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Resumen

Dinamica de procesos y factores fisico-bioldgicos en la zona sur del Sistema de Corrientes

de Humboldt: un enfoque basado en modelacién

Odette Alejandra Vergara Soto
Doctorado en Oceanografia
Universidad de Concepcion, 2017

Dr. Renato Quifiones Bergeret, Profesor Guia

En la zona sur del Sistema de Corrientes de Humboldt (SCH), el proceso de surgencia, el
Agua Ecuatorial Subsuperficial rica en nutrientes transportada por la Corriente
Subsuperficial Chile-Pert (PCUC), y la dindmica de adveccion de los nutrientes, son factores
cruciales para la generacion de la alta productividad bioldgica del ecosistema costero. En este
contexto, esta Tesis Doctoral desarrolla los siguientes objetivos especificos: (i) Determinar
la evolucion temporal de los eventos favorables a surgencia en la zona centro-sur de Chile
durante los Gltimos 25 afios, junto con evaluar si los vientos Sur-oeste durante la estacion de
invierno, presentan una intensidad, frecuencia y duracion similares a los presentes en
primavera-verano; (ii) Determinar la evolucion temporal de los eventos de viento favorables
a hundimiento en la zona centro-sur de Chile durante los ultimos 25 afios, junto con evaluar
si los vientos norte durante la estacion de primavera-verano, presentan una intensidad,
frecuencia y duracion similares a los presentes en otofio-invierno; (iii) Caracterizar la
dinamica fisica en la zona sur del SCH utilizando un modelo fisico de alta resolucion y
describir la variabilidad estacional e interanual de la Corriente Subsuperficial Chile-Peru
(PCUC), en términos de transporte y velocidad a lo largo de la plataforma continental de
Chile; y (iv) Caracterizar la variabilidad espacial y temporal de los nutrientes potencialmente
limitantes del crecimiento del fitoplancton en la zona sur del SCH, mediante modelacion
biogeoquimica/fisica acoplada. La zona de estudio de la Tesis se encuentra delimitada entre
30-40°S y 70°-80°W. Para responder los Objetivos Especificos 1y 2 se realizo el anélisis de
una serie de tiempo de vientos (1988-2013) de una estacion meteoroldgica localizada en el
Aeropuerto Carriel Sur, Talcahuano (36°47'S, 73°04'W). Los Objetivos Especificos 3y 4 se
desarrollaron mediante la utilizacion del modelo hidrodinamico ROMS (Regional Oceanic



Modeling System) acoplado a un modelo biogeoquimico (Pelagic-Interactions Scheme for
carbon and Ecosystem Studies; PISCES). Los resultados de la serie de tiempo de vientos
(Objetivos Especificos 1y 2, Capitulo 1) mostraron una notable disminucién (p<0.05) de la
intensidad de la surgencia y su duracion los dltimos 25 afios. A pesar de esto, la frecuencia
en el nimero de eventos aumento, es decir, los eventos son cada vez menos intensos, mas
cortos, pero mas frecuentes. Por otro lado, el hundimiento exhibié cambios considerables
solamente en su intensidad, la cual al igual que la surgencia, disminuyd los Gltimos 25 afios.
La frecuencia y duracion de los eventos de hundimiento, no han experimentado cambios
significativos (p>0.05). El conocimiento generado en esta tesis sobre la evolucion temporal
del hundimiento, proceso escasamente estudiado en el SCH, es un aporte para entender la
dinamica fisica de este ecosistema altamente productivo, en el tiempo. La modelacion
hidrodinamica desarrollada (ROMS; Objetivo Especifico 3, Capitulo 2) representa de forma
realista la variabilidad detectada en el nivel del mar, asi como también a las variables fisicas
tales como temperatura y salinidad. El transporte promedio méaximo de la PCUC fue de 0.8
Sv en 30°S, lo cual es consistente antecedentes previos, tanto de modelacién como de
estimaciones derivadas de observaciones in situ. También se detectd una reduccion de la
fuerza de la PCUC hacia el sur generada, en parte, por la disminucion del rotor del estrés del
viento hacia el polo y por la formacién de un jet cerca de 35°S, asociado con la propagacién
de remolinos hacia el oeste. Un analisis lagrangiano virtual de las masas de agua
transportadas por la PCUC, muestra que sélo el 14-20% de los flotadores subsuperficiales
son advectados a superficie dentro de los siguientes seis meses después de su liberacion.
Finalmente, los resultados de la modelacion acoplada ROMS/PISCES (Objetivo Especifico
4, Capitulo 3), mostraron una potencial co-limitacion del crecimiento del fitoplancton cerca
de la costa, asociada en otofio e invierno a la intensidad de la luz, y a la concentracién de
silicato en primavera y verano, mientras que otros nutrientes (N, P, Fe) podrian ser limitantes
fuera de la costa, entre enero y abril. Por otro lado, se observo que aquellas areas que
presentaron alta adveccion vertical se asociaron a zonas histéricamente descritas como de
surgencia costera. Estas zonas fueron compensadas parcialmente por procesos horizontales
relacionados con el transporte inducido por remolinos desde la costa hacia el océano abierto.
Se demostrd que la mezcla vertical juega un rol clave en la reposicion de nutrientes en la

capa superficial y, por consiguiente, en la productividad biologica de la zona sur del SCH.



Abstract

Dynamics of processes and physical-biological factors in the southern zone of the

Humboldt Current System: a modelling approach

Odette Alejandra Vergara Soto
Doctorate in Oceanography
Universidad de Concepcion, 2017

Dr. Renato Quifiones Bergueret, Advisor

In the southern zone of the Humboldt Current System (HCS), the upwelling process, the
nutrient-rich Equatorial Subsurface Water transported by the Peru-Chile Subsurface
Current (PCUC), and the nutrient advection dynamics are known to be crucial factors to
generate the high biological productivity of the coastal ecosystem. This Doctoral Thesis
aims at accomplishing the following Specific Objectives: (i) To determine the temporal
evolution of the wind events favorable to upwelling in the southern zone of the HCS in
the last 25 years, and to evaluate whether the south-west winds during winter have an
intensity, frequency and duration similar to those winds present in spring-summer; (ii)
To determine the temporal evolution of the wind events favorable to downwelling in the
southern zone of the HCS in the last 25 years, and to evaluate whether the north winds
during spring-summer have an intensity, frequency and duration similar to those winds
present in autumn-winter (iii) To characterize the physical dynamics in the southern zone
of the HCS using a physical model of high resolution and describe the seasonal and inter-
annual variability of the PCUC in terms of transport and velocity, along the continental
shelf off Chile; and (iv) To characterize, using coupled biogeochemical/physical
modelling, the spatial and temporal variability of nutrients that can potentially be a
limiting factor for phytoplankton growth in the southern zone of the HCS. The specific
study zone of this Thesis is located between 30-40°S and 70°-80°W. To accomplish
objectives 1 and 2, a 25-year time series time-series (1988-2013) of wind data from a
meteorological station located at Carriel Sur Airport (Talcahuano; 36°47'S, 73°04'W) was
analyzed. The objectives 3 and 4 were approached using the ROMS hydrodynamic model
(Regional Oceanic Modeling System) coupled with a biogeochemical model (Pelagic-
Interactions Scheme for Carbon and Ecosystem Studies; PISCES). The analysis of the

wind time series (Objectives 1 and 2, Chapter 1) shows a decrease over the last 25 years



(p<0.05) in the intensity and duration of upwelling-favorable events. However, the
frequency of these events has increased. In fact, according to our analysis the upwelling-
favorable events are progressively less intense and shorter, but more frequent. On the
other hand, the intensity of downwelling events has also experienced significant change,
decreasing in the last 25 years. The frequency and duration of downwelling events have
not changed significantly (p>0.05).

The knowledge generated in this Thesis on the temporal evolution of downwelling-
favorable events, a process scarcely studied in the HCS, is a contribution for the
understanding of the temporal physical dynamics of this highly productive ecosystem.
The hydrodynamic modelling (ROMS; Specific objective 3, Chapter 2) provides a
realistic representation of the variability observed in sea level and physical variables like
temperature and salinity. The average maximum of the PCUC transport was 0.8 Sv at
30°S, which is consistent with previous estimations from modelling and in situ
observations. A reduction in the southward force of the PCUC was observed, partly owing
to the decrease in poleward wind stress curl and to the formation of a westward jet near
35°S associated with westward-propagating eddies. A Lagrangian virtual analysis of
water masses transported by the PCUC shows that only 14-20% of the subsurface floats
were advected to the surface within six months after their release. Finally, the results of
the coupled ROMS/PISCES model (Specific Objective 4, Chapter 3) shows a potential
co-limitation of phytoplankton growth, in autumn and winter, by light intensity and by
silicate concentration in spring and summer, while other nutrients (N, P, Fe, etc.) may be
limiting offshore areas between January and April. It was observed that areas with high
degree of vertical advection are associated with what are historically described as coastal
upwelling areas. These areas are partially offset by horizontal eddy-induced transport
from the coast to the open ocean. The results of this investigation show that vertical
mixing plays a key role in nutrient repositioning in the surface layer, and consequently,
in the biological productivity of the southern HCS.



1.- INTRODUCCION

1.1. Caracteristicas generales del SCH

El Sistema de Corrientes de Humboldt (SCH), también descrito por algunos autores como
el Sistema de Corrientes Chile-Pert (PCCS), se extiende desde ~42°S hasta el ecuador
(Montecino et al., 2005). Este sistema esta formado por distintas corrientes, las cuales
tienen diversos origenes.

El limite sur del SCH se asocia a la Deriva de los Vientos del Oeste (WWDC) la cual
forma parte del giro subtropical del Pacifico Sur (Quifiones et al., 2010). WWDC incide
en el continente sudamericano alrededor de 42°-48°S bifurcAndose en dos ramas
principales (Orsi et al., 1995; Reid, 1999). La rama que se dirige al norte es conocida
como la Corriente de Humboldt (CH), la cual transporta Agua Superficial Subantartica
(ASAA) hacia el ecuador. La otra rama que se desplaza hacia el sur es denominada
Corriente del Cabo de Hornos (CHC), la cual es una corriente costera que se alimenta de
los rios locales y se vuelve mas fuerte durante invierno austral y que también transporta
SAAW, la cual es mezclada posteriormente con aguas provenientes de los fiordos (Silva
y Neshyba, 1977; Strub et al., 1998). Otros componentes de este sistema son la
Contracorriente Chile-Perd (PCCC) la cual fluye hacia el sur entre 100-300 km costa
afuera y la Corriente Subsuperficial Chile-Perd (PCUC), la cual transporta Agua
Ecuatorial Subsuperficial (AESS) (Wooster y Gilmartin, 1961; Gunther, 1936; Wyrtki,
1963; Silva and Konow, 1975; Strub et al., 1998) y se traslada como una corriente costera
hasta el Golfo de Penas (48°S) (Silva and Neshyba, 1979). Ambas corrientes provienen
de la Corriente Ecuatorial Subsuperficial (EUC), la cual se divide en la Isla Galapagos
(Lucas, 1986). Un brazo alcanza Sudamérica cerca del ecuador y gira hacia el sur
formando la PCUC vy otro brazo dobla al sudeste de las Galapagos y se acerca a la costa
formando la PCCC (Strub et al., 1995, 1998). Por otro lado, cerca de la plataforma
principalmente fluyendo hacia el ecuador, se encuentran la Corriente Costera Chile
(CCC) y la Corriente Costera Pert (PCC), ambas estan influenciadas por vientos locales
y por la surgencia costera (Wyrtki, 1966, 1967; Aiken et al., 2008). La circulacién de gran

escala del Sistema de Corrientes de Humboldt se presenta en la Figura 1.1.
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Figura 1.1: Sistema de corrientes de Humboldt (Parada et al., 2012, modificado de Strub
et al., 1998): Corriente Costera Pert (PCC), Corriente Costera Chile (CCC), Corriente
Per0-Chile o Corriente de Humboldt (PC), Contra-Corriente Costera Peru-Chile (PCCC),
Corriente Subsuperficial Chile-Perd (PUC o PCUC), Deriva de los vientos del oeste
(WWD).

El limite costa afuera del SCH ha sido ampliamente discutido por Quifiones et al. (2010)
destacando diferentes criterios para establecer esta definicion. Por ejemplo, considerando
solo el dominio fisico, la extension de este sistema es de 120 km de costa, con un area
total de 182.000 km2 desde 4°- 18°S (Chavez y Barber, 1987). Demarcq (2009) considera
como margen externo, la principal area de surgencia biolégicamente activa donde Chl-a

> 1 mg de Chl-a/m3. Nixon and Thomas (2001), utilizando el mismo criterio de Demarcq



(2009), estiman un area total de 220.000 km? durante un periodo la Nifia (1998/1999) y
de 120.000 km? durante el Nifio (1997/1998) para la costa peruana.

La relevancia del SCH radica en que es uno de los sistemas de surgencia de borde oriental
(SSBO) maés extensos del mundo (Chavez et al., 2009), el cual sostiene importantes
pesquerias pelagicas y bentonicas (Cubillos et al., 1998; Cubillos et al., 1999; Cubillos et
al., 2007; Quifiones et al., 2009; Hernandez et al., 2011). Se caracteriza por presentar altas
tasas de produccion primaria (10-20 g C/m? dia, Fossing et al., 1995; Daneri et al., 2000;
Montero et al., 2007), una extensa Zona Minima de Oxigeno asociada a altas tasas de
produccion procarionte (Troncoso et al., 2003; Levipan et al., 2007) y a procesos de
pérdida de nitrogeno (De Pol-Holz et al., 2009; Galan et al., 2009; Cornejo y Farias, 2012;
Farias et al., 2015) y presenta ademas, alta variabilidad temporal de la abundancia y
diversidad de ictio, meso y macrozooplancton (Claramunt et al., 2014; Gonzélez et al.,
2015; Escribano et al., 2016; Riquelme et al., 2016). Las altas tasas de materia organica
generadas por este sistema son aprovechadas por diversos grupos taxondmicos
incluyendo los hongos filamentosos, que participan activamente en su descomposicion
(Gutiérrez et al., 2011; Fuentes et al., 2015).

En el SCH, como en otros SSBO (i.e. California, Benguela, Canarias), la surgencia
impulsada por el viento es el proceso de transporte que mas incide en la variabilidad
espacio-temporal de la costa (Strub et al., 1998, 2013). Este mecanismo local recibe la
influencia de fendmenos de gran escala como las ondas atrapadas a la costa (CTW)
forzadas por fluctuaciones del Pacifico ecuatorial (Shaffer et al., 1997, 1999; Hormazabal
et al., 2002) y la influencia de remolinos y meandros (Grob et al., 2003; Correa-Ramirez
etal., 2007, 2012; Hormazébal et al., 2004, 2013) (Figura 1.2).

33°S

34°s [}

latitude

35°s | |

36°S

37°8 L=

84°W 82°W 80°W 78°W 76°W 74°W 72°W
longitude

Figura 1.2: Remolinos intratermoclina en 225 metros de profundidad sefialados por E1,
E2, E3y E4 (Hormazabal et al., 2013).



Las caracteristicas fisicas y bioldgicas descritas anteriormente, estan sujetas a una fuerte
variabilidad interanual promovida por el ciclo ENOS (El Nifio Oscilacion del Sur). Se ha
observado que durante las fases célidas de ENOS, i.e. El Nifio, el transporte de nutrientes
hacia la superficie se reduce, generando disminucion en la produccién primaria (Barber
y Chévez, 1983) y consecuencias negativas para el ecosistema marino en su conjunto
(Artnz y Farhbach, 1996). Estudios més recientes indican que tales impactos pueden
variar ampliamente dependiendo del area y componente biol6gico a considerar (Ulloa et
al., 2001; Iriarte y Gonzalez, 2004).

La dindmica estacional e interanual de la interaccion fisico/bioldgica abarca, por lo tanto,
una gran variedad de factores. No obstante, esta Tesis se focalizara en el estudio de la
surgencia/hundimiento, en la variabilidad estacional e interanual de la PCUC vy en el
transporte de nutrientes en las dimensiones zonal, meridional y vertical y como se
correlacionan estos ultimos procesos con la distribucion de la clorofila a, en la zona centro
sur de Chile (30°-40°S).

1.2. Surgencia y hundimiento costero en Chile centro-sur (30°-40°S)

1.2.1. Surgencia costera en Chile centro-sur (30°-40°S)

El forzamiento del viento en el Pacifico sudeste es dominado principalmente por el
Anticiclén del Pacifico Sur (APS) y los centros atmosféricos de baja presion en altas
latitudes y el continente (Saavedra, 1980).

Dada la presencia de los bordes costeros en los SSBO, los vientos a lo largo de la costa
son mas intensos sobre el océano que en la tierra, ya que la friccion superficial sobre el
continente es mayor por la presencia de orografia y vegetacion. Esto crea un gradiente
horizontal en la intensidad del viento a lo largo de la costa, donde se reduce el viento
costero, en una zona que ha sido llamada de “disminucion” (“drop-off”; Capet et al.,
2004).

Por otra parte, los cambios estacionales del viento a lo largo de la costa oeste de Ameérica
del Sur también estan relacionados a cambios en el forzamiento estacional promedio, los
cuales se encuentran asociados al gradiente de presion a lo largo de la costa en escalas de
tiempo sinopticas (Garreaud y Mufioz, 2005; Rahn y Garreaud, 2009).

En la zona centro-sur de Chile, los vientos presentan un marcado ciclo estacional
(Garreaud y Mufioz, 2005), los cuales modulan la variabilidad de la surgencia y de los
diferentes flujos superficiales y subsuperficiales observados en esta region (Strub et al.,

1998). Este ciclo estacional esta sujeto al desplazamiento meridional del APS el cual en



primavera y verano austral, impone un régimen de circulacion de vientos anticiclonicos
(vientos Sur-Oeste favorables a surgencia costera). Durante esta época, el APS facilita
con su migracién, la reduccion de las precipitaciones y descargas de rios favoreciendo
aun mas el ascenso de aguas por la disminucion de la estratificacion vertical (Sobarzo et
al., 2007). Junto con esto, la migracion del APS durante el verano, intensifica el rotor del
estrés del viento y el transporte hacia el norte, acelerando como consecuencia, la rama
oceanica del SCH (Fuenzalida et al., 2008). Se han observado, ademas, entre 30°S-35°S
durante la primavera y verano austral, intensos episodios de vientos a lo largo de la costa
conocidos como jets o chorros de bajos niveles (Garreaud y Mufioz, 2005; Mufioz y
Garreaud, 2005), los que tienen consecuencias directas en la surgencia costera. Durante
invierno en cambio, el APS se mueve hacia el norte permitiendo la llegada de bajas
atmosféricas con circulacion de vientos ciclonicos, favoreciendo el hundimiento, la
precipitacion y la descarga de rios, con lo cual aumenta la estratificacion en la columna
de agua en la zona costera (Sobarzo et al., 2007 (b)). La relocalizacion de un intenso
nacleo de rotor del estrés del viento producto del desplazamiento del APS en la época
invernal, favorece el incremento de la velocidad de la rama costera del SCH en 3 cm/s
(Fuenzalida et al., 2008). EI movimiento del APS se representa en la Figura 1.3 a través

del estrés y rotor del viento durante el verano e invierno austral.
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Figura 1.3: a) Estrés del viento durante verano, b) Estrés del viento durante invierno, c)
rotor del viento en verano y d) rotor del viento durante invierno. Climatologia desde 1993
hasta 2000, basado en ERS I+11 (Fuenzalida et al., 2008).



El proceso de surgencia ha sido descrito innumerables veces, tanto en el SCH (ej. Strub
et al., 1998; Shaffer et al., 1999; Valle-Levinson et al., 2003) como en otros SSBO (ej.
Smith, 1981; Huyer, 1983; Lentz, 1992). Dinamicamente, la surgencia costera resulta de
la transferencia de momentum desde el viento hacia el océano y del efecto de la rotacion
terrestre. El resultado es la deriva horizontal de la capa de agua superficial costera (Capa
de Ekman) en 90°, a la izquierda en el hemisferio sur, de la direccion del viento (Yoshida,
1959; Gill, 1982). Este movimiento vertical, 0 surgencia, genera cambios fisicos y
quimicos en la zona eufdtica, tales como disminucion de la temperatura, del oxigeno y
del pH y aumento de los nutrientes y de la salinidad. El posterior aumento de la
productividad primaria es un complejo proceso de interaccion fisico-bioldgica (Mann y
Lazier, 1991). En la zona centro-sur de Chile, la surgencia traslada hacia superficie el
Agua Ecuatorial Subsuperficial (AESS) (Gunther, 1936) la cual se caracteriza por un
méaximo salino (34.9), bajas concentraciones de oxigeno disuelto (4.4-44 uM) vy alta
concentracion de nutrientes (10-40 pM nitrato, 2.6-3 uM fosfato, 25-40 UM silicato)
(Silvaetal., 2009). Gracias al aporte de nutrientes de esta masa de agua a la zona eufética,
el SCH de la zona centro-sur de Chile es uno de los sistemas mas productivos del mundo,
con tasas de produccion diaria de hasta 15 g C/m? durante eventos de surgencia activa
(Montero et al., 2007).

Se han reconocido 5 principales focos de surgencia en el centro-sur de Chile (Fonseca y
Farias, 1987). Entre ellos destaca el area localizada entre 35° y 38°S que se caracteriza
por presentar una compleja y amplia batimetria con un quiebre cerca de 150 m de
profundidad y un éarea de 3066 km?. Esta area se encuentra limitada por los cafiones
submarinos de los rios Itata y Biobio, los cuales pueden modificar la circulacién local de
manera significativa (Sobarzo et al., 2001; Sobarzo y Djurfeldt, 2004; Sobarzo et al.,
2016). Dentro de esta zona, se encuentra el Golfo de Arauco (36.7°-37.1°S; 73.2-73.5°W),
relevante por constituir un centro de desove y de retencién de larvas de especies pelagicas
(Arcos et al., 1987; Castillo et al., 1991; Arcos et al., 1996; Castro et al., 1997). Bahias
semicerradas de cara al ecuador como el Golfo de Arauco y la Bahia de Monterrey en
California por ejemplo, que se constituyen al lado de corrientes de borde oriental, se ven
favorecidas por cambios de orientacion de la costa, los cuales contribuyen a aumentar la
productividad (Figueroa y Moffat, 2000). EI Golfo de Arauco es importante no tan solo
por recibir la influencia de vientos favorables a surgencia en la época estival, los cuales
pueden ser >17 m/s, sino también por la profundizacion de la picnoclina, cuyas

oscilaciones tienen amplitudes de 5 metros y se propagan hacia el polo a lo largo de la



costa contribuyendo a la mezcla de aguas ricas en nutrientes y de bajo oxigeno en la zona
eufética, realzando atin mas la produccion de este lugar (Valle-Levinson et al., 2003). Por
otro lado, la formacion de remolinos superficiales e intratermoclina de rotacion
ciclénica/anticiclonica (Leth y Middleton, 2004; Morales et al., 2012; Hormazabal et al.,
2013) y de filamentos y meandros que contribuyen a exportar aguas ricas en nutrientes
fuera de la costa (Céceres, 1992; Mesias et al., 2001; Grob et al., 2003), integran los
complejos mecanismos que se desarrollan en el Golfo de Arauco.

En la mayoria de los estudios de interacciones fisico-bioldgicas en SSBO, las estadisticas
de surgencia se calculan en escalas de tiempo mensuales, estacionales y anuales (Black
etal., 2011; Landaeta y Castro, 2012; Cropper et al., 2014), mientras que la surgencia se
produce de forma natural en altas frecuencias (dias 0 semanas) con una duracién entre 3-
15 dias (Largier et al., 1993). La surgencia por lo tanto, presenta un ciclo gobernado por
la escala de tiempo sinoptica (Jury et al., 1985; Sobarzo et al., 2010; Garcia-Reyes et al.,
2014), frecuencia que se acopla a la dindmica bioldgica en los SSBO (Montecino et al.,
2004; Botsford et al., 2006; Jacob et al., 2011; Garcia-Reyes et al., 2014). El periodo de
tiempo sindptico y la posibilidad que los vientos del suroeste estén presentes durante todo
el afio, pueden incitar el desarrollo de eventos surgencia no tan solo en primavera-verano,
sino también durante en otofio e invierno, topico que en general ha sido poco estudiado
en Chile.

En otros SSBO, como el de California, se ha reportado que la "surgencia de invierno",
incluso cuando es de corta duracion o de débil magnitud, proporciona a la region los
nutrientes suficientes para realzar la productividad y la disponibilidad de alimento para
aves marinas, generando como consecuencia una poblacion adulta saludable y un inicio
mas temprano de la temporada de reproduccion (Schroeder et al., 2009). Por otro lado, en
este mismo sistema, Black et al. (2011) encontraron que algunas especies de peces se ven
favorecidas por la surgencia en invierno, la cual a su vez se encontr6 fuertemente ligada
a ENOS y a la presion del nivel del mar. En la peninsula Ibérica se han llevado a cabo
numerosos estudios que sefialan a la surgencia invernal como un componente relevante
en la formacion de afloramientos fitoplanctdnicos tan importantes como en primavera-
verano (Ribeiro et al., 2004; Prego et al., 2007; Varela et al., 2010), que el promedio de
dias de surgencia al mes durante invierno es entre 8-10, favoreciendo al nanofitoplancton,
ciliados y nanoflagelados (Alvarez et al., 2009) y que la surgencia invernal favorece la

retencion de larvas y huevos de peces pelagicos (Santos et al., 2004).



Junto con estudiar la relacion entre la interaccion de procesos fisicos/bioldgicos con la
surgencia en otofio-invierno, es importante considerar si estos “eventos anomalos” estan
ligados al aumento de la surgencia a través del tiempo (Alvarez et al., 2003; de Castro et
al., 2008), asociada al cambio en el régimen de vientos (Sydeman et al., 2003; Garcia-
Reyes y Largier, 2010). La mayoria de las investigaciones al respecto, sugieren que los
eventos de surgencia estan cambiando de una manera consistente con las predicciones
que se realizaron sobre el efecto que el cambio climético tendria sobre los vientos (Bakun,
1990; Diffenbaugh et al., 2004; Bakun et al., 2010), volviéndose dichos eventos de

surgencia cada vez menos frecuentes, mas fuertes y de mayor duracién (lles et al., 2011).

1.2.2. Hundimiento costero en Chile centro-sur (30°-40°S)

La circulacion atmosférica de gran escala que domina la cuenca del Pacifico Sur es
conducida, por el Anticiclon del Pacifico Sur (APS), que esta limitado en el norte por la
Zona de Convergencia Inter-Tropical (ZCIT), en el sur por el frente polar y hacia el este
por la costa y la cordillera de los Andes (Strub et al. 1998). EI APS tiene ciclos
estacionales, interanuales e interdecadales (Montecino et al., 2006; Ancapichln y Garcés-
Vargas, 2015), siendo los ciclos estacionales los mas ampliamente estudiados (Saavedra
y Fopiano, 1992; Montecino et al., 2006; Schneider et al., 2017). En verano, el APS se
desplaza hacia el polo (centro en ~35°S) favoreciendo la surgencia costera desde 40°S
hacia el ecuador, mientras que en otofio-invierno, el APS se mueve hacia el norte (centro
en ~27°S), debilitando los vientos en Chile central e incrementandolos en Per( (Bakun y
Nelson, 1991).

Durante el invierno austral la llegada de bajas atmosféricas con circulacién de vientos
ciclénicos favorecen el hundimiento, la precipitacion y la descarga de rios, con lo cual
aumenta la estratificacion en la columna de agua (Sobarzo et al., 2007 (b)). En esta época,
la variabilidad sindptica (3-15 dias) de los vientos norte méas fuertes (favorables a
hundimiento), es muy pronunciada al sur de 35°S debido al paso de perturbaciones
atmosféricas de baja presion (Garreaud et al., 2002; Garreaud y Mufioz, 2005). Esta
variabilidad del viento de alta frecuencia esta todavia presente en verano (Sobarzo et al.,
2010) debido a la presencia de episodios cuasi semanales de jet costeros (low-level jet)
hacia el sur, lo cuales se caracterizan por presentar maximas velocidades que pueden
superar los 15 m/s (Garreaud y Mufioz, 2005; Renault et al., 2009).

En oposicion a la surgencia, el hundimiento es el movimiento vertical descendente de

agua desde el fondo de la capa superficial hacia aguas mas profundas producido por una



convergencia en la superficie (Tomczak y Godfrey, 2001). EI hundimiento en zonas de
surgencia costera de borde oriental, ocurre cuando soplan vientos norte, forzando un
patron de circulacion constante a través de la plataforma, generando un flujo que se
moviliza hacia la costa (favoreciendo los procesos de retencidon de agua dentro de la
plataforma) y un flujo compensatorio que se dirige fuera de la costa cerca del fondo
(Ekman 1905). Este patrén de circulacion descrito por Ekman (1905) que se presenta en
épocas de hundimiento en SSBO, ha podido ser confirmado a través de estudios
observacionales (Winant, 1980) y de modelacion (Allen et al., 1995; Austin and Lentz,
2002) en la costa central de Oregon, que es parte del Sistema de la Corriente de California
(CCS).

Algunos estudios han explorado la respuesta de plumas de rios a eventos favorables a
surgencia y a hundimiento (Lentz et al., 2004; Whitney et al., 2005; Gan et al., 2008; Liu
et al., 2008; Moffat y Lentz, 2012), destacando que los vientos pueden influir en la
circulacién de las plumas a través y a lo largo de la plataforma de zonas costeras. Los
vientos favorables a hundimiento, inducen mezcla en las plumas, generando una
profundizacién significativa de su estructura y un estrechamiento en la superficie, asi
como un aumento en el transporte a lo largo de la costa (Moffat et al., 2012). En las costas
de Chile-central (34°-38°S), Saldias et al. (2012) han sefialado que durante otofio-invierno
el viento Norte favorable a hundimiento, sumado al efecto de Coriolis, induce a que las
plumas de los rios Mataquito, Maule, Itata, Biobio y Valdivia sean atrapadas en la costa
y que rapidamente se propaguen hacia el sur, fusionandose y formando una sola gran
pluma. Adicionalmente en esta época del afio los rios se encuentran en su maximo de
descarga formando un amplia area de turbidez que supera los 1000 km? (Saldias et al.,
2012).

Desde el punto de vista bioldgico, algunos autores han reportado la importancia del
hundimiento sobre la dindmica del transporte de larvas plancténicas, e.j. larvas de
bivalvos y de gastropodos (Garland et al. 2002; Shanks et al. 2002). Varios autores
destacan que durante periodos de hundimiento producto del transporte de Ekman hacia la
plataforma, las larvas que se encuentran en la capa superficial, son trasladadas hacia la
costa generando alto asentamiento (Farrel et al., 2001). En este escenario, las larvas
planctonicas se comportarian como particulas pasivas que son transportadas junto con el
flujo debido a que las velocidades de natacion de muchos tipos de larvas (mm/s) son méas
bajas que las tasas de velocidad en la capa de Ekman (cm/s) (Barber y Smith 1981; Chia

etal., 1984). A pesar de esto, algunas larvas de invertebrados intermareales, son capaces



de nadar y permanecer en la costa o fuera de ella sin que la surgencia y el hundimiento
ejerzan efecto en su distribucion (Shanks y Brink, 2005; Shanks y Shearman, 2009).

En otras regiones de surgencia, como la costa Nor-oeste de la peninsula Ibérica (Ria de
Vigo), eventos de hundimiento generan aumento en las concentraciones de fitoplancton,
incluyendo las especies potencialmente dafiinas (Floraciones Algales Nocivas; FAN),
como resultado de la adveccion hacia la costa, la subduccion y la capacidad de los
dinoflagelados asociados a FAN (G. catenatum, D. acuta, y D. acuminata) para mantener
su posicion en la columna de agua nadando (Figueiras et al., 1994; Sordo et al., 2001;
Barton et al., 2016).

En las costas de Chile, se ha reportado que estadios de vida temprana de poblaciones de
peces que desovan en invierno, pueden beneficiarse de la circulacion costera inducida por
vientos favorables a hundimiento (Arcos y Navarro, 1986), este es el caso de la anchoveta,
la cual presenta mayor reproduccion durante el invierno austral (entre Julio y Septiembre;
Mujica y Rojas, 1980). Castro et al. (2000), han encontrado alta densidad de
microplancton en la columna de agua en sincronizacion a una maxima densidad de huevos
y larvas de anchoveta en condiciones de hundimiento invernal frente a las costas de
Talcahuano (36.5°S). Los autores destacan que aunque la estabilidad general de la
columna de agua en esta época es baja, se observaron parches de alimento larval
distribuyéndose a lo largo de multiples estructuras frontales (hialinas y termales) en el
area total de estudio.

Por otra parte, en la costas de, Chile central (33°30°S, 71°40°W), Narvaez et al. (2006)
han encontrado que vientos favorables a hundimiento se asocian a “grandes eventos de
calentamiento”, los cuales ocurren algunas veces en primavera y verano. Durante estos
caracteristicos eventos, los autores observaron una sincronia significativa en el
reclutamiento de varios taxa de invertebrados (decapodos, gastrépodos, poliquetos,
mejillones y erizos), sugiriendo que las larvas podrian ser “arrastradas” en estos frentes
advectivos y ser liberadas en la costa.

Se ha demostrado también en el SCH, que en épocas de vientos favorables a hundimiento
frente a Concepcion (36°S), el microzooplancton ejerce una importante remocién
(>100%) de la produccion primaria (Bottjer y Morales, 2004), lo cual revela que no tan
solo durante primavera-verano la presion de pastoreo sobre el fitoplancton es
significativa.

El hundimiento puede acoplarse también a otros procesos fisicos remotos que se observan

en la costa de Chile centro-sur. Por ejemplo, Hormazabal et al. (2006) relacionan las
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ondas Rosshy con condiciones de hundimiento y surgencia. Destacan que el paso de
ondas Rossby junto a la fase de hundimiento (surgencia) genera isotermas mas profundas
(superficiales), aumentando (disminuyendo) el espesor de la Zona de Minimo Oxigeno
(ZMO), incrementando (disminuyendo) la concentracion media de silicato, vy
disminuyendo (aumentando) el déficit de nitrato en la ZMO. De acuerdo a sus resultados,
las propiedades de la capa superficial en el sistema de surgencia de Chile central, podrian
estar influenciadas significativamente por ondas Rossby forzadas remotamente. Este
sistema podria estar modulado por el paso de estas ondas de baja frecuencia, de modo que
la capa superficial tenderia a ser mas caliente y pobre en nutrientes en asociacion a la fase
de hundimiento de estas ondas.

En algunas regiones de otros SSBO, como el Sistema de la Corriente de California (CCS),
se ha observado que la productividad puede verse afectada por el "preacondicionamiento™
del invierno, principalmente a través de hundimientos anormalmente intensos que
reducen los inventarios de nutrientes en la plataforma afectando también la productividad
durante la primavera y el verano siguientes (lanson y Allen, 2002; Tortell et al., 2012).
Los vientos hacia el polo que dominan durante la época invernal en el CCS, pero que
también estan presentes a lo largo del afio aunque en menor frecuencia, producen junto
con el hundimiento, una “depresion o profundizaciéon de la picnoclina” en la costa y un
forzamiento de las aguas superficiales hacia la plataforma (Smith et al., 1994). El
movimiento descendente de la picnoclina empuja estas aguas subsuperficiales las cuales
son ricas en carbono y nutrientes limitantes para el desarrollo del fitoplancton desde la
plataforma costera hacia otras cuencas oceanicas adyacentes (Hales et al., 2005). El
presupuesto neto anual de carbono, por lo tanto, esta influenciado directamente por la
surgencia y el hundimiento, asi como por las caracteristicas batimétricas de la plataforma
costera (lanson et al., 2009).

Se ha demostrado que la intensidad del hundimiento durante invierno, ha aumentado los
ultimos 50 afios en el limite norte de la CCS (Foreman et al., 2011). Algunos modelos
han pronosticado un incremento en los vientos favorables a hundimiento durante el afio
2100; sin embargo, estas predicciones no han evidenciado ser estadisticamente
significativas (Merryfield et al., 2009). Existe una variedad de indicadores que han sido
utilizados para estimar el inicio y desarrollo de la surgencia, estos incluyen la clorofila
superficial (Henson y Thomas, 2007), la temperatura (Tapia et al., 2009; Benazzouz et
al., 2014) y los nutrientes (Garcia-Reyes et al., 2014). Sin embargo, la sincronizacién

(inicio, duracion y término) de la "estacion de hundimiento™, solo ha sido evaluada por
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algunos autores (ej. Bograd et al., 2009; Foreman et al., 2011; Bylhouwer et al., 2013).
En este aspecto, es necesario profundizar en el conocimiento de la dinamica del
hundimiento en el centro-sur de Chile en distintas escalas temporales y espaciales, lo cual
permitira avanzar en la prediccion de los efectos del cambio climatico en esta region.

Sumado a lo anterior, estudiar los eventos de surgencia durante otofio-invierno y
compararlos con los tipicos eventos de primavera-verano, asi como evaluar los eventos
de hundimiento en primavera-verano y compararlos con los tipicos eventos de
hundimiento de otofio invierno, es un topico relevante para la comprensién del ecosistema

en esta zona.

1.3. El Sistema de Corrientes de Humboldt y la Corriente Subsuperficial Chile-Per(
(PCUC) en Chile centro-sur (30°-40°S)

Las corrientes subsuperficiales hacia los polos (PUC) se presentan comunmente en SSBO
de latitudes medias (Fonseca, 1989; Neshyba, 1989; Hill et al., 1998). Estas corrientes
viajan sobre la plataforma continental en direccion opuesta al flujo superficial hacia el
ecuador (Pierce et al., 2000), localizando su nucleo entre 100-300 metros de profundidad,
con velocidades entre 0.1-0.3 m/s (Neshyba et al., 1989; Warren, 1990). Las PUC
generalmente se profundizan y pierden su fuerza hacia el polo (McCreary y Chao, 1985;
Clarke, 1989; Thomson y Krassovski, 2010).

En el SCH, la Corriente Subsuperficial Chile-Perti (PCUC) se origina en las costas de
Per( cerca de 5°S y fluye hasta el Golfo de Penas (48°S; Wooster y Gilmartin, 1961;
Wooster y Reid, 1963; Silva y Neshyba, 1979). Esta corriente proviene de la Corriente
subsuperficial Ecuatorial (EUC) (Lucas, 1986) y de dos ramas de la SSCC
(Contracorriente  Subsuperficial Sur; Montes et al. 2010; Czeschel et al. 2011).
Mediciones directas sobre esta corriente se han efectuado a lo largo de las costas de Peru
y Chile, concluyendo que esté presente durante todo el afio, que es posible distinguirla
desde la superficie hasta 600 metros de profundidad, que su nucleo de méxima velocidad
se encuentra entre 100 y 250 metros y que se localiza principalmente entre la costa y 200
km mar adentro (Woster y Gilmarti, 1961; Silva y Neshyba, 1979; Johnson, 1980; Silva
y Fonseca, 1983; Huyer et al., 1987; Shaffer et al,.1997,1999; Pizarro et al., 2002;
Chaigneau et al., 2013). Se ha reportado que la velocidad promedio de este flujo adquiere
diferentes valores dependiendo de la zona y época del afio (Tabla I). El transporte

promedio estimado para esta corriente es de 0.3-0.5 Sv entre 12°-16°S (Chaigneau et al.,
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2013),de 1.8 Sven 10°S (Huyer etal., 1991) yde 1-1.3 Sv en 30°S (Huyer, 1987; Shaffer
etal., 1999, 2004).

Tabla I: Velocidad (cm/s) reportada para la PCUC

Velocidad PCUC (cm/s) Localizacién Referencia

5-10 50-12°S Huyer et al. (1991)

5-10 10°0-15°S Silva y Neshybat (1977) (calculado desde Wooster y Gilmarti, 1961)
0-5 15°-18°S Silva 'y Neshybat (1977) (calculado desde Wooster y Gilmarti, 1961)
5-10 20°-30°S Silva 'y Neshybat (1977) (calculado desde Siever y Silva, 1977)

12.8 30°S Shaffer et al. (1999)

10 30°S Leth et al. (2004)

0-5 320-37°S Silva y Neshybat (1977) (calculado desde Chin, 1970)

0-5 40°-45°S Silva 'y Neshybat (1977) (calculado desde Silva, 1977)

Por otra parte, la PCUC es modulada fuertemente por el rotor del estrés del viento a través
de la dinamica de Sverdrup (Marchesiello et al., 2003; Albert et al., 2010; Chaigneau et
al., 2013) y por el forzamiento tropical remoto (Pizarro et al., 2002; Ramos et al., 2006).
En periodos estacionales e interanuales, la PCUC recibe la influencia de ondas Rossby
forzadas por ondas Kelvin ecuatoriales (IEKW; Belmadani et al., 2012) que arriban a las
costas de Sudamérica y explican mas de un 50% de la variabilidad de la PCUC (Pizarro
etal., 2002). Estas IEKW se propagan como ondas atrapadas a la costa (CTW), las cuales
modifican el cizalle vertical (vertical shears) entre la PCUC y la Corriente costera Chile-
Per(, modulando las inestabilidades baroclinicas y, por lo tanto, la generacion de
remolinos de mesoescala que se propagan desde la costa al oeste (Echevin et al., 2011).
Es un factor comdn de los SSBO, que la presencia de un jet costero hacia el ecuador
fluyendo sobre una corriente subsuperficial que se dirige al polo genere inestabilidades
baroclinicas, producto de gradientes horizontales de densidad (Allen et al., 1991; Barth
et al., 2000). Asi, el jet que se desarrolla en el frente de surgencia, se fortalece y se mueve
fuera de la costa desarrollando meandros y remolinos (Strub et al., 1991; Strub y James,
2000; Aristegui et al., 2009). Por ejemplo, se ha encontrado que remolinos anticiclénicos
intratermoclina (ITEs) se desprenden de la PCUC en la temporada de surgencia,
propagandose fuera de la costa y transportando aguas ricas en nutrientes y bajo oxigeno,
propiedades caracteristicas de la AESS (Hormazabal et al., 2004, 2013).
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La PCUC es importante ademas, porque inyecta a la superficie, en periodos de surgencia,
la masa de Agua Ecuatorial Subsuperficial (AESS). La AESS aporta nutrientes,
concentraciones bajas de oxigeno, alta salinidad y baja temperatura a la zona eufdtica,
favoreciendo a la productividad primaria (promedio anual de 10- 20 g C.m-2.day-1,;
Daneri et al., 2000; Montero et al., 2007). Si los vientos favorables a surgencia son
altamente persistentes, el ecosistema puede verse afectado negativamente como
consecuencia de bajas concentraciones de oxigeno provenientes de la AESS, llegando
incluso a presentar eventos severos de hipoxia que conllevan varazones y mortandades
de biota costera (Hernandez-Miranda et al., 2010; 2012a, b; 2017).

Por lo tanto, es relevante estudiar la dinamica estacional e interanual la PCUC en la
plataforma continental de Chile centro-sur considerando la influencia que ejerce esta
corriente sobre el transporte de la AESS (meridional y zonal), la cual sostiene las altas
tasas de productividad en el SCH de Chile.

1.4. Dinamica de nutrientes y fitoplancton en la zona centro-sur de Chile

Como se ha mencionado anteriormente, los SSBO son regiones marinas biol6gicamente
productivas las cuales cubren < 1% del océano, pero que proporcionan hasta el 20% de
las pesquerias en el mundo (Pauly y Christensen, 1995). Los altos niveles de
productividad de los SSBO son el resultado de vientos con direccion al ecuador a lo largo
de la costa, los cuales en combinacion con el efecto Coriolis, transportan aguas
superficiales fuera de la costa. Como consecuencia de la conservacién de masa, aguas
profundas con alta concentracion de nutrientes y CO- y baja concentracion de oxigeno y
pH, son advectadas hacia la zona eufética (Huyer, 1983).

La adveccidn vertical de nutrientes sumada a la dindmica de la capa de mezcla y de la
radiacion solar, favorece las altas tasas de produccion nueva en los SSBO, con
proporciones f (f-ratios) fluctuando entre 0.21 y 0.75 (e.g. Dugdale, 1985; Minas et al.
1986; Chavez y Toggweiler, 1995; Clark et al., 2016).

En el SCH, pulsos de Agua Ecuatorial Subsuperficial (AESS) seguidos por periodos de
relajacion del estrés del viento, representan probablemente las mejores condiciones para
estimular el crecimiento fitoplanctonico y obtener altas tasas de produccion de materia
organica (Marin et al., 1993; Daneri et al., 2012).

La dindmica de las variables bioldgicas como oxigeno, clorofila y nutrientes en el SCH
ha sido ampliamente investigada. En la zona centro-sur de Chile, se ha estudiado su

distribucion espacial mediante la ejecucion de cruceros bio-oceanograficos financiados
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por el Fondo de Investigacion Pesquera y de Acuicultura (FIPA; Subsecretaria de Pesca,
Ministerio de Economia, Fomento y Turismo, Gobierno de Chile) y en la dimension
temporal a través de la serie de tiempo de la estacion 18, localizada en la plataforma
Continental de la zona centro sur (36°31°S; 73°08’W) (Figura 1.4) (Anabalon et al., 2007;
Morales et al., 2007; Sobarzo et al., 2007; Quifiones et al., 2009; Gutiérrez et al., 2010;
Hernandez et a., 2012; Escribano et al., 2015).

(a) 30+ ‘ ° l L] L ] l

)
36°%sH . TT~e— .

T
=
I
i
37°sr \://ﬂ
30'—0\/\..6 . . 5
%
38°S @ (] (] . \ L]
1 1 1
"W 76°W 75°W

Longitud

Figura 1.4: (a) Localizacion de las estaciones oceanograficas correspondientes al Crucero
MOBIOBIO (FIP 2004-20) y (b) Localizacion de la Estacion 18 (36°31°S; 73°08°W)
(Cornejo et al., 2007).

Algunos resultados de los cruceros FIP durante primavera (FIP 2004-20; FIP 2005-01),
revelan que el nitrato y el fosfato han presentado patrones similares, con dos nucleos de
maximos valores en superficie en la zona costera, uno en 36°S y otro frente a Punta
Lavapié (37°30” S). La mayor concentracion de silicato también se ha localizado en la
zona costera, especialmente entre 35°S y 36°S. Se ha observado, ademas, que los
nutrientes pueden presentar altas concentraciones hasta 100 km fuera de la costa.

Las concentraciones de nutrientes medidos en la serie de tiempo (Estacion 18),
especialmente nitrato y fosfato, no presentan grandes diferencias estacionales los
primeros metros de la columna de agua, como consecuencia de la surgencia y del aporte
de agua dulce al ecosistema durante la época invernal (Anabalén et al., 2007; Montero et
al., 2007; Iriarte et al., 2012). Solo el Si ha exhibido mayor variabilidad, con valores
fluctuando entre 5y 40 uM (Anabaldn et al., 2007; Montero et al., 2007). Tomando en

consideracién que los nutrientes (nitrato y fosfato) no han mostrado diferencias
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estacionales significativas en esta zona, las elevadas tasas de produccion primaria (> 2 g
C m2d?) coinciden principalmente con el mejoramiento en las condiciones de luz durante
la época estival, por lo tanto la productividad en el ecosistema de surgencia de
Concepcion estd mayormente asociada a la estacionalidad de los niveles de radiacion
solar (Montero et al., 2007).

El aporte de nutrientes a la zona eufética (Diehl et al., 2002) junto a las adecuadas
condiciones de luz (Peterson et al., 1987) y temperatura (Nicklischt et al., 2008; Thomas
et al., 2012), generan las condiciones necesarias para la formacién de afloramientos
fitoplanctonicos en la zona costera. Se ha reportado para la zona centro-sur de Chile, que
durante primavera-verano predominan los afloramientos fitoplanctonicos constituidos
principalmente por el microfitoplancton, con las diatomeas formadoras de cadenas como
las mas abundantes (Chaetoceros spp., Thalassiosira spp., y Skeletonema) (Morales et
al., 2007; Vargas et al., 2007). Las diatomeas se adaptan bien a los ambientes altamente
turbulentos y repletos de nutrientes (Gonzélez et al., 2007), contribuyendo
mayoritariamente a las altas concentraciones de clorofila en la época de surgencia (>5
mg/m3) (Morales et al., 2007). En invierno predominan las fracciones menores, con pico
y nanofitoplancton como las mas abundantes, alcanzando concentraciones de clorofila <2
mg/m? durante esta época (Anabaldn et al., 2007; Iriarte et al., 2012).

Las altas concentraciones de clorofila generadas en la costa, contribuyen a incrementar la
productividad bioldgica en otras areas. En el SCH de Chile centro-sur, varios autores han
encontrado que el aumento en la concentracion de clorofila en la zona de transicion
costera (CTZ, después del quiebre de la plataforma) es producto de la formacion de
filamentos (Grob et al., 2003) y de remolinos de mesoescala ciclénicos y anticiclénicos
generados en la costa (Morales et al., 2012), los cuales inyectan nutrientes a zonas mas
oligotroficas. Algunos de los remolinos se generan en la época de primavera-verano y
contienen altas concentraciones de clorofila, estos viajan durante meses fuera de la costa,
lo cual permite fertilizar las zonas oceanicas durante invierno (Correa-Ramirez et al.,
2007). Estas altas concentraciones de clorofila en la época invernal han sido encontradas
también en las Islas del Archipiélago Juan Fernandez, lo cual seria producto de los
remolinos formados en la costa (Andrade et al., 2012, 2014).

Ademas de la capacidad adaptativa de las células a diferentes niveles de irradiancia y
temperatura, la disponibilidad y co-limitacion de nutrientes contribuyen entre otros
factores a determinar la concentracion y distribucion espacial de clorofila en el océano

(Geider et al., 1997). La co-limitacién de nutrientes ocurre cuando dos (0 mas) nutrientes
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han sido extraidos simultaneamente a niveles en los cuales, la adicion de uno o de todos
es requerida para estimular el crecimiento del fitoplancton (Moore et al., 2013).
Concentraciones absolutas de nutrientes en la superficie del océano, o sus relaciones
estequiométricas, pueden indicar el potencial de limitacion existente en el area a estudiar
(Saito et al., 2008).

En el SCH de Per(, se ha encontrado que el hierro limita el crecimiento del fitoplancton
durante invierno (Hutchins et al., 2002; Bruland et al., 2004), mientras que el nitrato y el
silicato limitan el crecimiento durante verano (Echevin et al., 2008). En el SSBO de
California, el hierro también limita el crecimiento del fitoplancton, ejerciendo un control
fundamental sobre la biogeoquimica de los principales nutrientes, sobre la produccion de
carbono orgénico particulado y sobre el crecimiento del plancton (Hutchins et al., 1998).
Se ha encontrado en el SSBO de California que la adicion de hierro permite, ademas, la
generacion de afloramientos de diatomeas formadoras de cadena altamente silicificadas
(Hutchins et al., 1998; Bruland et al., 2001). En el SSBO de Benguela, Kyuper et al.
(2005) identificaron una relacion directa entre el anammox Yy la remocién de nitrégeno
inorganico en la Zona de Minimo Oxigeno (ZMO), concluyendo que este proceso
bacteriano es el principal responsable de la limitacion de nitrégeno en este sistema. En el
SCH de Chile, Quifiones et al. (2010) mediante la construccion de modelos
biogeoquimicos de caja tipo LOICZ (Land-Ocean Interactions in the Coastal Zone;
Gordon et al., 1996), sugieren que el nitrégeno podria ser limitante de la produccion
primaria en tres regiones localizadas en: 18-27°S, 27-33°S y 33-42°S. Los autores
destacan que el déficit relativo de este elemento en comparacion a la disponibilidad de
fésforo en este ecosistema, es consistente con las altas tasas de desnitrificacion asociadas
a la Zona de Minimo Oxigeno (Castro-Gonzéalez y Farias, 2004; Pantoja et al., 2004;
Castro-Gonzalez et al., 2005).

El crecimiento del fitoplancton, integra varias condiciones y procesos oceanograficos,
entre los que destacan la profundidad de la capa de mezcla, la surgencia, la irradiacion de
la luz, y la concentracion de nutrientes. La adveccién (o transporte) y mezcla de
nutrientes, son procesos fisicos que explican en parte la variabilidad de la clorofila en la
zona costera (Williams y Follow, 2006; Dave y Lozier, 2015). Los movimientos
verticales (adveccion vertical) juegan un rol clave en el intercambio de calor y
propiedades biogeoquimicas entre la superficie y el océano profundo. En sistemas de
surgencia, en areas de frentes costeros y en remolinos de mesoescala, la velocidad vertical

es fundamental y puede contribuir significativamente al suministro de nutrientes en la
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zona eufética (Mahadevan, 2014). En remolinos de mesoescala, tanto la adveccién
horizontal como la vertical inducida por bombeo de Ekman y bombeo de remolinos
(Klein y Lapeyre, 2009; Chelton et al., 2011; Siegel et al., 2011) influencian, entre otros
factores, la distribucion de la clorofila en el océano. Por otro lado, en otras areas como el
giro subtropical del Atlantico Norte, se ha establecido que la adveccidn horizontal es la
principal responsable de la variabilidad espacial y temporal del reservorio de nutrientes
subsuperficial (Palter et al., 2005).

Determinar cuales son los nutrientes potencialmente limitantes del crecimiento del
fitoplancton y comprender como la dinamica de adveccion y mezcla se correlacionan con
la distribucion de clorofila en la zona centro-sur de Chile, son tépicos fundamentales de
la interaccion biofisica en el SCH.

1.5. Justificacion de este estudio

Esta Tesis Doctoral busca dilucidar la variabilidad espacial, estacional e interanual de los
principales factores fisicos en la zona sur del Sistema de Corrientes de Humboldt
especificamente en la zona centro-sur de Chile (30°-40°S; 70°-80°W), tales como la
surgencia/hundimiento, la Corriente Subsuperficial Chile-Pert (PCUC) y la dinamica de
advecciéon y mezcla de nutrientes potencialmente limitantes para el crecimiento del
fitoplancton

La importancia de profundizar en la investigacion de los factores mencionados
anteriormente es la siguiente:

-Surgencia en la época invernal versus surgencia en primavera-verano austral: La
surgencia es uno de los factores mas importantes en promover las altas tasas de
productividad en el Sistema de Corrientes de Humboldt Sur (Daneri et al., 2000) y es
responsable en parte de altos desembarques de recursos bentonicos y pelagicos en la zona
centro-sur de Chile (Neira y Arancibia, 2004; Cubillos et al., 2007; Yannicelli et al.,
2008). Establecer la variabilidad de la surgencia a través del tiempo es fundamental para
evaluar como inciden los cambios que experimenta sobre el Sistema de Corrientes de
Humboldt Sur.

Se ha determinado que la surgencia en la zona centro-sur de Chile, puede ser dividida en
tres épocas: primavera-verano donde la surgencia se intensifica (Shaffer et al., 1999), la
época de "no™ surgencia que se presenta en otofio-invierno, donde prevalecen los vientos
favorables a hundimiento (Shaffer et al., 1999) y la época de transicion que se observa a

fines de invierno-principios de primavera (Fernandez y Farias, 2012). Es relevante
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destacar la relajacion de la surgencia, la cual tiene una duracion relativa que varia entre
2-8 dias, generando la estabilidad necesaria para desencadenar afloramientos
fitoplanctonicos (Daneri et al., 2012). En este contexto, la sincronizacion y la frecuencia
de los eventos de surgencia/relajacion constituyen un modulador clave de la alta
productividad primaria descrita para el ecosistema de surgencia de la zona centro-sur de
Chile, que se ha estimado en aprox. 1-1,4 kg Cm year (Daneri et al., 2000; Montero et
al., 2007). Sin embargo, ya que la surgencia se desarrolla en la escala sindptica (Sobarzo
et al., 2007), establecer épocas tan marcadas para este fendmeno en la zona centro sur de
Chile requeriria una re-evaluacion. Algunas investigaciones en otros SSBO por ejemplo,
han determinado la importancia de la surgencia durante invierno y su influencia en el
ecosistema (e. j. Alvarez et al., 2009; Schroeder et al., 2009; Varela et al., 2010; Black et
al., 2011). Estos estudios “rompen” el paradigma que establece que la surgencia tiene un
efecto positivo en la columna de agua solo durante primavera-verano.

En consecuencia, es importante determinar también para el Sistema de Humboldt de
Chile, si estos “eventos anomalos” estan relacionados con el aumento de la surgencia a
través del tiempo (Alvarez et al., 2003; de Castro et al., 2008), asociada al cambio en el
régimen de vientos (Sydeman et al., 2003; Garcia-Reyes y Largier, 2010; Sydeman et al.,
2014) o a una intensificacion y desplazamiento del ntcleo del Anticiclon del Pacifico Sur
(Ancapichdn et al., 2016; Schneider et al., 2017). Investigaciones que comenzaron en la
década del 90, sugieren que los eventos de surgencia se modificarian en intensidad y
duracion producto del cambio climatico (e.J. Bakun, 1990; Diffenbaugh et al., 2004;
Bakun et al., 2010; Bakun et al., 2015), volviéndose cada vez menos frecuentes, mas
fuertes y de mayor duracion (lles et al., 2011).

El estudio de la dindmica de la surgencia en el centro-sur de Chile en distintas escalas
temporales y espaciales, permitira avanzar en la prediccion de los efectos del cambio
climatico en esta region. Sumado a lo anterior, incrementar el conocimiento respecto de
la dindmica de los eventos de surgencia durante invierno, es un topico relevante para la

comprension del ecosistema en esta zona.

-Hundimiento en primavera-verano versus hundimiento en la época invernal: El
hundimiento en los sistemas de surgencia de borde oriental, es un topico que ha sido poco
examinado. La mayoria de las investigaciones que estudian la variabilidad del viento y el
futuro escenario climéatico, mencionan los eventos favorables a hundimiento de forma

tangencial, enfocaAndose mayoritariamente en la surgencia (Garcia-Reyes et al., 2015;
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Rykaczewski et al., 2015; Wang et al., 2015). Sin embargo, los eventos favorables a
hundimiento, tienen gran relevancia para los sistemas costeros, por ejemplo, asociados a
larvas de recursos de importancia econémica (Churchill et al., 2011; Rodriguez et al.,
2015; Pfaff et al., 2015), asociados a afloraciones algales nocivas (Figueiras et al., 1994;
Sordo et al., 2001; Barton et al., 2016) y asociados al transporte de plumas de rios (Moffat
y Lentz, 2012; Saldias et al., 2012). En algunos sistemas de borde oriental, se ha
observado que el hundimiento presentd una alta correlacion con el ciclo ENOS,
destacandose que en épocas Nifio los vientos favorables a hundimiento son mas intensos
y extensos en el tiempo, retrasando la transicion primaveral a surgencia (Bograd et al.,
2009; Bylhouwer et al., 2013). El hundimiento también se ha asociado a ciclos de baja
frecuencia (33, 19 y 11 afios) tales como circulacion atmosférica, mareas nodales lunares
y actividad solar (Saldivar-Lucio et al., 2016).

La mayoria de los estudios realizados en los SSBO han planteado que el hundimiento se
presenta principalmente en épocas de otofio-invierno (ej. En el SBO de la Peninsula
Ibérica; Alvarez-Salgado et al., 2010), sin embargo eventos favorables a hundimiento
también se desarrollan en primavera-verano generando importantes consecuencias en el
ecosistema (Narvéez et al., 2006). En las costas de Chile central (33°S), “eventos
anomalos de calentamiento” asociados a hundimiento, se sincronizan con el
reclutamiento de algunas larvas de invertebrados, las cuales podrian ser trasladadas en los
frentes advectivos y ser liberadas en la costas (Narvaez et al., 2016).

Por lo tanto, estudiar la sincronizacion de los eventos favorables a hundimiento (inicio,
duracién y término) en la zona centro-sur de Chile y los cambios que ha experimentado
los ultimos 25 afios, permitira caracterizar y comprender los efectos que ejercen en la

columna de agua.

-Corriente subsuperficial Chile-Perd: EI SCH, el cual es parte de la circulacion general
del giro Subtropical del Pacifico Sur, se compone de varias corrientes, entre las que
destaca la Corriente subsuperficial Chile-Pert (PCUC) que fluye desde 5°S hasta 48°S,
transportando la masa de agua subsuperficial ecuatorial (AESS) sobre la plataforma
continental de Chile y Peru (Strub et al., 1995; 1998). Esta masa de agua tiene altas
concentraciones de nutrientes (20-40 uM nitrato, 2.6-3 uM fosfato; 25-40 uM silicato;
Silva et al., 2009) y bajo contenido de oxigeno (Fuenzalida et al., 2009; Ulloa y Pantoja,
2009; Hernandez- Miranda et al., 2010) que en combinacién con la surgencia estacional

y sindptica, conduce alta productividad bioldgica a lo largo de la costa chilena (Daneri et

20



al., 2000; Montero et al., 2007). Aunque se han realizado mediciones de la PCUC en Peru
(Chaigneau et al., 2013) y en Chile (Shaffer et al., 1999), no se ha determinado aun su
variabilidad estacional, zonal y meridional, ni el potencial de la PCUC para transportar
particulas hacia el polo.

Establecer la dinamica latitudinal de la PCUC, permitird determinar el origen y destino
del agua transportada por esta corriente y el tiempo requerido para alcanzar la superficie.
Esto es fundamental para comprender el proceso de exportacion de oxigeno, nutrientes,

clorofila y materia organica, entre otros, por la AESS.

-Adveccion de nutrientes potencialmente limitantes para el crecimiento del fitoplancton:
Muchos son los factores que influyen en el crecimiento, distribucion y biomasa del
fitoplancton en las costas de los SSBO. Uno de los principales elementos, es la radiacién
solar (PAR, UV-A, UV-B), la cual en la zona centro—sur de Chile, presenta un caracter
estacional (Hernandez et al., 2012; Rain et al., 2014). Si bien la luz es un factor
determinante en el crecimiento del fitoplancton, otros agentes hidrodindmicos pueden
contribuir para que sistemas como SCH, presenten altas biomasas fitoplanctonicas
(Gonzalez et al., 2007; Montero et al., 2007) y como consecuencia, alta productividad
primaria (Montero et al., 2007; Daneri et al., 2012). Entre algunos de estos destacan la
surgencia la cual traslada a superficie AESS rica en nutrientes (Silva et al., 2009), la
descarga de rios, la cual inyecta a la zona costera materia organica terrestre (Vargas et al.,
2011), metales traza y nutrientes (antropicos y naturales) (Salamanca y Pantoja, 2009) y
la profundidad de la capa de mezcla (Echevin et al., 2008). Los nutrientes limitan el
crecimiento del fitoplancton de forma individual y en conjunto (co-limitacién), viéndose
influenciados por procesos fisicos como la mezcla, la adveccién vertical y la adveccion
horizontal (meridional y zonal) asociada a dinamicas de mesoescala. Algunos autores han
enfatizado la importancia de la dindmica de mesoescala en el transporte de nutrientes
limitantes y clorofila hacia zonas oligotréficas fuera de la costa. Gruber et al. (2011), por
ejemplo, sugieren que altos niveles de actividad de remolinos, se asocian a bajos niveles
de productividad en el SSBO de California, destacando que la reduccion en la produccién
en algunas épocas en la zona costera, es resultado del transporte de nutrientes inducidos
por la adveccion lateral de remolinos, desde el ambiente costero al oceano abierto.

Los nutrientes potencialmente limitantes del crecimiento del fitoplancton en el SCH,
varian. Asi, por ejemplo, en el SCH de Perd, se ha determinado que el Fe limita al

fitoplancton en invierno (Hutchins et al., 2002; Bruland et al., 2005), mientras que el
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nitrato y silicato, limitan en verano (Echevin et al., 2008; Messié y Chavez, 2015).
Quifiones et al. (2010) han reportado la existencia de un déficit de nitrdgeno comparado
a fosforo en varias areas del SCH de Chile, sugiriendo que la produccién primaria puede
ser limitada por este elemento.

La comprensiéon del crecimiento y desarrollo del fitoplancton en SSBO, debe integrar una
serie de elementos, incluyendo los procesos fisicos, la irradiacion de la luz y la
disponibilidad de nutrientes. Por lo tanto, establecer la interaccion de la co-limitacion de
nutrientes y luz, sumado a procesos de adveccion y mezcla, permitira identificar los
principales mecanismos que regulan el transporte de nutrientes en la zona centro-sur de
Chile.

-Estado actual de Modelacion Oceanografica en Sistema de Corrientes de Humboldt:

La metodologia escogida en esta Tesis de Grado, incluye andlisis de series de tiempo y
modelacion biogeoquimica-fisica. Esta ultima herramienta ha sido ampliamente utilizada
para resolver la complejidad de la integracion de diferentes procesos en el ambiente
marino.

Varios estudios de modelacion han sido desarrollados en Chile. Entre estos destacan
Batten et al. (1995), los cuales utilizando un modelo de alta resolucion estudiaron la
respuesta de la regidon costera (entre 22.5° y 35°S) al forzamiento del viento
climatolégico. Otros trabajos han utilizado el modelo fisico POM (Princeton Ocean
Model; Blumberg y Mellor, 1987), para caracterizar la circulacion en el Golfo de Arauco
(37°S) durante verano en una fase de surgencia activa (Mesias et al., 2001), para estudiar
la variabilidad estacional de la circulacion entre 30° y 45°S (Leth y Shaffer, 2001), para
determinar los mecanismos que contribuyen a “realzar” la surgencia en la zona centro-
sur de Chile (30°-43°S), destacando la importancia del viento y de los remolinos
cicldnicos desarrollados en Punta Lavapie (Golfo de Arauco) (Leth y Middleton, 2004) y
para investigar los efectos del forzamiento oceanico remoto sobre la circulacién de la
zona costera en Chile central (Leth y Middleton, 2006). Por otro lado, Baird et al. (2007),
a través del acoplamiento de un modelo ecosistémico NPZ (Nitrogen-Phytoplankton-
Zooplankton; Baird et al., 2004) con el modelo POM, estiman la respuesta del nitrogeno,
zooplancton vy fitoplancton a la circulacion conducida por vientos estivales en Chile
centro-sur.

En la actualidad, el Sistema de Modelacién Oceanico Regional (ROMS; Shchepetkin y

McWilliams, 2005) ha sido aplicado para analizar la circulacion y variabilidad estacional
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(Penven et al., 2005; Aguirre et al., 2012), interanual (e.g. the 1997-1998, EI Nifio event;
Colas et al., 2008) e intraestacional (Belmadani et al., 2012; Echevin et al., 2014) en el
SCH. Los procesos estudiados también han abordado el impacto de remolinos de
mesoescala sobre el balance de calor (Colas et al., 2012), la dindAmica oceanica superficial
(Aguirre et al., 2012, 2014) y la presencia de remolinos anticiclonicos intratermoclina
(Hormazabal et al., 2013). ROMS ha sido acoplado a modelos basados en el individuo
(IBM; Lett et al., 2008) para explicar los patrones de transporte, retencion, reclutamiento,
sobrevivencia, mortalidad y conectividad de los estadios tempranos de Engraulis Ringens
(Parada et al., 2012; Soto et al., 2012) y Pleurocontes monodon (Yannicelli et al., 2012)
en la zona Centro-Sur de Chile (35°-37°S), destacando la importancia de la circulacion,
temperatura y estacionalidad como factores determinantes en modular la distribucién de
estas especies. También ha sido implementado, junto a modelos biogeoquimicos como
PISCES (Pelagic Interactive Scheme for Carbon and Ecosystem Studies; Aumont et al.,
2003), para evaluar procesos principalmente en el SCH norte (Per(), entre los que
destacan, el impacto de EI Nifio sobre la productividad fitoplanctonica (Espinoza-
Morriberén et al., 2017), la influencia del rotor del viento sobre la circulacion costera y
la productividad primaria (Albert et al., 2010), el impacto del cambio climatico sobre la
sobrevivencia de los estadios de vida temprana de peces peldgicos (Brochier et al., 2013),
el impacto de ondas intraestacionales atrapadas a la costa sobre la variabilidad estacional
de la productividad costera (Echevin et al., 2014) y los procesos que controlan el ciclo
estacional de la clorofila (Echevin et al., 2008). Recientemente, Gomez et al. (2017) han
acoplado ROMS a un modelo biogeoquimico para determinar los patrones
intraestacionales de la biomasa planctonica de Chile central.

Para mas detalle del estado del arte de la Modelacion en Chile ver Tabla Il.

A pesar que estos trabajos representan grandes avances para el Sistema de Corrientes de
Humboldt, ain en Chile se necesita avanzar en el conocimiento y la aplicacion de este
tipo de herramientas las cuales son capaces de integrar informacion proveniente de
diferentes fuentes, permitiendo simular y analizar la dinamica a largo plazo y las
propiedades de estabilidad de sistemas ecoldgicos complejos. Esto es particularmente
importante en el contexto del dominio de uno de los grandes retos del futuro: la
preservacion de la biodiversidad y las funciones de los sistemas frente al cambio global
(especialmente el clima).

Las simulaciones realizadas en esta tesis, mejoran nuestra comprension de la variabilidad

estacional de la circulacion a lo largo y cerca de la costa en el SCH. Estudiar la dindAmica
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de la PCUC y las caracteristicas (origen, trayectoria) de la masa de agua transportada por
esta corriente (AESS), es un primer paso hacia un estudio méas completo de los procesos
fisicos-biogeoquimicos acoplados que impulsan la prospera productividad del SCH de
Chile centro-sur.

Junto a lo anterior, esta investigacion constituye un avance en modelacion de alta
resolucion (7,5 km) del ciclo estacional de procesos fisico-biogeoquimicos acoplados en
tres dimensiones en el SCH sur, examinando la co-limitacion de los nutrientes
potencialmente y la luz sobre el crecimiento del fitoplancton, asi como la dindmica de

transporte del silicato en la zona centro-sur de Chile (30°-40°S).
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Tabla Il: Estado actual de la modelacion biofisica y tréfica en el Sistema de Corrientes

de Humboldt sur

Modelo Topico principal Autor

Dinamica estacional de la circulacion superficial de Chile central Aguirre et al. (2012)
Propagaciones intraestacionales forzadas ecuatorialmente a lo largo de la
costa de PerG-Chile y su relacion con la actividad de remolinos entre  Belmadani et al. (2012)
1992-2000
Remolinos intratermoclina remolinos en la zona de transicion costera de  Hormazabal et al. (2013)
Chile central (31-41°S)
Remolinos intratermoclina en el Archipiélago Juan Fernandez, sureste del ~ Andrade et al. (2014)
Océano Pacifico

ROMS El efecto de la variabilidad de alta frecuencia (sinoptica) de los vientos y
flujos de calor en el océano superficial de la zona centro-sur de Chile Aguirre et al. (2014)
Las consecuencias del calentamiento global en la circulacion oceanicadel — Oerder et al. (2015)
Sistema de Corrientes Per(-Chile Sistema (PCCS)
Dinamica estacional de la Corriente Subsuperficial en la zona centro-sur ~ Vergara et al. (2016)
de Chile (30°-40°S)
Reandlisis de la circulacion del océano chileno para la region entre 20°S  Aiken et al. (2017)
y 40°S

ROMS +

Biogeochemical Patrones intraestacionales en la biomasa del plancton costero de Chile Gdémez et al. (2017)

model (tipo central

NEMURO)
Efectos de la variabilidad estacional en el transporte de larvas de Paradaetal. (2012)
anchoveta a lo largo y a través de la costa de Chile central

ROMS + IBM Transporte y supervivencia de huevos y larvas de anchoveta en la zona  Soto-Mendoza et al. (2012)

costera centro-sur de Chile

Distribucion de larvas de langostino sobre la plataforma continental de la
zona centro-sur de Chile: retencion y transporte

Conectividad y transporte de los estadios tempranos de anchoveta en el

mar interior de Chiloé, Patagonia Norte

Yanicelli et al. (2012)

Soto-Mendoza et al.

(2017), en revision

Ecopath+Ecosim
(EwE)

Andlisis de los cambios en el ecosistema de Humboldt meridional para el
periodo entre 1970 y 2004
Evaluacion de los cambios en Humboldt sur durante el siglo XX
utilizando modelo tréficos

Estructura comunitaria e interacciones troficas en un area de manejo

Neira et al. (2014)

Neira et al. (2014)

Giacaman-Smith et al.

costera y de explotacion de recursos bentonicos en Chile central (2016)

POM Variabilidad estacional de la circulacion de Chile central Leth y Shaffer (2001)
Circulacion en Chile central en respuesta a vientos locales y forzamiento  Leth y Middleton (2006)
remoto

POM+NPZ Respuesta bioldgica a la circulacion conducida por vientos estivales Baird et al. (2007)
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2. HIPOTESIS Y OBJETIVOS

2.1. Objetivo General

Evaluar la variabilidad sinoptica, estacional e interanual de algunos de los principales
procesos fisicos presentes en la zona sur del Sistema de Corrientes de Humboldt, tales
como, la surgencia’hundimiento, la dindmica espacial/temporal de la Corriente
Subsuperficial Chile-Pert (PCUC) y la dindmica de adveccion y mezcla de nutrientes

potencialmente limitantes para el crecimiento del fitoplancton.

2.2. Hipétesis de Trabajo y Objetivos Especificos

2.2.1. Objetivo especifico 1: Determinar la evolucién temporal de los eventos de viento
favorables a surgencia en la zona centro-sur de Chile durante los dltimos 25 afios, junto
con evaluar si los vientos Sur-oeste durante la estacion de invierno, presentan una

intensidad, frecuencia y duracién similares a los presentes en primavera-verano.

Fundamento de la hipotesis: La surgencia presenta un ciclo gobernado por la frecuencia
sinoptica (Jury et al., 1985; Sobarzo et al., 2010; Garcia-Reyes et al., 2014), escala de
tiempo que se ajusta a la dinamica biogeoquimica en los sistemas de surgencia de borde
oriental (Montecino et al., 2004; Botsford et al., 2006; Jacob et al., 2011; Garcia-Reyes
et al., 2014). El periodo de tiempo sindptico y la posibilidad que los vientos del suroeste
estén presentes durante todo el afio, pueden promover los eventos surgencia no tan solo
en primavera-verano, sino también durante otofio e invierno, tépico que ha sido poco
estudiado en Chile. De hecho, el supuesto actual establece que este sistema es solamente
influenciado por la surgencia durante la época de primavera-verano (e.j. Cuevas et al.,
2004; Bottjer y Morales, 2005; Cornejo et al., 2007). Basado en esto, se plantean las
siguientes hipotesis.

Hipdtesis 1: La frecuencia e intensidad de vientos favorables a surgencia en la zona
costera frente a Concepcion (36°S) durante otofio-invierno, pueden generar eventos
favorables a surgencia de gran magnitud, comparables a los que se presentan en la época

estival.
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Hipdtesis 2: Los eventos favorables a surgencia que se presentan en la zona centro-sur de

Chile han aumentado su intensidad durante el periodo 1988-2013.

2.2.2. Objetivo especifico 2: Determinar la evolucion temporal de los eventos de viento
favorables a hundimiento en la zona centro-sur de Chile durante los Gltimos 25 afios, junto
con evaluar si estos vientos durante la estacion de primavera-verano, presentan una

intensidad, frecuencia y duracién similares a los presentes en otofio-invierno.

Fundamento de la hipdtesis: La estacionalidad en la fuerza del Anticiclon Pacifico Sur
(APS), el cual migra hacia el norte durante fines de otofio y principios de invierno austral
y Se encuentra en su posicién mas costera (85°-95°W) (Ancapichin et al., 2015), permite
la llegada hacia la costa de bajas atmosféricas con circulacién ciclonica del viento, es
decir, vientos favorables de hundimiento (Sobarzo et al., 2007). En esta época, los vientos
Sur-Sur-oeste favorables a surgencia en la plataforma centro-sur de Chile (30°-43°S) son
mas débiles pues la influencia del APS, disminuye. A pesar que la estacionalidad en la
migracion del APS y su influencia sobre el régimen de vientos esta bien documentada, la
afirmacion que existan épocas estacionales tan marcadas de surgencia y hundimiento, tal
como ha sido afirmado por algunos trabajos en la zona, no es tan asi pues los vientos
favorables a hundimiento a lo largo de la costa, prevalecen en la escala de tiempo
sindptica (Garreaud et al., 2002; Garreaud y Mufioz, 2005), pudiendo presentarse durante

todo el afio. En base a lo anterior, se propone la siguiente hipotesis:

Hipotesis 3: Durante primavera-verano, en la zona costera frente a Concepcién (36°S), la
frecuencia de eventos favorables a hundimiento puede ser tan importante como en la

época invernal.

2.2.3. Objetivo especifico 3: Caracterizar la dinamica fisica de la zona sur del Sistema de
Corrientes de Humboldt (30-40°S, 70°-80°W) utilizando un modelo fisico de alta
resolucion y describir la variabilidad estacional e interanual de la Corriente Subsuperficial
Chile-Pert (PCUC), en términos de transporte y velocidad a lo largo de la plataforma

continental de Chile.

Fundamento de la hipdtesis: La corriente subsuperficial Chile-Perd (PCUC), la cual

presenta una variabilidad gobernada principalmente por el forzamiento ecuatorial, por el

27



estrés del viento y por el rotor del viento (Pizarro et al., 2002; Albert et al., 2010),
transporta el Agua Ecuatorial Subsuperficial (AESS) a lo largo de la plataforma de Chile
centro-sur (Silva y Neshyba, 1979; Silva et al., 2009), la cual es la responsable de la gran
productividad en el SCH (Daneri et al., 2000). Esta masa de agua en épocas de surgencia
activa, es advectada a la superficie aportando los nutrientes necesarios para sustentar los
afloramientos fitoplancténicos (Montero et al., 2007). En base a esto, se plantea la

siguiente hipotesis:

Hipdtesis 4: La Corriente Subsuperficial Chile-Perd (PCUC) disminuye su velocidad y
transporte latitudinal (Sv) hacia el polo, presentando diferencias estacionales

significativas.

Hipdtesis 5: Un porcentaje significativo de particulas que transporta la PCUC a lo largo

de la plataforma centro-sur de Chile, es trasladada a superficie a través de la surgencia.

2.2.4. Objetivo especifico 4: Caracterizar la variabilidad espacial y temporal de los
nutrientes potencialmente limitantes del crecimiento del fitoplancton en la zona sur del
Sistema de Corrientes de Humboldt (30°-40°S; 70°-80°W) mediante de modelacién
biogeoquimica/fisica acoplada.

Fundamento de la hipdtesis: En los SSBO se ha encontrado que el Fe (Hutchins et al.,
2002; Bruland et al., 2004; Blain et al., 2008; Bonnet et al., 2008), nitrato y silicato
(Echevin et al., 2008; Quifiones et al., 2010) pueden ser nutrientes limitantes para el
crecimiento del fitoplancton en distintas épocas del afio. El nitr6geno se asocia a las zonas
de minimo oxigeno y a procesos de desnitrificacion (Pantoja et al., 2004; Kyupers et al.,
2005). La distribucion de estos nutrientes limitantes es gobernada principalmente por la
dinamica de adveccion y mezcla fisica (Koné et al., 2009). Establecer la co-limitacion de
nutrientes potencialmente limitantes y luz en la zona centro-sur de Chile y como la mezcla
y transporte de estos influye sobre la variabilidad espacial y temporal de la clorofila, son
topicos fundamentales para caracterizar la interaccion fisico-biolégica en el SCH. Segun

este fundamento, se plantea la siguiente hipotesis:
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Hipdtesis 6: La adveccion vertical producto de la surgencia y la mezcla vertical generada
principalmente por el viento se correlacionan positivamente con el ciclo anual de la
clorofila en la zona centro-sur de Chile (30°-40°S; 70°-80°W).
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3. MATERIALES Y METODOS

Para desarrollar los objetivos especificos

1y 2 de la presente Tesis, se utilizaron datos de

la estacion meteorologica del aeropuerto Carriel Sur, Talcahuano, localizada en 36°47'S;

73°04'W (Figura 3.1). Para llevar a cabo los objetivos especificos 2 y 3, se efectuaron

simulaciones a través de modelacién hidrodindmica y biogeoquimica acoplada en 29°-

41°S; 69°-83°W (Figura 3.1). Para desarrollar estos dos ultimos objetivos, se realizaron

10 afios de simulacion considerando un

afio de spin-up, que es el tiempo que toma un

modelo oceénico para alcanzar un estado de equilibrio estadistico bajo el forzamiento

aplicado. Por lo tanto, se utilizaron 9 afios para comprender la dindmica biofisica del

sistema en estudio.
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Figura 3.1: Mapa de la zona de estudio sefialando la estacion meteorolédgica Carriel Sur
(@) y el dominio donde se desarrollaron las simulaciones (b). También se observa la
Estacion 18 (ST 18) localizada frente a Dichato (a).
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Metodologia del capitulo 1: Variabilidad diaria, sindptica, estacional e interanual de los
eventos favorables a surgencia/hundimiento en la zona sur del Sistema de Corrientes de
Humboldt

Datos utilizados:

Los datos utilizados provienen de una estacion meteoroldgica localizada en el Aeropuerto
carriel Sur, Talcahuano (Lat. 36°47'S; Long.73°04'W, Figura 3.1). Se analiz6 una serie de
25 anos, cuyo inicio fue el 21 de marzo de 1988 y su finalizacién el 30 de abril de 2013.
Los datos de magnitud y direccion del viento fueron registrados cada 10 minutos. Para
efectos de esta investigacion, se trabajo con datos promedio horario. Los dias 29 de
febrero, correspondientes a afios bisiestos (1988, 1992, 1996, 2000, 2004, 2008 y 2012)
fueron eliminados de la serie total de tiempo.

La direccién del viento fue corregida considerando la declinacion magnética de la zona
durante el afio 2016. Posteriormente, la direccion del viento fue alineada en relacion a la
linea de costa (18° respecto al Norte geografico). Finalmente, el viento fue rotado en 180°

invirtiendo la direccién del viento desde donde viene hacia donde va.

Célculos:
Se calcularon las componentes V' y U (meridional y zonal, m/s) del viento a partir de la

Magnitud y Direccién, mediante las siguientes férmulas:

Componente U (zonal) = Magnitud viento* seno (Direccion del viento) 1)
Componente V (meridional) = Magnitud del viento *coseno (Direccion del viento) (2)

A partir de las componentes anteriormente calculadas, se determind el estrés del viento

(Nm) zonal (tx) y meridional (ty) a través de las siguientes formulas:

x=Cq * Pg* comp.U * U1o (3)
Ty=Cyq * Pg*comp. V * Ugo (4)

Donde Cq es el coeficiente adimensional de arrastre, aqui considerado como constante
(tipicamente, 0.002), pa es la densidad del aire (1.24 kg/m®), U1o es la velocidad del viento
medida a 10 metros sobre el nivel del mar (Wo, 1982) y comp. Uy comp. V corresponden

a las componentes zonal y meridional, respectivamente.
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Para efectos de esta tesis, se trabajo con el estrés del viento meridional (ty).

Una vez calculado Ty, se separaron los valores positivos de los valores negativos para
diferenciar eventos favorables a surgencia de los eventos favorables a hundimiento. Para
determinar los eventos tanto favorables a surgencia como favorables a hundimiento, se
realizo la suma acumulada de los valores del estrés del viento (ty) solo considerando horas
seguidas > 24 horas o equivalente a> 1 dia. Se obtiene de esta manera, el largo del evento
y el esfuerzo acumulado méximo alcanzado en ese periodo de tiempo, lo cual es definido
como intensidad. Por lo tanto la intensidad del evento fue determinada como el esfuerzo
acumulado del estrés del viento (ty) durante el evento, con unidades de Nm day (Garcia-

Reyes et al., 2014) y es calculada a través de la siguiente formula:
Intensidad = Y {23 Ty (5)

A partir de esta formula se obtiene la intensidad (Nm dia) y duracion (dias) de cada
evento. Finalmente, se obtuvo la frecuencia de los eventos, es decir, el nUmero de eventos
presentes en un mes con una intensidad (Nm dia) y duracion (dias) determinada cada
uno de ellos.

Por otro lado, se ha comparado la intensidad > 1 dia con la intensidad > 3 dias, este Gltimo
criterio, siguiendo lo sugerido por varios autores (Dugdale et al., 1990; Botsford et al.,
2006; Garcia-Reyes y Largier, 2010), los cuales plantean que vientos favorables a
surgencia deben persistir por al menos tres dias para obtener una respuesta
ecoldgicamente significativa. Adicionalmente, se han separado y clasificado, los eventos
en 3 categorias: eventos cortos (1-3 dias), eventos medianos (3-10 dias) y eventos largos
(> 10 dias) siguiendo la metodologia propuesta por Garcia-Reyes et al. (2014).
Finalmente, con el objetivo de determinar la variabilidad interanual, mensual y estacional
del ciclo diario del estrés meridional del viento durante el periodo de estudio, calculamos
el estrés del viento acumulado entre 0-11 AM y 12-23 PM. Se escogieron estos dos
periodos de tiempo, ya que se han reportado previamente para esta zona diferencias
notables entre el viento de latarde y de la noche (12-23 PM) versus el viento de la mafiana
(0-11 AM) (Sobarzo et al., 2007).

Anélisis estadistico:
Para observar la relacion entre la intensidad y el largo del evento, tanto favorables a

surgencia como favorables a hundimiento, se determind la correlacion entre estas dos
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variables para los periodos de otofio-invierno y primavera-verano y para cada estacion
del afio por separado. También se evalUa la relacion entre la intensidad promedio anual y
el periodo total de estudio.

Para esto se aplico el coeficiente de correlacion lineal de Spearman (rho), el cual es un
coeficiente no paramétrico que mide el grado de covariacion entre distintas variables
relacionadas linealmente y cuyos valores absolutos oscilan entre 0 y 1 (Zar, 1999). Se
calculd también el nivel de significancia de esta correlacién (valor p). Junto con esto se
aplican regresiones lineales simples, obteniendo el coeficiente de determinacion (R?).
Finalmente, se realizaron test de pendientes e interceptos (Zar, 1999) para evaluar si las
pendientes de las diferentes regresiones lineales analizadas presentaron diferencias

significativas.

Metodologia del Capitulo 2: Modelacién de la dindmica de variables fisicas y de la
Corriente Subsuperficial Chile-Pert (PCUC) en la zona centro-sur de Chile (30°-40°S)

Modelo Hidrodinamico y Configuracion de la grilla:

El modelo hidrodindmico utilizado en este estudio es el ROMS-AGRIF (Sistema
Regional de Modelado Oceénico - Refinamiento de Redes Adaptativas en FORTRAN;
Shchepetkin y McWilliams, 2005; Penven et al., 2006; http://www.romsagrif.org), el cual

es un modelo de circulacion que ha sido especialmente disefiado para realizar
simulaciones precisas de los sistemas oceanicos regionales. ROMS ha sido aplicado para
la simulacion de diferentes regiones de los océanos del mundo entre estas, el Sistema de
Surgencia de Benguela (Blanke et al., 2002), el Sistema de Corrientes de Humboldt norte
(Penven et al., 2005), el Sistema de Surgencia de la Corriente de California (Renault et
al., 2016) y el Sistema de Surgencia de la Peninsula Ibérica (Cordeiro et al., 2016).

Este modelo utiliza coordenadas sigma en el plano vertical y coordenadas ortogonales-
curvilineas en el plano horizontal. EI modelo resuelve las ecuaciones hidrostaticas

primitivas con un esquema explicito de superficie libre.

Las ecuaciones primitivas que utiliza ROMS son las siguientes:

Conservacion de Momentum:

a — 1 0P d a
a—z +uw.Vu — fv = ~odx + Vi (Kyn Vau) + 37 (K ﬁ) (6)
v — 1 0P a v
E +u. Vv — f’LL = —RE + vh(KMh.vhv) + E (KMU E) (7)
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Hidrostatica:
apP

0=----prg (8)
Continuidad:
0=22+2+22 )

Conservacion traza:

6T_>

aT
w. VT = Vy(Krp, VaT) + 5 (KTU ) (10)

s
u. VS = Vy(Ksp ViS) + 5 (KSU ) (11)
Ecuacion de estado :

p=p(ST,p) (12)

En la Tabla Il se describen las variables utilizadas en las ecuaciones primitivas

presentadas anteriormente.

Tabla I11: Variables utilizadas en las ecuaciones primitivas del modelo ROMS

Variable Definicion

f(x.y) Parametro de Coriolis

g Aceleracion de gravedad

h (x,y) Profundidad de fondo

Kmv Krv, Ksy Difusion horizontal de momentum, temperatura y salinidad, respectivamente
Kwmh, Kth, Ksh Difusion vertical de momentum, temperatura y salinidad, respectivamente
P Presion total ~-po gz

t Tiempo

S(xV,z1) Salinidad

TX VY, 21 Temperatura potencial

u, v, w Las (x,y,z) componentes del vector velocidad u

X,y Coordenadas horizontales

z Coordenada vertical

pyzt) Densidad

Para mas detalle de las ecuaciones involucradas en ROMS, ver Shchepetkin y Williams
(2005) vy visitar: http://www.croco-ocean.org/.

La mezcla vertical esta parametrizada usando el esquema de la capa limite de KPP (K-
Profile Parameterization) (Large et al., 1994). La topografia de fondo procede de la base

de datos SRTM30 (Becker et al., 2009) y fue interpolada sobre la grilla del modelo y
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suavizada siguiendo a Penven et al. (2005) para reducir los errores del gradiente de
presion.

Las simulacion ejecutada en esta tesis, se realizo en una grilla localizada entre 29°S y
41°S y desde 69°Wa 83°W (Figura 3.1), con una resolucion de 7,5 km y 32 niveles sigma.
Los forzamientos atmosféricos utilizados fueron el estrés del viento de 0.25° x 0.25°
SCOW (Scatterometer Climatology of Ocean Winds; Risien y Chelton, 2008) derivado
de Quickscat y los flujos de calor y agua dulce fueron obtenidos de la climatologia
COADS (Comprehensive Ocean-Atmosphere Data Set; da Silva et al., 1994).

Se simularon 10 afios, considerando 1 afio de spin-up o tiempo para que la simulacion
alcanzara el equilibrio. 9 se utilizaron, por lo tanto, para obtener un afio climatoldgico
promedio de variables fisicas como temperatura, salinidad, corrientes y nivel del mar y

para realizar el analisis lagrangiano.

Corriente Subsuperficial Chile-Pert (PCUC):

Con los resultados obtenidos de la simulacion, se calculd el transporte promedio mensual
y estacional en diferentes latitudes: 30°S, 33°S, 36°S y 39°S, con el objetivo de
determinar la variabilidad espacial y temporal del transporte de la PCUC a lo largo de la
plataforma continental de la zona costera centro-sur de Chile. Para cada mes, los campos
de velocidad fueron interpolados desde los niveles sigma a niveles z cada 5 metros.
Posteriormente, las velocidades negativas (hacia el polo) entre la superficie y una
profundidad maxima de 650 metros y entre la costa y 100 km fuera de la costa, fueron
integradas para calcular el transporte.

El ancho promedio zonal de la PCUC en kilometros y la velocidad méxima (nucleo de la
PCUC) fueron determinados estacionalmente en 30°, 33°, 36° y 39°S. Se utilizo el
maodulo de seguimiento ROMS-off-line para calcular las trayectorias lagrangianas de las
masas de agua a partir de campos de velocidad ROMS tridimensionales (Capet et al.,
2004; Carr et al., 2008). Se lanzaron flotadores lagrangianos virtuales en el nucleo de la
PCUC a lo largo de dos secciones transversales (33° y 37°S), con un espaciamiento
vertical de 15 m en la vertical y de 2 km en la horizontal. Para cada mes de la simulacion,
aproximadamente 800 flotadores fueron lanzados inicialmente en la PCUC a
profundidades entre 50m y 700m, y a 200 km de la costa. Sus trayectorias se integraron
por seis meses, con un paso de tiempo de 14,4 min y usando salidas del modelo cada 3

dias.
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Se considerd que los flotadores se elevaban cuando alcanzaban la capa superficial
delimitada por una profundidad de 50 metros. A continuacion, se calcul6 la profundidad
inicial de los flotadores que arribaron a 50 m dentro de las secciones de la PCUC vy el
tiempo de transito de los flotadores entre su posicion inicial y final (es decir, cuando
entraron en la capa superficial). Se calcul6 también, el promedio y la desviacidn estandar
de las posiciones (latitud, prodifunidad y distancia de la costa) para los flotadores que no
Ilegaron a la capa superficial (50 metros) después de 6 meses de trénsito.

Validacion de la simulacion:

Para evaluar la variabilidad de la altura del nivel del mar, se utilizaron datos de altimetria
satelital AVISO entre los afios 1992-2005 (Archiving, Validation and Interpretation of
Satellite Oceanographic data; http://www.aviso.oceanobs.com/). Con estos datos se
calcularon las anomalias del nivel del mar para otofio y primavera en el area de estudio.
Se calcul6 adicionalmente, el promedio de la energia cinética de remolinos (EKE), a partir
de las anomalias superficiales de las corrientes geostréficas derivadas de las anomalias
del nivel del mar. El mismo célculo se realizé con las salidas del modelo ROMS.

Se utilizaron datos satelitales de Temperatura Superficial del Mar (TSM) del producto
AVHRR (Advanced Very High Resolution Radiometer) Pathfinder version 5.0 (Casey et
al., 2010) para compararlos con la TSM de la simulacién. Adicionalmente, secciones a
través de la costa de temperatura y salinidad promedio ROMS en 32° y 36°S, fueron
comparadas con observaciones provenientes de la base de datos climatoldgica CSIRO
(Atlas of Regional Seas-2006; CARS2006; Dunn y Ridgway, 2002; Ridway et al., 2002).
Finalmente, se utilizaron datos de tres cruceros oceanogréaficos realizados en verano entre
35.5-40°S y entre 72.75-77.8°W, llevados a cabo por el Fondo de Investigacion Pesquera
y Acuicultura, Ministerio de Economia, Chile: FIP (http://www.subpesca.cl/fipa/613/w3-
propertyname-678.html), para observar la presencia de las masas de agua presentes en el
area y determinar el porcentaje de cada masa entre 0 y 700 metros. Los cruceros FIP
fueron llevados a cabo en Diciembre de 2005 (FIP 2005-01), enero de 2009 (FIP 2008-
20) y enero de 2011 (FIP 2009-39). Los diagramas TS y el porcentaje de masas de agua,

fueron comparados con los resultados provenientes de la simulacion ROMS.
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Metodologia Capitulo 3: Modelacion de la variabilidad espacial y temporal del transporte
de nutrientes potencialmente limitantes del crecimiento del fitoplancton en la zona sur del
Sistema de Corrientes de Humboldt (30°-40°S)

Modelacion Fisica: Detallada en el capitulo 2.

Modelacién biogeoquimica: EI modelo biogeoquimico PISCES (Pelagic Interactive
Scheme for Carbon and Ecosystem Studies; Aumont et al., 2003; Aumont y Bopp, 2006;
Aumont et al., 2015) fue elegido para representar la variabilidad del fitoplancton y la co-
limitacidn de nutrientes a lo largo de la plataforma continental de la zona sur del Sistema
de Corrientes de Humboldt.

PISCES simula los ciclos de carbono, oxigeno y los principales nutrientes que controlan
el crecimiento del fitoplancton (PO4*>* NOs™ NH4", Si, Fe). En este modelo el crecimiento
del fitoplancton depende de las concentraciones externas de nutrientes. PISCES incluye
dos clases de fitoplancton (diatomeas y nanofitoplancton) y dos clases de zooplancton
(micro y mesozooplancton). Este modelo incorpora tres compartimentos "no vivos", estos
son, materia organica disuelta semilabil, pequefias particulas que se hunden y grandes
particulas que se hunden. A continuacidn se presenta un esquema general que representa
la arquitectura del modelo PISCES (Figura 3.2)

NAR

Amonio C,Fe,Chl c
e A
Nanofitoplancton Microzooplancton
Nitrato N /*
C,Fe,SiChi />< c |
Hierro . N
.~ Diatomeas Macrozooplancton
Silicato / /
C Fe,Si
C DOM sPOM bPOM

Figura 3.2: Arquitectura del modelo PISCES extraido de Aumont y Bopp (2006). Este
esquema muestra el modelo ecosistémico omitiendo el oxigeno y el sistema de carbonato.
Los elementos que estan explicitamente modelados se indican en la esquina izquierda de
cada cuadro.
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Una descripcion detallada de la estructura del modelo y las ecuaciones se pueden

encontrar en Aumont et al. (2015).

Los campos biogeoquimicos de PISCES (nitrato, fosfato, silicato, oxigeno, carbono
inorganico disuelto, carbono organico particulado, alcalinidad) fueron iniciados en el
dominio e impuestos en los limites abiertos del modelo utilizando la climatologia CARS
2009 (CSIRO Atlas of Regional Seas, http://www.marine.csiro.au/~dunn/cars2009;
Ridgway et al., 2002/). Las concentraciones de Fe se obtuvieron a partir de un modelo de
climatologia global (ORCA2-PISCES; Aumont et al., 2015), de Tegen y Fung (1995) y
de Moore et al. (2004).

Colimitacion de luz y nutrientes: La potencial limitacion por luz y nutrientes fue estimada
calculando los términos de limitacion en la parametrizacion del modelo de produccion
primaria (Aumont et al., 2015). EI modelo de produccion primaria es proporcional a los

términos de limitacion de luz y nutrientes.

La limitacion por luz fue calculada como:

Chl\ PAR

Liight =1 — e(_a(T)*ﬂLnuf)) (13)

Donde a es la pendiente inicial de la curva PI, Chl/C es el radio clorofila/carbono, PAR
es la radiacion fotosintéticamente activa y p es la tasa de desarrollo dependiente de la
temperatura. Cuando hay suficiente luz disponible, este término alcanza el valor 1, si la

luz limita el desarrollo, este término tendra valores <1.

La limitacion por nutrientes se calculd con la siguiente férmula:

Lowe= min i [ )] (14)

Donde i, indica el nutriente especifico (PO+** NOs* NH4*, Si, Fe), Ci es la concentracion
del nutriente y K, es la constante de saturacion media.

Dado que las diatomeas son las que contribuyen en mayor porcentaje a la clorofila total
en la simulacion (70%), la co-limitacion de nutrientes solo se calculé para este grupo de
fitoplancton.

El denominado "nutriente limitante” en nuestro estudio es el (i0) con la proporcién méas

baja: GG (15)

Ki+Ci_ Ki+Ci
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Para determinar los mecanismos fisicos que transportan nutrientes en la capa eufotica, la
adveccioén zonal (-UoxC), meridional (-VoyC) y vertical (-WozC), junto con la mezcla
vertical (0z(KozC) fueron calculados, donde U, V, W corresponden a los términos de
velocidad zonal, meridional y vertical, respectivamente. K es la difusividad vertical, C
la concentracion de nutrientes y X, y, z las coordenadas zonal, meridional y vertical,
respectivamente.

Se han simulado 15 afios de ROMS/PISCES acoplado, considerando un periodo de spin-
up de 5 afos. Por lo tanto, 10 afios fueron promediados para obtener la climatologia de
las variables biologicas a estudiar. Los parametros bioldgicos utilizados en esta tesis,

fueron similares a los de Echevin et al. (2014) y estan descritos en la Tabla IV.
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Tabla IV: Parametros utilizados en la simulacion PISCES (Echevin et al., 2014).

PISCES Standard value Value in Albert

parameters (Kane et al., 2011) et al. (2010) Parameter definition

Conc0 2.e-6 - phosphate half saturation (umolP 1-1)

Concl 10E-6 - phosphate half saturation for diatoms (umo P 1-1)
Conc3 0.1E-9 - iron half saturation for diatoms (nmo Fe I-1)
Grosip 0.151 0.08 mean Si/C ratio

Pislope 4 3 P-1 slope for nano (Wm—2)—1 d—1)

Pislope2 4 3 P-I slope for diatoms (Wm—2)—1 d—1)

Excret 0.05 0.1 excretion ratio of nano

Excret2 0.05 0.1 excretion ratio of diatoms

Wshio 3 6 POC sinking speed (m d—1)

Wsbio2 50 20 big particles sinking speed (m d—1)

Wehl 0.001 - maximum aggregation rate for nano (d—1 molC—1)
Wechld 0.02 - Maximum aggregation rate for diatoms (d—1 molC—1)
Resrat 0.03 - exudation rate of zooplankton

Resrat2 0.008 0.005 excretion rate of mesozooplankton

Mprat 0.01 - phytoplankton mortality rate (d—1)

Mprat2 0.01 - diatoms mortality rate (d—1)

Grazrat 4 - maximal microzoo grazing rate (d—1)

Grazrat2 0.7 = maximal mesozoo grazing rate (d—1)

Mzrat2 0.03 0.05 mesozooplankton mortality rate ((umolC 1-1) d—1)
Xprefc 1 E zoo preference for phyto

Xprefp 0. - zoo preference for POC

Xprefz 1 = zoo preference for zoo

Unass 0.3 = nonassimilated fraction of phyto by zoo

Unass2 0.3 - nonassimilated fraction of P by mesozoo

Xkgraz 20.E-6 = half saturation constant for grazing (umolC 1-1)
Xkgraz2 20.E-6 B half saturation constant for grazing 2 (umolC 1-1)
Xkmort 1.E-7 = half saturation constant for mortality (umolC 1-1)
Xksil 2.E-6 1.5E-6 half saturation constant for Si uptake (umolSi 1-1)
Xksi2 3.33E-6 4E-6 half saturation constant for Si/C (umolSi 1-1)
Xremip 0.025 = Degradation rate of POC (d—1)

Xremik 0.3 2 remineralization rate of DOC (d—1)

Xsirem 0.015 0.015 remineralization rate of Si (d—1)

Xkdoc2 417.E-6 - second half-sat. of DOC remineralization (umolC 1-1)
Xprefpoc 0.2 - zoo preference for POC

Concnnh4 1.E-7 - NH4 half saturation for phyto (umol P 1-1)
Concdnh4 5.E-7 - NH4 half saturation for diatoms (umol P 1-1)
Nitrif 0.05 0.05 NH4 nitrification rate (d—1)

Epsher2 0.33 - efficiency of mesozoo growth

Epsher 0.33 - efficiency of microzoo growth

Sigmal 0.6 - fecal pellets production

Sigma2 0.6 - fecal pellets production

Zprefp 0.6 0.5 microzoo preference for nanophyto

Zprefd 05 - microzoo preference for diatoms

Chlcnm 0.033 - minimum Chl/C in nanophytoplankton (mgChl/mgC)
Chlcdm 0.05 - minimum Chl/C in diatoms (mgChl/mgC)

cmask 0.1 0.1 nearshore source input of iron
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Validacion de la simulacion ROMS/PISCES:

Se utilizo la capa de mezcla (MLD) climatoldgica de de Boyer Montégut et al. (2004), la
cual tiene una grilla regular de 2° x 2° y una resolucion mensual, para validar la MLD de
la simulacion ROMS.

La concentracion de clorofila superficial estimada por el modelo ROMS/PISCES fue
comparada con datos satelitales SeaWiFS durante el periodo 2000-2006
(http://oceancolor.gsfc.nasa.gov/SeaWiFS/).

Se utilizaron datos de la estacion 18 ubicada en la plataforma centro-sur de Chile (36.5 °
S, 73.1°W; ver Figura 3.1) para construir una climatologia mensual durante el periodo
2004-2014 de variables in situ como nitrato, fosfato, silicato y clorofila. Estas
climatologias fueron comparadas con lo obtenido en la simulacion ROMS/PISCES.
Cabe destacar que la estacion 18 es una serie temporal iniciada por el Centro
Oceanografico COPAS en 2002, ubicada en la plataforma continental a 94 m de
profundidad (Escribano y Schneider, 2007).
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4.- CAPITULO DE RESULTADOS

4.1. Capitulo 1. Variabilidad interanual de los eventos favorables a surgencia y a

hundimiento en la zona centro-sur de Chile (36°S).

La literatura oceanogréfica actual en la zona sur de la Corriente de Humboldt (centro-sur
de Chile) asume en gran medida la marcada estacionalidad en los vientos favorables a
surgencia (primavera-verano) y en los vientos favorables a hundimiento (otofio-invierno).
Sin embargo, la presencia durante todo el afio de vientos suroeste/noroeste que son
potencialmente capaces de inducir la surgencia’hundimiento no so6lo durante la
primavera-verano/otofio-invierno, sino también en otofio-invierno/primavera-verano, no
ha sido determinada. Junto a lo anterior, la evolucién temporal de los eventos favorables
a surgencia y de los eventos favorables a hundimiento en un sistema de clima cambiante,
debe ser evaluada. Profundizar en el estudio del hundimiento, es particularmente
importante ya que la literatura, tanto en el Sistema de Corrientes de Humboldt (norte y
sur), como en la mayoria de los Sistemas de Surgencia de Borde Oriental, es escasa.

Los resultados mostraron una notable disminucion (p<0.05) de la intensidad de la
surgencia y su duracion los Gltimos 25 afos. A pesar de esto, la frecuencia en el nimero
de eventos aumento, es decir, los eventos son cada vez menos intensos, mas cortos, pero
méas frecuentes. Por otro lado el hundimiento exhibi6 cambios considerables pero
solamente en su intensidad, la cual al igual que la surgencia, disminuy6 los ultimos 25
afios. La frecuencia y duracion de los eventos de hundimiento, no han experimentado
cambios significativos (p>0.05). Por otra parte, hemos encontrado que el nimero de
eventos favorables a surgencia en la época otofio-invierno, es similar al nimero de
eventos de primavera-verano, a pesar de esto, los eventos de la época otofio-invierno, no
presentan la duracion ni la intensidad de los tipicos eventos de la época estival. También
se observd un alto nimero de eventos favorables a hundimiento en primavera-verano,
aunque considerablemente menor a los eventos de otofio invierno. Nuestros resultados
demuestran que la dindmica intra e interanual de eventos favorables a
surgencia/hundimiento en la zona centro-sur de Chile es mas compleja de lo que se
asumia previamente. Es necesario replicar y comparar nuestros analisis con otras fuentes

de datos, tales como datos satelitales y datos de otras estaciones meteorolégicas.
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Abstract

Current oceanographic literature about the southern part of the Humboldt Current (central
southern Chile) has largely assumed that there is marked seasonality with regard to
upwelling-favorable winds (spring-summer) and downwelling-favorable winds (autumn-
winter). However, to date no quantitative study has been carried out to assess the presence
of southeastern and northeastern winds capable of inducing upwelling and downwelling
throughout the year. In fact, the knowledge on downwelling in eastern boundary systems
Is very scarce. Furthermore, the temporal evolution of upwelling- and downwelling-
favorable events in this zone needs to be assessed in the context of climate change.

Our results show a notable decrease (p<0.05) in the intensity and duration of upwelling
events in the last 25 years. Despite this, the frequency of events is increasing, that is the
events are progressively less intense, shorter, but more frequent. A significant decrease
in the intensity of downwelling-favorable events was found in the last 25 years. No
significant changes were found in either the frequency or duration of downwelling events
(p>0.05). The number of upwelling-favorable events in autumn-winter was similar to the
number in spring-summer. However, the events in autumn-winter did not have the
duration or the intensity of typical events in spring-summer. A high number of
downwelling-favorable events were observed in spring-summer, although they were
considerably less intense than events occurring in autumn-winter. Our results show that
intra- and interannual dynamics of upwelling- and downwelling-favorable events in

central southern Chile are more complex than previously assumed.
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1. Introduction

The marine climate along the west coast of South America is the product of the interaction
between basin-scale atmospheric systems and local and regional effects along the
continent-ocean boundary. The South Pacific Anticyclone is the dominant atmospheric
system, driving winds toward the equator along the coast of Chile and Peru. Associated
with this anticyclone there is subsidence inversion at the top of the marine boundary layer
that generates coast-ocean temperature gradients that in turn affect wind stress regionally
along the coast (Strub et al. 1998).

There are different wind patterns along the Chilean coast. Prevailing winds between 20°S
and 35°S favor coastal upwelling throughout the year owing to the South Pacific
Anticyclone, which grows stronger and shifts southward in the austral summer (Strub et
al., 1998). However, pronounced disturbances arise south of 27°S, caused by the polar
front on a synoptic scale (2-10 days) (Rutllant and Montecino, 2002). These disturbances
generate coastal atmospheric lows that propagate as trapped atmospheric coastal waves
(Strub et al. 1998), producing enhanced cycles of relaxation and upwelling over periods
of 3 to 10 days (Rutllant 1993).

Winds in central-southern Chile (35°S-45°S) alternate between northern (downwelling-
favorable), which are due to the polar front in winter, and southern (upwelling favorable),
which are produced produced by the strengthening of the anticyclone in summer (Sobarzo
et al. 2007). In addition to displaying marked synoptic frequencies, the wind in this zone
is highly variable over a diurnal period (e.g. sea breeze) as a result of thermal ocean-land
gradients that are stronger in spring-summer (Sobarzo et al. 2010). As a consequence of
intense and persistent periods of upwelling activity between 36°S and 38°S, the subsurface
poleward current near the coast extends along the sea floor and upwells with Equatorial
Subsurface Water, resulting in low oxygen conditions (e.g. Ulloa and Pantoja 2009;
Fuenzalida et al. 2009; Hernandez-Miranda et al. 2010) and high nutrient concentrations
that favor primary production (10-20 g C/m? day annual average; Daneri et al. 2000;
Montero et al. 2007). Associated with upwelling events, low temperature plumes
originate near the coast and propagate 50 to 150 km offshore, affected by the topography
of the area (points, bays, river canyons, etc.), generating cyclonic or anticyclonic gyres
(Leth and Middleton 2004) that transport chlorophyll (Chl-a) to offshore systems
(Morales et al. 2012; Correa-Ramirez et al. 2012).
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The variability of the Chilean coastal ocean has been widely studied, given that upwelling
and other phenomena triggered by wind influence the distribution and abundance of
fishery resources (Cubillos et al. 2007; Quifiones et al. 2009; Herndndez et al. 2011),
plankton (Daneri et al. 2012; Escribano et al. 2012), epibenthic macro- and megafauna
(Veas et al. 2012; Hernandez-Miranda et al. 2012), and water column biogeochemistry
(Quifiones et al. 2010; Fernadndez and Farias 2012). The oceanographic literature on
central-southern Chile largely assumes that there is marked seasonality in upwelling-
favorable winds and thus a seasonal ecosystem response to this process (e.g. Cuevas et
al. 2004; Montero et al. 2007). However, to date no quantitative study has been carried
out to assess the presence of southeastern and northeastern winds capable of inducing
upwelling and downwelling throughout the year.

Important biophysical consequences of upwelling have been observed at different time
scales in the coastal ocean in other parts of the world. For example, Santos et al. (2001,
2004) concluded that an increase in upwelling events along the Portuguese coast has an
important negative impact on mackerel and sardine recruitment during their spawning
seasons. Varela et al. (2010) studied biogeochemical responses and bentho-pelagic
coupling during winter upwelling, highlighting that events such as these have become
recurrent along the western Iberian platform (Alvarez et al. 2003). Varela et al. (2010)
reported the presence of a phytoplankton bloom during the study period as a consequence
of solar radiation associated with NE upwelling-favorable winds, leading to a well-mixed
water column. Schroeder et al. (2009) hypothesized that “anomalous” winter upwelling
in the California current fertilizes the region with nutrients that ensure sufficient prey
productivity and availability to maintain adult seabird populations in a healthy state and
even result in an early reproductive period. Black et al. (2011) determined the existence
of winter and summer upwelling conditions in the California Current. The former was
characterized by high frequency variability associated with the North Pacific High and El
Nifio events, while the latter was associated with low frequency processes (multidecadal).
The differentiation between these two sets of conditions could be important, not only on
inter-annual time scales, but also in relation to long-term trends associated with climate
change.

In addition to deepening our knowledge about the differences between autumn-winter and
spring-summer upwelling-favorable winds along the coast of central-southern Chile in
the last 25 years (1988-2012), we are interested in knowing whether there are significant

differences between spring-summer and autumn-winter downwelling-favorable winds,
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and whether there have been changes in the last 25 years in the intensity, duration and
number of downwelling events.

As in other eastern boundary upwelling systems, winds in the Humboldt Current in
central-southern Chile alternate between favoring upwelling and downwelling (Strub et
al., 2013). The wind regime in the HCS is mainly controlled by the migration of the South
Pacific Anticyclone (SPA), which gets stronger and shifts south in the summer and
weakens and shifts north in the winter (Rutllant and Fuenzalida, 1991). The movement of
the SPA in the winter results in the dominance of polewards northeastern winds favorable
to downwelling (Garreaud and Mufioz, 2005).

There are few studies on downwelling-favorable winds in the Humboldt Current System.
Castro et al. (2000) found that, under winter downwelling conditions, the highest levels
of microplankton abundance off the coast at Concepcién and Talcahuano (36.5°S) were
located along multiple hyaline and thermal front structures, concurrent with the maximum
densities of anchovy eggs and larvae. Narvéez et al. (2006) found that large-scale
warming events off the coast of central Chile (33°30°S) are associated with downwelling-
favorable winds that are sometimes present in spring and summer. They reported that
during these events there is significant synchronicity in the reccruitment of several
invertebrate groups (decapods, gastropods, polychaetes, mussels and sea urchins),
suggesting that the larvae are dragged by these advective fronts and released on the coast.
It has been shown that microzooplankton grazing can remove an important fraction
(>100%) of primary production in periods of downwelling-favorable winds in the HCS
near Concepcion (36°S) (Bottjer and Morales, 2004), indicating that there can be
significant grazing pressure on phytoplankton beyond spring and summer.

In addition to the increase of downwelling-favourable winds during autumn and winter,
estuarine circulation has been observed in autumn and winter due to the increase in fresh
water inflow from the land, which creates opposing offshore and onshore flows in the
surface and lower water column, respectively (Montecino et al., 2004). Residence times
in the bays increase during the downwelling period. For example, residence time in the
Bay of Concepcidn is typically 22 days during the estuarine season and 2 to 3 days during
the upwelling season (Montecino et al., 2004).

In other SSBSs like the California Current system (CCS), poleward winds that prevail in
the winter, together with downwelling, produce a depression or deepening of the
pycnocline in the coast and forces surface waters toward the platform (Smith et al., 1994).

The downward movement of the pynocline pushes subsurface waters rich in carbon and
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nutrients crucial for phytoplankton growth from the continental shelf toward other
adjacent ocean basins (Hales et al., 2005). The net annual carbon budget is directly
affected by upwelling and downwelling, as well as by the bathymetric characteristics of
the continental shelf (lanson et al., 2009).

The intensity of winter downwelling has increased in the last 50 years in the northern part
of the CCS (Foreman et al., 2011). Several models predict an increase in downwelling-
favorable winds by 2100, although this prediction has not been confirmed by statistically
significant trends (Merryfield et al., 2009). Various indicators have been used to estimate
the beginning and development of an upwelling, including surface chlorophyll (Henson
and Thomas, 2007), temperature (Tapia et al., 2009; Benazzous et al., 2014) and nutrients
concentration (Garcia-Reyes et al., 2014). However, only a few authors (Bograd et al.,
2009; Foreman et al., 2011, Bylhouwer et al., 2013) have studied the timing (beginning,
duration and end) of the downwelling period.

Better understanding is needed of downwelling dynamics at different temporal and spatial
scales in central-southern Chile. As well, more in-depth comparison needs to be made of
downwelling events in autumn and winter with those less frequent events in spring and
summer, on the Chilean coast.

The objective of this work is to characterize and evaluate downwelling- and upwelling-
favorable winds in terms of their duration, intensity and number of events monthly and
annually, as well as seasonal differences. We seek to determine whether downwelling-
and upwelling-favorable winds have increased or decreased in the last 25 years (1988-

2012) and to evaluate if there are patterns associated with events like El Nifio or La Nifia.
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2. Materials and methods

Wind data were taken at a meteorological station at Carriel Sur Airport, Talcahuano
(36°47'S, 73°04'W, measured at 12 m high) (Figure 1). A 25-year time series was analyzed
(21/03/1988-30/04/2013), in which wind magnitude and direction were recorded every
10 min. For the effects of this research, we worked with average hourly data. We
eliminated February 29 for leap years (1988, 1992, 1996, 2000, 2004, 2008 and 2012)
from the time series.

Wind direction was corrected based on the magnetic declination of the area in 2016. The
wind direction was then aligned to the coast (18° with respect to the geographic north).
Finally, the wind was rotated 180°, inverting the direction from where it’s coming to
where it’s going.

The wind magnitude vector was broken down into east-west (perpendicular to the coast)
and north-south (alongshore) components to determine wind stress (tx and ty) (N m™).
Once wind stress along the coast was calculated, we separated negative and positive
values to differentiate between upwelling- and downwelling-favorable events. To
determine both upwelling- and downwelling-favorable events, meridional wind stress
values were added together, only considering consecutive hours. Accumulated positive
and negative wind stress were calculated for spring-summer and autumn-winter. The
accumulated positive along-shore wind stress can be used as a proxy of upwelling
intensity in a given year (Barth et al. 2007; Garcia-Reyes et al. 2014).

To determine inter-annual, monthly and seasonal variability of daily wind cycles, we
calculated wind stress accumulated from noon to 23:00 pm and from midnight to 11:00
am. These two periods were chosen because notable differences had been reported
between daytime and nighttime winds in the area (Sobarzo et al., 2007). We subsequently
considered the periods > 1 and > 3 days, the latter having been recommended by several
authors (Dugdale et al., 1990; Botsford et al., 2006; Garcia-Reyes and Largier, 2010) who
noted that upwelling-favorable winds have to blow for at least three days to obtain an
ecologically significant response. We also separated events into three categories, short
(1-3 days), medium-length (3-10 days) and long (> 10 days), following the methodology
proposed by Garcia-Reyes et al. (2014). We obtained the lengths of events and the
accumulated force reached in this time period, which together are defined as intensity. In
effect, the intensity of an event is determined as the accumulated effort of wind stress
during the event, with units of Nm day (Garcia-Reyes and Largier, 2014).
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Spearman correlation analysis (Zar, 1999) was done between length and intensity for both
upwelling and downwelling favorable events. An F test for multiple comparisons among
slopes and elevations, as described by Zar (1999), was used in comparing linear

regression equations

Results

3.1. Intensity and length of the upwelling and downwelling events (dd>= 1 day)

The correlation between event intensity and length was determined for the autumn-winter
and spring-summer periods throughout the series (Figure 2). The correlations for both
periods were similar during upwelling-favorable events (rho=0.81, p<0.05, autumn-
winter; rho=0.89, p<0.05, spring-summer). There were 754 upwelling-favorable events
in autumn-winter (Figure 2a) and 767 in spring-summer (Figure 2b). In autumn-winter
the maximum intensity was reached (~10 Nm day) at ~11 days in April (Figure 2a),
while in spring-summer it was reached (~25 Nm day) at ~15 days in November and
January (Figure 2b). The slopes of the two regressions (0.6, autumn-winter and 1.3,
spring-summer) were different (0=0.05, error=0.0014).

With downwelling-favorable events, there were high correlations between event intensity
and length in both periods (rho=0.71, p<0.05, autumn-winter; rho=0.64, p<0.05, spring-
summer). There were 523 downwelling-favorable events in autumn-winter (Figure 2c)
and 352 in spring-summer (Figure 2d). The maximum intensity (>25 Nm day) in
autumn-winter was reached at ~8 days in July (Figure 2c), and the maximum intensity
(~10 Nm day) in spring-summer was at ~6 days in September (Figure 2d). The slopes
of the two regressions (3 for autumn-winter, and 1.5 for spring-summer) were different
(0=0.05, error=0.0086).

There where 427 upwelling-favorable events in autumn and 327 in winter, with similar
correlations between event intensity and length (days) in the two periods (rho= 0.82,
p<0.05, autumn; rho=0.81, p<0.05, winter) (Figures 3a and 3b). There were 432
upwelling-favorable events in spring and 335 in summer, with similar correlations
between event intensity and length (days) in the two seasons (rho=0.91, p<0.05 and
rho=0.88, p<0.05, respectively) (Figure 3c and 3d). The slopes and intercepts for the last
two periods did not present significant differences. Although there was a large number of

upwelling-favorable events in the four analyzed periods, there were differences in the
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maximum intensity, which was 10 Nm day in autumn (12 days), 8 Nm day in winter
(9 days) and 25 Nm day in spring and summer (15 days) (Figure 3a, b, ¢, d).

There were 279 downwelling-favorable events in autumn and 244 in winter, with similar
correlations between event intensity and length (days) in the two seasons (rho= 0.71,
p<0.05, autumn; rho=0.74, p<0.05, winter) (Figure 3e and 3f). There were 194 events in
spring and 158 in summer, with similar correlations between the two periods (rho=0.64,
p<0.05 and rho=0.68, p<0.05, respectively) (Figure 3g and 3h). The slopes and intercepts
of the regressions for these two seasons did not present significant differences. Although
there was a high number of downwelling-favorable events in the four seasons, there were
differences in the maximum intensity: 25 Nm2 day in autumn and winter (8 days), 10
Nm-2 day in spring (6 days) and ~11 Nm2 day in summer (5 days) (Figures 3e, f, g, h).

3.2. Interannual and seasonal variability of upwelling and downwelling-favorable events
To determine interannual differences in the number of upwelling-favorable events in
autumn-winter and spring-summer, the months of the two periods were considered
separately (Figures 4 and 5). The spring-summer months in which the highest number of
upwelling-favorable events were registered were: January (133) (Figure 4e), October
(132) (Figure 4b), December (129) (Figure 4d) and November (122) (Figure 4c), while
the lowest number of events were registered in: September (50) (Figure 4a), March (99)
(Figure 4g) and February (107) (Figure 4f). The upwelling—favorable event with the
greatest intensity during September occur in 1993 (~8 Nm day) and the events with the
lowests intensities in this month were in 1999, 1997 and 2012 (>5 Nm day) (Fig. 4a).
The average intensity of upwelling —favorable events in September was ~5 Nm2 day (Fig.
4a). The most intense upwelling-favorable event in October was in 1998 (~18 Nm day)
and the lowest intensities in October were in 1991, 1994, 1995, 2000, 2004 and 2012
(Figure 4b). The highest intensities of upwelling-favorable event in this month were in
the first ten years of the series (1988-1998), after which the level began to decrease
(Figure 4b). The most intense upwelling-favorable event occurring in November was in
1995 (~24 Nm day), followed by 1989 (~20 Nm day) (Figure 4c). The most intense
upwelling-favorable event (~25 Nm day; Figure 4d) were registered in December in the
year 1994. As October, the highest intensities registered in December occurred in the first
ten years of the series (1988-1998), with an average intensity range between ~5 and 10
Nm2 day (Figure 4d). January exhibited the largest number of years with high intensity

upwelling-favorable events, the highest were observed in 1990 (~23 Nm day), followed
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by 1999 (=22 Nm day), 2009 (~20 Nm day) and 1995 (~18 Nm day) (Figure 4€). The
average ranged of intensity was between ~2 and 12 Nm2 day (Figure 4e). The highest
intensities of upwelling-favorable events during February were in the years 1993 and
1997 (~16 Nm day) (Figure 4f). The most intense upwelling-favorable event in March
was in 1995 (~23 Nm day) (Figure 4g).

The autumn-winter months in which more upwelling-favorable events were registered
were April (139) (Figure 4i), May (134) (Figure 4j), July (125) (Figure 41) and August
(122) (Figure 4m). The autumn-winter months in which less upwelling-favorable events
were registered were March (51) (Figure 4h), June (105) (Figure 4k) and September (82)
(Figure 4n). The most intense upwelling-favorable event registered in March (autumn-
winter) was in 1988 with ~10 Nm day. The average trend in this month was between ~1
and Nm2 day (Figure 4h). The most intense event occurred in April was in 2011 (~9 Nm-
2 day), followed by 1993 (~7 Nm™ day) and 1989 (~6 Nm day), the average was ~3 Nm-
2 day (Figure 4i). The highest intensity in May was in 2011 (~6 Nm day), the average
intensity in this month was ~2.5 Nm day (Figure 4j). As May, the average intensity in
June was ~2.5 Nm day, with the highest intensities registered during 2011 and 2012 (~4
Nm2 day) (Figure 4k). The lowest average intensities for the autumn-winter period were
registered in July (<2 Nm= day) and the highest intensities were observed in 2010 and
2012 (~4 Nm™ day) (Figure 4l). The highest intensity in August was in 1990 (~7 Nm
day), with an interannual average trend of ~2 Nm day (Figure 4m). The highest intensity
in September was in 1996, with ~8 Nm day. The average intensity for this month ranged
from ~1 to 5 Nm day (Figure 4n).

To determine interannual differences in the number of downwelling-favorable events in
autumn-winter and spring-summer, the months of the two periods were considered
separately (Figure 5). The autumn-winter months in which more downwelling-favorable
events were registered were June (107) (Figure 5d), July (98) (Figure 5e), August (91)
(Figure 5f) and May (84) (Figure 5¢). The months with the fewer events were March (20)
(Figure 5a), September (55) (Figure 5g) and April (68) (Figure 5b). The most intense
downwelling-favorable event occurred in March was in 1990 with ~7 Nm day (Fig. 5a).
There were several years in which no downwelling-favorable events were observed
during this month (1991, 1997, 1998, 1999, 2005, 2006, 2009 and 2012; Figure 5a). The
most intense downwelling-favorable event occurred in April were in 1995, 1997 and 2004
(~14 Nm day), and the average ranged between ~1 and 8 Nm day (Figure 5b). The

highest intensity of downwelling-favorable event occurred in May was in 1991 with >25
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Nm2 day, followed by 2012 (~20 Nm day) (Figure 5c). High intensities were registered
several years in June, the highest was in 1989 (~24 Nm day), followed by 2000 (~22
Nm=2 day) and then by 1993, 1996, 2003, 2006 and 2010(Figure 5d). The highest
intensities in July were in 2008 (>25 Nm day), 1988 (24 Nm day), 1994 and 1995 (20
Nm2 day), with high interannual variability ranging from ~2 to 12 Nm day (Figure 5e).
The highest intensity of downwelling-favorable event in August was in 1995 (>25 Nm™
day), followed by 2002 and 2010 (~15 Nm day). As July, the average intensity in August
was between ~2 and 12 Nm day (Figure 5f). The highest intensities in September were
in 1993, 1997 and 2000 (~10-15 Nm day)(Figure 5g).

The spring-summer months in which there were more downwelling-favorable events
were February (65) (Figure 5m), October (62) (Figure 5i), December (59) (Figure 5k),
November (55) (Figure 5j) and January (51) (Figure 51), while the months with the fewest
events were September (18) (Figure 5h) and March (42) (Figure 5n). The highest
intensities registered in September were in 1994 and 1997 (~8 Nm2 day) (Figure 5h).
There were no downwelling-favorable events in September in several years these being
1990, 1993, 1998, 1999, 2003, 2004, 2006, 2007, 2009, 2010, 2011 and 2012, in effect,
half the time series (Figure 5h). The highest intensities occurred in October were in 1991
and 2002 (~9 Nm day), while the average was between ~1 and 9 Nm day (Figure 5i).
The highest intensity of downwelling-favorable event during November was in 1997 (~6
Nm-2 day) (Figure 5j). The most intense downwelling-favorable events in December were
in 1993 (~9 Nm day), 1988 and 2006 (~6 Nm day) (Figure 5k). The highest intensity
in January was in 2011 (~6 Nm day), while there were no downwelling-favorable events
in the years 1990, 1995, 2004 and 2009 (Figure 5I). The highest intensities observed in
February were in 1989, 1993, 2001 and 2009 (~5 Nm day), while the average intensity
for this month was ~2.5 Nm? day (Figure 5m). Finally, the highest intensity of
downwelling-favorable event in March was in 2001 (~10 Nm day), while the average
for this month was ranged from ~1 to 10 Nm day (Figure 5n).

The highest average interannual and seasonal intensities of upwelling-favorable events
were in spring and summer, that is, in the months of January, February, October,
November and December (Figure 6a). The years in which the highest average intensity
(>10 Nm day) was observed were in the first part of the analyzed period, from 1988 to
1998. Beginning in 2000 the intensity (5-10 Nm day) in spring-summer decreased.
Intensity in autumn-winter presented a range of 0 to 5 Nm2 day. The average duration of

downwelling-favorable events was 1 to 9 days, with the longest events (> 5 days) in the
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spring-summer months from 1988 to 1998, although exceptionally there were long events
(9 days) in November of 1993 and 2010 (Figure 6b). Upwelling-favorable events in
autumn and winter had an average duration of 1 to 4 days throughout the studied period
(Figure 6b). The largest number of upwelling-favorable events was in the autumn-winter
between March and September (>5 events per month) (Figure 6c). There was a slight
increase in the number of events beginning in 1998, with many of them concentrated
between 2005 and 2010 (>7 events per month) (Figure 6c).

The highest intensity was observed in autumn-winter, that is, in the months of April, May,
June, July and August, and exceptionally in March, September and October in some years
(Figure 6d). Unlike the intensity of upwelling-favorable events, the interannual and
intensity of downwelling-favorable events did not decrease during the studied period.
There were some years with higher intensities (>10 Nm day), these being 1991 (May
and October), 1994 (July), 1996 (June), 2000 (June), 2001 (July), 2002 (August), 2005
(July), 2008 (July), 2010 (August) and 2012 (May) (Figure 6d). The intensity of
downwelling-favorable events appears to be greater than that of upwelling-favorable
events (Figure 6a and 6d).

The average length of events in autumn-winter was between 1 and 6 days, with the longest
events > 5 days (Figure 6e). There were >5 events per month in the autumn-winter
(Figure 6e), with a slight increase in the number of events beginning in 1998. The largest
number of events per month (> 7 per month) occurred in July 1989, June 1993 and 1994,
and May 1997 and 2005 (Figure 6e). It can be noted that downwelling-favorable events
occur less frequently than upwelling-favorable events (Figures 6¢ and 6e).

To better observe the differences in intensity, duration and number of events, we have
separated the series into two periods, autumn-winter and spring-summer (Figure 7). The
autumn-winter months that registered the highest intensities (Figure 7a) were March,
April and September, in effect, at the beginning and end of the period. The years in which
the highest intensities were observed were 1990 (>5 Nm day, March and September),
1996 and 2002 (>5 Nm day, September) and 2010 and 2011 in March and April (>5
Nm2 day) (Figure 7a).

With respect to the average duration of events (Figure 7b), the longest events (>5 days)
were between 1988 and 1998, 2003 and 2006 and 2008 and 2012, and the months in
which the longest events occurred were March, April, May, June and September (Figure
7b). The largest number of events per month (> 5 events per month) in the entire studied

period were in 1990, 1992 and from 1998 to 2008. There were an exceptionally high
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number of events (9 per month) in 2000, 2004 and 2007, with the highest number of
events in the months of April, May, July and August (Figure 7c).

The autumn-winter months with the highest average intensities (>10 Nm day) of
downwelling-favorable events were May, June, July and August, with the most intense
event in the studied period in June 1996 (~15 Nm day), followed by May 1991, July
1994, June 2000, August 2010, and May 2012 (Figure 7d). There were high values for
the average duration of events (> 5 days) in May, June, July and August (Figure 7e). The
highest number of downwelling-favorable events was in May, June, July and August,
with certain years in which the number was much higher (1989, 1993, 1994, 1997, 2004
and 2005) (Figure 7f).

The average intensity of upwelling-favorable events in spring-summer (Figure 7g) began
to decrease as of 2000, with the highest intensities from 1988 to 1998 (> 10 Nm day).
An exception was observed between 2008 and 2010. The months with highest intensities
were November, December, January and February (Figure 7g). The average duration of
events in spring-summer followed a similar trend to that of intensity, with a decrease
beginning in 2000 and the longest events occurring between 1988 and 1998, with the
exception of long events between 2008 and 2010. The months with the longest events
were November, January and February (Figure 7h). The periods 1991-1993, 1993-2000,
2003-2005 and 2007-2010 had the highest number of upwelling-favorable events per
month (>7) in the spring and summer (Figure 7i). The months with the highest number of
events were October, November, December and January (Figure 7i).

The highest average intensities of downwelling-favorable events in spring-summer (>5
Nm-2 day) occurred in October 1991 and March 2001. A high average intensity was also
registered for the months of September and November in 1997 (Figure 7j). The longest
average durations (> 4 days) were in 1991 (October), 1997 (September and November)
and 2001 (March) (Figure 7k). The highest number of downwelling-favorable events in
spring-summer (>5 events per month) occurred in 1989 (December and February), 1994
(October), 2004 (February), 2010 (February) and 2012 (November) (Figure 71).

The intensity of upwelling-favorable events >= 1 day decreased over the course of the
studied period, with the highest values in 1990, 1993, 1994, and 1995 (Figure 8a). The
lowest accumulated intensities were registered in 1992, 1997, 1999, 2000, 2002, 2004,
2005, 2006, 2007, 2008, 2011, and 2012. The highest intensities occurred in January,
February, October, November and December (Figure 8a). The highest values for

accumulated intensity of upwelling-favorable events >= 3 days were in 1990, 1993 and
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1995, while the lowest values were in 1992, 1997, 1999, 2000, 2006 and 2007 (Figure
8b). There were only three months in 1999 and 2006 with events > 3 days and only four
months in 2000 and 2007. In addition to decreased intensity as of 1999, the number of
months with upwelling-favorable events > 3 days began to decrease (Figure 8b).

Figure 8c shows the interannual variability in the accumulated intensity of downwelling-
favorable events >= 1 day. The highest accumulated intensities were 1991, 1993, 1994
and 2002, while the lowest accumulated intensities were in 1998, 1999, 2009 and 2011.
Beginning in 2003, the levels of accumulated intensity remained similar over the years,
ranging between 30 and 40 Nm day. Greater variability was registered in the period
1988 to 2002, with values between 25 and 55 Nm day. The highest intensities were in
April, May, June, July and August (Figure 8c). With respect to interannual variability in
accumulated intensity of downwelling-favorable events of > 3 days, the years with the
highest values were 1991, 1996, 1997 and 2002, while the ones with the lowest values
were 1990, 1992, 1995, 1999, 2004 and 2006 (Figure 8d). In 1991, 1996 and 1992 there
were only three months with events > 3 days and only four months in 1997. A decrease
in intensity can also be noted beginning 2001, as well as a decrease in the number of
months in which there were downwelling-favorable events > 3 days. The highest
frequency of events were in May, June, July and August (Figure 8d).

To determine the relationship among intensity, average duration and the number of events
(>= 1 day), we determined the correlations among these variables and the total period for
upwelling- and downwelling-favorable events (Figure 9). The average number of
upwelling-favorable events increased (Figure 9a), although the correlation among these
variables is not significant (rho=0.4, p=0.05). The average duration of these events tended
to decrease over the studied period (Figure 9b), but the correlation among these variables
is not significant (rho=-0.29, p>0.05). Average interannual intensity (Figure 9c)
decreased notably, with a highly significant correlation with the studied years (rho=-0.72,
p<0.05). The average intensity of the upwelling-favorable events had fallen to ~2 Nm
day by the end of the period (Figure 9c).

The number downwelling-favorable events (Figure 9d) did not present significant
changes throughout the study period (average of 2 to 3 annually), with a non-significant
correlation between number of events and the studied years (rho=-0.07, p>0.05). The
average duration was similar throughout the entire studied period (~2 days), with a non-
significant correlation (p>0.05) between the average duration and the studied years

(Figure 9e). The average intensity of downwelling-favorable events decreased over the
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studied period, but as with the other variables, there were no significant correlations

among the years (rho=-0.28, p>0.05) (Figure 9f).

3.3. Seasonal and inter-annual variability in short (1-3 days), medium (3-10 days) and
long (> 10 days) upwelling and downwelling events

There were upwelling-favorable events of 1 to 3 days throughout the year, with intensities
between 1 and 2 Nm2 day, with the lowest intensities in autumn-winter (Figure 10a).
There were also events of 3 to 10 days throughout the year, with intensities between 2
and 6 Nm™ day. As with short events, the lowest intensities with medium events were in
autumn-winter (Figure 10a). In contrast, long events were only registered in some
months, namely January, February, March, April, October, November and December,
with intensities between 10 and 20 Nm2 day (Figure 10a). The highest intensities in this
category were registered in January, March, November and December (Figure 10a).
There were upwelling-favorable events of 1 to 3 days throughout the year, with the
highest intensities from March to October, with an average of three events per month
(Figure 10b). There were also events of 3 to 10 days throughout the year, with the largest
number of events in January, February, March, April, November and December (Figure
10b). There were only long events (> 10 days) in January, February, March April,
October, November and December (Figure 10Db).

There were events of 1 to 3 days throughout the year, with intensities between 1 and 3
Nm=2 day. The highest intensities were in autumn-winter months (April-September)
(Figure 10c). There were also events of 3 to 10 days throughout the year, with the
exception of February, with intensities between ~4 and 15 Nm™ day. The highest
intensities were in May, June, July and August (Figure 10c). In contrast to the upwelling
period, no long events were registered. There were 1-to-3-day long events throughout the
year, with an average of 2 to 3 events per month (Figure 10e). There were events 3 to 10
days long throughout the year, with the exception of February. The highest number of
events were observed between May and August (Figure 10d).

Upwelling-favorable events between 1 and 3 days long presented similar levels of
intensity throughout the year (2 Nm2 day) (Figure 11a). Medium-length events (3-10
days) were more intense from the beginning of the series until 1996, with an intensity
between ~3 and 8 Nm2 day (Figure 11a). There were no long events (> 10 days) in 1992,
1993, 1994, 1996, 2002, 2004 and 2007. The highest accumulated intensity was in 1995,

in which the longest events ~20 Nm day were registered (Figure 11a). The intensity of
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events in the three analyzed categories began to decrease in 2001 (Figure 11a). There
were upwelling-favorable events of 1 to 3 days and 3 to 10 days in all the years of the
studied period, but no long events were registered in 1992, 1993, 1994, 2002, 2004 and
2006 (> 10 days) (Figure 11b). The largest number of events occurred in 1999 (Figure
11b).

The highest accumulated intensity of downwelling-favorable events (>20 Nm day) was
registered in 2008, followed by 1995, 1996 and 2012 (~15 Nm day) (Figure 11c). The
lowest intensities were registered in 1999, 2002, 2009 and 2011 (~10 Nm day). Events
with durations of 3 to 10 days had the highest registered intensities, ranging between 8
and 15 10 Nm day (Figure 11c). The levels of intensity of events between 1 and 3 days
were similar throughout the year (2-4 Nm day) (Figure 11c).

There were downwelling-favorable events of 1 to 3 days and 3 to 10 days in all the years,
but the largest number of events (average of 5 to 6 per year) were reported in 1992, 1997
and 1999 (Figure 11d). The fewest events in both categories were in 1991, 1996, 1998
and 2009 (Figure 11d).

3.4. Accumulated intensity for upwelling- and downwelling-favorable events between
midnight and 11:00 am, and between noon and 23:00 pm.

The lowest levels of intensity of upwelling-favorable events were registered from
midnight to 11:00 am, with values that did not exceed 2 Nm hour (Figure 12a), the
intensity of events from noon to 23:00 pm reached higher levels of intensity (3 Nm2 hour)
(Figure 12b). The intensity of downwelling-favorable events was higher between noon
and 11:00 pm than between midnight and 11:00 am (Figure 12c and 12d). Both series
reached maximums of 7 Nm hour in some periods (Figures 12c and 12d).

No major differences in intensities were registered for the entire period between midnight
and 11:00 am (Figure 13). The mean for upwelling-favorable events was < 0.5 Nm hour
and the upper limit was < 1 Nm hour (Figure 13a). There was a high degree of variability
in atypical values of the intensity of downwelling favorable events toward the end of the
period (Figure 13b). A decrease in the intensity of upwelling-favorable events from noon
to 23:00 pm was observed (Figure 13c), the mean in this time period being ~0.5 Nm™
hour (Figure 13c). The intensity of downwelling-favorable events between noon and
23:00 pm were also highly variable in atypical values, with no clear decrease observed
near the end of the study period (Figure 13d).
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A decrease in the intensity of upwelling-favorable events was clearly observed between
noon and 23:00 pm, as well as a slight decrease from midnight to 11:00 am (Figure 14a).
There was a slight decrease in downwelling-favorable events from noon to 23:00 pm,
which was not as evident between midnight to 11:00 am (Figure 14b).

The highest intensities for upwelling-favorable events from midnight to 11:00 am over
the entire study period occurred in January, February, November and December (Figure
15a). The event with the highest intensity was from noon to 11:00 pm, with a mean and
median close to 0.5 Nm™ hour (Figure 15b). The annual cycle of intensity of
downwelling-favorable events had values than that of upwelling-favorable events, above
all between noon and 23:00 pm, with extreme values of ~1.5 Nm hour (Figure 15d).
There were many atypical values in both time periods (Figure 15c and 15d).

Finally, there was a general trend in both periods for the intensity of upwelling- and
downwelling-favorable events to remain relatively stable (Figure 16). The average
intensity of upwelling-favorable events between noon and 23:00 pm was greater than
between midnight and 11:00 am (0.5 and 0.2 Nm hour, respectively) (Figure 16a and
16¢). Changes in variability can be observed, above all from noon-to-23:00 pm (std dev),
which decreased during the studied period (Figure 16c).

The average intensity of downwelling-favorable events for periods noon-to-23:00 pm and
midnight-to-11:00 am were similar (0.5 Nm hour) throughout the studied period (Figure
16b and 16d), and there was a high degree of variability (std) in both periods (Figure 16b
and 16d).
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4. Discussion
Our analysis of 25 vyears of winds off central-southern Chile showed that
upwelling/downwelling events occur year-round, but exhibit different seasonal and

interannual characteristics.

4.1. Event-scale characterization in the southern part of the Humboldt Current System
(central-southern Chile)

Although our results show that upwelling-favorable events occur throughout the year, the
majority of bio-oceanographic research on central-southern Chile has only identified
upwelling in spring-summer as one of the causes of the degree of high variability in
bacterial production (Cuevas et al. 2004), nanophytoplankton abundance, biomass and
grazing (Bottjer and Morales 2007), microplankton abundance (Anabalén et al. 2007),
N20 flow and annual cycle (Cornejo et al. 2007), the assimilation and primary production
of inorganic nitrogen (NO3- and NH4+) (Fernandez and Farias 2012), primary production
(>1 g C m2 d; October-April, Daneri et al. 2000; Montero et al. 2007) and chemical-
lithoautotrophic production and the CH4 cycle (Farias et al. 2009), among others. This
perspective is likely to be based on the observed seasonal variation of primary
productivity in this zone, which, although high throughout the year (Fossing et al. 1998;
Daneri et al. 2000), is greatest in spring-summer (Montero et al. 2007). This temporal
trend in primary productivity is a consequence, between others factors, of physical
processes, such as the heat balance dominated by solar radiation (maximum in January,
200 Wm™) and the balance of fresh water dominated by the discharge of the Biobio and
Itata Rivers, and precipitation (maximum monthly average in June and July, 0.4 mm)
(Sobarzo et al. 2007).

Although upwelling-favorable events prevail most of the year in the study area, our results
show that there were also a substantial number of downwelling-favorable events. In fact,
there were 1521 upwelling-favorable events (considering autumn-winter and spring-
summer) and 875 downwelling-favorable events (considering autumn-winter and spring-
summer) (see Figure 2). Of a total of 2396 events, 63% are favorable to upwelling and
37% are favorable to downwelling. Although the percentage of downwelling-favorable
events is not small, upwelling continues to predominate in the area.

At the seasonal level (Figure 3), the highest number of upwelling-favorable events (432)
and the events with highest intensity (25 Nm day) occurred in spring. The largest number

of downwelling-favorable events (279), and again with the highest intensity >25 Nm
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day, occurred in autumn (Figure 3). Our analysis has allowed to determine the relationship
between the intensity of an event and its duration, a relationship that is clearly significant
(p<0.05). We also observed that upwelling-favorable events are intense and long (e.g.
spring: 25 Nm day, 16 days), while downwelling-favorable events are intense and short
(e.g. winter: >25 Nm day, 8 days) (Figure 3). The duration of an event, and consequently
its intensity, have significant effects on the coastal zone and associated physical variables,
among them density (Kampf and Chapman, 2016).

Cushman-Roisin (1994) developed an index based on the magnitude and duration of
upwelling-favorable wind stress, termed “wind impulse”, which causes the density
interface to rise towards the coast and it may or may not eventually reach the sea surface,
leading to either partial or full upwelling (Csanady, 1977). Full upwelling implies the
formation of a surface density front, which is a narrow frontal zone across rapid changes
in density, also called an upwelling front. Cushman-Roisin (1994) determined the
duration and final offshore distance of an upwelling front using the internal deformation
radius (R) and other parameters. For example, upwelling events with a duration of 10-12
days could mobilize the density front at distance of 5 km offshore. Consequently, based
on our results, we can affirm that upwelling-favorable events with a duration of 16 days
and reaching a maximum intensity of 25 Nm day can move the density front at a distance
of ~8 km offshore. This criterion probably is not useful to determine the duration and
final distance that downwelling fronts reach at the coast because the water column during
a downwelling-favorable event follows another dynamic. This has been described for
other systems, like the Oregon continental shelf, where the time-dependent response of
the coastal ocean at rest to constant downwelling-favorable wind stress (Allen and
Newberger, 1996). Under downwelling conditions, wind stress forces onshore flow in a
turbulent surface boundary layer. The compensating flow below the surface layer advects
the density field downward and offshore and accelerates an alongshore current in the form
of a vertically and horizontally sheared coastal jet. The dominant feature of the response
flow field is a downwelling front that moves slowly offshore, leaving behind an inshore
region where the density is well mixed. The downwelling front in the density field is
concentrated near the bottom, while the front in alongshore velocity extends over the full
depth and is nearly vertical, separating weak alongshore velocities inshore from the
coastal jet offshore (Allen and Newberger, 1996, Lentz and Fewings, 2012)

As our results indicate, the intensity and duration of upwelling-favorable events have
decreased in the period between 1988 and 2012 (Figures 6a, 6b, 7b, and 7c), which can
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have consequences in terms of the maximum distance that an upwelling front can reach.
As we have reported, if an event decreases to 7 days, the distance it can be moved offshore
Is on average ~3.5 km. Although these indicate that the front will reach a shorter distance,
the increased frequency of upwelling-favorable events observerved in the time series
analyzed, especially in autumn-winter (Figure 6¢ and Figure 7c¢), could compensate for

the shorter duration and distance reached.

4.2. Seasonal and inter-annual variability in upwelling- and downwelling-favorable
events in the southern part of the Humboldt Current System

Our results show marked seasonality in the intensity and number of upwelling- and
downwelling-favorable events (Figure 10). The seasonal cycle in the number and
intensity of upwelling-favorable events (Figures 10a and 10b) suggests that events >=10
days prevail in spring-summer months, with an intensity that ranged between 10-20 Nm-
2 day. Short (>=3 days) and medium-length events (3 to 10 days) occur year-round (Figure
10b).

Similar results were obtained for the central-northern California coast, with the highest
values from March to August (spring-summer in the northern hemisphere), and a
maximum in June (Garcia-Reyes et al., 2014). The intensity of the system increases
rapidly in March, when long (>10 days) events begin, and declines sharply in July
(Garcia-Reyes et al., 2014).

The inter-annual variability showed that although there were long events in the last five
years of the series (2008-2012) (Figure 11b) they had average intensities of less than 15
Nm2 day (Figure 11a). The highest accumulated intensities (>25 Nm? day) were
registered in the first ten years of our series (1988-1999), while the lowest were in the last
decade (2002-2010) (Figure 11a), which is in contrast to Garcia-Reyes et al. (2014), who
found that the least intense upwelling was in 1985 and 1992 (first seven years of their
series) and that high intensity values were more frequent during the last decade (2002-
2012), resulting in a positive although weak trend (1.2 Nm day per decade, p < 0.05).
Our data show that in 1992, 1993, 1994 and 1996 of the first period analyzed no events
were registered that were = > 10 days (Figure 11a and 11b).

The seasonal cycle also predominates in downwelling-favorable events (Figure 10c), with
the highest intensity (~10 Nm day) reached in autumn-winter (April-September), with
only short (1-3 days) and medium events (3-10 days) (Figures 10c and 10d). There were

no significant inter-annual changes in the intensity and number of downwelling-favoring
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events (Figures 11c and 11d). However, accumulated intensity was lower than normal in
1992, 1993, 1997, 1998, 1999, 2009 and 2011, while it was higher in other years like
2008 (>25 Nm day) (Figure 11c). Although accumulated intensity was low in 1992,
there were more events (six) than in any other year in the series, while the highest
accumulated intensity was in 2008, but there were no more than four events on average
that year. In other eastern boundary systems, like the California Current System, warm
phases of the EI Nifio Southern Oscillation are reported to be associated with a later onset
of summer upwelling and more intense downwelling (Bograd et al., 2009, Bylhouwer et
al., 2013). Other authors have found that spatial covariation of upwelling/downwelling
present three dominant low-frequency signals in the range of 33, 19 and 11 years,
resembling periodicities of atmospheric circulation, nodal moon tides and solar activity
(Saldivar-Lucio et al., 2016). In our work low-frequency scales were not analyzed but the
evidence from other systems indicates that this should be considered in future

investigations.

4.3 Increase in upwelling favorable winds in the southern area of the Humboldt Current
System and possible consequences

There have been numerous studies that indicate changes in upwelling favorable winds in
the recent decades (e.g. Sydeman et al. 2014; Varela et al., 2015). Some studies have
proposed that in eastern boundary current systems global warming should intensify
upwelling-favorable winds, in the warmer seasons (spring-winter), as a result of the
increase in the land-ocean pressure gradient (Bakun, 1990). Other authors have proposed
that as a result of the intensification of the South Pacific Anticyclone and a southward
shift of its nucleus (Falvey & Garreaud, 2009, Goubanova et al., 2011; Belmadani et al.,
2014), upwelling-favorable winds will intensify all along the Chilean coast (Garread &
Falvey, 2008).

The increase in upwelling favorable winds has physical, as well as biogeochemical
effects. Using numerical physical-biogeochemical experiments in the Humboldt Current
System (ROMS, PISCES, IBM), Brochier et al. (2013) predicted that larval retention
throughout the continental shelf will increase with greater stratification as a result of
global warming, although retention will be compensated by a decrease in the nursery area
and a decrease in the depth of the oxycline.

Aiken et al. (2011) used numerical simulation to investigate larval dispersion and

connectivity along the coast of central Chile with an increase in upwelling favorable
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winds. They found that the ocean surface temperature in this zone will decrease by 1°C
and that sub-surface poleward current and mesoscale gyres will become more energetic.
These processes can have negative consequences for neutrally buoyant larvae, while
larvae that possess the ability to sink below the surface Ekman layer were found to have
higher rates of settlement under present conditions and under the IPCC-A2 scenario.
Our results indicate the opposite, that is, that the intensity and duration of upwelling-
favorable winds have been decreasing, in particular since 1998, but that the number of
event increases, above all in autumn-winter (Figuras 6, 7, 8 and 9).

Deeper knowledge is needed of upwelling dynamics in central-southern Chile at different
temporal and spatial scales to better understand the possible effects of climate change in
this highly productive system.
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3. Conclusion

The results presented in this analysis show that upwelling-favorable events from 1988 to
2013 have decreased in intensity and duration, although not in terms of the number of
events, which are increasingly more common. The intensity of downwelling-favorable
events has decreased, but their duration and frequency has remained unchanged.

We have shown that the number of upwelling-favorable events in autumn-winter is
similar to that in spring-summer, with 754 and 767 events, respectively. However, the
events in autumn-winter were shorter and less intense than the typical summer events. A
high number of downwelling-favorable events (352) were observed in spring-summer,
although still considerably less that the number of events that occurred in autumn-winter
(523).

Upwelling-favorable events represented 63% of all events, and downwelling events
represented the remaining 37%. While the percentage of downwelling-favorable events
IS not negligible, upwelling continues to predominate in the area under study.

In relation to the temporal evolution from 1988 to 2013 as evidenced in the daily cycle, a
decrease was observed in the intensity of upwelling-favorable events from noon to
midnight (12-23 PM), as well as a slight decrease between 0-11 AM. Also, a decrease
was observed in the intensity of downwelling-favorable events between 12-23 PM (0-11
AM). A slight decrease in downwelling-favorable events between noon and midnight was

also registered, which was not as evident between 0-11 AM.
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Figura 1: Localization of Carriel-sur meteorological station.
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Figure 12: Cumulative wind stress of upwelling-favorable events between 0-11 am (a) and 12-23 pm (b) and downwelling-favorable events between
0-11 (c) am and 12-23 pm (d).
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Figure 15: Seasonal variability of upwelling-favorable events between 0-11 am (a) and
between 12-23 pm (b) and downwelling-favorable events between 0-11 am (c) and

between 12-23 pm (d).
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Figure 16: Interannual variability of mean intensity of upwelling-favorable events
between 0-11 am (a) and between 12-23 pm (b) and mean intensity of downwelling-
favorable events between 0-11 am (c) and between 12-23 pm (d).
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4.2. Capitulo 2. Modelacion de la dinamica estacional de la Corriente Subsuperficial
Chile-Peru (30°-40°S)

Manuscrito publicado en revista Continental Shelf Research
( ): Vergara, O.A., Echevin, V., Sepulveda, H.I..,
Colas, F., Quifiones, R. A. Modelling the seasonal dynamics of physical variables and the
Peru- Chile Undercurrent off Central Chile (30°-40°S).

Resumen: La variabilidad estacional de la hidrologia y de la Corriente Subsuperficial Peru-
Chile (PCUC) frente a la costa de Chile centro-sur (29°-41°S) fueron examinadas utilizando
un modelo regional de alta resolucion. EI modelo reproduce de forma realista la variabilidad
observada en el nivel del mar, tales como intensos remolinos anticiclonicos, la intensificacion
fuera de la costa del flujo hacia el polo, la reduccion del flujo hacia el ecuador cerca de la
costa durante otofio, asi como la intensificacion del flujo hacia el ecuador de meandros cerca
de la costa durante la primavera. Los valores de la energia geostréfica cinética de remolinos,
fueron altos a lo largo de la costa entre 30° y 37°S, y mas bajos al sur de esta zona. La
corriente subsuperficial hacia el polo exhibi6é variabilidad latitudinal en la velocidad y el
transporte. El transporte promedio maximo reportado fue de 0.8 Sv en 30°S, consistente con
previos estudios de modelacion y estimaciones derivadas de las observaciones in situ. Se
observo reduccion de la fuerza de esta corriente hacia el sur generada en parte por la
disminucion del wind stress curl hacia el polo y por la formacién de un jet cerca de 35°S
asociado con la propagacion de remolinos hacia el oeste. Un analisis lagrangiano de las
parcelas de agua modeladas transportadas por la corriente muestra que sélo el 14-20% de los
flotadores subsuperficiales transportados por la corriente son advectados a superficie dentro
de los siguientes seis meses después de su liberacion. Los flotadores que quedan dentro de
la capa subsuperficial probablemente son transportados mas al sur por la corriente, fuera de
la costa por los remolinos que se propagan hacia el oeste o hacia el ecuador en la parte

subsuperficial de la corriente costera superficial.
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The seasonal varahility of the hydrology and the poleward subsurface Peru-Chile Undercurrent (PCUC)
off the central Chilean ooast (29-4175) were examined using a high-resolution regional model. The model
realistically reproduced ohserved sea level variability, such as intense anticyclonic eddies, the offshore
intensification of the poleward flowr and the reduced nearshore equatorward flow during autumn, as well
as the equatorward intensification of nearshore meandering flow during spring. Values for geostrophic
eddy kinetic energy were high along the coast between 307 and 37°5, and lower south of this area. The
modelled polewand undercurrent showed latitudinal variability in velocty and transport. The maximum
average transport reported was (U8 Sv near 3075 consistent with previous modelling studies and esti-
mations derived from in situ observations. The poleward reduction in undercurrent strength was shown
to be partly generated by the poleward decrease in wind stress curl and by the formation of a westward
jetnear 357 associated with westward-pmpagating eddies. A Lagrangian analysis of the modelled water
parcels transparted by the undercurrent shows that only 14-20% of the subsurface floats transported by
the undercurrent upwelled into the surface layer within the subsequent six months after their release
The flopats remaining within the subsurface layer were likely transported further south by the current,
offshore by westward-propagating eddies or equatonward by the deeper part of the surface coastal

current

& 2016 Elsevier Ltd. All rights reserved

1. Introduction

The Eastern Boundary Upwelling (EBUS), Califor nia, Humboldt,
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entific and Industrial Researds Organisation; CTW, mastal trapped waves; EBLE,
Exstern Bowumdary Upwelling Systems; EKE Eddy Kinetic Energy; ESSW, Equatosial
Subsurfsce Water, ETOPO2, Earth Topography and Bathymetry; EUC, Equatorial
Unedercurrent; HCS, Humbokdt Current System; FIP, Fomdo de Investigacidn Pes-
qisera ¥ Acuicultira; TEKW, intrasessomnal equatonial Kelvin waves; KPP, K-Profile
Paramete rica tiod;, POOC, Peru-Chile Countercurment; POUC, Pens-Chile Unnder-
curment; PDW, Pacific Dee p Water; POM, Princeton Ocean Model, ROMS-ACRIF,
Regiomnal Doeanic Mode ling Sysem - Adaptive Grid Refine ment in FORTRAN; SAAW,
Sub-Antarctic Water; S00W, Scatterometer Oimatology of Ocean Winds, SLA, Sea
Level Anomaly; S50C Southern Sulsurfsce Countercurrent; 55T, Satellite Sea Sur-
Tace Temperature, STW, Sulbitropical Water
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Canarias and Benguela systems, are among the most productive
marine systems in the world and support the greatest pelagic
fisheries on earth (Chavez et al, 2003, 2008; Pauly and Chris-
tensen, 1995). In these regions the wind is generally parallel to the
coastline and forces a nearshore upwelling, which brings cold,
nutrient-replete deep water to the surfzce, generating high
levels of biological productivity. Understanding the dynamics of
the EBUS is highly relevant given the local manifestadons of
climate change, such as ocean acidification (Gruber et al., 2012)
and wind regime change (Bakun, 1990; Bakun et al, 2010;
Belmadani et al, 2014; Garreaud and Falvey, 2009; Sydeman
et al, 2014} Changes in winds due to inoeased greenhouse gases
could modify upwelling, which together with changes in the
characteristics of water masses {e.g. subsurface nutrient con-
centration), could significantly affect coastal ecosystems (Aiken
et al, 2011; Brochier et al, 2013; Gutiérrez et al., 2011; Oerder
et al, 2015)

The Humboldt Current System (HCS) is part of the general
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drculation of the Southeastern Pacific Subtropical Gyre and con-
tains complex movements of surface waters towards the equator
and the pole (Schneider et al, 2004) OFf Central Chile (30—40°5),
the flow of oceanic and coastal branches of the HCS driven by the
meridional winds associated with the South Pacific anticydone
intensify during summer and diminish during winter (Fuenzalida
et al, 2008). The HCS is composed of several currents: the surface
Chile Coastal Current (CCC) above a depth of 100 m between the
continental shelf and the slope flowing towards the equator during
summer; the poleward surface Peru-Chile Countercurrent (PCCC),
which flows between 100 and 300 km offshore above a depth of
100 m, reaching maximum velocities in spring and minimum ve-
locities in autumn (Strub et al, 1995, 1998)% and the poleward
subsurface Peru-Chile Undercurrent (PCUC), which flows below
the CCC between 100 and 400 m (Strub et al, 1998). The northern
and central coast of Chile {(18-38°5), where the PCUC dominates, is
highly produdive in terms of fisheries. Sardine and anchovy are
among the most abundant resources in the first 100 nm from the
wast {Cubillos et al.,, 2002, 2007; Cubillos and Arancibia, 1993),
These important biological resources are generated by the cm-
bination of upwelling and the fuelling of nutrients by the PCUC
(Fonseca, 1989; Quifiones et al, 2010)

Poleward subsurface currents such as the PCUC are present in
every EBUS (Fonseca, 1989; Hill et al,, 1998; Neshyba et al., 1989) at
mid-latitudes, opposing the equatorward surface flow (Peroe
et al., 20000 These subsurface currents generally reach average
wvelocities along the mast of ~0.05mfs to ~02 m/fs, distributed
between depths of 150 and 300 m, as reported for the California
Undercurrent {eg. Gay and Chereskin, 2009; Hickey, 1979;
Thomson and Krassovski, 2010) and the Iberian Peninsula (0.2 m|
s; Haynes and Barton, 1990; Torres and Barton, 2006). In the HCS,
the PCUC originates off the coast of Peru near 5°5 and flows as far
south as the Gulf of Penas (48°5; Silva and Neshyba, 1979; Wooster
and Gilmartin, 1961; Wooster and Reid, 1963 ). The origin of the
PCUC is generally recognized as stemming from the EUC (Equa-
torial Undercurrent) and two branches of the 5SCC (Southern
Subsurface Countercurrent; Montes et al, 2000; Czeschel et al,
2011).

Direct measurements of the PCUC have been made off the coast
of Peru (Chaigneau et al, 2003; Huyer et al., 1987 ) and Chile (Co-
dispoti et al, 1989; Fizarro et al, 2002; Shaffer et al, 1997, 1999)
Based on G years of data at 30°5, Shaffer et al. {1999) reported an
average velodty of 12.8 cmyfs at 220 m, with semiannual variation
and an intensified poleward flow in spring The average estimated
ransport of the PCUC at 30°5 is 1-135v (Huyer et al, 1987;
Shaffer et al, 1999, 2004).

The semi-annual variations of the PCUC are responses to the
ombination of local wind stress curl and disturbances caused by
remote tropical forcing (Fizarro et al, 2002; Ramos et al., 2006)
This Mlow is also modulated interannually by Rossby waves forced
by rapped waves propagating southward along the coast of South
America (Belmadani et al, 2012; Pizarro et al, 2002), a physical
mechanism that also partly explains the variability in the oxygen
minimum zone off Chile (Hormazabal et al., 2006).

The PCUC is thought to be fuelled by Equatorial Subsurface
Water (ESSW) as a consequence of periods of intense and persis-
tent wind-driven upwelling in southern-central Chile, leading to
low oxygen conditions (Fuenzalida et al, 2009; Herndndez-Mir-
anda et al, 2000; Ulloa and Pantoja, 2009) and high nutrient
mncentrations, which favour primary productivity (average an-
nual of 10-20g Cm~* day™", Daneri et al., 2000; Montero et al.,
2007). The ESSW is located below the subtropical water mass
(STW) off Peru {10-18°5) and abowe Suban tardic Water [ SAAW) off
Chile (25—48°5; Silva et al, 2009). Originally described by Gunther
(1936), this water mass is characterized by a subsurface salinity
maximum {~349) and by low dissolved oxygen concentratons

(44446 pM, 2-15% saturation) and high nutrient concentrations
{20—40 pM nitrate, 2.6-3 uM phosphate; 25-40 uM silicate; Silva
et al, 2009) The PCUC transports this water mass along the @n-
tinental slope off Peru and Chile (Silva and Fonseca, 1983; Strub
et al, 1998; Wooster and Gilmartin, 1961; Wyrtki 1967), until it
disappears near 48°5 (Silva and Neshyba, 1979),

Given the influence of the PCUC on the poleward transport of
the ESSW, studying its dynamics on the continental slope along
the coast of Chile is relevant to understand north-south nutrient,
oxygen and plankton fluzes, which play an important role in
sustaining high biological productivity in the HCS. Numerical
modelling is a very useful approach to understand the characte -
istics and dynamics of currents. Several modelling studies have
been conducted in the Chile region. Using a high-resolution model,
Batteen et al. (1995) studied the response of the Chile coastal re-
gion from 2255 o 35S to climatological wind fordng. They
showed that equatorward winds generate mesoscale features and
a poleward flow of 5-15 cmyfs. Other works have employed the
Princeton Ooeran Model {POM, Blumberg and Mellor, 1987) Mesias
et al (2001) characterized arculation in the Gulf of Araum (37°5)
during summer and the effect of seafloor topography and coastal
geometry on the upwelling regime, highlighting the formation of
anequatorward coastal jet during the adive upwelling phase. Leth
and Shaffer (2001 ) used POM to study arculation off central Chile,
reproducing an equatorward coastal current, a poleward under-
current and the formation of meanders and eddies in response to
the baroclinic instability of the fow. Leth and Middleton (2004)
found that the presence of a gydonic gyre in conjunction with the
upwelling-favourable wind enhanced upwelling in the Gulf of
Arauco. More recently, the Regional Ocean Modeling System
{ROMS, Shchepetkin and MAWilliams, 2005, see Section 2.1) has
been applied to upwelling regions in the southeast Pacific, ana-
lysing circulation and seasonal (Aguirre et al, 2012; Penven et al,
2005), interannual (e.g the 1997-1998 E| Nifio event, Colas et al,
2008) and intraseasonal variability (Belmadani et al, 20012; Eche-
vin et al., 2014). Process studies have also addressed the impact of
mesoscale eddies on heat balance (Colas et al., 20012), ocean sui-
face dynamics (Aguirre et al, 2012, 2014) and their impact on
larval wansport (Parada et al, 2012; Soto-Mendoza et al, 2012;
Yanicelli et al, 2012). However, none of the previous studies have
focused in detail on the seasonal dynamics of the PCUC along the
Chikean coast and their influence on the poleward transport of
water masses,

The objectives of the present study are to: (a) characterize the
nearshore dynamics of the HCS in central Chile [30—40°5, 70—
BOXW) using a high-resolution regional model and to determine
the seasonal variability of physical variables | temperature, salinity,
density and sea surface height); (b) desaibe the seasonal varia-
bility of the PCUC in terms of transport and velodaty along the
Chikean mast; and (c) study the trajectory of water masses using
Lagrangian float diagnostics. In this study, we focus on the near-
shore zone, which correspondsa ~ 100-200 km-wide coastal band
as opposed to the open ocean off the continental margin, The
methodology & described in Section 2. The hydrodynamic model
configuration is presented in Section 21, and the diagnostics for
the POUC characteristics and for the Lagrangian analysis of water
masses transported by the POUC are described in Sedion 2.2 and
2.3, respectively. The water masses are described in Section 2.4
and the data used to assess the realism of the model are presented
in Section 2.5 The results on the mean and seasonal cycle of the
main physical variables of the model are presented in Section 3.1,
while Section 3.2 presents the mesults of the Lagrangian analysis.
The discussion is presented in Section 4 and the conclusions are
summarized in Section 5.
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Z Methods
21, Hydrodynamic model and grid configuration

The hydrodynamic model used in this study is the ROMS-AGRIF
(Regional Oceanic Modeling System — Adaptive Grid Refinement in
FORTRAM, Shchepetkin and Mdwilliams, 2005; Penven et al,
2006; http: [[wwwromsagriCorg) This model utilizes sigma (ter-
rain-following ) coordinates in the vertcal plane and o thogonal-
curvilinear cordinates in the horzontal plane. It solves the pri-
mitive hydrostatic equations with an explicit free-sur face scheme.
Subgrid-scale vertical mixing s parameterized using the KPP (K-
Profile Parameterization) boundary laver scheme (Large et al,
1994). Bottom topography from the SRTM30 database (Becker
et al., 2009) was interpolated onto the model grid and smoothed
following Penven et al. (2005) to reduce pressure gradient errors.
Simulations were carried out on a grid between 295 and 41°5, and
from B9°W to 83*W (Fig. 1), with a resolution of 7.5 km and 32
sigma levels. The initial and open boundary felds were obtained
from a monthly dimatology of a simulation anabysed by Colas et al.
(2012; Peru-Chile Model, with a spatial resolution of 7.5 km and 32
vertical sigma levels) using the *Roms2Roms” offl ine interpolation
package (Mason et al, 2010, Open boundary conditions were
treated using an Orlanski scheme for the tracers and baroclimc
wvelocities, and a Flather scheme for the barotropic mode {March-
esiello et al, 2001)

The atmospheric forcings used were the 0.25% =025 SCOW
wind stress (Scatterometer Climatology of Ocean Winds, Risien
and Chelton, 2008, Fig 2) derived from Quikscat data and heat and
fresh water fluxes from COADS climatology (Comprebensive
Ocean-Atmosphere Data Set, da Silva et al, 1994) A relaxation of
the modelled sea surface temperature to the Pathfinder monthly
dimatology (Casey et al, 2010) was imposed following the para-
meterization of Barnier et al. (1995) with a nudging coeffident
with slight spatial and temporal variations, between ~—25 and
~33Wm=C~", A relaxation to COADS surface salinity with a
tme scale of 30 days was also included, whereas the runoffs of
Chilean rivers (eg The Biobio River near 36°5) were not explidtly
incorporated into the simulation.

Ten years were simulated, of which 9 were used to obtain an
average climatologial year of physical variables (temperature,
salinity, currents and sea level) and to do the Lagrangian analysis.

Depth {m)
5000

AW TETW
Fig. 1. Simulsted bathymetry of the sty area

H2W BOTW O TECW TEW

Seasonal means correspond to [FM (summer), AM] (autumn ), JAS
(winter), and OND (spring ).

22 Currents

221, Trarsport along the coast

Average monthly and seasonal transports were caloulated at
30°5, 33°5, 3675 and 39°5 to determine the spatial and temporal
variability of the PCUC along the continental slope in the study
area. For each month of model output, veloaty fields were inter-
polated from sigma levels to z levels every 5 m. Then, negative
(poleward) velocites between the surface and a maximum depth
of 650m and between the coast and 100 km offshore were in-
tegrated o cvmpute poleward transport The modelled transport
was also compared to that obtained in other studies (Leth et al,
2004; Pizarro et al, 2002; Shaffer et al., 1997, 1999), and in pre-
vious mode] simulations (Aguirre et al., 2012; see Table 1}

222, Longitudinal width and nucleus of maximum PCUC velooty

The average east-west (zonal) width of the poleward current
(defined as negative velodty) and the maximum velocity at a
depth of 200 m (which corresponds to the average shelf break
depth between 3065 and 40°5) were determined seasonally (au-
twmn, winter, spring, summer) at 30°, 33°, 367 and 39°5,

23, Trgjectory of the water masses transported by the PCUC

The ROMS-offline tracking module was used to calculate nu-
merical Lagrangian trajectories of water parcels from three-di-
mensional ROMS velodty felds (Capet et al., 2004: Carr et al.,
2008). This type of numerical method has proved to be appro-
priate for studying the origin and the trajectory of ocean water
masses (Blanke et al, 2002; Mason et al, 2012, Montes et al,
2010} Virtual Lagrangian floats were launched in the PCUC core
along two cross-shore sections (33° and 37°5) with a vertical
spacing of 15 m in the vertical and 2 km in the horizontal. For each
month of the 9-year-long simulation, approximately 800 foats
were initally released along the sections in the PCUC at depths
between 50m and 700 m, and within 200 km from the coast.
Their wrajecories were then integrated for a period of six months,
with a ome step of 144 min and using model outputs every
3 days. Smtistics on the trajectories of the floats originating from
the PCUC were cmmputed. Floats were considered to be upwelled
when they reached the surface layer delimited by a depth of 50 m.
We then computed the initial depth of the "upwelled” floats within
the PCUC sections and the transit time of the foats between their
initial and final position (iLe. where they entered the surface layer )
[see Table 2). Statistics were compiked for the floats that were not
upwelled in their G-month transit: the distance to the mast, lati-
tude and inital depth of the floats (see Table 3).

24, Water masses

Using the ROMS data, a temperature-salinity (TS) diagram was
plotted for the region [35.5-40°5; 72.75-77.8°W] to determine the
water masses present in the study area during the summer season.
The water masses from this study area (Bernal et al, 1982; Silva
et al, 2009; Silva and Konow, 1975) are charaderized as follows:
Subtropical Water (STW), =185°C =349, Subantarcic Water
(SAMW) 115-145°C, 341-348, Equatorial Subsurface Water
(ESSW), B5-105°C, 344-349 Antarctic Intermediate Water
(AAIW), 4-8°C, 343345 and Pacific Deep Water (PDW ), 175 °C,
34.68.

Additonally, the composition of each water mass { percentage )
at 37°5; 75.3°W (Gulf of Arauwm) in the vertical profile of salinity
and temperature during summer was calculated. The pereentage
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Fig. 2 Annual average of wind stress magnitude (N m=2)(a) and wind stress curl 1077 N m~7 (b) derived from SCOW in the study zone.

Table 2

Sexsonal and annual mean poleward transport (in Sv, positive poleward) of the
Peru-Chile Undercurrent at 3075, 33°S, 36°S and 39°S. The transport was cakulated

from model output in 0w study and Aguirre ot al

Leth et al

2004) and Shafler e

et al (1997, 1995

2012, and from olservations in
L Variability «nen.pmuins 1o the

Percentage/initial depth of floats that upwellin the surface layer (50 m depth) with
respect to the total number of flaats launched in the PQUC at 33°5 and 37°5 for
each season. Standard deviations indicate interannual varability due to the impact

of mesascale twrbuence, which differs from year to year.

standard deviation around the mean for the S year simulation is indi

Latitude/ This study / rre & al lethetal Shaffer et al
Season (2004) (1997, 1999)
28 13

30

Fall 0.85+036 1.06

Winter 068 =037 086

Spring 094 2041 087

Summer 0.73 +054 0381

Average 080=+04 09 1
33s

Fall 082 +023 081

Winter 046029 061

Sprirg 0812029 0.7

Summer 090 +024 073

Average 0.7%6+017 0.1

35S

Average 0.76 =036 13

36S

Fall 050+032 068

Winter 02+026 055

Spring 045 +035 043

Summer 0.71 =049 085

Average 047 017 062

395

Fall 048 =016 034

Winter 015 =010 020

Spring 008 =0.09 -

Summer 034 =017 047

Average 026 +0.08 027009

43s L1

of water types was clculated by the mixing triangle method (Silva
and Konow, 1975), using the values indicated by Silva and Konow
(1975) and Silva et al. (2009 This latitude was chosen because of
the enhanced upwelling in the Gulf of Arauco (Leth and Middleton,
2004).

F ge depth of up Jloats

Sewson s 37s

Autunn 196 =46/110 =28 139+45/108 = 16

Winter 202 =7.1/131 =42 165+ 5912 =20

Spring 192 =45/120 = 38 128+ 49/119+ 5%

Summer 183 =3.7/107 =30 16=49/116=2
Table 3

Statistics (mean and standard deviation) of the positions (latitude, depth and dis
tance to the mast) of the floats that had not upwelled & montls after being
launched from the 33°S and 37°S sections

Latitude of Sewson  Latitude (*S) Distance (o coast Depth (m)
lnunch (km)

335 Winter 330+ 15 294 =157 32 =167

37 Winter 362+ 15 330+ 202 340 +174

33 Summer 345 =20 284+ 198 327 =168
37 Summer 373 =17 263=153 361 =184

25. General assessment of the simulation

251. Sea level height and eddy kinetic energy

AVISO (Archiving, Validation and Interpretation of Satellite
Oceanographic data) satellite altimetry data was used for 1992-
2005 to assess the variability of the modelled sea level height
(bttp:/ www avisa.oceanobs.com/). With these data the sea level
anomalies for autumn and spring in the study area were calcu-
lated. The average geostiophic eddy kinetic energy (EKE), a mea-
sure of surface mesosale turbulence, was computed from the
surface geostrophic current anomalies derived from the sea level
anomalies. The same calculation was made using the model
output.

252, Temperature and salinity
Satellite Sea Surface Temperature (SST) from the Advanced
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Very High Resolution Radiometer (AVHRR) Pathfinder product
version 5.0 (Casey et al., 2010) was compared to simulated SST. In
addition, cross-sedtions of average ROMS temperature and salinity
at 32° and 36°S were compared to observations from the CSIRO
Atlas of Regional Semipunctoribates as (CARS2006; Dunn and
Ridgway, 2002; Ridway et al, 2002) dimatological database.
Hydrographic data from three summer cruises at 355-40°S;
72.75-778°W carried out by the Chilean Fund for Fisheries and
Aquaculture Research (Fondo de Investigacion Pesquera y Acui-
cultura, Ministry of Economy, Chile: FIP, www.fip.cl) were used to
observe the presence of water masses using TS diagrams and to
determine the percentage of each water mass between 0 and
700 m depth (REF). These cruises were carried out in December
2005 (FIP 2005-01), January 2009 (FIP 2008-20) and January 2011
(Fip 2009-39). The TS diagram and percentage of water masses
from the FIP cruises were compared to the ROMS simulation.

3. Results

31. Averge fields and seasonal variability

3.11. Sea level variability
The seasonal climatology of the modelled sea level anomaly

(SLA) was compared to the dimatology of AVISO for the period
1992-2005 (Fig. 3). The simulated and observed SLA anomalies
were cnsistent in magnitude and their patterns were qualita-
tively similar. The spatial correlations and standard deviations are
compared in a Taylor diagram (Fig. 3¢ ). The correlations vary be-
tween 04 (spring), 0.5 (summer) and 06 (autumn and winter).
Standard deviations are between 40% (spring) and 70% (winter)
higher in the model than in the observations, suggesting that the
modelled mesoscale activity is slightly overestimated.

The most significant seasonal changes occur in a 300-km-wide
coastal band, from ~73° to 76°W. The gradients of SLA indicate the
presence of anomalous surface geostrophic currents, tangential to
the isolines, and not the total geostrophic current. Positive SLA
dominated near the coast in autumn (Fig. 3a, b), with relatively
higher values (1-3 an) in the model. The presence of relatively
intense anticyclonic mesoscale eddies in the model associated
with positives anomalies, can be noted both offshore (near 33°S-
80°W and 39°S-79°W in autumn, Fig. 3a) and nearshore (within 2°
from the coast, Fig 3a) The nearshore anticydonic structure
(32°5-73°W, see label Al in Fig 3a) was also found nearly at the
same location in longer model simulations (e.g. 20 years, Figure
not shown), which suggests that this eddy is triggered seasonally
in autumn at this location. The negative SLA along the coast
(£2cm) in spring (Fig. 3d) indicates an intensification of the
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equatorward geostrophic meandering flow (Fig 31, while positive
offshore values (1-2 cm) suggest the presence of a strong pole-
ward meandering flow between 78°W and 76°W. Owverall, the
meridional, alongshore-averaged, surface geostrophic current is
equatorward nearshore and intensifies in spring and summer
(Fig. 3f)

The modelled geostrophic EKE was @mmpared o the geos-
trophic EKE derived from AVISO data, with relatively good agree-
ment (r=0.7768, p<005) as both the modelled and observed
patterns of EKE displayed high values { = 120em® 572) in a off-
shore strip between 30° and 37°5, and lower values south of this
area (Fig 4} As in other upwelling systems, there was an EKE
nearshote minmmum in both the simulaton and the obse rvations,
supporting the idea that the EKE originate from instabilities in the
nearshore region that amplify while moving offshore (Marche-
siello et al, 2003} Note that the modelled EKE was nevertheless
higher than the observed between 30° and 38°5 in a 200-300- km
wide coastal band, which indicates that the modelled current
system tends to be more unstable than the real one. These dis-
aepancies may also be partly due to lower quality data for near-
shore regions (Capet et al, 2004).

312 Temperature and salinity

The average 55T model oscillated between 11* and 18 °C and
displayed minimum values near the coast as expeced from mastal
upwelling It compared well with Pathfinder data, with differences
of less than ~1*C (Fig. 5a)

The 55T Hovmidller computed in a castal band (Fig. 5b) re-
vealed good agreement between the modelled S5T and the data,
espedally from April to December (autumn, winter and spring
season) An exception was observed during summer months
(January to March) in the north of the study area (30-33°5 ) whene
Pathfinder data revealed a maximum of 20°C, differing from the
ROMS simulation with a maximum of 18 *C.

Yearly averages of simulated temperature cross-sections at 33°
and 3675 compared well to observed values (Fig. G). At 33°5 be-
tween 0 and 200 m the model simulated a temperature between
10.5 and 17 *C (Fig. Ga), while CARS data revealed slightly lower
temperatures of 10-15 *C (Fig. 6b) At 36°5 between 0 and 200 m,
temperatures were between 10.5* and 16 “C in the model (Fig. Gc)

and between 107 and 15 *C in CARS data (Fig. Gd). The model and
observed isotherm shoaling toward the shore both indicate coastal
upwelling. The thermal stratification over the top 100 m is rela-
tively similar in the model and observations, although the ther-
mocline seems more pronounced in CARS, However, the model did
not realistically represent the weakly stratified laver near the
coast, located between the surface and a depth of ~200 m, at 36°S
(Fig. 6d). The resolution of the CARS gridded product is limited to
50 km, which oould explain some of the discrepancies between
the observations and the model felds.

Maximum salinity was locted near the mast, at slightly
greater depths (~200-400 m, S ~34.52, Fig. 6) in the model than
in CARS [~ 150-300 m, S~34.64, Fig 6f, h} Maximum salinity was
found at a depth of approximately 250m, which corresponds
closely to the subsurface salinity maximum associated with the
PCUC, with a lower value in the model than in the data Colas et al
(2012) found the same bias in the value of the maximum salinity
in their simulation of the HCS, which was used as boundary con-
ditions for our model. The salinity maximum diminishe s poleward,
with a ~0.04 decrease between 33° and 3675 in the model and in
the observations.

3.13 Density and water masses

Both the model and observed density values from FIF summer
cruises (January, February, March) at 35.5-40°5; 72.75-77.8°W, are
between 27.5 kg m ™ for deep waters and 24.5 kg m™ for surface
waters (Fig. 7a, bl However, the FIF data at the surface reached
salinities close to 33 while simulated values were no lower than
34. The salinity range for densities between 24.5 and 26.5 is also
much lower in the model (33.7-34.4) than in the FIP data (33.3-
34.6). The modelled WM characteristics are consistent with those
imposed at the northern and southern boundary of the model
(Fig. 7c, d). They are particularly similar to the T/S characteristics
from the northern boundary (Fig 7c), which suggests that the
nearshore Whs are mainly of northern origin, transported pole-
ward by the PCUC and upwelled. The low salinity (33.3-33.7)
surface waters encmuntered at the southern boundary (4175,
Fig. 7d) are likely mixed with more saline surrounding waters
before they reach the FIP cruise sites.

The simulated and observed water masses in summer at 37°5;
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75.3°W were: STW, SAAW, ESSW, AAIW and PDW (Fig. 7e). Several
discrepancies were observed in the percentages of some of the
water masses in the water column between 0 and 700 m. STW in
the data and the simulation amounted to up to 10% at 100m,
while SAAW was apparent between 80 and 300 m, representing
80% in the simulation and almost 90% in the FIP data. Greater
differences were observed for ESSW, which displayed a high per-
centage (55%) at 300 m in the simulation and a higher value {70%)
at 250 m in the data. AAIW represented a high percentage at
350 m (45%) in the simulation and at 400 m (45%) in the data
(Fig. 7e)

314 Currents

Meridional cross-sections were taken at 307, 337, 36° and 39°S
to observe the location of the PCUC nudeus, width and depth and
to determine latitudinal gradients in the simulated alongshore

T°C) T°C)
ROMS-PATH
20 15
19 1.3
11
18 09
17 0.7
0.5
18 0.3
A
15 9
-0.1
14 0.3
05
13
0.7
12 09
1.1
"
13
10 D 15
71°W 75°W 73°W 71°W

PATHFINDER

A S OND

J FMAMUJIJ

Month
Fig. 5. Sea Surface Temperature: ROMS and Pathfinder, (3) Difference and (b) Hovmiller diagram in a 50-km wide coastal band.

currents (Fig. 8). The mean current displayed significant changes
between 30° and 39°S. At 30°S the mean flow displayed a well-
marked PCUC at depths between ~ 100 and 600 m (Fig 8a) trap-
ped along the continental slope, with a shallow maximum trapped
along the coast at depths between 50 and 200 m. Above the PCUC,
the equatorward CCC was linked to a quasi-barotropic offshore
equatorward flow, particularly marked in autumn and winter
(Fig. 8a). Near 33°S the PCUC had a subsurface maximum trapped
on the slope near ~200-300 m depth. It was linked to an offshore
surfacing poleward flow, likely the PCCC (Strub et al., 1995), lo-
cated between 50 and 100 km from the cast and particularly
intense in spring and summer (Fig. 8b) Both the PCUC and PCCC
weakened further south. Near 36°S there was no clear evidence of
a coastally-trapped PCUC, and the offshore poleward flow asso-
ciated with the PCCC had also weakened (Fig 8c) At 39°S (Fig. 8d)
both the cres of the PCUC and PCCC reappeared near the slope
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(mainly in summer) and ~100-120 km from the coast (mainly in
winter), respedtively. Their intensities were weaker than near 30°
and 33°S. At the coast, the surface equatorward CCC strengthened
and thickened at 39°S in comparison to further north. Differences
in position, width, and strength of the HCS can partly be explained
by the region’s wind stress pattern (Fig. 9). There are seasonal
differences in wind stress, mainly between winter and summer
(Fig. 9¢), which creates a distinct wind stress curl pattern for the
two seasons (Fig 9d). Nearshore negative wind stress curl was
found along the four sections (Fig 9b), except over a narrow band
along the coast at 36° and 39°S. As negative nearshore wind stress
curl drives a poleward transport according to the Sverdrup relation
(Sverdrup, 1947), the poleward increase of wind stress curl
(Fig. 9b) may partly drive the poleward deaease in PCUC intensity
(see also Fig 10). The surfacing poleward flow (PCCC) detected at
33°S (Fig. 8b) and 39°S (Fig. 8d) resembles the outcropping of the

modelled PCUC off Peru (Penven et al., 2006), which may reach the
surface in the case of cyclonic stress curl (McCreary and Chao,
1985). The reduction in PCUC intensity near 35°S (Figs. 8b-¢ and
10a) might also be related to the formation of a westward sub-
surface jet near 35°S, associated with westward-propagating ed-
dies (Fig. 10b).

The east-west width and depth of the maximum velocity nu-
cleus of the PCUC varied seasonally and latitudinally (Fig 11). At
30°S the current was located near the shelf with no major seasonal
changes in width and cross-shore position of maximum veloaty.
The PCUC at this latitude reached a width of ~50km and the
maximum velocity nucleus was located 20 km from the shelf. The
depth of the nucleus was found at 100 m in autumn, spring and
summer, and 150 m in winter (Fig 11} This weak seasonality at
30°S could be related to the narrow continental shelf and the year-
round upwelling-favourable winds. At 33°S, there was greater
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seasonal variability; during autumn and winter the average width
was 50 km, centred on the nucleus of maximum velocity at ap-
proximately 30 km from the shelf (Fig. 11). In depth there were
also marked seasonal differences; the maximum velocity nucleus
was located at a depth of 200 m in autumn and summer, at 250 m
in winter and at 230 m in spring (Fig. 11).

At 36°S the PCUC was often composed of two cores of poleward
velocity (Fig 8c). We computed the total width of the poleward
flow, i.e. the sum of the widths of the two branches. During winter
and spring the average width was approximately 110 km, and the
nucleus of maximum velocity was located in the offshore current
vein at 80 km from the shelf (Fig. 11). In autumn the average width
of the current was 130 km, with a nucleus 60 km from the shelf
(Fig. 11} During summer the PCUC was on average 120 km wide,
with a maximum velodty nucleus at 60 km from the shelf (Fig. 11)
In winter and summer the maximum velocity was registered at a
depth of 250 m; at 200 m in autumn and at 225m in spring
(Fig. 11} At 39°S, the current was weaker (Fig 8d) and narrower
than at other latitudes. In autumn and winter the average east-
west width was 30 km, with a maximum velocity at approximately
20 km from the shelf (Fig. 11} In spring the PCUC acquired an
average width of 25 km, with a nudeus of maximum velocity at
25 km from the shelf, and in summer the current reached a width
of 45 km, with a nucleus of maximum velodty at 15 km from the
shelf (Fig. 11) The maximum depth of the nucleus at this latitude
varied seasonally. In spring and summer it was restricted to 250 m,
260 m in autumn and 280 m in winter, approximately (Fig. 11).
Overzll, the depth of the maximum poleward current inaeased
with latitude and reached a maximum in winter.

PCUC transport values (Table 1) were relatively similar to those
computed in the modelling study of Aguirre et al. {2012) and to
those reported at 30°S by Shaffer et al. (1997, 1999). There was
relatively significant difference at 35°S from the findings of Leth
et al. (2004), who reported avalue of 1.3 Sv vs 0.76 Sv in our study.
Overall, PCUC transport decreased poleward from a mean value of
0.80 Sv at 30°S to 0.26 Sv at 39°S (Table 1) The standard deviation
of the modelled transport can be as great as 04 Sv depending on
the latitude and season (see also Fig 12), due to the model's in-
ternal mesoscale variability.

Maximum transport was recorded during spring and summer,
with the highest values at 30° and 33°S with 0.94 Sv (spring) and
0.9 Sv (summer), respectively (Fig 12). At 36°S the transport was
lower further north, with the highest values in summer (0.71 Sv)
and the lowest in winter (022 Sv) (Fig. 12). At 39°S, maximum
transport occurred during autumn (048 Sv) and minimum trans-
port in winter (0.15 Sv) (Fig. 12). At 39°S during winter (beginning
of spring, lower PCUC transport wincided with the lowest values
of coast-ocean wind stress (Fig. 9a) and wind stress (Fig. 9¢). As
well, wind stress curl between 37° and 40°S was highest between
May and October (Fig. 9d), ie. during the austral winter and
spring. The decrease in the intensity of the PCUC towards the pole
could be due to lower wind stress and higher wind stress curl
towards the south.

32. Lagrangian analysis of water masses transported by the PCUC

We investigated the trajectory of the water masses transported
by the PCUC, particularly that of water parcels seeded in the PCUC
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at two zonal sections, at 33°S and at 3775, to account for along-
shore variability.

Approximately ~20% and ~ 14% of the floats released in the
PCUC at 33° and 3775, respectively, were transported and upwelled
in the surface layer in the following six months after leaving the
aoss-shore sections (Table 2). The number of upwelled floats
varied hittle ( ~1-2% ) seasonally in spite of the seasonal variability
of the upwelling-favourable winds off Chile. Moreover, the year-
to-year variation due to the model's intrinsic mesoscale variability
reached a maximum ( ~6-7%) in winter (Table 2) The majority of
the upwelled floats were initially located in the PCUC at depths
between 110 m and 130 m (Table 2).

Nearly half of the upwelled floats launched at 33°S (50.1% and
475% in winter and spring, respectively) were upwelled in a 1°
band south of the section, between 33° and 34°S (Fig. 14), while
the journey of the floats took ~585 and ~38 days, respectively
(Fig. 14} High percentages of upwelled floats were found south of
the section between 34° and 35°S during autumn (16.1%) and
summer (13.8%), taking 132 and 95 days, respectively, to reach the
surface (Fig. 14) The number of upwelled floats decreased pole-
ward of 35°S (Fig. 14) High percentages of upwelled floats were
also recorded north of 33°S, as some water parcels were first
transported southward by the PCUC and then transported to the
north of the section prior to being upwelled. The recorded values
were 232% and 22.6% during winter and spring, taking on average
72 and 48 days, respectively, to upwell between 32° and 33°S

J FMAMJ JASOND
(ab)s

13} 1

(Fig. 14). As expected, the lowest percentages were observed sev-
eral degrees north and south of the section, between 30°and 31°5,
with 2.8% of floats emerging after 180 days in winter, and between
377 and 38°S, with 4% of floats emerging after 200 days in summer
(Fig. 14).

The majority of the floats launched at 37°S upwelled south of
the section. More than half of the floats upwelled between 377 and
38°S in autumn (61.1%) and summer (65.1%), taking 70 and 37
days, mespectively (Fig. 15). In contrast to those launched at 33°S, a
larger number of the floats (nearly one third in winter and spring)
escaped from the PCUC flow, recirculated northward and upwelled
between 36° and 37°S. Between 14% and 3% of the floats were
upwelled further north (33-34°S).

These results showed that the great majority of the floats
(~80% at 33°S and ~85% at 37°S, Table 2)initially transported by
the PCUC did not upwell but remained submerged for more than
half a year. The situation of subsurface floats differed in winter and
summer. In summer they were located respectively +15° and
+0.3° south of the sections at 33° and 37°S (Table 3), while in
winter they were located 0° and —0.8° north of the sections at
33°S and 3775, respectively. Thus, after the floats separated from
the PCUC poleward flow, recirculation to the north of their initial
positions was more effident in winter than in summer, and in the
south of the region (37°S) than in the north (33°S). The enhanced
seasonality at 37°S is consistent with the greater distance from the
coast (330km) of the floats launched in winter than of those
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deep.

launched in summer (263 km). Furthermore, the mean depths of
the floats were between 320 m (33°S) and 350 m (37°S), with very
little seasonal changes. The moderate inaease (~ 20-30 m) in the
mean depth of the floats launched at 33°S and 37°S could be due
to the poleward deepening of the PCUC, which allows water at
greater depths to be captured by the PCUC flow at 37°S. Overall,
these diagnostics suggest that the stirring of water masses trans-
ported by the PCUC is more efficient in winter than in summer,
and in the south of the domain (37°S) than further north (33°S).

4 Discussion
41. Sea level anomaly and eddy kinetic energy (EKE)

Fig. 3 shows a comparison of the seasonal SLA averages from
simulated and satellite data and reveals substantial disarepancies
depending on the season. In autumn, the modelled cyclonic and
anticydonic eddies were more intense than in the AVISO dataset.
Some of the modelled anticyclonic structures (e.g near 33°5.74°W
in Fig. 3a) present in both seasons were not observed with alti-
metry. However, anticyclonic intrathermocline eddies assodated
with a positive SLA have been observed at this location (Horma-
zabal et al, 2013).

In spring, during the peak of upwelling-favourable winds
(Fig. 9c), the SLA is minimal along the coast for both the model and
observations. The strong sea level gradients observed in the model
indicated a poleward intensification of the nearshore geostrophic
flow. Aguirre et al. {2012) also reported a well-defined jet-like
structure during spring and autumn. A Taylor diagram comparing
SLA patterns revealed that the model's surface mesosaale adtivity
was 40-70% stronger than observed activity, depending on the

season. However, the disaepancies may be partly due to data
processing. Indeed, the observed SLA maps used in this study were
obtained from optimal interpolation of satellite data, processed by
AVISO, while the modelled SLA maps resulted from a simple in-
terpolation of the modelled sea level at 1/12° onto the warser
AVISO grid. Further investigation of the impad of the SLA data is
beyond the scope of the present study.

The EKEs (Fig. 4) from the simulation and from satellite data
differed significantly, with the highest values cncentrated in the
central zone of the study area (32-37°S). The simulated EKE pat-
tern was quite similar to that of other climatological simulations
by Parada et al. {2012) and Aguirre et al. (2014) for the same region
of study. However, the present simulation presented slightly
higher maximum values offshore (180 an®/s?) than those from
AVISO (160 cm?/s?). Closer to the shore between 31° and 36°S the
EKE levels were also higher in the model (~80-140 cm?/s?) than
those calaulated from AVISO data (~60-80 cm?/s?), which could
be related to errors in nearshore wind forang The intraseasonal
waves, which were not introduced in our climatological boundary
forang, may also modify the stability of nearshore flow. Some
authors have reported that coastal-trapped waves (CT'W), forced
by intraseasonal equatorial Kelvin waves (IEKW), have an im-
portant impadt on coastal hydrography and currents (Hormazabal
etal, 2001, 2006) Seasonal CTW, for example, an modify vertical
shears between the PCUC and the equatorward surface jet, mod-
ulating baroclinic instabilities (Echevin et al, 2011) and thereby
the nearshore generation of westward propagating mesoscale
eddies (Belmadani et al, 2012). Near the coast of Peru (12-14°S)
and central Chile (26-30°S) 60-day intraseasonal CTW have a re-
latively moderate effect (~10%) on EKE (Belmadani et al, 2012),
indicating that IEKW-induced CTW enhance EKE near the coast
but have a weak impact on the ocean interior (Belmadani et al,
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2012). However, further investigation of this issue is beyond the
scope of the present study.

42, Temperature and solinity

The simulated 55T and the Pathfinder data differed, especially
nearshore (Fig 5% where modelled temperature was lower than
that in satellite data. The largest biases were found at 35°5 (0.9 *C)
and close to the coast at 38°S | — 1.3 *C). The woler than observed
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100 —[— This stucy

—i— Shaffar o al. (1909}
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Fig. 13. Average despening of makimum velocity nueleus of POUC with Latitude
(“S) by Leth et al (2004 L Shaller et al (1599) and this study.

near-shore 55T is 2 bias common o ROMS simulations in other
EBLIS, which is partly explained by a warm bias of ~1-2 °C in the
Pathfinder SST (Dufois et al, 2012} This bias can also be partly
explained by the over-estimaton of the very nearshore wind
stress from SCOW data, which cannot resolve the coastal wind
drop-off and may thus drive an overly strong omastal upwelling
(Renault et al, 20012} Nevertheless, the simulated 55T wincided
with previous studies (Hormazdbal et al, 2001; Letelier et al,
2004) where the annual averages were found to be 12 °C at 34—
4075, and 18 *C offshore at 30-34°5.

The temperature and salinity cross-sedions from the simula-

tion compared to CARS data at 32° and 36°5 (Fig. 6) also presented
some discrepancies. ROMS simulated slightly lower temperature
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and salinity values than those from in situ observations.

The temperature salinity diagram (TS) (Fig. 7a) and the water
mass percentages in the water column (Fig. 7b) from the simula-
ton compared to the FIP data revealed some differences. In the
simulation the low densities observed in the FIP data were not
detected, an expected consequence of the exclusion of major rivers
in the simulation. As rivers modify the physicl and biological
properties of the water column via stratification and nutrient and
organic matter supply (Irarte et al, 20012; Scbarzo et al., 2007;
Sobarzo and Bravo, 2009; Vargas et al, 2011,) a challenge for

future research in the study area (Le Bio-Bio, Itata, Maipo, Valdivia,
et} is to incorporate the runoffs from the major fvers into ROMS
simulations,

Furthermore, model parameterizations can also induce biases
in temperature and salinity. High order diffusive advection
schemes in sigma cordinate models such as ROMS may lead to
spurious diapyenal mixing The mnsequences are that the salinity
minimum may erode rapidly along the slope, as for example mear
the reefs of the steepest islands in the western part of New Cale-
donia (Marchesiellc et al, 2009). This can lead to the
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misre presentation of the low modelled salinity in comparison to
in situ data from FIF cruises (Fig. 7a).

43, Peru-Chile Undercurrent (PCUC)

The velocity range of the main simulated currents was similar
o thase reported in other modelling studies (Aguirre et al., 2012),
espedally the PCUC, whose maximum reported transport in this
study was 0.94 Sv (Table 1) in the northern part of the study area
(30°8) during spring, which is close to estimates at the same la-
ttude reported by other authors (1 Sv; Fizarro et al. 2002; Shaffer
et al, 1997, 1999). Leth et al. (2004) estimated the geostrophic
ransport of the PCUC from Profiling CTD (Conductivity, Tem-
perature and Depth) data collected at different latitudes taken in
May—jume 1995 along 28-35°5 off the Chilean mast to 86-88"W.
They estimated geostrophic transport of the PCUC of 1.3 Sy at 28°5
and 3575, and 1.1 5v at 43°5. These values are higher than those in
our simulation, which culd be attributed to the fact that the
in situ measurements in Leth et al. (2004) are “snapshots™ of PCUC
ransport, while our measurements are cimatological means,
Furthermore, the model does not realistically represent the
spreading of isotherms at 3678 (Fig. 6c), which could partly explain
the discre pancy.

The modelled PCUC displayed latitudinal changes, with velodty
(Figs. 8 and 10a) and transport decreasing poleward (Fig. 12). Such
latitudinal variaton was reported by Silva and Neshyba (1979),
who estimated an average poleward velodty n the core of 5
10 cmys from 20° to 30°FS, decreasing to 0-5 cmys from Valparaiso
(33°5) southward. Fonseca ([ 1989) reported that this undercurrent
maintained a seasonal cycle, with the highest level of transport
{off the shelf) occurring during summer. Its core is located around
150-200 m, with a characteristic maximum geostrophic velocity of
about 20 an s

In order o investgate the link betveen current and wind
forang we compared PCUC transport to Swverdrup transport
(Sverdrup, 1947), which relates vertically integrated meridional
mass transport in the interior ocean to open ocean wind stress
curl. Sverdrup transport was com puted over two coastal bands 50
and 100 km wide using the SCOW wind stress curl (Figs. 2 and 9).
Mean Sverdrup transport computed in the 50 km band (Table 4)
was in reasonable agreement with the modelled ransport at 30°
and 3675, but not at 33°S and 39°5. In the 100 km band (Table 4)
there was a relative agreement at 30°5 and a 50% discrepancy at
3675, The standard deviation of the modelled transport assocated
with internal interannual variability & greater than the mean,
except at 39°5, Aguirre et al. (2012) also compared the modelled
ransport between 90°W and the mast to Sverdrup transport
omputed from Quikscat data and found a reasonable agreement
{within ~20-30% of error) away from the coast (between 90 and
BO°W ) and strong discrepancies nears hore. The Sverdrup trans port
they obtained in the 100-200 km castal band was much lower
(Le~03 Sv at 30°5) than in our case {[~14-1.55v, Table 4}
Swverdrup transport may be underestimated nearshore when using
low-resolution wind products that do not represent the strong
drop-off close to the mast (eg Renault et al, 2016). Thus the

Table 4

Meridional transpart (in Sv, poditive poleward ) between 0 and 850m at differant
Latitueless, aned Sve rdrup transpornt (in Sv, poditive poleward ) in 2 coastal band of 50-
100 km lrom the coxa

Transpart  Distanose rs ars 355 ags
Madel 50 km band 103 = 108 054 =12 031 =069 0.79 =046
Madel 100 km band 165 = 1.60 107=13 048=12 118 =07
Sverdrup 50 km band 139 020 40 03
Sverdrup 100 km band 148 064 11 012

wieaker nearshore wind stress curl near the coast, associated with
the coarser (0.5%) Quikscat wind product that they used may ex-
plain the discepancies between our results and those of Aguirre
et al. (2012). These results suggest that the PCUC mean flow is
partly explained by simple wind-forced Sverdrup theory at some
locations along the Chile coast, but not in all the studied area.

Aguirre et al. (2012) further investigated the role of wind stress
curl on the dynamics of the near-surface alongshore flow off
central Chile with a no-cur | wind forang ROMS model. They found
little impact of the curl on the vertical PCUC structure at 30¢ and
3675, and a decrease in PCUC intensity at 36°5.

The dynamic impact of the curl on the undercurrent may also
occur in other EBUS where strong coastal wind stress curl is ob-
served. Pedlosky (1974) indicates that a poleward undercurrent
along aneastern boundary benefits from negative (in the Southern
Hemisphere ) wind stress curl along the coast. Marchesiello et al.
(2003) reported that the regional model (ROMS) and Sverdrup
transports were consistent in the California current system. Albert
et al (2010) showed that strong upwelling-favourable nearshore
wind stress curl in the Peru upwelling system induoes shoaling of
the mastal undercurrent and a wide productive coastal zone
through upwelling of nutrient-replete waters.

The PCUC is of crucial importance because it carries equatorial
subsurface water along the coasts of Peru{Montes et al., 2000} and
Chile and disperses it offshore through coherent anticyclones with
salty cores (Colas et al, 20012} Intrathermocline eddies, which
break off from the PCUC near 37°5, move northeast at a speed of
~2 kam day~ ", which represents an average westward flux of
~1 S (Hormazdbal et al., 2013). This mass flux is on the same
order of magnitude as the PCUC flux reported by Shaffer et al
(1997, 1999) and in this study (Table 1) Furthermore, the PCUC
Nux decreases significantly between 367 and 39°%, suggesting that
a large portion of PCUC water is trapped in intrathermocline ed-
dies and dispersed offshore (Fig. 10b).

Other aspects of the simulation are the changes in POUC width
and nudeus depth. The PCUC generally presented a mean latitu-
dinal climatological width of 60 km, with lower values (15 km in
spring) around 39°5 (Fig. 11}, The nucleus of maximum current
veloaty was located at a depth of approximately 120 m at 30°S,
and deepened further south in the study amea, reaching ~218 m at
33°5, ~230 m at 3675, and ~260m at 39°5 (Fig. 13} The nucleus
deepened inwinter at all studied latitudes, and becime shallower
during spring-summer. In previously reported observations, the
PCUC nucleus was found at depths of 180 m (2 years record,
Shaffer et al., 1995) and 20 m (6-year record, Shaffer et al, 1999)
at 30°S, with a maximum velocity of 12.8 anjs. This result differs
slightly from ours as we obtained an average velocity come of
10 cmyfs at 120 m depth at 30 S (Fig. 13) Leth et al. (2004) found
alongshore differences in poleward velocity, revealing maxima of
T.6cmfs at 163 m (28°5), 1.8 cm/s at 190 m (35°5) and 9.5 an/s at
253 m (43°S) (Fig. 13). Silva and Neshyba (1979) also found evi-
dence of a high velocity nudeus that dee pens towards the poles in
the PCUC.

The deepening also occurs in other EBUS. Mittelstaedr (1976)
and Barton (1989) reported the nucleus of the poleward under-
current off the northeast coast of Africa, which deepens as it ex-
tends polewards (Barton, 1989; Clarke, 1989; Mittelstaedt, 1991 ).
Off the US west coast, Plerce et al. (2000) observed a deepening
undercurrent, cnsistent with PV onservation.

Using ROMS in the Peru region, Penven et al. (2005) found a
clear deepening of the PCUCs lower mit which was trapped
along the slope. In our case, while the upper part of the PCUC
sometimes outcropped as a counter current (e.g between 33 and
3975, Fig. Sb-d), the depth of the bottom of this poleward under-
current varied merdionally so that planetary vortiaty fH was
conserved over a range of lattudes (where [ is the Coriolis
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parameter and H the thickness of the PCUC layer). Our present
results do not seem to be consistent with those reported by Pen-
ven et al (2005) since the thickness of the bottom-trapped PCUC is
dearly thinner south of 33°5 (Fig. 8) However, the bias in iso-
pymal spreading at 36°5 (FigGe) also suggests there is a bias in
PCUC thidemess in this latitude range, so the [H theory cannot be
ruled out.

Other authors have tried to explain the deepening of the PCUC.
For example, Pizarro | 1999) used the approach of McCreary (1981),
which showed that a lincar model driven by alongshore wind
uld represent the deepening of the California undercurrent
poleward of the wind patch, without invoking the role of wind-
stress curl Pizarro (1999) applied this model to the POUC and
found a clear poleward deepening of the PCUC core {marked by
the 01 ms~" isoline in his study) between 30° and 35°5 from
~~450 m o ~600m PCUC velodties in this case were roughly
twice as high as those generated in our simulation. Inour case, the
depth of the simulated PCUC lower limit (eg. marked by the
a05sms~" isoline) only slightly decreased from 30° w 33°§
(Fig. 8a-b). Their model also showed slight poleward intensifica-
ton and widening of the PCUC core, which were not identified in
our case, This simplified model did not take into account the ef-
fects of the seafloor topography, the curved coastline or nonlinear
rectification of the current

44, Upwelling and PCUC water mass pathways

To determine the paths of particles transported by the PCUC
and the time neaessary for them o upwell to the surface (up to
50 m), virtual floats wiere released into the current at 33° and 37°5,
The average duration of the journeys of floats that upwe lled was
determined for each season. Most upwelled floats from both lab-
tudes travelled southward along the POUC and were upwelled
south of the release sections, The highest percentages of upwelled
floats were recorded at latitudes dose to the area of release. For
example, 40% of floats released at 33°5 upwelled between 33° and
34°S and took on average 50 days to reach a depth of 50m
(Fig. 14). Similarly, over 50% of floats released at 37°5 upwelled
between 37° and 38°5 and took approximately 56 days to do so
(Fig. 15} However, a significant percentage of floats changed di-
recion and ended up north of the sections. They were likely
ransported north via surface currents (at depths greater than
50 m) induced by wind forang or trapped and transported by
currents associated with subsurface eddies. Some authors have
described the presence of intrathermocline eddies (Hormazd bal
et al., 2013; Leth and Middleton, 2004) generated by baroclinic
instabilites around 37°5 (Punta Lavapie). These eddies, which
ransport nutrients and low axygen concentrations offs hore, may
also transport particles north (Figs. 14 and 15), making it quite
wmplex o determine the origin of partides reaching the surface
during upwe lling.

Moreover, the percentage of particles that effectively reached
the surface via upwelling did not exceed 208 at either 33°5 or
37°5. Small seasonal differences were detected at 33°5, with 192%
and 202% of particles emer ging in spring and winter, respectively
(Table 2). These small seasonal differences may be associated with
wind stress values used to force the simulation, which were di-
matological and did not represent daily and synoptic frequenaes,
and which have been described as the main components of the
wind stress along the coastal of central-southern Chile (Sobarzo
et al, 2007; Sobarzo et al., 2010) Results in line with the present
study were found in 2 numerical study of upwelling source waters
in the California upwelling off Oregon (Rivas and Samelson, 20100
Using Lagrangian diagnostics to identify the orgin and depth of
upwelled waters, they found that the modelled poleward under-
current, with a similar depth range as in our @se, only made a

small direct contribution to the source waters in a climatological
simulation comparable to ours, and that this proportion decreased
with high frequency wind forang of nearshore dynamics. Thus,
the impact of high frequency winds on the traectory of PCUC
water masses should be considered in future work.

5. Conclusions

The simulation results are consistent with observed spatial
patterns in most of the analysed variables. For example, EKE
showed high values in a narrow band along the coast (from 30° to
37°5), and a decline south of this zone, but simulated EKEs were
higher, particularly between 30° and 38°5 in a mastal strip of 200-
300 km.

The simulated average field of 55T exhibited low S5T values
near the coast due to the upwelling of cool waters, but these were
slightly lower than those of the Pathfinder data, which s likely due
to the owerestimation of the nearshore wind stress from SCOW
data used in this ROMS simulation. The monthly climatological
wind used here does not represent the alternation of highly fre-
quent upwelling and relaxing events, which may also affect the
model SST. Annual averages of simulated temperature at 32° and
36°S compared well to real data. In these latitudes, the model and
observed isotherm shoaling to the shore both indicated active
upwelling. Nevertheless, the model failed to accurately represent
thermal stratification in the first 100 m (of 50-300 km) observed
in CARS data. The yearly averages of simulated salinity cross-sec-
tions at 32° and 36°5 also compared well to CARS data. It was
observed in the model that maximum subsurface salinity was lo-
cated near the coast at a depth of approximately 250 m, assodated
with the PCUC.

The density values from the model and from cruises during
summer months (at 35.5-40°%; 72.75-77.8°W) wemre very similar.
However, low water densities were not appropriately represented
in the simulation (Fig. 7). This could be an effect of the exclusion of
major rivers in the simulaton. Additionally diffusive advection
schemes in sigma coordinate models may lead o spurious dia-
pymal mixing and errors in salinity.

The velocity and transport of the simulated POUC decreased
poleward, which agrees well with the results previously re ported
for this area (Leth and Shaffer, 2001 Pizarro et al, 2002; Shaffer
et al, 2004} In some latitudes a link was observed between the
PCUC and the surface poleward PCCC flow, which was intense in
summer and spring. The average width of the PCUC also changed
toward the south of the study area, with approximately 50 km at
30° and 33°5, ~100km at 36°5 and ~30 km at 39°5, The abrupt
width changes at 3675 may be the result of changes in topography,
the presence of an irregular coastline or intrathermocline eddies
that alter the undercurrent at this lattude range. In addition, our
results showed that the core of maximum velocity of PCUC dee-
pened from ~120m at 30°5 to ~250 m at 39°5, which is in
agreement with what has been reported for other poleward un-
dercurrents (e.g California; Thomson and Krassovskd, 200100

Twenty and 14% of the Lagrangian Moats transported from 33°
and 37°5 respectively, were observed in the surface layer (50 m)
G months after release. At these latitudes, most of the upwelled
foats travelled southward along the POUC and were upwelled
south of the launch sections. The highest percentage s of upwelled
floats were found at latiudes adjacent to the release zones, A large
portion of them altered their trajectory and ended up north of the
sections, probably conducted north by surface currents driven by
wind fordng or by subsurface eddies.

The large majority of the floats ransported by the PCUC did not
upwell but remained submerged for more than 6 months. In both
lattude ranges (33° and 37°5), more floats redrculated o the
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north of the sections in winter than in summer. This suggests that
the mixing of PCUC water with offshore waters was more intense
during winter and spring than during summer and fall.

The simulations in this study improve our understanding of
alongshore circulation and seasonal variability of nearshore cir-
culation in the HCS. Studying the dynamics of the PCUC and the
characteristics (origin, trajectory ) of the trans ported water mass is
a first step towards a more comprehensive study of the cupled
plysical-biogeochemical processes that drive the thriving pro-
dudivity of the HCS. This will be the purpose of future work.
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4.3. Capitulo 3: Factores que controlan la variabilidad estacional de la
productividad en la zona sur del Sistema de Corrientes de Humboldt (30°S-40°S):

un enfoque de modelacion

Manuscrito aceptado en revista Continental Shelf Research
(https://doi.org/10.1016/].csr.2017.08.013): Vergara, O. A., Echevin, V., Sepulveda, H.

H., Quifiones, R. A. Controlling factors of the seasonal variability of productivity in the

southern Humboldt Current System (30°S-40°S): a biophysical modeling approach.

Resumen

Se evalu¢ la variabilidad espacial y estacional de nutrientes y clorofila en la zona sur del
Sistema de Corrientes de Humboldt utilizando un modelo regional de alta resolucion de
circulacion oceanica (ROMS) acoplado a un modelo biogeoquimico (Esquema de
Interacciones Pelagicas para Estudios de Carbono y Ecosistemas, PISCES). Los
nutrientes simulados y los campos de clorofila fueron validados mediante observaciones
satelitales e in situ de una serie de tiempo en la plataforma continental. Los ciclos anuales
de clorofila y nutrientes modelados fueron consistentes con los valores mas altos
observados en primavera y verano, lo cual concuerda con las observaciones de que
destacan la presencia de surgencia realzada en esta época. La co-limitacion del
crecimiento del fitoplancton por nutrientes y luz se analiz6 solo para las diatomeas, ya
que este fue el grupo de fitoplancton dominante en las simulaciones. Los resultados
mostraron que la co-limitacion, cerca de la costa, se rige en otofio e invierno por la luz, y
por silicato en primavera y verano, mientras que otros nutrientes limitan fuera de la costa
entre enero y abril. Se analiz6 el transporte de nutrientes en la capa superficial. La
adveccion vertical reflejo aquellas areas de alta surgencia costera las cuales estaban
parcialmente compensadas por procesos horizontales relacionados con el transporte
inducido por remolinos desde la costa hasta el océano abierto. Se demostr6 que la mezcla

vertical desempefia un papel clave en la reposicion de nutrientes de la capa superficial.
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ARTICLE INFO ABSTRACT

Keywards: The spatial and seazonal variability of nutriens and chlorophydl in the southemn Humbeldt Current System were
Biogenchemical model amegzed uzing & high-rezalution regional ceesn eireulation model (ROME) coupled to & biog=ochemical modsl
Humbolde Current System (Palagic-Intaraction: Schame for carbon and Ecooyotem Studies; PISCES). The simulated musient and chloro-
Celimitation of minerts phyll felds were validated wing carellite and in sinr observations at & continental shelf ime-ceries stadon The

Nnm?tbudg_\ctudd anmual eyeles of modeled chlorophyll and musdents wers conziztens with the highest valuss obserred in spring
:(JM.‘:—I:;U& M end e with enhaneced upweelling choervations. Co-limitation of phytoplankton

cate in opring and summes, whereas other nutrients were Emiting offthore between Janmeary and Apsil. Nutben:
tranzport in the surface layer was anabmed. Vertical advection reflected areag with higher coastal upwelling, and
weaz partly offoet by horizontal processes related to eddy-induced transpaort from the nearchore to the open ccean.
Vertical miting waz chown to play a key role in replenishing the suzface Laper with nutrients.

seribed process kmown as coastal upwelling (e.g. Balum, 1006; Hill et
al, 1998).
The Humboldt Current System (HCS) off the coast of Chile is highly

1. Introduction

Phytoplankton photosynthesis plays a key role in ocean biogeochem-
ical eyecles. It iz the basiz of marine trophic webs (Falkowski et al,
1998) and conmibutes to carbom zequectering and exportation az or-
ganic matter (Eppley and Peterzon, 1979). Phytoplankton growth in
the ocean requires optmal light condidons (Peterson et al., 1987), m-
trient availability in the suphotic zone (Diehl et al., 2002) and ade-
quate temperature (Nicklisch et al., 2008; Thomss et al., 2012). Nutri-
ent concentrations inereass with depth (Zehr and Ward, 2002), how-
ever, nuirient input i the well-lit surface layer can be simmlated by
phyzical mechanizms such as coastal upwelling (Chivez et al., 2003),
a major process in Eastern Boundary Upwelling Systems (EBUS). Theze
regions are characterized by intense seasonally modulated upwelling
events driven by alongshore winds. These winds force offzhore surface
Ekman horizontal flow, which iz compensated by an upward flow of
cool and numient-rich waters (Chévez and Meszié, 20097, a well-de=

productive with primary production rates exceeding 258 gCm- 24!
{Maontero et al | 2007; Quifiones et al, 2010). Here, upwelling iz dri-
ven when S5-5W winds (Le. equatorward) blow with moderate to high
intensity (=~ Sms ') (Marin et al, 2003) in summer, bringing Equa-
torial Subsurface Water (ESSW) to the surface. This water mass iz as-
sociated with low concentrations of dissclved oxygen (= 0.5 mL L~ 1),
high salinity, low temperature (Atkinson et al., 2002; Strub et al., 1998;
Sobarzo et al., 2007) and high coneentrations of inorganic nuirients
{Sibva et al., 2009).

In addidon to upwelling, other regulating factors of primary pro-
ductivity determine the spatial and temparal distribution of phytoplank-
ton biomaszz. Ome iz vertical mixing, which determines the mived layer
depth that can vary from a few meters to more than 100 m (Kirk,
1994). Variations in mixed layer depth affect phytoplankron dynamics
by controlling nutrient and light availability {Sverdmp, 1953). Echevin
et al. {2008) uzed model simulations to chow that wind-driven seazonal
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upwelling (ie. verdeal flux of numients to the surface layer) in the Pe-
ruvian EBUS was not a conirolling factor of zeasonal surface chlorophyll
variability, but that seazonal varations of the mixed layer depth-con-
trolled chlorophyll variability due to Hght limitaton Other physzical
processes, such as horizontal and vertical advection associated with
mezoccale dynamics may alzo play an important role. Several authors
have emphasized the importance of mesoseale dynamics in numrient and
chlorophyll to oligotrophic zones away from the coast. Gruber
et al. (2011) showed that high levelz of eddy activity tend to be aszo-
ciated with low levels of biologieal production in the California EBUS,
and highlighted that reductions in production and export result from
eddy-induced nurient transport from the nearshore environment to the
open ocean. Resplandy et al. (2011 and Jozé et al. (2014) uzed biophyz-
ical modeling to ruggest that lateral eddy advection iz partly respons-
ble for mumient provision and distribution. Mesoscale eddies in the HCS
appear to condribute significantly with nuirients and chlorophyil to the
eoastal (= 200 km) and tranzition zones (up to 80°W) (Correa-Ramirez
et al., 2007, 2012; Grob et al., 2003; Morales et al, 2012, 2013), while
horizontal Ekman transport and Ekman pumping (ie. large-scale verti-
cal advection) might act synchronously to extend high concentrations
of chlorophyll into the offshore area (Morales et al., 2013). In addition
to the phyzical mechanizms that determine the distribution of nuirients
and chlorophyll in the ocean, the availability of different macro and mi-
cronutrients and their role in co-limiting phytoplankton growth are also
important regulating factors (Messié and Chivez, 2015).

Nutrient availability in the euphotic zone depends on various fac-
tars. In the southem Humbeldt Current System off central-zouthern
Chile (30-40°5), the injection of mutrients into the mixed layer due to
upwelling iz partly responsible for high reported primary production
rates (Daneri et al., 2000; Montero et al., 2007). Rivers however, such
az the Bio-Bio and Itata, also provide important quantities of terrertrial
organic marter (Vargas et al, 2012), trace metal: and numients (an-
thropic and natural) (Salamanca and Pantoja, 2009) to the inner conti-
nental shelf, which enhances the microbial food web az a consequence
of the high ratez of primary production, mainly provided by the pico-
and nanoplankton (Idarte et al., 2012). Depending on nutrient availabil-
ity, co-limitation of nuirients occurs when two or more numents have
been depleted simultaneously dowm to level: where the addition of one
or several is necessary to stimulate phytoplankton growth (Moare et al.,
2013).

MNutmient limitation has been reported for some EBUS (Messié and
Chivez, 2015). Studies in the Peru upwelling system have shown that
iron limits phytoplankton n winter {Bruland et al., 2005; Hutchin: et
al., 2002); while nitrate and silicate are limiting in summer (Echevin et
al., 2008; Meszié and Chavez, 2015). In the California EBUS, iron exerts
findamental control over nitrate and silicate dravrdown (Hutchins et al.,
1998]. Iron limitation, for inctance, generates blooms of stromgly milici-
fied and faster sinking chain-forming diatoms {Hutchinz and Bruland,
1998). Iron-sressed diatoms deplete surface waters of zilicic acid before
they deplste nitrate, leading to the secondary silicic acid limitation of
the phytoplankton commumity {Hutchine and Bruland, 1993).

In zome EBLUS with large OMZ: (Caygen Mmimum Zones), phyto-
plankton growth has been found to be nitrogen-limited, Kuypers et al.
{2005) showed that the anammaox process in the Benguela EBUS iz the
main cause of fixed inorganic nitrogen loss. Quiftones et al. (2010 re-
ported a nirogen deficit compared to phosphorous in several areas of
the HCE, suggesting that primary production may be limited by thiz
element The authors developed nuirient budget: covering the entire
HCE and found AN/AP ratice sigmificantly lower than the expected
Redfield values off Chile in three regions: 15-27°5 (50 km offthore
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limit), 27-33°5 (50 ko offshore limit) and 33-42°% (120 km offshore
limit).

An understanding of phytoplankton growth must integrate a number
of elementz, including phyzical procesces, light and nuimient availabdl-
ity. Untangling the most relevant biogeochemical and phyzical processes
that generate the spatial and temporal variability of plankton remains a
major challenge that ¢an be addressad with biophyzical modaling.

A number of suthors have used biophyzical modeling to study bio-
phyzical relationships in EBUS focused on nuttients, plankton and pri-
mary production, such as: (i) the role of specific physical forcing like
tdes and stormes in the eross-chore transport of numients, primary pro-
duction and chlorophyll in the Canary EBUS (Giraud et al., 2008); (i)
the role of the rezidence time of nearshore waters and mezozcale activity
in different EBUS and their impact on net primary production (Lachkar
and Gruber, 2011); (iii) the response of nitrogen, phytoplankton, and
zooplankton to circulation driven by summer winds in the HCS (Baird
et al., 2007).

The objectives of thiz ztudy are to {a) aszess the realizm of a high-res-
olution coupled physical-biogeochemical regional model for the HCS
{30-40°5; T0-20"W) uzing in situ and satellite obzervations; (b) use thiz
model to charactenize the spatial and temporal variability of nuirients
potentially limiting phytoplankton growth in this region; and (c) deter-
tical miving) involved in the transport of nuirients to the euphotic layer
at the seasanal seale.

3. Methods
2.1. Hydrodynamic model

The hydrodynamic model used in thiz study iz ROMS-AGRIF (Re-
gional Oceanic Modeling System - Adaptive Grid Refinement in FOR-
TRAN, Schepetlin and McWilliams, 2005; Penven et al.,, 2006; http://
www.romsagrif.org).

Simulationz were carried out on a grid between 2975 and 41°5,
and from 65°W to 83°W (Fig. 1), with a resolution of 7.5 km and 32
zigma levels. The mitial and open boumdary fAelds were obtained from
a monthly climatology from a Peru-Chile model simulation (Colas et al.,
2012) wing the “Roms2Roms" offline interpolation package (Mason et
al., 2010). The model configuration and amospheric foreing were de-
scribed in an earbier study that alzo evalnated the simulations (Vergara
et al., 2016).

2.2 PBiogrochemical model

The PISCES (Pelagic Interactive Scheme for Carbon and Ecosystem
Smdiez, Aumont et al., 2003; Aumont and Bopp, 2006; Aumont et al.,
2015) biogeochemical model was chosen to represent phytoplankton
variability and nuirient co-limitation along the Chilean continental plat-
form. PISCES zimulates the cyeles of carbon, cxygen and the main nu-
trients that eontrol phytoplankton development (PO,* NO;~ NH, ", &,
Fe). In thiz model phytoplankion growth depend: on externmal putri-
ent eoncentrations. It includes two phytoplankton classes {diatoms and
nanophytoplankton) and two zooplankton classes (micro and mesozoo-
plankton). There are three non-living compartments: semi-labile dis-
solved organic matter, small sinking particles and large sinking parti-
cles. A detailed dezeription of the model souenre and equations can be
found in Aumont et al. {2015).

PISCES coupled to ROMS has been used for the Peru upwelling syz-
tem to address questions over different time scales, such as the impact
of climate change on the survival of small pelagic fizh larvae (Brochier
et al., 2013), the impact of intrazeazonal coastal-trapped waves on the
nearshore Peru ecocyrtem subsurface (Echevin et al., 2014), and the
processes that control the seasonal cyele of chlorophyll in the northern
Humboldt Current Syztem (Echevin et al., 2008).
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Fig. 1. (a) ROMS-FISCES model domain. Modelsd mz&neddﬂruphﬂl{mmgﬂdm“,cdﬂrsu]:‘]k.ﬁm ety of Year 100, The main surface (Q0C, light blue arrow, and POCC, dark
bilue arrow) and subsarface (POUC, black deshed arrow) nearshore currents of the HOS are indicated. Station 18 is marked by a red dot, and the BIOSOPE stations for Pr messsurements
are denoted by hlack dots. (b) and () cormespond to maps of Chile and Sowth America, respectively. Reciangle in (b indicates the location of the shady area.

The biogeochemical fislds of the model (nitrate, phosphate, =l-
icate, oxygen, DIC, DOC, alkalinity) were initialized in the domain
and imposed at the model's open boundaries uzing CARS 2009 clima-
tology (CSTRO Atlaz of Regional Seas, http://wwwi.marine czino. s~
dunn Aears2009/, Ridgway et al., 2002). Due to the scarcity of data,
Fe concentrations were obtained from a global climatology model (OR-
CAZ-PISCES, Aumont et al., 2015). Iron data was also obtained from a
1995} and from a time-conctant depth-dependent sediment mobilization
model {Moore et al, 2004).

Limitations due to light and nutrients were quantified by ealeulating
the limiting terms in the model parameterization of primary production
{Aumont et al., 2015). Primary production in the medsl iz proportional
to the limiting terme of Hght and nutrients. The light limitation term
(Lajgaq) is (1-exp (-x (ChL/C))) * PARA (L., ), where @ = the Initial slope
of the PI curve, Chl/C iz the chlorophyll/carbon ratia, PAR iz photosyn-
thetically active radiation. and p iz the temperature-dependent dewel-
opment rate. PAR iz computed wsing COADS (da Silva et al., 1994) cli-
matological shortwawe fliee. When sufficient light iz awvailable this term
rearhes 1, and iz lesz than 1 when light limits development. Nutrient
limitation L, iz equal tomin ; .y, [C/F;+C)], where i iz the index
indicating a specific numient (PO,* NO;» NH.', 5i, Fe), C; is the com-
centration of the nutrient, and K; iz iz sanmration constant. The limit-
ing terme were calculated for diatoms, since thiz group iz the main con-
tributor to total chlorophyll in the sdy zone. The so-called “limiting
mutrient” in our study iz the one (i) with the lowest ratio (K +GC;)
<R +C)).

Rumoff from Chilean rivers (e.g. the Biobio and Itata Rivers, both
near 36°5) was not explicitly incorporated m the simulation. The im-
pact of river dizcharge on zalinity was represented owing to relaxation
of climatological sea surface salinity (zee Vergara et al., 2016). How-
ever, riverine nutrient input was not taken into account.

To determine the phyzical mechanizms that transport nutrientz in
the euphotic layer, advection (zonal (-Ud,C), meridional (-V&,C) and
vergeal {-Wid,C)), and wertical mixing {d,(K4,C)) were computed, where

U, V. W are zonal, meridional and vertical velocity terms respectively,
K i the vertical diffusivity, C the nuiment comcentration, and x, ¥, =
the zonal meridional, and wertical (oriented wpward) coordinates, re-
spectively. The transport terms were stored online and averaged every 3
days. Only the zilicate transport terms were analyzed as zilicate was the
main limiting nutrient (zee Section 3.4).

We ran ROMS/PISCES simulations for 15 years, including a 5-year
spin-up period. The lact 10 wearz of the simulations were averaged to
obtain the zeazonal climatology of the biological variables. The biclogi-
cal parameters used were zimilar to those listed in Echevin et al. (2014).

2.3. Datz used to evaluate the model

Ome of the paramsters estimated by ROMS iz the height of the
boundary layer (HEL), also named mixed layer depth (MLD). The MLD
iz considered az the region near its surface with vertically quasi-uniform
oceanic racers above a layer of more rapid vertical changes {Lorbacher
et al., 2006). In the MLD there is little variation in salinity, temperatre
or dencity with depth (Kara et al., 2003; Pickard and Emery, 1990). The
MLD iz ereated by turbulence generated by the wind, convective cool-
ing, breaking wawves, current shear, and other physical processes and
characterized by vertically umiform and intenze mixing (Wijesekera and
Gregg, 1996).

The parameterization of the boundary layer mixing in ROMS follows
the formulation of Large et al (1994). The boundary layer height waz
determined based on the dimensionlezs Richardzon number Ri (ie. the
ratio between buoyancy and the wertical shear of horizontal velocity).
The modeled mived layer depth was compared to climatological MLD
from de Boyer MontSgut et al. (2004), which haz a regular grid of 2=
2" with a monthly resolution. The climatological MLDY was based on in-
dividual profile estimates. The criterion selected is a threshold value of
temperature or dencity from a near-surface valuwe at 10 m depth (AT =
0.2°C or Achl = 003 kgm~ 7).

Surface chlorophyll concentrations were provided by SeaWiFSs zatel-
lite data {htip://oceancolor. gafe.naza. gov,/ SeaWiFS, ) over the 2000
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2006 period. The satellite data was compared with the model simula-
ton.

A monthly climatology of in situ nitrate, phosphate, silicate, and
chlorophyll data from Station 18, located in the central-southem
Chilean chelf (36.5°5; 73.1°W; see Fig. 3a), over the 2004-2014 period
was compared with the simulation. Station 18 is a time series initiated
by the COPAS Oceanographic Center in 2002, located on the shelf at
88 m depth (Escribano and Schneider, 2007).

3. Results
3.1. Evaluation of mixed layer depth

The annual mean mixed layer depth (MLD) of the model was com-
pared to the climatology in Fig. 2. The MLD was shallower nearshore
than offshore due to enhanced stratification near the coast associated
with nearchore upwelling of dense water (Sobarzo et al., 2007). The ob-
served MLD was between 28 and 34 m nearshore and deeper than 50 m
offshore (Fig. 2a). Near the coast, the modeled MLD ranged from 34
to 38 m and deepened offshore (> 50 m) (Fig. 2b). The greatest dif-
ferences between the model and observations were found in the north
of the study area (Fig. 2c). The largest discrepancies near the northem
boundary could be an effect of open boundary conditions.

The modeled and observed annual MLD cycle (averaged in a 100-km
band from the coast) are shown in Fig. 2d. The modeled MLD for spring
and summer was about 20m, and was deeper (~ 50-60 m) for su-
tumn and winter. The obcerved MLD had similar values in summer
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and higher values in winter, fluctuating between 40-50 m. Although the
annual cycles of the modeled MLD and the obcerved MLD series were
similar, the model values of the MLD were deeper than thoce observed,
mainly in autumn snd winter (from May to August).

3.2. Distribution and annual cycle of surface chlorophyll

e el h l

Both mape of modeled and observed chlorophy
high values near the coast in a band of approximately 100 km, de-
creasing gradually offchore (Fig. 3a and b). However, observed values
reached concentrations close to 10 mg Chl-a m™ 3 (Fig. 3b), whereas
modeled values did not exceed 3 mg Chl-a m 3 (Fig. 3a). The zones with
the highest chlorophyil concentrations were between 34° and 3775, and
between 38° and 40°S (Fig. 3a and b).

The time-latitude plots of surface chlorophyil (averaged in a 100-km
coastal band) showed that the highest concentrations were in spring
and summer (Fig. 3¢ and d), as S-W winds favorable to upwelling pre-
dominated (Fig. 2¢). The maximum values of modeled chlorophyll were
3.5 mg Chl-am" * (Fig. 3¢), while observed values reached 6.5 mg Chl-a
m " ? (Fig. 3d). The highest modeled and observed concentrations were
found between ~ 33° and 37°S (Fig. 3c and d). In both the model and
SeaWITFS data, a charp change in chlorophyll concentration was found
near Punta Lavapie (37.2°S), the southem limit of the Guilf of Arauco,
and chlorophyll values decreased south of this latitude.

Chlorophyil values from SeaWIFS and from the simulations were
compared at Station 18 (Station 18, 36.5°5; 73.1°W; see Fig. 1). The

(c) Differance (Obs-Sim)
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(c) differences between cbservations and simulation. Black dots represent the 2°x2° regular grid. (d) Annual cycle of modeled (black circles) and dimatological (grey triangles) MLD (in
meters) and alongshore wind stress (in N m™~?, red diamonds) within 2 band of 100 o between 30°—36°5.
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Fig. 3. Annual mean surface chlorophyll (in mg Chl-a m-7) estimated by (a) the moded (red circle: Station 18) and (b) SeaWIFS observations (1998-2006). Annual cycle of surface chloro-
phyll within a 100 km coastal band in (d) the model, and (¢) SeaWIFS. Annual along-share wind stress (in N m~2) cycle is superimposed.

concentrations in spring and summer months (Fig. 4a). Modeled chloro-
phyll rations for were underestimated. Chlorophyll de-
creased in autumn and winter in the three datasets, reaching ~ 2 mg
Chl-am" > There waz, h , a time diff; b the modeled
minimum concentration in July-August and the observed minimum was
in June-July.

We also evaluated the annual cycle of the vertical stoucture of
chlorophyll at Station 18. The two data sets had relatively similar ver-
tical structures, with a chlorophyll-rich (> 1 mg Chl-a m ™) layer of
~ 20-30 m depth. However, modeled chlorophyil did not exceed 4 mg
Chl-a m~? (Fig. 4b), while it reached ~ 11 mg Chl-a m * at Station
18 (Fig. 4¢). Another important difference ic the progressive thicken-
ing of the modeled chlorophyll-rich layer from 20 m (March) to ~ 50 m
(July), whereas observations exhibited an abrupt decrease in chloro-
phyll content, with values of ~ 0.2 mgm * in July and a progressive
thinning of the surface chlorophyll-rich layer from ~ 30 m (January) to
~ 20 m (April).

3.3. Nutrients

The simulated phocphate, nitrate and silicate were compared to ob-
servations at Station 18 (Fig. 5). The annual cycles of the three nutri-
ents were similar, with the highest values in spring and summer at the
surface layer depth (~ 20 m), probably associated with upwelling. Dis-
crepancies between the model and observations were found. The maxi-

w

mum concentration of PO, (~ 2.8 uM) at Statdon 18 (Fig. Sb) was
greater than that of the model, the latter not exceeding 2.2 pM (Fig. 5a).
The highest modeled nitrate values (~ 32.5 pM) were at 80 m depth
(Fig. 5¢), while maximum obcerved NO; was only ~ 27 uM (Fig. 5d).
The high nitrate values could be due to a lack of denitrification caused
by excessively high oxygen values in the model (figures not shown). Sil-
icate concentration values for the model and Station 18 observations
were similar, fluctuating between ~ 5 and 30 pM (Fig. Se and f). The
highest concentrations were found between 40 and 80 m depth. How-
ever, there was a slight increase in the silicate surface concentration at
Station 18 (0-10 m) in July and August (Fig. 5f), which was not simu-
lated by the model This is likely due to local river nutrient discharges
that were not taken into account in the model.

Although data on Fe for the study region are scarce, we used three
vertical profiles of Fe measured during the BIOSOPE cruise (Blain et al.,
2008; Bonnet et al., 2008) to evaluate modeled Fe concentrations (Fig.
6). The profiles were located on a cross-chore section (between 33.4°
and 34.5°S) off central Chile. The offshore measurements (78.1°W) had
low surface values (< 0.05nM between 50 m and 100 m depth), in
agreement with the model. Modeled subsurface values were fairly close
(bias iz less than 0.05 nM) to the observed values. The “nearshore”
measurements (73.5°W) showed higher concentrations than offshore,
with values near 0.05 nM in the surface layer and greater than 1 nM
at depths between 150 m and 400 m. In contrast, the surface wval-
ues of the modeled profile were clightly greater (~
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Fig. 4. Seasonal cycle of surface chlorophyll for () Staton 19 (36.3°5; 73°W; see location in Fig. 1) & s data (blee triangles), SeaWIFS satellite data (red crcles) and the smulstion
(black squares). Smsonal cycle of chlorophyll betwesn O and 80 m for (b) the model and {c] Station 18 in sty data.

0.07 nM) than thoze observed and increased moderately, reaching 1 ni
at 400 m depth. The “coastal” profiles displayed the stromgest dizcrep-
ancies. Modeled Fe in the surface layer (0-30 m) reached 2.2 nM amd
decreazed to 1.5 nM at -~ 30 m depth, while observed Fe betwesn 30 m
and 50 m was around 1.2-1.3 nM. Modeled Fe remained relatvely um-
changed (~ 1.2-1.2 nM) below 100' m depth, in contrast with observed
Fe, which was over 3 nM at depthz between 150 m and 300 m. While
year-to-year variability of modeled Fe was srong (¢ ~ 1 nM, figures not
showm) between 0 and 100 m, modeled Fe at greater depths was never
higher than 1.5 nM.

3.4 Co-limitetion of mutrientz and light for diatoms

3.4.1. Suwrfoce co-limdtation

Since diatoms are the main conmibutor to total chlorophyll (70%46)
{Figure not zhowm), the co-limitation of mutrients waz only computed
for thiz phytoplankton group. As the differences among different simu-
lation years of the co-limitation of mutrients and light were not signifi-
cant, we chose the 12 months of a typical simulated year (Year 10) and
computed co-limitation fields from O to 20 m depth to study seasonal
variations. To highlight the prezence of eddies, we superimposad the Sea
Level Anomaly (SLA).

Co-limitation patterns displayed complex structures (Fig. 7). The
main limiting mutrients were zilicate, Fe and nitrate, with occasional

zmall-zeale patches of P imitation. Silicate and Fe were limiting mainly
near the coast (~ 100 kan) fom Jamuary to April (Fig. 7a-d), with
predominantly zsilicate limitation. Churing these same months, nitrate
was limiting further from the coast, from ~ 75°W to 80°W. Light wasz
limiting near the coast, as nuirients were more abundant nearshore
due to upwellng. Light limitation occurred over a narrow bamd (<
100 kan) in summer, which increazed in winter due to decreased inscla-
ton (Herméndez et al., 2012). The spatial extension of light and silicate
limitation increased throughout the coastsl zone from May to August
{Fig. 7e-h), overlapping with nitrate Hmitation (May and June). Fe Em-
itation inereazed from September to December, especially in November,
extending away from the ceast. Phosphate limitation decreazed notably
during these months (Fig. 7i-l).

Eddies were obcerved during all amalyzed momnths, and may have
trancported the most important nuirients {i.e. nimate, phosphate and =l-
icate) from the coast to the ocean (Fig. 7). Co-hmitation patterns amd
zeazonal evolution in mesoscale eddies were apparent. Several cyclones
with a predominant Fe limitation in their core occurred in summer and
fall (Fig. 7a-d). In late fall and winter, nutrient limitation in the eddy
cares shifted from Fe to 5i (Fig. 7e-h), with the presence of nbbons of
Fe and P limitation arcund the core (Fig. 7i), revealing a high degres of
complexity.

117



O.A. Vergara et al.

0a) PQ: ROMS/PISCES

20

40

Depth (m)

60

80.! FMAMJ JASOND

¢) NO; ROMS/PISCES

0

20

40

Depth (m)

60

8oJ FMAMJ JASOND

0e) SiOHs ROMS/PISCES

20

40

Depth (m)

60

80 FMAMJ J ASON

Fig. 5. cydle of (a) Modeled phosp

3.5. Silicate transport

3.5.1. Advection, mixing and silicate trends from 0 to 20 m depth

Silicon was the most important limiting nutrient for diatoms in the
coastal zone (Fig. 7), which is why we analyzed the balance of this el-
ement in terms of advection and vertical mixing. We computed the sili-
cate transport terms in the first 20 m of the water column, as the mod-
eled maximum chlorophyll concentration was obcerved in the surface
layer (Fig. 3b).

Mean Si concentrations fluctuated between 2 and 20 pM, with the
highest values (= 10 upM) in the coastal zone between 30° and 37°S
due to coastal upwelling (Fig. 8g). Si values were higher in the north of
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the region as the PCUC transported upivelled source waters poleward.
As expected, annual mean vertical advection of Si was mainly pocitive
near the coast due to coastal upwelling (Fig. 8a). Highest values (=
5.10"5 uM Si =~ 1) were found in few areac of the northem part of the
study area, from about 30° to 35°C (Fig. 8a). The horizontal advec-
tion terms displayed more complex small-ccale patterns. Zonal advec-
tion was mostly negative offshore in a ~ 100 km coastal band and was
positive near the coast (Fig. 8b). Meridional advection was moctly posi-
tive offshore (Fig. 8b) and negative in a narrow (< 20 k) coastal strip,
which was consistent with the equatorward coastal flow (Fig. 8d) and
the presence of less rich waters in the south (Fig. 8g). The signature
of permanent mesoscale eddies and jets was observed between 30” and
35°G (Fig. 8d). This means that while vertical advection brought nutri-
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ents to the coastal area, Floman eurrents and enhaneed offshoreward
jets near 32°5, 33°5, 34°5 (Fig. 8d) transported part of the high coastal
nutrient load offshore (Fig. 2g), thus partly compencating for the ver-
tical imput associated with coastal upwelling (Fig. Se). Total positive
advection predominated in the study area, with highest values (~ 3-5
106 M 5i 5-1) at ~ 32°, 36" and 37°5 (Fig. Se). The input of pumi-
ents through vertical mixing was positve everywhere, and greater than
through advective fluxes in the offzhore regions (50 km from coast) be-
tween 3075 and 3575 (Fig. 36).

Fig. 9 shows the sum of the phyzieal tend, biological wend and to-
tal wend of silicate in the study zone. As expected, the physical mend
was pocitive throughout the study zone, with highest values between
307 and 3775 (Fig. 9a). The negative biological mend (primary produc-
tion is a 5i sink) displayed similar patterns to those of the physical wend
{Fig. 9b). The total trend was moestly positive, but values were an order
of magnitude smaller than those of the phyzical and bislogical trends
{Fig. 9¢), indicating that the modal had not reached a fully equilibrated
statiztical state after 15 yearz. Mevertheless, moderate Si drift (zee also
Fig. 10) suggests that a longer simulation would not significantly alter
the result.

3.5.2. Cross-shore structure of currents and Si trovsport ermes

Figz. & and 9 zhow that the zone between 31%—37°5 had the high-
est values of advection and physical and biological trends of zilicate. To
study the vertical structure of 5i tranzport in the water column, we aver-
aged the velocity components and ansport terms meridionally between
31° and 37°5 (Fig. 10). Similar diagnostics were performed in Colaz et
al. {2012). Cross-zections are dizplayed between 0 and 100 m depth and
0200 lam from the coast (Fig. 10).

To highlight the relationzhip between Si tranzport and velocity pat-
temz, verdeal sections of annual mean zonal (w, Fig. 10b), merid-
ional {v, Fig. 10d) and wertical velocity (w, Fig. 10g) are chown. The
wind-driven offchoreward Elman eurrent associated with the coastal
upwelling was reflected in negative zonal welocity [u) in the surface
layer {015 m). The subnuface zonal velocity was positive in two areas,
one close to the coast (from 10 to 50 m depth) with values = 0.5 ms ’,
and the other one at 100-200 km from the eoast (from ~ 15-100 m
depth). The positive veloeity likely corresponded to the shoreward cur-
rent compensating upwelling. The negative subsurface core located
60 km from the coast eould have been produced by the poleward un-
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dercurrent, which was deflected slightly westward by the coastline ori-
entation

Meridional velocity (v) (Fig. 10d) near the coast was pocitive and as-
sociated with the Chile Coastal Current (OCC; Mesias et al., 2001; Stub
et al., 1998; Fig. 1), which flows towards the equatar. Below this cur-
rent, poleward fow iz associated with the PCUC (Pemu-Chile Undercur-
rent; Huyer et al. 1991; Silva and Meshyba, 1979; Fig. 1), which wa=z
trapped on the continental platform between 40 and 100 m. The PCUC
extended to 100 km offthore. The poleward Aow from ~ 120-200 kan
was associated with the PCCC (Peru-Chile Countercurrent, Stub et
al, 1995). As experted, vertical velocity (w) (Fig. 10g) was positive
throughout almost the entire study section, with the highest values near
the coast (= 0.5 ms"').

Zonal advection wasz predominantly negative in the surface layer
{0-100m]) (Fig. 10e). The negative subourface pattern wasz associated
with the PCUC, which was southwestward due to the coastline orienta-
tion between 317 and 3775, and thus projected zonally az a westward
current transparting nutrients offshore. The surface partern (0-10 m) of
zonal advecton iz more complex to interpret. It was negative nearchare
{= 100 km) and positive offshore (100-200 km). Note that the anmual
nearzhore average of U was negative (Fig. 10d) and the annual mean
erosz-chore Si gradient (4,51) was positive as 5i concenmrations increased
towards the coast (Fig. 10a). Concequently, transport ascociated with
the mean current and mean 5i gradient (-U.4,5) was positive (figure not
shown), while total (Le eddy + mean) zonal advection was negative
(Fig. 10e), suggesting that eddy fhives play an active role by depleting
the nearshore layer and enriching the offshore region (e.g Gruber st al.,
2011).

Meridional advection (Fig. 10c) was mainly pocitive, except for two
zones with negative values close to the coast {(~ 10 lan), and between
00 and 130 km. Positive values can be associated with the undercurrent
{Fig. 10b]), which transports nutrient-replete waters poleward along the
eoast. [n conirast, the equatorward coastal surface jet (Fig. 10b) trans-
ported relatively numient-poor 5i surface waters northward (Fig. Sg),
acting as a silicate sink (Fig. 10c).

Horizontal (ie zomal + meridional) advectdon (Fig. 10f) was neg-
ative near the coast, with vahies lower than —6 pM S5i month 1. Two
pasitive zones were found, between about 100 and 200 km offshare,
and near the coast at less than &0 m (Fig. 10c). Vertical advection
{Fig. 10h) was mainly positive (= 6 pM 5i month ) from the eoast
to 140 km offshore. Vertical miving was a source of 5i in the first
20 m depth from the eoast to 200 km, with values greater than & pM 5i
month ' and a sink below 20 m depth (Fig. 10i). Vertical mixing was
confined to the 0-50 m depth layer. It served to mix nurient-rich sub-
surface waters with less rich surface waters (0 — 10 m), enriching the
surface waters. Total advection (Fig. 10§) was positve from the coast to
200 km offshore in the first 50 m of the water column, with transport
wvaluez = 2 iM 5i month ', and slightly negative at greater depths. The
sum of all physical terme (ie advection + vertical mixing; Fig. 10k) was
positive between 0 and ~ 30 m depth, with values = 2 pM 5i month ™ ?,
and slightly negative below 30 m. The total trend (phyzical + biological
trend) (Fig. 101) was mainly positive and weak (= 0.2 pM 5 month 1)
in comparizon with other terms, with slightly higher values near the
coast

3.5.3. Anmual cyele of silicate balance

The annual cycles of the transport and biological terms were aver-
aged over a coastal band of 100 kn (Fig. 11a) and over an offshare
band of 100 km (Fig. 11b]), between 0 and 20 m depth, to study their
relationzhips with the annual chlorophyll cyele. We considered the lat-
itudinal zone from 317 to 3775, Vertical miving and wvertical advection
in the coastal band (Fig. 11a) were positive throughout the year and
showed zimilar annual eycles, with higher walues in zpring and sum-
mer, and lower in aunumn and winter, az expected from the seasonal
cycle of surface winds (Fig. 2c) Horizontal adwection was mainly nega
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tive, with values close to zero in autumn-winter and lower values in
spring-summer (Fig. 11a). The annual cycle of total advection was simi-
lar to that of horizontal advection, but with a weaker amplitude, higher
values in autumn-winter and lower values in spring-summer, and a pre-
dominance of positive values (Fig. 11a). Interestingly, vertical nutrient
advection reached maximum positive values during the peak of the up-
welling season (January-February), but was nevertheless offset by very
strong offshore advection, possibly enhanced by eddy effects (Fig. 12)
and reculting in negative values,

The total physical trend was always positive within the coastal band,
with greater values in autumn-winter. The biological trend was always
negative, with lower values in spring-summer (~ 1.5 10 ¢pM Sis )
compared with sutumn-winter (~ 2.5 10 ® uM 5i s '). The total trend
was weak and constant throughout the year, varying slightly with pre-
dominantly positive values (< 0.3 10 *puM Siz '),

The annual cyde of silicate balance in the oceanic offshore band
(Fig. 11b) showed lower values (< 210 €uM Si =°!) than near the
coast, with different contributions from several processes. In contrast to
coastal upwelling, vertical advection was negative year-round. Downe

welling was likely due to anticyclonic wind stress curl (Bakun and
Nelson, 1991; Aguirte et al,, 2012). The highest vertical mixing val-
ues were in spring-cummer and the lowest in autumn-winter, which
was in agreement with the seasonal cycle of offthore wind stress in-
tensity (Figure not shown). Negative vertical advection was partly off-
set by horizontal fluxes, with higher values from April to September,
possibly due to enh d eddy flux of coactally upwelled nutrients in
winter (Fig. 12). In conclusion, nutrient input in the offshore band was
mainly achieved through wind-driven vertical mixing in summer and
horizontal advection in winter, possibly due to mesoscale eddy propa-
gation (Correa-Ramirez et al., 2007).

In both bands, surface chlorophyll had high values in spring-cum-
mer, with greater values (> 2 mg Chl-a m™¥) in the coastal band than
in the oceanic band (~ 1.6 mg Chl-a m 3, Fig. 11). As phytoplankton
growth was mainly limited by Light in the coastal band (Fig. 7), surface
chlorophyll was largely influenced by wvertical mixing and solar radia-
tion seasonality. Therefore, coastal chlorophyll correlated better with
the vertical mixing term (¢ = 0.77, p = 0.005) and with (—1)*MLD (c
= 0.83, p-value = 0.001) than with the total input of nutrients in the
surface layer (¢ = 0.54, p = 0.075).
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4. Discussion

The aim of this study was to characterize the seasonal dynamics of
surface chlorophyll and its relationship to nutrient fluxes in the surface
layer. Very few studies in the southern HCS have used biogeochemi-
cal-physical coupled modeling to study the relationship between hydro-
dynamic and biclogical processes. Baird et al. (2007) used a physical
model (POM) (Blumberg and Mellor, 1987) coupled to an NPZ model
to investigate the responce of the ecosystem to the circulation driven
by summer winds in central-southern Chile. These authors studied the
impact of biological parameters, such as zooplankton grazing pressure,
on the magnitude and spatial distribution of surface chlorophyll The

10

nearshore spatial resolution {~ 15 km) in Baird et al. (2007) was lower
than in our simulations, thus mesoscale eddy effects might have been
underestimated in their study. Moreover, they did not simulate a full
seasonal cycle, and their biogeochemical model was simpler than the
PISCES model. Overall, these differences make it difficult to compare
their results with ours.

Our recults make a significant contribution to understanding phys-
ical-biological coupling in the southern HCS. We found that the mod-
eled surface mixed layer depth (MLD) reproduced observed seasonal
variability relatively well (Fig. 2d), becoming deeper in autumn and
winter, and challower in spring and summer. The MLD appeared to be
modulated mainly by alongshore wind stress in our study, but other
processes not accounted for in our model, such as riverine fresh water
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fluxes, may also play a role during certain periods of the year (Sobarzo
et al., 2007). The nearshore modeled MLD was too deep, which could
impact the simulated primary production by a too strong light limita-
tion and decrease surface chlorophyll. Using a ¥ ROMS simulation of
the Pacific Ocean, Lemarié et al. (2011) computed the MLD using indi-
vidual temperature profiles and the same criteria as de Boyer Montégut
et al. (2004). They al=o obtained a positive bias (i.e. a too deep zimu-
lated MLD off the coasts of Chile, see their Fig. 5). Therefore, the dif-
ferences between obcerved and modeled MLD could not be attributed to
the different methods used. Using a high frequency (daily or 6-hourly)
wind forcing may also impact the MLD, but estimating this effect iz be-
yond the scope of the present model study.

An abrupt change in nearshore chl ration at
~37“S(O||IfofAuueo)wamulatedbythemdelmdaboseen
in observations (Fig. 3c and d). Thiz high chlorophyll concentration is
probably an effect of the local topography. The Guif of Arauco, an equa-
torward-facing gulf, favors strong upwelling events because of itz geo-
graphic orientation, and thus has a high level of biological productiv-
ity (Figueroa and Moffat, 2000). This zone of complex bathymenty is
also strongly influenced by the submarine canyon of the Bio-Bio Riwver,
which modifies coastal circulation and induces upwelling of water from
depthe greater than 200 m (Sobarzo et al., 2001, 2016). In addition, off
Lavapie Point (zouth limit of the Gulf of Arauco), there are strong equa-
torward currents in the form of an upwelling jet (Atkinson et al., 2002)

Despite its relatively low resolution (7 km) in comparison with the
bay’s dimensions, our model was able to reproduce local changes in
chlorophyll concentrations.

The annual chlorophyll signal near the coast (< 200 km) in this
mnehasbemdesuibedasgovemedbywmdmmdcutmumo—
ciated with westward-pr by waves (Correa-Ramirez et al.,

1°)Inthecomlumuonzme(c‘lz,westofthewheak)m-
creased chlorophyll concentrations are the result of nutrient advection
by mesoscale eddies generated near the coast (Morales et al, 2012).
Many eddies are generated in spring and summer, fertilizing offshare
waters in winter (Correa-Ramirez et al., 2007). The mesoscale pattemns
of Fe limitation in summer, chown in Fig. 7a-d, suggest that these struc-
tures, generated near the shelf break, are rich in macronutrients like ni-
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Comparizon of modeled ehlorophyll concentratdions with in sitw ob-
servations at Station 18 showed zimilar anmual eyeles, with high coneen-
trationz above 20 m depth in spring and summer (Fig. 4b,c). Thiz con-
curz with the reports of Daneri et al. {2000) and Montero et al. (2007,
where the highest chlorophyll concentrations were found benwesn mum-
mer and the middle of autumn. Increazed solar radiation iz one of the
main factors that trigger phytoplankton blooms in the upwelling sys-
tem off central-couthermn Chile (Montero et al., 2007). Our results con-
firmed that light limitation iz sronger than motrient limitation for sev-
eral months (Fig. 7). Improvements in hight conditions in summer com-
cide with a shallower thermocline and the intensification of upwelling
favorable winds in the zone (Sobarzo et al, 2007} In addition to the
favorable light conditions in the system, the tming of upwelling and re-
laxing events iz a crueial modulator of the high level of productivity in
the upwelling ecozystem off central-southern Chile (Daneri et al., 2012).
Relaxation of upwelling provides the required stability to produce phy-
toplankton blooms (Daneri et al., 2000).

The anmal nitrate, phosphate, and silicate wariability of the in
situ observations at Station 18 wasz similar to that gemerated by the
model (Fig. 5). The concentrations of these nutrients were high in
spring-summer, coinciding with the period of winds favorable to up-
welling (Sobarzo et al., 2007). High mutrient concentrations, together
with low oxygen concentrations, high zalinity, and low temperature, are
typical of Equatorial Subsurface Waters (ESSW) (Atkincon et al., 2002;
Silva et al., 2009, which are ranzported by the Peru-Chile Undercur-
rent {PCUC) along the continental shelf off Peru and Chile (Strub et al.,
1998; Vergara et al., 2016). This water mass is transported to the surface
in the upwelling seazon, ferdlizing the ewtmrophic layer with new mutri-
entz, allowing the existence of a highly productive ecosystem (Daneri et
al., 2000; Quiniones et al., 20100

The co-limitation of mutrients and zlicate balance were only esti-
mated for diatoms, zince as noted above, diatoms were the most im-
portant contibutor to towal chlorophyll (-~ 709). As expected from the
annual cycle of solar radiation (Sobarzo et al, 2007) in automn amd
winter | April-August), Lght limitation extended from the very nearshore
region (= 100 km) to approximately 200 kam offshore (Fig. 7). Cur re-
sults indicate that Fe was the offthore Emiting nutrient in spring (Sep-
tember-November). Similar results have been reported offshare of the
study region (34°5; 92°W), m the southeastern edge of the Southeast
Pacific gyre (Bomnet et al., 2008). These authors found that Fe con-
that primary production in the southeast flank of the gyre at 92°W
was co-limited by nitrogen and Fe, while in the center of the gyre ni-
trogen was the limiting nufrient. Blain et al. (2008) found high con-
cenirations of Fe (L2oM at 30m and 3.4 oM at 200 m; zee Fig. 6)

1z

above the shelf break in the presence of low oxygen concentrations.
Theze concentrations were roughly within the zame order of magnitude
as these in our simulations, but modeled Fe was much weaker at greater
depth (Fig. 6), suggesting that the parameterization of Fe sources on the
shelf could be improved in the model. Thus, our estimation of Fe Hm-
itation near the coast remains uncertain and more mMeasurements are
nesded for a more accurate evaluation of the model. Purthermaore, the
modeled MLD was too deep over most of the coastal domain and, par-
tculardy, in the morthern part (30-34°5; Fig. 2) in winter (Fig. 2d). Thiz
suggests that light limitation may be overestimated and could play a less
important role than that chown by the mode] during late fall-early win-
ter (Fig. 7e-h).

There is evidente in the literature based on carbon and nutrient box
model budgets (e.g. Gordon et al., 1996) that primary production may
be limited by nitrogen in the northem and central-zouthem Chilean HCS
{Quincnes et al., 2010). Lower N/P ratos relative to the Redfield N/P
ratio in upwelling ecosystems have been associated with the presence of
denimification, which playz a key role in the nitrogen cyele in the OMZ
(Farfaz et al., 2004, 2009b; Pantoja et al., 2004; Quifiones et al., 2010).

According to the resultz reported by Anabalim et al. {2016), for the
same sudy zone, our fndings on 5i limitation are not far from reality.
They found that macro-mutrient ratios (54N and N/P) experienced zig-
nificant tempaoral changes which produced important modifications in
the micro-phytoplankton community structure. Ansbalin et al. (2016)
reported a decrease in zilicate and a moderate nerease in nitrate pro-
duced by land-derived processes much az a reduction in river discharge,
resulting in a large reducton (up to 100%) of the mean Si/N radee.
nitrate in coastal waters, without large changes in 5i, influence diatom
growth dynamics and eventually can lead to Si-limitation. They con-
chude that the dominance of different distoms speeies in coastal waters
may affect the ambient 5i/N ratics through differences in their uptake
rates.

Given that szilicate was the main limiting nuirient in the simula-
tons, the different terms of silicate wansport were estimated to char-
acterize their spatial and temporal variability. Despite itz limited spa-
tial rezolution (7 km), the model was able to simulate preferential zones
of vertical advection, ie. enhanced coastal upwelling near 30-32°5,
33-34°5, 35-36°5 and 37-38°5 (Fig. 8a). Some of these areas are strong
upwelling cells referred to in the literature: Punta Lengua de Waca
(30.24°%), Cursumilla (332.17°F), Punta Nugurne (35.9°5) and Punta
Lavapie (37.15°5) (Aiken et al., 2008; Figuerca and Moffat, 2000; Stub
et al., 1998). Punta Lavapis (37.15°5) haz received zpecial attention
sinee is the most intense upwelling center of the Chilean HCS
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{Leth and Shaffer, 2001; Leth and Middleton, 2004; Valle-Levincon et
al., 2003), and important for fishing productivity (Castillo et al., 1991;
Cubillos et al., 2007; Landaeta and Castro, 2006). Greater spatial resol-
tion iz needed to better reprezant the dynamics of this pardcular region.

Az expected, bazed on the conservation of mass balanee, horizon-
tal adwection (Fig. 8d) partly balanced vertical advertion. Interestingly,
while coastal upwelling, and hence vertical advection was strongest in
summer (Fig. 11a, black line), nutrient decrease due to horizontal ad-
vection was simong, thus the coastal region lost nurients through ad-
vective proceszes. Thiz loss was compenzated by the entramment of
nuirients into the surface layer through wertical mixing (green line,
Fig. 11a). Furthermore, enhanced eddy activity (related to horizontal
process) tends to be associated with low levels of biological production,
exerting a supprezsive affect on upwelling systems {Gruber et al | 2011

Our simulations show that in contrast to the coastal zone, offshore
vertical advection was negative, with greater values in spring-summer,
suggesting vear-round downwelling. Using a regional phyzical model,
Aguirre et al. {2012) described the importance of offshore upwelling”
downwelling linked to Ekman pumping. They found a region offshore
with anticyelonic curl associated with downwelling forced by Elaman
suction. Thus, it i probable that the vertical advection offshore in our
simulations iz linked to Ekman suction. The latter was offset by hori-
zontal adwection, which fueled the region in autimn-winter {from April
to September, Fig. 11b). Thesze results may be related to eddy-induced
nmutrient transport from the nearchore emvironment to the open ocean
{Comea-Ramirez et al., 2007).

The present model approach has some limitations. Monthly climato-
logical winds and boundary conditions uzed to foree the model allowed
for reprezenting the zeasonal varability of the syztem with a fair degres
of realizm. Newvertheless, intraseasonal wind varability (e.g, Gomez et
al, 2017) and coastal trapped wawes (Hormazihal et al., 2002) can
modulate nearchore primary production, az occurs in the Paru EBUS
{e.g, Echevin et al., 2014). These flurmatons were not well reprezented
as the climatological boundary foreing smoothed the dominant 60-day
variability. Furthermore, soong epizodic upwelling events that gypically
last one to two weeks (Leth and Middleton, 2004; Sobarzo et al, 2007)
were not represented in the climatological wind foreing. Investigating
the impart of phyzical processes not accounted for in thiz stedy on the
biogeochemical ecosystem will be addressed in future work,

5. Conclusions

For the frst time, an eddy-resolving three-dimensional ocean cir-
culation model coupled to an intermediate-complexity biogeochemical
model simulated the spatial and seasonal variability of nubients and
chlorophyll in the HCS off central-southern Chile (30-40°5). The anmual
eyeles of modeled nurients (nimate, silicate, and phosphate) were sim-
ilar to cycles observed at a eoastal station (Station 18) and to satellite
obzervations {5eaWIF3S), with the highest values in zpring and summer,
in agreement with upwelling observations. Although modeled chloro-
phyll showed a spatial pattern and ammual eyele similar to those of the
SeaWTIFS zatellite data, the modeled concenrations did not exceed 4 mg
Chl-a m 3 along the coast, while the maximum observed concentration
by SeaWIFS was 10 mg m 3. The modeled anmual chlorophyll eyele was
alzo similar to the cycle at Station 13, with the highest values in spring
and summer in the first 20 m of the water column. However, simulated
concentrations did not exceed 3.5 mgm ¥ while those at Station 18
reached up to 12 mg m = The spatial distribution of the modeled mixed
layer was similar to a low-resolotion (27) climatology, with lower valuez
near the coast and higher values offshore, although the modeled mixed
layer waz deeper in winter than the observed mixed layer depth.
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was investigated using the model Near the coast. photosynthesiz was
mainly governed by light during autumn and winter, and by silicate dur-
ing the rest of the year. Offshore co-limitation was mainly due to ni-
trate in summer and aunmn, and Fe during winter and spring. Occa-
siomally Fe, nitrate and phosphate were also imiting within and around
mezoacale eddies, revealing complex structures.

The zpatial structure and seazonality of silicate fluxes in the surface
layer {20 m) were characterized. Vertical advection highlighted posi-
tive areas nearchore aszociated with greater coastal upwelling and neg-
ative areas offshore due to Ekman suction. The strong upward flux ex-
erted by coastal upwelling was fully offset by horizontal fluxes resulting
in negative total advective flux in summer. Enhanced horizontal advec-
ton could be related to eddy-mduced mansport of nuirients from the
nearzhore region to the open ocean during the upwelling period. Up-
ward nutrient flux through vertical mixing played a major role through-
out the year, particularly in summer. This study constitutes a first step to
modeling the seazonal cycle of three-dimensional coupled phyzical-bio-
geochemical processe: in central-couthern Chile.
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5. DISCUSION

La zona sur del Sistema de Corrientes de Humboldt (SCH), definida en esta Tesis como
un area que abarca desde 30° a 40°S y entre 70° y 80°W, ha sido ampliamente estudiada
en sus dimensiones espaciales y temporales, profundizando en la investigacion de
procesos fisicos, biologicos, geoldgicos y biogeoquimicos (ej. Levipan et al., 200;
Sanchez et al., 2012; Farias et al., 2015; Sobarzo et al., 2016; Escribano et al., 2016;
Cornejo et al., 2016; Schneider et al., 2017) e incluyendo entre estos, el anlisis de series
de tiempo (estacion 18; Sobarzo et al., 2007; Escribano et al., 2012; Anabal6n et al.,
2016) la variabilidad interanual y espacial de procesos de mesoescala (Leth y Middleton.,
2004; Correa-Ramirez et al., 2012; Hormazabal et al., 2013; Morales et al., 2013), la
variabilidad interanual impuesta por el ciclo ENOS (Montecinos y Gomez, 2010; Gomez
etal., 2012) y la influencia de procesos remotos en la plataforma costera del SCH centro-
sur de Chile (Shaffer et al., 1997; Hormazabal et al., 2002; Pizarro et al., 2002; Middleton
y Leth, 2004), entre otros. Integrar la informacion y las interacciones que ocurren a todo
nivel, ha sido un reto permanente para los investigadores.

Entre los factores més importantes, destaca la surgencia, la cual ha sido ampliamente
descrita como uno de los principales promotores de las altas tasas de produccion primaria
(Daneri et al., 2000; Montero et al., 2007) en el SCH. Esta alta productividad es producto,
entre otros factores, del transporte a la zona fética de Agua Ecuatorial Subsuperficial
(AESS), una masa de agua caracterizada por presentar altas concentraciones de nutrientes
(20-40 uM nitrato, 2.6-3 uM fosfato; 25-40 uM silicato), baja temperatura (8.5-10.5°C),
baja concentracion de oxigeno (4.4-44.6 uM, 2-15% saturacion) y alta salinidad (34.4—
34.9) (Silva et al., 2009). La AESS es transportada hacia el polo por la Corriente
Subsuperficial Chile-Pert (PCUC) la cual se origina en las costas de Perd, cerca de 5°S,
y fluye hasta el Golfo de Penas (48°S, Wooster y Gilmartin, 1961; Wooster y Reid, 1963;
Silva y Neshyba, 1979). La variabilidad estacional del transporte de la AESS por la
PCUC, junto con la descarga de los rios presentes en la zona (ej. Biobio e Itata; Salamanca
y Pantoja, 2009; Iriarte et al., 2012; Vargas et al., 2012), son factores que influyen
directamente en la distribucion espacio/temporal de los nutrientes en la plataforma
continental. Sumado a lo anterior, dinamicas de transporte horizontal y vertical, junto con
la mezcla vertical, también generan variabilidad en la distribucion de nutrientes de la
columna de agua (Echevin et al., 2008). Los procesos de adveccion, la variabilidad
estacional del AESS vy la descarga de los rios, pueden inducir limitacion de nutrientes
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para el crecimiento del fitoplancton, el cual también se encuentra condicionado a la
variabilidad estacional de la luz en la zona centro-sur de Chile (Montero et al., 2007;
Daneri et al., 2012). Adicionalmente, limitacion paralela o colimitacion de nutrientes
puede presentarse en aguas superficiales de zonas costeras las cuales al ser altamente
dindmicas, son particularmente propensas a la escasez simultanea de muchos nutrientes
(Saito et al., 2008). Colimitacion ocurre por lo tanto, cuando dos (0 mas) nutrientes han
sido removidos simultdneamente a niveles en los cuales, la adicion de uno o de todos es
requerida para estimular el crecimiento del fitoplancton (Moore et al., 2013).
Concentraciones absolutas de nutrientes en la superficie del océano, o sus relaciones
estequiométricas, pueden indicar el potencial de limitacion existente para el crecimiento
del fitoplancton en el &rea a estudiar (Saito et al., 2008).

Esta Tesis se ha focalizado en los tres topicos detallados anteriormente, los cuales estan
intimamente relacionados. En el Capitulo 1 se analiza la evolucion temporal de la
surgencia y el hundimiento en un periodo de 25 afios, en el Capitulo 2 se investiga la
variabilidad estacional e interanual de la PCUC y su transporte hacia el polo y en el
Capitulo 3, se estudia la dindmica de adveccion y mezcla de nutrientes potencialmente

limitantes para el crecimiento del fitoplancton.

5.1. Evolucion temporal de la surgencia/hundimiento en la zona centro-sur de Chile y su
posible efecto en la productividad biologica

Los resultados de esta Tesis revelaron que los eventos favorables a surgencia decrecieron
en intensidad y duracion durante el periodo analizado, detectandose a través de la
variabilidad interanual de la intensidad y la duracion promedio, una disminucién de ~
4Nm2 dia con ~8 dias de duracion a ~ 2Nm dia con ~6 dias de duracion los Gltimos
afios. Es posible observar estos cambios claramente a partir de 1998. A pesar de esto, la
frecuencia en el nimero de eventos parece aumentar a partir de ese mismo afio, sobre
todo durante los meses de otofio-invierno. Por lo tanto, podemos decir que los eventos
favorables a surgencia han disminuido en duracion e intensidad, pero su frecuencia ha
aumentado.

Cushman-Roisin (1994) ha construido un indice a partir de la magnitud y duracion del
estrés del viento favorable a surgencia denominado impulso del viento (“wind impulse”).
El impulso del viento conduce a que la interfase de densidad alcance o no alcance la
superficie del océano, dando lugar a una surgencia parcial o completa (Csanady, 1977).

Surgencia completa, implica la formacion de un frente de densidad superficial, el cual es
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una zona frontal estrecha donde ocurren rapidos cambios de densidad, esto también ha
sido denominado frente de surgencia (Brink, 1987). Cushman-Roisin (1994) utilizando el
radio de deformacion interna (R) y otros parametros, determiné la duracion y la distancia
final de un frente de surgencia. El autor establece, que eventos de surgencia con una
duracion de 10-12 dias, podrian movilizar el frente de densidad a una distancia de 5 km
de la costa. Basado en esto ultimo y en que los resultados de la presente investigacion
muestran que la intensidad y duracién de los eventos favorables a surgencia han
disminuido durante los tltimos afios analizados a ~ 2Nm dia y ~6 dias, respectivamente,
el frente de densidad o frente de surgencia se extenderia solamente hasta ~3 km. Sin
embargo, aunque estos resultados indiquen que el frente alcanzaria menos distancia que
aquellos eventos mas intensos y mas largos presentes al inicio de la serie (~ 4ANm2 dia y
~8 dias, ~4 km frente de densidad) el aumento en la frecuencia de los eventos favorables
a surgencia observado en el periodo total, podrian compensar la disminucion en la
duracién y distancia alcanzada.

La disminucion en la intensidad y duracion de los eventos favorables a surgencia en el
SCH, puede alterar significativamente factores fisicos y biogeoguimicos involucrados en
producir las altas tasas de productividad primaria reportadas (Montero et al., 2007; Daneri
et al., 2012). Si los eventos favorables a surgencia son menos intensos y mas cortos, la
cantidad de agua que arriba junto con la masa de Agua Ecuatorial Subsuperficial (AESS)
rica en nutrientes hacia aguas superficiales podria verse afectada. Los resultados
reportados en el Capitulo 2 de esta Tesis muestran que 20% y 14% de los flotadores
virtuales lagrangianos liberados (representan a la AESS) en 33° y 37°S en la Corriente
Subsuperficial Chile-Peri (PCUC), alcanzan la superficie (Vergara et al., 2016); en
consecuencia, la disminucion en la intensidad de los eventos favorables a surgencia podria
disminuir de manera importante el suministro de nutrientes a la zona costera afectando a
la productividad bioldgica del sistema.

Numerosas son las investigaciones que indican cambios en los vientos favorables a
surgencia las ultimas décadas (ej. Sydeman et al. 2014; Varela et al., 2015). Al contrario
de lo encontrado en esta Tesis, algunas de estas destacan que en zonas de borde oriental
(como el SCH) el calentamiento global forzaria la intensificacion de vientos favorables a
surgencia durante las estaciones célidas (primavera-verano), como consecuencia de un
incremento en los gradientes de presion tierra-océano (Bakun, 1990). Otros autores han
reportado que producto de una intensificacion del APS y un desplazamiento hacia el sur

de su nucleo (Falvey y Garreaud, 2009; Goubanova et al., 2011; Belmadani et al., 2014;
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Schneider et al., 2017), los vientos costeros favorables a surgencia, se intensificaran a lo
largo de las costas chilenas (Garreaud y Falvey, 2008). Si bien, las recientes inclinaciones
en torno al estudio del viento en zonas de alta productividad apoyan la hipétesis del
aumento de la surgencia, esta sigue siendo una postura controvertida. Investigaciones
realizadas en diferentes SSBO, han presentado resultados contradictorios, los cuales
indican que las estimaciones de viento desde diferentes bases de datos, pueden diferir en
tendencia y variabilidad (Sydeman et al., 2014). Adicionalmente, las series de tiempo
disponibles actualmente son limitadas en cuanto a su duracion, calidad y extension
espacial, ademas, los resultados obtenidos de diferentes productos de datos en la misma
area pueden variar debido a que son altamente dependientes de la longitud de la serie
temporal (Varela et al., 2015).

Es necesario por lo tanto, contrastar los resultados de intensidad (Nm dia), duracion y
numero de eventos favorables a surgencia y hudimiento obtenidos en el primer Capitulo
de esta Tesis con datos satelitales de viento provenientes de productos atmosféricos de
re-analisis, los cuales han sido utilizados por otros autores en la zona de estudio (Astudillo
et al., 2017) y compararlos también, con otras estaciones meteorolégicas a lo largo del
SCH en el mismo periodo que este estudio.

En consecuencia, en base a los resultados del Capitulo 1, se rechaza la Hipdtesis 2, la
cual planteaba que la intensidad de los eventos favorables a surgencia ha aumentado
durante el periodo 1988-2013.

Aunque en la zona de estudio se ha reportado que los eventos favorables a surgencia
prevalecen la mayor parte del afio (ej. Shaffer et al., 1997; Rutllant y Montecino, 2002;
Ranh y Garreaud, 2013), los resultados de esta Tesis demuestran que el nimero de
eventos favorables a hundimiento presentd un porcentaje no despreciable en el periodo
de tiempo total analizado. El porcentaje del nUmero de eventos favorables a surgencia y
favorables a hundimiento respecto al total fue de 63% y 37%, respectivamente. Si bien,
el porcentaje de numero de eventos favorables a hundimiento no es bajo, el nimero de
eventos favorables a surgencia sigue predominando en la zona de estudio.

La variabilidad interanual de la intensidad de los eventos favorables a hundimiento, reveld
que esta disminuyo levemente durante el periodo analizado, desde ~ 5Nm2 diaa ~ 4 Nm-
2 dia en 2012. A pesar de esto, la correlacion entre intensidad versus afios analizados no
fue significativa (p>0.05). Respecto a la duracion y frecuencia de eventos favorables a
hundimiento, se observd gque estos no presentaron ninguna tendencia aparente (p>0.05),

permaneciendo en ~3 eventos promedio anuales, con una duracién promedio anual de ~2

130



dias. Por lo tanto, a diferencia de los eventos favorables a surgencia, los eventos
favorables a hundimiento disminuyeron levemente su intensidad en el periodo de tiempo
analizado, pero su frecuencia y duracion, no se vio alterada. Probablemente las
condiciones 0 umbrales que se utilizaron en estos analisis influenciaron estos resultados,
ya que se observo que la mayoria de los eventos favorables a hundimiento de alta
intensidad, se producen en escalas menores a 24 horas. Para efectos de esta Tesis, se
trabajé con eventos mayores a 1 dia, e incluso mayores a 3 dias, lo cual corresponde a
escalas de tiempo en las cuales se produce alguna respuesta en el ecosistema, como ha
sido reportado en el caso de la surgencia (Dugdale et al., 1990; Botsford et al., 2006;
Garcia-Reyes and Largier, 2010).

En otros sistemas de borde oriental, como el Sistema de la Corriente de California, se ha
reportado que fases célidas del EI Nifio Oscilacidn Sur, estarian asociadas con un inicio
tardio de la temporada de surgencia y con una mayor intensidad del hundimiento (Bograd
et al., 2009; Bylhouwer et al., 2013). Otros autores han encontrado que la variacion
espacial de la surgencia/hundimiento presenta tres sefiales dominantes de baja frecuencia
en el rango de 33, 19 y 11 afios, las cuales se asemejan a la periodicidad de la circulacién
atmosférica, del ciclo nodal lunar y de los ciclos de actividad solar (Saldivar-Lucio et al.,
2016). En esta Tesis no se analizan escalas de baja frecuencia, pero la evidencia sefiala
que debieran ser consideradas en futuras investigaciones.

Para observar las diferencias entre los eventos favorables a surgencia durante otofio-
invierno versus los eventos favorables a surgencia presentes en primavera-verano, se
determind la relacién entre la intensidad y el largo del evento para el total de la serie de
tiempo (1988-2013). Se establecié que la correlacion para ambos periodos fue similar
(rho=0.81, p<0.05, otofio-invierno; rho=0.89, p<0.05, primavera-verano). El nimero total
de eventos favorables a surgencia en otofio-invierno fue de 754 y de 767 en primavera-
verano. A pesar de la similitud de estos valores, la intensidad méxima en otofio-invierno
fue mucho menor que la presente en primavera-verano con ~10 Nm dia y ~25 Nm dia,
respectivamente. Aunque que la intensidad en otofio-invierno no es tan alta, se ha
observado que los eventos favorables a surgencia en esta época, han aumentado su
frecuencia sobre todo a partir del afio 1998, época en la cual se reportd uno de los eventos
El Nifio més intensos del siglo XX (Nifio 1997-1998; Montecinos y Gémez, 2010).

En otros SSBOs, autores como Varela et al. (2010) han estudiado las respuestas
biogeoquimicas y el acoplamiento bento-pelagico durante surgencia invernal, resaltando

que los eventos favorables a surgencia en esta época se han vuelto recurrentes a lo largo
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de la plataforma Ibérica Occidental (Alvarez et al., 2003). Estos autores reportaron la
presencia de afloramientos fitoplanctonicos durante el periodo otofio-invierno como
consecuencia de un aumento en la radiacién solar, la cual coincidié con la presencia de
vientos favorables de surgencia, los cuales promovieron ademas del ingreso de nutrientes
y propiciaron la mezcla en la columna de agua. Schroeder et al. (2009) plantean que la
surgencia (temprana) de invierno, incluso cuando presenta una débil magnitud o corta
duracién, fertiliza a la region costera central de la Corriente de California con suficientes
nutrientes para asegurar una alta productividad y disponibilidad de presas que mantengan
a una poblacion reproductora de aves marinas adulta mas sana, impulsando incluso, el
inicio temprano de la temporada de cria. Black et al. (2011) determinaron la existencia de
dos modos en la Corriente de California, uno para las condiciones de surgencia invernal
y otro para la surgencia de verano. El primer modo (surgencia invernal) se caracteriz6 por
la variabilidad de alta frecuencia asociada con el Pacifico Norte y eventos El Nifio, y el
segundo modo (surgencia estival) se asocio a procesos de baja frecuencia (multidecadal).
La diferenciacion entre estos dos conjuntos de condiciones podria ser relevante no so6lo
en las escalas de tiempo interanuales, sino también en relacion con las tendencias a largo
plazo asociadas al cambio climatico global.

De acuerdo con lo encontrado en esta Tesis y lo planteado para otros SSBO, se han
observado cambios en la frecuencia de los eventos favorables a surgencia en la época
otofio-invierno. Si estos eventos se vuelven mas frecuentes (aumentando la mezcla de la
columna de agua) y si las condiciones ambientales lo permiten (aumento de luz PAR), la
surgencia invernal podria generar cambios importantes en el ecosistema de la zona centro-
sur de Chile. Por ejemplo, el inicio de temporada de surgencia podria adelantarse, la cual
para esta area se ha establecido que comienza en septiembre o que simplemente se
desarrollen grandes afloramientos fitoplanctonicos, ya que ademas en esta época aumenta
la descarga de los rios y nutrientes aloctonos al sistema (Salamanca y Pantoja, 2009).

A pesar que la frecuencia en el nimero de eventos favorables a surgencia durante otofio-
invierno ha aumentado, estos eventos son mucho menos intensos que los encontrados en
la época estival. Por lo tanto, se rechaza la Hipotesis 1, la cual planteaba que frecuencia
e intensidad de vientos favorables a surgencia en la zona costera frente a Concepcion
(36°S) durante otofio-invierno, puede generar eventos favorables a surgencia de gran
magnitud, comparables a los que se presentan en la época estival.

Para observar las diferencias entre los tipicos eventos favorables a hundimiento durante

otofio-invierno versus los eventos favorables a hundimiento en primavera-verano, se
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determind la relacion entre la intensidad y el largo del evento para el total de la serie
(1988-2013). Se establecid que la correlacion para ambos periodos fue similar (rho=0.71,
p<0.05, otofio-invierno; rho=0.64, p<0.05, primavera-verano). El nimero total de eventos
favorables a hundimiento en otofio-invierno fue 523 y en primavera-verano 352. La
intensidad maxima en otofio-invierno fue mayor que la presente en primavera-verano con
>25 Nm dia y ~10 Nm dia, respectivamente. A pesar que la intensidad y duracion de
los eventos favorables a hundimiento presentes en la época estival son bajos comparados
a la época invernal, se ha comprobado que la frecuencia del numero de eventos en
primavera-verano ha aumentado levemente a partir del afio 1998, lo cual coincide con lo
reportado para eventos favorables a surgencia. Futuras investigaciones deberian
profundizar entre la relacion del hundimiento versus eventos El Nifio para la zona centro
sur de Chile, ya que como se sefialé con antelacion, en 1998 se registr6 uno de los eventos
Nifio mas fuertes reportados para SCH (1997-1998, Montecino y Gomez, 2010; Gémez
etal., 2012).

Los resultados obtenidos en la presente investigacion permiten rechazar la Hipotesis 3
planteada en el Capitulo 1, la cual sefiala que durante primavera-verano en la zona costera
frente a Concepcion (36°S), la frecuencia de eventos favorables a hundimiento, puede ser
tan importante como en la época invernal. Si bien estos eventos han aumentado en la
época estival, nuestros resultados demuestran que su frecuencia no es tan alta como la

exhibida durante otofo-invierno.

5.2. Variabilidad estacional de la Corriente Subsuperficial Chile-Pert (PCUC)

Las corrientes subsuperficiales hacia el polo como la PCUC, son frecuentes en todos los
SSBO (Fonseca, 1989; Neshyba et al., 1989; Hill et al., 1998) presentandose en latitudes
medias y opuestas al flujo superficial que se dirige hacia el ecuador (Pierce et al., 2000).
Estas corrientes subsuperficiales usualmente alcanzan velocidades a lo largo de la costa
de 0.05 a 0.2 m/s, distribuyéndose entre 150 y 300 metros de profundidad (Hickey, 1979;
Gay y Chereskin, 2009; Thomson and Krassovski, 2010).

El transporte y la velocidad de la PCUC estimada en esta investigacion, fueron similares
a los reportados en otros estudios de modelacidn realizados en la misma zona de estudio
(Aguirre et al., 2012). El m&ximo transporte detectado en las simulaciones realizadas en
esta Tesis fue 0.94 Sv en 30°S durante primavera, valor cercano a lo encontrado por otros
autores a través de mediciones in situ en la misma latitud (1 Sv; Shaffer et al., 1997, 1999;

Pizarro et al. 2002). Otro aspecto importante observado en la simulacion realizada, son
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los cambios latitudinales que experimenta la PCUC, tanto en su ancho (kilbmetros), como
en la profundizacion de su nucleo de mayor velocidad. Los resultados revelaron que en
30°S se localiz6 la maxima velocidad latitudinal, la cual se presentdo a 120 m de
profundidad. En 33°S este nucleo se observé a 218 m de profundidad, en 36°S a 230 m y
en 39°S, alcanz6 la mayor profundidad, la cual fue 260 metros. Estos resultados son
coherentes a lo reportado por Leth et al. (2004), quienes también encontraron diferencias
en la localizacion del ndcleo de maxima velocidad de esta corriente a lo largo de la costa,
reportando que en 28°S la mayor velocidad se observo en 163 m, en 35°S a 190 m y en
43°S, la maxima velocidad se detect6 en 253 m de profundidad.

La PCUC simulada, present6 cambios estacionales notorios en su transporte. En 30°S fue
0.94 Sv durante primavera, en 33°S el maximo valor fue 0.9 Sv durante verano, en 36°S
el mas alto se presentd durante verano con 0.71 Sv y durante otofio en 39°S se observé el
méaximo valor (0.48 Sv). En esta Gltima latitud durante invierno y principios de primavera,
los mas bajos transportes de la PCUC, coinciden con los mas bajos valores de estrés del
viento. Adicionalmente, el rotor del estrés del viento entre 37° y 40°S registrd los
maximos valores entre mayo y octubre, es decir durante invierno y primavera. Por lo
tanto, la disminucion de la intensidad de la PCUC hacia el polo, podria ser generada en
parte, por la disminucion del estrés del viento y el aumento del rotor del estrés del viento
hacia el sur. Para determinar el vinculo entre la PCUC y el forzamiento del viento, se
calcularon el transporte meridional de la corriente y el transporte de Sverdrup (1947) a
partir del rotor del estrés del viento (datos SCOW). Estos célculos se realizaron en dos
bandas, de 50 km y 100 km cada una. En 30° y 36°S, el transporte promedio de Sverdrup
calculado en la banda de 50 km coincide con el transporte modelado. Los resultados
sugieren que el flujo promedio de la PCUC puede ser en parte explicado por la teoria del
forzamiento de Sverdrup en algunos sectores a lo largo de la costa de Chile centro-sur,
pero no en toda el area de estudio. La dinamica del impacto del rotor del viento ha sido
observada en otros SSBOs. Pedlosky (1974), a través de un andlisis tedrico, sugiere que
una corriente subsuperficial en direccion al polo a lo largo de un borde oriental, se
beneficiaria de un rotor del estrés del viento positivo (Hemisferio Norte). Marchesiello et
al. (2003) reportaron que simulaciones regionales (ROMS) y el transporte de Sverdrup a
partir del rotor del estrés del viento, fueron consistentes en el Sistema de Corrientes de
California. Albert et al. (2010) mostraron que un fuerte rotor del estrés del viento

favorable a surgencia en el SCH frente a Per(, indujo el arribo de la corriente
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subsuperficial a la costa y genera una amplia zona costera productiva a través de la
surgencia de aguas ricas en nutrientes.

La PCUC por lo tanto, es altamente influenciada por el forzamiento del viento. Los
mayores transportes de esta corriente, coinciden con las épocas en las cuales se detecta la
mayor intensidad de vientos favorables a surgencia, es decir, primavera y verano. Junto
con esto, la disminucion latitudinal del transporte concuerda con la disminucion del
viento hacia el sur del area de estudio. Alta intensidad del viento favorable a surgencia en
la época estival, induce a que la PCUC alcance las mayores velocidades y transporte. En
épocas de vientos debiles favorable a surgencia, es decir principalmente durante inverno,
esta corriente adquiere bajas velocidades y bajo transporte. Asi también lo reportaron
Blanco et al. (2001), los cuales encontraron que esta corriente se fortalece en verano y se
debilita en invierno. Fonseca (1992), destaca ademas, que durante verano la PCUC se
localiza cerca de la costa ocupando una extensa area, contrario a lo que se observa durante
invierno. Por lo tanto, si la intensidad de los vientos favorables a surgencia disminuye, tal
como se muestra en el Capitulo 1, la velocidad y el transporte de esta corriente pueden
verse muy afectados, debilitandose en su desplazamiento hacia el polo y afectando el
arribo de la masa de AESS a la plataforma costera de la zona centro-sur de Chile.

La PCUC transporta a la AESS a lo largo de la plataforma continental del SCH (Silva and
Fonseca, 1983; Strub et al., 1998), masa de agua que arriba a las costas a través de la
surgencia y es responsable de las bajas concentraciones de oxigeno (Fuenzalida et al.,
2009; Ulloa and Pantoja, 2009; Hernandez-Miranda et al., 2010, 2017) y de las altas
concentraciones de nutrientes que favorecen a la productividad primaria en la zona centro
sur de Chile (promedio anual de 10-20 g Cm™ dia*, Daneri et al., 2000; Montero et al.,
2007). Para determinar las trayectorias de las particulas transportadas por la PCUC y el
tiempo necesario para que suban a la superficie (hasta 50 m), se liberaron flotadores
virtuales en la corriente a 33° y 37° S. La mayoria de los flotadores que se desplazaron
hacia el polo a lo largo de la PCUC, arribaron a superficie al sur de ambas secciones de
liberacion. Los porcentajes mas altos de flotadores que fueron trasladados a superficie se
registraron en latitudes cercanas al area de liberacion. Por ejemplo, el 40% de los
flotadores liberados en 33°S arribaron entre 33° y 34°S y tardaron en promedio 50 dias
en alcanzar 50 metros de profundidad. Del mismo modo, mas del 50% de los flotadores
liberados en 37°S ascendieron entre 37° y 38°S y demoraron ~56 dias en hacerlo. Sin
embargo, un porcentaje significativo de flotadores cambid de direccion y terming al norte

de las secciones de liberacidn. Probablemente fueron transportados hacia el norte a través
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de corrientes superficiales inducidas por el viento, o fueron atrapadas y transportadas por
corrientes asociadas a remolinos inter-termoclina. Algunos autores han descrito la
presencia de remolinos intratermoclina en el SCH (Leth y Middleton, 2004; Hormazébal
et al., 2013), generados por inestabilidades baroclinicas alrededor de 37°S (Punta
Lavapie). Estos remolinos, que transportan nutrientes y bajas concentraciones de oxigeno,
caracteristicas tipicas de la AESS, también pueden transportar particulas hacia el norte,
haciendo bastante complejo determinar el origen de las particulas que alcanzan la
superficie durante la surgencia. Ademas, el porcentaje de particulas que efectivamente
alcanzaron la superficie a través de la surgencia no supero el 20%. Sin embargo, no se
detectaron grandes diferencias estacionales en el porcentaje promedio de particulas que
arribaron a superficie, sobre todo en 33°S, cuyos valores se sitdan alrededor de 20%. En
36°S se observaron mayores diferencias; por ejemplo, en otofio el porcentaje fue 13.9%
y en verano de 16%. El viento climatolégico utilizado en el forzamiento de esta
simulacion, el cual no representa las frecuencias diarias y sindpticas que se han descrito
como los principales componentes del estrés del viento a lo largo de la costa del centro-
sur de Chile (Sobarzo et al., 2007, 2010), probablemente influyeron en estos resultados.
Diferencias estacionales, mensuales y sinopticas del estrés del viento favorable a
surgencia, también fueron detectadas en esta Tesis, como se ha descrito en el Capitulol.
Un proximo desafio seré realizar simulaciones forzadas con viento diario y comprobar si
efectivamente, ese es un factor clave en inducir tan bajas diferencias estacionales en el
porcentaje de flotadores trasladados por la PCUC.

Respecto a los resultados obtenidos en el capitulo 2, se acepta la Hipotesis 4, la cual
plantea que la corriente subsuperficial Chile-Pert (PCUC) disminuye su velocidad y
transporte latitudinal (Sv) hacia el polo, presentando diferencias estacionales importantes.
También se acepta la Hipdtesis 5, la cual propone que un importante porcentaje de
particulas que transporta la PCUC a lo largo de la plataforma centro-sur de Chile, son
trasladadas a superficie a través de la surgencia, ya que si bien en promedio entre 20% y
14% de las particulas liberadas llegan a superficie en 33° y 36°S, respectivamente, se
observaron altos porcentajes al sur de las secciones de liberacion, 40% en 33°S y > 50%
en 36°S.
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5.3. Dinamica de transporte de nutrientes potencialmente limitantes para el crecimiento
del fitoplancton en la zona centro-sur de Chile

La disponibilidad de nutrientes en la zona eufética depende de varios factores. En el SCH
frente a Chile centro-sur, la inyeccidn de nutrientes a la capa de mezcla a través de la
surgencia es responsable, entre otros factores, de las altas tasas de produccion primaria
reportadas en esta zona (Daneri et al. 2000; Montero et al., 2007). Sin embargo, el ingreso
de agua dulce proveniente de rios (Biobio e Itata), suministran importantes cantidades de
metales traza y nutrientes (Salamanca y Pantoja, 2009), asi como también materia
organica terrestre (Vargas et al., 2012) a la plataforma continental, contribuyendo a
realzar la produccion bioldgica de esta zona.

Los resultados observados en el Capitulo 3 de esta Tesis, han permitido reproducir el ciclo
anual de los nutrientes nitrato, fosfato y silicato, los cuales presentan sus mayores
concentraciones en la época estival, coincidiendo con el periodo en el que aumentan los
vientos favorables a surgencia (Sobarzo et al., 2007; ver ademas resultados del Capitulo
1 de esta Tesis). Estas altas concentraciones de nutrientes, son tipicas del AESS (Silva et
al., 2009), la cual es transportada por la PCUC a lo largo de la plataforma continental de
Pert y Chile (Strub et al., 1998; Vergara et al., 2016). La PCUC y su desplazamiento
hacia el polo, se fortalece en primavera-verano y se debilita en invierno, proceso que es
altamente influenciado por el estrés del viento y por el rotor del estrés del viento (Albert
etal., 2010; Vergara et al., 2016), tal como se ha mostrado en los resultados del Capitulo
2 de esta Tesis.

El fitoplancton estd constituido por un gran nimero de especies que se distribuyen en
conjuntos espacial y temporalmente dinamicos. La disponibilidad de mecanismos fisicos
de transporte (que limitan la dispersion), caracteristicas bioldgicas (ej. tasa de
crecimiento, tipo funcional, requisitos fisicos y quimicos particulares) e interacciones
bidticas (ej. competencia, depredacion) determinan la presencia de distintos subconjuntos
de especies. En los sistemas de surgencia, diferentes especies de fitoplancton utilizan una
variedad de mecanismos o estrategias funcionales (por ejemplo, mixotrofia), que les
permiten aprovechar los multiples nichos que se generan a partir de las cambiantes
condiciones de temperatura, luz, turbulencia y disponibilidad de nutrientes (Lamont et
al., 2014; Vidal et al., 2017). Los factores e interacciones que determinan el crecimiento
del fitoplancton son complejos, ademas de las caracteristicas funcionales de cada especie.
Destacan entre estos la profundidad de la capa de mezcla, la surgencia, la luz, la limitacion

por nutrientes y el transporte de nutrientes. La adveccion (o transporte) y mezcla de
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nutrientes, son procesos fisicos que explican en parte la variabilidad de la clorofila en la
zona costera (Williams y Follow, 2011). Los movimientos verticales (adveccion vertical)
juegan un rol clave en el intercambio de calor y propiedades biogeoquimicas entre la
superficie y el océano profundo. En sistemas de surgencia, en areas de frentes costeros y
en remolinos de mesoescala, la velocidad vertical es fundamental y puede contribuir de
manera relevante, al suministro de nutrientes en la zona eufética (Mahadevan, 2014). En
remolinos de mesoescala, tanto la adveccion horizontal como la vertical inducida por
bombeo de Ekman y bombeo de remolinos (Klein and Lapeyre, 2009; Siegel et al., 2011;
Chelton et al., 2011) determinan, entre otros factores, la distribucion de la clorofila.

Al igual que con los nutrientes, la simulacion ROMS/PISCES desarrollada en esta Tesis,
ha permitido reproducir el ciclo anual de la clorofila, exhibiendo altas concentraciones
los primeros 20 metros de la columna de agua durante primavera-verano. El incremento
de los nutrientes en la capa eufética debido a la surgencia y el arribo de la AESS, junto
con el aumento de la intensidad de la radiacion solar en la época estival, constituyen los
principales factores que desencadenan afloramientos fitoplanctdnicos en la costa de la
zona centro-sur de Chile (Montero et al., 2007). La sefial anual de clorofila cerca de la
costa (<200 km) en esta zona, es gobernada principalmente por el estrés del viento y por
corrientes asociadas a ondas de Rossby que se propagan hacia el oeste (Correa-Ramirez
etal., 2012).

La co-limitacion de nutrientes y luz para el crecimiento del fitoplancton, el cual es el
principal responsable de la alta concentracion de clorofila en el SCH (Gonzélez et al.,
2007; Montero et al., 2007; Morales y Anabalon, 2012), fue analizada solo para las
diatomeas, ya que fueron el grupo dominante en la simulacién (~70 %).

Como es de esperar, de acuerdo al ciclo anual de la radiacion solar (Sobarzo et al., 2007;
Rain et al., 2014) en otofio e invierno, la limitacion por luz se extendi6é desde la region
costera (<100 km) hasta ~200 km fuera de la costa. Los principales nutrientes
potencialmente limitantes fueron silicato, Fe, nitrato y ocasionalmente fosfato. Silicato y
Fe limitaron cerca de la costa (~100 km) desde enero hasta abril, con limitacion
predominante de silicato. Durante estos mismos meses, nitrato limito fuera de la costa
entre ~75°W a 80°W. Se observ6 ademas, que entre mayo y agosto, la extension espacial
en la limitacion de silicato y luz incrementaron a través de la zona costera,
sobreponiéndose a la limitacion de nitrato durante la misma época. La limitacion por Fe
incrementd en primavera, especialmente durante noviembre, extendiéndose incluso fuera

de la costa. Resultados similares fueron encontrados por Bonnet et al. (2008) en una
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region del borde sureste del giro del Pacifico Sur localizada entre 34°S; 92°W. Estos
autores encontraron que Fe controlaba la eficiencia fotosintética y la produccion primaria
de esta area. Ellos reportaron que la produccién primaria podria estar limitada por Fe en
los bordes del giro, mientras que en el centro del giro, predominé la limitacién por
nitrégeno.

La limitacién de nutrientes ha sido reportada en algunos SBBO (Messie y Chavez, 2015).
En el sistema de surgencia de Peru se ha propuesto encontrado que el hierro limita al
fitoplancton en invierno (Hutchins et al., 2002; Bruland et al., 2005), mientras que silicato
y nitrato serian limitantes durante verano (Echevin et al., 2008; Messié and Chéavez,
2015). En el Sistema de la Corriente de California, se ha encontrado que el hierro ejerce
un control fundamental sobre la disminucion en la disponibilidad de nitrato y silicato
(Hutchins et al., 1998). Quifiones et al. (2010) han reportado para algunas areas del SCH,
déficit de nitrégeno comparado con fésforo. Observaron que la relacion AN/AP presento
valores significativamente mas bajos que los valores Redfield. Los resultados obtenidos
mediante la simulacion desarollada en esta tesis, son consistentes a los resultados
reportados por Anabalon et al. (2016) los cuales estan basados en observaciones de
terreno en la misma zona de estudio. Ellos observaron un decrecimiento en silicato y un
moderado incremento de nitrato producto principalmente de una disminucion en la
descarga de los rios en la zona (Rios Biobio e Itata) resultando en la reduccién de razén
Si/N. Un cambio en esta razon asociado a un aumento en la concentracion de nitrato en
la costa, sin incremento de silicato, influye directa y negativamente en el crecimiento de
las diatomeas, dejando a las células limitadas por silice.

Dado que silicato fue el principal nutriente potencialmente limitante en la simulacién, los
términos de transporte, fueron calculados para este nutriente. EI modelo fue capaz de
simular aquellas zonas con predominio de adveccion vertical, las cuales constituyen focos
de surgencia importante, localizdndose cerca de 30°-32°S, 33°-34°S, 35°-36°S y 37°-38°S.
Algunas de estas zonas han sido destacadas previamente en la literatura local, por
ejemplo: Punta Lengua de Vaca (30.24°S), Curaumilla (33.1°S), Punta Nugurne (35.9°S)
y Punta Lavapié (37.15°S) (Figueroa and Moffat, 2000; Aiken et al., 2008; Strub et al.,
1998). Punta Lavapie (37.15°S) ha recibido especial atencién ya que se ha calificado
como el mayor centro de surgencia del SCH de Chile (Leth and Shaffer, 2001; Valle-
Levinson et al., 2003; Leth and Middleton, 2004) y donde procesos de adveccion
horizontal de remolinos ha sido reportada (Correa-Ramirez et al., 2012; Hormazabal et
al., 2013).

139



Por otro lado, como se esperaba en este tipo de analisis para los términos de transporte y
basado en la conservacion de masa, la adveccion horizontal equilibro parcialmente a la
adveccion vertical. Se observo que en verano mientras la surgencia, y por ende la
adveccion vertical fueron altas, el decrecimiento de silicato a través de adveccion
horizontal fue intenso. Por lo tanto, la region costera pierde nutrientes mediante procesos
advectivos. Esta pérdida fue compensada por la mezcla vertical. Ademas, la actividad de
remolinos en la zona costera, asociada a procesos de adveccion horizontal, se vincula a
bajos niveles de produccion bioldgica, ejerciendo efectos supresivos en sistemas de
surgencia costera (Gruber et al., 2011).

A pesar que las simulaciones implementadas en el Capitulo 3, representaron
adecuadamente el sistema, se observaron algunas limitaciones. Por un lado, si bien el
ciclo anual de la clorofila modelado reprodujo los altos valores tipicos de primavera-
verano y bajos de otofio-invierno, las concentraciones reportadas, fueron notablemente
mas bajas que las observadas en la estacion 18 y en SeaWIFS. Esto se debe en parte a la
utilizacién de viento climatolégico en el forzamiento de esta simulacion, el cual como se
ha mencionado previamente, no representa las frecuencias diarias y sinopticas que se han
descrito como las principales componentes del estrés del viento a lo largo de la costa del
centro-sur de Chile (Sobarzo et al., 2007, 2010). Diferencias estacionales, mensuales y
sinopticas del estrés del viento favorable a surgencia, también fueron detectadas en esta
Tesis, tal como se ha descrito en el capitulol.

Por otra parte, las ondas atrapadas a la costa (Hormazabal et al., 2002) presentes en el
SCH, pueden modular la produccién primaria, tal como ha sido descrito previamente para
el SCH frente Perl (Echevin et al., 2014). Estas fluctuaciones no estaban bien
representadas en la simulacion, ya que el forzamiento climatol6gico, suavizd la
variabilidad de 60 dias.

Entre los futuros desafios para posteriores simulaciones, estd la inclusion de la
variabilidad diaria y sindptica del viento y de los factores asociados a ondas atrapadas a
la costa.

Finalmente, se acepta parcialmente la Hipoétesis 6, la cual plantea que la adveccion
vertical producto de la surgencia y la mezcla vertical generada principalmente por el
viento se correlacionan positivamente con el ciclo anual de la clorofila en la zona centro-
sur de Chile (30°-40°S; 70°-80°W), ya que si bien los términos de mezcla vertical y la

capa de mezcla (MLD) se correlacionan fuertemente con la clorofila costera (rho=0.77;
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p<0.05, mezcla vertical y rho=0.83, p<0.05, MLD), existe una baja correlacion entre

clorofila y la adveccion total (rho=0.54, p>0.05).
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6.- CONCLUSIONES

1.- Los eventos favorables a surgencia entre los afios 1988-2013 en la zona centro sur de
Chile, han disminuido en intensidad y en duracion, no asi en el nimero de eventos, los

cuales son cada vez més frecuentes, especialmente durante los meses de otofio-invierno.

2.- Los eventos favorables a hundimiento entre los afios 1988-2013 en la zona centro sur
de Chile han disminuido en intensidad, pero la duracion y frecuencia mantuvieron valores
relativamente constantes a lo largo de toda la serie, con 2 dias de duracién promedio anual

y 3 eventos promedio anual.

3.- El porcentaje del nimero de eventos favorables a surgencia y favorables a
hundimiento respecto al periodo total analizado es de 63% y 37%, respectivamente. Si
bien, el porcentaje del nimero de eventos favorables a hundimiento no es despreciable,

los eventos favorables a surgencia predominan en toda la serie.

4.- Respecto a la evolucion temporal de los eventos favorables a surgencia entre 1988-
2013 presentes en el ciclo diario, se observé que entre las 12:00 y 23:00 pm, la intensidad

disminuyd notablemente, en comparacion al rango entre las 00:00 y 11:00am.

5.- La velocidad y el transporte de la Corriente Subsuperficial Chile-Pert (PCUC),
disminuyen hacia el polo con 0.8 Sv en 30°S, 0.76 Sv en 33°S, 0.76 Sv en 35°S, 0.47 Sv
en 36°S y 0.26 Sv en 39°S.

6.- En 33° y 39°S se observo que la PCUC presentd méaximos subsuperficiales sobre la
plataforma entre 200 y 300 metros de profundidad. Estos maximos se asociaron a la
Contracorriente Superficial Chile-Pert (PCCC) la cual se localiz6 entre 50-100 km fuera

de la costa siendo particularmente intensa durante primavera y verano.

7.- El ancho promedio de la PCUC cambia hacia el sur del area de estudio, con ~50 km
en 30°S, ~100 km en 36°S y ~30 km en 39°S. La abrupta modificacion del ancho en 36°S
puede ser resultado de alteraciones en la topografia, la presencia de una linea de costa

irregular o remolinos intratermoclina.
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8.- El nucleo de maxima velocidad de la PCUC se profundiza en su desplazamiento hacia
el polo, detectandose a ~120 metros en 30°S, a ~218 metros en 33°S, a ~230 metros en
36°S y a ~260 metros en 39°S

9.- 20% y 14% de los flotadores lagrangianos promedio transportados por la PCUC desde
33°y 37°S respectivamente, alcanzan la capa superficial (50 m) después de 6 meses de su
liberacion. La mayoria de los flotadores se desplazaron hacia el sur con la PCUC,

encontrandose los porcentajes mas altos en latitudes adyacentes a las zonas de liberacion.

11.- Los resultados encontrados en esta tesis sugieren que cerca de la costa, el crecimiento
del fitoplancton durante otofio e invierno podria estar limitado por luz principalmente y

por silicato el resto del afio.

12.- A través de esta tesis se sugiere que fuera de la costa la co-limitacion de nutrientes
podria ser principalmente por nitrato durante verano y otofio, y por hierro en invierno y
primavera. Ocasionalmente hierro, nitrato y fosfato podrian ser limitantes dentro y

alrededor de remolinos de mesoescala, revelando complejas estructuras.

13.- La caracterizacion de la estructura espacial y temporal de los flujos de silicato, reveld
aquellas zonas con predominio de adveccién vertical positiva, las cuales constituyen areas
de surgencia importante, localizandose cerca de 30°-32°S, 33°-34°S, 35°-36°S y 37°-38°S.
Algunas de estas zonas han sido destacadas previamente en la literatura local como focos

de surgencia activa.

14.- Los intensos flujos verticales ejercidos por la surgencia costera, fueron totalmente

compensados por los flujos horizontales, sobre todo en verano.

15.- La alta adveccion horizontal observada en esta simulacién, podria estar relacionada
con el transporte de nutrientes inducido por remolinos desde la region costera hasta el

océano abierto durante el periodo de surgencia.

16.- La mezcla vertical fue importante durante todo el afio, particularmente en verano
desempefiando un rol clave en la reposicion de nutrientes de la capa superficial,

compensando los procesos de adveccion horizontal.
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