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RESUMEN
Variabilidad estacional e interanual del transporte de la Corriente Subsuperficial de
Peru-Chile y su relacion con el oxigeno disuelto en la zona central de Chile (30°-38°S)
Matias Pizarro-Koch
2021
Dr. Oscar Pizarro, Profesora Guia

Dr. Marcel Ramos, Profesor Co-Guia

La Corriente Subsuperficial de Pert-Chile (CSPC) nace en la region ecuatorial del
Pacifico Oriental (~5°S) y fluye hacia el sur sobre el talud y la plataforma continental de
Sudamérica transportando Agua Ecuatorial Subsuperficial (AESS). Esta masa de agua esta
estrechamente relacionada con la zona de minimo oxigeno (ZMO) y es la misma que emerge
hasta la superficie debido a la surgencia costera frente a Chile central. E1 AESS se caracteriza
por tener un nucleo salino (~35 en su origen y valores cercanos a 34.4-34.6 frente a la costa
central de Chile), con bajas concentraciones de oxigeno disuelto (OD) <45uM, altas
concentraciones de nutrientes y con altas (bajas) concentraciones de CO; (pH). A pesar de la
conocida relacion que existe entre la CSPC y el transporte de AESS hacia el sur, el rol de la
variabilidad espacio-temporal de la CSPC sobre la ZMO en la zona central de Chile ha sido
poco explorada. Especificamente, los mecanismos fisicos y biogeoquimicos que influyen en la
intensidad y variabilidad de la ZMO. Esto debido a la insuficiente cantidad de observaciones
existentes y al limitado niimero de estudios en la region, tanto observacionales como de
modelacion.

El objetivo general de este estudio es analizar las contribuciones de la adveccion
(horizontal y vertical), la mezcla y los procesos biogeoquimicos en la variabilidad estacional e
interanual del oxigeno disuelto en la columna de agua, frente a la costa central de Chile (30°S-
38°S). Por tanto, se evalua el rol de la CSPS y de la actividad de mesoescala subsuperficial sobre
la variabilidad estacional e interanual de la ZMO. Para este proposito, se utilizé una simulacion
numérica de alta resolucion (1/12°) que acopla un modelo hidrodinamico de circulacion regional

del océano (ROMS) con un modelo biogeoquimico (BioEBUS). La validacion del modelo en



base a observaciones in-situ y con datos climatologicos globales, indican una buena
representacion de los principales procesos oceanograficos de la region de estudio.

Los resultados muestran que el balance estacional e interanual de OD al interior del
volumen de la ZMO es dominado por los procesos fisicos (principalmente adveccion) sobre los
biogeoquimicos (principalmente respiracion oxigénica y nitrificacion). En este sentido, la
variabilidad estacional e interanual del volumen y la intensidad de la ZMO estan altamente
correlacionadas con la AESS y la CSPC. A escala estacional, el transporte hacia el sur de la
CSPC se relaciona con un mayor volumen de la ZMO, mientras que, a escala interanual la CSPC
impacta principalmente la intensidad de la ZMO (es decir, la concentracion promedio de OD
dentro del volumen de la ZMO) y secundariamente su volumen. No obstante, esta modulacion
no es homogénea a lo largo de la costa debido a que otros procesos fisicos intervienen
contribuyendo a modular también la variabilidad del OD; particularmente, procesos como las
corrientes (jets) zonales y los flujos turbulentos asociados a los remolinos de mesoescala.

Estos jets zonales se observan intercalados (positivos y negativos) a lo largo de la costa
cumpliendo un rol clave en la variabilidad del borde exterior de la ZMO. Los jets positivos
(hacia el este) estan asociados con flujos de OD hacia la costa, ventilando y comprimiendo la
ZMO; en contraste, los jets negativos (hacia el oeste) modulan su expansion costa afuera.
Adicionalmente, los flujos turbulentos asociados a la actividad de mesoescala, fluyen
generalmente en direccion contraria al gradiente de OD (es decir, hacia la costa) y cumplen un
rol significativo en la ventilacion ocednica de la OMZ en la region. En consecuencia, estos
transportes zonales de OD se presentan como un nuevo mecanismo fisico de variabilidad que
actta en el limite ocednico de la ZMO modulando su volumen y extension zonal frente a Chile

central.
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ABSTRACT
Seasonal and interannual variability of the Peru-Chile Undercurrent and its
relationships with the dissolved oxygen off central Chile (30°-38°S).
Matias Pizarro-Koch
2021
Dr. Oscar Pizarro, Profesora Guia

Dr. Marcel Ramos, Profesor Co-Guia

The Peru-Chile undercurrent (PCUC) born in the equatorial region and flows southward
transporting oxygen depleted Equatorial Subsurface Water (ESSW) along the slope and
continental shelf. The ESSW is closely related with the Oxygen Minimum Zone (OMZ) and is
the same water that emerges to the upper layer in coastal upwelling periods off central-southern
Chile characterized by a saline core ~35 with low dissolved oxygen (DO) concentrations
<45uM, high nutrient content and high (low) CO; values (pH). Despite the relationship that
exists between the CSPC and the ESSW, the role of the spatial and temporal variability of the
CSPC over the OMZ in central Chile remain mostly unknow. Specifically, the physical and
biogeochemical mechanisms influencing the intensity, and the spatial and temporal variability
of the OMZ. This due in part to the insufficient number of observations and limited number of
observational and/or modeling studies in the region.

The aim of this study is to evaluated the contribution of the advection (horizontal and
vertical), mixing and biogeochemical processes over the seasonal and interannual variability of
the DO in the water column off central Chile (30°S-38°S). Therefore, we assess the role of the
PCUC and the subsurface mesoscale activity on the seasonal and interannual variability of the
OMZ. For this purpose, a high horizontal resolution (1/12°) regional coupled physical-
biogeochemical model (ROMS-BioEBUS) simulation was used and validated with available in-
situ observations, and global climatological data indicating a good representation of the main
oceanographic dynamics of the study region.

The results suggest that the seasonal and interannual DO budget within the OMZ volume

is dominated by the physical (mainly advection) over the biogeochemical processes (mainly

il



oxic respiration and nitrification). In this sense, the seasonal and interannual variability of the
volume and OMZ intensity was highly correlated with the ESSW, and the PCUC. At seasonal
time-scale the poleward transport by the PCUC was related with a higher OMZ volume, whereas
at interannual time-scale the PCUC transport mainly impact the intensity of the OMZ, and
secondarily its volume. Nevertheless, this modulation is not homogeneous along the coast
because other simultaneous processes disturb the meridional DO transport, such as the zonal
currents (jets) and the turbulent transport associated with the mesoscale eddies.

These zonal transport of DO by meridionally alternating (positive and negative) zonal
jets are observed along the coast, playing a key role in the variability of the oceanic OMZ
boundary. The positive (eastward) jets are associated with inshore DO flows ventilating and
compressing the OMZ volume, meanwhile the intensity of the negative (westward) jets
modulate the offshore OMZ expansion. Additionally, the turbulent flows associated with the
mesoscale activity generally flowing in the opposite direction of the DO gradient (i.e. inshore)

are playing a significant role in the ventilation of the OMZ in the oceanic region off central
Chile.

v



1. INTRODUCCION

1.1 Oxigeno disuelto en el océano

Alrededor del 50% del OD de la Tierra fue producido en los océanos por las
cianobacterias (Holland, 2006) siendo este gas fundamental para la vida, para los ecosistemas
marinos y el clima global de nuestro planeta (Breitburg et al., 2018). En el océano, la
distribucion de OD se encuentra condicionada por un complejo balance entre distintos procesos
fisicos y biogeoquimicos, los cuales suceden a distintas escalas de variabilidad espacial y
temporal. Los procesos biogeoquimicos que modulan la distribuciéon de oxigeno se pueden
agrupar en 1) procesos bioldgicos que aportan OD (fuentes de OD), por ejemplo, la fotosintesis
(Gregg and Rousseaux,2019) y i1) procesos bioldgicos que remueven OD del medio (sumideros
de OD) tales como la respiracion oxigénica mediada por bacterias (Kdmpf and Chapman et al.,
2016; Mafmig et al., 2020).

Entre los procesos fisicos que modulan la concentracion de OD se encuentra la
circulacion profunda, con escalas tipicas de cientos de afios y decenas de miles de kilometros
(Ito et al., 2017; Schmidtko et al., 2017). Esta circulacion redistribuye las masas de agua en el
océano contribuyendo a la ventilacion de las aguas profundas e intermedias. Durante la
formacion de una masa de agua en zonas de altas latitudes, el aumento de la densidad promueve
el hundimiento de las aguas superficiales, usualmente saturadas con OD, transportando sus
propiedades (oxigeno, nutrientes, temperatura y salinidad, entre otros) hacia el interior del
océano (Warren, 1981; Portela et al., 2020). No obstante, a medida que las aguas se desplazan
por las cuencas ocednicas la materia orgénica es respirada, modificando la concentracion de
nutrientes y de OD. En consecuencia, el OD de una masa de agua esta estrechamente ligado a
su edad, la que corresponde al tiempo transcurrido desde que la masa de agua perdié contacto
con la atmosfera (Karstensen et al., 2008).

En las regiones subtropicales/tropicales de los bordes orientales de los océanos, las
masas de agua intermedias (es decir, aquellas ubicadas en la zona de la termoclina, primeros
1000 m de profundidad) son pobremente ventiladas por la circulacion oceanica de gran escala

(e.g Pedlosky, 1998; Lyuten et al., 1983; Karstensen et al., 2008) localizdndose alli las
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principales Zonas de Minimo Oxigeno (ZMO). Sin embargo, a escalas espacio-temporales
menores (intraestacional a interanual), existen otros procesos fisicos que modulan Ia
distribucion de OD, por ejemplo: el intercambio gaseoso océano-atmosfera, la solubilidad del
gas en el agua de mar, cambios en la estratificacion y en la mezcla de pequefia escala, el bombeo
de Ekman, la surgencia y entrainment, la adveccion por las corrientes marinas regionales y

procesos de sub- y meso- escala (como remolinos ocednicos).

1.2 Zonas de Minimo Oxigeno

Bajo la superficie del océano entre 100 y 1500 m de profundidad, la combinacion de
factores fisicos y bioldgicos genera ambientes pobres en OD conocidos como ZMOs (Cline and
Richards, 1972). Estas zonas se caracterizan por tener altas tasas de respiracion microbiana y
baja ventilacion (Wirtky, 1962). En la actualidad, no existe un consenso sobre el umbral exacto
de OD para definir las ZMOs. El primer estudio global de aguas hipdxicas consider6 un umbral
de OD <8 uM (Kamykowski and Zentara, 1990). Sin embargo, Karstensen et al. (2008)
utilizaron tres umbrales para analizar las caracteristicas de las ZMOs en el Pacifico Oriental
Tropical y el Atlantico: OD ~4.5 uM en el rango suboxico, OD ~45 uM y un nivel mayor a ~90
UM para incluir en su analisis la ZMO menos intensa del océano Atlantico Tropical Oriental.
Posteriormente, Paulmier and Ruiz-Pino (2009), excluyeron la ZMO del océano Atlantico y
utilizaron un umbral de 20 uM para describir las ZMOs utilizando la climatologia WOA2005
(World Ocean Atlas del ano 2005, https://www.nodc.noaa.gov/OC5/WOAO5/pr_woa05.html).
Del mismo modo, Fuenzalida et al. (2009) y Helly and Levin (2004) utilizaron el umbral de 20
UM para describir la extension vertical-horizontal de la ZMO del océano Pacifico Sur-Oriental
y las ZMOs sobre los fondos marinos del margen continental, respectivamente. En contraste,
Stramma et al. (2012) usaron un valor mucho mayor (~150 uM) para analizar la expansion de
la ZMO en el océano Atlantico Tropical.

Adicional a la definiciéon de las ZMOs en funciéon del umbral de OD, existen otras
clasificaciones definidas de acuerdo a su concentracion en el océano, por ejemplo: 1) Suboxia

definida principalmente por bidlogos y biogeoquimicos para referirse al rango de transicion
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entre la respiracion de oxigeno y nitrato, con valores entre ~0.7 uM y 20 uM (Yakusev and
Neretin, 1997; Hell and Levin, 2004, Paulmier and Ruiz-Pino (2009); i1) Hipoxia definida como
condiciones de OD en las cuales los macro-organismos no pueden vivir (OD < 62.2 uM) (Gray
et al., 2002); iii) Dysoxia y iv) Microxia con rangos de OD < 4 yM y OD < 1uM,
respectivamente, asociadas con una transicion brusca de OD para los organismos grandes, tales
como peces (Levin, 2002); y finalmente v) Anoxia definida por valores de OD ~ 0.0 uM asociada
con la transicidon entre la respiracion de nitrato y sulfato (Schunck et al., 2013; Ulloa et al.,
2012).

De acuerdo a la definicion de las ZMOs usada por Gewin (2010) equivalente a OD < 0.5
mL L (22 uM), las ZMOs actualmente cubren el 8% del area 'y el 0.1% del volumen del océano,
implicando un rol clave en el ecosistema marino y la evolucion del clima. Por una parte, las
ZMOs impactan la distribucion del zooplancton y las pesquerias actuando como una barrera
respiratoria (Levin et al., 2018; Sanchez-Velasco et al., 2018; Wishner et al., 2020) y, por otra
parte, afectan los ciclos biogeoquimicos del carbono (C) y nitrégeno (N), entre otros (Bopp et
al., 2002; Codispoti et al., 2001; Paulmier et al., 2008; Arévalo-Martinez et al., 2015; Chan et
al., 2019), ademas, estas zonas son una importante fuente de NO., un eficiente gas de efecto
invernadero (Arévalo-Martinez et al., 2015). En las ZMOs alrededor de un 35% del N total se
pierde debido a altas tasas de desnitrificacion siendo este un proceso bacteriano que convierte
el nitrato (NOs" - considerado un nutriente inorganico bio-limitante) en N molecular (N2) y oxido
nitroso (N20), los cuales posteriormente se pierden hacia la atmésfera generando un déficit de
nitrégeno en el océano (Gruber and Sarmiento, 1997; Tyrrell, 1999; Cornejo and Farias et al.,
2012; Arévalo-Martinez et al., 2015; Oschiles et al., 2019). Estos procesos bacterianos implican
ademas altas tasas de remineralizacion dejando disponible alto contenido de didxido de carbono
(CO») en el agua y una disminucion del pH (mayor acidificacion) (Paulmier et al., 2008, Glober
and Baumann, 2016; Chan et al., 2019; Melzner et al., 2020).

La interaccion entre estos mecanismos fisicos y biogeoquimicos hace dificil la tarea de
comprender, modelar y predecir los cambios espaciales y temporales de las ZMOs (e.g.
Karstensen et al., 2008; Oschlies et al., 2018). Datos in-situ y modelos numéricos basados en

escenarios de calentamiento global producto de las emisiones de gases efecto invernadero y la
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contaminacion por nutrientes y desechos organicos en zonas costeras, evidencian un aumento
en la temperatura, mayor acidificacion y pérdida de OD en el océano (desoxigenacion oceanica
- expansion de las ZMOs) (Stramma et al., 2010, 2012, Shepherd et al., 2017; Schmidtko et al.,
2017; Breitburg et al., 2018; Hameau et al., 2020). En consecuencia, el aumento de la
temperatura tendra un efecto directo en la solubilidad del OD en el océano, mientras que,
indirectamente generard una mayor estratificacion de la columna de agua impidiendo la mezcla
de aguas superficiales, ricas en OD, con aguas profundas deficientes en oxygeno (Keeling et al.,
2010; Gewin, 2010, Stramma et al., 2008, 2012; Oschiles et al., 2018).

El borde oriental del océano Pacifico Sur (PSO) presenta una ZMO muy intensa,
incluyendo zonas oceanicas andxicas, con ciclos biogeoquimicos complejos que se
retroalimentan y regulan el contenido de OD (Wyrtki, 1962; Chavez and Messié, 2009; Fennel
and Testa, 2019). La ZMO-PSO actualmente se considera una de las ZMOs mads intensas y
someras del océano, debido al efecto combinado de la circulacion lenta inducida por el viento,
masas de agua relativamente antiguas, alta productividad marina sostenida por la surgencia
costera y altas tasas de respiracion subsuperficial de materia orgédnica (Luyten et al., 1983; Strub
et al., 1998; Toggweiler et al., 1991; Daneri et al., 2000; Paulmier et al., 2006). Fuenzalida et
al. (2009) utilizando un criterio de OD < 20 uM describieron la extension horizontal y vertical
de la ZMO-PSO en base a datos hidrograficos y climatologicos, caracterizando la ZMO con un
area de 9.82 + 3.60 x 10° km? y un volumen de 2.18 + 0.66 x 10° km?, definiendo el limite
superior a menos de 50 m de profundidad y el limite inferior alrededor de 1000 m (500 m) de
profundidad frente a Perti (Chile). Estos autores sefalan que la extension zonal de la ZMO-PSO
disminuye hacia latitudes medias extendiéndose ~3000 km hacia el oeste cerca de los 15°S y
~25 km a los 30°S alcanzando poca extension zonal frente a Concepcion (~36.5°S). Indican
ademas una estrecha relacion entre la ZMO y la masa de Agua Ecuatorial Subsuperficial
(AESS), caracterizada por alto contenido en nutrientes y CO2, bajo pH y alta salinidad (>35), la
cual es transportada hacia el sur por la Corriente Subsuperficial de Perti-Chile (CSPC) hasta los
~48°S (Silva & Neshiba, 1979; Silva et al., 2009; Vergara et al., 2016b).

Diversos estudios han analizado el rol de la ZMO-PSO en los ciclos biogeoquimicos del

nitrégeno (N), carbono (C) y su impacto en los ecosistemas marinos. La implicancia del OD en
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el ciclo del N se ha evaluado a través del analisis de los procesos de desnitrificacion, reacciones
anamox (Anderson et al., 1982; Thamdrup et al., 2006, Galan et al., 2009; Rich et al., 2020) y
pérdida de N hacia la atmdsfera debido a la produccion de N2O por la nitrificacion realizada por
archeas y bacterias (Codispoti et al., 2001; Gruber and Galloway, 2008; Cornejo and Farias,
2012; Arevalo-Martinez et al., 2015; Callbeck et al., 2017). En términos del ciclo del C, la
remineralizacion de materia organica al interior de la ZMO-PSO se ha relacionado con un alto
contenido de CO; y aguas de bajo pH (pH ~7.5) (Paulmier et al., 2011; Torres et al., 2011;
Melzner et al., 2013; 2020), asociando ademas los procesos metabdlicos y la diversidad genética
microbiana de la ZMO-PSO (Stewart et al., 2012; Bertagnolli et al., 2018; Ruiz-Fernandez et
al., 2020; Cantarero et al., 2020). Siguiendo esta linea, Paulmier et al. (2006) propusieron un
modelo conceptual para el mantenimiento de la ZMO sugiriendo un alto consumo de OD
proveniente de procesos biogeoquimicos tales como la respiracion. En tanto que, otros estudios
se han enfocado en el andlisis ecosist¢émico de comunidades zooplancténicas y peces,
demostrando una relacion directa entre la profundidad de la ZMO-PSO vy el rango de las
migraciones verticales de ciertas especies (Escribano et al., 2009; Hidalgo et al., 2012; Stramma
et al., 2012a; Wishner et al., 2018; Tutasi and Escribano, 2020).

Aunque existen diversos procesos fisicos que son relevantes para la biogeoquimica de la
OMZ y su variabilidad, en general frente a las costas de Chile, estos son muy poco conocidos.
Morales et al. (1999) analizaron los cambios interanuales en el limite superior de la ZMO
(oxiclina DO < 1 ml L") entre los 18°S y 24°S, mostrando en promedio un aumento en la
profundidad de la oxiclina hacia el sur en la banda costera (de 34 m en Arica a 62 m en
Antofagasta), indicando una profundizacion de la oxiclina y la termoclina hasta ~100 m de
profundidad durante eventos céalidos (El Nino). Posteriormente, Hormazabal et al. (2006)
utilizando una década de registros continuos de corrientes cerca del nucleo de la CSPC (33°S)
estudiaron la relacion entre la variabilidad de la CSPC y la ZMO, mostrando que las variaciones
estacionales de la CSPC estan fuertemente moduladas por el ciclo El Nifio Oscilacion del Sur
(ENOS). En este sentido, durante los eventos calidos (EI Nifio) la variabilidad semianual de la
CSPC se intensifica, mientras que durante los eventos frios (La Nifia) la sefal anual es

dominante, sugiriendo que las ondas Rossby serian un mecanismo fisico relevante para explicar
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una fraccion significativa de la variabilidad estacional de la ZMO en la zona central de Chile.
Otros estudios han mostrado que remolinos de mesoescala se desplazan hacia el oeste (~900
km) a una velocidad media de 2 km d'!, transportando un volumen de 1 Sv y se desprenden de
la CSPC en condiciones de surgencia (Hormazabal et al., 2013). Registros in situ de las tasas
de utilizacion aparente de oxigeno al interior de los remolinos oscilan entre 0,29 y 44 nmol L™!
d! y la tasa de consumo de N>O fue de 3,92 nmol L' d'! (Cornejo et al., 2016). Estos resultados
muestran que los remolinos de mesoescala afectan a la biogeoquimica no sélo por el transporte
de las propiedades fisicas y quimicas desde la costa al interior del océano, sino que también
durante la adveccion, el consumo bioldgico local de oxigeno generando ademads condiciones
favorables para la desnitrificacion y la pérdida de fijacion de nitrogeno del sistema (Cornejo et

al.,2016; Pizarro et al., 2016)

1.3 Circulacion y masas de agua en el Pacifico Sur-Oriental

La circulacion y composicion de las masas de agua son relevantes para comprender la
variabilidad de la ZMO frente a Chile. En el PSO, la circulacion ocednica esta dominada por el
Anticiclon Subtropical del Pacifico Sur, el cual genera un patrén de vientos hacia el ecuador a
lo largo de la costa de Chile y un rotor predominantemente negativo (positivo) cerca (lejos) de
la costa (Bakun & Nelson, 1991; Aguirre et al., 2012; Schneider et al., 2017). En la region
ocedanica, el rotor positivo del esfuerzo del viento genera un flujo ocednico hacia el norte,
mientras que, en la zona de transicion costera el rotor negativo del esfuerzo del viento genera
un flujo oceanico hacia el sur (Contracorriente de Pera-Chile) que interactiia con la Corriente
Subsuperficial de Pert-Chile (Aguirre et al., 2012). El patron de vientos con direccion hacia el
ecuador genera ademads la surgencia de la AESS en la zona costera, y una corriente superficial
somera que sigue la direccion del viento sobre la plataforma continental. Sin embargo, la
variabilidad temporal de esta surgencia costera frente a Chile presenta dos distintos regimenes:
el primero ubicado entre las latitudes 20°S - 33°S caracterizado por una surgencia semi-
permanente, sin cambios estacionales marcados; y el segundo, caracterizado por una surgencia

fuertemente estacional entre los 35°S - 38°S con vientos favorables al ascenso de aguas
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subsuperficiales durante primavera-verano, y desfavorables durante otofio-invierno (Blanco et
al., 2001, Rutllant & Montecino, 2002). No obstante, esta circulacion regional estd también
relacionada con forzamientos remotos (ecuatoriales) tales como el ciclo ENOS y la propagacion
de ondas atrapadas a la costa de origen ecuatorial (Strub et al., 1998; Pizarro et al., 2001;
Hormazabal et al., 2006; 1llig et al., 2018a, b).

Especificamente, el sistema de corrientes de Humboldt (SCH) en la zona norte y centro
de Chile es altamente variable, presentando alternancia de corrientes hacia el ecuador con
corrientes hacia los polos. Las corrientes presentes en esta zona destacan por su alta coherencia
meridional de miles de kilometros, sin embargo, ocupan inicamente unas decenas de kilémetros
en direccion perpendicular a la costa y unos pocos cientos de metros en profundidad (Strub et
al., 1998, Aguirre et al., 2012). La Corriente de Peru-Chile se alimenta de la Corriente del
Pacifico Sur (Strub et al., 2013) y en el extremo norte torna hacia el oeste formando la Corriente
Ecuatorial del Sur (Kessler, 2006). En superficie, sobre la plataforma continental se encuentra
la Corriente Costera de Chile que fluye hacia el ecuador, mientras que al oeste de esta corriente
se observa la Contra-corriente de Pert-Chile fluyendo en direccion al sur. En conjunto con esta
configuracion, a nivel subsuperficial cerca del talud continental se encuentra la CSPC con
direccion hacia el sur (Shaffer et al., 1999; Pizarro et al., 2002; Hormazabal et al., 2006; Silva
et al., 2009).

Respecto a la composicion de las masas de agua en la region, se han podido identificar
cinco masas de agua frente a Chile, tres de ellas situadas en los primeros 500 m de profundidad
(Silva et al., 2009). En la parte norte de Chile, se encuentra el Agua Subtropical (AST) localizada
sobre la termoclina (< 100 m) y caracterizada por una temperatura promedio >18.5°C y salinidad
>34.9. En contraste, al sur se encuentra el Agua Subantartica (ASA) con menor temperatura
(11.5°C) y muy baja salinidad (33.8) producto de la mayor pluviosidad y descarga de rios desde
la zona continental. Por debajo de estas masas de agua (AST y ASA), se encuentra el Agua
Ecuatorial Subsuperficial (AESS) caracterizada por un maximo salino relativo (34.7-34.9) y una
temperatura promedio de 12.5°C localizada entre los 200 y ~400 m de profundidad, ademas de
estar directamente relacionada con la ZMO-PSO debido a su bajo contenido de OD. Por debajo

de la AESS, abarcando toda la cuenca del PSO se encuentra el Agua Intermedia Antartica (AIA)
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localizada entre los ~500 y 1000 m de profundidad, con una salinidad y temperatura promedio
de 34 y 3°C, respectivamente. Finalmente, bajo los 1000 m de profundidad se encuentra el Agua
Profunda del Pacifico (APP) con temperaturas de 1.75°C y salinidades de 34.68. Otros autores
han identificado otras masas de agua acotadas a ciertas latitudes, tales como el Agua Intermedia
del Pacifico Sur-Este (AIPSE, Schneider et al.,2003) y el Agua Subantartica de Verano (ASAV,
Llanillo et al., 2012). Asociada a esta configuracion oceanografica y composicion de masas de
agua, un especial énfasis se ha hecho al rol principal que cumple la CSPC al transportar la AESS
hacia el sur, siendo el principal mecanismo fisico que afecta la variabilidad de esta masa de agua

y el OD subsuperficial frente a Chile (Silva and Neshyba, 1979; Silva et al., 2009).

1.4 La Corriente Subsuperficial de Peru-Chile (CSPC)

La Corriente Subsuperfical de Peru-Chile se forma debido al gradiente de presion a lo
largo de la costa inducido por los vientos favorables a la surgencia (McCreary, 1981) y al rotor
negativo del viento (Bakun & Nelson, 1991). Su origen se ubica cerca de los 4°S frente a Pert
(Penven et al., 2005; Montes et al., 2010; Chaigneau et al., 2013) extendiéndose hasta los 48°S
(Gunther, 1936; Silva y Neshyba, 1979; Silva et al., 2009). Estudios con modelos numéricos
indican que la CSPC es alimentada en parte por la Corriente Ecuatorial Subsuperficial
(Tsuchiya, 1975; Montes et al., 2011) y su ancho es proporcional al radio de deformacion
baroclinico (McCreary, 1987).

Estimaciones directas de la CSPC frente a Peru, basadas en anclajes y estaciones
hidrograficas, han mostrado que la CSPC transporta alrededor de 1 Sv (1x10° m? s'') a los 10°S
(Huyer et al., 1991). Posteriormente, observaciones directas con un perfilador acustico de
corrientes (Acoustic Doppler Current Profiler, -ADCP, siglas en ingles-) realizadas por el
Instituto del Mar del Peru (IMARPE) mostraron un mayor transporte hacia el sur relacionado
con la CSPC entre los 4°S y 18°S frente a Pert para el periodo comprendido entre los afios 2008
y 2012 (Chaigneau et al., 2013). Seglin estas estimaciones, el transporte medio de la CSPC
aumenta de ~1.8 Sv en los 5°S a un maximo de 5.2 Sv a los 15°S, sin embargo, al sur de esta

ultima latitud el transporte se reduce ligeramente mostrando un valor medio de ~1,0 Sv a los
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30°S a partir de observaciones de anclajes (Shaffer et al., 1999; Chaigneau et al., 2013). En
forma conjunta, estos estudios establecen que la variabilidad estacional de la CSPC en estas
latitudes es bastante menor en comparacion con las grandes fluctuaciones observadas en los
periodos intra-estacionales e interanuales.

En contraste con lo observado frente a la costa de Pert y norte de Chile, la variabilidad
estacional de la CSPC frente a la zona central de Chile (~30°S-40°S) se muestra relativamente
mas importante debido a una mayor amplitud en el ciclo anual del estrés del viento y del rotor
del viento (Bakun y Nelson, 1991; Shaffer et al, 1999; Aguirre et al., 2012), asociado a la
migracion estacional del jet atmosférico de bajo nivel (Musioz y Garreaud, 2005; Renault et al.,
2009). A escala interanual, la variabilidad de la CSPC esta condicionada por la disipacion de
perturbaciones de origen ecuatorial asociada a forzamientos de origen remoto (Pizarro et al.,

2001, 2002; Hormazabal et al., 2006).

1.5 Modelacion Fisico-Biogeoquimica de la ZMO-PSO

La representacion y simulaciéon de la dindmica temporal de la ZMO asociada al
transporte de la CSPC es un tema complejo de abordar con modelos globales de resolucion baja
o media, debido a las limitaciones para simular de manera realista la dindmica de la surgencia
costera y el flujo subsuperficial, el cual es sensible a la forma del talud continental y a la
propagacion de ondas atrapadas a la costa no resueltas adecuadamente por modelos de baja
resolucion. Debido a esto, son las simulaciones de alta resolucion las que han demostrado ser
mas utiles para representar varios de los aspectos de la dindmica y circulacidon ocednica frente a
Perti y Chile (Leth y Shaffer, 2001; Montes et al., 2010; Aguirre et al., 2012, 2014; Combes et
al., 2015; Vergara et al., 2016c¢, entre otros). El realismo de los modelos ocednicos regionales
ha permitido abordar cuantitativamente aspectos de la interaccion fisico-biogeoquimica de la
ZMO, tal como lo demuestran estudios recientes en Pert (Montes et al., 2014; Bettencourt et
al., 2015; Vergara, et al., 2016a). Si bien las parametrizaciones biogeoquimicas no
necesariamente se ajustan con las tasas biogeoquimicas observadas en los sistemas de borde

oriental, estos ultimos estudios han logrado una representacion realista tanto de la variabilidad
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espacial y temporal (a escala anual) de la ZMO como de la CSPC, permitiendo incluso abordar
el efecto de la circulacion inducida por remolinos ocednicos de mesoescala sobre la variabilidad
de la ZMO.

A escala interanual, Mogollon and Calil (2017) haciendo uso del modelo biogeoquimico
BioEBUS observaron cambios en el limite superior de la ZMO asociados con la profundizacion
y desplazamiento costa afuera de la ZMO frente a la costa de Peru durante la fase calida (EI
Nifio) del ENOS, permitiendo una mayor ventilacion de los primeros 100 m en la columna de
agua. Los resultados indicaron una mayor actividad de mesoescala durante los afios con eventos
calidos impactando positivamente la ventilacion de la ZMO a través de flujos de remolinos.
Adicional a esto, Espinoza-Morriberon et al. (2019) muestran una estrecha correlacion entre el
limite superior de la ZMO y la profundidad de la termoclina, destacando el papel de los procesos
fisicos en la variabilidad de la ZMO frente a Pert. A nivel regional, un analisis exhaustivo de la
influencia del ENOS en la dindmica de ZMO en el Pacifico Sur Tropical Oriental durante el
periodo 1990-2010 muestra una reduccion (expansion) de la extension vertical de ZMO durante
la fase calida (fria) del ENOS debido a cambios en el suministro de OD a profundidades medias,
principalmente desde los margenes laterales (José et al., 2019).

Dado este contexto, el presente trabajo de tesis tiene como motivacion hacer uso de los
recientes avances en la modelacion acoplada fisico-biogeoquimica (Montes et al., 2014;
Bettencourt et al., 2015; Vergara et al., 2016a) para evaluar: i) la relacion entre el transporte de
la CSPC y la variabilidad estacional e interanual del extremo sur (30°S-38°S) de la ZMO-PSO,
indagando hasta qué punto el transporte de la CSPC controla la variabilidad espacio-temporal
de la ZMO teniendo en cuenta otros procesos fisicos que suceden simultaneamente tales como
la actividad de mesoescala; y ii) analizar los principales mecanismos que modulan el
presupuesto estacional e interanual del OD al interior de la ZMO, cuantificando la contribucion
relativa por parte de los procesos fisicos versus los procesos biogeoquimicos en el control del

presupuesto de OD en la columna de agua frente a Chile central.
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2. HIPOTESIS Y OBJETIVOS

Hipotesis I: La variabilidad estacional e interanual del transporte de la Corriente Subsuperficial
de Peru-Chile, regula gran parte (>50%) de los cambios de oxigeno disuelto en la columna de

agua frente a Chile central (30°-38°S).

Hipotesis II: La variabilidad estacional e interanual de la mezcla entre las masas de agua
SubAntartica, Ecuatorial Subsuperficial e Intermedia Antartica contribuye significativamente
(>50%) a los cambios estacionales e interanuales de oxigeno disuelto frente a Chile central (30°-

38°S).

Objetivo General: De acuerdo a las hipotesis planteadas anteriormente, el objetivo general de
este estudio es analizar las contribuciones de la adveccion (horizontal y vertical), la mezcla y
los procesos biogeoquimicos en la variabilidad estacional e interanual del oxigeno disuelto en

la columna de agua, frente a la costa central de Chile (30°S-38°S).

Objetivos especificos:
1) Caracterizar la variabilidad estacional e interanual del transporte de la Corriente
Subsuperficial de Peru- Chile y su relacion con los cambios en las concentraciones de oxigeno

disuelto.

2) Determinar la contribucion relativa entre la adveccion y los procesos biogeoquimicos en la
variabilidad estacional de la zona minima de oxigeno frente al talud y plataforma continental de

Concepcion ~36.5°S.

3) Evaluar el rol de la ventilacion del Agua Ecuatorial Subsuperficial mediante la mezcla con el
Agua Intermedia Antartica y Agua Subantartica en la variacion estacional e interanual del

oxigeno disuelto frente a Chile central (30-38°S).
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3. MATERIALES Y METODOS

Los modelos numéricos del océano son herramientas muy usadas en la actualidad para
estudiar las escalas espacio-temporales que caracterizan la dindmica de diferentes procesos que
ocurren en el océano. Las ecuaciones de movimiento que gobiernan la parte hidrodinamica y las
ecuaciones de adveccion-difusion para los diferentes componentes —acopladas a un conjunto de
fuentes y sumideros que representan las relaciones que gobiernan los procesos biogeoquimicos—
son usadas para resolver el comportamiento del océano. Estas ecuaciones son obtenidas
mediante una serie de aproximaciones dindmicas complejas, parametros fisicos y
biogeoquimicos, y supuestos numéricos. Todas estas aproximaciones permiten representar
directa e indirectamente diversos fendmenos, parametrizando aquellos cuyas escalas de
variabilidad no pueden ser resueltas directamente, por ejemplo, la turbulencia de pequeiia escala
(Griffies et al., 2000).

El acoplamiento de los modelos fisico y biogeoquimico utilizado en este estudio toma
en cuenta los principales procesos de interés que ocurren en los bordes orientales de los océanos,
tales como la surgencia costera, las corrientes superficiales y subsuperficiales (como las
corrientes hacia el polo que se observan en los bordes orientales de los océanos) y las ZMOs. A
continuacion, se presenta una pequefia descripcion de los modelos hidrodindmico y
biogeoquimico usados en este trabajo, para finalizar con una descripcion de la simulacion fisico-

biogeoquimica.

3.1. Modelo hidrodinamico (ROMS)

ROMS (Regional Ocean Model System) es un modelo hidrodindmico tridimensional de
circulacion regional del océano (Shchepetkin and McWilliams, 2005), de superficie libre que
utiliza diferentes sistemas de coordenadas que siguen la linea de costa y la topografia del fondo,
lo cual permite mejorar la resolucion espacial del area de interés. Este modelo resuelve las

ecuaciones primitivas mediante la aproximacion hidrostatica y la aproximacion de Boussinesq.
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Dadas estas aproximaciones, las ecuaciones primitivas, describen la conservacion de la cantidad
de movimiento horizontal, el equilibrio hidrostatico, la conservacion de masa, la evolucion de
la temperatura y la salinidad. En este estudio se us6 la version AGRIF (Adaptive Grid
Refinement in Fortran; Penven et al., 2005) de ROMS, cuya evolucién actual es conocida como

CROCO (www.croco-ocean.org; Debreu et al., 2012).

Las variables calculadas por ROMS son la elevacion de la superficie del mar, las
componentes de la velocidad barotropica y baroclinica, la perturbacion de la presion, la
temperatura (basada en la ecuacion de estado de la UNESCO para los célculos de la temperatura
potencial) y la salinidad (Marchesiello et al. 2001). Aspectos generales de la configuracion del
modelo hidrodinamico se detallan a continuacion, otros aspectos mas especificos del modelo
pueden ser obtenidos en el capitulo 1 de la presente tesis y en Dewitte et al. (2012).

Dominio: el dominio completo de la simulacion se extiende latitudinalmente desde la
zona tropical del Pacifico Norte (12°N), con el fin de captar la conexion de la variabilidad
ecuatorial a través de la dinamica de ondas ecuatoriales y ondas atrapadas a la costa y el
transporte hacia el sur de la CSPC, hasta los 40°S. Mientras que longitudinalmente se extiende
desde la costa hasta los 95°W. La topografia del modelo se bas6 en la base de datos GEBCO
suavizada e interpolada segin Penven et al. (2005).

Periodo: 1a simulacion hidrodindmica comprende el periodo 1958 - 2008. Sin embargo,
para el acoplamiento fisico-biogeoquimico (usado en esta tesis) solo se utilizaron los tltimos 8
afios (2000-2008) de la simulacion, correspondiente al periodo de observaciones de vientos
satelitales de la mision QuikSCAT (https://winds.jpl.nasa.gov/missions/quikscat/).

Resolucion: la resolucion horizontal es de 1/12° (~8 km) y 37 niveles verticales “sigma .
23 niveles sigma se distribuyen entre la superficie y 500 m de profundidad, permitiendo una
mejor representacion de la ZMO.

Forzamiento superficial: se utiliz6 un producto estadistico desarrollado por Goubanova
et al, (2011), que refina la resolucion espacial de los datos de stress y velocidad del viento
provenientes de los datos NCEP-NCAR (National Centers for Environmental Prediction) de 2.5°
x 2.5° 2 0.5°x 0.5°. Ademas, este método corrige el sesgo del reandlisis NCEP cerca de la costa

de Peru y Chile (Goubanova et al., 2011). El modelo estadistico utiliza los datos del viento
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obtenidos de QuikSCAT para el mismo periodo del modelo 2000-2008. El producto atmosférico
a su vez es usado en “modo bucle” en conjunto con flujos de calor y agua dulce obtenidos de la
climatologia COADS (daSilva et al., 1994).

Condiciones de Borde e iniciales. Para estas condiciones se utilizaron campos de
temperatura, salinidad, nivel del mar y velocidades horizontales fueron obtenidos del reanalisis
SODA 1.4.2 (Smith et al., 1992). SODA posee una resolucion horizontal de 0.25° (latitud) x 0.4°
(longitud) y 40 niveles verticales distribuidos entre los 5 m y 5474 m.

3.2. Modelo Biogeoquimico (BioEBUS)

BioEBUS (Biogeochemical Eastern Boundary Upwelling System) es un modelo
biogeoquimico basado en el ciclo del N, proveniente del modelo N2P2Z,D» (Koné et al., 2005).
N2P2Z,D; toma en cuenta las principales comunidades planctonicas de los bordes orientales de
los océanos. BioEBUS consta de 12 compartimientos (Figura 1): el compartimento
correspondiente al fitoplancton es separado en organismos pequeiios (flagelados) y grandes
(diatomeas), del mismo modo el zooplancton es dividido en ciliados y copépodos
respectivamente. Por su parte, el detritus estd dividido por tamanos (particulas pequenas y
grandes). El nitrégeno orgénico disuelto (NOD) estd compuesto de solo un compartimiento. Los
términos fuentes del NOD en el modelo son la exudacion del fitoplancton, la excrecion organica
del zooplancton y la hidrdlisis del detritus. Mientras que el unico término sumidero en este
compartimiento es la amonificacion del NOD, el cual fue implementado siguiendo Ia
metodologia de (Dadou et al., 2001, 2004; Gutknecht et al., 2013a, b). El compartimiento de N
inorgéanico disuelto (NID) es representado por nitrato (NOs3) y amonio (NH4). El modelo
también incluye una ecuacion para el nitrito (NO2") para tener una mejor descripcion del anillo
microbiano. Los procesos de amonificacion/nitrificacion bajo condiciones 6xicas y procesos de
desvitrificacibn/anamox bajo condiciones subdxicas fueron implementados segun Yakushev et
al. (2007). Estos procesos son oxigeno-dependientes, por lo cual estan incorporados en la

ecuacion para el OD del modelo. Finalmente, el 6xido nitroso (N2O) fue introducido usando la
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parametrizacion de Suntharalingam et al. (2000, 2012), la cual permite determinar la
concentracion del N2O bajo condiciones oxicas y suboxicas.

Condiciones de borde e iniciales: La biomasa fitoplanctonica en la superficie fue
derivada de informacion satelital, especificamente de datos satelitales climatoldgicos obtenidos
de SeaWiFs. Mientras que verticalmente fueron extrapolados usando la metodologia de Morel
and Berthon (1989). Las condiciones iniciales y laterales de los trazadores biogeoquimicos NOy
, NHs" and DOM fueron obtenidos de la climatologia CARS2006 (www.marine.csiro.
au/~dunn/ cars2006/) y establecidos en el modelo usando un perfil vertical constante segiin Koné
et al. (2005). En general, los parametros biogeoquimicos usados en este estudio fueron similares
a los utilizados por Montes et al. (2014) and Vergara et al. (2016a) para Peru y el norte de Chile.
Para mayor informacion de los parametros biogeoquimicos utilizados en este estudio ver

apéndice A en el trabajo de Montes et al. (2014).
3.3. Acoplamiento Fisico-Biogeoquimico (ROMS-BioEBUS)

El acoplamiento entre ROMS y BioEBUS se realiz6 en “modo on-line” siguiendo la
metodologia utilizada por Montes et al. (2014) y Vergara et al. (2016a). De aqui en adelante
nos referiremos a este acoplamiento fisico-biogeoquimico como ROMS/BioEBUS. Noétese que
la simulacion ROMS/BioEBUS abarc6 todo el dominio hidrodindmico, sin embargo, la region
analizada en este estudio se restringio al limite sur de la ZMO-PSO (ver dominio en seccion
3.1). Laregion norte fue analizada previamente en Montes et al., (2014) y Vergara et al. (2016a).
La evolucion de cualquier trazador en ROMS/BioEBUS es determinada por la ecuacion de

adveccion/difusion, por ejemplo, para el caso del OD:

a0D _ ) i 0D
22 = V- (u0D) + K, V20D ++(K,052) + SMS (1)

donde el primer término de la mano derecha en (1) es la adveccién de OD y u es la velocidad
del fluido, el segundo término es la difusion horizontal, con K}, el coeficiente difusion turbulenta

100 m?s™), y el tercer término es la mezcla vertical, con un coeficiente de difusion turbulenta
y
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K,calculado mediante la parametrizacion del esquema de mezcla (perfil-K; Large et al., 1994).
El ultimo término (SMS) representa las fuentes menos los sumideros de OD y corresponde al
consumo y produccion de OD asociado a la actividad biologica. Los procesos fisicos consideran
la sumatoria de los términos advectivos (horizontal y vertical) y la mezcla (difusion horizontal
y mezcla vertical). La adveccidon por su parte, también puede ser separada a través de sus
contribuciones relacionadas con los diferentes componentes de la velocidad: la adveccion zonal
(Xadv = -uo(OD)/0x), meridional (Yadv = -vo(OD/dy) y vertical (Zadv = -wd(OD)/0z)
(Gutknecht et al., 2013a). Dado que la velocidad u y los trazadores (DO en el ejemplo) son
variables en nuestro modelo, cuando se calculan promedios de (1) los términos advectivos
incluyen correlaciones entre las variables que contribuyen a los flujos y, eventualmente, a su
divergencia y por ende a la variacion local del trazador. Estos términos son nombrados aqui
como componentes no linealeales de la adveccion. La estimacion de estos términos no-lineales
asociados con el transporte de OD fue realizada en “modo offline”, mediante una
descomposicion de Reynolds, ((u’ DO’)), donde las primas, ( )’, representan fluctuaciones
respecto a un promedio temporal ({)), usando diferentes escalas de tiempo para el promedio, la
cual depende del proceso a estudiar, por ejemplo, el promedio puede ser de 90 dias o
intraestacional (en este caso usando anomalias respecto al ciclo anual climatologico), si se
quieren evaluar los transportes “turbulentos” asociados a las fluctuaciones de remolinos de
mesoescala.

Para calcular el transporte de la CSPC, se usaron secciones perpendiculares a la costa de
200 km de longitud y entre 0 y 800 m de profundidad de la velocidad meridional (norte-sur). El
calculo se realiz6 para cada latitud entre 30°S-38°S. Se utiliz6 como criterio para definir la CSPC
una velocidad < -0.02 m s™!. Luego se construyo6 una grilla regular (con Ax y Az constante), asi,
en cada latitud y tiempo se calcul6 el transporte de volumen como el 4rea promedio con valores
de v < -0.02 m s! por la velocidad promedio. El transporte de la CSPC es expresado en
Sverdrups (Sv), donde 1 Sv corresponde a 1x10° m® 7!

Tanto para el capitulo 1 y 2, la ZMO modelada se ha definido como la region de la
columna de agua que presenta niveles de OD < 45 uM, debido a que este valor umbral de OD

se encuentra en el rango de valores que caracterizan a la hipoxia (Nagvi et al., 2010). Ademas,
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es un valor adecuado para nuestro trabajo ya que aguas con OD ~45 uM en la simulacion
ROMS/BioEBUS estan presentes la mayor parte del tiempo dentro de nuestro dominio de

interés.
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1)  Asimilacion de nutrientes 6) Mortalidad del zooplancton 11,12) Mortalidad del zooplancton
2)  Exudacion 7) Excrecion 13,14) Excrecion

3) Pastoreo 8) Descomposicion de detritus 15) Anamox

4)  Pelets fecales 9) Hidrolisis 16) Hundimiento vertical

5)  Mortalidad del fitoplancton 10) Descomposicion del NOD 17) Flujo oceano/atmosféra

Figura 1. Representacion esquemadtica de las interacciones entre los diferentes compartimentos del modelo
BioEBUS. Las flechas negras representan procesos nitrogeno-dependientes; las flechas rojas procesos oxigeno-
dependientes; las flechas azules representan los procesos ligados con la produccion de N20. Para simplificar la
representacion de todas las interacciones entre variables, las flechas desde o hacia un rectangulo gris actuan en
todas las variables incluidas en este rectangulo. Por ejemplo, la flecha entre nutrientes y fitoplancton (asimilacion)
es una simplificacion de 6 interacciones: NOs™a Ps, NOs a PL, NO2 a Ps, NO2 a P, NH4" a Ps, NH4" a PL (tomado
de Gutknecht et al., 2013).
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4. RESULTADOS
Articulo publicado en Journal of Geophysical Research: Oceans

(https://doi.org/10.1029/2019JC015201).

4.1. Capitulo 1: Variabilidad estacional del extremo sur de la Zona de Minimo Oxigeno en
el Pacifico Sur Oriental (30°38°S): Un estudio de modelacion
Matias Pizarro-Koch, Oscar Pizarro, Boris Dewitte, Ivonne Montes, Marcel Ramos, Aurélien

Paulmier y Véronique Gargon.

Resumen

Este estudio investiga la variabilidad estacional del extremo sur (30°-38°S) de la Zona de
Minimo de Oxigeno (ZMO) del Pacifico Sur Oriental usando una simulacién fisico-
biogeoquimica del océano con resolucion horizontal de 1/12°. La simulacién fue validada
mediante el uso de observaciones in situ disponibles y climatologias globales digitales. La ZMO
en el modelo es delimitada por el contorno de 45 uM, presentando un volumen maximo (4.5x10*
km?) durante el inicio del invierno austral y un volumen minimo (3.5x104 km?) al final de la
primavera, solo 1 a 2 meses después que el transporte hacia el sur de la Corriente Subsuperficial
de Perta-Chile (CSPC) alcanzara su valor maximo y minimo, respectivamente. Esto implica que
la CSPC impacta significativamente la adveccion de oxigeno disuelto (OD) a lo largo de la costa
central de Chile, modulando la variabilidad estacional de la ZMO. Adicionalmente, se observa
un transporte zonal de OD asociado a flujos oceanicos (jets) zonales y al efecto de remolinos de
mesoescala. Ambos procesos cumplen un rol importante en la variabilidad estacional y espacial
de la ZMO. En conjunto con esto, el analisis del presupuesto de OD revela una contribucion
significativa de los términos advectivos en la tasa de cambio local (tendencia) del OD y la
prominencia de la variabilidad espacial de mesoescala dentro del ciclo estacional de estos
términos advectivos. Por otra parte, los procesos fisicos de mezcla horizontal y vertical
(asociados a los procesos de sub-grilla), asi como también los procesos biogeoquimicos,

cumplen un papel secundario en el ciclo estacional de la ZMO.
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de Innovacién Acuicola Aquapacifico

Abstract we investigate the seasonal variability of the southern tip (30°-38°S) of the eastern South
Pacific oxygen minimum zone (OMZ) based on a high horizontal resolution (1/12°) regional coupled
physical-biogeochemical model simulation. The simulation is validated by available in situ observations
and the OMZ seasonal variability is documented. The model OMZ, bounded by the contour of 45 uM,
occupies a large volume (4.5x10* km®) during the beginning of austral winter and a minimum (3.5x10*
km?) at the end of spring, just 1 and 2 months after the southward transport of the Peru-Chile
Undercurrent (PCUC) is maximum and minimum, respectively. We showed that the PCUC significantly
impacts the alongshore advection of dissolved oxygen (DO) modulating the OMZ seasonal variability.
However, zonal transport of DO by meridionally alternating zonal jets and mesoscale eddy fluxes play also
a major role in the seasonal and spatial variability of the OMZ. Consistently, a DO budget analysis
reveals a significant contribution of advection terms to the rate of change of DO and the prominence of
mesoscale variability within the seasonal cycle of these terms. Biogeochemical processes and horizontal
and vertical mixing, associated with subgrid scale processes, play only a secondary role in the OMZ
seasonal cycle. Overall, our study illustrates the interplay of mean and (mesoscale) eddy-induced
transports of DO in shaping the OMZ and its seasonal cycle off Central Chile.

Plain Language Summary Dissolved oxygen in the ocean strongly impacts most marine
ecosystems. Its distribution depends mainly on physical and biogeochemical processes. In the eastern
South Pacific, water with very low oxygen is present at intermediate depths (100-800 m). This oxygen
minimum zone (OMZ) is associated with a regional water mass called Equatorial Subsurface Water
which is transported southward along the coast by the Peru-Chile Undercurrent. Here, using a
physical/biogeochemical model we investigate the main mechanisms controlling the seasonal variability
of the OMZ off central Chile. We found that the total volume of the low-oxygen waters is reduced by
25% during spring. This seasonal change is closely related to changes in the water mass composition
and is mainly driven by changes in the undercurrent transport, but zonal currents and eddy fluxes,
largely related to mesoscale variability, play also a major role in the seasonal and spatial variability of
the OMZ, while biogeochemical and mixing processes play only a secondary role.

1. Introduction

Despite the large primary productivity that takes place along the coast off central Chile during the upwelling
season, surface waters are commonly undersaturated with oxygen (e.g. Letelier et al., 2009). Near the coast
subsurface waters with very low dissolved oxygen (DO) are transported to the surface by the upwelling circu-
lation cells. In fact, the presence of an intense and relatively shallow oxygen minimum zone (OMZ) is one of
the most striking oceanographic features along most of the eastern boundary of the Eastern South Pacific
(ESP). A relative high rate of microbial decomposition of organic matter and weak subsurface circulation
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combine to generate these oxygen-poor environments (e.g. Helly & Levin, 2004; Karstensen et al., 2008;
Wyrtki, 1962). The OMZ of the ESP is quite intense, there, regions of the open ocean may frequently reach
values of DO lower than 20 uM, in the suboxia range (Fuenzalida et al., 2009; Naqvi et al., 2010; Paulmier
et al., 2006; Paulmier & Ruiz-Pino, 2009), or even anoxic zones may also be found (e.g. Schunck et al.,
2013; Ulloa et al., 2012). Such a low DO concentration largely impacts marine communities and biogeochem-
ical cycling (Helly & Levin, 2004; Niemeyer et al., 2017; Stramma et al., 2011).

During the last two decades several studies have focused on the physical variability, the biogeochemical
processes and bacteria communities present in this OMZ of the ESP (e.g. Frenger et al., 2018; Levin
et al., 2002; Montes et al., 2014; Morales et al., 1999; Paulmier et al., 2006; Stramma et al., 2010; Ulloa
et al., 2012; Ulloa & Pantoja, 2009; Vergara, Dewitte et al., 2016), which have led to a better understanding
of the natural and forced variability of DO within OMZs as a whole. However, most of the studies have
been conducted in the tropical part of the ESP, off Peru and northern Chile, where the OMZ extends dee-
per and further offshore and experiences only relatively small seasonal variability. In this work we focus on
the extratropical region, near the southern tip of the OMZ. In contrast to the tropical ESP, where zonal
flow originating from the equatorial region dominates the surface and subsurface circulation feeding the
OMZ (e.g., Montes et al., 2010; Stramma et al., 2010), close to the coast of Chile the subsurface circulation
is governed by a poleward undercurrent, namely, the Peru-Chile Undercurrent (PCUC) (e.g., Silva &
Neshyba, 1979; Strub et al., 1998). Since the pioneer work of Gunther (1936), the PCUC has been asso-
ciated with the presence of oxygen depleted waters at intermediate depths along northern and central
Chile. Subsequently, many other works have confirmed this relationship (Wooster & Gilmartin, 1961;
Silva & Neshyba, 1979; Codispoti 1989; Hormazabal et al., 2006; Silva et al., 2009) and have related the
variability of the OMZ to changes in the PCUC transport. This undercurrent transports oxygen depleted
Equatorial Subsurface Water (ESSW) southward along the continental slope and shelf edge off Chile,
which can be traced as far south as 48°S (Silva & Neshyba, 1979). The PCUC undergoes large variability
at a wide range of timescales, standing out the intraseasonal one (from about 20 to 90 days) and the inter-
annual that characterize the El Nifio-La Nifia cycles (e.g. Shaffer et al., 1997, 1999; Pizarro et al., 2001,
2002; Dewitte et al., 2012; Illig, Bachelery, et al., 2018 Illig, Cadier, et al., 2018). To date, the paucity of
DO data has prevented a thorough assessment of the temporal variability of the OMZ off Chile associated
with temporal and spatial changes of the PCUC.

Direct estimations of the PCUC off Peru, based on data from current meter moorings and hydrographic sta-
tions, showed that the PCUC transports about 1 Sv at 10°S (Huyer et al., 1991). Nevertheless, recent ship-
board ADCP observations conducted between 4°S and 18°S off Peru —between 2008 and 2012 by Instituto
del Mar del Perti (IMARPE)- showed a much larger southward transport related to the PCUC (Chaigneau
et al., 2013). According to those estimates the mean PCUC transport increases from about 1.8 Sv at 5°S to
a maximum of 5.2 Sv at 15°S. South of this last latitude the transport reduces slightly (Chaigneau et al.,
2013). PCUC transport estimation at 30°S —based on current-meter and hydrographic observations- showed
a mean value of about 1.0 Sv (Shaffer et al., 1999). All the above studies ~Huyer et al. (1991), Shaffer et al.
(1999), Chaigneau et al. (2013)- emphasize that the seasonal variability of the PCUC is rather small com-
pared to the large fluctuations observed at intraseasonal and interannual periods. Table 1 shows a compar-
ison of the mean and seasonal transport of the PCUC off Peru and Chile obtained from different
observational and model studies.

In contrast to that observed off Peru and northern Chile, off central Chile (~30°S- 40°S) seasonal variability
may be relatively more important due to the large increase of the seasonal fluctuation of the alongshore
wind-stress and the wind-stress curl (e.g. Aguirre et al., 2012; Bakun & Nelson, 1991; Shaffer et al., 1999)
associated to the seasonal migration of the energetic atmospheric low-level jet (Muioz & Garreaud, 2005;
Renault et al., 2009) and the dissipation of perturbations of equatorial origin. The relatively weak seasonal
variability of the PCUC associated to marked latitudinal fluctuations questions the extent to which the
OMZ characteristics are linked to the PCUC transport at seasonal timescale. This issue is hard to tackle with
from low to medium resolution global models owing to their limitations in simulating realistically coastal
upwelling dynamics and parametrisations in the biogeochemical models not necessarily tuned for eastern
boundary current systems. High-resolution modeling has been proven more useful to address many aspects
of the oceanic dynamics and circulation of the ESP-OMZ (Aguirre et al., 2012, 2014; Combes et al., 2015;
Leth & Shaffer, 2001; Montes et al., 2010; Vergara, Echevin et al., 2016, among others).
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Table 1

Mean and Seasonal Values of the Peru-Chile Undercurrent Transport Reported by Different Modeling and Observational Studies Along the Peruvian and
Chilean Coasts

This study Vergara, Echevin, et al. Combes et al. Chaigneau et al. Aguirre et al. Leth et al. Shaffer et al. Huyer et al.
Latitude (2019)* (2016)* (2015)% (2013)° (2012)* (2004)* (1997, 1999)° (1991)
5°S
Average 1.8
10°S
Average 1
15°S
Average 5.2
20°-25°S
Average 29/ ek
28°S
Average L2
30°S
Fall 0.84 + 0.90 0.85 + 0.36 1.06
Winter 0.75 + 0.28 0.68 + 0.37 0.86
Spring 0.78 + 0.55 0.94 + 0.41 0.87
Summer 1.18 + 0.85 0.73 + 0.54 0.81
Average 0.88 + 0.70 0.80 + 0.40 0.90 1
33°S
Fall 0.85 +0.92 0.82 +0.23 0.81
Winter 0.75 + 0.30 0.46 + 0.29 0.61
Spring 0.66 + 0.40 0.81 + 0.29 0.70
Summer 0.56 +0.39 0.90 + 0.24 0.73
Average 0.71 + 0.56 0.76 + 0.17 Q71
35°S
Fall 0.74 + 0.65
Winter 0.56 + 0.23
Spring 0.49 + 0.35
Summer 0.35 +0.30
Average 0.53 +0.43 0.76 + 0.36 1.3
36°S
Fall 0.20 + 0.14 0.50 + 0.32 0.68
Winter 0.18 + 0.03 0.22 + 0.26 0.55
Spring 0.19 +0.18 0.45 +0.35 0.43
Summer 0.14 +£0.12 0.71 + 0.49 0.85
Average 0.17 £ 0.13 047 +£0.17 0.62
39°S
Fall 0.48 + 0.16 0.34
‘Winter 0.15 + 0.10 0.20
Spring 0.08 + 0.09 -
Summer 0.34 +0.17 0.17
Average 0.26 + 0.09 0.27 + 0.09
43°S
Average 1.1

Note. Values are in Sverdrups (1 Sv = 10° m3/s).

“reported by different modeling.

reported by observational studies.

The realism of the regional oceanic models allows in particular addressing quantitatively aspects of the
physical-biogeochemical interaction and OMZ variability as shown by recent studies off Peru (Bettencourt
et al., 2015; Montes et al., 2014; Vergara, Dewitte, et al., 2016). These latter studies have in particular shown
a realistic representation of both spatiotemporal variability of the OMZ and the PCUC, and allows addres-
sing the effect of the eddy-induced circulation on the OMZ variability. Thus, here we take advantage of these
recent progresses in coupled modeling to investigate the seasonal variability of the southern tip of the east-
ern South Pacific Oxygen Minimum Zone between 30°S and 38°S. Our study focused on the role of the mer-
idional changes of the PCUC transport and its seasonal cycle on the OMZ. We question the extent to which
the PCUC transport controls the OMZ variability taking also into account other important aspects of the
OMZ variability associated to mesoscale activity (Bettencourt et al., 2015; Vergara, Dewitte, et al., 2016).
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The rest of the paper is organized as follows: In section 2 we described the data used for model validation,
followed by a brief description of the coupled physical-biogeochemical model. An extensive model assess-
ment is included in the Appendix. In section 3 we present (1) a description of different metrics that charac-
terize the southern tip of the ESP OMZ and its annual variability, (2) the seasonal variability of the PCUC
and its relationships with the OMZ, and the role of the zonal transport of the DO in the OMZ, (3) an inte-
grated seasonal budget of DO in the OMZ and the role of mesoscale variability, and (4) an estimation of
the oxygen eddy fluxes. In section 4 we discuss our key findings and the main strengths and limitations of
the presented results, and finally, a summary of our main finding and conclusion are presented in
section 5.

2. Data, model description and methods
2.1. Data

Satellite-derived sea surface temperature (SST) and chlorophyll-a (Chl-a) concentration data used in this study
were the level-3 products of the Moderate Resolution Imaging Spectro-radiometer-MODIS-Aqua mission avail-
able from the National Aeronautics and Space Administration Jet Propulsion Laboratory PO.DAAC (https://
oceancolor.gsfc.nasa.gov). These products have been pre-processed by PO.DAAC to obtain a daily resolution
and a spatial resolution of ~4 km (NASA Goddard Space Flight Center, O. E. L and O. B. P. G., 2014). Sea level
height and geostrophic currents were obtained from the Archiving, Validation, and Interpretation of Satellite
Oceanographic (AVISO; currently processed and distributed by Copernicus Marine and Environment
Monitoring Service (CMEMS) with no changes in the scientific content; see http://marine.copernicus.eu).
These data were used to evaluate the simulated velocities near the surface. A comparison of model and satellite
derived eddy kinetic energy (EKE) can be found in Vergara et al. (2017) (their Figure ).

In situ data of temperature, salinity and dissolved oxygen concentration from different oceanographic cruises
conducted off south-central Chile (35.5°- 40°S) were also used to assess the model performance. The cruises
were supported by the “Fondo de Investigacion Pesquera” (FIP; MOBIO-BIO project) and were carried out
during Nov-2004, Dec-2005, Oct-2006 and Mar-2008. A total of 358 CTD profiles between 0 and 600 m depth
were collected during those cruises and processed by the Physical Oceanography Group at the University of
Concepcion. A monthly ship-based time series from the University of Concepcion at 36°30'S over the conti-
nental shelf (~90 m depth) for the period 2002-2008 was used to evaluate the seasonal variability near the
coast at this latitude [see Sobarzo et al. (2007) and Escribano et al. (2012) for more details].

Climatological information of temperature, salinity, dissolved oxygen and nutrients for the study region
were obtained from the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Atlas of
Regional Seas (CARS) gridded compilation (CARS 2009; www.marine.csiro.au/~dunn/cars2009/), it com-
prises gridded (0.5° latitude by 0.5° longitude every one month) fields of the different variables recorded over
the period of modern ocean measurements. The seasonal cycle is based on an annual and semi-annual har-
monic over the first km of the ocean. We use this atlas, along with other data sets, for the model assessment
described in the Appendix.

Ocean current observations from a current-meter mooring located over the continental slope at 30°S, were
used to assess the time variability of the model PCUC. The mooring was equipped with an upward-looking
300 kHz acoustic Doppler current profiler (ADCP) at ~120m depth -set up with a bin size of 4 m- and 4
Aanderaa current meters (RCM 8) at 220, 330, 480 and 750 m depth. The sampling interval for all the equip-
ments changed during the measuring period between 0.5 h and 1 h. These current time series started origin-
ally in November 1991 and was maintained until 2010 (the ADCP was added to the mooring in May 2003).
Here comparisons between model and observed currents were performed during the period 2003 and 2006.

2.2. Coupled physical/biogeochemical model

The regional high-resolution coupled physical-biogeochemical model used for this study takes into account
the main processes linked with the eastern boundary upwelling systems (EBUS) and associated OMZ, it
extends up to the equatorial region (12°N) in order to grasp the connection with the equatorial variability
through coastal wave dynamics and transport by the PCUC. However, the region analyzed in this study is
limited to the southern tip of the OMZ, comprised from 30° to 38°S (Figure 1). The model encompasses
the period 2000-2008.
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Figure 1. Annual mean extension of the eastern South Pacific OMZ between 30°S and 40°S obtained from the model. The
red surface encompasses waters with DO <45 uM (a). The green surface shows the isohaline of 34.55 representative of the
ESSW (b). Water masses proportion (in %) in the first 200 km from the coast and from the surface to 1500 m depth (c).
Water masses are Subantarctic Water (SAAW; 11.5°C, 33.8), Equatorial Subsurface Water (ESSW; 12.5°C, 34.9) and
Antarctic Intermediate Water (AAIW; 3°C, 34). The corresponding temperature and salinity values indicated above were
obtained from Silva et al., 2009 and were used here to compute the water mass proportions.

The hydrodynamics was modeled by the Regional Ocean Model System (ROMS), an ocean model widely
used for regional studies. It is a free-surface, terrain-following coordinate model with split-explicit time step-
ping and with Boussinesq and hydrostatic approximations that allows achieving adequate resolution to
resolve mesoscale dynamics (see Shchepetkin & McWilliams, 2005, for a full description of the model).
The ROMS simulation extend from 1958 to 2008 and has been validated using mean sea surface temperature
data, EKE (based in geostrophic surface currents estimated from satellite altimetry) and vertical current
structure (Dewitte et al., 2012; Vergara et al., 2017). Only the last nine years were used here. The complete
domain extends from 12°N to 40°S, and from the coast to 95°W having a horizontal resolution of 1/12°
(~8 km) and 37 sigma levels in the vertical. Most of the sigma levels (23) are distributed in the first 500 m
depth, the remaining levels are distributed down to 4500 m depth, which allows a good representation of
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the OMZ, even in the deep ocean. The atmospheric forcing consists in a statistical downscaling product from
NCEP-NCAR (2.5° x 2.5°) data that provides wind stress and wind speed (see Goubanova et al., 2011), this
method refines the NCEP-NCAR resolution to 0.5° x 0.5° and correct for the biases of the NCEP reanalyses
near the Peru-Chile coast. The latter is used in the bulk formula combined with COADS monthly climatol-
ogy (1°x 1°) (da Silva et al., 1994), air temperature and humidity to estimate latent heat fluxes. The statistical
model is constructed from the QuikSCAT data so that the atmospheric forcing is almost equivalent to the
original data over the period 2000-2008, which also motivates to focus on this period. Other flux terms also
are from the COADS. The lateral open boundary conditions for temperature, salinity and horizontal velocity
were obtained from SODA 1.4.2 reanalysis (Smith et al., 1992). The SODA 1.4.2 horizontal resolution is 0.25°
(lat) x 0.4°(lon) and with 40 vertical levels with 10 m spacing near the surface. For further description of the
hydrodynamic model simulation and validation see Dewitte et al. (2012) and Vergara et al. (2017).

The ROMS model was coupled to a biogeochemical model named BioEBUS following similar methodology
than Montes et al. (2014) and Vergara, Dewitte, et al. (2016). Hereafter to this physical-biogeochemical
coupled we will refer as ROMS/BioEBUS. The BioEBUS model is a nitrogen-based model developed for
EBUS (Gutknecht, Le vu, Dadou, et al., 2013; Gutknecht, Le vu, Marchesiello, et al., 2013) derived from
N,P,Z,D, model (Koné et al., 2005). This model consists of 12 compartments having two classes of phyto-
plankton (“small” and “large”, the small class is representative of small-flagellates named PS, while the large
is representative of diatoms named PL), two classes of zooplankton (representing small-ciliates ZS and large-
copepods ZL) and two classes of detritus (small DS, large DL). Dissolved organic nitrogen (DON) is repre-
sented in one compartment, while dissolved inorganic nutrients are represented by nitrate, nitrite and
ammonium. The biogeochemical initial and open boundary conditions for nitrate and DO were obtained
from CSIRO Atlas of Regional Seas (CARS, 2006). The nitrous oxide concentrations were estimated from
DO using the parameterization given by Suntharalingam et al. (2000, 2012). The phytoplankton biomass
is initially derived from satellite information (climatological data based on SeaWiFS observations) and ver-
tically extrapolated using the Morel and Berthon (1989) methodology. Finally, initial and lateral boundary
conditions for other biogeochemical tracers (NO,’, NH,* and DOM) are established using constant vertical
profiles based on Koné et al. (2005), similar to those used by Montes et al. (2014) and Vergara, Dewitte, et al.
(2016). In general, the biogeochemical parameters used in our model simulation were the same as those used
by Montes et al. (2014) and Vergara, Dewitte, et al. (2016) for Peru and northern Chile. See appendix in
Montes et al. (2014) for a quantitative description of the parameters used for BioEBUS in this study.

The evolution of any tracer in BioEBUS is determined by the advection-diffusion equation (Gutknecht,
Dadou, Le Vu, et al., 2013). In particular, for DO we can write:

DO ) E) DO
=5 = ~V-(uDO) + KyV Do+&<1<za§> + SMS )

The first term on the right-hand side of (1) is the advection, where u is the fluid velocity, the second term is
horizontal subgrid-scale diffusivity, where K, is the horizontal eddy diffusion coefficient —equal to 100 m%s™
in this version of the model-, and the third term is the vertical mixing. (with a turbulent diffusion coefficient
K, calculated using the K-profile parameterization mixing scheme; Large et al., 1994). Note that the model
also has numerical diffusion associated with inherent spurious diapycnal mixing of the numerical scheme,
so that K, has to be empirically adjusted. The last term, SMS (sources minus sinks), includes all biogeochem-
ical processes considered by the model that act as sources and sinks, in this case, for DO. Note that the tracer
equation (1) was evaluated online at each time step. The total physical term (named PHYS below) is the
summed-up contribution of the advective term (ADV = -V - (uDO)) plus the horizontal diffusion (Kthl

DO) and vertical (% (KZ 5?—20)) mixing, hereafter called Hmix and Vmix, respectively. The ADV can also be

represented separately through its contributions related to the different components as: the zonal (Xadv =
-ud(DO)/dx), meridional (Yadv = -vd(DO/dy) and vertical (Zadv = -wd(DO)/dz) advection e.g. Gutknecht,
Dadou, Le Vu, et al., (2013), where u, v and w are the zonal, meridional and vertical velocity components,
respectively. Note that ADV contains also diffusion inherent to the numerical advection scheme. Hmix
and Vmix are explicit source of mixing, however, they are not the only term contributing to mixing in the
model. The term mixing will refer to the integrated effect of all processes contributing to mixing directly
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or indirectly. Besides horizontal diffusion and vertical mixing, mixing can be also caused by non-linear
advection. e.g. eddy fluxes (cf. Vergara, Dewitte, et al., 2016). Here non-linear advection (of DO) refers to
the cross products of the anomalous velocity field (u’) and the anomalous DO (DO’) -i.e. in the context of
Reynolds decomposition, this corresponds to the term (uw’DO’) where prime stands for an anomaly with
regards to any preferred baseline (either mean climatology or 3-month running mean in this study). Note
that equation (1) would involve the divergence of this term. Linear advection refers to either the mean
advection of anomalous gradient in DO (dDO’ /dz) or anomalous advection of mean gradients in DO (udDO
/0z). Here also mean and anomalies are defined by the a priori Reynolds decomposition that is considered.
In this context the mean quantities are “constant” while the anomalies are variable in time.

2.3. Characterizing the extratropical OMZ

At the present time, there is still no full agreement about the best threshold in oxygen that defines the OMZs.
The first global study of hypoxic waters considered a DO threshold of <8 uM (Kamykowski & Zentara, 1990).
However, Karstensen et al. (2008) used three thresholds to analyze the characteristics of the OMZ in the east-
ern tropical Pacific and Atlantic: DO ~4.5 uM in the suboxic range, DO ~45 uM, and a more relaxed level of
~90 uM in order to include in their analysis the less intense OMZ of the eastern Tropical Atlantic. Paulmier
and Ruiz-Pino (2009), in contrast, excluded the Atlantic OMZ when they used (~20 puM) to describe the dif-
ferent OMZs using the WOA2005 climatology. Helly and Levin (2004) used also a threshold of ~20 M in
their global study of the OMZs on continental margin seafloors. In contrast, Stramma et al. (2012) used a
much larger value (~150 uM) to analyze the expansion of the OMZ in the tropical Atlantic.

Here we define the OMZs as the region where DO levels are < 45 uM, because this threshold value is in the
range of values characterizing hypoxia (e.g. Naqvi et al., 2010). For more practical reason, we also note that
waters with DO ~45 uM are present most of the time inside our domain of interest. Also, as the model over-
estimates somewhat DO in the southern part of the domain (see Appendix), a lower value, like DO <20 uM,
would narrow the extent of the OMZ within our domain compared to the observations. Considering that low
value in DO concentration (i.e DO< 20 uM) is required to stimulate denitrification, this model bias needs to
be kept in mind when interpreting the results (Section 3).

Finally, it is worth noting that in our analysis we use the volume of the OMZ as a metric to characterize its
seasonal variability, but for analyzing the budget of DO we use a fixed volume defined as the region with 9-
year (2000-2008) mean DO < 45 pM.

2.4. Estimation of DO eddy fluxes

To evaluate the contribution of the eddy-induced circulation on the DO seasonal variability, we consider a
Reynolds decomposition of the DO and the three velocity fields, where the departure from the “mean state”
accounts for fluctuations having a typical time scale lasting from weeks to a few months so that eddy varia-
bility refers here mostly to the mesoscale turbulence. This writes as follows:

D(x,y.2,t) = B(x,y.2.t) + &' (x, 9,2, t) )

where @ represents DO or any velocity component, @ is the 3-month running mean and @' is the deviations
from @. Time series with a temporal resolution 5-day mean model output are used for this calculation. To
estimate the mesoscale eddy fluxes of DO we compute the covariance between horizontal velocity fluctua-
tions (u’, v’) and DO’, i.e. (u’'DO’)3., and (v'DO’)3 ,,, Where “()3.,” stands for a 3-month moving average.
Hereafter, for simplicity, we refer to eddy fluxes for theses quantities (instead of mesoscale eddy fluxes).
The methods to derive the eddy flux is similar to that used in Vergara, Dewitte, et al. (2016).

We thus obtained covariance time series every 5 days, from which we estimate the climatology. In this paper,
we focus on the seasonal cycle of the horizontal eddy flux, (u'DO’);,, and (v'DO’); ,,, that consists in the
climatology of the eddy flux ((u’DO’), (v'DO')) where the braket indicates here the mean over the entire per-
iod (2000-2008). The latter will be compared to the mean seasonal flux that corresponds to the flux associated

to mean seasonal cycle, i.e. (<ﬂD\O> <§5C—)>)
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3. Results
3.1. Seasonal and spatial variability of the southern tip of the OMZ

As a first step, we document the main characteristics of the southern tip of the OMZ and its seasonal varia-
bility, including dynamical and morphological features that are used for the interpretation of the subsequent
diagnostics. Along the Chilean coast the zonal extension and thickness of the OMZ (represented here by the
region with DO < 45 uM or ~1 mL L™, i.e. near the suboxia range, e.g. Naqvi et al., 2010) rapidly decrease
southward, but near the coast it remains at intermediate depth as far south as 38°S (Figure 1).
Observations show that the OMZ may extend even farther south, exceeding the southern border of our study
region (e.g., Silva et al., 2009). The tongue of low-oxygen waters is rather well associated with a tongue of
high salinity (salinity > 34.55) and both are largely reduced southward by mixing with low-salinity and well
ventilated AATW and SAAW (Figures 1b and c, and Figure A4; cf. Silva et al., 2009 and Llanillo et al., 2012).
Although on average the offshore extension of the OMZ decreases southward , its offshore boundary zigzags
with maximum (minimum) extent near 30°S and 33°S (31°S and 34°S; Figures 2 and 3, central rows). At 100
m depth lower values of DO are observed along the coast during summer (Figure 2a, top panels), when
upwelling reaches a maximum in the region.

The seasonal cycle of salinity and DO are inversely correlated inside the whole OMZ. To illustrate this,
we present results for 3 cases, in all of them both DO and salinity time series are obtained by spatially-
averaging the corresponding variable in the whole OMZ region. The 3 cases are the following: 1) Just the
12- month time series that conform the seasonal cycle (r = -0.87; this represent the correlation between
the time series shown in the lower panels of Figures 4d and 4e); 2) 9-year (2000-2008) monthly time ser-
ies of DO an Salinity (r=-0.97), and 3) similar to case 2, but only the region between 35°S and 38°S was
considered (r=-0.83). These last 2 correlation values are significantly different from zero at the 95% con-
fidence level (using an integral time scale of 3 months; Emery & Thompson, 2004). South of ~36°S, the
seasonal cycle of DO increases and it differs from that observed in the northern part of the study region
(Figure 4). For instance, the minimum DO found during fall in most of the domain is not present south
of 36.5°S (Figure 4d). In this region the relative contributions of the different water masses present inside
the OMZ display an abrupt change. ESSW decreases from about 64% at 36°S to ~40% at 37°S, while
AAIW increases from ~30% to 40% between those latitudes. The increase of SAAW in this region
accounts for the other 14% (Figure 1c).

The above results suggest that the seasonal and spatial variability of DO inside the model OMZ are related to
changes in the proportion of ESSW more than to biological processes. The OMZ is less intense and it volume
is smaller during spring (Figure 2 and Figure 3; in this context a less intense OMZ means that the concen-
tration of DO inside the OMZ, i.e. inside the volume for which DO < 45 uM, is larger). It is worth noting that
the PCUC is weaker in austral winter (August-September), just a couple of months before the decrease in
intensity of the OMZ is less intense (Figure 4). In the next subsection we analyze in more detail the variabil-
ity of this poleward flow and it relationship with the OMZ.

3.1.1. Seasonal variability of the PCUC and the OMZ

The meridional component of the velocity within the OMZ is mostly southward year-round, but around
August-September this poleward flow is largely reduced and may be slightly northward. Conversely, maxi-
mum poleward currents are observed near late April-May (Figure 4f). North of 36.5°S this flow shows an
important semi-annual component, with a secondary maximum in December, and a secondary minimum
during the end of the austral summer. This semi-annual component in the poleward flow has been well
documented based on direct current observations at 30°S and its forcing has equatorial and local origins
(cf. Shaffer et al., 1999; Pizarro et al., 2002; Ramos et al., 2006; see section 4). Note that the OMZ is located
in a region dominated by the PCUC (see white contours on Figure 3) and the weakness of this flow —centered
around August (Figure 4f)- is followed by an increase of the DO in the OMZ about 2 months later
(Figure 4d). Conversely, the maximum poleward flow centered around April-May coincides with a reduction
of the mean DO.

In our model the mean position of the poleward undercurrent does not always coincide with the mean posi-
tion of the core of the OMZ (Figure 3). The undercurrent commonly extends deeper than the 45 uM isopleth,
and this isopleth may extend farther offshore than the undercurrent, particularly in the northern part of the
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Figure 2. Spatial and seasonal distribution of DO modeled at three different depths: 100 m (top), 250 m (middle) and 400 m (bottom) (a). The solid and dashed red
contours represent 45 uM and 20 uM, respectively. The seasonal 3-D volume of the southern tip OMZ obtained from the model (b). The red surface contains waters
with DO <45 uM. Summer (JEM), fall (AMJ), winter (JAS) and spring (OND).

study region. We estimate the transport of the PCUC by spatially averaging the southward flow between 80
and 800 m depth, and between the coast and 200 km offshore (only values smaller than -0.02 m s were
considered in the calculation). The mean transport of the PCUC decreases southward from about 1.2 Sv at
30°S to 0.5 Sv at 37°S (Figure 5a). The former value is slightly larger than the ~1.0 Sv estimated using
direct currentmeter observations and hydrographic data by Shaffer et al. (1997, 1999) over a different
period. The mean southward transport of the PCUC in the study region was ~0.7 Sv, consistent with the
mean value estimated by Aguirre et al. (2012) and Vergara, Echevin, et al. (2016), both estimates are also
based on numerical simulations using the same source of data for the atmospheric forcing (i.e QuikSCAT
data). These studies also showed that the PCUC transport decreases southward and has a minimum value
in winter off central Chile. Unfortunately, there are not enough published data available to contrast these
model estimations southward of 30°S (see Table 1). The variability of the PCUC transport in our model
showed an important semi-annual component, particularly north of 36°S, consistent with the semi-annual
variability described above and also observed in the alongshore flow over the slope at 30°S (see Figure 5a).
South of 36°S the transport of the PCUC is drastically reduced (Figure 5a). A similar, relatively abrupt,
change was observed in the meridional velocity and DO concentration inside the OMZ (Figures 4d and
4f), but somewhat farther south. The seasonal cycle of DO averaged inside the whole OMZ showed a max-
imum of ~32 uM in austral spring (i.e. October-November, see bottom panels of Figures 4d), about 2 month
later than the PCUC velocity reached a minimum (see bottom panels of Figures 4f). This result is consistent
also with the estimated transport of the PCUC and with the DO averaged inside the region dominated by this
current (Figure 5).

To further illustrate the PCUC control on the OMZ variability we show the variability of DO inside the core
of the PCUC (Figure 5b). The mean DO concentration within PCUC core varies from ~26 uM at 30°S to >
60 uM at 37°S. This concentration tends to be smaller when the southward transport is weaker, that is in
part, because when the PCUC is weaker its core tends to be restricted to the core of the OMZ (Figure 3).
On the other hand, the minimum poleward transport of the PCUC in August is related to a rapid increase
in DO concentration particularly south of 34°S (Figure 5b).
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3.1.2. Seasonal variability of the zonal flow and the OMZ

The zonal components of the velocity, averaged inside the OMZ region (which is near cross-shore in our
study region), shows small seasonal variability (~0.5 cm s™) with an important semi-annual component
(Figure 4c). Given the large cross-shore gradient of DO (Figures 3 and 4), small changes in the zonal speed
may contribute to modulate the DO seasonal cycle in the OMZ through anomalous zonal advection of mean
oxygen gradient. The most striking feature of the zonal speed is its large spatial variability, with the presence
of alternating zonal jets of positive (eastward) and negative (westward) currents. For instance, bands of east-
ward speeds are centered around ~31°S, 34°S and ~37°S, although their latitudes may change somewhat dur-
ing the year. These zonal jets are closely related with the offshore extension of the lateral boundaries of the
OMZ (contrast Figure 2 with 4c), that is, where the cross-shore velocity is predominantely eastward, the oxy-
gen isopleths that bound the OMZ approaches the coast, while at those latitudes where the velocity is pre-
dominantly westward, the lateral OMZ boundary extends further offshore.

From figure 4c we can distinguish 3 bands of zonal velocity (here we refer to the zonal velocity averaged
inside the OMZ at each latitude: uonz (Lat,t), where Lat is latitude and ¢ is time) dominated by positive
(onshore) flow. The first band is centered around 31°S and has a maximum (onshore) flow in winter
(tomz ~1.5cm s, this value is the average of the velocity in the band from 30.3°S to 31.6°S), the second band
is located between ~33°S and ~35°S with a small maximum also in winter (uoyz ~0.5 cm s) and the third
one, laying around 36°S and 37°S, with a small maximum in summer (uomz ~0.8 cm sh (Figure 4c). Thus,
the onshore flow is somewhat more intense in winter north of 36°S, when the poleward flow is minimum,
contributing to the increased DO —and to the reduction of the OMZ offshore extension. The increase in the
onshore transport of DO and the weakening of the PCUC result in a well-defined maximum of DO inside the
OMZ and a reduction of its total volume during spring. Despite the fact that the amplitudes of the seasonal
cycles of upyz averaged inside these bands are small, they are significant at the 90% confidence level. To cal-
culate the significance of the amplitude of the seasonal cycle we use a Monte Carlo method. It involves the
generation of an artificial time series by randomly sampling the original one (with replacement), and to fit an
annual harmonic to the artificial time series. This process was repeated 1000 times. Then, based on the 1000
artificial amplitudes a P% percentile was calculated. If the observed amplitude was larger than this percentile
the amplitude was considered to be significant at (100-P)% of confidence level.

To summarize, our analysis suggests that the mean OMZ (i.e. zonal and meridional extent) is heavily con-
strained by the mean circulation as evidenced by the existence of a “high salinity tongue” matching the lim-
its of the OMZ and the meridional variability of the off-shore limit following approximately latitudinally
alternating bands of weak and stronger zonal “jets”. The seasonal variability of the OMZ seems also tightly
linked to the variability of the PCUC with a stronger PCUC in austral spring associated to the intensification
and southward extension of the OMZ. There is also a significant contribution of the semi-annual cycle to the
seasonality in both the PCUC and OMZ structure. While the PCUC variability appears as a key driver of the
OMZ seasonal change, our description of the OMZ mean state and seasonal variability also suggest that
other processes are occurring simultaneously that are documented below in the light of the results of a
DO budget.

3.2. DO budget

3.2.1. Integrated seasonal budget of DO in the OMZ

To analyze the contribution of the different drivers to the DO seasonal cycle we consider the seasonal varia-
bility of the RHS terms in the advection-diffusion equation (1). The tendency terms were averaged inside the
volume delimited for the mean position of the 45 uM isoline (i.e. inside the fixed volume that encompass the
annual mean of the OMZ shown in Figure 1a). We present the climatological variation of the different terms
including their mean value to assess their relative magnitude (Figure 6). The zonal advection (Xadv), SMS
and the horizontal mixing (Hmix) are negative, while meridional advection (Yadv), vertical advection
(Zadv) and vertical mixing (Vmix) are positive. Xadv shows the largest magnitude, while Yadv is the second
largest. In contrast, the mixing terms (Vimix and Hmix) are, in the total average, 2 orders of magnitude smal-
ler than the other terms conforming the RHS of (1) with vertical mixing (positive) larger in absolute value
than horizontal mixing (negative). The amplitude of the annual harmonic of DO (fitted to the dashed black
curve shown in Figure 6a) is 4.3 uM and represents about ~14% of the mean DO (30.7 uM) concentration
inside the whole OMZ control volume. This harmonic explains ~82% of the seasonal cycle of DO and has
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a maximum in austral spring. The seasonal cycle of DO within the OMZ volume is also represented in
Figure 4d (bottom panel), but in that case the amplitude of the variability is much smaller because the
volume changes according to the seasonal variability of the 45 uM isopleth, so we are only considering
waters with DO lower than 45 uM. The rate of change of the DO (6DO/dt, red line in Figure 6a) peaks in
July, about 2 months before the DO peaks (Figure 6a, red line), when the DO is increasing most rapidly.
There is only a qualitative consistency when the averaged seasonal cycles of DO and dDO/dt are
compared, revealing the relative importance of non-linear terms (i.e non-linear advection and mixing).
The seasonal cycle of dDO/dt has a secondary maximum in April, which accounts for the presence of
semi-annual variability. The main peak in this series is in August and may be associated with the
weakening of the southward transport of DO (cf. Figure 4f).

The summed-up contribution of the physical tendency terms (PHYS formed by ADV + mixing) is the largest
contributor to the seasonal cycle of 6DO/dt within the OMZ (Figure 6b). Consistently, PHYS and dDO/dt
time series show similar seasonal variability, which emphasizes the prominent role of physical processes
in controlling the averaged seasonal variability of DO inside the OMZ. Furthermore, the ADV terms, and
in particular, the zonal advection of DO (Xadv; Figure 6b) dominates the seasonal variability of PHYS, while
the mixing terms (Hmix, Vimix) are much smaller (Figure 6¢) and their mean contribution to the seasonal
variability of DO (averaged inside the OMZ) is only significant during the transition phase when dDO/dt
changes sign or remains weak (like in May-June). It is worth noting that ADV may also generate mixing
(i.e. eddy-induced advection; see section 3.3) associated with mesoscale turbulence, so Hmix and Vmix are
mainly related here to small-scale (subgrid-scale processes) mixing.

The biogeochemical term (SMS in Eq. (1)) has small seasonal variability compared with PHYS and it perma-
nently behaves as a sink of DO inside the OMZ with a single maximum in austral winter. The yearly means
of PHYS and SMS have similar magnitude (1.8 and 1.4 x10° uM s, respectively), but opposite signs. On
average, the meridional (Yadv) and vertical (Zadv) advection behaves as oxygen sources, while the zonal
advection (Xadv) acts as a sink for the whole volume. The amplitude of the annual and semi-annual harmo-
nics adjusted to the different terms showed in Figure 6 is provided in Table 2.

The sum of all averaged terms shown in Figure 6 does not necessarily have to be zero, even if dDO/dt
was zero, due to the important influence of non-linear terms that make up PHYS. In fact, the magni-
tude of PHYS exhibits large mesoscale variability (see below), which suggests a relevant contribution
of non-linear eddy fluxes -related to mesoscale processes— to the variability of the OMZ. Thus, the
spatially-averaged terms inside the whole volume may not represent properly the characteristics of
the seasonal cycle of the DO budget. On the other hand, the mean of dDO/dt inside the whole volume
for the period 2000-2008 was of the order of 10 uM s'. This small trend can be associated with dec-
adal variability present in the study region (note that, for the full simulation period, 1958-2008, the
model is stable and the mean dDO/dt is practically zero). Table 3 shows the total mean values inside
the OMZ for the period 2000-2008 and the climatological variability (standard deviation) of DO/t
and ADV, including the Xadv, Yadv and Zadv components (all values are in uM s'x10°®). The explained
variance of DO/t in term of the advection (R? in percentage) is also shown. As the different non-
linear advection components are correlated among them (not shown), they cannot be regarded as inde-
pendent contribution to dDO/dt. In general, all advective terms contribute to dDO/dt in the OMZ, but
Xadv seems to play a major contribution as also was suggested by Figure 6b.

3.2.2. The role of the mesoscale activity

While the previous analysis indicates seasonality in the processes, there are also indications of high frequency
fluctuations which may result from the intricate circulation in relation with mesoscale features. To visualize the
spatial structure of the seasonal variability associated with the different terms that control the oxygen budget
inside the OMZ we use an EOF analysis applied to the seasonal fields of PHYS (particularly Xadv, Yadv and
Zadv) and SMS. These fields were previously averaged between the isopycnal surfaces of 26.4 and 26.8 kg m™,
where the core of the OMZ is located (Figure 3). Note that the seasonal time series of each field are monthly
i. e each time series have only 12 values. The analysis was restricted to the region delimited by the mean position
of the 45 uM isopleth, consistently with the above analysis (i.e. we remove from the analysis the white area
showed in Figure 7. To evaluate the sensitivity of the EOF results to the selected region we also considered a
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Figure 3. Cross-shore sections of DO modeled (background color and red contours) and southward velocity (white contours) representing the PCUC at 30°S (top),
34°S (middle) and 37°S (bottom) in the first 150 km from the coast at different seasons: summer (JFM), fall (AMIJ), winter (JAS) and spring (OND). The continuous
and dashed red contours represent 45 uM and 20 uM respectively. The solid and dashed white contours represent southward speeds of 0.05 ms™ and 0.02ms ",

respectively.

wider region, including the region outside the OMZ. The structure of the EOF of the different terms was rather
similar with most of the variance near the coast, i.e. where the OMZ is observed (not shown).

The first EOF mode for PHY'S explains 16% of the total variance and its spatial structure shows large varia-
bility with length-scale typical of mesoscale processes (Figure 7a). The explained variance for the first EOF
mode of different ADV terms was around 20% (Figures 7b to d). The EOF mode 1 of Xadv and Yady are spa-
tially well anti-correlated (r =-0.7; Figure 7b and c). Eddy flows and their rectification on the mean flows
seem to be relevant, contributing to this large spatial variability. Time series (EOF principal components)
of Xadv and Yadv show an important semi-annual component with maxima in March and July-August,
coincident with the periods of weaker poleward undercurrent (Figure 4f). In contrast to PHYS, the first
EOF of SMS showed a uniform (in phase) structure in the whole study region and its time series showed
a well-defined annual variation with a maximum in July. This EOF mode explains 72% of the total variance.
In this density range (26.4 and 26.8 kg m®) SMS was always a sink for DO, so the EOF time series indicates
that DO consumption was minimum during austral winter.

In order to gain further insight into the spatial variability of ADV inside the OMZ, we perform an EOF ana-
lysis in three cross-shore coastal sections: 30°S, 34°S and 37°S, delimited by the 45 uM and the first 150 km
(Figure 8). The first EOF mode of all advective terms showed rather similar structures, with maxima near the
continental slope, just inside the core of the PCUC (dashed black contour in Figure 8). Nodal lines, centered
around 250 m depth for Xadv and Zadv, and 150 m depth for Yadv, are observed in the different sections
(Figure 8). The principal components of Xadv in the 3 locations showed a rather consistent semi-annual fluc-
tuation (Figure 8m) similar to that observed in the horizontal EOF analysis. Conversely, Yadv and Zadv time
series were quite variable (Figure 8n, 0). The first EOF mode of SMS explain a large fraction of the total varia-
bility and was vertically in phase in all sections, with larger amplitude toward the upper limit of the OMZ.
Their time series are similar to those observed in the horizontal sections with a maximum in July, but the
time series from 30°S, which showed a maximum centered around April.
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Figure 4. Seasonal cycle of different metrics that characterize the OMZ between 29°S and 38°S (in this case the OMZ was defined as the variable volume enclosed by
the isopleth of DO < 45 uM, which change with the time). The area of cross-shore sections covered by the OMZ in km~ at different latitudes (a), the mean depth (m)
of the OMZ (b), zonal velocity (cm s'l) (c), DO concentration (uM) (d), salinity (e) and meridional velocity (cm s’l) (f). The insets at the right and bottom of each
main panel show the annual mean at different latitude (right) and the latitudinal averaged seasonal cycle (bottom) of the corresponding variable, respectively.

To summarize, the three advective terms (Xadv, Yadv and Zadv) are the main contributors to the seasonal
variability of the DO budget in the OMZ, these terms have large and correlated mesoscale variability and ver-
tical structure with a node typically centered around 200 m depth. The typical annual change is not domi-
nated by one harmonic, it shows large semiannual and shorter variability. These results, along with
previous studies from the northern region of the eastern South Pacific OMZ [cf. Montes et al., 2014;
Bettencourt et al., 2015; Vergara, Dewitte, et al., 2016), as well as from other OMZ (Resplandy et al.,
2012), suggest that the DO budget in our study region is impacted by mesoscale processes. The formalism
of the oxygen budget does not allow an estimate of the separate contribution of mesoscale variability to
the rate of change in DO since eddies are embedded into the total circulation from which advection terms
are derived. To get insights on the role of mesoscale variability in shaping the seasonal cycle of the OMZ,
the DO eddy flux can be estimated (see section 2.4) and compared to the mean seasonal flux (i.e. the DO flux
associated with the seasonal variability of the “mean” circulation) to infer its role on the OMZ seasonal cycle.
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Figure 5. Seasonal cycle of the alongshore southward transport associated to the PCUC modeled (in Sv, 1 Sv = 10° m’s™) (a) and mean DO inside the PCUC
defined by the isopleth of -0.02 m sV in the first 150 km from the coast and above 700m depth (b). The insets at the right and bottom of the main panels show
the annual mean at different latitude and the mean seasonal cycle latitudinally averaged of the corresponding variable, respectively.

3.3. Mesoscale eddy fluxes of dissolved oxygen

The mean eddy flux (MEF) and its seasonal variability across the OMZ averaged between the isopycnal sur-
face of 26.4 and 26.8 kg m’ are presented in Figure 9 (top panels), which can be compared to the mean sea-
sonal flux (bottom panels). The arrows provide the two components of the horizontal eddy flux (i.e. ((u’DO’),

(v'DO')) for MEF) while the shading indicates the amplitude of MEF, that is

—_ 2 — 2
¢(<u’DO’ >3 +<v’DO’ >3 ) . First we note that the mean eddy flux, although smaller than the mean
—m —m

seasonal flux, is of the same order of magnitude, with regions (e.g. north of 34°S) where the amplitude of the
mean eddy flux is comparable to that of the mean seasonal flux. MEFs showed large spatial variability with
lower values (<0.3 m s uM) in the OMZ. In the offshore region outside the OMZ the fluxes were larger (~1
m s uM) and predominantly eastward. The regions with larger eastward MEFs, like those centered around
32°S and 34.5°S, are related to a smaller offshore extension of the OMZ, as can be observed following the 90
uM contour (Figure 9a). Thus, the MEFs seem to contribute to ventilate the OMZ in some regions, particu-
larly during summer and spring (Figure 9b to e), and to shape the offshore extension of the OMZ. The mean
horizontal DO advective fluxes (DO and vDO) are, in general, larger than the MEFs and they have also
large spatial variability with eddies and meanders in the offshore region. Near the coast these fluxes are
mainly southward, consistent with the predominance of the PCUC in this density range (i.e. 26.4 and 26.8
kg m™). The seasonal anomalies of these advective fluxes during the different seasons are also consistent
with the shape of the 45, 60 and 90 uM contours showed in Figures 9¢g to 9j.

To better visualize the relative contributions of the horizontal fluxes of DO to the oxygen budget of the OMZ
and its seasonal variability we show the mean flux across the 60 uM surface between 26.4 and 26.8 kg m™
isopycnals (Figure 10). The mean position of this surface is shown in Figure 9 as a black contour (surfaces
of 90 uM and 45 pM, are also shown there). We use the 60 M surface because it better represents the bound-
ary of the OMZ than the 90 uM one, and it is present in the complete domain most of the year, while the
45 uM surface is not present in the southern part of the domain during some periods or is restricted to a small
range of depths and does not cover the entire chosen density range. Results showed that the MEFs of DO
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Figure 6. Seasonal DO budget within the mean OMZ volume (in this case
the OMZ is considered as fixed volume defined as the region with 9-year
(2000-2008) mean DO < 45 M; see Figure 1a). Seasonal cycle of DO and DO
rate of change (6DO/T) (a). The different terms of the right-hand side of Eq.
(1) are also shown (b): The physical term (PHYS red dashed line) is the
summed-up contribution of advection and mixing. The advection term
(ADV) is composed, in turn, by zonal (Xadv, magenta line), meridional
(Yadv, blue line) and vertical (Zadv, cyan line) advections. The biogeo-
chemical fluxes (SMS, light green line) represents the “source-minus-sink”
contribution to the DO rate of change due to biogeochemical processes. The
mixing terms are the summed-up contribution of the horizontal diffusion
(Hmix; grey line) and vertical diffusivity (Vmix, dark green line) (c).

predominantly transport DO toward the OMZ, particularly in the region
located northward of 34°S. These fluxes have small annual variability
(about 20% of the total variability of the DO fluxes) and they do not have
a clear seasonal signal (Figure 10a and c). Conversely, the mean advective
fluxes of DO are predominantly negative (Figure 10d), except in August,
September and October (Figure 10f, bottom panel). The seasonal cycle of
this flow has also a semi-annual component that is coherent with the sea-
sonal variability of the zonal current shown above (contrast Figures 4c and
10f). Thus, in average for the whole study region, while zonal MEF contri-
bute to transport DO toward the OMZ, the mean advective flows tend to
transport DO in the opposite direction and both fluxes have the same
order of magnitude, but the second one showed a larger seasonal variabil-
ity, with minimum in fall and spring consistently with the seasonal varia-
bility observed in different metrics of the OMZ described above (Figure 4)
and with the total DO budget (Figure 6). These results also show the rele-
vance of the MEFs in ventilating the OMZ.

4. Discussion

The lack of observations of both dissolved oxygen and currents off central
Chile has limited the ability to evaluate the relationship between the
PCUC and the OMZ and to explore the role of other concurrent processes
that may also contribute to modulate the OMZ in this region. Here, we
used a coupled physical/biogeochemical model to tackle this problem.
Although the model may have important limitations associated to uncer-
tainties in the parameter values of the model parametrisations or to inac-
curate representation of key biogeochemical processes taking place in the
OMZ (Gutknecht, Dadou, Le Vu, et al., 2013), it provides a powerfull tool
to explore quantitatively the diversity of forcing mechanisms associated to
seasonal variability of the OMZ in a region where observations are
crucially lacking.

The model assessment showed that the model has biases in both mean
state and seasonality (Appendix). The extent to which the model bias
could influence our results would require undertaking sensitivity experi-
ments to a number of processes, which is beyond the scope of the present
work. The improvement of the mean state could be achieved through
using more realistic wind forcing in particular near the coastal region
where along-shore winds of most products including scatterometer data
are stronger than observed (cf. Astudillo et al., 2017) producing a cool bias
near the coast. The realism of the model simulations could be also
improved through tuning the biogeochemical parameters to the study
region since the model parameters were originally best fitted for simulat-
ing the OMZ off Peru (see Montes et al., 2014; Table Al) (e.g. maximum
growth rate of phytoplankton, hydrolysis rate of detritus, nitrification
and anamox processes among others). On the other hand, an improve-
ment of the seasonal variability would require to include river run-off
and consider air-sea interacction at mesoscale (e.g. Oerder et al., 2018).

Sediment processes, that can be very relevant for the dynamics of DO near the coast (Bianucci et al., 2012;
Siedlecki et al., 2015), could be also included to improve the realism of the model in term of DO near the
coast. Despite of these limitations, we consider that our regional ocean simulation is realistic enough for car-
rying out process studies focused on seasonal timescale.

Dissolved oxygen and salinity in the model simulation were spatially well correlated inside the OMZ and
both co-varied simultaneously throughout the year. Most of the DO variability was associated with
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Table 2
Amplitude, Phase, and Explained Variance (in %) of the Annual and SemiAnnual Harmonics of the DO Concentration and the Different Terms of equation (1)
Integrated in the Omgz, as Showed in Figure 6

Annual harmonic Semiannual harmonic
Amplitude Phase % explained Amplitude Phase % explained
DO 43 10.6 82 153 8.2 8
dDO/AT 5.4e-7 6.7 47 4.2¢7 5.0 27
PHYS 1.0e-6 8.4 43 8.2e-7 5.0 29
SMS 3.1e-7 6.3 90 5.9e-9 9.6 0
Xadv 1.1e-6 75 23] 1.7e-6 Sl 64
Yadv 8.1e-8 3.3 0 6.8e-7 1155 60
Zadv 5.6e-7 11.2 63 2.7e-7 10.8 15
Hmix 6.6e-9 6.1 36 6.5e-9 38 36
Vmix 1.2e-8 8.0 63 7.1€-9 32 23

Note. The physical term (PHYS) is the summed-up contribution of all advection and mixing terms. The advection terms are the zonal (Xadv), meridional (Yadv),
and vertical (Zadv) advections. The biogeochemical fluxes (SMS) represents the “source minus sink” contribution to the rate of change of DO (6DO/4t) due to
biogeochemical processes. The subgrid mixing terms are the summed-up contribution of the horizontal diffusion (Hmix) and vertical diffusivity (Vimix). The DO
amplitude is in uM and the terms of the equation (1) are in uM/s. The phase indicates the month of the annual and (first) semiannual maximum.
Abbreviations: DO = dissolved oxygen; OMZ = oxygen minimum zone.

changes in water mass composition rather than with changes driven by biogeochemical processes.
Nevertheless, according to our results those changes are not only driven by changes in the PCUC, as was
firstly hypothesized, but by zonal advection and by eddy fluxes associated to mesoscale variability wich
contribute to ventilate the OMZ. In the following we discuss in detail this and the rest of our main findings.

The seasonal cycles of the PCUC showed to be well correlated with all the metrics used here to characterize
the OMZ (Figures 4 and 5) and also with several terms that are relevant in the DO budget of the OMZ
(Figures 6a, 6b, 7f, 7h and 10f). Thus, our results support the interpretation that the variability of the
PCUC is an important driver of the OMZ seasonal cycle. A striking feature of the seasonal cycle of the
PCUC is its semi-annual variability. In fact, north of 36°S both the annual and semiannual harmonics of
the undercurrent have about the same amplitude. This semi-annual variability was also evidenced in the
metrics of the OMZ (Figures 4 and 5) and in the dominant advective terms in the DO budget of the OMZ
(Figures 6a, 6b, 7f, 7h and 10f). For instance, the OMZ volume (DO concentration inside the OMZ) has
two maxima (minima). This volume reaches the absolute minimum -and the DO concentration inside the
OMZ reaches an absolute maximum- about one or two months after the PCUC southward transport reaches
its absolute minimum. According to Pizarro et al. (2002) the semi-annual component of the PCUC seasonal
cycle is of equatorial origin, while the annual harmonics results from a combination of equatorial and local
wind forcing (see also Shaffer et al., 1999). Nevertheless, the seasonal variability of the alongshore wind var-
ies in phase and amplitude along the west coast of South America, which may also introduce semi-annual
variability in the PCUC. Off Peru these winds are maximum in winter, while off Chile they are more intense
during spring and summer. Off northern Chile (between ~18°S and 25°S) the seasonal cycle is weaker and
increases toward the central coast off Chile associated to the presence of an atmospheric coastal jet that
develops in spring and summer (Mufioz & Garreaud, 2005). This jet migrates meridionally during the calen-
dar year and thus may also induces semi-annual alongshore variability of central Chile (cf. Dewitte et al.,
2008, their Figure 7a).

Table 3
Total Mean Values Inside the Oxygen Minimum Zone for the Period 2000-2008 and the Corresponding Standard Deviations for dDo/dT and the Adv, Including
the Xadv, Yadv, and Zadv Components Showed in Figures 6a and b (all values are in 100° UM/s)

5?—'0 ADV Xadv Yadv Zadv
Mean (uM/s) 0.02 1.76 —4.43 3.84 235
SD (uM/s) 0.56 112 1.67 0.63 0.50
R (%) — 62 75 25 36

Note. The values of R* (explained variance in percentage) among dDO/dt and the different advection terms are also shown.
Abbreviations: ADV = advection term; Xadv = zonal advection; Yadv = meridional advection; Zadv = vertical advection.
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Figure 7. Spatial structure of the first EOF mode for PHYS, Xadv, Yadv, Zadv and SMS seasonal cycles averaged between the 26.4 and 26.8 kg m? isopycnals. The
offshore extension of the domain in these calculations was given by the mean position of the 45 uM isopleth showed in Figure 1a). The explained variance for the
first mode is indicated in the upper part of each panel. The bottom panels show the corresponding principal components associated with the first EOF patterns.

In contrast to the semi-annual variability observed in the different metrics representing the core of the OMZ,
over the continental shelf the seasonal cycle of the oxycline, and oxygen concentration in the whole water
column, is dominated by a single annual harmonic. There, the minimum depth of the oxycline coincides
with the season of maximum upwelling-favorable winds (cf. Figure 5a). This is also observed off northern
Chile between around 20°S and 24°S (e.g. Reyes et al., 2007, see their Figure 158). Thus, seasonal changes
in DO over the continental shelf seem to be more tightly related to the annual upwelling cell than to the dri-
vers that control DO in the OMZ core. Nevertheless, different ship-based, monthly, time series from north-
ern and central Chile show also large month to month and interannual variability of the oxycline not well
related to the local upwelling favorable winds, but to coastally trapped waves of equatorial origin, which
may largely disturb the pycnocline, as well as the oxycline and the PCUC (Shaffer et al., 1997, Morales
et al., 1999; Ulloa et al., 2001; Illig, Cadier, et al., 2018; Illig, Bachelery, & Cadier, 2018). Thus, the dynamics
of the OMZ over the continental shelf seems to be different from that described here for the core of the OMZ.
The variability of DO over the continental shelf and its relationship with the coastal upwelling and the off-
shore OMZ was not specifically addressed in our study, because it would require a model with better spatial
resolution to correctly represent the continental shelf and the biogeochemical processes taking place therein.
e.g. a sediment compartment which our model did not incorporate.

Along with the alongshore advection, the cross-shore transport of DO plays also a key role in the seasonal
cycle of the OMZ and so in the DO budget in our study region. This cross-shore or near zonal transport in
the oceanic region was related to the presence of inserted zonal bands of positive and negative striations
(Figure 4c). These striations have been observed in different regions of the global ocean through satellite alti-
metry (e.g. Maximenko et al., 2005), Argo float (Cravatte & Marin, 2012) and cruise data (Brandt et al., 2010),
and have been reproduced in global and regional models (Belmadani et al., 2017; Nakano & Hasumi, 2005;
Sinha & Richards, 1999). The presence of eastward and westward jets seems to result from the eddy field gen-
erated in the presence of planetary vorticity gradient and they efficiently develop near eastern boundaries
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Figure 8. Offshore-vertical structure of the first EOF mode for Xadv, Yadv, Zadv and SMS seasonal cycles in three different sections (30°S, 34°S and 37°S) inside the
OMLZ. Solid and dashed black lines (in a-i) show the mean boundary of the OMZ and the PCUC (-0.02 m s'l), respectively. The bottom panels show the principal
components associated with the respective EOF patterns at 30°S (red), 34°S (blue) and 37°S (black).

related to particular coastal features (Belmadani et al., 2017; Davis et al., 2014). They may play also a role in
ventilating the OMZs located at the eastern ocean boundaries as was shown for the tropical North Atlantic,
where these meridionally alternating jets contribute to modulate the zonal advection of DO along the
isopycnals surfaces at interannual and decadal timescales (e.g. Brandt et al., 2010; Hahn et al., 2017).

Our results suggest that this kind of zonal jets contribute as much as the PCUC to the transport of DO toward
the OMZ and both play a major role controlling its seasonal cycle. These jets also shape the offshore bound-
ary of the OMZ modulating its extension. Regions that are dominated by westward (eastward) velocities
extend (reduce) the offshore distance of the OMZ boundary. Thus, these meridional jets add a dimension
to the paradigm of PCUC-driven OMZ variability, which was the starting point of this study. On average,
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Figure 9. Mean and seasonal averaged DO fluxes integrated between the 26.4 and 26.8 kg m> isopycnals. The mesoscale eddy fluxes (u’DO’) are depicted in the top
panels (a-e), while the bottom panels (f-j) show the mean advective fluxes ((WDO)). Background color (in m st uM) and arrows show the magnitude and direction of
the fluxes, respectively. The red, black and blue contours show 45 uM, 60 uM and 90uM, respectively.

the zonal currents transport low oxygen waters offshore extending the OMZ, except during end of winter and
beginning of spring (Figure 10f), when the zonal advection of DO is toward the OMZ, contributing along
with the weakening of the PCUC to reduce the total volume occupied by the OMZ in the study region
and to increase the DO concentration inside it. In contrast to the mean westward transport of DO due to
the zonal advection, mesoscale eddies fluxes contribute, on average, to transport DO eastward, i.e. toward
the OMZ, during all the year (Figure 10c) playing also a key role in the dynamics of the OMZ. A relevant
uncertainty related to eddy fluxes results from the role of subsurface mesoscale eddies. Those eddies are
ubiquitous in the study region (Colas et al., 2012; Combes et al., 2015; Hormazébal et al., 2013), and they
are not well enough captured by satellite data nor in situ data which is too sparse to have a reliable
quantification of them. The role of these subsurface eddies in the offshore transport of oxygen depleted
waters and in the overall dynamics of the OMZ and on its biogeochemistry is poorly understood (e.g.,
Frenger et al., 2018). Recent studies from the west coast of South America have shown that the PCUC plays
also a key role in the generation of subsurface mesoscale eddies (e.g. Thomsen et al., 2016). Thus, the PCUC
contributes directly to the southward transport of oxygen depleted ESSW and indirectly to its offshore trans-
port by promoting the generation of subsurface mesoscale eddies.

The above discussion calls for further investigation and sensitivity experiment with the model considering
that the representation of mesoscale activity in the model is critically dependent on a number of parameters,
including horizontal resolution and the way the air-sea interaction at mesoscale is taken into account. This
may have a significant influence on the net primary production and thereby on oxygen content through
export (see Renault et al., 2016). While sensitivity experiments would be important to investigate further
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Figure 10. Seasonal cycle of the mesoscale eddy fluxes of DO (integrated between the 26.4 and 26.8 kg m?> isopycnals) across the mean position of the 60 uM
isoplethu’DO’n, where n is a unitary horizontal vector perpendicular to the 60 uM isopleth showed in Figure 9 (a). The curve in (b) shows the averaged annual
value at difLerem latitudes. The curve in (c) shows the latitudinal averaged values for different months. The panels (d), (e) and (f) are similar to those showed above

but for (wDO)-n.

the role of eddy activity in shaping the OMZ off Central Chile, as a preliminary step, it may be necessary to
consider other processes important in our study region. In particular, the biogeochemical model used here
tends to overestimate the DO near the coast, which has been also observed off Peru for this particular model
(Montes et al., 2014; Vergara, Dewitte, et al., 2016). Such a bias may be detrimental for our conclusions on
the role of the PCUC on the OMZ variability since, in our study region, DO concentration is sensitive to
the amount of oxygen advected southward along the slope by the PCUC. Sensitivity experiments to the
northern boundary conditions of the domain considered here (i.e. 30°-38°S) may thus be necessary to eval-
uate the extent to which the amount of DO is critical for explaining the OMZ seasonal fluctuations. Another
approach would be to tune the biogeochemical model for the study region considering that the model con-
figuration used in our study was calibrated for the tropical part of the OMZ (Montes et al., 2014), and no spe-
cific calibration was performed to improve comparison among model outputs and observations off central
Chile. In particular, in different OMZs the biogeochemical BioEBUS model was shown to be highly sensitive
to the rate of organic matter decomposition and its vertical distribution (as well as to the sinking rate of par-
ticles; Gutknecht, Dadou, Le Vu, et al., 2013). Finally, it is worth noting that sediment processes, that can be
relevant for the dynamics of DO near the coast (Bianucci et al., 2012; Siedlecki et al., 2015), are not included
here, although sediment may act as an important sink of DO near the coast. Future work will need to con-
sider these improvements in the model setup in order to refine our estimate of the physical control of the
OMZ by the PCUC and eddy activity.

5. Summary and conclusions

A high resolution coupled physical-biogeochemical model was used to assess the seasonal variability of the
southern tip of the Southeastern Pacific OMZ between 30°S and 38°S. The model was able to capture rela-
tively realistically the mean structure of the OMZ and its spatial and temporal variability in the study region,
although DO is somewhat overestimated near the coast and the very southern tip. We used different metrics
to characterize the seasonal variability of the OMZ: (1) The amplitude of the typical seasonal variability of
DO concentration inside the OMZ itself (i.e. inside the volume enclosed by the isosurface of DO = 45 uM)
is about 2 puM (about 7% of the mean DO), with larger values in austral spring. (2) The mean volume of
the OMZ between 30°S and 38°S was ~4x10* km® changing annually by ~25%, from 4.5 x10* km® during
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early austral winter to 3.5 x10* km® in austral spring. Thus, we can conclude that the amplitude of the sea-
sonal cycle of the OMZ is relatively weak. However, south of 35°S the volume of the OMZ is reduced, DO
increases rapidly and seasonality becomes more relevant. The OMZ volume and its seasonal variability is
highly correlated to subsurface waters with high salinity (salinity >34.5) in the study region consistent with
the common idea that the OMZ is closely related to the warm, salty and nutrient rich ESSW.

Our analyses suggest that there is a close relationship between the PCUC transport variability and the sea-
sonal cycle of OMZ. Intense poleward transport by the PCUC is related to a larger OMZ volume off south-
central Chile. However, this modulation would not be homogeneous alongshore due to other simultaneous
processes such as disturbances in the transport by the meridionally alternating jets and eddy activity. These
processes play also a role in shaping the mean characteristics of the OMZ, including changes observed in the
offshore extension of the OMZ at different latitudes and the alongshore rate of decreasing of its volume. In
addition, by evaluating the DO budget, it was determined that advective terms (ADV) are the main contribu-
tors (~90%) to the rate of change of DO, while subgrid mixing and biogeochemical (SMS) terms play a minor
role in the seasonal variability of the OMZ off Chile. The seasonal cycle of these advective terms showed
large mesoscale variability in the OMZ region, consistent with the significant contribution of non-linear
advection, and accordingly, it was shown that mesoscale fluxes of DO play also a significant role in the sea-
sonal variability of the OMZ.

Appendix: Model assessment

In this section we assess the model's realism in terms of the mean state and seasonal cycle of the OMZ. Many
aspects of the circulation have been previously validated using remote and in situ observations in Dewitte
et al. (2012) with a main focus on mean state and interannual variability (e.g., SST, EKE, the Peru Chile
Undercurrent) off Peru. Vergara et al. (2017) complemented this assessment by validating the thermocline
depth, EKE, coastal currents and sea level anomalies over the whole model domain. The coupled

Depth [ km ]

Latitude [°S]

@ stis

P> COSMOS-mooring
— O FIP cruises

argw w7 —— DO-CARS (250m)
75°W 73°W 7w 69°W

Longitud [°W]

Figure Al. Geographic locations of in-situ data used for ROMS/BioEBUS model validation. The red dot shows the posi-
tion of the time-series station over the continental shelf (36°30'S). The white dots show the hydrographic stations visited by
the FIP cruises during Nov-2004, Dec-2005, Oct-2006 and Mar-2008. The current-meter mooring located over the upper
slope (~1000 m total depth) near 30°S is shown by the magenta triangle. The inset shows the eastern South Pacific Oxygen
Minimum Zone where the red contour represents the climatological isopleth of 45 uM of DO at 250 m depth obtained from
CARS 2009 climatology.
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Figure A2. Annual mean and seasonal cycle of the chlorophyll-a (Chl-a) (top panels) and sea surface temperature (SST) (bottom panels) for both ROMS/BioEBUS
and MODIS based on the 2003-2008 period. For Chl-a (mg m”, note that the log scale). The biases in (c) and (g) represent the difference between the ROMS/
BioEBUS model and MODIS data. The seasonal cycles showed in (d) and (h) were estimated in a coastal band (first 80 km) extending from 30°S to 38°S. The blue
(red) line show the model (MODIS) averages. Shaded areas show the corresponding standard deviations.

ROMS/BioEBUS simulation has been evaluated by Montes et al. (2014) and Vergara, Dewitte, et al. (2016),
also with an emphasis in the OMZ off Peru. Here we focused our assessment off central Chile from 30°S to
38°S, which comprises our study region. Figure A1 shows the study region and the positions of several ocea-
nographic stations and a currentmeter mooring located over the slope (at 1000 m total depth) near 30°S used
for the model assessment.

Sea Surface Temperature and Chlorophyll-a

Monthly SST and Chl-a data from MODIS-Aqua satellite were used to evaluate the model skills in repro-
ducing the observed mean fields and seasonal cycles of these variables (Figure A2). The model repro-
duces the main features of the observed SST and Chl-a mean fields. Near the coast and north of 34°S
the model showed larger mean values of Chl-a than the observations, while south of 35°S the model
values were a bit underestimated. The coastal SST was about 0.8°C to 1°C colder in the model, which
is largely due to an overestimation of the coastal winds used in the forcing (Astudillo et al., 2019). In
the offshore region the differences between model and observed mean fields were, in general, much
smaller than the differences observed near the coast (Figure A2c and g). The seasonal cycle of the SST
near the coast (first 80 km) showed also important differences with the observations. Consistently with
the coastal cold bias associated to a stronger upwelling rate than that observed, the model overestimates
Chl-a during most of the year. It does not reproduce an observed increase of Chl-a in austral spring as
shown by observations (Figure A2d). In contrast to the coastal region, the model and observed seasonal
cycles of Chl-a and SST were rather similar offshore. The larger Chl-a and the lower SST observed in the
model simulation near the coast may be associated with an overestimation of upwelling, which may be,
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Figure A3. Mean DO based on ROMS/BioEBUS model (left column) and CARS climatology (central column) at three cross-shore sections: 30° (first row), 34° (sec-
ond row) and 37°S (third row) between surface and 700m depth and from the coast to ~500km offshore. The right column shows the difference between ROMS/
BioEBUS model and CARS (positive values indicate an overestimation of DO by the model). The spatial correlation between modeled and CARS sections at dif-
ferent latitude are shown in the bottom panel. There, we have included oxygen (black), salinity (blue), temperature (red) and nitrate (magenta).
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in turn, related to an overestimation of the wind stress near the coast when satellite-based winds are
used. Experiments carried out by one of the authors showed that coastal SST is more realistic when a
shoreward decrease of the wind stress near the coast is considered. This may also have an impact on
net primary production and thereby on the export production and oxygen inventory (see Renault
et al.,, 2016). Presently, we are working with a new coupled ROMS/BioEBUS simulation to evaluate
the response of Chl-a when a realistic wind drop-off near the coast is considered.

Vertical structure of the variables and water masses

To evaluate the model ability to represent the mean vertical structure of temperature, salinity, DO and
nitrate we use the CARS climatology as a benchmark. Noteworthy, oxygen data are rather scarce in the study
region and the oxygen climatology from CARS may have also limitations, which should be kept in mind. The
Figure A3 shows zonal sections of DO at 30°S, 34°S and 37°S. The model exhibits marked biases consisting
mostly in a sea-sow pattern resulting from an overestimation of DO in the core and an underestimation
below the OMZ (Figures A3c, A3f, A3i). Despite this mean bias, the model is able to simulate realistically
its mean depth and the positions of the upper and lower oxyclines, but the offshore extension of the OMZ
(bounded by the isopleth of 45 uM in our study) is much smaller in the model than in CARS. The simulated
vertical gradients of DO in the upper and lower oxyclines are also smaller than the observed ones, particu-
larly in the lower part of the OMZ. The overestimation of DO is more pronounced in the southern part of the
study region and may exceed ~70 uM close to the coast. This misfit is analyzed further by comparing the
model outputs and the data at a coastal site located at 36°30'S. Spatial correlation between model and
CARS (using zonal sections that expand from the surface and 700 m depth and from the coat and 80°W)
at different latitudes indicates a general good agreement for salinity, temperature and nitrate (figures not
shown). Nevertheless, nitrate showed a large bias (5-10 uM) near the coast, between surface and 200 m
depth. For temperature, salinity and nitrate the spatial correlations between simulated and CARS variables
were larger than ~0.85 at all latitudes (Figure A3j), while for DO, the correlations tend to decrease southward
reaching the lowest value (r = 0.79) at 37°S. Model T-S diagrams were also compared with those from CARS
in the first 200 km and from the surface to 1500 m depth. The core of the OMZ in the model coincides with a
salinity maximum centered around the 26.5 kg m™ isopycnal surface and is consistent with CARS based T-S
diagrams (Figure A4). Despite the model underestimating the salinity maximum related to ESSW and over-
estimating the salinity minimum related to AATW (i.e ESSW is less salty and AATW is saltier in the model) it
reproduces reasonably well the subtropical water masses structure around the OMZ, namely: Subantarctic
Water, Equatorial Subsurface Water and Antarctic Intermediate Water (Figure A4).

Seasonal cycle of DO at 36°30'S

We used cruise data at 36°30'S to evaluate the seasonal cycle of the model DO in the southern tip of the OMZ
near the coast (Figure A5). Since September 2002 a monthly, ship-based time series has been maintained
over the continental shelf (~90 m depth) at 36°30'S by the University of Concepcion (e.g. Escribano et al.,
2012; Escribano & Schneider, 2007). The data were depth-averaged over the whole water column (between
0 and 90 m depth) and a seasonal cycle was estimated over the period 2003-2015 for the observations and
2000-2008 for the model data. The comparison indicates that the model has skill in simulating the seasonal
variability of DO, both amplitude and phase. Negative DO anomalies are observed during the upwelling sea-
son in austral spring and summer and positive ones during fall and winter. While both seasonal cycles were
well correlated (r = 0.85), the amplitude of the simulated annual harmonic was somewhat smaller (32.5uM)
than that from the observations (44.5uM).

Comparison of model and observed in situ DO

Cruise data offers the opportunity to compare some mesoscale features that are relevant for our study and
that are not present in a climatology like CARS. Firstly, we compare the simulated vertical structure of
DO and alongshore velocities with in-situ data (and geostrophic velocity) in a zonal transect at 35.5°S carried
out during November 21, 2004 (Figure A6). During that month the model and the observations showed a
mesoscale eddy at that latitude (our simulation did not assimilate observations, so it is expected that mesos-
cale eddies do not coincide in space and time). The model reproduced fairly well both the magnitude and
vertical structure of DO related to mesoscale eddies, and the alongshore velocities also were consistent with
observations, although concentrations of DO were overestimated by ~20-30 uM at the core of the OMZ.
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Figure A4. T-S-DO diagrams for ROMS/BioEBUS model (a) and CARS climatology (b). Only water encompassing the
region within the first 200 km from the coast and from the surface to 1500 m depth in whole domain were considered.
DO (in uM) is represented by color. The Surface Subantarctic Water (SAAW, 11.5°C; 33.8), Equatorial Subsurface Water
(ESSW, 12.5°C; 34.9) and Antarctic Intermediate Water (AAIW, 3°C; 34) are shown. The corresponding values of tem-
perature and salinity to each water mass is indicated between parenthesis. These values were obtained from Silva et al.
(2009).

Below 500 m depth DO was underestimated by ~50 uM. As shown above (A.3) the simulated AAIW has
relatively high oxygen and low salinity below ~500 m depth. The comparison of the T-S diagrams near the
coast (first 200 km) corroborates that observed in Section A.2 using CARS data and the whole period
(compare Figures A6 and A4).

We use also cruise data to evaluate the vertical oxygen structure near the continental slope, where the oxy-
cline is more intense. We considered DO profiles between 0 and 600m depth from two different sites (35.5°S;
73.2°W and 37.5°S; 74.0°W). The observations (and model profiles) were obtained in November- 2004,
December-2005, October-2006 and March-2008. The Figure A7 shows a comparison between the different
profiles at both sites. As mentioned before, the model reproduces the OMZ, but it shows, in general, larger
values of DO than the observations, while below the OMZ the model underestimates DO by ~16 uM at 35.5°S
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Figure A5. Mean profiles of DO for summer and winter (a) and seasonal anomalies of DO averaged from surface to 80 m depth (b) over the continental shelf at
~36.5°S (location of the time series maintained by University of Concepcion) for both ROMS/BioEBUS model and in-situ data. In (a) the black lines represent in
situ data and the red line the model ones. Solid curves are for summer and dashed curves for winter. In (b) the thin black curve shows the seasonal cycle of DO
anomalies and the red thin line the DO anomalies based on the model results. Thick lines show the corresponding annual harmonics.

and 19 uM at 37.5°S. The upper oxycline is relatively well reproduced, except during 2005 at 37.5°, when a
very sharp and unusually deep upper oxycline was observed. In contrast, the lower oxycline was, in
general, smoothed resulting in a large bias between modeled and observed DO.

Distance from the coast [km] Salinity

Figure A6. Cross-shore sections of DO and meridional geostrophic velocity (a and c), and T-S-DO diagrams (b and d) for both ROMS/BioEBUS model and in situ
data. The in situ data were collected during November 2004 (for more detail see FIP cruise Letelier et al., 2009; and Section 2.1). In (a) and (c) the background colors
show DO (in uM) and the white (grey) contours indicate northward (southward) flow. The magenta contours indicate zero velocity. The T-S-DO diagrams are

represented in (b) for in-situ data and in (d) for the model. The T-S-DO are representative of the first 200 km from the coast. Colors in the T-S-DO diagrams show DO.
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Figure A7. Vertical DO distribution near the continental slope at two different positions: 35.5°S; 73.2°W (top panels) and 37°S; 74°W (bottom panels) during
spring-summer for both ROMS/BioEBUS and in situ data. The in situ (model) DO is represented by solid (dashed) lines. The biases (Figures e and j) are repre-
sented as the difference between ROMS/BioEBUS and in situ data. Different years are represented by the different colors. The gray area represents the mean
position of the observed OMZ and the dashed black lines show the standard deviation of the depth of the upper and bottom boundaries of the OMZ.

The PCUC near 30°S

To assess the ability of the model in reproducing the vertical structure and seasonal variability of the
PCUC, we used data from a current-meter mooring located over the slope at ~1000 m total depth near
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Figure A8. A comparison of the observed and model Peru-Chile Undercurrent (PCUC). Mean vertical profiles of the observed (blue solid line) and model (red solid
line) alongshore currents at 30°S (a). The standard deviation of the observed and model current is shown by the shaded areas. Annual and semi-annual harmonics of
the observed (blue) and model (red) alongshore current at 220m depth, near the core of the PCUC (b).
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30°S (cf. pink triangle in Figure Al). The data used here expand only from 2003 to 2006 to include a
period where an ADCP was present in the mooring. The ADCP (an RDI workhorse 300 kHz) was
located at 120 m depth (upward-looking) with a vertical resolution of 4 m. In addition, the mooring
had 4 punctual Aanderaa RCM 8 currentmeters located at 220 m, 330 m, 480 m and 750 m depth.
As we are interested here in the seasonal cycle, the original hourly data were monthly averaged and
then used to estimate a mean vertical profile and typical annual variability (Figure A8). The seasonal
cycle of the current at 220m (near the PCUC core) was estimated by averaging monthly values from
2003 to 2006. In general, the PCUC shows very large intraseasonal variability at this site [cf. Pizarro
et al., 2002, their Figure 3] and consistent semi-annual and annual fluctuations. The mean profile of
the model PCUC in the same location is somewhat deeper and weaker than the observed one (Figure
A8a), resulting in a small vertical shear near the upper 100 m. The variability, based on monthly means,
is also smaller in the model PCUC (shaded areas in Figure A8b). Here, we compare also the annual and
semi-annual harmonics of the current at 220m (Figure A8b). The amplitudes of both harmonics are well
reproduced by the model, but the harmonics are lagged by 1-month. Despite, the fact that the model
slightly underestimates a bit the magnitude of the mean PCUC in this location, the total transport at
this latitude is rather similar to the transport estimated using in situ currents and hydrography (see
main text).

References

Aguirre, C., Garreaud, R., & Rutllant, J. (2014). Surface ocean response to synoptic-scale variability in wind stress and heat fluxes off south-
central Chile. Dynamics of Atmospheres and Oceans, 65, 64-85. https://doi.org/10.1016/j.dynatmoce.2013.11.001

Aguirre, C., Pizarro, O., Strub, P. T., Garreaud, R., & Barth, J. (2012). Seasonal dynamics of the near-surface alongshore flow off central
Chile. Journal of Geophysical Research, 117, C01006. https://doi.org/10.1029/2011JC007379

Astudillo, O., Dewitte, B., Mallet, M., Frappart, F., Rutllant, J. A., Ramos, M., et al. (2017). Surface winds off Peru-Chile: Observing closer to
the coast from radar altimetry. Remote Sensing of Environment, 191, 179-196. https://doi.org/10.1016/j.rse.2017.01.010

Astudillo, O., Dewitte, B., Mallet, M., Rutllant, J. A., Goubanova, K., Frappart, F., et al. (2019). Sensitivity of the near-shore oceanic cir-
culation off Central Chile to coastal wind profiles characteristics. Journal of Geophysical Research: Oceans, 124, 4644-4676. https://doi.
0rg/10.1029/20181C014051

Bakun, A., & Nelson, C. S. (1991). The seasonal cycle of wind-stress curl in subtropical eastern boundary current regions. Journal of Physical
Oceanography, 21, 1815-1834. https://doi.org/10.1175/1520-0485(1991)021<1815:TSCOWS>2.0.CO;2

Belmadani, A., Concha, E., Donoso, D., Ct A., Colas, F., Maxi ko, N. A., & Di Lorenzo, E. (2017). Striations and preferred eddy
tracks triggered by topographic steering of the background flow in the eastern South Pacific. Journal of Geophysical Research: Oceans,
122, 2847-2870. https://doi.org/10.1002/2016]C012348

Bettencourt, J. H., Lopez, C., Herndndez-Garcia, E., Montes, L., Sudre, J., Dewitte, B., et al. (2015). Boundaries of the Peruvian Oxygen
Minimum Zone shaped by coherent le d: ics. Nature G 8, 937-940. https://doi.org/10.1038/nge02570

Bianucci, L., Fennel, K., & Denman, K. L. (2012). Role of sediment denitrification in water column oxygen dynamics: comparison of the
North American East andWest Coasts. Biogeosciences, 9, 2673-2682. https://doi.org/10.5194/bg-9-2673-2012

Brandt, P., Hormann, V., Kortzinger, A., Visbeck, M., Krahmann, G., Stramma, L., et al. (2010). Changes in the ventilation of the
oxygen minimum zone of the Tropical North Atlantic. Journal of Physical Oceanography, 40, 1784-1801. https://doi.org/10.1175/
2010JPO4301.1

Chaigneau, A., Dominguez, N., Eldin, G., Vasquez, L., Flores, R., Grados, C., & Echevin, V. (2013). Near-coastal circulation in the Northern
Humboldt Current System from shipboard ADCP data. Journal of Geophysical Research: Oceans, 118, 5251-5266. https://doi.org/
10.1002/jgre.20328

Codispoti, L. A. (1989). Phosphorus vs. nitrogen limitations of new andexport production. In W. H. Berger et al. (Eds.), Productivity of the
ocean: Present and past (p. 377-394). Wiley.

Colas, F., McWilliams, J. C., Capet, X., & Kurian, J. (2012). Heat balance and eddies in the Peru-Chile current system. Climate Dynamics,
39(1-2), 509-529.

Combes, V., Hormazabal, S., & Di Lorenzo, E. (2015). Interannual variability of the subsurface eddy field in the Southeast Pacific. Journal of
Geophysical Research: Oceans, 120, 4907-4924. https://doi.org/10.1002/20141C010265

Cravatte, S., Kessler, W. S., & Marin, F. (2012). Intermediate zonal jets in the tropical Pacific Ocean observed by Argo floats. Journal of
Physical Oceanography, 42(9), 1475-1485. https://doi.org/10.1175/JPO-D-11-0206.1

da Silva, A. M., Young, C. C., & Levitus, S. (1994). Atlas of Surface Marine Data 1994, vol. 1, Algorithms and Procedures, NOAA Atlas
NESDIS (Vol. 6, p. 83). NOAA, Silver, Spring, Md.

Davis, A., Di Lorenzo, E., Luo, H., Belmadani, A., Maxi ko, N., Melnichenko, O., & Schneider, N. (2014). }i for the emer-
gence of ocean striations in the North Pacific. Geophysical Research Letters, 41, 948-953. https://doi.org/10.1002/2013GL057956

Dewitte, B., Purca, S., Illig, S., Renault, L., & Giese, B. (2008). Low frequency modulation of the intraseasonal equatorial Kelvin wave
activity in the Pacific ocean from SODA: 1958-2001. Journal of Climate, 21, 6060-6069.

Dewitte, B., Vazquez-Cuervo, J., Goubanova, K., Illig, S., Takahashi, K., Cambon, G., et al. (2012). Change in El Nifio flavours over 1958—
2008: Implications for the long-term trend of the upwelling off Peru. Deep Sea Research Part II: Topical Studies in Oceanography, 77-80,
143-156. https://doi.org/10.1016/j.dsr2.2012.04.011

Emery, W. I, &Thomson, R. E. (2004). Data Analysis Methods in Physical Oceanography (2nd Ed.). New York: Elsevier BV.

Escribano, R., Hidalgo, P., Fuentes, M., & Donoso, K. (2012). Zooplankton time series in the coastal zone off Chile: Variation in
upwelling and responses of the copepod community. Progress in Oceanography, 97-100, 174-186. https://doi.org/10.1016/j.
pocean.2011.11.006

PIZARRO-KOCH ET AL.

8601

50



~u
AGU

Journal of Geophysical Research: Oceans 10.1029/2019JC015201

Nakano, H., & Hasumi, H. (2005). A series of zonal jets embedded in the broad zonal flows in the Pacific obtained in eddy-permitting ocean
general circulation models. Journal of Physical Oceanography, 35, 474-488.

Nagqvi, S. W. A, Bange, H. W., Farias, L., Monteiro, P. M. S., Scraton, M. L, & Zhang, J. (2010). Marine hypoxia/anoxia as a source of CH4
and N20. Biogeosciences, 7, 2159-2190. https://doi.org/10.5194/bg-7-2159-2010

NASA Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean Biology Processing Group; (2014): Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) Ocean Color Data. NASA OB.DAAC. doi: https://doi.org/10.5067/ORBVIEW-2/SEAWIFS_0C.2014.0

Niemeyer, D., Kemena, T. P., Meissner, K. ., & Oschlies, A. (2017). A model study of warming-induced phosphorus-oxygen feedbacks in
open-ocean oxygen minimum zones on millennial timescales. Earth System Dynamics, 8(2), 357-367. https://doi.org/10.5194/esd-8-357-
2017

Oerder, V., Colas, F., Echevin, V., Masson, S., & Lemari¢, F. (2018). Impactsof the mesoscale ocean-atmosphere coupling on the Peru-Chile
ocean dynamics:The current-induced wind stress modulation. Journal of Geophysical Research:Oceans, 123, 812-833. https://doi.org/
10.1002/2017JC013294

Paulmier, A., & Ruiz-Pino, D. (2009). Oxygen minimum zones (OMZs) in the modern ocean. Progress in Oceanography, 80(3-4), 113-128.
https://doi.org/10.1029/j.pocean.2008.08.001

Paulmier, A., Ruiz-Pino, D., Gar¢on, V., & Farias, L. (2006). Maintaining of the East South Pacific Oxygen Minimum Zone (OMZ) off Chile.
Geophysical Research Letters, 33, L20601. https://doi.org/10.1029/2006GL026801

Pizarro, O., Clarke, A. J., & Van Gorder, S. (2001). El Nifio sea level and currents along the South American coast: Comparison of obser-
vations with theory. Journal of Physical Oceanography, 31,1891-1903. https://doi.org/10.1175/1520-0485(2001)031<1891:ENOSLA>2.0.
COo:2

Pizarro, O., Shaffer, G., Dewitte, B., & Ramos, M. (2002). Dynamics of seasonal and interannual variability of the Peru-Chile Undercurrent.
Geophysical Research Letters, 29(12), 1581. https://doi.org/10.1029/2002GL014790

Ramos, M., Pizarro, O., Bravo, L., & Dewitte, B. (2006). Seasonal variability of the permanent thermocline off northern Chile. Geophysical
Research Letters, 33(9), L09608. https://doi.org/10.1029/2006GL025882

Renault, L., Deutsch, C., Mc Williams, J. C., Frenzel, H., Liang, J. H., & Colas, F. (2016). Partial decoupling of primary productivity from
upwelling in the California Current System. Nature Geoscience, 9, 505-508. https://doi.org/10.1038/NGEO2722

Renault, L., Dewitte, B., Falvey, M., Garreaud, R., Echevin, V., & Bonjean, F. (2009). Impact of the atmospheric coastal jet off central Chile
on sea surface temperature from satellite observations (2000-2007). Journal of Geophysical Research, 114, C08006. https://doi.org/
10.1029/20081C005083

Resplandy, L.,Lévy, M., Bopp, L., Echevin, V., Pous, S., Sarma, V. V. 8. S., & Kumar, D. (2012). Controlling factors of the oxygen balance in
the Arabian Sea'sOMZ. Biogeosciences, 9(12), 5095-5109. https://doi.org/10.5194/bg-9-5095-2012

Reyes, H., Letelier, J.,Pizarro, M.,Catasti, V. (2007). Monitoreo de | dici bio- icas entre la I y IV. regiones, afio 2006.
IFOP Proyecto FIP 2006-01. Octubre 2007.

Schunck, H., Lavik, G., Desai, D. K., Groikopf, T., Kalvelage, T., Loscher, C. R., et al. (2013). Giant Hydrogen Sulfide Plume in the Oxygen
Minimum Zone off Peru Supports Chemolithoautotrophy. PLoS ONE, 8(8), €68661. https://doi.org/10.1371/journal.pone.0068661

Shaffer, G., Hormazabal, S., Pizarro, O., & Salinas, S. (1999). Seasonal and interannual variability of currents and temperature off central
Chile. Journal of Geophysical Research, 104, 29,951-29,961. https://doi.org/10.1029/1999JC900253

Shaffer, G., Pizarro, O., Djurfeldt, L., Salinas, S., & Ruttlant, J. (1997). Circulation and low-frequency variability near the Chilean coast:
Remotely forced fluctuations during the 1991-1992 El Nifio. Journal of Physical Oceanography, 27, 217-235. https://doi.org/10.1175/
1520-0485(1997)027<0217:CALFVN>2.0.CO;2

Shchepetkin, A., & McWilliams, J. C. (2005). The regional oceanic modeling system (ROMS): a split-explicit, free-surface, topography-
following- coordinate oceanic model. Ocean Modelling, 9, 347-404. https://doi.org/10.1016/j.ocemod.2004.08.002

Siedlecki, S. A., Banas, N. S., Davis, K. A., Giddings, S., Hickey, B. M., MacCready, P., et al. (2015). Seasonal and interannual oxygen
variability on the Washington and Oregon continental shelves. Journal of Geophysical Research: Oceans, 120, 608-633. https://doi.org/
10.1002/20141C010254

Silva, N., & Neshyba, S. (1979). On the southernmost extension of the Peru-Chile Undercurrent. Deep Sea Research Part I. Oceanographic
Research Papers, 26, 1387-1393. https://doi.org/10.1016/0198-0149(79)90006-2

Silva, N., Rojas, N., & Fedele, A. (2009). Water masses in the Humboldt Current System: properties, distribution, and the nitrate deficit as a
chemical water mass tracer for equatorial subsurface water off Chile. Deep Sea Research Part II: Topical Studies in Oceanography, 56,
1004-1020. https://doi.org/10.1016/j.dsr2.2008.12.013

Sinha, B., & Richards, K. (1999). Jet structure and scaling in Southern Ocean models. Journal of Physical Oceanography, 29, 1143-1155.

Smith, R. D., Dukowicz, J. K., & Malone, R. C. (1992). Parallel ocean general circulation modeling. Physica D, 60, 38-61. https://doi.org/
10.1016/0167-2789(92)90225-C

Sobarzo, M., Bravo, L., Donoso, D., Garcés-Vargas, J., & Schneider, W. (2007). Coastal upwelling and seasonal cycles that influence the
water column over the continental shelf off central Chile. Progress in Oceanography, 75, 363-382. https://doi.org/10.1016/j.
pocean.2007.08.022

Stramma, L., Prince, E. D., Schmidtko, S., Luo, J., & Hoolihan, J. P. (2011). Expansion of oxygen minimum zones may reduce available
habitat for tropical pelagic fishes. Nature Climate Change, 2, 33-37. https://doi.org/10.1038/nclimate1304

Stramma, L., Prince, E. D., Schmidtko, S., Luo, J., Hoolihan, J. P., Visbeck, M., et al. (2012). Expansion of oxygen minimum zones may
reduce available habitat for tropical pelagic fishes. Nature Climate Change, 2, 33-37. https://doi.org/10.1038/nclimate1304doi:10.1038/
nclimate1304

Stramma, L., Schmidtko, S., Levin, L. A., & Johnson, G. C. (2010). Ocean oxygen minima expansions and their biological impacts. Deep Sea

h Part I: O aphic R h Papers, 57, 587-595. https://doi.org/10.1016/j.dsr.2010.01.005

Strub, P. T., Montecino, V., Ruttlant, J., & Salinas, S. (1998). Coastal ocean circulation off western South America. In A. R. Robinson, & K.
H. Brink (Eds.), The sea, vol. 11, The Global Coastal Ocean: Regional Studies and Syntheses (pp. 273-314). Hoboken, N. J: John Wiley.

Suntharalingam, P., Sarmiento, J. L., & Toggweiler, J. R. (2000), Globalsignificance of nitrous-oxide production and transport from oceanic
low-oxygenzones: A modeling study. Global Biogeochemical Cycles, 14, 1353-1370. https://doi.org/10.1029/1999GB900100

Suntharalingam, P., Buitenhuis, E., Le Quere, C., Dentener, F., Nevison, C., & Butler, J. (2012). Quantifying the Impact of Anthro-pogenic
Nitrogen Depositionon Oceanic Nitrous Oxide. Geophysical Research Letters, 39, L07605. https://doi.org/10.1029/2011GL050778

Thomsen, S., Kanzow, T., Krahmann, G., Greatbatch, R. J., Dengler, M., & Lavik, G. (2016). The formation of a subsurface anticy-clonic
eddy in the Peru-Chile Undercurrent and its impact on the near-coastal salinity, oxygen, and nutrients distributions. Journal of
Geophysical Research: Oceans, 121, 476-501. https://doi.org/10.1002/2015JC010878

PIZARRO-KOCH ET AL.

8603

51



~u
AGU

Journal of Geophysical Research: Oceans 10.1029/2019JC015201

Ulloa, O., Canfield, D. E., DeLong, E. F., Letelier, R. M., & Stewart, F. J. (2012). Microbial oceanography of anoxic oxygen minimum zones.
Proceedings of the National Academy of Sciences of the United States of America, 109(40), 15,996-16,003. https://doi.org/10.1073/
Ppnas.1205009109

Ulloa, O., Escribano, R., Hormazabal, S., Quifiones, R., Gonzilez, R., & Ramos, M. (2001). Evolution and biological effects of the 1997-
98 El Nifio in the upwelling ecosystem off northern Chile. Geophysical Research Letters, 28, 1591-1594. https://doi.org/10.1029/
2000GLO011548

Ulloa, O., & Pantoja, S. (2009). The oxygen minimum zone of the eastern South Pacific. Deep Sea Research Part II: Topical Studies in
Oceanography, 56(16), 987-991. https://doi.org/10.1016/j.dsr2.2008.12.004

Vergara, O., Dewitte, B., Montes, 1., Garcon, V., Ramos, M., Paulmier, A., & Pizarro, O. (2016). Seasonal variability of the oxygen
minimum zone off Peru in a high-resolution regional coupled model. Biogeosciences, 13, 4389-4410. https://doi.org/10.5194/bg-13-
4389-2016

Vergara, O., Dewitte, B., Ramos, M., & Pizarro, O. (2017). Vertical energy flux at ENSO time scales in the subthermocline of the
Southeastern Pacific. Journal of Geophysical Research: Oceans, 122, 6011-6038. https://doi.org/10.1002/2016JC012614

Vergara, O., Echevin, V., Sepulveda, H. H., Colas, F., & Quifiones, R. (2016). Modeling the seasonal dynamics of the Peru-Chile under-
current of Central Chile (30-40°S). Continental Shelf Research, 123, 61-79. https://doi.org/10.1016/j.csr.2016.04.001

Wooster, W. S., & Gilmartin, M. (1961). The Peru-Chile Undercurrent. Journal of Marine Research, 19, 97-122.

‘Wyrtki, K. (1962). The oxygen minima in relation to ocean circulation. Deep Sea Research and Oceanographic Abstracts, 9, 11-23. https://
doi.org/10.1016/0011-7471(62)90243-7

PIZARRO-KOCH ET AL.

8604

52



Articulo enviado a Journal of Geophysical Research: Oceans

4.2. Capitulo 2: Factores fisicos que controlan los cambios interanuales de la Zona Minimo
de Oxigeno frente a Chile (30°S-38°S) durante el periodo 2000-2008
Matias Pizarro-Koch, Oscar Pizarro, Boris Dewitte, I[vonne Montes, Hector Hito Sepulveda,

Marcel Ramos, Aurélien Paulmier y Véronique Gargon

Resumen

En este articulo se analizan los principales mecanismos fisicos de la variabilidad
interanual de la zona minima de oxigeno (ZMO) frente a la zona central de Chile. Para este fin
se utiliz6 la misma simulacion numérica descrita en el trabajo anterior considerando los afos
2000-2008. Durante este periodo, se observo una variabilidad interanual en el volumen de la
ZMO, definido como el volumen con OD < 45 puM. Particularmente, el RMS interanual del
volumen fue ~31% mayor que el ciclo estacional a pesar de la débil amplitud del ciclo ENOS
durante el periodo de estudio. Se observo un importante contraste en el volumen y el OD medio
de la OMZ durante los afos 2001 (maximo volumen) y 2007 (minimo volumen).

Las anomalias negativas centradas el afio 2007 estan asociadas principalmente con una
marcada disminucion de la Corriente Subsuperficial de Peru-Chile (CSPC) y un debilitamiento
de las corrientes ocednicas (jets) zonales que transportan agua desde la ZMO hacia el océano
abierto. Mientras que las anomalias positivas observadas el afio 2001 muestran un mayor
transporte hacia el sur de la CSPC, un flujo advectivo de OD negativo (hacia el oeste) asociado
a los jets zonales y un marcado debilitamiento del transporte turbulento de OD hacia la ZMO
asociado a los remolinos de mesoescala.

En consecuencia, los cambios interanuales en el volumen e intensidad de la ZMO para
el periodo evaluado frente a Chile central son el resultado de los efectos combinados de la
variabilidad de la CSPC, las corrientes zonales (jets) y los flujos turbulentos asociados a los
remolinos de mesoescala. La variabilidad interanual de la CSPC modula principalmente la
intensidad de la ZMO mas que su volumen. Mientras que el transporte advectivo de OD
perpendicular a la costa (jets zonales y los flujos turbulentos de remolinos) muestran un rol

importante en la ventilacion y extension oceanica de la ZMO.
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Plain Language Summary

The southern tip of the Oxygen Minimum Zone (OMZ) in the Eastern South Pacific off Chile is
very sensitive to the global deoxygenation trend. Here, using a physical-biogeochemical model
we investigate the main physical mechanisms controlling its interannual variability. The study
period study (2000-2008) comprises El Nifio-La Nifa cycles with a relative weak amplitude.
Nevertheless, we found large contrast of the OMZ volume and its intensity during the years 2001
and 2007. Dissolved oxygen changes within OMZ were closely related to the southward
transport of the Peru-Chile Undercurrent, while changes of the OMZ volume were mainly related
to changes in zonal currents and in the eddy fluxes, largely related to mesoscale variability.
Thus, the interplay of the meridional and zonal transport of dissolved oxygen modulate the
interannual oxygen budget and shape of the OMZ off central Chile.
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Key Points:
e The Oxygen Minimum Zone (OMZ) off Chile is modulated interannually by the Peru-
Chile Undercurrent and by the alternating zonal jets.

e Zonally advective and mesoscale eddy fluxes of dissolved oxygen play a key role
ventilating and shapping the OMZ at interannual time-scale.

e The OMZ intensity is modulated interannually mainly by the Peru-Chile Undercurrent
variability near to continental slope.
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Abstract

The main physical drivers of the interannual variability of the oxygen minimum zone (OMZ) off
central Chile were analyzed using a high-resolution (1/12°) coupled physical-biogeochemical
model simulation between the years 2000 and 2008. During this period a relatively large
interannual variability was observed in the OMZ volume (OMZyoy ), defined as the volume with
dissolved oxygen concentration (DO) < 45 puM in the region between 30°S-38°S. Interannual
OMZyorL RMS was ~31% larger than the seasonal one despite relatively weak El Nifio Southern
Oscillation (ENSO) amplitude. Particularly, larger positive (negative) anomalies of OMZyor
were observed during 2001 (2007). We showed that these anomalies were associated with
changes in (1) the Peru-Chile Undercurrent (PCUC) that transports low-DO waters poleward, (2)
in the intensity of narrow zonal jets that meridionally alternate, transporting water from and
toward the OMZ and (3) in the zonal eddy transport related to mesoscale eddy activity. The
interannual variability of the PCUC modulates mainly the DO contents of the OMZ, while cross-
shore DO transport by the zonal jets and the eddy fluxes play a major role ventilating and
shaping the offshore extent of the OMZ. When the OMZyor was maximum (minimum) the
PCUC transport was relatively normal (abnormally reduced), but the zonal advective and eddy
fluxes of DO showed negative (positive) anomalies, reducing (increasing) ventilation. Thus, the
OMZyo. interannual changes observed off central Chile during the study period resulted from
the compensating effects associated with the PCUC, zonal jets and mesoscale eddy flux
variability.
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1 Introduction

The tropical and subtropical regions of the eastern South Pacific Ocean (ESP) undergo large
variability at interannual time scales that may modulate the spatial extension and intensity of the
oxygen minimum zone (OMZ) present in this region. This natural variability —along with the
sparse number of observations available there— partially masks lower frequency fluctuations,
including that of anthropogenic origin. In general, the distribution of dissolved oxygen (DO) in
the ocean strongly depends on warming because it directly affects oxygen solubility and
indirectly by changing ocean circulation, mixing and oxygen respiration (Schmidtko, et al., 2017,
Oschlies et al., 2018). In the present global warming scenario, both model and observations have
shown that ocean DO is decreasing and consequently, expansion and intensification of the OMZs
are expected (e.g. Schmidtko, et al., 2017; Lachkar et al., 2018) with significant impacts on the
marine ecosystem and on biogeochemical cycles (e.g. Breitburg et al., 2018). Like other regions
of the ocean, the OMZ off central Chile is sensitive to the global deoxygenation trend (Bopp et
al., 2013; Long et al., 2016; Oschiles et al., 2018), which may contribute to spatially extend and
intensify the OMZ in this region. To address this environmental threat much remains yet to be
learned about the mechanisms that control natural variability of DO in the southern boundary of
the large OMZ of the ESP.

The OMZ of the ESP is closely related to Equatorial Subsurface Water (ESSW), a regional water
mass characterized by relatively high salinity, temperature, CO, and nutrients, and very low
values of DO and pH (Paulmier et al., 2008; Silva et al., 2009; Torres et al., 2011; Hernandez-
Ayon et al., 2019). This water mass is a key component of the coastal upwelling cell since it is
the main source of nutrients to the surface layer. Near the coast of central Chile the ESSW is
located just below the waters that form the shallow salinity minimum (Reid, 1973; Wijffels et al.,
2001; Schneider et al., 2003; Karstensen, 2004), called also Subantarctic Water (SAAW) (e.g.
Silva et al., 2009), and over the Antarctic Intermediate Water (AAIW). Both, SAAW and AAIW
are characterized by low-salinity, relatively low-temperature and high DO, largely contrasting
with the ESSW and easily distinguishable in T-S (and T-O) diagrams. The ESSW is transported
along the Peruvian and Chilean coasts by the PCUC, which contributes to expand poleward the
OMZ (Paulmier et al., 2006). This southward flow extends from northern Peru to south-central
Chile (Wooster and Gilmartin, 1961; Silva and Neshyba, 1979; Pizarro et al., 2002; Chaigneau,
et al.,2013) and its northern limb is fed by the South Pacific Tsuchiya jets and to a lesser extent,
by the Equatorial Undercurrent (Montes et al., 2014). Significant changes in the origin of the
source waters that feed the OMZ have been associated to El Nifio variability impacting, in turn,
the properties of the OMZ off Peru (Espinoza-Morriberon et al., 2019), although observations
suggest that a significant variance in interannual variance of oxygen content is not linearly
related to El Nifo there (Graco et al., 2017).

Off Peru and Chile the oxycline that denotes the upper limit of the OMZ is quite shallow and
abrupt, commonly laying over the 100 m depth (Paulmier et al., 2006). Over the continental
shelf upwelling-downwelling events and coastally trapped waves modify the depth of this
oxycline by transporting oxygen depleted waters to the surface layer (e.g. Schlosser et al., 2018;
Pizarro et al., 2016) or by transporting surface water downward contributing to oxygenate
environments that commonly are anoxic (e.g. Gutierrez et al., 2008). In contrast, the lower
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oxycline is smooth and shows large differences along the coast. It is in particular much deeper
(typically > 800 m depth) off Peru than off central Chile (~450 m depth) (e.g. Silva et al., 2009;
Fuenzalida et al., 2009). The offshore extension of the OMZ (demarked here by DO = 45 uM)
decreases rapidly southward reaching about 200 km near 30°S and only ~25 km near 37°S (Silva
et al., 2009; Fuenzalida et al., 2009; Pizarro et al., 2016). Like off Peru (Gutierrez et al., 2008;
Espinoza-Morriberon et al., 2019), the upper oxycline, as well as the thermocline, off Chile
experience large interannual variations, mainly related to the ENSO cycles (e.g. Morales et al.,
1999; Pizarro and Montecinos, 2004) but not only, in particular during periods when the ENSO
amplitude is reduced (Graco et al., 2017). Off central Chile seasonal and interannual variation of
coastal upwelling also modulate the upper oxycline (e.g. Paulmier et al., 2006; Sobarzo et al.,
2007; Schneider et al., 2017; Pizarro-Koch et al., 2019). In addition, mesoscale eddies play also
an important role in the surface and subsurface variability of this region at different time-scales
(Chaigneau and Pizarro, 2005; Chaigneau et al., 2011). Particularly, a specific type of
mesoscale eddy, named subsurface or intrathermocline eddies, transports offshore low-oxygen
waters and plays an important role in the OMZ dynamics (Hormazabal et al., 2013, Combes et
al., 2015; Cornejo et al., 2016; Frenger et al., 2018). These subsurface eddies have been
associated to instabilities of the Peru-Chile Undercurrent (PCUC) (Contreras et al., 2019), and
their dynamics are similar to the Cuddies observed in the California Current System (e.g.
Molemaker et al., 2015). Changes in both the PCUC and mesoscale eddy field contribute to
modulate the vertical and offshore extension of the OMZ at seasonal and intraseasonal time
scales off central Chile (e.g. Vergara et al., 2016, Frenger et al., 2018; Pizarro-Koch et al.,
2019).

Here, we analyze the interannual variability of the extra-tropical OMZ off central Chile (30°S-
38°S), a region that is sensitive to the deoxygenation trend (Keeling et al., 2010; Bopp et al.,
2013; Oschlies et al., 2018), but also with large interannual and decadal variability (e.g.
Montecinos et al., 2003). We take advantage of the recent progresses in coupled physical-
biogeochemical modeling for OMZ studies (e.g. Montes et al., 2014; Vergara et al., 2016;
Mogollon and Calil, 2017; Pizarro-Koch et al., 2019) to investigate the relative role of the
meridional —related to the PCUC- and zonal transports of DO over the interannual variability of
the OMZ volume.

The main focus of this work is aimed at explaining the contrast between the volume of the OMZ
observed in the model between years 2001 and 2007. In those years this volume showed large
differences in the study region, despite the fact that during the whole study period the ENSO
variability in both the model and observations was relatively weak. Note that during this period a
warm (2002-2006) and cold (2000-2001) phase were reported. The last one was related to the
end of the strong La Nifia (1998-2001) event. The choice of this period is also motivated by the
fact that realistic observed atmospheric momentum fluxes are available (i.e. QuikSCAT satellite
data) for simulating Eastern Boundary Upwelling System dynamics (EBUS) (c.f Aguirre et al.,
2012; Astudillo et al., 2017) and it corresponds to the period analyzed by Pizarro-Koch et al.
(2019) for investigating the seasonal cycle of the OMZ, providing benchmark material for the
interpretation of the results.
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The rest of the paper is organized as follows: the coupled model setup and validation is presented
in section 2, in section 3 we describe the interannual changes observed in the extra-tropical OMZ
(subsection 3.1) and the associated changes in the integrated DO budget (subsection 3.2).
Changes in the PCUC and in the cross-shore DO fluxes are addressed in subsections 3.3 and 3.4,
respectively. Finally, in section 4 we present a summary of the main findings and the
conclusions.

2 Methods

2.1 Coupled Physical-Biogeochemical Model

In this paper, the model used is the Regional Ocean Model System (ROMS), AGRIF version,
coupled to the biogeochemical model named BioEBUS. ROMS is a split-explicit (i.e. the
barotropic and baroclinic momentum equations are resolved separately using different time
steps), free surface oceanic model that solves the rotating primitive equations, based on the
Boussinesq approximation and hydrostatic vertical momentum balance (Shchepetkin and
McWilliams, 2003, 2005, 2009; Penven et al., 2006). ROMS is discretized using curvilinear
coordinate in the horizontal and terrain-following (or sigma) coordinate transformation in the
vertical. BioEBUS is a nitrogen-based biogeochemical model specially developed for EBUS
(Gutknecht et al., 2013a) following similar methodology than that described by Montes et al.
(2014), Vergara et al. (2016) and Pizarro-Koch et al. (2019). BioEBUS model was derived from
the nitrogen based N,P»Z,D, model of Koné et al., (2005) and, in addition to DO, mainly consist
of 10 nitrogen state variables, specially adapted to coastal versus off-shore system such as EBUS
(Gutknecht et al., 2013a). Those state variables correspond to 6 compartments, having two
classes of size for phytoplankton (small-flagellate PS, large-diatoms PL), zooplankton (small-
ciliates ZS, large-copepods ZL) and detritus (D; small DS, large DL). Furthermore, 4 other
compartment include Dissolved Organic Nitrogen (DON) and three Dissolved Inorganic
Nitrogen (DIN) compartments represented by nitrate, nitrite and ammonium. In addition to
nitrification, BioEBUS takes into account specific microbial OMZ processes interacting within
the DIN pool such as denitrification and anammox. For biogeochemistry, initial and boundary
conditions for nitrate and oxygen concentrations are provided by CARS-2006 climatology. For
the other biogeochemical tracers (NO,", NH;" and DON) initial and lateral boundary conditions
are established using a constant (in time) profiles similar to those described by Koné et al.,
(2005). The parameters used in the biogeochemical model were the same than those used by
Montes et al. (2014) and Vergara et al. (2016) for the ESP-OMZ off Peru. For a detailed
description of the parameters used in this study, please see appendix A in Montes et al. (2014).
Hereinafter this coupled physical-biogeochemical model will referred as ROMS/BioEBUS.

The evolution of any biological tracer concentration is determined by the advective-diffusive
equation. For DO, this equation takes the following form:

0 _ _p . 2p0 + 2 (k922
22 = -7 - (uDO) + K,72D0 + = (K,d az)+s1v1s(00) (1)
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On the right-hand side (r.h.s), the first three terms represent DO advection (with u the velocity
vector), K, and K, are the horizontal and vertical eddy diffusion, respectively (K}, is equal to 100
m?s”" in our model and K,, is calculated based on the K-profile parameterization mixing scheme;
Large et al., (1994)). Note that the model also has numerical diffusion associated with inherent
spurious diapycnal mixing of the numerical scheme, so that K}, is empirically adjusted. The SMS
(sources minus sinks) term includes all biogeochemical processes considered by the model that
act as sources and sinks, in this case, for DO. The total physical term (named PHYS below) is the

summed-up of the advective term (ADV = V - (uD0)) and the horizontal (K, V?D0) and vertical

(% (KZ %)-)) mixing, hereafter called Hmix and Vmix, respectively. Note that ADV contains also

diffusion (through numerical diffusion) and non-linear advection that can be interpreted as
mixing, so that Hmix is not the “full” mixing that is taking place in the model (cf. Vergara et al.,
2017). The ADV can also be represented separately through its contributions related to the
different components as: the zonal (Xadv = ud(DO)/0x), meridional (Yadv = vo(DO/dy) and
vertical (Zadv = wo(DO)/0z) advection, where u, v and w are the zonal, meridional and vertical
velocity components, respectively. The reader is referred to Gutknecht et al. (2013a) for more
detailed information about the BioEBUS model.

2.2 Model Setup

We used a similar interannual ROMS (1958-2008) configuration to that used by Dewitte et al.,
(2012). The model was run for 50 years, however, here we use only the last nine years (2000-
2008) for the ROMS/BioEBUS coupled simulation. The horizontal resolution was 1/12° and the
domain extends from the North Equatorial Pacific (12°N) to eastern South Pacific (40°S), and
from the South American coast to 95°W. The vertical resolution was determined by the total
depth distributed in 37 vertical levels using the sigma transformation. In this study we focus on
the region off central Chile (from 30°S to 38°S, Figure 1a), but a larger domain was necessary in
order to correctly grasp the connection with the equatorial variability through coastal-trapped
waves, extra-tropical Rossby waves and the PCUC variability (Pizarro et al., 2001, 2002; Ramos
et al., 2008, Ilig et al., 2018). The lateral open boundary conditions (temperature, salinity and
horizontal velocity) were obtained from SODA 1.4.2 reanalysis (Smith et al., 1992). The SODA
1.4.2 horizontal resolution is 0.25° (latitude) x 0.4° (longitude) and with 40 vertical levels with
10 m spacing near the surface. The atmospheric forcing consists in a statistical downscaling
product from NCEP-NCAR (2.5° x 2.5°) data that provides wind stress and wind speed, this
method refines the NCEP-NCAR resolution to 0.5° x 0.5 and correct for the biases of the NCEP
reanalyses near the Peru-Chile coast. The statistical downscaling model used by Goubanova et
al. (2011) is constructed from QuikSCAT data (please see Goubanova et al., 2011 for more
details). Atmospheric fluxes were derived from the bulk formula using COADS 1° x 1° monthly
climatology (da Silva et al., 1994), air temperature, relative humidity and long- and short-wave
radiation are also from COADS. The atmospheric forcing is almost equivalent to the original
QuikSCAT data over the period 2000-2008, which also motivated us to focus on this period to
analyze interannual variability.
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2.3 Model Assessment

The hydrodynamics has been formerly validated from satellite and in situ observation focused on
mean state and interannual variability by Dewitte et al. (2012) and Vergara et al. (2016, 2017).
These authors endorse that the model is skillful in simulating the mean SST field (See Fig la, c
in Vergara et al. (2016) and Fig. 3 in Dewitte et al. (2012)) as well as other main aspects of the
mean circulation (e.g., Peru-Chile Undercurrent and EKE; see Fig. 3 in Dewitte et al. (2012)).
The SST bias was around (1°C), the model being colder with respect to observations and EKE
with a comparable pattern than altimetry, although with a larger amplitude (see Fig. le, f in
Vergara et al. (2016)).

The biogeochemical variables from the coupled ROMS/BioEBUS model have been validated
and used for other studies related to OMZ off Peru and Chile (Montes et al., 2014; Vergara et al.,
2016; Pizarro-Koch et al. 2019). Montes et al. (2014) provide a statistical assessment of the
annual mean model skill through Taylor's diagrams. The pattern correlations of physical and
biogeochemical fields were larger than 0.85, as well as low standard deviations (i.e. in the order
of the observed values) and the centered RMS differences are relatively small (<0.5 of the field's
variance). After, Vergara et al. (2016) consistently with Montes et al. (2014) found that the
coupled simulation is skillful in simulating the mean characteristics of OMZ off the Peruvian
coast (see Figs 2 and 3 in Vergara et al. (2016)). The thickness and OMZ core distribution were
realistic and in good agreement with previous studies (see Fig. 2 in Vergara et al. (2016)).
Furthermore, the simulation is consistent in reproducing the oxygen-consuming processes, as
supported by the apparent oxygen utilization (AOU). However, the volume of suboxic water is
underestimated by 6 %, which is comparable to the differences obtained by Montes et al. (2014).
Near the coast and south of ~20°S the model shows an overestimation of DO. A validation
focused in the OMZ off central Chile was recently presented by Pizarro-Koch et al., (2019).
They showed that the model has a fair skill in simulating the main features of the region,
including upwelling seasonal cycle, vertical structure OMZ, seasonal anomalies of coastal DO,
hydrographic patterns (T, S, DO, NO5'), and velocity data over the continental slope at the core
of the PCUC (for more details please see appendix in Pizarro-Koch et al., 2019).

2.4 Interannual time-series and ENSO indices

Model variables were originally stored every 5-days and to obtain interannual time series of the
different original and derived —like OMZyor and zonal eddy fluxes (see below section 2.5)—
variables, we calculate monthly averages based on the 5-days time series. Time series of
interannual anomalies were obtained by removing the mean, the linear trend and the seasonal
cycle. Then, these monthly times series were low-pass filtered using a moving-average filter of 7
months. We contrast the interannual variability —related to ENSO- during the study period
(2000-2008) with other decades. To do this we use the multivariate ENSO index (MEI), the
Southern  Oscillation Index and the El Nifo 3.4 index (data obtained from
https://www.esrl.noaa.gov/psd/enso/). The ENSO variability showed a minimum during the
2000-2008 period, when compared with different decades between 1980’s and the 2010’s.
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Nevertheless, lower variability was observed in SOI and El Nifio 3.4 indices during the 1960’s.
Thus, the study period can be considered as one of relatively weak ENSO variability.

2.5 Estimation of advective and diffusive transports

Advective and eddy fluxes of DO were estimated following the methodology used by Pizarro-
Koch et al. (2019) and Vergara et al. (2016). Known such as the Reynolds decomposition and
this write as follows:

B(x,t) = B(x, t) + @' (x, 1), 2)

where @ represents DO or any velocity component, @ is the 3-month running mean and @’ is the
deviations from @. The @' component accounts for fluctuations having a typical time scale
lasting from weeks to a few months so that eddy variability refers here mostly to the mesoscale
turbulence. In this work we mainly pay attention to the zonal fluxes —which are approximately
offshore in the study region. The zonal mesoscale eddy fluxes of DO were calculated as the
covariance between the zonal velocity fluctuations (") and DO’ using 3-month periods, i.e. ZEF
= (u'D0")3-m, where “()3.m” stands for a 3-month moving average. Meanwhile, the zonal
advective flux was estimated as the product of the zonal velocity (i) and DO, i.e. ZAF = ©iDO.
Both ZAF and ZEF are originally 5-day time series and can have seasonal and lower frequency
variability. Then, to estimate the interannual time series of these fluxes we calculate monthly
averages and remove the seasonal cycle to have monthly anomalies time series. Finally these
monthly anomalies were low-pass filtered as above.

3 Results
3.1 Variability of the extra-tropical OMZ

The interannual variability of the OMZ was analyzed using mainly 2 metrics: The OMZ volume
(hereafter OMZyo1) defined as the region where DO < 45 pM between 30°S and 38°S, and the
mean DO inside this volume (hereafter OMZpo). We select the limit of 45 uM (~1 mL L™)
because this characterizes hypoxic waters (e.g. Nagvi et al., 2010) impacting most of th
ecosystems far from the anoxic center of the ESP OMZ off Peru. The mean value of the OMZyoL
was ~4.5x10* km3, with a thickness and offshore extension that, in average, decrease southward
(Figure 1). The core of the OMZ in this region was located over the continental slope centered at
~300 m depth (see contour of DO =20 puM in Figure 1b), while OMZpo averaged for the whole
period 2000-2008 was 32 pM.

The OMZyo. time series showed relatively large interannual variability during the study period
(Table 1 and Figure Ic), with maximum and minimum during 2001 and 2007, respectively.
Despite the fact that interannual changes related to the ENSO cycles —in both the model and
ENSO indices based on observations— were relatively weak during 2000-2008, interannual
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changes in the OMZyor were quite significant. They were even larger than those associated with
the typical seasonal variability (Figure 3a, Table 1). In particular the variation of the OMZyoy, is
3 times larger than the variance of that of the seasonal cyle. The OMZp time series also showed
large interannual variability, but it was only slightly correlated with the OMZyor (Figure 1c; r =
—0.62 at 3—month lag, which is significant at 95% confidence level). The OMZyo. reached a
maximum in 2001, which represents an increase of about 38% of the mean value. Other two
relative maxima (periods with positive anomalies) were observed in 2006 and 2008, but they
were relatively small (less than 5% of the mean value). In fact, the OMZyoL showed
predominantly negative anomalies during 2003-2008 with a minimum during 2007. To visualize
the contrast between the years with maximum (2001) and minimum (2007), OMZyoL,
alongshore sections of DO (including the first 80 km from the coast) and the water mass
composition of OMZ is depicted in Figure 2. The total OMZ volume for these years is shown in
Figures 3b and 3c. Table 1 summarizes the basic statistic for OMZyo;, and OMZpo time series.
Positive anomalies of OMZpo were observed during 2003 and 2007 with maximum over 2.5 uM
(Figure 1lc), whereas negative anomalies were observed during 2000, early 2005 and 2008. Note
that the largest positive anomaly of OMZpo —observed during 2007— coincides with a minimum
in OMZyoy (Figure 3c¢). In contrast, the minimum OMZyop observed in 2004 takes place during
a period of rapid reduction of OMZpo, showing that both metrics (OMZyor. and OMZpo) are not
obviously related. During 2007, the ESSW reduced its proportion inside the OMZ significantly,
decreasing rapidly its contribution south of 34°S, while AAIW and SAAW increased (Figure 2e).
In contrast, during 2001 water proportion changed only slightly compared to their mean value.

3.2 Interannual DO Budget

To analyze the drivers of DO inside the OMZ off Central Chile we use the advection-diffusion
equation (1). Here we follow a similar methodology as Pizarro-Koch et al. (2019), who analyzed
the seasonal variability in the same region. Table 2 shows the average values of the period and
the interannual RMS values for the different terms that make up this equation. The different
terms were averaged inside the mean volume conforming the OMZ (i.e. the fixed volume with
dissolved oxygen that in average is lower than 45 uM, as shown in Figure 1b). For comparison,
the RMS of the seasonal cycle of these terms and their averages for 2001 and 2007 years are also
shown. A slight negative trend (6DO/dt ~ -0.4 uM year™ for the period 2000—2008) is present,
which may be related to low-frequency variability, e.g. decadal changes (this trend is not
analyzed here). The dominant terms in the r.h.s. of (1) are the 3 advective ones (i.e. Xadv, Yadv
and Zadv) and the SMS. While meridional (Yadv) and vertical (Zadv) advections contribute in
average to ventilate the OMZ, the zonal advection (Xadv) contributes to its deoxygenation. The
sum of the 3 advective terms is positive and equal to 1.78x10° uM s™', which is about the same
magnitude as SMS (-1.45x10° pM s™). Thus, in average, the physical terms contribute to
ventilate the OMZ, while SMS (representing main biogeochemical processes) contribute to
reduce DO, particularly oxic decomposition and nitrification dominate the SMS term.

Interannual anomalies of the different terms involved in the balance (1), averaged in the OMZ
volume, are shown in Figure 4. The anomalies of the 3 advective terms are of the same order of
magnitude (Figure 4b), while the terms involving small-scale (subgrid) mixing are much smaller
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(Figure 4c). Thus, interannual anomalies of PHYS, which represent all the physical terms in (1),
are largely dominated by the advection terms. Note that PHYS (dashed red line in Figure 4b) is
well correlated with the tendency term (red line in Figure 4a, r=0.7), and that the horizontal
advection terms, Xadv and Yadv, are inversely correlated (blue and magenta lines in Figure 4b,
r=-0.9). The SMS averaged in the volume showed anomalies about one order of magnitude
smaller than PHYS, with a main minimum in 2007 and a secondary minimum in 2001, when
OMZyoL was minimum and maximum, respectively. During 2001, PHYS anomalies were
slightly positive, while in 2007 they were slightly negative. In both cases the previous year (i.e.
2000 and 2006, PHYS showed positive anomalies. The different terms involved in the balance
when spatially averaged in the whole OMZ volume, do not show large differences between 2001
and 2007, although both years show large differences in OMZyor.

3.3 Interannual Variability of the alongshore flow

Since the work of Eustace R. Gunther (Gunther, 1936), the PCUC has been recognized as the
current that transport oxygen depleted ESSW poleward along the Chilean coasts, extending
southward the OMZ (e.g. Silva and Neshyba, 1979; Silva et al., 2009). Thus, changes in the
PCUC may be associated with the variability of the OMZ (e.g. Homazabal et al., 2006). Here,
we estimated the transport associated with the PCUC (hereafter PCUCrR) by spatially averaging
the southward flow (only values smaller than -0.02 m s in a coastal band of 100 km width and
between 80 and 800 m depth. The DO inside the region encompassed by the PCUC was also
estimated and is referred hereafter as PCUCpo. Both, PCUCrr and PCUCpo interannual
anomalies at different latitudes are shown in Figure 5. These anomalies were filtered using a
similar filter as that used for OMZyor and OMZpo interannual anomalies. Figure Sa shows a
large weakness of the PCUCrr during 2007, consistent with the minimum OMZyor and with an
increase of PCUCpo. In general, at interannual timescale a weakness of the PCUCtr is
associated with an increase of the PCUCpo during the study period (r = -0.6, which is
significantly different from zero at the 95% confidence level). Note that the large changes in the
PCUC transport between 2004 and 2008 are consistent in the entire region and a small phase
difference between the northern and southern regions observed in Figure S5a indicates a
southward propagation of the transport. Poleward propagation along the coast has been also
observed in coastal sea level and thermocline depth in both hemisphere and it has been
associated to long Rossby wave dynamics (Clarke and Van Gorder, 1994; Pizarro et al., 2001).

The correlation between PCUCtr and OMZyor was rather small, the maximum value was r ~ 0.4
at 3-4 month lags (and not significant at 95%). Nevertheless, the magnitude of the correlation
between PCUCtr and OMZpo was larger (both time series showed an inverse correlation of r = -
0.75, significant at 95%) indicating that the PCUCrg variability play a more important role over
the intensity of the OMZ than over its volume variability. When the OMZ volume is estimated
using just waters with DO < 20 puM —which involves a smaller volume restricted to the near-
shore region over the slope and outer shelf (see Figure 1)— the correlation between this volume
and the interannual variability of the PCUCtr increases somewhat (r=-0.6) and becomes
significant at 95%.
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The above results support the idea that the interannual variability of the PCUC has a significant
influence on the OMZ variability, particularly over the slope where the PCUC and OMZ cores
are located. Nevertheless, the interannual variability of the offshore, vertical and southward
extension of the OMZ cannot be fully explained by the PCUC variability. Note that, although
during 2007 the PCUCtr showed a largest negative anomaly (consistent with negative anomaly
of the OMZyoL), the large positive anomaly of OMZyqr. observed during 2000-2001 (Figure 1c)
corresponds to a period of a slight increase of the PCUCtg. In the next section we evaluate the
impact of the cross-shore current and the associated transport of DO on the OMZ interannual
changes.

3.4 Cross-shore transport of DO

Previous studies have shown that both, advective and eddy cross-shore (approximately zonal in
our study region) fluxes may play a significant role in the seasonal variability of the OMZ off
Peru and Chile (Bettencourt et al., 2015; Vergara et al., 2016; Pizarro-Koch et al., 2019;
Espinoza-Morriberon et al., 2019). Note that here the term eddy flux is associated with
mesoscale eddy flux and not with small scale (sub-grid) eddies, which are parameterized in the
model by lateral mixing (Hmix in equation 1). We analyzed the cross-shore DO fluxes along a
meridional section centered at 74°W during years 2001 and 2007, i.e. during the years with
maximum and minimum OMZyoq,, respectively. Figures 6a and 6b show that ZAF and ZEF
during 2001 (i.e. when OMZyqr is maximum) have similar order of magnitude, but in average
the ZEF is larger and shows positive values between 50 and 500 m depth (Figure 6g, dashed red
line) ventilating the OMZ. In contrast, the ZAF is negative in the upper ~300 m and slightly
negative below that depth (Figure 4g continuous red line). During 2007 (when the OMZyor, was
minimum) the ZEF was slightly larger than from 2001 (note that in 2001 ZEF was ~30% less
than the mean value) and similar to the climatological mean (showed by the black dashed line in
Figure 6g), but in 2007 the ZAF was also positive in much of the water column, between ~50
and 500 m depth, reinforcing the ventilation of the OMZ. A striking feature observed in the ZAF
is the presence of well defined stripes that alternate onshore and offshore ZAF, which may be
related to the presence of meridionally alternating zonal jets (cf. Belmadani et al., 2017; Pizarro-
Koch et al., 2019). The location and intensity of these ZAF stripes changed between 2007 and
2001. The large positive advective transport of DO was located around 35.5°S and 37.5°S in
2007 (Figure 6¢). This transport contributed to the ventilation of the southern part of the OMZ
and to the associated reduction of the OMZ observed this year (Figure 2c and 3c). In average,
between 30°S and 38°S and for the complete period, the ZAF was rather small, about an order of
magnitude smaller than the averaged ZEF (Figure 6g, black continue and dashed line,
respectively), but ZAF showed large spatial variability (Figure 6e, blue line). Over the whole
study region, the ZEFs largely contributed to ventilate the OMZ. Nevertheless, during 2001,
when the OMZyoL was maximum, the mean ZEF was reduced (Figure 6g, dashed red line).
Changes in the eddy fluxes are consistent with the reduction and increase of the (mesoscale)
eddy kinetic energy observed during 2001 and 2007, respectively (not shown).

In summary, during 2007 the PCUC —that transports water with low DO— was weakened and the
zonal eastward flow of highly oxygenated water was increased, both contributing to reduce the
OMZyor. This year, the zonal eddy flux was similar to its climatological value. In contrast,
during 2001 the PCUC was rather normal, but the ZEF, which contributes to ventilate the OMZ,
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was abnormally smaller and the ZAF was slightly negative. The anomalies in these two zonal
fluxes seem to be responsible for the rapid reduction of OMZpo and the increasing OMZyoL
observed during 2001. Thus, an interplay among the transports of the PCUC, the zonal jets and
the eddy fluxes (related to mesoscale eddies) controlled main interannual changes of the OMZ
volume during the 2000-2008 period of central Chile.

4.- Summary and conclusions

Our model results indicate that the OMZ off Central Chile (30°S — 38°S) undergoes substantial
interannual changes —typically larger than seasonal variability— even during periods with
relatively weak ENSO variability, like the 2000-2008 period. The two main metrics used here to
represent the OMZ, namely OMZyoL and OMZpo, are only moderately correlated at interannual
time scales, that is, the lower values of OMZp are not necessarily related to larger values of
OMZyoL and vice versa, suggesting a combination of processes controlling DO changes within
the OMZ. Therefore, it is expected that the different terms that make up equation (1) —integrated
in the whole control volume— only account for a small fraction of the variability observed in
OMZyo. time series. In fact, these terms do not show significant differences between 2001 and
2007, despite the contrast that OMZyor shows between those years. The physical terms (grouped
in PHYS) involved in the DO budget, and particularly the advective ones, dominate the
interannual variability of DO. Similar results were observed by Pizarro-Koch et al. (2019) for
the seasonal variability in our study region.

During 2007 the PCUC transport experienced a large reduction, and consistently, the waters
transported southward by this current increased their DO content. This abnormally weak PCUC
transport was associated with the reduction of the OMZy . observed this same year. On the other
hand, the large OMZyo observed in the model during 2001 was not directly related to an
increase of the PCUC. During this year, the cross-shore advective flow was, in average negative
—removing DO from the OMZ- and the eddy flux which permanently contributes to ventilate the
OMZ, was abnormally low. Thus, zonal transport of oxygen related to both advection by zonal
jets and mesoscale eddy fluxes may significantly contribute, along with the PCUC, to modulate
the southward and offshore extension of the OMZ off central Chile. Changes in the poleward
transport of PCUC are mainly related to DO changes in the core of the OMZ over the slope. Our
study thus illustrates the interplay between environmental forcing (i.e PCUC transport modulated
by equatorial variability) and internal dynamics (i.e eddy flows) in modulating the OMZ off
Chile. Besides providing guidance for observational studies and the design of field experiments,
these results have implications for interpreting global coupled models that generally do not have
the proper resolution to account realistically for the mean PCUC structure and the mean eddy
flow. In particular, our study suggests that caution is required when interpreting the low-
frequency changes in OMZs and its relationship with equatorial forcing in these global models. It
also calls for addressing longer timescale of variability (i.e decadal) considering its potencially
important role on both the PCUC transport and eddy activity in this region, which is planned for
future work.
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Figures Captions

Figure 1. Climatological mean of the dissolved oxygen (DO) at 300 m depth in the eastern South
Pacific Oxygen Minimum Zone (ESP-OMZ) obtained from CARS 2009 climatology (a). The
area of study defined here such as the extra-tropical region of ESP-OMZ is located between 30°S
- 38°S and 76° W — and the coast (black square). A 3-D annual mean volume of the extra-tropical
OMZ modeled defined here as the region with 9-year (2000-2008) mean DO < 45 puM (red
isosurface) (b). The shading colour represents the spatial DO distribution modeled at 300m
depth. The interannual anomalies of the OMZ volume (red line; OMZyo;) and the DO within
OMZ (black line; OMZpo) obtained from the model (c).

Figure 2. Annual mean of the DO meridional section during 2001(a) and 2007(b) for the coastal
band (region from the coast to 80 km offshore). The vertical mean of the DO sections (c) and the
difference between both periods (d). Background color in (uM) and the isopycnals of 1026.2 and
1026.8 kgm > are shown overlaid in white. Water masses percentage estimated between 1026.2
and 1026.8 kgm'3 isopycnals (e). The water masses are Subantarctic Water, (SAAW; 11.5°C,
33.8), Equatorial Subsurface Water (ESSW; 12.5°C, 34.9) and Antarctic Intermediate Water
(AAIW; 3°C, 34). The water mass and their thermohaline indices (T, S) indicated above were
obtained from Silva et al., 2009 and were used here to compute the water mass proportions.

Figure 3. Seasonal cycles (black square-line) and monthly time series for 2001 (red square-line)
and 2007 (blue square-line) of the extratropical OMZ volume between 2000-2008 years (a). The
red and blue dashed line represented the annual mean and the standard deviation of the seasonal
cycle volume is represented with black error bar. 3-D distribution of the annual mean of the
extratropical OMZ volume (red isosurface) for 2001 (b) and 2007 (c) years.

Figure 4. Interannual DO budget within the mean OMZ volume (see Figure 1b). Interannual
anomalies of DO and DO rate of change (0DO/0T) (a). The different terms of the right-hand side
of Eq. (1) are also shown (b): The physical term (PHYS red dashed line) is the summed-up
contribution of advection and mixing. The advection term (ADV) is composed, in turn, by zonal
(Xadv, magenta line), meridional (Yadv, blue line) and vertical (Zadv, cyan line) advections. The
mixing terms are the summed-up contribution of the horizontal diffusion (Hmix; grey line) and
vertical diffusivity (Vmix, dark green line) (c). The biogeochemical fluxes (SMS, light green line)
represent the “source-minus-sink™ contribution to the DO rate of change due to biogeochemical
processes, among them are: photosynthetic production (dark-green line), oxic decomposition
(dark-magenta line), excretion (sky line) and nitrification (yellow line) (d).

Figure 5. Interannual anomalies of the alongshore southward transport associated to the PCUC
modeled (in Sv, 1 Sv = 10° m’s™) (a) and mean DO inside the PCUC (in puM) defined by the
isopleth of -0.02 m s™ in the first 150 km from the coast and above 700m depth (c). The root
mean square of (RMS) of the interannual variability of PCUCtr and PCUCpg is shown in (b) and
(d) respectively. Mean of the interannual anomalies of both PCUCtr and PCUCpg for the whole
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region (e). The red line represents the PCUC transport, note that a positive value indicates high
southward transport. The black line represents the average DO inside the PCUC.

Figure 6. Annual mean of the zonal DO transport along meridional section at 74°W between 30°
and 38°S during 2001 and 2007 periods represented separately by the sum between the mean
zonal advective fluxes ((#DO), (a) and (c)) and the zonal mesoscale eddy fluxes ((u’DO’), (b)
and (d)). The shading color represented eastward (red) and westward (blue) flux (in m s™ pM).
The (#iD0) and (w’DO’) integrated between 50-500m depth is shown in (e) and (f) respectively
while vertical mean of the section is shown in (g).

Table Captions

Table 1. Root mean square (RMS) and descriptive statistics of the seasonal and interannual
variability of the OMZyoL (in km3) and OMZpo (UM s‘]).

Table 2. Root mean square (RMS) of the seasonal and interannual variability of the DO
concentration and the different terms of the DO budget in a a fixed volume defined as the region
with 9-year (2000-2008) mean DO < 45 uM, as shown in Figure 1b. The mean (2000-2008) and
annual mean to 2001 and 2007 for DO and each term of the DO budget also is presented. The
physical term (PHYS) is the summed-up contribution of all advection and mixing terms to the
rate of change of DO (6DO/dt). The advection terms are the zonal (Xadv), meridional (Yadv) and
vertical (Zadv) advections. The subgrid mixing terms are the summed-up contribution of the
horizontal diffusion (Hmix) and vertical diffusivity (Vmix). The biogeochemical fluxes (SMS)
represents the “source-minus-sink™ contribution to the DO/6t due to biogeochemical processes.
The SMS term is decomposed in photosynthetic production, oxic decomposition, excretion and
nitrification. The DO is in pM and DO budget terms are in pM s™".
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Figure 1. Climatological mean of the dissolved oxygen (DO) at 300 m depth in the eastern South Pacific Oxygen Minimum Zone
(ESP-OMZ) obtained from CARS 2009 climatology (a). The area of study defined here such as the extra-tropical region of ESP-OMZ
is located between 30°S - 38°S and 76° W — and the coast (black square). A 3-D annual mean volume of the extra-tropical OMZ
modeled defined here as the region with 9-year (2000-2008) mean DO < 45 uM (red isosurface) (b). The shading colour represents the
spatial DO distribution modeled at 300m depth. The interannual anomalies of the OMZ volume (red line; OMZy; ) and the DO within
OMZ (black line; OMZp) obtained from the model (c).
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Figure 2. Annual mean of the DO meridional section during 2001(a) and 2007(b) for the coastal band (region from the coast to 80
km offshore). The vertical mean of the DO sections (c) and the difference between both periods (d). Background color in (uM)
and the isopycnals of 1026.2 and 1026.8 kgm are shown overlaid in white. Water masses percentage estimated between 1026.2
and 1026.8 kgm™ isopycnals (e). The water masses are Subantarctic Water, (SAAW; 11.5°C, 33.8), Equatorial Subsurface Water
(ESSW; 12.5°C, 34.9) and Antarctic Intermediate Water (AAIW; 3°C, 34). The water mass and their thermohaline indices (T, S)
indicated above were obtained from Silva et al., 2009 and were used here to compute the water mass proportions.

77



=
-~

150
! 120
90

60
45

20

Depth [m]

[ ]

4
x107 1 1 1 1 1 1 1 1 1 1

—&— OMZ-2001
—8— OMZ-2007
—e— OMZ-CLIM

3 1)
| !150
E 120
2.5 = g —
B =
2 T T T T T T T T T T a - E
J FM A M J J A S O N.D 3 60
Time [Months] 45
20
0
Latitude [°S]
el Longitude [°W]

Figure 3. Seasonal cycles (black square-line) and monthly time series for 2001 (red square-line) and 2007 (blue square-line) of the
extratropical OMZ volume between 2000-2008 years (a). The red and blue dashed line represent the annual mean and the standard
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Figure 4. Interannual DO budget within the mean OMZ
volume (see Figure 1b). Interannual anomalies of DO and
DO rate of change (6DO/0T) (a). The different terms of
the right-hand side of Eq. (1) are also shown (b): The
physical term (PHYS red dashed line) is the summed-up
contribution of advection and mixing. The advection term
(ADV) is composed, in turn, by zonal (Xadv, magenta
line), meridional (Yadv, blue line) and vertical (Zadv, cyan
line) advections. The mixing terms are the summed-up
contribution of the horizontal diffusion (Hmix; grey line)
and vertical diffusivity (Vmix, dark green line) (c). The
biogeochemical fluxes (SMS, light green line) represent
the “source-minus-sink” contribution to the DO rate of
change due to biogeochemical processes, among them are:
photosynthetic ~ production  (dark-green line), oxic
decomposition (dark-magenta line), excretion (sky line)
and nitrification (yellow line) (d).
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Figure 5. Interannual anomalies of the alongshore southward transport associated to the PCUC modeled (in Sv, 1 Sv = 10°m’s™") (a) and
mean DO inside the PCUC defined by the isopleth of -0.02 m s in the first 150 km from the coast and above 700m depth (c). The root
mean square of (RMS) of the interannual variability of PCUCyz and PCUCpg is shown in (b) and (d) respectively. Mean of the
interannual anomalies of both PCUC transport and its DO inside for the whole region (e). The red line represents the PCUC transport,
note that a positive value indicates high southward transport. The black line represents the average DO inside the PCUC.
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Figure 6. Annual mean of the zonal DO transport along meridional section at 74°W between 30° and 38°S during 2001 and 2007
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(u’DQO’) integrated between 50-500m depth is shown in e) and f) respectively while vertical mean of the section is shown in (g).



Table 1. Root mean square (RMS) and descriptive statistics of the seasonal and interannual variability of the OMZyo (in km?) and

OMZpo (UM s7).

Seasonal Interannual 2001 2007 [2000-2008] Max  Min
RMS RMS Average Average Average
OMZyoL (<45 uM)* 2.3e3 0.75¢e4 5.5¢4 3.2e4 4.0e4 6.3e4 2.6e4
OMZyor (<20 uM)° 1.8e4 0.37¢4 1.5¢4 4.9¢3 1.1e4 22e4  1.2e3
OMZpo * 0.7 1.4 28.1 31.0 28.4 33.0 24
OMZpo ® 0.6 0.8 12.0 14.0 12.2 170 9.0
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Table 2. Root mean square (RMS) of the seasonal and interannual variability of the DO concentration and the different terms of the DO
budget in a a fixed volume defined as the region with 9-year (2000-2008) mean DO < 45 pM, as shown in Figure 1b. The mean (2000-
2008) and annual mean to 2001 and 2007 for DO and each term of the DO budget also is presented. The physical term (PHYS) is the
summed-up contribution of all advection and mixing terms to the rate of change of DO (6DO/dt). The advection terms are the zonal
(Xadv), meridional (Yadv) and vertical (Zadv) advections. The subgrid mixing terms are the summed-up contribution of the horizontal
diffusion (Hmix) and vertical diffusivity (Vmix). The biogeochemical fluxes (SMS) represent the “source-minus-sink” contribution to the
0DO/ét due to biogeochemical processes. The SMS term is decomposed in photosynthetic production, oxic decomposition, excretion and
nitrification. The DO is in uM and DO budget terms are in uM s™.

DO Budget Terms Seasonal Interannual Mean [2000-2008] 2001 2007
RMS RMS Average Average Average
DO 32 5.1 32 26 41

aDO/ot 5.40e-7 2.2le-7 -1.31e-8 -1.08e-7 4.50e-8

PHYS 1.02e-6 1.02e-6 1.78e-6 2.12e-6 2.29¢-6
Xadv 1.60e-6 1.59¢-6 -4.43e-6 -5.41e-6 -1.88e-6

Yadv 0.60e-6 1.40e-6 3.85¢-6 4.07e-6 2.27e-6

Zadv 0.48e-6 0.92e-6 2.35e-6 3.43e-6 1.85e-6

Hmix 7.40e-9 8.90e-9 -2.86e-8 -3.36¢-8 -1.75¢-8

Vmix 1.01e-8 0.89¢-8 4.76e-8 5.57e-8 5.46e-8

SMS 2.21e-7 9.53¢-8 -1.45¢-6 -1.49¢-6 -1.65¢-6
Photosynthetic production 1.95¢-9 0.52e-9 6.86e-9 6.60e-9 7.00e-9
Oxic depcomposition 1.48e-7 1.18e-7 -7.32e-7 -6.86e-7 -1.04e-6
Excretion 2.54e-8 7.73¢-9 -1.02e-7 -1.05e-7 1.06e-7
Nitrification 1.00e-7 8.48e-7 -6.60e-9 -7.52e-6 -5.46e-6
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5. DISCUSION

En septiembre de 2018, en la ciudad de Kiel, Alemania, se realizé una conferencia sobre
el problema de la desoxigenacion de los océanos, a partir de la discusion sostenida en esta
reunion los participantes dieron a conocer a la comunidad internacional una declaracion titulada
“El Océano pierde su aliento” (The Ocean is losing its breath; https://www.ocean-
oxygen.org/declaration). Los puntos mas importantes de esta declaracion indican que las aguas
que han agotado su oxigeno en los océanos se han expandido cuatro veces durante los Gltimos
50 afios, llegando incluso a perder hasta el 40% de su OD. Esta pérdida de OD amenaza la vida
marina, los ecosistemas del océano, el habitat y la biodiversidad, especialmente en las
comunidades costeras. La declaracion argumenta que el calentamiento global de la Tierra afecta
la distribucion de OD en el océano en dos formas i) disminuyendo su solubilidad
(principalmente en las regiones tropicales) y ii) aumentando la estratificacion de la columna de
agua, disminuyendo la mezcla y la ventilacioén debido a la circulacién oceédnica lo que implica
una limitacion en el intercambio de oxigeno océano-atmasfera, y a su vez el intercambio con el
océano profundo. No obstante, esta desoxigenacion no seria s6lo una consecuencia, sino que
ademas puede ser un factor amplificador del calentamiento global a través de una mayor
produccion de gases de efecto invernadero que se originan en aguas pobres en OD. La
declaracion enfatiza la importancia de generar estrategias para mitigar y eventualmente revertir
la desoxigenacién y sus impactos ecoldgicos, las cuales deben ser desarrolladas conjuntamente
entre los ambitos cientifico y social teniendo como base un mayor conocimiento de las ZMOs.

Especificamente en Chile, las aguas que banan la zona costera desde Arica a Puerto
Montt contienen aguas subsuperficiales extraordinariamente pobres en oxigeno, sin embargo,
aun es muy poco lo que se conoce acerca de la variabilidad natural de esta ZMO y cémo el
calentamiento global estd impactando en ella. En este contexto, el presente trabajo de tesis
contribuye al conocimiento de esta ZMO, particularmente a los mecanismos que controlan su
variabilidad en escalas de tiempo que se extienden de meses a algunos afios. Conocer estos
mecanismos es fundamental para entender como el océano regional y la ZMO evolucionara

durante las proximas décadas.
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Las aguas con bajo oxigeno frente a Chile son parte de la gran ZMO del océano Pacifico
Suroriental (PSO) que abarca desde el Pacifico ecuatorial hasta la region central de Chile, esta
ultima (30°— 40°S), considerada como la frontera sur de la ZMO del PSO. En efecto, esta
frontera presenta una dindmica espacial y temporal diferente a la region ecuatorial y tropical de
las costas de Peru y norte de Chile (e.g. Czeschel et al., 2011; Montes at al., 2010; Strub et al.,
1998, 2019), siendo particularmente sensible a la extension (e intensificacion) de la ZMO y, en
general, al calentamiento global.

En este estudio se utilizdo un modelo hidrodindmico tridimensional de resolucion 1/12°
(ROMS) acoplado a un modelo biogeoquimico (BioEBUS) y se evalu¢ la variabilidad estacional
e interanual en el balance de OD mediante el analisis de las contribuciones de procesos fisicos
de adveccion (horizontal y vertical) y mezcla, y de los procesos biogeoquimicos. Los resultados
del modelo apoyan la hipdtesis de que la variabilidad de la CSPC es un mecanismo relevante
sobre la variabilidad de la ZMO como ha sido previamente reportado (e.g. Gunther, 1936; Silva
and Neshyba, 1979, Huyer et al., 1991; Strub et al., 1998; Hormazabal., 2006; Silva et al.,
2009). La mayor parte de la variabilidad estacional del OD se asocia con cambios en la
proporcion de la masa de agua AESS (transportada por la CSPC) mas que con cambios
generados por procesos biogeoquimicos. Este resultado estd de acuerdo con la alta correlacion
entre el OD vy la salinidad al interior del volumen de la ZMO a lo largo del afio. No obstante,
otros procesos fisicos como los remolinos de mesoescala y las corrientes zonales también
demostraron tener un rol fundamental en la variabilidad espacial y temporal de la ZMO.

Los remolinos de mesoescala (ciclonicos y anticiclonicos) ejercen una influencia
importante en el transporte vertical y horizontal de calor, sal, temperatura y otras propiedades
fisicas, bioldgicas y quimicas en el océano (McGillicuddy et al., 2015). Estas estructuras ocupan
alrededor del 30% de la superficie del océano y contienen mas del 80% de la energia cinética
de la circulacion ocednica (Chelton et al., 2007; Chaigneau et al., 2009). En la cuenca del
Pacifico Sur Oriental, Combes et al. (2015) mediante modelaciéon numérica observaron una
asimetria en el nimero de remolinos superficiales y subsuperficiales. En la superficie dominan
levemente los remolinos ciclonicos sobre los anticiclonicos, mientras que en la capa

subsuperficial asociada a la ZMO esta relacion es inversa, dominando los remolinos
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anticiclonicos inducidos por inestabilidades de la CSPC cerca de la costa de Pert y Chile
(Thomsen et al., 2016; Contreras et al., 2019). En los sistemas de surgencia de borde oriental,
estos remolinos subsuperficiales representan el ~30-55% de la totalidad de los remolinos
anticiclonicos, alcanzando un radio aproximado de 60 km y una extension vertical de ~500 m
(Pegliasco et al., 2015; Barcelo-Llull et al., 2017). En el océano Pacifico, la propagacion de
estos remolinos hacia el oeste son capaces de transportar las propiedades de las aguas costeras
(aguas hipoxicas ricas en nutrientes) hacia el giro subtropical (Chaigneau et al., 2009, Combes
et al., 2015, Hormazabal et al., 2013) impactando en gran medida el volumen de la ZMO, y
representando aproximadamente el 10% del transporte de oxigeno y nutrientes en la picnoclina
(Colas et al., 2012; Cornejo et al., 2016; Frenger et al., 2018).

Los mecanismos a través de los cuales los remolinos de mesoescala transportan
propiedades horizontalmente (o a lo largo de superficies de igual densidad), se pueden tratar,
por una parte, como procesos de difusion turbulenta utilizando las correlaciones entre
fluctuaciones para estimar el transporte, por ejemplo ((#’C’ ), (v’C’)), donde (u,v) son las
componentes zonal y meridional de la velocidad y C es la concentracion de algun compuesto
disuelto, las ()’ denotan perturbacion respecto de un promedio de tiempo superior a la escala
tipica de los remolinos de mesoescala (el promedio representado por ( )). Esta fue justamente
la aproximacion utilizada en el presente estudio. Por otro lado, los remolinos pueden jugar
también un rol advectivo (Lee, et al., 1997; Zhang et al., 2014), transportando sustancias
disueltas gradiente arriba (es decir desde regiones de menor concentracion de C hacia regiones
de mayor concentracion). En nuestra region de estudio los remolinos se propagan hacia el oeste
transportando oxigeno desde regiones cercanas a la costa con bajas concentraciones de OD,
hacia regiones ocednicas con aguas que estan, comunmente, mucho mejor ventiladas. Junto con
transportar aguas con bajo OD, estos remolinos transportan, nutrientes, microbios y otras
substancias que crean ambientes anémalos con caracteristicas propias de la OMZ, en regiones
alejadas de la costa (Frenger et al., 2018). El rol que juegan estos remolinos en la expansion de
la ZMO frente a Chile y el papel que podrian jugar los eventos de bajo oxigeno en la ecologia

regional requiere de estudios con un enfoque diferente al abordado aqui.
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Adicional a esto, las corrientes zonales de mesoescala o estriaciones también cumplen
un rol importante en la variabilidad del borde ocednico de la ZMO. Estas corrientes alternadas
hacia el este y el oeste tienen una escala meridional de 300-500 km, extendiéndose zonalmente
por miles de kildmetros con una alta coherencia vertical a lo largo de cientos de metros en
profundidad. Los estudios que han descrito estas caracteristicas se han basado en diferentes
aproximaciones tales como altimetria satelital (Maximenko et al., 2005), boyas Argo (Cravatte
et al., 2012), datos de cruceros oceanograficos (Stramma et al., 2008, 2010; Brand et al., 2008,
2012, 2015) y modelos numéricos tanto globales como regionales (Sinha y Richards, 1999;
Davis et al., 2013; Belmadani et al., 2017; Delpech et al., 2020). Pese a esto, son poco los
estudios que han evaluado las implicancias de estas estructuras sobre trazadores biogeoquimicos
(Dietze and Loptien, 2013; Duteil et al., 2014; Cabré et al., 2015; Delpech et al., 2020). Si bien
estas corrientes zonales presentan velocidades débiles, cercanas a ~lcm s7!, se ha descrito que
pueden ser capaces de transportar calor (Buckingham et al., 2014), contribuir a la mezcla de
trazadores (Chen y Flierl, 2015), transportar detritus marinos en la superficie (Maes et al., 2016)
e incluso modificar los vientos cercanos a la superficie (Taguchi et al., 2012).

Por tanto y en base a este contexto, a continuacion, se discute en mayor detalle como
estos mecanismos fisicos (variaciones en la CSPC y estructuras de mesoescala) estarian

influenciando la variabilidad estacional e interanual del OD y la ZMO frente a la region central

de Chile.

5.1 Transporte Meridional de OD: El rol de la Corriente Subsuperficial de Peru-Chile
Dentro de las corrientes que componen el SCH, la CSPC es clave en el transporte
meridional subsuperficial de OD (asi como de nutrientes y otras propiedades bioldgicas y fisico-
quimicas) desde la region ecuatorial a la region extratropical, siendo fundamental en los cambios
de volumen e intensidad de la ZMO. Note que la CSPC transporta OD en una direccion contraria
al gradiente predominante, por lo que se representa mejor diciendo que transporta aguas con
bajo OD. Los resultados del primer capitulo evidencian una buena relacion entre la variabilidad
semianual de la CSPC y la extension zonal, volumen, profundidad media y términos advectivos

dominantes en el presupuesto de OD al interior de la ZMO. Especificamente, el volumen de la
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ZMO presentd dos valores minimos y maximos a lo largo del afio, alcanzando el volumen
minimo absoluto (y maxima concentraciéon de OD) aproximadamente uno a dos meses después
de que la CSPC mostrara su valor minimo de transporte hacia el sur.

La componente semianual del ciclo estacional de la CSPC es principalmente de origen
ecuatorial, mientras que los armoénicos anuales son el resultado de una combinacion del
forzamiento de viento ecuatorial y local (Pizarro et al., 2002; Shaffer et al., 1997, 1999). A lo
largo de la costa oeste de Sudamérica, el cambio estacional de los vientos varia en amplitud y
fase —frente a Pert los maximos vientos favorables a la surgencia ocurren en invierno, mientras
que en la costa centro-sur de Chile (~35°S - 40°S) estos tienen lugar en verano— lo que también
podria introducir una variabilidad semianual en la CSPC. Vergara et al. (2016¢c) mediante
modelacion numérica demostraron que la disminucién del rotor del viento (anomalias ciclonicas
del rotor) impacta la intensidad del transporte de la CSPC hacia el sur. Pese a esto, el efecto del
viento sobre la ZMO no fue abordado directamente en este estudio, dado que el objetivo
principal fue evaluar los impactos de la variabilidad del transporte de la CSPC y de las
estructuras de mesoescala a nivel subsuperficial sobre la ZMO. Sin embargo, futuros trabajos
deberian ser orientados a la evaluacion del efecto del viento (esfuerzo y rotor) sobre la ZMO,
dada la proyeccion de aumento en la magnitud de los vientos para la region (Garreaud y Falvey,
2009; Oerder et al., 2018), y su potencial influencia sobre la circulacion, surgencia costera y los
procesos biogeoquimicos locales (ej. productividad biologica, flujos de carbono y nitrégeno,
acidificacion del agua, entre otros).

En contraste con la variabilidad semianual observada en las diferentes métricas del
volumen de la ZMO, el ciclo estacional de la oxiclina y la disponibilidad de OD en la columna
de agua sobre la plataforma continental frente a Concepcion (~36.5° S) estan asociados a un
unico armonico anual. En esta latitud, la profundidad minima de la oxiclina coincide con los
vientos favorables a la surgencia costera, similar a lo reportado en otras zonas del norte de Chile
(20°S y 24°S; Reyes et al., 2007, Figura 158). En este sentido, los cambios estacionales de OD
sobre la plataforma continental estarian mas asociados con la surgencia anual que con los
factores (e.g. la CSPC) que controlan su concentracion en el nicleo de la ZMO sobre el talud

continental. Otros antecedentes también muestran una variabilidad intraestacional e interanual
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de la oxiclina asociada con procesos ecuatoriales remotos como las ondas atrapadas a la costa
forzadas por ondas ecuatoriales de Kelvin. Estas ondas ademas de perturbar la picnoclina y la
oxiclina, impactan la CSPC y la adveccion a lo largo de la costa (Shaffer et al., 1997, Morales
et al., 1999; Ulloa et al., 2001; Illig et al., 2018a, b). Sin embargo, la variabilidad del OD sobre
la plataforma continental y su relacion con la surgencia costera no fue analizada en este estudio
debido a que se requiere i) una simulacién con mejor resolucidon espacial para representar
correctamente la plataforma continental y los procesos fisicos que podrian ser relevantes tales
como la formacion de frentes y remolinos de sub-mesoescala (Thomsen et al., 2016), y ii) un
modelo que permita representar los procesos biogeoquimicos en los sedimentos y su interaccion
con los procesos que tienen lugar en la plataforma, tales como la acumulacion de materia
orgénica, biopertubacion, nitrificacion y desnitrificacion, entre otros (Gutknecht et al., 2013a,
b).

A escala interanual, la amplitud de las anomalias de los procesos biogeoquimicos
(principalmente respiracion oxigénica y nitrificacion) fue significativamente menor respecto de
los procesos fisicos (principalmente adveccion) que suceden al interior del volumen de la ZMO.
Los resultados indicaron que la amplitud de la variabilidad interanual de la ZMO es ~30% mayor
que la variabilidad estacional, incluso durante periodos con eventos ENOS débiles, como lo fue
el periodo analizado 2000-2008. Debido a esto, los resultados obtenidos podrian interpretarse
como un analisis de la variabilidad natural del sistema, es decir, el modo de variabilidad interna
del océano levemente influenciado por forzamientos externos.

En el segundo capitulo se abord¢ la influencia que la CSPC ejerce sobre la variabilidad
interanual de la ZMO frente a la region central de Chile. Para este proposito, las anomalias
interanuales del volumen de la ZMO fueron contrastadas con el transporte hacia el sur de la
CSPC. Los resultados mostraron que la CSPC tiene un rol clave en la modulacion del contenido
de OD en el nucleo de la ZMO sobre el talud continental. Asimismo, se observé una disminucion
del ~30% en el volumen de la ZMO durante el afio 2007 en conjunto con un debilitamiento del
transporte de la CSCP, aumentando de manera constante el contenido de OD en las aguas
transportadas hacia el sur. En contraste, un aumento en el volumen de la ZMO fue observado

durante el afio 2001 junto con una leve anomalia positiva del transporte de la CSPC, indicando

&9



que este mecanismo por si solo no explica en su totalidad el incremento del volumen, y que, por
tanto, otros procesos fisicos estarian co-modulando la variabilidad de la ZMO, tales como los
remolinos de mesoescala. En este sentido y en base a los estudios recientes que han demostrado
que la CSPC es relevante para la generacion y formacion de los remolinos de mesoescala
subsuperficiales (Thomsen et al., 2016; Frenger et al., 2018; Contreras et al., 2019), se pudo
establecer que 1) la CSPC como mecanismo fisico influye directamente sobre la intensidad de
la ZMO mediante el transporte meridional hacia el sur de la AESS, y ii) la CSPC influye
indirectamente sobre el volumen de la ZMO debido a un transporte zonal hacia aguas ocednicas

producto de la generacion de remolinos de mesoescala subsuperficiales.

5.2 Transporte Zonal de OD: El rol de las Corrientes Zonales y los Flujos Turbulentos de
Mesoescala

Conforme a la dominancia de los procesos fisicos sobre los procesos biogeoquimicos en
el balance de OD al interior de la ZMO a escalas estacional e interanual, la componente zonal
(este-oeste) de la adveccion fue el término fisico mas relevante en el balance de OD en la region
de estudio. En consecuencia, la adveccion zonal (asociada al flujo medio) y los flujos turbulentos
de OD, asociados a la actividad de mesoescala, fueron evaluados con mayor detalle a escala
estacional e interanual. En términos de la adveccion zonal de OD, la regidon oceanica estuvo
marcada por la presencia de bandas zonales intercaladas (positivas y negativas), siendo las
bandas positivas (hacia el este) las asociadas con flujos de OD hacia la costa (ventilando la
ZMO), mientras que, las bandas negativas (hacia el oeste) estuvieron asociadas con la expansion
de la ZMO costa afuera. Este tipo de estructuras zonales han sido previamente reportadas como
mecanismo de ventilacion de las ZMOs principalmente en la region ecuatorial (Tsuchiya et al.,
1992; Schott et al., 1995, 1998, Brandt et al., 2008, 2010, 2012), sin embargo, se conoce muy
poco acerca del impacto sobre la ZMO de estos flujos zonales en regiones extratropicales.

Estas estructuras zonales también conocidas como estriaciones se han observado en
diferentes regiones del océano (ej. Maximenko et al., 2005; Brand et al., 2010; Cravatte et al.,
2012; Belmadani et al., 2017; Xia et al., 2020). Frente a Chile central, las inestabilidades de la

CSPC provocadas por la friccion topografica inducen una vorticidad relativa capaz de
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desencadenar la formacion de estriaciones espacialmente coherentes con las rutas de los
remolinos de mesoescala (Davis et al., 2014; Belmadani et al., 2017). Horizontalmente pueden
alcanzar cientos de km y presentar una estructura vertical coherente en profundidad. Aunque su
velocidad promedio es pequefia (~1 cm s™!), tienen la capacidad de transportar masa y calor
(Buckingham et al., 2014), asi como también contribuir de manera significativa a la mezcla de
trazadores biogeoquimicos (Chen and Flierl, 2015).

A pesar de la compleja estructura zonal del transporte de OD, el ciclo anual promedio
de las corrientes zonales en la region de estudio presentd una marcada variabilidad semianual,
transportando aguas con bajo oxigeno costa afuera, extendiendo el volumen de la ZMO hacia la
region oceanica. Este transporte fue minimo durante la transicion de invierno-primavera
asociado a un debilitamiento de la CSPC, lo que en conjunto produjo una reduccion en el
volumen total de la ZMO y un aumento en la concentracion de OD al interior del mismo. A
escala interanual, la posicion e intensidad de estas corrientes zonales fueron determinantes en la
variabilidad de la ZMO, tal como se evidenci6 durante el afio 2007, en donde el flujo neto de
OD positivo (hacia el este) estuvo asociado con una notable disminucion en el volumen de la
ZMO en ~30% con respecto al volumen climatologico para todo el periodo considerado (2000-
2008). Si bien el término advectivo medio representd aproximadamente el 80% del total del
transporte zonal de OD, el restante ~20% estuvo asociado a flujos turbulentos de mesoescala.

El ciclo anual de los flujos turbulentos present6 una alta variabilidad intraestacional con
una direccion promedio preferente hacia la costa, contribuyendo al transporte de OD hacia la
ZMO durante todo el afio, es decir, éste seria un mecanismo fisico clave en la ventilacion de la
ZMO. Un ejemplo de esto se observo durante el afio 2001 cuando los flujos turbulentos
disminuyeron ~30% y el volumen de la ZMO se increment6 en un ~38%, resaltando el rol que
cumplen los flujos turbulentos sobre la variabilidad espacial y temporal de la ZMO. Estos
resultados son consistentes con otros estudios previamente realizados en la ZMO frente a Pert
y Chile. Vergara et al. (2016a) indicaron que el ciclo anual de la ZMO frente a Chile es
modulado en gran medida por los flujos turbulentos de OD con un impacto altamente
heterogéneo tanto en los bordes como en la estructura vertical de la ZMO. Mientras que,

Bettencourt et al. (2015) utilizando modelacién numérica con enfoque langrangiano y un
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andlisis de exponentes de Lyapunov demostraron que a profundidades medias (entre 380-600
m) las estructuras de mesoescala cumplen dos funciones relevantes en los bordes de la ZMO:
En primer lugar, la trayectoria y la posicion media de los flujos turbulentos delimitan y
mantienen los bordes de la ZMO y, en segundo lugar, la variabilidad de alta frecuencia de estos
flujos inyecta OD hacia la ZMO, siendo mayores que el flujo advectivo medio.

En resumen, tanto el ciclo anual como la variabilidad interanual del transporte zonal de
OD, estan relacionados con la adveccion de los chorros zonales (bandas intercaladas), los flujos
turbulentos asociados a los remolinos de mesoescala y el transporte hacia el sur de la CSPC,
modulando la extensién ocednica y meridional hacia el sur de la ZMO. Cabe notar que el
transporte zonal de OD es indirectamente controlado por inestabilidades de 1a CSPC en la banda
costera (~100 km) debido a la formacion de los remolinos anticiclonicos subsuperficiales
incidiendo también en la localizacion de los jets zonales. De este modo, la CSPC y su
variabilidad ejercerian un control clave sobre la ZMO. Por otra parte, nuestros resultados
mostraron que la variabilidad de la ZMO es directamente influenciada por la intensidad de los
chorros zonales y la ventilacion asociada a los flujos turbulentos de remolinos sobre la frontera
oceanica de la ZMO, impactando de esta forma la distribucion lateral de OD. En este sentido,
los resultados sugieren que este tipo de jets o chorros zonales en conjunto con los flujos
turbulentos contribuyen de igual manera que la CSPC al transporte de OD desde y hacia la
ZMO, sin embargo, la influencia zonal principalmente modula la forma y extension del limite
oceanico de la ZMO. Futuros estudios deben enmarcarse en este aspecto, incluyendo
experimentos de sensibilidad en los modelos numéricos, considerando que la representacion de
la actividad de mesoescala depende criticamente de una serie de pardmetros que incluyen la
resolucion horizontal, y la interaccion océano-atmosfera debido a la actividad de mesoescala.
Una parametrizacion debe dar cuenta, ademas, del transporte advectivo asociado a los remolinos

de mesoescala, particularmente aquellos que presentan un nucleo cercano al nucleo de la ZMO.

5.3 Evaluacion y perspectivas de la Modelacion Biogeoquimica
El modelo acoplado (ROMS-BioEBUS) usado en este estudio, al igual que la mayoria

de las investigaciones basadas en herramientas de modelacion y/o simulacion numérica tienen
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un error asociado a la exactitud con la que los modelos logran representar los procesos
oceanograficos que ocurren en el océano. Debido a esto, la evaluacion de los modelos es un
paso importante en todo trabajo de investigacion basado en este tipo de herramientas. Esta
evaluacion consiste en la comparacion estadistica entre las variables oceanograficas modeladas
y observaciones directas, con el propodsito de determinar la capacidad del modelo de reproducir
los valores promedios y la variabilidad espacial y temporal de las variables analizadas
(Espinoza-Morriberon et al., 2016; Lettmann et al., 2020). En este estudio, la simulacion fue
evaluada en términos de la temperatura superficial del mar (TSM), la salinidad, la clorofila-a
(Clo-a), el ciclo anual y la variabilidad interanual del OD, y de la CSPC. Para esto, la TSM y
Clo-a extraidas del modelo fueron comparadas con los datos satelitales obtenidos del sensor
AQUA-MODIS, el ODy la salinidad fueron contrastados con los datos de la climatologia CARS
y la serie de tiempo de una estacion costera perteneciente a la Universidad de Concepcion
(conocida como Estacion 18; e.g. Farias et al., 2018), en tanto que, la CSPC fue comparada con
mediciones directas de corrientes realizada en un anclaje ubicado en el talud continental cerca
de los 30°S (Pizarro et al., 2001).

Los resultados de estos andlisis mostraron que el modelo sobreestima (subestima) la
concentracion de OD (la profundidad de la oxiclina) al interior de la ZMO muy cerca de la costa,
sobre la plataforma continental (La estacion 18 se ubica a menos de 100 m de profundidad, en
la parte interior de la plataforma) y subestima el transporte meridional de la CSPC en un 30-
40% en 30°S. Por otra parte, el RMSE de la TSM y la Clo-a modelada fue de 0.7°C 'y 0.4 mg C
d! respectivamente, mientras que la energia cinética de remolinos fue sobreestimada. Adicional
a esto, el modelo biogeoquimico BioEBUS demostr6 ser altamente sensible a la velocidad de
descomposicion de la materia organica y su distribucion vertical, asi como también a la
velocidad de hundimiento del material particulado (Gutknecht et al., 2013a, b). Estos sesgos
podrian afectar las conclusiones obtenidas sobre el rol de la CSPC en la variabilidad de la ZMO,
debido a que la concentracion de OD es sensible a la cantidad de oxigeno advectado hacia el sur
por la CSPC.

Para evaluar la influencia que podrian tener estos sesgos sobre los resultados obtenidos

es necesario realizar experimentos de sensibilidad para la region, lo cual no fue incluido en el
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presente trabajo. Sin embargo, a continuacion, se presentan algunas estrategias para disminuir
el error asociado y mejorar el estado medio en futuras simulaciones fisico-biogeoquimicas para
la region. En primer lugar, incluir un forzamiento atmosférico que represente de mejor forma la
interaccion océano-atmosfera sobre la actividad de mesoescala (Oerder et al., 2018) y el
decaimiento del viento (drop-off) cerca de la costa, dado que la mayoria de los productos
atmosféricos utilizados como forzantes sobreestiman la intensidad del viento en esta region
(Astudillo et al., 2017, 2019), implicando una sobreestimacion en la intensidad de la surgencia
costera, un mayor enfriamiento de la TSM y pérdida de OD en la columna de agua debido a una
alta tasa de produccioén/exportacion de materia organica. En segundo lugar, se deben ajustar los
pardmetros biogeoquimicos para la region especifica de estudio, tales como la tasa maxima de
crecimiento del fitoplancton, la nitrificacioén y los procesos anamox, entre otros, dado que los
pardmetros utilizados en este modelo fueron originalmente adecuados para simular la ZMO
frente a Peru (Montes et al., 2014). Esto requiere de un trabajo exhaustivo de recopilacion de
informacion oceanografica regional y, para algunos casos, de complementar la informacion
actualmente existente con nuevas observaciones. Por ultimo, es importante, especialmente en la
region centro sur, incorporar la descarga de los rios, ademas de incluir un compartimiento
asociado a la dindmica biogeoquimica del sedimento, el cual podrian actuar como sumidero
importante de OD cerca de la costa (Bianucci et al., 2012; Adams et al., 2013; Siedlecki et al.,
2015).

A pesar de las limitaciones del modelo utilizado en este trabajo, la simulacién reproduce
adecuadamente la dindmica fundamental del Sistema de Borde Oriental frente a la costa central
de Chile, caracterizado por una surgencia activa (pasiva) durante primavera/verano
(otofio/invierno) con un alta (baja) productividad bioldgica en las capas superficiales del océano.
Representa ademas el transporte hacia el sur de aguas con bajo contenido de OD por la CSPC,
permitiendo abordar las preguntas planteadas sobre la interaccion de los procesos fisicos y
biogeoquimicos tanto de la CSPC como de la ZMO. Finalmente, el uso de estas herramientas
de modelacion permite analizar una amplia cantidad e interaccion de procesos fisicos-
biogeoquimicos a distintas escalas espacio-temporales de variabilidad, proporcionando ademas

una guia para futuros experimentos de campo de estudios basados en observaciones.
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6. CONCLUSIONES

Este trabajo de tesis doctoral es una contribucion al conocimiento y entendimiento de la
dindmica estacional e interanual de la ZMO en la region central de Chile. El objetivo principal
del presente estudio fue analizar las contribuciones relativas de algunos procesos fisicos, como
la adveccion y la mezcla turbulenta, y algunos procesos biogeoquimicos que se asumieron
relevantes para la variabilidad estacional e interanual del oxigeno disuelto en la columna de
agua, frente a la costa central de Chile (30°S-38°S). Para cumplir este objetivo, se utiliz6é un
modelo acoplado fisico-biogeoquimico para evaluar la variabilidad de la ZMO-PSO entre los
30°S y 38°S, region que corresponde a la frontera sur de esta ZMO.

De acuerdo a los analisis de validacion, el modelo demostré capturar adecuadamente la
estructura media de la variabilidad espacial y temporal de la ZMO, aunque el OD fue
sobreestimado cerca de la zona costera y en el extremo sur del dominio. Respecto del analisis
del presupuesto estacional e interanual de OD al interior del volumen de la ZMO (definida como
el volumen de agua con OD < 45 uM) se pudo concluir que los flujos de OD asociados a la
actividad biologica son un orden de magnitud menores que los flujos de OD relacionados con
procesos fisicos. En este sentido, los procesos biogeoquimicos contribuyeron solamente un ~10-
20% en el presupuesto estacional e interanual de oxigeno, indicando que el balance de OD en
la region de estudio esta controlado por los procesos fisicos, principalmente por la adveccion y
mezcla. Los términos advectivos fueron relevantes tanto a escala estacional como interanual, y
dentro de estos, las componentes zonal y meridional de la adveccion de OD fueron dominantes
por sobre la adveccion vertical. En relacion a los términos asociados a la mezcla (horizontal y
vertical), estos fueron menores en comparacion con los términos advectivos, no obstante, fueron
del mismo orden de magnitud que los observados por los procesos biogeoquimicos, y podrian
tener un mayor protagonismo en el presupuesto del OD en otras escalas de variabilidad
temporal. Asimismo, los resultados obtenidos sugieren que la variabilidad estacional e
interannual del volumen de la ZMO esta altamente relacionada con las aguas subsuperficiales
con altos valores de salinidad (>34.5) y la CSPC, lo que concuerda con estudios previos que han
reportado la relacion existente entre la ZMO y la masa de agua AESS caracterizada ademas por

un alto contenido de nutrientes y COs.
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En este sentido, los resultados evidenciaron una estrecha relacion entre la variabilidad
estacional del transporte de la CSPC y la ZMO, observando que el ciclo anual del transporte
hacia el sur por parte de la CSPC se relaciona con un mayor volumen de agua con bajo contenido
de OD frente a Chile central. A escala interanual, la CSPC impact6 principalmente la intensidad
de la ZMO y secundariamente su volumen, aunque esta modulacion no fue homogénea a lo
largo de la costa debido a la ocurrencia de otros procesos fisicos simultdneos capaces de
perturbar el transporte meridional de la CSPC y de contribuir directamente a la ventilacion y
extension hacia el oeste de la ZMO. Por una parte, la intensidad y variabilidad espacial de las
corrientes zonales (jets) asociadas al flujo medio mostraron ser un mecanismo importante en la
conformacion de las caracteristicas promedio y las anomalias de la ZMO. Estos jets zonales
intercalados (positivos y negativos) se observan mayormente en la region oceanica, siendo los
jets positivos (hacia el este) los asociados con flujos de OD hacia la costa quienes ventilan la
ZMO, mientras que, los jets negativos (hacia el oeste) estuvieron asociados principalmente con
la expansion de la ZMO costa afuera. Por otra parte, otro mecanismo clave en la ventilacion del
la ZMO son los flujos turbulentos de OD asociados a la actividad de mesoescala. En general,
estos flujos turbulentos presentan una alta variabilidad intraestacional y su direccion es positiva
(hacia el este) permanente e impacta directamente las tasas de ventilacion estacional e interanual
de la ZMO.

Finalmente concluimos que el transporte meridional de OD por la CSPC regula
aproximadamente el 60% los cambios estacionales e interanuales del OD, impactando
fuertemente el talud continental asociado al ntcleo de la ZMO. A esto se suma el rol que
cumplen los jets zonales y flujos turbulentos mayormente sobre la variabilidad espacial y

temporal del borde ocednico de la ZMO frente a la zona central de Chile.
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