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Abstract: 25 

The ShakeAlertⓇ Earthquake Early Warning (EEW) system partners along with U.S. Geological 26 

Survey (USGS) licensed operators deliver EEW alerts to the public and trigger automated systems 27 

when a significant earthquake is expected to impact California, Oregon, or Washington. 28 

ShakeAlert’s primary goal is to provide usable warning times before the arrival of damaging 29 

shaking. EEW is most likely to achieve this goal in large magnitude earthquakes. In recent years, 30 

ShakeAlert has gone through a series of upgrades to its underlying scientific algorithms aimed at 31 

improved performance during large earthquakes. Version 3 of this software recently went live in 32 
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the production system and includes improvements to all  algorithms. The main seismic algorithms 33 

which detect an earthquake and characterize its location, magnitude and fault rupture orientation 34 

are faster than older versions. Other key changes include: using real-time geodetic data to 35 

characterize the magnitude growth in large earthquakes; the introduction of an Alert Pause 36 

procedure to compromise between speed near the epicenter and improved accuracy at larger 37 

distances; and the inclusion of a non-ergodic site response model in the ground motion predictions. 38 

ShakeAlert has achieved its primary goal of usable warning times before strong shaking at some 39 

locations in real-time operations in recent M6 earthquakes. Using offline tests, we demonstrate 40 

usable warning times are possible for many sites with peak shaking values of Modified Mercalli 41 

Intensity (MMI) 7-8 in M7+ earthquakes and also for many MMI 8-9 sites in M8+ earthquakes. 42 

ShakeAlert partners use a variety of MMI and magnitude thresholds in deciding when to alert their 43 

users within bounds set by the USGS. Our study shows that there is room to raise the magnitude 44 

thresholds up to about M5.5 without adversely affecting performance in large earthquakes. The 45 

ground motion criteria are more complex owing to a significant drop-off in warning times between 46 

the MMI 4 and 5 levels of predicted shaking. However, widely used ShakeAlert products, such as 47 

the MMI 3 and 4 contour products, can provide sufficiently long warning times before strong 48 

shaking in moderate to great earthquakes to enable a range of protective actions.  49 

 50 

1. Introduction 51 

The ShakeAlertⓇ Earthquake Early Warning (EEW) system (ShakeAlert system, 52 

ShakeAlert EEW, ShakeAlert) for the U.S. West Coast is operated by the United States Geological 53 

Survey (USGS) in partnership with academic and industry partners [Given et al., 2014; Given et 54 

al., 2018; Kohler et al., 2020]. The fundamental mission of ShakeAlert has always been: “to reduce 55 
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the impact of earthquakes and save lives and property in the United States by developing and 56 

operating a public EEW capability” [Given et al., 2014]. The technical details of how this mission 57 

statement has been pursued have evolved over a decade-long development process.  On March 58 

18th, 2024, version 3.0.1 of the ShakeAlert system software (here after V3) went live for alerting 59 

in CA, OR, and WA [USGS, 2024]. V3 is the result of a significant series of upgrades with the 60 

goal of enabling better performance during large earthquakes including being the first version of 61 

the ShakeAlert system to utilize geodetic data. Performance of the real-time production system 62 

during recent small to moderate earthquakes has been detailed by Lux et al. [2024]. Here we 63 

describe the recent changes to the contributing algorithms and the expected performance of the 64 

system in future earthquakes. 65 

ShakeAlert has a modular design that combines a complimentary set of algorithms that use 66 

different types of ground motion data and estimate source parameters and an algorithm that uses 67 

those parameters to estimate expected ground motions [Kohler et al., 2020]. The ShakeAlert 68 

system consists of four processing steps (Figure 1): 1) algorithms that process incoming seismic 69 

or Global Navigation Satellite System (GNSS) data, 2) algorithms that estimate source parameters, 70 

3) an algorithm that combines parameter estimates and an algorithm that estimates maximum 71 

shaking levels given those source parameters, and 4) a decision module that issues ShakeAlert’s 72 

data product (a ShakeAlert Message) if certain magnitude and intensity criteria are met. The 73 

algorithms used in V3 are termed EPIC [Kuyuk et al., 2014; Chung et al., 2019], FinDer [Böse et 74 

al., 2012, 2015, 2018, 2023a], GFAST-PGD [Crowell et al., 2016; Murray et al., 2023] for 75 

estimating source parameters, EqInfo2GM [Thakoor et al., 2019] for estimating shaking levels, 76 

the Solution Aggregator (SA), and Decision Module (DM) [Kohler et al., 2020] for combining 77 

source parameters and issuing the ShakeAlert Messages.  EPIC uses observations of the initial P-78 
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waves to estimate the epicenter point-source parameters: latitude, longitude and magnitude, while 79 

FinDer uses evolving estimates of peak acceleration of the entire time series to estimate a line 80 

source that characterizes a growing rupture, and GFAST-PGD estimates only the magnitude using 81 

(geodetic) peak ground displacement (PGD) observations given an epicenter location from the 82 

seismic algorithms (EPIC and FinDer). The SA and DM are the same algorithm with different 83 

configuration parameters for forwarding on solutions.  84 

ShakeAlert’s modular design allows it to take advantage of different portions of the 85 

deformation field from a growing rupture, as will be described below, to maximize performance. 86 

It also offers some degree of redundancy, by using different data types and approaches, increasing 87 

resilience of the overall system to unexpected/sub-optimal behavior in some component. However, 88 

this comes at the cost of notable system complexity, which increases the challenges of maintenance 89 

and modification. However, many global EEW systems, including ShakeAlert, are continuing to 90 

evolve in response to new technologies, maturing performance expectations, and increasing real-91 

time earthquake experience. So, while system simplicity is appealing for a number of reasons, and 92 

will hopefully be achievable in the future, no single approach has yet proven itself to meet all 93 

targets for desired behavior. Additionally, the modular design allows initial alerts to be issued 94 

before a large rupture is finished while also tracking the full extent of rupture/fault growth with 95 

more appropriate methods.  96 

ShakeAlert Version 3 aims to improve performance of the system, and documenting those 97 

improvements requires a detailed articulation of ShakeAlert’s goals. A key early decision was that 98 

ShakeAlert would work with USGS licensed operators to provide public alerts and “information 99 

rich alert streams to specialized users” [Given et al., 2014]. A Licensed Operator (LtO) is a 100 

ShakeAlert technical partner that is licensed by the USGS to provide ShakeAlert-powered products 101 
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and services such as alert delivery to the cell phones or the triggering of an automated action like 102 

slowing a train. Owing to the flexibility needed to accommodate a range of applications, 103 

ShakeAlert required quantitative forecasts of expected ground motions from MMI 2 to 8 rather 104 

than simply spatial alert maps [Given et al., 2014]. ShakeAlert’s quantitative objectives began to 105 

crystalize with the Revised Technical Implementation Plan [RTIP, Given et al., 2018] that 106 

emphasized two classes of performance defined by 1) accuracy of ShakeAlert’s earthquake 107 

location and magnitude estimates relative to the point-source parameters of the Automated 108 

National Seismic System’s (ANSS) Comprehensive Catalog (ComCat; USGS, 2017) and 2) the 109 

comparison of ShakeAlert’s predicted ground motions with the spatially smooth model of ground 110 

motions provided by the USGS ShakeMap product [Worden et al., 2020; Given et al., 2018]. While 111 

the mission statement clearly requires sufficient warning times to enable people to take a protective 112 

action such as Drop, Cover, and Hold On (DCHO) and to complete triggering of automated actions, 113 

this was not yet formulated as a quantitative goal [Given et al., 2018]. This resulted for many 114 

reasons including that the system was not yet constructed, the algorithm base was rapidly evolving, 115 

and the full variety and speed of delivery mechanisms was relatively unknown. The RTIP provided 116 

clear definitions of ShakeAlert’s three primary products: 1) an Event Message containing source 117 

parameters; 2) a Contour Message that provided 8-sided polygons that enclosed regions of 118 

different levels of shaking ranging from 2 to 8 on the Modified Mercalli Intensity (MMI) scale and 119 

associated peak ground acceleration and peak ground velocity values; and 3) a Map Message that 120 

provides a spatial grid of estimates of peak ground acceleration, velocity, and MMI level. The 121 

Contour and Map products were to both resemble and be compared to the median shaking 122 

estimates from the USGS ShakeMap product [e.g. Figure 8 of Given et al., 2018]. Currently, the 123 

MMI 3 contour product is defined as the distance at which median shaking is expected to be MMI 124 
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2.5, and similarly for the higher MMI contour products (see Section 2.3 below).  ShakeAlert’s 125 

original emphasis on a direct comparison to the ShakeMap product led to the specification that 126 

ShakeAlert’s goal was the same at all locations, namely accurate ground-motion predictions as 127 

quickly as possible. Thus, from its inception, ShakeAlert has prioritized ground motion accuracy 128 

over a wide range of shaking levels from MMI 2 to 8.  129 

 130 

Given these product definitions, ShakeAlert allows technical partners who have met the 131 

requirements for a license to distribute ShakeAlert-powered alerts to their end-users [Kohler et al., 132 

2020]. ShakeAlert has always been specifically designed to allow a wide range of customization 133 

in how licensed operators implement alert delivery. However, USGS, in collaboration with state 134 

emergency management agencies  in California, Oregon, and Washington, has set minimum alert 135 

delivery thresholds for both the magnitude estimate and expected shaking intensity in order for 136 

particular classes of delivery mechanisms to initiate alert delivery (Figure 2). For public alerting, 137 

there are three key sets of threshold criteria in wide use. ShakeAlert uses the Wireless Emergency 138 

Alert (WEA) system, and messages must meet the Federal Emergency Management Agency’s 139 

(FEMA) criteria for ‘imminent threat’ [Federal Communications Commission, 2015]. Thus the 140 

thresholds were set to alert the MMI 4 area at a magnitude threshold of 5.0 or larger. In contrast, 141 

some cell phone apps, such as MyShake [Patel and Allen, 2022], send alerts for M 4.5+ and within 142 

the MMI 3 contour product corresponding to significantly larger areas and more frequent alerts 143 

[Kohler et al., 2020]. Lastly, Google’s Android Earthquake Alerts uses a bi-level strategy with 144 

silent notifications (termed “Be Aware” alerts) at M4.5 and inside the MMI 3 contour product, but 145 

additionally augments these with loud break-through alerts (termed “Take Action” alerts) at M4.5+ 146 

within the MMI 5 contour product [Chung et al., 2020]. The different MMI and magnitude 147 
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combinations lead to different frequencies of when a user will be alerted (see McGuire et al., 2021 148 

for estimates for the Pacific Northwest based on the USGS National Seismic Hazard Model).  149 

Moreover, these different delivery mechanisms have different ranges of latency that evolve 150 

as the underlying technology improves. For instance, the fastest deliveries are achieved over 151 

internet/WiFi systems allowing substantial numbers of users to receive the messages less than one 152 

second after USGS publishes them [McGuire and de Groot, 2021]. The MyShakeTM app has 153 

documented delivery times in the 2-5 s range [Patel et al., 2022] for a combination of WiFi and 154 

cellular delivery. The WEA system does not have a recent test (e.g. after recent upgrades) but was 155 

documented to have delivery times ranging from 4 s to tens of seconds through cellular network 156 

delivery in 2019 [McBride et al. 2023]. WEA alerts are part of the Integrated Public Alert and 157 

Warning System (IPAWS) which uses both cellular and internet delivery for various alerts and is 158 

expected to adopt “future technology” to improve alerts [FEMA, 2024]. The technology for 159 

delivering earthquake alerts is rapidly evolving and improving [e.g. see Apple (2023)]. Thus, WEA 160 

message delivery may reach internet delivery speeds in the future.  Overall, delivery times can 161 

range widely but many end users will receive the ShakeAlert Message within 0.5-5 s of when it is 162 

published by USGS.                  163 

Currently our licesnced operators take  various actions at predicted MMI values ranging 164 

from MMI 2.5 to 5.5 [Chung et al., 2020; McGuire et al., 2021] to achieve their desired outcomes. 165 

Given the latitude that licensed operators have to choose alert thresholds (within a range 166 

established by the USGS), as well as the variable speed of different delivery mechanisms, 167 

ShakeAlert needs to produce products with a significant degree of accuracy across a wide MMI 168 

range.                                          169 
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ShakeAlert’s primary objective is to provide usable warning times before strong (MMI 6+) 170 

shaking where it is possible to do so. The range of user locations, combined with the choice of 171 

alert thresholds and the variability in delivery times, results in a wide range of potential warning 172 

times in any given earthquake [Chung et al., 2020; McGuire et al., 2020; Lux et al., 2024]. The 173 

recommended protective action in most cases when receiving an alert  is “Drop, Cover, and Hold 174 

On” or DCHO [see McBride et al., 2022] because injuries often occur when trying to move during 175 

strong shaking or by being hit by falling objects. It is expected that it will take end-users between 176 

5 and 15 s to complete DCHO [Porter and Jones, 2018], so for ShakeAlert to achieve its primary 177 

objective, alerts need to be delivered to a location at least 5-15 s before damaging MMI 6 shaking 178 

begins. Longer warning times are obviously preferred and can enable a wider range of actions than 179 

just DCHO, including automated actions in mechanical systems. In general, ShakeAlert does not 180 

have location specific delivery time statistics for its different delivery mechanisms, and many 181 

evaluations are done with offline simulations that don’t account for data telemetry and alert 182 

delivery latencies.  In these types of simulations, which will be presented below, it is reasonable 183 

to assume that the combination of data telemetry and alert delivery adds a minimum delay of 2 s, 184 

and typically ~5 s, over what the algorithm processing time requires, acknowledging that many 185 

delivery mechanisms require at least a few seconds more than this nominal value. As a result, since 186 

the formal test of V.2.2.0 of the ShakeAlert software package in February 2022 (see table S1), 187 

ShakeAlert’s testing and certification platform has used a metric that quantifies the fraction of 188 

MMI 6 locations (with observed seismic data) that achieve a minimum warning time of 8-10s in 189 

offline tests to track the system’s ability to achieve its primary objective.       190 

 191 

1.1 ShakeAlert system development history 192 
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 To move towards its stated goals and to enable a wide range of delivery thresholds, 193 

ShakeAlert evaluated algorithm improvements using its system testing platform (STP) [Cochran 194 

et al. 2018] to identify modifications or new features that  provide improved source parameter 195 

estimates and/or ground motion products [Kohler et al., 2018].      In particular, the development 196 

of the eqInfo2GM module formulated the initial version of ShakeAlert’s ground motion 197 

predictions that are published as the Map and Contour products [Thakoor et al., 2019]. Thakoor et 198 

al. accomplished the RTIP strategy in that eqInfo2GM produces median shaking estimates that are 199 

equivalent to the USGS ShakeMap methodology of using ground motion prediction equations 200 

when no seismogram data are used, e.g. when only earthquake source parameters are available to 201 

predict shaking. Thakoor et al. used an evaluation scheme based on measuring the L2 norm of 202 

differences between predicted median shaking intensity estimates from eqInfo2GM to assess that 203 

the ShakeMap ground motion predictions were properly implemented. This metric, termed 204 

variance reduction, places the most weight on the larger number of lower MMI grid cells 205 

(regardless of any selected MMI threshold) in any given event and has been used in ShakeAlert 206 

system testing for that same purpose. Given these structures, the USGS ShakeAlert Project initially 207 

refined its algorithms via the STP process with its strong focus on matching the Advanced National 208 

Seismic  System (ANSS) Comprehensive Catalog (ComCat, USGS, 2017) for small to moderate 209 

earthquakes [Cochran et al., 2018] and with ground motion metrics that focused primarily on the 210 

large number of MMI 2 and larger [Thakoor et al., 2019] or MMI 4 and larger [Cochran et al., 211 

2018] grid cells in a typical ShakeMap. This preliminary focus on matching detections and 212 

magnitude estimates for moderate earthquakes succeeded in driving the system towards very low 213 

false alert  rates  [Kohler et al., 2018] which allowed it to begin public alerting in 2019 using 214 

Version 2.0 of the ShakeAlert software suite [Kohler et al., 2020]. The reduction in false alert rates 215 
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due to the improvements leading up to ShakeAlert V2.0 combined with the build out of the seismic 216 

network and associated telemetry systems were significant accomplishments, and they provided a 217 

necessary condition to build trust in the system among both internal partners and the public. The 218 

result of these efforts was the launch of a test of the system for public alerting in Los Angeles 219 

County via cellphone apps on January 1, 2019, using an EEW app developed by the City of Los 220 

Angeles.       221 

 In July 2019, the ShakeAlert system received its first major test with the occurrence of the 222 

M6.4 and 7.1 Ridgecrest earthquakes in Southern California. The system faced a wide variety of 223 

challenges in these events ranging from a very productive sequence of moderate 224 

earthquakes/foreshocks/aftershocks, data telemetry problems [Stubailo et al., 2020], and algorithm 225 

combination approaches during the M7.1 mainshock [Chung et al., 2020]. The net result of these 226 

problems was that in locations where timing information was available from recorded 227 

seismograms, the ShakeAlert system provided no significant warning times for sites of MMI6+ 228 

shaking in the M6.4 earthquake. For the M7.1, about 25-30% of locations that experienced MMI 229 

6 shaking could have received usable warning times (roughly 5-10 seconds before moderate/strong 230 

shaking, see discussion below). No sites with recorded shaking of MMI 7+ could have received 231 

usable warning times even with an instantaneous alert delivery mechanism [Chung et al., 2020]. 232 

While ShakeAlert did not achieve its primary objective at most locations of damaging shaking, the 233 

first alert was rapid given the sparse station spacing. It was the first real-time test of the system in 234 

a large earthquake and helped identify many areas for future improvement.       235 

As a result of the performance of ShakeAlert V2 in the Ridgecrest mainshocks, the 236 

ShakeAlert Project undertook a major, years long effort to overhaul the underlying algorithm base 237 

and improve its performance in large earthquakes [Böse et al., 2023a; Böse et al., 2023b; Murray 238 
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et al., 2023; Lux et al., 2024]. One key feature of our evaluation system that required upgrading 239 

was an increased focus on offline testing using large earthquakes. The original test suite that is 240 

used for evaluation of software upgrades in ShakeAlert was constructed before the station buildout 241 

for EEW and focused on publicly available data from the U.S. West Coast. As a result, the large 242 

earthquakes in it did not have a station density that represents the current or future operational 243 

network [Cochran et al., 2018], and ShakeAlert V2.0 had not yet identified problems tracking 244 

magnitude growth in large earthquakes [Kohler et al., 2020]. V2.0 was effectively hardwired to 245 

weight the magnitude estimates from the EPIC algorithm much more strongly than those from the 246 

FinDer algorithm during a large rupture [Kohler et al., 2020; Chung et al., 2020]. EPIC is a fast, 247 

specialized initial detection algorithm that only uses the first 4-5 seconds of P-wave data from any 248 

given station in its magnitude estimate. Because ShakeAlert V2.0 weighted this estimate 249 

disproportionately heavily even after much longer data streams with peak shaking values were 250 

available, ShakeAlert’s magnitude estimate could not have reached M7.1 in the Ridgecrest 251 

mainshock even if the data telemetry had worked properly [Chung et al., 2020]. Since Ridgecrest, 252 

the ShakeAlert STP program has undergone a major overhaul that will be detailed elsewhere which 253 

includes a vastly expanded test suite. Additionally, alongside the original ANSS catalog-related 254 

metrics that penalize false alerts, we added two metrics that reward long warning times for sites of 255 

MMI6+ shaking and quantify/penalize over alerting at certain MMI levels (see below) used by 256 

USGS to activate the WEA system. The result of these additions has been to drive the system in 257 

the direction of improved performance in large earthquakes with a focus on locations where users 258 

are in potential danger, meaning MMI 6 or stronger shaking. For instance, in the 2022 M6.4 259 

Ferndale earthquake, the ShakeAlert system provided between 0-12 s of warning at locations 260 
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which experienced MMI 8 shaking, 0-17 s at MMI 7 locations, and 0-23 s of warning at MMI 6 261 

locations [Lux et al., 2024]. 262 

ShakeAlert’s increased focus on providing usable warning times in large earthquakes has 263 

resulted in V3, which was implemented on March 18th, 2024. This update allows the different 264 

source estimation algorithms to contribute predominantly in the earthquake magnitude ranges 265 

where they are most applicable with prescribed transitions based on significant offline testing in 266 

large earthquakes. V3 acknowledges the need to act quickly in the vicinity of the epicenter when 267 

accurate magnitude and ground motion estimates are more difficult to produce due to limited data, 268 

while also acknowledging the need for increased accuracy of shaking estimates at larger distances 269 

to limit over alerting. The overall suite of algorithm changes compared to V2 are both the 270 

cumulative result of dozens of intermediate modifications (see Table S1) as well as a fundamental 271 

change involving the incorporation of geodetic data and site response models for the first time.      272 

This paper describes those changes and their cumulative effect on expected performance in large 273 

earthquakes. ShakeAlert is an EEW system designed to “save lives and property” which 274 

fundamentally requires alert delivery before damaging strong shaking arrives. Timeliness is an 275 

absolute requirement for success of the ShakeAlert system, while detailed ground-motion accuracy 276 

is a helpful but less stringent requirement. Both timeliness and ground-motion accuracy depend to 277 

some extent on definitions, and this paper describes the state of the system in both regards from 278 

offline testing of V3.       279 

The expanded STP test suite has a wide variety of earthquakes in terms of types of faults, 280 

geographic locations, station density, and an increasing number of synthetic earthquakes [Smith et 281 

al. 2024]. For this paper we will focus on results from three key subsets of the test suite which are 282 

the updated West Coast, Japan crustal, and Japan subduction zone components.  The earthquakes 283 
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used are listed in Supplementary Table 2. Many of the Japanese events were studied on an 284 

individual algorithm basis in Meier et al. [2020] and the geodetic events were studied for the 285 

GFAST-PGD algorithm in Murray et al. [2023]. To evaluate warning time, we follow the 286 

ShakeAlert standard practice by comparing alert times to the time the seismogram at a station 287 

exceeds a given MMI value similar to that used in Chung et al., [2020]. Defining the warning time 288 

requires specifying three quantities, the MMI level the alert is issued for (MMIalert), the type of 289 

product (contour vs grid), and the MMI level that you want to be warned for (MMItw).      MMIalert 290 

and MMItw could be the same or MMItw could be larger, which generally leads to better warning 291 

time performance [Meier et al., 2017; Minson et al, 2018; Chung et al., 2020]. The warning time 292 

at a given site is the time between when it is first predicted to have shaking of at least MMIalert and 293 

the time at which the observed shaking first exceeds MMItw. The expanded test suite provides a 294 

range of magnitude and distance combinations with peak shaking of MMI 6 or larger allowing 295 

warning times to be evaluated for a variety of cases (Figure S1). Because warning times are 296 

relatively short (seconds to tens of seconds) and the MMItw exceedance times can vary by a 297 

comparable amount of time even for stations at a similar epicentral distance, accurate algorithm 298 

evaluations require a seismogram to compute warning times with enough precision.      299 

 300 

2. ShakeAlert 3.0 301 

Of the six algorithms that comprise V3, only GFAST-PGD is new, but all six have been 302 

substantially modified from version 2.0. The key difference in ShakeAlert V3.0 vs ShakeAlert 303 

V2.0 is that V3.0 has separated the system into what is effectively four different regimes that 304 

correspond to increasing amounts of available data and larger earthquake sizes (see Table 1).      305 

Conceptually, these stages roughly correspond to 1) Initial detection, 2) Moderate Earthquakes, 3) 306 
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Large Earthquakes, and 4) Great Earthquakes. These are not formal divisions within the system; 307 

there is overlap between them and flexibility to follow different progressions based on the 308 

algorithm results during a given earthquake. In general, the progression is expected to emphasize 309 

EPIC initially, then FinDer, then a combination of FinDer and GFAST-PGD as a rupture grows in 310 

size up to M7+ (Figure 3). However, that is not always the case, and the logic is flexible enough 311 

to allow a particular algorithm to increase the magnitude estimate rapidly if its data type (see Table 312 

1) warrants that increase. All three algorithms estimate source parameters that are combined by the 313 

SA. The transitions in emphasis between the algorithms are accomplished by logic that is 314 

embedded in the executive functions of the Solution Aggregator, EqInfo2GM, and Decision 315 

Module algorithms (Figure 3). The result of this logic is a system that emphasizes each algorithm 316 

for the magnitude and time range during the rupture for which it is most accurate and valuable 317 

(Table 1). In a truly great earthquake, there will be a series of transitions, described below, in how 318 

earthquake magnitude and predicted ground motions are estimated as the rupture grows. This 319 

progression takes into account our experience from real-time and offline testing in order to best 320 

utilize the different algorithms.       321 

  322 

2.05 Current architecture and data flow 323 

 The data flow architecture for seismic data in V3 remains largely unchanged from earlier 324 

versions [Kohler et al., 2018, 2020]. Approximately 1400 seismic stations from a variety of seismic 325 

networks (network codes AZ, BC, BK, CC, CE, CI, CN, IU, NC, NN, NP, NV, OO, SB, UO, US, 326 

UW, and WR, see Data Availability statement) contribute data to ShakeAlert from either 327 

broadband and/or strong-motion seismometers. The seismic network is rapidly approaching the 328 

original system design target [Given et al., 2018] which features the highest density of stations in 329 
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major urban areas and along major faults (Figure 4A). All seismic data flow to one of four seismic 330 

network processing centers (Caltech, UC Berkeley, USGS Moffett Field, and Univ. of 331 

Washington), is injected into the Earthworm system [Friberg et al., 2010; Hartog et al., 2020] and 332 

read by one of two waveform processing algorithms that produce parametric data for EPIC and 333 

FinDer.      All parametric data are passed between the 8 production servers (2 per network center) 334 

using the Apache ActiveMQ open-source messaging broker software [Snyder, 2011]. Each 335 

algorithm subscribes to certain ActiveMQ topics for input and publishes results to other topics.          336 

ShakeAlert uses data from continuously operating Global Navigation Satellite System 337 

(GNSS) stations distributed throughout California, Oregon, and Washington which are part of 338 

several monitoring networks. Approximately 1100 stations are potential ShakeAlert contributors, 339 

and at any given time ~950 stations are actively providing data to the ShakeAlert system (Figure 340 

4B).      Each station’s data are telemetered in real-time to its respective network operations center 341 

which, in turn, provides real-time raw data streams to users. ShakeAlert uses a cloud-based data 342 

architecture for GNSS data operated by the EarthScope Consortium, which gathers the raw real-343 

time streams provided by network operators for each station (including those from stations 344 

operated by EarthScope) and makes these available via a messaging system (Apache Kafka; Sax, 345 

2018) to data processing center(s). Currently ShakeAlert has one data processing center, at Central 346 

Washington University (CWU), where one sample-per-second three component (north, east, 347 

vertical) real-time positions are estimated from the raw 1 Hz data using the Fastlane software 348 

[Santillan et al., 2013; Melbourne et al., 2021]. These real-time position streams are then 349 

transmitted in geoJSON format [Butler et al., 2016] via RabbitMQ messaging [Dossot, 2014] from 350 

CWU to ShakeAlert centers and are stored on Earthworm ring buffers [Friberg, 2010]. Once it is 351 

triggered by the first alert message issued by the Solution Aggregator (based on seismic data), the 352 
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GFAST-PGD algorithm then reads the epoch-by-epoch positions from the Earthworm ring.      353 

Efforts are underway to transition from using ring buffers to an approach in which GFAST-PGD 354 

obtains the real-time position streams via a messaging system. 355 

The largely independent telemetry systems for the GNSS and seismic data provide a form 356 

of redundancy for ShakeAlert. In the 2019 Ridgecrest M7.1 mainshock, the GNSS position streams 357 

calculated by CWU using the Fastlane software did not experience any unusual data latencies and 358 

allowed accurate near real time magnitude calculations [Melgar et al., 2019; Hodgkinson et al., 359 

2020] in contrast to the telemetry delays experienced by the ShakeAlert seismic systems [Stubalio 360 

et al., 2020]. While the GFAST-PGD algorithm requires a seismic algorithm event detection to 361 

begin calculating in the V3 software, it can keep updating regardless of the seismic algorithm 362 

performance (see below). Thus, the independent data telemetry pathway potentially provides a 363 

redundant aspect that could insulate ShakeAlert against the type of problems seen in Ridgecrest. 364 

2.1 Initial detection 365 

The initial detection of an earthquake in ShakeAlert V3 almost always comes from the 366 

EPIC algorithm, which utilizes P-wave arrival times from a minimum of 4 stations to estimate the 367 

epicentral latitude, longitude, and magnitude [Chung et al., 2019]. For crustal (depth <~20 km) 368 

earthquakes in densely instrumented parts of the ShakeAlert network, this first alert is typically 369 

published within about 4-6 seconds after the earthquake origin time [Lux et al., 2024]. After the 370 

Ridgecrest earthquakes, the EPIC magnitude estimation algorithm was updated to use a weighting 371 

scheme that gives preference to the stations with the longest duration of P-waveform available 372 

[Lux et al., 2024]. In the initial detection, this approach can result in one or two of the four stations 373 

having significantly higher weights than the remaining 2 or 3. This change was made to mimic the 374 

fundamental properties of P-waves which are proportional to the earthquake’s moment-rate 375 
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history.      Also, it allows the initial magnitude estimate to grow more quickly in large earthquakes 376 

for which combining stations with ~4 seconds of data with stations that have less than a second of 377 

available data would otherwise bias the magnitude estimates to low values, as was the case with 378 

ShakeAlert V2 during the Ridgecrest mainshocks [Chung et al., 2020]. Additionally, the EPIC 379 

magnitude was constrained to be less than M7.5 due to the 4-5 second limit on available P-wave 380 

data [Trugman et al., 2019] whereas in V2, EPIC had been coded to allow magnitude estimates up 381 

to 10.0. 382 

The new EPIC weighting scheme increases the sensitivity to stations with unusually large 383 

P-wave displacements for their magnitude and to the effect of mislocation in the initial epicenter 384 

estimate which affects the magnitude calculation. The weighting change combined with the 385 

inherent scatter in early magnitude estimates has been shown in testing to lead to systematic 386 

overestimates. Figure 5 shows the net positive bias in the peak magnitude estimate for V3 with the 387 

West Coast test suite and recent real-time results in California (see Figure S2 for Japanese event 388 

test results). While the DM estimates often eventually converge to a value closer to the ANSS 389 

catalog magnitude as more data become available, the peak magnitude estimate still controls the 390 

alert area. To counteract this effect to some degree, ShakeAlert coupled the adoption of the new 391 

EPIC magnitude weighting scheme with the introduction of an Alert Pause procedure defined by 392 

a pause radius and pause time that limit the geographic extent of the initial alerts. For V3 the pause 393 

radius is set to 100 km and the pause time is set to 5 s. These values were chosen based on real-394 

time system performance in 2021 and 2022 and may need to be revisited in the future       For the 395 

first alert and up to 5 seconds after the initial alert, the EqInfo2GM module will restrict any of the 396 

published contour products or map product grid cells to not have a radius larger than 100 km from 397 

the epicenter or finite fault estimate (if available). After the 5 s mark is reached, the ground motion 398 
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products corresponding to the most recent alert update are sent out to their full spatial extent, and 399 

any additional alert updates will not have restrictions on their spatial extents. While ShakeAlert 400 

data products have always been defined as providing the best estimate of median expected ground 401 

motions in a given region [Given et al., 2014, 2018; Thakoor et al., 2019], it is recognized that 402 

uncertainties in the source parameters and the derived ground-motion estimates are much higher 403 

in the initial solutions (ShakeAlert Messages), yet for locations near the epicenter we must publish 404 

alerts quickly if they are to be useful. The Alert Pause logic is effectively a compromise between 405 

speed and accuracy. As a result of this strategy and the bias in peak magnitudes, it is more likely 406 

for the ShakeAlert system to produce overestimates of expected shaking inside the pause radius 407 

than outside it because after the 5 s have elapsed there are more data available to improve shaking 408 

estimates.  409 

 The pause radius limited alert distribution during several recent moderate earthquakes 410 

including the 2023 M5.1 Ojai CA, the 2023 M5.5 Prattville CA, and 2024 M4.8 El Centro CA 411 

earthquakes, correctly reducing the amount of over alerting in highly populated areas. In these 412 

cases, EPIC’s initial magnitude estimate was produced with a small number of stations and in 413 

some cases suboptimal station geometry due to mountainous areas and incomplete station buildout.       414 

For the May 11th, 2023, Prattville earthquake the first magnitude estimate from the SA was M6.4, 415 

but by 5 s after the first alert the magnitude estimate had been reduced to M5.5. Similarly, in the 416 

August 20th, 2023, Ojai earthquake the first magnitude estimate was M6.0, but by 5 s later the 417 

magnitude estimate had been reduced to M5.7 [Lux et al., 2024]. In the Prattville case, the Alert 418 

Pause prevented Wireless Emergency Alerts frombeing sent to Sacramento unnecessarily. In the 419 

Ojai case, the Alert Pause prevented MMI 3 cell phone application alerts from being sent to San 420 

Diego, Fresno, and Salinas (Figure 6A). Additionally, MMI 4 alerts were prevented to the eastern 421 
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half of Los Angeles. Similarly, for the February 12th, 2024, M4.8 El Centro earthquake, the initial 422 

SA/DM magnitude was M5.8 which was reduced to M5.5 by the 5 second mark. Without the Alert 423 

Pause, the initial MMI 3 alerts would have reached Los Angeles, while the MMI 4 alerts would 424 

have reached San Diego (Figure 6B).  The current values of the pause parameters of 5 s and 100 425 

km were chosen to prevent this type of over alerting in moderate earthquakes without preventing 426 

usable warning times at epicentral distances beyond the pause radius during large events. This 427 

feature has reduced over-alerting for moderate earthquakes that results from the small amount of 428 

data used in the initial earthquake location and magnitude estimates. 429 

 430 

2.2 Algorithm association 431 

 In most moderate earthquakes, the SA receives updated location and magnitude estimates      432 

from both EPIC and FinDer during the pause time, e.g. the first 5 s after publishing the first 433 

ShakeAlert Message. A key improvement of V3 is the criteria used for associating the two 434 

algorithms as the same event.      In V2, an EPIC event and a FinDer event would be associated if 435 

their locations were within 100 km and their origin times were within 30 s [Kohler et al., 2020].      436 

While this worked well in general, there were problems with ‘split events’, often in regions of 437 

sparse station coverage [Lux et al., 2024] or with multiple earthquakes that were close in time 438 

[Böse et al., 2023b]. To overcome this, the association algorithm was modified starting in V.2.2.0 439 

to be based on matching the station set that was part of each algorithm’s initial detection (see 440 

Supplementary Table 1). Currently, algorithms report either the eight (EPIC) or six (FinDer) 441 

stations with the highest amplitude signals (PGA and PGV). The two events are associated together 442 

if they each have at least 3 stations within 50 km of a station used by the other algorithm and peak 443 

ground motion times within 60 s of the times from a station used by the other algorithm. In offline 444 
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testing, this modification improved the EPIC and FinDer associations for earthquakes outside the 445 

station network, such as in northern Mexico or offshore northern California where the distance 446 

between the FinDer line source and the EPIC point source locations can be large. Lastly, the 447 

GFAST-PGD algorithm is initiated by listening to the SA messages and does not contribute its 448 

magnitude estimate unless there is a SA event with a magnitude estimate of 6.0 or larger and 449 

GFAST-PGD’s magnitude estimate is at least 7.0. Thus, GFAST-PGD is always associated with 450 

an existing event that was initiated by one of EPIC or FinDer.  451 

 452 

2.3   Ground motion prediction 453 

 The eqInfo2GM module takes the point and line source parameters from the SA and 454 

produces estimates of the median PGA, PGV, and MMI measures of free-field ground shaking at 455 

a given distance [Thakoor et al., 2019]. In V3, the PGA and PGV values are calculated using the 456 

ground-motion-prediction equations (GMPEs) of the Next Generation Attenuation (NGA) model 457 

from Boore and Atkinson [2008], Chiou and Youngs [2008], and Atkinson and Boore [2011].      458 

These are converted to MMI using the ground-motion-to-intensity conversion equations 459 

(GMICEs) of Worden et al. [2012] as implemented in the USGS ShakeMap product [Wald et al., 460 

2022]. ShakeAlert is also testing the average of the more recent Next Generation Attenuation-West 461 

(NGAW2) models [Bozorgnia et al., 2014] but they are not in production yet [Saunders et al., 462 

2024]. The combination of the GMPEs and GMICE lead to a growth of the contour product radius 463 

with distance (Figure S3) that typically corresponds to a growth in alert area with time during the 464 

rupture of a large earthquake (Figure 7). The MMI 3 contour product is currently defined as the 465 

distance at which the median expected shaking is MMI 2.5 using the above GMPEs and GMICE 466 

such that it encloses the region where shaking is expected to be MMI 3 and above [Given et al., 467 
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2018]. Similar definitions are used for the higher MMI contour products (e.g MMI 4 contour is the 468 

distance to median MMI 3.5, etc), see Saunders et al., [2024] for a discussion of the grid and 469 

contour calculations. Recorded ground motions vary significantly over short distances due to local 470 

site and other effects. ShakeAlert does not currently attempt to estimate those at any scale finer 471 

than the 0.2 by 0.2 degree (e.g. ~20 km by 20 km) map product. Thus, the predicted ground motions 472 

are treated as the median expected shaking in a zone of roughly that size [Given et al., 2018; 473 

Thakoor et al., 2019].       474 

Several improvements to the eqInfo2GM module have been made between V2 and V3 475 

including the switch to using lookup tables for the ground motions from a given magnitude and 476 

distance combination to increase the computational speed in large earthquakes. Secondly, there is 477 

now logic to ensure the MMI contours remain properly nested in large earthquakes. This was 478 

needed because the alert distances for different MMI contours are calculated from the epicenter if 479 

the distance is more than 4 times the line source length, but are calculated relative to the line source 480 

for higher MMI values closer in. Without this improvement the contours could intersect if the line 481 

source and epicenter estimates have significant offsets, which sometimes occurs for out-of-482 

network earthquakes. Additionally, the DM now allows alerting if a contour/grid cell overlaps the 483 

ShakeAlert reporting area (e.g. within the boundaries of CA, OR, and WA) even if the earthquake 484 

epicenter estimate is outside that region. 485 

 486 

Starting with v2.2.0, two new metrics were added to test key goals of ShakeAlert 487 

performance. The first, termed Metric 1 (M1), tracks the fraction of locations that observed strong 488 

shaking (MMI >=5.5) that receive at least 10 seconds of warning time in offline tests (see table 2). 489 

This metric would of course be maximized by alerting to huge distances at small magnitude levels, 490 
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which would be incompatible with ShakeAlert system goals of accurate ground motion prediction 491 

across the alerting range and would be unrealistic for a public EEW system. Such a high degree of 492 

over alerting is expected to have negative consequences such as ‘alert fatigue’[Ripberger et al., 493 

2015], but those consequences in an EEW context are not yet well understood.      To track and 494 

help limit over alerting, a second metric focused on the most widespread delivery mechanism 495 

Wireless Emergency Alerts (WEAs) is calculated; it is defined as the fraction of MMI 4 contour 496 

alerts that arrive before various levels (e.g. MMItw) of weak to moderate shaking. Metric 2 (M2) 497 

is less directly interpretable than Metric 1. M1 is based on injuries occurring at MMI 5.5+. (e.Peek-498 

Asa et. al, 2000), but which value(s) of MMItw is most important for evaluating alert performance 499 

is a matter of current research. Hence Metric 2 is evaluated at a variety of MMItw levels. It very 500 

roughly characterizes the fraction of WEAs that could arrive before moderate shaking, with low 501 

M2 values indicating a high fraction of ShakeAlert-powered WEA alerts were issued to locations 502 

with peak ground motions lower than MMItw. An unskilled algorithm that simply over-alerted to 503 

a wide area would increase M1 but decrease M2. In each software test, the candidate algorithm 504 

should increase M1 in at least some key category without making M2 values significantly lower. 505 

The values of these metrics for the V.3.0.1 test are given in Table 2 for the most widely used 506 

thresholds. 507 

Both metrics are calculated using seismograms from all available ANSS network seismic 508 

stations in the STP test suite following the definitions from Meier, [2017] and Chung et al., [2020].      509 

This calculation is necessary because the time that MMItw is exceeded is not a simple function of 510 

epicentral distance, and the variations (e.g. ~5-20 s) can be on the order of the metrics used to 511 

evaluate ShakeAlert.        512 

 513 
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2.4 Moderate earthquakes 514 

 A key aspect of improvement in ShakeAlert V3 is the logic governing the transition from 515 

the initial EPIC point-source solution to the combined solution for moderate to large earthquakes 516 

that involves both the EPIC magnitude estimate and the FinDer finite-fault line source and 517 

associated magnitude estimate. For large earthquakes, the first magnitude estimate produced by 518 

EPIC is typically already in the moderate magnitude range between M5.5-6.0 and usually rises 519 

above M6.0 within 1-3s after the first alert (Table 2). A key aspect of the Solution Aggregator is 520 

to switch from using a weighted average for magnitudes <6.0 to using only the FinDer magnitude 521 

estimate if it is above 6.0 and larger than EPIC’s magnitude estimate. The weighted average 522 

typically favors the EPIC estimate because its uncertainty decreases with the number of stations 523 

observed [Chung et al., 2019] while FinDer’s magnitude uncertainty is currently fixed at 0.5 units 524 

[Böse et al., 2023a]. The V3 approach is consistent with EPIC using only the first 4 seconds of P-525 

wave data whereas FinDer can continue to ingest new data with increased ground motions for tens 526 

of seconds during an evolving rupture. Additionally, once FinDer reaches M6.0, the line source 527 

estimate is included in the distance parameter used in the predicted ground motion calculation 528 

which results in expanded alert areas compared to a point source [Thakoor et al., 2019]. This key 529 

transition typically happens within the first few seconds after the first ShakeAlert Message is 530 

published (Table 3) and allows V3 to track the evolution of a growing rupture more rapidly.      531 

 The current SA logic is flexible enough to accommodate multiple types of behavior seen 532 

in ShakeAlert. A counter example to the expected behavior described above comes from the 2022 533 

M6.4 Ferndale earthquake [Lux et al., 2024]. The initial ShakeAlert Message was published using 534 

the EPIC magnitude estimate, M5.6, at 7.5 s after origin time, but by 12 s the SA magnitude had 535 

reached M6.2. In this case the growth in the magnitude estimate was driven largely by EPIC which 536 
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peaked at M6.7, while FinDer lagged before eventually settling at M6.2 (Figure 8). In this case, 537 

the weighted combination of the two was used for all ShakeAlert Message updates and the SA 538 

magnitude peaked at M6.6 about 17 s after origin time. Figure 8E shows the amount of waveform 539 

data available at the initial alert which is very limited, and the first few seconds after the first alert 540 

(in this case from 7-12 s after origin) is when the magnitude estimate rapidly evolved. The 541 

difference in the time history of the magnitude estimates between FinDer and EPIC in this case 542 

likely results from the depth of the rupture which began at about 18 km in the crust of the subducted 543 

Gorda plate [Shelly et al., 2024]. One of the largest ground velocities (~45 cm/s) in this earthquake 544 

was observed at a station BK.DMOR located over 43 km from the epicenter and were likely due 545 

to a combination of the earthquake’s depth and rupture directivity.      As a result, the location with 546 

the highest PGV received 12 s of warning time between when the MMI 3 and 4 contour products 547 

were published and when it reached MMI 5.5 shaking [Figure 8, see Lux et al., 2024 for a detailed 548 

description]. As described in Lux et al., [2024] warning times before strong shaking ranged from 549 

0-12 s for locations that received MMI 8 shaking, 0-17 s for MMI 7 sites, and 0-23 s for MMI 6 550 

sites. This range of outcomes is to be expected as warning times grow rapidly with the distance 551 

from the epicenter (Figure 8F). A key point in EEW is that while there may always be a late alert 552 

zone where alerts could be delivered to end-users after strong shaking has arrived, that zone will 553 

often not be spatially coincident with the zone of strongest shaking in large earthquakes.      Even 554 

for moderate earthquakes like Ferndale, it is possible to provide timely and useful ShakeAlert-555 

powered alert deliveries to the region of peak shaking.  556 

 557 

 Another key feature of V3 is that FinDer can alert without EPIC if its magnitude estimate 558 

is above M5.5 and the SA cannot associate it with a current EPIC event. This change was made to 559 
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improve ShakeAlert’s resilience during highly active swarms, aftershock sequences, and other 560 

complex event scenarios. Version 2 had difficulty in such scenarios as occasionally EPIC cannot 561 

properly associate triggers when multiple earthquakes happen in quick succession [Böse et al., 562 

2023b]. The M5.5 threshold for this feature was determined based on the range of where FinDer’s 563 

magnitude estimates become most reliable. It has been activated at least once in real-time for the 564 

02/12/2024 M4.6 earthquake in El Centro California (a different event from the one in Figure 6).      565 

For this event FinDer produced a M4.9 alert at 8.2 s after origin time and the magnitude estimate 566 

eventually peaked at M5.5. 567 

 568 

2.5 Large earthquakes   569 

 Earthquakes with magnitudes larger than 6.5 will typically require a handoff from the 570 

initial EPIC point-source parameters to the FinDer line-source model that characterizes the fault 571 

location and the continued magnitude growth. One of the best examples of this in the test suite is 572 

the 2016 M7.1 Kumamoto earthquake. Figure 9 shows the contour products at 4.9 s, 10.1 s, 21 s, 573 

and 40 s after origin time along with the FinDer line source estimates. For this earthquake the first 574 

alert is already quite large, M6.4, but it is only a point source from EPIC. M6.4 is large enough for 575 

the MMI 3 and 4 contours to be held at the pause radius. By 10 s the magnitude estimate has 576 

increased slightly to M6.5 and the contours are released to their full distances (Figure 9B, 9E). 577 

Notably at 10 s, the FinDer line-source is contributing to the shape of the MMI 6 contour.  By 21 578 

s both the MMI 5 and 6 contours are highly affected by the line source and the MMI 5 contour 579 

includes almost all the locations that eventually experience MMI 6 shaking.  While the MMI 3, 4, 580 

and 5 contour products succeed at alerting almost all the locations in danger of strong shaking, the 581 

difference between the warning times from the MMI 4 and 5 contour products is significant and 582 
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can be seen in the difference between panels 10C and 10F. While the MMI 4 contour product 583 

achieves 20-40 s of warning for some MMI 6 locations, the MMI 5 contour peaks at about 15-20 584 

s. For this earthquake, only EPIC and FinDer contribute to the magnitude estimates because 585 

GFAST-PGD peaks just below the M7.0 threshold [Murray et al., 2023] at which it contributes to 586 

the current system configuration. Overall, the intense shaking from this earthquake is accurately 587 

captured by the EPIC and FinDer algorithms and the transition from a point-source to line-source 588 

based estimate occurs rapidly. While the late-alert zone is clear near the epicenter, warning times 589 

quickly increase to usable levels within about 30 km of the epicenter and are effective enough to 590 

allow useful warning times (>10 s) at most locations that experienced strong or greater shaking. 591 

 592 

2.6 Great earthquakes 593 

Great earthquakes are particularly challenging both scientifically and technically for an 594 

EEW system that attempts to accurately predict ground shaking. Because the rupture can last from 595 

tens of seconds in a M8 to a few minutes in a M9, the system must continue to deliver data despite 596 

any impacts on instruments and/or telemetry systems, and its algorithms must characterize the 597 

evolution of the expected shaking over those timescales. For instance, in simulations of M9 598 

earthquakes in Cascadia, ShakeAlert must continue to update for 3 or more minutes to produce 599 

MMI 5 contour product alerts at inland cities like Seattle [McGuire et al., 2021; Thompson et al., 600 

2023].      Moreover, most M9s occur offshore in subduction zone settings where traditional seismic 601 

data are usually not available near the fault in real time. ShakeAlert V3 addresses these challenges 602 

in part by adding the GFAST-PGD algorithm which performs very well for well-recorded great 603 

earthquakes in subduction zones as well as large onshore strike-slip ruptures [Crowell et al., 2018; 604 

Murray et al., 2023]. GFAST-PGD uses the epicenter location from the SA and contributes only a 605 
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magnitude estimate based on Global Navigation Satellite Systems (GNSS) data to the SA. 606 

Currently the greatest challenge with this algorithm results from the high levels of noise, 607 

particularly outliers, in real-time processed position streams [Murray et al., 2023]. Moreover, we 608 

do not know if the FinDer or the GFAST-PGD algorithm will operate more quickly in a given 609 

large rupture due to the station distributions or which of the seismic and geodetic data streams is 610 

more prone to outages on the timescales of minutes during a great earthquake. The SA strategy 611 

described above is designed to let either algorithm expand the alerting polygons as new 612 

information arrives. In particular, the FinDer line source can continue to grow and expand the 613 

polygons even if the weighted average of the FinDer and GFAST-PGD magnitudes does not 614 

produce a sufficient change for an alert update. Additionally, the handoff between algorithms must 615 

be flexible to account for rapid increases in either GFAST-PGD or FinDer magnitude estimates 616 

without holding back the SA to wait for the other algorithm. As a result, the magnitude error 617 

estimates from FinDer and GFAST-PGD are very important in the evolution of the alerts in a great 618 

earthquake. GFAST-PGD assigns uncertainties to its magnitude estimates using an empirically 619 

derived relationship involving the magnitude estimate and time since the earthquake origin time; 620 

this approach accounts for typical GNSS time series noise which grows with time [Murray et al., 621 

2023]. FinDer provides an estimate of the stability of the parameters of its line-source model by 622 

varying the rupture length and strike and determining the corresponding correlation and misfit 623 

values while keeping the centroid location fixed [Böse et al., 2023a]. However, a full assessment 624 

of the uncertainty is time consuming and probably not suitable for EEW applications. It was 625 

therefore decided to set the magnitude uncertainty for FinDer in ShakeAlert to a default value of 626 

0.5 magnitude units (m.u.). 627 
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Figure 10 shows the interactions between the four algorithms for a replay of the 2003 M8.3 628 

Tokachi Oki megathrust earthquake. This event began ~40 km offshore at a depth of ~30 km.      629 

The first alert from EPIC is significantly larger (M6.7) than for FinDer (M4.4) due to the low PGA 630 

amplitude of the first P-wave arrivals onshore (Figure 10B). Also, for offshore earthquakes, FinDer 631 

typically produces an onshore line source with a lower magnitude estimate than the true magnitude 632 

but fairly accurate ground motion predictions [Böse et al., 2023a].  The initial magnitude growth, 633 

while weighted towards EPIC, is slow from 20 to 30 s after origin time. At about 32 s the first 634 

PGD magnitude estimate is available (M7.6) which causes a rapid growth in the SA/DM 635 

magnitude estimate. While the magnitude estimate is quite large by ~40 s (Figure 10G), there is 636 

still considerable growth in the MMI 5 contour product polygon between 44 and 90 s after origin 637 

time due to the growth in the FinDer line source. The  net result is that all three algorithms 638 

contribute at some point during the rupture to expanding the alert polygons. Figure 10 639 

demonstrates that the MMI 3 and 4 contour products expand much faster than the observed shaking 640 

allowing for considerable warning times (discussed below). The expansion of the MMI 5 contour 641 

product polygon is significantly slower, but it still outpaces the expansion of the zone of strong 642 

(MMI 6) shaking at onshore locations.  643 

  644 

3. Warning time performance 645 

 Figure 11 shows the warning time performance in offline simulations of three well recorded 646 

earthquakes, the 2019 M7.1 Ridgecrest, 2016 M7.1 Kumamoto, and 2003 M8.3 Tokachi Oki 647 

discussed before. It focuses on the warning times for sites that experienced shaking of MMI 5.5 or 648 

larger using the MMI 4 contour product. For the shallow crustal earthquakes positive warning 649 

times are possible starting about 30 km from the epicenter leading to a small number of MMI 8-9 650 
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sites having warning times of ~5-10 seconds. The dense station spacing in the Kumamoto dataset 651 

demonstrates that it is possible to get 10+ seconds of warning for the majority of MMI 7 locations 652 

and 95% of MMI 6 locations (Figure 11H). The effect of the pause radius is clearly visible for both 653 

Ridgecrest and Kumamoto (Panels 11D and 11E) and reduced warning times at large distances by 654 

the pause time (5 seconds).  However, at these distances, MMI 6 is not reached until the S-wave 655 

arrives and hence the warning times still exceed ~20 seconds or more before strong shaking. For 656 

these earthquakes the magnitude estimates increase rapidly and capture much of the possible 657 

warning times at strong shaking sites by using the MMI 4 contour product. However, the 658 

performance is significantly downgraded using the MMI 5 contour product (see Figure S4). The 659 

difference results in a significant drop in the fraction of sites with 10 seconds or more of warning 660 

for M6-7 crustal earthquakes like the 2022 Ferndale or 2016 Kumamoto examples.      661 

 Figures 8, 9, 11 and S4 demonstrate that there is a considerable range in warning time 662 

outcomes even for sites at the same shaking level in a given earthquake. The expected performance 663 

of ShakeAlert® is best described as ranges of possible warning times at different shaking levels 664 

for different classes of earthquakes, such as M6-7 crustal earthquakes or M8-9 offshore megathrust 665 

earthquakes.      Similarly, describing expected performance requires specifying the product being 666 

discussed as the results can be quite different (Figure S4).  This range of outcomes results from 667 

many factors, but a key one is that shaking is often amplified at significant distances in certain 668 

locations by a combination of rupture directivity, path, and site effects. For instance, the 40+ 669 

seconds of warning for an MMI 9 site in the Tokachi-Oki earthquake (Figure 11I) results from a 670 

site located over 120 km from the epicenter. What is remarkable about that result is that there are 671 

numerous locations between the epicenter and the MMI 9 site that only experienced MMI 6-8 672 

shaking, and the rupture directivity was directed away from these locations. Many of EEW’s 673 
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greatest successes will come from cases like these where local site amplification effects create 674 

damaging shaking at larger than average distances. 675 

Estimating site response is a key part of ground motion modeling in seismic hazard 676 

estimation [e.g. Rathje et al., 2015 and Stewart et a., 2017] and incorporating it in ShakeAlert will 677 

help improve timely and accurate alert delivery for locations with amplified shaking that might 678 

not otherwise be alerted based on the constant site condition assumed in the contour product, or 679 

the ergodic model assumed in the map product.  Most of our licensed operators use the contour 680 

product. Within ShakeAlert, the map product has always had a spatially variable value of the 681 

average shear-velocity in the upper 30 m (Vs30) used to estimate ergodic amplification effects 682 

[Boore and Atkinson, 2008; 2011; Chiou and Youngs, 2008; Thakoor et al., 2019]. The Vs30 683 

values are a down-sampled, 0.2 by 0.2 degree, version of the model used in ShakeMap [Thompson, 684 

2022; Heath et al., 2020].  To improve on this, V3.0.1 has implemented the nonergodic site 685 

response model for southern California developed by Parker and Baltay [2022]. The original model 686 

was developed relative to the NGAW2 Boore et al. [2014] ground motion model (GMM), but it 687 

has been calibrated for use with the NGA GMM currently used in V.3.0.1.  Offline tests of the 688 

Parker and Baltay [2022] model demonstrated that it improved both alert accuracy and warning 689 

times for moderate to large earthquakes in southern California [Lin et al., 2023]. In particular, the 690 

model produces significant increases in the estimated PGV values, and hence MMI values, in areas 691 

like downtown Los Angeles [Lin et al., 2023]. The difference in predicted MMIs at a ShakeAlert 692 

grid point can be as large as about 1 MMI unit but are typically a fraction of an MMI unit. At sites 693 

with significant amplification, these differences can increase warning times by 15-20 s in some 694 

extreme cases [Lin et al., 2023]. Figure 12 shows the difference between the contour and grid 695 

products for a replay of the Ridgecrest M7.1 mainshock at the MMIalert=3.5 level that is used for 696 
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WEAs. The predicted MMI values from the map product incorporating the Parker and Baltay 697 

[2022] model are generally higher than the contour as expected because the contour values are not 698 

interpolated between products (e.g. only 2.5, 3.5, and 4.5 are assigned to any location). However, 699 

some locations do produce lower shaking estimates using the site response model compared to the 700 

contour product. Overall, the map product produces more accurate estimates both in terms of the 701 

median residual and the variance of the residuals. The largest differences between the contour and 702 

map product at a given location are in the 1-1.5 MMI unit range (Figure 12C). These are large 703 

enough in certain cases to imply different alerting areas between ShakeAlert delivery mechanisms      704 

using one product versus the other. The amplified shaking estimates produce earlier alerts for some 705 

combinations of location and MMIalert which can increase warning times by as much as 10 seconds.      706 

Additionally, there are some regions where warning times can decrease relative to the contour 707 

product. The site response model has its largest impact in the highly populated Los Angeles basin 708 

and hence could lead to improved alert performance for many users. 709 

 710 

3.2 Summary of warning time results for Japan and the West Coast 711 

 The performance seen in Figure 11 are some of the best cases for each of the three subsets 712 

of the test suite because they are among the largest earthquakes in each and hence have strong 713 

shaking spread out over large areas enabling the potential for large warning times. Collectively the 714 

test suites contain 238, 704, and 948 seismic records of strong shaking for the West Coast, Japan 715 

crustal, and Japan subduction respectively. These datasets allow us to average over the 716 

considerable variability between earthquakes and at a given distance range. The overall warning 717 

time performance for the MMI 3, 4, and 5 contour products is shown in Figure 13 and similarly 718 

for the grid product at the same MMIalert levels in Figure S5. In general, both the MMI 3 and 4 719 
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contour products expand quickly enough to realize most of the possible warning time and hence 720 

there is little difference in their curves despite the MMI 3 product typically covering about a factor 721 

of 3-5 larger area in any given alert (after the pause time has passed). In contrast, the difference 722 

between the MMI 4 and 5 contour products is quite substantial in the regions where potentially 723 

damaging shaking occurs (Figures 9, 11, S4, 13). This is particularly significant for onshore crustal 724 

earthquakes as the number of locations where it is possible to achieve enough warning time for 725 

DCHO (after including data and alert delivery latencies) is typically less than 50% of strong-726 

shaking locations. For instance, assuming a total of 5 seconds of latency for data and alert delivery, 727 

leads to only about 25% of strong shaking sites getting >10 s of warning from the MMI 5 contour 728 

product even in M6-7 crustal earthquakes (Figure 13B). The large discrepancy between the MMI 729 

4 and 5 contour products reflects the time required for the rupture and hence the magnitude 730 

estimate to grow. Figure S5 shows a comparison of how the warning times increase with distance 731 

for two large crustal earthquakes in Japan. This magnitude of difference was seen in real time 732 

results for the M6.4 Ferndale earthquake (Figure 8) where the warning times without delivery 733 

latencies at MMI 7 sites ranged from 0-17 s for the MMI 4 contour product but only 0-11 s for the 734 

MMI 5 contour product. This significant difference in warning times has been clear in both 735 

ShakeAlert real time and offline simulations [Chung et al., 2020; McGuire et al., 2021; Thompson 736 

et al., 2023; Lux et al., 2024] and poses a challenge for implementing alerting via delivery 737 

mechanisms that have reasons to avoid alerting for mild shaking. 738 

The significant difference in performance for the MMI 4 and 5 contour products results 739 

from the relationship between the physical and algorithmic limits on how quickly magnitude 740 

estimates can increase and the distance range where successful warning times are possible for 741 

strong shaking. Figure 14 shows the times at which MMI 6+ shaking began in the West Coast and 742 
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Japan crustal test suites compared to the times that MMI 4 and 5 contour product shaking estimates      743 

were issued. Within the late alert zone (roughly 0-30 km epicentral distance, see Figure 11G and 744 

H) there is considerable overlap between the MMI 4 and 5 contours, but most do not provide the 745 

5-15 s required for DCHO after accounting for data telemetry and alert delivery latencies (~2-10 746 

s). In the zone between about 30 km and 100 km the fraction of MMI 6+ locations where 747 

ShakeAlert can potentially achieve its primary goal increases, and these locations dominate the 748 

various warning time curves in Figure 13A and 13B for times larger than 10 seconds. The MMI 4 749 

contour estimates are significantly faster for many earthquake-location pairs within this distance 750 

range which leads to most of the overall improved performance seen in Figures 10C vs 10F and in 751 

Figures 14A and 14B. Roughly 70% of MMI 8-10 sites in the West Coast and Japan Crustal test 752 

suites are within the late alert zone, while about 50% of MMI 6-7 sites are between the late alert 753 

zone and the pause radius (Figure S6). The MMI 4 contour product produces the warning time 754 

results in Figures 14A and 14B because it is defined as reaching that 100 km pause radius at the 755 

magnitude 5.6 level, which is often exceeded in the first alert for large earthquakes (Table 3).      In 756 

contrast, the MMI 5 contour product currently does not reach the 100 km radius until about M6.7 757 

(Figure S6), which typically takes an additional 5-10 seconds of additional updates after the first 758 

alert in large earthquakes. This relative ineffectiveness at achieving ShakeAlert’s primary goal of 759 

the MMI 5 contour product compared to the MMI 4 product has been borne out by the overall 760 

performance in offline tests (Figure 13A and B) and real-time results [Chung et al., 2020, Lux et 761 

al., 2024] for M6-7 crustal earthquakes.  762 

 763 

4.       Ground motion accuracy 764 
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 ShakeAlert V3 uses the NGA GMPEs (e.g. Boore and Atkinson [2008], and Atkinson and 765 

Boore [2011] in California and Chiou and Youngs [2008] in the Pacific Northwest) and the 766 

Worden et al. [2012] GMICE to produce its median shaking estimates which, when combined with 767 

the ShakeAlert source estimates, overall are close to unbiased albeit with considerable scatter.      768 

Figure 15 shows the range of maximum observed MMI values from the map product compared to 769 

the MMI values computed from the observed seismograms for the three components of the test 770 

suite. Panels A, B, and C show the performance in 1 MMI unit bins, while Panels D, E, and F show 771 

the aggregate across all records. There are some differences between the three datasets but all are 772 

close to zero median with a 1 MMI unit standard deviation across a wide range from MMI 2 to 7.  773 

 When the NGA GMPEs were designed there were not a lot of data from large earthquakes 774 

at significant distances (>200 km) available [Chiou et al., 2008; Power et al. 2008] and hence these 775 

GMPEs are expected to be less accurate beyond that 200 km range. It is very possible that 776 

ShakeAlert will switch to using the NGAW2 GMPEs or make other future improvements to allow 777 

more accurate GM predictions at large distances [Saunders et al., 2024]. However, the combination 778 

of the current level of source parameter accuracy with the NGA GMPEs produces estimates with 779 

only very small biases in the key alerting range from MMI 2.5 to 4.5 (Figure 15 A, B, C). In fact, 780 

Figure 15 demonstrates that ShakeAlert has achieved its original design goal of accurate alerting 781 

between MMI 2 and 8 [Given et al., 2014] to a large degree. It should be noted that Figure 15 does 782 

not consider timeliness and simply depicts the largest predicted value at a given location regardless 783 

of its timeliness. The standard deviations of the residuals for all 3 test suites are about 0.75 MMI 784 

units despite the GMPEs not being tailored for Japan and the lack of implementation of site 785 

correction models outside of Southern California. 786 

 787 
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5.      Discussion 788 

Accurate depiction of the range of results that an EEW system can provide is key for 789 

encouraging adoption and effective use of this technology. Overly optimistic information on 790 

warning times or ground-motion accuracy can encourage protective actions that are inappropriate 791 

and potentially dangerous. For instance, evacuation is recommended for some EEW systems but 792 

discouraged in other countries based on expected warning times and the specific tectonic 793 

environment of the system [McBride et al., 2022].  Similarly, the setting of EEW alert delivery 794 

thresholds can use levels that are not likely to result in enough warning time for some protective 795 

or automated actions to complete. Overly pessimistic descriptions of the EEW problem can 796 

potentially endanger people by discouraging investment in the fastest delivery technologies (e.g. 797 

machine-to-machine internet-based systems). The tension between ground-motion accuracy and 798 

timeliness will always be a key part of EEW, and while Figure 15 indicates ShakeAlert has made 799 

considerable progress on accuracy, only certain products currently provide sufficient warning 800 

times for protective actions in crustal earthquakes (Figures 9, 11, 13).       801 

Our most important result is that ShakeAlert can provide usable warning times (10 s or 802 

more) via two of its most widely deployed products (the MMI 4 contour product for Wireless 803 

Emergency Alerts and MMI 3 contour product for cellphone applications) for most sites that 804 

experience strong shaking in M6-7 crustal earthquakes (Figure 13B) and M7-9 offshore 805 

megathrust earthquake (Figure 13C). Crustal earthquakes are challenging for EEW, and there will 806 

almost always be a late alert zone near the epicenter where usable warnings are not possible.      807 

Many of the MMI 8-10 sites will be within the late alert zone for M6-7 earthquakes (Figure S6) 808 

but a fraction are beyond it, particularly for M7 earthquakes like the 2016 Kumamoto M7 (Figure 809 

11H).  Indeed, ShakeAlert has already achieved maximum warning times of up to 17s for an MMI 810 
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7 site in real-time for a relatively moderate magnitude M6.4 earthquake [Lux et al., 2024]. As 811 

earthquakes grow larger and/or are offshore, the ability to provide warning times of a few tens of 812 

seconds at MMI 8-10 sites becomes feasible (Figures 11, 13). Alert delivery latencies vary widely 813 

and reduce warning times compared to the values quoted here, but the technology is rapidly 814 

evolving. Many delivery mechanisms connected via the internet (e.g. cell phones connected to 815 

WiFi) will deliver the alert less than 1 second after it is issued to a large fraction, and to large total 816 

numbers of their users [McGuire and de Groot, 2020], which will enable considerable successes 817 

in future large earthquakes.  818 

The results for the MMI 5 contour product are more complex. It is possible to achieve 819 

warning times greater than 10 s for some locations of strong or greater shaking using the MMI 5 820 

contour product (Figures 9, 11, S4), particularly for larger M7-8 earthquakes. However, the overall 821 

performance is strongly degraded compared to the MMI 4 contour product (Figures 9, 13), and at 822 

the level of M6.5 earthquakes this can prevent usable warning times [Lux et al., 2024].      823 

Additionally, it has been shown previously that the MMI 5 contour product has difficulty providing 824 

substantial warning times in truly large subduction earthquakes in Cascadia [McGuire et al., 2021; 825 

Thompson et al., 2024] for inland locations including key cities that are far from the rupture. 826 

ShakeAlert initially sought to provide accurate ground-motion estimates across a wide 827 

range of shaking levels (MMI 2-8) and simultaneously provide ‘seconds to minutes’ of warning 828 

time [Given et al., 2014; Burkett et al., 2014; Kohler et al., 2018; Given et al., 2018]. ShakeAlert 829 

V3 has advanced to the point where the range of outcomes is clearer. There will almost always be 830 

a late-alert zone close to the epicenter where no warning is possible before strong shaking [e.g. 831 

Chung et al., 2020], but warning times grow quickly with distance. Most ShakeAlert applications 832 

have settled into using alerting levels between MMI 2.5 and 4.5 as advised by USGS [Kohler et 833 
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al., 2020] to improve warning times, but even this range may be too large to allow for success 834 

where it matters most (Figures 13 and 14). Similarly, even in truly great earthquakes that start 835 

offshore (the most optimistic scenario for EEW), like the 2003 M8.3 Tokachi-Oki earthquake, 836 

warning times can still be as short as 5-10 s before strong shaking and rarely exceed 50 s. Despite 837 

the inherent difficulty of alerting for locations close to the epicenter, the current algorithms are 838 

capable of providing usable warning times even for a scenario such as a shallow crustal M7 in an 839 

urban area. Figure 12 shows it is possible for ~90% of the MMI 6 and ~75% of the MMI7 sites to 840 

receive 10-40s of warning before strong shaking assuming the real-time system can approach the 841 

results from offline testing and alert delivery times are a few seconds or faster. These results 842 

illustrate the reality of successful EEW algorithms and the potential value in using EEW for public 843 

safety. However, accurate descriptions of warning times should be a range from “seconds to a few 844 

tens of seconds” to keep the focus on potentially damaging shaking and not promote the possibility 845 

of longer warning times.  846 

ShakeAlert began live alerting with a strategy based on providing products defined as 847 

detailed and accurate ground motion predictions across a range of shaking levels. Both the ~1 MMI 848 

unit uncertainty level implied by the contour products and the higher spatial resolution and refined 849 

estimates of the grid product [Given et al., 2018] were designed to enable end users to customize 850 

alert delivery thresholds. ShakeAlert combined this range of products with the guidance that 851 

Wireless Emergency Alerts and other partners should alert for a lower level of shaking than they 852 

wanted to warn for, e.g. using the MMI 4 contour product to warn MMI 6 locations to increase 853 

warning times. This strategy has worked to some extent but also has several complications. First, 854 

it inadvertently gives delivery mechanisms a choice to only relay alerts that in many cases will not 855 

achieve ShakeAlert’s primary objective, even in large crustal earthquakes (e.g. MMI 5 contour 856 
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product results in Figure 13A and 13B). Second, it could potentially distort the algorithm 857 

development effort in that overestimating magnitude estimates in the early alerts can be favorable 858 

in achieving long warning times. A key secondary goal of EEW is to differentiate between large 859 

damaging earthquakes and more moderate (~M4.5-5.5) felt earthquakes that do not cause 860 

significant damage. This differentiation allows licensed operators to limit alerting by avoiding 861 

alerting in smaller earthquakes. Combining this goal with products primarily focused on ground 862 

motion accuracy produces a tension with warning times that is difficult to satisfy for locations 863 

close to the epicenter. Perhaps most importantly, this strategy created a coupling between the MMI 864 

alerting thresholds necessary to provide something close to the maximum physically possible 865 

warning times at close distances with the consequence of alerting vast areas at greater distances in 866 

large quakes. For instance, the choice to alert at the median shaking distance for MMI 4 allows a 867 

rapid expansion to ~100 km or more from the epicenter as the magnitude estimates increase from 868 

5 to 6, but this also results in alerting vast areas that experience light shaking in M7s even though 869 

much of those areas are not in danger. There is not a need for a rapid (first few seconds after 870 

detection) alert at 200-500 km epicentral distance to achieve ShakeAlert’s primary objective.      871 

There is no inherent reason why a product definition must target the same goal at all epicentral 872 

distances or for all magnitude ranges. For instance, the distance between the MMI 4 and 5 contour 873 

products is currently about 300 km vs 120 km for a M7.0 earthquake. An intermediate value would 874 

likely suffice for applications aimed at providing timely alerts for strong shaking despite the MMI 875 

4 product being clearly preferable at small epicentral distances. As a result of these underlying 876 

conflicts that stem from its product definitions, ShakeAlert has implicitly accepted a level of 877 

overpredictions within the pause radius distance (e.g. Figures 5 and 6) to help ensure speed in large 878 
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ruptures. This compromise has led to some major successes including the 2022 M6.4 Ferndale 879 

earthquake [Lux et al., 2024] with the cost of less ground motion accuracy within the pause radius. 880 

The combination of the magnitude overestimation and the Alert Pause logic has highlighted 881 

the merits of a modified approach for ShakeAlert.  Namely an emphasis on speed over accuracy 882 

close to the epicenter combined with an increased emphasis on accuracy at greater distances.      883 

This was not the original design or strategy of ShakeAlert [Given et al., 2014; Given et al., 2018].      884 

However, it is perhaps the most natural approach to EEW.  Rather than having a single objective 885 

function that applies at all locations (such as ground motion accuracy) it may be better to have 886 

different objectives as time (and alerting distance) evolves within a rupture to achieve the greatest 887 

number of successes for those in danger from strong shaking while limiting the extent to which 888 

alerts are sent to wider regions than desired by a particular application. The magnitude over-889 

estimation in V.3.0.1 (Figure 5) effectively counteracts the problems that result from the current 890 

product definitions and hence has not been explicitly corrected for. Ideally, this strategy would be 891 

a prescribed choice to over alert in the region where users are in the most danger and success is 892 

possible (roughly epicentral distances of ~30-100 km in Figure 14). To the extent that there are 893 

downsides to over alerting, which is actively being researched by the social science research 894 

community, the two most productive ways to limit over alerting are to prioritize accuracy at longer 895 

times and larger distances and to avoid alerting for frequent small, M4-5.5, earthquakes. Future 896 

development work will likely improve the ability to differentiate M4-5.5 earthquakes from 897 

damaging earthquakes to allow some applications to limit unnecessary alerts. 898 

The wide variety of applications and delivery mechanisms utilized by ShakeAlert means 899 

that there is no perfect combination of magnitude and MMI thresholds that satisfies all 900 

constraints.  For instance, some applications will focus on alerting their users for any felt shaking 901 
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while others attempt to limit alerting. Table 3 indicates that the first alerts in large earthquakes will 902 

likely be above M5.5 and therefore licensed operators that want to limit alerting while still using 903 

the MMI 3 or 4 contour products in large earthquakes could consider a magnitude threshold in this 904 

range. The vast majority of alerts with magnitude estimates below M5.5 will not be for damaging 905 

earthquakes (Figure 5). Table 3 indicates there is little downside to this approach in large 906 

earthquakes, while Figure 6 indicates it will avoid many over alerts.  907 

ShakeAlert will have to balance accuracy in the magnitude 4.5-5.5 and MMI 3-5 range 908 

with the need for speed close to the epicenter.  Figures 5, 13, 14, and 15 indicate that ShakeAlert 909 

is achieving accuracy within ~1 MMI units in most of its alerting range but not achieving its 910 

warning time objective at close-in locations of strong shaking for some key products as well as 911 

having moderate difficulty with peak magnitude estimates. Future modifications to ShakeAlert 912 

products may need to sacrifice some degree of ground motion accuracy near the epicenter to 913 

achieve improved warning times where damaging shaking occurs while still emphasizing accuracy 914 

at larger distances. In recent years, ShakeAlert has effectively moved towards this approach of 915 

emphasizing speed within the pause radius and improved accuracy beyond it. The compromise 916 

inherent in the current approach is likely unavoidable to some degree in EEW and could be more 917 

effective than encouraging all delivery mechanisms to alert at low MMI values.  918 

The ShakeAlert algorithm base has made many key improvements over the last few years 919 

that led to the offline testing results seen in this paper. These results from offline tests with no data 920 

latency anomalies are a marked improvement over the real-time performance in the 2019 921 

Ridgecrest earthquakes [Kohler et al., 2020; Chung et al., 2020; Böse et al., 2023a], and hopefully 922 

indicate future successes in the real-time production system are possible within the physical 923 

bounds on EEW. ShakeAlert will continue to pursue EEW research that will lead to future 924 
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improvements and there are many tractable areas where performance can still be improved 925 

including: reducing the bias in the peak magnitude estimates, increasing resilience to data outages 926 

in either the seismic or geodetic data streams and averaging schemes that account for missing data, 927 

the use of fault specific templates in FinDer, incorporating additional site response models, further 928 

incorporation of detailed understanding of algorithm behavior to improve the SA, reductions in 929 

noise in processed GNSS displacement time series, reduced delivery latencies, and grid product 930 

optimization (size vs computation). All of these are currently being investigated. There are also 931 

possibilities related to how ShakeAlert’s products are defined, including: new product definitions 932 

aimed at damaging shaking rather than median shaking, a closer connection in both product 933 

definitions and evaluation metrics to ground motion parameters that matter for injuries such as 934 

PGV and spectral accelerations at periods relevant for building damage rather than for felt shaking 935 

(e.g. PGA), and probabilistic formulations beyond the median. Lastly, there are larger scale 936 

modifications to the system that could have first order impacts. For instance, in offshore 937 

earthquakes, the first alert time is often 10-20 s after origin time (See Figure 10) rather than 4-8 s 938 

onshore [Lux et al., 2024]. The addition of offshore instrumentation could close this gap and 939 

perhaps the most promising avenue is the use of fiber optic sensing on submarine cables [Lior et 940 

al., 2023; Yin et al., 2023].  While there are challenges to operationalizing that technology in an 941 

EEW system, it is an area of rapid progress, and traditional seismic sensors telemetered by 942 

submarine cables are already part of warning systems in Japan, Taiwan, and Canada [Aoi et al., 943 

2020; Wu et al., 2021; Schlesinger et al., 2021]. In short, there remain many avenues to continue 944 

the improvement of both the timeliness and accuracy of the ShakeAlert system. 945 

 946 

6.      Conclusions 947 
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ShakeAlert communication, education and outreach resources and our Wireless 948 

Emergency Alert messages use Drop, Cover, and Hold On as the primary protective action to take 949 

when receiving an EEW alert within the U.S. to reduce injuries [Jones and Benthien, 2011; Porter 950 

and Jones, 2018; McBride et al., 2022]. The range of likely warning times found in this study 951 

support that conclusion. Even in large M7-8 earthquakes, users should only expect seconds to a 952 

few tens of seconds of warning before strong shaking even in the best cases, and hence DCHO 953 

remains the preferred action for most users within the U.S.. Given the scale of likely warning 954 

times, education and training of what to do when receiving an alert will continue to be key to 955 

increasing EEW’s effectiveness. ShakeAlert will continue to expand its set of licensed operators 956 

that deliver alerts and systems that use internet-based mechanisms may grow in importance, 957 

compared to purely cell network alerts, due to their faster delivery times. Even a few seconds 958 

improvement in delivery times can be important, and we expect the fraction of alerts delivered via 959 

internet either for public cell phone alerting (e.g. WiFi) or machine-to-machine applications will 960 

continue to grow and improve ShakeAlert’s effectiveness. 961 

ShakeAlert has progressed greatly over the last few years towards improving its 962 

performance in large earthquakes and the accuracy of its original set of products: event messages 963 

with location and magnitude estimates as well as median shaking estimates described either as a 964 

contour message or a map message. ShakeAlert is built upon a strategy that allows licensed 965 

operators to choose different combinations of expected ground motion parameters and earthquake 966 

magnitude to decide what actions to initiate, within USGS established thresholds. While products 967 

with alerting levels from MMI 2.5 to 4.5 can have considerable success in key cases (Figure 13), 968 

they present complex choices by coupling warning time success in locations of strong shaking 969 

with alerting to large distances where shaking is mild, (e.g. the MMI 3 or 4 contour products).      970 
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Many delivery mechanisms have clear reasons for limiting alerts to serve their end-users well or 971 

satisfy legal constraints. Our study shows that there is room to raise the magnitude thresholds for 972 

taking action up to about M5.5 without adversely affecting performance in large earthquakes 973 

(Table 2) and therefore this may be one way to limit alerting in some applications. The choice of 974 

ground motion alerting threshold is more complex owing to the significant drop-off in performance 975 

between the MMI 4 to 5 contour products as well as the large distances to which alerts can expand.      976 

As the EEW community develops a better understanding of what types of over alerting it is trying 977 

to avoid, it is possible that ShakeAlert will add additional products with definitions that are 978 

designed to merge those constraints with strategies aimed at its primary goal of maximizing 979 

warning times in regions of damaging shaking. However, the products that are already widely 980 

used, such as the MMI 3 and 4 contour products can provide enough warning time before strong 981 

shaking in moderate (M6) to great (M8-9) earthquakes to enable a range of protective actions.  982 

  983 



44 

 Data and Resources 984 

The Supplementary Information contains tables that describe the evolution of the ShakeAlert 985 

software (supplementary table 1) and the test suite (supplementary table 2). It also contains 986 

supplementary figures S1-S6. 987 

 988 

ShakeAlert code is governed by an intellectual property agreement among the contributing 989 

authors. The ShakeAlert code is not publicly released.       990 

 991 

The Apache ActiveMQ software is available from https://activemq.apache.org. Last accessed 992 

Nov 21, 2024. 993 

 994 

The Apache Kafka software is available from https://kafka.apache.org.  Last Accessed Nov 21, 995 

2024. 996 

 997 

ShakeAlert event summaries and parameters are available from the U.S. Geological Survey via 998 

the contributor code “EW” through the National Earthquake Information Center’s catalog search 999 

tools https://earthquake.usgs.gov/earthquakes/search/. Last accessed March, 2024. 1000 

  1001 

ShakeAlert website: https://www.shakealert.org. Last accessed March, 2024. 1002 

 1003 

All seismogram data used in this study are archived at either the Southern California Earthquake 1004 

Data Center [SCEDC, 2013], the Northern California Earthquake Data Center [NCEDC, 2014], 1005 

https://activemq.apache.org/
https://kafka.apache.org/
https://earthquake.usgs.gov/earthquakes/search/
https://www.shakealert.org/
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the Japanese National Research Institute for Earth Science and Disaster Resilience [NIED, 2019] 1006 

or the EarthScope Consortium Web Services (https://service.iris.edu/).       1007 

 1008 

Data for the offline testing was obtained from the following seismic networks: (1) the AZ 1009 

(ANZA; UC San Diego, 1982); (2) the BC (RESNOM; Centro de Investigación Científica y de 1010 

Educación Superior de Ensenada (CICESE), 1980); (3) the BK (BDSN; 2014, operated by the 1011 

UC Berkeley Seismological Laboratory, which is archived at the Northern California Earthquake 1012 

Data Center (NCEDC), doi: 10.7932/NCEDC); (4) the CC (Cascade Chain Volcano Monitoring; 1013 

Cascades Volcano Observatory, 2001); (5) the CE (CSMIP; California Division of Mines and 1014 

Geology, 1972); (6) the CI (SCSN; California Institute of Technology and United States 1015 

Geological Survey Pasadena, 1926); the CN (CNSN; Natural Resources Canada, 1975); the IU 1016 

(GSN; Albuquerque Seismological Laboratory/USGS, 2014); the NN (Nevada Seismic Network; 1017 

University of Nevada, Reno, 1972); the NP (NSMP; United States Geological Survey, 1931); the 1018 

NV (NEPTUNE; Ocean Networks Canada, 2009); the UO (PNSN-UO; University of Oregon, 1019 

1990); the US (USNSN; Albuquerque Seismological Laboratory/USGS, 1990); the UW (PNSN; 1020 

University of Washington, 1963); and the WR (California Division of Water Resources).       1021 

 1022 

Geodetic data are available through Murray et al., [2023b] and NCEDC [2022]. 1023 

 1024 

ComCat earthquake source information, ShakeMaps, and ShakeMap station observations were 1025 

obtained from the U.S. Geological Survey (USGS, 2017, last accessed January 2024).  1026 

 1027 

https://service.iris.edu/
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Tables 1493 

 1494 

Table 1.      Key features and roles of the six algorithms in ShakeAlert V3.      Time ranges in the 1495 

first row are approximate ranges in seconds after the initial P-wave triggers. 1496 

Algorithm Data Type  Initial 

Detection 

(0 to ~5 s)  

Moderate 

Magnitude 

M4.5-6 

(~3-10 s) 

Large 

Magnitude 

M6.0 -7.0 

(~4-15 s) 

Great 

Earthquake 

M 7.0-9 

(>15s) 

EPIC 

 

Seismic, up to 

the 1st 4-5 

seconds of P-

wave 

displacement 

1st alert with 

data at a 

minimum of 4 

stations. Alerts 

alone. 

magnitude 

weighted by 

duration of each 

P-waveform 

maximum 

magnitude of 

7.5 

 

FinDer Seismic, peak 

acceleration 

values over the 

full event 

duration 

 Can alert alone if 

M>5.5 and not 

associated with a 

current EPIC 

event 

Line Source 

contributes to 

ground motion 

estimates 

Magnitude 

estimates can 

grow up to 9 

and lengths up 

to 1362 km 

GFAST-PGD 

 

Geodetic,  

peak 

displacement 

over the 

  Initiated by 

seismic 

magnitude 

>6.0 

Magnitude 

estimates can 

grow for up to 

2 minutes  
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full event 

duration 

Solution 

Aggregator 

  associates EPIC 

and FinDer with 

weighted 

averages for 

location and 

magnitude 

uses FinDer 

magnitude or 

weighted 

average if 

EPIC is larger  

If GFAST 

M>7.0, 

Magnitude is a 

weighted 

average of 

FinDer and 

GFAST 

EqInfo2GM  Uses just the 

point source. 

Enforces the 

100 km pause 

radius 

Enforces pause 

radius until 5s 

after 1st alert  

Uses line 

source and 

point source  

Uses line 

source and 

point source 

Decision 

Module 

 Throttles alerts 

to 1 update per 

second 

   

Table 2.      Warning time metrics for the V3.0.1 STP test.      M1 is the % of sites with peak shaking 1497 

of MMI 5.5 or larger that received at least 10 s of warning before MMI 5.5 shaking began in offline 1498 

testing.      The metrics are tabulated separately for the West Coast, Japan Crustal, and Japan 1499 

subduction zone portions of the test suite and separately for the contour and map products and for 1500 

the MMIalert levels that define the MMI 3, 4, and 5 contour products (e.g. 2.5, 3.5, and 4.5). M2 is 1501 
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the percentage of sites alerted for MMIalert=3.5 shaking that received 10 s of warning before various 1502 

values of observed (MMItw) shaking.      The M2 values correspond to the WEA delivery 1503 

mechanisms that are very widely distributed and reach all cellular phones 1504 

MMI_alert Metric 1  

West Coast 

contour (%) 

Metric 1  

West Coast 

map (%) 

Metric 1 

Japan Crust 

contour (%) 

Metric 1 

Japan Crust 

map (%) 

Metric 1 

Japan 

Subduction 

contour (%) 

Metric 1 

Japan 

Subduction 

map (%) 

2.5 34.73 32.85 55.37 55.37 92.91 93.01 

3.5 32.35 28.05 55.06 54.71 88.67 89.44 

4.5 13.45  7.51 41.45 41.24 69.25 69.54 

MMI_tw Metric 2  

West Coast 

contour (%) 

Metric 2  

West Coast 

map (%) 

Metric 2 

Japan Crust 

contour (%) 

Metric 2 

Japan Crust 

map (%) 

Metric 2 

Japan 

Subduction 

contour (%) 

Metric 2 

Japan 

Subduction 

map (%) 

4.0 25.35 28.22 31.63 32.36 53.34 55.55 

4.5  9.30 10.55 12.37 12.66 33.45 34.75 

5.0  4.86  5.34  6.33  6.45 25.45 25.99 

.       1505 

 1506 
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 1508 

Table 3. First ShakeAlert magnitude and update above M6.0 in offline replays of V3 for large 1509 

crustal earthquakes in well-instrumented regions, e.g. that do not include data transmission 1510 

latencies. Earthquakes with an asterisk denote real-time results from the ShakeAlert system after 1511 

the EPIC magnitude weighting scheme was upgraded. Times are given in seconds after the 1512 

earthquake’s origin time. 1513 

Earthquake Catalog 

magnitude 

DM First ShakeAlert 

Message 

DM update to M6.0+ 

2019 Ridgecrest 7.1 M5.7 at 6 s M6.3 at 8 s 

2018 Anchorage 7.1 M4.8 at 9 s M6.0 at 14 s 

2016 Kumamoto  7.1 M5.3 at 5 s M6.1 at 6 s 

2008 Iwate 6.8 M7.1 at 6 s M6.4 at 8 s  

2000 Tottori 6.7 M5.4 at 4 s M6.1 at 7 s 

2011 Fukushima 6.6 M6.4 at 5 s M6.2 at 8 s 

2022 Ferndale* 6.4 M5.6 at 8 s M6.2 at 12 s 

2019 Ridgecrest 6.4 M5.9 at 7 s M6.0 at 9 s 

2021 Petrolia 5.7-6.2 M5.0 at 9 s M6.0 at 13 s 

2014 South Napa 6.0 M5.9 at 5 s M6.0 at 6 s 

 1514 
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 1515 

 1516 

 1517 

 1518 

  1519 
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List of Figure Captions 1520 

 1521 

Figure 1. After Given et al. [2018].      Schematic view of the ShakeAlert processing algorithms.      1522 

Seismic and geodetic ground motion observations are processed and then fed into three algorithms 1523 

(EPIC, FinDer, and GFAST-PGD) to estimate source parameters.      Those parameters are 1524 

combined in the Solution Aggregator and fed to the Eqinfo2GM algorithm to produce the grid (the 1525 

terms grid product and map product are used interchangeably) and contour products that estimate 1526 

ground motions.      Finally, the Decision Module checks to see if the alert meets publication 1527 

thresholds and if so, it publishes ShakeAlert Messages with the event, contour, and map products 1528 

to the alert servers.      Licensed operators      connect to the alert servers and subscribe to ShakeAlert 1529 

Messages topics to receive these data products. 1530 

 1531 

Figure 2.      Summary of ShakeAlert® delivery mechanisms including the magnitude and MMI 1532 

thresholds.      Currently most applications use the contour product, but some have begun using the 1533 

map product.      Currently the intensity thresholds range from MMI 2.5 (e.g. III) to MMI 5.5 (e.g. 1534 

VI) across all applications. Thus, ShakeAlert ground motion predictions are required to be 1535 

relatively accurate across a wide range of shaking intensities. 1536 

 1537 

Figure 3. A flow chart of the logic within the Solution Aggregator (SA) that combines the source 1538 

parameters estimated by the EPIC, FinDer, and GFAST-PGD algorithms. GFAST-PGD is 1539 

triggered by the seismic algorithms producing a SA magnitude estimate of 6.0 or larger and is only 1540 

part of the SA evaluations when its magnitude is larger than 7.0. 1541 

 1542 
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Figure 4. A) Current Seismic and B) Geodetic Station distributions being utilized by the production 1543 

system as of May 2024.      All geodetic data flow to Central Washington University for processing.      1544 

Seismic data flows to one of four processing centers at Caltech, U.S. Geological Survey, UC 1545 

Berkeley or the Univ. of Washington for initial processing by algorithms that precede EPIC and 1546 

FinDer in the analysis chain. See the Data Availability statement for the seismic and geodetic 1547 

network descriptions and references.  1548 

 1549 

Figure 5. A) Peak DM magnitude for offline replays of the West Coast test suite with V3. For 1550 

earthquakes with maximum DM magnitudes between 4.5 and 6.0, the median positive bias in 1551 

maximum estimated magnitude is 0.41 units.       B) Peak DM magnitude for real time results for 1552 

earthquakes in CA that occurred between 1/1/2022 and 2/26/2024 using various versions of the 1553 

ShakeAlert system that had a maximum magnitude above M4.5. The median positive bias in the 1554 

maximum estimated magnitude is 0.4 units. 1555 

 1556 

Figure 6: A) Effect of the Alert Pause in the August 20th, 2023, M5.1 Ojai CA earthquake. Contour 1557 

products are shown for the M6.0 first alert produced by the real-time system, the fourth alert, (~6s 1558 

after the first alert and M5.6), which produced the largest alert areas. The MMI 3 and 4 contours 1559 

for the first alert are coincident at 100 km radius as constrained. Also shown are the contours that 1560 

would have resulted from the M6.0 first alert if the pause radius was not implemented (the largest 1561 

area polygons). Without the Alert Pause approach, additional MMI 3 alerts would have been sent 1562 

to San Diego, Fresno, and Salinas (e.g. the region between contour 3B and 3C). Similarly, 1563 

additional MMI 4 alerts would have been sent to the eastern half of Los Angeles and Santa Barbara 1564 

(e.g. the region between contours 4B and 4C). B) Effect of the Alert Pause in the 2/12/2024, M4.8 1565 
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El Centro earthquake. The first alert (A) was M5.8 at 5 seconds after origin time causing the MMI 1566 

3 and 4 contours (3A and 4A) to overlap at 100 km radius, after the pause time expired a M5.6 1567 

alert (B) was released. If the first alert had been released, cell phone App alerts would have gone 1568 

to Los Angeles and Riverside CA (region between contours 3B and 3C).      Similarly, WEAs 1569 

would have gone to the suburbs of San Diego (region between contours 4A and 4C). 1570 

 1571 

Figure 7. Examples of the temporal evolution of ShakeAlert contour products as the magnitude 1572 

estimate grows with time during the rupture are shown from an offline replay (with no data delivery 1573 

latencies included) of V3.0.1 of ShakeAlert for the 2019 Ridgecrest M7.1 earthquake. The MMI 1574 

3, 4, 5, and 6 contours are labeled and colored according to the colorbar.      A-C) show the evolution 1575 

of the ShakeAlert MMI estimate polygons corresponding to (A) the initial detection at 5s after the 1576 

earthquake begins, (B) the moderate-large earthquake stage at 10s, and (C) the large earthquake 1577 

stage at 15 s.      Each map shows several of the contour product polygons for different MMI levels 1578 

and the ANSS epicenter as a star.      In A) the MMI 3 and 4 contour products plot on top of each 1579 

other at the 100 km pause radius distance, while the MMI 5 contour product is barely visible. In 1580 

B) the MMI 3, 4, and 5 contour products are visible.      In C) the MMI 4, 5, 6, and 7 contour 1581 

products are visible and the MMI 5-7 polygons are visibly elongated along the fault direction as 1582 

estimated by the FinDer line source.      The MMI 3 polygon in C) is mostly beyond the scale of 1583 

the map. Currently alerts would only be delivered to users in the State of California for this 1584 

earthquake even though the polygons extend into Nevada.  1585 

 1586 

Figure 8:  Realtime results from the 2022 M6.4 Ferndale earthquake.      A-C) Maps of the first 1587 

ShakeAlert Contour Message, the 6th update, and the 10th update respectively.      The MMI 3, 4, 1588 
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and 5 contour products are shown with the MMI color scale.      In panels A and B, the MMI 3 and 1589 

4 contours are coincident due to the pause radius.      In Panel C, the MMI 3 and 4 contours are 1590 

beyond the edge of the map.      The EPIC epicenter and FinDer line source estimates are shown 1591 

with red stars and lines respectively.      D) Magnitude estimates as a function of time from the 1592 

production system for the EPIC, FinDer, and DM      algorithms.      E) Examples of horizontal 1593 

component seismograms for high amplitude stations.      Each station shows the N-S component of 1594 

ground velocity and is labeled with its station code and peak velocity.      F) Map of the epicenter 1595 

(star) and station locations (diamonds). Light gray lines denote major roadways.      Each station is 1596 

labeled with its peak MMI value and warning time (e.g. 7:17s means peak MMI of 7 and 17 s 1597 

maximum warning time without delivery latency).      The color scale of the diamonds denotes the 1598 

warning time for the MMI 4 contour product before MMI 5.5 shaking began. Contours show 1599 

regions of different MMI levels and are colored according to the usual ShakeMap color table for 1600 

MMI. 1601 

 1602 

Figure 9. Progression of the MMI 4, 5, and 6 contour products during an offline simulation of the 1603 

2016 M7.1 Kumamoto earthquake (star denotes the ANSS epicenter estimate).      Panels A, B, and 1604 

C show warning times before MMI 6 shaking from the MMI 4 contour product at individual 1605 

stations (diamonds).      Only the seismic stations that had peak shaking of MMI 6 or higher are 1606 

shown.      The warning time color scale is the same in all panels.      Each panel shows the MMI 4 1607 

(light blue), MMI 5 (green) and MMI 6 (yellow) contour products.      Each panel is labeled with 1608 

the seconds after origin time that the DM published the ShakeAlert Message and the associated 1609 

magnitude estimate.      Panels D, E, and F similarly show warning times before MMI 6 shaking 1610 

from the MMI 5 contour product at individual seismic stations (diamonds).      For each panel, only 1611 
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the stations that have been alerted by that contour product at that time are shown.      The first alert 1612 

(panels A, D) is for a point source as estimated by EPIC.      The later alerts at 10.1 s (panels B, E), 1613 

21 s (panel C), and 40 s (panel F) show the SA combination of EPIC and FinDer.      Because these 1614 

three estimates are above magnitude 6.0, they include the effect of the FinDer line source (shown 1615 

as a purple line).      While the MMI 5 contour product for the largest alert is sufficient to contain 1616 

all the MMI 6+ sites, its slower expansion results in reduced warning times compared to those for 1617 

the MMI 4 contour product (e.g. the difference between panels C and F).  1618 

 1619 

Figure 10. Evolution of the magnitude estimates and alerting polygons for an offline replay of V3 1620 

for the 2003 M8.3 Tokachi-Oki megathrust subduction earthquake.      A) The black, blue, magenta, 1621 

and red curves show the magnitude estimate evolution from the EPIC, FinDer, GFAST, and 1622 

SA/DM algorithms respectively.      The gray diamonds denote the 9 alerts shown in panels B-J.      1623 

B-J) Each panel shows the MMI 3, 4, and 5 contour product polygons colored according to the 1624 

MMI scale and the ANSS epicenter estimate (gray star).      Each panel is labeled with the number 1625 

of seconds after origin time that the DM published the ShakeAlert message (e.g. T=25 is 25 1626 

seconds after origin).      In panels B and C, the MMI 3 and 4 polygons are coincident due to the 1627 

Alert Pause and the MMI 3 polygon is completely beyond the bounds of the map in panels H and 1628 

I.      Each small diamond in panels B-J denotes the location of a seismic station used in the 1629 

simulation and the color denotes the peak MMI value it has reached by that alert’s time since 1630 

origin.      The MMI 5 contour is elongated in the along-strike direction because of the FinDer line 1631 

source estimate.      The MMI 5 contour is also slightly offset relative to the MMI 4 contour because 1632 

the line source estimate is located onshore. 1633 

 1634 
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Figure 11:  Warning time performance of V3 in offline testing of the 2019 M7.1 Ridgecrest (panels 1635 

A, D, G), 2016 M7.1 Kumamoto (panels B, E, H), and 2003 M8.3 Tokachi-Oki (panels C, F, I) 1636 

earthquakes. All results are for the MMI 4 contour product from offline testing without data or 1637 

delivery latencies.      Panels A, B, and C show the warning times between when the MMI 4 contour 1638 

product is published for that location and when that seismic station recorded MMI 5.5 (diamonds).      1639 

Gray stars denote the earthquake epicenter. Panels D, E, and F show the temporal evolution of 1640 

shaking at each seismic station relative to the time that location was first within the MMI 4 contour 1641 

product in a ShakeAlert Message.      Each station is represented as a vertical series of circles that 1642 

are colored by MMI level from 2 up through the highest MMI level reached at that location.      The 1643 

colors are denoted by the bar adjacent to panel I.      In general, warning times increase with distance 1644 

from the hypocenter, but this is not monotonic because of the pause radius and the temporal 1645 

evolution of magnitude estimates during the growing rupture.      For some earthquakes, the warning 1646 

times can be shorter at large distances (e.g. panels D and E at ~250 km) due to the temporal history 1647 

of the predicted ground motions.      Panels G, H, and I show cumulative distributions of warning 1648 

times for groups of stations binned by their peak MMI level.      All of the stations with a peak 1649 

shaking between MMI 5.5 and 6.5 are shown as the yellow lines with the y-axis indicating the 1650 

fraction of those stations that achieved the value of warning time along the x-axis.      Only seismic 1651 

stations that recorded MMI 5.5 or larger shaking are shown in the solid lines.      Dashed lines for 1652 

lower MMI locations are based on theoretical S-wave arrival times (see Chung et al., 2020).      In 1653 

general, the higher the peak shaking level, the lower the average warning time but this is not a hard 1654 

rule as there is considerable overlap in the range of warning times for the different bins of peak 1655 

shaking (e.g. the MMI 6, 7, 8, and 9 bins all have locations with 40 s of warning time in panel I). 1656 

 1657 
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Figure 12.      Comparison of the contour and grid (map) product MMI predictions for the offline 1658 

replay of the Ridgecrest M7.1 including the site response model in the grid product. A) Difference 1659 

in peak MMI (grid - contour) at the location of seismic stations used in the simulation.      B) 1660 

Warning time differences between the grid product and contour products (grid - contour) using 1661 

MMIalert=3.5 in the Ridgecrest M7.1 mainshock. Positive differences indicate longer warning times 1662 

with the grid product.      C) Comparison of peak MMI values between the grid and contour 1663 

products. D) and E) show differences between the predicted and observed peak MMI values using 1664 

the contour and grid product respectively.      The grid product has both a lower median residual 1665 

and a smaller standard deviation (sigma) of residuals demonstrating its increased accuracy and 1666 

precision.      All predicted values in panels A, C, D, and E use the maximum shaking predicted at 1667 

a site regardless of timeliness.  1668 

 1669 

Figure 13: Empirical CDFs of cumulative warning times at seismic stations before strong shaking 1670 

at 238, 704, and 948 MMI 6+ sites for the west coast (panel A), Japan Crustal (panel B) and Japan 1671 

subduction zone (panel C).      Results for the MMI 3, 4, and 5 contour products are shown as red, 1672 

blue, and black curves respectively.      The magnitude range is lowest for the West Coast dataset 1673 

(M4.0 - 7.1) leading to shorter overall warning times than the Japan Crustal (M6.0-7.1) and Japan 1674 

Subduction Zone (M7.1-9.0).      Additionally, most of the subduction events begin offshore where 1675 

there are no seismic stations, and thus, there are no measurements in the late alert zone for that 1676 

panel.  1677 

 1678 

Figure 14. Comparison of the time that strong shaking begins with the time of MMI 4 and 5 contour 1679 

product alerts for the shallow crustal earthquakes in the West Coast and Japan crustal datasets.      1680 



81 

Light blue circles denote the time that MMI 5.5 shaking began at individual seismic stations.      1681 

Orange circles and dark blue diamonds denote the time that those same seismic stations were first 1682 

alerted with the MMI 4 and 5 contour products respectively.      Vertical lines at 30 km and 100 1683 

km epicentral distance denote the approximate location of the extent of the late alert zone and the 1684 

pause radius respectively.      Note the epicentral distances are with respect to the ANSS catalog 1685 

epicenter (USGS 2017), not the ShakeAlert epicenter estimate that controls the calculation of the 1686 

pause radius.      The Y-axis is a log scale.      At a given epicentral distance range, say 50-60 km, 1687 

the MMI 6 exceedance time (light blue circles) can vary over about 15-20 seconds due to many 1688 

factors related to how a particular earthquake ruptures.      The times the MMI 4 and 5 contour 1689 

product were published are from offline simulations and do not include the latencies associated 1690 

with data telemetry or alert delivery which would typically add a minimum of 2 seconds to these 1691 

times and can vary widely between delivery mechanisms. 1692 

 1693 

Figure 15:  Comparison of individual station maximum predicted and observed MMI values for 1694 

the West Coast (A, D), Japan Crustal (B, E), and Japan Subduction Zone (C, F) testing datasets.      1695 

All predicted values are from the map products.      Panels A, B, and C show all predictions in one 1696 

MMI bins and the 25 and 75th percentiles (box) as well as large outliers (red whiskers).      Panels 1697 

D, E, and F show individual station residuals which are dominated by MMI 2-4 levels in these 1698 

datasets.      Each panel gives the median and standard deviation of the residuals. These maximum 1699 

predicted values encompass the performance of the entire system including the magnitude over 1700 

and under estimates in individual earthquakes. In general, ShakeAlert is unbiased for all three 1701 

datasets with the exception of underpredicting the highest MMI 5-7 sites in the West Coast dataset.       1702 
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Figures 1707 

 1708 

Figure 1. After Given et al. [2018].      Schematic view of the ShakeAlert processing algorithms.      1709 

Seismic and geodetic ground motion observations are processed and then fed into three algorithms 1710 

(EPIC, FinDer, and GFAST-PGD) to estimate source parameters.      Those parameters are 1711 

combined in the Solution Aggregator and fed to the Eqinfo2GM algorithm to produce the grid (the 1712 

terms grid product and map product are used interchangeably) and contour products that estimate 1713 

ground motions.      Finally, the Decision Module checks to see if the alert meets publication 1714 

thresholds and if so, it publishes ShakeAlert Messages with the event, contour, and map products 1715 

to the alert servers.      Licensed operators      connect to the alert servers and subscribe to ShakeAlert 1716 

Messages topics to receive these data products. 1717 
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 1720 

Figure 2.      Summary of ShakeAlert® delivery mechanisms including the magnitude and MMI 1721 

thresholds.      Currently most applications use the contour product, but some have begun using the 1722 

map product.      Currently the intensity thresholds range from MMI 2.5 (e.g. III) to MMI 5.5 (e.g. 1723 

VI) across all applications. Thus, ShakeAlert ground motion predictions are required to be 1724 

relatively accurate across a wide range of shaking intensities. 1725 

 1726 

 1727 

  1728 
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 1729 

Figure 3. A flow chart of the logic within the Solution Aggregator (SA) that combines the source 1730 

parameters estimated by the EPIC, FinDer, and GFAST-PGD algorithms. GFAST-PGD is 1731 

triggered by the seismic algorithms producing a SA magnitude estimate of 6.0 or larger and is only 1732 

part of the SA evaluations when its magnitude is larger than 7.0. 1733 
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 1735 

Figure 4. A) Current Seismic and B) Geodetic Station distributions being utilized by the production 1736 

system.      All geodetic data flow to Central Washington University for processing.      Seismic 1737 

data flows to one of four processing centers at Caltech, U.S Geological Survey Moffett Field, UC 1738 

Berkeley or the Univ. of Washington for initial processing by algorithms that precede EPIC and 1739 

FinDer in the analysis chain. See the Data Availability statement for the seismic and geodetic 1740 

network descriptions and references.  1741 
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 1743 

Figure 5. A) Peak DM magnitude for offline replays of the West Coast test suite with V3. For 1744 

earthquakes with maximum DM magnitudes between 4.5 and 6.0, the median positive bias in 1745 

maximum estimated magnitude is 0.41 units.       B) Peak DM magnitude for real time results for 1746 

earthquakes in CA that occurred between 1/1/2022 and 2/26/2024 using various versions of the 1747 

ShakeAlert system that had a maximum magnitude above M4.5. The median positive bias in the 1748 

maximum estimated magnitude is 0.4 units. 1749 
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 1753 

Figure 6: A) Effect of the Alert Pause in the August 20th, 2023, M5.1 Ojai CA earthquake. Contour 1754 

products are shown for the M6.0 first alert produced by the real-time system, the fourth alert, (~6s 1755 

after the first alert and M5.6), which produced the largest alert areas. The MMI 3 and 4 contours 1756 

for the first alert are coincident at 100 km radius as constrained. Also shown are the contours that 1757 

would have resulted from the M6.0 first alert if the pause radius was not implemented (the largest 1758 

area polygons). Without the Alert Pause approach, additional MMI 3 alerts would have been sent 1759 

to San Diego, Fresno, and Salinas (e.g. the region between contour 3B and 3C). Similarly, 1760 

additional MMI 4 alerts would have been sent to the eastern half of Los Angeles and Santa Barbara 1761 

(e.g. the region between contours 4B and 4C). B) Effect of the Alert Pause in the 2/12/2024, M4.8 1762 

El Centro earthquake. The first alert (A) was M5.8 at 5 seconds after origin time causing the MMI 1763 

3 and 4 contours (3A and 4A) to overlap at 100 km radius, after the pause time expired a M5.6 1764 

alert (B) was released. If the first alert had been released, cell phone App alerts would have gone 1765 

to Los Angeles and Riverside CA (region between contours 3B and 3C).      Similarly, WEAs 1766 

would have gone to the suburbs of San Diego (region between contours 4A and 4C). 1767 
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 1771 

Figure 7. Examples of the temporal evolution of ShakeAlert contour products as the magnitude 1772 

estimate grows with time during the rupture are shown from an offline replay (with no data delivery 1773 

latencies included) of V3.0.1 of ShakeAlert for the 2019 Ridgecrest M7.1 earthquake. The MMI 1774 

3, 4, 5, and 6 contours are labeled and colored according to the colorbar.      A-C) show the evolution 1775 

of the ShakeAlert MMI estimate polygons corresponding to (A) the initial detection at 5s after the 1776 

earthquake begins, (B) the moderate-large earthquake stage at 10s, and (C) the large earthquake 1777 

stage at 15 s.      Each map shows several of the contour product polygons for different MMI levels 1778 

and the ANSS epicenter as a star.      In A) the MMI 3 and 4 contour products plot on top of each 1779 

other at the 100 km pause radius distance, while the MMI 5 contour product is barely visible. In 1780 

B) the MMI 3, 4, and 5 contour products are visible.      In C) the MMI 4, 5, 6, and 7 contour 1781 

products are visible and the MMI 5-7 polygons are visibly elongated along the fault direction as 1782 

estimated by the FinDer line source.      The MMI 3 polygon in C) is mostly beyond the scale of 1783 

the map. Currently alerts would only be delivered to users in the State of California for this 1784 

earthquake even though the polygons extend into Nevada.  1785 

−120° −118° −116°

34°

36°

38°

 5 s M5.7

 A

−120° −118° −116°

 10 s M6.3

 B

−120° −118° −116°

 15 s M7.0

 C

0 2 4 6 8 10

MMI

3,4

5

3

4

5

4
5 6



90 

1786 

Figure 8:  Realtime results from the 2022 M6.4 Ferndale earthquake.      A-C) Maps of the first 1787 

ShakeAlert Contour Message, the 6th update, and the 10th update respectively.      The MMI 3, 4, 1788 

and 5 contour products are shown with the MMI color scale.      In panels A and B, the MMI 3 and 1789 

4 contours are coincident due to the pause radius.      In Panel C, the MMI 3 and 4 contours are 1790 

beyond the edge of the map.      The EPIC epicenter and FinDer line source estimates are shown 1791 

with red stars and lines respectively.      D) Magnitude estimates as a function of time from the 1792 

production system for the EPIC, FinDer, and DM      algorithms.      E) Examples of horizontal 1793 

component seismograms for high amplitude stations.      Each station shows the N-S component of 1794 

ground velocity and is labeled with its station code and peak velocity.      F) Map of the epicenter 1795 

(star) and station locations (diamonds). Light gray lines denote major roads. Each station is labeled 1796 

with its peak MMI value and warning time (e.g. 7:17s means peak MMI of 7 and 17 s maximum 1797 

warning time without delivery latency).      The color scale of the diamonds denotes the warning 1798 
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time for the MMI 4 contour product before MMI 5.5 shaking began. Contours show regions of 1799 

different MMI levels and are colored according to the usual ShakeMap color table for MMI. 1800 
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 1803 

Figure 9. Progression of the MMI 4, 5, and 6 contour products during an offline simulation of the 1804 

2016 M7.1 Kumamoto earthquake (star denotes the ANSS epicenter estimate).      Panels A, B, and 1805 

C show warning times before MMI 6 shaking from the MMI 4 contour product at individual 1806 

stations (diamonds).      Only the seismic stations that had peak shaking of MMI 6 or higher are 1807 

shown.      The warning time color scale is the same in all panels.      Each panel shows the MMI 4 1808 

(light blue), MMI 5 (green) and MMI 6 (yellow) contour products.      Each panel is labeled with 1809 

the seconds after origin time that the DM published the ShakeAlert Message and the associated 1810 

magnitude estimate.      Panels D, E, and F similarly show warning times before MMI 6 shaking 1811 

from the MMI 5 contour product at individual seismic stations (diamonds).      For each panel, only 1812 

the stations that have been alerted by that contour product at that time are shown.      The first alert 1813 
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(panels A, D) is for a point source as estimated by EPIC.      The later alerts at 10.1 s (panels B, E), 1814 

21 s (panel C), and 40 s (panel F) show the SA combination of EPIC and FinDer.      Because these 1815 

three estimates are above magnitude 6.0, they include the effect of the FinDer line source (shown 1816 

as a purple line).      While the MMI 5 contour product for the largest alert is sufficient to contain 1817 

all the MMI 6+ sites, its slower expansion results in reduced warning times compared to those for 1818 

the MMI 4 contour product (e.g. the difference between panels C and F).  1819 
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Figure 10. Evolution of the magnitude estimates and alerting polygons for an offline replay of V3 1823 

for the 2003 M8.3 Tokachi-Oki megathrust subduction earthquake.      A) The black, blue, magenta, 1824 

and red curves show the magnitude estimate evolution from the EPIC, FinDer, GFAST, and 1825 

SA/DM algorithms respectively.      The gray diamonds denote the 9 alerts shown in panels B-J.      1826 

B-J) Each panel shows the MMI 3, 4, and 5 contour product polygons colored according to the 1827 

MMI scale and the ANSS epicenter estimate (gray star).      Each panel is labeled with the number 1828 

of seconds after origin time that the DM published the ShakeAlert message (e.g. T=25 is 25 1829 

seconds after origin).      In panels B and C, the MMI 3 and 4 polygons are coincident due to the 1830 

Alert Pause and the MMI 3 polygon is completely beyond the bounds of the map in panels H and 1831 

I.      Each small diamond in panels B-J denotes the location of a seismic station used in the 1832 

simulation and the color denotes the peak MMI value it has reached by that alert’s time since 1833 

origin.      The MMI 5 contour is elongated in the along-strike direction because of the FinDer line 1834 

source estimate.      The MMI 5 contour is also slightly offset relative to the MMI 4 contour because 1835 

the line source estimate is located onshore. 1836 
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 1838 

1839 

Figure 11:  Warning time performance of V3 in offline testing of the 2019 M7.1 Ridgecrest (panels 1840 

A, D, G), 2016 M7.1 Kumamoto (panels B, E, H), and 2003 M8.3 Tokachi-Oki (panels C, F, I) 1841 

earthquakes. All results are for the MMI 4 contour product from offline testing without data or 1842 

delivery latencies.      Panels A, B, and C show the warning times between when the MMI 4 contour 1843 

product is published for that location and when that seismic station recorded MMI 5.5 (diamonds).      1844 

Gray stars denote the earthquake epicenter. Panels D, E, and F show the temporal evolution of 1845 
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shaking at each seismic station relative to the time that location was first within the MMI 4 contour 1846 

product in a ShakeAlert Message.      Each station is represented as a vertical series of circles that 1847 

are colored by MMI level from 2 up through the highest MMI level reached at that location.      The 1848 

colors are denoted by the bar adjacent to panel I.      In general, warning times increase with distance 1849 

from the hypocenter, but this is not monotonic because of the pause radius and the temporal 1850 

evolution of magnitude estimates during the growing rupture.      For some earthquakes, the warning 1851 

times can be shorter at large distances (e.g. panels D and E at ~250 km) due to the temporal history 1852 

of the predicted ground motions.      Panels G, H, and I show cumulative distributions of warning 1853 

times for groups of stations binned by their peak MMI level.      All of the stations with a peak 1854 

shaking between MMI 5.5 and 6.5 are shown as the yellow lines with the y-axis indicating the 1855 

fraction of those stations that achieved the value of warning time along the x-axis.      Only seismic 1856 

stations that recorded MMI 5.5 or larger shaking are shown in the solid lines.      Dashed lines for 1857 

lower MMI locations are based on theoretical S-wave arrival times (see Chung et al., 2020).      In 1858 

general, the higher the peak shaking level, the lower the average warning time but this is not a hard 1859 

rule as there is considerable overlap in the range of warning times for the different bins of peak 1860 

shaking (e.g. the MMI 6, 7, 8, and 9 bins all have locations with 40 s of warning time in panel I). 1861 

 1862 

  1863 



98 

 1864 

Figure 12.      Comparison of the contour and grid (map) product MMI predictions for the offline 1865 

replay of the Ridgecrest M7.1 including the site response model in the grid product.          A) 1866 

Difference in peak MMI (grid - contour) at the location of seismic stations used in the simulation.      1867 

B) Warning time differences between the grid product and contour products (grid - contour) using 1868 

MMIalert=3.5 in the Ridgecrest M7.1 mainshock. Positive differences indicate longer warning times 1869 

with the grid product.      C) Comparison of peak MMI values between the grid and contour 1870 

products. D) and E) show differences between the predicted and observed peak MMI values using 1871 

the contour and grid product respectively.      The grid product has both a lower median residual 1872 

and a smaller standard deviation (sigma) of residuals demonstrating its increased accuracy and 1873 

precision.           All predicted values in panels A, C, D, and E use the maximum shaking predicted 1874 

at a site regardless of timeliness.            1875 
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 1878 

Figure 13: Empirical CDFs of cumulative warning times at seismic stations before strong shaking 1879 

at 238, 704, and 948 MMI 6+ sites for the west coast (panel A), Japan Crustal (panel B) and Japan 1880 

subduction zone (panel C).      Results for the MMI 3, 4, and 5 contour products are shown as red, 1881 

blue, and black curves respectively.      The magnitude range is lowest for the West Coast dataset 1882 

(M4.0 - 7.1) leading to shorter overall warning times than the Japan Crustal (M6.0-7.1) and Japan 1883 

Subduction Zone (M7.1-9.0).      Additionally, most of the subduction events begin offshore where 1884 

there are no seismic stations, and thus, there are no measurements in the late alert zone for that 1885 

panel.  1886 
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 1889 

Figure 14. Comparison of the time that strong shaking begins with the time of MMI 4 and 5 contour 1890 

product alerts for the shallow crustal earthquakes in the West Coast and Japan crustal datasets.      1891 

Light blue circles denote the time that MMI 5.5 shaking began at individual seismic stations.      1892 

Orange circles and dark blue diamonds denote the time that those same seismic stations were first 1893 

alerted with the MMI 4 and 5 contour products respectively.      Vertical lines at 30 km and 100 1894 

km epicentral distance denote the approximate location of the extent of the late alert zone and the 1895 

pause radius respectively.      Note the epicentral distances are with respect to the ANSS catalog 1896 

epicenter, not the ShakeAlert epicenter estimate that controls the calculation of the pause radius.      1897 

The Y-axis is a log scale.      At a given epicentral distance range, say 50-60 km, the MMI 6 1898 

exceedance time (light blue circles) can vary over about 15-20 seconds due to many factors related 1899 

to how a particular earthquake ruptures.      The times the MMI 4 and 5 contour product were 1900 

published are from offline simulations and do not include the latencies associated with data 1901 

telemetry or alert delivery which would typically add a minimum of 2 seconds to these times and 1902 

can vary widely between delivery mechanisms. 1903 
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 1907 

Figure 15:  Comparison of individual station maximum predicted and observed MMI values for 1908 

the West Coast (A, D), Japan Crustal (B, E), and Japan Subduction Zone (C, F) testing datasets.      1909 

All predicted values are from the map products.      Panels A, B, and C show all predictions in one 1910 

MMI bins and the 25 and 75th percentiles (box) as well as large outliers (red whiskers).      Panels 1911 

D, E, and F show individual station residuals which are dominated by MMI 2-4 levels in these 1912 

datasets.      Each panel gives the median and standard deviation of the residuals.      These maximum 1913 

predicted values encompass the performance of the entire system including the magnitude over 1914 

and under estimates in individual earthquakes. In general, ShakeAlert is unbiased for all three 1915 

datasets with the exception of underpredicting the highest MMI 5-7 sites in the West Coast dataset.       1916 
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