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Resumen Ejecutivo

En el presente informe se revisan los antecedentes téenicos de las herramientas de modelacién meteorolégica y de
calidad del aire utilizada para el prondstico de las regiones de Maule, Temuco y Aysén y su desempeno respecto de PM;g,
con el objetivo de servir de evaluacién téenica independiente de acuerdo a lo requerido en ¢l Decreto 59/98 del Ministerio
Secretaria General de la Presidencia.

Para evaluar el desempeiio de los modelos se toman como referencia los datos de calidad de aire disponibles desde
el sitio web del Sistema Nacional de Informacién de Calidad de Aire (SINCA). El periodo analizado comprende una
temporada de Invierno extendida desde Abril a Septiembre de 2015.

Se evaluaron las metodologias en las regiones del Maule, Temuco y Aysén, en que a partir de las series de tiempo
horarias se caleulo de manera independiente la ocurrencia de las distintas catergorias de eventos de contaminacion. Se
realizaron tablas de contingencia de estos eventos pormenorizadas por estacion y por ciudad.

Se observa que para todas las regiones se satisface el criterio de 65 % de acierto en el prondstico categorico.

Se proponen nuevos indices para evaluar la aplicacién del pronéstico de calidad de aire que den cuenta de la relativa

importancia de la correcta deteccién de los episodios, asi como de evitar el potencial de falsas alarmas.

Estudio elaborado por encargo del Ministerio de Medio Ambiente, Divisién Calidad de Aire. Las opiniones y recomendaciones expresadas
en este trabajo son de exclusiva responsabilidad del autor y no comprometen de manera alguna a alguna institucion piblica o privada.



1. Vista general de las estaciones consideradas

En este informe se considera la informacién de material particulado PM;p medida en 8 estaciones de las 3 regiones
consideradas. La informacién de los datos horarios de PMq fue rescatada desde la pégina web del Sistema Nacional de
Calidad del Aire (SINCA). Los datos considerados en este estudio van desde el lero de Abril al 30 de Septiembre de 2015.
Los datos considerados en el andlisis son aquellos de los registros oficiales, y también los registros preliminares. Los datos
no validados fueron descartados. Las series horarias de datos de PMjg fueron transformadas a promedios mdviles de 24

h v posteriormente llevadas a un valor de categoria de acuerdo con la tabla 1

Cuadro 1: Relacion entre los episodios de contaminacion por PM o v los distintos indices v calificaciones usadas en el
pronéstico calegorico de la calidad del Aire

PM, (ug/m3) Indice ICAP  Calificacion  Nivel Tipo Episodio

0-149 0-99 Bueno No hay
150-194 100-199 Regular No hay
195-239 200-299 Malo 1 Alerta

240-284 300-399 Critico 2 Pre-emergencia
285-329 400-499 Peligroso 2 Pre-emergencia
330 y superior 500 y superior Excede 3 Emergencia

Se mostrara el comportamiento general de la serie de PM;q en las estaciones consideradas mirando los ciclos diarios
para cada estacién, asi como las series de tiempo de los promedios méviles de 24 horas de manera de identificar los

episodios relevantes.

a. Chielos diarios

Respecto del ciclo diario se obseva en todas las estaciones del Sur de Chile un méximo de concentracién de PMp
entre las 20 y 21 horas local, y en algunas estaciones un segundo maximo matutino entre las 7 y 8 horas local. En las
estaciones de Talea este mdximo se levanta levemente por sobre las concentraciones de base, en tanto que en las estaciones
de Coyhaique el méximo matutino es de similar magnitud al méximo nocturne (entre los 140 y 180 pg?) . Los niveles
base de concentracién de PM;q que se registran durante las horas valle del ciclo diario (entre las 10 y 15 horas local) van
desde 30 jg* en la estacion de Talca, Universidad Catélica del Maule. a cerca de los 55 pg” en la estacidn de Coyhaique 1.
Los valores maximos horarios se alcanzan durante el méaximo nocturno en la estacién de Talca La Florida, Temuco Padre

las Casas v Coyhaique 1. llegando en estas 3 estaciones a valores cercanos a los 180 pg? entre las 20 y las 21 horas.

b. Promedios moviles de 24 horas

La figuras 2 y 3 muestran las series de ticipo de PMyg de las estaciones consideradas, como promedios moviles de

24 horas. En general se observa que la mayor parte de los dias presentan condiciones buenas a regulaves (gris claro) con
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Figura 1: Ciclo diario de PNy para las estaciones consideradas, durante los meses de Abril a Septiembre de 2015.

algunos periodos excepcionales en que las concentraciones sobrepasan los niveles de Alerta (en las estaciones de Talca) v
Pre-cmergencia v Emergencia especialinente en las estaciones de Temuco y Coyhaique.

Las estaciones de Talca en general presentan valores siempre por debajo del umbral de alerta (195 1) y solo la
estaciones de Talea La Florida, y Talca U de Talca muestran episodios de mala calidad de aire de acuerdo a PM;g durante
fines del mes de Abril 2015. Este episodio también coincide con un episodio severo que alcanzé el nivel de emergencia
en Temuco. La inspeccion de las cartas meteoroldgicas (de anomalia de geopotencial) muestran que este episodio en
particular se trata de una extensa anomalia positiva de allura geopotencial que cruza por el cono sur Sudamericano y por
lo tanto se infiere que el episodio tiene su origen en una condicién de escala sinéptica a regional (ver campos climatolégicos
hemisféricos para algunos episodios en el anexo).

En el caso de las estaciones de Temuco, es posible discernir el episodio de contaminacién de fines de Abril antes



mencionado, v algunos episodios de menor intensidad (alerta) durante los meses de Junio, Julio v Agosto. La estacidn de
Temuco Padre Las Casas, posce la mayor cantidad de episodios en esta cindad v presenta un episodio de pre-IEmergencia
durante fines de Mayo. Estos episodios de Temuco. que no se replican necesariamente cn otras estaciones del sur de Chile,
parccen estar gatillados por las emisiones locales, teniendo los factores meteoroldgicos de escala sindptica una iinportancia
sccundaria.

A pesar de estar separadas por unos pocos kildinetros, las estaciones de Coyhaique por otro lado tiene comportamicntos
disfiniles: durante el periodo de andlisis se observan dos episodios de emergencia en la estacién de Coyhaique I, durante
la primera semana de Mayo y durante la dltima semana de Junio, mientras que en la estacion de Coyhaique II sdlo se
registra el episodio de Junio. Este comportamiento indicativo de una fuerte influencia de las emisiones locales cercanas a
las estaciones de monitoreo, y ha sido descrito en detalle por quienes han desarrollado el prondstico de calidad de aire para
esta ciudad (UNTEC 2015). La predictabilidad de los episodios aumenta en cuanto éstos estan relacionados a condiciones
de gran escala v meteorolégicas que entran a los modelos de prondstico va sea a través de las condiciones de borde de los

modelos fisicos o alimentando los Model Output Statistics (MOS).

2. Métodos de Prondstico

En esta seccion se describen brevemente y de acuerdo a la informacion proporcionada los modelos de prondstico

utilizados.

a. MOS Coyhaique

I'n el caso de Coyhaique se utilizan técnicas de Model Output Statistics (MOS) aplicadas a las series de concentracion
de PMjq para la cada una de las estaciones. De acuerdo a la informacién aportada ( UNTEC 2015; Meleodata 2016) el

prondstico consiste en los siguientes pasos basicos:

1. Se genera un prondstico MOS deterministico para la variable de interés a partir de las variables meteoroldgicas
obtenidas desde el modelo Global Forecasting Model. En este caso el valor de PMy en un tiempo tuturo y se

calculan los promedios diarios (no méviles) de los prondsticos deterministicos.

2. Se aplica una funcién de transferencia empirica (calculada con todos los datos disponibles, en este caso PNy de
las estaciones de Coyhaique T v Covhaique II) para ajustar el rango de los datos de pronédstico al rango de las

observaciones {de este proceso deriva un pronéstico MOS deterministico diario ajustado).

3. Se ajusta una distribucién de probabilidad a los resultados del prondstico respecto de las observaciones en distintos

intervalos.
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Fioura 2: Series de tiempo del promedio maévil de 24 horas de PMjy para las estaciones consideradas.
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Fstas técnicas o variantes de éstas téenicas han sido utilizadas con éxito en el prondstico de precipitacidn, tempera-
tura v calidad del aive (e.g. Hamill et al. 2008). No se reporta en las publicaciones internas cudles son las variables
meteoroldgicas que estan forzando el MOS, se sospecha que los vientos. temperatura y condiciones de estabilidad

debieran estar incluidas entre las variables predictoras. Seria conveniente preparar una publicacién para una revista
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Figura 3: Series de tiempo del promedio mévil de 24 horas de PMy, para las estaciones consideradas

revisacda por pares y/o una patente en donde conste la metodologia pormenorizada.
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b, WRFE Talca

En el caso del modelo de prondstico para Talca (v otras ciudades) el prondstico se basa en el modelo meteorolégico
de mesoscale Weather Research Forecasting (WRF). WRF es una herramienta de modelacién numérica disponible
de manera libre y que resuelve las ecuaciones de movimiento de la atmésfera bajo condiciones de no-hidrostaticidad.
WRE es la herramienta de modelacidon numérica y fisica de la atmdstera, que incorpora una serie de parametrizaciones
fisicas de los procesos de sub-grilla. Esto convierte a WREFE en la practica en un sistema de modelacién que incorpora

una serie de posibles distintas alternativas de simulacion dependiendo de las parametrizaciones fisicas utilizadas.

En el caso del pronéstico de Material Particulado, el método se encuentra extensamente documentado para el caso
de Chile por sus desarrolladores en la literatura cientifica (Saide el al. 2011, 2016). El modelo WRIF-Chem (Grell
el al. 2005) es la version del modelo WRE que incluye opciones de transporte v quimica de contaminantes. En este
caso a pesar de que los aerosoles componentes del PA gy tienen importantes [uentes secundarias, el modelo trata la
dispersién de un trazador inerte CO a partir de la mejor informacién de las fuentes de emisiones. Se ha mostrado
que la correlacién entre CO y material particulado es alta durante los episodios (Saide et al. 2011) y por tanto
factores de conversién entre CQO y material particulado son definidos para cada estacidn. El prondstico puede ser
inicializado varias veces al dia usando condiciones de borde tomadas desde los modelos operacionales del National

Center for Environmental Predictions (NCEP), el GI'S v AVN.

c. CENMA-DMC Temuco

Para el caso de las estaciones de Temuco el modelo a utilizar es un modelo basado en una serie de modelos histéricos
del prondstico de PM;y v PM2.5 que han venido siendo utilizados desde la década de los 1990s y que se conocen
genéricamente como modelos de Cassmassi, por el apellido de su desarrollador. Estos modelos son estéadisticos en su
origen. pero determisticos en su operacién. La definicién de las variables predictoras se realiza a través de regresiones
estadisticas con los datos observados. Como ejemplo se muestra la ecuacion 9, que es la que define el prondstico

para el dia signiente en la estacién de Las Encinas. Temuco:

PMp=-22.75 + 37.76A*PMCArDI1 - 3.871*TMNDOLL -
0.009*MPLEOGOGDO + 0.398*SITOW - 1.393*Declin
- 0.066*DDP850 + 0.065*NPLEI1200DA + 0.079*DI&50
donde PAMCArD1 es el Potencial Metecorolégico de Calidad del Aire (PMCA) relevante estiinado para manana en
la Regién de La Araucania (variable discreta y subjetiva), TAIN DOLE es la temperatura minima medida hoy en la
estacion de Las Encinas, A/ PLE060600 es el promedio fijo de MP10 de 06 horas obtenido hoy a las 06 a.an., medido

en la estacion Las Encinas. SHOW es el indice de estabilidad Showalter obtenido hoy del radiosondaje de Puerto



Montt, Declin es la declinacién solar, DD P850 es la diferencia entre las diferencias entre la temperatura ambiente
y la temperatura del punto de rocfo al nivel de 850 hPa entre sonda (SCTE) de hoy v el aver, AMIPLIF1200D A
es ol promedio fijo de MP10 de 12 horas obtenido hoy a las 00 a.n. o las 12 p.m. del dia anterior, medido en
la estacion Las Encinas y D850 diferencia de altura en mgp al nivel de 850 hPa entre sonda de hoy y el ayer,
obtenido en Puerto Montt. Dada la profusién y disponibilidad de variables meteoroldgicas en altura y de las salidas
operacionales de modelos numéricos con cada vez mejor resolucion espacial, no resulta del todo claro el uso del
Potencial Meteoroldgico de Calidad del Aire. considerado su subjetividad. Asi como ha sido mencionado en otros
informes (e.g. UNTEC 2012) el uso de este Potencial, debiera dar paso a la identificacion de las variables fisicas

involucradas en el empeoramniento de la calidad de aire.

3. Validacién de los prondsticos y tablas de Contigencia

a. Coyhaique
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Figura 4: Comparacion entre datos de Covhaique y prondstico.
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En la figura 4 se obscrva la comparacién entre el prondstico del maximo de 24 horas en negro y los valores de las
estaciones Coyhaique Iy Coyhaique IL. En general se aprecia que el prondstico tiene wn muy buen acuerdo con las
obsevaciones. mostrando en general la ocurrencia de episodios y también su duracién, capturando de muy buena

manera tanto el inicio como el término de los episodios. aungue no siempre acertando en su intensidad,

B-R | Alerta | PE [ E | % Falsa Alarma
B-R 80 1 0 0 1
Alerta 6 1 0 0 0
PE 6 1 1 0 0
E 1 1 3 2 0
% acierto | 99 17 8 | 25 0 83 %

Cuadro 2; Tabla de contingencia para el prondstico categérico de Coyhaique I . Los porcentajes son respecto del total de
los dias. El porcentaje de acierto es respecto de cada categorfa. Los procentajes estdn aproximados al entero superior.
Las filas indican las observaciones v las colimnas el pronéstico. La tltima columna de la tabla es el porcentaje de acierto
global del pronéstico categérico.

Esto queda también de manisfiesto en las tablas de contingencia para Coyhaique. Para todas las ciudades las tablas
de contingencia fueron construidas haciendo uso de solo 4 categorias en vez de 5 en virtud de que para la categoria
Bueno y Regular no han diferencia entre las medidas de mitigacién establecidas. De esta forma se pone el énfasis

de la validacién en la efectiva discriminacién que hace el prondstico entre las condiciones de episodio y no episodio.

El procentaje global de acierto del prondstico de PMyy para la estacién de Coyhaique es de un 83% y se explica
mayormente por el casi completo acierto de los episodios Bueno-Regular que son bien pronosticados en un 99 % de
los dfas considerados. En la estacién de Covhaique 11 el porcentaje global de acierto sube a un 88 % y se observa
en general bajos valores de falsa alarma en ambas estaciones, aunque las condiciones de Alerta pueden subestimar
episodios méas intensos en un 17 % de los dias en la estacién de Coyhaique I1. Esta situacion se ve mitigada por ser este
prondstico probabilistico. Inspeccionado las Falsas Alarmas, todas contienen probabilidades altas de la ocurrencia
de los episodios més severos, como efectivamente ocurrieron, y por lo tanto se considera como un elemento favorable
a la toma de decisiones durante la gestién de episodios contar con la informacion probabilistica. En la evalnacion del
modelo se dejé fuera esta caracleristica y por lo tanto la estimacién global de acierlo del prondstico aqui presentada

es una subestimacion del verdadero acierto del prondstico.

B-R | Alerta | PE | E | % Falsa Alarna
B-R 87 3 1 1 5
Alerta 3 0 0 1 17
PE 2 0 1 0 0
E 0 1 2 1 0
% acierto | 95 0 25 | 20 0 88 %

Cuadro 3: Coyhaique 11



b, Talca
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Figura 5: Comparacién entre datos de Talea y prondstico WRE para las estaciones de Talca.

En caso de Talea se ve que el modelo de prondstico es capaz de seguir la serie observada aunqgue con dificultad en
algnnos periodos. v también mostrado algunos marcados desfases entre episodios (ver Figura 11). Por ejemplo cl
prandstico muestra un episodio inexistente durante la iltima semana de Mayo que no se aprecia en las observaciones
de ninguna estacion. Bl modelo es capaz de distinguir las diferencias locales entre las estaciones. mostrando nna

buena capacidad de diseriminar entre estaciones. Al usar una correlacién entre CO y observaciones pasadas 1o cs
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claro si el origen de csta bondad del modelo tiene relacion con la metcorologia o con la correcta identificacion del
factor de conversion para cada estacién.

Sc presentan las tablas de contigencia para cada estacién de Talea. Los valores de acierto categdrico son disimiles,
En el caso de Talca La IPlorida, el acierto es solo del 78 % v se explica en parte por la incorrecta identificacion de 6
dias de Alerta y 3 dias de Precinergencia. La situacion es radicalimente distinta en el resto de las estaciones de Talea
en donde el porcentaje global de acierto es del 100 % o muy cercano al 100 % debido a la prevalencia de condiciones
Bueno-Regular en ambas estaciones, y a la correcta identificacién del prondstico de esta situacién. Se desprende de
este andlisis la necesidad de profundizar en el estudio de casos el porqué la incorrecta representacion de los episodios
en la estacién Talca La Florida. Se sugiere estudiar el comportamiento en detalle de la segunda mitad del mes de

Junio de 2015 que contiene tanto desaciertos como falsas alarmas.

B-R | Alerta | PE | E | % Falsa Alarma
B-R 78 5 3 2 12
Alerta 6 0 1 1 21
PE 3 0 0 0 0
E 0 0 0 0 0
% acierto | 88 0 0| - 0 78 %

Cuadro 4: Talca La Florida

c. Temuco

Como se aprecia en la Figura 6 el comportamiento del prondstico sigue de buena forma las observaciones en las
tres estaciones. En particular es capaz de distinguir los periodos de maxima contaminacién a escala intraestacional
aunque con algunos desfases y diferencias en la intensidad. Desafortunadamente el prondstico WRF no logra capturar
el episodio de contaminacién de fines de Abril de 2015. que como se menciond anteriormente es un episodio que
tiene caracteristicas regionales, pues se observa también las estaciones de Talca y otras del Sur de Chile (ver anexos

para las cartas climdticas de cada episodio relevante).

Respecto de las tablas de contingencia las estaciones de Temuco muestran un buen acuerdo general con porcentajes

globales de acierto de 93%, 88 % y 83 % para Las Encinas, Museo Ferroviario y Padre Las Casas, respectivamente.

B-R | Alerta | PE | E | % Falsa Alarma
B-R 100 0 0 (] 0
Alerta 0 0 0 0 -
PE 0 0 0 0 -
E 0 0 0 V] 0
% acierto | 100 - - |- 0 100 %

Cuadro 5: UC Maule
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B-R | Alerta | PE | E | % Falsa Alarma
B-R 98 1 0|0 1
Alertla 2 0 00 0
PE 0 0 0 0
D) 0 0 0 |0 0
% acierto | 99 0 - - 0 98 %

Cuadro 6: Universidad de Talca

Esta disminucion en el acierto coincide con la cantidad de dias con episidios que son 2, 3 y 5 respectivaimente.
Nuevamente el mayor acierto del prondstico ocurre durante los periodos de buena y regular calidad del aire y empeora
su acierto cuanto mayores son los dias con episodios. Nuevamente esta es una senal de alerta a los desarrolladores para
entender mejor el correcto prondstico de los episodios. Tanto en el caso de Las Encinas y Padre Las Casas se observan
Falsas Alarmas en el caso de Alertas, que fueron pronosticadas como Pre-Emergencias e incluso Emergencias. Estas
falsas alarmas se consideran benignas pues se traté de cualquier forma de dias con episodios. No sucede lo mismo
en los 5 dias en donde el modelo pronosticé condiciones de Pre-Emergencia y Emergencia que resultaron solo en

condiciones Buena-Regular.

B-R | Alerta | PE | E | % Falsa Alarma
B-R 92 2 2 1 4 0
Alerta 1 1 1 0 40 0
PE 0 0 0|0 0
E 1 0 0|0 0 0
% acierto | 96 20 - |o 0 93 %
Cuadro 7: Temuco, Las Encinas
B-R | Alerta | PE | E | % Falsa Alarna
B-R 88 4 1 1 9 0
Alerta 1 0 0 0 0 0
PE il 0 0 0 0 0
E 1 0 0|0 0 0
% acierto | 91 0 0 |0 0 88 %
Cuadro 8: Temuco Museo Ferroviario
B-R | Alerta | PE | E | % Falsa Alarna
B-R 82 3 4 1 9 0
Alerta 3 0 1 1 33 0
PE 1 1 1 0 0 0
E 1 1 0|0 0 0
% acierto | 91 0 3310 0 83 %

Cuadro 9: Temuco Padre Las Casas

12
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Figura 6: Comparacién entre observaciones de PM g (colores) y prondstico WRE (linea sélida negra) para las estaciones

de Temuco.
4. Consideraciones Finales

En el presente inforine se revisaron los antecedentes téenicos de las herramientas de modelacion meteoroldgica y de

calidad del aire utilizadas para el prondstico de las regiones de Maule, Temnuco y Aysén vy su desemperno respecto
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del pronéstica de PN, con el objetivo de servir de evaluacion téenica independiente de acuerdo a lo requerido en

el Decreto 59798 del Ministerio Secretaria General de la Presidencia.

En este estudio se tomd como referencia los datos de calidad de aire disponibles desde el sitio web del Sistema
Nacional de Informacién de Calidad de Aire (SINCA). El periodo analizado comprende una temporada de Invierno

extendida desde Abril a Septiembre de 2015.

Se evaluaron las metodologfas en las regiones del Maule, Temuco y Aysén, en que a partir de las series de tiempo
horarias se calculé de manera independiente la ocurrencia de las distintas catergorias de eventos de contaminacion.

Se realizaron tablas de contingencia de estos eventos pormenorizadas por estacién y por ciudad.

Se observa que para todas las regiones y para todas las estaciones se satisface el criterio de un 63 % de acierto en el
prondstico categérico. El criterio se satisface con holgura, siendo la estacién con menos acierto Talca, La Florida,
v la estacién con el mayor cierto la estacién Talca, UC Maule con un 100 % de acierto en el prondstico categdrico
v 0% de falsas alarmas. Los modelos de pronéstico son capaces de capturar de manera satisfactoria la variabilidad

intra-estacional de las concentraciones de PM;y.

Se propone que en futuras evaluaciones el criterio a utilizar no sea el acierto categérico o el acierto global del
prondstico pues este acierto esconde que la verdera necesidad es el correcto prondstico de los episodios y no de los
dfas de baja contaminacién. Indicadores mds ambiciosos a este respecto son el porcentaje de acierto de los episodios
que es, por ejemplo, de solo un 18 % para la estacién Talca, La Florida y de un 40 % para Coyhaique I. Mejorar
el porcentaje de acierto en dias de episidio debiera mejorar el desempeno general de los prondsticos en todos los
indicadores.

Se insiste en la necesidad de estudiar con mas detalle la pertinencia del uso en prondstico de clementos subjeti-
vos como el indice PMCA, que dada la facilidad de uso de informacion meteoroldgica de modelos y la creciente
sofisticacion de los productos globales de prondstico, parece razonable que sea reemplazada por variables fisicas
(meteoroldgicas) o relacionadas con las emisiones. La identificacion de estas variables haria el prondstico en la zona
de Temuco nds robusto.

Las mectodologias son razonables y estdn basadas en principios téenicos y cientificos actualizados en todos los casos.
Destaca el caso de la inctodologia de la regién del Maule, que usa WRF-Chem y un modelo empirico que relaciona
'O y material particulado y que se encuentra publicada en la literatura cientifica. Se recomienda tanto para los
desarrollos del prondstico de Temuco v para el desarvollo del prondstico en Coyhaigue la publicacién de los métodos
de prondstico en la literatura cientifica. Fsta es una validacion de la metodologia mds exigente y exhaustiva que
la que se presenta en este inforime y constituye un salto de calidad respecto de la situacion presente al forzar a
los desarrolladores a explicar limitaciones y fortalezas de sus métodos en comparacion con las mejoves practicas

existentes en el mundo.
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5. Anexos

Se incluyen como referencia los campos hemistéricos de altura geoptencial y presién superficial y sus respectivas

anomalias, desde el Centro de prondstico climatico del servicio Meteoroldgico de Japdn.
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Flve day mean sea level pressure and anomaly In the Southern
Hemisphere (06Apr.2015-10Apr.2015)

The contours show sea level pressure at intervals of 4 hPa.

The shading indicates sea level pressure anomalies.

Ancmalies are deviations from the 1981-2010 average.

Five day mean 500 hPa height and anomaly In the Southern
Hemisphere (06Apr.2015-10Apr.2015)

The contours show height at intervals of 60 m.

The shading indicates height anomalies.

Ancmalies are deviations from the 1981-2010 average.

Figura 7
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Five day mean sea level pressure and anomaly In the Southern
Hemisphere (21Apr.2015~-25Apr.2015)

The contours show sea level pressure at intervals of 4 hPa.

The shading indicates sea level pressure anomalies.

Anomalies are deviations from the 1981-2010 average.
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Five day mean 500 hPa height and anomaly In the Southern
Hemisphere (21Apr.2015-25Apr.2015)

The contours show height at intervals of 60 m.

The shading indicates height anomalies.

Ancmalies are deviations from the 1981-2010 average.
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Five day mean sea level pressure and anomaly in the Southern
Hemisphere (06May2015-10May2015)

The contours show sea level pressure at intervals of 4 hPa.

The shading indicates sea |level pressure anomalies.

Anomalies are deviations from the 1981-2010 average.
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Five day mean 500 hPa height and anomaly in the Southern
Hemisphere (06May2015-10May2015)

The contours show height at intervals of 60 m.

The shading indicates height anomalies.

Ancmalies are deviations from the 1881-2010 average.

Figura 9
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Five day mean sea level pressure and anomaly in the Southern
Hemisphere (25Jun.2015-29Jun.2015)

The contours show sea level pressure at intervals of 4 hPa.

The shading indicates sea level pressure anomalies.

Anomalies are deviations from the 1981-2010 average.
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Flve day mean 500 hPa helght and anomaly in the Southern
Hemisphere (25Jun.2015-29Jun,2015)

The contours show height at intervals of 60 m.

The shading indicates height anomalies.

Anomalies are deviations from the 1981-2010 average

Figura 10
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Five day mean sea level pressure and anomaly In the Southern
Hemlisphere (05Jul.2015-09Jul.2015)

The contours show sea level pressure at intervals of 4 hPa.

The shading indicates sea level pressure anomalies.

Anomalies are deviations from the 1981-2010 average.
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The contours show height at intervals of 60 m.

The shading indicates height anomalies

Anomalies are deviations from the 1981-2010 average.
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Abstract Episodic air quality degradation due to particles occurs in multiple cities in central and southem
Chile during the austral winter reaching levels up to 300-800 pg/m* hourly PM, s, which can be associated
with severe effects on human health, An air quality prediction system is developed to predict such events
in near real time up to 3days in advance for nine cities with regular air quality monitoring: Santiago,
Rancagua, Curico, Talca, Chillan, Los Angeles, Temuco, Valdivia, and Osorno. The system uses the Weather
Research and Forecasting with Chemistry model configured with a nested 2 km grid-spacing demain to
predict weather and inert tracers. The tracers are converted to hourly PM; 5 concentrations using an
observationally based calibration which is substantially less computationally intensive than a full chemistry
model. The conversion takes into account processes occurring in these cities, including higher likelihood of
episade occumrence during weekends and during colder days, the latter related to increased wood-buming-stove
adtivity for heating. The system is calibrated and evaluated for April-August 2014 where it has an overall

skill of 53-72% of episodes accurately forecasted (61-76% for the best initialization) which is better than
persistence for most stations. Forecasts one, two, and three days in advance all have skill in forecasting events
but often present large variability within them due to different meteorological initializations. The system is
being implemented in Chile to assist authority decisions not only to wam the population but also to take
contingency-based emission restrictions to try to avoid severe pollution events.

1. Introduction

Cities located in valleys across central (33°S to 37°S) and southem (37°5 to 42°5) Chile are often affected by
severe air pollution episodes which can be significantly associated with premature mortality and other
negative health effects [e.g., Diaz-Robles et al, 2015; Sanhueza et al, 2009; Valdés et al, 2012). These events
are caused by a combination of complex topography, as most of these cities are located in between the
Andes and a coastal cordillera, episodic meteorological conditions that produce poor ventilation in the
valleys [eg., Garreaud et al, 2002; Rutllant and Garreaud, 1995), and emissions due to anthropogenic activities.
Historically, most of the attention has been centered on Santiago, the capital of Chile, where an air quality
attainment plan has beenin place since 1997 for PMy,. This planand its updates include multiple long-term
efforts to reduce emissions and the implementation of a requirement to forecast episodes both to wam the
public and to try to reduce the episode’s impact by invoking temporary measures (e.g, ban wood-burning
stoves and restrict private transport and dirtier industrial operations) [Troncose et al, 2012]. The curent
national PM,s standard is 50 pg/m* for the 24h average and episode categories correspond to Alent
(80-110ug/m*), Preemergency (110-170 ng/m?), and Emergency (>170pg/m®). Thus, forecasting tools are
included in the decision-making process, and they are required to predict episodes skillfully for Santiago,
which has motivated active research in the subject [e.g., Cassmassi, 1999; Perez and Reyes, 2002; Perez and
Salini, 2008; Saide et al, 2011b].

several midsized cities in Chile with similar or higher pollution levels than Santiago have not received as
much attention. Therefore, the number of forecasting tools developed for these cities is limited [e.g.,
Diaz-Robles et al., 2008]. However, increased measurement capacities in these cities and the publication
of a national PM, 5 air quality standard in effect since 1 January 2012 indicate that these cities need
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improved tools to support air quality management plans. Although the highest pollution loads in these
cities also occur in winter, the sources of pollution contribute differently than in Santiago as in these
cities household heating is primarily done by use of wood-burning stoves (Sanhueza et al., 2009), which
needs to be considered when building prediction systems for these regions.

Since dispersion constraints affecting central and southern Chile (e.g, coastal lows and prefrontal conditions)
typically have a scale that can affect multiple cities with severe pollution episodes simultaneously [Rutllant
and Garreaud, 1995), it would be computationally cost efficient to have one combined episode prediction
tool. However, due to the large heterogeneity of these cities (e.g,, size, topography, and pollution sources),
it is not evident that a single prediction system is feasible to implement. Forecasting pollution at a national
sale is a common practice in other countries, where ar quality predictions are generally based on chemical
transport models (CTMs) or coupled chemistry-meteorology models (CCMMs) [Baklanov et al, 2014; Zhang,
2008). Examples of these models include GEM-MACH [Moran et al, 2010) for Canada (https//weather.gc.ca/),
WRF-CMAQ [Foley et al,, 2010] for the United States (htp/Avww airnowgov/), CCATT-BRAMS [Longo et al,,
2013} for Brazil and South America (http/meicambientecptecinpebr/), and multiple ones for Europe
(http//atmosphere.copernicus.eu/). CTMs and CCMMs have been used in the Chilean region for multiple
applications, including studying transport of pollution [Gallardo et al,, 2002; Schmitz, 2005), evaluating and
constraining emission inventories at the city scale (Jorquera and Castro, 2010; Saide et al,, 2011a), designing
air quality networks [Henriquez et al, 2015), estimating health benefits of pollution control strategies
[Mena-Carrasco et al, 2012), evaluating regional climate feedbacks (Mena-Carrasco et al, 2014), exploring
aerosol sources and interactions with clouds in the Southeast Pacific [Saide et al., 2012b; Spak et al., 2010;
Twohy et al, 2013; Yang et al, 2011), and developing novel data assimilation techniques [Saide et al,
2012a]. To our knowledge, there are no studies evaluating CTMs or CCMMs for pollution episodes in
Chilean cities other than Santiago. Also, there are no studies assessing the day-to-day variability in wood-
burning-stove emissions and their impacts on aerosol concentrations.

As episode categories are based on 24 h running averages and they are often associated with weather con-
ditions that last longer than a day, episodes tend to occur ina consecutive manner, which is why persistence
can often be an effective way to forecast pollution events, However, forecasts have to be issued by law no
later than 8P.M. local time; thus, a persistence forecast with a full record of observations is not feasible. As
shown in Saide et al.[2011b), an advantage of having a forecasting tool able to predict episodes 2 or 3 days
in advance (only possible with CTMs or CCMM:s) is thatit can allow authorities to effectively take contingency
measures to try to avoid or ameliorate critical air pollution events. Saide et al. [2011b)] show that episodes are
the resultof multiple days of accumulated emissions and that same day emissions can often contribute only a
small fraction of the observed pollution during an episode. This allows, for example, decreeing wood-buming
bans in advance of a forecasted pollution episode in order to prevent pollution accumulation instead of
reacting to episodes that have already unfolded.

This study aims to answer the following scientific questions:s it feasible to build anear-real-time forecasting
system tailored at predicting severe episodes of pollution for multiple cities in central and southem Chile?
What are the processes that need to be represented in the system to improve its predictive skill? Can the
episodes be predicted more than 1 day in advance and is the skill of the system better than persistence?
Can the system help guide future station deployments in cities with no monitors? The methods used in
the development of the forecasting system are presented in section 2 and an evaluation of the model and
analyses of case studies are discussed in section 3. Condusions, future directions and needs for further
developments of the system are presented in section 4.

2. Methods

In the following sections we describe the differant components of the study, including the observations used,
the modeling system and its configuration, the emissions driving the modeling system, and the strategy to
forecast PM;s.

2.1. Observations

Air quality observations for April-August 2014 corresponding to nine cities (25 stations, Figure 1) in central
and southem Chile (10 in Santiago, 2 in Rancagua, 1 in Curicé, 3 in Talca, 2 in Chillan, 2 in Los Angeles, 3 in
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Figure 1. Maps of the Chilean cities and stations used in the study. Urban land use and terrain height (m) in the model are shown in grey and in contours,
respectively. Western and eastern thick black solid lines represent the share line and the border between Chile and Argentina, respectively. Station locations are
indicated either with a numbered black square or with black dot, in which case the number is indicated with an arrow. Stations shown are independencia (1),

La Florida Santiago (2), Las Condes (3), Parque O'Higgins (4), Pudahuel (5), Cerrillos (6), El Bosque (7), Cerro Navia (8), Puente Alto (9), Quilicura (10), Rancagual (11),
Rancagua Il (12), Curicé (13), U.C. Maule (14), La Florida Talca (15), Universidad de Talca (16), Purén (17), INIA Chilin (18), 21 de Mayo (19), Los Angeles Oriente (20),
Museo Ferroviario (21), Las Encinas Temuco (22), Padre de las Casas Il (23), Valdivia (24), and Osorno (25), Cities (and their respective stations) analyzed correspond
to Santiago (1-10), Rancagua (11-12), Curicé (13), Talca (14-16), Chillin (17-18), Los Angeles (19-20), Temuco (21-23), Valdivia (24), and Osormo (25).

Temuco, 1 in Valdivia, and 1 in Osomo) are used in this study. The time the monitors have been in place
depends on the site, with the older stations going back to 1997 in Santiago. All the observations are publicly
available through the National System of Air Quality Information (http7/sincammagob.cl/) where details on
the full suite of instruments and time of deployment can be found. The stations were equipped with at least
PM;5 (beta attenuation Met One BAM-1020), relative humidity, temperature, and wind speed (combination
of LSI Lastem and Met One instruments) monitors during the study period. Data are available on an hourly
basis. We also use observations of PMs and CO for 2009, which is the last year with a full record of PM;s
and CO observations for a city other than Santiago (Temuco). All of these stations are maimtained by the
Chilean Ministry of the Environment. The Superintendence of the Environment oversees quality control
and whether these sites are representative of the air quality of the cities in which they are deployed. As beta
attenuation monitors have been found to comply with U.S. Environmental Protection Agency PM;s stan-
dards for hourly observations [Gobeli et al,, 2008), we use in our analysis the thresholds of these standards
as conservative lower and upper limits for the measurement uncentainties (i.e, 10% or +2 pg/m’ whichever
deviates more). Uncertainties of temperature and wind speed measurements used in this study are relatively
much lower (eg., LS| LASTEM DNA727 (wind speed) and DMA675 (temperature) used in multiple stations
have uncenainties < = 1.5% and of 0.04°C, respectively); thus, they are notincluded in the analysis.
Additionally, daily precipitation observations maintained by the Chilean Ministry of Public Works (httpy/snia.
dga.cl/BNAConsultas/reportes) and located in each city studied are used. These comespond 1o stations
Oficinas Centrales DGA (Santiago), Cachapoal-DCP (Rancagua), Curic6, Universidad Catélica de Talca, Chillan
Vigjo, Los Angeles, Temuco Centro, Universidad Austral (Valdivia), and Adolfo Matthei (Osomo).

2.2. Medeling System

The forecast system is designed based on the approach by Saide et al.[2011b] inwhich COis used as a proxy of
PM.s in lieu of their high correlation during air quality episodes (see section 24). The online chemical
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number of grid cells on the west-east
axis (see Figure 2). The vertical resolution (39 levels up to 100 hPa) is chosen to have the first layer at 10m and
six levels below 100 m. Saide et al [2011b] provide an evaluation of the parameterizations that can be used for
the region; thus, we use a similar configuration: no parameterized horizontal diffusion in the inner domain,
Mellor-Yamada Nakanishi Niino (MYNN) boundary layer [Nakanishi and Nino, 2004] with no lower limits on the
vertical diffusion coefficients, Rapid Radiative Transfer Model (RRTM) longwave radiation [Mlawer et al, 1997,
Dudhia shortwave radiation [Dudhia, 1989), Noah Land Surface Model [Chen and Dudhia, 2001), and WRF
Single-Moment 3 class scheme cloud microphysics [Hong et al, 2004). The Grell-Freitas cumulus scheme [Grell
and Freitas, 2013] is used for the coarser domain as it is recommended at this resolution for 1-3 day forecasts
(httpe//vaww2.mmmucareduiwrffusers/). US. Geological Survey (USGS) land use categories were used but the
urban land cover was replaced with the Moderate Resolution Imaging Spectroradiometer one [Fried! et al,
2002} as it is outdated in the USGS database [Saide et al, 2011b; Yu et al, 2012). A similar model configuration
was also used in previous studies [Mena Carrasco et al, 2012, 2014).

Once per day, multiday simulations are performed using an operational basis setup. Initial and boundary
meteorological conditions are obtained from National Centers for Environmental Prediction (NCEP) Final
Analysis (FNL, http//rda.ucaredu/datasets/ds083.2/, available every 6h) and from NCEP Global Forecasting
System (GFS, http//rdaucaredu/datasets/ds084.6/, available every 3h). The model is initialized from the
00UTC FNL analysis and runs for 1 day with FNL boundary conditions. The simulation is then reinitialized from
the WRF restart file and the 00 UTC GFS cycle is used as boundary conditions for a 4 day long simulation, Tracer
concentrations, soil temperature profiles, and snow accumulations are used as initial conditions for the forecast
the next day. On the operational setting, the first 2 days of the simulation account for spin-up and the last 3 days
are considered as a forecast. These 3 days are labeled as day 1, 2, and 3 of the forecast. Thus, there are three fore-
casts for each specific day, which are used for calibration and performance statistics. The extended spin-up setup
is based on previous experience of the Chilean Meteorological Service when performing neareal-time air qual-
ity forecasts for Santiago [Delgado et al, 2014] using the system described in Saide et al [2011b), as it was found
it provided better performance for the first day forecastthan initializing from the most current GFS without spin-
up. This is consistent with our results for central Chile (see section 3).

2.3. Emissions Inventory

Two tagged tracers are implemented representing sources with strong day-time (“wraffic” tracer) and night-
time (“wood-buming” tracer) emissions. The traffic wracer emissions of CO are spatially distributed using
population maps [Saide et al.,, 2009; Tuia et al,, 2007) and temporally distributed using a diurnal traffic pattem
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Figure 3. Scatterplots of observed 24 h average CO versus PMs for July 2009 in (keft) Temuco and (right} Santiago.
Regression line (blue solid line), correlation coefficient (M), and regression equation are also included in each panel.

provided by waffic authorities, which has been found to provide good agreement to air quality observations
[Saide et al, 2011b). Wood-buming-stove emissions are spatially distibuted using population for all Chilean
administrative divisions (Regions), except for the Metropolitan Region (which includes Santiago), where the
distribution is based on the number of houses with wood-buming stoves per municipality obtained through
surveys [CDT, 2012]. Two types of diurnal cycles are used for the temporal distribution of wood-buming-stove
emissions. For cities in central Chile (Santiago, Rancagua, Talca, and Curic6) a diumal cycle with only night-
time emissions is applied (peak use from 6PM. to 2AM. local time (LT), no emissions from 4AM. to 4P.M.
LT). For cities in southern Chile (including Chillin, Los Angeles, Temuco, Osomno, and Valdivia) wood-buming
stoves are often active throughout the night and some are kept on during the whole day; thus, the cycle is
modified by increasing the length of the peak hour window (6P M. to 4AM. LT) and by setting 20% of the
peak activity from 6 AM. to 4P.M. LT. Using these spatial and temporal profiles, the same total amount of
CO emissions by Region is distributed for each tagged tracer. The contribution of the tracers to modeled
PM,s in each city is set later in the calibration stage. CO emissions for each Region were obtained from
estimates made for supporting Chilean air quality standards [DICTUC, 2011). These comrespond to
37 ktonvyr for Region V1 (Rancagua), 40 ktorvyr for Region VIl (Curico, Talca), 27 kton/yr for Region VIll
(Chillan, Los Angeles), 26ktorvyr for Region IX (Temuco), 20kton/yr for Regions X and XIV (Osomo and
Valdivia), and 106 kton/yr for the Metropolitan Region.

2.4. PM3 s Forecasting

Figure 3 shows strong correlations (= 097) between 24 h averages of observed PM,s and CO for Temuco
and Santiago. Although there is evidence of a substantial contribution of secondary aerosol to the particulate
matter budget [Jorquera and Barraza, 2012; Villalobos et al, 2015}, the strong correlation between CO and
PM,, for concentrations during episodes indicates that a proper episode forecast can be achieved by
modeling an unreactive and primary-emitted pollutant (CO at the city scale) and using an empirical ly based
conversion to obtain PM, s concentrations [Saide et al, 2011b) Therefore, computing power is dedicated to
resolving the transport of passive tracers at high resolution (2 km) for alarge area as opposed to full chemistry
and aerosol simulations which are more computationally expensive.

The tagged tracers' concentrations representing traffic (Tr_T) and wood buming (Tr_WB) are converted to
hourly PM, 5 concentrations using the following equation:

PM2.5,; — Tr_to_PM, "Weekend_eff; ;"

1
F_WB;'Tef{_WB(Tmem,].( max r;_ws._.) + (1~ F_Wﬁ,).( max rr,r.,,)l i S
1= s UN, 125 UN,

where the indices t and s represent time and station, respectively, Tr_to_PM is the factor that converts tracer
to PM,5 concentrations for each station, Weekend_effis an inflation factor to account for differences within
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weekday and weekend activity, F_WB denotes the fraction contributed by wood-buming stove sources to
total concentrations, Teff_WB represents the fraction of wood-buming stoves started when the temperature
drops to T_mean {running mean centered in the time f), and N; is the set of eight spatial neighbors of each
station s in the model grid. Each of these components is explained in detail in section 3.2.In equation (1), the
maximum concentration within the model grid cell where each station is located and the neighboring grid
cells (s u N is used to take into account temporal (plume might be shifted in time) and spatial (plume might
miss a station) modeling emors and has been found toimprove model performance (Kanget al, 2007).On the
other hand, this choice might generate false alarms if a plume missed a monitor, in which case predicting an
episode would still be desired to alert population or implement contingency measures.

We developed a calibration strategy oriented toward fitting episode statistics rather than hourly PM concen-
trations [Saide et al,, 2011b), as predicting episodes is the main objective of this system. 1f Tr_to_PM factors
are too small then they would produce a poor fitting to the observed episodes due to the lack of episodes
forecasted by the model, while factors that are too large would better predict episodes but with too many
false alarms. To find a balance, we chose the Tr_to_PM factor for each station that generates the same num-
ber of episodes (i.e, the total number of alerts, preemergencies and emergencies, all summed together) in
the model as in the observations for the period studied (April-August 2014). However, as the forecast system
produces three forecasts for each day, the criteria for calibration is to find the factors that match the number
of observed episodes with the average number of episodes obtained by the three forecasts, The factors are
adjusted for each station as there could be emission gradients and subgrid-scale processes not resolved by
the 2km resolution of the model which would not be considered if the calibration was made for each city.

A simple and efficient algorithm was developed to find the tracer to PM factors (Tr_to_PM) for given values of
the other factors (Weekend_eff, F_WB, and Teff_WB). First, the number of modeled episodes (mean across
the three forecasts) generated by three selected Tr_to_PM factors is computed. Two of these factors are
selected as very low (10 ug/m*/ppm) and very high (2000 pg/m*/ppm) values so the optimal factor would
be contained in between and the third factor is selected as the middle point between these two. Then, if
the number of observed episodes is below (above) the number of modeled episodes obtained by the middle
point, the lowest (highest) and middle point factors are selected as lower and upper thresholds for the next
iteration and the process just described is repeated. At any iteration, if the number of observed episodes is
equal to the modeled one for the middle point factor, then the algorithm has reached convergence. As
the number of modeled episodes monotonically increases as Tr_to_PM increases, the solution is going to
be given by a single range of factors, from which we chose the first value found by the iterative process.
The Weekend_eff, F_WB, and Teff_WB factors are chosen by changing one at a time and computing a new
setof Tr_to_PM factors (with the algorithm just described) until the number of episodes accurately predicted
by the model (i.e, number of “hits") is maximized.

3. Results and Discussion

simulations were performed using the configuration described in section 2. In the next sections these simu-
Jations were used along with observations to evaluate the meteorological performance of the forecasts, cali-
brate the PM, s model, assess the episode predictive skill, and study the evolution of severe pollution events.

3.1. Evaluation of Meteorological Forecasts

It is important to evaluate the accuracy of the temperature forecasts over the cities studied as they are used
to postprocess the wood-burning-stove tracer (see section 32). Figures 4a and 4b show the time series of
24 h running mean temperature for a station in Temuco as a representative example for cities in southem
Chile. The three forecasts follow the observations generally with good skill (mean bias and error for all
forecasts are ~—0.6C and ~1.0C, respectively). There are periods of 2 to 7 days where performance seems
to degrade persistently for all forecasts, probably due to biases in the global model forcing the simulations.
These multiday persistent biases need to be taken into consideration by the forecaster when producing a
forecast in near real time as they could impact episode forecasts for places with large wood-buming-stove
emission contributions (see next section).

A good indicator of how well the forecasts follow the temporal trends in the observations is the correlation
coefficient (R), shown in Table 1 along with mean bias for meteorological variables measured at the most
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3 2258 24828 gq g ~  configured to include an urban canopy parameteriza-
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.§ % = B i - &E wind speed performance shows distinct pattems that
‘53 § 2 %g E g3 Q 2 E 2o differ from those for temperature (Table 1). First, the
d alees = & § g-;u 8|25 range of comelations is wider (051 to 09) with a ten-
2 %= e N 8  dency toward lower correlations for cities in central
Tz & 5 2 (Chileand increasing toward the south. Part of this dif-
g % 5 & '§§ ference is due to larger observed wind speeds in the
e E\ B, ¢ 232 2| & :g south, which the model is able to resolve better com-
3= piEHE 8 2 sEZg|f Y pared to low wind speeds (e.g., R drops from 0.9 to
8 S|AESFE3IES50 8 0,77 for the first day forecast in Padre de las Casas Il
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Figure 5. Observed and modeled (day 1 initialzation) wind roses for selected stations at each dty studied. Wind speeds (W) in m/s. Stations were selected as the
ones with the larger amount of episodes in each dty when its wind data was available for the whole period When record was incomplete, another station was
selected. Stations in Rancagua show wind records only for July-August.

when considering only wind speeds lower than 2.5 m/s). For instance, wintertime 24 h mean wind speed in
Santiago (Cerro Navia) is always lower than 2.5m/s for the period analyzed, while this value is commonly
exceeded in the cities to the south. However, even after computing correlations for observations below
2.5m/s, stations in the south still show better correlations than the ones in central Chile (R for all forecasts
in Santiago and Rancagua is lower than the R of 0.77 cited earlier for Temuco). The relatively less complex
topography toward the south (Figure 1) which the model is able to better resolve might explain the better
performance in the south. Second, there can be substantial differences in wind speed performance for differ-
entinitializations in each station. From Talca to the south there is a clear decreasing trend in performance for
forecasts initialized earlier, while for Santiago and Rancagua the forecast for day 2 shows better performance
than for days 1 and 3. This behavior is also found for most stations in Santiago (only Cerro Navia shown in
Table 1, not shown for the rest) and will have implications in the episode forecasting skill (section 3.3). As sta-
tedin the methods section, the system performs 2 days of spin-up. Although this is beneficial for predictions
in Santiago and Rancagua (likely due to the need for spin-up to let the high resolution model better resolve
the more complex topography and land-sea transitions), future implementations should assess if simulations
with less spin-up (i, initialized directly from GFS) produce improved forecasts for the cities in the south due
to the better performance shown by the most current forecasts in these cities.

Wind roses (Figure 5) can be used to assess the performance of modeled wind speed and direction. Modeled
wind roses do not vary significantly with initialization (not shown), so only day 1 forecasts are shown in
Figure 5. In general, the area covered by the <1 m/s wind speeds in the observations is larger than in the
model, whichis indicative of the high bias in wind speeds mentioned earlier, The model captures the predo-
minant wind directions in each station within 30° with two exceptions: Curicé and Valdivia. For Curicé there is
a large bias in the representation of the northerdy winds, which the model shows as easterly. This is likely
because Curico station is located ~300 m to the northwest of anisolated hill found within the city boundaries
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(Condell Hill, ~80 m high) which the model is not able to resolve. The model shows poor skill in representing
the wind directions for Valdivia, likely due to the inability to reproduce the topography at 2km resolution as
Valdivia is surrounded by steep hills (Figure 1). Also, Valdiviais the only city studied thatis next to the ocean;
thus, problems resolving the sea-land breeze through the river connecting the ocean and the city might also
contribute, Biases in wind direction in other stations are also likely related to the representation of
topography; thus, future configurations should explore if increasing model resolution resolves these biases
and improves air quality forecasts.

In Chile, rain is usually associated with frontal passages which tend to bring marine air into the basins
resulting in a reduction of pollution, which is why itis also important to evaluate the medel skill to capture
precipitation. Figure 4e shows that for Temuco the model captures most rain events with precipitation
amounts usually within the spread of the initializations, which is the case for all cities. In terms of the correla-
tions (Table 1) they tend to show large spread (0.21-0.82). Rain occurs less oftenin central Chile compared to
the south. For instance, daily totals of over 10mm were recorded only on 6 days in Santiago and Rancagua for
the whole perioed, while to the south it happened on 15-28 days. This is why there is large variability in the
correlation coefficients from different initializations in Santiago and Rancagua, as R is going to be driven
by the skill in predicting a few large values. To the south (Curico-Osorno) the spread in correlation values
among different initializations is less and there is no clear trend on which initialization shows the best skill.
Similarly to wind direction, Valdivia shows the worst skill likely for the same reasons (very complex
topography and proximity to the ocean).

3.2, Processes Affecting the PM, 5 Forecast Skill

3.2.1. Traffic and Wood-Burning Tracers Contribution

According to previous studies, the contribution of wood-buming-stove emissions to PM; 5 in winter is esti-
mated to be in the range of 10-40% for Santiago (Jorquera and Barraza, 2012; USACH, 2014; Villalobos
et al, 2015] and up to 90% for cities in southern Chile (e.g, Sanhueza et al, 2006]. The difference in contribu-
tion of sources is also evident when comparing the slopes of the CO to PM; 5 relationship (Figure 3), where
the slope for Temuco is more than three times larger than for Santiago, as the PM; 5 to CO emission ratio
is much larger for wood-burning stoves than for other sources (CONAMA, 2007). Thus, the contribution of
wood-burning to total concentrations (F_WB) by city needs to be considered in the PM; s computation. By
applying the algorithm described in section 24, we found a progressive increase in F_WB from north to
south, with values of 03 for Santiago and Rancagua, 08 for Curicé, Talca, Chillin, and Los Angeles, and 0.9
for Temuco, Valdivia, and Osorno. Compared to Saide et al. [2011b), the weod-buming smoke contribution
remains the same for Santiago.

3.2.2. Weekend Effect

There is higher likelihood of episode occurrence during weekends compared to weekdays for multiple cities
in central Chile for the period studied. For instance, considering the number of episodes for all stations in a
city, there were 137%, 34%, and 38% more episodes on average for weekend days than for weekdays in
Santiago, Rancagua, and Talca, respectively. The cities in the south do not show this behavior (eg., for
Temuco there is only a 2% difference) probably because the main source of pollution comes from wood-
burning stoves. The weekend inflation factors are obtained by applying the calibration approach with values
of 14 for Santlago, 1.2 for Rancagua, 13 for Talca and Ghillan, and 1 for the rest of the cities. Weekend
inflation factors are incorporated into the PM; s model (equation (1)) and applied from 6 P.M. LT on Friday
to 6 P.M. LT on Sunday to scale activity, which is hypothesized toincrease during Friday and Saturday nights
and to play a major role in episode occurrence [Saide et al., 2011b). The skill in predicting episodes improves
when including aweekend inflation factor, as the overall (i.e, all forecasts combined) percentage of correcily
forecasted episodes increases from 67% to 72% in Santiago, 64% to 69% in Rancagua, 57% to 63% in Talca,
and 63% to 67% in Chillan for the most polluted stations.

3.2.3. Temperature Effect

The use of wood-burning stoves in central and southem Chile is mainly related to heating [Gémez-Lobo et al.,
2006). Thus, itis expected that pollution episodes are associated with colder days due to larger wood-buming
emissions, This is shown in Figure 6a for Temuco (Padre de las Casas Il), where significant differences (statis-
tical testing was performed using a two-sample ¢ test to assess statistical differences between temperature
distributions at the p=0.05 level) in temperature distributions are found for days with episodes compared
to all days (p=0.0001), with temperatures being shifted toward lower values for episode days. On the other
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representing the mean and the spread, respectively.

hand, the modeled distribution of temperature for all times and during episodes is not significantly different
(p=0.32) when a temperature correction is not included (Figure 6b), which suggests that episodes at low
temperature are associated not only with a large-scale stability condition but also to increased emissions
during these days.

The temperature dependence isincluded by applying afactor (Teff_WB in equation (1)) to the wood-buming
tracer concentrations to model the fraction of stoves that are started as a function of ambient temperature,
This factor is not applied directly to emissions as a temperature forecast would be needed to estimate emis-
sions before starting the simulation. Also, applying the factor to concentrations instead of emissions makes
the calibration process faster as itis donein a postprocessing step. Otherwise, if the factor were to be applied
to emissions, simulations for the 5Smonths of study would have to be performed for each Teff_WB tested in
the calibration stage, which would be restrictive in terms of the computational resources, The temperature
running mean (T_mean) is used to smooth the temperature diumnal cyde and to buffer the response of
changes in wood-buming stove use to sharp temperature changes, as there is a delay between the change
in ambient temperature and the action to turn on or off wood-burning stoves.

Teff_WB is equal to 1 (all stoves turned on) for low temperature values up to aminimum temperature thresh-
old, then it decreases down to a maximum temperature threshold, where Teff_WB =0 (all stoves are off) for
all temperatures above that threshold, The minimum and maximum temperature thresholds and the shape
of Teff_WB for connecting them are found by using the strategy explained in section 2.4. The possible values
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Table 2. Summary of Tracer to PM Factors (Tr_to_PM, in pg/m*/ppm), Episode Prediction Skil (Percentage of Episodes Accurately Predicted) and False Alarm Rate
for Stations With More Than 20% of the Days With an Episode®

Episode % Correct Episode % False Alarms

Gty Station Trto PM  Days(%) Dayl Day2 Day3 Al Pers  Day1 Day2 Day3 Al Pers
Santiago Pudahuel 57 21% 63% 2% 69% 68%  56% 23% 0% 41% 3% M%
Cerro Navia 60 30% 71% 69% 76% 7% 67% 20% 30% 33% 28% 33%

Rancagua Rancagua ll 64 35% 68% 7% 68% 69% 64% 23% 33% 35% 31% 36%
Curico Curico 236 21% 61% 48% 48% 53%  42% 42% 50% 50% 4% 58%
Talca La Horida 188 38% 66% 64% 59% 63% 57% 39% 35% 37% 37% 4%
Qhillan Puren 938 40% 65% 67% 62%  64%  65%  33% 37% 37% 6%  35%
Los Angeles 21 de Mayo 1273 33% 67% 67% 65% 67% 63% 31% 33% 36% 33% 37%
Temuco Museo Ferroviario 563 33% 73% 69% 1% 71% 63% 23% 3% 309 29% 37%
Las Encinas 358 33% 68% 62% 68% 66% 64% 33% 37% 3B 34% 36%

Padre Las Casas I 343 38% 73% 71% 68% 71% 73% 27% 29% I 29% 27%

Valdivia Valdivia 404 31% 59% 61% 61% 60% 52% 45% 36% 38% 40% 47%
Osorno Osormo 613 38% 71% 64% 63% 66% 705 30% 33% 39% 34% 3%

aII}ays 1, 2,and 3 represent the different initialization times, while "All" shows the overall skil. The persistence forecast skill is also shown (Pers).

of the temperature thresholds are selected by comparing the histograms for all and episode hours
(Figure 6a), with upper (10-14°C) and lower limits (4-8°C) whena small and a large fraction of episodes were
observed, respectively. The temperature thresholds that provide the best model skill are 6°C and 12°C, while
the shape selected was parabolic with its symmetry axes at 12°C (linear and inverse exponential shapes were
also tested). Thus, the temperature correction factor is defined as

0.0278 x T_mean? — 0.6667 x T_mean + 4.0 6 < T_mean < 12
Teff_W8B = 1 6>T_mean
0 T_mean=12

As seen in Figure 6, the modeled temperature histograms for all hours and episode hours are significantly
different after applying Teff WB (p =0.0002) and show the same trend of shifting episodes toward lower
temperatures as in the observed histograms (Figure 6a). Also, observed and modeled temperature
histograms for episode days are very similar to each other after the temperature correction (i.e, distributions
go from significantly different (p =0.0003) to no significant differences (p=056)). Significant improvements
are found in forecasting skill when including the temperature correction for wood burning. For instance,
the percentage of episodes accurately predicted in Temuco (Padre de las Casas Il) increases from 45% to
71% considering all forecast days, showing the impontance and power of including the temperature
dependence of wood buming in regions which rely heavily on it as fuel for heating.

On the other hand, Figures 6d-6f show the histograms for Cerro Navia station in Santiago. The model histo-
grams are shifted toward lower temperatures compared to the observed ones (which generate significant
differences between model and observations, p < 00001) because model temperatures are biased high
(see also Table 2). This bias is a general wrend for all stations in Santiago (1-3°C bias) and occurs likely due
to an overestimation of the sensible heat flux over large urban areas in the NOAH land surface model [Lee
et al, 2011], The two observed histograms for all times and episode times (Figure 6d) are much more similar
to each other than the ones in Temuco (Figure 6a). However, there are still significant differences within the
observed histograms for Santiago (Figure 6d, p=0.0044), as episodes are more frequent for middle
temperatures (8-10°C), while they are much less likely to happen for the higher temperatures (14-190).
Despite there being a high bias, the same trend is shown by the two model histograms of temperature that
donot include a temperature correction for wood burning (Figure 6e, p < 0.0001),i.,, episedes are more and
less common at middle (8-14°C) and higher (17-22°C) temperatures, respectively. Thus, in Santiago the
differences between observed temperature histograms for all times and episode times are likely not related
to greater wood-burning emissions occurring on colder days asin the south but to specific synoptic patterns
controlling episode conditions [e.g, Garreaud and Rutllant, 2003; Garreaud et al., 2002). Also, there s little
change in the histograms when applying the temperature correction (Figure 6e versus Figure 6f) as
wood-burning emissions in Santiago are considered to contribute 30% to PM, s forecasts (see section 3.2.1).
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Figure 7. As Figure 4 but for 24 h running mean PM; 5 in Padre de las Casas |l station (Temuco). An estimate of the measurement uncertainty is shown in cyan soid
incs. Green horizontal lines divide different pollution categaries (Good: =50 pg/m?, Fair: 50-80 gg/m”, Alert 80-110 pg/m>, Preemergency: 110-170 pg/m”, and

Emergency: > 170 pgfma).

3.2.4. Tracer to PM Factors

Using the calibration process described in section 2.4 and applying equation (1) with conversion factors out-
lined insections 32.1, the final Tr_to_PM factors are obtained (Table 2). The range of Tr_to_PM values is wide
(57-1273 pg/m* ppm) which can be due to multiple reasons. For instance, there are differences in the CO
emission inventories assigned to each city (see section 2.3) and there could be biases in them (e.g, observed
slopes in Figure 2 do not match the corresponding Tr_to_PM values). Other potential reasons for the wide
range of Tr_to_PM values include differences in emissions sources between cities (eg., cities dominated by
wood-burning-stove emissions have larger PM to CO ratios, see section 2.4) and subgrid processes not
resolved by the 2km resolution (e.g., large spread of factors for stations in Temuco, probably due to the close
proximity of Museo Ferroviario to the northem hills).

3.3, Predictability of Pollution Episodes

Figure 7 shows an example of 24h running average PM, s concentrations for the most polluted station in
Temuco. The ensemble of forecasts generally follows the observed trend but with substantial variability
amonyg initialization times. The ensemble variability is generally larger than the measurement uncertainty
and often results in different categories of pollution predicied for the same day. Figure 7 also shows that
concentrations at the episode level (>80 pg/m?) can last from a few hours to multiple days. The model is able
to represent the observed distribution of episode lengths (not shown). For instance, for Padre de las Casas Il
station there were 13 (13-17 in the forecast) episodes less than 24 h long, 5 (6-10 in the forecast) episodes
within 1-2 days long, and the rest (6 observed, 6-8 modeled) 3-6 days long. The model tendency of slightly
overestimating the amount of shorter episodes could be related to the overestimation of wind speeds, as
pollution could get advected out of the basins faster in the model,

The skill of the system in predicing episodes and the associated false alarm rate is shown in Table 2. The
model's ability to predict episodes depends on multiple factors. First, more accurate weather forecasts
(including wind speeds and temperatures) should provide better representation of pollutant transport and
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wood-burning emissions corrections and lead to better PM, 5 predictions. As mentioned in section 3.1, wind
speeds from the most current forecasts for stations from Curicé 1o the south tend to have better skill, which is
also shown for many of these stations for episode prediction. For Santiago and Rancagua the trend shifts and
better skill are shown by the day 2 wind speed forecast, which is also replicated for stations Pudahuel and
Rancagua Il for episode prediction skill. Although modeled wind speeds in Cerro Navia (Santiago) show
the lowest comrelation for day 3 forecasts, they also show the lowest bias (Table 1) as the forecasts initialized
earlier tend to show lower wind speeds and thus reduce the high bias with respect to observations. Lower
wind speeds produce higher chances of producing episodes (day 1 and day 3 initializations forecast episodes
for Cerro Navia 26% and 35% of the time, respectively), and thus, higher likelihood of accurately predicting
episodes as more episode days are forecasted, which also generates higher chances of false alarms. This
explains why the day 3 initialization shows the best performance but the higher false alarm rate for Cerro
Navia (Table 2). Skill in representing wind direction is also an imponant factor when reproducing episodes
at Valdivia and Curicé, which are the stations with the lowest overall episode predictive skill (Table 2), and
are also the ones with problems resolving wind direction (see section 3.1). Finally, the more common
episodes are for a given station (i.e, larger number of days with observed episodes, Table 2) the higher the
chances for being correct when predicting them as the chances of guessing correctly {i.e, episode prediction
skill) increase from a probabilistic point of view. For instance, stations Pudahuel and Cerro Navia in Santiago
and Las Encinas and Padre de las Casas Il in Temuco are less than 2 km away from each other (Figure 1) which
resultsin them being in neighboring grid cells, so medel predictions should be similar, However, episodes are
observed more often at Cerro Navia and Padre de las Casas |l stations; thus, the model shows better
prediction skill in these sites (Table 2).

As episodes can often last longer than 24h, persistence (e, forecast the pollution category that was
observed on the previous day to occur the next day) might be a good forecasting strategy; thus, we compare
it to the forecasting system skill (Table 2). The overall prediction skill and false alarm rate from all three initi-
alizations generally do better than persistence {in 9 outof 12 stations shown in Table 2), and when the overall
scores do worse, the first day forecast does similar or better than persistence,

3.4. Episode Dynamics and Evolution

Anadvantage of using a model that predicts three-dimensional concentrations is thatit can be used to help
understand how episodes develop. We selected episodes occurring in Temuco and Osorno as two cities
representing locations of moderate to complex topography. One episode for each city was chosen that
represents typical patterns of stagnation before sundown and that was well captured by the forecasts.
3.4.1. Temuco

Observed 24 h average PM, s concentrations are accurately predicted by the model for the episode on 3-5
August that affected Temuco, as for these days the spread of the forecasts is narrow and the observations
are contained within the spread (Figure 7). This pollution episode is not one of the most extreme ones in
the study period but it is still severe as it reached preemergency levels at Padre de las Casas |l station and
Alertlevels at the other two stations in Temuco for two consecutive days. Also, this episode is a good example
of the abrupt transition from fairly clean to severely polluted conditions. Hourly concentrations generally
peak at nighttume, and Figures 8a-8¢ show the evolution of the first night of the episode. Temuco is located
in an area of complex topography in the Cautin river basin in between two hills, the Nielol to the north, and
the Conunhueno to the south. As shown in Figure 8a, low concentrations are found in the afternoon due to
deeper boundary layer mixing and persistent westerly flow across the domain. When the boundary layer
collapsed on the evening of 3 August the winds suddenly became stagnant in the valleys which, together
with the evening emissions associated with wood-buming stove use and traffic, increased evening PM.s
from ~5 pg.#mJ to over 500pg/m® in a period of 5h, which are accurately predicted by the model
(Figure 8b). After reaching peak concentrations, winds from the northeast slowly flushed pollutants out of
the basin throughout the rest of the night (Figure 8c). Other episodes in the period of study reached similar
peak concentrations but they remained high for longer periods due to a slower flushing of the basin, thus
increasing the 24h average and reaching Emergency pollution levels (mean 24 hPM, 5 above 170 pg/m?).

As shownin Figure 7, the model simulation of the 4-5 August episodes shows some variability with respect to
initialization (~50 pg/m® spread). Similar analysis as those shown in Figures 8a-8c was performed for the
1 August initialization (not shown) presenting similar pattems of pollution accumulation but slightly stronger
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Figure 8. Hourly PM2 5 [pglm“)fomcasted maps showing the evolution of two pollution episodes. (a-¢) An episode on 3-4 August 2014 in Temuco as forecasted by
the 2 August initialization. (d-i) An episode on 7-8 August 2014 in Osorno as forecasted by the 5 Augustinitialization. Observed valves are shown in black dirdes and
color coded in the same scale of the maps. Topography is shown as black contours (m) and wind barbs are shownin green. PM; 5 was obtained using equation (1)
with Tr_to_PM values from Padre de las Casas Il and Osorno stations (Table 2).

regional winds, which resulted in model concentrations reaching Alert pollution levels instead of preemer-
gency levels as shown by the 2 August initialization. The spread between initializations can be much larger
for other episodes (Figure 7), sometimes resulting in one initialization predicting no episode, while another
one Emergency for the same day (e.g, 7 and 13 July).

3.4.2. Osorno

On 8 August, the Osomo station reached 24h average values of ~200 pg/m® surpassing the Emergency
level threshold. The model was able to capture the evolution of this pollution episode very acaurately
(Figures 8d-8i). Although Osornois not located in a region of such complex terrain as Temuco, it lays in a basin
whidh, given conditions of poor vertical mixing, can trap pollution and produce episodes. Some accumulation of
pollutants was found on the night of 6 August; thus, at 4P.M. on 7 August background pollution levels were
higher than usual (Figure 8d versus Figure 8a). Similarly as in Temuco, severe stagnation occurred producing
a rapid increase in pollution levels reaching hourly concentrations of 800pg/m® by 10 PM. (Figure 8e).
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Stagnation continued throughout the night and the plume meandered in the basin from Gsomo toward the
northeast without being able to exit the basin (Figures 8f and 8g). This plume together with fresh moming em’s-
sions also produced large pollution levels during the day (Figures 8h and 8i). As shown in Figures 8d-8i, smaller
neighboring towns without air quality monitors also were predicted to have large levels of pollution and be
affected by the Osorno plume because they are located in the same basin. Thus, implementing monitors in
towns within the same basin of highly polluted cities should be considered in the future.

4. Conclusions

Severe air pollution episodes regularly affect several cities in central and southern Chile during the winter
season. However, the skill of medels in simulating meteorologicaland air quality measurements has not been
evaluated for most of these cities and forecasting tools are limited. Here we develop and evaluate a near real
time forecasting system able to predict the episodes 1 to 3days in advance for nine cities.

The system is based on the WRF-Chem model configured at fine horizontal resolution (2 km) to resolve the
complex topography, stability and stagnation conditions, and anthropogenic sources. Due to the high corre-
Jation between particles and CO, two inent tracers (traffic and wood burning) are used to represent primary
pollutants from anthropogenic sources. PM; s concentrations are then estimated by applying factors to these
tracers which are calibrated with observations. The factors are based on physical phenomena including the
relative contribution of wood-burning stove and traffic tracers to episodes by city, the increase in emission
activity on weekend nights, and the temperature dependence of wood-burning-stove emissions. The calibra-
tion is performed by matching observed and modeled statistics on the total number of episodes predicted by
station and by selecting the calibration with the best skill in predicting pollution events.

The calibration and testing are performed for the latest air pollution period available, April-August 2014,
Temperature prediction skill tends to be similar from one initialization to another; thus, future implementa-
tions could assess modeling emissions using temperature predictions from previous days instead of applying
comection factors. The skill of wind speed predictions can change depending on the time of initialization, with
the recent ones having better skill from Curicé to the south and an opposite trend in Santiago and Rancagua,
likely due to spin-up required to resolve the meteorology for the more complex topography in Central Chile.
As PM,  concentrations tend to be correlated to wind speeds, similar trends are found for episode predictions.
skill in predicting wind direction and precipitation also affects the abiity to forecast episodes, which might be
improved by testing finer grid cell resolution in future implementations. Episode forecasting skill is ako modified
by other factors such as how often episodes are observed and the number of episodes predicted by each
initialization. While overall episode prediction skill varies from 53% to 72%, which is generally better than or
similar to persistence, with the best initializations per station presenting skills of 61% to 76%.

An analysis of the PM; 5 concentrations and wind maps at two cities and for two example events shows that
the model can represent episode evolution. For these two events, the largest concentrations occur at
nighttime after wind stagnation and rapid accumulation of freshly emitted pollution, which is generally
how episodes unfold. This accumulation can often be significant over large regions, including towns with
no monitors; thus, the model can be used to suggest locations for future stations. Plumes from the main cities
lingering through the night can influence neighboring towns located in the same basin and can add to fresh
emissions the next day, increasing pollution levels.

PM. 5 24 h running means can vary drastically between initialization start imes as a result of differences in wind
fields. Thus, an ensemble approach with multiple inftializations per day (e.g, other than 00 UTC, using different
global models, using ensemble members from a single global medel) could be implemented in the future to
assess uncertainties due to initialization and to provide a probabilistic forecast For the current system, as all
initializations show forecasting skill, they should all be used when deciding which episode category to forecast.

The system could be implemented in other pans of the world with complex topography, where strong
correlations between particulate matter and anthropogenic tracers exist for severe pollution episodes [e.g.,
Pataki et al, 2005] and where observations and computational resources may be limited. Positive model
performance for 2014 has led the Chilean Ministry of the Environment to implement the system for near real
time use during 2015, making it the first deterministic and also the largest national air quality forecasting
system in South America used for management of pollution episodes.
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