategy as explained in Given et al. [24]; using a variety of channels such as

smartphone apps, Wireless Emergency Alerts (WEAs) [31], and embedded smartphone operating systems (Google) to alert users of
imminent earthquake shaking [3]. Channel preferences are also an important component in developing trust in messages, as de-
scribed in Uses and Gratifications theory [32,33], which supports a multi-channel communication strategy for warnings. ShakeAlert
aims to provide seconds of notice that potentially damaging earthquake shaking is imminent. Alerts delivered to people and auto-
mated systems may not be able to mitigate all damage [27], including deaths, injuries, and trauma, but may nevertheless provide
enough time for people to take protective actions or mentally prepare themselves for the shaking to come [19].

As illustrated in Fig. 3, there are two thresholds for alerting the public via cell phones, as described in McGuire et al. [26]: (1)
smart phone app providers and Google delivery via their Android operating system alerts for Magnitude (M) 4.5+ with intensity
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Fig. 2. The timeline of EEW rollout around the world: (a) for 1985 through 2020 and (b) for 2021, scaled by the millions of people to be potentially notified with an
alert. The colors represent the various stages of EEW rollout: public alerting (green), limited alerts delivered to technical users and/or pilot testers (yellow), and EEW
testing and development (red), as defined in the legend. In 2017 and 2018, Israel (Isr) and Nicaragua (Nic) began real-time testing and development of their EEW sys-
tems. In (b), the limited public alerting (yellow) is delivered by Google Android only; thus, only people with an Android operating system phone can receive alerts.
Reprinted from McBride et al. [3] with permission. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this ar-
ticle.)

Fig. 3. Alerting thresholds for ShakeAlert, provided by the United States Geological Survey and reprinted with permission [34].

threshold of Modified Mercalli Intensity (MMI) III+ (weak shaking), and (2) the Integrated Public Alert & Warning System (IPAWS)
system which generates WEAs for M5.0+ with MMI IV+ (light shaking) (Fig. 3).

In the United States, Google Android currently has bi-level alerting: “Be Aware” messaging, which does not include protective ac-
tions for earthquakes, and “Take Action” messaging, which includes Drop, Cover, and Hold On (DCHO) advice [3]. Bi-level alerting is
determined by the MMI the person might feel; MMI III is the threshold for the “Be Aware” and the MMI V is the threshold for the
“Take Action” alert [3]. The Japanese system, managed by the Japanese Meteorological Agency (JMA), has a form of bi-level alerting
which alerts technical users at MMI 4.5 and the general public for MMI VI and higher [18] but only Google Android provides public
bi-level alerting.
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1.3. Protective actions and ShakeAlert
Protective actions advised in EEW messages vary depending on the geographic and cultural context [3], with some regions and

countries offering explicit guidance about what protective actions to take—for example, DCHO or run outside—versus others that rely
on sirens and do not suggest to users which actions to take. What it takes to trigger protective actions in a range of hazard and social
contexts has been studied for decades; widely applied models include the Protective Action Decision Model (PADM) from Lindell &
Perry [35]; Emergent Norm Theory as updated and described by Wood et al., [36]; and the Person Relative to Event approach [37],
among others. More generally, warning response and risk communication insights are applicable, from both health (e.g. Refs.
[38–44], and environmental behavioral domains, (e.g., Refs. [45–52]. Major elements of these models include experience, risk per-
ception, self-efficacy, response efficacy, and trust, including trust in the warning itself as well as trust in the source of the warning or
messenger (e.g., Ref. [53]; related to credibility, see Refs. [54,55]. Risk perceptions are broadly defined in the literature as both affec-
tive and cognitive, to include mental models of hazardous processes—i.e., causal beliefs about exposure to harm (sources and path-
ways), effects of exposures, and ways to reduce or avoid those effects (related to response efficacy or outcome expectancy)—as well as
psychometrics such as perceived control, dread, familiarity, and subjective likelihood judgments.

In terms of earthquakes specifically, research has shown that past experience influences future preparedness actions (e.g., Refs.
[56–58]. Efforts to simulate such experience include the Great ShakeOut, which promotes DCHO as the recommended protective ac-
tion in response to shaking. Since 2008, the Great ShakeOut has been held annually and is now accompanied by detailed public edu-
cation campaigns to encourage people in the United States [59] and globally [60] to take protective action and get prepared.

ShakeAlert advises DCHO as the best recommended protective action based on review of human behavior in response to shaking
[61]. However, because the determination of which actions are likely to be most protective is a function of shaking, structural re-
silience, and the specific geological and geographical contexts, exposures, and response capacities of individuals at risk, it remains a
topic of debate among emergency managers, engineers, and others in the United States and beyond [3].

1.4. Preparedness actions and knowledge research across CA-OR-WA
General earthquake preparedness knowledge studies are rare across the three focal states of CA, OR, and WA included in this

study, although US national surveys suggest relatively low levels of perceived household emergency preparedness overall [62]. Re-
sults of a recent review [63] found few contemporary studies on this topic in the US. Rather, it is more common to find research that
focuses on specific states [1,64,65] and local studies within states (e.g., Refs. [66–70]). Conglomerate surveys, such as the Federal
Emergency Management Agency (FEMA) National Preparedness Survey [62], are nationally representative, but are not representative
at the state level for the ShakeAlert states of interest in the present research.

In summary, while the current body of knowledge is rich in some aspects of our research questions, we focus on expectations as a
key determinant of the success of early warning systems. Further, this research fills an important gap in knowledge about what people
in ShakeAlert states expect from the system, from earthquakes, from themselves, and from the public officials managing this system.

2. Methods
2.1. Survey development and measures

The present study draws on much prior work including items from the TriNet studies and other US-based work [1,71–73] and
studies from Japan [19] and New Zealand [16]. In addition, our baseline survey was reviewed and revised based on considerations in-
troduced by the USGS ShakeAlert Joint Committee for Communication, Education, Outreach, and Technical Engagement and the So-
cial Science Working Group (SSWG) [74]). The interdisciplinary SSWG2 advised on the development, pretesting, and refinement of
the survey items and instrument. Questions were developed with several theoretical and methodological considerations, including
ease of implementation, post-event informativeness, and longitudinal comparisons. As noted, this baseline survey is intended to sup-
port future assessment of alert message content by exploring people's experiences and their reflections on specific alerts issued.

Survey questions were pilot tested in 2019 via Google Survey on an adult sample representative of internet users in WA state. Fur-
ther revisions and pre-testing through the SSWG and a public sample of Lucid3 panelists, managed by the National Opinion Research
Center at the University of Chicago (NORC4) took place before the survey launch. The iterative process of survey co-design with the
SSWG allowed for periods of data gathering, analysis, and reflection for purposeful refinement over several months.

All survey items are provided in Bostrom and Becker [75] (see Appendix 1) and referenced in the results section. Analyses and re-
sults focus on predictors of interest in and expectations of EEW (associations between these and experience, perceived risk, perceived
efficacy (self and response) and usefulness of ShakeAlert, earthquake preparedness, and age and other household characteristics, to
align with our research questions.

2 The SSWG includes social scientists from a range of disciplines and career stages in academic positions, emergency management representation from Washing-
ton State Emergency Management Division, and representation from USGS ShakeAlert. The diversity of the SSWG shaped the survey formation in myriad ways. For ex-
ample, emergency managers encouraged the exploration of preparedness as part of the survey, as well as assessing desired Modified Mercalli Intensity (MMI) thresh-
olds for alerting.

3 See https://luc.id/for a description of the Lucid sampling approach and how surveys are distributed to intended audiences. Accessed 5 June 2022.
4 See https://www.norc.org/for more information on NORC, which was established in 1941 as an objective, nonpartisan research organization to advance social sci-

ence and public opinion research. Accessed 5 June 2022.

https://luc.id/
https://www.norc.org/
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2.2. Survey methods, sample, and analysis
The final web survey was fielded in CA, OR, and WA between February 17 and 27, 2021 (during the COVID-19 pandemic),

through NORC. As indicated in the opening to the paper, ShakeAlert was available statewide in CA at the time the survey was re-
leased; rollout had been announced in OR and WA but the system was not yet publicly available statewide in the latter two states.5
The survey took on average 7 min for respondents to complete. Respondents were paid a cash equivalent of $2 for completing the sur-
vey.

The sample included a general population sample of adults 18+ residing in each focal state (NORC AmeriSpeak panelists; CA
n = 1219; OR n = 207; WA n = 317) combined with nonprobability opt-in online samples from Oregon and Washington (OR
n = 813, WA n = 720, Lucid panelists), with TrueNorth calibration (based on small area estimation methods to explicitly account for
potential bias associated with the nonprobability sample [76,77]), to yield more accurate population estimates for each state.

The weighted American Association for Public Opinion Research (AAPOR) Response Rate (RR)36 for the AmeriSpeak cumulative
response rate was 4.68% (weighted AAPOR RR3 recruitment rate 19.52%, weighted household retention rate: 74.97%; survey com-
pletion rate 31.99%). For the combined CA-OR-WA sample, the study design effect is 3.413 and the study margin of error is ± 3.41%
(the study design effect is 2.09 for CA, 1.628 for OR, and 1.471 for WA, and; the study margin of error is ± 4.37% for CA;±4.21% for
OR; and ± 3.397% for WA). Analyses comparing states are calculated with state weights (CA N = 1219; OR N = 1020; WA
N = 1037). Analyses across the CA-OR-WA region are calculated using a full sample weight for the combined general population of
CA-OR-WA (N = 3726). Additional details on sampling, weighting calculations and the demographic profiles of the samples are pro-
vided in Appendix 2.

In addition to descriptive comparative analyses between the states, between those with and without awareness of ShakeAlert, and
between those with and without earthquake experience, we conducted two regression analyses to examine whether perceived effec-
tiveness and reliability of ShakeAlert predicted: (a) judgments of the usefulness of ShakeAlert, or (b) interest in learning more about
ShakeAlert. Correlates of perceived usefulness of warning systems include the extent to which a system is perceived as enabling pro-
tective action (response efficacy) against a serious threat (perceived risk), as tempered by the perceived credibility or trustworthiness
of the system (e.g., false alarm and missed alert rates) (e.g., [35,58]). Potential motivations for learning more about a warning system
include these factors as well as perceptions of usefulness. Although some previous research suggests demographics are not predictive
of hazard adjustments such as risk information seeking (e.g., [58,78]), other research on risk information seeking suggests demo-
graphics can have a small effect (e.g., [79,80]). We therefore controlled for demographics in these regressions.

3. Results
Results focus on the three states and illustrate differences between CA, which had the system operating for 18 months before the

survey was administered, and OR and WA, which rolled out public alerting to cell phones in March and May 2021, after the survey
data had been collected. This allowed us to compare those respondents who had experience with the system and with earthquakes in
general to those with little or no experience with either earthquakes or the ShakeAlert system.

3.1. Awareness, knowledge, and expectations of ShakeAlert
Respondents were asked whether ShakeAlert was available in each of the three focal states. Fig. 4 compares the respondents in

each of the three states who thought ShakeAlert was available in WA (top), OR (middle), or CA (bottom), by whether they reported
having previously heard of ShakeAlert (25.3% in CA, 10.5% in OR, 10.8% in WA reported they had), or not. In all three states, the ma-
jority of respondents who had heard of ShakeAlert thought that it was available in their state, even though it was not available in WA
and OR at the time of the survey distribution. California had the largest proportion of respondents (83.4% overall; 90.7% of the re-
spondents who had heard of ShakeAlert before) who thought it was available in that state, which is correct.

To learn which agency people expect or trust to operate the system and who they expect to provide post-alert messaging about sys-
tem performance, we asked respondents to indicate whether ShakeAlert “Is operated by the US Geological Survey.” Respondents in
CA who had heard of ShakeAlert were more likely to select that they knew this to be true (43.3%) than those in OR (26.3%), or WA
(30.1%) (independent-samples proportions tests, p < 0.05). Slightly fewer—roughly a fourth of those in each of the three
states—who had not heard of ShakeAlert before the survey selected this as their best guess (27% of those who had not heard of
ShakeAlert in CA; 27.3% in OR, and 24.1% in WA).

Knowledge about the system overall was higher in CA than in WA and OR (Fig. 5). For example, Californians were more likely to
recognize that ShakeAlert sends a warning that an earthquake is approaching, and that it does not predict earthquakes (i.e., they did
not select this as a true statement about ShakeAlert), and that an alert might arrive after earthquake shaking starts. Very few respon-
dents in any of the three states indicated that the system would confuse them (with responses ranging between 5% and 7%), would
cause others to ask them for help (between 5% and 10%), or might be difficult to use (between 12% and 16%). About a fifth of respon-
dents (WA 24%, OR 17%, CA 20%) thought it might be wrong or false.

Fig. 6 explores how people perceived ShakeAlert, based on whether they had heard of it or not. Across all three states, the
ShakeAlert-aware more frequently selected correct descriptors of ShakeAlert than the ShakeAlert-unaware. In CA, fewer of the

5 A ShakeAlert-powered Wireless Emergency Alert demonstration took place on February 25, 2021, in three counties (Pierce, King, and Thurston) in WA state. No ma-
jor ShakeAlert news occurred in CA over the sampling period. In OR, the March 2021 rollout was imminent and was being reported on during the survey period.

6 The specific response rate calculation for AAPOR Response Rate 3 can be found here: https://www.aapor.org/Education-Resources/For-Researchers/Poll-Survey-
FAQ/Response-Rates-An-Overview.aspx Accessed 5 June 2022.

https://www.aapor.org/Education-Resources/For-Researchers/Poll-Survey-FAQ/Response-Rates-An-Overview.aspx
https://www.aapor.org/Education-Resources/For-Researchers/Poll-Survey-FAQ/Response-Rates-An-Overview.aspx
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Fig. 4. Awareness of ShakeAlert among participants in the three states.

Fig. 5. Beliefs and expectations about ShakeAlert EEW, by state. Percentage of those responding yes to two select-all-that-apply questions: (a–d) “Which of the following
do you know to be true of ShakeAlert? [ShakeAlert is an earthquake early warning system that/My best guess is that ShakeAlert]” (note that a,c are misconceptions and are re-
verse-coded; the percentage of those who did not select a,c are reported); (e–j) “If you had an app on your phone that could deliver alerts, do you think alerts:”

ShakeAlert-aware thought that it predicted earthquakes (19%), as compared to the ShakeAlert unaware (35%) (p < 0.001, indepen-
dent-samples proportion test), whereas in OR and WA, roughly a third thought this, regardless of ShakeAlert awareness status
(p > 0.05).

Similarly, 25% of the ShakeAlert-aware in CA selected that ShakeAlert “only sends warnings for strong, damaging earthquakes” as
compared to 14% of the ShakeAlert-unaware Californians and statistically indistinguishable low proportions of those in the other two
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Fig. 6. Perceptions, attitudes, and knowledge of ShakeAlert by state and awareness of ShakeAlert, in response to: Which of the following do you know to be true of ShakeAl-
ert? [For those who reported having heard of ShakeAlert: “ShakeAlert is an earthquake early warning system that:“/For those who reported not having heard of ShakeAlert: “My
best guess is that ShakeAlert:“]. Response Scale: Please select all that apply.

states (between 10% and 16%), regardless of their prior awareness of ShakeAlert. Despite this, majorities of respondents (over 60%)
in all three states understood that ShakeAlert would send a warning that an earthquake was approaching, which is largely correct.

Respondents in all three states tended to agree (between 3.48 and 4.13 on a scale where “agree” was coded as 4 and “strongly
agree” was coded as 5) that ShakeAlert would enable them to physically protect and mentally prepare themselves and help others.
People in WA and OR, where ShakeAlert was not yet available publicly at the time of the survey, were more optimistic about what
they could achieve and what information ShakeAlert could provide them when compared to Californians surveyed (Fig. 7).

The largest differences in expectations were between the ShakeAlert-aware in WA and OR as compared to the ShakeAlert-aware in
CA. Of the ShakeAlert-unaware, expectations of usefulness were roughly equivalent across the three states for all questions asked (Fig.
7).

3.2. Previous experience and expectations of future earthquakes
As noted earlier, previous earthquake experience has been found to inform future actions [56], suggesting such experiences may

play a central role in shaping expectations, behavioral intentions, and actual behaviors. Across the three states, 93.4% in CA, 79.4% in
OR, and 80.7% in WA reported having experienced an earthquake. In all three states, the modal recent earthquake experience was
mild shaking (corresponding to an MMI IV; 56% CA, 47.5% OR, 41.8% WA), with about a fourth of the sample (26% CA, 23.7% OR,

Fig. 7. Mean perceived usefulness of ShakeAlert, with 95% confidence interval on the mean, by state and by prior awareness of ShakeAlert (Response scale: 1 = Strongly
disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly agree).
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23.2% WA) reporting having experienced weak shaking (corresponding to an MMI III). Moderate (MMI V), strong (MMI VI), or vio-
lent (MMI VI+) recent shaking experiences were marginally more commonly reported in WA than in OR, or CA (Fig. 8) (MMI V: CA
6.6%, OR 13.4%, WA 17.1%), (MMI VI + CA 10%, OR 14.5%, WA 16.9%). For those with earthquake experience, the average level
of shaking experienced most recently was MMI IV or slightly higher. The average shaking levels experienced differed by state; these
differences were small but statistically significant [F(2, 2777) = 19.4, p < 0.001].

Reported harm experienced, which was not constrained to a specific experience or time frame, nevertheless correlated with the
most recent shaking level experienced; 76% of those who had experienced mild shaking reported having experienced no injury, dam-
age, or loss from earthquakes. Even among those who had experienced strong or violent shaking in their most recent earthquake expe-
rience, only 22% reported injury, damage, or loss to themselves personally, whereas 46% reported no injury, damage, or loss (Fig. 9).

Perceptions of earthquake risks varied somewhat across states. Those in CA were closer to agreeing that a damaging earthquake
would occur in their city or town in their lifetime (3.73) than compared to 3.44 in WA and 3.25 in OR, where agree is coded as 4 and
neutral as 3). This is likely because CA has experienced more damaging recent earthquakes (M6.9 Loma Prieta in 1989 and M6.7
Northridge in 1994), than WA with the 2001 M6.8 Nisqually, or OR, with relatively few damaging earthquakes. Notably the majority
of respondents across the three states disagreed that a damaging earthquake in their state would not impact their lives (Fig. 10). In
other words, majorities think it would affect their lives if there were a damaging earthquake in their state.

Actions taken previously and awareness of advice on how to respond to earthquakes and earthquake early warning are explored in
Figs. 11 and 12. The typical response to the most recently experienced earthquake by respondents was not DCHO, but to stop what
they were doing and stay put (Fig. 11). However, fewer of those who had experienced strong or violent shaking stopped what they
were doing and stayed put (26.5% of those who experienced strong or violent shaking, N = 355, compared to 53% of those who ex-
perienced weaker shaking, N = 2360; Z = 10.31, p < 0.001), and relatively more of those who experienced strong or violent shak-
ing reported DCHO (13%, compared to 6.8% of those who experienced weaker shaking, Z = 3.23 p < 0.001), standing in a doorway
(25.4% vs. 13.5%, p < 0.001), or immediately leaving the building they were in (12.4% vs 5.2%, Z = 3.9, p < 0.001).

Fig. 8. Reported shaking felt for the most recent earthquake experience, by state, for those respondents with personal earthquake experience, multiple choice response.

Fig. 9. Reported personal or social harm from earthquakes by state. Response scale: Please select all that apply.
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Fig. 10. Risk perceptions of participants as measured by responses to statements about earthquake expectations, by state.

Fig. 11. Reported response to the most recently experienced earthquake, by perceived level of shaking experienced, for all respondents reporting earthquake experience
across CA-OR-WA.

Fig. 12. Earthquake preparedness by state and by earthquake experience. Select-all-that-apply response scale.

California led in all earthquake preparedness actions except with regard to reporting about what they had seen or heard about
how to respond to an earthquake early warning (differences between the three states were not statistically significant) (Fig. 12). This
is notable as EEW had been available in the state of CA for almost 18 months at the time the survey was administered. The “none of
the above” answer was almost equal in all three states for those who had no earthquake experience (approximately 30–35% of the re-
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spondents) compared to lower numbers for those who had earthquake experience previously (15–20%). This may indicate that either
those respondents who had earthquake experience were motivated by their experiences to take action, or it is also possible that the
earthquake experience of the location they lived in had prompted the availability of more earthquake preparedness activities in those
areas. Awareness was similar in WA and OR for awareness and practice (p > 0.10 for independent proportion tests on all response
options). In comparisons of CA to OR and WA, similar proportions had seen or heard information about how to respond to an earth-
quake early warning (p = 0.07), but higher percentages of respondents in CA than in WA and OR selected all other responses, and rel-
atively fewer in CA selected none of the above (p = 0.004 for the CA vs WA and OR percentages who reported having participated in
training to respond to emergencies, p < 0.001 for the remaining comparisons) (Fig. 12).

3.3. Alerting expectations
Expectations about false alerts and missed alerts varied little across the three ShakeAlert states, with the majorities in all three

states stating that even if these would occur, the system would still be perceived as valuable. In order to determine tolerance for errors
in system performance, we asked respondents if they would still want the system if it would sometimes issue false alerts or lead to
missed alerts. We disaggregated the data based on those with earthquake experience and those without it; this revealed notably differ-
ent attitudes and expectations towards the system.

We found respondents from all three states had a high tolerance for false (Fig. 13) or missed (Fig. 14) alerts, however this varied
some depending on both experience of earthquakes as well as knowledge of earthquake early warning.

Those with the most earthquake experience had the highest tolerance for false alerts, with the highest percentages in CA, second to
WA, and followed by OR. However, participants in WA who had no earthquake experience were as interested as those with earth-
quake experience in receiving alerts even if the system sometimes sends false alerts, while respondents in the other two states without
earthquake experience were less interested. It is notable that a quarter of almost all answers were “don't know,” indicating that partic-
ipants may not have felt they had enough information to make an educated choice.

As shown in Figs. 13 and 14, tolerance for missed alerts was even higher than tolerance for false alerts, with large majorities of re-
spondents in all three states expressing an interest in receiving alerts even if some might be missed, regardless of their prior earth-
quake experience. Notably the highest was CA, where those with and without earthquake experience regarded alerts as equally valu-
able despite the possibility of missed alerts. Among those with no quake experience, WA participants were most likely to express dis-
interest in alerts if they knew missed alerts were a possibility compared to the other two states, while OR participants were more
likely than those in the other two states to report that they didn't know if they would still want to receive alerts.

Fig. 13. Percentages of respondents reporting whether they would tolerate false alerts, by state, when asked if they would still want to receive alerts if the system some-
times produced false alerts.
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Fig. 14. Percentages of respondents reporting whether they would tolerate missed alerts, by state, when asked if they would still want to receive alerts if the system
sometimes missed alerting for an earthquake.

3.4. Determinants of perceived usefulness of ShakeAlert EEW and interest in learning more
Regressing perceptions of the usefulness of ShakeAlert on these concerns can provide insights into how they are correlated, con-

trolling for other possible explanations, such as awareness of ShakeAlert EEW, earthquake experience, perceived exposure to and risk
from earthquakes (as measured by expectations of earthquakes in their area, and perceived personal or social injury damage or loss),
gender, and age.

Fig. 15 presents the standardized coefficients (betas) estimated from regressing perceived usefulness of ShakeAlert on awareness
of ShakeAlert and ShakeAlert functionality (model 1), alerting accuracy and ease of use (added in model 2), tolerance of missed
alerts and false alerts (added in model 3), earthquake risk perceptions (added in model 4), and characteristics of the respondent and
their household (presence of household members with disabilities or young children, age, race/ethnicity, gender, income, and state)
(added in model 5). The dependent variable for this analysis is a single index of ShakeAlert usefulness calculated as an average of the
four measures of usefulness shown in Fig. 7; it has high reliability (Cronbach's alpha = 0.86).7

Tolerance of missed (beta = 0.144) and false alerts (beta = 0.125) were most strongly positively associated with perceived use-
fulness of ShakeAlert, followed by identifying as Hispanic (beta = 0.123). Perceived usefulness also increased as a function of risk
perceptions, such as whether or not respondents expected a damaging earthquake in their city or town in their lifetime
(beta = 0.112), and if they thought a large earthquake in their city would affect them (beta = −0.07 on a large earthquake in my city
or town would not impact my life), but also if they expected a damaging earthquake in their state but not near themselves
(beta = 0.104), controlling for other variables in the full model (Fig. 15).

Understanding that ShakeAlert sends a warning that an earthquake is approaching was positively associated with its perceived
usefulness (beta 0.076), but so was the misconception that it always provides a warning in advance of an earthquake (beta = 0.100)
(Fig. 15, model 5). Unexpectedly, perceived usefulness of ShakeAlert was consistently lower for those who had heard of ShakeAlert
(beta = −0.07), after controlling for other factors, suggesting that a lack of familiarity might be associated with greater optimism
about system performance. As anticipated, perceived usefulness of ShakeAlert was higher for respondents who did not anticipate
problems with alerts, as indicated by the negative coefficient (beta = −0.096) on “Might be difficult for you to use.” It was also
higher for those who thought it might cause others to ask the respondent for help (beta = 0.085), higher for those in WA than those

7 Principal components analysis [72] produced a single regression factor score that explains 70.6% of the total variance across these items, suggesting that using a sin-
gle index is reasonable. The reliability analysis indicated that removing any one of the four items reduced the overall scale reliability.
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Fig. 15. Regression of the average of four measures of perceived usefulness of ShakeAlert (1 = Strongly disagree, to 5 = Strongly Agree; see Fig. 7 for wording of
these items) on predictors describing expectations of ShakeAlert and earthquake risk perceptions, controlling for demographics. Models were estimated as linear re-
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gressions of the index of four usefulness variables (principal components analysis regression factor) on other variables, with a constant. Select-all-that-apply and multi-
ple choice variables coded as 1 if selected, 0 if not. Data were weighted to represent the general publics aged 18+ across all three states (CA, OR, WA). Column values
are standardized coefficients (betas). Bolded p < 0.001. All F-changes are significant at p < 0.01.
◀

in CA (beta = 0.093), and higher for younger respondents (beta = −0.83 on respondent age). After controlling for other factors, nei-
ther personal or social experience of loss nor personal experience of an earthquake were predictive of the perceived usefulness of
ShakeAlert.

About half (55.2%) of those in all three states expressed interest in learning more about ShakeAlert, slightly more in CA than in OR
and WA. Fig. 16 shows the results of regressing interest in learning more about ShakeAlert on these potential explanatory factors.
Those who reported having experienced no injury, damage, or loss from an earthquake, personally or socially, were less likely to be
interested, while those who thought a damaging earthquake was likely to occur in their city or town in their lifetime were more likely
to report interest in learning more. Those who thought an earthquake early warning would be useful, by helping them to protect
themselves or others, and those who reported being tolerant of missed and false alerts were more likely to report being interested in
more information about ShakeAlert. In contrast, those who thought alerts might be wrong or false were less likely to report an interest
in learning more, after controlling for other factors.

4. Informing EEWS development on the US West Coast
To further inform EEWS development, the survey explored preferences for alerting channels, message content, how long people

thought they would need to respond to an alert, and for what level of shaking they would prefer to be alerted.

4.1. Preferences for alerting channels, content, time to respond, and shaking thresholds
Trust is a critical component for people to respond to a message; they must first trust both the source and the channel. While across

all three states there is an overwhelming preference to be alerted by cell phone or smartphone, 40% reported being interested in TV
messages, and 30% in public announcements via a loudspeaker or siren, closely followed by an interest in radio messaging (Fig. 17).
Preferences for smartphone alerts may be due to the immediacy, availability, or personal connection that people have with their mo-
bile devices but could also be because this has become a dominant channel for alerting, given the rise of Wireless Emergency Alerts
delivered to people's cell phones.

When asked what information they most wanted included in the alert, those who had heard of ShakeAlert preferred shaking inten-
sity and time-to-shaking (Fig. 18). Those who had not heard of ShakeAlert preferred shaking intensity and recommended protective
actions. However, all options ranked highly with relatively small differences between each. WEAs currently do not provide shaking
intensity information [3].

When asked “What would be the minimum warning time you think you'd need to respond (i.e., between receiving the alert and
feeling the shaking?)” almost half reported that they would need more than 30 s to respond (24% selected 31–60 s, 22% selected
more than minute) (Fig. 19). In all three states, the majority of respondents answered they would need a minimum warning time of
30 s. However, in CA, 15% of respondents suggested that they could take action within 6–10 s; largely the respondents in that state
suggested that they could take action with less notice than the respondents in the other two states. Oregon participants suggested they
needed the longest warning times but also reported the highest amount of uncertainty about how much time they would need.

When the respondents were asked in an open-ended question in the survey what they would do if they were indoors and knew that
they had 10 s of alerting time, prevalent words included, for example: get (342 mentions), cover (204), doorway (189), under (182),
outside (126), safe (102), table (116), door (76), stand (75), take (74), move (65), drop (56), duck (38), protect (32), dog (28), time
(27), and alert (23), among other words (Fig. 20). These words often showed up in action phrases like “Grab dog and run outside.”
Typical responses for “get” include: “Get under a table or desk,” “Get under a table if possible or in a doorway if faster,” and “Get out-
side.” Most typical for “take” is the phrase “take cover.” “Time” showed up in contexts like “Not enough time to really do anything”
and “I wouldn't even have time to check the phone after the alert.” Assessed here informally as a word cloud, the open-ended re-
sponses appear to support the closed-ended response categories used to assess responses to prior earthquakes discussed in section 4.2
(Fig. 11) and suggest that while there is some sensitivity to time limitations, considerable optimism prevails regarding the actions af-
forded by earthquake early warnings.

Alerting threshold preference—in terms of the lowest level of shaking that participants think would be useful to be warned for—is
a key issue to understand, both in terms of system performance as well as trust in the EEW system. Approximately 62% of respondents
thought alerts for weak or mild shaking would be useful, with 32% reporting that alerts only for higher shaking levels would be useful
(Fig. 21). Five percent indicated that alerts even with no shaking felt would be useful, while one percent indicated only alerts for vio-
lent shaking would be useful.

4.2. Post-alert messaging
The survey also asked respondents about their preferences for post-alert messaging in the event of an earthquake as well as in the

case of a missed or false alert. Because this question hinges on alerts, results are shown by awareness of ShakeAlert in Fig. 22. Interest
in knowing immediately what happened was high for both missed and false alerts (over 40%), though slightly higher (on average
4.4%) for missed alerts than for false alerts. About a third overall (32.2%; 33% of the ShakeAlert-unaware; 31% of the ShakeAlert-
aware) thought they would be annoyed over a missed alert, while only a fourth overall (23.8%; 25% of the ShakeAlert-unaware, 21%
of the ShakeAlert-aware) thought they would be annoyed about a false alarm. More reported thinking they would be worried after a
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Fig. 16. Regression of interest in learning more about ShakeAlert on: earthquake experience; perceived risk; awareness, knowledge and perceived usefulness of
ShakeAlert; expectations of ShakeAlert and EEWS, including expected responses to missed and false alerts; and demographics. The dependent variable was coded as 1
if the respondent selected that they would like to learn more about ShakeAlert, 0 otherwise.
◀

Fig. 17. Preferences for alerting channels, across all three states. Select-all-that-apply response scale.

Fig. 18. Content respondents would want in an earthquake alert received through their phone, by prior awareness of ShakeAlert, across all three states.

missed alert (25.9% overall; 27% of the ShakeAlert-unaware; 24% of the ShakeAlert-aware) than after a false alert (18.1% overall).
With the exception of unhappiness, all other observed differences between reactions to missed and false alerts in Fig. 22 are signifi-
cant at p < 0.01 (paired-sample proportion tests).

Most of the differences by awareness of ShakeAlert, were small and unreliable, with a few notable exceptions. For missed alerts,
“remove the app from my device” differed significantly by awareness of ShakeAlert (p < 0.01), with more of the ShakeAlert-unaware
reporting that they would remove the app (12%) than the ShakeAlert-aware (7%). For false alarms, only “I would not care” differed
significantly by awareness of ShakeAlert, with those who have heard of ShakeAlert more likely to have selected that they would not
care (38%) than those who have not (31%) (p < 0.01, independent proportions test).

With participants ranking highly the desire to know why a false or missed alert occurred, this supports the argument made in
McBride et al. [12] regarding the critical importance of post-alert messaging and information about system performance.

5. Discussion
Our results focus on knowledge of what the ShakeAlert EEW System does, knowledge regarding who operates the system, per-

ceived status of ShakeAlert alerting in various states, and expectations of the system overall. We disaggregated the data by state and
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Fig. 19. Minimum warning time survey respondents reported needing to respond, by state. *At least one of the states differed from the other two at p < 0.05 in pairwise tests
of state proportions.

Fig. 20. Open-ended responses from CA-OR-WA in response to “What would you do if you were indoors and you knew you had the following alerting time? [10 s].”
Generated using [96] with size proportional to frequency, including stemming, and excluding words that only appeared once, as well as the, and, or, in, from, to, of,
for, and numbers.

Fig. 21. Perceived usefulness of alerting thresholds across all three states (N = 3275).

earthquake experience to examine variations in experience, risk perception, self- and response efficacy, and awareness of and trust in
the warning system, assessed through expectations of ShakeAlert performance and judgments of its usefulness. This study represents
the first cross-state comparative research in the US regarding the implementation of EEW systems in the three ShakeAlert states of CA,
OR, and WA.

This research—which builds upon prior work in other national contexts—explored what perceptions, attitudes, and knowledge
people in the focal states in the Western US have about earthquakes and earthquake early warning systems, and how these in turn cor-
respond to expectations for ShakeAlert. The analysis reviewed differences by region, earthquake experience, and knowledge of
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Fig. 22. Anticipated reactions to missed alerts (felt shaking but had not received an alert is in pale blue) and false alarms (received an alert but felt no shaking is in
dark blue) across all three states, by awareness of ShakeAlert (top: No, have not heard of ShakeAlert; bottom: Yes, have heard of ShakeAlert). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

ShakeAlert that, in turn, have shaped varying expectations of the system and of the impacts of future earthquakes, as well as other key
outcomes as described in this concluding section. Taken together, these study findings contribute to a better understanding of the po-
tential role of earthquake early warning systems relative to other influences on protective action decision making.

5.1. Regionalized differences: how people conceptualize EEW in OR and WA versus CA
Overall, we found that respondents in CA had more knowledge about the system, the protective actions to take when receiving an

alert, and what types of earthquakes they would be alerted for. This finding aligns with the state of ShakeAlert at the time of data col-
lection; CA was the only state where ShakeAlert-powered alerts were available statewide for delivery to cell phones. In addition,
when compared to WA and OR, CA has stronger building codes and a longer history of damaging earthquakes, which likely height-
ened attention to the ShakeAlert system itself.

Of particular interest, in terms of best practice recommended protective actions [3], is the absence of DCHO responses by respon-
dents in all three states. Drills have proven to be useful in encouraging people to take proper protective actions during earthquakes
[81]. Given this, it may be helpful in the future to consider specific drills for ShakeAlert that include a test alert as well as encouraging
people to take protective action as part of the drill.

5.2. Role of time/experience from rollout versus pre-rollout of ShakeAlert-powered alert delivery to cell phones
As noted previously, when this survey was disseminated, CA was the only state where ShakeAlert-powered alerts were being deliv-

ered to cell phones (via apps and WEAs) for imminent shaking. Yet even though ShakeAlert had been available for 18 months at the
time of the survey, CA respondents were only slightly more likely than their counterparts in the other two states to express an aware-
ness of the warning technology. Moreover, in all three states, respondents expressed a lack of knowledge about ShakeAlert overall and
who manages the system (US Geological Survey), although those in CA, where the system was already active, had an almost 10%
point advantage over those in OR/WA, where it was not.
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5.3. Expectations
The survey asked a number of questions about what people can expect of themselves, given the amount of warning time that they

think ShakeAlert can provide, what they expect from the ShakeAlert system and, in turn, the scientists and agencies that manage that
system as well as what they can expect from the earthquake itself.

It appears from our survey that about a fourth of respondents, particularly in WA and OR, want alerts for any earthquake they may
feel, and two-thirds of respondents expressed interested in alerts for MMI IV or lower. This means even small earthquakes are deemed
by some to be alertable by the system. While alerting for small earthquakes may be difficult technically, the desire a fifth of respon-
dents expressed to be alerted for weak shaking (MMI III), and 40% expressed to be alerted for mild shaking (MMI IV) may be due to
the novelty of the system and that many people in the Pacific Northwest (PNW) of the US have reported either not feeling earthquakes
ever or not having felt them in a long time. In the Becker et al. [16] study, people in New Zealand wanted to be warned for compara-
tively higher shaking intensities (MMI V-VI); a similar finding was found in Japan, where they have had EEW since 2007 [19]. These
findings may be reflective of the many felt and damaging earthquakes that New Zealand and Japan have experienced in the last 15
years, including the M6.2 Christchurch earthquake, the M7.8 Kaikoura earthquake, and the M9.0–9.1 Great East Japan Earthquake,
among others [82–84]. This may indicate that over time and with more alerts, expectations may shift to reflect the preferences of sci-
entists as explained by Minson et al. [27], to alert only for potentially damaging shaking.

Another expectation we found regards what people expect of themselves and think they can achieve with the alert time. Our re-
spondents expressed a degree of optimism related to taking personal protective actions and helping others, particularly given that
many alerts will only provide a few seconds of warning. Given the limited time, people may be unable to complete many of the ac-
tions they identified in the survey. Likewise, participants in [16], like those in our study, were relatively confident in their own abili-
ties to respond to earthquakes, which may be an indicator of optimism bias. A potential contributor to this optimism about alerts may
have to do with overestimating how much time alerts are likely to provide. While we did not ask respondents to estimate this, their
optimism suggests overestimation. Consider, for example, that had the ShakeAlert system been publicly alerting in the 2019 Ridge-
crest earthquakes, alerts would have been issued to the system 7.5 s and 8.2 s after the earthquake originated, respectively [20,85].8
With optimal application of a different algorithm (PLUM), it has been estimated that the system could have provided about 20 s of
warning time [86]. However, the LA City-developed app at the time used MMI IV for its alerting threshold, when the Ridgecrest earth-
quakes occurred and, as the app did not deliver alerts outside LA County, no one was notified of the earthquake. Notably, even with
PLUM, this is still less time than a majority of survey respondents thought they would need to take various protective actions to help
themselves and others.

An additional potential issue is that people may be familiar with EEW systems in other countries, like Mexico City or Japan, where
longer warning times have been showcased in video and media. Mexico City, in particular, has longer warning times due to the fact
that the majority of damaging earthquakes originate relatively far from the city. Another consideration is the possible impact of multi-
ple alert providers operating in the same systems, which may cause confusion [87].

The expectations of the system overall do not seem as optimistically biased, however, given that 60 to 70% of respondents re-
ported they expected to receive false or missed alerts, across the three states. The respondents said that the system was still valuable,
but held expectations of being told what happened as soon as possible, indicating that post-alert messages from the science agency
(USGS) are important. Therefore, fast, clear information about the alerting types is critical to develop trust and understanding of the
system in the three ShakeAlert states. Post-alert messaging [12] has been developed by the USGS and may play a vital role in the fu-
ture to explain aspects of the system as well as develop trust and knowledge about earthquake early warning. However, if people do
not know who to listen to regarding post-alert messaging, it could be problematic for developing knowledge and trust in the system.

Our findings regarding earthquake risk perceptions suggest that people do see themselves at risk from earthquakes, but do not see
earthquakes as likely to have a substantial impact on their lives, and so may not expect earthquake early warning to be useful for
them. Experience can inform expectations of earthquakes, so this finding is critical to understanding what people expect from future
earthquakes.

All these expectations may shift with time and experience or even lack of experience with earthquakes and with the system. At is-
sue is that OR and WA do not experience earthquakes as frequently as CA; it may be several years before these states receive any alerts
[26]. Should this be the case, public education and earthquake drills could be utilized to inform people about the system and habitu-
ate them to the actions they can realistically take when they get an alert as well as to inform them when and why false or missed alerts
may occur.

These findings represent more than the knowledge-behavior gap that has long been identified in disaster preparedness literature.
Rather, there are gaps in understanding and expectations between both groups: the scientists and operators who manage the ShakeAl-
ert system and the publics they seek to serve. Both have perceptions and goals for the system; however, these do not always align. We
argue that for goals and expectations to be aligned both parties could extend their expectations to consider and align better with those
of the other group. For example, operators could consider reducing alerting thresholds for interested publics, in recognition of their
interests and the potential reassurance that an alert for even mild shaking might provide, and public educational efforts could target
better understanding of why alerting thresholds might be higher, thus encouraging publics to expect higher alerting thresholds.

8 The statewide ShakeAlert system was not yet operational at the time of the Ridgecrest earthquake sequence in 2019. While an app was available for Los Angeles
County (only), it did not alert due to the ShakeAlert system determining that neither earthquake met the alerting thresholds for the county.
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5.4. Global EEW development
Although these specific findings are limited to ShakeAlert on the US West Coast, they have broader relevance for the development

of EEW globally. Public alerting is rapidly reaching hundreds of millions of people, mainly via a Google system that uses Android
smartphone accelerometers as an ad hoc crowdsourced seismic network [88,89]. Private EEW systems may not have the same legal
and social contracts as those managed as public systems. Understanding how early warning systems work, and how the social and
technical elements of such systems interact and evolve over time should enable them to improve more rapidly. In principle, ongoing
evaluation, feedback, and adjustment could be built into early warning systems from the outset. In practice, iterative, integrated so-
cio-technical evaluation and improvement cycles (i.e., virtuous feedback cycles) for early warning systems are in their infancy, often
relying on one-off case studies (e.g., [90]). Our study represents a first step toward longitudinal assessment of the operation and ef-
fects of EEW on the US West Coast, which may be useful for both private and public systems in the US and other nations to consider
going forward.

5.5. Limitations
Our study is not without limitations, one of which is timing. Ideally a baseline survey like this would have been administered pre-

CA rollout in October 2019, to capture that state's experience before alerts were sent. Due to the pandemic, rollouts were delayed in
WA and OR until spring 2021, creating a discordant experience for people across the three states. However, one of the values this
study may provide is that it suggests the differences of knowledge and understanding about ShakeAlert from the two states that had
not rolled out at the time of the survey compared to one state that had. This creates an interesting dynamic in our study, where we can
compare the influence of public rollouts versus pre-rollout perceptions and attitudes. Other limitations include those facing much sur-
vey research, such as potential sampling biases and insufficient representation of socially marginalized populations.

6. Conclusions and future research
This study was designed to increase understanding of perceptions, knowledge, and attitude of publics in WA, OR, and CA, the

three states where ShakeAlert-powered alerts are now available statewide to be delivered to people and automated systems. Overall,
we note that our respondents had a high level of false and missed alert tolerance, with some desiring to be alerted for any shaking they
might feel. This expectation of the system does not necessarily match the expectations for alerting that scientists, emergency man-
agers, and operators who manage the system may have (e.g., [91]). Where there are mixed expectation such as this, there is the possi-
bility of public disappointment and reduced trust in the system. It may be beneficial for decision makers of the system to consider
making alerts even lower than MMI III on an opt in basis (e.g. smartphone apps), at least while the system is still emerging and alerts
are still rare. Especially in areas where MMI IV+ earthquakes are rare, alerting for smaller earthquakes that might be felt has the po-
tential to remind people that there are earthquakes and increase confidence in earthquake early warning. Over time and with more
exposure to earthquakes, as in the cases of Japan and New Zealand, one could expect interest in lower alerting thresholds to decline.

Our research captures potential limitations in ShakeAlert's public education program as reflected by the misconceptions or lack of
awareness respondents express. The relative newness of the system may explain some of these challenges to reaching and informing
the public. To date, most public education programs have been focused on rollouts of ShakeAlert or linked to other initiatives like
ShakeOut [59]. However, comprehensive campaigns are now beginning in museums and free choice learning environments, explor-
ing other venues for public education [92]. Further, Did You Feel It? community intensity surveys are being developed to collect self-
reported reactions and responses to EEW [34,93], which may provide additional insights. Exploring more pathways of public educa-
tion and information will be important in shifting knowledge, awareness, and attitudes towards EEW and ShakeAlert in the future.

Repeating this survey and analysis regularly for the ShakeAlert states could illuminate trends in experiences, expectations, and
preferences over time, as the system matures and evolves. International comparative analyses of earthquake and earthquake early
warning experiences and expectations across New Zealand, Japan, Peru, and US studies (e.g., [16,19,94] ), among others, could also
be informative for ShakeAlert development.
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APPENDIX 1
The survey described in this article [75] was organized and implemented by the lead author at the University of Washington

through NORC AmeriSpeak and was not conducted on behalf of the U.S. Geological Survey (USGS). Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the US Government.

Many of the items in the survey reported on here reflect questions used in the TriNet Seismic Computerized Alert Network (SCAN)
survey from the Trinet social science studies conducted in the late 1990's [71–73,95], which set the stage for later social science and
interdisciplinary research on earthquake early warning (e.g., Ref. [1]. These studies were part of a larger project on Tri-Net network
development, funded by USGS, Caltech, and the California (CA) Geological Survey to explore the potential for real-time earthquake
early warning in CA as well as the policy and planning issues potentially involved in such a system. The Task 1 survey [72,95] and
Task 2 report [73] (see also [71] directly influenced the development of the survey reported in Dunn et al. [1]; which was in turn
adapted for the ShakeAlert baseline survey [75]. Both the TriNet studies and Dunn et al. [1] included focused, in-depth individual or
group interviews to provide qualitative insights for survey instrument content. The TriNet SCAN survey included items to assess the
following: who needs and has a right to alerting information; who should pay for the system; liability issues; the importance of differ-
entiating between automated and human-mediated systems; comparative costs and benefits of early warning versus other mitigation
and preparedness activities; the importance of comparing the consequences of acting versus not acting on warnings; the role of the
media in early warning system development and implementation; and prioritizing among outcomes, such as life safety versus infor-
mation system functioning. Specific items included in the TriNet SCAN survey addressed what might be done with different amounts
of advance warning (10, 30, and 50 s); the current alert system; estimates of injuries, deaths and losses; willingness to pay for the
EEW System; and exposure to media about earthquake early warning. While the objectives of the TriNet SCAN survey were focused
on organizational users, the approach and findings are generally relevant for assessing EEW Systems for other users.

APPENDIX 2
The survey described in this article was organized and implemented by University of Washington through NORC AmeriSpeak and

was not conducted on behalf of the US Geological Survey. Any use of trade, firm, or product names is for descriptive purposes only
and does not imply endorsement by the US Government.

Appendix 2.1Additional details on weighting
A general population sample of adults age 18+ who reside in California, Oregon, and Washington was selected from the

AmeriSpeak Panel for this study. Funded and operated by NORC at the University of Chicago, AmeriSpeak® is a probability-based
panel designed to be representative of the US household population. Randomly selected US households are sampled using area proba-
bility and address-based sampling, with a known, non-zero probability of selection from the NORC National Sample Frame. These
sampled households are then contacted by US mail, telephone, and field interviewers (face to face). The panel provides sample cover-
age of approximately 97% of the US household population. Those excluded from the sample include people with P.O. Box only ad-
dresses, some addresses not listed in the USPS Delivery Sequence File, and some newly constructed dwellings. While most
AmeriSpeak households participate in surveys by web, non-internet households can participate in AmeriSpeak surveys by telephone.
Households without conventional internet access but having web access via smartphones are allowed to participate in AmeriSpeak
surveys by web. AmeriSpeak panelists participate in NORC studies or studies conducted by NORC on behalf of governmental agen-
cies, academic researchers, and media and commercial organizations.

For more information, visit AmeriSpeak.norc.org.
The sample for this study was selected from the AmeriSpeak Panel using sampling strata based on age, race/Hispanic ethnicity, ed-

ucation, and gender (48 sampling strata in total). The size of the selected sample per sampling stratum was determined by the popula-
tion distribution for each stratum. In addition, sample selection took into account expected differential survey completion rates by de-
mographic groups so that the set of panel members with a completed interview for the study was a representative sample of the target
population. If a panel household had one more than one active adult panel member, only one adult in the household was eligible for
selection (random within-household sampling). NORC reported that calculating the weights for the AmeriSpeak Panel interviews in-
volved the following sequential steps: incorporating the appropriate probability of selection, and then incorporating nonresponse and
raking ratio adjustments (to population benchmarks).

For the AmeriSpeak Panel interviews, study-specific base weights were derived from the final panel weight and the probability of
selection from the panel under the study sample design. Since not all sampled panel members responded to the interview, an adjust-
ment was needed to compensate for survey non-respondents. This adjustment decreases potential nonresponse bias associated with
sampled panel members who did not respond to the interview for the study. A weighting class approach was used to adjust the
weights for survey respondents to represent non-respondents. At this stage of weighting, any extreme weights were trimmed using a
power transformation to minimize the mean squared error, and then, weights were re-raked to the same population totals.

http://amerispeak.norc.org/
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Appendix 2.2 Sample demographics*

California (N = 1219) Oregon (N = 1020) Washington (N = 1037)

GENDER
Woman 52.2 50.4 49.7
Man 45.1 45.8 47.9
Transgender woman 0.9 0.2 0.3
Transgender man 0.1 0.9 0.7
Gender variant/non-conforming 0.2 1.8 0.6
Prefer not to answer 1.5 1 0.9

COMBINED RACE/ETHNICITY
White, non-Hispanic 44.9 78.8 71.8
Black, non-Hispanic 5.9 1 2.1
Other, non-Hispanic 1.5 1.5 2.1
Hispanic 31.7 11.3 9.5
2+, non-Hispanic 2.5 5 6
Asian, non-Hispanic 13.5 2.4 8.6

EDUCATION
Less than HS 6.9 7.8 6.8
HS graduate or equivalent 22.7 25 25.9
Vocational/tech school/some college/associates 30.8 29.5 31.9
Bachelor's degree 22.8 24 22.6
Post grad study/professional degree 16.7 13.7 12.8

AGE
18–29 14.8 20.5 20.2
30–44 29.9 25.8 26.6
45–59 25.2 22.2 25.4
60+ 30.2 31.5 27.8

HOUSEHOLD INCOME
Less than $30,000 25.7 33.6 29.5
$30,000 to under $60,000 21.1 27 25.6
$60,000 to under $100,000 24.2 22 24.3
$100,000 or more 29 17.4 20.6

TYPE OF BUILDING OF RESIDENCE
A one-family house detached from any other house 61.1 60.2 63.1
A one-family house attached to one or more houses 9.2 6.3 5.6
A building with 2 or more apartments 26.4 24.4 23.4
A mobile home or trailer 3 6.7 6.2
Boat, RV, van, etc 0.4 2.5 1.7

*Survey responses are weighted to represent individual state-level general adult population. The percentages in this table represent the weighted data.
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