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Synopsis
Strong motion earthquake warning (also known as earth-
quake early warning) is the rapid detection of an earth-
quake underway, the estimation of the ground shaking
likely to result, and the issuance of an alert to people in
the region where the ground shaking is likely to be hazard-
ous. The last decade has seen rapid development of meth-
odologies for early warning, which include the use of
strong motion observations close to the epicenter to pro-
vide warnings at greater distances, the use of P-wave
observations across a network to locate the event and
map the distribution of likely strong ground motion, and
the use of a P-wave detection at a single station to estimate
the likely shaking intensity at the same station. These
approaches have been listed in the order of increasing
warning time, but the additional warning time comes at
the expense of certainty. The earlier a warning is provided
the greater the likelihood of false and missed alarms and
the greater the uncertainty in the estimated shaking inten-
sity. Typical warning times range from a few seconds to
tens of seconds; the upper limit is about 1 min. Identified
applications include personal protective measures where
individuals move to a safe-zone within a few feet; auto-
mated mechanical response including stopping trains and
isolating sensitive and hazardous machinery and
chemicals; and situation awareness by large organizations
that can help prevent cascading failures and be available
before shaking disrupts communications. Large-scale
public warning systems are currently operational in
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Mexico and Japan, and smaller systems are used in Roma-
nia, Turkey, and Taiwan. Testing is underway by seismic
networks in many other countries; however, implementa-
tion will require significant financial, political, and socio-
logical hurdles to be crossed.

Introduction
Strong motion earthquake warning, more commonly
referred to as earthquake early warning (EEW), is the
rapid detection of an earthquake underway, estimation of
the intensity of ground shaking likely to result, and issu-
ance of a warning in the area likely to experience damag-
ing strong motion. It provides high-probability warnings
of shaking likely to occur within seconds to tens of sec-
onds. The ability to provide warnings is relatively new
and due to recent scientific development of methodologies
to rapidly estimate the size of earthquakes underway,
coupled with modern engineering of rapid communica-
tions to collect seismic data and distribute warnings, and
a political will to operate state-of-the-art geophysical net-
works for the purpose of both scientific discovery and
societal benefit.

EEW is one of three categories of earthquake warnings.
Long-term warnings provide relatively low probabilities
of earthquakes over long time periods, typically decades,
and are usually referred to as earthquake forecasts. On
these long timescales, earthquake likelihood can be esti-
mated based on historic earthquake recurrence intervals
and plate motion rates, linked together with deformation
models incorporating fault geometries. For example, the
probability of an M > 6.7 earthquake on the Hayward-
Rodgers Creek fault that crosses the UC Berkeley campus
is estimated to be 31% over 30 years (Working Group on
California Earthquake Probabilities, 2007). These fore-
casts are also translated into estimates of ground shaking
intensity that can be used to define building codes
designed to prevent new buildings from collapse in the
forecast of earthquakes.

The other end-member is earthquake prediction. The
term prediction usually means a high probability of
a large, damaging earthquake over a short time interval.
For example, predicting an M> 7 earthquake on the Hay-
ward Fault next week (Allen, 1976). Earthquake predic-
tion is currently not possible, as we have not been able
to identify a precursory signal that consistently occurs
before earthquakes, and most seismologists agree that pre-
diction will not be possible in the near future. EEW is
intermediary in that it is possible to provide warning
before shaking is felt, however, the warnings are only
a few seconds to tens of seconds.

Uses of early warning
Uses of EEW that have been identified to date fall into
three broad categories (Allen et al., 2009d): personal pro-
tection, automated mechanical actions, and situation
awareness. The first use that people think about when
introduced to early warning is personal protection. For

most people, given that there will only be a few to a few
tens of seconds of warning, the appropriate action is to
move to a “safe-zone” within a few meters of your current
location – under a sturdy table, away from falling hazards
including windows, bookshelves, etc. These safe-zones
need to be identified ahead of time in the locations that
people spend most of their time, that is, in their homes
and offices or workplaces. In most cases there is not suffi-
cient time to evacuate buildings, and EEW is no substitute
for building standards that prevent building collapse. It
currently takes schoolchildren in Japan and Mexico !5 s
to get under their desks in response to audible warnings.
Outdoors, people should move away from buildings,
masonry walls, and other falling hazards including broken
glass, street signs, etc. In hazardous work sites including
construction sites, manufacturing and chemical facilities,
the same principle applies: move to predefined safe-zones.

The second category is automated mechanical control.
Within the transportation sector, implemented warning
systems are currently used to slow and stop trains, stop air-
planes from landing by issuing a go-around command,
and to bring traffic to a halt. They could also be used to
turn metering or tollbooth lights to red at the entrance to
vulnerable road bridges, tunnels, and overpasses. Within
buildings, warnings are now used to stop elevators at the
next floor and open the doors, open emergency exit doors
and window blinds, and turn on lights. Industrial facilities
use the warning to place machinery or product into a safe
mode. For example, a chip manufacturer in Japan places
sensitive micro-robots into a hold mode to reduce damage,
and isolates hazardous chemical systems to minimize any
resulting leaks. In Japan, engineers are also experimenting
with using warnings within automated structural control
systems that change the mechanical properties of the
building to better withstand the expected shaking. This is
an area where there are a myriad of possible applications,
most of which are very specific to individual users.

Finally, situation awareness is very important to organi-
zations with responsibilities for large infrastructures and/
or people. These include government agencies, utility,
and transportation companies. While these groups may
take early warning actions, they also have a need to rapidly
understand why part or all of their system is failing. For
example, an electrical power grid may start to fail in one
area, and operators need to rapidly understand why it is
failing in order to reduce cascading failures throughout
the system. EEW can provide this information more rap-
idly than any of the existing post-earthquake information
systems. EEWalso has the advantage that much of the data
needed to map out the likely shaking is collected before
significant shaking has occurred. This means that the
information can be transmitted across data-networks and
out to users before strong shaking has the opportunity to
disrupt communications.

One of the main concerns expressed in response to the
early warning concept is panic: will people panic when
they receive the warning and injure themselves or others
as a result. Social scientists have long studied this issue
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and find that it is not the source of concern that many seis-
mologists think it is (Quarantelli, 1956; Goltz, 2002). The
experience that we now have from public warnings in
Mexico and Japan provides no evidence that warnings
result in panic (Espinosa Aranda et al., 2009; Kamigaichi
et al., 2009). There is no evidence for traffic accidents
resulting from warnings and no evidence of public stam-
pedes. Implementation of EEW does require an educa-
tional campaign to educate people about what EEW can
do and help them identify the appropriate actions in their
locations (Kamigaichi et al., 2009).

Approaches to early warning
All EEW methodologies must use just a few seconds of
data to detect an earthquake underway and rapidly assess
its intensity. There is generally a trade-off between the
amount of warning time and the accuracy or certainty of
the warnings. Greater certainty requires more data from
one or more stations, but waiting for that data reduces
the warning time. The challenge when building an early
warning system is to determine whether additional accu-
racy is worth the increasing delay.

Strong-motion-based warning. The first warning meth-
odologies used this approach. When strong ground shak-
ing is observed at one location, close to the earthquake
epicenter, the shaking intensity at greater distances can
be estimated using ground motion prediction equations
and a warning transmitted ahead of the ground shaking.
This approach is called front detection and is used in Mex-
ico City where the earthquake source zone is !300 km
from the city. Figure 1 shows the time at which peak
ground shaking was observed at all available stations
recording nine M " 6 earthquakes. A strong-motion-
based warning would be possible at some point between
10 s and 20 s after the origin time for these events,
depending on the proximity of the closest station(s).
By 20 s, the onset of strong shaking is !60 km from the
epicenter meaning that warnings based on peak-shaking
observations near the epicenter are only available at dis-
tances greater than !60 km. The region within !60 km
of the epicenter would get no warning and is referred to
as the “blind zone.”

P-wave based warning. To reduce the size of the blind
zone, P-wave based methodologies are used. These
approaches use a few seconds of the P-wave to estimate
either the magnitude or the peak-shaking amplitude. In
order to estimate the magnitude, a variety of parameters
have been developed that are measures of the frequency
content (Nakamura, 1988; Allen and Kanamori, 2003;
Kanamori, 2005) or the amplitude (Kamigaichi, 2004;
Wu and Kanamori, 2005b; Zollo et al., 2006; Cua and
Heaton, 2007; Wurman et al., 2007; Böse et al., 2008;
Wu and Kanamori, 2008b; Köhler et al., 2009). In order
to estimate magnitude, amplitude-based parameters need
to be corrected for epicentral distance. However, the fre-
quency-based parameters have been found to be insensi-
tive to epicentral distance provided the observations are

made within !100 km of the epicenter. For all of these
parameters empirical scaling relations between the obser-
vation and earthquake magnitude have been developed
so that magnitude (plus or minus some uncertainty) can
be estimated from an observation at one or more stations.

Regional warning. When a regional network is avail-
able, P-wave based estimates of magnitude can be com-
bined with an estimate of the earthquake location to then
map the distribution of strong ground motion using
ground motion prediction equations. In their simplest
form these maps are a “bulls-eye” centered on the epicen-
ter. Corrections can also be made for site amplification
effects. Examples of this approach include ElarmS (Allen,
2007; Wurman et al., 2007; Allen et al., 2009a; Brown
et al., 2009), Presto (Zollo et al., 2009), the Virtual Seis-
mologist (Cua and Heaton, 2007; Cua et al., 2009), and
the NIED approach in Japan (Horiuchi et al., 2005).

When using a regional network, P-wave observations at
multiple stations can be combined in order to verify that an
earthquake is underway and improve the accuracy of the
magnitude estimate. Generally, the more stations used,
the better the accuracy of the warnings and the fewer false
alarms. The time at which a warning is available therefore
depends on the number of station detections required and
the number of seconds of P-wave data required at each sta-
tion. Figure 1 illustrates the amount of warning time avail-
able using this approach. The horizontal blue line at 7.6
s represents the time at which a warning is available for
a particular scenario (Figure 1). In this case, the size of
the blind zone is!15 km and the amount of warning time
increases linearly with distance beyond 15 km. There
would be !9 s warning at 50 km and !22 s warning at
100 km.

Onsite warning. Onsite warning provides the most
rapid approach to earthquake warning by removing the
need for communications. The delay in issuing
a warning is minimized by using a seismic station at the
location where the warning is needed. Onsite methodolo-
gies are intended to estimate the intensity of ground shak-
ing at the same location that the P-wave is detected (Odaka
et al., 2003; Wu and Kanamori, 2005a, b; Nakamura and
Saita, 2007a, b; Wu et al., 2007; Wu and Kanamori,
2008a, b; Böse et al., 2009a, b). The challenge with onsite
warning is to provide enough accuracy that the warnings
are useful. The character of P-wave arrivals is variable at
different locations for the same earthquake due to variabil-
ity in source radiation and also local site effects. Using
a single station (or several stations within a few hundred
meters) does not allow for averaging of this variability as
in the case of regional methodologies. However, the onsite
approach is faster.

Figure 1 illustrates the best-case scenario for onsite
warning in which the warning is available using 1 s of
P-wave data and the earthquake is at a sufficient depth that
there is more than 1 s between the P-wave arrival and the
onset of peak shaking at the epicenter. This means that
there is no blind zone and a warning is available at the epi-
center. The warning time increases with distance as the
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to !12 s at 100 km.
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time-separation of the P-wave and peak shaking increases.
Typical warning times are !2 s at 10 km, !7 s at 50 km,
and !12 s at 100 km. The onsite approach provides the
most warning close to the epicenter. However, for loca-
tions at greater distances, regional warning provides more
warning time that onsite warning as alerts are transmitted
electronically ahead of ground motion. In the scenarios
shown in Figure 1, the crossover when the regional
method provides more warning than onsite is at !35 km.

Implementations of early warning
There are currently two large-scale implementations of
early warning in Mexico and Japan (Figure 2). The first
public system started to provide warnings to Mexico City
in 1993. It was built following the 1985 M8.1 earthquake
that killed 10,000 people in the city. The system uses a line
of seismometers deployed near the coastline to detect off-
shore earthquakes and transmit the warning 300 km to the
city ahead of strong shaking (Espinosa Aranda et al.,
1995). The offset between the source region and the city
allows the use of a front detection approach and still pro-
vides more than 60 s of warning time. These warnings
are broadcast by 58 radio stations and 6 TV channels in
the city. There are also more than 250 users who receive
the warning through dedicated radio links including
schools and universities, emergency and civil protection
agencies, government buildings, and the subway system.

Japan Railways first began to experiment with early
warning in the 1960s. These systems became increasingly
sophisticated including the first P-wave based application
of UrEDAS in the 1980s (Nakamura, 1988). With the
growth of computerized communication systems in the
1990s automated remote sensing of earthquakes expanded.
Following the 1995 Kobe earthquake that killed 6,000
people, Japan installed dense seismic networks across the
entire country (Okada et al., 2004). This network led to
the development and implementation of a nationwide
regional warning system that became operational in 2007
and is operated by the Japan Meteorological Agency
(JMA). These warnings are now broadcast by the majority
of TVand radio stations in Japan, through the government
operated J-Alert system that issues warnings to municipal-
ities (many of which relay the warning to loudspeaker sys-
tems in public spaces), by cell phone companies, and by
a myriad of private providers and purpose-built consumer
devices (Kamigaichi et al., 2009). The various Japanese
systems use both onsite and regional warning systems. In
the 2004 Mw7.2 Niigata earthquake the emergency brakes
of one of the bullet trains were triggered by the onsite
UrEDAS system (Nakamura and Saita, 2007a), and the
regional warning system operated by JMAhas issuedwarn-
ings for multiple earthquakes including the 2008 Mw7.2
Iwate-Miyagi Nairiku earthquake (Kamigaichi et al., 2009).

Smaller scale and user-specific warning systems have
also been implemented in various locations around the
world. In Bucharest, warnings are provided to a nuclear
research facility (Ionescu et al., 2007). Istanbul has

warning systems for a power plant and a large banking
building, and a more general use warning system has also
been implemented in the last few years using a new strong
motion network (Alcik et al., 2009). In Taipei, a test warn-
ing system provided warnings to the rail system, the uni-
versity, and a hospital (Wu and Teng, 2002). Finally, in
the US, a temporary warning system was implemented
following the 1989 Loma Prieta earthquake (Bakun
et al., 1994).

Testing of early warning methodologies is now under-
way on an increasing number of regional seismic networks
around the world. This includes networks in California,
China, Italy, at the Pacific Tsunami Warning Center, and
in Switzerland (Figure 2). In many of these cases the tech-
nical feasibility of providing warnings has been demon-
strated. Whether these test systems will transition to
implementation of public warning systems will therefore
be largely determined by financial, political, and sociolog-
ical factors.

Summary
The last decade has seen rapid development of earthquake
early warning methodologies (e.g., Gasparini et al., 2007;
Allen et al., 2009b, c) by multiple research groups around
the world. A range of methodologies has been developed
that generate warnings based on observations of strong
shaking near the epicenter, estimation of shaking hazard
maps using P-wave detections across a network, and sin-
gle-station detections of P-waves to estimate hazard at
the same location. Warning times typically range from
a few seconds to tens of seconds with an upper limit of
around 1 min. With all these methodologies there is
a trade-off between the accuracy of the warning and the
amount of warning time. The challenge is to identify the
optimal threshold at which to provide a warning.

There are now several implementations of public warn-
ing systems around the world, most notably inMexico and
Japan. These provide insight to the potential uses of earth-
quake alerts, which fall into three categories. Personal pro-
tection is about actions of individuals to protect
themselves. For individuals it is important to identify
“safe-zones” at home and work. These are spaces that
are reachable within a few seconds where they will be
protected from falling hazards. Automated mechanical
control can be used to further reduce the impacts of earth-
quakes. This category includes slowing trains, opening
elevators at the nearest floor, and isolating sensitive or
hazardous machinery or chemicals. Finally, early warning
can provide situational awareness information to large
organizations that may be used to limit cascading failures
and initiate response. This information could be available
before much of the shaking, and therefore increases the
likelihood that the information can be transmitted before
communications are lost.

While 5 years ago there were many technical questions
about the feasibility of earthquake early warning, today
the primary hurdles to implementation are financial,
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political, and sociological. The existing public warning
systems in Mexico and Japan were built following major
destructive earthquakes. The challenge for the hazard mit-
igation communities in other countries is to generate the
necessary will to implement these systems before the next
earthquake.
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Definition and calculation
During the earthquake process, the strain energy W avail-
able for rupture is divided into fracture energy EG, thermal
energy EH, and radiated seismic energy ES. The stress con-
ditions around the fault and the rheological and elastic
characteristics of the Earth materials being ruptured deter-
mine the partitioning of the overall energy budget
involved in the earthquake source process. In particular,
EG and EH are the energies dissipated mechanically and
as frictional heat during faulting, respectively, and ES is
the energy fraction that goes into elastic seismic waves
energy. The latter being of great importance for seismolo-
gists in evaluating an earthquake’s shaking potential, in
the following the relationship between the strain energy
and radiated seismic energy is outlined.

After Knopoff (1958), the change in strain energy
before and after an earthquake can be obtained from:

DW ¼ S !D!s; (1)

where S = fault area, !D = average displacement over the
fault, and !s ¼ s0 þ s1ð Þ=2 is the mean stress (with s0
being the initial stress and s1 the final one). This energy
represents the total work associated to the earthquake

rupture process. The small energy fraction converted to
ES is (e.g., Wyss and Molnar, 1972):

ES ¼ 1
2

s0 þ s1 ' 2sf
! "

( S !D; (2)

where sf is the average frictional stress during faulting. It
is also useful to relate ES and DW via the radiation effi-
ciency !R ¼ ES= ES þ EGð Þ (see, e.g., Wyss, 1970;
Husseini, 1977):

ES ¼ !RDW : (3)

The radiation efficiency !R, spanning between 0 and 1,
expresses the amount of work dissipated mechanically,
therefore if an earthquake is effective in radiating ES then
!R approaches 1 (that is to say about all the energy budget
is converted into the seismic waves energy), whereas if !R
is very small or = 0 then the energy is dissipated and no
ES is radiated.

Assuming that the final stress s1 and the frictional stress
sf are identical (that is to say the stress dropDs ¼ s0 ' s1
is complete, Orowan, 1960), it has been shown by
Kanamori (1977) that a measure of DW can be obtained
considering another important physical parameter of the
seismic source, that is the seismic moment M0:

DW ¼ Ds
2m

# $
M0; (4)

with M0 ¼ mS !D (where m = rigidity of the medium in the
source area). M0 is a measure of the overall static displace-
ment caused by the fault rupture. It is a well determined seis-
mological parameter (normally within a factor of 2) since it
must be calculated from long and/or very long periods
(usually >100 s for large earthquakes) of the recorded
seismograms (Dziewonski et al., 1981), which are less
affected than the short periods by the small-scale Earth het-
erogeneities along the path from the source to the receivers.

By assuming that the stress drop is complete and
nearly constant (between some 20 and 60 bars = 2–6(107
dyn/cm2 = 2–6 MPa) for very large earthquakes and that
m = 3–6(1011 dyn/cm2 = 3–6(104 MPa in the source area
under average crust-upper mantle conditions, Kanamori
(1977) showed that the ratio

ES=M0 ¼ 5) 10'5 ¼ constant: (5)

Therefore, under these conditions (adopted also for
introducing the moment magnitude Mw, see Earthquake,
Magnitude), one could easily have an indirect estimation
of ES from known M0.

However, M0 and ES are two distinct physical parame-
ters. Indeed,M0 is a static parameter that is not sensible to
the details of the rupture history and does not bring any
direct information about the frequency content radiated
by the seismic source, whereas ES depends on the dynamic
characteristics of the seismic source and, being related to
velocity, it is more important than M0 for evaluating the
earthquake damage potential over frequencies of
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