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ABSTRACT
The ShakeAlert earthquake early warning (EEW) system partners along with U.S.
Geological Survey (USGS) licensed operators deliver EEW alerts to the public and trigger
automated systems when a significant earthquake is expected to impact California,
Oregon, or Washington. ShakeAlert’s primary goal is to provide usable warning times
before the arrival of damaging shaking. EEW is most likely to achieve this goal in
large-magnitude earthquakes. In recent years, ShakeAlert has gone through a series of
upgrades to its underlying scientific algorithms aimed at improved performance during
large earthquakes. Version 3 of this software recently went live in the production system
and includes improvements to all algorithms. The main seismic algorithms that detect an
earthquake and characterize its location, magnitude, and fault rupture orientation are
faster than older versions. Other key changes include: using real-time geodetic data to
characterize the magnitude growth in large earthquakes; the introduction of an alert
pause procedure to compromise between speed near the epicenter and improved accuracy
at larger distances; and the inclusion of a nonergodic site-response model in the ground-
motion predictions. ShakeAlert has achieved its primary goal of usable warning times
before strong shaking at some locations in real-time operations in recent M 6 earthquakes.
Using offline tests, we demonstrate usable warning times are possible for many sites with
peak shaking values of modified Mercalli intensity (MMI) 7–8 in M 7+ earthquakes and also
for manyMMI 8–9 sites in M 8+ earthquakes. ShakeAlert partners use a variety of MMI and
magnitude thresholds in deciding when to alert their users within bounds set by the USGS.
Our study shows that there is room to raise the magnitude thresholds up to about M 5.5
without adversely affecting performance in large earthquakes. The ground-motion criteria
are more complex owing to a significant drop-off in warning times between the MMI 4
and 5 levels of predicted shaking. However, widely used ShakeAlert products, such as the
MMI 3 and 4 contour products, can provide sufficiently long warning times before strong
shaking in moderate-to-great earthquakes to enable a range of protective actions.

KEY POINTS
• The ShakeAlert earthquake early warning (EEW) system

has undergone a variety of key improvements to its
underlying algorithms.

• ShakeAlert V3 utilizes geodetic data and site-response

models.
• Expected warning times are in the range from seconds to

a few tens of seconds before strong shaking.

Supplemental Material

INTRODUCTION
The ShakeAlert earthquake early warning (EEW) system
(ShakeAlert system, ShakeAlert EEW, and ShakeAlert) for
the U.S. West Coast is operated by the U.S. Geological
Survey (USGS) in partnership with academic and industry

partners (Given et al., 2014, 2018; Kohler et al., 2020). The fun-
damental mission of ShakeAlert has always been: “to reduce
the impact of earthquakes and save lives and property in
the United States by developing and operating a public
EEW capability” (Given et al., 2014). The technical details
of how this mission statement has been pursued have evolved
over a decade-long development process. On 18 March 2024,
version 3.0.1 of the ShakeAlert system software (hereafter V3)
went live for alerting in California, Oregon, and Washington.
V3 is the result of a significant series of upgrades to enable
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better performance during large earthquakes including being
the first version of the ShakeAlert system to utilize geodetic
data. The performance of the real-time production system dur-
ing recent small-to-moderate earthquakes has been detailed by
Lux et al. (2024). Here, we describe the recent changes to the
contributing algorithms and the expected performance of the
system in future earthquakes.

ShakeAlert has a modular design that combines a comple-
mentary set of algorithms that use different types of ground-
motion data and estimate source parameters and an algorithm
that uses those parameters to estimate expected ground motions
(Kohler et al., 2020). The ShakeAlert system consists of four
processing steps (Fig. 1): (1) algorithms that process incoming
seismic or Global Navigation Satellite System (GNSS) data, (2)
algorithms that estimate source parameters, (3) an algorithm
that combines parameter estimates and an algorithm that esti-
mates maximum shaking levels given those source parameters,
and (4) a decision module (DM) that issues ShakeAlert’s data
product (a ShakeAlert message) if certain magnitude and inten-
sity criteria are met. The algorithms used in V3 are termed EPIC
(Kuyuk et al., 2014; Chung et al., 2020), FinDer (Böse et al.,
2012, 2015, 2018; Böse, Andrews, Hartog, and Felizardo, 2023),
Geodetic First Approximation of Size and Time (GFAST)-peak
ground displacement (PGD) (Crowell et al., 2016; Murray et al.,
2023a) for estimating source parameters, EqInfo2GM (Thakoor
et al., 2019) for estimating shaking levels, the solution aggregator
(SA), and DM (Kohler et al., 2020) for combining source param-
eters and issuing the ShakeAlert messages. EPIC uses observa-
tions of the initial Pwaves to estimate the epicenter point-source

parameters: latitude, longitude,
andmagnitude, whereas FinDer
uses evolving estimates of peak
acceleration of the entire time
series to estimate a line source
that characterizes a growing
rupture, and GFAST-PGD esti-
mates only the magnitude using
(geodetic) PGD observations
given an epicenter location
from the seismic algorithms
(EPIC and FinDer). The SA
and DM are the same algorithm
with different configuration
parameters for forwarding on
solutions.

ShakeAlert’s modular design
allows it to take advantage of
different portions of the defor-
mation field from a growing
rupture, as will be described
subsequently, to maximize per-
formance. It also offers some
degree of redundancy, using

different data types and approaches, increasing the resilience
of the overall system to unexpected/suboptimal behavior in
some components. However, this comes at the cost of notable
system complexity, which increases the challenges of mainte-
nance and modification. However, many global EEW systems,
including ShakeAlert, are continuing to evolve in response to
new technologies, maturing performance expectations, and
increasing real-time earthquake experience. So, while system
simplicity is appealing for several reasons, and will hopefully
be achievable in the future, no single approach has yet proven
itself to meet all targets for desired behavior. In addition, the
modular design allows initial alerts to be issued before a large
rupture is finished while also tracking the full extent of rupture/
fault growth with more appropriate methods.

ShakeAlert Version 3 aims to improve the performance of
the system, and documenting those improvements requires a
detailed articulation of ShakeAlert’s goals. A key early decision
was that ShakeAlert would work with USGS-licensed operators
to provide public alerts and “information-rich alert streams to
specialized users” (Given et al., 2014). A licensed operator (LtO)
is a ShakeAlert technical partner that is licensed by the USGS to
provide ShakeAlert-powered products and services such as alert
delivery to cell phones or the triggering of an automated action
like slowing a train. Owing to the flexibility needed to accom-
modate a range of applications, ShakeAlert required quantitative
forecasts of expected ground motions from modified Mercalli
intensity (MMI) 2–8 rather than simply spatial alert maps
(Given et al., 2014). ShakeAlert’s quantitative objectives began
to crystalize with the Revised Technical Implementation Plan
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Figure 1. After Given et al. (2018). Schematic view of the ShakeAlert processing algorithms. Seismic and geodetic
ground-motion observations are processed and then fed into three algorithms (EPIC, FinDer, and GFAST-peak
ground displacement [PGD]) to estimate source parameters. Those parameters are combined in the solution
aggregator (SA) and fed to the Eqinfo2GM algorithm to produce the grid (the terms grid product and map product
are used interchangeably) and contour products that estimate ground motions. Finally, the decision module (DM)
checks to see if the alert meets publication thresholds and, if so, it publishes ShakeAlert Messages with the event,
contour, and map products to the alert servers. Licensed operators connect to the alert servers and subscribe to
ShakeAlert Messages topics to receive these data products. The color version of this figure is available only in the
electronic edition.
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(RTIP, Given et al., 2018) that emphasized two classes of per-
formance defined by (1) accuracy of ShakeAlert’s earthquake
location and magnitude estimates relative to the point-source
parameters of the Automated National Seismic System’s
(ANSS) Comprehensive Catalog (ComCat; USGS, 2017) and
(2) the comparison of ShakeAlert’s predicted ground motions
with the spatially smooth model of ground motions provided
by the USGS ShakeMap product (Given et al., 2018; Worden
et al., 2020). Although the mission statement clearly requires
sufficient warning times to enable people to take a protective
action such as drop, cover, and hold on (DCHO) and to com-
plete the triggering of automated actions, this was not yet for-
mulated as a quantitative goal (Given et al., 2018). This resulted
for many reasons including that the system was not yet con-
structed, the algorithm base was rapidly evolving, and the full
variety and speed of delivery mechanisms were relatively
unknown. The RTIP provided clear definitions of ShakeAlert’s
three primary products: (1) an event message containing source
parameters; (2) a contour message that provided eight-sided
polygons that enclosed regions of different levels of shaking
ranging from 2 to 8 on the MMI scale and associated peak
ground acceleration (PGA) and peak ground velocity (PGV) val-
ues; and (3) a map message that provides a spatial grid of esti-
mates of PGA, PGV, and MMI level. The contour and map
products were to both resemble and be compared to the median
shaking estimates from the USGS ShakeMap product (e.g., fig. 8
of Given et al., 2018). Currently, the MMI 3 contour product is
defined as the distance at which the median shaking is expected
to be MMI 2.5, and similarly for the higher MMI contour prod-
ucts (see the Ground-motion prediction section subsequently).
ShakeAlert’s original emphasis on a direct comparison to the
ShakeMap product led to the specification that ShakeAlert’s goal
was the same at all locations, namely accurate ground-motion
predictions as quickly as possible. Thus, from its inception,
ShakeAlert has prioritized ground-motion accuracy over a wide
range of shaking levels from MMI 2 to 8.

Given these product definitions, ShakeAlert allows technical
partners who have met the requirements for a license to distrib-
ute ShakeAlert-powered alerts to their end users (Kohler et al.,
2020). ShakeAlert has always been specifically designed to allow
a wide range of customization in how licensed operators imple-
ment alert delivery. However, USGS, in collaboration with state
emergency management agencies in California, Oregon, and
Washington, has set minimum alert delivery thresholds for both
the magnitude estimate and expected shaking intensity in order
for particular classes of delivery mechanisms to initiate alert
delivery (Fig. 2). For public alerting, there are three key sets
of threshold criteria in wide use. ShakeAlert uses the Wireless
Emergency Alert (WEA) system, and messages must meet
the Federal Emergency Management Agency’s criteria for
“imminent threat” (Federal Communications Commission,
2015). Thus, the thresholds were set to alert the MMI 4 area
at a magnitude threshold of 5.0 or larger. In contrast, some cell

phone apps, such as MyShake (Patel and Allen, 2022), send alerts
for M 4.5+ and within the MMI 3 contour product correspond-
ing to significantly larger areas and more frequent alerts (Kohler
et al., 2020). Finally, Google’s Android Earthquake Alerts use a
bilevel strategy with silent notifications (termed “Be Aware”
alerts) atM 4.5 and inside the MMI 3 contour product, but addi-
tionally augments these with loud breakthrough alerts (termed
“Take Action” alerts) atM 4.5+ within the MMI 5 contour prod-
uct (Chung et al., 2020). The different MMI andmagnitude com-
binations lead to different frequencies of when a user will be
alerted (see McGuire et al., 2021, for estimates for the Pacific
Northwest based on the USGS National Seismic Hazard Model).

Moreover, these different delivery mechanisms have different
ranges of latency that evolve as the underlying technology
improves. For instance, the fastest deliveries are achieved over
internet/WiFi systems allowing substantial numbers of users to
receive the messages less than one second after USGS publishes
them (McGuire and de Groot, 2020). The MyShake™ app has
documented delivery times in the 2–5 s range (Patel and
Allen, 2022) for a combination of WiFi and cellular delivery.
The WEA system does not have a recent test (e.g., after recent
upgrades) but was documented to have delivery times ranging
from 4 s to tens of seconds through cellular network delivery in
2019 (McBride et al., 2023). WEAs are part of the Integrated
Public Alert and Warning System which uses both cellular
and internet delivery for various alerts and is expected to adopt
“future technology” to improve alerts (Federal Emergency
Management Agency [FEMA], 2024). The technology for deliv-
ering earthquake alerts is rapidly evolving and improving (e.g.,
see Apple, 2023). Thus, WEA message delivery may reach inter-
net delivery speeds in the future. Overall, delivery times can vary
widely, but many end users will receive the ShakeAlert message
within 0.5–5 s of when it is published by USGS.

Currently, our licensed operators take various actions at pre-
dicted MMI values ranging from MMI 2.5 to 5.5 (Chung et al.,
2020; McGuire et al., 2021) to achieve their desired outcomes.
Given the latitude that licensed operators have to choose alert
thresholds (within a range established by the USGS), as well as
the variable speed of different delivery mechanisms, ShakeAlert
needs to produce products with a significant degree of accuracy
across a wide MMI range.

ShakeAlert’s primary objective is to provide usable warning
times before strong (MMI 6+) shaking where it is possible to
do so. The range of user locations, combined with the choice
of alert thresholds and the variability in delivery times, results
in a wide range of potential warning times in any given earth-
quake (Chung et al., 2020; McGuire et al., 2021; Lux et al.,
2024). The recommended protective action in most cases when
receiving an alert is “Drop, Cover, and Hold On” or DCHO (see
McBride et al., 2022) because injuries often occur when trying to
move during strong shaking or by being hit by falling objects. It is
expected that it will take end users between 5 and 15 s to complete
DCHO (Porter and Jones, 2018), so for ShakeAlert to achieve its
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primary objective, alerts need to be delivered to a location at least
5–15 s before damaging MMI 6 shaking begins. Longer warning
times are obviously preferred and can enable a wider range of
actions than just DCHO, including automated actions in
mechanical systems. In general, ShakeAlert does not have loca-
tion-specific delivery time statistics for its different deliverymech-
anisms, and many evaluations are done with offline simulations
that do not account for data telemetry and alert delivery latencies.
In these types of simulations, which will be presented sub-
sequently, it is reasonable to assume that the combination of data
telemetry and alert delivery adds a minimum delay of 2 s, and
typically ∼5 s, over what the algorithm processing time requires,
acknowledging that many delivery mechanisms require at least
a few seconds more than this nominal value. As a result, since
the formal test of V.2.2.0 of the ShakeAlert software package
in February 2022 (see Table S1, available in the supplemental
material to this article), ShakeAlert’s testing and certification
platform has used a metric that quantifies the fraction of
MMI 6 locations (with observed seismic data) that achieve a
minimum warning time of 8–10 s in offline tests to track the
system’s ability to achieve its primary objective.

ShakeAlert system development history
To move toward its stated goals and to enable a wide range of
delivery thresholds, ShakeAlert evaluated algorithm improve-
ments using its system testing platform (STP) (Cochran et al.,

2018) to identify modifications or new features that provide
improved source parameter estimates and/or ground-motion
products (Kohler et al., 2018). In particular, the development
of the eqInfo2GM module formulated the initial version of
ShakeAlert’s ground-motion predictions that are published
as the map and contour products (Thakoor et al., 2019).
Thakoor et al. (2019) accomplished the RTIP strategy in that
eqInfo2GM produces median shaking estimates that are equiv-
alent to the USGS ShakeMap methodology of using ground-
motion prediction equations when no seismogram data are
used, for example, when only earthquake source parameters
are available to predict shaking. Thakoor et al. (2019) used
an evaluation scheme based on measuring the L2 norm of
differences between predicted median shaking intensity
estimates from eqInfo2GM to assess that the ShakeMap
ground-motion predictions were properly implemented.
This metric, termed variance reduction, places the most weight

Figure 2. Summary of ShakeAlert delivery mechanisms including the mag-
nitude and modified Mercalli intensity (MMI) thresholds. Currently, most
applications use the contour product, but some have begun using the map
product. Currently, the intensity thresholds range from MMI 2.5 (e.g., III) to
MMI 5.5 (e.g., VI) across all applications. Thus, ShakeAlert ground-motion
predictions must be relatively accurate across a wide range of shaking
intensities. The color version of this figure is available only in the electronic
edition.
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on the larger number of lower MMI grid cells (regardless of any
selected MMI threshold) in any given event and has been used
in ShakeAlert system testing for that same purpose. Given
these structures, the USGS ShakeAlert Project initially refined
its algorithms via the STP process with its strong focus on
matching the ANSS Comprehensive Catalog (ComCat, USGS,
2017) for small-to-moderate earthquakes (Cochran et al.,
2018) and with ground-motion metrics that focused primarily
on the large number of MMI 2 and larger (Thakoor et al., 2019)
or MMI 4 and larger (Cochran et al., 2018) grid cells in a typ-
ical ShakeMap. This preliminary focus on matching detections
and magnitude estimates for moderate earthquakes succeeded
in driving the system toward very low false alert rates (Kohler
et al., 2018) which allowed it to begin public alerting in 2019
using Version 2.0 of the ShakeAlert software suite (Kohler
et al., 2020). The reduction in false alert rates due to the
improvements leading up to ShakeAlert V2.0 combined with
the build out of the seismic network and associated telemetry
systems were significant accomplishments, and they provided a
necessary condition to build trust in the system among both
internal partners and the public. The result of these efforts
was the launch of a test of the system for public alerting in
Los Angeles County via cell phone apps on 1 January 2019,
using an EEW app developed by the City of Los Angeles.

In July 2019, the ShakeAlert system received its first major
test with the occurrence of the M 6.4 and 7.1 Ridgecrest earth-
quakes in southern California. The system faced a wide variety
of challenges in these events ranging from a very productive
sequence of moderate earthquakes/foreshocks/aftershocks,
data telemetry problems (Stubailo et al., 2020), and algorithm
combination approaches during the M 7.1 mainshock (Chung
et al., 2020). The net result of these problems was that in loca-
tions where timing information was available from recorded
seismograms, the ShakeAlert system provided no significant
warning times for sites of MMI 6+ shaking in the M 6.4 earth-
quake. For the M 7.1, about 25%–30% of locations that expe-
rienced MMI 6 shaking could have received usable warning
times (roughly 5–10 s before moderate/strong shaking, see dis-
cussion subsequently). No sites with recorded shaking of MMI
7+ could have received usable warning times even with an
instantaneous alert delivery mechanism (Chung et al., 2020).
Although ShakeAlert did not achieve its primary objective at
most locations of damaging shaking, the first alert was rapid
given the sparse station spacing. It was the first real-time test of
the system in a large earthquake and helped identify many
areas for future improvement.

As a result of the performance of ShakeAlert V2 in the
Ridgecrest mainshocks, the ShakeAlert Project undertook a
major, years-long effort to overhaul the underlying algorithm
base and improve its performance in large earthquakes
(Böse, Andrews, Hartog, and Felizardo, 2023; Böse, Andrews,
O’Rourke, et al., 2023; Murray et al., 2023a; Lux et al., 2024).
One key feature of our evaluation system that required

upgrading was an increased focus on offline testing using large
earthquakes. The original test suite that is used for the evalu-
ation of software upgrades in ShakeAlert was constructed
before the station build-out for EEW and focused on publicly
available data from the U.S. West Coast. As a result, the large
earthquakes in it did not have a station density that represents
the current or future operational network (Cochran et al.,
2018), and ShakeAlert V2.0 had not yet identified problems
tracking magnitude growth in large earthquakes (Kohler
et al., 2020). V2.0 was effectively hardwired to weight the mag-
nitude estimates from the EPIC algorithm much more strongly
than those from the FinDer algorithm during a large rupture
(Chung et al., 2020; Kohler et al., 2020). EPIC is a fast,
specialized initial detection algorithm that only uses the first
4–5 s of P-wave data from any given station in its magnitude
estimate. Because ShakeAlert V2.0 weighted this estimate dis-
proportionately heavily even after much longer data streams
with peak shaking values were available, ShakeAlert’s magni-
tude estimate could not have reached M 7.1 in the Ridgecrest
mainshock even if the data telemetry had worked properly
(Chung et al., 2020). Since Ridgecrest, the ShakeAlert STP
program has undergone a major overhaul that will be detailed
elsewhere, which includes a vastly expanded test suite. In addi-
tion, alongside the original ANSS catalog-related metrics that
penalize false alerts, we added two metrics that reward long
warning times for sites of MMI 6+ shaking and quantify/penal-
ize over-alerting at certain MMI levels (see subsequently)
used by USGS to activate the WEA system. The result of these
additions has been to drive the system in the direction of
improved performance in large earthquakes with a focus on
locations where users are in potential danger, meaning
MMI 6 or stronger shaking. For instance, in the 2022 M 6.4
Ferndale earthquake, the ShakeAlert system provided between
0 and 12 s of warning at locations that experienced MMI 8
shaking, 0–17 s at MMI 7 locations, and 0–23 s of warning
at MMI 6 locations (Lux et al., 2024).

ShakeAlert’s increased focus on providing usable warning
times in large earthquakes has resulted in V3, which was imple-
mented on 18 March 2024. This update allows the different
source estimation algorithms to contribute predominantly in
the earthquake magnitude ranges where they are most appli-
cable with prescribed transitions based on significant offline
testing in large earthquakes. V3 acknowledges the need to
act quickly in the vicinity of the epicenter when the accurate
magnitude and ground-motion estimates are more difficult to
produce due to limited data, while also acknowledging the need
for increased accuracy of shaking estimates at larger distances
to limit over-alerting. The overall suite of algorithm changes
compared to V2 are both the cumulative result of dozens of
intermediate modifications (see Table S1) as well as a
fundamental change involving the incorporation of geodetic
data and site-response models for the first time. This article
describes those changes and their cumulative effect on
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expected performance in large earthquakes. ShakeAlert is
an EEW system designed to “save lives and property” which
fundamentally requires alert delivery before damaging strong
shaking arrives. Timeliness is an absolute requirement for the
success of the ShakeAlert system, whereas detailed ground-
motion accuracy is a helpful but less stringent requirement.
Both timeliness and ground-motion accuracy depend to some
extent on definitions, and this article describes the state of the
system in both regards from offline testing of V3.

The expanded STP test suite has a wide variety of earth-
quakes in terms of types of faults, geographic locations, station
density, and an increasing number of synthetic earthquakes
(Smith et al., 2024). For this article, we will focus on results
from three key subsets of the test suite which are the updated
West Coast, Japan crustal, and Japan subduction zone compo-
nents. The earthquakes used are listed in Table S2. Many of the
Japanese events were studied on an individual algorithm basis
by Meier et al. (2020) and the geodetic events were studied for
the GFAST-PGD algorithm by Murray et al. (2023a). To evalu-
ate warning time, we follow the ShakeAlert standard practice
by comparing alert times to the time the seismogram at a sta-
tion exceeds a given MMI value similar to that used by Chung
et al. (2020). Defining the warning time requires specifying
three quantities, the MMI level the alert is issued for (MMIalert),
the type of product (contour versus grid), and the MMI level

that you want to be warned for (MMItw). MMIalert and MMItw
could be the same or MMItw could be larger, which generally
leads to better warning time performance (Meier, 2017;
Minson et al., 2018; Chung et al., 2020). The warning time
at a given site is the time between when it is first predicted
to have shaking of at least MMIalert and the time at which
the observed shaking first exceeds MMItw. The expanded test
suite provides a range of magnitude and distance combinations
with peak shaking of MMI 6 or larger allowing warning times
to be evaluated for a variety of cases (Fig. S1). Because warning
times are relatively short (seconds to tens of seconds) and the
MMItw exceedance times can vary by a comparable amount of
time even for stations at a similar epicentral distance, accurate
algorithm evaluations require a seismogram to compute warn-
ing times with enough precision.

SHAKEALERT 3.0
Of the six algorithms that comprise V3, only GFAST-PGD is
new, but all six have been substantially modified from version
2.0. The key difference in ShakeAlert V3.0 versus ShakeAlert
V2.0 is that V3.0 has separated the system into what is effec-
tively four different regimes that correspond to increasing
amounts of available data and larger earthquake sizes (see
Table 1). Conceptually, these stages roughly correspond to
(1) initial detection, (2) moderate earthquakes, (3) large

TABLE 1
Key Features and Roles of the Six Algorithms in ShakeAlert V3

Algorithm Data Type
Initial Detection
(0–∼5 s)

Moderate Magnitude
M 4.5–6 (∼3–10 s)

Large Magnitude
M 6.0–7.0 (∼4–15 s)

Great Earthquake
M 7.0–9 ( > 15 s)

EPIC Seismic, up to the first
4–5 s of P-wave
displacement

First alert with data at
a minimum of four
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 ifM > 5.5 and
not associated with a current
EPIC event

Line source
contributes to
ground-motion
estimates

Magnitude estimates
can grow up to nine and
lengths up to 1362 km

GFAST-
PGD

Geodetic, peak
displacement over the
full event duration

Initiated by seismic
magnitude >6.0

Magnitude estimates can
grow for up to 2 min

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
5 s after first alert

Uses line source and
point source

Uses line source and point
source

Decision
module

Throttles alerts to two
updates per second

Time ranges in the first row are approximate ranges in seconds after the initial P-wave triggers. PGD, peak ground displacement.
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earthquakes, and (4) great earthquakes. These are not formal
divisions within the system; there is overlap between them
and flexibility to follow different progressions based on the
algorithm results during a given earthquake. In general, the
progression is expected to emphasize EPIC initially, then
FinDer—a combination of FinDer and GFAST-PGD—as a
rupture grows in size up to M 7+ (Fig. 3). However, that is
not always the case, and the logic is flexible enough to allow
a particular algorithm to increase the magnitude estimate rap-
idly if its data type (see Table 1) warrants that increase. All
three algorithms estimate source parameters that are combined
by the SA. The transitions in emphasis between the algorithms
are accomplished by logic that is embedded in the executive
functions of the SA, EqInfo2GM, and DM algorithms (Fig. 3).
The result of this logic is a system that emphasizes each
algorithm for the magnitude and time range during the rupture
for which it is most accurate and valuable (Table 1). In a truly
great earthquake, there will be a series of transitions, described
subsequently, in how earthquake magnitude and predicted
ground motions are estimated as the rupture grows. This pro-
gression takes into account our experience from real-time and
offline testing to best utilize the different algorithms.

Current architecture and data flow
The data flow architecture for seismic data in V3 remains
largely unchanged from earlier versions (Kohler et al., 2018,
2020). ∼1400 seismic stations from a variety of seismic net-
works (network codes AZ, BC, BK, CC, CE, CI, CN, IU,
NC, NN, NP, NV, OO, SB, UO, US, UW, and WR, see
Data and Resources) contribute data to ShakeAlert from either
broadband and/or strong motion seismometers. The seismic

network is rapidly approaching the original system design
target (Given et al., 2018), which features the highest density
of stations in major urban areas and along major faults
(Fig. 4a). All seismic data flow to one of four seismic network
processing centers (Caltech, UC Berkeley, USGS Moffett Field,
and University of Washington) and are injected into the
Earthworm system (Friberg et al., 2010; Hartog et al., 2020)
and read by one of two waveform processing algorithms that
produce parametric data for EPIC and FinDer. All parametric
data are passed between the eight production servers (two per
network center) using the Apache ActiveMQ open-source
messaging broker software (Snyder et al., 2011). Each algo-
rithm subscribes to certain ActiveMQ topics for input and
publishes results to other topics.

ShakeAlert uses data from continuously operating GNSS
stations distributed throughout California, Oregon, and
Washington, which are part of several monitoring networks.
∼1100 stations are potential ShakeAlert contributors and at
any given time ∼950 stations are actively providing data to
the ShakeAlert system (Fig. 4b). Each station’s data are teleme-
tered in real time to its respective network operations center,
which, in turn, provides real-time raw data streams to users.
ShakeAlert uses a cloud-based data architecture for GNSS
data operated by the EarthScope Consortium, which gathers
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Figure 3. A flow chart of the logic within the solution aggregator (SA) that
combines the source parameters estimated by the EPIC, FinDer, and GFAST-
PGD algorithms. GFAST-PGD is triggered by the seismic algorithms pro-
ducing an SA magnitude estimate of 6.0 or larger and is only part of the SA
evaluations when its magnitude is larger than 7.0. The color version of this
figure is available only in the electronic edition.
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the raw real-time streams provided by network operators for
each station (including those from stations operated by
EarthScope) and makes these available via a messaging system
(Apache Kafka; Sax, 2018) to data processing center(s).
Currently, ShakeAlert has one data processing center at
Central Washington University (CWU), where one sample
per second three-component (north, east, and vertical) real-
time positions are estimated from the raw 1 Hz data using
the Fastlane software (Santillan et al., 2013; Melbourne
et al., 2021). These real-time position streams are then trans-
mitted in geoJSON format (Butler et al., 2016) via RabbitMQ
messaging (Dossot, 2014) from CWU to ShakeAlert centers
and are stored on Earthworm ring buffers (Friberg et al.,
2010). Once it is triggered by the first alert message issued
by the SA (based on seismic data), the GFAST-PGD algorithm
then reads the epoch-by-epoch positions from the Earthworm
ring. Efforts are underway to transition from using ring buffers

to an approach in which
GFAST-PGD obtains the real-
time position streams via a
messaging system.

The largely independent
telemetry systems for the
GNSS and seismic data provide
a form of redundancy for
ShakeAlert. In the 2019 M 7.1
Ridgecrest mainshock, the
GNSS position streams calcu-
lated by CWU using the
Fastlane software did not expe-
rience any unusual data laten-
cies and allowed accurate near-
real-time magnitude calcula-
tions (Melgar et al., 2019;
Hodgkinson et al., 2020) in
contrast to the telemetry delays
experienced by the ShakeAlert
seismic systems (Stubailo
et al., 2020). Although the
GFAST-PGD algorithm
requires a seismic algorithm
event detection to begin calcu-
lating in the V3 software, it can
keep updating regardless of the
seismic algorithm performance
(see subsequently). Thus, the
independent data telemetry
pathway potentially provides
a redundant aspect that could
insulate ShakeAlert against
the type of problems seen in
Ridgecrest.

Initial detection
The initial detection of an earthquake in ShakeAlert V3 almost
always comes from the EPIC algorithm, which utilizes
P-wave arrival times from a minimum of four stations to esti-
mate the epicentral latitude, longitude, and magnitude (Chung
et al., 2019). For crustal (depth <∼20 km) earthquakes in densely
instrumented parts of the ShakeAlert network, this first alert is
typically published within about 4–6 s after the earthquake origin
time (Lux et al., 2024). After the Ridgecrest earthquakes, the
EPIC magnitude estimation algorithm was updated to use a
weighting scheme that gives preference to the stations with
the longest duration of P waveform available (Lux et al.,
2024). In the initial detection, this approach can result in one
or two of the four stations having significantly higher weights
than the remaining 2 or 3. This change was made to mimic
the fundamental properties of P waves, which are proportional
to the earthquake’s moment-rate history. In addition, it allows
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Figure 4. (a) Current seismic and (b) geodetic station distributions being utilized by the production system as of May
2024. All geodetic data flow to Central Washington University for processing. Seismic data flows to one of four
processing centers at Caltech, U.S. Geological Survey (USGS), UC Berkeley or the University of Washington for initial
processing by algorithms that precede EPIC and FinDer in the analysis chain. See Data and Resources for the seismic
and geodetic network descriptions and references. The color version of this figure is available only in the electronic
edition.
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the initial magnitude estimate to grow more quickly in large
earthquakes for which combining stations with ∼4 s of data with
stations that have less than a second of available data would oth-
erwise bias the magnitude estimates to low values, as was the case
with ShakeAlert V2 during the Ridgecrest mainshocks (Chung
et al., 2020). In addition, the EPICmagnitude was constrained to
be less thanM 7.5 due to the 4–5 s limit on available P-wave data
(Trugman et al., 2019), whereas EPIC had been coded to allow
magnitude estimates up to 10.0 in V2.

The new EPIC weighting scheme increases the sensitivity to
stations with unusually large P-wave displacements for their
magnitude and to the effect of mislocation in the initial epi-
center estimate, which affects the magnitude calculation.
The weighting change combined with the inherent scatter in
early magnitude estimates has been shown in testing to lead
to systematic overestimates. Figure 5 shows the net positive
bias in the peak magnitude estimate for V3 with the West
Coast test suite and recent real-time results in California
(see Fig. S2 for Japanese event test results). Although the
DM estimates often eventually converge to a value closer to
the ANSS catalog magnitude as more data become available,
the peak magnitude estimate still controls the alert area. To
counteract this effect to some degree, ShakeAlert coupled
the adoption of the new EPIC magnitude weighting scheme
with the introduction of an alert pause procedure defined
by a pause radius and pause time that limit the geographic
extent of the initial alerts. For V3, the pause radius is set to
100 km and the pause time is set to 5 s. These values were
chosen based on real-time system performance in 2021 and
2022 and may need to be revisited in the future. For the first
alert and up to 5 s after the initial alert, the EqInfo2GMmodule
will restrict any of the published contour products or map
product grid cells to not have a radius larger than 100 km from
the epicenter or finite-fault estimate (if available). After the 5 s
mark is reached, the ground-motion products corresponding
to the most recent alert update are sent out to their full spatial

extent, and any additional alert updates will not have restric-
tions on their spatial extents. Although ShakeAlert data prod-
ucts have always been defined as providing the best estimate of
median expected ground motions in a given region (Given
et al., 2014, 2018; Thakoor et al., 2019), it is recognized that
uncertainties in the source parameters and the derived
ground-motion estimates are much higher in the initial solu-
tions (ShakeAlert messages), yet for locations near the epicen-
ter we must publish alerts quickly if they are to be useful. The
alert pause logic is effectively a compromise between speed and
accuracy. As a result of this strategy and the bias in peak mag-
nitudes, it is more likely for the ShakeAlert system to produce
overestimates of expected shaking inside the pause radius than
outside it because there are more data available to improve
shaking estimates after the 5 s have elapsed.

The pause radius limited alert distribution during several
recent moderate earthquakes, including the 2023 M 5.1 Ojai,
California, the 2023 M 5.5 Prattville, California, and 2024
M 4.8 El Centro, California, earthquakes, correctly reducing
the amount of over-alerting in highly populated areas. In these
cases, EPIC’s initial magnitude estimate was produced with a
small number of stations and in some cases suboptimal station
geometry due to mountainous areas and incomplete station
build-out. For the 11 May 2023 Prattville earthquake, the first
magnitude estimate from the SA wasM 6.4, but by 5 s after the
first alert, the magnitude estimate had been reduced to M 5.5.
Similarly, in the 20 August 2023 Ojai earthquake, the first
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Figure 5. (a) Peak DM magnitude for offline replays of the West Coast
test suite with V3. For earthquakes with maximum DM magnitudes
between 4.5 and 6.0, the median positive bias in the maximum estimated
magnitude is 0.41 units. (b) Peak DM magnitude for real-time results for
earthquakes in California between 1 January 2022 and 26 February 2024
using various versions of the ShakeAlert system with the maximum mag-
nitude above M 4.5. The median positive bias in the maximum estimated
magnitude is 0.4 units.
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magnitude estimate was M 6.0, but by 5 s later the magnitude
estimate had been reduced to M 5.7 (Lux et al., 2024). In the
Prattville case, the alert pause preventedWEAs from being sent
to Sacramento unnecessarily. In the Ojai case, the alert pause
prevented MMI 3 cell phone application alerts from being sent
to San Diego, Fresno, and Salinas (Fig. 6a). In addition, MMI 4
alerts were prevented to the eastern half of Los Angeles.
Similarly, for the 12 February 2024 M 4.8 El Centro earth-
quake, the initial SA/DM magnitude was M 5.8, which was
reduced to M 5.5 by the 5 s mark. Without the alert pause,
the initial MMI 3 alerts would have reached Los Angeles,
whereas the MMI 4 alerts would have reached San Diego
(Fig. 6b). The current values of the pause parameters of 5 s
and 100 km were chosen to prevent this type of over alerting
in moderate earthquakes without preventing usable warning
times at epicentral distances beyond the pause radius during
large events. This feature has reduced overalerting for moder-
ate earthquakes that result from the small amount of data used
in the initial earthquake location and magnitude estimates.

Algorithm association
In most moderate earthquakes, the SA receives updated
location and magnitude estimates from both EPIC and
FinDer during the pause time, for example, the first 5 s after
publishing the first ShakeAlert message. A key improvement of
V3 is the criteria used for associating the two algorithms with
the same event. In V2, an EPIC event and a FinDer event
would be associated if their locations were within 100 km
and their origin times were within 30 s (Kohler et al., 2020).
Although this worked well in general, there were problems
with “split events,” often in regions of sparse station coverage
(Lux et al., 2024) or with multiple earthquakes that were close
in time (Böse, Andrews, O’Rourke, et al., 2023). To overcome
this, the association algorithm was modified starting in V.2.2.0
to be based on matching the station set that was part of each
algorithm’s initial detection (see Table S1). Currently, algo-
rithms report either the eight (EPIC) or six (FinDer) stations
with the highest amplitude signals (PGA and PGV). The two

events are associated together if they each have at least three
stations within 50 km of a station used by the other algorithm
and peak ground-motion times within 60 s of the times from a
station used by the other algorithm. In offline testing, this
modification improved the EPIC and FinDer associations
for earthquakes outside the station network, such as in
northern Mexico or offshore northern California where the
distance between the FinDer line-source and the EPIC
point-source locations can be large. Finally, the GFAST-PGD
algorithm is initiated by listening to the SA messages and
does not contribute its magnitude estimate unless there is
an SA event with a magnitude estimate of 6.0 or larger and
GFAST-PGD’s magnitude estimate is at least 7.0. Thus,
GFAST-PGD is always associated with an existing event that
was initiated by one of EPIC or FinDer.

Ground-motion prediction
The eqInfo2GM module takes the point- and line-source
parameters from the SA and produces estimates of the median

Figure 6. (a) Effect of the alert pause in the 20 August 2023 M 5.1 Ojai,
California, earthquake. Contour products are shown for the M 6.0 first alert
produced by the real-time system, the fourth alert (∼6 s after the first alert
and M 5.6), which produced the largest alert areas. The MMI 3 and 4
contours for the first alert are coincident at 100 km radius as constrained.
Also shown are the contours that would have resulted from the M 6.0 first
alert if the pause radius was not implemented (the largest area polygons).
Without the alert pause approach, additional MMI 3 alerts would have been
sent to San Diego, Fresno, and Salinas (e.g., the region between contour 3B
and 3C). Similarly, additional MMI 4 alerts would have been sent to the
eastern half of Los Angeles and Santa Barbara (e.g., the region between
contours 4B and 4C). (b) Effect of the alert pause in the 12 February 2024 M
4.8 El Centro earthquake. The first alert (a) was M 5.8 at 5 s after origin
time causing the MMI 3 and 4 contours (3A and 4A) to overlap at a 100 km
radius, after the pause time expired an M 5.6 alert (b) was released. If the
first alert had been released, cell phone app alerts would have gone to Los
Angeles and Riverside, California (region between contours 3B and 3C).
Similarly, WEAs would have gone to the suburbs of San Diego (region
between contours 4A and 4C). The color version of this figure is available
only in the electronic edition.
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PGA, PGV, and MMI measures of free-field ground shaking at
a given distance (Thakoor et al., 2019). In V3, the PGA and
PGV values are calculated using the ground-motion-prediction
equations (GMPEs) of the Next Generation Attenuation
(NGA) model from Boore and Atkinson (2008), Chiou and
Youngs (2008), and Atkinson and Boore (2011). These are
converted to MMI using the ground-motion-to-intensity con-
version equations (GMICEs) of Worden et al. (2012) as imple-
mented in the USGS ShakeMap product (Wald et al., 2022).
ShakeAlert is also testing the average of the more recent
NGA-West2 models (Bozorgnia et al., 2014), but they are
not in production yet (Saunders et al., 2024). The combination
of the GMPEs and GMICE leads to a growth of the contour
product radius with distance (Fig. S3) that typically corre-
sponds to a growth in alert area with time during the rupture
of a large earthquake (Fig. 7). The MMI 3 contour product is
currently defined as the distance at which the median expected
shaking is MMI 2.5 using the above GMPEs and GMICE such
that it encloses the region where shaking is expected to be MMI
3 and above (Given et al., 2018). Similar definitions are used
for the higher MMI contour products (e.g., MMI 4 contour is
the distance to median MMI 3.5, etc.), see Saunders et al.
(2024) for a discussion of the grid and contour calculations.
Recorded ground motions vary significantly over short distan-
ces due to local sites and other effects. ShakeAlert does not
currently attempt to estimate those at any scale finer than
the 0.2° × 0.2° (e.g., ∼20 km by 20 km) map product. Thus,
the predicted ground motions are treated as the median
expected shaking in a zone of roughly that size (Given
et al., 2018; Thakoor et al., 2019).

Several improvements to the eqInfo2GM module have been
made between V2 and V3, including the switch to using lookup
tables for the ground motions from a given magnitude and dis-
tance combination to increase the computational speed in large
earthquakes. Second, there is now logic to ensure the MMI
contours remain properly nested in large earthquakes. This
was needed because the alert distances for different MMI con-
tours are calculated from the epicenter if the distance is more
than four times the line-source length but are calculated rel-
ative to the line source for higher MMI values closer in.
Without this improvement, the contours could intersect if
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Figure 7. Examples of the temporal evolution of ShakeAlert contour products
as the magnitude estimate grows with time during the rupture are shown
from an offline replay (with no data delivery latencies included) of V3.0.1 of
ShakeAlert for the 2019 M 7.1 Ridgecrest earthquake. The MMI 3, 4, 5, and
6 contours are labeled and colored according to the color bar. (a–c) The
evolution of the ShakeAlert MMI estimate polygons corresponds to (a) the
initial detection at 5 s after the earthquake begins, (b) the moderate–large
earthquake stage at 10 s, and (c) the large earthquake stage at 15 s. Each
map shows several of the contour product polygons for different MMI levels
and the Automated National Seismic System (ANSS) epicenter as a star. In
panel (a), the MMI 3 and 4 contour products plot on top of each other at the
100 km pause radius distance, and the MMI 5 contour product is barely
visible. In panel (b), the MMI 3, 4, and 5 contour products are visible. In
panel (c), the MMI 4, 5, 6, and 7 contour products are visible and the MMI
5–7 polygons are visibly elongated along the fault direction as estimated by
the FinDer line source. The MMI 3 polygon in panel (c) is mostly beyond the
scale of the map. Currently alerts would only be delivered to users in the
State of California for this earthquake even though the polygons extend into
Nevada. The color version of this figure is available only in the electronic
edition.
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the line source and epicenter estimates have significant offsets,
which sometimes occurs for out-of-network earthquakes. In
addition, the DM now allows alerting if a contour/grid cell
overlaps the ShakeAlert reporting area (e.g., within the boun-
daries of California, Oregon, and Washington) even if the
earthquake epicenter estimate is outside that region.

Starting with V.2.2.0, two new metrics were added to test
the key goals of ShakeAlert performance. The first, termed
metric 1 (M1), tracks the fraction of locations that observed
strong shaking (MMI ≥ 5.5) that receive at least 10 s of warning
time in offline tests (see Table 2). This metric would of course
be maximized by alerting to huge distances at small-magnitude
levels, which would be incompatible with ShakeAlert system
goals of accurate ground-motion prediction across the alerting
range and would be unrealistic for a public EEW system. Such
a high degree of over-alerting is expected to have negative con-
sequences such as “alert fatigue” (Ripberger et al., 2015), but
those consequences in an EEW context are not yet well under-
stood. To track and help limit over-alerting, a second metric
focused on the most widespread delivery mechanism WEAs is
calculated; it is defined as the fraction of MMI 4 contour alerts
that arrive before various levels (e.g., MMItw) of weak-to-mod-
erate shaking. Metric 2 (M2) is less directly interpretable than
metric 1. M1 is based on injuries occurring at MMI 5.5+ by
Peek-Asa et al. (2000), but which value(s) of MMItw is most
important for evaluating alert performance is a matter of cur-
rent research. Hence, metric 2 is evaluated at a variety of
MMItw levels. It very roughly characterizes the fraction of
WEAs that could arrive before moderate shaking with low
M2 values indicating a high fraction of ShakeAlert-powered
WEA alerts were issued to locations with peak ground motions
lower than MMItw. An unskilled algorithm that simply over-
alerted to a wide area would increase M1 but decrease M2. In
each software test, the candidate algorithm should increase M1

in at least some key category without making M2 values sig-
nificantly lower. The values of these metrics for the V.3.0.1 test
are given in Table 2 for the most widely used thresholds.

Both metrics are calculated using seismograms from all
available ANSS network seismic stations in the STP test suite
following the definitions from Meier (2017) and Chung et al.
(2020). This calculation is necessary because the time that
MMItw is exceeded is not a simple function of epicentral dis-
tance, and the variations (e.g., ∼5–20 s) can be on the order of
the metrics used to evaluate ShakeAlert.

Moderate earthquakes
A key aspect of improvement in ShakeAlert V3 is the logic
governing the transition from the initial EPIC point-source
solution to the combined solution for moderate-to-large earth-
quakes that involves both the EPIC magnitude estimate and
the FinDer finite-fault line source and associated magnitude
estimate. For large earthquakes, the first magnitude estimate
produced by EPIC is typically already in the moderate-magni-
tude range betweenM 5.5 and 6.0 and usually rises aboveM 6.0
within 1–3 s after the first alert (Table 2). A key aspect of the
SA is to switch from using a weighted average for magnitudes
<6.0 to using only the FinDer magnitude estimate if it is above
6.0 and larger than EPIC’s magnitude estimate. The weighted
average typically favors the EPIC estimate because its uncer-
tainty decreases with the number of stations observed
(Chung et al., 2019), whereas FinDer’s magnitude uncertainty
is currently fixed at 0.5 units (Böse, Andrews, Hartog, and
Felizardo, 2023). The V3 approach is consistent with EPIC
using only the first 4 s of P-wave data, whereas FinDer can
continue to ingest new data with increased ground motions
for tens of seconds during an evolving rupture. In addition,
once FinDer reachesM 6.0, the line-source estimate is included
in the distance parameter used in the predicted ground-motion

TABLE 2
Warning Time Metrics for the V3.0.1 System Testing Platform (STP) Test

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

M1 is the percentage of sites with peak shaking of modified Mercalli intensity (MMI) 5.5 or larger that received at least 10 s of warning before MMI 5.5 shaking began in offline
testing. The metrics are tabulated separately for the West Coast, Japan crustal, and Japan subduction zone portions of the test suite and separately for the contour and map
products and for the MMIalert levels that define theMMI 3, 4, and 5 contour products (e.g., 2.5, 3.5, and 4.5). M2 is the percentage of sites alerted for MMIalert � 3:5 shakings that
received 10 s of warning before various values of observed (MMItw) shaking. The M2 values correspond to the Wireless Emergency Alert (WEA) delivery mechanisms that are very
widely distributed and reach all cellular phones.
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calculation, which results in expanded alert areas compared to
a point source (Thakoor et al., 2019). This key transition typ-
ically happens within the first few seconds after the first
ShakeAlert message is published (Table 3) and allows V3 to
track the evolution of a growing rupture more rapidly.

The current SA logic is flexible enough to accommodate
multiple types of behavior seen in ShakeAlert. A counter-
example to the expected behavior described earlier comes from
the 2022 M 6.4 Ferndale earthquake (Lux et al., 2024). The
initial ShakeAlert message was published using the EPIC mag-
nitude estimate,M 5.6, at 7.5 s after origin time, but by 12 s the
SA magnitude had reached M 6.2. In this case, the growth in
the magnitude estimate was driven largely by EPIC, which
peaked at M 6.7, whereas FinDer lagged before eventually set-
tling atM 6.2 (Fig. 8). In this case, the weighted combination of
the two was used for all ShakeAlert message updates and the
SA magnitude peaked at M 6.6 about 17 s after origin time.
Figure 8e shows the amount of waveform data available at
the initial alert, which is very limited, and the first few seconds
after the first alert (in this case from 7 to 12 s after origin) is
when the magnitude estimate rapidly evolved. The difference
in the time history of the magnitude estimates between FinDer
and EPIC in this case likely results from the depth of the rup-
ture, which began at about 18 km in the crust of the subducted
Gorda plate (Shelly et al., 2024). One of the largest ground
velocities (∼45 cm/s) in this earthquake was observed at station
BK.DMOR located over 43 km from the epicenter and was
likely due to a combination of the earthquake’s depth and rup-
ture directivity. As a result, the location with the highest PGV
received 12 s of warning time between when the MMI 3 and 4
contour products were published and when they reached MMI
5.5 shaking (Fig. 8, see Lux et al., 2024, for a detailed descrip-
tion). As described by Lux et al. (2024), warning times before
strong shaking ranged from 0 to 12 s for locations that received
MMI 8 shaking, 0 to 17 s for MMI 7 sites, and 0 to 23 s for
MMI 6 sites. This range of outcomes is to be expected as

warning times grow rapidly with the distance from the epicen-
ter (Fig. 8f). A key point in EEW is that while there may always
be a late-alert zone where alerts could be delivered to end users
after strong shaking has arrived, that zone will often not be
spatially coincident with the zone of strongest shaking in large
earthquakes. Even for moderate earthquakes like Ferndale, it is
possible to provide timely and useful ShakeAlert-powered alert
deliveries to the region of peak shaking.

Another key feature of V3 is that FinDer can alert without
EPIC if its magnitude estimate is above M 5.5 and the SA can-
not associate it with a current EPIC event. This change was
made to improve ShakeAlert’s resilience during highly active
swarms, aftershock sequences, and other complex event sce-
narios. Version 2 had difficulty in such scenarios as occasion-
ally EPIC cannot properly associate triggers when multiple
earthquakes happen in quick succession (Böse, Andrews,
O’Rourke, et al., 2023). The M 5.5 threshold for this feature
was determined based on the range of where FinDer’s magni-
tude estimates become most reliable. It has been activated at
least once in real-time for the 12 February 2024 M 4.6 earth-
quake in El Centro California (a different event from the one in
Fig. 6). For this event, FinDer produced an M 4.9 alert at 8.2 s
after the origin time and the magnitude estimate eventually
peaked at M 5.5.

Large earthquakes
Earthquakes with magnitudes larger than 6.5 will typically
require a handoff from the initial EPIC point-source param-
eters to the FinDer line-source model that characterizes the
fault location and the continued magnitude growth. One of
the best examples of this in the test suite is the 2016
M 7.1 Kumamoto earthquake. Figure 9 shows the contour
products at 4.9, 10.1, 21, and 40 s after origin time along with
the FinDer line-source estimates. For this earthquake, the first
alert is already quite large, M 6.4, but it is only a point source
from EPIC. M 6.4 is large enough for the MMI 3 and 4

TABLE 3
First ShakeAlert Magnitude and Update Above M 6.0 in Offline Replays of V3 for Large Crustal Earthquakes in Well-Instrumented
Regions, for Example, That Do Not Include Data Transmission Latencies

Earthquake Catalog Magnitude DM First ShakeAlert Message DM Update to M 6.0+

2019 Ridgecrest 7.1 M 5.7 at 6 s M 6.3 at 8 s
2018 Anchorage 7.1 M 4.8 at 9 s M 6.0 at 14 s
2016 Kumamoto 7.1 M 5.3 at 5 s M 6.1 at 6 s
2008 Iwate 6.8 M 7.1 at 6 s M 6.4 at 8 s
2000 Tottori 6.7 M 5.4 at 4 s M 6.1 at 7 s
2011 Fukushima 6.6 M 6.4 at 5 s M 6.2 at 8 s
2011 Ferndale* 6.4 M 5.6 at 8 s M 6.2 at 12 s
2019 Ridgecrest 6.4 M 5.9 at 7 s M 6.0 at 9 s
2021 Petrolia 5.7–6.2 M 5.0 at 9 s M 6.0 at 13 s
2014 South Napa 6.0 M 5.9 at 5 s M 6.0 at 6 s

DM, decision module.
*Earthquakes denote real-time results from the ShakeAlert system after the EPIC magnitude weighting scheme was upgraded. Times are given in seconds after the earthquake’s
origin time.
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contours to be held at the pause radius. By 10 s the magnitude
estimate has increased slightly to M 6.5, and the contours
are released to their full distances (Fig. 9b,e). Notably at
10 s, the FinDer line source is contributing to the shape of
the MMI 6 contour. By 21 s both the MMI 5 and 6 contours
are highly affected by the line source and the MMI 5 contour
includes almost all the locations that eventually experience
MMI 6 shaking. Although the MMI 3, 4, and 5 contour prod-
ucts succeed at alerting almost all the locations in danger of
strong shaking, the difference between the warning times
from the MMI 4 and 5 contour products is significant and
can be seen in the difference between Figure 10c and f.
Although the MMI 4 contour product achieves 20–40 s of
warning for some MMI 6 locations, the MMI 5 contour peaks
at about 15–20 s. For this earthquake, only EPIC and FinDer
contribute to the magnitude estimates because GFAST-PGD
peaks just below theM 7.0 threshold (Murray et al., 2023a) at
which it contributes to the current system configuration.
Overall, the intense shaking from this earthquake is accu-
rately captured by the EPIC and FinDer algorithms, and
the transition from a point-source- to a line-source-based
estimate occurs rapidly. Although the late-alert zone is clear

near the epicenter, warning times quickly increase to usable
levels within about 30 km of the epicenter and are effective
enough to allow useful warning times (>10 s) at most loca-
tions that experienced strong or greater shaking.
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Figure 8. Real-time results from the 2022 M 6.4 Ferndale earthquake.
(a–c) Maps of the first ShakeAlert contour message, the sixth update,
and the tenth update, respectively. The MMI 3, 4, and 5 contour products are
shown with the MMI color scale. In panels (a) and (b), the MMI 3 and 4
contours are coincident due to the pause radius. In panel (c), the MMI 3 and 4
contours are beyond the edge of the map. The EPIC epicenter and FinDer
line-source estimates are shown with red stars and lines, respectively.
(d) Magnitude estimates as a function of time from the production system for
the EPIC, FinDer, and DM algorithms. (e) Examples of horizontal-component
seismograms for high-amplitude stations. Each station shows the north–south
component of ground velocity and is labeled with its station code and peak
velocity. (f) Map of the epicenter (star) and station locations (diamonds). The
light gray lines denote major roadways. Each station is labeled with its peak
MMI value and warning time (e.g., 07:17 s means peak MMI of 7 and 17 s
maximum warning time without delivery latency). The color scale of the
diamonds denotes the warning time for the MMI 4 contour product before
MMI 5.5 shaking began. Contours show regions of different MMI levels and
are colored according to the usual ShakeMap color table for MMI. The color
version of this figure is available only in the electronic edition.
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Great earthquakes
Great earthquakes are particularly challenging both scientifi-
cally and technically for an EEW system that attempts to accu-
rately predict ground shaking. Because the rupture can last
from tens of seconds in an M 8 to a few minutes in an M 9,
the system must continue to deliver data despite any impacts
on instruments and/or telemetry systems, and its algorithms
must characterize the evolution of the expected shaking over
those timescales. For instance, in simulations of M 9 earth-
quakes in Cascadia, ShakeAlert must continue to update for
three or more minutes to produce MMI 5 contour product
alerts in inland cities like Seattle (McGuire et al., 2021;
Thompson et al., 2023). Moreover, most M 9s occur offshore
in subduction zone settings where traditional seismic data are
usually not available near the fault in real-time. Particularly in
these situations, real-time geodetic data from onshore GNSS
networks can be critical for tracking the growth in magnitude
and rupture area during great earthquakes (Crowell, 2024).
ShakeAlert V3 addresses these challenges in part by adding
the GFAST-PGD algorithm, which performs very well for
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Figure 9. Progression of the MMI 4, 5, and 6 contour products during an
offline simulation of the 2016 M 7.1 Kumamoto earthquake (star denotes
the ANSS epicenter estimate). (a–c) Warning times before MMI 6 shaking
from the MMI 4 contour product at individual stations (diamonds). Only the
seismic stations that had peak shaking of MMI 6 or higher are shown. The
warning time color scale is the same in all panels. Each panel shows the
MMI 4 (light blue), MMI 5 (green), and MMI 6 (yellow) contour products.
Each panel is labeled with the seconds after origin time that the DM
published the ShakeAlert Message and the associated magnitude estimate.
(d–f) Similarly warning times before MMI 6 shaking from the MMI 5 contour
product at individual seismic stations (diamonds). For each panel, only the
stations that have been alerted by that contour product at that time are
shown. The first alert (panels a and d) is for a point source as estimated by
EPIC. The later alerts at 10.1 s (panels b and e), 21 s (panel c), and 40 s
(panel f) show the solution aggregator (SA) combination of EPIC and FinDer.
Because these three estimates are above magnitude 6.0, they include
the effect of the FinDer line source (shown as a purple line). Although the
MMI 5 contour product for the largest alert is sufficient to contain all the
MMI 6+ sites, its slower expansion results in reduced warning times
compared to those for the MMI 4 contour product (e.g., the difference
between panels c and f). The color version of this figure is available only in
the electronic edition.
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well-recorded great earth-
quakes in subduction zones
as well as large onshore
strike-slip ruptures (Crowell
et al., 2018; Murray et al.,
2023a). GFAST-PGD uses the
epicenter location from the
SA and contributes only a
magnitude estimate based on
GNSS data to the SA.
Currently, the greatest chal-
lenge with this algorithm
results from the high levels of
noise, particularly outliers, in
real-time processed position
streams (Murray et al., 2023a).
Moreover, we do not know if
the FinDer or the GFAST-
PGD algorithm will operate
more quickly in a given large
rupture due to the station dis-
tributions or which of the seis-
mic and geodetic data streams
is more prone to outages on
the timescales of minutes dur-
ing a great earthquake. The SA
strategy described earlier is
designed to let either algorithm
expand the alerting polygons
as new information arrives.
In particular, the FinDer line
source can continue to grow
and expand the polygons even
if the weighted average of the
FinDer and GFAST-PGD mag-
nitudes does not produce a
sufficient change for an alert
update. In addition, the handoff
between algorithms must be
flexible to account for rapid
increases in either GFAST-
PGD or FinDer magnitude esti-
mates without holding back the
SA to wait for the other algo-
rithm. As a result, the magni-
tude error estimates from
FinDer and GFAST-PGD are
very important in the evolution
of the alerts in a great earth-
quake. GFAST-PGD assigns
uncertainties to its magnitude
estimates using an empirically
derived relationship involving
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Figure 10. Evolution of the magnitude estimates and alerting polygons for an offline replay of V3 for the 2003 M 8.3
Tokachi-Oki megathrust subduction earthquake. (a) The black, blue, magenta, and red curves show the magnitude
estimate evolution from the EPIC, FinDer, GFAST, and SA/DM algorithms, respectively. The gray diamonds denote
the nine alerts shown in panels (b) to (j). (b–j) Each panel shows the MMI 3, 4, and 5 contour product polygons
colored according to the MMI scale and the ANSS epicenter estimate (gray star). Each panel is labeled with the
number of seconds after the origin time that the DM published the ShakeAlert message (e.g., T = 25 is 25 seconds
after the origin). In panels (b) and (c), the MMI 3 and 4 polygons are coincident due to the alert pause and the MMI
3 polygon is completely beyond the bounds of the map in panels (h) and (i). Each small diamond in panels B-J
denotes the location of a seismic station used in the simulation and the color denotes the peak MMI value it has
reached by that alert’s time since origin. The MMI 5 contour is elongated in the along-strike direction because of the
FinDer line source estimate. The MMI 5 contour is also slightly offset relative to the MMI 4 contour because the line
source estimate is located onshore. The color version of this figure is available only in the electronic edition.
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the magnitude estimate and time since the earthquake origin
time; this approach accounts for typical GNSS time-series noise
which grows with time (Murray et al., 2023a). FinDer provides
an estimate of the stability of the parameters of its line-source
model by varying the rupture length and strike and determining
the corresponding correlation and misfit values while keeping
the centroid location fixed (Böse, Andrews, Hartog, and
Felizardo, 2023). However, a full assessment of the uncertainty
is time consuming and probably not suitable for EEW applica-
tions. It was therefore decided to set the magnitude uncertainty
for FinDer in ShakeAlert to a default value of 0.5 magnitude
units (m.u.).

Figure 10 shows the interactions between the four algo-
rithms for a replay of the 2003 M 8.3 Tokachi-Oki megathrust
earthquake. This event began ∼40 km offshore at a depth of
∼30 km. The first alert from EPIC is significantly larger (M
6.7) than for FinDer (M 4.4) due to the low PGA amplitude
of the first P-wave arrivals onshore (Fig. 10b). In addition,
for offshore earthquakes, FinDer typically produces an onshore
line source with a lower-magnitude estimate than the true
magnitude but fairly accurate ground-motion predictions
(Böse, Andrews, Hartog, and Felizardo, 2023). The initial mag-
nitude growth, while weighted toward EPIC, is slow from 20 to
30 s after origin time. At about 32 s, the first PGD magnitude
estimate is available (M 7.6) which causes a rapid growth in the
SA/DMmagnitude estimate. Although the magnitude estimate
is quite large by ∼40 s (Fig. 10g), there is still considerable
growth in the MMI 5 contour product polygon between 44
and 90 s after the origin time due to the growth in the
FinDer line source. The net result is that all three algorithms
contribute at some point during the rupture to expanding the
alert polygons. Figure 10 demonstrates that the MMI 3 and 4
contour products expand much faster than the observed shak-
ing allowing for considerable warning times (discussed sub-
sequently). The expansion of the MMI 5 contour product
polygon is significantly slower, but it still outpaces the expan-
sion of the zone of strong (MMI 6) shaking at onshore
locations.

WARNING TIME PERFORMANCE
Figure 11 shows the warning time performance in offline sim-
ulations of three well-recorded earthquakes, the 2019 M 7.1
Ridgecrest, 2016 M 7.1 Kumamoto, and 2003 M 8.3
Tokachi-Oki discussed before. It focuses on the warning times
for sites that experienced shaking of MMI 5.5 or larger using
the MMI 4 contour product. For the shallow crustal earth-
quakes, positive warning times are possible starting about
30 km from the epicenter leading to a small number of
MMI 8–9 sites having warning times of ∼5–10 s. The dense
station spacing in the Kumamoto dataset demonstrates that
it is possible to get 10 + s of warning for the majority of
MMI 7 locations and 95% of MMI 6 locations (Fig. 11h).
The effect of the pause radius is clearly visible for both

Ridgecrest and Kumamoto (Fig. 11d,e) and reduced warning
times at large distances by the pause time (5 s). However, at
these distances, MMI 6 is not reached until the S-wave arrives
and hence the warning times still exceed ∼20 s or more before
strong shaking. For these earthquakes, the magnitude estimates
increase rapidly and capture much of the possible warning
times at strong shaking sites using the MMI 4 contour product.
However, the performance is significantly downgraded using
the MMI 5 contour product (see Fig. S4). The difference results
in a significant drop in the fraction of sites with 10 s or more of
warning for M 6–7 crustal earthquakes like the 2022 Ferndale
or 2016 Kumamoto examples.

Figures 8, 9, 11, and Figure S4 demonstrate that there is a
considerable range in warning time outcomes even for sites at
the same shaking level in a given earthquake. The expected per-
formance of ShakeAlert is best described as ranges of possible
warning times at different shaking levels for different classes of
earthquakes, such as M 6–7 crustal earthquakes or M 8–9 off-
shore megathrust earthquakes. Similarly, describing expected
performance requires specifying the product being discussed
as the results can be quite different (Fig. S4). This range of out-
comes results from many factors, but a key one is that shaking
is often amplified at significant distances in certain locations
by a combination of rupture directivity, path, and site effects.
For instance, the 40+ s of warning for an MMI 9 site in the
Tokachi-Oki earthquake (Fig. 11i) results from a site located
over 120 km from the epicenter. What is remarkable about that
result is that there are numerous locations between the epicen-
ter and the MMI 9 site that only experienced MMI 6–8 shak-
ing, and the rupture directivity was directed away from these
locations. Many of EEW’s greatest successes will come from
cases like these where local site amplification effects create
damaging shaking at larger than average distances.

Estimating site response is a key part of ground-motion
modeling in seismic hazard estimation (e.g., Rathje et al.,
2015; Stewart et al., 2017) and incorporating it in ShakeAlert
will help improve timely and accurate alert delivery for loca-
tions with amplified shaking that might not otherwise be
alerted based on the constant site condition assumed in the
contour product, or the ergodic model assumed in the map
product. Most of our licensed operators use the contour prod-
uct. Within ShakeAlert, the map product has always had a spa-
tially variable value of the average shear-wave velocity in the
upper 30 m (VS30) used to estimate ergodic amplification
effects (Boore and Atkinson, 2008; Chiou and Youngs, 2008;
Atkinson and Boore, 2011; Thakoor et al., 2019). The VS30 val-
ues are a down-sampled, 0.2° × 0.2°, version of the model used
in ShakeMap (Heath et al., 2020; Thompson, 2022). To
improve on this, V3.0.1 has implemented the nonergodic
site-response model for southern California developed by
Parker and Baltay (2022). The original model was developed
relative to the NGA-West2 by Boore et al. (2014) ground-
motion model (GMM), but it has been calibrated for use with
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Figure 11. Warning time performance of V3 in offline testing of the (a,d,g)
2019 M 7.1 Ridgecrest, (b,e,h) 2016 M 7.1 Kumamoto, and (c,f,i) 2003
M 8.3 Tokachi-Oki earthquakes. All results are for the MMI 4 contour
product from offline testing without data or delivery latencies. (a–c) The
warning times between when the MMI 4 contour product is published for
that location and when that seismic station recorded MMI 5.5 (diamonds).
The gray stars denote the earthquake epicenter. (d–f) The temporal evo-
lution of shaking at each seismic station relative to the time that location
was first within the MMI 4 contour product in a ShakeAlert message. Each
station is represented as a vertical series of circles that are colored by MMI
level from 2 up through the highest MMI level reached at that location. The
colors are denoted by the bar adjacent to panel (i). In general, warning times
increase with distance from the hypocenter, but this is not monotonic
because of the pause radius and the temporal evolution of magnitude
estimates during the growing rupture. For some earthquakes, the warning

times can be shorter at large distances (e.g., panels d and e at ∼250 km)
due to the temporal history of the predicted ground motions. (g–i)
Cumulative distributions of warning times for groups of stations binned by
their peak MMI level. All the stations with a peak shaking between MMI 5.5
and 6.5 are shown as yellow lines with the y-axis indicating the fraction of
those stations that achieved the value of warning time along the x-axis. Only
seismic stations that recorded MMI 5.5 or larger shaking are shown in the
solid lines. The dashed lines for lower MMI locations are based on theo-
retical S-wave arrival times (see Chung et al., 2020). In general, the higher
the peak shaking level, the lower the average warning time but this is not a
hard rule as there is considerable overlap in the range of warning times for
the different bins of peak shaking (e.g., the MMI 6, 7, 8, and 9 bins all have
locations with 40 s of warning time in panel i). The color version of this
figure is available only in the electronic edition.
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the NGA GMM currently used in V.3.0.1. Offline tests of the
Parker and Baltay (2022) model demonstrated that it improved
both alert accuracy and warning times for moderate-to-large
earthquakes in southern California (Lin et al., 2023). In par-
ticular, the model produces significant increases in the esti-
mated PGV values, and hence MMI values, in areas like
downtown Los Angeles (Lin et al., 2023). The difference in pre-
dicted MMIs at a ShakeAlert grid point can be as large as about
1 MMI unit but are typically a fraction of an MMI unit. At sites
with significant amplification, these differences can increase
warning times by 15–20 s in some extreme cases (Lin et al.,
2023). Figure 12 shows the difference between the contour
and grid products for a replay of the M 7.1 Ridgecrest main-
shock at the MMIalert � 3:5 level that is used for WEAs. The
predicted MMI values from the map product incorporating the
Parker and Baltay (2022) model are generally higher than the
contour as expected because the contour values are not inter-
polated between products (e.g., only 2.5, 3.5, and 4.5 are
assigned to any location). However, some locations do produce
lower shaking estimates using the site-response model com-
pared to the contour product. Overall, the map product pro-
duces more accurate estimates both in terms of the median
residual and the variance of the residuals. The largest
differences between the contour and map product at a given
location are in the 1–1.5 MMI unit range (Fig. 12c). These
are large enough in certain cases to imply different alerting
areas between ShakeAlert delivery mechanisms using one
product versus the other. The amplified shaking estimates pro-
duce earlier alerts for some combinations of location and
MMIalert, which can increase warning times by as much as
10 s. In addition, there are some regions where warning times
can decrease relative to the contour product. The site-response
model has its largest impact in the highly populated Los
Angeles basin and hence could lead to improved alert perfor-
mance for many users.

Summary of warning time results for Japan and the
West Coast
The performance seen in Figure 11 is one of the best cases for
each of the three subsets of the test suite because they are
among the largest earthquakes in each and hence have strong
shaking spread out over large areas enabling the potential for
large warning times. Collectively, the test suites contain 238,
704, and 948 seismic records of strong shaking for the West
Coast, Japan crustal, and Japan subduction, respectively.
These datasets allow us to average over the considerable vari-
ability between earthquakes and at a given distance range. The
overall warning time performance for the MMI 3, 4, and 5 con-
tour products is shown in Figure 13 and similarly for the grid
product at the same MMIalert levels in Figure S5. In general,
both the MMI 3 and 4 contour products expand quickly
enough to realize most of the possible warning time and hence
there is little difference in their curves despite the MMI 3

product typically covering about a factor of 3–5 larger area
in any given alert (after the pause time has passed). In contrast,
the difference between the MMI 4 and 5 contour products is
quite substantial in the regions where potentially damaging
shaking occurs (Figs. 9, 11, and 13, Fig. S4). This is particularly
significant for onshore crustal earthquakes as the number of
locations where it is possible to achieve enough warning time
for DCHO (after including data and alert delivery latencies) is
typically less than 50% of strong shaking locations. For
instance, assuming a total of 5 s of latency for data and alert
delivery, leads to only about 25% of strong shaking sites getting
>10 s of warning from the MMI 5 contour product even in M
6–7 crustal earthquakes (Fig. 13b). The large discrepancy
between the MMI 4 and 5 contour products reflects the time
required for the rupture and hence the magnitude estimate to
grow. Figure S5 shows a comparison of how the warning times
increase with distance for two large crustal earthquakes in
Japan. This magnitude of difference was seen in real-time
results for the M 6.4 Ferndale earthquake (Fig. 8) where the
warning times without delivery latencies at MMI 7 sites ranged
from 0 to 17 s for the MMI 4 contour product but only 0–11 s
for the MMI 5 contour product. This significant difference in
warning times has been clear in both ShakeAlert real-time and
offline simulations (Chung et al., 2020; McGuire et al., 2021;
Thompson et al., 2023; Lux et al., 2024) and poses a challenge
for implementing alerting via delivery mechanisms that have
reasons to avoid alerting for mild shaking.

The significant difference in performance for the MMI 4 and
5 contour products results from the relationship between the
physical and algorithmic limits on how quickly magnitude esti-
mates can increase and the distance range where successful
warning times are possible for strong shaking. Figure 14 shows
the times at which MMI 6+ shaking began in the West Coast
and Japan crustal test suites compared to the times that MMI 4
and 5 contour product shaking estimates were issued. Within
the late-alert zone (roughly 0–30 km epicentral distance, see
Fig. 11g,h), there is considerable overlap between the MMI 4
and 5 contours, but most do not provide the 5–15 s required
for DCHO after accounting for data telemetry and alert delivery
latencies (∼2–10 s). In the zone between about 30 and 100 km,
the fraction of MMI 6+ locations where ShakeAlert can poten-
tially achieve its primary goal increases, and these locations
dominate the various warning time curves in Figure 13a,b
for times larger than 10 s. The MMI 4 contour estimates are
significantly faster for many earthquake location pairs within
this distance range which leads to most of the overall improved
performance seen in Figure 10c versus f and in Figure 14a,b.
Roughly 70% of MMI 8–10 sites in the West Coast and
Japan crustal test suites are within the late-alert zone, whereas
about 50% of MMI 6–7 sites are between the late-alert zone and
the pause radius (Fig. S6). TheMMI 4 contour product produces
the warning time results in Figure 14a,b because it is defined as
reaching that 100 km pause radius at the magnitude 5.6 level,
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which is often exceeded in the first alert for large earthquakes
(Table 3). In contrast, the MMI 5 contour product currently
does not reach the 100 km radius until about M 6.7 (Fig. S6),
which typically takes an additional 5–10 s of additional updates
after the first alert in large earthquakes. This relative ineffective-
ness at achieving ShakeAlert’s primary goal of the MMI 5 con-
tour product compared to the MMI 4 product has been borne
out by the overall performance in offline tests (Fig. 13a,b) and
real-time results (Chung et al., 2020; Lux et al., 2024) forM 6–7
crustal earthquakes.

GROUND-MOTION ACCURACY
ShakeAlert V3 uses the NGA GMPEs (e.g., Boore and Atkinson,
2008; Atkinson and Boore, 2011 in California; and Chiou and
Youngs, 2008 in the Pacific Northwest) and the Worden et al.
(2012) GMICE to produce its median shaking estimates which,
when combined with the ShakeAlert source estimates, overall
are close to unbiased albeit with considerable scatter. Figure 15
shows the range of maximum observed MMI values from the
map product compared to the MMI values computed from
the observed seismograms for the three components of the test

suite. Figure 15a–c shows the performance in 1 MMI unit bins,
and Figure 15d–f shows the aggregate across all records. There
are some differences between the three datasets, but all are close
to zero median with a 1 MMI unit standard deviation across a
wide range from MMI 2 to 7.

When the NGA GMPEs were designed there was not a lot
of data from large earthquakes at significant distances
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Figure 12. Comparison of the contour and grid (map) product MMI predictions
for the offline replay of the Ridgecrest M 7.1 including the site-response
model in the grid product. (a) The difference in peak MMI (grid−contour) at
the location of seismic stations used in the simulation. (b) Warning time
differences between the grid product and contour products (grid−contour)
using MMIalert � 3:5 in the M 7.1 Ridgecrest mainshock. Positive differences
indicate longer warning times with the grid product. (c) Comparison of peak
MMI values between the grid and contour products. (d,e) Differences between
the predicted and observed peak MMI values using the contour and grid
product, respectively. The grid product has both a lower median residual and a
smaller standard deviation (sigma) of residuals demonstrating its increased
accuracy and precision. All predicted values in panels (a,c,d,e) use the
maximum shaking predicted at a site regardless of timeliness. The color
version of this figure is available only in the electronic edition.
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(>200 km) available (Chiou et al., 2008; Power et al., 2008)
and hence these GMPEs are expected to be less accurate
beyond that 200 km range. ShakeAlert may switch to using
the NGA-West2 GMPEs or make other future improvements
to allow more accurate GM predictions at large distances
(Saunders et al., 2024). However, the combination of the cur-
rent level of source parameter accuracy with the NGA GMPEs
produces estimates with only very small biases in the key
alerting range from MMI 2.5 to 4.5 (Fig. 15a–c). Figure 15
demonstrates that ShakeAlert has achieved its original design
goal of accurate alerting between MMI 2 and 8 (Given et al.,
2014) to a large degree. It should be noted that Figure 15 does
not consider timeliness and simply depicts the largest pre-
dicted value at a given location regardless of its timeliness.
The standard deviations of the residuals for all three test
suites are about 0.75 MMI units despite the GMPEs not being
tailored for Japan and the lack of implementation of site cor-
rection models outside of southern California.

DISCUSSION
An accurate depiction of the range of results that an EEW system
can provide is key for encouraging the adoption and effective use
of this technology. Overly optimistic information on warning
times or ground-motion accuracy can encourage protective
actions that are inappropriate and potentially dangerous. For
instance, evacuation is recommended for some EEW systems
but discouraged in other countries based on expected warning
times and the specific tectonic environment of the system
(McBride et al., 2022). Similarly, the setting of EEW alert delivery
thresholds can use levels that are not likely to result in enough
warning time for some protective or automated actions to be
completed. Overly pessimistic descriptions of the EEW problem
can potentially endanger people by discouraging investment in
the fastest delivery technologies (e.g., machine-to-machine

internet-based systems). The tension between ground-motion
accuracy and timeliness will always be a key part of EEW,
and while Figure 15 indicates ShakeAlert has made considerable
progress in accuracy, only certain products currently provide suf-
ficient warning times for protective actions in crustal earth-
quakes (Figs. 9, 11, and 13).

Our most important result is that ShakeAlert can provide
usable warning times (10 s or more) via two of its most widely
deployed products (the MMI 4 contour product for WEAs
and the MMI 3 contour product for cellphone applications)
for most sites that experience strong shaking inM 6–7 crustal
earthquakes (Fig. 13b) and M 7–9 offshore megathrust earth-
quake (Fig. 13c). Crustal earthquakes are challenging for
EEW, and there will almost always be a late-alert zone near
the epicenter where usable warnings are not possible. Many
of the MMI 8–10 sites will be within the late-alert zone for
M 6–7 earthquakes (Fig. S6) but a fraction are beyond it, par-
ticularly for M 7 earthquakes like the 2016 Kumamoto M 7
(Fig. 11h). Indeed, ShakeAlert has already achieved maxi-
mum warning times of up to 17 s for an MMI 7 site in real
time for a relatively moderate magnitude M 6.4 earthquake
(Lux et al., 2024). As earthquakes grow larger and/or are
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Figure 13. Empirical cumulative distribution functions (CDFs) of cumulative
warning times at seismic stations before strong shaking at 238, 704, and
948 MMI 6+ sites for the (a) West Coast, (b) Japan crustal, and (c) Japan
subduction zone. Results for the MMI 3, 4, and 5 contour products are
shown as red, blue, and black curves, respectively. The magnitude range is
lowest for the West Coast dataset (M 4.0–7.1) leading to shorter overall
warning times than the Japan crustal (M 6.0–7.1) and Japan subduction
zone (M 7.1–9.0). In addition, most of the subduction events begin offshore
where there are no seismic stations, and thus, there are no measurements in
the late-alert zone for that panel. The color version of this figure is available
only in the electronic edition.

Volume 115 Number 2 April 2025 www.bssaonline.org Bulletin of the Seismological Society of America • 553

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/115/2/533/7109460/bssa-2024189.1.pdf
by University of California Berkeley Library, rallen 
on 28 March 2025



offshore, the ability to provide warning times of a few tens of
seconds at MMI 8–10 sites becomes feasible (Figs. 11 and 13).
Alert delivery latencies vary widely and reduce warning times
compared to the values quoted here, but the technology is
rapidly evolving. Many delivery mechanisms connected via
the internet (e.g., cell phones connected to WiFi) will deliver
the alert less than 1 s after it is issued to a large fraction, and to
large total numbers of their users (McGuire and de Groot,
2020), which will enable considerable successes in future
large earthquakes.

The results for the MMI 5 contour product are more com-
plex. It is possible to achieve warning times greater than 10 s
for some locations of strong or greater shaking using the MMI
5 contour product (Figs. 9 and 11, Fig. S4), particularly for
larger M 7–8 earthquakes. However, the overall performance
is strongly degraded compared to the MMI 4 contour product
(Figs. 9 and 13), and at the level of M 6.5 earthquakes this can
prevent usable warning times (Lux et al., 2024). In addition, it
has been shown previously that the MMI 5 contour product
has difficulty providing substantial warning times in truly large
subduction earthquakes in Cascadia (McGuire et al., 2021;
Thompson et al., 2024) for inland locations including key cities
that are far from the rupture.

ShakeAlert initially sought
to provide accurate ground-
motion estimates across a wide
range of shaking levels (MMI
2–8) and simultaneously pro-
vide “seconds to minutes” of
warning time (Burkett et al.,
2014; Given et al., 2014, 2018;
Kohler et al., 2018). ShakeAlert
V3 has advanced to the point
where the range of outcomes
is clearer. There will almost
always be a late-alert zone close
to the epicenter where no warn-
ing is possible before strong
shaking (e.g., Chung et al.,
2020), but warning times grow
quickly with distance. Most
ShakeAlert applications have
settled into using alerting levels
between MMI 2.5 and 4.5 as
advised by USGS (Kohler et al.,
2020) to improve warning
times, but even this range
may be too large to allow for
success where it matters most
(Figs. 13 and 14). Similarly,
even in truly great earthquakes
that start offshore (the most
optimistic scenario for EEW),

like the 2003 M 8.3 Tokachi-Oki earthquake, warning times
can still be as short as 5–10 s before strong shaking and rarely
exceed 50 s. Despite the inherent difficulty of alerting for loca-
tions close to the epicenter, the current algorithms are capable of
providing usable warning times even for a scenario such as a
shallow crustal M 7 in an urban area. Figure 12 shows it is pos-
sible for ∼90% of the MMI 6 and ∼75% of the MMI 7 sites to
receive 10–40 s of warning before strong shaking assuming the
real-time system can approach the results from offline testing
and alert delivery times are a few seconds or faster. These results
illustrate the reality of successful EEW algorithms and the
potential value of using EEW for public safety. However,
accurate descriptions of warning times should range from
“seconds to a few tens of seconds” to keep the focus on poten-
tially damaging shaking and not promote the possibility of
longer warning times.

ShakeAlert began live alerting with a strategy based on pro-
viding products defined as detailed and accurate ground-
motion predictions across a range of shaking levels. Both
the ∼1 MMI unit uncertainty level implied by the contour
products and the higher spatial resolution and refined esti-
mates of the grid product (Given et al., 2018) were designed
to enable end users to customize alert delivery thresholds.

Figure 14. Comparison of the time that strong shaking begins with the time of MMI 4 and 5 contour product alerts
for the shallow crustal earthquakes in the West Coast and Japan crustal datasets. The light blue circles denote the
time that MMI 5.5 shaking began at individual seismic stations. The orange circles and dark blue diamonds denote
the time that those same seismic stations were first alerted with the MMI 4 and 5 contour products, respectively.
The vertical lines at 30 and 100 km epicentral distances denote the approximate location of the extent of the late-
alert zone and the pause radius, respectively. Note the epicentral distances are concerning the ANSS catalog
epicenter (USGS, 2017), not the ShakeAlert epicenter estimate that controls the calculation of the pause radius. The
y-axis is a log scale. At a given epicentral distance range, say 50–60 km, the MMI 6 exceedance time (light blue
circles) can vary over about 15–20 s due to many factors related to how a particular earthquake ruptures. The times
the MMI 4 and 5 contour product were published are from offline simulations and do not include the latencies
associated with data telemetry or alert delivery which would typically add a minimum of 2 s to these times and can
vary widely between delivery mechanisms. The color version of this figure is available only in the electronic edition.

554 • Bulletin of the Seismological Society of America www.bssaonline.org Volume 115 Number 2 April 2025

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/115/2/533/7109460/bssa-2024189.1.pdf
by University of California Berkeley Library, rallen 
on 28 March 2025



ShakeAlert combined this range of products with the guidance
that WEAs and other partners should alert for a lower level of
shaking than they wanted to warn for, for example, using the
MMI 4 contour product to warn MMI 6 locations to increase
warning times. This strategy has worked to some extent but
also has several complications. First, it inadvertently gives
delivery mechanisms a choice to only relay alerts that in many
cases will not achieve ShakeAlert’s primary objective, even in
large crustal earthquakes (e.g., MMI 5 contour product results
in Fig. 13a,b). Second, it could potentially distort the algorithm
development effort in that overestimating magnitude estimates
in the early alerts can be favorable in achieving long warning
times. A key secondary goal of EEW is to differentiate between
large damaging earthquakes and more moderate (∼M 4.5–5.5)
felt earthquakes that do not cause significant damage. This dif-
ferentiation allows licensed operators to limit alerting by
avoiding alerting in smaller earthquakes. Combining this goal
with products primarily focused on ground-motion accuracy
produces a tension with warning times that is difficult to satisfy
for locations close to the epicenter. Perhaps most importantly,
this strategy created a coupling between the MMI alerting
thresholds necessary to provide something close to the maxi-
mum physically possible warning times at close distances with
the consequence of alerting vast areas at greater distances in
large earthquakes. For instance, the choice to alert at the
median shaking distance for MMI 4 allows a rapid expansion
to ∼100 km or more from the epicenter as the magnitude esti-
mates increase from 5 to 6, but this also results in alerting vast
areas that experience light shaking in M 7s even though much
of those areas are not in danger. There is no need for a rapid
(first few seconds after detection) alert at 200–500 km epicen-
tral distance to achieve ShakeAlert’s primary objective. There is
no inherent reason why a product definition must target the
same goal at all epicentral distances or for all magnitude
ranges. For instance, the distance between the MMI 4 and 5
contour products is currently about 300 versus 120 km for
an M 7.0 earthquake. An intermediate value would likely suf-
fice for applications aimed at providing timely alerts for strong
shaking despite the MMI 4 product being clearly preferable at
small epicentral distances. As a result of these underlying con-
flicts that stem from its product definitions, ShakeAlert has
implicitly accepted a level of overpredictions within the pause
radius distance (e.g., Figs. 5 and 6) to help ensure speed in large
ruptures. This compromise has led to some major successes
including the 2022 M 6.4 Ferndale earthquake (Lux et al.,
2024) with the cost of less ground-motion accuracy within
the pause radius.

The combination of the magnitude overestimation and the
alert pause logic has highlighted the merits of a modified
approach for ShakeAlert. Namely an emphasis on speed over
accuracy close to the epicenter combined with an increased
emphasis on accuracy at greater distances. This was not the
original design or strategy of ShakeAlert (Given et al., 2014,

2018). However, it is perhaps the most natural approach to
EEW. Rather than having a single objective function that
applies at all locations (such as ground-motion accuracy), it
may be better to have different objectives as time (and alerting
distance) evolves within a rupture to achieve the greatest num-
ber of successes for those in danger from strong shaking while
limiting the extent to which alerts are sent to wider regions
than desired by a particular application. The magnitude over-
estimation in V.3.0.1 (Fig. 5) effectively counteracts the prob-
lems that result from the current product definitions and hence
has not been explicitly corrected. Ideally, this strategy would be
a prescribed choice to over-alert in the region where users are
in the most danger and success is possible (roughly epicentral
distances of ∼30–100 km in Fig. 14). To the extent that there
are downsides to over alerting, which is actively being
researched by the social science research community, the
two most productive ways to limit over alerting are to prioritize
accuracy at longer times and larger distances and to avoid
alerting for frequent small,M 4–5.5, earthquakes. Future devel-
opment work will likely improve the ability to differentiate M
4–5.5 earthquakes from damaging earthquakes to allow some
applications to limit unnecessary alerts.

The wide variety of applications and delivery mechanisms
utilized by ShakeAlert means that there is no perfect combi-
nation of magnitude and MMI thresholds that satisfies all con-
straints. For instance, some applications will focus on alerting
their users for any felt shaking while others attempt to limit
alerting. Table 3 indicates that the first alerts in large earth-
quakes will likely be above M 5.5 and therefore licensed oper-
ators that want to limit alerting while still using the MMI 3 or 4
contour products in large earthquakes could consider a mag-
nitude threshold in this range. The vast majority of alerts with
magnitude estimates below M 5.5 will not be for damaging
earthquakes (Fig. 5). Table 3 indicates there is little downside
to this approach in large earthquakes, and Figure 6 indicates
that it will avoid many over-alerts.

ShakeAlert will have to balance accuracy in the magnitude
4.5–5.5 andMMI 3–5 range with the need for speed close to the
epicenter. Figures 5, 13, 14, and 15 indicate that ShakeAlert is
achieving accuracy within ∼1 MMI units in most of its alerting
range but not achieving its warning time objective at close-in
locations of strong shaking for some key products as well as
having moderate difficulty with peak magnitude estimates.
Future modifications to ShakeAlert products may need to sac-
rifice some degree of ground-motion accuracy near the epicen-
ter to achieve improved warning times where damaging
shaking occurs while still emphasizing accuracy at larger dis-
tances. In recent years, ShakeAlert has effectively moved
toward this approach of emphasizing speed within the pause
radius and improved accuracy beyond it. The compromise
inherent in the current approach is likely unavoidable to some
degree in EEW and could be more effective than encouraging
all delivery mechanisms to alert at low MMI values.
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The ShakeAlert algorithm base has made many key
improvements over the last few years that led to the offline
testing results seen in this article. These results from offline
tests with no data latency anomalies are a marked improve-
ment over the real-time performance in the 2019 Ridgecrest
earthquakes (Chung et al., 2020; Kohler et al., 2020; Böse,
Andrews, Hartog, and Felizardo, 2023), and hopefully indicate
future successes in the real-time production system are
possible within the physical bounds on EEW. ShakeAlert will
continue to pursue EEW research that will lead to future
improvements and there are many tractable areas where per-
formance can still be improved including: reducing the bias in
the peak magnitude estimates, increasing resilience to data out-
ages in either the seismic or geodetic data streams and averag-
ing schemes that account for missing data, the use of fault-
specific templates in FinDer, incorporating additional site-
response models, further incorporation of detailed understand-
ing of algorithm behavior to improve the SA, reductions in
noise in processed GNSS displacement time series, reduced
delivery latencies, and grid product optimization (size versus
computation). All these are currently being investigated. There
are also possibilities related to how ShakeAlert’s products are
defined, including new product definitions aimed at damaging
shaking rather than median shaking, a closer connection in
both product definitions and evaluation metrics to ground-
motion parameters that matter for injuries such as PGV
and spectral accelerations at periods relevant for building dam-
age rather than for felt shaking (e.g., PGA), and probabilistic
formulations beyond the median. Finally, there are larger
scale modifications to the system that could have first-order
impacts. For instance, in offshore earthquakes, the first alert
time is often 10–20 s after origin time (see Fig. 10) rather than
4–8 s onshore (Lux et al., 2024). The addition of offshore

instrumentation could close this gap and perhaps the most
promising avenue is the use of fiber-optic sensing on subma-
rine cables (Lior et al., 2023; Yin et al., 2023). Although there
are challenges to operationalizing that technology in an EEW
system, it is an area of rapid progress, and traditional seismic
sensors telemetered by submarine cables are already part of
warning systems in Japan, Taiwan, and Canada (Aoi et al.,
2020; Schlesinger et al., 2021; Wu et al., 2021). In short, there
remain many avenues to continue the improvement of both the
timeliness and accuracy of the ShakeAlert system.

CONCLUSIONS
ShakeAlert communication, education, and outreach resources
and our WEA messages use DCHO as the primary protective
action to take when receiving an EEW alert within the United
States to reduce injuries (Jones and Benthien, 2011; Porter and
Jones, 2018; McBride et al., 2022). The range of likely warning
times found in this study supports that conclusion. Even in
large M 7–8 earthquakes, users should only expect seconds
to a few tens of seconds of warning before strong shaking even

Figure 15. Comparison of individual station maximum predicted and
observed MMI values for the (a,d) West Coast, (b,e) Japan crustal, and
(c,f) Japan subduction zone testing datasets. All predicted values are from
the map products. (a–c) All predictions in one MMI bins and the 25th and
75th percentiles (box) as well as large outliers (red whiskers). (d–f)
Individual station residuals which are dominated by MMI 2–4 levels in these
datasets. Each panel gives the median and standard deviation of the
residuals. These maximum predicted values encompass the performance of
the entire system including the magnitude over and under estimates in
individual earthquakes. In general, ShakeAlert is unbiased for all three
datasets with the exception of underpredicting the highest MMI 5–7 sites in
the West Coast dataset. The color version of this figure is available only in
the electronic edition.
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in the best cases, and hence DCHO remains the preferred
action for most users within the United States. Given the scale
of likely warning times, education and training on what to do
when receiving an alert will continue to be key to increasing
EEW’s effectiveness. ShakeAlert will continue to expand its set
of licensed operators that deliver alerts and systems that use
internet-based mechanisms may grow in importance, com-
pared to purely cell network alerts, due to their faster delivery
times. Even a few seconds' improvement in delivery times can
be important, and we expect the fraction of alerts delivered via
the Internet either for public cell phone alerting (e.g., WiFi) or
machine-to-machine applications will continue to grow and
improve ShakeAlert’s effectiveness.

ShakeAlert has progressed greatly over the last few years
toward improving its performance in large earthquakes and
the accuracy of its original set of products: event messages with
location and magnitude estimates as well as median shaking
estimates described either as a contour message or a map mes-
sage. ShakeAlert is built upon a strategy that allows licensed
operators to choose different combinations of expected
ground-motion parameters and earthquake magnitude to
decide what actions to initiate, within USGS established
thresholds. Although products with alerting levels from
MMI 2.5 to 4.5 can have considerable success in key cases
(Fig. 13), they present complex choices by coupling warning
time success in locations of strong shaking with alerting to
large distances where shaking is mild (e.g., the MMI 3 or 4
contour products). Many delivery mechanisms have clear rea-
sons for limiting alerts to serve their end users well or satisfy
legal constraints. Our study shows that there is room to raise
the magnitude thresholds for taking action up to about M 5.5
without adversely affecting performance in large earthquakes
(Table 2) and therefore this may be one way to limit alerting in
some applications. The choice of ground-motion alerting
threshold is more complex owing to the significant drop-off
in performance between the MMI 4 and 5 contour products
as well as the large distances to which alerts can expand. As
the EEW community develops a better understanding of what
types of over-alerting it is trying to avoid, ShakeAlert may add
additional products with definitions that are designed to merge
those constraints with strategies aimed at its primary goal of
maximizing warning times in regions of damaging shaking.
However, the products that are already widely used, such as
the MMI 3 and 4 contour products can provide enough warn-
ing time before strong shaking in moderate (M 6) to great
(M 8–9) earthquakes to enable a range of protective actions.

DATA AND RESOURCES
ShakeAlert code is governed by an intellectual property agreement
among the contributing authors. The ShakeAlert code is not publicly
released. The Apache ActiveMQ software is available at https://
activemq.apache.org (last accessed November 2024). The Apache
Kafka software is available at https://kafka.apache.org (last accessed

November 2024). ShakeAlert event summaries and parameters are avail-
able from the U.S. Geological Survey (USGS) via the contributor code
“EW” through the National Earthquake Information Center’s (NEIC’s)
catalog search tools at https://earthquake.usgs.gov/earthquakes/search/
(last accessed March 2024). ShakeAlert website https://
www.shakealert.org (last accessed March 2024). All seismogram data
used in this study are archived at either the Southern California
Earthquake Data Center (Southern California Earthquake Data
Center [SCEDC], 2013), the Northern California Earthquake Data
Center (Northern California Earthquake Data Center [NCEDC],
2014), the Japanese National Research Institute for Earth Science and
Disaster Resilience (National Research Institute for Earth Science and
Disaster Resilience [NIED], 2019) or the EarthScope Consortium
webservices (https://service.iris.edu/, last accessed December 2024).
Data for the offline testing were obtained from the following seismic net-
works: (1) the AZ (ANZA; UC San Diego, 1982); (2) the BC (RESNOM;
Centro de Investigación Científica y de Educación Superior de Ensenada
[CICESE], Ensenada, 1980); (3) the BK (Berkeley Digital Seismic
Network [BDSN], 2014, operated by the UC Berkeley Seismological
Laboratory, which is archived at the Northern California Earthquake
Data Center (NCEDC), doi: 10.7932/NCEDC); (4) the CC (Cascade
Chain Volcano Monitoring; Cascades Volcano Observatory/USGS,
2001); (5) the CE (CSMIP; California Geological Survey, 1972); (6)
the CI (SCSN; California Institute of Technology and USGS
Pasadena, 1926); the CN (CNSN; Natural Resources Canada
[NRCAN Canada], 1975); the IU (GSN; Albuquerque Seismological
Laboratory/USGS, 2014); the NN (Nevada Seismic Network;
University of Nevada, Reno, 1971); the NP (NSMP; U.S. Geological
Survey, 1931); the NV (NEPTUNE; Ocean Networks Canada, 2009);
the UO (PNSN-UO; University of Oregon, 1990); the US (USNSN;
Albuquerque Seismological Laboratory [ASL]/USGS, 1990); the UW
(PNSN; University of Washington, 1963); and the WR (California
Division of Water Resources). Geodetic data are available through
Murray et al. (2023b) and NCEDC (2022). ComCat earthquake source
information, ShakeMaps, and ShakeMap station observations were
obtained from the U.S. Geological Survey (USGS, 2017, https://
earthquake.usgs.gov/earthquakes/search/, last accessed January 2024).
The supplemental material contains tables that describe the evolution
of the ShakeAlert software (Table S1) and the test suite (Table S2). It
also contains Figures S1–S6.
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