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RESUMEN

Las alertas tempranas para sismos han tenido un crecimiento notable en lo que va del
siglo gracias la tecnologia de computo y telecomunicaciones que han evolucionado
vertiginosamente en las udltimas décadas, aunados a los nuevos conocimientos y
métodos en sismologia. Sin embargo, si bien hay casi una decena de propuestas en el

mundo, aiin hay pocos sistemas implementados.

El Sistema de Alerta Sismica de México (SASMEX) fue el primer sistema de alerta en el
mundo, nacié en 1991 con el fin de avisar a la ciudad de México previo a un sismo
potencialmente destructivo. Hasta 2018, SASMEX dispone de 97 sensores que cubren
la costa del Océano Pacifico desde Jalisco hasta Oaxaca, ademas cubre el sur del eje
Neo-volcanico transversal en los estados de Guerrero, Puebla y Oaxaca. La alerta
sismica SASMEX, se difunde principalmente en siete ciudades: Morelia, Puebla,
Acapulco, Chilpancingo Oaxaca, Toluca y Ciudad de México con la posibilidad de

alertar a mas de 25 millones de personas.

La funcién de alertar en caso de sismo, a diferencia de otros fendmenos naturales
presenta un reto enorme tanto desde el punto de vista de la ingenieria como de la

sismologia. Ya que ademas de garantizar en la medida de lo posible su disponibilidad,
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confiabilidad y rapida diseminacion; el disefar algoritmos para el procesos de
deteccidn, prondstico del rango de magnitud o intensidad y criterios que conlleven a
la decision crucial de emitir una alerta en el menor tiempo posible con la mayor
certeza respecto a la dimension del sismo de manera automatica, se han vuelto tépicos
de estudio en la actualidad, los cuales se incluyen de manera regular en foros de

sismologia.

La tesis que desarrollé, presenta trabajos enfocados al analisis, evaluacion y nuevas
propuestas de algoritmos de deteccion y estimadores de magnitud sismica que
conlleven a calcular de manera incipiente y en pocos segundos algunos parametros
que permitan estimar el tamafio de un sismo o si éste representa un peligro a la
ciudad a alertar. Los algoritmos propuestos hacen rapidas estimaciones de las
caracteristicas de un sismo en progreso con bajo margen de error y con baja
incertidumbre para que una alerta sismica sea efectiva y aplicable para tomar

medidas de prevencion y respuesta.

El primer capitulo muestra los resultados del SASMEX durante el sismo M, 7.5 del 20
de marzo de 2012 en Pinotepa y describe a detalle el funcionamiento y desempeiio del

sistema.

En el capitulo dos se hace una evaluacion del algoritmo denominado 2(ts-tp), que ha
sido utilizado desde el inicio por SASMEX. El analisis principal se basé en sismos My, >
6 registrados en México desde hace 30 afios, con el fin de evaluar posibles escenarios
de desempefio. El algoritmo se aplico también a registros de grandes sismos de los

ultimos anos tales como el de My 8.8 de Maule de 2010, y de Tohoku My 9.0 en 2011.

Otro capitulo de mi tesis presenta un algoritmo que emplea el lapso ts-tp (esto es el
intervalo desde el inicio del arribo de ondas P hasta la deteccion de las ondas S en el
sensor). El algoritmo realiza labores de deteccion, estimacion de magnitud y decisién
del alertamiento. El desarrollo se hizo con base en la necesidad de lograr un aviso mas
rapido para ciudades cercanas a los epicentros de sismos de subducciéon someros a
menos de 40 km de profundidad. Este algoritmo emplea el 50% menos del tiempo de

procesamiento comparado con el algoritmo original. Este algoritmo emple6 129
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sismos de México desde 1985 a 2016 mayores a 4.5 que constituyeron 400 registros
de aceleracion que se pudieron utilizar. El modelo se aplicé al sismo de Napa del 24 de
agosto de 2014 de magnitud M, 6. Los resultados muestran que el algoritmo
desarrollado en mi tesis tiene resultados mas favorables que el sistema de alerta

temprana ShakeAlert actualmente en desarrollo en los Estados Unidos.

El dltimo capitulo presento un tercer algoritmo que emplea sélo 3 segundos después
de la deteccién de la onda P. Este algoritmo se disefid6 para ser utilizado en el
procesamiento de sismos a profundidades mayores a 40 km, en la region del in-slab.
Se procesaron 113 registros de 34 sismos, y con ello se propuso algunos parametros
medidos en el campo cercano y los modelos de estimacion de estas propuestas
mapean a My, para su construccion se utilizaron también métodos con maquinas de
aprendizaje. Este articulo presenta tres hipotéticos escenarios con este algoritmo
durante los sismos de Tehuacan, Puebla, My, 7.0 del 15 de junio de 1999, el sismo My,
6.5 de Zumpango, Guerrero del 10 de diciembre de 2011 y el sismo My, 7.1 del 19 de
septiembre de 2017 en Morelos que ha sido el que mas dafios causé después de los

sismos de septiembre de 1985.
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INTRODUCCION

El dafo sufrido en varias ciudades y principalmente en la ciudad de México tras el
terremoto My, 8.1 del 19 de septiembre de 1985 (e.g., Rosenblueth, 1986; Esteva,
1988) y recientemente por los sismos My, 8.2 en Tehuantepec del 7 de septiembre de
2017 y el sismo My, 7.1 de Morelos del 19 de septiembre de 2017, nos ha demostrado,
lo fragil y vulnerable que puede ser un crecimiento urbano sin el conocimiento,
monitoreo, comunicaciéon, capacidad de respuesta y fundamentalmente su
preparacion ante esta amenaza. Sin embargo, esta fragilidad no es exclusiva de
México, sino de todas las grandes urbes del mundo proximas a regiones sismicas

activas (Kanamori, et al. 1997).

Si bien la idea de sistemas de alerta temprana se remonta a mediados del siglo XIX
(Cooper, 1868); México y Japdn fueron los primeros en desarrollar sistemas de alerta
temprana, (Espinosa-Aranda, et al. 1992; 1995; Nakamura 1989; 1996;), a México le
corresponde ser el primero en alertar a la poblacién desde 1993 para la Ciudad de
México y 2003 para la Ciudad de Oaxaca. El avance en sistemas de alerta temprana
para sismos incluyen paises como Taiwan, Rumania, Turquia, con desarrollos para

propositos especificos (Wu, et al. 1998; Wenzel, et al, 1999; Erdik, et al. 2003), pero
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fue hasta 2007 que Japon inici6 su servicio de alertamiento publico a nivel nacional

(Hoshiba, et al. 2008).

En Estados Unidos, Italia, China, entre otros paises de Asia y Europa (Allen, et al.
2009), comenzaron en este siglo el desarrollo de sus sistemas de alerta temprana,
enfocados en los procesos de deteccion, calculo de parametros y pronéstico para
activar o no una alerta sismica (Allen and Kanamori 2003; Gasparini et al. 2007).
También se ha puesto en manifiesto la necesidad de disponer de informacion rapida

mas alla de una alerta temprana con bajo indice de error en sus prondsticos.

El Sistema de Alerta Sismica (SAS) inici6 su servicio en 1991 en la Ciudad de México
cubriendo con 12 sensores la regiéon sismica de la “Brecha de Guerrero” (Espinosa-
Aranda, et al. 1995). Los sismos de 1999 en Tehuacan, Puebla My 7.0 el 15 de junio de
1999 y Puerto Escondido, Oaxaca My, 7.5 el 30 de septiembre, detonaron el desarrollo
en 2003 del Sistema de Alerta Sismica de Oaxaca (SASO) que cuenta con 39 sensores
(Espinosa-Aranda, et al. 2009; 2011). A partir de la ampliacién de la cobertura del SAS
y la integracién del SASO en 2012, se conforma el Sistema de Alerta Sismica Mexicano
(SASMEX) que dispone de 97 sensores sismicos que cubren la regién de subduccion
de la placas de Cocos y Norte-América a lo largo de las costa del Pacifico en los estados
de Jalisco, Colima, Michoacan, Guerrero y Oaxaca y las regiones sismicas del inslab en
Puebla, norte de Guerrero y norte de Oaxaca. Esta evolucién del sistema conlleva a
plantearse nuevos retos para un mensaje anticipado de alerta para ciudades
vulnerables préximas a las regiones sismicas, con relativa excepcién la que posee la

Ciudad de México.

La efectividad de una alerta temprana recae principalmente en el tiempo de
anticipacion previo al arribo de las ondas sismicas que pueden generar dafios a las
ciudades vulnerables, este tiempo de anticipacion de alerta esta ligado a la distancia
entre el epicentro y la ciudad a alertar. Por otro lado, el buscar el menor indice de
errores en sus estimaciones, promueve una adecuada capacidad de respuesta (United

Nations, 2006).
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El enfoque de este trabajo se centra en el analisis, la evaluacion y la propuesta de
algoritmos de deteccién y prondstico para sistemas de alerta temprana de acuerdo
con el contexto sismico mexicano para brindar en la medida de lo posible una rapida y

correcta activacion de alerta sismica.

Se emplearon principalmente los catalogos sismicos del Servicio Sismolégico Nacional

y el Global Centroid Moment Tensor (http://www.globalcmt.org) para obtener la

informacion de los sismos al sur de México desde 1985 a 2017 acontecidos en la Placa
de Cocos y Norte-América mayores a My 4.5. Inicialmente se generd una coleccion de
mas de 230 sismos y 1600 registros de aceleracion obtenidos del Instituto de
Ingenieria, UNAM y de la red del SASMEX. Sin embargo, durante el trabajo se
realizaron una serie de procesos para seleccionar aquellos registros de aceleracion
que permitieran ser analizados, evaluados y con la posibilidad de construir modelos
en el contexto de un sistema de alerta sismica, que al final se logré obtener poco mas

de 160 sismos y 500 registros.

El escaso numero de sismos fuertes que pudieran ser aprovechados para la
construccion de modelos que estimen en pocos segundos de manera rapida y con un
bajo indice de error el tamafio de un gran sismo en desarrollo y los pocos registros de
aceleracion completos, esto es donde se observen los inicios de las ondas P y ondas S
con sus respectivas codas, le agregan una mayor complejidad a cualquier propuesta
para obtener un modelo de regresién o clasificacion que estime con cierta precision la
magnitud, intensidad u otro parametro que permita determinar si amerita o no el

emitir una alerta sismica a la poblacion.

Si bien la capacidad de computo en la actualidad es una magnifica herramienta de
procesamiento para observar, medir y calcular de manera incipiente un sismo en
desarrollo; aiin estd acotado primero, en no poder realizar procedimientos o métodos
que consuman un tiempo suficientemente largos para tener mayor certeza en una
medicion, que de hacerlo, podrian comprometer el tiempo de anticipaciéon con el que
dispone la poblacion para realizar con eficacia algiin proceso de prevencion; y

segundo, las condiciones de ingenieria y tecnologia de sistemas de coémputo y
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comunicaciones de alto desempefio y bajo consumo de energia, ain no son tan
confiables, aunado a la incertidumbre por la situacion de seguridad en los lugares

destinados para el monitoreo.

La presente tesis parte en exponer como es y como funciona el sistema de alerta
temprana en México SASMEX, de acuerdo con el resultado del sismo M, 7.5 del 20 de
marzo de 2012, que generd aviso de alerta a varias ciudades del pais y describe cada
detalle en sus procesos, especialmente en el monitoreo, comunicacion, diseminacién y
capacidad de respuesta; posteriormente, realiza un anadlisis y evaluacién en su
algoritmo llamado 2(ts-tp) para la deteccidon y prondstico de magnitud, este algoritmo
es sometido a un conjunto de pruebas que nos muestren qué tan confiable puede ser
para sismos fuertes; luego se propone un algoritmo mas rapido que el original al que
hemos llamado ts-tp que podria ser aprovechado en sensores ubicados relativamente
préoximos a los epicentros de sismos someros. El método utiliza maquinas de
aprendizaje para reducir los margenes de error en la estimacion de magnitud.
Finalmente, se presenta otra propuesta de algoritmo rapido de tan solo 3 segundos de
procesamiento, llamado tp+3, que propone un nuevo parametro, para otro tipo de
escenario sismico donde si bien los sensores estidn relativamente préximos a los
epicentros, los sismos son profundos y por consiguiente los focos sismicos estan lejos

de los sensores sismicos.

El Capitulo I presenta el desempefio del SASMEX durante el sismo My 7.5 del 20 de
marzo de 2012; el sistema en ese entonces en su fase final de integracion entre el SAS
y SASO, emiti6 una alerta con mas de 70 segundos de anticipacion para la Ciudad de
México, se explica cdmo es la cobertura y los dos tipos de rango de alerta Preventiva y
Publica a la poblacidn y se revisan los diversos tiempos de anticipacion de la alerta en
otras ciudades donde se difunde ésta, tales como Acapulco, Chilpancingo, Toluca y
Oaxaca. Ademas se detalla coOmo operdé este sistema segundo a segundo durante el
proceso de deteccidn, pronoéstico y diseminacion de la alerta de acuerdo a las

aceleraciones de los sensores mas proximos de la red. Finalmente, expone algunos
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ejemplos de la capacidad de respuesta y cémo es aprovechado el tiempo de

anticipacion para llevar a cabo acciones de preparacion.

El Capitulo II presenta un andlisis y evaluacion del algoritmo del SASMEX llamado
2(ts-tp), este algoritmo fue desarrollado al inicio del sistema, cuando sélo cubria la
region de la Brecha de Guerrero y se emitia avisos de alerta a la Ciudad de México. El
algoritmo invierte en su procesamiento precisamente dos veces el intervalo de tiempo
entre la deteccion de las ondas P y las ondas S. El capitulo expone a detalle el proceso
de deteccion y presenta decenas de ejemplos de estos resultados en sismos My > 6. El
trabajo describe el proceso de estimacidn, el cual utiliza un modelo de clasificacién
basado en dos parametros obtenidos de la sumas cuadraticas de aceleracion
longitudinal, transversal y vertical; cuyo criterio para alertar requiere las
estimaciones de magnitud de dos sensores que de acuerdo a la distancia de estos
sensores a la ciudad a alertar se decide emitir o no alguna alerta. El trabajo presenta
en primera instancia, una revision de los sismos que han emitido alerta por el SASMEX
y se revisan sus parametros, luego se lleva a cabo una evaluacién de acuerdo a los
sismos My > 6 desde 1985 a la fecha en la regién de subduccién de la zona costera del
Océano Pacifico en México para observar el porcentaje de aciertos de este algoritmo.
Este algoritmo se sometid también a los dos grandes sismos ocurridos en los afios
recientes uno ocurrido en Maule, Chile en 2010 de magnitud My, 8.8 y otro en Tohoku,
Jap6n en 2011 de magnitud My 9.0. Los resultados muestran que el algoritmo obtiene
estimaciones correctas en el 92% de casos de registros de sismos si el margen de
error es de +1.0 y del 83% para +0.5 de unidad de magnitud; por otro lado, en sismos
My, > 6 de los 61 sismos procesados, se muestra que en todos los casos el algoritmo
habria emitido una alerta Publica. En el caso de los sismos grandes de Chile y Jap6n se
habria estimado como mayor de 6. Sin embargo, en estos dos casos, el tiempo de
procesamiento quizds no habria generado tiempos de anticipacién efectivos para

alerta temprana.

El Capitulo III presenta una propuesta de algoritmo rapido para regiones sismicas de

subduccién cuyos focos sismicos estén a profundidades menores de 40 km, como
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ocurre principalmente en la costa de México del Océano Pacifico. Esta propuesta
utiliza el 50% de tiempo de procesamiento respecto al algoritmo original 2(ts-tp). Este
algoritmo denominado ts-tp s6lo emplea el intervalo de tiempo entre las detecciones
de los inicios de las ondas P y S e inicia su proceso desde la deteccién de las ondas P.
Adicionalmente, sélo utiliza las aceleraciones de las ondas P del componente vertical
de los acelerémetros triaxiales. El algoritmo ts-tp, utiliza un modelo de regresion
basado en los parametros de la suma cuadratica de las aceleraciones y la aceleracion
cuadratica maxima de la componente vertical. Los parametros se analizan para
observar qué tanto pueden correlacionarse con la magnitud My y con ello se propone
un modelo de regresiéon por medio de minimos cuadrados que para su construccion
utilizé6 maquinas de aprendizaje con supervisién y emplea un estrategia de segmentar
por niveles los valores que se obtienen de la suma de aceleraciones cuadraticas, y

aceleraciones maximas respecto a My,

Los datos que se utilizaron fueron de sismos someros a menos de 40 km de
profundidad de la regién de subduccién a lo largo de la costa de México en el Océano
Pacifico. Después de un proceso de depuracion y seleccidn, se eligieron 400 registros
de 129 sismos de magnitud 4.7 < My < 8.1 desde 1985 hasta 2017. Los resultados
obtenidos muestran un 85% para margenes de error de 0.5 y 90% para un error de
+1.0; se sometio el algoritmo ts-tp al contexto de un sistema de alerta temprana que
contemple la confirmacion de dos sensores como ocurre en el SASMEX pero
considerado s6lo un rango de alerta que establecimos para sismos M, > 5.8, asi se
pudo observar para 109 sismos, que habrian sido resueltos 98 correctamente, 7
habrian sido sobreestimados y sé6lo 4 subestimados. Finalmente el algoritmo ts-tp se
prueba para el sismo de Napa, California de magnitud M, 6.0 en 2014 cuyo escenario
es ideal para este tipo de algoritmos, el resultado muestra que las estimaciones del
algoritmo ts-tp habrian estimado magnitudes mayores a 6 en 2 segundos de
procesamiento y por consiguiente, se habria podido emitir una alerta publica; de
acuerdo al proyecto de sistema de alerta sismica temprana para California, conocido

como ShakeAlert (Kuyuk, et al. 2013) su sistema para la ciudad de Berkeley hubiera
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logrado un tiempo de anticipacion de 5 segundos (Allen, et al.,, 2014). Sin embargo,

con la propuesta del algoritmo ts-tp se hubiera generado un tiempo de 10 segundos.

Finalmente, el Capitulo IV propone un algoritmo para regiones sismicas del in-slab,
cuyos focos ocurren generalmente a profundidades mayores a 40 km, por lo que no
hay manera de aproximarse mas para asi reducir los tiempos de procesamiento con
los algoritmos expuestos en los capitulos anteriores. El algoritmo que se propone
denominado tp+3 utiliza los primeros tres segundos de medicion de las aceleraciones
del componente vertical de las ondas P. Este algoritmo emplea un modelo de
regresion basado en dos parametros que mapean a My. Los pardmetros son la suma de
las aceleraciones cuadraticas y el otro pardmetro consiste en el angulo de inflexion
medio de la curva de la suma acumulada de aceleraciones cuadraticas obtenido de dos
pendientes de dicha curva. El modelo de regresién del algoritmo tp+3 se construy6 de
manera similar al algoritmo ts-tp expuesto en el Capitulo III; es decir, utilizando una
maquina de aprendizaje que parametriza los valores de la suma de aceleraciones
cuadraticas de Ondas P de la componente vertical obtenidas en el intervalo de 3
segundos. Los parametros que emplea el modelo son sometidos a un andlisis de
correlacion respecto a My utilizando 113 registros de 34 sismos a profundidades
mayores de 40 km en la region sismica del in-slab de México. Al evaluar el modelo en
el contexto de alerta temprana del SASMEX y al considerar el criterio de confirmacion
de dos estaciones en donde se propone un umbral de activaciéon de alerta si las
estimaciones de magnitud mayores o iguales a 5.8, se obtuvo para 24 sismos, una
subestimacién, cuatro sobreestimaciones y las 19 restantes fueron correctas. Para
poder comprender las ventajas de emplear el algoritmo tp+3 en este escenario
sismico, se muestran los posibles desempefios para tres sismos: el de Tehuacan
Puebla del 15 de junio de 1999 de magnitud My 7.0, el de Zumpango del Rio, Guerrero
del 10 de diciembre de 2011 de magnitud My 6.5 y el de Morelos del 19 de septiembre
de 2017 de magnitud My 7.1 en donde se observan notables ventajas en el tiempo de
anticipacion en comparacién con el algoritmo original 2(ts-tp) y ts-tp de haberse

activado una alerta publica.
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CAPITULO I

The Mexican Seismic Alert System
(SASMEX): Its Alert Signals, Broadcast

Results and Performance During the M7.4
Punta Maldonado Earthquake of March
20th, 2012

[Cuéllar, A., Espinosa-Aranda, J. M., Suarez, G., Ibarrola, G., Uribe, A., Rodriguez, F. H,, ..&
Frontana, B. (2014). The Mexican Seismic Alert System (SASMEX): Its alert signals, broadcast
results and performance during the M 7.4 Punta Maldonado earthquake of March 20th, 2012.

In Early Warning for Geological Disasters (pp. 71-87). Springer Berlin Heidelberg.]
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Chapter 4
The Mexican Seismic Alert System (SASMEX):

Its Alert Signals, Broadcast Results
and Performance During the M7.4 Punta

Maldonado Earthquake of March 20th, 2012

A. Cuéllar, J. M. Espinosa-Aranda, G. Suarez, G. Ibarrola, A. Uribe,
F.H. Rodriguez, R. Islas, G. M. Rodriguez, A. Garcia and B. Frontana

Abstract The Mexican Seismic Alert System (SASMEX) compromises the Seismic
Alert System of Mexico City (SAS), in continuous operation since 1991, and the Seis-

mic Alert System of Oaxaca City (SASO) that started its services in 2003. The SAS
generates automatic broadcasts of Public and Preventive Alert Signals to the cities
of Mexico, Toluca, Acapulco and Chilpancingo, and SASO by now only to Oaxaca
City. Historically in Mexico City, due to their great distance to the coast of Guerrero,
the SAS has issued its Alert Signals with an opportunity average of 60 s. In Oaxaca
City the SASO gives 30 s time opportunity, if the earthquake detected is occurring
in the Oaxaca coast region, or less time, if the seismic event hits near this town. The
paper reviews both systems, its performance characteristics and its recent test by the
Ometepec M 7.4 earthquake of March 20,2012.

4.1 Introduction

The Seismic Alert System of Mexico City (SAS) generates automatic broadcast of
Public and Preventive Alert Signals to the cities of Mexico, Toluca, Acapulco and
Chilpancingo, and the Seismic Alert System of Oaxaca City (SASO) by now only to
Oaxaca City. Two types of SASMEX Seismic Alert Signals ranges were deter-
mined inaccordance with each local Civil Protection Authorities: Public Alert if they
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expect strong earthquake effects and Preventive Alert Signal, for moderated ones.
SAS originally had 12 field sensor stations covering partial segment of the Guerrero
coast, nowadays covers additionally Michoacan, Jalisco Colima and Guerrero coast
completely with 36 field sensor stations supported by the Mexico City Government;
the SASO has 37 field sensor stations operating in the coast, central and north of the
Oaxaca, covering their seismic danger territory. Since 1993, the SAS is pioneer in the
automatic public alerts broadcast services, thanks to the support of the Asociacion
de Radiodifusores del Valle de México, A.C. (ARVM). Historically in Mexico City,
due to their great distance to the coast of Guerrero, the SAS has issued its Alert Sig-
nals with an opportunity average of 60s. In Oaxaca City the SASO gives 30s time
opportunity, if the earthquake detected is occurring in the Oaxaca coast region, or
less time, if the seismic event hits near this town. Also the SASO has been supported
since its implementation for local commercial radio stations. To this day the SAS
and SASO have generated respectively 14 and 20 Public Alert Signals, also 59 and
13 Preventive Alerts of more than 2200 earthquakes detected by their sensing field
stations. Additionally the federal government is promoting to increase the observa-
tion capacity of the seismic danger in Mexico City and the other cities located in
seismic regions, to detect and warn any strong seismic effect.

To reach better efficiency in the seismic warning delivery, the Government of the
Federal District through the Authority of the Historical Center in 2008, to innovate
the SAS, installing VHF radio transmitters, similar to the communication technol-
ogy like the National Weather Radio (NWR) and Specific Area Message Encoding
(SAME) called NWR-SAME, following the code standards of the National Oceano-
graphic and Atmospheric Administration (NOAA) and the Emergency Alert Systems
(EAS) of United States: adding a new code (SARMEX) with the capabilities like fast
response (2s or less) to emit the earthquake early warning signal in order to enhance
the effectiveness in the Seismic Alert Signals required. This technology also will be
implemented in the SASO, and recently the federal authorities have decided to sup-
port the coverage with NWR-SAME-SARMEX receivers in other populated cities
or urban areas located in seismic regions of Mexico.

On March 20, 2012, during the occurrence of earthquake M 7.4 Ometepec
Gro., close to Punta Maldonado, the SASMEX warned Public Alert in the cities of
Acapulco and Chilpancingo, Gro., and Oaxaca, Oax., and warned Preventive Alert in
the metropolitan area of the valley of Mexico. The time of opportunity was between
80 and 40s, due to the distance between 175 and 360 km from epicenter to cities
where the SASMEX broadcasted their public earthquake early warnings.

After experiencing the serious seismic disaster generated by the “Caleta de Cam-
pos” M8.1 Michoacdn earthquake in 1985, Mexico City Authorities have been
promoting since 1989 the design and evolution of Sistema de Alerta Sismica (SAS),
with the aim to mitigate possible future earthquake damage produced by such as the
latent “Guerrero Gap™ seismic danger (Espinosa-Aranda et al. 1992).

The original SAS idea was developed by Centro de Instrumentacion y Registro
Sismico (CIRES) Civil Association. This technological resource started its experi-
mental operation in August 1991 and has been available and evaluated as a public
service since 1993. To date it is applied and evaluated in more than 80 elementary

Tesis Doctor en Ciencias Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 19



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:
Andlisis, Propuesta y Evaluacién Armando Cuéllar Martinez

4 The Mexican Seismic Alert System (SASMEX) 73

schools, both private and public, located in urban regions prone to seismic risk and
where early warning of seismic alert signals from SAS has been useful, as well as in the
Mexico City subway rail transport (METRO). Recently has started the installation of
more than 40,000 NWR-SAME-SARMEX receivers for elementary public schools
of Mexico City.

SAS disseminates public seismic alert in the valleys of Mexico and Toluca, this one
located about 50 km NW of Mexico City. In addition, it also alerts on a contract basis
to more than 280 miscellaneous institutions comprising schools, public buildings
and emergency organizations. The implementation of SAS in the Mexico Valley has
made possible to anticipate the arrival of the effects of S-waves with an average
of 60s, time enough to allow execution of safety of automatic system procedures
for the protection of equipment or systems susceptible to undergo damage, such as
power plants, computer systems and telecommunication networks (Kanamori 2003).
On May 14, 1993, after SAS identified an earthquake M6.0 and anticipated with
65s the imminent arrival of its effect in Mexico City, the local authorities decided
to disclose early warning notices publicly. The alert signal broadcast was possible
thanks to the support from most of the commercial radio and television networks
grouped in the Asociacion de Radiodifusores del Valle de Mexico (ARVM), Civil
Association, which agreed to contribute as a social service for their audience since
August 1993. SAS, has high availability and reliability of their four basic sub-systems:
Seismic Detection, Communication, Warning Dissemination and Central Control
and Recording, to guarantee the effective earthquake alert public service (Espinosa-
Aranda et al. 1995).

On September 14, 1995 at 8:04 AM in Mexico City, having elapsed almost ten
years after the tragic earthquake of 1985 (Espinosa-Aranda et al. 1995), SAS antic-
ipated with 72s the arrival of the effect of an M 7.3 earthquake occurred near the
town of Copala, Guerrero, This earthquake proved the adequacy of the processes of
response and evacuation of schools, where the SAS early warnings were received,
since the population performed these activities successfully (Goltz and Flores 1997).

On June 15th 1999, a damaging M6.7 earthquake induced the Department of Civil
Protection of Oaxaca to request CIRES the design, construction and installation of
the Sistema de Alerta Sismica de Oaxaca (SASO). A better time-efficiency criteria to
define the seismic range of the SASO warnings emerged in a technological evolution
from the original algorithm used by SAS., designed back in 1989 (Espinosa-Aranda
et al. 1992), to fulfill the requirements demanded by this application.

Thanks to the Oaxaca Authorities initiative, the Mexico City Mayor, with the par-
ticipation of the Mexican Secretariat of the Interior, it has been agreed a SASO and
SAS function integration to constitute them as a single entity, the so-called Sistema de
Alerta Sismica Mexicano (SASMEX). And recently has been decided to increase as
necessary the number of seismic sensors to provide an effective warning of impend-
ing regional seismic risk disseminating notices of seismic alert in vulnerable cities
(Fig.4.1). With the service rendered by EASAS systems in each sensible region, it
will be possible to prevent in advance the seismic effects on the site as well as define
the most suitable alert warning for each particular risk condition, and to review these
factors systematically (Espinosa-Aranda et al. 2009).
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Fig. 4.1 The Mexican Seismic Alert System

In 2007, to support the activities of Civil Protection of the coastal state of Guerrero,
Mexico City Authorities authorized the installation of Alternate Emitters for the
warning issued by the SAS (EASAS) in the cities of Acapulco and Chilpancingo. The
EASAS of Guerrero provide public automatic alert services controlling the transmis-
sions of the local commercial broadcasting stations covering the demand of private
seismic alert services offered to 102 institutional users.

In order to improve the efficiency in the dissemination of the warning provided by
SAS initially in schools, recently La Autoridad del Centro Histérico in Mexico City
sponsored the installation of three dedicated VHF radio transmitters, thus benefiting
by the use of commercially available low-cost receivers carrying the Public Alert” ¥
logo, that meet technical standards of NOAA Weather Radio (NWR) Specific Area
Message Encoding (SAME) protocols and the Emergency Alert System (EAS) event
codes, such as those in use to warn against diverse natural hazards in the USA. The
Mexico City application require the NOAA-SAME-EAS protocols, an enhancement
in order to include a new code to operate earthquake early warning signals, without
delay, omitting the normal two tones previous to signal advise (Espinosa-Aranda et
al. 2009).

The Consumer Electronics Association Standards of United States (CEA), approv-
ed the Mexican Risks Advisory System (SARMEX) standard that uses all character-
istics of the NWR-SAME protocols in March 2011, but enhances the response time
when the Earthquake Early Warning codes are emitted, additionally, the Mexican
earthquake early warning sound is included to distinguish it from others messages.

4.2 SASMEX Achievements

The SASMEX part for the Mexico City (called SAS) has been regarded as the first
system in the world for earthquake early warning that disseminates its notices to the
public (Lee and Espinosa-Aranda 1998). The Prevention Time is close to 60s. This is
because the major seismic effects threatening the Valley of Mexico are originated at

Tesis Doctor en Ciencias Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 21



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:
Andlisis, Propuesta y Evaluacién Armando Cuéllar Martinez

4 The Mexican Seismic Alert System (SASMEX) 75

the coastal region of the Pacific Ocean at a distance of at least 320km and since their
strongest components travel at 4 km per second, taking 80s to arrive, whereas notices
broadcasted by radio from the epicenter area can be transmitted instantaneously
anticipating the seismic effects.

The SASMEX forecast begins calculating parameters measured in the Field Sta-
tions, FS, when an earthquake is detected, SASMEX in the Mexican Pacific Coast
from Colima to Oaxaca, uses the acceleration data of the vertical, longitudinal and
transversal components to calculate the Acceleration Quadratic Integration and the
rate of this integration, both measured during the 2%(S-P) lapse, that is, the first P
wave arrives until the S wave begins. In north and center of Oaxaca it uses the dom-
inant period, measured in the vertical component during the first three seconds after
de P wave begins: in case of the S-P is less than 3 s, then the FS uses two additional
parameters: the Maximum Acceleration and the Acceleration Quadratic Integration,
from the vertical component too (Espinosa-Aranda et al. 2010).

The parameters are sent automatically to determine the alert range, this forecast is
used to define the seismic warning range of the impending occurrence of a dangerous
earthquake detected by the first two FS (Espinosa-Aranda and Rodriguez 2003).
The first FS message defines the warning range, either strong or moderate, and
with the second one, triggers the Type of Warning process respectively as “Public
Alert” or “Preventive Alert”. However the range of Public and Preventive in Oaxaca,
Chilpancingo and Acapulco is less than Mexico City, in order to be more sensible due
to minor distance from these cities to the danger seismic area in contrast with Mexico
City. The Prevention Time is defined as the time elapsed between the beginning of
the warning signal and the beginning of the S phase, related to the region where it is
intended to mitigate the risk (Espinosa-Aranda et al. 2009).

SASMEX for Mexico City (SAS) since its experimental operational stage in 1991,
SAS has detected more than 2300 seismic events with magnitudes fromM3.0toM 7.4
and it has emitted 14 earthquakes warnings as “Public Alerts™ and 59 as “Preventive
Alerts (Table 4.1). The SAS performance showed in the Table 4.1 is accounted by the
number of FS’s that registered each warned earthquake (# SENS. OP.), the Forecast
(MAGNITUDE), the Type of Warning emitted (ALERT RANGE) and Prevention
Time. The DISTANCE in Table 4.1 is measured from the epicenter to the first FS
which detected the earthquake.

SASMEX for Oaxaca (called SASO) constitutes a technological development
evolved from SAS: SASO has 36 FS and 11 radio relay stations to link its coastal,
central, and northern included isthmus regions (Fig.4.2). Since its commissioning,
SASO has issued 20 Public Alert and 13 Preventive Alert warnings from the detection
and analysis of more than 230 sensed earthquakes (Table 4.2 similar to Table 4.1).

From April 2012, SASMEX identifies the strong earthquakes along the coast of
the State of Guerrero, Michoacdn, Jalisco and Colima with a linear layout of 36 of
SAS and 11 of SASO FS spaced approximately every 25km to be able to perform
an efficient survey because many seismic foci of this region occur at similar depths
(Fig.4.2).

Tesis Doctor en Ciencias Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 22



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:

Andlisis, Propuesta y Evaluacién

Armando Cuéllar Martinez

A. Cuéllar et al.

76

(panunuoo)

99 AAnuAAI] S 6 SE001— 8891 SH0T 000T/H0/F1 1520) 0121120 0S
99 ANUAARIG 8 43 90°001— €Ll L1+0 100T/€0/S0 1520) 0121120 IS
€9 AANUAAI 6 43 1'001— PILI LSS 100T/£0/90 MEVENTS) s
<9 anqng 8 v P1°001— 1691 6£:TT 100T/01/L0 1520)) O12LIAND) 3

AANUIAI 9 LE €6'66— 7691 01:TT T00T/T0/91 1520) 012L12N0) tS

1meq 0 N 1'101— ol T0:T1 TOOT/HO/8 1 15200 01211AN0) s

LS AAnUAAI] t S Tro01— 9891 PIIE1 T00T/60/ST 1520) 01211200 NS
8¢ AANUAARIG t L€ 65°001— 91LI 10120 TOOT/60/LT 01911900 9¢
8¢ AANUAARIG L 0¢ €001 L691 80:0T £00T/10/60 1520) OJaLIAND) LS
AANUAARIG ¢ 8 20°001— SO'LI $T:90 S00T/60/81 WEHENTS) 8¢
QANUAARIG S te 6L 66— 00°LI 81:00 LOOT/SO/1€ 01912n0) 65

8¢ anqng 9 I+ Pr001— 60°LI TH00 LOOT/HO/E ] UENENTS) 09
9¢ ANUAARIG 8 S LT001— LTL €11€0 LOOT/HO/E ] 01912n0) 19
AAnUAAI] 9 6 78°66— 691 95:80 LOOT/F0/8T o1aLaNg) 9

89 a1angd 6 6 +1°001— 80°LI $€:00 LOOT/11/90 0191N0) €9
QAU t Sl 8°001— 7991 20:50 800T/11/11 UENENTS) 9

8¢ aAnudAIg L 0€ 78°001— SWA 81120 600T/E0/LT o1a119N0) $9
LS AAnuaAIg t L 8566~ 0691 9F:91 600T/P0/LT 1520) 01211900 99
) ANUAARIG 8 N 01— Ll 9€181 010T/S0/ST 15200 012L1AN0) L9
$9 a1qng 9 I 16'86— 1991 ¥2:80 110T/S0/S0 1520) 01211210 89
ANUAARIG N 9z 09'66— 691 SSILT 110T/90/81 15207) O1aLIAN0) 69

91 AANUAARIG 01 8¢ 86'66— P8 LI K161 110T/21/01 o112n0) 0L
08 AANUAARIG L N 9¢"86h— ol €0:T1 TI0T/E0/0T eIRXRO I
08 AANUAARIG 9 01 Lb'86— LT91 9€:T1 TI0TA0/T0 eIRXRO w
(S) QWIT UOTIUIAJIL] aduwl WALy dQ suag (ury) pdo( apmiduo] apmie] Aw-aep 2207 uoI3ay #

LTINS LSVOFHOA SVS

INVNN (NSS) IDIAYES DIASTAS TYNOIDVN

1071661 20uIs .f,w:_:._z}» %_.-SU U./_-u_.__vr_f:wv.hc DURULIOLI_] SVS  ['F 21qel,

Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 23

Tesis Doctor en Ciencias



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:

Andlisis, Propuesta y Evaluacién

Armando Cuéllar Martinez

The Mexican Seismic Alert System (SASMEX)

4

(ponunuod)

a1qnd ¥ 0l 9'86— €91 0T-1T €661/60/51 1seo) olalenh ¥
CAULEAEH | [ 01 69'86— 91 60:01 €661/60/91 15807 oJauaNy ¢t
¥L a1and 9 81 80°66— 591 FO:€1 9661/£0/¢1 1se0)) olaLenh 9T
<9 QANUdARI] 9 0T 91’101 — SHLI £C:91 9661/L0/S1 1se0)) olaueny LT
dAnuUAAld 9 0 6C°001— CELI 00:+0 9661/L0/61 olaueny 8¢
dAnuaAld € LT 6°001— I1T°LI S1:€09661/01/LT olaLenn 6¢
[y 2AnUAAId L 91 PO €01 — 16°L1 8T:¥1 L661/10/11 1S80D) UBSBOYDIN 0€
NS QAnudAld L 0¢ 9L°66— PO°LI 6F 1T L661/€0/1T olatnn £
dAnuUAAIg 14 £3 88°001— 6¢°LI €T L661/€0/ET olauann (43
NS AAhuAARId S Cl 001 — eLl 8S:01 L661/50/80 olauenH 123
QANUAAI] 14 6S 187 101— I+°81 0§:T0 L661/S0/TT T2ALY sesfeg Mo 143
dARudARI] € 0l L'66— 9L 91 €L LO661/LO/ 1seo)) olaienn 133
dANUAARL] € I vL'86— 6£91 9T:0T L661/L0/F] 15800 OJauann-esexeQ 9¢
9¢ dAhudARI] 9 1< 9¢'001— LI F€:T0 L661/L0/61 olauann LE
N7 QAhudAld 9 8¢ 00°66— 9L91 e1:61 L661/80/9T 15807 olauany 8¢
69 a1qnd S S ¥T101— yI'LI TTET L661/T1/1T 1se0)) o1aLeny 6¢
QAnudAdld 4 0t 1oor— 10°L1 £1:80 8661/€0/11 olatany 0r
09 QAnUAAI] 14 81 I+ 101— PELI €0:T1 8661/£0/60 1se0D) olaLenn Iy
99 a1qng 9 S croor— £8°01 SC1 8661/L0/S0 1se0)) olauann 4y
yL a1qnd L LT 91'001— 8691 81:90 8661/L0O/L1 1se0)) olaLenn 134
QAludAld € € cTo0I— L891 81:11 8661/80/60 1se0)) olauann 144
2AnuAAld S cl L9°66— LL9I €610 8661/60/L0 1SBO0D) OlaLenn Sy
89 QANUAAI] 14 LT 8°001— STLI 80:TT 6661/+0/¥C olatnn 9t
89 2AnuaAdld 5 €< 6L001— 9C'LI 8S:+0 6661/50/0¢ olaLrnn Ly
Sl 2AfuAAdld 6 69 1€°L6— 8181 THS1 6661/90/51 1apiog edexeQ-eiqand St
89 QAnUAARI] i 1€ 1€°66— 80°LI 0S:81 000C/€0/L1 olauann 6t
(S) QW) UONUIAIJ dduer pay ‘dQ "suag (ury) pda(g ApMIsuO| apmine| awin-Aep (B0 uoI3ay #

LINSHA LSVOHUOA SVS INVNN (NSS) HOIAJES DIASIAS TYNOIDVN

panunuo)) g Iqel

Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 24

Tesis Doctor en Ciencias



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:

Andlisis, Propuesta y Evaluacién

Armando Cuéllar Martinez

A. Cuéllar et al.

78

AnudAlg I S FT001— €891 9¢:TI 1661/01/91 1580 Olallann-eoexeQ I
dAnudAI] ¥ €l 60'001— 8L9I £S5 11 TO661/+0/9T 1580 OlaLIaNn) (4
dAnuAAdId € € 86'66— €801 €€:T0 TOH61/50/€1 Ise0)) olalrenn €
QAIUdAI ¢ e 6'86— L1'9] 10:€0 2661/90/L0 1SLO)) 0IALINN)-LIRXT() *.
ANUAARI] € Z:c L8'86— raa)l 1#:11 2661/90/L0 1SLO)) 0IALIdNN)-LIRXR() C
dAnudAdlg 9 §C €001— €Ll $$:90 T661/80/T0 olaLano 9
dAnuAAdI{ S ¥ LI LI'66— 1691 8T 11 T661/01/91 580D OldLIAND L
dANUAAAI] € 1T 6L°001— 14WA 91:T0 T661/01/0¢ 15800) 01allany 8
dANUAARI] [ 8 99'66— €891 £€-CC TO61/11/¥0 Is80D) OlJaLIdND 6

aqnd € 9 1'001— 6891 €1:0T T661/11/60 15800) 01a11any 01

QAnudAId ¥ 8 0'10l— SI'LI 81:¥0 €661/£0/1¢ IS80D) OJdLIdND Il

<9 a1qnd 9 0t L' 86— 134 60:1T £661/S0/11 1580 OlaLdNn-edEXE) cl
€L anqnd 9 Sl L'86 L¥'91 CI-IT €661/50/F1 I1Se0)) olaLRNn-LdeXE) €l
Aqnd 14 0¢ €9'86— F€91 9T:T0 €661/S0/S1 1s80D) OlaLNn-edeXEQ id!

AhuaAld 14 134 €9'001— 8€°LI LI:¥1 €661/L0/6T olaLnn Sl

0L dAnudAIg ¥ 0¢ ¥6'86— LS9] 0810 £661/60/01 IsBO0)) OldLIAND 91
(Ireq) 6 TS0 €661/01/+T 1580 OlalIann) Vv

(1) o1and I I1:61 €661/11/91 S|

0¢ AnudAld 8 € LS001— €081 I+:61 +661/50/TT 1Ay sesjeq YsiH Ll
8¢ anuaAdld 6 ¥ 68°66— L691 P01 +661/01/6T Ise0D) OJdLIdND 81
123 QAhudAld 9 8L 9¢101— 08l LI:0T ¥661/T1/01 JOATY ses[eq Mo 61
AAnuAAI] 9 €l 60'66— ol 10:00 S661/+0/t1 Ise0)) olalrlenn 0¢T
QAhudAld C ! LL'86— L6°SI 61:90 S661/0/1¢ 1se0)) BORXEQ 1T

<L a1qnd 6 (44 88'86— 1€91 ¥0:80 S661/60/t1 1SRO)) Olaliann-edoexXe() cc
JANUIAAI] ¢ 60:80 S661/60/F1 1SR0)) 0JALIAND)-BIRXER() €T

(S) QW) UONUAAIJ a5uel 1y dQ 'suag (ury) pdagg apmiIsuo] apnineT Awmn-aep B0 uoIsay i

LINSHA LSVDIUOA SVS

VNN "(NSS) ADIAYHES DINSIAS TVNOIDVN

panunuo)) 'p Aqey,

Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 25

Tesis Doctor en Ciencias



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:
Andlisis, Propuesta y Evaluacién

Armando Cuéllar Martinez

4 The Mexican Seismic Alert System (SASMEX) 79

VD
2200 0\‘{? ‘
21.00 0 ~f

20.00 .

19.00 A Q

_‘A A { 5 J x
18.00 - o o o .
7) 5 x
& A A A . 5 x
Bt T

GULF OF
MEXICO

17.00 nl g%

ACIF/C . - x X *

16.00 Cay W x
M ESCERE / EASAS . N

15.00 {A ESREPES
@ ESDECAS AT PRESENT

14.00 {O ESDECAS IN CONSTRUCTION
% ESDECAS TO EXPLORE

1300
-108.15 -106.15 -104.15 -10215 -100.15 -98.15 -96.15 -94.15 -92.15 -90.15

Fig. 4.2 Current topology of SASMEX

4.3 SASMEX Warning Broadcast

After the damages suffered in Mexico City during the 1985 earthquake, the law for
Civil Protection and its bylaw were established. Among other requirements, it states
that individuals and corporations must design action plans and emergency drills to
mitigate vulnerability conditions and reduce the severity of disasters. Each action
plan must be registered and certified in presence of municipal or local authorities
thatalso supervise and enforce the regular practice of emergency response procedures

(Sudrez et al. 2009). The safety and security procedures, as well as the activity of

each group in a certain facility, are established accordingly to the display of every
building. Distribution of spaces and the identification of the risk and safety zones are
considered (Official Gazette of the Federation, 2006: Mexico City Official Gazette
1996).

SASMEX for Mexico City (SAS) has been able to recognize a great number
of seismic events, encode their range, and spread warnings as Public or Preven-
tive Alerts. This service operates through three alternative technologies: remotely
controlled audio switches installed in radio and TV stations operated by SAS that
broadcast Public Alert warnings for strong earthquakes; radio receivers that radiate
warnings when SASMEX emits Preventive and Public Alert signals of strong and
moderate earthquakes: and beginning in December of 2008, receivers that include
NWR-SAME technology capable of disseminating the Preventive and Public SAS’s
alerts, as well as other natural disasters’ warnings. These warning messages rep-
resent a useful service to reduce the vulnerability against a variety of risk condi-
tions. During 2009, in accordance to the Civil Protection of Mexico City Officials
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(Secretaria de Proteccion Civil del GDF), access to the use of the radio receiver
makes mandatory to have an Internal Civil Protection Plan and practice emergency
response procedures frequently.

Mexico City since 1992, have pioneered in the use of the SAS (Espinosa-Aranda,
et al., 1998) beginning with twenty six Elementary Schools of the Ministry of Edu-
cation of Mexico City (Secretaria de Educacion Piiblica de la Ciudad de México).
Each facility has an internal plan for civil protection that is systematically practiced
and executed whenever SAS sends a warning signal to the radio receiver. From 1993
to the date, as stated before, more than 80 elementary, middle, and higher education
institutions have been furnished with this equipment.

The Public Electric Transportation System and the METRO have used the SAS
warnings by means of radio receivers in their control center since 1992, but they do
not share the signals with the passengers. In case of a seismic warning, the manager
of the control center gives proper instructions for the train operators to stop in the
nearest station, or delay their start and keep the doors open for passengers” safety.
This is an internal security and emergency procedure that has given great use to the
60's that SAS can offer.

In Mexico, the transmission of radio and TV seismic alert signals began in 1993,
through most of the partners of the Association of Broadcasters of the Mexico Valley
(Asociacion de Radiodifusores del Valle de México A.C.) and TV channels 11, 22,
13, and channel 34 in Toluca Valley. To be able of properly disseminate the signals,
the broadcasters accepted the use of a remotely controlled switch operated by SAS.
which substitutes the regular signal for the official alert signal during 60s in case
of a strong earthquake warning. The effectiveness of this resource is optimal in
top rating periods because a greater part of the population is warned and can start
predefined preventive actions. To date, twenty eight AM, FM and TV channels spread
the warnings in Mexico City and Toluca Valley as well as nine radio and two TV
stations in Oaxaca City. Also, Emergency Response and Civil Protection Institutions
use the radio receiver to prepare emergency vehicles and start the evacuation of their
parking lots. There are 13 institutions that use this equipment, including the Red
Cross and Firefighters.

Nowadays, SASMEX for Mexico City (SAS) serves more than 240 public and
private buildings in Mexico City: they receive seismic alert signals through the radio
receiver. To guarantee the dissemination of the warning sound, some buildings have
displayed loudspeakers arrays where their correct performance should be verified.

In addition to start preventive measures, SASMEX signals are used to trigger
structural health recording procedures to identify possible damage in buildings.

Since March 27, 2009 at 02:48:32 (local time), when SAS emitted a “Preven-
tive Alert” signal, anticipating the effects of the M5.3 earthquake from the coast of
Guerrero. Then for the first time SAS used the NOAA-SAME technology validating
the effective use of this resource. At that time eight monitoring NOAA receivers
successfully reacted and provided 58s of Prevention Time. Nowadays with a tech-
nical enhancement to expedite reaction, by reducing receiver’s response time, the
NWR-SAME with SARMEX protocol helps to mitigate the seismic vulnerability in
Mexico.
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On April 27, 2009 at 11:46:45 (local time), SAS emitted a signal of “Preventive
Alert”, anticipating the effects of the M5.7 earthquake from the coast of Guerrero.
SAS confirmed the adequacy to use the NOAA-SAME technology in the city for this
purpose. SASMEX in Oaxaca has a similar range of users to the one of Mexico City,
with the exception of automatic powerful loudspeakers installed in public spaces,
which can be heard in the public squares of Oaxaca City. As in Mexico City, Oaxaca
and Toluca, in Chilpancingo and Acapulco both Guerrero State cities, received SAS
warnings in more than 100 users, among radio, TV stations, schools, emergency
response institutions and others in 2007. On 20th March 2012, for the earthquake M
7.4 of Oaxaca, SASMEX broadcasted Public Alert Warning to Oaxaca, and Acapulco
cities, Chilpancingo and Mexico City, were activated with Preventive Alert Warning
range, due to communication issues. On April 13th 2012 SASMEX activated two
earthquake early warnings at 05:10:03 08:07:23 (Local Time) for the seismic event
MS5.2 and 5.1 respectively; with that seismic events, SASMEX for Mexico City
worked for first time as an interconnected system.

4.4 The Punta Maldonado Earthquake

The earthquake was located between SAS and SASO seismic station arrays in the
Punta Maldonado region with Mw = 7.4, it is noteworthy that on the date of this
event, these systems had not yet achieved sensor interface through the link between
Mexico City and Oaxaca therefor SAS and SASO’s seismic sensor arrays operated
in separately way.

The earthquake was detected by 32 seismic stations in Oaxaca and seven in Guer-
rero. During the first 48h more than 100 seismic events were recorded under the
Llano Grande LGOI seismic station which was closest to the epicenter (Fig.4.3).

Llano Grande seismic station was the first to detect the earthquake, it is located
within 25km of the hypocenter, the SP time observed was of about 2.6s. Llano

2 ; T, . -
<
7 Sensors activated /;(‘\”%\““ _

Epicenter

(@)
16 C&w

15
108 105 104 103 102 101 100 93 98 97 86 95 94

Fig. 4.3 Sensors Activated (circles) during the Mw = 7.4 earthquake on March 20th, 2012

Tesis Doctor en Ciencias Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 30



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:
Andlisis, Propuesta y Evaluacién Armando Cuéllar Martinez

84 A. Cuéllar et al.

Table 4.3 Main sequences of SASMEX seismic sensors performance during the Mw = 7.4 earth-
quake on March 20th, 2012

Local time Station Network Forecast result
12:02:56 LGO1 SASO Strong
12:02:58 MTO02 SASO Strong
12:02:58 Easas Oaxaca SASO Public
12:02:59 HUI2 SAS Strong
12:03:03 MA12 SAS Strong
12:03:03 Easas Acapulco SAS Strong
12:03:09 CR10 SAS Moderate
12:03:09 Easas Chilpancingo SAS Preventive
12:03:09 Easas Mexico City SAS Preventive
12:03:14 MAT1l SAS Strong
12:03:14 Easas Chilpancingo SAS Public

Grande transmitted its power and slope parameters calculated for 2#(S-P) to the
city of Oaxaca at 12:02:56, a little more than 5 after detecting the onset of the P
wave, and estimated the event developing as a strong earthquake. The above infor-
mation began the process of activation of Alert for the city of Oaxaca. MT02-station
“Martires de Tacubaya™ confirmed the process, at 12:02:58, 2s after the previous
one, and calculating the parameters of slope and amplitude in the period 2%(S-P)
approximately 12s, conveyed them to the City of Oaxaca, it also predicted strong
earthquake, which was the confirmation of the process and prognosis Public Alert
activated in Oaxaca.

In Acapulco, the field station HU12-Huehuetdn transmitted its parameters with a
strong earthquake forecast to 12:02:59. The station was confirmed MA 1 [-Marquelia
at 12:03:03 and after calculating the parameters at time 2%(S-P) as HU 12, transmitted
its parameters a second after the event detected at the beginning of the wave packet
P (Table4.3, Fig.4.4). This led to the city of Acapulco earthquake also will predict
and deliver Strong Public Warning.

Risk parameters and HUI12-MA11-Marquelia Huehuetdn must be received in
Chilpancingo and Mexico City, but due to interference in the stretch of Acapulco and
Chilpancingo caused the MA 11 data were notrecognized. HU 12 data were received at
12:02:59 and CR10-"El Carrizo™ seismic station transmitted at 12:03:09 parameters
once estimated slope parameters and energy in the period 2*(SP) of approximately
165 (Table4.2). The station CR10 predicted the earthquake as Moderate. Although,
combining strong and moderate earthquake determinations to activate the alert as
Preventive, which was issued at Chilpancingo and Mexico City at 12:09:09? During
the earthquake, the seismic station Marquelia aired a second time hazard signal,
Chilpancingo changed the forecast to Public alertat 12:03:14. The time of opportunity
for the city of Acapulco was 255, to Oaxaca City 45, to Chilpancingo was estimated
to 45 s and finally in Mexico City was of 80s.
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Fig. 4.4 SASMEX performance during the Mw = 7.4 earthquake on March 20th, 2012

4.4.1 Human Response After Activation of the Seismic Alert
in Mexico City

During the Preventive Alert warning in Mexico City and given the opportunity time
of 80s civil protection were instrumented procedures and additionally it served to
check the effectiveness of the NWR radio receiver SARMEX that had been installed
in 640 public schools. Several radio and television broadcasting companies warned
their audiences that the alert had been activated and warned with 80s of opportunity
that an earthquake was coming.

In government offices, especially at the House of Representatives, the Federal
Electoral Institute documented the reaction of civil defense personnel as well as of
the people who were in those buildings: they made use of the seismic alert drills
carried out every few months for the case of occurrence of an earthquake.

4.5 Discussion

Since damaging earthquakes are rare, the development of this technological resource
has deemed necessary to optimize the reliability and availability indexes of their basic
elements in order to guarantee the effective dissemination of alert warnings in the
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occurrence of damaging events including forecasting criteria of seismic risk. The
SASMEX system has its own designs and self-evaluation procedures as well as a
continuing technological improvement program aimed to have an assurance of its
services. In the design, development and operation of SAS and SASO, now SASMEX,
itis acquired the compromise to improve continuously their subsystems that conform
them as well as the processes of detection, computation, communication, forecast
and effective broadcast of the warnings in case of earthquake as such as the low-cost
NWR-SAME radio receivers with Public alert protocols, SARMEX that includes
protocol which improve the activation of NWR receiver for immediately to respond
in case of earthquake in order to have the longest time of opportunity possible.

The SASMEX in the process of enlargement and integration envisions a future
with federal government support extended to the cities of Chiapas and Veracruz.
While Mexico City by soil characteristics and demographics are considered a risk
seismic region, there are neighboring cities of seismic hazard zones, which must
have notices Seismic Alert System of Mexico. The SASMEX during the earthquake
of March 20, 2012, M 7.4 generated earthquake early warnings to Mexico City,
Toluca, Acapulco, Chilpancingo and Oaxaca City, giving a time of opportunity at
least 25 s in the city of Acapulco, and more than 80s in Mexico City which warning
was disseminated SASPER receptors and SARMEX radio receivers.

Public-oriented discussions together with the proper detection of the earthquake,
the reliability of message transmission and the risk evaluation constitute necessary
elements in the systems of early warning systems. However, if dissemination and
training campaigns launched among the population exposed to natural hazards con-
tinue to be insufficiently funded, any early warning system will be exposed to failure
to comply with its main objective for which it was designed (United Nations 2006).
The technological development of early warning systems applicable to earthquakes
is continuously improving and it is convenient to analyze the full spectrum of earth-
quake early warning. Nevertheless, other high-priority tasks must be reinforced by
the authorities, like the diffusion and knowledge of the seismic danger around the
city, the continuous program of prevention when the signal of seismic alert is emitted.
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telecommunications infrastructure as redundant via to guarantee the SASMEX critical information.
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CAPITULO II

Performance Evaluation of the Earthquake
Detection and Classification Algorithm
2(ts-tp) of the Seismic Alert System of

Mexico (SASMEX)
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Performance Evaluation of the Earthquake Detection and Classification
Algorithm 2(zs—tp) 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(75—p) 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 Michoacédn 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 m;, > 6.0 have errors in the prediction of magnitude of less
than £0.5, and 83% for m;,, >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, >6.0. 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(zg—1p) 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, Anaxagoras 814
Colonia Narvarte, México CDMX 03020.
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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(t3—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 <my <6.0, and my, >6.0) 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(7g—1p) algorithm remains the basis on which
seismic alerts have been issued by SASMEX since 1991.

In this study, we evaluate the 2(zg—p) 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(ts—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—p) 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(74—tp) 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(7g—tp) 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(7g—1p) algorithm used by SASMEX would
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have been able to identify all earthquakes with magnitudes
M, 26.0 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 er 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, <5.5; relay a preventive alertif 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(ts—1p)

Background

The detection and classification algorithm for large
earthquakes with which SASMEX has operated since
1991 is known as the 2(74—tp) algorithm. It is structured into
four modules:

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

2. estimation of parameters reflecting the seismic energy
released in the period 2(t5—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, ef 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, is estimated as a function of time:

1 o
ASIH6() = 72 > X7 (i) + X7 ()] (1)

i-15

1 i
ASIVi6(i) = 12 > X300, ()

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) + X2(i) (3)

H(i) = H(i — 1) + X7(i) + X7 (D). 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@,, a3, i, p», and p;. These
weighting coefficients range in value from 0 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:

vV
@y is calculated from7p + 0.5 s;

— 19 calculated from#p +0.5to tp + 1.0 s;

/52
and

A%
(13_H is calculated from 7p + 1.0 to tp + 24.0 s.
3

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

{P ASIV16>uP,,V>up2,/}H> l,ﬂH>up3,Tp> Is

S: AﬂSI\/](J > uSl’/j‘H > Llsz,Ts <24s
(5)

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

upy = 100 Z X3(i);
1p—99
upy = max[V(i)]" 165
1S v
s =35 2. )

i=tp+50

ug, = 2max[ASIH, (i),

1=1p

V(i) ]te+150
)

Uugp = mln[
i= Ip+i()

The detection process of the P wave starts in the instant

1) and the identification is based on the following criteria:

(1) when ASIV,¢ exceeds the average threshold up,,

dynamically calculated every minute, and reflecting the noise

level at the site; (2) when the value of V exceeds the thresh-

old up, and the parameter ;;‘H, proportional to the growth rate
aV

of the signal, is larger than 1; and (3) At exceeds a threshold

A. Cuéllar, G. Sudrez, and J. M. Espinosa-Aranda

up3. 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 4 should exceed the threshold
ug), 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, is observed;
(2) when 2= 7 H < 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 7'y < 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 (€) 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 @ 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 4 and ASIH;¢, which is the
cumulative average squared acceleration over the 2(t5—1p)
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—1p).

2(ts—1p)

a=log,0[ 3 ASIVI(,(i)+ASIH,(,(i):| (6)

i=tp
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Figure 2.  Example of P- and S-wave detection based on the 2(ts—p) 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(75—tp) algorithm.

m = log;o[ASIV 6(2(15—1p)) + ASIH s (2(t5~1p))].  (7) Criterion for Alert Activation

As an example, the energy release parameter @ 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 n,(,,_,,) in at least two seismic sens-
The black arrow indicates the time when @ 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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Figure4. 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(zs—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(z5—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 <m, <6.0, and
activating a public alert when m, >6.0. The authorities set
up this criteria after considering that the earthquakes of
my, >6.0 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(ts—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 @ 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, my, 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 my(,,) as a function
of parameters ¢ and m (Fig. 5). As mentioned before,
Mo,y 1S proportional to magnitude my,.

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

if @ +m —7 20; is TRUE then my_,,) 25.0;

else my; ) <5.0;

®)
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Magnitude m,, contours based on the parameters a and m. The calibration curves were estimated based on the data from 12

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 a4 0.98m —7.18 20; is TRUE

then my_,,) 25.5; 9)
if a4+ m—7.620; is TRUE
then my,_,,) 26.0. (10)

Evaluation of the Performance of Algorithm 2(zg—1p)

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(75—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 Michoacédn 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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Figure 6. Correlation in a logarithmic scale between parameters based on 144 recordings: (a) m;, versus a and (b) my, versus m.

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 my, 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(z5—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 my, reported by the Servicio Sismo-
l6gico 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 m;, >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 et al.,
2008). Assuming this same magnitude tolerance, the algo-

rithm 2(zg—tp) has a success rate of 92% and 87% for
my, >6.0 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(#s—p) 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,, 26.0 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 ()
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 14—t p times were available. Most of the records are from
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Figure 7.

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 ((E) 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(tg—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(zs—tp) 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 S 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

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 OX01 at a distance of 42 km from the
epicenter (Fig. 8).

The results of the evaluation of the 2(zs—p) 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 Michoacédn, where
the algorithm 2(7g~1p) estimated a magnitude ny(,_,) 25.5
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,
itis 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(¢g—p) 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(t5—tp) 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(7s—p) 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

% 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
55<M, <6.0 Public Public Public 1 Public 1
Preventive Preventive Preventive Preventive
No alert No alert 2 No alert No alert
55 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(t5—tp) Algorithm from January
2013 to August 2016

SASMEX Waming M, <55 55<M, <60 M, >60
No alert 701 2
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 m;, <5.5, eliminat-
ing preventive alerts. Regardless, the results of the past four
years show that the 2(74—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(¢y—fp) 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 Constitucion (CONT), at epicen-
tral distances of 108 and 78 km, respectively (® Fig. S3 and
(® 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(ty—p) 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 () 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 ez al., 2011).

The closest accelerographs are located at distances of
more than 100 km from the epicenter (€ Fig. S4 and ®
Table S5). Consequently, the (zg—tp) time is ~20 s. Despite
this disadvantageous situation, the magnitude was classified
as my(—,) 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(74—tp), discriminates and classi-
fies the magnitude based on two parameters: the amplitude
and the instantaneous rate of growth of the energy m. Origi-
nally, these parameters are used to classify the earthquakes
into magnitude ranges: m, <5.0, 5.0 <m, <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(fs—tp) algorithm are
modified as my, <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(7¢—tp) 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
Ma(,—r,) 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
"12(/.5'—’1’) >6.0.
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Also, post facto performance tests were conducted using
the 2(tg—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 ny( ) >6.0 (Fig. 8; ® Tables S4 and SS5). 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(73—fp) would not
be suitable to issue a timely alert. We are currently working
on faster algorithms for events in which #g—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(z5—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 7g—p times that are
usually less than 34 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 Coordinacion Estatal
de Proteccion 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.globalemt.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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Electronic Supplement

This electronic supplement contains four figures and five tables. Figures S1 and S2 show the
arrival times determined automatically by the algorithm of the P and S waves on strong-
motion recordings of Mexican earthquakes. Figures S3 and S4 show the location of the
strong-motion stations relative to the epicenter of the 2010 Chile and 2011 Tohoku

earthquakes, respectively.

Table S1 shows the hypocentral data of the earthquakes recorded by Seismic Alert System of
Mexico (SASMEX) for which an alert was issued from 1991 to 2014, making use of the
algorithm 2(¢ts-tp). Table S2 includes the focal parameters of earthquakes along the Mexican
subduction zone that propitiated an early warning alert in Mexico City, together with the (ts—
tp) time, parameters a and m, and a comparison between the magnitude obtained from the
algorithm (mys-tr)) and the magnitude reported by official agencies. Table S3 shows the list
of subduction earthquakes with My>6.0 recorded by other networks, which occurred from
1985 to 2014. Table S3 also shows the results of the performance test of the algorithm 2(¢s-
tp) for these earthquakes. Tables S4 and S5 show the strong-motion stations and the results
of the performance test of the 2010 M,, 8.8 Maule, Chile, and the 2011 M,, 9.0 Tohoku, Japan,

earthquakes, respectively.
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Table S1. List of earthquakes used in the performance tests of the Seismic Alert System of
Mexico (SASMEX) from 1991-2014 with data recorded by SASMEX sensors. Hypocentral
information is from the Mexican Seismological Service (SSN) and the Global Centroid-

Moment-Tensor (CMT).

SASMEX Data from the Mexican Seismological Service (SSN) Data from the CMT Catalog

No. V:lesi(r)lfg GMT Date GM,EI(::gin Lat® Lon? ?ﬁﬁg’ mp | Ms | M¢* | mpre* | Lat® Lon? lz]e{zgl Mw | Ms
92 | Preventive | 2014/05/24 08:24:45.0 16.21 -98.42 18.0 57 16,52 | -98.25 14.1 57 | 5.6
91 Public 2014/05/10 07:36:01.0 17.16 | -100.95 | 12.0 6.1 |17.30 | -100.73 209 6.1 | 6.0
90 Public 2014/05/08 17:00:16.0 17.11 -100.87 17.0 6.4 17.30 | -100.69 23.2 6.5 | 64
89 Public 2014/04/18 14:27:23.0 17.18 | -101.19 | 10.0 7.2 | 1745 | -101.23 21.0 72 |72
88 | Preventive | 2013/10/06 15:10:56.0 16.81 | -100.11 10.0 50 |17.05| -99.97 20.6 51 |49
87 Preventive | 2013/08/26 12:54:01.0 16.65 -99.60 10.0 4.8
86 Public 2013/08/21 12:38:30.0 16.79 -99.56 20.0 6.0 |16.97 | -99.50 24.4 6.2 | 6.2
85 | Preventive | 2013/08/16 15:32:59.0 16.54 | -98.59 20.0 51 |16.77 | -98.43 27.0 53 | 5.2
84 Public 2013/08/06 20:17:30.0 16.49 -98.58 16.0 4.9
83 Public 2013/06/16 05:19:03.0 18.04 | -99.25 60.0 58 1825 -99.18 49.6 59 |58
82 | Preventive | 2013/05/09 19:30:10.0 16.51 -98.16 32.0 4.6
81 Public 2013/04/21 01:16:34.0 17.87 -102.19 10.0 5.8 18.05 | -102.19 26.6 6.1 | 6.0
80 | Preventive | 2013/04/12 03:45:09.0 17.78 | -101.58 | 35.0 52 |17.95 | -101.47 35.8 53 | 5.2
79 | Preventive | 2013/03/26 07:04:45.0 15.78 -98.61 10.0 54 |16.28 | -98.22 123 54 |55
78 Preventive | 2013/03/16 04:25:23.0 16.67 -98.65 22.0 4.6
77 Public 2012/11/15 03:20:22.0 18.17 | -100.52 | 40.0 6.1 |1830 | -100.48 52.7 6.1 | 6.1
76 Public 2012/09/22 07:29:57.0 16.23 -98.30 2.0 54 16,55 | -98.10 19.5 55 | 5.4
75 Preventive | 2012/04/13 08:06:28.0 16.22 -98.15 16.0 5.0 16.38 | -98.17 12.2 5.0 | 4.7
74 | Preventive | 2012/04/13 05:10:03.0 16.11 -98.34 14.0 52 1635 | -98.23 139 53 | 5.2
73 | Preventive | 2012/04/02 12:36:42.0 16.27 -98.47 10.0 6.0 |16.58 | -98.35 12.0 6.1 | 6.0
72 Preventive | 2012/03/20 17:02:47.0 16.25 -98.52 16.0 7.4 16.60 | -98.39 15.4 75 [ 7.6
71 | Preventive | 2011/12/11 01:47:25.0 17.84 | -99.98 58.0 6.5 |17.89 | -99.84 55.3 6.5 | 6.5
70 | Preventive | 2011/06/18 23:54:44.0 16.92 -99.60 26.0 5.2
69 Public 2011/05/05 13:24:07.0 16.61 -98.91 11.0 55 1685 | -98.72 30.7 57 |57
68 | Preventive | 2011/04/26 05:07:28.0 16.71 -99.69 7.0 55 11691 | -99.45 229 54 |55
67 | Preventive | 2010/05/25 23:36:15.0 17.11 | -101.20 | 15.0 5.0 |17.39 | -100.96 23.6 51 | 5.0
66 | Preventive | 2009/04/27 16:46:27.0 16.90 -99.58 7.0 57 17.06 | -99.41 32.2 58 | 5.8
65 | Preventive | 2009/03/27 08:48:16.0 17.35 | -100.82 | 30.0 53 |17.42 | -100.60 38.7 53 |53
64 Preventive | 2008/11/11 11:02:06.0 16.62 -100.80 15.0 4.7 16.94 | -99.81 28.0 49 147
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63 Public 2007/11/06 | 06:35:42.0 | 17.08 | -100.14 | 9.0 56 |17.14| -99.91 184 | 54 |49
62 | Preventive | 2007/04/28 | 13:54:350 | 1694 | -99.82 9.0 50 |17.04 | -99.64 299 | 51 |50
61 | Preventive | 2007/04/13 | 08:43:50.0 | 17.27 | -100.27 | 51.0 54 |17.40 | -100.23 | 668 | 5.3

60 Public 2007/04/13 | 05:42:22.0 | 17.09 | -100.44 | 41.0 63 [17.37| -100.14 | 427 | 6.0 | 6.0
59 | Preventive | 2007/03/31 | 05:18:56.0 | 17.00 | -99.79 | 34.0 47 |1431| -93.32 120 | 5.1
58 | Preventive | 2005/09/18 | 11:25:53.0 | 17.05 | -100.02 | 9.0 4.4

57 | Preventive | 2003/01/10 | 02:08:02.0 | 16.97 | -100.30 | 30.0 | 5.1 |45 |49 16.88 | -99.85 447 | 52 |45
56 | Preventive | 2002/09/27 | 07:04:58.0 | 17.16 | -100.59 | 360 | 52 | 4.6 |49 17.44 | -100.10 | 364 | 51 |46
55 | Preventive | 2002/09/25 | 18:14:480 | 1686 | -100.12 | 50 | 52 | 47|53 16.86 | -99.79 19.0 | 53 |47
54 | Preventive | 2002/02/17 | 04:10:20.0 | 1694 | -99.93 | 37.0 | 44 4.7

53 Public 2001/10/08 | 03:39:19.0 | 16.94 | -100.14 | 4.0 | 56 |54 |55

52 | Preventive | 2001/03/06 | 21:57:56.0 | 17.14 | -100.10 | 32.0 | 5.1 |45 5.1

51 | Preventive | 2001/03/05 | 10:17:36.0 | 17.13 | -100.06 | 32.0 | 5.0 |45 |49

50 | Preventive | 2000/04/15 | 01:45:050 | 16.88 | -100.35 | 9.0 | 4.0 4.4

49 | Preventive | 2000/03/18 | 00:50:58.0 | 17.08 | -99.31 | 31.0 | 48 | 43|47

48 | Preventive | 1999/06/15 | 20:42:07.1 | 18.18 | -9751 | 69.0 | 6.4 |65 18.44 | -97.38 612 | 69 |65
47 | Preventive | 1999/05/30 | 09:58:42.7 | 17.26 | -100.79 | 53.0 | 4.4 4.6

46 | Preventive | 1999/04/25 | 03:08:57.7 | 17.28 | -100.80 | 27.0 | 4.4 4.6

45 | Preventive | 1998/09/07 | 06:53:17.8 | 16.77 | -99.67 | 12.0 41

44 | Preventive | 1998/08/09 | 16:18:06.6 | 1687 | -100.25 | 3.0 | 4.2 4.5

43 Public 1998/07/17 | 11:18:040 | 1698 | -100.16 | 27.0 4.6

42 Public 1998/07/05 | 19:55:07.1 | 16.83 | -100.12 | 50 | 49 |45 49 16.92 | -99.73 376 | 53 |45
41 | Preventive | 1998/05/09 | 17:03:13.1 | 17.34 | -101.41 | 180 | 48 |47 | 48 17.31 | -101.00 | 362 | 5.2 |47
40 | Preventive | 1998/03/11 | 14:13:12.1 | 17.01 | -100.11 | 40.0 42

39 Public 1997/12/22 | 05:22:07.8 | 17.14 | -101.24 | 50 | 5.1 [5.0] 4.6

38 | Preventive | 1997/08/27 | 00:13:26.1 | 1676 | -99.88 | 280 | 5.0 4.6

37 | Preventive | 1997/07/19 | 07:34:37.0 | 17.22 | -100.56 | 51.0 | 4.6 | 3.8 | 49

36 | Preventive | 1997/07/15 | 01:26:19.7 | 1639 | -98.74 | 11.0 | 4.0 45

35 | Preventive | 1997/07/11 | 22:23:344 | 1676 | -99.70 | 10.0 4.5

34 | Preventive | 1997/05/22 | 07:50:55.7 | 1841 | -101.81 | 59.0 | 5.9 | 6.0 18.76 | -101.73 | 555 | 6.5 | 6.0
33 | Preventive | 1997/05/08 | 15:58:29.7 | 17.32 | -100.44 | 120 | 5.0 |43 |48

32 | Preventive | 1997/03/23 | 20:23:16.6 | 17.39 | -100.88 | 31.0 | 4.9 4.7

31 | Preventive | 1997/03/22 | 03:49:160 | 17.04 | -99.76 | 30.0 | 4.7 4.6

30 | Preventive | 1997/01/11 | 20:28:27.2 | 17.91 | -103.04 | 160 | 65 |69 | 0.0 18.34 | -102.58 | 40.0 7.1 |69
29 | Preventive | 1996/10/27 | 09:15:385 | 17.11 | -100.90 | 27.0 4.4
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28 Preventive | 1996/07/19 09:00:55.2 17.35 | -100.29 20.0 48 |39 |48

27 Preventive | 1996/07/15 21:23:38.5 17.45 | -101.16 20.0 57 |65 6.0 17.50 | -101.12 22.4 6.6 | 6.5
26 Public 1996/03/13 21:04:19.8 16.52 -99.08 18.0 52 | 44|51 1693 | -98.86 29.4 51 |44
25 Preventive | 1995/09/16 16:08:57.9 16.40 -98.69 10.0 4.1

24 Public 1995/09/16 03:20:06.0 16.30 -98.62 10.0 51 | 47|50

23 Preventive | 1995/09/14 17.00 -99.00

22 Public 1995/09/14 14:04:30.5 16.31 -98.88 22.0 6.4 | 72|73 16.73 | -98.54 21.8 73 |72
21 Preventive | 1995/05/31 12:49:27.8 15.97 -98.77 14.0 4.1 4.6

20 Preventive | 1995/04/14 06:01:08.3 16.44 -99.09 15.0 4.6 4.8

19 Preventive | 1994/12/10 16:46:46.2 18.02 | -101.56 78.0 6.3 6.3 18.18 | -101.39 54.0 6.4

18 Preventive | 1994/10/29 16:44:04.3 16.97 -99.89 24.0 5.1

17 Preventive | 1994/05/23 01:41:46.0 18.03 100.57 23.0 5.6 18.19 | -100.20 69.2 6.2

16 Preventive | 1993/09/10 10:50:23.7 16.57 -98.94 20.0 4.8 4.8

15 Preventive | 1993/07/29 20:17:01.5 17.38 | -100.65 43.0 50 | 42|50

14 Public 1993/05/15 08:26:32.0 16.54 -98.65 20.0 4.7 4.8

13 Public 1993/05/15 03:11:56.0 16.47 -98.72 15.0 59 |59 6.0 16.45 | -97.92 38.5 6.0 |59
12 Public 1993/05/15 08:26:32.0 16.43 -98.74 20.0 58 | 58|58

11 Preventive | 1993/03/31 10:18:15.5 17.18 | -101.02 8.0 53 | 50|53 17.29 | -100.89 26.2 55 | 5.0
10 Public 1992/11/10 02:13:24.7 16.89 | -100.10 5.6 4.6 | 42|43

9 Preventive | 1992/11/05 04:33:37.0 16.83 -99.66 7.8 3.7

8 Preventive | 1992/10/30 08:24:29.6 17.14 | -100.80 209 4.7 4.4

7 Preventive | 1992/10/16 17:28:17.3 16.51 -99.17 174 43 38|43

6 Preventive | 1992/08/02 12:54:42.3 17.13 | -100.30 25.3 4.3 4.3

5 Preventive | 1992/06/07 17.:41:10.7 16.22 -98.87 5.2 53 | 48| 4.7 16.64 | -98.30 15.0 52 |48
4 Preventive | 1992/06/07 09:01:43.7 16.17 -98.90 2.2 53 |50 46 16.40 | -98.28 15.4 53 | 5.0
3 Preventive | 1992/05/15 08:35:09.2 16.83 -99.98 22.5 4.2 4.2

2 Preventive | 1992/04/26 20:53:36.9 16.78 | -100.09 14.7 4.1 4.3

1 Preventive | 1991/10/16 18:46:38.2 16.83 | -100.24 5.0 4.2

*M. and mpr. are coda wave magnitude and a preliminary magnitude reported by the SSN respectively.
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Table S2. Performance of SASMEX using SASMEX strong motion stations located close

to the epicenter with S-P time less than 10 s and comparison of seismic magnitudes mp

VErsus mpzs-tr)

SASMEX PARAMETERS FROM THE SSN CATALOG DATA E/Fi%’-\\ALTO%E cMT RESULTS OB;’C(';N(EF?ITFS,\OAM THE 2(ts-t) Mfiatnig\?the‘és'
2(59)
No. Vrlﬁﬁionfg Local Date | Local Time | Lat° Lon® ?Eﬁ]l)h my | mpe | Lato Lon® I?Epmt)h M ramnz;e NE;e k(S;P a m T;(r‘fé‘:’ e’iﬁgtzr e’\:Arlar%.r
>55 | oxo4 | 664 | 608 | 177 | >60 | OK oK
92 | Preventive | 2014/05/24 | 03:24:450 | 162 | 98.42 18 57 | 165 | -98.25 141 |57
>55 | oxo5 | 982 | 47 | 096 | <50 oK
>60 | GRo2 | 304 | 68 | 328 | >60 | OK oK
>60 | GRo1 | 403 | 678 | 333 | >60 | oK oK
91 Public 2014/05/10 | 02:36:0.0 | 17.2 | -10095 | 12 61 | 17.3 | -100.7 209 | 61| >60 | GRO3 | 42 | 602 [ 262 | >60 | OK oK
>60 | GR13 | 698 | 548 | 121 | <50
>60 | GRo4 | 7.04 | 556 | 172 | >55 | OK oK
90 Public 2014/05/08 | 00:00:160 | 17.1 | -100.87 17 64 | 17.3 | -1007 232 65 200 | OROZz | 278 | 689 | 435 | >60 oK oK
>60 | GRoL | 438 | 696 | 347 | >60 | OK oK
>60 | GRo1 | 25 | 817 | 59 | >60 | OK oK
>60 | GR13 | 547 | 752 | 454 | >60 | OK oK
89 Public 2014/04/18 | 09:27:230 | 17.2 | -10019 | 10 72 | 175 -124 210 [72] >60 | Gro2 | 601 | 725 [ 376 | >60 | ok oK
>60 | GRo3 | 875 | 6.84 | 376 | >60 | OK oK
>60 | GR14 | 908 | 7.38 | 352 | >60 | OK oK
>50 | GRos | 329 | 632 | 250 | >6.0 oK
88 | Preventive | 2013/10/06 | 10:10:560 | 168 | -10011 | 10 5 170 | -99.97 206 |51 >50 | GrRos | 38 56 | 202 | >6.0 oK
>50 | GRo4 | 569 | 502 | 114 | <50 | OK oK
>60 | GRog | 2.82 | 679 | 428 | >60 | OK oK
86 Public 2013/08/21 07:38:30 | 16.79 | -99.56 20 60 | 16.97 | -99.50 24 | g2 |20 | GRO6 | 686 | 650 | 254 | 60 | oK oK
>60 | GR3L | 7.92 | 489 | 088 | <5.0
>60 | GR32 | 952 | 552 | 253 | >60 | OK OK
>55 | GR11 | 381 | 608 | 231 | >60 | OK oK
>55 | GR32 | 447 | 641 | 241 | >60 | OK oK
84 | Preventive | 2013/08/16 10:32:59 | 16.54 | -98.59 20 51 | 168 -98.4 270 |53 | 222 Jox2 | 478 | 556 | 202 | 60 | OK oK
>55 | GR10 | 6.06 | 493 | 121 | <50 OK
>55 | GR31 | 834 | 525 | 123 | <50 oK
>55 | GRog | 843 | 509 | 116 | <50 oK
>55 | GR2s 6.1 6.98 | 327 | >6.0 OK OK
83 Public 2013/06/16 00:19:03 | 18.04 | -99.25 60 58 | 1825 | -90.18 se5 |59 |23 | oRe4 | 682 | 700 | so1 | »60 | OK OK
>55 | GRo7 | 745 | 624 | 170 | 560 | OK OK
>55 | GR26 | 883 | 541 | 140 | <50 OK
>55 | GRO2 | 4.95 | 7.68 | 3.01 | >6.0 OK OK
>55 | GRO1 | 563 | 645 | 238 | >60 | OK oK
81 Public 2013/04/21 20:16:34 | 17.87 | -10219 | 10 58 | 1805 | -102.19 266 | 61| >55 | Gri7 | 655 | 696 | 261 | 60 | Ok oK
>55 | GR16 | 7.65 | 566 | 156 | >5.0 OK OK
>55 | GR15 | 845 | 558 | 1.77 | >55 OK OK
>50 | GR16 | 48 | 615 | 1.82 | >6.0 oK
>50 | GR14 | 529 | 528 | 184 | >50 | OK OK
80 | Preventive | 2013/04/11 22:45:09 | 17.78 | -10158 | 35 52 | 17.95 | -101.47 358 | 53| >50 | Gri7 | 560 | 636 | 217 | 6.0 OK
>50 | GR28 | 6.24 | 571 | 226 | >6.0 OK
>50 | GR18 | 673 | 542 | 135 | <50 | OK oK
79 | Preventive | 2013/03/26 07:04:45 | 1578 | -98.61 10 54 | 163 -98.2 123 |54 | >55 | oxo1 | 445 | 610 | 276 | >60 | ok oK
>50 | LGo1 | 339 | 658 | 366 | >6.0 OK
>5.0 T02 3.65 | 598 | 250 | >6.0 OK
76 Public 2012/09/22 07:29:57 | 16.23 | -98.30 2 54 | 1655 | -98.10 195 |55 >50 | Hzoa | 511 | 612 | 250 | >60 OK
>50 | 1LA03 | 594 | 620 | 250 | >6.0 OK
>5.0 | Tuos | 885 | 514 | 1.06 | <50 OK OK
>50 | 1601 | 36 | 607 | 321 | >6.0 oK
75 | Preventive | 2012/04/13 08:06:28 | 16.22 | -98.15 16 50 | 1638 | -98.17 22 |50 |22 102 504 1516 | 107 | <60 | OK OK
>5.0 | Hzo4 | 65 | 534 | 143 | <50 | OK OK
>5.0 | LA03 | 798 | 527 | 129 | <50 | OK OK
>50 | 1601 | 316 | 6.66 | 330 | >6.0 oK
74 | Preventive | 2012/04/13 05:10:03 | 1611 | -98.34 14 52 | 1635 | -98.23 139 |53 =22 102 607 1561 | 171 | »65 | OK OK
>50 | Hzo4 | 657 | 564 | 190 | >55 | OK OK
>5.0 | LA03 | 847 | 577 | 147 | 50 | oK OK
73 | Preventive | 2012/04/02 12:36:42 | 16.27 | -98.47 10 60 | 1658 | -98.35 120 |61 |22 fLaos | 71 | 426 | 001 | <50 Ok
>55 | HA04 | 7.92 | 636 | 259 | >60 | OK oK
72 | Preventive | 2012/03/20 12:02:47 | 16.25 | -98.52 16 74 | 1660 | -98.39 154 | 75| >60 | tcor | 284 | 749 | 517 | 60 | ok oK
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>6.0 T02 5.47 8.16 5.20 >6.0 OK OK
>6.0 Q11 5.6 7.55 4.89 >6.0 OK OK
>6.0 CR10 7.88 7.06 4.01 >6.0 OK OK
>6.0 LA03 7.97 8.33 4.34 >6.0 OK OK
>6.0 HzZ04 8.14 7.91 4.36 >6.0 OK OK

68 Preventive 2011/04/26 06:07:28 16.71 | -99.69 7 55 16.91 -99.45 229 54 >5.0 CT08 3.04 5.52 2.09 >6.0 OK

67 | Preventive | 2010/05/25 18:36:15 | 17.11 | -101.20 | 15 50 | 17.39 | -100.96 236 | 51| <50 | cros | 444 | 700 | 356 | 6.0

66 Preventive 2009/04/27 11:46:27 16.90 | -99.58 7 57 17.06 -99.41 322 5.8 >5.5 CT08 55 6.90 3.00 >6.0 OK OK
>5.0

65 Preventive 2009/03/27 02:48:16 17.35 | -100.82 30 53 17.42 | -100.60 38.7 53 VNO2 447 6.90 270 260 oK
>5.0 PNO1 5.27 6.39 2.85 >6.0 OK
<5.0

64 | Preventive | 20081111 | 050206 | 1662 | -10080 | 15 47 | 1694 | 9081 | 280 |49 D06 | S21 | 577 | 316 | >6.0
<5.0 PJO5 3.44 531 2.79 >6.0
>5.0

63 Public 2007/11/06 00:35:42 17.08 | -100.14 9 5.6 17.14 -99.91 18.4 54 PI0S 203 8.26 491 260 oK
>5.0 JD06 3.98 7.47 3.70 >6.0 OK

62 | Preventive | 2007/04/28 08:54:35 | 16.94 | -99.82 9 50 | 17.04 | -99.64 209 [ 51| <50 | D0 43 | 680 | 265 | 60
>5.5 CA04 4.45 8.04 4.01 >6.0 OK OK
>5.5 TT03 5.76 7.20 3.56 >6.0 OK OK

61 Public 2007/04/13 00:42:22 | 17.09 | -100.44 | 41 63 | 1737 | -100.14 227 | 60| >55 | pios | 624 | 749 | 341 | s60 | o oK
>5.5 VNO2 7.29 7.05 3.30 >6.0 OK OK
>5.5 JD06 8.71 7.14 2.62 >6.0 OK OK
>5.5 CA04 4.13 7.14 3.32 >6.0 OK OK
>5.5 PJ05 5.26 6.88 3.00 >6.0 OK OK

60 | Preventive | 2007/04/13 03:43:50 17.27 | -100.27 51 54 | 17.40 | -100.23 66.8 53| >55 | 1103 | 614 | 616 | 235 | >60 oK OK
>5.5 JD06 7.3 6.45 2.04 >6.0 OK OK
>5.5 VNO02 7.63 6.12 2.09 >6.0 OK OK
<5.0 PJO5 5.35 5.99 1.75 >6.0

59 | Preventive | 2007/03/31 00:18:56 17.00 | -99.79 34 47 | 1431 | -93.32 12.0 51| <50 | cros | 646 | 547 | 1.00 | <50 oK OK
<5.0 CA04 7.58 5.62 1.46 >5.0 OK OK
>5.0 CA04 3.8 7.14 3.12 >6.0 OK
>5.0

57 Preventive 2003/01/09 20:08:42 16.97 | -100.30 30 5.1 16.88 -99.85 44.7 5.2 PI05 4.65 7.0l 3.30 260 OK
>5.0 TT03 5.45 6.25 2.09 >6.0 OK
>5.0 JD06 6.37 6.43 1.82 >6.0 OK
>5.0 TT03 4.47 6.35 2.84 >6.0 OK

56 | Preventive | 2002/09/27 02:04:58 17.16 | -100.59 36 5.2 17.44 | -100.10 36.4 51| >50 | caosa | 519 | 681 | 290 | >60 OK
>5.0 PJO5 7.4 6.35 2.37 >6.0 OK
>5.0 JD06 3.13 7.17 3.22 >6.0 OK

55 | Preventive | 2002/09/25 13:14:48 | 16.86 | -100.12 5 52 16.86 | -99.79 190 |53 >50 | pios | 335 | 633 | 281 | >60 oK
>5.0 CA04 5.65 5.63 1.67 >5.5 OK OK
<5.0 PJO5 4.53 5.90 2.43 >6.0

54 | Preventive 2002/02/16 22:10:19 16.94 | -99.93 37 4.4 <5.0 JD06 4.59 5.96 2.38 >6.0
<5.0 CA04 6.44 531 1.27 <5.0 OK OK
>55

53 Public 2001/10/07 21:39:20 16.94 | -100.14 4 5.6 JDO6 2.21 .03 479 260 OK OK
>55 | cA04 | 411 | 7.05 | 437 | >6.0 OK OK
>5.0 PJO5 4.6 6.90 3.23 >6.0 OK

52 | Preventive 2001/03/06 15:57:56 17.14 | -100.10 32 51 >5.0 CA04 5.45 6.38 2.70 >6.0 OK
>50 | Jpos 58 | 663 | 233 | >6.0 OK
>50 | P05 | 454 | 685 | 279 | >60 OK

51 | Preventive 2001/03/05 04:17:30 17.13 | -100.06 32 5.0 >5.0 CA04 5.29 5.56 1.44 >5.0 OK OK
>5.0 JD06 5.52 6.48 2.38 >6.0 OK
<5.0

50 Preventive 2000/04/14 20:45:05 16.88 | -100.35 9 4.0 CAO4 369 6.25 241 260
<50 PJ05 414 | 623 | 247 | >6.0

49 Preventive 2000/03/17 18:50:58 17.08 | -99.31 31 4.8 <5.0 CT08 7.27 5.61 1.56 >5.0 OK OK
<5.0

47 Preventive 1999/05/30 04:58:42 17.26 | -100.79 53 4.4 VNO2 4.98 6.40 2.28 260
<50 | 7TT03 | 518 | 462 | 080 | <50 OK OK
<50 | VNO2 | 432 | 599 | 221 | >6.0

46 | Preventive 1999/04/24 22:08:57 17.28 | -100.80 27 4.4 <5.0 TT03 4.75 4.44 | 0.30 <5.0 OK OK
<5.0 CA04 7.17 5.15 157 <5.0 OK OK

44 | Preventive 1998/08/09 11:18:07 16.87 | -100.25 3 4.2 <5.0 PJO5 3.34 475 | 0.85 <5.0 OK OK

42 Public 1998/07/05 14:55:07 | 16.83 | -100.12 5 49 16.92 | -99.73 376 | 53| <50 | pos | 354 | 510 | 214 | 50 | ok oK

41 | Preventive | 1998/05/09 12:03:13 | 17.34 | -101.41 | 18 | 48 1731 | -101.00 362 |52| <50 | pnot | 447 | 560 | 271 | 60
>5.0

39 Public 1997/12/21 23:22:00 17.14 | -101.24 5 51 PNOL 217 6.64 294 260 OK
>50 | vNO2 48 542 | 219 | >6.0 OK
>5.0

38 Preventive 1997/08/26 19:13:17 16.76 | -99.88 28 5.0 JD06 3.36 515 144 <50 OK oK
>5.0 PJO5 4.52 4.36 141 <5.0 OK OK
<5.0 CA04 5.08 5.34 1.01 <5.0 OK OK

37 | Preventive | 1997/07/19 02:34:37 17.22 | -100.56 51 46 <50 | 1103 | 561 | 462 | 084 | <50 oK oK
<5.0 VNO02 6.05 4.87 0.83 <5.0 OK OK

36 | Preventive 1997/07/14 20:26:18 16.39 | -98.74 1 4.0 <5.0 Q11 3.63 4.78 0.78 <5.0 OK OK
>5.0 TT03 5.47 4.94 111 <5.0 OK OK

33 | Preventive 1997/05/08 10:58:30 17.32 | -100.44 12 5.0 >5.0 VNO2 6.36 513 1.20 <5.0 OK oK
>5.0 PJO5 6.7 5.09 123 <5.0 OK OK
<5.0

32 Preventive 1997/03/23 14:23:16 17.39 | -100.88 31 4.9 PNOL 5.28 554 139 <50 OK OK
<5.0 TT03 5.96 4.38 0.74 <5.0 OK OK

31 | Preventive 1997/03/21 21:49:16 17.04 | -99.76 30 4.7 <5.0 JD06 5.23 4.81 0.77 <5.0 OK OK
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<5.0 PJO5 5.85 4.85 0.81 <5.0 OK OK
<5.0
28 | Preventive | 1096/07719 | o04:00:54 | 1735 | 10029 | 20 | 48 CAOH | 542 | 687 | 0.07 | <50 ] OK | OK
<5.0 TT03 6.1 4.49 0.43 <5.0 OK OK
>5.5
27 Preventive 1996/07/15 16:23:39 17.45 | -101.16 20 57 17.50 | -101.12 224 6.6 VNO2 585 5.06 232 255 OK OK
>5.5 PJO5 6.41 5.06 1.00 <5.0 OK
24 Public 1995/09/15 21:2005 | 1630 | 9862 | 10 | 51 550 | o1 | 443 | 456 | 087 | <50 | ok | ok
>6.0 Q11 2.12 6.37 4.43 >6.0 OK OK
22 Public 1995/09/14 08:04:35 16.31 | -98.88 22 6.4 16.73 -98.54 21.8 7.3 >6.0 CR10 3.55 514 | 2.68 >6.0 oK oK
>6.0 VI09 5.69 537 3.04 >6.0 OK OK
21 | Preventive 1995/05/31 06:49:28 15.97 | -98.77 14 4.1 17.3 -100.9 26.2 55 >5.0 Q11 3.63 3.62 0.26 <5.0 OK OK
<5.0 CR10 2.24 5.21 1.46 <5.0 OK OK
20 | Preventive 1995/04/14 12:01:08 16.44 | -99.09 15 4.6 <5.0 Q11 3.52 417 | 072 <5.0 oK oK
<5.0 VI09 3.74 4.52 2.14 <5.0 OK OK
<5.0 CR10 3.41 5.39 1.45 <5.0 OK OK
16 | Preventive 1993/09/10 04:50:24 16.57 | -98.94 20 4.8 <5.0 Q11 4 5.50 1.60 >5.0 OK OK
<5.0 VI09 4.93 5.57 2.07 >6.0
>5.0
15 Preventive 1993/07/29 14:17.01 17.38 | -100.65 43 5.0 1703 4.84 5.02 0.4 <50 OK oK
>5.0 CA04 6.41 5.01 0.99 <5.0 OK OK
13 Public 1993/05/14 21:12:00 16.47 | -98.72 15 5.9 >5.5 Q11 3 6.54 | 2.93 >6.0 OK OK
12 Public 1993/05/14 21:09:39 16.43 | -98.74 20 5.8 16.45 -97.92 385 6.0 >55 Q11 3.02 6.45 | 2.86 >6.0 oK oK
11 | Preventive 1993/03/31 04:18:15 17.18 | -101.02 8 53 >5.0 VNO2 4.18 531 | 213 >55 oK oK
<5.0
8 Preventive 1992/10/30 02:16:00 17.14 | -100.80 20.9 4.7 VNO2 2.92 5.87 162 <50 OK OK
<5.0 TT03 3.33 4.54 0.95 <5.0 OK OK
<5.0 CR10 2.75 4.45 111 <5.0 OK OK
7 Preventive 1992/10/16 11:28:00 16.51 | -99.17 174 4.3 <5.0 VI09 3.95 5.39 1.91 >5.5 OK
<50 | ctos | 599 | 462 | 070 | <50 | Ok | Ok
<5.0 CA04 3.56 5.23 1.47 <5.0 OK OK
6 Preventive 1992/08/02 06:54:00 17.13 | -100.30 253 4.3 <5.0 PJO5 4.79 4.38 0.84 <5.0 OK OK
<50 | 77103 | 533 | 415 | 040 | <50 | OK | OK

Table S3. Performance evaluation of the 2(ts-tp) algorithm of earthquakes M., = 6, located at

distances of at least 600 km to Mexico City, which occurred from 1985 to 2004 and were

recorded by at least two near field seismic sensors. Hypocentral data are based on the CMT

catalogue.
Distance
DATA FROM CMT CATALOG o DATA OF SEISMIC RECORDING STATION | PERFORMANCE OF ALGORITHM 2(ts-tp)
h Mexico
Date Time | Lat® | Lon® Dl(zpt ms | My | Region City Station | Late | Lone | ALT | ELEV | (ts-te) a m | mzgsp) War-
m (km) [m] (m) [s] ning
1807 | -102.75 | 10
ALE 4 29 14 | 322 .
19/09/1985 | 13:18:25 | 17.91 | -101.99 | 21.3 |8.1 | 8.0 | Michoacan | 401 ¢ 013 5 3 60| public
zaca | 1801 ]-10218 1 40 | 57 | 1047 | 78 | 49 >6.0
) 20
21/09/1985 | 01:37:32 | 17.57 | -101.42 | 208 | 7.5 |75 | Guerrero | 327 AZIH | 17.61 | -101.47 46 | 474 1612 | 378 | >60 | by
PAPN |17.33 | -101.04 | 30 | 93 | 1099 | 752 | 353 | 60
30/04/1986 | 07.07:30 | 18.25 | -102.92 | 207 |70 | 69 | Michoacin [ 43, cALE | 1807 |-102751 10 | 54 | 451 | 633 | 345 | 60 | Public
1677 | 9944 | 83
25/04/1989 | 14:29:06 | 1683 | -99.12 | 150 |69 | 69 | Guerrero | 278 SMR2 21 | 328 | 592 | 347 1 >60 | ppye
vicA | 1676 | 9923 | 35 | 26 | 503 | 745 | 381 | >60
1661 | 9898 | 32
24/10/1993 | 07:52:23 | 1677 | -98.61 | 218 | 6.6 | 6.6 | Guerrero | 285 COPL 46 1 423 1724 | 372 | 260 | popyic
viga | 1676 -9923 | 35 | 64 | 500 | 745 | 381 | >60
1842 | -10052 | 30
23/05/1994 | 01:46:52 | 1819 | 1002 | 69.6 | 0 | 62 | Guerrero | 211 [-COMD 89 f 645 | 7511376 1 >60 1 pipic
pETA | 1754 | -100.27 | 30 | 444 | 1209 | 647 | 23 >6.0
18,01 | -101.22 | 2000
10/12/1994 | 16:17:45 | 18.18 | -101.39 | 540 | 0 | 6.4 | Guerrero | 282 BALC 120 | 666 | 7.54 1 408 | >60 | )
pETA | 17-54|-10127 1 30 f 490 | 871 | 728 | 342 | »6.0
1660 | -9882 | 28
14/09/1995 | 14:04:41 | 1673 | -9854 | 218 | 7.2 | 7.3 | Guerrero | 280 GR11 41 } 212 1 637 | 443 | >60 | ppyic
GR1o | 1664 | -99.03 | 49 [ 56 | 355 | 514 | 268 | 6.0
09/10/1995 | 15.36:29 | 19.34 | -1048 | 150 |73 | 8 | Colima 561 mzo1 | 1907 | -10434 | 10 | 51 | 681 | 819 | 57 | »60 | Public
15/07/1996 | 21:23:42 | 17.50 | -101.12 | 224 |65 | 6.6 | Guerrero | 278 papn | 173310004 | 30 | ac | 245 | 730 | 468 | 6o | Public
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pETA | 175410127 ] 30 | 39 | 460 | 689 | 37 >6.0
1807 | -102.75 | 10
11/01/1997 | 20:28:40 | 18.34 | -102.58 | 40.0 |69 | 7.1 | Michoacan | 419 CALE 36 529 1782|479 L >60 1 b
viLg | 180510219 | 81 | 43 916 | 685 | 312 | >60
1805 | -102.19 | 81
22/05/1997 | 07:51:00 | 18.76 | -101.73 | 555 | 6 | 65 | Guerrero | 291 VILE 116 | 1021 | 597 L 18 | 260 | ppyc
unio | 1799 | 101811 56 [ 104 | 1054 | 631 | 261 | >6.0
17.97 | -97.87 | 1694
15/06/1999 | 20:42:13 | 1844 | -97.38 | 612 | 65|69 | Puebla 229 CHFL 96 | 818 1686 | 411 | >60 | ppyic
CSER | 1899 -97.38 | 2656 | o5 | 1366 | 748 | 229 | »60
17.99 | -101.81 | 56
21/06/1999 | 17:43:09 | 18.09 | -101.62 | 480 |58 |63 | Guerrero | 297 UNIO 83 63 1665 13311 >60 | ppic
pET2 | 17:54|-10126 1 23 f 439 | 991 | 617 | 249 | >6.0
1595 | -97.19
30/09/1999 | 16:31:23 | 1620 | -96.96 | 468 | 7.5 | 7.4 | Oaxaca 435 LANE 23 1 68 1 543 | 7.67 1 472 L >60 1 pipiic
TamMA | 1626 | 9658 | 1699 | 74 786 | 733 | 414 | 60
1807 | -102.75 | 10
09/08/2000 | 11:41:53 | 18.13 | -10239 | 33.0 |65 | 6.5 | Michoacan | 392 CALE 56 { 425 | 684 | 4 260 | puplic
unio | 1799 | 101811 56 | o9 | 1069 | 584 | 174 | 555
22/01/2003 | 05.06:49 | 1886 | -103.9 | 260 |76 |75 | Colima 550 Mzoz | 1907 | 10434 | 10 | 44 703 | 783 | 472 | »60 | Public
17.30 | -101.04 | 201
01/01/2004 | 23:31:53 | 17.45 | -101.4 | 150 |57 | 6.0 | Guerrero | 315 GRO1 46 1 656 1667 | 304 | 260 | ppye
coyq | 1738 |-101.06 | 44 | 44 694 | 637 | 247 | >60
1857 | -101.98 | 340
11/08/2006 | 14:30:44 | 18.50 | -101.06 | 57.8 | 6.1 | 6.0 | Guerrero | 238 CANA 116 | 1105 | 578 | 188 | >60 | b
comp | 1812]-10052] 306 | 95 | 1194 | 585 | 1.82 | 60
17.21 | -10043 | 51
13/04/2007 | 05:42:26 | 17.37 | -100.14 | 427 | 6 | 6.0 | Guerrero | 255 ATYC 44 43 1 7.28 L 374 | 260 | by
cao4 | 1713 -10035 | 28 | 45 445 | 804 | 401 | >6.0
1630 | -97.91 | 348
30/06/2010 | 07:22:33 | 1647 | 97.77 | 178 |63 | 63 | Oaxaca 353 HZ04 27 { 267 1755 | 474 L >60 1 by
jamp | 1628 | -97.82 | 481 | 5, 321 | 742 | 4 >6.0
1810 | -99.56 | 734
11/12/2011 | 01:47:28 | 17.89 | -99.84 | 553 |65 |65 | Guerrero | 198 TNLP 75 { 823 | 702 | 268 L 260 1 popc
comp | 1812 -10052] 306 | gg | 1939 7 | 307 | »60
1631 | 9844 | 42
20/03/2012 | 18:02:55 | 16.60 | -9839 | 154 |7.6 | 7.5 | Guerrero | 325 0x01 36 | 284 1749 | 517 L >60 1 by
sjLL | 1666 | 9850 | 46 | 44 579 | 876 | 544 | 60
1631 | 9844 | 42
02/04/2012 | 17:36:46 | 1658 | -9835 | 120 | 6 | 6.1 | Guerrero | 332 Ox01 19 2 6.99 1 479 | 260 | pypjic
sjLL | 1666 | 9850 | 46 | 35 445 | 73 | 424 | »60
1808 | -102.75 | 10
11/04/2012 | 22:55:17 | 18.10 | -102.97 | 205 |67 | 6.7 | Michoacan | 411 CALE 26 { 434 1618|328 L >60 1 b
Mco3 | 1809 -10275 | 132 | 56 | 467 | 655 | 3. >6.0
1812 | -10052 | 306
15/11/2012 | 09:20:23 | 1830 | -10048 | 527 |61 |61 | Guerrero | 188 [-OMP 61 1 596 | 71 13621 >60 | ppyc
TRy | 1890 | -100.16 | 1340 | g3 | 1133 | 612 | 172 | »6.0
1802 | -102.50 | 47
22/04/2013 | 01:16:35 | 1805 | -102.19 | 266 | 6 | 61 | Michoacén | 364  [-MC0Z 47 1 495 1768 | 3011 260 | ppyie
GRig | 1799 |-101921 86 | 45 | 563 | 645 | 238 | =60
1678 | -99.50 | 84
21/08/2013 | 12:38:36 | 17.00 | -99.54 | 233 | 62 | 62 | Guerrero | 277 GRO8 22 | 282 | 679 | 428 | >60 | p e
viga | 1676 | 9923 | 30 | 4 4.6 63 | 414 | >60
17.30 | -101.04 | 181
18/04/2014 | 14:27:36 | 17.55 | -101.25 | 189 | 7.2 | 7.3 | Guerrero | 294 GRO1 28 25 | 817 1 596 | 260 | b
GR13 | 17:50 | 101251 56 [ 44 547 | 752 | 454 | 60
17.22 | -10079 | 15
RO2 1 2.7 89 | 4. .
08/05/2014 | 17:00:20 | 17.36 | -100.74 | 213 | 6.4 | 65 | Guerrero | 291 G 8 8 | 68 35 1 260 | piplic
GRo1 | 17:30|-101.041 181 [ 37 | 438 | 696 | 347 | >6.0
17.22 | -10079 | 15
GRO2 23 | 304 | 68 | 328 6.0
10/05/2014 | 07:36:05 | 17.31 | -10082 | 207 | 6 | 6.1 | Guerrero | 297 > Public
Gro1 | 17:30 | -101.04 | 181 | 3 403 | 678 | 333 | >60
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Table S4. Performance evaluation of the 2(ts-tp) algorithm for the Maule, Chile earthquake (M,
8.8) on 27 February 2010

STRONG MOTION STATIONS IN CHILE PERFORMANCE OF SASMEX ALGORITHM 2(ts-tp)
Nal:se of Station Name Lat® Lon® Egii:::ntzzl t;;;" a m E;ﬁ:::;?d
CONT Constitucién, Hospital -35.34 -72.406 78 *12.72 8.50 5.67 >6.0
CONC Concepcidn, Colegio Inmaculada Concepcioén -36.828 -73.048 108 *6.11 7.86 5.34 >6.0
TAL Talca, Colegio Integrado San Pio X -35.43 -71.665 133 *1895 | 8.41 4.81 >6.0
HUAL Hualafie, Hospital -34.977 -71.805 146 *21.71 8.52 4.94 >6.0
CURI Curico, Hospital -34.99 -71.236 194 26.84 8.51 4.65 >6.0
ANGO | Angol, Hospital -37.795 -72.706 201 21.37 8.85 451 >6.0
MAT Matanzas, Escuela Carlos Ibafiez del Campo -33.96 -71.873 228 *24.40 | 8.48 4.87 >6.0
LLO Llolleo -33.616 -71.611 273 *22.54 8.46 5.73 >6.0

* Accelerograms without P wave arrivals

Table S5. Performance evaluation of the 2(ts-tp) algorithm for the Tohoku, Japan earthquake
(M 9.0) on 11 March 2011

STRONG MOTION STATIONS IN JAPAN PERFORMANCE OF SASMEX ALGORITHM 2(ts-tp)

Name of Station Name Late Lon® Elevation Ep}central ts-tp a m Estimated
FS [m] Distance [s] m2(is-tP)
MYGO011 OSHIKA 38.3052 | 141.5044 13 100 19.77 | 875 | 4.75 M>6.0
MYGO002 UTATSU 38.7262 | 141.5109 79 109 18.69 8.66 | 5.61 M>6.0
MYGO008 KITAKAMI 38.5676 | 141.4266 26 112 24.61 | 822 | 4.06 M>6.0
MYGH12 SHIZUGAWA 38.6416 | 141.4428 18 113 22.44 8.40 | 4.21 M>6.0
OURI OURI 384573 | 141.3453 50 118 2143 | 824 | 419 M>6.0
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Figure S1. Mexican strong motion records [1985-2010] of the first and second detections (left

and right respectively) analyzed in this study. The green and red tic marks show the arrival

time of the P wave and S waves by the 2(ts-tp) algorithm.
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Figure S2. Mexican strong motion records [2011-2014] of the first and second detections (left

and right respectively) analyzed in this study. The green and red tic marks show the arrival

time of the P wave and S waves by the 2(ts-tp) algorithm.
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Figure S3. The location of the Maule earthquake of 27 February 2010 in central Chile (M., 8.8)
is shown as a star. The strong motion stations used in the analysis are shown as black

squares.
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Figure S4. The location of the 11 March 2011 Tohoku, Japan earthquake (M., 9.0) is shown as

a star and squares denote the five seismic sensors used in the analysis.
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CAPITULO III

An Earthquake Early Warning Algorithm
Based on the P-Wave Energy Released in
the ts-t, Interval

[Cuéllar, A., Suarez R. and Espinosa-Aranda J. M.(2017). Performance Evaluation of
the Earthquake Detection and Classification Algorithm 2(ts-tp) of the Seismic Alert
System of Mexico (SASMEX). Bulletin of the Seismological Society of America, Vol. 108,
No. 1, pp. 238-247, February 2018, doi: 10.1785/0120170115] (Submitted to Bulletin
of the Seismological Society of America)
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Bulletin of the Seismological Society of America, Vol. 108, No. 1, pp. 238-247, February 2018, doi: 10.1785/0120170115

An Earthquake Early Warning Algorithm Based on the
P-Wave Energy Released in the 7g—7p Interval

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

Abstract The 7g—tp earthquake early warning algorithm measures the energy of the
P-wave coda on the vertical component in the 7g—fp period to make a magnitude
threshold estimation. The algorithm is based on two parameters: the logarithm of the
peak ground acceleration, max(a(ts—tp)) and the logarithmic cumulative acceleration
SA(ts—tp). The model is built using a learning algorithm that iteratively parameterizes
the linear fit of max(a(z5—tp)) and SA(ts—tp) to M,, in segments. Training datasets
were based on 324 accelerograms from 101 earthquakes (4.8 < M, <8.1) in the
Mexican subduction zone from 1985 to 2013. The algorithm is supervised to avoid
outliers in the data. The process results in a family of linear equations parameterizing
the observations to magnitude m(zs—tp) calibrated to the observed M. The algorithm
was successfully tested using a dataset of 28 earthquakes in the Mexican subduction
zone, from 2014 to 2017. The performance of ¢¢—p algorithm was tested as a warning
tool using 89 earthquakes in the Mexican subduction zone from 1985 to 2017, that met
the criterion of having at least two stations within 70 km from the epicenter. The
results show that 79 were correctly screened. The magnitude of six events was
overestimated and four were underestimated. These earthquakes had an unfavorable
station distribution. The M, 6 South Napa, California, earthquake of 24 August 2014
was used also as a test case. The two closest stations identified it as M, >5.8 within
2 s after the arrival of the P phase. This resulted in a lead time of 10 s in Berkeley and
12 s in San Francisco, prior to the arrival of the S waves. Thus, the t¢—tp algorithm
proves to be a reliable tool for seismic early warning where hypocenters are close to
the target cities.

Electronic Supplement: Earthquake catalog and table showing performance
evaluation of the 7¢—p algorithm.

Introduction

Since its inception in 1991, the Mexican Seismic Alert
System (SASMEX) was designed to cover the southeastern
Guerrero seismic gap. At the time, the gap was considered
potentially capable of generating a great M, > 8 earthquake
(McCann et al., 1979; Singh et al., 1981). The original goal
of the system was to warn the population of Mexico City of
an impending earthquake, similar to the destructive 19 Sep-
tember 1985 earthquake (Espinosa-Armanda et al., 1995).
Although the 1985 earthquake took place about 350 km from
Mexico City, it produced a large loss of life and unprec-
edented material damage (e.g., Rosenblueth, 1986; Esteva,
1988). The soft and highly saturated soils, remnant of the
pre-Columbian lake on which the city was built, were
responsible for the large accelerations and the long duration
of the strong motion of the ground. Therefore, Mexico City

238

presented a unique opportunity to develop a seismic early
warning system. If earthquakes are correctly identified and
their magnitude calibrated, the distance of ~350-400 km
from the subduction zone provides an enviable warning time
of ~60 s before the strong shaking begins. No other city in the
world offers this advantage to implement a seismic early warn-
ing system.

SASMEX has grown to 97 dedicated strong-motion sta-
tions covering the subduction zone, with an average spacing
of ~25km (Fig. 1). Additional seismic stations are located
inland to monitor the in-slab earthquakes that occur within
the subducted Cocos plate (Cuéllar et al., 2014). The original
algorithm used by SASMEX to issue early seismic warnings
to Mexico City is based on the growth of seismic energy in
twice the observed t¢—tp time. The 2(t5—tp) algorithm was
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stations that the magnitude threshold is
2 exceeded to issue an alert.
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Figure 1.

thoroughly tested and discussed by Cuéllar et al. (2017).
Based on the energy released, it estimates an empirical
magnitude range related to my,.

In recent years, other cities were incorporated to
SASMEX (Fig. 1). Some of these cities lie close to the sub-
duction zone or to the regions where in-slab earthquakes take
place beneath the continent. For this reason, many of these
locations do not share Mexico City’s advantage of having an
almost minute-long warning time; thus, there is a need to
develop a faster algorithm to detect earthquakes and to
determine a magnitude threshold.

Here, we present an algorithm based on the seismic
energy released in the interval 7g—p. The algorithm initiates
from the detection of the P wave and ends with the arrival of
the S wave. The acceleration of the P wave and its coda are
measured on the vertical component. We propose a magni-
tude estimation model m_,,) based on two parameters:
the logarithm of the maximum quadratic acceleration
max(a(ts—tp)) and the logarithmic cumulative quadratic
acceleration SA(tg—tp) of the P wave. The algorithm is
calibrated to M, using a training dataset of 101 earthquakes
occurring from 1985 to 2013 in the Mexican subduction
zone. Only accelerograms of earthquakes M, >4.7, located
at epicentral distances <70 km, are used.

The magnitude estimator n,_,, is based on a family of
logarithmic linear regression models fit in a least-squares
sense, iteratively calculated using a machine learning strat-
egy. In contrast to the two-tiered alerting protocol prescribed
by the authorities in Mexico City (Cuéllar et al., 2017), here
we propose a minimum magnitude cutoff of m, ) > 5.8 to
activate the public earthquake early warning system. The
tg—tp algorithm neither calculates the location of the earth-
quake nor estimates potential shaking of the ground. The
algorithm waits for the confirmation of two neighboring

W MW W

into account empirical criteria that correct
for site effects and for the characteristics of
the seismic instrumentation (Cuéllar et al.,
2017). In cases where the seismic station
detects abnormally high background noise,
the algorithm recalibrates its operational
parameters. In the case of persistent levels of high noise,
the seismic station is temporarily taken out of the detection
process until the background seismic noise returns to the
predefined level.

Current distribution of Mexican Seismic Alert System (SASMEX) strong-
motion stations (triangles) and cities where the seismic early warning system is now
operational (white circles). G, Guadalajara; M, Morelia; Mx, Mexico City; Ch, Chilpan-
cingo; A, Acapulco; O, Oaxaca; RP, Rivera plate; CP, Cocos plate.

Estimation of Parameters max(a(ts—tp))
and SA(tg—tp)

The algorithm uses the vertical component of three
orthogonal component accelerograms. The energy in the
tg—tp time window is composed essentially of the P wave
and its coda. The parameter max(a(tg—tp)) is the logarithm
of the maximum value of the quadratic acceleration of the
vertical channel within the #¢—#p interval (equation 1). The
parameter SA(tg—tp) is the sum of the logarithmic
cumulative quadratic acceleration of the vertical channel ob-
served within the same interval (equation 2). The algorithm
terminates with the detection of the S wave and proceeds to
estimate the corresponding seismic magnitude threshold.

max(a(ts—tp)) = logjo[max(a(i)?)]iL,, (1)
SA(5—1p) = logio 3 ali)?, )

i=tp
in which a(7) are the acceleration values on the vertical chan-
nel of the triaxial accelerometer and i is the sample number
starting from the P wave and ending with the detection of the
S wave.

Correlation between M, and max(a(ts—tp))
and SA(fS—tP)

To explore the correlation between the magnitude M, of
earthquakes in the Mexican subduction zone and parameters
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Cumulative distribution of the 1114 acceleration records since 1985-2017 4.7 >M,, <8.1 grouped into two categories:

max(a(tg—tp)) <log,o(4?) (open circles) and max(a(ts—tp)) > log;((4?) (closed diamonds) plotted with respect to (a) the t—tp time

and (b) the epicentral distance A.

max(a(tg—tp)) and SA(ts—tp), data were collected from
the following catalogs: the Mexican Seismological Service
(SSN), the Global Centroid Moment Tensor (CMT) (Dzie-
wonski et al., 1981, 1999; Ekstrom et al., 2012), the strong-
motion data recorded by the Instituto de Ingenierfa,
Universidad Nacional Auténoma de México (Pérez-Yanez
et al., 2014), and the SASMEX network, operated by the
Centro de Instrumentacién y Registro Sismico. A selection
criteria were applied as follows:

* Al: earthquakes reported in the Mexican subduction zone
in the SSN catalog with focal depths <40 km;

¢ A2: earthquakes of magnitude M,, >4.8, as reported by
the CMT catalog; and

* A3: accelerograms with clear recordings of both P and
S waves.

A total of 1114 acceleration records were selected. In some
cases, the accelerograms show very low accelerations that are
close to the self-noise of the instruments. The resolution of
the majority of the early strong-motion SASMEX instru-
ments was 10 or 12 bits. In those cases, the noise level of
the seismic acceleration recordings is at least £1.0 or
+0.5 cm/s?, respectively. To be well above the noise level,
only acceleration records with values >4 cm/s? in the tg—tp
time window were utilized. This value of acceleration corre-
sponds to max(a(tg—tp)) > log;o(4?). More recently, the in-
struments have higher dynamic ranges using 16 or 24 bit
digitizers; the threshold criteria would be also acceptable
in these cases.

The strong-motion records were grouped in two: one
where max(a(ts—tp)) > log;o(4?>) and the other with

max(a(ts—tp)) < log,(4?). The cumulative number of these
two groups of accelerograms was plotted relative to the
epicentral distance and to the 7¢—p time (Fig. 2). In the case
of records with large 7¢—p times, the cumulative distribution
for max(a(ts—tp)) > log;o(4>) decreases. In contrast,
max(a(ts—tp) <log;y(4%) increases as a function of time
(Fig. 2). We propose using the intersection of these curves
to empirically define a criterion of when the acceleration
records are above the noise level in the 7g—p time. The inter-
section of these curves corresponds to epicentral distances of
~70 km and tg—tp ~7 s.

Based on these results, the accelerograms selected had to
meet the following criteria:

 B1: acceleration values in the vertical channel @ > 4 cm/s?
during the t¢—tp time;

* B2: epicentral distances of <70 km to the strong-motion
site; and

* B3: acceleration records with tg—1p < 7 s.

From the initial dataset of 1114 acceleration records, only
400 accelerograms recorded from 129 earthquakes ranging
in magnitude from 4.8 < M, < 8.1 met these criteria (Fig. 3
and () Table S1, available in the electronic supplement to
this article). These 400 accelerograms are divided into two
sets: the first 324 are used as training data to develop the
algorithm, and the other 76 strong-motion records are used
as test data.

Max(a(ts—tp)) and SA(ts—tp) were computed for the
selected dataset of 400 acceleration records and plotted
against the reported magnitude M. The correlation between
max(a(ts—tp)) and M, is r = 0.40. In the case of the
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Figure 3. Map showing the 129 selected earthquakes in the
Mexican subduction zone from 1985 to 2017 (M, >4.9; depth
<40 km) used as training data (open circles). The seismic field sen-
sors (triangles) are from the networks of the Instituto de Ingenieria,
Universidad Nacional Auténoma de México, and SASMEX.

cumulative acceleration SA(z5—p), the correlation coefficient
with magnitude is » = 0.50 (Fig. 4). The correlation between
max(a(ts—tp)) and SA(ts5—tp) is r = 0.88, indicating that
these two parameters are not completely independent.

Although the plot of max(a(ts—tp)) versus M, indicates
that there is a linear correlation between these two parameters,
there are several outliers, particularly in the case of large earth-
quakes M, > ~7 (Fig. 4a). The maximum acceleration of the
ground observed in the near field in the first few seconds does
not reflect necessarily the resulting magnitude of the earth-
quake. A case in point is the 19 September 1985 earthquake
(M,, 8.1) (Fig. 4a and () Table S2). The low acceleration
observed in station CALE was attributed to the fact that the
nucleation of the 1985 earthquake was located immediately
beneath that station (Mendez and Anderson, 1991).

(a) M, 7.3, 1995 CALE, M,, 8.1, A=21 km, 1985
GRO9, GEIO, COPL,GR11 MZ01, M,, 8.0, A =50 km, 1995
8.0 X X
X XX X
) owx X X
7.0 1
23
6.0 1
5.0 1
4.0 . . . . ,
10* 10? 10° 104 10° 10°
Max(a(ts-tp))
Figure 4.

324 accelerograms recorded from 1985 to 2013.

The correlation between SA(ts—tp) versus M, shows an
asymptotic growth. As in the case of max(a(ts—tp)), the cu-
mulative acceleration shows the presence of outliers, corre-
sponding to earthquakes M, > ~7. In some cases, outliers
are due to earthquakes where the directivity of the seismic
energy is radiated away from the recording seismic stations.
For example, in the case of the 1995 Copala earthquake
(M, 7.3), the seismic energy radiated away from the closest
stations (Anderson et al., 1995). As a result, the values of
SA(ts—tp) and max(a(ts—tp)) at stations GR11, COPL,
GR10, and GR09 were low at short epicentral distances
for this large magnitude earthquake (Fig. 4 and () Table S2).

Calibration of Magnitude Based on max(a(ts—tp))
and SA(tS—tp)

The correlation of parameters max(a(ts—tp)) and
SA(ts—tp) with M, suggests the possibility to build an algo-
rithm relating the magnitude and the acceleration observed in
the P-wave coda (Fig. 4). To this end, we use a training set of
324 accelerograms corresponding to 101 earthquakes occur-
ring from 1985 to 2013 that meet the selection criteria
described above ((® Table S1).

The relationships between magnitude and the parame-
ters reflecting the energy released are estimated by a learning
machine algorithm exemplified in Figure 5. The input data
to the learning machine is vector [X;,y;], in which
X; = (SA(ts—tp);, max(a(ts—tp)),), formed from the 324
acceleration records, and y; is the target data: y; = M, .
Before it is introduced into the learning machine process,
the data are ordered so that SA(ts—1p); < SA(ts~tp);yi-
The process solves the overdetermined set of equations
logq M, = aSA(tg—tp); + pmax(a(ts—tp)),.

Considering that the cumulative energy released
SA(ts—tp) behaves in an asymptotic manner, the process is

(b) CALE, M, 8.1, A= 21 km, 1985 MZ01, M,, 8.0, A = 50 km, 1995
J M, 7.3, 1995
89 ‘X% COPL, GR10, GR09,GR11 X
7.0 4
23
6.0 4
5.0 1
4.0 T T T J
10° 104 10° 10° 107

SA(ts-tp)

Correlation between parameters (a) max(a(zg—tp)) and (b) SA(75—1p) with M. The dataset shows the strong-motion records of
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[SA(ts-tp)y » max(a(ts-tp)), My, |
[SA(ts-t;); , max(a(ts-tp))z » Mw, |
[SA(ts-tp)s , max(a(ts-tp))s , Mw, ]

(SACstr)y . max(a(es-ts))y . M)

Observations

Ye : Magnitude estimations (Output Data)
SA(ts-ty), max(a(ts-ty)), M, : Parameters to build
the model (Input Data)
SA(ts-tp); <SA(tstp)y; J=1,2,...,N
r(k) : The absolute position of aj-th data
r(0)=0; r(k) 22; r(k) -r(k-1)22; r(m) =N
k : The k-th model, where k=1,2,..., m-1,m
m : The last subset
N : The total of acceleration records
tol : The error tolerance
a, f : Logarithmic linear coefficents
Y« : The k-th cutoff energy released and
¥: Is the first SA(t-tp), accepted in k=1

SA(ts = tp)y (k- max (a(ts —tp)
10810 Mw, (k-1)+1 i (lay=te )'“"”" Yer(k-1)+1
10810 Mw, (k-1)+2 SAts = tp)rk-1)+2 max(n(ts - "))r(k-noz ay Yer(k-1)+2
logyo Mw.,(u-l)oa = [SAGs = tp)r-nyes  max(alts = tp)), 1. ﬂk] - Yerk-143
- : : e
B10 Mw,(x) SA(ts = tp)yy max(a(ts — "))rm er(x)
Ignore r(k) th row;
r(k)=j+1;
1 r(k)
Errony = o7 leq - qul
i 1)G=r(k—l)H

True

r(k) thitem

False = middle of SA(ts-tp),q and SA(tg-t 3
generates nonlinearity) Yir (tsts) ey (0 PR

Save the coefficients «, £, :
k=k+1;

Figure 5.

linearized in m sections of the curve, in which for each section
k, the system of equations is solved with the (r(k) — r(k — 1))
elements, in which r(k) represents the position of the ordered
input data and its value corresponds to [X;,y;] (Fig. 5). The
solution to the overdetermined set of equations determines the
value of coefficients [y, ;] and the error in the linear fit of the
kth segment. Error; is the mean absolute error [My,, — Ye|;
in which M, is the reported magnitude and Ye, is the result-
ing magnitude of the inversion process in section k.

The process starts by building a solution to the first
segment k = 1. When the error for that segment is
Error; < tolerance, the process recycles, adds the next data
point [X;;,y;41], and again solves the overdetermined set
of equations (Fig. 5). This iterative process continues until
Error, > tolerance. After several tests, we settled for an error
tolerance of 5% in the least-squares fit for each segment.
At that point, the algorithm moves on to solve the next section
k+1 and sets the upper bound y of section k, as
7k = logo(0.5(108AUs=1); 4 10SAUs=P)js1)) . Thus, the last
data point in section k is the jth term [X;, y,]. Subsequently,
the first data point in section k+ 1 will be the j+ Ith
item [X;;1, Y1)

The correlations between SA(zg—p) and max(a(ts—tp))
with M, show that the accelerograms of large magnitude
earthquakes in the near field often exhibit relatively low values
of peak ground acceleration and cumulative energy (Fig. 4).
These outliers introduce a nonlinear behavior and increase the
value of Error;. Thus, the inversion process is supervised at
each iteration. If a data point [X;, ¥;] is identified as a clear
outlier in model k, the data point is manually eliminated by
an active supervision of the learning algorithm (Fig. 5).

The resulting tg—tp algorithm, based on the 324 training
acceleration records, is defined by nine linear equations that
empirically relate max(a(ts—tp)) and SA(tg—tp) with m;,_;,)

Flow chart showing the process followed by the learning procedure to determine the linear fit in k& segments.

through coefficients ; and f; in the m segments of the proc-
ess. As a result, these nine models are grouped in a family of
linear equation parameterized by the y-values:

(105AUs=P)@ x (10™x(@se) )1 if SA(ts—1p) >,
(losA(rs—l,,))az X (lomax(u(rs—t,.)))/i: if SA([S—tp) >7,
(IOSA(ts—/,»))a; X (lomax(a(rs—lpn)/ia ifSA(tg—tp) >3
(]OSA(Irfp) )% x (1()max(a(rrlpn)/34 ifSA(tg—tp)>7,4

M(g_tp)= (105AUs=tr) yas i (1Qmax(alts=te) s if SA(tg—tp)>7s.
; (105AUs—tr) )6 5 (1Qmax(alis=tp) )fs if SA(ts—tp)>74
(]OSA(IrIP))m X (1()max(a(r.s*1p)))/i7 if SA(tg—tp)>77
(105AUs—tp) yas 5 (1Qmax(alts—tp) )fs jf SA(tg—tp)>7s
(losA(rs—tp))ag X (Iomax(a(rs—ip))),/iq ifSA(t_g—tp) >79
3)
in which
a =23.570x10%;,  f,=-29.573x10%  y, =3.230;
a =23.556x 10%;  ff, =—56.052x 103  y, =3.380;
a; =21214x10%; 3 =-33.404%x 103  y3=3.690;
a, =21214x10%; B, =—-44.066% 103, y,=4.016;
as =18.176 x 10%; s = —8.438 x 10%;  y5 =4.149;
g =21.492x 102,  f=—-73.543x 103,  yc=4.278;
a; =22792x10%;  f;=—-102.763 x 103, y; =4.637;
ag = 10.767 x 102, g = —47.098 x 103;  y5 =5.394;
g =18.747x10%;  fo=—62.704%x 103  yo=75.609.

Based on expressions (4) and (5), described below,
the mean absolute error and its standard deviation are
estimated:
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Figure 6.  The estimated magnitude m(tg—tp) plotted versus the
observed M,, of 324 strong-motion records of 101 earthquakes . : ;
¥ e 4 Figure 7.  The estimated magnitude m(ts—t) plotted versus the

M, <4.8 recorded from 1985 to 2013 in the Mexican subduction
zone.

1 N
Merror = NZ IMWj il m(tS_tP)jl (4)
j=1

1 & D\ 12
Oerror = (ﬁ Z(m(ts—tl’)j - 'ncrror)_) . (5)

J=1

The mean absolute error of the estimated magnitude of the
324 accelerograms corresponding to the training set was
Meror = 0.32, with a standard deviation of 6y, = 0.30.
This mean absolute error in magnitude is within the tolerance
accepted in the algorithm training process. Assuming an
error tolerance in magnitude of £0.5 and 4-1.0 as considered
in Japan (Hoshiba et al., 2008), the algorithm accurately
predicts the magnitude with a success rate of 85% and 96%,
respectively. The results of the proposed algorithm, compar-
ing the estimated magnitude m,_,,) versus the catalog M, is
shown in Figure 6.

Magnitude Estimation m(ts—tp) on Independent Test
Data from 2014 to 2017

To test the resulting algorithm, a test dataset composed of
76 acceleration records of 28 earthquakes occurring in the
Mexican subduction zone from 2014 to 2017 was selected.
The magnitude of these 28 earthquakes ranges from
4.8 < M,, < 7.3. Because of the short time span of the test
data available, there are only three earthquakes with M, > 6.

Based on expressions (4) and (5), the mean absolute er-
ror of the estimated magnitude was m.,, = 0.5, with a stan-
dard deviation 6., = 0.38. Thus, the resulting algorithm
predicted the magnitude m(_,, of the test earthquakes
within the prescribed error tolerance of +0.5. Considering
an error tolerance of £0.5 and £1.0 in the magnitude

observed M,, for the test data composed of 76 strong-motion re-
cords of 28 earthquakes M, >4.8 recorded from 2014 to 2017
in the Mexican subduction zone.

estimation, the success rate was 70% and 93%, respectively.
The magnitude estimated by the t¢—7p algorithm of the test
data is compared with the catalog magnitude in Figure 7 and
® Table S2.

In the case of the two largest earthquakes in the test dataset,
18 April 2014 (M, 7.3) and 8 May 2014 (M, 6.5), the two
strong-motion stations closest to the epicenter estimated the
magnitude within an error of +0.5. The largest errors in mag-
nitude estimation are in stations that are far from the epicenter.
However, these other stations, although they are not at an ideal
epicentral distance for the algorithm, lie within the established
distance range. Thus, they were included for completeness and
transparency in the tests.

Performance Evaluation of the #g—fp Algorithm
on Mexican Subduction Earthquakes M,, >4.7
from 1985 to 2017

Iglesias et al. (2007) and Sudrez et al. (2009) pointed
out the difficulties of the 2(7¢—tp) algorithm of correctly
identifying the magnitude in the narrow bins prescribed
by the Mexico City authorities to issue preventive alerts
(5.5 <M, <6). To avoid this problem of estimating magni-
tude within very narrow bins, we propose a single earthquake
early warning criterion: M, >5.8.

The activation criterion traditionally used by SASMEX
to minimize spurious signals (Espinosa-Aranda et al., 1995)
requires that two nearby sensors confirm that the magnitude
estimate on both is above the prescribed threshold to issue an
alert. To test the alerting robustness of the 7g—7p algorithm
using a dataset with a broader range of magnitudes, we use
the 89 earthquakes from 1985 to 2017 that meet the criterion
of having accelerograms within epicentral distances of
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<70 km. (® Tables S1 and S2). Therefore, this test evalu-
ates the robustness of the proposed algorithm of discriminat-
ing earthquakes above or below the M, 5.8 threshold, not
only the magnitude estimation based on individual accel-
erograms.

Out of these 89 earthquakes, in 79 cases the seismic alert
based on the #g—1p algorithm would have been correctly
broadcast. In four cases, even though the magnitude of the
earthquakes reported in the seismic catalogs was My, >5.8,
the magnitude m;,_,,) was underestimated and no alert would
have been issued by the 7¢—7p algorithm. In the case of six
events, the algorithm overestimated the magnitude. This
means that 89% of the earthquakes would have been correctly
classified based on the pre-established warning criteria.

Earthquakes that are larger than the prescribed magni-
tude threshold, but for which no alert is issued, represent
the possibility that an alert may not be issued for a damaging
earthquake. Thus, it is worth reviewing the four earthquakes
M,, >5.8, for which the magnitude m_,,) was underesti-
mated. In the case of the 31 May 1990 earthquake
(M, 5.8), one out of four accelerograms (LLAV) estimated
the magnitude as m,_,,) 6.4. The other three records yield an
estimate of m,,, <5.8. The second earthquake is the
M, 6.0 earthquake on 1 January 2004. In this case, the only
two stations available estimated m,_,,) < 5.8 (® Table S2).
Both strong-motion stations lie at the limit of the design cri-
teria of the algorithm, with 7¢—¢p times of 5.75 and 6.80 s,
respectively. The third case is the 14 June 2004 M, 5.9 earth-
quake. It was recorded by five acceleration stations. Station
PNTP estimated m,_,,) 6.3. The next closest station OX04
with tg—tp = 3.01 s, estimated m_,,) 5.5 (& Table S2).
Finally, the 2 April 2012 M|, 6.0 earthquake, in this case
two stations selected estimated m,,,) 5.7.

It is worth pointing out that these earthquakes occurred
prior to the installation of the new SASMEX stations and,
therefore, had a very unfavorable distribution of strong-
motion records. Furthermore, they correspond to cases where
the reported magnitude is very close to the prescribed thresh-
old of M, 5.8.

It is also interesting to evaluate the performance of the
tg—tp algorithm on the eight earthquakes M, > 7 in the data-
set (® Table S2). Three of these eight earthquakes, the 14
September 1995 Copala (M, 7.3), the 20 March 2012
(M, 7.5), and the 18 April 2014 (M,, 7.3), had at least two
strong-motion records. Although the true magnitude was
underestimated, the 7¢—p algorithm identified them as large
magnitude events and would have issued a correct early
warning in all cases (€ Table S2).

In the case of the other five earthquakes M, >7, only
one accelerogram was available. Thus, we could not evaluate
them using the criteria of two confirming stations. Never-
theless, except for the 1985 M|, 8.1 Michoacan earthquake
with magnitude estimation m_,,) 5.7, the accelerograms of
the other four earthquakes were identified as having a mag-
nitude M, > 5.8 and would have had an alert. As mentioned
before, in the case of the 1985 Michoacin earthquake, the
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Figure 8. Location of the Napa earthquake of 24 August 2014
(M,, 6) and of the four closest Center for Engineering Strong Mo-
tion Data (CESMD) seismic stations. NHC and station 68150 are
located at distances of less than 10 km from the epicenter. The sta-
tions C007 and JOS56, in Berkeley and San Francisco, respectively,
are used to determine the arrival of the S waves at these locations.

low acceleration observed at station CALE, located immedi-
ately above the hypocenter of the 1985 earthquake, is the
result of the nucleation process. From these results, it may
be concluded that, even under unfavorable distribution of
strong-motion stations, the 7¢—p algorithm is a reliable tool
to issue alerts in a short time span based only on the P-wave
coda. It is clear that with better seismic coverage, the 75—1p
algorithm would have a better performance than the one
reported here.

Performance of M,, 6 South Napa Earthquake

The South Napa earthquake is an ideal example of a
shallow crustal earthquake that occurs close to important
urban areas where the 7g—fp algorithm can be tested. Several
instruments from the Center for Engineering Strong Motion
Data (CESMD) recorded the South Napa earthquake of
24 August 2014 (M, 6) at relatively close distances. The
NHC-Huichica Creek and the 68150-Napa College strong-
motion stations are the closest to the epicenter and were the
first to record the earthquake. They are located 3.9 and
6.4 km away from the epicenter, respectively (Fig. 8).

The application of the #s—tp algorithm on the
NHC-Huichica Creek seismic record results in a magnitude
m,—;,) 6.2 with a processing time of 2.02 s. The second seis-
mic record in 68150-Napa College processed the algorithm
parameters in 2.08 s and estimated a magnitude m_,, 6.5
(® Table S3). Based on these two stations, which are the
closest to the epicenter, an earthquake early warning would
have been broadcast ~2 s after the arrival of the P wave
(Fig. 9). Considering that the strong shaking coincides
generally with the arrival of the S waves, the warning time
in Berkeley would have been ~10 s, prior to the arrival of the
S wave, as measured on the C007-Forest Lane strong-motion
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Figure 9.  Graphical representation of the performance of #5—t, algorithm applied to the 24 August 2014 M,, 6 South Napa, California,

earthquake.

record (Figs. 7 and 8). In the case of San Francisco, the
warning time would have been 12 s prior to the arrival of
strong shaking, based on the S-wave arrival at the JO56-
Golden Gate Avenue station (Fig. 8).

It is interesting to compare the warning times reported
by ShakeAlert to those obtained by the 7¢—#p algorithm. The
warning time reported for the Napa earthquake based on
ShakeAlert was 5 s prior to the arrival of the S waves in
Berkeley (Allen et al., 2014; Grapenthin et al., 2014a,b).
As a result of this process, the fg—p algorithm would almost
double the early warning time. A similar result is obtained in
San Francisco, where a warning time of 12 s would allow the
implementation of basic civil protection procedures.

Summary and Conclusions

The recent expansion of SASMEX created the demand
for possible early earthquake warnings for cities that lie close
to the seismic zones. In these cases, the 2(ts—tp) algorithm,
traditionally used by the Mexican seismic early warning

system, would shorten the warning time. The purpose of
deriving a fast algorithm is to rapidly issue early warnings
to cities that lie at distances of a few tens of kilometers from
the epicenter. Although the warning time may be of only a
few seconds, it may help in establishing rapid and automated
civil protection measures.

The proposed #5—tp algorithm reduces the time needed
to estimate the magnitude in half, making use of two param-
eters measured from the vertical component: the logarithm of
the maximum acceleration max(a(ts—tp)) and the logarith-
mic cumulative quadratic acceleration SA(tg—tp). Based
on a linear regression model that maps SA(ts—tp) and
max(a(ts—tp)) to M, a magnitude m, ) is estimated.
The construction of the algorithm makes use of a supervised
machine learning process that linearizes piecewise the rela-
tion between maximum and cumulative acceleration and the
magnitude.

The algorithm was derived using a training dataset com-
posed of 324 accelerograms that correspond to 101 earth-
quakes occurring between 1985 and 2013 (® Table S1).
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The mean absolute error is my,, = 0.32, within the accepted
error tolerance of +0.5. In other words, considering an error
tolerance of +0.5 and +1.0 in the magnitude estimation, the
success rate was 85% and 96%, respectively.

The test dataset was based on 28 earthquakes occurring
in the subduction zone from 2014 to 2017. The results of
this test on 76 accelerograms results in the absolute mean
error of 0.5. The test dataset had never been seen by the
algorithm. Assuming error tolerances of +0.5 and +1.0
in the magnitude estimation, the success rate was 70%
and 93%, respectively.

A test on the performance of #¢—tp algorithm as a warn-
ing tool was conducted using 89 earthquakes in the Mexican
subduction zone that met the criteria of having two strong-
motion records of nearby stations to issue a seismic warning
to avoid false alerts. The results show that 79 earthquakes,
out of the 89 tested, were correctly classified as being above
or below the magnitude threshold M, 5.8. The magnitude of
six events was overestimated and four were underestimated.
This represents a success rate of 89%.

Admittedly, if the detection of the S phase is late, the
value of max(a(ts—tp)) would increase and, as a result, the
magnitude would be overestimated. However, max(a(ts—tp))
is measured on the vertical channel, where normally the
amplitude of the S waves is smaller relative to the horizontal
components, which are not incorporated in the algorithm.
Nevertheless, using two stations to issue the alert would help
avoid this situation, as shown in () Table S2.

Clearly, now that the seismic coverage is substantially
better along the subduction zone (Fig. 1), the magnitude
estimations will tend to improve. It is important to underline
that in the implementation of this algorithm in the earthquake
early warning system, new relevant data will be systemati-
cally incorporated as part of the process of an effective learn-
ing machine.

The tg—tp algorithm was also tested on the 24 August
2014 Napa earthquake. The results for a hypothetical earth-
quake early warning for the Napa earthquake show that the
tg—tp algorithm would have identified the event as having
M, >5.8 at both stations within 2 s after the arrival of the
P phase. This would have given a warning time of ~10 s in
the city of Berkeley prior to the arrival of the § waves. In the
case of San Francisco, the warning time would have
been 12 s.

Early seismic warning algorithms face the challenge of
reducing the processing time needed to identify earthquakes
and discriminating a magnitude threshold with a high degree
of confidence to make a decision on issuing a seismic alert.
In this respect, the results of the rg—fp algorithm proposed
here are encouraging for regions with large population
centers close to seismic zones. Although the warning time
would be only a few seconds, well-designed protocols could
activate a civil protection response designed to mitigate
damage and loss of life.

A. Cuéllar, G. Sudrez, and J. M. Espinosa-Aranda

Data and Resources

Accelerograms from the Mexican Seismic Alert System
(SASMEX) stations were provided by the Centro de Instru-
mentacion y Registro Sismico (CIRES) with the authoriza-
tion of the Institutopara la Seguridad en las Construcciones
del Distrito Federal in Mexico City and the Coordinacién
Estatal de Proteccién Civil de Oaxaca, Oaxaca state. Strong-
motion data for the Mexican subduction earthquakes are
from the webpage of the Instituto de Ingenierfa of the
Universidad Nacional Auténoma de México (UNAM)
https://aplicaciones.iingen.unam.mx/AcelerogramasR SM/
(last accessed September 2017). Data from the Global Cent-
roid Moment Tensor Project are from http://www.globalcmt.
org/CMTsearch.html (last accessed September 2017).
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Electronic Supplement

The supplemental material contains two Tables. Table S1 shows the hypocentral data of the
catalog of 116 earthquakes selected from the Moment Tensor Catalog (CMT) and from the
catalog of the Mexican Seismological Service (SSN). Table S2 shows the results of the
performance evaluation of the ts-tp algorithm on 116 Mexican subduction earthquakes. Table
S$2 also shows the magnitude m(ts-tp) obtained from parameters Av(ts-tp) and Max(v(ts-tp)).

The last two columns indicate whether an alert would have been issued.

List of the Table Captions

Table S1. Catalog of Mexican Earthquakes in the subduction zone from 1985 to 2015 M,,>24.8
recorded by strong motion instruments at distances < 70 km from the epicenter, acceleration

records > 4 cm/s2 and ts-tp times < 7 s.

Table S2. Performance evaluation of the ts-tp algorithm on 359 acceleration records from the

selected 116 Mexican subduction earthquakes

Table S1. Catalog of Mexican Earthquakes in the subduction zone from 1985 to 2015 M,,24.8
recorded by strong motion instruments at distances < 70 km from the epicenter, acceleration

records >4 cm/s? and ts-tp times < 7 s.

Global Centroid Moment Tensor Catalog (CMT Catalog) Mexican Seismological Service (SSN)
Date CeTni:lzld Latitude ° Longitude ° Depth km My Latitude ° Longitude ° Depth km
19/09/1985 13:18:25 17.91 -101.99 21.3 8.1 18.081 -102.94 15
29/05/1986 20:31:15 16.4 -98.12 57.2 5.2 16.851 -98.93 35.6
08/02/1988 13:51:32 17.03 -100.35 47.8 5.8 17.494 -101.16 19.2
10/03/1989 05:19:49 16.91 -100.44 46.8 5.4 17.446 -101.09 17.6
25/04/1989 14:29:06 16.83 -99.12 15.0 6.9 16.603 -99.40 19
02/05/1989 09:30:18 16.82 -99.35 47.9 5.5 16.637 -99.51 13.4
08/10/1989 22:32:41 17.12 -99.93 35 5.1 17.189 -100.21 36
13/01/1990 02:07:32 16.33 -99.67 34.2 5.3 16.82 -99.63 12.2
11/05/1990 23:43:52 17.24 -100.56 15 5.5 17.046 -100.84 11.7
31/05/1990 07:35:24 16.77 -100.12 26 5.8 17.106 -100.89 15.8
14/01/1991 21:11:15 18.39 -101.37 67.8 5.5 17.838 -101.85 24.7
12/02/1992 11:57:00 17.78 -101.14 33.9 5.2 17.733 -101.06 1.7
31/03/1992 20:56:41 16.99 -100.65 15 5.4 17.233 -101.3 11
31/03/1993 10:18:19 17.29 -100.89 26.2 5.5 17.18 -101.02 8
24/10/1993 07:52:23 16.77 -98.61 21.8 6.6 16.54 -98.98 19
14/09/1995 14:04:41 16.73 -98.54 21.8 7.3 16.31 -98.88 22
09/10/1995 15:36:29 19.34 -104.80 15.0 8.0 18.74 -104.67 5
30/10/1995 14:47:59 16.55 -98.13 15.8 5.6 16.35 -98.51 27
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25/02/1996 09:18:03 16.1 -97.74 15 5.9 15.86 -98.13 17
13/03/1996 21:04:23 16.93 -98.86 29.4 5.1 16.52 -99.08 18
27/03/1996 12:34:53 16.44 -97.95 21 5.5 16.21 -98.25 7
15/07/1996 21:23:42 17.50 -101.12 22.4 6.6 17.45 -101.16 20
18/07/1996 08:16:47 17.35 -101.02 26.2 5.4 17.54 -101.2 20
11/01/1997 20:28:40 18.34 -102.58 40.0 7.1 17.91 -103.04 16
16/01/1997 21:41:17 18.23 -102.55 47.2 5.5 17.94 -102.76 25
21/01/1997 21:20:02 16.49 -97.99 39.7 5.5 16.44 -98.15 18
03/03/1998 07:38:29 16.26 -96.12 44.2 5.2 15.71 -96.47 12
09/05/1998 17:03:16 17.31 -101 36.2 5.2 17.34 -101.41 18
16/05/1998 17:41:59 17.56 -101.54 33 5.2 17.25 -101.35 14
05/07/1998 19:55:10 16.92 -99.73 37.6 5.3 16.83 -100.12 5
30/09/1999 16:31:23 16.20 -96.96 46.8 7.4 15.95 -97.03 16
11/04/2000 18:35:44 18.19 -102.51 51.9 5.2 18.06 -102.64 10
09/08/2000 11:41:53 18.13 -102.39 33.0 6.5 17.99 -102.66 16
01/12/2000 14:07:46 17.98 -102.31 52.2 5.4 17.94 -102.58 14
08/10/2001 03:39:26 17.32 -99.89 15 5.8 16.94 -100.14 4
29/10/2001 05:23:18 17.49 -99.44 15 5 17 -100.19 4
07/06/2002 16:03:02 16.25 -96.65 40 5.2 15.98 -96.88 14
19/06/2002 21:50:11 16.74 -97.95 24.2 5.3 16.24 -98.09 8
25/09/2002 18:14:50 16.86 -99.79 19 5.3 16.86 -100.12 5
27/09/2002 07:05:00 17.44 -100.1 36.4 5.1 17.16 -100.59 37
08/11/2002 23:20:47 16.34 -97.99 17.3 5.2 16.21 -98.14 4
10/12/2002 03:09:33 17.17 -101.66 66.7 5.4 17.41 -101.26 29
10/01/2003 02:08:03 16.88 -99.85 44.7 5.2 16.97 -100.3 30
22/01/2003 02:06:49 18.86 -103.90 26.0 7.5 18.6 -104.22 9
27/03/2003 07:44:24 18.28 -101.8 30.9 5.2 18.01 -101.78 25
01/01/2004 23:31:53 17.45 -101.40 15.0 6.0 17.34 -101.42 6
01/01/2004 23:58:06 17.39 -101.32 20.4 5.6 17.3 -101.36 14
13/01/2004 19:50:27 16.45 -96.83 32.5 5.1 16.01 -97.3 20
13/01/2004 21:29:00 16.26 -96.94 30.3 5.4 15.99 -97.15 16
06/02/2004 19:11:36 18.36 -102.8 35.2 5.1 18.16 -102.83 12
14/06/2004 22:54:28 16.46 -97.92 18 5.9 16.22 -98.16 10
14/08/2005 02:52:04 16.3 -98.07 12 5.4 15.99 -98.4 15
31/07/2006 18:25:23 18.62 -104.08 24.1 5.3 18.83 -104.11 10
13/08/2006 15:14:28 18.45 -103.63 235 5.3 18.23 -103.62 13
19/08/2006 05:41:31 16.26 -97.27 26.6 5.6 15.91 -97.3 52
08/11/2006 17:18:49 16.27 -96.43 37.9 5.1 16.05 -96.54 45
15/03/2007 13:13:02 16.21 -97 12 5.3 16.08 -97.26 15
13/04/2007 05:42:27 17.37 -100.14 42.7 6.0 17.09 -100.44 41
13/04/2007 08:43:50 17.4 -100.23 66.8 5.3 17.27 -100.27 51
19/04/2007 10:02:14 17.26 -101.03 23.6 5.3 17.21 -101.37 24
28/04/2007 13:56:39 17.04 -99.64 29.9 5.1 16.94 -99.82 9
31/05/2007 10:11:14 18.94 -103.94 22.2 5.1 18.66 -104.14 11
06/11/2007 06:35:46 17.14 -99.91 18.4 5.4 17.08 -100.14 9
30/07/2008 10:23:35 16.3 -96.04 35.5 5.3 15.98 -96.1 49
20/10/2008 05:01:10 17.43 -100.95 29.3 5.2 17.25 -101.3 25
27/03/2009 08:48:20 17.42 -100.6 38.7 5.3 17.35 -100.82 30
27/04/2009 16:46:32 17.06 -99.41 32.2 5.8 16.9 -99.58 7
09/02/2010 00:47:45 16.12 -96.66 30.3 5.7 15.9 -96.86 37
19/03/2010 20:48:51 17.38 -100.91 24.3 5 17.22 -100.97 15
16/04/2010 10:01:13 16.52 -98.22 15.2 5.2 16.14 -98.41 10
20/04/2010 02:28:59 16.28 -98.4 23 5 16.07 -98.34 5
25/05/2010 23:36:22 17.39 -100.96 23.6 5.1 17.11 -101.2 15
30/06/2010 07:22:33 16.47 -97.77 17.8 6.3 16.22 -98.03 8
26/04/2011 11:07:33 16.91 -99.45 22.9 5.4 16.71 -99.69 7
05/05/2011 13:24:09 16.85 -98.72 30.7 5.7 16.61 -98.91 11
09/07/2011 12:42:30 16.01 -96.32 18.6 5.1 15.87 -96.42 22
20/03/2012 18:02:55 16.60 -98.39 15.4 7.5 16.251 -98.52 16
21/03/2012 11:36:18 16.76 -98.27 29.7 5 16.51 -98.5 20
24/03/2012 01:58:42 16.46 -98.05 30.7 4.9 16.26 -98.29 10
01/04/2012 22:23:52 16.58 -98.52 39.3 5.3 16.46 -98.54 20
02/04/2012 17:36:46 16.58 -98.35 12.0 6.1 16.27 -98.47 10
11/04/2012 22:55:17 18.10 -102.97 20.5 6.7 17.9 -103.06 16
13/04/2012 10:10:06 16.35 -98.23 13.9 5.3 16.11 -98.34 14
13/04/2012 13:06:30 16.38 -98.17 12.2 5 16.22 -98.15 16
24/07/2012 05:25:33 16.57 -98.07 18.5 5.1 16.27 -98.31 5
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22/09/2012 12:30:02 16.55 -98.1 19.5 5.5 16.23 -98.3 2
18/12/2012 01:38:26 16.31 -95.7 25.9 5.3 16.1 -95.87 20
20/02/2013 21:23:13 18.5 -103.91 18.3 5.6 18.6 -104.04 5
26/03/2013 13:04:53 16.28 -98.22 12.3 5.4 15.78 -98.61 10
26/03/2013 13:12:23 16.27 -98.21 15.5 5.2 15.94 -98.45 10
05/04/2013 01:58:49 17.26 -100.7 26.2 5.5 17.08 -100.82 17
12/04/2013 | 03:45:10 17.95 -101.47 35.8 5.3 17.78 -101.58 35
22/04/2013 01:16:35 18.05 -102.19 26.6 6.1 17.87 -102.19 10
06/08/2013 20:17:34 16.73 -98.4 32 5 16.49 -98.58 16
16/08/2013 15:33:03 16.77 -98.43 27 5.3 16.54 -98.59 20
21/08/2013 12:38:36 17.00 -99.54 233 6.2 16.79 -99.56 20
21/08/2013 13:02:22 17 -99.51 29 5.3 16.73 -99.7 11
06/10/2013 14:27:58 17.05 -99.84 22.3 5 16.83 -100.1 10
06/10/2013 15:11:01 17.05 -99.97 20.6 5.1 16.81 -100.11 10
02/01/2014 23:54:01 16.31 -97.85 23.2 4.8 16.08 -97.96 1
18/04/2014 | 14:27:36 17.55 -101.25 18.9 7.3 17.18 -101.19 10
08/05/2014 17:00:20 17.36 -100.74 213 6.5 17.11 -100.87 17
10/05/2014 07:36:05 17.31 -100.82 20.7 6.1 17.06 -100.95 12
10/05/2014 17:26:40 17.23 -100.71 22.2 5 16.91 -100.95 20
24/05/2014 08:24:50 16.52 -98.28 16.2 5.7 16.21 -98.42 18
04/08/2014 | 00:21:54 17.35 -100.67 32.8 5.1 17.09 -100.84 10
11/08/2014 01:09:40 16.38 -98.29 21.6 4.8 16.38 -98.19 10
13/08/2014 06:48:13 16.36 -98.28 12 5.4 16.13 -98.35 10
08/09/2014 20:30:41 16.43 -98.16 18 4.9 16.33 -98.32 15
11/10/2014 16:46:05 16.35 -95.68 24 5.5 15.97 -95.61 10
12/01/2015 | 00:59:21 16.45 -97.63 29 49 16.19 -98.09 2
05/04/2015 06:55:06 16.19 -98.37 21.4 4.8 15.975 -98.664 16
25/06/2015 10:31:51 16.26 -98.16 69.5 4.8 16.15 -98.08 16
14/07/2015 01:25:35 18.29 -103.33 22.8 4.9 18.18 -103.49 2
30/09/2015 17:25:59 17.95 -101.27 64.7 5.4 17.83 -101.52 30
23/11/2015 | 20:41:25 17.1 -98.74 32.8 5.6 16.86 -98.94 10

Table S2. Performance evaluation of the ts-tp algorithm on 359 acceleration records from the

selected 116 Mexican subduction earthquakes.

CMT Catalogue Seismic Field Sensor Information Performance of m(ts-ty) algorithm Hypothetical Performance of SASMEX
Date C“'T"i:;‘;“ M, ;(e:}z;:lf:'{'i';{g f");;':'fie:: D‘E')‘ng‘cle tete [s] Av(tsts) Max(v(ts-ty)) m(ts-ts) tol=0.5 tol=1.0 VE%EZ;; EEW Issue Aci::%:lgi‘:v.;(h
Hypo-center [km] [km] 4
19/09/1985 13:18:25 8.1 CALE 20.7 25.5 3.31 4.14 2.81 5.6 <5.8 No Apply -
29/05/1986 20:31:15 5.2 VIGA 34.5 49.6 6.21 3.99 2.55 5.5 OK OK <5.8 No Apply -
08/02/1988 13:51:32 58 PAPN 219 29.1 4.06 5.50 4.04 6.2 OK OK 5.8 E’;’/;::_z:‘;ke oK
LLAV 43.4 47.5 5.81 4.92 3.38 6.0 OK OK 5.8 8
PAPN 13.6 222 345 4.83 3.51 5.5 OK OK <5.8
10/03/1989 05:19:49 5.4 PETA 22.3 284 3.80 4.40 2.63 5.4 OK OK <5.8 No Alert OK
LLAV 34.4 38.8 5.17 4.63 2.99 5.8 OK OK 5.8
25/04/1989 14:29:06 6.9 VIGA 24.6 311 522 529 3.61 6.3 OK 25.8 No Apply -
CPDR 19.4 23.6 3.00 3.46 2.15 5.0 OK OK <5.8
02/05/1989 09:30:18 5.5 SMR2 16.4 21.2 3.01 4.68 3.57 5.7 OK OK <5.8 No Alert OK
VIGA 33.0 35.6 4.35 3.87 2.54 5.4 OK OK <5.8
PARS 16.3 40.2 4.71 4.73 3.06 5.8 OK >5.8
CAYA 16.3 39.5 5.03 4.19 2.70 5.4 OK OK <5.8
08/10/1989 22:32:41 5.1 No Alert OK
ATYC 24.6 43.6 529 4.04 2.77 55 OK OK <5.8
coyc 24.0 433 5.34 3.97 2.74 53 OK OK <5.8
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CPDR 5.4 133 241 4.40 2.99 52 0K 0K <5.8
ACAZ 17.9 21.7 3.44 5.26 423 59 0K >5.8
ACAD 26.9 29.6 3.90 3.91 2.51 53 0K 0K <5.8
13/01/1990  02:07:32 5.3 ACAR 23.7 26.7 4.02 441 3.09 5.2 OK OK <5.8 E':‘Ar/z;?l‘i‘r’:‘:e est?r‘l’;rt;on
ACAP 313 33.6 426 418 248 5.4 0K 0K <5.8
MSAS 27.4 30.2 4.46 425 3.02 55 0K 0K <5.8
XALT 305 33.1 5.00 4.02 2.38 58 0K 0K >5.8
SLUI 244 27.1 3.35 3.71 2.56 5.1 0K 0K <5.8
11/05/1990  23:43:52 55 No Alert OK
LLAV 319 341 441 425 2.64 56 0K 0K <5.8
SLUI 17.4 235 3.14 4.80 3.60 53 0K 0K <5.8
LLAV 27.4 317 421 5.67 4.07 6.5 0K >5.8 Under-
31/05/1990  07:35:24 58 No Alert neer
PAPN 28.6 32.7 445 464 3.34 5.7 OK 0K <5.8 estimation
MAGY 44.7 475 5.53 4.02 2.79 5.4 0K 0K <5.8
14/01/1991  21:11:15 55 UNIO 163 29.6 4.00 4.44 3.19 53 0K 0K <5.8 No Apply
12/02/1992  11:57:00 5.2 PETA 30.7 30.7 6.32 410 250 5.2 oK 0K <5.8 No Apply
PAPN 303 32.2 4.06 4.00 2.63 55 oK 0K <5.8
31/03/1992  20:56:41 5.4 PETA 326 34.4 451 3.49 1.94 52 0K 0K <5.8 No Alert OK
LLAV 57.1 58.2 6.07 3.69 1.83 59 0K 0K >5.8
PAPN 157 176 3.00 4.45 2.97 5.4 0K 0K <5.8
31/03/1993  10:18:19 55 SLUI 172 18.9 3.25 3.70 2.20 5.1 0K 0K <5.8 No Alert OK
GRO2 2538 27.1 3.93 3.97 2.42 56 0K 0K <5.8
GR11 19.0 26.9 3.32 5.41 4.03 6.0 0K >5.8
GR10 11.8 224 3.86 5.44 437 6.3 0K 0K >5.8
24/10/1993  07:52:23 6.6 COPL 7.4 20.4 4.00 5.74 419 6.7 0K 0K >5.8 E%;;&E‘i‘;ge 0K
GRO9 36.1 408 5.16 494 3.44 59 0K >5.8
VIGA 36.1 408 5.48 5.05 3.51 6.2 0K 0K >5.8
GR11 308 37.8 2.00 426 3.30 58 >5.8
091995 1h0kal 73 COPL 336 40.2 3.45 4.01 2.57 56 <5.8 E%&Zﬁi,“jke ok
GR10 383 44.2 3.50 4.01 2.59 56 <5.8 g
GRO9 61.1 64.9 578 4.07 243 59 >5.8
09/10/1995  15:36:29 8.0 MZ01 50.2 50.4 6.68 6.14 4.60 75 0K 0K >5.8 No Apply
30/10/1995  14:47:59 56 PNTP 50.2 57.1 6.65 3.87 245 55 oK 0K <5.8 No Apply
25/02/1996  09:18:03 5.9 PNTP 51.1 54.0 6.71 3.43 173 52 0K <5.8 No Apply
COPL 142 23.0 3.66 3.77 2.47 5.2 0K oK <5.8
13/03/1996  21:04:23 5.1 No Alert OK
VIGA 30.2 35.2 373 512 4.03 57 0K <5.8
27/03/1996  12:34:53 55 PNTP 256 26.6 3.77 4.46 3.17 53 oK 0K <5.8 No Apply
PAPN 18.4 27.2 3.67 4.88 3.49 5.7 0K <5.8
Lsjorji996 22342 66 PETA 156 25.4 450 4.89 3.35 59 0K >5.8 Farthquake ok
AZIH 37.4 42.4 5.62 438 2.90 5.8 0K >5.8 Warning
GRO2 47.7 51.7 6.94 4.01 231 58 0K >5.8
PETA 7.8 215 3.37 438 2.90 53 0K 0K <5.8
18/07/1996  08:16:47 5.4 No Alert oK
PAPN 28.4 34.7 3.81 4.16 271 5.4 0K 0K <5.8
11/01/1997  20:28:40 7.1 CALE 358 39.2 479 6.28 523 7.0 0K 0K >5.8 No Apply
16/01/1997  21:41:17 55 CALE 14.0 28.6 4.08 453 331 5.4 0K 0K <5.8 No Apply
21/01/1997  21:20:02 55 JAMI 39.7 438 5.61 4.16 2.70 5.4 0K 0K <5.8 No Apply
03/03/1998  07:38:29 5.2 PANG 5.1 13.0 4.06 441 2.97 53 0K 0K <5.8 No Apply
PET2 2622 318 3.11 429 2.80 56 oK 0K <5.8
09/05/1998  17:03:16 5.2 covYQ 39.1 431 411 3.96 2.52 55 oK 0K <5.8 No Alert OK
GRO1 40.6 445 4.28 3.80 2.66 52 0K 0K <5.8
16/05/1998  17:41:59 52 coYQ 35.1 37.8 4.46 3.83 2.57 53 0K 0K <5.8 No Apply
GRO6 20.0 20.7 2.94 3.76 2.55 52 0K 0K <5.8
coyc 17.9 18,6 3.22 3.79 2.49 53 0K 0K <5.8
05/07/1998  19:55:10 5.3 No Alert OK
GRO5 193 20.0 3.34 3.71 219 5.1 0K 0K <5.8
ACAC 298 30.2 470 441 2.95 53 oK 0K <5.8
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30/09/1999  16:31:23 7.4 LANE 17.3 23.6 538 6.25 457 7.9 0K 0K 258 No Apply
11/04/2000  18:35:44 5.2 CALE 12.7 16.1 418 3.64 217 55 0K 0K <538 No Apply
09/08/2000  11:41:53 65 CALE 135 21.0 4.00 533 411 6.2 0K 0K 258 No Apply
01/12/2000  14:07:46 54 CALE 237 275 411 401 245 57 0K 0K <538 No Apply
coyc 8.2 9.1 1.44 526 427 59 0K 0K 258
CAYR 18.1 185 2.50 3.90 2.66 55 0K 0K <538
GRO6 223 22.7 3.20 477 3.44 55 0K 0K <538
GRO4 303 305 3.74 416 2.66 53 0K 0K <538
08/10/2001  03:39:26 58 ACAD 306 309 4.42 5.00 3.34 6.2 0K 0K >5.8 Farthquake OK
Warning
ACAC 333 336 4.60 459 2.86 57 0K 0K <538
ACAR 34.0 342 479 558 3.90 6.2 0K 0K 258
GRO3 58.8 58.9 5.65 337 171 5.1 0K <538
ACAZ 416 418 591 477 295 6.1 0K 0K >58
29/10/2001  05:23:18 5 GRO4 22.0 224 311 338 210 49 0K 0K <538 No Apply
07/06/2002  16:03:02 5.2 LANE 34.0 36.7 437 3.25 1.90 46 0K <538 No Apply
19/06/2002  21:50:11 5.3 JAMI 30.0 312 3.37 3.69 227 5.6 0K 0K <538 No Apply
coyc 14.8 157 3.19 3.66 2.30 55 0K 0K <538
ACAD 273 27.8 3.90 421 292 54 0K 0K <538
25/09/2002  18:14:50 5.3 ACAR 315 319 416 3.79 227 53 0K 0K <538 No Alert 0K
ACAC 29.7 30.1 446 419 273 54 0K 0K <538
ACAZ 371 37.4 5.01 3.79 2.02 54 0K 0K <538
ATYC 18.2 413 4.06 487 371 54 0K 0K <538
27/09/2002  07:05:00 5.1 SUCH 8.7 38.1 418 4.02 2.62 5.6 0K 0K <538 No Alert 0K
GRO4 26.6 456 438 426 256 5.6 0K 0K <538
JAMI 36.0 363 441 358 2.14 5.4 0K 0K <538
08/11/2002  23:20:47 5.2 No Alert 0K
OMTP 57.7 57.9 6.60 348 1.99 5.2 0K 0K <538
coYQ 226 36.8 5.08 4.67 3.14 5.8 0K 0K >5.8
10/12/2002  03:09:33 5.4 AZIH 306 422 5.68 443 2.90 53 0K 0K <538 No Alert 0K
SLUI 431 52.0 6.77 377 2.34 5.2 0K 0K <538
GRO4 17.3 346 327 457 313 56 0K 0K <538
ATYC 29.4 42.0 4.06 429 2.85 56 0K 0K <538
GRO5 206 36.4 446 465 336 57 0K 0K <58
10/01/2003  02:08:03 5.2 No Alert oK
GRO3 416 513 543 3.89 251 55 0K 0K <58
OCLL 46.9 56.0 6.49 3.49 2.01 5.2 0K 0K <538
ACAD 485 57.0 6.97 353 1.76 55 0K 0K <538
22/01/2003  02:06:49 7.5 MZ02 503 51.1 470 5.47 423 63 58 No Apply
27/03/2003  07:44:24 5.2 UNIO 41 25.4 466 3.66 2.05 57 0K 0K <538 No Apply
coYQ 40.2 40.7 6.42 3.87 214 55 0K 0K <538 Under-
01/01/2004  23:31:53 6.0 No Alert naer
GRO1 41.7 422 6.80 3.92 2.85 5.1 OK <5.8 estimation
PET2 269 30.4 5.08 345 1.79 5.2 0K 0K <538
01/01/2004  23:58:06 5.6 No Alert oK
coYQ 34.4 372 6.01 356 1.86 55 0K 0K <538
LANE 14.0 244 434 3.40 212 49 0K 0K <538
13/01/2004  19:50:27 5.1 No Alert oK
0X17 61.0 64.7 5.70 3.83 2.60 53 0K 0K <538
0X07 9.0 18.6 3.97 351 2.07 5.2 0K 0K <538
LANE 6.0 17.1 4.00 429 2.87 56 0K 0K <538
13/01/2004  21:229:00 5.4 No Alert oK
RIOG 319 35.7 530 3.88 2.34 55 0K 0K <538
0X17 55.4 58.1 6.21 430 2.83 57 0K 0K <538
06/02/2004  19:11:36 5.1 CALE 124 17.2 438 339 2.03 49 0K 0K <538 No Apply
PNTP 17.2 20.0 2.96 538 418 63 0K 0K >58
0X04 286 303 3.10 422 273 55 0K 0K <538
14/06/2004  22:54:28 5.9 JAMI 379 39.4 3.69 453 3.15 55 0K 0K <538 No Alert Under-
estimation
0X02 35.0 36.4 5.82 3.86 2.61 54 0K 0K <538
0X01 324 33.9 6.13 3.48 1.88 53 0K <538
14/08/2005  02:52:04 5.4 0X01 336 36.8 432 3.80 2.29 53 0K 0K <538 No Apply
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31/07/2006  18:25:23 5.3 coju 21.8 24.0 5.52 337 1.97 49 0K 0K <538 No Apply -
SJAL 37.7 399 434 446 3.28 53 0K 0K <538
13/08/2006  15:14:28 5.3 No Alert 0K
MARU 30.2 329 439 429 2.86 5.6 0K 0K <538
19/08/2006  05:41:31 5.6 RIOG 18.8 553 341 3.86 2.69 54 0K 0K <538 No Apply -
TAMA 225 519 447 3.68 236 55 0K 0K <538
08/11/2006  17:18:49 5.1 No Alert 0K
GALE 9.4 472 4.83 442 3.23 5.2 0K 0K <538
0X07 236 28.1 454 334 1.97 4.8 0K 0K <538
LANE 16.0 22.0 467 378 252 5.2 0K 0K <538
15/03/2007  13:13:02 5.3 No Alert 0K
RIOG 208 257 494 347 1.96 5.2 0K 0K <538
0X05 37.8 408 6.28 358 181 5.6 0K 0K <538
ATYC 13.0 431 3.83 5.64 419 65 0K 0K >538
GRO4 105 424 472 5.63 430 6.6 0K >538
13/04/2007  05:42:27 6.0 GRO3 223 46.7 5.83 4.89 321 6.1 0K 0K >5.8 Farthquake OK
Warning
coyc 39.7 57.1 6.58 445 2.76 55 0K 0K <58
GRO5 364 54.8 6.65 496 3.29 6.2 0K OK 5.8
GRO4 17.6 54.0 407 472 3.28 55 0K 0K <538
ATYC 18.8 544 428 463 3.40 5.6 0K 0K <538
13/04/2007  08:43:50 5.3 coyc 348 617 545 3.78 1.99 54 0K 0K <538 No Alert 0K
GRO5 317 60.1 552 438 291 5.2 0K 0K <538
GRO3 412 65.6 6.21 375 237 5.2 0K 0K <538
GRO1 371 443 2.93 3.79 233 53 0K 0K <538
19/04/2007  10:02:14 5.3 coYQ 3838 457 3.12 3.85 274 54 0K 0K <538 No Alert 0K
SLU2 484 54.0 3.97 3.29 1.69 49 0K 0K <538
ACAR 5.6 10.6 400 470 354 5.1 0K 0K <538
GRO6 15.0 17.6 4.03 459 3.66 54 0K 0K <538
OCLL 12,0 154 4.08 4.85 3.66 54 0K 0K <538
VNTA 27 94 413 4.03 2.85 54 0K 0K <538
ACP2 101 13.6 453 471 3.42 53 0K 0K <538
28/04/2007  13:56:39 5.1 No Alert 0K
ACAC 10.2 13.6 472 5.14 4.03 57 0K <538
AGCA 22.0 238 498 416 277 53 0K 0K <538
POZU 29.1 306 5.07 3.87 274 54 0K 0K <538
ACAZ 16.2 18.6 526 482 355 54 0K 0K <58
GRO8 389 399 6.00 345 2.09 5.0 0K 0K <58
coju 37.1 387 224 5.40 410 63 >58
31/05/2007  10:11:14 5.1 No Alert 0K
SJAL 523 534 521 3.68 217 56 0K 0K <58
GROS 74 11.7 228 5.09 3.62 538 0K 0K 58
OCLL 29.1 307 3.04 424 2.92 55 0K 0K <538
GRO6 29.8 312 325 469 3.46 57 0K 0K <538
06/11/2007  06:35:46 5.4 ACP2 353 364 3.87 404 252 57 0K 0K <538 No Alert 0K
ACAD 374 384 405 459 3.09 57 0K 0K <538
ACAR 39.1 40.1 416 441 2.88 53 0K 0K <538
ATYC 351 362 5.20 391 242 54 0K 0K <538
0X10 213 535 5.68 351 1.97 53 0K 0K <538
30/07/2008  10:23:35 5.3 No Alert 0K
HUAM 476 68.4 6.27 3.48 1.87 53 0K 0K <538
GRO1 287 382 2.92 407 2.89 5.1 0K 0K <538
20/10/2008  05:01:10 5.2 PET2 30.2 393 3.89 325 1.62 48 0K 0K <538 No Alert 0K
SLU2 402 474 443 394 2.65 53 0K 0K <538
NUX2 14.3 333 450 429 2.83 5.6 0K 0K <538
GRO2 14.4 333 455 374 2.40 5.2 0K 0K <538
27/03/2009  08:48:20 5.3 No Alert 0K
SLU2 14.6 334 455 457 3.18 56 0K 0K <538
coYQ 26.2 399 5.10 3.93 241 55 0K 0K <538
POZU 20.1 214 415 533 394 63 0K 0K 258
27/04/2009  16:46:32 5.8 VNTA 263 27.2 4.68 4.66 3.09 538 0K 0K >58 Ef,\r,thq‘.‘ake 0K
arning
GRO8 15.3 16.8 496 479 3.25 57 0K 0K <538
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OCLL 358 367 556 478 3.13 59 0K 0K >5.8
ACAZ 259 26.8 5.60 5.12 336 6.1 0K 0K >5.8
ACAR 28.1 289 5.64 5.19 3.82 6.0 0K 0K >5.8
0CTT 37.9 387 574 4.88 333 59 0K 0K >5.8
ACAC 30.2 31.0 5.84 5.83 423 69 >538
ACP2 338 346 5.90 458 297 57 0K 0K <538
GRO6 402 408 6.09 450 2.84 55 0K 0K <538
VIGA 409 415 6.32 444 2.85 54 0K 0K <58
0X07 244 445 4.62 411 2.64 53 0K 0K <58
0X08 18.9 417 490 405 2.99 53 0K 0K <58

09/02/2010  00:47:45 5.7 LANE 363 519 5.67 419 2.84 54 0K 0K <58 No Alert 0K
GALE 414 564 5.82 447 294 54 0K 0K <5.8
TAMA 492 62.6 6.26 3.82 210 5.4 0K 0K <538

19/03/2010  20:48:51 5 GRO1 114 19.0 274 3.87 2.50 55 0K 0K <538 No Apply -
0X01 17.8 205 248 481 357 5.4 0K 0K <5.8

16/04/2010  10:01:13 5.2 PNTP 445 456 5.70 350 1.76 5.4 0K 0K <5.8 No Alert 0K
SILL 55.2 56.1 6.87 411 252 53 0K 0K <538
0X01 27.3 27.7 244 460 3.20 5.6 0K <538

20/04/2010  02:28:59 5 No Alert 0K
SILL 64.1 643 555 3.60 2.02 55 0K 0K <538
GRO1 262 303 2.60 3.95 248 55 0K 0K <538

25/05/2010  23:36:22 5.1 SLU2 34.2 373 3.17 436 3.15 5.8 0K >538 No Alert 0K
coYQ 325 3538 337 3.70 217 5.1 0K 0K <538
0X04 15.4 17.5 2.65 555 4.18 6.4 0K 0K >5.8
PNTP 12,9 15.3 3.17 5.68 431 6.7 0K 0K >538

30/06/2010  07:22:33 6.3 JAMI 24.0 254 4.06 5.52 4.00 6.2 0K 0K >5.8 E%;;&E‘i‘;ge OK
0X02 415 423 5.04 3.93 236 55 0K <5.8
0X03 476 483 599 5.17 414 5.8 0K 0K >5.8
GRO8 221 232 327 3.99 237 57 0K 0K <5.8
ACAZ 138 154 336 478 341 55 0K 0K <5.8
ACP2 27.7 286 432 336 1.83 5.0 0K 0K <5.8

26/04/2011  11:07:33 5.4 No Alert 0K
POZU 412 418 5.13 397 277 53 0K 0K <5.8
VIGA 505 51.0 5.68 350 1.79 54 0K 0K <58
GRO9 505 51.0 5.81 397 242 56 0K 0K <58
GR11 105 15.2 3.49 4.89 3.42 538 0K 0K >58
GR10 135 17.4 381 460 3.00 57 0K 0K <538

05/05/2011  13:24:09 5.7 COPL 8.1 13.7 3.82 470 331 54 0K 0K <538 Ef/;:;i:‘;;e est?:“:gon
VIGA 388 404 5.64 433 2.62 5.8 0K 0K >5.8
SILL 455 469 633 5.01 338 6.2 0K 0K >5.8
GALE 13.7 259 3.29 445 3.23 53 0K 0K <538

09/07/2011  12:42:30 5.1 No Alert 0K
PANG 227 316 498 416 2.67 54 0K 0K <538
0X01 10.4 19.1 2.83 539 3.99 6.4 >5.8

sz 180255 75 0X02 423 453 6.08 6.42 5.08 7.7 0K 0K >5.8 E?/;::-z?;ke ok
SILL 428 457 6.09 6.03 441 7.4 0K 0K >5.8 8
COPL 634 65.4 6.87 3.46 211 5.1 <538

21/03/2012  11:36:18 5 0X01 223 299 524 3.86 230 55 0K 0K <538 No Apply -
0X01 17.5 202 338 496 3.70 57 0K <538
0X02 29.6 313 3.72 401 2.70 55 0K <5.8

24/03/2012 01:58:42 4.9 No Alert OK
0X04 42.0 432 537 334 1.59 5.1 0K 0K <538
0X03 50.8 519 6.19 355 250 5.1 0K 0K <538
SJLL 213 29.2 294 4.24 292 5.5 OK OK <5.8

01/04/2012  22:23:52 5.3 No Alert 0K
0X03 585 618 6.69 351 1.79 54 0K 0K <538
0X01 4.8 11.1 2.01 5.19 4.12 5.8 OK OK 258

02/04/2012  17:36:46 6.1 0X02 37.1 384 4.57 437 2.90 58 0K 0K >5.8 Ef,\r,ta};g“‘;:e OK
SILL 408 421 552 5.41 377 538 0K 0K >538
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COPL 66.9 67.7 6.67 3.70 2.40 5.1 0K <538
CALE 382 414 3.70 410 241 53 <538
11/04/2012  22:55:17 6.7 MC03 39.0 422 415 428 2.57 58 OK >5.8 Farthquake OK
Warning
MCO02 63.1 65.1 6.94 4.05 2.27 6.0 0K 258
0X01 235 27.4 3.07 453 3.15 55 0K 0K <538
13/04/2012  10:10:06 5.3 0X02 46.1 482 578 426 2.96 5.6 0K 0K <538 No Alert 0K
0X04 512 53.1 6.69 410 242 53 0K 0K <538
0X01 335 37.1 3.46 421 3.03 54 0K 0K <538
0X02 35.4 38.8 5.64 3.49 2.16 5.1 0K 0K <538
13/04/2012  13:06:30 5 No Alert 0K
0X04 276 319 6.52 3.74 1.95 53 0K 0K <538
SJLL 59.9 62.0 6.91 3.69 1.96 5.8 0K 258
0X02 29.0 29.4 359 412 278 53 0K 0K <538
0X01 15.1 159 378 424 2.84 55 0K 0K <538
24/07/2012  05:25:33 5.1 No Alert 0K
0X04 441 444 513 3.82 228 54 0K 0K <538
0X03 51.1 51.4 579 414 259 53 0K 0K <538
0X02 329 33.0 3.74 478 3.47 54 0K 0K <538
0X01 17.7 17.8 3.85 485 336 538 0K 0K >58 i
22/09/2012  12:30:02 5.5 Earthquake Over-
0X04 435 435 5.04 437 2.88 5.8 0K 0K >5.8 Warning estimation
0X03 54.1 54.1 529 457 291 57 0K 0K <538
0x11 238 311 426 458 2.99 57 0K 0K <538
HUAM 231 30.6 430 3.96 238 5.6 0K 0K <538
18/12/2012  01:38:26 5.3 0X13 352 405 5.01 425 2.67 5.6 0K 0K <538 No Alert 0K
0X14 337 392 539 411 2.61 53 0K 0K <538
0X12 493 53.2 5.70 448 2.67 5.6 0K 0K <538
SJAL 40.7 41.0 459 372 2.16 5.2 0K 0K <538
MCO7 411 414 522 3.80 218 53 0K 0K <538
20/02/2013  21:23:13 56 No Alert 0K
CLO1 441 444 6.14 3.88 233 55 0K 0K <538
CLO2 387 39.0 6.94 3.66 232 55 0K 0K <538
26/03/2013  13:04:53 54 0X01 582 59.1 423 445 2.99 5.4 0K 0K <538 No Apply
26/03/2013  13:12:23 5.2 0X01 385 39.8 442 4.07 2.58 5.2 0K 0K <538 No Apply
GRO2 148 22.6 378 5.70 454 6.9 >5.8
NUX2 14.7 225 3.85 5.69 456 69 >5.8
05/04/2013  01:58:49 55 GRO1 335 376 5.44 391 238 55 0K 0K <58 Farthquake Over-
Warning estimation
ATYC 449 48.0 578 415 2.64 53 0K 0K <538
GRO4 51.9 546 6.42 3.66 2.05 57 0K 0K <538
GR16 15.4 383 4.84 4.05 259 57 0K 0K <538
GR14 222 415 543 3.86 221 55 0K 0K <538
GR17 29.7 46.0 573 428 253 57 0K 0K <538
12/04/2013  03:45:10 5.3 No Alert oK
AZIH 222 414 5.74 3.63 1.94 57 0K 0K <538
GR28 455 57.4 6.18 3.83 216 54 0K 0K <538
GR18 438 56.1 6.47 420 246 55 0K 0K <538
MCO02 376 389 522 547 434 6.4 0K 0K >58
22/04/2013  01:16:35 6.1 GR18 32.1 33.6 6.06 511 3.65 59 0K 0K >5.8 Earthquake 0K
Warning
GR17 428 44.0 6.83 499 323 6.4 0K 0K >58
GR11 282 324 4.06 345 1.81 5.2 0K 0K <538
06/08/2013  20:17:34 5 No Alert oK
0X02 36.4 398 483 3.62 219 55 0K 0K <538
GR11 255 324 401 3.88 2.50 55 0K 0K <538
16/08/2013  15:33:03 5.3 GR32 33.0 386 452 3.44 1.85 5.2 0K 0K <538 No Alert 0K
0X02 372 422 472 353 2.07 53 0K 0K <538
GROS 6.6 211 3.27 476 3.25 5.6 0K <538
POZU 318 37.7 459 4.66 3.16 5.8 0K 0K >58
21/08/2013  12:38:36 6.2 Ez\r/thq‘.‘ake oK
ACAZ 25.3 32.3 4.79 5.84 436 6.8 0K >5.8 arning
ACAC 325 382 4.86 559 3.96 63 0K 0K >58
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ACAR 320 377 5.13 526 373 6.2 0K 0K >538
VNTA 313 37.2 528 485 3.17 6.0 0K 0K 258
ACAD 351 404 627 497 338 6.1 0K 0K >538
ACP2 37.0 421 655 4.86 3.46 57 0K 0K <538
GRO6 435 479 6.97 438 2.99 52 0K <538
GRO8 225 25.1 3.20 341 2.08 5.0 0K 0K <538
ACAZ 117 16.0 338 5.03 4.09 5.4 0K 0K <538
VNTA 234 258 3.49 4.10 267 52 0K 0K <538
ACAR 223 249 356 458 334 55 0K 0K <538
ACAC 207 234 3.72 4.62 3.14 57 0K 0K <538
21/08/2013  13:02:22 53 ACAD 234 259 3.82 412 2.64 53 0K 0K <538 No Alert 0K
ACP2 255 278 394 384 231 54 0K 0K <538
GR30 39.2 407 434 434 3.15 57 0K 0K <538
POZU 395 411 456 381 254 53 0K 0K <538
OCLL 377 395 4.83 424 3.42 5.4 0K 0K <538
GRO9 514 526 6.09 361 1.90 56 0K 0K <538
GRO6 17.9 206 2.79 394 241 55 0K 0K <538
06/10/2013  14:27:58 5 GRO5 19.4 218 327 372 224 5.2 0K 0K <538 No Alert 0K
GR29 428 439 5.10 343 1.96 5.1 0K 0K <538
GROS 214 237 3.01 3.92 245 54 0K 0K <538
ACP2 255 274 3.07 343 197 5.1 0K 0K <538
GRO6 19.7 221 3.12 3.99 2.87 53 0K 0K <538
ACAR 314 329 338 345 2.03 5.1 0K 0K <538
06/10/2013  15:11:01 5.1 No Alert oK
ACAC 289 306 3.42 358 2.00 55 0K 0K <538
coyc 19.8 222 353 3.62 216 55 0K 0K <538
ACAD 268 286 3.89 384 242 54 0K 0K <538
ACAZ 353 36.6 493 337 1.70 5.1 0K 0K <538
02/01/2014  23:54:01 48 0X04 233 233 3.85 441 2.87 53 0K 0K <538 No Apply -
GRO1 203 22.7 274 6.00 452 7.1 0K 0K 258
GR13 338 353 463 5.07 352 6.2 258
SLU2 29.9 316 5.07 575 422 6.7 0K >58
18/04/2014  14:27:36 7.3 GR14 54.0 549 5.20 449 3.23 54 <538 E;ﬁ:ﬁ‘;;‘e oK
NUX2 44.0 452 599 499 3.42 6.1 58
PET2 382 395 6.11 533 3.92 63 0K >58
GRO2 444 455 6.92 551 3.88 6.1 >58
GRO2 144 223 3.16 521 3.90 6.0 0K 0K 58
NUX2 14.2 22.1 372 5.08 381 538 0K >58
08/05/2014  17:00:20 65 SLU2 193 258 3.96 481 3.35 57 0K <5.8 E@;:ﬁ‘}f;‘e OK
GRO1 273 322 474 425 2.80 55 0K <538
SUCH 283 33.0 597 431 2.90 57 0K <58
NUX2 24.0 268 3.02 465 333 538 0K 0K >58
GRO2 243 27.1 3.05 5.08 3.65 538 0K 0K >58
10/05/2014  07:36:05 6.1 SLU2 232 26.2 3.69 476 3.29 56 0K 0K <5.8 Ef/;:;i:‘;;e OK
SUCH 385 403 435 338 182 5.0 <538
GRO1 269 295 477 465 359 56 0K 0K <538
NUX2 366 417 415 353 214 5.2 0K 0K <538
10/05/2014  17:26:40 5 No Alert 0K
SLU2 39.0 438 4.68 357 215 53 0K 0K <538
SILL 478 511 576 439 275 53 0K 0K <538
24/05/2014  08:24:50 5.7 No Alert 0K
0X04 56.8 59.6 632 415 254 53 0K 0K <538
NUX2 143 175 2.86 458 3.19 56 0K 0K <538
04/08/2014  00:21:54 5.1 No Alert 0K
SLU2 226 247 358 3.90 2.69 55 0K 0K <538
11/08/2014  01:09:40 4.8 0X01 289 306 271 470 3.65 5.0 0K 0K <538 No Apply -
13/08/2014  06:48:13 5.4 0X01 212 234 2.72 5.16 391 59 0K 0K 258 No Alert 0K
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0X02 443 454 3.33 3.47 1.94 52 0K 0K <5.8
0X04 51.4 524 5.87 3.89 2.23 56 0K 0K <5.8

08/09/2014  20:30:41 4.9 0X01 1338 204 2.95 4.03 2.69 55 0K <5.8 No Apply
0X12 26.1 28.0 5.29 5.00 3.44 6.1 0K >5.8

11/10/2014  16:46:05 55 0X14 482 493 5.63 474 3.13 5.7 OK OK <5.8 E;“/{,:;E‘i‘r’:‘:e est?l“’:t;on
0X35 56.4 57.3 6.80 3.94 2.03 59 0K 0K >5.8
0X04 22.7 228 3.15 414 2.92 53 0K 0K <5.8

12/01/2015  00:59:21 4.9 0X03 50.9 50.9 5.73 3.59 234 53 0K 0K <5.8 No Alert OK
0X05 542 54.2 6.46 3.63 1.90 5.7 0K <5.8

05/04/2015  06:55:06 4.8 0X01 424 454 4.77 416 2.74 53 0K 0K <5.8 No Apply
0X03 55.0 57.4 3.48 423 2.72 55 0K <5.8

25/06/2015  10:31:51 438 No Alert 0K
0X02 45.1 479 5.70 3.39 1.69 5.1 0K 0K <5.8

14/07/2015  01:25:35 4.9 MCO5 195 196 2.57 3.77 2.46 5.2 0K 0K <5.8 No Apply
GR15 153 33.7 6.15 474 3.19 5.7 0K 0K <5.8
GR14 243 38.6 6.19 4.28 275 56 oK oK <5.8

30/09/2015  17:25:59 5.4 GR16 225 37.5 6.22 4.62 3.25 5.7 oK 0K <5.8 No Alert 0K
GR28 37.2 49.2 6.52 4.40 2.92 53 0K 0K <5.8
GR17 333 44.9 6.77 4.62 2.95 5.8 0K 0K >5.8
GR31 196 22.0 4.99 535 3.52 6.5 0K >5.8

jjts 204135 56 GR32 22.4 245 5.57 4.87 3.27 6.0 0K 0K >5.8 Barthquake over-
GR10 25.1 27.1 6.40 4.49 331 53 OK OK <5.8 Warning estimation
GRO9 339 354 6.74 5.05 3.55 6.1 0K 0K >5.8
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Capitulo IV

A fast earthquake early warning algorithm
based on the first 3 seconds of the P wave

coda

(Submitted to Bulletin of the Seismological Society of America on march 13, 2018)
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A FAST EARTHQUAKE EARLY WARNING ALGORITHM BASED ON THE
FIRST 3 SECONDS OF THE P WAVE CODA

Armando Cuéllar'?, Gerardo Suéarez? and J. M. Espinosa-Aranda®

! Centro de Instrumentacion y Registro Sismico (CIRES), Mexico City, Mexico

2 Instituto de Geofisica, UNAM, Mexico City, Mexico

ABSTRACT

A new seismic early warning algorithm is presented that estimates a magnitude threshold
using the first three seconds after the onset of the P phase on the vertical component. This
new algorithm considerably reduces the processing time compared to previous algorithms
used by the Mexican earthquake early warning system (SASMEX). It was designed to alert
in-slab earthquakes within the subducted Cocos plate. The tp+3 algorithm was based on a
training dataset of 76 accelerograms of 25 Mexican in-slab earthquakes, with focal depths >
40 km. The algorithm uses two parameters measured in the vertical component of the P
waves: the sum of the cumulative quadratic acceleration, a, ) and 6p, a parameter that
represents the slope of the curve of the cumulative acceleration. The model is based on a
learning machine that linearizes piecewise the empirical relation between these two
parameters and M,,. The resulting algorithm was tested on 9 recent earthquakes that took
place from 2014 to 2017, recorded in 37 strong motion records. In addition, the algorithm
was evaluated in the context of the Mexican earthquake early warning, applying it to 24 in-
slab earthquakes occurring from 1995 to 2017 (5.0< M,, <7.1). The results show that the
magnitude of 19 earthquakes was properly estimated, for four of them it was overestimated
and in one case the magnitude was underestimated. Three earthquakes M,,>6.5 that affected
Mexico City were included in the dataset: the M,, 6.5 event on 11 December 2011 and the
destructive in-slab Tehuacan and Morelos earthquakes on 15 June 1999 (M,, 7.0) and 19
September 2017 (M,, 7.1). The retrospective application of the tp+3 algorithm shows that

these earthquakes are correctly identified as M,, > 6 and would activate a seismic alert. The
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tp+3 algorithm would have given 34 and 25 seconds respectively, before the arrival of

strong motion in Mexico City.

INTRODUCTION

Early warning systems are in a constant race to discriminate as rapidly as possible the
magnitude of earthquakes that may prove damaging to cities with a high seismic
vulnerability. The challenge is to provide a warning time, as long as possible, that enables
the authorities and the population to carry out preventive actions before the arrival of the

damaging seismic waves (e.g., Wu and Kanamori, 2005).

The Seismic Alert System of Mexico (SASMEX) uses the 2(ts-tp) and (ts-tp) algorithms
(Cuéllar et al., 2017a; b). The (ts-tp) procedure requires the arrival of the S waves and the
2(ts-tp) needs twice this time in order to determine whether an alert is emitted (Espinosa-
Aranda et al. 1992; Cuéllar et al., 2017a; b). These algorithms allow warning times in
Mexico City for earthquakes originating along the subduction zone of the Cocos Plate of
between 60 and 120 seconds. Therefore, waiting for the arrival of the S wave is not an issue
considering the large lead-time available. In the case of cities located near the subduction
zone, which now have a seismic alerting system, the (ts-tp) algorithm reduces in half the
time needed to process the data and make a decision on the emission of an alert, increasing

the warning time in those cities.

The situation is different, however, for earthquakes beneath Central Mexico that take
place within the subducted Cocos plate. Hereon, we refer to these events as in-slab
earthquakes. Due to the contorted nature of the subducting Cocos plate (Suarez et al., 1990;
Pardo and Suarez, 1994; 1995), in-slab earthquakes range in depth from 50 km in central
Mexico to 180 km, beneath the Isthmus of Tehuantepec. Although in-slab events are
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generally smaller and less frequent than subduction earthquakes, they occur beneath the
more highly populated areas of Mexico, frequently causing damage and loss of life. In these
cases, algorithms that require the arrival of the S waves to issue an alert are of little use

because the arrival of the S waves coincides with the strong ground motion.

The need of seismic early warning systems in cities located above in-slab earthquakes
stimulated the development of a fast algorithm based only on the P wave coda. We present
here an algorithm that uses the first three seconds after the P phase, as measured on the
vertical component. The algorithm is designed for earthquakes with hypocentral depths >
40 km, where strong motion instruments are located at distances of a few tens of kilometers
from the epicenter. The algorithm, called tp+3, is correlated to My, and makes use of two
parameters to determine a magnitude threshold to issue a seismic early warning: a,r), the
cumulative quadratic acceleration in the tp+3 s period, and a parameter called 6, that
parameterizes the shape of the cumulative quadratic acceleration in the first three seconds

of P wave coda.

A magnitude model, m;,.5, is constructed using an active and supervised learning
machine method. The algorithm was developed using a training dataset of 76 strong motion
records recorded from 25 earthquakes from 1997 to 2013, with a magnitude range of 5.0 <
My < 7.1. The resulting algorithm was tested on 9 recent earthquakes that took place
between 2014 and 2017, recorded in 37 strong motion records. These earthquakes are all in-
slab events with hypocentral depths > 40 km. In addition to the test earthquakes, three of
the largest in-slab events are used to analyze the retrospective performance of the proposed
algorithm. These are the M,, 7.0 Tehuacan earthquake on June 15, 1999, the M,, 6.5
Zumpango del Rio earthquake on December 11, 2011, and the destructive earthquake that
occurred near Mexico City on September 19, 2017 (M,, 7.1). The results on these test
earthquakes indicate that the tp+3 algorithm is a robust and reliable early warning
algorithm that offers a substantial time advantage for preparedness purposes, compared

with algorithms that wait for the arrival of the S phase.
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BACKGROUND ON THE DEVELOPMENT OF THE tp+3 ALGORITHM

On December 11, 2011, an earthquake M, 6.5 occurred near the town of Zumpango,
Guerrero at a depth of 65 km. This earthquake was felt strongly in Mexico City, located at
an epicentral distance of 200 km (Figure 1). The Mexico City strong motion network
(RACM) recorded peak ground accelerations > 20 cm/s?
(http://cires.org.mx/racm_historico_es.php). Although the earthquake caused no substantial
damage, there were power outages in approximately thirty districts in Mexico City and the
temporary suspension of telephone and mobile communications. At that time, SASMEX had
no coverage in this inland region of Mexico. The monitoring stations were concentrated on
the Pacific coast, covering only the subduction zone. Therefore, SASMEX was unable to

issue an early warning in Mexico City.

This experience showed that the coverage of SASMEX monitoring stations needed to be
expanded to cover the inland regions of the country affected by in-slab earthquakes.
Furthermore, it became clear that a faster algorithm was necessary, that need not wait for
the arrival of the S waves, as the other algorithms traditionally used by SASMEX (Cuéllar et
al., 2017a, b). This becomes clear when the (ts-tp) and the 2(ts-tp) algorithms are used in a
post facto analysis based on the two closest strong motion stations that recorded the 2011
Zumpango earthquake: TNLP-Tonalapa and COMD-La Comunidad (Figure 1). These
strong motion stations, operated by the Instituto de Ingenieria of the National Autonomous
University of Mexico (I1-UNAM), are located at epicentral distances of 52 and 65 km. The
application of the (ts-tp) and 2(ts-tp) algorithms on these two seismic records would have
resulted in a warning times of 27 and 16 s, prior to the arrival of the S waves observed at
station SCT2-Secretaria de Comunicaciones in Mexico City (Figure 1). However, the
population would have probably felt the ground motion produced by the coda of the P

waves prior to the alert signal.
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Figure 1. Post facto analysis of the 11 December 2011 Zumpango earthquake (M,/6.5)
with a focal depth of 65 km. The (ts-tp) and the 2(ts-tp) algorithm would have issued an
alert in Mexico City approximately 27 and 16 s before the arrival of the S waves.

The experience of the Zumpango earthquake demonstrated that for seismic foci within
the subducted Cocos plate that take place close to major cities in central Mexico, it is
possible to issue a seismic early warning that provides a useful warning time. Moreover an
algorithm that substantially reduces the time needed to discriminate the magnitude
threshold, would offer a much longer warning time to take civil protection measures prior

to the arrival of strong shaking ground.
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ESTIMATION OF PARAMETERS a7y AND 6p OF THE tp+3 ALGORITHM
Cumulative Quadratic Acceleration, a,,r)

The acceleration records of free field seismic stations located above the hypocenter of
in-slab earthquakes normally exhibit high vertical accelerations of the P waves, compared
to the horizontal components. This facilitates the identification of the P phase on the
vertical channel of triaxial accelerometers. Parameter a,) measures the cumulative
growth of seismic energy in the vertical component during the interval tp+3 s. The
cumulative quadratic acceleration is calculated beginning at the initial detection of the P

wave, as in Equation 1:

apry = Nl xup (D)2 (1)

where:
Xyp IS the acceleration on the vertical channel
tp is the arrival time of the P phase
T is the 3 s processing window

As an example, parameter a, 7 is calculated on stations GR04-Cacalutla, GR18-Joluta
and GR13-Petatlan, of the SASMEX network, for three earthquakes: October 6, 2013 (M,
5.1; focal depth = 21 km); the April 21, 2013 (M,, 6.1; depth=27 km); and the April 18,
2014 (M, 7.2; depth=21 km). The recording strong motion stations lie at similar epicentral
distances to these three earthquakes. Although these earthquakes are not in slab events, the
exercise highlights the difference in the cumulative quadratic acceleration a,,ry of the P
wave during the first seconds for earthquakes with different magnitudes. The cumulative
growth of energy, measured by parameter a,ry, shows values of 10% 10" and 10° cm®/s*

for earthquakes with magnitudes 5.1, 6.1 and to 7.2 respectively (Figure 2).
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Figure 2. Cumulative quadratic acceleration observed in the first three seconds of the P
wave coda for three earthquakes at similar epicentral distances; but with different

magnitudes My,.
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The Shape of the Seismic Acceleration Curve: Parameter 8p

The growth of the cumulative acceleration in the period tp+3 s shows three very different
growth shapes, depending on the magnitude of the earthquake: linear, sigmoidal and
exponential (Figure 2). Thus the shape of the growth rate of the quadratic acceleration

appears to be a good indicator to estimate magnitude.

Based on equations 2 and 3, the slope of the growth of the P wave quadratic acceleration

is divided into two segments:

__ Oy(T1)~%(T0)
Myery =— - 2)

Ay(T1)

_ Oy(T2)~%(T1)
My =— - (3)

Ay(T2)

Where:

ay(r0) IS the cumulative sum of the acceleration from tp to tp+0.5 s
ay,(r1) IS the cumulative sum of the quadratic acceleration fromtp +0.5sto tp+1.75 s

a,(r2) IS the cumulative sum of the quadratic acceleration from tp +1.75 s to tp+3 s.

In the case of intermediate-depth earthquakes, P waves arrive almost vertically at
seismic stations near the epicenter, producing large vertical accelerations. Thus we propose

a 0.5 s waiting period to stabilize subsequent measurements. The normalized rates m,,ry)
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and m,(ry) define the growth rate with duration of 1.25 seconds, in the interval between 0.5

seconds and 3 s, after the arrival of the P wave. Thus the parameter expressing the shape of

the cumulative energy growth may be expressed as:

6, = arctan(—2) (4)

My(T1)

The parameter 6, is an angular measurement of the rate of change of the quadratic
acceleration on the vertical component, a,r), in the first three seconds after the P arrival.
When 6p =~ n/4, the rate m, 7,y does not have a significant change with respect to m,,r4).
In this case, the growth rate is constant and the P wave growth is linear. When 6, < n/4,
My(ry) 1S larger than my, 5y and the P wave growth is sigmoidal. Finally, when 6, > n/4,

My (rz) IS larger than m,,r1y and the P wave growth is exponential.

SELECTION CRITERIA OF STRONG MOTION RECORDS

Data from 349 strong seismic records from 57 earthquakes were selected to assess the
usefulness of parameters log,, a,(r) and 6p to estimate M,, in an earthquake early warning
system. The networks of the 1I-UNAM (Pérez-Yéfez et al., 2014) and SASMEX recorded
these accelerograms. Out of this dataset, 113 acceleration records of 34 earthquakes were
selected based on the following criteria (Figure 3 and Table S1 available in the electronic

supplement):

1. Earthquakes M,, > 4.6, occurring from 1985 to 2017, based on the CMT
catalogue (Ekstrom et al., 2012) (http://www.globalcmt.org/CMTsearch.html)
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2. Focal depth > 40 km located in the intraplate region, based on the catalog of the
Seismological Service of Mexico (SSN) (http://www.ssn.unam.mx)

3. Accelerograms with minimum mean accelerations of 4 cm/s?, considered as the
acceptable floor of self-noise of the strong motion instruments (Cuéllar et al.
2017b).

4. Strong motion stations located at epicentral distances < 110 km. This criterion is
an empirical consideration. It represents twice the minimum hypocentral depth of
Central Mexico of in-slab events, which is approximately 55 km.

23.00 AN

21.00

19.00 +

17.00 +

15.00 T T T
-107.00 -102.00 -97.00 -92.00

Figure 3. Location of the 34 in-slab earthquakes included in the training and testing
datasets, based on the criteria described in the text. Open circles represent the epicenters of

the earthquakes and closed triangles the location of the strong motion stations.
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CORRELATION BETWEEN PARAMETERS a,,ry and 8p VERSUS M,,

The correlation between logy ayry vs. My and 6pvs. M, based on the selected 113

acceleration records is defined as (Pearson, 1895):

r, = 22 1(0p@) —0p) (Mw(i)—Mw) 5)
2 2
\/Z?=1(9P(i)—9P) \/Z?=1(Mw(i)—Mw)
_ _ Zit,(log1o ayr) —T0g10 ayr) )(Mwe—Mw)
& (6)

- _ N2 —\2
\/Z{Ll(logm ay(ry —10810 ay(7) ) JZ?:l(MW(i)_MW)

Where:

T is the time window of 3 seconds, starting at the arrival of the P waves

n is the number of elements; in our case 113

0p, logiy a,ry and M,, are the average values of these parameters

The correlation between log,o a,ry and 6p versus M,, of the 113 acceleration records
correspond to values of r; = 0.42 and r, = 0.53, respectively (Figure 4). These correlations
show that it is feasible to construct a model relating the seismic magnitude M,, with these
parameters. On other hand, the correlation between log,, a,ry and 6p is r =0.1, indicating

that these parameters are linearly independent.
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Figure 4. a) Plot of a,,r) versus M,, for the selected accelerograms: b) Plot of parameter

6p versus My,.

ESTIMATION OF MAGNITUDE BASED ON PARAMETERS a,r) and 6p

A procedure similar to the one used to develop the (ts-tp) algorithm (Cuéllar et al.,
2017Db) is used to calibrate the tp+3 algorithm. The magnitude estimation m,,, , 5 is based on
a supervised learning model that linearizes piecewise the behavior of the a,y and 6
parameters as a function of magnitude M,,. The data used by the learning machine are
[%;, 7], where x; = (ay(ry, 6p) is the input data and ¥; is the target data, ¥; = Mw;. The
training data used to construct the algorithm consists of 76 acceleration records
corresponding to 25 earthquakes occurring from 1997 to 2013 and is expressed as the
vector [fj,yj]. Prior to the initiating the process, the data are ordered as a,(ry; < ay(r)j+1-

The flow chart of the learning machine is shown on Figure 5.
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The process solves the over determined set of equations log;o Mw; = aa,r); + B0p;.
The procedure is linearized piecewise in m number of sections of the curve, where for each
k-section the system of equations is solved with the elements (r(k)-r(k-1)), where r(k) is the
position of the ordered input data and its value corresponds to [fj,yj]. The solution of the
system of equations determines the value of coefficients [ay, Bx]. Error; is the absolute
mean error |[Mw,, — Ye,|; where Mw, is the reported magnitude and Ye, is the resulting

magnitude of the inversion process in section k.

[0yry0 G, M, ] logio MWy (k-1)+1 10810 VT 4y 10810 Brreniin Yer (k-1
(k=1)+1
%”vmz' zpz : ng} 10830 MW, e-1yez|  [19810 V1) yyep 10810 Oprie-nivz| Ve, & 1)+z
Aym3 P30 Wy = ke rlk-1)+
(.77 ' ) ‘ logso M"f’rrkﬂ)n = (10810 aVery 114 10810 Oprik-1es [ﬁk] ‘ Yerk-1)43
. . 1 M H H H
[aumn » Oon» Mwi] 810 MWr(k) 10g10 av(ry .y 10810 Opriny Yer
Ignore r(k)-th row;
rik) =j+1;
Observations
Ye : Magnitude estimations (Output Data)
av(y), &, Mw : Parameters to build (k)

1

the model (Input Data) A
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Figure 5. Schematic diagram showing the active supervised learning machine using

least squares method to construct a split model to map M,,.

The process starts by estimating a solution for the first segment, k = 1. When the error
for that segment is Error, < tol, the process iterates, adding the next data point
[fjﬂ,yjﬂ] and solves the new overdetermined set of equations (Figure 5). This iterative

process is followed until Error, > tol. At that point, the algorithm moves on to solve for
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the next section k+1 and sets the upper border y of section k, as the value y, =
0.5(ay(r); + auryj+1) Where the j+1-th item caused the Errort > tol. Thus the last data

point of section k is the j™ item [%;,%;], and the first datum of section k+1 will be the j+1"

pair [fj+1:3_’j+1]-

The correlation between a,,ry and M,, shows that in some cases, the accelerograms of
large magnitude earthquakes exhibit relatively low acceleration values (Figure 4a). These
outliers increase the value of Errory, introducing a nonlinear behavior. Thus the inversion
process is supervised at every iteration. If a data point [9@-,37]-] is identified as a clear outlier

in the k-model, the data point is manually eliminated by an active supervision of the

learning algorithm (Figure 5).

Using the training set of 76 acceleration records from 25 earthquakes the resulting model
relating the magnitude m;,,; to parameters a,)and 8p is defined by seven linear

equations (Equation 7):

(™ X 0pF1 if y1 = 0.4 x 103 cm?/s*
Ay(ry*2 X 0,"? if y, = 1.0 x 103 cm?/s*
Ay *3 X 0,53 if y3 = 2.3 x 103 ¢cm?/s*
Meprs = 3 Q™ X 0pP* if v, = 4.6 X 103 cm?/s* )
yr® X 0pP5 if y5 = 63 x 103 cm?/s*
Ay X 0pP% if yg = 9.8 x 103 cm?/s*

L@y X 6,77 if y;, > 3.8 x 10* cm?/s*

Where:
a; = 25330 %x1073; B; = —48.18 x 1073

a, =241.32x 1073 B, = 30.42x 1073

a; =223.08x1073; B3 = 79.81x 1073
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a, =219.70 x 1073; B, =109.14 x 1073

as =199.21 X 1073; fBs = 61.87 x 1073
ag = 189.50 X 1073; B, = 56.48 x 1073

a; =171.69%x 1073, B, = 89.83 x 1073

Additionally, in the construction of the algorithm, it is necessary to establish two criteria
in the model to eliminate the data inputs of the smallest and the greatest parameter values
used to calibrate the algorithm. In this case based with the small number of training data

set, we propose these empirical ranges:

< 5.0if if ayq) < 0.4 x10% cm?/s*
tp+3 (8)

> 7.0if if ayqy > 1.0 X 10° cm?/s*

As the number of training data grows, the criteria expressed in equations 7 and 8 must be

modified in a new calibration process.

Based on the expressions 9 and 10, the mean absolute error and its standard deviation
are estimated as:

_1lgn
Merror = N&j=1 |MWj - mtp+3]-| (9)

1

) 1
Oerror = (ﬁ Zj:l (mtp+3j - merror) ) (10)

The mean absolute error of the estimated magnitude based on the 76 accelerograms of

the training set was Megrror = 0.30 and a standard deviation of oerror = 0.22. The resulting
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error lies within the tolerance in magnitude of +0.5 and £1.0, this last tolerance error, is
accepted by the earthquake early warning system in Japan (Hoshiba M., et al. 2008). Based
on these tolerance criteria, the algorithm accurately predicts the magnitude with a success
rate of 82% and 100% respectively. A comparison between the estimated magnitude m, .3
and the catalog M,, shows a good correlation (Figure 6 and Table S2 available in the

electronic supplement).
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Figure 6. The magnitude estimation m,,, is plotted versus the catalog magnitude M,

for the training dataset composed of 76 accelerograms of 25 Mexican in-slab earthquakes
recorded from 1997 to 2013.
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MAGNITUDE ESTIMATION m,,,; ON INDEPENDENT TESTING DATA

In order to verify the robustness of the algorithm, a testing dataset was used based on 37
acceleration records, stemming from 9 in-slab earthquakes occurring from 2014 to 2017
(5.0 My < 7.1). This more recent dataset was used to test the resulting algorithm
considering that the seismic coverage in this period had a substantial improvement and is
similar to the current conditions. The test data includes the M,, 7.1 Morelos earthquake that
occurred on September 19, 2017. It is worth emphasizing that these data were not used in

the construction of the algorithm.

Based on expressions 9 and 10, the mean absolute error of the estimated magnitude was
Merror = 0.5, with a standard deviation oerror = 0.20. Considering an error tolerance of £0.5
and +1.0 in the magnitude estimation, the success rate was 89% and 97% respectively.

Thus the estimated magnitude m,,,; resulting from the test accelerograms compares

favorably with the catalog magnitude M,, (Figure 7).
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Figure 7. Magnitude estimation m,,,3 compared to the catalog magnitude M, of the test

data consisting of 37 accelerograms of 9 Mexican in-slab earthquakes occurring from 2014-
2017. The estimated magnitude for the My, 7.1 Morelos earthquake was M, > 7.0.
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EARTHQUAKE EARLY WARNING PERFORMANCE EVALUATION OF THE
tp+3 ALGORITHM ON MEXICAN IN-SLAB EARTHQUAKES FROM 1997 TO
2017

The warning criterion used by SASMEX requires that two neighboring seismic sensors
confirm the magnitude threshold in order to issue an alert. Thus to test the performance of
the tp+3 algorithm as an actual warning tool, it was tested on 24 earthquakes with
magnitudes ranging from 5 < My, < 7.1. These 24 earthquakes met the criteria of having at
least two strong motion stations that meet the specifications described above. Iglesias et al.
(2007) and Suérez et al. (2009) pointed out the difficulties of the 2(ts-tp) algorithm of
correctly identifying the magnitude in the narrow bins prescribed by the Mexico City
authorities to issue preventive alerts (5.5 < My, < 6). In order to avoid this problem of
estimating magnitude within very narrow bins, we propose a single earthquake early

warning criterion: M, > 5.8.

Of the 24 earthquakes analyzed, 19 were correctly classified considering the magnitude
threshold My, > 5.8. In four cases, the magnitude was overestimated and in only one case it
was underestimated. The only earthquake for which the algorithm underestimated the
magnitude was the M,, 5.8 earthquake on April 28, 2008 (Table S2 available in the
electronic supplement). The strong motion stations COMD, TNLP and ATYC estimated
magnitudes m,, 3 of 5.8, 5.5 and 5.7 respectively. TNLP estimated a lower magnitude due
to the low acceleration recorded. Because of the large hypocentral distance to ATYC (112

km), the magnitude estimated was slightly below the threshold and did not confirm the
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seismic alert. A more densely distributed network of monitoring stations probably would

have estimated the correct magnitude threshold.

The four earthquakes that were overestimated have relatively small magnitudes 5.5, 5.7,
5.3 and 5.5. In all cases, the epicentral distance was greater than 110 km. The algorithm is
not designed for these large epicentral distances. As discussed before, a denser coverage of
strong motion station, as exists today in central Mexico, probably would yield better

results.

PERFORMANCE OF THE tp+3 ALGORITHM ON LARGE MEXICAN IN-SLAB
EARTHQUAKES (M, > 6.5)

To further evaluate the performance of the tp+3 algorithm as an earthquake early
warning tool, three large magnitude in-slab earthquakes M,, > 6.5 that occurred relatively

close to Mexico City are analyzed in detail.

M,, 7.0 Tehuacéan Earthquake on June 15, 1999

The M, 7.0 Tehuacan earthquake on June 15, 1999 had a focal depth of 61 km. It is one
of the more damaging in-slab, recent earthquakes in Mexico (Singh et al., 1999; Garcia et
al., 2005). Forty people lost their lives and the earthquake caused damage to many private
and public buildings in more than 600 localities in central México, including Mexico City.

The earthquake was well recorded by strong motion stations of Instituto de Ingenieria,
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UNAM: the closest stations were CHFL-Chila de las Flores and CSER-Ciudad Serdan,
which are located 50 km and 83 from the epicenter respectively. The estimated magnitudes
mg,.3 Were 6.3 and 6.8 respectively (Table S2, available in the electronic supplement).
Therefore, a warning would have issued based on these two accelerograms. The resulting
warning time in Mexico City based on the tp +3 algorithm would have been 34 s (Figure 8).
In contrast, the 2(ts-tp) and (ts-tp) algorithms would have given a warning time of only 11

and 24 seconds respectively.
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Figure 8. Post facto analysis of the M,, 7.0 Tehuacan earthquake comparing an
earthquake early warning system using the tp+3 algorithm and the (ts-tp) and 2(ts-tp)
algorithms. The horizontal axis corresponds to GMT time beginning at the origin time of
the earthquake. The red dot on the map shows the location of the Tehuacan earthquake.

Tesis Doctor en Ciencias Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 104



Métodos Rapidos en Deteccién y Estimacién Sismica para Sistemas de Alerta Temprana:
Andlisis, Propuesta y Evaluacién Armando Cuéllar Martinez

My 6.5 Zumpango del Rio earthquake on December 11, 2011

The Zumpango del Rio, Guerrero earthquake occurred on December 11, 2011, at a depth
of 53 km. The distance from the epicenter to Mexico City was 200 km. In Mexico City
some high-rise buildings swayed for more than one minute, causing damage in the
electrical system that affected nearly 82,000 people and the disruption of the phone service.

Landslides blocked a toll road between Acapulco and Mexico City in several places.

At the time, the strong motion stations closest to the epicenter were TNLP-Tonalapa and
COMD-La Comunidad, at epicentral distances of 52 km and 65 km respectively. The
magnitude estimation m,,,3 in both strong motion records was 6.2. Here again, the tp+3
algorithm would have issued a public alert in Mexico City with a lead warning time of 35
seconds, prior to the beginning of the strong shaking (Figure 9). In contrast, the 2(ts-tp) and

(ts-tp) algorithms would have provided a warning time of 16 and 27 seconds respectively.
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Figure 9. Post facto analysis of Zumpango del Rio earthquake of December 11, 2011

(M, 6.5) (CMT catalog), comparing an earthquake early warning system using the tp+3

algorithm with the 2(ts-tp) and (ts-tp) algorithms. The horizontal axis corresponds to GMT

time beginning at the origin time of the earthquake. The red dot on the map shows the

location of the Zumpango earthquake.

M, 7.1 Morelos, Earthquake on September 19, 2017

The 19 September 2017 (M,, 7.1) took place a couple of hours after the annual national

drill, which annually sounds the seismic early warning alert to commemorate the

destructive earthquakes of September 1985 and to remind the population of the existing

seismic hazard. The 2017 earthquake caused 380 casualties and major damage in Mexico
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City and in surrounding locations. More than 11,500 buildings were damaged and 36
collapsed. Thanks to the expanded coverage of the SASMEX network, the nearest strong
motion instrument was located just 17 km from the epicenter. Based on the (ts-tp)
algorithm, an alert was issued in Mexico City. Although the alert was heard ~12 seconds
prior to the arrival of the S waves, most people felt strongly the incoming P waves, almost

simultaneously with the sound of the seismic early warning alert (Figure 10).

At the time, the tp+3 algorithm was still under testing and calibration and had not been
operationally implemented by SASMEX. However, it is interesting to compare the
theoretical performance of this new method, designed specifically for these types of
earthquakes, with the (ts-tp) algorithm that was operational at the time. The two strong
motion stations closest to the epicenter were: PBO01-San Juan Pilcaya and PBO02-
Tehuitzingo, at epicentral distances of 17 km and 51 km respectively. The magnitude
estimation for PBO1 was saturated due to the very large value of a,r), which is notoriously
larger than those used in the training data. By default, the magnitude at this station would
have been fixed to m,,,; > 7.5. PB02 estimated a magnitude m;,,; 6.7. Under these
conditions, the tp+3 algorithm would have issued a public alert ~25 s prior to the S wave

arrival and ~12 s prior to the P waves (Figure 10).

Tesis Doctor en Ciencias Posgrado en Ciencias de la Tierra, Instituto de Geofisica, UNAM 107



Métodos Rapidos en Deteccién y Estimacidn Sismica para Sistemas de Alerta Temprana:

Andlisis, Propuesta y Evaluacién Armando Cuéllar Martinez

200

B01-San]Juan Pilcaya, Puebla,A=17km ,,,, —
Meéxico.
100
2000 1
2 P ALOT
lEJ 0 ' | LD‘MX
| 19.00 4 Michoacan
| Puebla
-100 | | Arsoz
| | 18.00 + BO1
it | stp 1 2(tstp)
. Guerrero
-200 (! | | Pacific Ocean
tp+3 Algorithm 17.00
200 P
Fitst Estimation Myp,3> 7.5 ® Earthquake M, 7.1
| | ] A Seismic sensor
: ‘ I ® 0.?03 50 -102.50 -101.50 .m«‘n 50 -QB. 50 -QE.SO -97- 50

|
|
100 |
| PB02-Tehuitzingo, Puebla, A=51 km

cm/s?
o

Oaxaca

96.50

-100 |
| : 2(ts-tp)

|

|

|

: ts-tp
: tp+3 Algorithm
|

|

|

|

|

|

(ts-tp) Algorithm
Public Warning =11 s

-200

120 Confirmation my,; = 6.

|  2(ts-tp) Algorithm

Gulf of Mexico

95,50 -94.50

P B
R a1 Public Warning =5 s
&0 HE I%///I/////%I
| |
%, e 1
= 0
§ Fptr e N
RN
60 L1] t,+3 Algorithm
: : : : : : : I | Public Warning =25 s ALO1-Alameda Central, Mexico City, A=118 km
120 e S : + : : : : : : :
18:14:37 18:14:57 18:15:17 18:15:37 18:15:57 18:16:17

18:16:37

Figure 10. Post facto comparison of the performance of the tp+3 algorithms with the 2(ts-
tp) and (ts-tp) algorithms for the My, 7.1 Morelos earthquake on September 19, 2017. The

horizontal axis corresponds to GMT time starting ten seconds before the origin earthquake

time. The red dot on the map shows the location of the Morelos earthquake.

SUMMARY AND CONCLUSIONS

The tp+3 algorithm developed here, makes use of the first three seconds of the P wave

acceleration observed on the vertical component to estimate the magnitude threshold of

earthquakes and to make a decision whether an alert should be issued. The algorithm was
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constructed using a learning machine based on training data of 76 strong motion records

produced by 25 earthquakes, occurring between 1997 and 2013.

The tp+3 algorithm was tested post facto as a seismic early warning tool on 24
earthquakes with magnitudes 5 < M,, < 7.1. We propose a simple confirmation criterion as a
warning trigger of My, > 5.8. Nineteen events were correctly classified, in four cases, the
magnitude was overestimated and in only one case was underestimated. The performance
of the tp+3 algorithm was also analyzed on the three largest and more recent earthquakes in
central Mexico. Thus the magnitude m,,,;would have correctly screened the My, 7.0
Tehuacan, M,, 6.5 Zumpango and M,, 7.1 Morelos earthquakes. An early warning alert
would have been activated with warning times substantially longer than the algorithms that
require the arrival of the S waves. These results show that the tp+3 algorithm is a robust
and reliable method to rapidly estimate the magnitude threshold of earthquakes within the

subducted in-slab in central Mexico.
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Table S1. Mexican in-slab earthquakes (1997 to 2017), Mw = 5, epicentral distance

<110 km and acceleration records > 4 cm/s2.

Global Centroid Moment Tensor Catalog (CMT Catalog)

Mexican Seismological Service

(SSN)
Date Centroid | Latitude | Longitude Depth Mw Latitude Longitude Depth
Time N° we (km) N° we (km)
22/05/1997 | 07:51:00 18.76 -101.73 55.5 6.5 18.41 -101.81 59
20/04/1998 | 22:59:22 18.76 -100.94 59.6 5.9 18.37 -101.21 66
15/06/1999 | 20:42:13 18.44 -97.38 61.2 7.0 18.20 -97.47 92
21/06/1999 | 17:43:09 18.09 -101.62 48.0 6.3 17.99 -101.72 54
29/12/1999 | 05:19:49 18.00 -101.63 50.0 59 18.02 -101.68 82
21/07/2000 | 06:13:44 18.25 -98.46 56.0 5.8 18.09 -98.97 48
16/05/2003 | 09:09:25 18.32 -100.89 84.3 5.0 18.29 -101.23 67
07/08/2004 | 11:49:14 17.25 -95.30 104.7 5.8 17.10 -95.48 106
18/08/2004 | 09:03:12 16.40 -95.14 77.6 5.8 16.24 -95.15 51
24/09/2005 | 01:14:06 18.20 -96.85 61.0 5.0 18.05 -96.99 81
11/08/2006 | 14:30:44 18.50 -101.06 57.8 6.0 18.32 -101.27 51
04/05/2007 | 10:21:13 17.50 -96.68 59.5 5.0 17.20 -96.84 70
26/11/2007 | 21:56:15 18.80 -101.58 70.1 5.8 18.50 -101.31 53
12/02/2008 | 12:50:21 16.35 -94.51 87.1 6.5 16.19 -94.54 90
28/04/2008 | 00:06:30 17.89 -100.10 55.5 5.8 18.05 -100.01 52
29/04/2008 | 10:56:46 18.67 -101.14 63.5 5.3 18.47 -101.19 60
22/05/2009 | 19:24:23 18.22 -98.26 59.4 5.6 18.13 -98.44 45
15/08/2009 | 13:22:48 18.02 -100.53 69.0 5.5 18.06 -100.67 55
25/02/2011 | 13:07:29 17.98 -95.20 128.4 6.0 17.73 -95.21 135
07/04/2011 | 13:11:28 17.28 -94.12 153.8 6.7 17.20 -94.34 167
11/12/2011 | 01:47:28 17.89 -99.84 55.3 6.5 17.84 -99.98 58
01/05/2012 | 16:37:59 18.36 -100.95 59.7 5.7 18.20 -101.01 51
06/01/2013 | 18:24:46 17.22 -94.97 62.2 5.3 16.87 -95.02 55
16/06/2013 | 05:19:04 18.25 -99.18 49.6 5.9 18.04 -99.25 60
02/08/2013 | 09:29:47 16.61 -94.65 93.5 5.0 16.36 -94.76 77
02/05/2014 | 19:08:24 17.61 -94.51 148.1 5.1 17.33 -94.73 130
20/05/2014 | 01:39:15 18.27 -99.94 46.5 5.1 18.04 -100.10 53
21/05/2014 | 10:06:15 17.25 -95.00 125.1 5.8 17.11 -95.07 121
29/07/2014 | 10:46:19 17.97 -95.69 109.2 6.4 17.70 -95.63 117
04/10/2014 | 19:16:38 17.61 -94.72 141.3 5.6 17.40 -94.87 143
20/03/2015 | 22:30:11 18.12 -98.35 58.4 5.4 17.96 -98.58 61
28/04/2015 | 18:56:55 17.22 -95.07 116.9 5.5 17.03 -95.19 113
28/06/2015 | 15:54:43 16.67 -94.68 95.6 5.4 16.50 -94.89 84
19/09/2017 | 18:14:47 18.51 -98.62 52.7 7.1 18.40 -98.72 57
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Table S2. Results of the tp+3 algorithm of 113 acceleration records of 34 Mexican

in-slab earthquakes (1997 to 2017): 5.0 < My < 7.1 and depth > 40 km, considering an

alert trigger threshold of My, >5.8.

CMT Catalogue Seismic Field Sensor Information Performance of tp+3 algorithm Hypothetical Performance of SASMEX
Sertllsor Hypo
within a . - - .
b G, | i e e | s am e ome 45 40 Warsng  FEWlssue  According
since the [km] Range with M,
Epicenter
UNIO 4435 73.85 10.75 425 0.714 5.8 OK >58 Earthquake
22/05/1997  07:51:00 65 ) 0K
VILE 56.60 81.82 11.51 4.07 0.703 63 OK OK >58 Warning
20j0aj1998 225922 59 UNIO 77.31 101.69 11.12 3.32 0.546 6.2 OK OK >58 Earthquake ok
PET2 87.82 109.89 12.89 3.62 0.617 6.2 OK OK >58 Warning
15061999 204213 70 CHFL 49.80 106.13 9.49 3.32 0.62 63 OK >58 Earthquake oK
CSER 83.48 126.43 12.45 4.46 0.665 6.8 0K 0K >58 Warning
UNIO 9.97 54.97 7.36 4.65 0.577 6.2 OK OK >58
AZIH 49.05 72.96 9.02 3.30 0.731 6.4 OK OK >58
21/06/1999  17:43:09 6.3 VILE 51.90 74.96 9.03 414 0.455 63 OK OK >58 E%;;&E‘i‘;;‘e oK
PETA 68.21 87.01 10.43 3.64 0.713 5.8 OK OK >58
covQ 97.09 111.12 14.45 3.35 0.697 6 OK OK >58
UNIO 14.76 83.37 6.09 4.70 0.229 5.7 oK oK <538
AZIH 49.42 95.75 7.79 3.73 0.337 6 OK OK >58
29/12/1999  05:19:49 5.9 VILE 56.04 99.39 8.57 3.20 0314 59 oK oK >58 E%;;&E‘i‘;;‘e 0K
PET2 68.54 106.90 8.91 3.67 0.591 55 0K 0K <5.8
covQ 96.00 126.28 11.21 3.68 0.245 5.6 oK oK <5.8
21/07/2000  06:13:44 5.8 TNLP 64.99 81.23 8.36 3.60 0.659 6.1 OK OK >58 No Apply
16/05/2003  09:09:25 5 PET2 79.31 103.85 1255 2,61 0.354 48 oK oK <538 No Apply
07/08/2004  11:49:14 58 0X]M 68.86 126.54 13.14 2.85 0.398 55 0K 0K <538 No Apply
SCRU 8.53 51.79 7.48 3.90 0.405 5.8 OK OK >58
0X12 32.42 60.49 7.90 2.93 0.393 5.8 OK OK >58
16082008 090312 58 0XJM 38.92 64.28 8.02 3,50 0.258 59 0K 0K 2538 arthquake ok
0X13 48.79 71.73 8.24 3.27 0.279 6 OK OK 25.8 Warning
0X11 61.25 79.76 9.65 2.88 0.227 5.4 0K 0K <538
NILT 67.85 84.92 10.78 3.26 0.409 5.7 0K 0K <538
24/09/2005  01:14:06 5 0x23 75.92 112.57 11.19 3.40 0.415 53 0K 0K <538 No Apply
CANA 82.00 96.75 1091 3.48 0509 54 0K <538
1082006 143044 60 UNIO 68.95 85.80 10.98 338 0477 5.7 OK 0K <58 Earthquake ok
COMD 84.66 99.00 11.44 3.65 0571 6.2 0K 0K 2538 Warning
PETA 81.69 96.32 1335 3.76 0.462 6.2 OK OK >58
04/05/2007  10:21:13 5 0X29 20.25 7435 7.71 3.59 0.254 5.7 oK <538 No Apply
SNJE 3.98 53.33 8.30 3.71 0.356 5.8 OK OK >58
26/11/2007  21:56:15 5.8 CANA 73.73 91.00 8.84 436 0.39 5.8 OK OK 258 E;ﬁ:ﬁ?ﬁ;‘e oK
UNIO 76.99 93.50 11.88 3.26 0.17 63 0K 0K 2538
NILT 40.29 98.67 11.07 5.01 0.462 6.2 0K 0K 2538
Loz 125021 65 SCRU 73.62 116.34 12.17 478 0.388 6.4 OK OK >58 Earthquake ok
0X35 82.90 122.41 12.59 437 0.444 6.1 OK OK >58 Warning
0X12 97.36 132.63 15.85 331 0.599 6.8 OK OK >58
COMD 57.03 77.38 8.18 3.88 0552 5.8 0K 0K 5.8
28/04/2008  00:06:30 5.8 TNLP 49.64 72.42 9.69 356 0.444 55 0K 0K <58 No Alert esg‘;f:tri;m
ATYC 99.37 11218 10.59 3.86 0332 5.7 0K OK <58
29/04/2008  10:56:46 5.3 CANA 87.19 106.03 11.27 2.74 0.397 52 0K 0K <538 No Apply
HMTT 37.23 58.41 7.79 3.75 0.471 52 0K 0K <538
22/05/2009  19:24:23 5.6 RABO 46.11 65.33 8.29 4.02 0.234 6.2 OK >58 No Alert oK
CHFL 65.39 80.36 8.85 272 0318 53 0K OK <538
15/08/2009  13:22:48 55 COMD 17.36 57.97 6.33 4.62 0.426 5.8 0K 0K >5.8 Earthquake Over-
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SLU2 86.87 102.83 11.92 3.20 0.612 5.4 0K 0K <5.8 Warning estimation
NUX2 89.54 105.09 1233 2.96 0523 5.8 0K 0K 5.8
ATYC 92.66 107.78 12.55 2.87 0.843 5.8 oK 0K 5.8
25/02/2011  13:07:29 6.0 0X33 44.59 14224 1539 444 0807 6.8 0K 5.8 No Apply
joa0in 1miize 67 NILT 73.29 182.43 18.41 3.70 0.594 65 0K 0K 258 Farthquake ok
0X33 109.68 202.64 2294 433 0.661 6.1 0K 5.8 Warning
TNLP 5335 79.35 8.72 433 0.802 62 0K 0K 5.8
COMD 66.76 88.64 10.46 3.98 0.674 62 0K 0K 5.8
11/12/2011  01:47:28 65 POZU 89.28 106.66 13.39 3.72 0.583 6 oK oK 258 E@;;};?l‘i‘;:e 0K
GRO5 88.05 105.45 1371 364 0513 59 0K 5.8
GRO4 85.36 103.22 14.23 414 0638 65 0K 0K 5.8
SNJE 49.28 71.05 7.79 3.84 0.61 5.2 0K oK <538
COMD 54.10 74.56 950 3,50 0.497 6 0K 0K 5.8
UNIO 90.85 104.21 11.97 2.98 037 53 0K 0K <538
GR17 91.86 105.12 1216 3.05 0519 55 0K 0K <538
01/05/2012  16:37:59 5.7 GR13 78.44 93.60 12.19 3.51 0.586 5.7 0K 0K <5.8 E':‘Ar/z;?l‘i‘r’:‘:e est?r‘:a;on
GR16 89.43 102.98 12.22 2.77 0.403 59 0K 0K 5.8
GR15 8357 97.94 1223 344 0388 5.8 oK 0K 5.8
coYQ 86.23 100.20 12.87 355 0.482 54 0K 0K <538
GRO1 94.87 107.79 13.71 3.12 0.468 5.6 0K 0K <538
0X36 15.78 57.82 6.57 3.96 0.623 5.6 0K 0K <538
06012013 1824 53 0X35 58.95 80.67 9.68 312 0.446 55 oK oK <5.8 Farthquake over-
0X33 62.98 83.66 11.93 4.87 0235 6 oK 5.8 Warning estimation
0X14 95.42 11058 1194 316 0.257 6 oK 5.8
GR25 31.74 68.73 6.23 472 0.347 53 0K <538
GR24 18.10 63.39 6.84 504 0245 59 0K 0K 2538
16/06/2013  05:19:04 5.9 TNLP 34.68 69.94 7.16 463 0.17 53 oK <538 E%;;&E‘i‘;ge oK
GR27 36.52 70.88 7.32 503 0.163 65 0K 5.8
GR26 64.62 89.10 9.15 2.81 0477 62 oK oK 5.8
02/08/2013  09:29:47 5 NILT 26.68 8155 9.68 327 0.286 59 0K 5.8 No Apply
02/05/2014  19:08:24 5.1 0X33 70.83 148.10 16.07 2.86 0.456 55 oK 0K <538 No Apply
COMD 47.41 71.34 7.84 3.19 0.445 53 0K 0K <538
20/05/2014  01:39:15 5.1 No Alert 0K
ATYC 94.18 108.09 1344 274 0283 5.7 0K <538
0X36 38.79 127.66 12.75 459 0.196 59 0K 0K 5.8
2052008 100615 58 0X33 4132 127.93 12.95 4.89 0326 53 0K 0K <5.8 arthquake ok
0X34 66.77 138.94 1347 446 0.127 62 0K 0K 5.8 Warning
NILT 75.87 142.88 14.32 3.26 0.269 63 0K 0K 2538
0X25 7755 140.48 1357 415 0358 6.2 0K 0K 2538
2o/72014 104619 64 0X33 47.02 126.16 14.19 457 0717 5.8 0K 2538 arthquake ok
0X24 96.67 154.21 1552 3.61 0.655 7.2 0K 2538 Warning
0X32 8255 145.08 17.38 463 0.498 59 0K 0K 5.8
04/10/2014  19:16:38 5.6 0X33 55.76 153.55 13.25 338 0617 55 0K 0K <5.8 No Apply
HMTT 17.12 64.22 6.33 391 0.241 5.2 0K 0K <538
PB02 52.70 81.44 6.44 3.89 0325 5.1 0K 0K <538
PBO1 32.63 70.25 6.49 3.98 0241 54 0K 0K <538
20/03/2015  22:30:11 5.4 GR26 24.92 67.14 6.64 304 0344 55 0K 0K <5.8 No Alert 0K
GR27 46.64 77.38 7.69 339 0515 55 0K 0K <538
0X38 44.40 7653 8.34 4.00 0479 55 0K 0K <5.8
PB03 98.78 116.10 1294  3.05 0171 5.7 0K 0K <538
0X36 32.06 118.06 11.49 3.99 0336 53 0K 0K <538
0X33 3845 119.43 1237 415 0.443 55 0K oK <538
0X34 51.39 12491 1274 3.69 0.349 5.2 0K 0K <538
28/04/2015  18:56:55 5.5 0X35 69.39 132.66 13.36 3.04 0.333 5.8 OK OK 258 Ez\rfa};ﬁ“fge est?n‘iea;on
NILT 79.72 138.35 13.68 2.85 0.442 54 0K 0K <538
0X32 95.85 149.94 15.13 343 0.225 5.8 0K 0K 258
0X14 91.30 145.96 15.42 356 0178 59 0K 0K 258
2062005 155043 54 NILT 30.81 89.53 935 359 0.246 54 0K oK <538 No Alert ok
0X36 33.90 91.16 9.87 384 0355 53 0K 0K <5.8
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0X35 44.10 94.93 10.92 3.67 0.225 5.6 0K 0K <538
0X34 7241 111.55 12.58 311 0336 54 0K 0K <538
0X12 70.72 109.86 1322 356 0.24 5.6 0K 0K <58
0X13 81.06 117.88 14.19 3.16 03 54 0K 0K <58
0X14 96.57 12857 14.77 3.07 0.261 55 0K 0K <538
0x11 99,07 129.94 14.90 276 0211 5.6 0K 0K <538
PBO1 16.75 60.58 7.19 5.89 -0.29 >7.0 5.8
19/09/2017  18:14:47 7.1 PB02 50.82 77.18 7.72 4.88 -0.17 6.7 0K 0K 258 E?/;:;g?;;e 0K
GR25 5218 77.98 9.21 441 -0.22 6.7 0K 0K 5.8
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CONCLUSIONES

México inici6 su sistema de alerta sismica a partir de los dafhos que sufri6
principalmente la Ciudad de México por los sismos de septiembre de 1985; al ser uno
de los primeros sistemas en el mundo, ha tenido que evolucionar y adaptarse al
conocimiento y gestion del riesgo sismico entre otras recomendaciones no previstas
en su disefio principalmente en el &mbito geofisico y muy en especial referente a lo
social para la mejor preparacion, respuesta y resiliencia; no s6lo para la ciudad de
México, sino en otras ciudades vulnerables, en este sentido aun falta muchos esfuerzos
por hacer, por ejemplo, mejorar el conocimiento de este fendmeno natural en la
sociedad y principalmente en tomadores de decisiones. Ampliar, fortalecer y asegurar
las redes sismicas diversas que existen en el pais. Implementar redes de monitoreo de
multiples variables fisicas y mediciones sistematicas a largo plazo que permitan

comprender alin mas esta amenaza.

Este trabajo presentd una linea de investigacion y desarrollo, con una ruta trazada en
la légica de proponer metodologias con el objeto de reducir el tiempo de
procesamiento y margenes de error para contribuir en la mitigacion del riesgo sismico
de acuerdo al escenario sismico del sur de México en el contexto de sistemas de alerta
temprana. Hay varias lineas de investigacion que continuaran y derivaran del trabajo,

tales como proponer otros modelos de regresion para el algoritmo original del
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SASMEX en busca de definir rangos mayores de alerta; replantear algunos modelos
desde el paradigma de clasificacidon; proponer otros parametros; evaluar algunos
parametros propuestos en otras partes del mundo; incluir mas parametros y criterios
para determinar el activar o no una alerta, ademas de proponer métodos alternos al
criterio de activacion de alerta que en la actualidad sé6lo considera de manera basica,
la confirmacién de dos estimaciones de magnitud asociados a una distancia entre la

ciudad a alertar y el epicentro.

Los sistemas de alerta temprana si bien son herramientas que pueden salvar vidas y
reducir dafios y aun en el caso que pudiera reducirse el tiempo de procesamiento a
casi cero segundos buscando el mayor tiempo de anticipacién, habra ciudades que no
dispondran de algin lapso para responder adecuadamente. Por lo que estas
herramientas no debemos enfocarlas exclusivamente en obtener una estimacién de
baja incertidumbre respecto al posible tamafo de un sismo ya que adn prevalece la
complejidad en los modelos actuales para dimensionar el tamafio de un sismo y los
efectos que podria ocasionar. Asi el esfuerzo debe ser encausado en mejorar la
densidad y cobertura de los sensores sismicos para alerta sismica, perfeccionar mapas
de intensidades y desde luego, hacer énfasis en hacer del conocimiento las
limitaciones e imprecisiones que ocurrirdn en estos sistemas. Finalmente pero de
igual importancia, realizar sistematicamente campafias de difusiéon, proponer
protocolos, programas y normas encaminados en aprovechar los pocos segundos de

anticipacion, ya que de no hacerlo, ninguna alerta servira a la poblacidn.
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