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Earthquake early warning (EEW) systems provide a few to tens of seconds of warning
before shaking hits a site. Despite the recent rapid developments of EEW systems around
the world, the optimal alert response strategy and the practical benefit of using EEW are still
open-ended questions, especially in areas where EEW systems are new or have not yet
been deployed. Here, we use a case study of arail system in California’s San Francisco Bay
Area to explore potential uses of EEW for rail systems. Rail systems are of particular interest
not only because they are important lifeline infrastructure and a common application for
EEW around the world, but also because their geographically broad yet networked
infrastructure makes them almost uniquely well suited for utilizing EEW. While the most
obvious potential benefit of EEW to the railway is to prevent derailments by stopping trains
before the arrival of shaking, the lead time for warnings is usually not long enough to
significantly reduce a train’s speed. In reality, EEW’s greatest impact is preventing
derailment by alerting trains to slow down or stop before they encounter damaged
track. We perform cost-benefit analyses of different decision-making strategies for
several EEW system designs to find an optimal alerting strategy. On-site EEW provides
better outcomes than source-parameter-based EEW when warning at a threshold of
120 gal (the level of shaking at which damage might occur) regardless of false alarm
tolerance. A source-parameter-based EEW system with a lower alerting threshold (e.g.,
40 gal) can reduce the exposure to potentially damaged track compared to an on-site
system alerting at 120 gal, but a lower alerting threshold comes at the cost of additional
precautionary system stops. The optimal EEW approach for rail systems depends strongly
on the ratio of the cost of stopping the system unnecessarily to the potential loss from
traversing damaged tracks.

Keywords: earthquake early warning, cost-benefit analysis, rail systems, San Francisco Bay area, natural hazards
warning
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INTRODUCTION

The original idea for EEW is generally credited to a piece by Dr
J. D. Cooper in the November 3, 1868, San Francisco Daily
Evening Bulletin (Nakamura, 1996; Saita and Nakamura, 2003).
The idea as first proposed was to send an electrical signal from a
network of earthquake sensors to trigger an alarm in the city. The
first practical implementation of an EEW system began nearly a
hundred years later, in 1965, when a M6.1 earthquake led what is
now the Japan Railways Group (JR) to install seismometers every
20-25km along the Shinkansen bullet train tracks to issue an
alert to slow trains if horizontal accelerations exceeding 40 gal
were observed (Saita and Nakamura, 2003). In 1984, this EEW
system was supplemented by JR’s Coastline Detection System
based on seismometers placed along the coast to detect offshore
earthquakes. A P-wave scaling relationship was then used to
estimate source magnitude and thus decide whether a warning
should be issued to the inland Shinkansen system. The Coastline
Detection System was later upgraded and replaced with the
Urgent Earthquake Detection and Alarm System (UrEDAS)
(Saita and Nakamura, 2003). In 2004, JR replaced the
UrEDAS with another new EEW system that also estimates
source parameters, while continuing its ground-motion-based
system of stopping trains if acceleration, bandpass filtered
between 0.5 and 5 Hz, exceeds a given threshold (Yamamoto
and Tomori, 2013).

In the past three decades, EEW systems designed to notify the
general public have been developed all around the world. Some,
such as Mexico’s Seismic Alert System (SAS) that began operating
August 1991 (Aranda et al., 1995), used similar approaches to JR’s
coastline system with near-coast seismometers detecting offshore
earthquakes and transmitting warnings to inland population
centers. Other systems, such as the Japan Meteorological
Agency (JMA) EEW system for Japan (Hoshiba et al.,, 2008;
Doi, 2011), the Central Weather Bureau (CWB) system for
Taiwan (Hsiao et al., 2009), and the United States’ ShakeAlert
system, which provides warning to the States of California,
Oregon, and Washington, take a fundamentally different
approach: they all use a network of stations (both onshore and
offshore) to detect earthquakes within, and provide warning to, a
broad region. In contrast, the JR and original SAS systems were
designed only to protect a localized area. Despite this
fundamental difference with the JR and original SAS systems,
these regional EEW systems typically use methods similar to
UrEDAS: seismic data are used to infer the source parameters of
the earthquake (i.e, location and magnitude), and this
information is then input to a ground motion prediction
equation (GMPE) in order to forecast whether the expected
shaking will exceed some critical threshold for triggering a
warning.

In recent years, different EEW approaches have proliferated,
such as algorithms that utilize geodetic data (Murray et al., 2018)
or store seismogram filter banks (Meier et al., 2015). JMA has
updated their source parameter algorithm using the Integrated
Particle Filter (IPF) method and complemented that approach
with the ground-motion-based Propagation of Local Undamped
Motion (PLUM) method. The IPF method uses a particle filter
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technique to combine, in a Bayesian estimation framework,
ground motion observations and information about where
shaking has not been observed (Tamaribuchi et al., 2014). The
PLUM method is noteworthy for using ground motion to directly
forecast ground motion without first estimating earthquake
source parameters (Kodera et al, 2018). But with a few
exceptions such as the PLUM method, EEW systems are still
largely divided into two camps: source-parameter-based methods
(which infer earthquake location and magnitude, and then input
that information into a GMPE to identify which regions should be
alerted) and on-site methods (which trigger alerts to specific
assets when strategically placed seismometers observe shaking
above some critical threshold). The ShakeAlert and UrEDAS
systems are typical examples of the former, whereas the original
JR EEW system exemplifies the latter.

Despite the rapid advancement of EEW in recent years, studies
on effective applications of EEW are few, often focusing on
creating a cost-benefit analysis framework for rapid decision-
making under uncertain EEW information (Iervolino, 2011; Wu
et al., 2013). Those studies that have been done on specific EEW
engineering applications have tended to explore rather simple
scenarios, such as elevator control (Wu et al., 2016), although
Cauzzi et al., 2016 focused on the complexities of utilizing EEW
for nuclear power plants. Even fewer are the studies that look at
specific EEW engineering examples for complex systems and
attempt to optimize the EEW system’s performance for that
application, with Veneziano and Papadimitriou (2003) being a
notable exception. In that study, the authors compared different
approaches for determining which sections of the Shinkansen rail
system the JR early warning system should close for inspection
while minimizing both the total system delay and expected
number of derailments.

One of the major challenges of studying EEW applications
comes from the complexity of the uncertainty of the EEW system
itself interacting with the uncertainty of human decision-makers,
especially because EEW-related decisions often involve the
potential for human casualties. Another major challenge
comes from the physical limitations of EEW. For example, the
on-site approach has obvious limitations on the amount of
warning it can provide because an alert cannot be issued until
shaking is already impinging somewhere along the rail system.
On the other hand, previous studies have demonstrated the
difficulty in providing timely source-parameter-based EEW
especially for the very strong levels of shaking that pose a
hazard to heavy infrastructure (e.g., Meier, 2017; Minson
et al,, 2018; Trugman et al., 2019).

While understanding the role of EEW in a real application is
extremely difficult, knowing the true value of EEW and finding an
optimal EEW-based emergency response strategy for mitigating
seismic risk is essential. In this study, we considered a rail system
based on the Northern California Bay Area Rapid Transit (BART)
system as an example of a special type of infrastructure network
where it is critical not just to forecast shaking at the user’s
(i.e., train’s) current location but also at distant parts of the
track that the train will later encounter in its route. This presents
an almost unique opportunity for EEW since long warning times
are possible when an earthquake damages track far from any
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train’s current location. However, this usefulness is tempered by
the fact that trains require a significant amount of time, and thus
track length, to stop. By going through an end-to-end case study
(from event catalog to cost-benefit analysis of the decision to stop
trains), we examine the performance of several different EEW
alerting strategies for a rail network located in California.
Furthermore, our approach demonstrates a general framework to
design decision-making strategies for large-scale EEW applications.

While our goal is to present a framework that can be employed by
the relevant decision-makers to guide EEW application to rail
systems, it would not be appropriate here to make specific
recommendations for rail system operations. Rather than
focusing on a specific application, we instead present an example
of our framework in which we evaluate the utility of different EEW
system designs assuming the theoretical performance of an ideal
system with zero noise, data latency, or computational delays, thus
quantifying the maximum possible risk reduction from EEW. In so
doing, we quantify the maximum theoretical potential benefit of
EEW for rail systems, that is, the amount of risk reduction that can
be accomplished with EEW given physical limitations such as the
closeness between the faults and the track system, and the relative
speeds of seismic waves and trains.

EXAMPLE EARTHQUAKE EARLY
WARNING SCENARIO

Distributed infrastructure networks such as rail systems can
utilize EEW uniquely well because there is value to be had
from protecting the network as a whole even if timely warning
is not possible in the near field where shaking is strongest. An
example cartoon of EEW applied to a rail system is shown in
Figure 1. Useful EEW for a train directly threatened by the
earthquake is actually quite difficult because it takes significant
time to bring a train to a complete stop (In the examples that
follow, a commuter train in the United States takes ~17 s to stop
while a Shinkansen bullet train can take more than a minute (Arai
et al,, 2008).) Thus, it would be nearly impossible to halt a train
before shaking arrives at its location, especially for trains in the
near field of the rupture where shaking is strongest. However, the
goal of using EEW to slow and stop trains is generally not to
prevent the train from being directly derailed by ground shaking;
in fact, being stopped does not necessarily prevent a train from
being toppled (e.g., Veeraraghavan et al., 2019). Instead, the goal
is to slow or stop the train before it encounters damaged track that
might itself trigger a derailment (Veneziano and Papadimitriou,
2003). This means that, except in the unfortunate case where the
train’s current location is hit with damaging ground shaking, the
train has additional time to stop or take other protective action
before it encounters damaged track.

OVERVIEW OF THE RAIL SYSTEM CASE
STUDY

For this study, we use the track geometry of the BART system, the
light rail serving California’s San Francisco Bay Area (Figure 2).

Earthquake Warning for Rail

To assess seismic hazard, we use a 1,000-year-duration catalog of
earthquake rupture scenarios generated from the earthquake
probabilities of the Third Uniform California Earthquake
Rupture Forecast with spatiotemporal clustering (UCERF3-
ETAS) (Field et al, 2017) (Figure 2A). For each scenario
rupture, we calculate the expected horizontal peak ground
acceleration (PGA) at all track locations using the Chiou and
Youngs (2014) GMPE with the Vs;, model of Allen and Wald
(2009) (Figure 2B). Our analysis is done on the rail system as a
whole: when potentially damaging shaking is expected at any
location along the tracks, all trains are signaled to start braking
and potentially halted to allow track inspection. We assume that
an alert is issued when the expected shaking exceeds a low level of
non-damaging shaking (40 gal) with the goal of slowing or
stopping trains before they encounter potentially damaged
track (Figure 2C) (40 gal is ~4% g, equivalent to Modified
Mercalli Intensity, MMI, IV-V.) We further assume that track
damage occurs at accelerations greater than 120 gal (~12% g,
equivalent to about MMI VI) (Figure 2D). These shaking levels
(including the use of units of gal) are taken directly from the
original design of the JR EEW system for Japan’s Shinkansen
bullet train. In the original system, trains were halted when
seismometers detected shaking along the tracks that exceeded
40 gal (Nakamura and Tucker, 1988; Nakamura and Saita, 2007).
Shaking corresponding to 40 gal, or MMI ~ 1V, is also a good
comparison point for EEW performance in California; when
ShakeAlert went live in December 2018, the initial public
alerting threshold was set to MMI IV, although that level has
since been lowered (Cochran and Husker, 2019). A study of Japan
earthquakes that caused track damage found that damage was
concentrated at shaking levels exceeding 120 gal (Nakamura,
1996), which is also the level used for triggering stops based
on shaking at coastal seismometers (Ogura, 2006; Japan
Transport Safety Board, 2013; Strauss and Allen, 2016). More
recently, 120 gal has been adopted as a general shaking threshold
for safe operation of high-speed rail (Hu et al,, 2014).

If those criteria were applied to BART track locations using
UCERF3-ETAS seismic hazard probabilities, we would expect
the rail system to be alerted to PGA>40 gal shaking
approximately once per year (Figure 2C), but most of those
system alerts would be precautionary. No individual site is
expected to be impacted by damaging shaking (PGA>120 gal)
more than once per decade (Figure 2D), but damage anywhere
could impact system operations everywhere. The rate of
earthquakes with hazardous expected ground motions
impinging anywhere on the track system is ~2/decade.
These numbers are average shaking rates based on median
ground motions, neglecting hazard from small magnitude
earthquakes with anomalously strong shaking and temporal
clustering of earthquakes. Earthquakes are often clustered in
time with, for example, periods of little to no seismicity
separating productive mainshock-aftershock sequences. In
our 1,000-year chronology, location 13 (city of Fremont)
goes as long as 126 years between earthquakes that are
expected to produce potentially damaging shaking
(PGA>120 gal), but also experiences 12 such events within a
one-year period.
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FIGURE 1 | Cartoon example of EEW for a rail system. (A) An earthquake nucleates (star) and when shaking reaches a seismometer (black inverted triangle), all
trains are signaled to start braking. As time increases (B-D), decreasing amplitudes of shaking reach the locations of more distant trains, which will have been able to
further slow. The trains will still be traveling at 32 MPH when the shaking reaches the closest train (B), they will have slowed to 14 MPH by the time shaking reaches the
middle train (C), and the trains will be completely stopped just as shaking reaches the most distant train (D). While all but the most distant train will still be traveling at
significant speed when the shaking arrives at their locations, they can all be successfully slowed and stopped before traveling to a region where they might encounter
damaged track (denoted by hatches). Black wiggles show move-out of P-wave and S-wave, and how shaking amplitude decays with distance. Seismic wave arrival
times and amplitudes are calculated assuming a Poisson medium with S-wave velocity of 3.5 km/s and shear modulus of 30 GPa.

All trains in the rail system will be alerted to slow down (and
potentially stop) if an alert is triggered for any track location. 78%
of system alerts will be precautionary, that is the peak shaking
somewhere along the track is forecast to exceed 40 gal (triggering
an alert) but potentially damaging shaking (PGA>120 gal) is not
experienced anywhere along the tracks. However, this is
calculated for median expected ground motions. In reality,
ground motion variability can result in a greater number of
smaller magnitude earthquakes producing greater than
expected shaking (e.g., Minson et al, 2021) making some of
these precautionary alerts, in fact, necessary (Minson et al., 2019).

Shaking hazard is not the same everywhere. Among the 22% of
alerts that are necessary for the rail system because potentially
damaging (PGA>120 gal) shaking occurred somewhere along the
tracks (assuming median expected shaking), some track locations

are more likely to be directly threatened by shaking and some are
more likely to be alerted to stop for shaking in some other part of
the rail system. In Figure 3, we plot the breakdown between how
often each of 15 sample locations along the tracks will itself be
threatened vs. be alerted for potentially damaging shaking
elsewhere in the system. Strong shaking is more probable
along the southern Hayward Fault and Santa Clara Valley
(Figure 2D), and thus sites such as location 12 and location
13 (city of Fremont) are more likely to be directly threatened.
However, other locations, such as location 2 (southern San
Francisco) and location 9 (eastern exurbs) have low shaking
hazard because they are farther from high hazard faults. These
locations are mostly alerted to stop when some other part of the
system is expected to be in danger due to shaking, their local track
is less likely to be damaged, and they are more likely to have
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FIGURE 2 | (A) Plot of 1,000 years of ruptures generated with UCERF3-ETAS probabilities. Red box is area shown in plots b-d. (B) Vsgg from topographic proxy.
Black lines show train tracks. Numbers in circles show sample locations along tracks for which detailed results will be shown. (C) Frequency of ground motion exceeding
40 gal, i.e., how often alerts to stop trains would be generated. While no location is expected to trigger an alert more than five times per decade, when shaking is
expected anywhere, the entire system is alerted. The total number of times the train system would be stopped for this catalog is ~10 times per decade or once per
year. (D) The frequency of potentially damaging ground motions exceeding 120 gal. Text labels denote San Andreas Fault (SAF), Hayward Fault (HF), Calaveras Fault
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plenty of time to slow or stop before encountering damaged track
elsewhere. For example, of the 22% of alerts where >120 gal is
expected somewhere in the track system, location 13 (Fremont),
situated near the Hayward Fault in the flatlands of the East Bay,
experiences >120 gal in 36% of those events, while location 2
(south San Francisco) experiences >120 gal in just 10% of those
events. Again, note that these percentages are calculated for
median expected ground motions.

CONVENTIONAL EARTHQUAKE EARLY
WARNING VIEW: HOW MUCH WARNING
DOES EACH LOCATION RECEIVE?

To date, most EEW analyses focus on how much warning time a
particular location receives, defined as the time difference
between when a location is alerted until when hazardous
shaking arrives at that location (e.g., Meier, 2017; Minson
et al., 2018). With trains, the main goal is to give the train

enough warning to stop not before the shaking gets to the train’s
current location, but before the train traverses damaged tracks.
For completeness and comparison to existing studies, we first
analyze how much warning time a train gets before it experiences
shaking. But then, in the next section, we instead explore how the
distributed nature of track systems makes them ideal for EEW
because there is potentially significant time to take protective
action before a train encounters damaged track.

The amount of warning time at any location will be the elapsed
time from when the rail system is alerted until shaking arrives at
that location. But when is the rail system alerted? The answer
depends on the type of EEW system deployed.

In Japan, the first EEW system installed by JR was what might
be termed an on-site ground-motion-based EEW system:
seismometers were deployed along the tracks and if shaking
above 40 gal was detected anywhere, the local tracks were de-
energized (Nakamura and Tucker, 1988). More recently, this
system has been augmented with a network source-parameter-
based EEW system that uses seismic waveforms to estimate the
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FIGURE 3| In this example, we consider only median expected ground motions and the system is alerted to stop all trains when 40 gal is observed (for on-site
systems) or forecast (for source-parameter-based systems) somewhere on the tracks. Based on the 1,000-year catalog of ruptures, 78% of these alerts will be
unnecessary because, although shaking exceeds 40 gal, it does not exceed 120 gal anywhere on the tracks, and thus is not damaging. Of the 22% of cases where stops
were required because 120 gal was exceeded somewhere along the tracks, we categorize the alerts into an alert required because >120 gal shaking was recorded

at the marked location vs. those required to accommodate stopping the whole system and inspecting for damage because 120 gal was recorded somewhere along the
tracks. Shaking of 120 gal is most frequently observed on sites along the southern Hayward Fault (e.g., locations 12 and 13). Locations far from high rupture probability
faults (e.g., location 9) most frequently stop due not to local strong shaking but instead strong shaking elsewhere in the train network. Background color shows

population density, with darker blues indicating more population.

location and magnitude of an earthquake, inputs that information
into a GMPE to forecast shaking, and, if the predicted shaking
exceeds the alerting threshold, issues an alert. This latter system
design is the same as the ShakeAlert EEW system being operated
in California, Oregon, and Washington States (Given et al., 2018).

At each second as the rupture expands, we compute the peak
shaking at every point along the tracks to determine when an
on-site ground motion system could issue an alert (i.e., when
shaking exceeds 40 gal) and when dangerous shaking arrives
(i.e., shaking exceeds 120 gal). Because we assume ideal noise-
free EEW system performance, one station exceeding 40 gal is
sufficient to trigger an alert. Real-world system operators might
prefer to use data from multiple seismometers (co-located or
not) to confirm an event before issuing an alert, but not
necessarily. The original on-site JR system de-energized track
and warned controllers when any seismometer exceeded 40 gal
(Nakamura and Tucker, 1988).

We also input the current accumulated magnitude and
rupture extent at each second of the evolving rupture into a
GMPE (Chiou and Youngs, 2014) to forecast shaking at every
point along the tracks to determine when a source-parameter-
based system could issue an alert. Note that this is an ideal limit to
how fast EEW could operate. We have ignored all system
latencies including data telemetry, analysis, and alert
distribution, and have implicitly assumed an infinitely dense
seismic network. We have further assumed that all EEW
shaking forecasts are perfect when, in reality, ground motion

is highly variable and will cause source-parameter-based EEW to
have many missed alerts and some false alerts even if the source
parameters of the earthquake rupture are known perfectly
(Minson et al., 2019; Saunders et al., 2020).

Several points are worth noting about how ground motion
variability affects EEW performance and how we treat shaking
variability in this study. While ground motion models
(i.e, GMPEs) constrain the variability of shaking at any
location due to an earthquake rupture, unfortunately little is
known about the spatial covariance of shaking. Thus, for much of
the analyses that follow, all ground motions by necessity are fixed
to the median expected value predicted by the GMPE. We
compute the hazard exposure of the rail system, and potential
gains and losses, as long-term expected values so that the specific
spatial variation of shaking in any particular earthquake averages
out. But two important caveats about our analysis remain. First,
we will be missing additional exposure from earthquakes that
produce unusually strong shaking for their magnitude. Second, as
discussed earlier, because ground motion varies from median
expected values, real source-parameter-based EEW shaking
forecasts will be uncertain, leading to missed and false alerts
when shaking turns out be stronger or weaker than expected,
respectively. On-site ground-motion-based EEW systems,
barring some sort of instrumental malfunction, never produce
these types of missed and false alerts because they are triggering
warnings based on the actual observed shaking. (These missed
and false alerts are separate and in addition to unnecessary stops
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FIGURE 4 | Based on the 1,000-year UCERF3-ETAS rupture catalog, we plot the percentage of earthquakes for which trains traveling at 50 MPH have sufficient
warning time to stop, to slow to less than 12.5 MPH, to slow to 12.5-25 MPH, 25-37.5 MPH, 37.5-50 MPH, or have no warning at all. In general, the no warning
outcome only occurs for locations very close to major faults, such as locations 12-13 on the southern Hayward Fault. But locations that are far from major faults, e.g.,
location 3 in downtown San Francisco, always receive at least some warning. However, at every location, warning is usually not sufficient to decrease velocity by
even half. Background color shows population density, with darker blues indicating more population. Warning times are calculated for a source-parameter-based EEW
system that alerts all trains to stop when 40-gal shaking is forecast anywhere in the track system.
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resulting from the alerting threshold being lower than the shaking
threshold at which damage is expected, as in our example where
we alert at 40 gal but damage is expected at PGA>120 gal.) By
ignoring forecasting errors from source-parameter-based EEW
systems, our analysis inflates the potential usefulness of source-
parameter-based approaches relative to both their real-world
performance and the performance of on-site ground-motion-
based approaches.

It is worth noting that ground motion variability is not
addressed explicitly in most EEW systems. Instead, the most
common way that EEW systems incorporate ground motion
variability is by setting an alerting threshold that is
significantly less than the target level of ground motion for
which the user would actually like to take action, thus helping
ensure that the user is alerted to take action in cases that an
earthquake produces stronger shaking than expected. For
example, the original on-site JR EEW system used an alerting
threshold of 40 gal even though damage is not expected for
shaking that is less than 120 gal (Nakamura and Tucker, 1988;
Nakamura, 1996; Nakamura and Saita, 2007; Hu et al., 2014).
Another example would be the ShakeAlert EEW system in the
United States. When the system went live in December 2018, the
alerting threshold was MMI IV for a target level of MMI VI. Since
then, the target level has been decreased to felt shaking (MMI IV)
and the alerting level has been correspondingly lowered (Cochran
and Husker, 2019).

Most trains in the BART system have a maximum speed of 70
MPH and make 20-s stops at each station [http://bart.gov/about/

history/facts]. We assume that a train in motion has an average
speed of 50 MPH. When braking, BART trains can decrease their
speed by 3 MPH every second requiring just under 17 s to come to
a complete stop over a distance of 0.1 mi (186 m) (https://www.
bart.gov/guide/safety/earthquake).

In Figures 4, 5, we present an example of the performance, in
the conventional EEW view, of a source-parameter-based EEW
system that alerts when forecast shaking exceeds 40 gal (although
damage is not expected unless shaking exceeds 120 gal). (Up to
now our analysis has held equally for on-site and source-
parameter-based systems.) For each earthquake in the full
1,000-year-duration UCERF3-ETAS catalog, we compute the
final velocity to which a train at each of the 15 example
locations in Figure 1 could decelerate before peak shaking
arrives. (For simplicity, we assume that peak shaking is carried
by the direct S-wave.) These example locations were chosen to
explore the variety of experiences a train could encounter from
being close to a high hazard fault to far from any fault, from being
in a place with high local ground motion amplification to being
on a hard rock site.

The average amount of warning is 8.4 s, averaged over all
track locations for all earthquakes in the scenario catalog. This
is about half the time necessary to completely stop a train
traveling at 50 MPH, and it is rare for any location to receive
enough warning to completely halt a train before peak shaking
arrives (Figure 4). However, not all trains are traveling at full
speed, and 8 s is sufficient to decrease train velocity by more
than 20 MPH.
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FIGURE 5 | Final train velocity at all locations due to all earthquakes in the
1,000-year UCERF3-ETAS catalog. Each circle represents the final velocity to
which a train at that location could decelerate for a single earthquake. Circles
are colored red if the median expected ground motion is at least 120 gal

at that location and thus could cause damage at the train’s current location,
blue otherwise. Marginal histograms show total frequency of occurrence.
While trains can often be slowed to low velocities, most damaging shaking (red
circles) arrive with little warning time, generally allowing trains to only slow by
10 MPH or so. EEW system design is same as Figure 4.

The above statistics are for all earthquakes in the 1,000-year
catalog, including the events that did not cause hazardous shaking at
the example location. In Figure 5, we separate outcomes based on
whether hazardous shaking (defined as PGA>120 gal or ~12% g) is
experienced at that specific location (assuming median ground
motions). Locations that experience hazardous shaking typically
have short warning times such that only minimal braking can
occur. For example, at location 13 (Fremont), of the 78 events
with hazardous median expected shaking (>120 gal or ~12% g), 63
events (81%) result in such little warning that a train could only
decelerate <10 MPH before dangerous shaking arrived.

Neglecting any false alarms due to technical or forecasting errors,
an EEW system (either on-site or source-parameter-based) that alerts
at 120 gal would have zero unnecessary stops (Figure 6). However,
raising the alert threshold to 120 gal would decrease potential warning
times since the EEW system would have to wait for the waveforms to
increase in amplitude (for on-site EEW systems) or wait for more
moment to be released by the evolving rupture (for source-parameter-
based EEW systems) before it could issue an alert. If an on-site system
is triggered by the S-wave arrival, the average warning time across the

System stops (1/yr)

0
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0 20 40 60 80 100 120
Alerting threshold (gal)

FIGURE 6 | Number of system stops for different choices of the forecast
ground motion level that triggers an alert. This represents both the number of
stops for a source-parameter-based system that perfectly forecasts observed
shaking or an on-site system neglecting ground motion variability.

track system would be 7.3s for an on-site system and 7.1s for a
source-parameter-based system. The source-parameter-based system
lags slightly behind the on-site system despite benefiting from
observations near the earthquake source because it takes substantial
time for the earthquake source process to release sufficient magnitude
that the source-parameter-based system can forecast at least 120 gal
shaking anywhere along the tracks (Minson et al.,, 2018), while the on-
site system can issue an alert as soon as strong shaking impinges
anywhere on the track system. If we consider only sites along the track
that experience damaging shaking (PGA>120gal), the average
warning time decreases to just 3.6 and 3.3 s for on-site and source-
parameter-based EEW, respectively.

Conversely, warning times could be increased by lowering the
alerting threshold. However, lower alerting thresholds also increase
the frequency with which the train system would be halted
unnecessarily. It is worth noting that seismicity rates are so low
in the San Francisco Bay Area that choosing an alert threshold of just
10 gal (~1%g) would cause ~3.5 system stops per year, but allow for
an average of 11.7 s warning at all sites and 7.5 s at sites exceeding
120 gal for a source-parameter-based EEW system.

THE SPECIAL UTILITY OF EARTHQUAKE
EARLY WARNING FOR RAIL SYSTEMS:
AVOIDING DAMAGED TRACK

The preceding analysis looks at the ability to stop a train at any
location before dangerous shaking arrives at that location. But
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show expected performance for a source-parameter-based EEW system as a function of the threshold expected shaking that triggers an alert. Performance is shown for
track locations in (A) San Francisco and (B) Fremont, and (C) averaged over the entire track system. For comparison, we also show the expected dangerous track
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earthquake nucleates, and the situation of no EEW system in which case the train began braking once shaking arrived. The lower the alerting threshold, the earlier an alert
is triggered, and the less stopping distance occurs after shaking has arrived and potentially damaged the track.
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when it comes to protecting rail systems, EEW does not need to
stop (or slow) the train before the shaking arrives at the train’s
location. It primarily needs to stop the train before it arrives at a
location where the tracks are damaged. In this section, we
consider how EEW can best accomplish this (much more
achievable) goal.

We again assume that the entire rail system is halted if
observed (for on-site EEW systems) or forecast (for source-
parameter-based EEW systems) shaking exceeds the alerting
threshold anywhere along the tracks. If the train’s current
location is not itself subject to damaging shaking, it is
assumed that the train can be safely slowed or stopped
without danger of encountering damaged track. If the PGA at
the current location does end up being so large as to potentially
cause damage, the train is assumed to be able to begin safely
slowing. However, once the S-wave arrives, the tracks might be
damaged, and the train faces the hazard of traversing potentially
damaged track for the distance of track it travels from that time
until it comes to a complete stop. If braked at 3 MPH/second, it
takes about 186 m to come to a stop from an initial speed of 50
MPH. The longer the advance warning the train receives from the
EEW system, the more braking will occur before the S-wave
arrives, and the stopping distance from that reduced velocity (that
is, the amount of potentially damaged track traversed) will be
proportionately lowered.

Exposure to Potentially Damaged Track for
On-Site and Source-Parameter-Based
Earthquake Early Warning Systems

We compute the distance of potentially damaged track that a
train at two sample locations (3-San Francisco and 13-Fremont)
is expected to traverse based on the 1,000-year-duration
UCERF3-ETAS catalog given alerts from ideal on-site and
source-parameter-based EEW systems (Figures 7A,B). The

distance of potentially damaged track crossed in each
earthquake is simply the fraction of the stopping distance that
is traveled after the arrival of potentially damaging (>120 gal)
shaking. (Peak shaking at each point along the track is calculated
as described in the Methodology section.)

We also plot the average exposure to potentially damaged
track across the whole system (Figure 7C). San Francisco and
Fremont represent end-members: San Francisco is farther from
hazardous faults, and thus less often directly impacted by
dangerous shaking (Figure 3), so trains located there more
often can completely avoid encountering damaged track.
Fremont is close to the hazardous Hayward Fault, more often
directly impacted, and thus trains there will more often encounter
damaged track. The expected exposure averaged over all locations
in the track system is, as expected, in between these two end-
members.

In addition to considering an alerting threshold of 40 gal, we
examine how different alerting thresholds change the outcomes.
Lower alerting thresholds allow alerts to be issued earlier because
less of the rupture has to be observed to forecast that shaking will
exceed a lower threshold than a higher threshold (Minson et al.,
2018), and earlier alerting means braking initiates sooner after the
earthquake begins and reduces stopping distance over potentially
damaged track (Figure 7). However, the cost of lowering the
alerting threshold is that the EEW system will issue more
precautionary alerts, resulting in possibly many stops for
smaller earthquakes that never go on to produce potentially
damaging shaking (Figure 6). For the source-parameter-based
EEW system, we consider expected outcomes for alert thresholds
ranging from 10 gal (~1% g) to the damage threshold (120 gal, or
~12% g).

Ideally, we would repeat this comparison of different alerting
thresholds for on-site EEW as well. Indeed, we should note that
the original threshold for triggering a warning based on
observations at along-track seismometers (as opposed to
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coastal seismometers) is not the damage threshold of 120 gal but
rather 40 gal (Nakamura and Tucker, 1988; Nakamura and Saita,
2007), which presumably yields additional warning time from
when the 40 gal threshold is crossed until shaking reaches 120 gal
at the cost of causing unnecessary system stops when an event
that causes 40 gal shaking does not go on to produce 120 gal
shaking. However, given limited knowledge of the ratio of S-wave
amplitudes to P-wave amplitudes, or the evolution of shaking
amplitudes throughout an earthquake rupture, we cannot reliably
model when specific thresholds of shaking will be exceeded in a
waveform. So we can only consider the performance of a
reference on-site ground-motion-based EEW system that is
triggered when the S-wave impinges somewhere on the track
system and, for simplicity, we assume that the threshold that
triggers alerts is set to 120 gal and thus there are zero unnecessary
system stops.

We also consider the reference case of a rail system that does
not have the benefit of EEW. For this case, we assume that the
train operator begins braking as soon as they feel shaking,
specifically the arrival of the S-wave (This assumption is based
on author S.N.’s interview with JR drivers, 2008.) If the S-wave
amplitude is > 120 gal, then the train is exposed to potentially
damaged track for the full stopping distance.

The final case we explore is that of a system that receives an
EEW alert the instant that an earthquake nucleates that will
eventually grow to produce damaging shaking and which never
triggers unnecessary system stops. This is not a realistic
scenario. The purpose of this scenario is not to explore any
actual potential EEW system performance but rather to
quantify how much damaged track is simply impossible to
avoid given the geometry between earthquake ruptures and
track locations, as well as the stopping distance of trains. The
performance of any other EEW system design should then not
be evaluated based on whether it eliminates the possibility of
traversing any damaged track but rather on how close the
amount of potentially damaged track traversed is to this
theoretical floor.

We find that on-site warning systems provide more
protection (as measured by the amount of potentially
damaged track traversed) than source-parameter-based
EEW systems when the alerting threshold is set to the level
of potentially damaging shaking (120gal, or ~12%g).
However, a source-parameter-based EEW system that
utilizes an alerting threshold less than 120gal could
potentially provide trains with additional braking time
before the S-wave arrives, decreasing the amount of
potentially damaged track traversed. Lowering the ground
motion level that triggers an on-site alert would presumably
also increase warning time and decrease the amount of
hazardous track traversed. Unfortunately, cannot
quantify whether it adds more or less warning time than
lowering the source-parameter-based EEW  alerting
threshold. Regardless of the type of EEW system, alerting at
lower thresholds comes at the cost of more systemwide stops
(Figure 6); but, for on-site systems, the number of stops may
be further increased by ground motion variability triggering an
alert due to outlier motions from small earthquakes.

we

Earthquake Warning for Rail

Cost-Benefit Analysis
We can perform a rudimentary cost-benefit analysis by assuming

that there is some expected loss for running a train over a unit
distance of potentially damaged track (track that has been
exposed to 120 gal or higher) and that there is also some loss
associated with stopping the system be it necessarily (to inspect
potentially damaged tracks) or unnecessarily (when an alert was
issued for an earthquake too small to cause damage). Following
the approach in Minson et al., 2019, Minson et al., 2020, and
Saunders et al., 2020, we non-dimensionalize the costs by defining
a ratio, r, the false alarm tolerance of the system. That is, 7 is the
expected loss per unit distance of potentially damaged track
traveled to the cost for stopping the train system (either
necessarily or unnecessarily). If this ratio is large, then the
system is very false-alarm tolerant and it is advantageous to
alert for little earthquakes just in case they grow into damaging
earthquakes even though that will result in unnecessary system
stops. If r is small (a relatively false-alarm-intolerant system),
then the optimal strategy is to stop the system only when it is very
likely that damage could occur so as to minimize the number of
relatively costly system stops (Figure 8).

Each rail system must determine its own false alarm tolerance,
1, in order to identify the optimal EEW alerting strategy for that
rail system. The value may vary from system to system depending
on factors such as infrastructure fragility, train speeds and
braking ability, seismicity rates, shaking hazard, and public
expectations about earthquake safety and public transit
reliability. The considerations surrounding EEW for
Shinkansen trains are not the same as California commuter
rail systems in almost every aspect from operations (e.g.,
speed), to seismic hazard (the most significant earthquakes in
Japan are offshore while onshore continental faults dominate in
California), to the expectations of its ridership. But what we can
say is that, if r is large, then a source-parameter-based approach
with a low alerting threshold (such as has been adopted by both
JR and the new ShakeAlert EEW system) may be the best
approach. But if r is smaller, then the winning approach is to
use on-site ground-motion-based alerting (similar to the original
JR system). Further, on-site EEW provides better outcomes than
source-parameter-based EEW when warning at the damage
threshold of 120 gal regardless of false alarm tolerance.

For the systemwide analysis (Figure 8C), the minimum r value
for which source-parameter-based EEW could outperform on-
site EEW is just less than r = 800 (for an alerting threshold of
80 gal or ~8% g). So, for example, if running over 1 mi of track
exposed to >120 gal shaking has a 50% chance of causing a
derailment costing $1.6 million in loss (so that the expected loss is
$800,000) and the loss to the rail operator and its passengers for
stopping the entire system unnecessarily is just $1,000, then r =
800. If the cost of halting all trains unnecessarily is relatively
higher than this example ratio, then on-site EEW is the winning
strategy; if the expected loss for running a train over a unit length
of dangerous track is relatively higher, then source-parameter-
based EEW with a low alerting threshold is the optimal choice.

However, that conclusion comes with two enormous caveats.
First, we were unable to quantify the effects of lowering the
alerting threshold for on-site EEW, and thus we cannot
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FIGURE 8| Cost savings for different alerting strategies as a function of false alarm tolerance. Each colored line is the cost savings that could be realized if a source-

parameter-based EEW system alerted when the forecast shaking exceeded a specified threshold (ranging from 10 to 120 gal). The black dashed line shows the cost
savings for a perfect instantaneous EEW system that alerted at the moment the earthquake nucleated. This is the maximum possible cost savings that could be realized
but is less than 100% due to the physical limitations that trains require a finite distance to stop and the fact that even necessary stops due to hazardous shaking

incur some cost. Finally, the red dashed line shows the expected cost savings from an on-site EEW system that triggers an alert when 120 gal is observed anywhere
along the tracks (The two red lines present cost savings for EEW systems with alerting thresholds of 120 gal. The dashed red line is an on-site EEW system and the solid
red line is a source-parameter-based EEW system.) Cost savings is computed for locations in (A) San Francisco and (B) Fremont, and averaged over the entire track

determine how an on-site EEW system with low alerting
threshold compares to a source-parameter-based system with
low alerting threshold. Second, this cost-benefit analysis assumed
that the source-parameter-based EEW system could perfectly
forecast shaking without error or uncertainty. But ground motion
is in reality highly variable; observed ground motions are log-
normally distributed with typically a factor of 2 scatter (e.g.,
Gregor et al., 2014). Minson et al., 2019 demonstrated that the
effects of this variability are so large that, even if a source-
parameter-based EEW system always perfectly forecast the
median expected shaking, the choice to alert or not alert for
an earthquake would turn out to be incorrect the majority of the
time when an earthquake expected to be dangerous ended up
producing weaker-than-expected shaking or a small earthquake
thought inconsequential ended up producing hazardous shaking.
Because of this, source-parameter-based EEW systems must be
tuned to alert for smaller earthquakes than those expected to
cause damaging shaking so as to avoid missing an alert when an
earthquake produces shaking stronger than the median expected
shaking that is forecast when its magnitude and location are input
to a GMPE. In contrast, on-site ground-motion-based EEW is in
a sense a perfect shaking forecast: either shaking was seen at the
tracks and an alert was required, or there was no shaking and no
alert was needed. This contrast between the large uncertainty in
source-parameter-based EEW systems and relative lack of
uncertainty in on-site ground motion systems, combined with
neglecting increased warning times for on-site systems with low
alerting thresholds, might mean that the on-site approach is
favorable for all values of r. Further, we have not considered
system latencies, such as telemetry latencies to send networked
data back to a processing center, or latencies to transmit messages

to slow trains or trigger de-energization. If these latencies are
significant, on-site systems may have additional advantages in
that they do not need to send data to a center for processing and
may even be able to directly trigger automated actions.

Alternatively, perhaps the effects of the uncertainty in the
shaking forecast would be absorbed into the desire to alert for low
levels of shaking so as to potentially give trains additional warning
time. (This is especially likely for systems where r is large.) Or
perhaps JR’s approach of combining source-parameter-based and
on-site EEW systems provides optimal protection. Untangling
these factors would require a much larger study and knowing the
value of r for real-world rail systems.

DISCUSSION

While EEW has been utilized for rail systems in Japan since 1966
(Nakamura and Tucker, 1988), public EEW in California did not
begin until the end of 2018. There are several important
differences between United States rail systems and JR’s
Shinkansen line. On one hand, United States trains travel
much slower than bullet trains and can be stopped sooner; a
Shinkansen train traveling at full speed has similar braking speed
but takes an order of magnitude longer to stop: 4,000 m or
2.5miles (Arai et al, 2008) compared to 186 m or 0.1 miles
for BART. On the other hand, seismic hazard in California is
dominated by continental faults such that hazardous earthquakes
rupture much closer to railways than the subduction zone events
that contribute significantly to seismic hazard in Japan, and thus
warning times will tend to be shorter in California. In fact, the
only derailment of an in-service passenger train due to
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earthquake shaking suffered in the 40-year history of the
Shinkansen line was caused by the 2004 M6.6 Niigata-
Chuetsu earthquake, an onshore earthquake that occurred too
close to the tracks (Horioka, 2013). Additionally, a test train
derailed during the 2011 M,9.0 Tohoku-oki earthquake
(Horioka, 2013; Japan Transport Safety Board, 2013), an in-
service train derailed in 2013 in poor weather (Straits Times,
2013), and an out-of-service train derailed during the 2016
Kumamoto sequence (Goda et al., 2016).

By analyzing a 1,000-year chronology of scenario earthquake
ruptures from UCERF3-ETAS, we have explored how effective
EEW might be for California rail systems and how it can best be
utilized. Despite the slower speed of the trains, the warning is
generally only enough to slow but not completely stop trains
before dangerous shaking arrives. However, rail systems are
uniquely good candidates for utilizing EEW, because it is just
as important to stop trains before they reach some other part of
the track system that may have been damaged. In this second,
unique framework, there is significant potential for EEW to limit
trains’ exposure to damaged tracks. Although, it is worth noting
that even so, one of EEW’s greatest benefits may be psychological
(in terms of reassuring the ridership) (Nakayachi et al., 2019) or
as a training opportunity for rail systems to practice earthquake
response. In fact, of the 100 times that the Shinkansen system was
stopped due to EEW alerts in the first 20 years that its EEW
system was operating, only twice were tracks deformed and, in
both cases, the deformation was so minor that it did not pose a
derailment hazard (Nakamura and Tucker, 1988).

Rail systems can additionally benefit from EEW because
warnings have value even if the warning time is too short to
complete protective actions. Many potential EEW protective
actions are all or nothing or, worse, may lead to increased harm
if shaking arrives mid-action. For example, some piece of
infrastructure that is in the process of being moved into a
protected state may be more vulnerable to shaking than if it had
been left in its normal operational state. But even if a train does not
receive sufficient warning to completely stop before encountering
damaged track, it can still utilize whatever warning it does receive to
slow as much as possible before reaching the damaged area.

These observations indicate that EEW should be seen less as a
standalone system and more as part of a continuum of real-time
and near-real-time earthquake information. Here, too, rail
systems have been forerunners. Long before ShakeAlert
development began in the United States, the United States
Geological Survey provided freight and passenger trains with
normal (non-EEW) locations of M5+ earthquakes as soon as they
were available so that the railroads could slow and stop trains and
inspect tracks (Hasenberg, 2019). This is not EEW in its strict
definition as the alert came after the earthquake rupture had
finished and shaking had ceased. But it functioned exactly as
EEW should; it provided users with warning so that their trains
could take protective action before they encountered dangers
caused by earthquake shaking.

In this paper, we have explored the many ways that rail
systems can especially benefit from EEW or even real-time
earthquake information that is too slow to be considered early
warning in other applications. Other types of networked
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infrastructure could similarly derive these extra benefits.
Besides passenger and freight rail, any type of transportation
system that involves moving discrete items, such as road
networks, should be able to receive similar benefits. While
systems that involve continuous flow, such as power and gas
lines, may not be able to achieve all the benefits of discrete systems
like rail (where there is always some chance that the shaking will
impact an unoccupied section of the network), our analysis
illustrates how warnings can be used to mitigate loss across
the system even if the warning does not come early enough to
prevent exposure and loss everywhere in the system.

CONCLUSION

Our analysis indicates that on-site EEW provides better outcomes
than source-parameter-based EEW when warning at the damage
threshold of 120 gal regardless of false alarm tolerance. This is
because it takes too long for an earthquake rupture to evolve to a
large enough magnitude that a source-parameter-based system
can forecast that shaking will exceed 120 gal (See Conventional
Earthquake Early Warning View: How Much Warning Does Each
Location Receive? for warning time comparison and Minson et al.,
2018 for background discussion.). A source-parameter-based
EEW system with a lower alerting threshold (e.g., 40 gal) can
further reduce the exposure to potentially damaged track
compared to an on-site system alerting at 120 gal, increasing
the average warning time to 8.4 s compared to 7.9 s for on-site
warning. However, this comes at the cost of more frequent
halting of the rail system unnecessarily. An alerting threshold
of 40 gal would result in one stop/yr on average, which is about
4.5 times the rate of earthquakes whose median expected ground
motion is potentially damaging (>120 gal) anywhere in the
system. The optimal EEW approach for rail systems depends
strongly on the ratio of the cost of traversing damaged tracks to
the cost of halting the system, with a higher potential benefit if
that ratio is large.

We demonstrated a framework with which to examine the
application of EEW to distributed systems. Our framework uses
earthquake rupture probabilities and ground motion models to
forecast both hazard and potential warning times across a
geographically distributed infrastructure network. It then uses
a cost-benefit analysis that considers expected gains and losses
across the entire network as well as potential marginal increases
in gain with changes in warning time (also varying across the
network) to guide selection of the optimal EEW system design.
Real-world use of this framework to make actionable decisions on
the appropriate alerting threshold will be highly dependent on
what amplitude of ground motion is damaging, r values, and
other considerations of the specific application. In this paper, we
have developed the framework for application to rail systems, but
each rail system must consider and assign values (including
monetary and societal consideration) to the costs associated
with precautionary stops and the benefit from slowing trains
when damaging shaking occurs.

Lack of knowledge limits our analysis in two areas. First, we
lack models for the spatial covariance of ground motions,
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limiting our ability to calculate shaking hazard across the
entire rail system. Second, the lack of models for S to P
ratios and for how shaking amplitudes evolve with time
during a rupture prevents us from considering how
lowering the alerting threshold for on-site ground-motion-
based EEW systems could increase warning time. If the
seismological community were to develop models for
shaking covariance and evolution, it could potentially have
significant impacts on the EEW community including
improved performance assessments of ground-motion-based
EEW methods such as PLUM, quantifying the potential utility
of EEW methods that aim to predict peak shaking from P-wave
amplitudes (Kodera, 2018), and improving real-time shaking
forecasts.

DATA AVAILABILITY STATEMENT
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