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Every year, natural hazards affect millions of people around the world, causing significant economic and life losses. The rapid progress of technology and advances in understanding of the highly complex physical phenomena related to various natural hazards have promoted the development of new disaster-mitigation tools, such as earthquake early warning (EEW) systems. However, there is a general lack of integration between the multi- and cross-disciplinary elements of EEW, limiting its effectiveness and applications for end users. This paper reviews the current state-of-the-art in EEW, exploring both the technical components (i.e., seismological and engineering) as well as the socio-organizational components (i.e., social science, policy, and management) of EEW systems. This includes a discussion of specific evidence from case studies of Italy, United States’ West Coast, Japan, and Mexico, where EEW systems have reached varying levels of maturity. Our aim is to highlight necessary improvements for increasing the effectiveness of the technical aspects of EEW in terms of their implications on operational, political/legal, social, behavioral, and organizational drivers. Our analysis suggests open areas for research, associated with: 1) the information that needs to be included in EEW alerts to implement successful mitigation actions at both individual and organizational levels; 2) the need for response training to the community by official bodies, such as civil protection; 3) existing gaps in the attribution of accountability and development of liability policies involving EEW implementation; 4) the potential for EEW to increase seismic resilience of critical infrastructure and lifelines; 5) the need for strong organizational links with first responders and official EEW bodies; and 6) the lack of engineering-related (i.e., risk and resilience) metrics currently used to support decision making related to the triggering of alerts by various end users.
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INTRODUCTION AND MOTIVATIONS
In recent decades, there has been an increased tendency in the literature to investigate both the technical and the social-science-related aspects of disaster prevention/mitigation, preparedness, response, and recovery. Events such as the 2004 Indian Ocean earthquake and tsunami, and the 2011 Tohoku (Japan) earthquake, tsunami, and nuclear meltdown, have raised awareness about the various domains/disciplines involved in risk forecasting/management strategies and the need to develop holistic approaches to early warning methods at a broader scale. According to the definition proposed by United Nation’s Office for Disaster Risk Reduction (UNDRR), early warning systems can be defined as “An integrated system of hazard monitoring, forecasting, disaster risk assessment, communication and preparedness activities, that enable individuals, communities, governments, businesses and others, to take timely action to reduce disaster risks in advance of hazardous events” (UNDRR, Terminology updated February 2017).1 The official definition also differentiates between early warning systems and multi-hazard early warning systems, suggesting the creation (where possible) of new platforms that could address several hazards and/or their impacts, increasing efficiency and coordination (UNISDR, 2017).
The topic of early warnings has acquired considerably more interest also in practice, which is reflected in various policies and international guidelines. In 2015, the member states of the United Nations endorsed the Sendai Framework for Disaster Risk Reduction (UNISDR, 2015), where it is specified that early warning must be a priority and early warning systems have to be substantially evolved by 2030 (UNISDR, 2015). Early warning systems can also play a crucial role in mitigating highly complex events, such as cascading and interacting hazards and risks (Pescaroli et al., 2018). In particular, Pescaroli and Alexander (2018) suggested that researchers should better integrate the technical components of early warning with practices of organizational resilience, for supporting the management of decisional uncertainties. Common training with these systems, including simulation exercises/drills, are also essential.
We specifically focus on earthquake early warning (EEW hereinafter) systems in this study. These systems combine real-time seismic instruments, fast telemetry capability, data processing software and methodologies/models/algorithms that can 1) provide real-time seismic-source information (e.g., rupture location and magnitude) and/or the ground-shaking intensity of ongoing earthquakes in the early stage of fault rupture; and 2) issue (based on some decisional rule) real-time warnings to the public or other end users in large urbanized areas before they experience the strong shaking that might cause damage/loss. The warning triggered by an EEW system can be considered a tool to improve emergency preparedness/rapid response and ultimately to minimize economic and human losses during earthquakes (e.g., Heaton, 1985; Wieland, 2001; Strauss and Allen, 2016). In the specific case of EEW, even recent review studies, such as the one by Allen and Melgar (2019), tend to focus on the technical aspects of EEW systems, without providing a full and systematic description of the multi- and cross-disciplinary challenges associated with EEW operation.
Implementation of EEW systems should always consider local specificities, for instance in terms of risk perceptions at both individual and community levels, governance and institutional arrangements (Twigg, 2003). New EEW methodologies (and their practical implementations) require a process of outreach and capacity building that should go beyond the seismology (and engineering) community (Allen et al., 2009b). EEW failures are not just technical in nature, such as missed or false alarms, but may be due to organizational weaknesses at the institutional level, i.e., lack of response training to end users/community by official bodies, such as civil protection. According to Herovic et al. (2019), there are still open questions on how societal drivers (such as the understanding of local culture and organizational needs), interact with both technological choices (such as decision support platforms and uncertainty modeling/communication) and information delivery (practices and policies needed for action). A better understanding on how decisional uncertainties in the warning process could influence preparedness or mitigation strategies, for example, in terms of differences in the available lead time and expected ground shaking in specific regions, is urgently needed (Wald, 2020).
This paper aims to develop a state-of-the-art review of both technical (seismology and engineering) and socio-organizational (social science, policy and management) components of EEW, in order to understand common gaps for research and practice. We aim to address some key questions that have had limited examination previously, such as: 1) What interactions, if any, exist between the technical and the socio-organizational components of EEW? 2) What improvements are required in the socio-organizational components to make EEW systems more effective? 3) What lessons can be learned from EEW systems implemented around the world?
Our review will focus in particular on case studies of Italy, United States’ West Coast, Japan, and Mexico. The choice of these case studies will be explained in the methodology section, while the common lessons learned will be integrated with other evidence from worldwide cases in the discussion section. The conclusions will highlight directions for future research.
It is worth noting that throughout this paper, “alert” and “warning” will be used as synonyms to indicate “an alarm signal or message coupled with a recommendation or order to take action such as mobilize or evacuate” (Alexander, 2002).
BEYOND THE TECHNICAL COMPONENTS OF EARTHQUAKE EARLY WARNING SYSTEMS
The first challenge of approaching EEW systems from a multi- and cross-disciplinary perspective is deciding which components to include in the review, and how they interact with each other. The Third International Conference on Early Warning held in 2006 (UNISDR, 2006) defined the overall conceptual framework of early warning systems, highlighting the need to integrate four inter-related elements in their development. Effective “end-to-end” and “people-centered” early warning systems should include: 1) disaster risk knowledge, based on the systematic collection and understanding of data on the dynamic interrelations of exposure, hazards, and vulnerabilities; 2) detection, monitoring, analysis and forecasting of the hazards and possible consequences; 3) dissemination and communication, by an official source, of authoritative, timely, accurate and actionable warnings and associated information on likelihood and resulting impact. Multiple channels must be identified and used to reach the exposed population/users, defining simple messages and useful information; and 4) preparedness at all levels to respond to the warnings received. This should include emergency planning and community awareness education. These four interrelated elements need to be coordinated within and across sectors/disciplines for an early warning system to work effectively and to include a feedback mechanism for continuous improvement. Failure in one element or a lack of cross-component coordination could lead to failure of the whole system.
Moreover, the document by UNSIDR (2006) pointed out some cross-cutting issues, including the need for effective governance and institutional arrangements to support the development and implementation of early warning systems (including the legal and regulatory frameworks), and the involvement of the local community to activate bottom-up strategies for vulnerability reduction (UNISDR, 2006). According to Lindell et al. (2007), an essential element of warnings is that the communication has to produce a response action, so the information must be received and understood. Therefore, the technical elements cannot be considered alone but strategic decisions must be made on how the dissemination process is developed, defining appropriate communication mechanisms (e.g., television broadcasts and social media) according to the time of the day, and which elements of local culture, risk perceptions and people behaviors can influence this process. Similarly, Smith and Petley (2009) highlighted that warnings are more useful when information on upcoming hazards is combined with advice on short-term actions, such as the activation of evacuation procedures (if the warning time allows).
Various authors have suggested that the implementation of the technical components of early warning systems may be inadequate on its own (e.g., Quarantelli, 1984; Basher, 2006; Kelman and Glantz, 2014; Allen and Melgar, 2019). A classic work by Quarantelli (1984) defined very clearly that the reactions to warning for imminent threats are generally driven by factors such as institutional development and type of dissemination (formal vs. informal), perceived relevance, content (specific vs. general), proximity to the hazard, previous experience and validation (e.g., interactions with others). Effective early warning systems should not rely on a “top down” approach in which the emergency planning choices are imposed on the citizens; instead, these choices should be socially embedded. Patterns of inadequate engagement in the design and development of an early warning system could lead to a perceived lack of ownership, with consequent mistrust in the authorities/experts managing it and weaker political and economic support for further developments (Basher, 2006). Kelman and Glantz (2014) pointed out that the best approach to the design and implementation of an early warning system should be one where communities/end users are involved from the early phases of development rather than toward the end, in order to keep the technical tools oriented to their needs and specificities.
Describing specifically EEW systems, Allen and Melgar (2019) highlighted three main categories of users that need to be considered: a) individuals that undertake personal decisions and actions; b) automated response applications that need an institutional and company/organization background on how to implement the process (e.g., automatic stop to railroads); and c) individuals and institutions/organizations that use the information for situational awareness. In each context, users are likely to behave differently, and some categories may be more prominent than others. It has also been highlighted that early warning systems need to integrate mechanisms to incorporate feedback and experience from users to improve the effectiveness of how a warning is translated into action (e.g., Basher, 2006; Allen and Melgar, 2019). Moreover, when dealing with utility services and infrastructure, early warning systems should be considered/integrated into new practices of organizational resilience, defined as “the ability of an organization to anticipate, prepare for, and respond and adapt to incremental change and sudden disruptions in order to survive and prosper” (BS 65000:2014).2
METHODOLOGY
This paper develops a “traditional or narrative literature review,” according to the methodological criteria proposed by King et al. (1994) and Cronin et al. (2008).
First, we provide a brief overview of the technical components of EEW systems, on which most of the existing literature has concentrated, highlighting how they work, and the various challenges faced in EEW implementation. Secondly, we explore literature centered on the socio-organizational components of EEW, to understand how various related drivers can influence the effectiveness of the technical tools. We conduct the review through an in-depth analysis of four case studies covered by most of the literature, and then discuss it with the support of other worldwide evidence available. The case studies we selected represent different levels of advancement in the technical implementation of EEW systems, as explained by Allen and Melgar (2019):
–Italy, where EEW is technically advanced and subjected to real-time testing in the Campania region, but it is not open to the wider public;
–United States’ West Coast, where EEW is disseminated publicly to a fraction of the population (i.e., California). Selected end users receive alerts in areas where warnings are not public, and the development of a full public system is still in progress;
–Japan and Mexico, which have the most developed public alert distribution systems that disseminate alerts via multiple channels. EEW is available nationwide in Japan and is well integrated in safety procedures and practices, such as those for critical infrastructure management. In Mexico, EEW remains more fragmented and less integrated holistically into organizational resilience.
It should be noted that the selection of documents involved a replicable process to assure the consistency of our work and the possibility of future updates (Berg, 2001). An in-depth screening of scholarly literature was undertaken using both Google Scholar3 and Scopus,4 because the databases of the two research engines have different characteristics. Indeed, Google Scholar covers any document with a seemingly academic structure, including for example, conference proceedings, while Scopus comprises a database of documents–mainly journal papers—from approximately 5,000 publishers that have been selected by an independent committee.
We implemented a cross-reference approach between the identified documents to select additional publications of interest. A final check of gray documentation, such as policy reports, and open-source peer-reviewed papers/reports was performed on PreventionWeb,5 the knowledge platform for Disaster Risk Reduction of the United Nations.
We decided to focus our review primarily on literature published after 2004, i.e., in the period between 2005 and 2020, for the following reasons:
–Events, such as the 2004 Indian Ocean earthquake and tsunami, have significantly boosted the technical and non-technical development of early warning in general (and specifically EEW) since 2005;
–The technological evolution of society, associated with the widespread use of the internet, social media, and smartphones in the early 2000s, radically changed the components of disaster risk and the context of early warning systems, including EEW (Pescaroli and Alexander, 2018). This means that older papers will no longer contain valid concepts/lessons.
The key words used for the research were: “earthquake early warning systems,” “social sciences and early warnings,” “organizational resilience.” The first round of documents was then selected by searching for non-technical words/phrases in the abstract or title, including: social component/driver/sphere; organizational component/driver/sphere; operational component/driver/sphere; political component/driver/sphere; cultural component/driver/sphere; community; lessons learned; framework; review; state-of-the-art. The results in Scopus reflected the predominant focus of the literature on the technical components of EEW systems. Most of the work—approximately 1,700 papers—was concentrated in engineering, earth and planetary sciences, and computer sciences. Research in the domains of social sciences, medicine, business and management, decision sciences, arts and humanities, psychology, and economics comprised a total of 175 papers in English. However, many of these documents were not relevant for this study, because, for example, they focused on generic early warning systems or their technical components. Thus, the abstracts were filtered again to determine which papers: a) were focused on the socio-organizational aspects of EEW worldwide, with a particular focus on reactions to warnings or integration in policies; and b) supported the description of the case studies of interest.
Considered Domains
Each case study will be introduced by providing a general description of the local context and technical details of the EEW system implemented in the region. Then, relevant literature will be discussed with respect to different domains or spheres, i.e., operational, political and governance, social and behavioral, and organizational. Framing the discussion through the lens of the various spheres facilitates communication to a multidisciplinary audience. It is worth noting that some topics/findings can be seen as cross-cutting between different spheres, as discussed in the following sections; hence, the spheres should not be interpreted as rigid divisions.
Operational Sphere
This category includes tactical elements and tools that influence how EEW is developed and disseminated, such as social media/sirens, information on lead times (the time available before the arrival of the strong ground shaking at target sites) and expected impacts, including level of uncertainties in the predictions (when considered). In other words, the operational sphere includes what Alexander (2002) refers to as “the technological processes of conveying the message (i.e., communication systems).”
Political and Governance Sphere
This category includes contents associated with political and legislative issues, such as the legal framework in which EEW systems are implemented/operate, or accountability for dissemination and strategic decision making.
Social and Behavioral Sphere
This category includes people’s knowledge/understanding, perception, and opinion on EEW systems. The sphere is closely linked to the local context in which EEW systems operate, including the local culture, existing trust in institutions, local knowledge and experience with the considered hazard, informal training, household preparedness, community networks and vulnerability factors such as resource distribution.
Organizational Sphere
This sphere refers to organizations, such as civil protection, public utilities, and enterprises, that incorporate actions associated with EEW. We aim to understand the internal procedures of these organizations (if any) with respect to EEW, such as the activation of business continuity plans.
EARTHQUAKE EARLY WARNING SYSTEMS: PHYSICAL GROUNDS, TECHNICAL CONCEPTS, METHODS, AND PERSPECTIVES
From a technical perspective, the goal of an EEW system is to detect earthquakes in the early stages of fault rupture; to rapidly predict the source parameters (e.g., location and magnitude) and/or the intensity of the consequent ground motion; and to warn end users before they experience the strong shaking that might cause damage/loss (e.g., Zollo et al., 2014b). Figure 1 illustrates the technical principles of an EEW system, particularly in its regional configuration (see Regional Earthquake Early Warning Systems). The most damaging shaking is usually caused by seismic shear (or S-) and surface waves that travel at about half the speed of the fastest seismic waves (primary waves; or P-waves), and much slower than an electronic warning message (which essentially travels at 80% of the speed of light). EEW systems use P-waves (or early portion of S-waves) to detect strong shaking near the seismic source and transmit alerts ahead of the damaging S-waves at target sites. Hence, EEW systems can provide a few tens of seconds warning prior to the occurrence of damaging ground shaking at a target site, which allows for real-time seismic-risk-mitigating actions. Note that the actual/effective warning time depends mainly on the distance of the target site/structure/infrastructure with respect to the earthquake source. From an engineering perspective, if an earthquake is going to strike a target structure (or infrastructure/infrastructure component) and induce a response/damage level of enough severity, then planned emergency processes can be started immediately in order to limit potential losses. For instance, individuals can use the alert time to Drop-Cover-Hold On or move to safer locations within a building, reducing injuries and fatalities, or if the warning time allows, evacuate hazardous buildings. The alert time also (and especially) allows for many types of automated actions: stopping elevators at the nearest floor and opening the doors, opening firehouse doors, slowing high-speed trains to avoid accidents/derailments, turning traffic lights red—preventing cars from entering hazardous structures such as bridges and tunnels, shutting down gas pipelines to minimize fire hazards, shutting down manufacturing operations to decrease potential damage to equipment, saving vital computer information to avoid data losses, etc. This is not an exhaustive list but rather a snapshot of critical applications that could benefit from EEW.
[image: Figure 1]FIGURE 1 | The technical principles of an earthquake early warning system.
According to the configuration of the networks/sensors, an EEW system can be conceptually classified as a regional or an on-site system (Figure 2). The following sections describe the specific features of each system type and provide some examples of locations where they have been installed.
[image: Figure 2]FIGURE 2 | The two possible approaches to earthquake early warning (EEW). In the network-based (or regional) approach, the lead-time is equal to the S-arrival time at the target minus the first-P at the network minus any processing/computation time; in the single-station (or on-site) approach the lead-time is equal to the S-arrival time at the target minus the P-arrival at the target.
Regional Earthquake Early Warning Systems
A regional EEW system is based on a dense sensor network covering a geographical area of high seismicity. When an earthquake occurs, the relevant source parameters (e.g., event location and magnitude) are estimated from the early portion of recorded signals at sensors close to the rupture. Estimates of the source parameters are then used to predict, with a quantified confidence, a ground-motion intensity measure (IM) at a distant site where target structures/infrastructure of interest are located. Regional EEW systems typically require a number of stations that are triggered on arrival of the P-wave signal to provide stable early estimates of earthquake location (and source-to-site distance), earthquake magnitude, and ground-motion distribution in terms of the selected ground-motion IM.
Several approaches have been proposed for the real-time estimation of the earthquake location and magnitude, and are now implemented in various EEW algorithms around the world; a detailed review of these approaches is not within the scope of this paper but can be found in Zollo et al. (2014b) and Cremen and Galasso (2020), among many others. Approaches for regional EEW can be classified as either “point-source” (which simplistically treat the source as a concentrated volume) or “finite-fault” (which involve a more sophisticated and realistic characterization of source properties, considering the entire fault plane). Real-time point-source magnitude estimations are generally based on empirical relationships relating the earthquake size to parameters obtained in the early fraction (3–4 s) of P- and S-wave signals. These parameters are related to the low-frequency content of the ground motion (sensitive to the seismic moment) and can be associated with the maximum amplitude, dominant frequency, or the energy released by the event. Although many different studies have proven the reliability of these approaches for estimating the magnitudes of small-to-moderated events, it has been shown that they are not accurate for strong earthquakes (e.g., moment magnitude >6.5–7), due to saturation of the considered P-wave parameters. To solve this issue, different authors (e.g., Colombelli et al., 2012b) have proposed to estimate magnitude over longer time windows of the recorded P-wave and/or the S-wave signal (reducing the available lead time), to yield more accurate final values. Finite-fault magnitude calculations provide even more reliable estimations of the size of an incoming event, at the cost of requiring a larger amount of data and time. They typically involve empirical magnitude-rupture length relationships (Böse et al., 2012) or the use of slip estimates inferred from displacement measurements by geodetic data collection systems, such as Global Positioning or Global Navigational Satellite Systems (e.g., Crowell et al., 2012).
The estimation of earthquake location has also been addressed by various authors. A relevant (and state-of-the-art) example is the evolutionary approach by Satriano et al. (2008), which starts when the first station is triggered by an ongoing event and refines the location estimate as time passes. This method is based on the equal differential time formulation and provides a probabilistic density function for the earthquake location in a 3D space accounting for information from both triggered and not-yet-triggered stations at each time step. Tests performed on both synthetic and real data have shown that when a dense seismic network (i.e., with a mean station spacing of about 10 km) is deployed around the fault zone, high-accuracy in the location estimate is achieved within 1–3 s after the first arrival detection.
The source location and magnitude estimations are continuously updated (for example, through Bayesian approaches; Iervolino et al., 2009) by adding new station data as the P-wave front propagates through the regional EEW network. These source parameter estimates are then used to predict the severity of the ground shaking at sites far away from the source, by using region-specific attenuation relationships or ground-motion models (GMMs). The prediction of different IMs (e.g., Iervolino et al., 2006; Convertito et al., 2008), conditional on those parameters, may be performed by analogy to the well-known probabilistic seismic hazard analysis framework but in real-time, as discussed in detail in Iervolino et al. (2006).
On-Site Earthquake Early Warning Systems
Site-specific, or on-site, EEW systems consist of an array of sensors or a single sensor located in the vicinity of a single target site or structure/infrastructure of interest. Site-specific systems provide estimates of peak-ground-motion IMs [e.g., peak ground acceleration (PGA), or peak ground velocity (PGV)] based directly on the amplitude and/or predominant period of the initial recorded P-wave signal. This is achieved by implementing empirical regressions that correlate measurements obtained on the P-wave recordings and the amplitude of the final IM at the site. An extensive review of these approaches is not within the scope of this paper but can be found in Cremen and Galasso (2020), among many others.
For example, Wu and Kanamori (2005) derived a relationship between the maximum amplitude of high-pass filtered vertical-component records obtained in the first 3 s of the recorded P-wave train and site-specific PGV. Adopting the onsite approach enables faster warning issuance as independent magnitude estimates are typically not required, in contrast to the regional EEW approach described above. However, the accuracy of the estimates is generally lower (with respect to regional system) as real-time data from one station only (or a very few stations) is used.
On-site EEW systems are frequently threshold-based, i.e., the warning is given when the measured P-wave peak amplitude exceeds a pre-defined critical threshold that is based on the predicted S-wave peak ground-motion amplitude (Zollo et al., 2014b). However, small earthquakes might produce large amplitudes due to high-frequency spikes, and therefore false alarms can be triggered. To overcome this issue, a more advanced approach was proposed in which combinations of P-wave peaks and the P-wave predominant period are merged into a single proxy to provide more confident warnings (e.g., Wu and Kanamori, 2005). This idea has been furthermore updated by Colombelli et al. (2012a) and Zollo et al. (2010), who have developed a threshold-based EEW methodology combining real-time measurements of both parameters (in a 3-s window after the first P-arrival time) at sensors located at increasing distances away from the epicenter of the earthquake. For alert issuance, the measured values of the P-wave parameters are compared to threshold values, which are set for a specific minimum magnitude and instrumental intensity.
A variation of the on-site approach is the so-called front-detection system. This system resembles a fence against seismic waves, where sensors are strategically located between the earthquake’s likely source and the target to be protected, and alerts are issued when two or more nodes of the array record a ground acceleration amplitude larger than a defined critical value (Zollo et al., 2014b). Front-detection systems are especially useful when there is a significant distance between the seismic sources and the targets of interest, and ample warning time can be provided (Iervolino, 2011). This type of EEW approach is used on the west coast of Mexico to provides warnings for Mexico City (Espinosa-Aranda et al., 2011). Mexico City is located, on average, 300 km away from the west coast area of the country, where the most significant potential sources of seismicity are located (Lockman, 2005; Asgary et al., 2007; Wurman et al., 2007).
Engineering Approaches to Earthquake Early Warning
Research and development of EEW applications have not yet been emphasized in the engineering community, despite the very rapid seismology-centered improvements of EEW discussed in Regional Earthquake Early Warning Systems and On-Site Earthquake Early Warning System. In practice, two fundamental problems of EEW restrict its real-life implementation from an engineering viewpoint: 1) short warning time, particularly in epicentral areas; and 2) large uncertainty in the predicted ground motion (and consequent damage/loss). Regarding 1), to maximize warning time, the system must minimize delays in data acquisition/processing, communication, and delivery of alerts (e.g., increasing the number and density of seismic stations). Regarding 2), EEW information always involves some uncertainty due to the real-time estimation of source parameters and traditional uncertainties involved in probabilistic seismic hazard analysis (Iervolino et al., 2006). EEW applications may produce a substantial economic loss if a false alarm occurs (e.g., due to business interruption), ultimately affecting large communities (e.g., in the case of emergency stop of lifelines). On the other hand, there is a complex trade-off between the potential costs of false (and missed alarms) and the available warning time: as the seismic network collects more data on the earthquake, predictions will improve, but the time until shaking will decrease (Iervolino et al., 2009). The short warning time means that automated decision and mitigation actions are usually the preferred (or the only) option. From an engineering perspective, real-time probabilistic assessment of source parameters (e.g., magnitude and source-to-site distance) and/or earthquake-induced ground-motion IMs is a key link between real-time seismology and structural performance. However, it is well known that IMs may be poor indicators of structural response, consequent damage level and expected loss and therefore are not reliable metrics for deciding whether to issue an alarm. Direct real-time structural response or even loss (i.e., costs) quantification for a structure of interest is a sounder approach for warning management/alarm threshold setting.
Real-time engineering consequence quantification may be carried out within the framework of performance-based earthquake engineering (PBEE; e.g., Porter et al., 2007), as discussed in detail in Iervolino (2011), estimating the seismic performance of structure/infrastructure/engineering systems in terms of metrics of interest to stakeholders (i.e., “dollars, deaths, and downtime”), considering individual building/infrastructure components (structural, non-structural and contents), and accounting for all important sources of uncertainty. To achieve this, accurate yet (computationally) efficient regional structural response prediction methods must be coupled with real-time seismic hazard analysis to assess, in real-time, seismic damage and associated losses in order to trigger planned mitigation actions (e.g., alerting occupants, controlling elevators, etc.). Some recent studies (e.g., Maddaloni et al., 2013; Velazquez et al., 2017) have also discussed the control of structures as a possible advanced structural engineering application of EEW, especially in areas where the available warning time is very short. For instance, a building could change its dynamic properties (e.g., through seismic base isolation or structural damping) within a few seconds (or milliseconds) to better withstand the approaching ground shaking. The combined use of EEW and structural control, particularly semi-active devices, may reduce the structural vulnerability (and resulting losses) of specific systems. For instance, critical buildings that must be operational for emergency management purposes right after the event (e.g., hospitals, fire stations, or lifelines) could benefit from these combinations.
A PBEE approach can allow one to compare the expected losses corresponding to the three different possible outcomes of any EEW system: 1) performing an accurate mitigation action; 2) triggering false alarms; and 3) missing alarms. PBEE could additionally be combined with methods for multi-criteria decision analysis to create an advanced engineering-oriented decision-support system for EEW (e.g., Cremen and Galasso, 2020). This type of system would contain a harmonized mathematical framework for explicitly measuring all design variables that are integral to assessing the feasibility of implementing a given action (Iervolino, 2011), i.e., a) the required warning time; b) the false alarm acceptability; and c) the expected loss mitigation and related costs.
CASE STUDIES ANALYSIS: ITALY, UNITED STATES-WEST COAST, JAPAN, AND MEXICO
Four case studies have been considered for this state-of-the-art review: Italy, United States-West Coast, Japan, and Mexico. We explain the technicalities of each system and provide a description of the operational, political, socio-behavioral and organizational spheres, as described in Considered Domains.
Italy
The EEW system in Southern Italy has been implemented since 2005 due to the high seismicity in the Southern Apennine area directly affecting the Campania-Lucania region, where large urbanized cities, like Naples, are located. According to Zollo et al. (2014a), the system relies on the Irpinia Seismic Network (ISNet), which is formed of 31 seismic stations distributed in the Campania-Lucania region. The system is regional, and is based on a methodology that predicts the source parameters of the ongoing earthquake using various algorithms that are loaded into the main software platform called PRobabilistic and Evolutionary early warning SysTem (or PRESTo; Emolo et al., 2016).
PRESTo estimates the hypocenter location of an earthquake using the “RTLoc” approach proposed by Satriano et al. (2008), which is based on the equal differential time formulation introduced in Regional Earthquake Early Warning Systems. The magnitude of an earthquake is estimated by PRESTo according to the “RTMag” algorithm proposed by Lancieri and Zollo (2008). With location and magnitude defined, GMMs for the Campania-Lucania region are implemented to estimate the expected values of PGA, PGV, and instrumental intensity (or even macroseismic intensity) at the sites of interest (Satriano et al., 2011).
Several performance tests have been carried out on the system, using large and small historical earthquakes. If a dense seismic network is deployed around the fault region, PRESTo can provide reliable estimations of the location and magnitude of the event, as well as ground-motion intensities, within 5–6 s from the event origin time (Zollo et al., 2014a). In addition, Picozzi et al. (2015) considered the whole of Italy in a feasibility study to explore the potential of implementing a nationwide EEW system based on the PRESTo framework. The authors explained that reliable messages about large earthquakes could be provided to the community with lead times of the order of 25 s in several urbanized areas. This means the alarm could reach hundreds of municipalities in enough time, and residents could be supported by related education and training on basic protective actions (e.g., Drop-Cover-Hold On). However, despite the advanced, state-of-the-art algorithms used in PRESTo, public warnings are still not fully operational in the Campania Region.
Operational Sphere
When PRESTo issues an alarm, this is shared to a list of recipients (mainly researchers) that have been selected as beta testers by the system developers. These recipients have access to estimated earthquake parameters registered at every station in the network, estimates of the location and magnitude of the earthquake as well as arrival time, estimates of PGA, PGV, and other IMs at target sites, and theoretical P- and S-wave propagation paths. Users can adjust the threshold for triggering a warning alarm, which is disseminated via the Internet and SMS (Satriano et al., 2011).
Political and Governance Sphere
At the political and governance levels, there have been preliminary attempts to publicly operate an EEW system in Campania. However, the Italian Department of Civil Protection has prioritized different earthquake risk mitigation actions above EEW, such as reduction of the vulnerability of critical infrastructures and improved public seismic risk awareness (Clinton et al., 2016). More attention has been given to tsunami warning systems in which seismic detection, location, and magnitude estimations are integrated together (Bernardi et al., 2015).
Social and Behavioral Sphere
There is no specific study addressing the development of a holistic and bottom up EEW system in Italy, with explicit focus on the general public. This research gap is particularly pertinent in the context of this case study, given that previous work has highlighted a strong need for improving training and information practices of (general) earthquake preparedness in Italy (e.g., Pescaroli et al., 2012).
Organizational Sphere
Literature on the organizational sphere is very limited for Italy. Esposito and Emolo (2014) carried out a study to address the feasibility of adopting the Campania EEW system for the Circumvesuviana Napoli railway system. Although the research was quite preliminary in nature, the authors conclude that there is potential for EEW to be applied to the railway system in the region, in line with evidence of other case studies such as California.
Different authors have addressed the possibility of equipping existing seismic networks/stations with EEW capabilities for the entire Campania region. Emolo et al. (2016) presented a region-wide (Campania) case study that focused on public schools. The study finds that 3–5 s are enough for well-trained students to find shelter and protect themselves before the arrival of earthquakes. The authors ultimately conclude that implementing EEW systems for schools in the examined region would be effective, given that the largest concentration of residents in Campania is located in coastal areas away from where the most damaging earthquakes occur along the Apennine chain. The aforementioned work was motivated by a smaller case study presented by Picozzi et al. (2015), in which the EEW system of the Campania Region was tested in a specific school located in the Irpinia region. For this very particular case, it was shown that alerts can be provided to occupants of the school 13 s before the arrival of strong shaking in line with the historic M 6.9 1980 Irpinia event.
United States–West Coast
A prototype regional EEW system for California was proposed by Allen and Kanamori (2003) as a mitigation strategy to reduce potential impacts from earthquakes in the region of Southern California. The practical implementation of the system was initiated in 2007, funded mainly by the United States Geological Survey (USGS) and the following academic institutions: the California Institute of Technology (Caltech); the University of California, Berkeley (UC Berkeley); the University of Washington; the University of Oregon; the University of Southern California; and the Swiss Federal Institute of Technology (Böse et al., 2014; Kohler et al., 2018). The system, named CISN ShakeAlert, makes use of the existing California Integrated Seismic Network (CISN) that includes approximately 380 broadband and strong-motion stations across California. The stations detect ground motions coming from the high-potential seismic regions nearby, such as the San Andreas Fault, the Hayward Fault and the Cascadia subduction zone (Calkins and Lieberman, 2014; Johnson et al., 2016; Strauss and Allen, 2016; Given et al., 2018). The production prototype (v1.0) of ShakeAlert was established for California in early 2016 (Kohler et al., 2018). A newer version (v1.2) was established in 2017 for the West Coast states of Washington, Oregon, and California and provided earthquake notifications that were distributed to a group of local beta users.
The system was originally equipped with three different EEW algorithms (Böse et al., 2009; Chung et al., 2019) that worked simultaneously in order to estimate earthquake source parameters: 1) Onsite (Wu and Kanamori, 2005); 2) ElarmS (Allen et al., 2009a); and 3) Virtual Seismologist (Cua and Heaton, 2007).
In 2017, an evaluation of the ElarmS and Onsite algorithms resulted in a single unified point-source algorithm known as EPIC (Earthquake Point-source Integrated Code) that is primarily based on the most updated version of ElarmS, ElarmS-3 (E3) (Given et al., 2018). E3 was chosen as the basis of the system as it proved to be the fastest and most accurate algorithm of the three introduced above (Chung et al., 2019). In addition to EPIC, a second event source-detection algorithm called FinDer (Finite-fault Detector) has been included in the ShakeAlert platform. This finite-fault algorithm was proposed by Böse et al. (2012) to overcome the magnitude saturation challenges of point-source EEW approaches, as discussed in Regional Earthquake Early Warning Systems.
ShakeAlert combines information from the EPIC and FinDer algorithms through a decision module DM (Kohler et al., 2018). The DM receives event notifications from the EEW algorithms, which include the estimated earthquake location, magnitude and ground shaking, and creates alerts using a weighted average of the reporting algorithms (Chung et al., 2019).
The first “public” EEW in the West Coast of the United States was launched in Los Angeles in January 2019 (Hobbs and Rollins, 2019). Introduced as a smartphone application, and named ShakeAlertLA, this system provides warnings to 800,000 subscribers. Initially, the app alerted users if a magnitude 5.0+ was detected, but it was soon updated to provide warnings for Los Angeles county if earthquakes with magnitude 4.5+ were estimated. The California-wide EEW MyShake mobile application was launched in October 2019, as a collaboration between Caltech, UC Berkeley, USGS, and the Californian Office of Emergency Services (Allen et al., 2019). Both ShakeAlertLA and MyShake are intended to deliver warnings by receiving a real-time earthquake feed from the ShakeAlert platform.
Operational Sphere
MyShake is designed to release a warning if a magnitude 4.5 earthquake, or bigger is detected by the system (Allen et al., 2019). The contents of the warning message include the earthquake’s time of arrival at a given location, as well as its location and magnitude. When it comes to individuals, warning messages include advice on how to prepare for an earthquake, such as Drop-Cover-Hold On. Aside from delivering messages, the app also works as a seismic sensor, allowing crowdsourcing of information, by storing motion and location data (for the recording mobile phone) that are immediately sent to the developers for further research and improvement of the app’s algorithms. Additionally, MyShake can be downloaded anywhere in the world, to obtain information about earthquakes that have occurred anywhere and to share individuals’ post-earthquake feedback (e.g., experiences and observations); however, EEW alerts are exclusively for Californian events. As mentioned by the developers,6 the system is still a prototype, but it is a considerable advancement toward a public EEW system in California.
Political and Governance Sphere
MyShake represents a first attempt at a public EEW system for California. Obstacles to accomplishing more advanced and comprehensive EEW operability include the lack of essential related funding (e.g., Federal Government contributions). However, some researchers have shown that implementing a complete EEW system in California would be a cost-effective strategy for reducing human and economic losses due to earthquakes in the state. Strauss and Allen (2016) developed a cost-benefit analysis to understand the possible advantages of developing an EEW for the West Coast of the United States. The study pointed out that the annual cost of operating a public EEW system for the entire United States-West Coast would be repaid if it saved just three lives, warned two semiconductor plants, slowed one rapid transit train to avoid derailments, reduced 1% of non-fatal injuries, and led to a 0.25% decrease in gas-related fire damage triggered by an earthquake.
Legislative action requirements present some additional challenges to achieving a fully operational EEW service in the state of California. Johnson et al. (2016) pointed out that representatives from 24 organizations (representing 14 important sectors of the state’s infrastructure and economy) declared some concerns about the levels of liability associated with decisions based on warnings given by the system, particularly those related to actions undertaken as a consequence of false warnings. Similarly, participants of the study perceived a strong relation between EEW systems and life safety, raising financial, political and equity concerns that need to be addressed in the early stages of the system’s implementation. Access to the physical infrastructure of the system and the information it provides, as well as ensuring a stable governance structure and the reliability of continuous state-wide funding are key points that study participants included in the list of concerns (Johnson et al., 2016). It was argued that the inclusion of partners and stakeholders could improve the performance of broadcast notifications for EEW. Johnson et al. (2016) highlighted that representatives of the electric, telecommunications and information technology sectors should be included in the California EEW system Implementation Steering Committee, in addition to the government bodies and academic institutions already involved.
Social and Behavioral Sphere
The social perceptions of EEW in California and the West Coast of the United States strongly suggest that there is common public agreement on the need to implement the service. A survey conducted by the Probolsky Research Group in 2016 (Allen and Melgar, 2019) indicated that 88% of respondents (out of a total of 1,000) agreed that the state government should fund the warning system, and also expressed their willingness to pay small taxations to improve it.7 Similar findings have been identified by Dunn et al. (2016), who performed a 2,595-participant study in the states of Washington, Oregon and California, suggesting again that the perceived benefits of EEW systems were enough to justify some ad-hoc small tax contributions. The survey by Johnson et al. (2016) found that availability of EEW to the wider public and local communities was viewed by relevant stakeholders as a credible way to improve earthquake educational levels, as well as to raise related awareness and preparedness of both individuals and organizations. Strauss and Allen (2016) highlighted that a West Coast EEW system could reduce injuries in earthquakes by more than half. This is because actions such as Drop-Cover-Hold On could be done in advance of strong shaking, mitigating the impact of non-structural falling hazards that accounted for 50% of the injuries in cases such as the 1989 Loma Prieta earthquake (Allen and Melgar, 2019). In addition, Porter (2016) showed that if the whole San Francisco Bay Area community were properly trained to carry out Drop-Cover-Hold On and a public EEW system was operational in the area, any advance warning that allows the implementation for Drop-Cover-Hold On would be enough for 19,000 people to avoid injuries or death. The literature identifies a further potential benefit of a publicly available West Coast EEW, which is the enhancement of psychological resilience to earthquakes. For example, the information provided by a warning may reduce anxiety and other mental disorders triggered by sudden unexpected ground shaking, as discussed by Johnston et al. (2016).
Organizational Sphere
The United States-West Coast case study lacks associated research on the organizational sphere of EEW. However, the survey by Johnson et al. (2016) provides some insights that could be used as the basis for further analysis. A first point that emerges from the survey is that some private companies/organizations are already investing in their own EEW systems, and it is worth investigating whether these private efforts can be redirected to improve and sustain a public service. Indeed, the 24 organizations that participated in the survey indicated that a state-wide EEW system would be a beneficial risk mitigation measure, as a few seconds of advance warning could make a positive difference to the success of measures such as Drop-Cover-Hold On. The results of the survey highlighted consensus among stakeholders that EEW could be used for increasing the safety of employees by reducing the time needed to address “life-safety issues and complete life-safety assessments by directly informing people so they can take preventative actions” (Johnson et al., 2016). Interviewees felt that EEW could enhance business continuity management by facilitating faster organizational movement and efforts, allowing a more efficient restoration of operations. It could therefore reduce organizational downtime, economic losses, and disruptions, which would benefit end users and residents that avail of the services provided by those organizations. A final point that emerged from the survey of Johnson et al. (2016) is the need to tailor risk-mitigation actions to different target sectors, given variations in life and safety concerns. For example, larger companies might have different social dynamics (i.e., behaviors of groups resulting from the interactions of individual group members) when compared to smaller ones, requiring distinct EEW trainings or scenarios that integrate some considerations of external factors such as the period of the day or night in which an earthquake occurs and its implications for working timetables or shifts. Moreover, it was evident that implementation of the EEW system requires the definition of practices and training that must be properly explained and understood, involving improved communication between the companies and first responders.
One of the partners involved in ShakeAlert is the Bay Area Rapid Transit (BART) network (trains) in San Francisco, which has implemented an automated train-braking mechanism that is triggered by the EEW system. It takes 24 s to bring a train traveling at 112 km/h to a stop; during peak commuting times, about 64 trains are in operation across the BART network—each carrying approximately 1,000 passengers—and up to 45 trains travel at 112 km/h at any one time. Even one derailment at such a speed would be devastating. Moreover, minimizing earthquake damage to trains and tracks results in faster resumptions of services, which in turn supports the post-event restart of regional businesses. The BART system responded successfully to the EEW alert before the arrival of the M 6.0 South Napa Earthquake in 2014. Despite the fact that no trains were running at the time (3:20 am), the right procedures/protocol were in place (Strauss and Allen, 2016; Tajima and Hayashida, 2018).
Japan
The original on-site EEW system of Japan (developed in 1960) is considered the oldest implementation of EEW worldwide. This system was designed to offer protection against earthquakes for high-speed trains managed by the Japanese Railway System (Nakamura and Saita, 2007). Nakamura (1988) improved the initial platform by developing the Urgent Earthquake Detection and Alarm System (UrEDAS), a front-detection algorithm to detect the arrival of P-waves and estimate earthquake source parameters. Based on 3 s of the incoming P-wave train at a single station, UrEDAS calculates the magnitude of the event, the amplitude of the recorded motion and the epicenter of the earthquake (Nakamura and Saita, 2007). Compact UrEDAS is a complementary on-site EEW approach for the protection of Japanese Railways, estimating the “expected destructiveness” of the earthquake immediately from the earthquake motion just 1 s after the station has registered the P-wave arrival. In addition to train lines, Compact UrEDAS became operational in metro systems across Japan in 1998, following the Kobe earthquake in 1995 (Allen et al., 2009b).
A nationwide EEW system has been operating in Japan since 2006, which is managed by the Japanese Meteorological Agency (JMA) (Doi, 2011). The network is formed of 1,000 seismic stations deployed around the Japanese territory, spaced 20–25 km apart (Brown et al., 2011). The system follows a step-by-step algorithm that improves the estimations of earthquake magnitude and location as time passes (i.e., as more stations record the ground motion in time).
The hypocenter of the earthquake is determined using the approach proposed by Horiuchi et al. (2005), which geometrically constrains the location using geographical information on stations that have and have not yet recorded the arrival of P-waves (Nakamura et al., 2009), similar to the RtLoc algorithm mentioned in Italy. The magnitude of the event is calculated using separate scaling relationships between magnitude and the displacement amplitudes of the recorded P- and S-waves (Kamigaichi et al., 2009); the appropriate relationship to implement at a given time step (i.e., P- or S-wave one) is determined based on the expected arrival time of the S-wave.
The magnitude and location estimates of the nationwide system are then used to predict the value of PGV on bedrock at each location of interest, according to the GMM proposed by Si and Midorikawa (2000). Site amplification factors are used to convert the calculated amplitudes to peak velocities at the surface, which are finally translated to JMA seismic intensities via an empirical model (Kamigaichi, 2004). A warning is released whenever the value of predicted JMA intensity is larger than 3 (for advanced users, such as elevators operators and factory managers) or larger than 4 (for the general public) (Hoshiba et al., 2008; Hoshiba, 2014).
Operational Sphere
In Japan, warnings are disseminated to users that fall into two main categories (Hoshiba et al., 2008; Hoshiba, 2014): the first category includes online limited advanced users (organizations) that receive the warning through internet or dedicated telephone lines, which facilitates automatic actions related to their businesses (i.e., control of elevators) (Kamigaichi et al., 2009; Doi, 2011); this warning is intended for offices, schools, industry companies and critical facilities. The second group of users is the public that receive the warning and decide themselves on the optimal non-automated actions (depending on their circumstances) to be performed to mitigate their risk (Hoshiba et al., 2008). The second category of users receives the warning via media such as radio, e-mail, SMSs and the internet (Doi, 2011; Wald, 2020). The Fire and Disaster Management Agency also distributes warnings via speakers spread throughout different Japanese municipalities (Allen et al., 2009b), using a satellite communication system (J-Alert).
The contents of the warning messages differ for both categories: 1) advanced users receive the estimated magnitude and location of the epicenter, and lead time and predicted seismic intensities upon request (Doi, 2011); 2) the general public receives the earthquake’s origin time, the epicentral region name, and the names of subprefectural areas where the estimated JMA intensity is equal to or greater than four (Kamigaichi et al., 2009).
Previous work indicates that real-time warnings in Japan help to reduce seismic damage and losses for both factories/industrial facilities and critical infrastructure. For example, advanced warning facilitated by EEW enabled an electronics company located in the Miyagi Prefecture to cut the supply of chemicals in its factory 12 s before the arrival of ground shaking from the M 6.8 2007 Chuetsu-oki earthquake (Kamigaichi et al., 2009). During the same event, infants in a nursery located in the Fukushima prefecture moved into a safe zone 30 s before the earthquake hit the area. Offices, schools, shopping malls, and other factories also benefitted from the warning (Kamigaichi et al., 2009).
Political and Governance Sphere
The JMA has provided training to the population of Japan since 2007, when the system was launched publicly (Tajima and Hayashida, 2018). When an estimation is performed at a seismic station, the resulting values of earthquake source parameters and expected ground shaking are transmitted to the JMA on a real-time basis. JMA is then responsible for nationally disseminating the message, through disaster management organizations and broadcast companies (Doi, 2011). Also, many local governments (e.g., Tokyo) have installed EEW systems in public schools (Hoshiba, 2014). Kamigaichi et al. (2009) adds that implementing EEW in Japanese public facilities is a decision taken by the facility manager. JMA develops and disseminates public guidelines and manuals to understand the operability and capabilities of an EEW system put in place. These guidelines are also available to the public on the JMA’s website (in Japanese only).
Social and Behavioral Sphere
After the 2011 Tohoku Earthquake, JMA collected 2,820 survey responses from the general public of Iwate, Miyagi, and Fukushima, aiming to understand whether these people found EEW useful in general. The results of the survey indicated that 87% of the respondents were familiar with EEW systems and found them useful (Fujinawa and Noda, 2013). Positive public reaction and agreement toward EEW implementations in Japan can be also found in Hoshiba (2014), Nakayachi et al. (2019), and Santos-Reyes (2019). In addition, Fujinawa and Noda (2013) highlighted that the warning issued during the 2011 minor tremor provided people with a valuable chance to prepare for the strong incoming shaking. Users expressed a positive attitude toward false alarms after the Tohoku earthquake, arguing that they represented an opportunity to practice protective actions after the alarm is triggered (Allen et al., 2017). Ohara (2012) also carried out a survey in the Tokyo area to understand EEW awareness, before and after the 2011 Tohoku earthquake. The results present a remarkable increase in awareness toward EEW and the useful pre-event actions it accommodates. In addition, the results showed that after the 2011 event, people were more familiar with the technical limitations of the warning system and agreed that they prefer having a system that might provide false alarms than not having one at all (Ohara, 2012).
Warnings in Japan have clearly provided the population with enough time to implement risk-prevention strategies in past events, but Nakayachi et al. (2019) carried out a survey that revealed a possible practical issue: users tend to primarily react mentally and not physically, and therefore remain still once a warning is issued, without taking any kind of protection actions (Nakayachi et al., 2019). The reasons why most of the interviewees did not react after the alert mostly include: 1) “I expected small intensity, so I thought it was not necessary to do anything”; 2) “I thought the place I was in was safe”; and 3) “I did not know what to do”. Reason 1) seems to be related to the fact that the warning just indicated “strong shaking incoming” without any specific information about the available warning time nor the actual intensity expected at the area (Nakayachi et al., 2019) (for instance in the case of EEW delivered via speakers). It is of great concern for the JMA that individuals do not know what has to be done once the alarm is triggered (Doi, 2011). For these reasons, JMA has distributed brochures and videos among the Japanese population highlighting various scenarios that explain the best way to get prepared before the arrival of the incoming shaking (Doi, 2011). On the other hand, it has been noted that advanced users (i.e., organizations) have a clear understanding of the actions to be taken when an EEW is released (Doi, 2011).
Organizational Sphere
Public and organizational training on various EEW risk-mitigation actions has been put in place across different companies and institutions in Japan. Drills are performed nationally to exercise actions that can be taken once the EEW is triggered (Dai, 2011; Doi, 2011; Yamasaki, 2012; Fujinawa and Noda, 2013). Different levels of organizations and individuals participate in drills across the year, including: 1) organizations (private and public ones) across the country that carry out regular mandatory drills for their employees; 2) students, who are required to participate in a drill on the first day of each academic year; and 3) the general public, who participate in a nationwide drill on “National Disaster Prevention Day,” in collaboration with local governments.
Hospitals are a key piece of critical infrastructure that could benefit from EEW in Japan, according to previous research. Horiuchi (2009) analyzed potential EEW-related actions that could be performed to protect patients, staff, and delicate equipment, in a research project carried out at the National Hospital Organization Disaster Medical Center in Tokyo. By considering a scenario in which a patient is in the middle of a surgery when an earthquake occurs, the study provides a series of actions—both manual and automatic—that can be performed before the arrival of the tremor. Stopping elevators and opening all the doors of the premises are the main automatic actions identified for efficient evacuation of people once the EEW alarm is triggered. Interrupting medical procedures to prevent surgical errors on the patient due to shaking is the main manual EEW strategy discussed. A full list of the processes proposed can be found in Horiuchi (2009).
Finally, both UrEDAS and Compact UrEDAS provide warnings in about 90 locations along the lines of the Tokaido Shinkansen fast train, which travels with an average velocity of 360 km/h (Ashiya, 2004). If an alarm is triggered, trains are stopped if possible, or else run at low speeds to reduce potential damages.
Mexico
The Mexican EEW system was proposed by the Science and Technology National Council (CONACyT, Spanish acronym) and the Mexican National Research Council in 1986, as an urgent mitigation strategy against earthquake risk, given the M 8.1 1985 Michoacán earthquake that hit Mexico City with significant effects in terms of economic and human losses (Espinosa-Aranda et al., 2009; Espinosa-Aranda et al., 2011; Cuéllar et al., 2017). In August 1991, financed by Mexican City authorities, the Seismic Alert system (SAS) for Mexico City was deployed in the south-west of the country and had 12 seismic stations in the early stages of its implementation. In 1999, the state of Oaxaca, Mexico, experienced a catastrophic M 6.7 earthquake, which triggered the construction of the Seismic Alert System of Oaxaca (SASO), consisting of a network formed of 37 front-detection seismic stations.
Encouraged by the effective alerts of the two warning systems (SAS and SASO), the governments of Mexico City and Oaxaca decided to work together to create the Seismic Alert System of Mexico (SASMEX) in 2005. Designed as a front-detection system, the Mexican EEW system provides between 60 and 120 s of warning time to Mexico City (Cuéllar et al., 2018), which is significantly longer than the lead time provided in other countries (e.g., the Campania region, in Italy, where the maximum lead times are on the order of 15–20 s). A large warning time is possible with SASMEX, given that the distance between the network and Mexico City is 320 km (on average). The government of Mexico City financially funded the extension and update of SASMEX in 2010 to improve its performance, ultimately resulting in a total number of 97 stations within the network. SASMEX seismic sensors and alarms are currently located in seven states of Mexico (Jalisco, Michoacán, Colima, Guerrero, Oaxaca, Puebla, and Mexico City), (Cuéllar et al., 2017).
The detection and classification of large earthquakes performed by SASMEX is based on the 2 (ts − tp) algorithm (where ts refers to the arrival time of the S-wave, and tp to the arrival time of the P-wave) (Cuéllar et al., 2017). A second algorithm defined as tp + 3 was added to SASMEX in 2018, to calculate warning times for in-slab earthquakes that are located within the subducted Cocos Plate beneath central Mexico (Cuéllar et al., 2018). This algorithm does not consider S-wave arrivals, as historical events have shown that S-wave triggers result in the release of alerts that coincide with the arrival of ground shaking (no actual warning time delivered). SASMEX has proved to be an efficient and reliable system for the provision of long lead time warnings for Mexico City. In addition, it has been recognized as the first system in the world to provide public EEW (Lee and Espinosa-Aranda, 2003).
Operational Sphere
SASMEX warnings are issued through speakers located across Mexico City, and also disseminated through media messages via national television and radio broadcasts (Espinosa-Aranda et al., 2009; Suarez et al., 2009; Santos-Reyes, 2019). However, the speakers do not fully cover all 16 counties of the urban area in Mexico City, leaving some regions without any alert and with fragmented information about incoming earthquakes. Other services are available, such as private repeaters or speakers, but they require private investments in order to be accessed. The thresholds to issue an alert were updated for all cities that receive warnings in April 2019. Three different threshold cases have been established for triggering the alarm: 1) the estimated magnitude is larger than five and the estimated epicenter is within 250 km away of the target city; 2) the estimated magnitude is larger than 5.5 and the estimated epicenter is within 350 km of the target city; and 3) the estimated magnitude is larger than six and the estimated epicenter is outside a radius of 350 km.
A major concern highlighted by local media in Mexico,8 is the ineffective distribution of warning devices across the states that are equipped with EEW capabilities. In 2010–2011, Mexico City’s government and the federal government funded the extension of the country’s EEW system, paying for 88,000 extra alarming receivers. However, 60% of these devices are either stored, stolen/lost, installed excessively in some public buildings (e.g., 48 devices installed in buildings that only require 1) or simply missing in places where alarms are required, and some can even be purchased in e-shops. In addition, most of the installed speakers and receiver devices are located in the capitals of the seven states that receive alerts, such that few or no warnings are issued in other cities or towns that have been damaged in the past by ground shaking. For example, no speakers nor alarming devices were installed at the time of the September 7, 2017 earthquake in Juchitán, which was the Oaxacan town that registered the greatest number of casualties during the event.
A critical issue that commonly emerges in the literature is that the warning is limited to an alert about the incoming shaking, and does not provide any additional information about its characteristics, such as estimated arrival time and expected intensity/magnitude (Suarez et al., 2009). This incomplete information represents a major challenge, as indicated by a survey conducted after the September 2017 events in Mexico (Santos-Reyes, 2019), in which 2,400 residents of Mexico City expressed a preference for knowing the available lead time.
Political and Governance Sphere
The government has consistently lacked a clear strategy for disseminating SASMEX’s operational and warning procedures to end users. In addition, the system lacks efficient planning/coordination with first responders, and does not benefit from inter-agency coordination between local and federal governments (Suarez et al., 2009). Different issues have been highlighted in our analysis: first, the number of users is too low, considering the large population of Mexico City. Only a very small fraction of schools, first responders, critical service suppliers, and hospitals have access to the alerts (Suarez et al., 2009).9 Secondly, EEW systems are not exclusively managed by governmental bodies, presenting both advantages and shortfalls. Private organizations have developed mobile applications that provide warnings to the public located outside the range of SASMEX, improving the distribution of warnings but also creating possible sources of conflict. Reddy (2019) concludes that the most common of these applications, called “SkyAlert,” might jeopardize the functionality of the official Mexican EEW system. It has been noted that predictions from SkyAlert do not always match those of SASMEX, which can cause issues in terms of the reliability of both sources (Allen et al., 2017). Santos-Reyes (2019) suggested that decision makers, such as the civil protection department of Mexico City, should strengthen their policies and efforts to raise awareness of the capabilities (and limitations) of SASMEX. This need was clearly demonstrated during the M 7.1 earthquake on September 19, 2017. For this event, the EEW alert was issued in Mexico City at the same time as strong shaking occurred, which confused residents who commonly believed that EEW would always provide 60 s of warning time between the signal and the arrival of the strong shaking (Santos-Reyes, 2019). Users of SASMEX found it less useful after this event than they had before (Santos-Reyes, 2019).
Finally, the system does not provide coverage to all areas of the country that have experienced significant damage in previous earthquakes. Neither the state of Veracruz, where the second deadliest earthquake (1920) recorded in Mexico was located (Suárez and Novelo-Casanova, 2018), nor the state of Merelos, where the M 7.1 September 19, 2017 earthquake occurred, receive alerts from SASMEX. Other states of Mexico that have experienced the effects of earthquakes and do not receive EEW alerts include Estado de México and Tlaxcala.10 Finally, it has been shown that a denser seismic network in Mexico City could have resulted in a warning time of more than 20 s for the M 7.1 September 19, 2017 earthquake, instead of the 0–6 s lead time that actually occurred (Cuéllar et al., 2018; Tajima and Hayashida, 2018; Santos-Reyes, 2019).
Social and Behavioral Sphere
The lack of policies on delivering EEW-related training to the public is reflected in the socio-behavioral sphere. There is general agreement among the public that EEW is useful, but the majority of end users lack adequate training or tend to ignore the appropriate protection procedures to follow before, during and after an earthquake (Suarez et al., 2009; Santos-Reyes, 2019). Different analyses indicate that decision makers in Mexico need to improve communication and education practices among the residents of Mexico City, so that they react more efficiently to warnings and have a better understanding of the capabilities and limitations of SASMEX (Espinosa-Aranda et al., 2011; Santos-Reyes, 2019). Finally, it is important to note that residents from Mexico City view false and short-notice alarms as useful opportunities to conduct “additional exercises” (i.e., drills) on evacuation procedures (Allen et al., 2017; Allen et al., 2018; Reddy, 2019).
Organizational Sphere
All strategic buildings like hospitals, security buildings and offices, are legally required to contain devices for receiving EEW alerts in Mexico City (Suárez et al., 2018). Since 2015, more than 12,000 warning EEW speakers and devices have been installed across the city to broadcast alerts to different organizations and the general public (Santos-Reyes, 2019). However, the clear lack of training and information about response actions discussed previously is a major issue at the organization level, as it reduces the potential benefits of EEW for business continuity management (Suarez et al., 2009).9 A lack of communication between organizations and local and federal governments means that there is no formal strategy for identifying and prioritizing critical infrastructure, lifelines, and institutions to receive EEW alerts (Suarez et al., 2009).
On the other hand, drills are widely organized to practice the various risk-mitigation actions facilitated by the long warning times of SASMEX. For example, schools carry out these training procedures regularly (Suárez et al., 2018) and some critical facilities in Mexico City undertake EEW evacuation drills as part of their organizational procedures. A nationwide drill has been carried out once a year since 1986,11 when the National System of Civil Protection was launched in Mexico following the 1985 earthquake.12 Two more annual national drills (“Macrosimulacros”) were initiated in 2020.
Finally, EEW has been integrated into the organizational resilience of the Mexico City Metro (subway) (Cuéllar et al., 2014). Using radio receivers, the manager of the EEW system notifies train operators when it is necessary to stop trains and open the doors at the nearest station, so passengers can look for earthquake protection. However, the passengers do not receive the alarm while inside the carriage when the train is moving (Espinosa-Aranda et al., 2011).
DISCUSSION
From the technical perspective, engineering-related research and development of EEW applications have not yet been emphasized, although very rapid improvements of EEW are being observed in the seismology community, as also noted in Earthquake Early Warning Systems: Physical Grounds, Technical Concepts, Methods, and Perspectives. An advanced, real-time PBEE framework is recommended for the design of structure-specific applications of EEW as an improved means of reducing casualties, economic and functionality losses due to earthquakes. Such a PBEE framework would require 1) accurately characterizing EEW-related uncertainty through an evolutionary and probabilistic approach for real-time seismic source and ground shaking modeling; 2) developing innovative computational building models for seismic alert and rapid damage assessment; and 3) pioneering technological and methodological solutions for interfacing real-time earthquake monitoring and engineering applications. This framework could additionally be unified with multi-criteria decision-making tools, to create an advanced engineering-oriented decision-support system for EEW that explicitly accounts for end-user preferences toward expected consequences associated with each potential action. The final goal of this type of system would be to enable end users to determine optimal real-time risk mitigating actions within the context of appropriately propagated and dynamically quantified uncertainties. This would ultimately increase the effectiveness of EEW within the continuum of technical risk-mitigation strategies that currently exist for earthquakes (Wald, 2020).
The four considered case studies highlight various common lessons learned from existing EEW systems. An interesting finding from countries with public EEW (i.e., Japan and Mexico) is that there is a clear tendency by residents to accept and tolerate false alarms (Allen et al., 2017; Allen et al., 2018; Reddy, 2019; Wald, 2020), which provide an opportunity to perform some additional evacuation exercises to those already implemented by institutions and governments. This evidence is in line with additional existing literature (Goltz, 2002), which indicates that false alarms can be perceived as unscheduled, inexpensive, evacuation exercises or drills. Finally, it has also been found in both Mexico and Japan that users prefer to receive false alarms from an implemented EEW system rather than not having any public EEW installed. However, no case study addresses possible negative mental health consequences that might be triggered in individuals given a false alarm. This is a significant gap in the state-of-the-art, as negative mental health effects could be particularly detrimental for people of vulnerable categories, such as those affected by Post-Traumatic Stress Disorder, which is the most common mental condition among earthquake survivors (Farooqui et al., 2017). As indicated by McBride et al. (2020), releasing too many false alerts can significantly reduce the public’s trust in a public EEW alert system, potentially endangering people if they consequently fail to take fast protective actions when necessary. To enhance trust in EEW, all of its limitations should be clearly communicated to end users and the public, including the potential for false alerts as well as very short warning times in specific areas (Wald, 2020).
A further element to consider in the discussion is the opinion of the public regarding EEW warnings across the case-studies. Public opinion of EEW warnings is a product of cultural or social features and is therefore region-specific. In Japan, most of the literature shows that residents of the country agree with the implementation of EEW and find it useful. However, Nakayachi et al. (2019) highlight that this is not always the case. In some regions of the country, the public does not believe that EEW alerts are effective, given their lack of detailed information about the strength of the incoming ground shaking and the expected arrival time. Related to the Mexican case-study, there is a common desire expressed by the public to receive more detailed information on the incoming event, so that the optimal risk-mitigation action can be undertaken (Santos-Reyes, 2019). This desire is shared worldwide, including by over 200 participants (organizations) of a survey that assessed the factors influencing organizational acceptance and use of EEW systems in California (Goltz, 2002). Tajima and Hayashida (2018) conclude that some types of information that can be used to determine the most appropriate actions to take, such as the arrival time, should be also be considered. In particular, the survey respondents in the study by Goltz (2002) indicated that mitigation actions such as “moving away from falling objects” or “shutting off gas lines” are the most appropriate measures in a short warning time (10 s), while “evacuating to an outside area” or “shutting down hazardous materials” are more effective options when a longer warning time is available (50 s). However, positive opinion on the use of detailed EEW alerts is not shared by other authors. For instance, Allen and Melgar (2019), Shrivastava (2003), and WMO (2017) argue that the processing of many details can delay responses, while simple warnings facilitate direct actions such as Drop-Cover-Hold On. Lindell et al. (2007) also indicates that warnings should be simple, clear and non-ambiguous, using appropriate language in a diverse environment. Finally, studies in the United States (Dunn et al., 2016) and Iran (Asgary et al., 2007) have identified public willingness to pay small taxations to contribute to the funding of EEW systems.
Official bodies, such as civil protection departments, are consistently regarded as crucial actors for the delivery of EEW training and education to the population (Gasparini et al., 2011), across all case studies examined. Concerns about the lack of effective political and organizational leadership related to EEW has been expressed in Mexico. For example, Santos-Reyes (2019) suggested that decision makers, such as the civil protection department of Mexico City, should increase their efforts to coordinate good practices of response to warnings, for instance through drills. This gap between EEW and monitoring services (civil protection and geological surveys) in Mexico has also been highlighted by Alexander (2015). Strong organizational links with representatives of official bodies and first responders are also required to make EEW a successful tool for enhancing business continuity in critical infrastructure such as energy, utilities, food supply, communications, and banking (Gasparini et al., 2011). As indicated by Tajima and Hayashida (2018), EEW systems are only effective if the resilience, strength, and operations of the system are ensured before ground shaking occurs.
Public transport systems, hospitals and schools are the most typical institutional beneficiaries of EEW (Gasparini et al., 2011). In all case studies examined, the transportation sector (i.e., the Circumvesuviana railway system in Naples, the BART system in San Francisco Bay Area, the Shinkansen train system in Japan and Mexico City’s Metro) has particularly clear potential to significantly benefit from EEW implementation. When a warning is released, these utilities can rapidly activate procedures to slow the traffic and to stop carriages to prevent likely damage and allow evacuation of occupants, if feasible. Similarly, it has been shown that schools can benefit from EEW because the consequences of false alarms will not be costly, but the alarms may have significant benefits for safety and support long term public education (Goltz, 2002). When it comes to hospitals, Horiuchi (2009) has listed a comprehensive series of protection/safety actions that can be carried out to safeguard the public, staff, equipment and materials, and the facilities themselves (e.g., operating rooms). These actions might reduce injuries and deaths of hospitals users and can allow a quick recovery and maintenance of facilities after an earthquake.
Figure 3 synthesizes the evidence derived from this discussion and summarizes the general findings for each sphere, considering all the case studies. The operational sphere, the political and governance sphere, the social and behavioral sphere, and the organizational sphere provide complementary considerations for the design and implementation of the technical components. This design and implementation process also requires a deep understanding of the local context as well as the prevailing application of legislative procedures, organizational standards and compliance assessments.
[image: Figure 3]FIGURE 3 | Challenges in implementing earthquake early warning (EEW) systems: common findings from the case studies, across all examined spheres.
The next section will introduce some open questions for future research and practice.
CONCLUSIONS
This paper developed a state-of-the-art review of the technical and socio-organizational components of EEW systems. This included a detailed discussion of specific evidence from case studies of Italy, California, Japan, and Mexico, where EEW systems have reached varying levels of maturity. The overall aim was to highlight improvements that are necessary to increase the effectiveness of the technical aspects of EEW in terms of their implications on the operational, political, social, behavioral, and organizational drivers.
From the technical perspective, EEW systems have benefitted from extensive seismology-related research and development and are now capable of rapidly yielding source characteristics/expected shaking estimations to a high degree of accuracy. However, engineering applications of EEW, which have the potential to significantly improve risk predictions (and therefore decision-making on the triggering of EEW alerts) for incoming events, rarely feature in the literature and are not used in real-life EEW implementations. Some studies have proposed to integrate the PBEE mathematical framework with EEW to quantitatively link seismological parameter estimations with structural performance consequences in real-time, while explicitly tracking all related uncertainties. Further work has suggested combining PBEE with multi-criteria decision-making (MCDM) techniques, to explicitly account for end-user preferences when determining real-time optimal risk-mitigation actions. A unified PBEE-MCDM approach would transform EEW into a powerful end-user-driven risk-management strategy for supporting seismic resilience.
In addition to significant technical improvements, there has been an increased awareness since the early 2000s around topics such as “people-centered” EEW systems. However, many multi- and cross-disciplinary aspects of EEW remain relatively unexplored, which could compromise EEW’s overall goal of increasing resilience and capacity.
First, our review has highlighted some open issues in the operational and socio-behavioral spheres. Most users find alerts useful and tolerate false alarms, viewing them as additional drill opportunities. However, there is an open discussion about the information that needs to be included in EEW alerts. The literature suggests that a ‘simple warning’ (e.g., no provision of the available warning time nor the characteristics of the incoming earthquake-induced ground shaking) is typically not preferred by users. Instead, they desire to know the available warning time, expected shaking, and what to do when they receive an alert. Similarly, organizations need information to facilitate the activation of prudent/cautious mitigation actions together with alert signals. It is worth noting that some literature argues that simple warning message may be enough and optimal as the processing of many details can delay responses, while simple warnings facilitate direct actions such as Drop-Cover-Hold On. This leads to open questions such as: What type of information is necessary to be communicated in EEW alert messages, to maximize their effectiveness? How should alert thresholds be determined, considering false alarm tolerance levels? How can a company perform shutdown operations if the time before the arrival of the shaking is unknown? What are the circumstances in which individuals evacuate, in a highly uncertain scenario?
Secondly, our review indicates that the effectiveness of EEW can be reduced by negative reactions within the political and governance sphere, and the organizational sphere. There is often little or no coordination between official bodies that provide warnings, and those organizations that may benefit from reliable EEW. For example, even where the technical components of EEW are perceived as useful, a lack of integration in operational functions and procedures can hamper their positive impact. The technical component may also be negatively influenced by the local context in terms of legislation, standardization, compliance, and management culture. Information and action on the political and governance sphere require special consideration when implementing EEW systems (Goltz, 2002; Gasparini et al., 2011). Complementary assessments should investigate questions such as Who is accountable for activating emergency procedures, following an alert, within an organization? Who is accountable for issuing alerts? What are the legal liabilities of disseminating false alerts?
All the examined case studies indicated that EEW is perceived as beneficial for critical infrastructure resilience. Our review found that hospitals, public transportation, and schools have particular potential to undertake risk mitigation actions when an EEW alert is received, assuming that the warning time is enough. However, Wald (2020) argues that there are only a limited number of EEW applications to critical infrastructure that have been well documented in the literature, many of which are hypothetical. In conclusion, further research is needed to understand if critical infrastructure should really be a priority target for EEW?
While this work is not exhaustive, it has leveraged a few pertinent case studies to provide important insight on the technical and socio-organizational components of EEW, and how their integration may be improved for more effective promotion of seismic resilience.
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