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Introduction

The goal of an earthquake early warning system is to provide notification of ground shaking hazard
before significant ground motion is felt. An operational system requires four components: (1) seismic
network infrastructure, (2) rapid event characterization, (3) spatial hazard prediction, and (4) a
notification system to warn of hazard. Here I present an overview of such an early warning system
designed for use with a dense seismic network in the earthquake source region. Emphasis is placed on
components (2) and (3) as they are common to implementation of the system in any region. The
particular example described is for southern California; however, the same methodology could be
utilized in the Irpinia region of Italy.

In many earthquake prone regions, including California, Japan, Taiwan, Italy, and Turkey, population
centers are collocated with the earthquake source region. In such a case, hazard must be determined
using the low amplitude P-wave which can be detected seconds before significant ground motion
begins. The earthquake early warning methodology described here, named ElarmS, uses the P-wave
arrival to estimate hazard and therefore has the potential to issue warning before damaging ground
shaking begins, even at the epicenter of an earthquake.

Fig. 1. Map of southern California
showing the collocation of known
faults (black lines), past earthquake
epicenters (red dots for magnitude <
5 and black circles for mag > 5) and
population centers (bright yellow).
The seismic stations belonging to
TriNet and capable of onsite data
processing are shown as grey
squares. Station density is greatest
in at-risk populated areas where the
typical station spacing is ~25 km.




1. Seismic network infrastructure

The network infrastructure required consists of seismometers and a rapid telemetry system. Fig. 1
shows the seismic network in southern California, TriNet [Kanamori et al., 1997, Hauksson et al.,
2001]. Station density is greatest where population (yellow regions, Fig. 1) coincides with earthquake
source regions represented by known faults (black lines) and earthquake epicenters (red dots). In these
regions the typical stations spacing is ~25 km. Such dense coverage is important as the accuracy of the
magnitude estimate increases with the number of stations recording the P-wave arrival. Rapid
telemetry is also central to an effective warning system, since any delay in transmittal of information
from seismic station to the central processing site is a delay in the issuance of a warning.
Communication delay can be minimized by processing waveforms at the seismic stations and
transmitting only parameter information to the central processing site.

2. Event characterization: magnitude

To predict the hazard posed by an earthquake two
event parameters are needed: location and (@)
magnitude. Earthquake location can be determined
using a similar approach to normal network
operation based on P-wave arrival times. Initially,
an event is located at the site of the first station to
trigger, then between the first two, and then first
three stations. Once arrival times at four stations
are known, the event can be accurately located
using normal techniques. Local earthquake
magnitude is usually determined using peak ground
motion observations, i.e. it is not available in time
to issue a warning. An alternative approach to
magnitude determination must therefore be
developed using the P-wave arrival. 0.2 7
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Fig. 2. Relation between predominant period and 24
magnitude. Predominant period measured on the vertical
component of a broadband velocity sensor. (a) Maximum
predominant period observed within 2 seconds of the P-
wave arrival low-pass filtered at 10 Hz versus TriNet
magnitude for individual stations (gray dots) and event
averages (black dots) for all 53 events. The black line is
the best fit (least absolute deviation of event averages) for
data from magnitude 3.0 to 5.0 events. (b) as (a) except
maximum predominant period within 4 seconds of the P-
arrival on the same data stream low-pass filtered at 3 Hz.
The black line is the best fit to event averages for
earthquakes with magnitude between 5.0 and 7.3.
Observations of predominant period at single stations
show significant scatter (gray dots), but once several
stations are averaged the scatter is reduced significantly
(black dots).
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ElarmS rapidly determines magnitude based on the frequency content of the P-wave. Small
earthquakes rupture small fault patches generating a high frequency signal, while large events rupture
large faults generating a lower frequency signal. The frequency content is characterized using the
predominant period, T”, which is determined in realtime from the vertical component of a velocity
sensor [Nakamura, 1988; Allen and Kanamori, 2003]. Fig. 2 shows the relationship between the T?
and magnitude determined using 53 earthquakes in southern California ranging in magnitude from 3.0
to 7.3. The relation for low-magnitude events (mag < 5, Fig. 2a) is determined using the maximum
predominant period, 7', within 2 seconds of the P-wave trigger having low-passed the data at 10 Hz.
For larger magnitude events (Fig. 2b) better magnitude estimates require 4 seconds of data and a low-
pass filter of 3 Hz. Earthquake magnitude can therefore be determined using the following relations:
m, = 6.310g(TnfaX3+ 7.1; m, =7.0log Tnfaj+ 5.9

where m; and my; are the magnitude estimates for low-magnitude and high-magnitude events
respectively [Allen and Kanamori, 2003]. Waveform datasets from other regions including the Pacific
Northwest of the U.S. and Japan show similar magnitude period relations [Lockman and Allen, in
preparation].

ElarmS uses a realtime approach to magnitude determination. Fig. 3 shows the progression of the
magnitude determination using the predominant frequency ( f” =1/T") trace calculated from the
vertical velocity recorded at a station 50 km from the epicenter of a magnitude 3.9 earthquake. After
the P-wave trigger, the first 0.5 sec of f” is ignored as it contains transients between the frequency
content of background noise and the P-wave arrival. The first magnitude estimate is available 1 sec
after the trigger. It is calculated from the minimum f? between 0.5 and 1 sec using the magnitude-
period relation shown in Fig. 2a. In the example shown in Fig. 3 the minimum f” is 3.10 Hz
providing a magnitude estimate of 4.0. ElarmS then continues to monitor f? for the 2" second. If f”
should drop lower than what was observed during the 1* second, it would represent a new 7”  and

max

would be used to generate a new magnitude estimate that would be greater than the initial estimate.
This does not occur in the example shown in Fig. 3; the best magnitude estimate in this case is
available within 1 sec of the P-wave arrival and has an error of 0.1 magnitude units.

o 10 20 30 0 s e Fig. 3. Example magnitude estimation
——— ¥ * ’ " using the single station PDR 50 km from
the epicenter of the January 29, 2002,

magnitude 3.9, Simi Valley earthquake.
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In a larger magnitude event both the low- and high-magnitude estimates are used as ElarmS updates the
magnitude estimate. The example shown in Fig. 4 uses the vertical velocity trace from a station 82 km
from the epicenter of the magnitude 7.1 Hector Mine earthquake. Initially the event is treated as a
small-magnitude event: within the 1% second the minimum f” observation is 2.82 Hz, corresponding
to a magnitude of 4.2; in the 2™ second f" drops to 1.78 Hz, providing a magnitude estimate of 5.5. A
magnitude greater than 4.5 classifies the earthquake as a large magnitude event causing the system to
switch to using mj;. The minimum f? (having low-passed the data at 3 Hz, Fig. 4) after 2, 3 and 4 sec
is 0.99, 0.80 and 0.76 Hz corresponding to magnitude estimates of 5.9, 6.6 and 6.7 respectively. The
final error in the magnitude estimate using this single station is 0.4.

time

Fig. 4. Example magnitude estimation T{o—nrt
using the single station DAN 82 km from velocity
the epicenter of the October 16, 1999,
magnitude 7.1, Hector Mine earthquake. °
The top three traces are the same as Fig. 3.
Magnitude estimation  proceeds as
follows: (1) The first 0.5 sec of f T 13 14 15 16 17 18 19 20 21 2
ignored as it contains transients. (2) The *Toredominant ' ' ' ' ' ' '

minimum f within 1 sec of the trigger, 4{frequency L
2.82 Hz, is reported and converted to a 3] ; i
magnitude of 4.2. (3) The minimum f7 ] Y ]

within 2 sec of the trigger is lower, 1.78
Hz, corresponding to an updated
magnitude of 5.5. This classifies the 12 13 14 15 16 17 18 19 20 21 2
event as a large-magnitude earthquake.
Therefore f P is recalculated having low-
passed the data at 3 Hz and will be )
monitored for 4 sec. The new minimum predominant
f P within 2 sec is 0.99 Hz corresponding ~ *{frequency of
to a magnitude of 5.9 using the high- 3{low-passed

magnitude relation. (4) Within 3 sec the 2§ ‘(’:gﬂ;‘)’ .
minimum f drops to 0.80 Hz and the ] o | /J\. !

magmtude is updated to 6.6. (5) Within 4

freq: 2.82 freq: 1.78
mag:42 mag: 5.5

sec the minimum f drops again to 0.76 12 13 14 15 16 17 18 19 20 i 21 22
ime

Hz providing a final magnitude estimate

of 6.7 freq:0.99 freq: 0.80 freq:0.76

mag: 5.9 mag:6.6 mag:6.7

The use of a dense seismic network in the earthquake source region provides for rapid event detection,
location, and also multiple observations of 7" and corresponding magnitude estimates. The error in
the event-magnitude estimate is rapidly reduced when multiple station-magnitude estimates are
averaged. Table 1 shows the average absolute magnitude estimate for the dataset of 53 earthquakes in
southern California. When only the closest station is used to estimate magnitude the average error is
0.7, when the closest 5 stations are averaged the error drops to 0.45, and with 10 stations the error is
0.35. For the purpose of early warning it is the speed with which accurate magnitude estimates are
available that is important. To estimate how quickly magnitude estimates could be available in
southern California a subset of 28 events is used. These are the events which occur within the dense
portion of the seismic network (Fig. 1) and are also the events for which the most rapid hazard
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estimates would be needed. Table 2 shows the proportion of events for which a magnitude estimate
would be available and the average error with respect to the time of the S-wave arrival at the epicenter.
The S-wave arrival at the epicenter is chosen as the reference time as it represents the earliest time of
peak ground motion at the Earth’s surface. It is also a conservative estimate as in larger magnitude
events (the ones for which a warning would be needed) peak ground motion usually occurs several
seconds after the S-wave arrival. In the case of southern California magnitude estimates could be
available for 43% of events at the arrival time of the S-wave at the epicenter with an average error of
0.52. Magnitudes are available for 82% of events 2 sec later and the average error is 0.41.

Number of stations | Average magnitude error Table 1. The average absolute error in the event magnitude
(magnitude units) is reduced as more stations provide individual magnitude
1 0.7 estimates that can be averaged.
0.45
10 0.35

Time after S-arrival | Proportion of events | Average magnitude ::::?]lreacz' cha sszgﬁfyrsgoxﬁethzS?ﬁ:;fsarilg
at the epicenter for which a magnitude error southerr}ll California Thet:g timing of magnitude
(sec) estimate is available (magnitude units) . ! ) d relati g h fS;
0 13% 0.52 estimates is reported relative to the S-wave
> 2%, 0' ] arrival at the epicenter which represents the
= : earliest possible timing of peak ground
4 96% 0.29 shaking at the surface.

3. Hazard predictor: attenuation relations

Given the location and magnitude of an earthquake the spatial distribution of predicted peak ground
motion can be estimated using attenuation relations. Many different functional forms have been used
for different types of earthquakes in different regions [e.g. Campbell, 1981; Joyner and Boore, 1981;
Fukushima and Irikura, 1982; Abrahamson and Silva, 1997; Boore et al., 1997, Campbell, 1997,
Sadigh et al., 1997; Field, 2000], however most are basec}l{ on the functional form
A=Ay"e™

where A is the peak ground acceleration (PGA) at a distance 7, and 4y, n and k are constants to be
determined. This functional form has a term for geometric spreading, ", and one for intrinsic
attenuation, ¢*. Previously determined attenuation relations for southern California used only PGA
observations for earthquakes with magnitudes greater than 5.5. Therefore, ElarmS uses its own
attenuation relations that have been developed using observations from earthquakes ranging in
magnitude from 3.0 to 7.3. It was found that the effect of intrinsic attenuation was not significant
within 200 km of an event so k£ was set to zero to reduce the unknowns in the regression. n was
determined as a function of magnitude by grouping PGA observations by magnitude and calculating
the best fitting n. Having determined n, 4) was calculated for each event and the best fitting linear
relation between 4y and magnitude was obtained. Fig. 5 shows how 4y and n vary as a function
magnitude.

ElarmS uses the attenuation relations in a two-stage process. One second after the first P-wave trigger
the first estimate of magnitude is available. Given the magnitude, 4y and »n are determined from the
relations shown in Fig. 5, and estimated PGA is calculated as a function of distance. As time
progresses during the event sequence, the stations closest to the epicenter measure their PGA. Once
this information is available from a few stations it is used to adjust the attenuation relation by keeping »
fixed but allowing 4y to change in order to best-fit the attenuation relation to PGA observations. Fig. 6
shows examples of the attenuation relations for magnitude 5.1, 6.1 and 7.1 earthquakes. Note the
discrepancy between the observations and predictions of the Field [2000] attenuation relations. This
discrepancy is a common problem when using attenuation relations determined from larger-magnitude

5



events only. The attenuation relations described here do not account for near-surface amplification
effects, such as rock versus soil, which are responsible for much of the scatter in the acceleration
observations shown in Fig. 6. Although site corrections are not currently part of ElarmS they can
easily be included when known [e.g. Wald et al., 1999a; Wald et al., 1999b].
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Fig. 6. Examples of attenuation relations (lines) and PGA observation (dots).
(Top) The 1999, magnitude 7.1, Hector Mine earthquake. (Middle) The 1987,
magnitude 6.1, Whittier earthquake. (Bottom) The 2001, magnitude 5.1, Big
Bear earthquake. The grey lines show the ElarmS attenuation relations
determined given just earthquake magnitude and the green lines are the result
of adjusting the relation based on PGA observations. Dashed lines show the
Field [2000] attenuation relations for rock and soil for comparison.



4. Notification system

The methodology presented above has the potential to provide zero to a few seconds of warning of
forthcoming ground shaking at the epicenter. The warning time increases with distance from the
epicenter: at 30 km approximately 10 sec of warning is possible; ~20 sec is available at 60 km. ElarmS
is designed to provide a prediction of hazard as quickly as possible and then to update the prediction
every second. The initial prediction is based on limited data and has the most uncertainty. As time
proceeds, the initial stations provide more information and additional stations trigger, reducing the
uncertainty in the hazard prediction along with the amount of warning time. The notification system
should therefore allow users to decide on their tolerance for false alarms. For example, a school may
decide to use the earliest warning possible because one or two false alarms per year can be considered
as drills with little cost. However, an industrial user wishing to shut down a production line may
decide that it would rather have less warning time but be more certain before a costly shut-down.
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