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Performance Evaluation of the Earthquake Detection and Classification
Algorithm 2(¢¢—p) of the Seismic Alert System of Mexico (SASMEX)

by Armando Cuéllar,” Gerardo Sudrez, and J. M. Espinosa-Aranda

Abstract A performance evaluation of the detection and classification algorithm
for earthquake early warning 2(¢s—1p) was conducted to test its reliability and robust-
ness. The Seismic Alert System of Mexico (SASMEX) has used this algorithm since
1991. The algorithm estimates the rate of seismic energy released during two times the
(ts—tp) period. Based on the energy released, it estimates an empirical magnitude range
related to my,. Depending on the estimated m,, either preventive or public alerts are
issued. In this article, post facto tests are presented for 61 earthquakes for which SAS-
MEX issued an alert. The algorithm was also tested on 31 earthquakes (M, > 6.0) that
occurred in the Mexican subduction zone from 1985 to 2014. These earthquakes oc-
curred outside the coverage of the SASMEX instruments at the time. This dataset
includes the 19 September 1985 M,, 8.1 Michoacan earthquake and the 9 October
1995 M, 8.0 Colima event. The algorithm was tested also on two great earthquakes:
the 22 February 2010 M, 8.8 Maule, Chile, earthquake and the 11 March 2011 M, 9.0
Tohoku, Japan, event. The results of the evaluation of 144 acceleration records of the
61 earthquakes detected from the SASMEX network indicate that 92% of the accelero-
grams of earthquakes with my, > 6.0 have errors in the prediction of magnitude of less
than 0.5, and 83% for my, >5.5. Also, the tests conducted on the 59 acceleration
records of 31 earthquakes with M, >6.0 indicate that in all cases, with the exception
of one strong-motion record, the events are classified as M, >6.0. Thus, the algorithm
shows a high level of reliability and robustness. Although the algorithm underesti-
mates the magnitudes of large earthquakes, these events are identified and classified
as M, 26.0. Thus, an alert would be issued for these great earthquakes.

Electronic Supplement: Table of earthquake parameters, performance of
Seismic Alert System of Mexico (SASMEX), and specific performance evaluation
of the 2(tg—tp) algorithm.

Introduction

Considering the damage suffered by Mexico City after
the 19 September 1985 earthquake (e.g., Rosenblueth, 1986;
Esteva, 1988), the scientific community proposed in 1986 the
creation of a Seismic Alert System for Mexico City (SASMEX;
CONACYT-NRC, 1986). The goal was to alert the city of
earthquakes originating in the subduction zone along the
Pacific coast of Mexico. The possibility of a future great earth-
quake in the Mexican subduction zone raised local and federal
authorities awareness of the need to develop an early warning
system. As a result, the Centro de Instrumentacién y Registro
Sismico, A.C. (CIRES, Center for Instrumentation and Seis-

*Also at Centro de Instrumentacién y Registro Sismico, Anaxdgoras 814
Colonia Narvarte, México CDMX 03020.

mic Recording) initiated the development of the SASMEX in
1989. The objective is to warn the population of the capital
city of Mexico about the occurrence of important earthquakes
detected by a network of free-field acceleration stations dis-
tributed along the coast (Fig. 1).

Mexico City is an ideal location to implement a seismic
alert system. The soft clays on which the city is built cause
large ground-motion amplifications, as was the case during
the 1985 earthquake. This amplification can lead to strong
ground motion, even for distant earthquakes for which warn-
ing times can be long. SASMEX was conceived to identify
future large-magnitude earthquakes along the subduction
zone and automatically alert the population of Mexico City
prior to the arrival of the incoming seismic waves. The
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Current distribution of Seismic Alert System of Mexico (SASMEX) strong-motion stations (triangles) and alternate emitters of

seismic warnings designed to disseminate the alert in various Mexican cities (squares).

system takes advantage of the slower travel time of seismic
waves relative to the rapid transmission of data via radio.

In Mexico City, the warning time allowing the popula-
tion and authorities to react to the possibility of strong shak-
ing due to earthquakes in the subduction zone, may be as
large as 60-90 s. The most recent earthquake with magnitude
M, >7.0 in the subduction zone, immediately to the south
of Mexico City, took place in 1911. Therefore, it is generally
assumed that an important accumulation of stress probably
exists in this segment of the coast of Guerrero, called the
Guerrero gap (McCann et al., 1979; Singh et al., 1981). This
was the reason why the location of the original seismic cov-
erage of the system was on the Guerrero gap.

This article presents a systematic evaluation of the
primary detection and classification algorithm used by
SASMEX, called the 2(tg—tp) algorithm. This algorithm
calculates the rate of energy released during twice the
elapsed time between the arrival of the P and S waves. Based
on the growth rate of the seismic energy, the algorithm
classifies events into three magnitude bins (my, <5.5,
5.5<m, <6.0, and my >26.0) and makes the decision
whether to issue an alert. The algorithm was developed origi-
nally using a training set of earthquakes recorded by the
strong-motion records of the Guerrero network (Anderson
and Quaas, 1988). Although it has been modified slightly
over time, the 2(¢4—tp) algorithm remains the basis on which
seismic alerts have been issued by SASMEX since 1991.

In this study, we evaluate the 2(¢s—tp) algorithm as it is
used today and test it retroactively on the strong-motion data-
base of accelerograms recorded by SASMEX since its incep-
tion in 1991. Also, we evaluated its performance for all
earthquakes with M, >6.0 that have occurred along the

Mexican subduction zone since 1985. These earthquakes lie
outside the original coverage of SASMEX. To this end, we
use accelerograms recorded by various agencies. Among
these events is the 19 September 1985 earthquake, which
caused great damage in Mexico City and prompted the effort
to develop an early warning system.

In addition, a study was made of the performance of the
2(tg—tp) algorithm on two great earthquakes: the 2011 M, 9.0
Tohoku, Japan, and the 2010 M, 8.8 Maule, Chile, earth-
quakes. This was done to evaluate the earthquake classifica-
tion criteria of the 2(zg—fp) algorithm in the case of a future
great magnitude earthquake. Although the epicentral distances
of the Tohoku and Maule earthquakes to the closest strong-
motion stations are very large and outside of the design param-
eters of the 2(zg—1p) algorithm, we use these two earthquakes
as extreme tests to verify the robustness and performance of
the algorithm in the case of great magnitude earthquakes. The
same evaluation criteria are used for the three datasets.

It is important to emphasize that the 2(z¢—1p) algorithm
presented here does not estimate a hypocentral location or
the source characteristics of the earthquake. It detects the
earthquakes in real time and classifies them into three mag-
nitude bins. For this, it requires only two nearby stations con-
firming the seismic energy growth to issue an alert. Many of
the existing seismic early warning systems attempt a more
detailed characterization of ongoing earthquakes and require
longer times and a larger number of stations to issue a warn-
ing. The algorithm Earthquake Alarm Systems (ElarmS), for
example, uses at least four stations to confirm an alert (Allen
et al., 2009).

The most important conclusion derived from this analysis
is that the 2(tg—tp) algorithm used by SASMEX would
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have been able to identify all earthquakes with magnitudes
M, >6.0 in the subduction zone of Mexico based only on two
strong-motion records near of the epicenter; with only one
exception, it would have relayed a warning signal to the pop-
ulation of Mexico City. Similarly, in the case of extreme earth-
quakes, such as the Chile and Tohoku events (M, >8.5),
the algorithm would have issued a seismic alert, even though
the available strong-motion records for these earthquakes are
far from the epicenter.

Description of SASMEX

During 2011 and 2012, SASMEX expanded its limited
coverage, from the 12 original stations commissioned in
1991 along the southern coast of the state of Guerrero to
a network of 97 stations distributed along the Mexican
Pacific coast, from the state of Jalisco to the state of Oaxaca
(Fig. 1). Also, stations were distributed along 18° N to mon-
itor the seismic activity within the subducted Cocos plate
(Fig. 1; Cuéllar et al., 2014). In 2012, SASMEX integrated
the Seismic Alert System of the state of Oaxaca that started
operating in 2003 (Espinosa-Aranda et al., 2009). Both sys-
tems currently constitute the SASMEX (Cuéllar et al., 2014).

In 1991, CIRES was instructed by the authorities to
broadcast a preventive alert to owners of dedicated receivers
of the system in case of an earthquake with body-wave mag-
nitude 5.0 <my <6.0. In the case of earthquakes with
my, 26.0, SASMEX was instructed to relay a public alert
that, in addition to being received by the dedicated receivers,
would be broadcast via the radio and television stations that
volunteered to disseminate the seismic alert to the public
since 1993 (Espinosa-Aranda et al., 1995). Since 2015,
the government of Mexico City broadcasts the public alerts
through a network of thousands of loudspeakers distributed
throughout the city. Today, the alerting policy for the
2(tg—tp) algorithm is as follows: no alert for earthquakes
with my, <35.5; relay a preventive alert if 5.5 < my, <6.0; and
issue a public alert when my, >6.0.

The seismic field sensor (FS) stations consist of three-
component accelerographs. The broadcast of an alert requires
the confirmation of at least two nearby FS stations. In addition
to classifying the earthquakes based on the seismic energy
released into magnitude ranges or bins, the process of broad-
casting the alert takes into account the distance that exists be-
tween the first two FS stations detecting the earthquake and
the city to be alerted. Today, in addition to Mexico City, the
cities of Acapulco, Chilpancingo, Oaxaca, Morelia, Puebla,
and Toluca broadcast seismic alerts (Fig. 1).

The Algorithm 2(tg—1p)

Background

The detection and classification algorithm for large
earthquakes with which SASMEX has operated since
1991 is known as the 2(¢s—p) algorithm. It is structured into
four modules:

1. P- and S-phase arrival identification, which in turn deter-
mines the 2(ts—1p) time;

2. estimation of parameters reflecting the seismic energy
released in the period 2(ts—1p);

3. classification of the event into magnitude ranges based on
the estimated seismic energy released; and

4. decision-making processes whether or not to issue an
alert, be it preventive or public.

P- and S-Phase Arrival Identification

The FS stations identify the arrival of the P and S waves
based on two independent approaches: average square input
(ASI) and vertical to horizontal (V/H). ASI is based on the
sum of quadratic averages of the amplitude of the accelera-
tion records (Espinosa-Aranda, et al., 1995). V/H was used
by the Japanese railway earthquake alert system, Urgent
Earthquake Detection and Alarm System (Nakamura, 1996).
Both methods are described below.

The ASI Method

The original ASI employed by SASMEX (Espinosa-
Aranda et al., 1992) processed the sum of the quadratic am-
plitude of the three strong-motion components of an accel-
erometer (longitudinal X, transverse X,, and vertical X,) at a
sampling rate of 50 Hz and with a resolution of 10 bits in an
average time window of 32 samples. Subsequently, because
of increase of the resolution in the FS stations to 12 bits and
of the sampling rate to 100 Hz, the average time window was
reduced to 16 samples and separately calculates the quadratic
amplitude on the horizontal and vertical components (equa-
tions 1 and 2). Thus, the average seismic energy growth,
expressed as the squared sum of the amplitude of the seismic
waves, 1S estimated as a function of time:

ASTH (1) = 1 Y IXF) + X3 D) (1)

i—15

ASIV (i) = %EX,%(:’), (2)

i—15

in which i is the current sample and X, X,, and X, are the
acceleration amplitudes of the three orthogonal channels:
longitudinal, transverse, and vertical.

The V/H Method

The V/H method, defined by equations (3) and (4)
(Nakamura, 1996) is used in parallel to confirm the arrival
of the P and S waves:

V(i) = V(@i-1) + X3(i) (3)

H(i) = H(i — 1) + X7(i) + X7(i). (4)
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When the ratio V/H > 1, the P wave is predominant,
whereas in the case of V/H < 1, the predominant presence
of the S wave is inferred (Nakamura, 1996). Identification of
the P- and S-phase arrivals is not always stable because of the
characteristics of each particular earthquake and the effect of
local seismic noise at the site. Therefore, we follow Naka-
mura (1996) in weighting the vertical and horizontal ampli-
tudes with coefficients a;, a,, as, f;, p,, and B;. These
weighting coefficients range in value from O to 1 and are
determined empirically for each sensing station based on re-
corded accelerograms (Nakamura, 1996). The V/H quotients
are then estimated as follows:

A"
il is calculated from ¢, + 0.5 s;
1

\Y%
OQ—H is calculated from#p +0.5to tp + 1.0 s;
2

and

A%
%—H is calculated from ¢p 4+ 1.0 to #p + 24.0 s.

3

Then, the arrival of the P and S waves is defined when
all of the following criteria are met:

BHT T BH

P:ASIV16 > uPl;V> Mpz;alv > ],GZV > MP3;TP >1s
S: ASIV16 > ”SI;Z‘Z_I\-II > uSZ;TS <24s

)

in which up; and ug, are the thresholds of the seismic signals
estimated dynamically in the following manner:

1 &
=— Y X3
Upi 100 z;9 (1)

upy = max[V()IZ, 65
1 tp+75 V(i)

e g i=tp+50m ,

ug, = 2max[ASIH,¢(i)] 2",

i=tp

. |:V(l'):|tp+150
Ugy = min| ——= .
52 H(i) i=tp+50

The detection process of the P wave starts in the instant
fps and the identification is based on the following criteria:
(1) when ASIVq exceeds the average threshold upy,
dynamically calculated every minute, and reflecting the noise
level at the site; (2) when the value of V exceeds the thresh-
aV

s
of the signal, is larger than 1; and (3) ;21\-;

old up, and the parameter proportional to the growth rate

exceeds a threshold
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ups. These conditions are expected to occur within an obser-
vation window 7', of maximum duration of 1 s.

The detection of the S wave is declared when the follow-
ing conditions are met: (1) ASIV ¢ should exceed the threshold
ugy, calculated dynamically, in terms of the maximum peak
values generated by the P waves. The value ug; is updated
every time a new maximum peak value of ASIH 4 is observed;
(2) when E—\HI < ug,. The value of ug, is calculated dynamically
based on the minimum V/H after the P-wave detection. The
algorithm has a maximum observation time of Ty < 24 s after
the detection of the P wave to identify the S wave.

Functions ASIV ¢ and ASIH,4 are shown graphically in
Figure 2 and demonstrate the S wave identified at the
Cacalutla station during the 13 April 2007 M,, 6.0 Atoyac,
Guerrero, earthquake (Fig. 2). The epicentral distance of this
station is ~40 km from the epicenter.

Evaluation of the P and S Automatic Arrival-Time
Determinations

The sensing stations of SASMEX have no absolute time
signals, because they are designed specifically for the
purpose of a seismic alert. Furthermore, the other agencies
running strong-motion stations in Mexico do not pick P and
S phases on the accelerograms on a routine basis. Thus, to
demonstrate the performance of the phase-picking algo-
rithms described above, we present the strong-motion re-
cords of selected events and the times in which the arrival of
the P and S phases were automatically selected (Fig. 3).

A more complete set of strong-motion records and the
time of the automatic P- and S-phase picks on several
accelerograms used in this analysis are shown also in (E) Fig-
ures S1 and S2, available in the electronic supplement to this
article. These figures demonstrate that the phase-picking al-
gorithms are robust and effective in identifying the arrival
times of the P and S phases.

Magnitude Estimation

Calculation of Parameters a and m to Estimate the
Magnitude

At time i, when the P wave is detected, the process ini-
tiates the calculation of the two parameters used to estimate
the magnitude range of the earthquake. For this purpose, the
algorithm uses the sum of ASIV,¢ and ASIH 4, which is the
cumulative average squared acceleration over the 2(z¢—tp)
time window. This function is related to the seismic energy
released and is defined as a in equation (6).

The second parameter is the derivative m, estimated
from the beginning of detection of the P wave to time
2(tg—tp) (equation 7) and measured at instant i = 2(tg—tp).

2(ts—tp)

a = 10g10|: Z ASIV16(1) + ASIH16(Z)i| (6)

i=tp



Performance Evaluation of the Earthquake Detection and Classification Algorithm 2(tg—tp) of the SASMEX 1455

25210

[—asni]
.—ASIH.

200 — XI Longitudifal Channel

S-wave

P-wave
o detection

cm/s?
i
88o
T

-200 — i
! |

400F . ' | |

200 Xv VerticalGhannel :1 ik
+ '} Alatih

o a— W%WMWMMMWM

= 1 1

400 = | I i | | as ug)

cm/s?

'l

cm/s?

Figure 2. Example of P- and S-wave detection based on the 2(¢s—tp) algorithm. The first three traces show accelerograms from station
Cacalutla for the 13 April 2007 M,, 6.0 Atoyac, Guerrero, Mexico, earthquake. The two lower traces show the characteristic functions used
for detecting P and S waves, which are amplified in the box.
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Figure 3.  Strong-motion records of selected earthquakes analyzed in this study. The green and red tick marks show the arrival time of the
P and S waves identified by the 2(fg—7p) algorithm.

m = logo[ASIV 6(2(t5—1p)) + ASIH,c(2(t5—1p))].  (7) Criterion for Alert Activation

As an example, the energy release parameter a is shown The activation of the public or preventive alerts requires
for the 13 April 2007 M,, 6.0 Atoyac earthquake (Fig. 4). estimates of magnitude m;,_,,) in at least two seismic sens-
The black arrow indicates the time when a and m were  ing stations close to the epicenter. This criterion prevents
obtained. false alarms induced by failures in the electronic components
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Figure 4. The upper trace shows an accelerogram of the 13 April 2007 M,, 6.0 earthquake. The box below shows the resulting function of

the estimated quadratic amplitude @ and instant rate of growth m calculated in the time period 2(¢3—tp). The black arrow shows the time

2(ts—tp) when the parameters are calculated.

or by spurious seismic noise in one of the stations. In ad-
dition, it allows simultaneous monitoring of earthquakes in
different regions, improving the coherence by geographi-
cally delimiting the observation of earthquakes. The algo-
rithm has the additional advantage of requiring only two
stations to detect and classify earthquakes. Most other sys-
tems make use of a higher number of stations to avoid false
alerts.

A shortcoming of this confirmation criterion by more
than one sensing station is the need to invest additional time
for the activation of the alert. However, considering that to-
day the average spatial separation of SASMEX strong-
motion stations in the subduction zone is about 25 km, the
time necessary to receive the confirmation of a second station
is generally less than 2 or 3 s. During its operational history,
SASMEX had only one false alert. It occurred on 16 Novem-
ber 1993, during its early stages of development, when only
one FS station was required to activate the alert (Espinosa-
Aranda et al., 1995).

The 2(#5—tp) algorithm assumes that the energy released
is empirically associated with the magnitude m,,. The original
alerting rules established by the authorities of Mexico City for
the design of the system were: not alerting earthquakes with
my, <5.0, relaying a preventive alert if 5.0 <my, <6.0, and
activating a public alert when my, >6.0. The authorities set
up this criteria after considering that the earthquakes of
my, 26.0 in the Guerrero gap might cause damage and gen-
erally would be felt by everyone in Mexico City. On the other
hand, earthquakes in the subduction zone of magnitude 5.0 <
my, <5.5 are usually felt only by people in the zones underlain

by the soft soils. The motives behind issuing preventive alerts
for this magnitude range were to promote the practice of seis-
mic drills in schools. Today, the alerting policy for the
2(tg—tp) algorithm is as follows: no alert for earthquakes with
my, <5.5; relay a preventive alert if 5.5 <m,;, <6.0; and issue
a public alert when my, >6.0.

The numerical model to estimate the magnitude is
expressed as contours of the parameters a and m as a func-
tion of my,. The contours used by SASMEX and tested in this
article were calibrated (Espinosa-Aranda et al., 1992) based
on accelerograms of 12 earthquakes that occurred between
1985 and 1989 and recorded by strong-motion stations of the
Accelerograph Network of the State of Guerrero (Anderson
and Quaas, 1988). Magnitude m,, was used due to the scarce
number of earthquakes registered by accelerographs that
were operating during the early days of the warning system.
Furthermore, m,, was the magnitude normally reported at the
time for earthquakes with moderate magnitude by the various
agencies responsible (Espinosa-Aranda et al., 1992).

Although the algorithm has been improved, the equa-
tions derived from the classification functions to determine
the range of magnitude remained unchanged. Equations (8)—
(10) define the magnitude range m,;.,,) as a function
of parameters a and m (Fig. 5). As mentioned before,
My(ss—y,) 18 proportional to magnitude m,.

When the logic function is validated as TRUE by more
than one equation, the largest magnitude value is assigned:

if a+m—720; is TRUE then my_,) 25.0;

®)

else my,,) <5.0;
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earthquakes occurring from 1985 to 1989, for which the epicenter lies at a distance of less than 80 km from the closest seismic sensors of the

Guerrero strong-motion network (Anderson and Quaas, 1988).

if a +0.98m —7.18 >0; is TRUE
then my( _,,) 25.5; 9)

if a+m—7.620; is TRUE
then mz(ts_,P) 260 (10)

Evaluation of the Performance of Algorithm 2(ts—7p)

After almost 25 years of operation of SASMEX, it is
important to conduct a systematic evaluation of its perfor-
mance and, in particular, of the 2(t3—tp) algorithm used
for detection and classification of earthquakes. To conduct
a fair and objective test, the 2(zg—1p) algorithm was evaluated
based on the same criteria, using the following datasets:

1. All earthquakes recorded by SASMEX strong-motion in-
struments during its history of operation () Tables S1
and S2).

2. All earthquakes of M, >6.0 which took place in the sub-
duction zone but which were not recorded by the original
SASMEX stations. In these cases, the tests were based
on accelerograms of other strong-motion networks ()

Table S3). It should be emphasized that all earthquakes
fulfilling these criteria were included without exceptions.
This dataset includes the only subduction earthquakes of
M, >8.0 recorded in Mexico by strong-motion instru-
ments: the 9 October 1995 earthquake and the 19 Sep-
tember 1985 great Michoacdn earthquake.

3. Also, we tested the robustness of the algorithm for great
magnitude earthquakes using records of the 2010 M, 8.8
Maule, Chile, earthquake and the 2011 M|, 9.0 Tohoku,
Japan, earthquake.

Evaluation of the Magnitude Estimates Reported by
SASMEX

Iglesias et al. (2007) and Sudrez et al. (2009) argued that
SASMEX magnitudes are not always accurate. Although
magnitude determination is not the mission of SASMEX,
it is important to reevaluate the capability of the algorithm
2(tg—tp) to classify and discriminate earthquakes in the mag-
nitude bins established.

An analysis is presented of the alerts issued from 1991 to
2014. During that period, the algorithm discriminated over
5400 earthquakes and 8560 acceleration records. The follow-
ing criteria were considered to develop a consistent database:
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1. All earthquakes in the subduction zone are selected that
generated either public or preventive alerts in Mexico
City and for which an my, value is available from pub-
lished seismic catalogs.

2. The accelerograms recorded by two of the early SASMEX
stations (GRO8 and GR12) are not used in the detection
and classification algorithm because they suffer very large
amplification effects due to local site conditions.

A total of 61 earthquakes met these criteria and were re-
corded in 144 strong-motion records () Table S2).

To estimate the correlation of the parameters a and m
used as alerting criteria as a function of the observed mag-
nitude m,, the correlation criterion of Pearson was applied
(Pearson, 1896). The correlation between parameters a and
m observed in the 144 acceleration records used in the analy-
sis () Table S2) shows a coefficient of r = 0.53, whereas
the correlation of parameters m and my, is equal to r = 0.58
(Fig. 6). These results show an acceptable degree of corre-
lation between the parameters employed by the 2(ts—1p) al-
gorithm and magnitude my,. It should be noted that the
correlation between parameters a and m is r = 0.88. The
significant linear relationship between these two variables in-
dicates that they are potentially redundant.

For the 61 earthquakes analyzed, a comparison is made
between the magnitude m,, reported by the Servicio Sismo-
16gico Nacional (SSN) and other international agencies and
the estimated magnitude range my,_,,) (® Table S2). Our
results show that for the acceleration records of earthquakes
with my, <5.0, 65% of the magnitudes predicted by the al-
gorithm fall within +0.5 units of the reported catalog mag-
nitude. When the same evaluation is done for acceleration
records of earthquakes with my, >6.0 and my, >5.5, the suc-
cess rate increases to 92% and 83%.

The earthquake early warning system in Japan tolerates
errors of £1.0 in magnitude estimation (Hoshiba e al.,
2008). Assuming this same magnitude tolerance, the algo-
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Correlation in a logarithmic scale between parameters based on 144 recordings: (a) my, versus a and (b) my, versus m.

rithm 2(ts—tp) has a success rate of 92% and 87% for
my, 26.0 and my, > 5.5, respectively. Thus, for the magnitude
ranges used in the decision-making process of whether to
issue public or preventive alerts, the 2(zg—7p) algorithm dem-
onstrates that it is a robust and reliable tool to rapidly classify
earthquakes into magnitude ranges and to issue alerts with a
high degree of confidence.

Evaluation of Mexican Subduction Earthquakes with
M, >6.0 since 1985

In the first 24 years of operation, the coverage of SAS-
MEX was limited to 12 strong-motion sensors located to the
southeast of Acapulco (Espinosa-Aranda et al., 1995). Many
subduction earthquakes of M, >6.0 took place outside the
zone originally covered by SASMEX. To test the perfor-
mance of the algorithm on these earthquakes, we obtained
and processed the acceleration records of these earthquakes
recorded by other strong-motion networks.

According to the centroid moment tensor catalog (Dzie-
wonski et al., 1981, 1999; Ekstrom et al., 2012), 41 earth-
quakes (M, >6.0) took place from 1985 to 2014 along the
Mexican subduction zone. Out of these 41 earthquakes, 31 of
them were recorded on 59 acceleration records (Fig. 7 and B
Table S3). The earthquakes to be evaluated were chosen
based on the following criteria:

1. earthquakes of M, >6.0 occurring since September 1985
along the Mexican subduction zone;

2. earthquakes for which the distance between the epicenter
and Mexico City is less than 600 km; and

3. earthquakes for which two seismic stations are located
close to the epicenter, within a maximum distance of
120 km and for which the acceleration recordings show
both the P and S waves.

The two stations closest to the epicenter were selected when-

ever tg—tp times were available. Most of the records are from
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the strong-motion networks operated by the Instituto de In-
genierfa, Universidad Nacional Auténoma de México
(Pérez-Yanez et al., 2014) and by the SASMEX network
managed by CIRES. The majority of these earthquakes
are located at distances of less than 50 km from the closest
strong-motion station () Table S3). Among these earth-
quakes, there are seven earthquakes of M, >7.0, all strongly
felt in Mexico City. The summarized results obtained with
algorithm 2(¢g—tp) are shown in Figure 8.

For both the great 19 September 1985 M,, 8.1 Micho-
acan earthquake and the 9 October 1995 M,, 8.0 Colima
earthquake, the algorithm 2(¢¢—fp) determined a magnitude
range of my(,,,,) >6.0, even though the strong-motion sta-
tions were few and located far from the epicenter. Although
the magnitude of these two large events based only on the
existing accelerograms is severely underestimated, the
2(tg—tp) algorithm would have triggered a public alert, had
it been operating at the time. Even under these unfavorable
conditions, the warning time in Mexico City for these two
earthquakes would have been 90-110 s.

In the case of the 19 September 1985 event, acceleration
records exist for stations CALE and ZACA. These stations
are located at a distance of 40 and 57 km, respectively. CALE
was the only station for which both P and § waves were
recorded. In ZACA, the station triggered after the arrival
of the P wave. The low accelerations observed in CALE were
attributed to the fact that the nucleation of the 1985 earth-
quake was located beneath station CALE (Mendez and
Anderson, 1991); the value of parameter a for the 1985 event
is smaller than that observed for 21 September (M, 7.6)
(Fig. 8). Similarly, a slow growth in seismic energy was
observed in stations located close to the hypocenter of other

-99.50 -87.50 -95.50 -83.50 -91.50

Location of the earthquakes with M, >6.0 used in the analysis, which have occurred in southern Mexico since 1985.

large earthquakes such as the 20 March 2012 (M, 7.4) event
recorded by station OXO01 at a distance of 42 km from the
epicenter (Fig. 8).

The results of the evaluation of the 2(¢5—tp) algorithm
performed on earthquakes of M, >6.0 ((®) Table S3) show
that the magnitudes were classified consistently by the algo-
rithm as my,_,,) 26.0. The only exception is the earthquake
of 9 August 2000 (M, 6.5) in the state of Michoacan, where
the algorithm 2(75—p) estimated a magnitude my(,,_;,) 5.5
in one of the two acceleration records used (Fig. 8). This
result is probably due to the fact that the second closest sta-
tion to the epicenter (UNIO station) is located 90 km from
the epicenter.

The results obtained demonstrate that the algorithm is
robust and correctly identifies and classifies large-magnitude
earthquakes. Our results show also that more accurate mag-
nitudes are obtained for earthquakes with M, >6.0, when
there are stations located close to the epicenter. The current
average separation of SASMEX sensing stations along the
subduction zone is ~25 km. This spacing gives confidence
that future large-magnitude earthquakes will be properly
identified and discriminated to issue a public alert.

Performance of the Magnitude Classification
Algorithm for Earthquakes with M, >6

The tests described above confirm the robustness of the
algorithm to identify large earthquakes (M,, >6). However,
it is important to test whether it is effective also in classifying
small-magnitude earthquakes in the subduction zone. To this
end, it is worth mentioning that from 1991 to 2014, the SAS-
MEX network detected ~5400 earthquakes; the majority of
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Figure 8. Magnitude estimated based on the 2(zs—tp) algorithm based on the accelerograms of earthquakes M, > 6.0, which occurred in

Mexico from 1985 to 2014, as well as for the 2010 M,, 8.8 Chile earthquake and the 2011 M, 9.0 Tohoku event.

which are M, <5. Out of these 5400 earthquakes, SASMEX
issued only 92 alerts based on the 2(f¢—p) algorithm (see
Data and Resources). These results indicate that it correctly
discriminates small earthquakes of M, <5 and does not emit
an alert to the population.

As mentioned before, the coverage of the SASMEX
system was considerably expanded and improved in 2013,
and the alerting criteria were modified at the same time. The
system now covers the whole Mexican subduction zone
(Fig. 1). To further illustrate the ability of the 2(zg—tp) algo-
rithm to discriminate the prescribed magnitude bins, the
earthquakes recorded by SASMEX from 2013 to August
2016 are classified by year and magnitude range (Table 1).
The magnitude values used are those reported by the SSN.
The dataset covers 710 earthquakes recorded in the last four
years. These data are detected based on the current distribu-
tion of SASMEX stations and the alerting criteria used today.

This allows a fair and homogeneous comparison of the
performance of the algorithm (Table 1).

To facilitate the analysis, a confusion matrix was con-
structed to compare the various alerts issued during this same
period (Table 2). The elements along the diagonal of the
matrix reflect earthquakes which were correctly classified.
Out of the 710 events detected within this period, 701 were
correctly screened out as earthquakes for which no alert was
issued. Also, the five earthquakes with M, >6, which oc-
curred during this period, were correctly identified as deserv-
ing public alerts. The elements off the diagonal of the matrix
are those earthquakes incorrectly classified. In all cases, the
events misclassified are in the magnitude bin 5.5 < M, <6.0,
in which preventive alerts should be issued. In the case of two
events in this magnitude range, the algorithm incorrectly
issued a public alert. In two other cases, no alert was issued
when a preventive alert should have been emitted.

Table 1

Alerts Issued by the 2(¢5—1p) Algorithm in the Mexican Subduction Zone by Alert Category

and Magnitude

w 2013 2014 2015 2016
>6.0 Public 1 Public 3 Public Public 1
Preventive Preventive Preventive Preventive
No alert No alert No alert No alert
5.5<M, <6.0 Public Public Public 1 Public 1
Preventive Preventive Preventive Preventive
No alert No alert 2 No alert No alert
<5.5 Public Public Public Public
Preventive Preventive Preventive Preventive
No alert 275  No alert 169  No alert 140  No alert 117
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Table 2

Alerts Issued by the 2(¢5—tp) Algorithm from January
2013 to August 2016

SASMEX Warning M, <5.5 55<M, <60 M, >6.0
No alert 701 2 0
Preventive 0 0 0
Public 0 2 5

SASMEX, Seismic Alert System of Mexico.

These errors reflect the difficulties of the algorithm to
correctly classify earthquakes within this very narrow mag-
nitude range. In fact, a discussion is taking place as to
whether preventive alerts should continue to be emitted
based on this narrow magnitude range, or whether SASMEX
should only issue public alerts for events my, <5.5, eliminat-
ing preventive alerts. Regardless, the results of the past four
years show that the 2(¢5—p) algorithm is a reliable tool that
correctly classifies earthquakes to issue alerts of large incom-
ing earthquakes.

Evaluation of the 2010 M, 8.8 Maule Earthquake

The 27 February 2010 M, 8.8 Chile earthquake
occurred in the Maule region in central Chile (e.g., Delouis
et al., 2010). With the idea of testing the 2(z¢—tp) algorithm
for great earthquakes, we obtained and processed eight
acceleration records observed along the coast of Chile (€
Table S4; Boroschek et al., 2012). The acceleration record-
ing stations closest to the epicenter are in the cities of
Concepcién (CONC) and Constituciéon (CONT), at epicen-
tral distances of 108 and 78 km, respectively ((E) Fig. S3 and
(B Table S4). P waves are not identifiable on most of these
accelerograms. Furthermore, the distances between the epi-
center and the closest stations fall outside the design param-
eters of the 2(tg—tp) algorithm.

Despite these unfavorable conditions, the algorithm
classified the Maule earthquake as magnitude my,,_,,) 26.0,
even at strong-motion stations located at distances of 270 km
from the epicenter () Fig. S3 and (E) Table S4). If SASMEX
had been in operation at that time, even with this unfavorable
station distribution, a public alert would have been issued for
the Maule earthquake.

Evaluation of the 2011 M, 9.0 Tohoku Earthquake

On 11 March 2011, the region of Tohoku, Japan, along
the coast of Honshu suffered an earthquake of M, 9.0 (e.g.,
Mori et al., 2011). The fault was located up-dip of the
subduction zone, close to the trench. Because of this, the dis-
tance between the strong-motion stations on land and the rup-
ture zone is very large. Thus, this earthquake represents an
extreme test for the robustness of the algorithm. Five acceler-
ation records were obtained from the stations closest to the
epicenter. These strong-motion stations are part of Japan’s
earthquake early warning system (Hoshiba et al., 2011).
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The closest accelerographs are located at distances of
more than 100 km from the epicenter () Fig. S4 and ®
Table S5). Consequently, the (5—7p) time is ~20 s. Despite
this disadvantageous situation, the magnitude was classified
as my(;_y,) 26.0 at all stations (® Table S5). Although the
magnitude is again severely underestimated, the algorithm
would have been able to discriminate the Tohoku event as
a very large earthquake and would have issued a public alert.
Evidently, because of the large distances between the epicen-
tral area and the closest seismic sensing stations on land, the
warning time for Tokyo and neighboring cities would have
been only a few seconds.

Summary and Conclusions

Since the beginning of operations in 1991, SASMEX
has used an algorithm which, based on the quadratic sum
of the amplitude of the acceleration of the three orthogonal
components in the period 2(¢5—tp), discriminates and classi-
fies the magnitude based on two parameters: the amplitude a
and the instantaneous rate of growth of the energy m. Origi-
nally, these parameters are used to classify the earthquakes
into magnitude ranges: my, <5.0, 5.0 <my, <6.0, and
my, 26.0. No alert is issued in the first case and either a pre-
ventive or a public alert is issued for the two last instances,
respectively. Today, the ranges for 2(fg—tp) algorithm are
modified as m,, <5.5,5.5 < my, <6.0, and m, >6.0 consid-
ering the distance of 450 km or more of Mexico City.

The results presented here show that parameters a and m
provide the basis for an adequate estimate of magnitude
ranges for the alerting criteria used by SASMEX. Never-
theless, it should be mentioned that there is a high linear
dependence between these parameters. This may be the rea-
son for the less successful discrimination of earthquakes in a
magnitude range my, <6.0. The performance analysis of
magnitude estimation based on the 2(zg—7p) algorithm, ac-
cepting an error of 0.5, shows a success rate of 92% for
magnitude range my, >6.0 and 83% for magnitude range
my, >5.5 for the acceleration records analyzed. In the case
of an error tolerance of 1.0 in magnitude, the estimation
success rate reaches almost 92% and 87% for magnitude
range my >6.0 and my, > 5.5, respectively.

A performance test was conducted based on 52 acceler-
ation recordings corresponding to all earthquakes with
M., 26.0 located along the Mexican subduction zone (Fig. 8
and () Table S3). When executing the alerting algorithm
2(tg—tp) retroactively on these strong-motion records, all
earthquakes, with a single exception in one acceleration
record, were classified as being in the magnitude range of
M1,y 26.0. The only accelerogram not properly classi-
fied (my(,) 25.5) has a very large epicentral distance to
the closest strong-motion station. In the case of some
large earthquakes, magnitudes are underestimated due to the
greater magnitude range of the algorithm, precisely
mz(ts,,[,) 260
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Also, post facto performance tests were conducted using
the 2(t5—tp) algorithm for the great Chile (M, 8.8) and
Tohoku (M,, 9.0) earthquakes. These performance tests
represent extreme examples due to the very large distances
between the strong-motion stations and the epicenters. None-
theless, both earthquakes were classified in the magnitude
range my_,,) >6.0 (Fig. 8; ® Tables S4 and S5). These
results suggest that, even under quite unfavorable conditions,
the method is robust enough to identify great earthquakes and
issue a public alert. It should be stressed, however, that in these
two scenarios, in which the earthquake occurs far from the
seismic sensing stations, the algorithm 2(7s—fp) would not
be suitable to issue a timely alert. We are currently working
on faster algorithms for events in which #¢—7p is large.

The most important conclusion of this performance
evaluation is that for the station versus epicentral distances
found in the Mexican subduction zone, the 2(¢s—tp) algo-
rithm is robust and reliable. There are two main reasons be-
hind this: first, the short distance between the hypocenters of
large subduction earthquakes and the seismic sensing sta-
tions installed along the coast results in 7¢—fp times that are
usually less than 3—4 s. Second, the distance between the
subduction zone and Mexico City allows ample warning time
to issue an alert prior to the initiation of strong shaking.
Finally, it is worth mentioning that the current station distri-
bution of SASMEX records an average of 500 earthquakes
per year in the subduction zone. Out of this large number of
earthquakes, only a handful of seismic alerts are issued.

Data and Resources

Accelerograms from the Seismic Alert System of Mexico
(SASMEX) stations were provided by the Centro de Instru-
mentacién y Registro Sismico (CIRES) with the authorization
of the Instituto para la Seguridad en las Construcciones del
Distrito Federal in Mexico City and the Coordinacién Estatal
de Proteccidn Civil de Oaxaca in Oaxaca state. Strong-motion
data for the Mexican subduction earthquakes are from the web
page of the Instituto de Ingenieria of the Universidad Nacional
Auténoma de México (UNAM) https://aplicaciones.iingen.
unam.mx/AcelerogramasRSM/Default.aspx (last accessed
December 2016). The National Accelerograph Network and
the Seismological Service of the Universidad de Chile pro-
vided the strong-motion data for the Chilean earthquake.
The Japanese accelerograms are from the National Research
Institute for Earth Sciences and Disaster Prevention, Japan.
Data from the Global Centroid Moment Tensor Project are
from http://www.globalcmt.org/CMTsearch.html (last ac-
cessed December 2016). SASMEX historical catalog of alerts
is available at http://www.cires.org.mx/sasmex_historico_es.
php (last accessed December 2016).
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