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Single-Station Earthquake Characterization for Early Warning

by Andrew B. Lockman and Richard M. Allen*

Abstract We use data from 50 earthquakes in southern California to test the
accuracy of event parameter determination using single seismic stations for the pur-
pose of early warning. Earthquake magnitude, hypocentral distance, and backazimuth
are all estimated using P-wave arrivals only. There is a wide range in the accuracy
of event parameters determined by different seismic stations. One quarter of the
stations produced magnitude estimates with errors less than �0.3 magnitude units,
hypocentral distances within �15 km, and backazimuth calculations within �20�.
This accuracy is sufficient to provide useful early warning. Using P-wave arrivals is
the most rapid method of delivering earthquake early warning and may permit a few
seconds notice of impending ground motion even in the epicentral region. Our results
show that networks using a P-wave detection approach for early warning can increase
the accuracy of magnitude estimations by determining station-specific scaling rela-
tions between the predominant period of the P wave and event magnitude and by
utilizing stations with optimal relations. Further, because individual stations are able
to deliver an accurate early warning, the option of utilizing the technology in regions
that lack a dense seismic network but are in need of seismic hazard mitigation be-
comes possible.

Introduction

Earthquake early warning systems hold the potential to
reduce the damaging affects of earthquakes by giving a few
seconds to a few tens of seconds warning before the arrival
of damaging ground motion. Many early warning systems
use a network of seismic instruments to determine earth-
quake magnitude and location (Anderson et al., 1995;
Espinosa-Aranda et al., 1995; Wu et al., 1998; Wu and
Teng, 2002; Allen and Kanamori, 2003; A. Lockman and
R. M. Allen, unpublished manuscript, 2005), but here we
focus on a single seismic station’s ability to assess earth-
quake hazard using the first few seconds of the P wave by
calculating three parameters needed for early warning: event
magnitude, hypocentral distance, and backazimuth. Rapidly
estimating these parameters from the P wave and using at-
tenuation relations gives the timeliest estimate of the ground-
shaking hazard for early warning.

Operational early warning systems in Mexico City and
Taiwan use a technique known as front detection to give
early warning, an approach that involves calculating earth-
quake magnitude near the source and issuing a warning to
populations a greater distance away. The Seismic Alert Sys-
tem in Mexico City uses the peak ground motion measured
near the Guerro Gap subduction zone to estimate magnitude,
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and conveys this information to the population in Mexico
City, 300 km away, providing 60 sec or more warning of
the impending ground motion (Anderson et al., 1995;
Espinosa-Aranda et al., 1995). The Central Weather Bureau
of Taiwan operates in a similar fashion, and can give a mag-
nitude estimate about 22 sec after the P wave is detected and
issue a warning to populations greater than 75 km from the
epicenter (Wu et al., 1998; Wu and Teng, 2002).

A more advanced method of early warning uses the P
wave to characterize event parameters, which gives an ad-
ditional few seconds warning because it does not involve
waiting for peak ground motion observations. Nakamura
(1988) developed a system called UrEDAS, which uses the
initial motions of the P wave recorded at a single station
to determine earthquake parameters. Allen and Kanamori
(2003) and Lockman and Allen (unpublished manuscript,
2005) have also used a P-wave detection approach to deter-
mine earthquake magnitude, but in a manner that utilizes a
network of seismic stations to increase the accuracy of mag-
nitude estimates.

Here we assess the potential to accurately determine
earthquake parameters using single seismic stations. We fol-
low a similar approach to that used by Nakamura (1988) to
estimate magnitude, hypocentral distance, and azimuth using
P-wave records at single stations, and quantify the accuracy
of these estimates at many stations across southern Califor-
nia. This analysis shows how single stations (or small clus-
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ters of stations) can provide early warning in regions without
seismic networks, and how they can be used to maximize
warning time at sites close to the epicenter. Results suggest
that the accuracy of estimating event parameters for early
warning largely depends on individual station behavior and
site characteristics.

Data Set

We test the accuracy of an individual station’s ability to
determine earthquake source parameters by analyzing wave-
forms of 50 earthquakes in southern California that were re-
corded on three-component broadband velocity sensors
within 150 km of the epicenter (Table 1, Fig. 1). The data set
contains a catalog of events very similar to that of Allen and
Kanamori (2003) and uses all events greater than magnitude
5.0 that occurred since 1995 plus the Northridge (M 6.7),
Hector Mine (M 7.1), and Landers (M 7.3) earthquakes. Ad-
ditionally, 38 events with magnitudes between 3.0 and 4.9
were randomly selected and included in the data set.

Single-Station Characterization of Earthquake
Parameters

Earthquake early warning systems must rapidly measure
event parameters a few seconds after the arrival of the P
wave. We begin by analyzing a single station’s ability to
determine the earthquake magnitude and follow with an
analysis of a single station’s capacity to determine the event
location.

Magnitude

Previous work shows that earthquake magnitude can be
estimated using a network of seismic instruments and the
first few seconds of the P wave through scaling relations
between magnitude and the predominant period of the P
wave (Allen and Kanamori, 2003; Lockman and Allen, un-
published manuscript, 2005). These studies indicate that
three different seismically active regions exhibit the same
scaling between predominant period and earthquake mag-
nitude, but there remains considerable variation in the pre-
dominant period measurements of individual stations. Cer-
tain stations show a well-defined scaling relation between
predominant period and event magnitude, while others lack
a scaling relation owing to scatter in the predominant period
observations (Lockman and Allen, unpublished manuscript,
2005). Here we aim to determine which stations in the south-
ern California TriNet network have optimal scaling relations
for early warning applications and explore the potential
causes of their increased magnitude–period sensitivity.

To assess the ability of a single station to rapidly deter-
mine magnitude, we selected stations that recorded more
than five earthquakes with at least one with magnitude
greater than 5.0 from the event data set. The predominant
period was calculated from the vertical velocity component

of the P wave after the waveform was passed through a 3-
Hz low-pass filter. We follow the approach of Allen and
Kanamori (2003) and use the maximum predominant period
( ) in the first 4 sec of the signal, using a method de-pTmax

scribed by Nakamura (1988):

XipT � 2p , (1)i �Di

where

2X � �X � x (2)i i�1 i

2dx
D � �D � . (3)i i�1 � �dt i

is the predominant period for sample i, xi is the recordedpTi

ground velocity, Xi is the smoothed ground velocity squared,
Di is the smoothed velocity derivative squared, and � is a
smoothing constant equal to 0.999.

was plotted as a function of earthquake magnitudepTmax

for each station, and a best-fit line was determined by min-
imizing the absolute deviations. The average absolute mag-
nitude error of each station was calculated using the devia-
tion of each individual observation from the best-fitpTmax

line. Figure 2 shows the average magnitude errors for each
station and the magnitude–period scaling relations for three
stations. Station CWC (Fig. 2b) exhibits the least uncertainty
in earthquake magnitude determination using . OtherpTmax

stations in the data set show a lesser ability to determine
earthquake magnitude because of decreased sensitivity in the
scaling relations, more scatter in the observations, orpTmax

both. Comparing the observed for the same eight eventspTmax

at stations CWC and GSC demonstrates how measure-pTmax

ments, and ability to determine magnitude, vary among
individual stations. While station CWC exhibits a clear
magnitude–period scaling relation with little scatter, station
GSC shows very different observations for the samepTmax

events and a poor scaling relation between and mag-pTmax

nitude (Fig. 2c). The M 7.1 Hector Mine earthquake was
included in this analysis to provide a wide range of magni-
tudes, even though it is 262 km from station CWC and falls
outside the usual maximum epicentral distance of 150 km.

Figure 2d shows the magnitude–period scaling relation
for station SVD, one of the few stations that recorded all
three large-magnitude events in the data set. Using the best-
fit relation, this station could provide a moderately accurate
magnitude estimate with an average error of 0.33 magnitude
units. All event magnitude estimates using this station are
within one magnitude unit, including the large-magnitude
events.

Earthquake Location

In addition to providing magnitude estimates, another
critical function of an early warning system is to determine
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Table 1
Event Source Parameters for Earthquakes in Southern California Used in This Study

Date Time Magnitude Latitude Longitude
Depth
(km)

Number of Waveforms
Collected for Event

8/20/2001 7:34:23.1 3.0 34.044 �117.250 15.7 26
10/28/2001 16:29:54.6 3.0 33.929 �118.296 23.6 13

3/11/2000 21:46:07.8 3.1 33.839 �117.744 3.5 11
9/17/2001 1:14:49.0 3.1 33.922 �117.774 11.8 18
3/17/2002 5:50:43.1 3.2 33.873 �117.856 9.5 16
9/16/2000 13:23:41.3 3.2 33.976 �118.424 12.2 7
2/18/2001 6:09:32.1 3.3 33.675 �116.809 16.7 20
7/1/2002 22:03:59.6 3.3 34.103 �116.651 10.0 22
3/25/2001 0:41:25.2 3.4 34.048 �117.570 7.5 21
4/20/2001 9:52:12.2 3.4 33.705 �116.776 16.9 15
2/13/2001 3:04:35.6 3.5 34.289 �116.942 6.2 24
1/30/2002 18:47:57.3 3.5 34.366 �118.661 12.8 19
4/13/2001 11:50:12.4 3.6 33.878 �117.688 3.6 15
1/29/2002 20:23:07.0 3.6 34.363 �118.667 12.6 19
7/30/2001 23:34:17.9 3.7 36.049 �117.883 2.8 10
5/14/2001 17:13:30.2 3.8 34.226 �117.440 8.7 32
1/29/2002 6:08:01.8 3.8 34.365 �118.664 14.4 25
7/3/2001 11:40:48.1 3.9 34.264 �116.764 3.3 27
1/29/2002 6:00:39.8 3.9 34.370 �118.668 14.2 26

10/28/2001 16:27:45.5 4.0 33.922 �118.270 21.1 35
11/13/2001 20:43:14.9 4.1 33.317 �115.700 5.5 9

5/17/2001 22:56:45.8 4.1 35.796 �118.046 8.4 17
9/9/2001 23:59:18.0 4.2 34.059 �118.388 7.9 31
1/29/2002 5:53:28.9 4.2 34.361 �118.657 14.2 16
1/14/2001 2:26:14.0 4.3 34.284 �118.404 8.8 38
2/21/2000 13:49:43.1 4.3 34.047 �117.255 15.0 27
7/20/2001 12:53:07.5 4.4 35.995 �117.877 3.4 15
4/5/2002 8:02:56.0 4.4 34.524 �116.295 5.6 29

10/16/1999 22:53:41.2 4.5 34.710 �116.353 7.5 12
10/16/1999 20:13:37.6 4.6 34.689 �116.280 1.3 9

6/26/2000 15:43:07.5 4.6 34.783 �116.294 4.3 12
10/16/1999 11:26:04.7 4.7 34.813 �116.341 0.0 3

7/17/2001 12:59:59.1 4.7 36.017 �117.882 0.4 11
10/16/1999 10:20:52.6 4.8 34.362 �116.148 0.1 5

7/17/2001 12:07:26.3 4.8 36.014 �117.861 7.0 11
10/22/1999 16:08:48.1 5.02 34.865 �116.409 0.9 16

3/7/1998 0:36:46.8 5.04 36.076 �117.618 1.7 5
10/21/1999 1:54:34.2 5.06 34.874 �116.391 1.0 5

4/26/1997 10:37:30.7 5.08 34.369 �118.670 16.5 10
1/7/1996 14:32:53.0 5.18 35.761 �117.646 4.0 3
3/6/1998 5:47:40.3 5.24 36.067 �117.638 1.8 5
3/18/1997 15:24:47.7 5.27 34.971 �116.819 1.6 11

11/27/1996 20:17:24.1 5.31 36.075 �117.650 1.2 3
1/17/1994 23:33:30.7 5.58 34.326 �118.698 9.8 2

10/16/1999 12:57:21.0 5.64 34.442 �116.248 1.9 5
9/20/1995 23:27:36:27 5.76 35.761 �117.638 5.4 4

10/16/1999 9:59:35.2 5.77 34.678 �116.292 10.8 7
1/17/1994 12:30:55.4 6.7 34.213 �118.537 18.4 5

10/16/1999 9:46:44.1 7.1 34.600 �116.272 5.0 17
6/28/1992 11:57:34.1 7.3 34.200 �116.440 1.1 2

earthquake location. Knowledge of the hypocentral distance
can be used to estimate the time until severe ground shaking
begins at a location, as well as to provide estimates of the
peak ground-shaking amplitudes when combined with a
magnitude estimate. The backazimuth gives information
about the direction of the propagating waves and can be used
to determine which areas can expect severe ground shaking

and should receive warning. Estimation of these two param-
eters is completely independent, and we therefore evaluate
the error in each separately. It should also be noted that only
the hypocentral distance is required for a single-station early
warning system, as the amplitude of ground shaking can be
estimated from event magnitude and epicentral distance
alone.
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Figure 1. Map showing the locations of events (circles) and TriNet stations
(squares) in southern California that provided three-component waveform data. Major
faults are shown by thin gray lines.

We estimate hypocentral distance by developing a scal-
ing relation between distance, P-wave amplitude, and .pTmax

Attenuation relations describe how the amplitude of seismic
waves decrease with distance and earthquake magnitude,
and are commonly used to describe peak ground acceleration
or velocity for large magnitude events (Campbell, 1981; Joy-
ner and Boore, 1981; Abrahamson and Silva, 1997; Boore
et al., 1997; Campbell, 1997; Fukushima and Irikura, 1997;
Sadigh et al., 1997; Wald et al., 1999; Field, 2000). We
determine our attenuation relations based on the P-wave am-
plitude and in order to calculate hypocentral distance.pTmax

We use the same functional form that Nakamura uses for
UrEDAS (personal comm., 2004):

1
logR � �log � blog(A ) � c , (4)p� p �Tmax

where R is the straight-line hypocentral distance, Ap is the
amplitude of the P wave, and �, b, and c are constants to be
determined.

All earthquakes and waveforms in the data set were used
to develop the regional attenuation relation shown in Figure
3. Constants �, b, and c were determined using least-squares
regression to be �0.51118, �0.18298, 1.59766, respec-
tively. Using this best-fit relation, R is then determined for
each event–station pair in the data set using the observed Ap

and values. The errors in the hypocentral distance cal-pTmax

culated using this approach are shown in Figure 4.
Figure 4a shows the hypocentral distance errors for each

of the 28 stations that recorded more than five earthquakes
and at least one with a magnitude greater than 5.0. Many
stations consistently overestimate or underestimate the ac-
tual hypocentral distance, as indicated by clusters of data
points on only one side of the zero-error line (for example,
stations LKL and SHO). This consistent offset is most likely
the result of site amplification effects. We take the simplest
possible approach to correcting for these effects; we calcu-
late a constant hypocentral distance correction factor for
each station such that once applied the average error is zero.
The corrections for each station are given in Table 2, and
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Figure 2. (a) The average absolute magnitude error for each station in the data set
that recorded more than five earthquakes and at least one event with magnitude greater
than 5.0. Stations are ordered according to their accuracy. Magnitude–period scaling
relations are shown for stations (b) CWC, (c) GSC, and (d) SVD. Relations in (b) and
(c) show variability in the predominant period observations of different stations for the
same earthquakes. The M 7.1 Hector Mine earthquake was included in the analysis of
station CWC (shown with a black square) even though it had an epicentral distance of
262 km and falls outside the maximum epicentral distance of 150 km used in the rest
of the study. Station SVD (d) is shown as it is one of the few stations that recorded all
three large-magnitude events; it shows typical errors in magnitude estimations for a
single station.

the results of applying the correction factors are shown in
Figure 5. The average absolute error in the hypocentral dis-
tance calculations for all stations and events is 23 km once
the station corrections have been made, which is an improve-
ment on the average error of 31 km without the site cor-
rection.

The backazimuth of an earthquake can be derived from
P-wave particle motions based on the polarized nature of P-
wave vibrations. P-wave particle motions lie in a vertical
plane containing the station and earthquake epicenter. The
horizontal station components indicate this plane, and the
180� uncertainty can be resolved using motions of the ver-
tical component.

Backazimuth calculations are determined using a
method similar to Nakamura’s (1988) as follows:

ZERi�1h � 180 � tan , (5)i � ZN�Ri

where

ZE ZER � �R � Z E (6)i i�1 i i

ZN ZNR � �R � Z N (7)i i�1 i i

hi is the backazimuth estimate, Zi , Ni , and Ei are the vertical,
north–south, and east–west components recorded at time i,
and � is a smoothing constant. The backazimuth is calcu-
lated using the first 0.5 sec of the P wave. During this in-
terval, hi is calculated continuously, and the final backazi-
muth is obtained by averaging the values of hi.
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Figure 3. Plot showing the regional attenuation relation between hypocentral dis-
tance, P-wave amplitude, and the predominant period of the P wave for all earthquakes
in the data set. Circles show the observed values of individual stations, the background
color scale shows the best-fit attenuation relations.

The average errors of the backazimuth calculations for
each station that recorded more than five events and at least
one event with magnitude greater than 5.0 are shown in Fig-
ure 6. There is considerable variation in the errors of the
backazimuth calculations; some stations have average errors
as low as 8.5�, and others have average errors as high as
100�.

Discussion

A correlation exists between stations that provide the
best magnitude estimations and those that have the least error
in the hypocentral distance calculations. This is not surpris-
ing as the methods used to calculate these parameters make

use of the predominant period and depend on a sensitive
magnitude–period scaling relation. We observe no correla-
tion between stations that accurately estimate the backazi-
muth and the stations that accurately characterize the mag-
nitude and hypocentral distance.

The ability to accurately determine event magnitude and
hypocentral distance is limited by variations in for apTmax

given magnitude earthquake and the variations in ob-pTmax

servations made by different stations for the same events.
Our data set does not contain enough earthquakes and we
do not have sufficient information on the individual stations
or the local geology to conclude which factors contribute to
this variability, but a comparison of the observations atpTmax
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Figure 4. (a) Hypocentral distance errors of earthquakes recorded by each station.
Stations are ordered according to the average error. Hypocentral distances were esti-
mated using the regional attenuation relation (without applying station-specific correc-
tion factors). Negative distance errors indicate the estimated hypocentral distance is
short of the actual distance, and positive distance errors indicate the estimated distance
is greater than the actual distance. (b) Absolute error in hypocentral distance calcula-
tions. Black dots show the average absolute error, and gray dots show the error of a
single event.

stations CWC and GSC for the same events (Figs. 2b and c)
provides insight into some of the possible causes of the ob-
served variations.

Possible reasons that stations observe different forpTmax

the same earthquake include changes in epicentral distance,

basin or structural effects causing interference, or local site
effects. Epicentral distance is probably not a significant fac-
tor because magnitude–period scaling relations remain very
similar at epicentral distances of 0–100 km (Allen and Kan-
amori, 2003), 0–150 km (Lockman and Allen, unpublished
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Table 2
Station Correction Factors Used to Account for Constant Offsets

in the Hypocentral Distance Estimates

Station
Hypocentral Distance

Correction (km)

BKR �14.26
CPP �11.06
CWC 0.9
DAN �41.63
DEV �17.34
DGR �14.79
FPC �37.94
GSC �27.91
HEC 10.14
ISA �7.41
LKL �59.4
LRL �33.36
LUG �18.59
MGE �29.3
MLS �14.05
MSJ �27.23
MTP �23.02
PAS 19.97
PDU �0.68
PLC �22.07
PLM �19.32
PLS �11.5
SHO �59.57
SLA 8.81
SVD 20.79
TA2 �25.36
THX �32.94
VTV �30.58

manuscript, 2005), and to greater distances, as demonstrated
by the observations at CWC, 262 km from the HectorpTmax

Mine event. This is due to the limited effect of attenuation on
frequency content for these short ray paths. Variable basin
geometry and other structural features can diffract rays and
create multiple interfering ray paths, which could alter the
predominant period observations. Figure 7 shows stations
CWC and GSC and the common event set for which pTmax

observations were made. The distribution of faults illustrates
the structural complexity of the region, making it quite pos-
sible to have multiple interfering ray paths. It is noticeable
that ray paths to CWC (which shows a good magnitude–
period relation) are subparallel to dominant structural bound-
aries, while paths to GSC must cross such boundaries. The
very local structure beneath individual stations may also affect
the quality of observations, as may local sources of noise.pTmax

It is impossible for us to determine at this point what makes
for a good station in terms of observations, although itpTmax

seems likely that local structure plays a major role.

Implications for Early Warning

Critical to the success of an early warning system is the
ability to quickly and accurately determine earthquake mag-
nitude and location. Utilizing the P wave to estimate these

parameters offers the most rapid method of early warning,
but at the potential cost of increasing errors. We have shown
that certain high-quality stations have the ability to estimate
earthquake magnitude and hypocentral distance with a
greater degree of accuracy than others. Although many early
warning systems rely on a network of instruments to increase
the accuracy of the warning, implementing and maintaining
a dense seismic network for the purpose of early warning
presents economic obstacles. However, developing a warn-
ing system that uses a single station or a small cluster of
stations with well-defined magnitude–period relations and
little scatter could provide earthquake source information
with sufficient accuracy to provide warnings, but at a re-
duced cost. Although we have focused here on the use of
single stations, a second, third, or fourth station could im-
prove the robustness of the system. Requiring two single-
station warning systems to trigger before taking action
would reduce the potential for false alarms. Earthquake
source information from multiple stations operating as a
cluster could also be combined to improve the accuracy of
both the magnitude and the location estimates. The accuracy
of magnitude estimates is improved by simple averaging be-
tween multiple stations. “Single-station” locations could be
improved by using the average predominant period in equa-
tion (4), by minimizing the misfit between the location and
hypocentral distance and azimuth estimates from each sta-
tion, and by using trigger times to estimate the location, as
is standard practice for seismic networks. Finally, our ob-
servations suggest that early warning systems that use dense
networks could improve the accuracy of magnitude esti-
mates by treating stations separately and using station-
specific scaling relations between the predominant period
and event magnitude.

Summary

1. Single seismic stations are capable of providing useful
estimates of earthquake source parameters using only the
P arrivals. Magnitude estimates within 0.3 magnitude
units, hypocentral distance estimates with average abso-
lute errors of �15 km, and backazimuth estimates with
average errors of �20� are possible at the best 25% of
TriNet stations in southern California. Other stations have
larger errors, and their estimates are not as useful. Typi-
cally, the same stations provide good estimates of mag-
nitude and hypocentral distance, as both are dependent
on observations that scale with magnitude. There ispTmax

no correlation between stations that perform well in the
backazimuth calculations and the magnitude and hypo-
central distance estimations.

2. The ability of a single seismic station to characterize
earthquake source parameters using P-wave arrivals
opens the possibility of applying early warning technol-
ogy in regions that need seismic hazard mitigation but
lack a dense seismic network. A single station or a small
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Figure 5. Plots showing errors in the hypocentral distance calculations using re-
gional attenuation relations and station correction factors (Table 2). (a) Hypocentral
distance errors of earthquakes recorded by each station. Negative distance errors in-
dicate the estimated hypocentral distance is short of the actual distance, and positive
distance errors indicate the estimated distance is greater than the actual distance.
(b) Absolute error in hypocentral distance calculations. Black dots show the average
error and gray dots show the error of a single event. The order of the stations is the
same as in Figure 4.
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Figure 6. Plot showing azimuth error calculations for stations in the data set, or-
dered by error. Black dots represent the average absolute error, and gray dots show the
absolute error for a single event.

Figure 7. Map showing the locations of stations CWC and GSC and the eight events
used to compare the predominant period observations made by both stations. The lo-
cation of the magnitude 7.1 Hector Mine earthquake is shown by the solid black circle,
and major faults are shown by thin gray lines.
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cluster of stations can bring these regions a low-cost mit-
igation tool and supplement other mitigation efforts.

3. Early warning systems that use P-wave front detection
and a network of stations could provide more accurate
estimates of earthquake source parameters if station-
specific scaling relations between P-wave characteristics
and earthquake source parameters are developed. This
requires a station to be operational for a period of time
while the necessary observations are made. During this
period, network-averaged scaling relations could be used.
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