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RESUMEN

Impacto de la variabilidad climatica durante la ultima década sobre la dindmica del giro
subtropical en el Pacifico Sur Oriental y el volumen de Agua Intermedia del Pacifico Sur

Oriental

Freddy Edinson Hernandez Vaca
Doctorado en Oceanografia
Universidad de Concepcidn, 2020

Dr. Wolfgang Schneider, Profesor Guia

La variabilidad climéatica hace referencia a cambios del sistema climatico con escalas de
tiempo superiores a la escala estacional. En el Pacifico Tropical la perturbacion climatica con
mayor intensidad es El Nifio-Oscilacion del Sur (ENOS) la cual tiene impactos globales. En
la presente tesis se investigd el impacto que tiene la variabilidad climatica en los Giros
Subtropicales del Océano Pacifico, particularmente en la region oriental de Giro Subtropical
del Pacifico Sur, para lo cual se empled informacion de altimetria satelital, cruceros
oceanograficos, modelos numéricos y derivadores oceanograficos del periodo 1993-2018. En
detalle, tres procesos fueron estudiados, el impacto de: 1) incremento del esfuerzo del rotor
del viento en la region de formacion del Agua Intermedia del Pacifico Oriental (AIPSO) 2)
ENOS sobre la hidrografia en el Sistema de Corrientes de Humboldt 3) ENOS vy el

incremento del nivel del mar en la intensificacion de la circulacion de los giros subtropicales.

En primer lugar, la distribucion del AIPSO fue actualizada. La actualizacion se llevo a cabo
con informacion nueva de ARGO (Array for Real-Time Geostrophic Oceanography). En esta

tesis se trabajo con mas de 46,000 perfiles obtenidos entre 2007-2012 del area entre la costa



occidental de América del Sur y el 150°0, y entre 5 y 40°S de latitud. Ademas, se
complementd con datos de la transecta WOCE P06 (World Ocean Circulation Experiment)
realizadas en 1992 y 2010 en 32°30° S en el Océano Pacifico Sur. Al comparar la
actualizacion de la distribucion del AIPSO con la realizada con informacion de 1990-2001, se
establecio que el volumen AIPSO ha aumentado aproximadamente un 53%. Ademas, el area
ocupada por AIPSO en la transecta WOCE P06 2010 fue 48% mayor que en 1992. La
velocidad de bombeo de Ekman, calculada a partir del viento para el tiempo y la regién de
formacion de AIPSO, mostré un aumento significativo en el bombeo de Ekman entre 2000 y
2012. El aumento en el bombeo de Ekman desde 2000 en adelante podria explicar los
cambios observados en la distribucion de AIPSO (la masa de agua tiene mayor estension
zonal) y propiedades (la salinidad mostré una disminucion de 0.1). Estos cambios podrian
explicarse como consecuencia de la variabilidad climatica atmosférico sobre el océano

interior.

En segundo lugar, se determind el impacto del ENOS sobre el Sistema de Corrientes de
Humboldt (SCH). Se analiz6 Temperatura superficial del mar (TSM), componentes de
vientos cerca de la superficie, topografia dindmica absoluta (TDA), componentes de
velocidad geostrofica y energia cinética de Edies (EKE) en el periodo 1993-2016. Se
realizaron mapas de las variables originales o sus respectivas anomalias para todo el periodo
y El Nifio o La Nifia que hubieron en el periodo de anélisis. De acuerdo con el indice Nifio
Oceanico se identificaron un total de 7 eventos de El Nifio y 7 de La Nifa,
independientemente de la intensidad individual, la estacion y la duracion. Durante los eventos
El Nifio la TSM y los primeros 40 m de columna de agua fue 0,6°C maés célida y el TDA fue
cerca de 5 cm mas alto durante los eventos La Nifia. Los vientos hacia el ecuador y favorable

a la surgencia se intensificaron durante La Nifia pero fueron méas débiles durante El Nifio,
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aumentando y disminuyendo el afloramiento costero en los eventos anteriores y posteriores,
respectivamente. Ademas, la componente meridional de la velocidad geostrofica, promediado
para el HCS, fue aproximadamente un 10% de mayor magnitud durante los eventos de La
Nifia que durante los eventos El Nifio. Esto dio lugar a un aumento de EKE durante los

episodios de La Nifia.

En tercer lugar, se utilizaron estimaciones de altimetria satelital de TDA entre 1993 a 2018
para analizar las fluctuaciones y tendencias de la intensificacion de la circulacion en los giros
subtropicales. El nivel del mar disminuyé en los centros/nicleos de ambos giros
subtropicales, pero se amplifico en los sistemas de las corrientes de California y Humboldt,
en relacion con los eventos de EI Nifio fuertes y moderados. Lo contrario ocurrié durante los
eventos de La Nifia. La intensidad en los Giros Subtropicales (Strength of the Subtropical
Gyres, SoS) fue estimada como la diferencia del nivel del mar entre el centro del giro y su
respectiva parte oriental dividido para distancia entre esos dos lugares. El SoS en ambos
giros se debilitdé bruscamente (moderadamente), hasta un 25% en los eventos El Nifio fuertes
(moderados) y aument6 en los episodios de La Nifia. La circulacién en el Pacifico Norte
responde a EI Nifio dentro de uno o dos meses después de su ocurrencia, mientras, en el
Pacifico Sur después de cinco a seis meses. Ademas, se detectd un modo interdecadal en el
SoS, que aumento (debilitd) su circulacion durante la primera (segunda) mitad del periodo de
observacion. El aumento del nivel del mar, durante el periodo de altimetria satelital, 1993 a
2018, excedio la media de la cuenca en los centros/nlcleos de los giros, pero estuvo por
debajo de estos promedios en sus respectivas regiones orientales, especialmente en el
Pacifico Sur. Esto produjo una aceleracion de la circulacion de ambos giros durante este

periodo de 26 afos.
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Abstract

Impact of climatic variability over the last decade on the dynamics of the subtropical gyre in

the South Eastern Pacific and the volume of Intermediate Water of the South Eastern Pacific

Freddy Edinson Hernandez Vaca
Doctorate in Oceanography
Universidad de Concepcidn, 2020

Dr. Wolfgang Schneider, Advisor

Climate variability, here, refers to changes in the climate system with time scales longer than
the seasonal scale. In the Tropical Pacific, the most intense climatic disturbance is EI Nifio-
Southern Oscillation (ENSO), which in addition has global impacts. In the present thesis, the
impact of climate variability on the Subtropical Gyres of the Pacific Ocean was investigated,
particularly in the eastern region of the Subtropical Gyre of the South Pacific, using
information from satellite altimetry, oceanographic cruises, numerical models and
oceanographic drifters for the period 1993-2018. Here, three processes were studied, the
impact: (1) increased wind stress curl had on the formation of Eastern South Pacific
Intermediate Water; (2) ENSO had on the hydrography of the Humboldt Current System; and

(3) ENSO and sea level rise had on the strength of the circulation of the subtropical gyres.

12



First, the Eastern South Pacific Intermediate Water (ESPIW) distribution was revisited. An
update on the geometry of ESPIW has been possible based on new ARGO (Array for Real-
Time Geostrophic Oceanography) data. This study comprised over 46,000 profiles obtained
during 2007-2012 from an area between the western coast of South America and 150°W, and
5° and 40°S. This information was complemented with data from the World Ocean
Circulation Experiment (WOCE) P06 transects conducted in 1992 and 2010 at 32°30°’S in the
South Pacific Ocean. Based on a comparison of this update and data from 1990-2001, it was
established that the ESPIW volume has increased by approximately 53%. Moreover, the area
occupied by ESPIW in the 2010 WOCE P06 transect was 48% higher than in 1992. Ekman
pumping velocity, calculated from the wind for the time and region of ESPIW formation,
showed a significant increase in Ekman pumping between 2000 and 2012. The increase in
Ekman pumping from 2000 onward could explain the observed changes in ESPIW
distribution (the water mass had extended zonally) and properties (salinity showed a decrease
of 0.1). These changes could be explained as the consequence of atmospheric climate

variability over the interior ocean.

Second, the impact of ENSO on the Humboldt Current System (HCS) was determined. Sea
surface temperature (SST), near surface wind components, absolute dynamic topography
(ADT), geostrophic velocity components, and eddy kinetic energy (EKE) were examined for
the HCS, for the period 1993-2016. Composite maps of the original or derived ocean surface
variables or their respective anomalies were constructed for the whole time series and
separately for EI Nifio and La Nifia episodes that fell into this time window. A total of 7 El
Nifio and 7 La Nifa events, independent of individual strength, season and duration, were
identified according to the Oceanic Nifio Index. During El Nifio events, SST and the upper 40

m of the water column were 0.6°C warmer and ADT was about 5 cm higher than during La

13



Nifa events. Equatorward and upwelling favorable winds intensified during La Nifia events
but were weaker during El Nifio events, thus increasing and decreasing coastal upwelling in
the former and latter events, respectively. Further, the mean meridional component of
geostrophic velocity, averaged for the HCS, was about 10% stronger during La Nifia events

than during EI Nifio events. This resulted in increased EKE during La Nifia episodes.

Third, Satellite-born altimetry estimates of absolute dynamic topography from 1993 to 2018
were employed to shed light on fluctuations and trends of the strength of the circulation of
the subtropical gyres. Sea level dropped in the centers/cores of both subtropical gyres but
amplified in the boundary systems of the California and the Humboldt currents, related to
strong and moderate EI Nifio events. The opposite occurred during La Nifia events. The
Strength of the Subtropical Gyres was estimated as the difference in sea level between the
centers of the Gyres and its respective eastern boundaries, divided by the distance between
these two locations. As a consequence of this anti-cyclical behavior the Strength of the
Subtropical Gyres in both gyres weakened sharply (moderately), up to 25% during strong
(moderate) El Nifio events and increased in La Nifia episodes. The circulation in the North
Pacific responded to El Nifio within one to two months of its occurrence, while in the South
Pacific it did so after five to six months. Further, an inter-decadal mode was detected in the
Strength of the Subtropical Gyres, which enhanced (weakened) their circulation during the
first (second) half of the observational period. Sea level rise, during the satellite altimetry
period, 1993 to 2018, exceeded the basin’s mean in the centers/cores of the gyres but was
below these means in its eastern boundaries, especially in the South Pacific. This yielded in

an acceleration of the circulation of both gyres during this 26-year period.
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1 INTRODUCCION

1.1 Variabilidad climatica y el Pacifico Sur oriental

El término Variabilidad Climatica (VC) se refiere a las variaciones, del estado promedio y
otras estadisticas del clima (e.g. varianza), en todas las escalas espaciales y temporales
mayores a las estacionales (National Research Council, 1998; OMM, 2018). En la figura 1-1,
se presenta un esquema de VC de una variable ambiental, tomando como ejemplo la
temperatura maxima del aire (Meehl et al., 2000). De acuerdo con este esquema hay tres
formas de variabilidad: a) cambio en el promedio, b) cambio en la varianza y c) cambios en
el promedio y la varianza. Un cambio en el promedio podria interpretarse como un
incremento en la frecuencia de eventos extremos y la disminucién de otros, por ejemplo, los
incrementos en el nimero de dias calidos y el descenso de nimero de dias frios. Por otro
lado, el cambio en la varianza puede provocar cambios en ambos lados de la distribucién de
frecuencias, una disminucién de los dias calidos y dias frios; por ultimo, los cambios en la
varianza y el promedio, pueden interpretarse como alteraciones en la ocurrencia de eventos
extremos en diferentes formas como por ejemplo incremento de dias calidos y regularidad en

los dias frios.

CHANGE IN MEAN CHANGE IN VARIANCE CHANGE IN MEAN AND VARIANCE

(b) l

(a)

[t B [0
Y T T T !

-+

= , .

Figura 1-1 Esquema de los cambios en la variabilidad climatica. a) cambio en el promedio, b)

cambio en la varianza y c) cambio en el promedio y varianza. (Fuente: Meehl et al., 2000).

La VC se debe a condiciones naturales, interacciones internas entre los componentes del
sistema climatico (océano, atmosfera, tierra, hielo marino, glaciales, biogeoquimica) o
forzamiento externo antropogénico. Sin embargo, actualmente el término VC se refiere a la
variabilidad climatica natural y el cambio climatico al forzamiento antropogénico. Existen
diferentes escalas temporales de la VC, interanual (mayor a un afilo y menor a 8 afos),
decadal (una a varias décadas), siglos, milenios o superiores. Los tipos de VC con mayor

energia en escalas interanuales y decadales se describen en la tabla 1-1, cada uno esta
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asociado a un indice, el mismo que da pautas de su inicio, duracion e intensidad. El Nifio o El

Nifio Oscilacion del Sur (ENOS) es la VC mas intensa a escala interanual, con impactos

globales.

Tabla 1-1 Modos de Variabilidad Climatica. Adaptada de Talley et al. 2011

(también nombrada
Southern Annular
Mode

Nombre en inglés: Acronimo | Escala Escala Referencia:
eninglés | espacial temporal

Atlantic Meridional AMM Cuenca | Interanual Servain, 1991.

Mode

Atlantic Nifio AN Regional | Interanual Wang, 2002.

Artic Oscillation AO, Global Decadal Hurrell et al., 2003;

(Northern Annular (NAM) Visbeck et al., 2003.

Mode) relacionadaa |NAO

North Atlantic

Oscillation

East Atlantic Pattern EAP Cuenca | Decadal Barnston y Livezey, 1987;
Josey y Marsh, 2005

Atlantic Multidecadal |AMO Regional |Multidecadal | Enfield et al., 2001.

Oscillation

El Nifio-Southern ENSO Global Interanual Troup, A. J.1965

Oscillation

Pacific Decadal PDO Cuenca- | Decadal Mantua et al., 1997.

Oscillation Regional

North Pacific Gyre NPGO Regional | Decadal Di Lorenzo et al., 2008.

Oscillation

Indian Ocean Dipole 10D Regional | Interanual Saji etal., 1999.

Mode

Antartic Oscillation AO SAM | Regional | Decadal Thompson y Wallace,

2000.
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1.2 El Nifio Oscilacion del Sur

El ENOS es el modo de VC que domina el Pacifico Tropical y es el mas energético a nivel
mundial (Trenberth et al., 2002; Larkin y Harrison, 2005 a,b; Bronnimann, 2007; Ng et al.,
2017). Este tiene una alternancia casi periddica entre una fase calida o El Nifio y una fria o
La Nifia, ejerciendo influencias climéticas significativas en muchas regiones del mundo
(Trenberth, 1997; Talley et al., 2011), mediante teleconexiones atmosféricas (McPhaden et
al., 2006; Stan et al., 2017) y oceanicas (England y Huang, 2005, McPhaden et al., 2006).

Existen dos prerrequisitos para que se desarrolle un evento El Nifio, acumulacion en exceso
de agua célida en el Pacifico ecuatorial occidental (ej., Wyrtki, 1985; Chen et al., 2016) y la
presencia anomalias de vientos del oeste (ej. Luther et al., 1983; McPhaden et al., 1992; Chen
et al., 2015). Cuando tales condiciones coinciden, el exceso de agua calida puede ser
transportado rapidamente hacia el este por corrientes oceanicas anomalas (ej. Wyrtki, 1975;
Miller et al., 1988; Huang et al., 2001), provocando un calentamiento en el Pacifico central y

oriental.

Los prerrequisitos mencionados, son basicos e principales. Sin embargo, la complejidad del
desarrollo de un evento El Nifio va en conjunto con estructuras termohalinas en el Pacifico
Ecuatorial, ejemplo el gradiente zonal de la termoclina juega un papel importante en la
propagacién de ondas Kelvin, (Mosquera et al., 2014). Al mismo tiempo la estructura de las

isotermas depende de los cambios de los vientos alisios del sur,

El término ElI Nifio ha evolucionado desde sus primeros reportes hasta la actualidad,
diferentes investigadores han contribuido adicionando un "apellido™ a su nombre de acuerdo
al impacto del proceso, mecanismos de origen y sus tele conexiones ej., El Nifio Central
(Kao y Yu, 2009), El Nifio Modoki (Ashok et al., 2007; Weng et al., 2009), El Nifio Linea de
Cambio de Fecha (Larkin y Harrison, 2005a, 2005b), El Nifio Oriental (Capontodi et al.
2015); lo comin de las definiciones es el seguimiento de las anomalias de la temperatura

superficial del mar.

Para el caso de El Nifio Oriental o Central, los eventos mas fuertes han ocurrido en el
Pacifico oriental, donde El Nifio tiene mayor amplitud que La Nifia. En el Pacifico central los
eventos negativos son un poco mas fuertes que los positivos, no existiendo simetria regional
de la distribucion de la anomalia de TSM, que representa una no linealidad en la diversidad

de los eventos, Capontodi et al. 2015.
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1.3 Variabilidad climética en el Océano Pacifico

La principal fuente de VC en el océano Pacifico es el ENOS, cuyos mayores impactos se
centran en las regiones tropicales/ecuatoriales. EI ENOS afecta a los ecosistemas (Glynn de
Weerdt, 1991; Aronson et al, 2000), agricultura (Wilhite, et al. 1987), produce ciclones
tropicales, sequias, incendios forestales, inundaciones y otros eventos climéaticos extremos en
todo el mundo (Philander, 1983, Cai, W. et al 2012).

En el contexto del ENOS y analizando variabilidad interdecadal en el Pacifico Tropical, Hu
et al. 2013, establecieron dos periodos diferentes entre 2000-11 la variabilidad interanual fue
significativamente debil que entre el periodo 1979-99. La diferencia entre estos periodos se
debid a que en el mas reciente se tuvo una combinacion de vientos alisios fortalecidos y una

mayor inclinacién en la termoclina.

En el Pacifico Tropical Occidental, existié una tendencia en el aumento del nivel del mar de
hasta 3 veces el promedio global, tendencia que esta asociada con eventos ENSO y con el
fortalecimiento del esfuerzo del viento, (Stammer et al. 2011, Merrifield y Maltrud, 2011,
Qiu y Chen, 2012), asi como con la variabilidad climatica decadal, (Zhang y Church, 2012).
De manera mas amplia, el cambio del nivel del mar no es regular en todo el mundo, sino que
ha mostrado fluctuaciones interanuales y decadales regionales que por lo general esconden
las tendencias a largo plazo (Church y White 2011). Estas mismas pueden ser mas importante
que la variabilidad promedio global, como ha sido expuesto en estudios basados en altimetria

satelital (ej Cazenave y Llovel 2010).

En los giros subtropicales la VC ha sido descrita como cambios del rotor del esfuerzo del
viento (Roemmich y Cornuelle, 1990; Morris et al., 1996), cambios en la circulacion
(Roemmich y Cornuelle, 1990), cambios en el nivel del mar (Wyrtki K., 1985) y oscilaciones
de 4 afios entre el giro del Pacifico Sur y el del Pacifico Norte (Wyrtki y Wenzel, 1984), por
dejandonos una idea clara que el impacto de la VC puede ser cuantificada en condiciones

oceanograficas y meteorologicas.

En los giros subtropicales, la VC ha sido observada en las tendencias del nivel del mar,
cambios en la circulacién superficial y subsuperficial, y desplazamientos de los sistemas de
corrientes. El giro Subtropical del Pacifico Sur ha experimentado una intensificacion, que
estd asociada al incremento del nivel de mar al este de Nueva Zelanda, el mismo que podria
estar relacionado al incremento de la circulacién generada por el viento durante los 1990s,

con un maximo alrededor del 2003 (Roemmich et al., 2007). La presencia de grandes
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anomalias positivas del nivel del mar sobre el Pacifico central y occidental a finales de los
afios 90s fue confirmada por un modelo de circulacion oceanico (e.g. Sasaki et al., 2008).
Cai (2006) mostrd que los cambios en los vientos superficiales han forzado un cambio en el
flujo hacia el sur y una intensificacion del giro, el cual tiene nexos con el Pacifico
Subtropical y con la circulacion en el Océano Indico y en el Atlantico. Por otro lado, en el
giro Subtropical del Pacifico Norte, el aumento del nivel del mar vari6 desde la isoterma de
12°C y con el desplazamiento hacia el sur de la Contracorriente Ecuatorial del Norte, Qiu y
Chen (2012).

Otro tipo de impacto de la VC en la tendencia global o regional del nivel del mar, depende de
la longitud de los registros; en periodos desde el inicio de la altimetria satelital en 1993, la
interpretacion de la tendencia regional es compleja ya que es afectada por la VC a escala
interanual o interdecadal (Zhang y Church, 2012) y en un periodo mas corto 2005-2014 la

tendencia del nivel del mar fue afectada por la variabilidad mensual (Chambers et al., 2017).

1.4 Variabilidad Climatica en el Pacifico Sur Oriental

Se conoce como el Pacifico Sur oriental (PSO) a la region comprendida entre los 25° y 45°S
de latitud y desde la costa de Chile a los 100°O de longitud Figura 1.3. En esta region del
Océano Pacifico ocurren procesos atmosféricos que son modulados por el Anticiclon
Subtropical del Pacifico Sur, como la presencia predominante de vientos hacia el ecuador
cerca de las costas norte y centro de Chile y procesos oceanograficos como la circulacién

superficial hacia el norte, subduccion de agua, surgencia costera y remolinos de meso escala.

Los procesos oceanograficos y meteorologicos en esta area son modulados por los ciclos
ENOS (Montencino et al., 2003, Montecino et al., 2007; Yu et al. 2010, Ancapichin y
Garcés-Vargas, 2015, Imada et al., 2016; Su et al., 2018; Timmermann et al., 2018).

La variabilidad estacional del viento superficial a lo largo del PSO es producida por la
migracion estacional APS y la friccion con el continente. El régimen de vientos en el PSO,
incluye los Vientos Alisios del sureste controlado por el APS, aunque Rahn y Garreaud, 2014
encontraron que a lo largo de la costa de sudamérica entre el 35°S y 45°S de latitud existe un
reverso en la direccion hacia el ecuador en verano y hacia el polo en invierno. En el PSO
diversos autores toman entre 35°S y 38°S las latitudes donde la componente de los vientos a
lo largo de la cota se dividen en una componente predominante hacia el norte y una

componente predominante hacia el sur (Sobarzo et al., 2007, Rahn y Garreaud, 2014). De
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este modo, a lo largo de la costa central y norte de Chile, asi como en las costas de Perq,
predominan vientos favorables a la surgencia durante todo el afio. Existen dos regiones de
vientos maximos a lo largo de la costa centrada en la latitud 15°S y 30°S S (Shaffer et al.
1999, Thomas et al. 2001, Hormazabal et al. 2004).

Al sur de ~ 35°S, la estacionalidad del ASP origina maximos de afloramientos en verano y
condiciones promedio de vientos hacia el polo en invierno; estos ultimos provocan
hundimiento de aguas (proceso contrario a la surgencia) que también esta influenciada por las
tormentas de invierno asociadas al frente polar (Shaffer et al. 1999, Rutllant et al. 2004). En
un enfoque temporal mas amplio, Schneider et al. (2017), utilizaron informacion de vientos y
presion superficial entre 2002 y 2013, relacionaron el promedio de los vientos a lo largo de
la costa y la ubicacién del APS notando que los vientos son relativamente débiles y del norte
cuando el APS se ubicd en 27°S, y que cerca de 35°S hubo inversion de los vientos con

velocidades promedio de 5m/s.

El Sistema de Corrientes de Humboldt (SCH) o Sistema Per(-Chile (también conocida como
Sistema de Corrientes de Perd- Chile), Chavez et al., 2008, esté constituido por un flujo hacia
el Ecuador en la regidn oriental del Giro Subtropical del Pacifico Sur, limitado al norte por el
sistema de corriente ecuatorial y al sur por los vientos de la deriva del oeste. EL SCH es uno
de los 4 mayores Sistemas de Corriente de Borde Oriental, caracterizado por vientos
predominantes hacia el ecuador, transporte de Ekman costa afuera, afloramiento costero de
aguas de menor temperatura, ricas en nutrientes y por una alta productividad pesquera, (Hill
et al. 1998); ademas contiene flujos mas pequefios hacia el sur como la Contracorriente
Costera de Chile y la Corriente Costera de Perd, estas ultimas influenciadas por vientos
locales y la surgencia costera (Wyrtki, 1967; Strub et al., 1998; Aiken et al., 2008).
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Figura 1-2 Pacifico Sur Oriental. Los colores representan el promedio de la Topografia
Dinamica. El promedio de la velocidad geostrofica cada 1/4° en latitud y longitud esta
representado por vectores de color negro, mientras que los vectores blancos muestran
promedios espaciales de 2°. Existen diferentes escalas de vectores para los dos resultados.
Fuente: Strub et al., 2019.

El flujo oceanico principal hacia el norte es la Corriente de Humboldt (CH) se extiende desde
el Sur de Chile (°45S), donde los Vientos de la Deriva del Oeste llegan a la costa de Sur
América, hasta el norte de Per( (°4S), donde las aguas frias de afloramiento se encuentran
con agua tropical para formar, luego, el Frente Ecuatorial (Chavez y Messié, 2009). La
posicion del inicio de la CH en el verano es en el 40°S y 70°0 y en invierno en el 38°S'y
76°0 y aproximadamente en 25°S de latitud se divide en dos ramales, uno hacia las costas

peruanas y otro ocednico. La CH desde su origen en el sur hasta el punto de division, es méas
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estrecha y se intensifica de 2 a 3 cm/s en verano mas que invierno (Figura 4 en Fuenzalida et
al., 2008).

La VC debida al ENOS ha sido ampliamente estudiada en el SCH. En este sistema, durante
El Nifio se ha observado la propagacion de anomalias positivas de temperatura, elevacion del
nivel del mar, termoclina mas profunda, disminuciéon o una inversion episodica del flujo
costero hacia el ecuador. En contraste, durante la Nifia, se ha observado la disminucion de los
niveles del mar costero, termoclinas con menor profundidad, anomalias negativas de
temperatura superficial del mar y un flujo costero ecuatorial fortalecido. Los datos satelitales
muestran que las anomalias El Nifio pueden extenderse al sur de 40°S e incluso podrian
incluir toda la costa de Ameérica del Sur (Carr et al. 2002, Strub y James 2002), pero las
anomalias disminuyen en latitudes mas al sur (Strub y James 2002, Montecinos et al. 2003,
Escribano et al. 2004). Las condiciones EI Nifio también pueden ser impuestas por vientos
locales andmalos, probablemente modulados a través de teleconexiones atmosféricas (Shaffer
et al. 1999).

Las sefiales oceanicas ENOS que se originan como ondas Kelvin ecuatoriales que se
propagan hacia el este y luego hacia los polos, esta propagacion esta descrita como ondas
Rosshy (Pizarro et al. 2002) ademéas, Ramos et al. (2008) se refieren como conexion de la

variabilidad tropical con la extratropical dada por las ondas Kelvin originadas en el ecuador.

1.4.1 Agua Intermedia del Pacifico Sur Oriental

El Agua Intermedia del Pacifico Sur Oriental (AIPSO) es de origen subantartico, esta en
rangos de menor profundidad y salinidad que el Agua Intermedia Antartica (AIAA). El
AIPSO da origen a un minimo de salinidad somero que se distingue del minimo de salinidad
intermedio que forma el AIAA. El AIPSO se encuentra por debajo del Agua Superficial
Subtropical y sobre el Agua Ecuatorial Subsuperficial (Schneider et al., 2003; Emery y
Meincke, 1986). Esta masa de agua también es conocida como Agua del Minimo de
Salinidad Somero del Pacifico Sur (Reid, 1973; Tsuchiya, 1982; Kartensen, 2004) o Agua
Subantartica (Silva et al., 2009), en esta tesis nos referiremos como Agua Intermedia del
Pacifico Sur Oriental (AIPSO).
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EL AIPSO se forma por la subducion de agua de menor salinidad (Agua Superficial
Subantartica) en las cercania de la latitud 37°S y luego es transportada hacia el norte y oeste
en el PSO del GSTPS por la corriente de Humboldt (Reid, 1973; Tsuchiya, 1982; Schneider
et al., 2003; Leth et al. 2004). La subduccién se define como el fluido que deja la capa de
mezcla superficial de manera irreversible hacia la picnoclina permanente, término que se
aplicé en el GSTPN (Woods y Barkman, 1986; Huang y Qiu, 1994).

Las propiedades y extension del AIPSO, en primera instancia, fueron inferidas a partir de la
masa de agua analoga del Pacifico Norte, Agua intermedia del Pacifico Norte, Emery y
Meincke, 1986; Tsuchiya y Talley, 1996, reportaron que el origen del AIPSO es al Sur de la
Corriente de Humboldt habiendo encontrado su caracteristica en la seccion oceanografica
realizada a lo largo del meridiano los 135°0. Schneider et al. (2003) definen sus
caracteristicas y propiedades fisicas con informacion hidrografica entre 1991-2000 y
Katernsen (2004) mencioné que el origen de agua de menor salinidad del AIPSO no
necesariamente esta restringido al Agua Superficial Subantartica, sino que es agua de menor

salinidad proveniente del oeste con el Giro Subtropical del Pacifico Sur.

El conocimiento del AIPSO no es mayor y por ende no se tiene referencias sobre el impacto
de la VC sobre su distribuciéon y propiedades; sin embargo, se tiene referencias sobre la
variabilidad interanual en las tazas de subduccion en aguas de origen subtropical. Por
ejemplo, en el Pacifico norte la tasa de subduccion en el Modo de Agua Central tuvo gran
variabilidad interanual, siendo mayor 2005 y 2010 pero casi nula en el 2009, resultados de

Toyama et al. (2015) quienes trabajaron con informacion de boyas Argo entre 2005 y 2012.

En esta tesis se describe los impactos de la Variabilidad Climatica en los patrones de del
nivel del mar, circulacion superficial en los giros subtropicales del Pacifico, con énfasis en la

region oriental del giro del Pacifico Sur.

El Sistema de Corrientes de Humboldt en esta tesis se muestra como una gran region
oceanografica, en la misma se evalud las caracteristicas fisicas dentro de dos escenarios El
Nifo y la Nifia, ademas de describir los impactos dados por El Nifio o La Nifia, se describe el
impacto de la variabilidad climética en la zona de formacion del AIPSO como un forzante de

los cambios encontrados en la distribucion y geometria de esta masa de agua.
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2 HIPOTESIS Y OBJETIVOS ESPECIFICOS

2.1  Objetivo General
La hipotesis y objetivo general planteado para esta tesis son:

La variabilidad climatica impacta la circulacion oceanica-atmosférica, propiedades fisicas y
masas de agua de los Giros Subtropicales del Océano Pacifico; el objetivo general es:
Describir los cambios en la circulacion de los Giros Subtropicales del Océano Pacifico y
particularmente en la region oriental de Giro Subtropical del Pacifico Sur. Ademas,
cuantificar los cambios en las propiedades fisicas y el volumen del Agua Intermedia del

Pacifico Sur Oriental.

Para cumplir el objetivo general esta tesis se plantea en tres capitulos nombrados de la

siguiente manera:

Capitulo 1: Agua intermedia del Pacifico Sur Oriental.
Capitulo 2: El Nifio y el Sistema de Corriente de Humboldt.
Capitulo 3: Los Giros Subtropicales del Océano Pacifico.

2.2 Objetivos especificos

2.2.1 Agua Intermedia del Pacifico Sur Oriental.
Obijetivo 1: Reevaluar la distribucion del Agua intermedia del Pacifico Sur Oriental

Objetivo 2: Cuantificar los cambios temporales en la geometria del AIPSO, en la salinidad

dentro del nacleo del AIPSO y del Bombeo de Ekman en la regién de formacion del AIPSO.
2.2.2 EIl Nifnoy el Sistema de Corriente de Humboldt.

Objetivo 1: Establecer diferencias en ambas fases del ENOS de la temperatura superficial del
mar, vientos cercanos a la superficies, nivel del mar, circulacion geostréfica y energia

cinética en la region del Sistema de Corrientes de Humboldt.

Objetivo 2: Analizar los cambios en los primeros 100 m de la columna de agua de la

temperatura productos del ENOS.
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2.2.3 Los Giros Subtropicales del Océano Pacifico.

Objetivo 1: Determinar el aumento diferencial en el nivel del mar en cada Giro Subtropical
del Océano Pacifico asi como evaluar la relacion de cambios entre el centro de cada giro y su

respectiva region oriental.

Obijetivo 2: Investigar la contribucion del ENOS en el fortalecimiento de la circulacion de los

giros subtropicales.
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3 MATERIALES Y METODOS

3.1  Metodologia del Capitulo 1: Agua intermedia del Pacifico Sur Oriental
3.1.1 Datos
Para cumplir con los objetivos especificos del capitulo 1, se utilizaron:

> 46.000 perfiles de salinidad, del programa Array for Real-Time Geostrophic
Oceanography (ARGO), 132 de la transecta P06 del World Ocean Circulation Experiment
(WOCE P06) y 20 de los Cruceros de Investigacion Marina (CIMAR).

> Vientos superficiales provenientes de cinco fuentes, informacion derivada de satélites:
1) ERS1/2 AMI, obtenidos de IFREMER /CERSAT, 2) QuikSCAT obtenido del Centre
d’Exploitation et de Recherche Satellitaire d’Archivage et de Traitement (CERSAT) at the
Institut Francais de Recherche pour I’Exploitation de la Mer (IFREMER); informacién de
modelos: 3) ERA-Interim, 4) Navy Operational Global Atmospheric Prediction System
(NOGAPS) model “Fleet Numerical Meteorology and Oceanography Center” (FNMOC), y
5) Datos de reanalisis del National Center for Environmental Prediction (NCEP). Detalles de

las resoluciones, periodos en uso y productos se encuentran en la tabla 1 del manuscrito 3. .

3.1.2 Nucleo del AIPSO, propiedades y cambios temporales

El ndcleo del AIPSO se calcul6 en base a cada perfil de salinidad proveniente de ARGO para
lo cual se utiliz6 la metodologia de Schneider et al., (2003). Este nlcleo se encuentra ubicado
a una menor profundidad que la salinidad minima del Agua Intermedia Antartica (AlA). El
nucleo del AIPSO esta marcado por el valor de la salinidad minima del AIA, el cual se
proyecta hacia la superficie e intercepta la zona de menor salinidad y profundidad. Estos
valores de interseccion demarcan el limite superior, el limite inferior y el espesor del nicleo
del AIPSO. La extension del AIPSO esta representada como el promedio de salinidad en
rangos de ot entre 25,75 y 26,25 kg/m3, Schneider et al. (2003). Para un mejor detalle ver,
Figura 3-1 a) Perfil de salinidad. Propiedades del AIPSO: LS Limite Superior y LI Limite
Inferior. AIA Agua Intermedia Antartica. b) Diagrama TS. AIPSO esta en rango 25,75 y
26,25 (Kg/m3) de ot. Informacion correspondiente a Perfil Codigo 3900347 US Argo Project
6-julio-2009, ubicacion Longitud 80,838°0 y Latitud 29,469°S.Figura 3-1.
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Los resultados de la geometria y distribucion del AIPSO obtenidos con la informacién
ARGO, 2007-2012, se compararon con los de Schneider et al. (2003) quienes usaron
informacion del periodo 1990-2001. Para obtener la ubicacion relativa que tuvo el AIPSO se
compararon las transectas de salinidad de WOCE P06 (costa de Chile hasta el 110°0)
realizadas en el 2010 y 1992; con los perfiles de CIMAR llevadas a cabo en 1999 y 2015 se
promedié la salinidad en los rangos de o entre 25,75y 26,25 kg/m? para los afios sefialados y

luego se establecio su diferencia.
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Figura 3-1 a) Perfil de salinidad. Propiedades del AIPSO: LS Limite Superior y LI Limite
Inferior. AIA Agua Intermedia Antartica. b) Diagrama TS. AIPSO estd en rango 25,75 y
26,25 (Kg/m®) de ot. Informacion correspondiente a Perfil Codigo 3900347 US Argo Project
6-julio-2009, ubicacion Longitud 80,838°0 y Latitud 29,469°S.

3.1.3 Bombeo de Ekman

El Bombeo de Ekman se calculd con los productos de vientos, de acuerdo a Tomczak y
Godfrey (1994). Se realizaron series de tiempo anuales del Bombeo de Ekman en la region y
tiempo de formacion del AIPSO y se establecieron dos periodos de tendencia 1991-2000 y
2000-2012.

3.2  Metodologia del Capitulo 2: El Nifio y el Sistema de Corriente de Humboldt
3.2.1 Datos

Para cumplir los objetivos especificos de este capitulo se empleé informacion de:
Informacion mensual de temperatura superficial del mar y vientos superficiales fue obtenida
del European Center Medium Weather Forecast ERA (ECMWF Re-Analysis) Interim
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reanalysis project, se trabajé con informacion entre enero de 1993 a diciembre de 2016 con
resolucion horizontal de 0,4° en latitud y longitud.

Informacion grillada de perfiles de temperatura del mar en base a perfiles de Array for Real-
Time Geostrophic Oceanography (ARGO), Roemmich and Gilson (2009), fueron obtenidos
de sio-argo.ucsd.edu/RG_Climatology.html, se trabajé con datos de los primeros 100 m de la

columna de agua.

13 perfiles de temperatura de dos cruceros de investigacion CIMAR 5 y CIMAR 21; cruceros
efectuados en 1999 (13 octubre a 12 noviembre) y 2015 (12 octubre a 11 noviembre)
respectivamente; la informacion corresponde a un sector especifico del crucero entre 70,94°0O
y 86,55°0 a lo largo del 27°S de latitud.

Ademés también se empled la informacion del indice Nifio Oceénico y datos diarios del
Nivel del Mar (TDA) en el periodo 1993-2016

3.2.2 Caélculos

Con los datos mensuales de vientos se calcul6 el esfuerzo del viento fue calculado de acuerdo
a Trenberth et al., 1990, con esa estimacion se procedié a la estimacion del Rotor del

Esfuerzo del Viento. La energia cinética fue calculada de acuerdo a Che et al. 20009.

En cada punto de grilla 'y en cada variable se obtuvieron la climatologia mensual y posterior
su respectiva anomalia. Se presentan mapas de condiciones de anomalias de todas las
variables en condiciones El Nifio y La Nifia. Los periodos El Nifio y La Nifia son tomados a

con la definicion operacional del indice Nifio Oceénico.

Se promedio los 13 perfiles de temperatura de cada crucero CIMAR, y se efectud la
diferencia entre CIMAR 21 - CIMAR 5, se presenta el perfile diferencia de hasta una
profundidad de 100m.

Con la informacion ARGO se seleccion6 en dos latitudes 22,5°Sy 32,5°S. Con los 13 afios de
informacién (2004-2018) se calcul6 su promedio climatoldgico y en base este promedio se
obtuvo sus anomalias. Las anomalias fueron promediadas desde noviembre 2014 a marzo
2016 (Condiciones EL Nifio) y de junio 2010 a marzo 2012 (Condiciones La Nifia). Se

presenta el perfil diferencia Condiciones EI Nifio menos Condiciones La Nifia.
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3.3  Metodologia del Capitulo 3: Giros Subtropicales del Océano Pacifico.
3.3.1 Informacion
Nivel del mar:

Para cumplir los objetivos especificos planteados en la seccion 2.2.3 se empled informacién
de altimetria satelital, con su variable estimada Topografia Dindmica Absoluta (TDA), del
Copernicus Marine Environment Monitoring Service (CMEMS) server ftp://my.cmems-
de.eu/Core/SEALEVEL_GLO_PHY_L4 REP_OBSERVATIONS_008_047/dataset-duacs-
rep-global-merged-allsat-phy-14 . La informacién empleada es diaria del periodo 1993-2018,
la misma tiene resolucion horizontal de 0,25° x 0,25° en latitud y longitud.

indice el Nifio Oceéanico:

Datos correspondientes al indice El Nifio Oceanico del periodo 1993-2018 fueron obtenidos
del sitio web de la NOAA
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php. Un
valor del indice sobre (bajo) el limite 0,5° (-0,5°C) por al menos cinco periodos consecutivos

corresponde a un evento EI Nifio (La Nifia).
3.3.2 Variabilidad temporal del nivel del mar y su volumen asociado

En cada punto de grilla, en base a los datos diarios, se estimaron los promedios mensuales y
luego los promedios anuales, luego se definieron series de tiempo de promedios de regiones
del centro y lado oriental de cada giro, figura 1 del manuscrito en preparacion, previo al
calculo de promedio en areas, se realizd la ponderacion del promedio mensual del TDA con
el area respectiva de influencia de cada punto de grilla, esto debido al hecho de que el area
representada por cualquier punto de grilla de TDA depende de su latitud y la misma
disminuye desde el ecuador hacia los polos. A las series de tiempo ponderadas en las
regiones del giro se les retird la estacionalidad aplicando un filtro media movil de 12 meses

de avance y retroceso.

En cada punto de grilla se calculé el volumen asociado con su valor del promedio mensual de
TDA; el volumen resulté de multiplicar el TDA promedio con el area de representacion de
cada puto de grilla, area de acuerdo a la localizacion geografica. Se obtuvieron las anomalias

de volumen respecto a la climatologia mensual del volumen estimado. Las series de
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anomalias de volumen también fueron filtradas con la media mévil de avance y retroceso de

12 meses para retirar la variabilidad intraanual.

Caélculo de tendencias, interpretacion de fortalecimiento temporal de los Giros Subtropicales

se muestran en detalle en literal de resultados del articulo en preparacion, seccion 4.
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4 RESULTADOS
4.1  Capitulo 1: Contribucion del bombeo de Ekman a los cambios en las propiedades y
volumen del Agua Intermedia del Pacifico Sur Oriental.

Manuscrito  publicado  en revista  Gayana: http://dx.doi.org/10.4067/S0717-
65382017000200052, Herndndez-Vaca, F., Schneider, W., Garcés-Vargas, J. Contribution of

Ekman pumping to the changes in properties and volume of the Eastern South Pacific
Intermediate Water.
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ABSTRACT

An update on the Eastern South Pacific Intermediate Water (ESPIW) distribution has been possible based on ARGO (Array
for Real-Time Geostrophic Oceanography) data. This study comprised over 46,000 profiles obtained during 2007-2012
from an area between the western coast of South America and 150°W, and 5° and 40°S. This information was complemented
with data from the World Ocean Circulation Experiment (WOCE) P06 transects conducted in 1992 and 2010 at 32°30°S
in the South Pacific Ocean. Based on a comparison of this update and data from 1990-2001, it was established that the
ESPIW volume has increased by approximately 53%. Moreover, the area occupied by ESPIW in the 2010 WOCE P06
transect was 48% higher than in 1992. Ekman pumping velocity. calculated from the wind for the time and region of ESPIW
formation, showed a significant increase in Ekman pumping between 2000 and 2012. The increase in Ekman pumping
from 2000 onward could explain the observed changes in ESPIW distribution (the water mass had extended zonally) and
properties (salinity showed a decrease of 0.1). These changes could be explained as the consequence of atmospheric climate
variability over the interior ocean.

Kevworos: South Pacific, wind stress curl, intermediate water, subduction.

RESUMEN

Una actualizacion de la distribucion del Agua Intermedia del Pacifico Sur Oriental (AIPSO) fue realizada con datos ARGO
(Array for Real-Time Geostrophic Oceanography). Este estudio comprendio mas de 46.000 perfiles obtenidos durante
2007-2012 del area entre la costa occidental de Sudamérica y 150° O, y 5°S y 40°S. Esta informacion se complemento con
datos de las secciones P06 del World Ocean Circulation Experiment (WOCE) realizadas en 1992 y 2010 en 32° 30°S en el
Océano Pacifico Sur. Comparando ésta actualizacion y los datos de 1990-2001 se establecio que el volumen del AIPSO ha
aumentado aproximadamente un 53%. Ademas, el area ocupada por AIPSO en el transecto WOCE P06 de 2010 fue 48%
mas grande que en 1992. La velocidad de bombeo Ekman, calculada a partir del viento para el tiempo y la region de la
formacion del AIPSO, mostré un aumento significativo en el bombeo de Ekman entre 2000 y 2012. El aumento del bombeo
de Ekman desde el 2000 podria explicar los cambios observados en la distribucion del AIPSO (la masa de agua se extendid
zonalmente) y las propiedades (la salinidad disminuyé 0.1). Estos cambios podrian explicarse como la consecuencia de la
variabilidad climatica atmosférica sobre el océano interior.

Palabras clave: Pacifico Sur, rotor del esfuerzo del viento, agua intermedia, subduccion.
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INTRODUCTION

The South Pacific (SP) Ocean exhibits an anticyclonic
circulation around the center of the subtropical gyre. This
is limited in the north by the westward-flowing Southern
Equatorial Current whereas its western Australian border,
the flux moves southward as the East Australian Current. At
around 35°S, the southern limit of the gyre, the SP current
heads eastward, and closing the circulation cell at the eastern
border it is the Humboldt Current System or the Peru-Chile
Current System (Talley er al. 2011).

The subtropical region and mid-latitudes of the SP are
influenced by positive wind stress curl, which leads to
downward Ekman velocity (referred to as Ekman pumping)
and subtropical convergence (STC) (Chereskin & Price
2009; Stramma et al. 1995). In STC, water subducted within
the main thermocline advances toward the north, upwells at
the equator, and returns to the subtropics through the surface
layer in the western boundary current system. This circulation
is known as either the Subtropical Cell (McCreary & Lu
1994) or the shallow meridional overturning circulation
(Chen et al. 2015). Through this circulation, the properties
of surface water from the subtropics are transmitted to
the tropics. South of the subtropical gyre, in the Southern
Ocean, there is interaction between deep and intermediate
circulations, upwelling of deep waters, and freshwater-
heat transfers between the ocean and the atmosphere. This
transforms deep water into intermediate water and/or water
within the thermocline that later forms part of the circulation
managed by the wind that could return to deep convection
sites (Talley 1999).

Emery and Meincke (1986) described the water masses
in the SP as follows: a) upper (0-500 m), comprising
East and West South Pacific Central Waters, Subantarctic
Surface Water (SASW), Antarctic Surface Water, and East
South Pacific Transition Water, and including Tropical
and Subtropical Surface Water and Equatorial Subsurface
Water; b) intermediate (500-1500 m), comprising Antarctic
Intermediate Water (AAIW) and Eastern South Pacific
Intermediate Water (ESPIW); and c) deep and abyssal
(>1500 m), comprising Pacific Deep Water and Antarctic
Bottom Water.

In the southeastern SP, the presence of surface
Transition Water reflects the connection between subpolar
and subtropical regions, i.e., the SASW and the East South
Pacific Central Water. The physical properties of water
masses such as temperature and salinity are acquired on
the surface via air-sea interaction or via the mixing of two
or more water masses. In the eastern SP, SASW is much
fresher than in the west because of the heavy precipitation
and freshwater runoff from Chilean Patagonia. Thus, this
creates a low-salinity tongue that stretches from the coast
of South America toward the central SP at around 45°S
(Karstensen 2004).

Subduction induced by wind stress curl in subtropical
regions (i.e., STC) is the origin of the central water
masses. Subducted water from the base of the Ekman layer
enters irreversibly into the permanent pycnocline. From
there, it then moves toward the tropics following density
gradients, which aids both the ventilation of the permanent
thermocline over decades (Tomczak & Godfrey 1994) and
the sequestration of anthropogenic CO, in the SP. According
to the theories called “Mixed-layer Demon Hypothesis™
(Stommel 1979) and thermocline ventilation (Luyten er
al. 1983; Sprintall & Tomczak 1993), the temperature and
salinity properties of central water are acquired only in
winter.

In the Eastern SP, north of the region of STC, there is an
upper minimum-salinity water mass referred to as Shallow
Salinity Minimum Water (Reid 1973; Tsuchiya & Talley
1998; Karstensen 2004) or as ESPIW (Emery & Meincke
1986). A conceptual diagram, shown in Figure 1, illustrates
both the subduction process at the region of STC and the
formation of central water masses. The westerly winds cause
an equatorward Ekman transport (red arrow, arrowhead to
the right), whereas the Ekman transport produced by the
southeast trade winds is poleward (red arrow, arrowhead
to the left). This leads to the creation of the STC (30°-
35°S) where SASW is subducted, forming ESPIW. Once
subducted, ESPIW continues its northward path at depths of
120-220 m, moving between the saltier Subtropical Surface
and Equatorial Subsurface Waters. Thus, ESPIW originates
on the southeastern side of the subtropical gyre, between the
coast of South America and 90°W (Schneider er al. 2003).
Subsurface water with minimum salinity, corresponding to
ESPIW, is surface water in the high latitudes with low salinity
and high oxygen levels (Reid 1973). ESPIW specifically
originates between 33°S and 38°S (Schneider e al. 2003)
and once subducted, it continues moving toward the equator
following the direction of the Humboldt Superficial Current
System.

Atmospheric climate variability has an impact on the
ocean. For example, intensification of coastal wind stress
leads to an increase in coastal upwelling (Bakun 1990).
The recent hiatus in global warming, a period during
which Earth’s global average surface air temperature has
remained more-or-less steady since 2001 (Liu et al. 2017),
has been attributed to the higher intensity of the southern
trade winds in the SP during the past two decades (England
et al. 2014). In the interior ocean, strengthened Ekman
pumping caused by increased wind stress curl has led to
intensification of Eastern Subtropical Mode Water in the SP
Subtropical Gyre during the last century (Liu & Wu, 2012).
The balance between evaporation and precipitation of the
SP could explain the increase in salinity in AAIW observed
throughout the World Ocean Circulation Experiment
(WOCE) transect at 32.5°S, conducted in 2003 and 1992
(Schneider et al. 2005).
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FiGure 1. Conceptual diagram to illustrate the subduction process at the region of Subtropical Convergence (STC) and the formation of
central water masses. The westerly winds cause equatorward Ekman transport (red arrows), whereas Ekman transport produced by the
southeast trade winds is poleward. This leads to the creation of STC (30°-35°S) where SASW is subducted and ESPIW is formed by means
of Ekman pumping. Salinity through 80°W is shown between 10°-40°S from the surface to 400-m depth. Annual mean salinity data used in
this figure were derived from the World Ocean Atlas 2013 (https://www.nodc.noaa.gov/OC5/woal3/). / Diagrama conceptual para ilustrar
el proceso de subduccion en la region de la Convergencia Subtropical (CST) y la formacion de masas de agua central. Los vientos del
oeste causan un transporte de Ekman hacia el ecuador (flecha roja), mientras que el transporte de Ekman producido por los vientos alisios
del sur-este es hacia el polo. Esto conduce al origen de la CST (30°-35°S) donde el SASW es subducida y el ESPIW se forma por medio
del bombeo de Ekman. Se muestra la salinidad a lo largo del 80° O, entre 10-40°S desde la superficie a 400 m de profundidad. Para esta
figura se usaron datos del promedio anual de salinidad obtenidos de World Ocean Atlas 2013 (https://www.nodc.noaa.gov/OC5/woal3/).

The objective of this study was to reevaluate and
improve the distribution and geometry of ESPIW using
newer information (2007-2012) than used by Schneider
et al. (2003) (1990-2001). The underlying hypothesis
was that intensification of winds in the eastern SP (Weller
2015; England er al. 2014) has triggered an increase of
wind stress curl and thus ESPIW production. With this
aim, this study used data obtained through the Array for
Real-Time Geostrophic Oceanography (ARGO) program
and its monitoring network, which constitutes a major
component of the ocean observation system. The massive
dataset comprised over 46,000 profiles obtained during
2007-2012 from an area between the western coast of South
America and 152°W, and 5°-40°S. Temporal differences
were established for the core features of ESPIW and these
were compared with the results obtained by Schneider et al.
(2003). Finally, differences in water mass properties were
related to climate variability and Ekman pumping velocity.
This analysis enabled an updated assessment to be made of
the distribution, geometry, and salinity of ESPTW.

54

MATERIALS AND METHODS

SALINITY PROFILES OBTAINED FROM ARGO, WOCE anp CIMAR
Approximately 46,000 salinity profiles from Argo were
used for this study. All the profiles were obtained within
the area from the coast of South America to 150°W, and
between 5° and 40°S, from near the surface to 500 dbar.
The period of interest was January 2007 to December
2012, and all profiles with a quality indicator of Flag
A, N = 100% (all depth levels with reliable information)
were employed. The vertical resolution of Argo profiles is
variable; it is approximately 10 dbar from the surface to 300
dbar, then it progresses in 20-dbar intervals until 500 dbar.
Thus, an updated and improved database was established
to characterize the modern geometry of ESPIW compared
with the historic data (1990-2001), consisting of 779 CTD
profiles, compiled by Schneider et al. (2003).

This study also used 66 salinity profiles from the surface
to 500 dbar from each WOCE P06 transect conducted in
1993 and 2010. These were obtained from the coast of

34



Bombeo de Ekman y Agua Intermedia del Pacifico Sur Oriental: HErRNANDEZ-Vaca F., E7 4L

South America to 110°W, along latitude 32.5°S (vertical
resolution: 2 dbar). Figure 2 shows the study area, and
the Argo and WOCE salinity profile distribution. Argo
data were obtained from the “USGODAE ARGO GDAC
Data Browser” and the WOCE data were acquired from
“CLIVAR and Carbon Hydrographic Data Office.” In
addition, 10 profiles measured first in 1999 during the
CIMAR 5 (Cruceros de Investigacion Marina) expedition,
conducted by CONA (Comité Oceanografico Nacional),
along 27°35°S between 79°35°W and 92°10°W, and repeated
in 2015 (CIMAR 21), were also employed in this study. The
accuracies of the temperature, salinity, and pressure sensors
on the Argo floats are +0.005°C, £0.01 psu, and +5 dbar,
respectively (Argo Science Team, 2000). The accuracies of
the temperature and salinity data in the WOCE datasets are
better than 0.003°C and 0.003 psu, respectively (Robertson
et al. 2002), similar to the CIMAR 21 datasets (Donoso et
al. 2016).

ESPIW CORE AND ITS PROPERTIES

AAIW constitutes an intermediate salinity minimum at
depths around 600-800 m, whereas ESPIW represents an
upper or shallow salinity minimum at depths around 200
m (e.g. Figure 1 at 80° W). We define the ESPIW core
as a layer of certain thickness with salinity that is fresher
than AAIW. The presence and thickness of this layer was
calculated based on each salinity profile. The layer is
located at shallower depths than associated with the salinity
minimum of AAIW (Figure 3). The AAIW minimum

salinity was projected toward the surface and it intercepted
the area of lesser salinity at shallower depths corresponding
to ESPIW (Figure 3). As ESPIW spreads northward (<20°S)
and westward (>90°W) into the SP, its salinity increases
to levels slightly higher than AAIW because of vertical
isopycnal mixing. Nevertheless, ESPIW remains traceable,
first as a relatively shallow salinity minimum and later as a
knee-shaped curve in the T-S diagram in the sigma-t range
typical of ESPIW.

TEMPORAL CHANGES IN ESPIW

The temporal changes in the spatial distribution (upper
limit and thickness) and volume of the ESPIW’s core were
obtained by comparing modern and historic results in the
area between the coast of Chile and 90°W, and 20°-40°S,
i.e., where the salinity of ESPIW is less than that of AATW.
The modern data of this geographic area comprised 8,700
ARGO profiles showing the core structure of ESPIW
between 2007 and 2012. The historic data of Schneider et
al. (2003) comprised 149 CTD profiles from 1990-2001.
Differences in the extension and salinity of ESPIW were
also established throughout the larger study area. Extension
is represented by the average salinity of each profile in the
density range of o, between 25.75 and 26.25 kg/m’ the
sigma-t range estimated for its core. Additionally, ESPIW’s
difference in relative location was estimated for 1992 and
2010, represented by the 34.28 isohaline, in each section
of the WOCE P06 transect along 32.5°S from the coast of
Chile to 110°W.

10°S

20°S |

30°s

40°s

140°W 120°W

100°wW 80°w 60°wW

FiGure 2. Study Area: South Pacific Ocean. Grey dots are Argo profiles obtained during 2007-2012. Blue dots throughout 32°30°S indicate
WOCE P06 transect and stations used in this study (first performed in 1993 and repeated in 2010). Red dots throughout 27°S indicate CI-
MAR 5 transect and stations used in this study (first performed in 1999 and repeated in 2015). / Area de studio. Océano Pacifico Sur. Puntos
grises corresponden a perfiles Argo obtenidos durante 2007-2012. Los puntos azules a lo largo del 32°30°S indican la transecta WOCE
P06 y las estaciones usadas en este estudio (realizada primero en 1993 y repetida en 2010). Los puntos rojos a lo largo de 27°S indican la
transecta CIMAR 5 y las estaciones usadas en este estudio (realizada primero en 1999 y repetida en 2015).
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EKMAN PUMPING VELOCITY

Five sources of monthly mean wind products, representing
winds at 10 m above the ocean surface, were used for
the computation of Ekman pumping velocity. These
comprised satellite derived data: 1) ERS1/2 AMI, provided
by IFREMER /CERSAT, and 2) QuikSCAT obtained
from Centre d’Exploitation et de Recherche Satellitaire
d’Archivage et de Traitement (CERSAT) at the Institut
Francais de Recherche pour I’Exploitation de la Mer
(IFREMER); and model data: 3) ERA-Interim, 4) Navy
Operational Global Atmospheric Prediction ~System
(NOGAPS) model “Fleet Numerical Meteorology and
Oceanography Center” (FNMOC), and 5) Reanalysis data
from the National Center for Environmental Prediction
(NCEP). Details of their resolutions, available periods, and
products are listed in Table 1.

Ekman pumping velocity (EP) was calculated according to
Tomczak and Godfrey (1994) using the following equation:

-, =y )
B mcwf?  CULS R (Equation 1)
where p_ = 1023 kg/m®, which is the reference density

of seawater, f'is the Coriolis parameter (f=2 Q sin&, where

Q = 7.29 x 107 (rad/s) is earth’s angular velocity and @
is latitude, and t and t_are the meridional and zonal
components of wind stress, respectively. The latter two
parameters are calculated from:

Ty = Cp Pair VUso Ty = Cp pair u Uy (Equation 2)

where 6 is the drag coefficient (0.0013, used in NCEP
and ERA Interim reanalysis), also we use wind stress data,
wich is computed utilising ERS-1, ERS-2 and QuikSCAT
observations, and following the recommendations of Smith,
(1988) to assign C, values of 1 x 10~ for wind speeds
between 2-5 m/s, and 2 x 10~ for wind speeds up to 24 m/s,
pair is the air density (1.2 kg/m’), u and v are the zonal
and meridional wind components, respectively, and Uy is
the magnitude of the wind 10 m above the ocean surface.
ERS1/2 AMI, QuikSCAT, and FNOMC already provide the
wind stress curl from which the Ekman pumping velocity
was calculated.

Linear trends of series of regionally and temporally
averaged EP were analyzed for two periods: 1991-2000 and
2000-2012. The first was used by Schneider et al. (2003)
for their first estimation of the properties and geometry of
ESPIW. Here, EP is the EP average in the region and time
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Ficure 3. Salinity profiles and T-S diagrams. Upper panels: Argo data showing ESPIW core and depicting its meridional variation. Lower
panels: WOCE P06 transect data with ESPIW core and depicting its zonal variation. Blue dotted lines in T-S diagrams show ESPIW core
limits: o, between 25.75 and 26.25 kg/m®. / Perfiles de salinidad y diagramas T-S. Panel superior: Datos Argo mostrando el nucleo del
ESPIW que representa su variacion meridional. Panel inferior: Datos de la transecta WOCE con el niicleo del ESPIW que representa su
variacion zonal. La linea punteada azul en los diagramas T-S muestra los limites del nicleo del ESPIW: o, entre 25,75 y 26,25 kg/m’.
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of formation of ESPIW, i.e., 82.5°-76°W and 30°-39°S, and
August-September, respectively (Karstensen 2004; Luyten
et al. 1983; Schneider er al. 2003). For each average, 70,
240, 12, 60, and 112 grid points from FNMOC, QuikSCAT,
NCEP, ERS, and ERA-Interim, respectively, were used
owing to the different horizontal resolutions of the five

databases. The coastal zone was disregarded for favoring
upwelling (Letelier er al. 2009) and the southern and
northern limits were established in relation to the minimum
surface salinity values indicating the outcrop region of
ESPIW.

TasLe 1. Characteristics of wind products. / Caracteristicas de los productos de vientos.

REsoLuTION
SOURCE PEriOD (Longitude x DOWNLOAD SITE AVAILABLE PRODUCTS
Latitude)
Zonal and meridional wind
ERS 1/2-AM1 1991-2000 12:% 1% Ifremer/CERSAT components
Wind stress
Centre ERS d’Archivage et de Traitement Zonal and meridional wind
QuikSCAT 2000-2009 0.5° x 0.5° (CERSAT) components
(http://www.ifremer.fr/cersat/en/index.htm) Wind stress and wind stress curl
. Zonal and meridional wind
ENMOC 2000-2012 1o x 10 http./A/coastwatchpfegAnoaa.gov/erddap./ —————s
search/index.html?searchFor=erdlasFnWind ; :
Wind stress and wind stress curl
ERA-Intérim 1991-2012  0.75° x 0.75° http://apps.ecmwl_‘Jnt/datasets/data/mtenm— Zonal and meridional wind
full-daily/levtype=sfc/ components
NCEP 19910012, 25°xage Mpslwwwesdnoasgovipsdidalalgridded i dediiondi wind
data.ncep.reanalysis.htm
RESULTS its upper limit varies between depths of 105 and 191 m. In

MODERN EXTENSION OF ESPIW AND SALINITY DECREASE

The core of ESPIW, with salinity less than that of AAIW,
inhabits the eastern portion of the SP subtropical gyre north
of the region of STC and it occupies the depth range of
100-300 m; therefore, it becomes part of the general gyre
circulation. Once part of this circulation, ESPIW mixes
gradually with overlying Subtropical and underlying
Equatorial Subsurface Water, both of which are saltier;
thus, it starts to lose its signature feature of being less
saline than AAIW (Schneider et al. 2003). Nevertheless, it
sustains a traceable relative upper salinity minimum in its
typical sigma-t density range of 25.75-26.25 kg/m’®. Figure
3, as an example, shows salinity profiles and T-S diagrams
from Argo (above) and WOCE P06 (below), and the
spatial variability of the ESPIW core is highlighted in the
meridional (above) direction as well as in the zonal (below)
direction. In the upper row (meridional from north to south),
the profile core thickness of ESPIW diminishes northward
from 146 m at 31.87°S to 25 m at 21.33°S, while its upper
limit deepens from 130 to 210 m at the same latitudes.
The lower row profiles (zonal from west to east) show the
ESPIW core thickness varies between 119 and 155 m, and

the T-S diagrams of both rows, the minimum salinities at
the lesser depths (ESPIW core) have values in the 6, range
0f 25.75-26.25 kg/m’.

The geographic pattern of average salinity within this
specific density range allows the extension of ESPIW to
be traced and the limit of its influence in communicating
SASW to intermediate depths of the tropical SP to be
determined. This new geographic pattern of average salinity
within the ESPIW density range together with the historic
pattern is presented in Figure 4. The westward extension of
ESPIW is evident in the historic pattern established using
the 779 CTD profiles (Schneider e al. 2003); however, it
is defined with much more reliability in the modern by the
incorporation of the 46,000 ARGO profiles. ESPIW can
be traced up to 150°W in the tropical SP. Salinity changes
in ESPIW were established by comparing the geographic
positions of the modern salinity isolines with their historic
counterparts. For example, the modern 34.7 isohaline
coincides with the historic 34.8 isohaline, and the modern
34.9 isohaline is found overlying the historic 35.0 isohaline.
This suggests that a decrease of 0.1 in salinity has occurred
over the entire domain (Figure 4). A repeated hydrographic
transect, October 1999 and October 2015 (CIMAR 5 and
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21), between the coastal Chilean city of Caldera and Easter
Island along latitude 27°S crossed ESPIW and showed the
very same drop of 0.1 in salinity in the density range of this
water mass based on the averages obtained for 2015 and
1999, with standard deviations 0.281 and 0.305 respectively.

TEMPORAL CHANGES IN GEOMETRY OF ESPIW’s CORE

The modern Argo database (2007-2012) allowed an update
to the geometry of the ESPIW core, with salinity less than
that of the deeper AAIW, in more detail and for a much
larger geographic region than in Schneider ez al. (2003). The
newly computed origin of the ESPIW core is represented
by the blue line (0-m depth of its upper limit) in Figure
5a. This line represents where subduction begins, i.e.,
between 100°W and the coast of Chile, and south of 35°S
at its western side, and it follows a northeasterly direction
toward the coast of South America (30°S). From the origin
of subduction, the upper limit of this water mass generally
deepens toward the northwest until 325 m, where the core
becomes indistinguishable equatorward of 25°S (Figure 5a).
In other words, the salinity of ESPIW is higher than AATW
but ESPIW maintains the properties of a relative upper
minimum salinity at a shallower depth than AAIW (see
Figure 3). Once SASW has been subducted to form ESPIW,
it joins the subtropical gyre circulation.

The thickness of the ESPIW core, based on Argo
data, varies between 25 and 250 m (Figure 5b). From the
subduction line of ESPIW toward the north, its core thickness
varies meridionally, diminishing toward the north and fading

at around 15°S, where thicknesses of <25 m were measured.
This meridional gradient is more abrupt in the west (100°W)
than to the east of 85°W. The core has a thickness of >50 m
up to 23°S in the eastern portion; however, the equivalent
is only up to 32°S to the west of 85°W. Thus, in the western
extreme, the thickness of the core decreases from 250 to
50 m over approximately 3° latitude, whereas it changes
from 250 to 100 m over 6° latitude at 85°W. South of the
subduction line, by definition, there is no subsurface upper
salinity minimum but the surface water nevertheless shows
salinities less than AAIW. This is considered not to be
ESPIW but SASW instead (Figure 5b inset).

Temporal changes in the upper base, thickness, and
volume were analyzed regarding the distribution of the
ESPIW core by comparison of the modern results with
those obtained by Schneider et al. (2003), who used data
gathered between the coast of Chile and 90°W, and 20°-
38°S from 1990-2000 (red box in Figure 5b). The modern
geographic distribution of the core’s upper depth, indicated
by the contour lines in Figure 5a, was compared with
the distribution of the historic upper depth of the core
presented by Schneider er al. (2003). The modern upper
depth of the ESPIW core maintains its distribution in
relation to historic recordings (Figure Sa). However, the
geographic patterns of the thickness of the core present non-
homogenous temporal changes, i.e., a differential increase
in thickness illustrated by the movement of the 50 and 100
m contour lines (Figure 5b). Specifically, the 50-m contour
is displaced toward the north by about 6° at its western

‘Ocean Data View

140°'W 120°wW

100°W 80°w

FiGure 4. ESPIW extension. Contours of average salinity in the o range between 25.75 and 26.25 kg/m*. Modern results: black contour
lines. Historic results: green contour lines. Approximately 46,000 Argo profiles obtained during 2007-2012 were considered (gray dots).
/ Extension del ESPIW. Contornos del promedio de salinidad en el rango de o, entre 25,75 y 26,25 kg/m*. Resultados actuales: lineas de
contornos color negro. Resultados historicos: lineas de contornos de color verde. Se consideraron aproximadamente 46.000 perfiles Argo

durante 2007-2012 (puntos grises).
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end and by less than 1° at 79°W, whereas further east, the
modern 50-m contour coincides with its historic counterpart
(Figure 5b). Furthermore, the 100-m thickness contour is
displaced toward the north by approximately 3°. The core
of ESPIW, with thickness of >25 m, is also present at more
equatorward latitudes (<20°S) not reported by Schneider et
al. (2003). This indicates an expansion of this water mass
toward the north. Variations of the core’s geometry have led
to a 53% increase in occupied volume. A similar increase
was observed in the temporal change of the area occupied
by ESPIW (isohaline of 34.28) in repeated hydrographic
transects at 32.5°S in January-February 2010 and May 1992.
Salinity from the coast to 110°W and from the surface to the
depth of 500 m is depicted in Figure 6. The upper salinity
limit of ESPIW is characterized by the 34.28 isohaline that
delimits the lower salinities that correspond to ESPIW. In
2010, it was deeper by 100 m and it extended almost 10°
further west than in 1992, comprising an increase in area of
48%: however, the absolute minimal salinity within the core
remained unchanged (Figure 6).

EvoLuTION OF EKMAN PUMPING VELOCITY 1991-2012
Here, we concentrate on establishing the atmospheric
variability by means of deduced from the five wind products

15°S

25°S ¢

35°8 P

45°S
100°W

analyzed for the historic and modern periods over the ESPIW
formation region (30°-39°S, 82.5°-76°W; Figure 5a) during
austral winter. During 1991-2000, a decrease in magnitude
was observed, as deduced from NCEP, ERA-Interim, and
ERS wind products, which was unfavorable for subduction
(Figure 7). Conversely, magnitude increased during 2000-
2012, favoring subduction (as deduced from NCEP, ERA-
Interim, QuikSCAT, and FNMOC wind products) (Figure
7). For NCEP, ERA-Interim, and ERS products, the linear
trends of Ekman pumping velocity in the historic period
were 0.8, 2.6, and 2.7 m/year per year, respectively, i.e.,
decreasing by half (please note that Ekman velocity is
negative). Most of the historic data used to estimate the
geometry of ESPIW were from 1995-2000. In this latter
episode, Ekman pumping velocity was about —25 m/year
when combining the three wind products. From 2000
onward, Ekman pumping intensified and the 1991 levels
were reestablished by 2012; deduced from NCEP, ERA-
Interim, QuikSCAT, and FNMOC products, the gains were
—1.1, —=1.2, 2.7, and —1.0 m/year per year, respectively.
The modern dataset for ESPIW analysis consisted of data
from 2007-2012. In this period, the mean Ekman pumping
velocity amounted to around —35 m/year, i.e., 10 m/year
faster than during 1995-2000.

FiGure 5. Geometry of ESPIW core. a) Depth of upper limit of ESPIW core (m). Gray dots indicate Argo profile positions. Brown rectangle
marks ESPIW formation region considered for EP calculation. Dotted blue line shows ESPIW core upper limit 0, where lower salinity
water is ready for subduction. b) ESPIW core thickness (m). Modern results (black contour lines) and historic results (green contour lines).
Salinity profiles at red and blue triangles (south of the limit of ESPIW) display SASW with less salinity than AAIW, which later forms part
of ESPIW; inset in b). / Geometria del niicleo del ESPIW. a) Profundidad del limite superior del ESPIW (m). Los puntos grises indican
la posicion de los perfiles Argo. El rectangulo café marca la region de formacion del ESPIW considerada en el céalculo del EP. La linea
punteada azul muestra el limite superior 0 del nicleo del ESPIW, donde el agua de menor salinidad esta lista para la subduccion. b) Espesor
del niicleo del ESPIW (m). Resultados actuales (lineas de color negro) y resultados historicos (lineas de color verde). Perfiles de salinidad
en triangulos azul y rojo (al sur del limite del ESPIW) muestra el SASW con menor salinidad que el AAIW, la cual luego forma parte del
ESPIW; recuadro en b).
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FiGure 6. Salinity section throughout WOCE P06 transect at 32.5°S: a) 1993 and b) 2010. White contour is 34.28 isohaline, which is the
upper limit of the ESPIW core. / Seccion de salinidad a lo largo de la transecta WOCE P06 en 32,5°S: a) 1993 y b) 2010. El contorno blanco
es la isolinea de 34,28, la cual es el limite superior del nicleo de ESPIW.
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Ficure 7. EP time series. Based on ESPIW formation region
with different wind products within the region (Figure 5, brown
rectangle) and formation time (August-September). The total
period was divided into two subperiods: 1991-2000 and 2000-
2012. In the EP time series of each wind product the linear trend in
shown. Most of the data used to evaluate the historic and modern
geometry of ESPIW were obtained from 1995-2000 and 2007-2012.
/ Serie de tiempo EP. Basado en la region de formacion del ESPIW
con diferentes productos de viento dentro de la region (Figura 5,
rectangulo café) y tiempo de formacion (agosto-septiembre). El
periodo total fue dividido en dos sub-periodos: 1991:2000 y 2000-
2012. La tendencia lineal de cada producto de viento es mostrada
en cada serie de tiempo de EP. La mayoria de los datos usados para
evaluar la geometria del ESPIW fueron obtenidos de los periodos
1995-2000 y 2007-2012.
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DISCUSSION

The ESPIW reduction in salinity could be explained by
an increase in the precipitation-evaporation (P-E) balance
and/or the presence of less saline water in the region of
ESPIW formation, i.e., SASW. Analysis of the P-E balance
using ERA-Interim data for the region 42.5°-48.0°S, 76°-
85°W (SASW before being subducted) during 2000-2012
revealed only a small nonsignificant positive statistical
trend. Analysis based on differences between early Argo
and 1990s hydrographic data and changes in sea surface
height suggested the circulation of the SP subtropical gyre
increased during 1993-2004 (Roemmich ez al. 2007). This
intensification of the gyre circulation reduced salinity in the
upper 200 m of the water column in the eastern SP, along
32°30°S by 0.1, via amplified transport of fresher SASW
from higher to middle latitudes (Schneider et al. 2007).
Equatorward transport in the eastern portion of the SP
gyre continued to increase through 2014 (Roemmich et al.
2016); thus, the supply of fresher SASW toward the region
of ESPIW formation could have contributed to the observed
drop in ESPIW salinity. General freshening (1950-2008) in
the outcrop regions of Pacific Central Water was deduced
by Durack and Wijffels (2010), which could explain the
freshening of subsurface central water. The ESPIW upper
limit of the core maintained the distribution and ranges
proposed by Schneider et al. (2003), and indicated that the
position of the subtropical gyre was sustained despite the
strengthening of its circulation during the last two decades
(Roemmich et al. 2016).

Differences were found in the magnitude and the gain of
derived from the five wind products for both 1991-2000 and
2000-2012; however, the patterns (variability and slopes) of
their time series were consistent throughout both periods.
We attribute the differences in magnitude to the nature
of the data (either from models or from satellite-borne
scatterometer measurements), validation procedures against
different observational data, and to the different horizontal
resolutions of the five wind products used.

Change in the Coriolis parameter with latitude and
principally, spatio-temporal variations in wind stress
affect EP. Our results agree with Ancapichln and Garcés-
Vargas (2015), who demonstrated intensification of the
Southeast Pacific anticyclone from 2000 onward, which
was accompanied by an increase in Ekman pumping along
the northern and central coast of Chile. Additionally, the
trend of change from 2000 onward matches the beginning
of a decade of deceleration in sea surface warming on the
global scale, most likely due to an increase of the SP trade
winds (England et al. 2014). An acceleration of downward
EP velocity is favorable for amplified ESPIW formation
(Karstensen 2004; Schneider er al. 2003; Tsuchiya and
Talley 1998), and the EP trend from 2000 onward leads
us to the explanation of the increase in volume and area

of ESPIW, which in turn contributed to the ventilation of
areas of the SP of intermediate depth. Similarly, Pérez et al.
(2000) associated variable wind stress curl with variability
in the ventilation of North East Atlantic Central Water,
while Waugh (2014) associated it with the descent in age of
Subantarctic and Subtropical Mode Waters.

This study focused on ESPIW formation and it did not
consider interactions proposed by Reid (1973) to explain the
occasional presence of ESPIW north of 12°S. Characteristics
such as lateral exchanges between water masses brought by
the south equatorial current, equatorial countercurrent, and
interaction of surface low salinity water north of the equator
and high salinity southwest of the equator will be left for
future investigations.

CONCLUSIONS

This study revealed the greater thickness and volume,
reduced salinity, and extended area and depth of ESPIW.
This could contribute to intermediate depth ventilation,
and to increases in the temperature and the sequestration
of anthropogenic CO, of the interior ocean at the scale of
climatic variability. The detected changes were produced
during a decade of accelerated trade winds over the
Pacific Ocean and a halt of global ocean surface warming
initiated in 2000. The findings demonstrate how climate
variability immediately affects the formation of oceanic
water masses.
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Abstract: This study determined the impact of ENSO on the Humboldt Current System (HCS). Sea
surface temperature (SST), near surface wind components, absolute dynamic topography (ADT),
geostrophic velocity components, and eddy kinetic energy (EKE) were examined for the HCS, for
the period 1993-2016. Composite maps of the original or derived ocean surface variables or their
respective anomalies were constructed for the whole time series and separately for El Nifio and La
Nifa episodes that fell into this time window. A total of 7 El Nifio and 7 La Nifa events,
independent of individual strength, season and duration, were identified according to the Oceanic
Nifo Index. During El Nifio events, SST and the upper 40 m of the water column were 0.6°C
warmer and ADT was about 5 cm higher than during La Nifia events. Equatorward and upwelling
favorable winds intensified during La Nifia events but were weaker during El Nifio events, thus
increasing and decreasing coastal upwelling in the former and latter events, respectively. Further,
the mean meridional component of geostrophic velocity, averaged for the HCS, was about 20%
stronger during La Nifa events than during El Nifio events. This resulted in increased EKE during
La Nifia episodes.

Keywords: ENSO, Humboldt Current System, Eastern Boundary Upwelling System, ARGO,
CIMAR

1. Introduction

The El Nifio Southern Oscillation (ENSO) is one of the most prominent natural fluctuations
modifying the climate of the equatorial Pacific on a timescale of several years, consisting of
anomalously warm (EI Nifo) and cold (La Nina) phases (e.g. [1]). ENSO events manifest themselves
in anomalies of sea surface temperature (SST) and upper ocean temperature in the central and
eastern tropical Pacific. Positive anomalies are forced by westerly wind bursts, allowing eastward
displacement of the Indonesian warm water pool by means of equatorial trapped Kelvin waves,
whereas cold events are attributed to enhanced equatorial upwelling caused by stronger than
normal trade winds [2]. El Nifio and La Nina are linked to major changes in the atmosphere known
as the Southern Oscillation, “a global-scale seesaw in atmospheric sea level pressure involving
exchanges of air between eastern and western hemispheres centered in tropical and subtropical
latitudes with centers of action located over Indonesia and the tropical South Pacific Ocean (near
Tahiti)” [3]. The Southern Oscillation Index, which uses the difference in air pressure anomalies

Hydrology 2020, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/hydrology

45



2 of 16

between Tahiti and Darwin, measures the strength of the Southern Oscillation; a positive (negative)
index indicates La Nina (El Nifio) conditions [3].

Both, the warm and cold phases of ENSO are accompanied, among others, by changes in the
positions of the Intertropical and the South Pacific Convergence zones [4], which imply
modifications of the usual rainfall patterns. El Nifio episodes typically reduce or even bring
precipitation to a halt in countries bordering the western tropical Pacific and subtropical South
Pacific, whereas their eastern counterparts experience enhanced rainfall [5]. During La Nina events,
this pattern is basically reversed, but the change in tropical Pacific rainfall is both more intense and
more expansive for a unit change in warm SST forcing than that in cold SST forcing [6]. Extensive
areas of the contiguous U.S. experienced extreme seasonal anomalies in precipitation and
temperature during the 1997/98 El Nifo [7]. Furthermore ENSO events influence SST outside the
tropical Pacific: “SSTs in the tropical North Atlantic, South China Sea, and Indian Ocean are warmer
(cooler) than normal approximately 3-6 months after the peak warming (cooling) of SSTs in the
central equatorial Pacific” [8].

El Nifio events are also known to affect zooplankton communities. During the last six decades,
total mesozooplankton carbon biomass was only modestly affected during El Nifio episodes in the
southern sector of the California Current System; however, the community composition changed
substantially, although zooplankton responses differed from event to event [9]. Both total
zooplankton and krill abundance dramatically declined in the summer of 1997 in Monterey Bay,
California, when SSTs rapidly increased in response to the strong 1997/98 El Nifio event [10]. At the
end of this event, the anchovy biomass in Peruvian waters, estimated at 1.2 million tons in
September 1998, was the lowest throughout the 1990s, whereas the sardine biomass increased [11].
The growth of juvenile and adult anchovy slowed during the 1982/83 El Nifio in the northern
anchovy habitat off southern California, but the stock seemingly recovered in 1985 [12].

The Humboldt Current is observed inside the geographic region of the southern hemisphere,
where El Nifo and La Nifa events originate. The equatorward flowing Humboldt Current (HC)
constitutes the eastern boundary current of the South Pacific subtropical gyre, and is sometimes also
referred to as the Peru/Chile Current, Peru Current, or Chile-Peru Current [2,13-16]. This current
initiates at around 38-40°S owing to the northward branch of a bifurcation of the eastward flowing
South Pacific Current when approaching the coast of Chile [17-19]. The current has a mean flow in
the order of 6 cm s, with a narrow jet-like stream of about 250 km width exceeding 15 cm s [16,19].
Itis located less than 200 km offshore at its southern origin (76°W) from where it streams northward,
deflecting a few degrees to the west (79°W), and thus, increasing its distance from the Chilean coast
[19]. A bifurcation occurs at 23°S, thereby creating a more coastal branch heading towards the coast
of southern Peru (15°S) and an oceanic branch, continuing in a northwesterly direction, which is well
defined beyond 20°S and 85°W [19].

The generation of this current can be attributed to the regional wind stress and wind stress curl
[20]. The wind regime in the subtropical eastern South Pacific Ocean is mainly controlled by the
seasonally and meridionally meandering South Pacific High, a permanent, counter-clockwise
spinning atmospheric pressure system centered in the eastern South Pacific at 26-30°S and 85-95°W
during late austral fall and winter, and at 33-36°S and 100-108°W during austral spring and summer
[15,21,22]. Winds east of the South Pacific High and along the entire coast of Chile are equatorward,
parallel to the coast, and therefore favorable for wind driven coastal upwelling [15,19,23].
Furthermore, they lead to the formation of one of the major eastern boundary upwelling systems
(EBUS), namely the Humboldt upwelling system [24] which, like all EBUS, is among the most
productive oceanic areas in the world [25,26). Wind driven upwelling of colder water from below
enriches the sunlit upper water column with nutrients, thus stimulating primary and higher level
biological productions [27]. Coastal upwelling in conjunction with the Humboldt Current is
associated with the formation of filaments, density fronts, and eddies [20]. These colder and
nutrient-enriched eddies have a typical diameter of 30 km or more and travel seaward [28] up to 500
km offshore [29], thus conveying coastal ecosystems offshore and inserting them into the Humboldt
Current. Dynamics of coastal upwelling and those of the Humboldt Current are therefore

Hydrology 2020, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/hydrology

46



96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

126

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

3 of 16

linked/coupled to each other and have to be considered as a whole. We adopt the terminology
introduced by Escribano and Morales [30], among others, and refer to the geographic region
between 20-40°S and the coast of Chile and the 85" meridional West to the Chilean portion of the
Humboldt Current System (HCS, Figure 1); the northern sub-region of the HCS is composed by the
Peru portion (5-18°S). The HCS off central Chile, furthermore, plays an important role in the
country’s total fish landings including horse mackerel, anchovy, sardines, and Chilean hake [30-32].
For the purpose of convenience, hereinafter, the Chilean portion of the HCS is simply referred to as
HCS.

Seasonal and inter-annual variability of the wind field over the HCS alter the dynamics of the
Humboldt Current and coastal upwelling as well. Increased wind stress and wind stress curl during
austral summers intensified the Humboldt Current by 3 cm s [19]. Significantly intensified
upwelling favorable winds reduced diatom abundance and primary production rates in the
southern HCS during early spring (October-November) in 2009-2013, although a sustained fresh
water river discharge also contributed to the reduction [26]. The wind field over the HCS is also
altered during ENSO events by means of air pressure modulations.

Harrison and Larkin [7] and Larkin and Harrison [33], among others, investigated ENSO’s
impact on SST and near surface wind outside the equatorial Pacific on a near global scale for the
years 1946-1995. The authors showed that significantly warm SST anomalies occurred along the
Pacific coast of South America from the equator to 12°S during the peak of El Nifio composites and
travelled further south. Almost no significant anomalies of alongshore wind could be found. The
data set available at this time, COADS (Comprehensive Ocean-Atmosphere Data Set), had a course
resolution of 2° x 2° in latitude and longitude, the accuracy of the SST (wind) signals was in the order
of magnitude of 0.5 °C (0.5 m s!), and data coverage was sparse; the tropics and southern
hemisphere typically had extremely limited data. With advanced remote sensing techniques, new
ocean profilers, increased in-situ ocean observations, and modeling efforts, high-resolution (in space
and time) global data sets of sea surface variables together with hydrographic data have been made
available for re-assessing the impact of ENSO events on the HCS since 1993. This study investigated
SST, absolute dynamic topography (ADT) of the ocean, wind, geostrophic velocity, and eddy kinetic
energy, and analyzed the temperature of the upper water column. Our analysis showed that the
values of these variables were significantly different during the warm and cold phases of ENSO.

2. Data and Methods

The data used in this study were acquired from several sources. The Oceanic Nifio Index (ONI)
is a 3 month running mean of Extended Reconstructed Sea Surface Temperature (ERSST.v5)
anomalies in the Nifo 3.4 region (5°N-5°S, 120°-170°W)], based on centered 30-year base periods
updated every 5 years. An ONI value of above (below) the +0.5 °C (- 0.5°C) threshold for at least 5
consecutive months corresponds to an El Nifo (La Nifa) event (National Oceanic and Atmospheric
Administration, NOAA). ONI data from 1993 to 2016 were extracted from the NOAA website
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI v5.php (accessed 16th
May 2018). The main contributions to ERSST stem from the International Comprehensive
Ocean-Atmosphere Data Set (ICOADS) and include measurements made from ships as well as
moored and drifting buoys, among others.

SST and near surface winds above the ocean were obtained from the website of the European
Center Medium Weather Forecast ERA (ECMWF Re-Analysis) Interim reanalysis project, a global
atmospheric reanalysis since 1979 that has been continuously updated in real time [34]:
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim.
Monthly means from January 1993 to December 2016 with a horizontal resolution of 0.4° Longitude
and 0.4° Latitude were employed.

The meridional and zonal components of the wind stress, Ty, Tys respectively, were computed
according to [35]

Ty = Cp Pair VUyo (1)
Tx = Cp pair uUyo (2)
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where Cpis a constant drag coefficient (0.0013), pg;, is air density (1.2 kg/m?®), u and v are the
zonal and meridional wind components 10 m above the ocean, and Uy is the corresponding wind
magnitude. The wind stress curl is given by

Rotor = %’ = aa_r; : (3)

ADT and geostrophic velocities for the global ocean were obtained via the website of the
Copernicus Marine Environmental Monitoring Service (CMEMS): http://marine.copernicus.eu.
These products are built upon multi-mission sea surface height measurements including altimeter
missions Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT,
GFO, and ERS1/2. The underlying methodology for generating the merged gridded products relies
on the optimal interpolation technique; for details please refer to [36]. Daily means from January
1993 to December 2016 with a horizontal resolution of 0.25° Longitude and 0.25° Latitude were
employed.

Daily means of eddy kinetic energy (EKE), per unit of mass, were calculated according to
equation (4) (Ref):

EKE = —x (u? + v'?) @)

where u' =u— 1, and v' =v— 7, with u,v, being the daily means of the zonal and
meridional geostrophic velocity components of the current day, and @,7, correspond to the
climatological monthly mean, with respect to the 1993-2016 period.

Ocean temperature and salinity of the upper 2000 m of the water column is routinely
monitored by the international Argo program based on nearly 3800 free-drifting profiling floats
deployed in the world ocean since the early 2000s (www.argo.ucsd.edu). Temperature and salinity
measured by Argo floats were first compiled to a monthly mean 1° x 1° gridded global data set by
[37]. The new version of the Roemmich-Gilson Argo Climatology extended this analysis through
2017. The data are freely available at sio-argo.ucsd.edu/RG_Climatology.html; ocean temperature
data of the upper 100 m of the water column were used in this study. Upper ocean temperature from
two research cruises, CIMAR 5 (Cruceros de Investigacion Cientifica Marina en Areas Remotas) and
CIMAR 21, in 1999 (13 October-12 November) and 2015 (12 October-11 November), respectively,
both along 27° S, from near the coast of Chile to Easter Island, comprising 13 hydrographic casts
between 70.94° W (close to the coast) and 86.55° W (about 1500 km into the open ocean), were also
incorporated in this study.

In this study, SST, near surface wind components, ADT, geostrophic velocity components, and
eddy kinetic energy were examined for the HCS, the eastern boundary current system belonging to
the South Pacific subtropical gyre [19], for the years 1993 to 2016 with respect to the warm and cold
ENSO phases [33]. The equatorward flowing Humboldt Current was geographically defined
through visual inspection of the gradients, especially the zonal ones, in the pattern of long-term
ADT, and confined by the 20* and 40 southern parallels in the coast of Chile and the 85t meridional
West. The pattern of ADT for the eastern South Pacific Ocean is shown in Figure 1; sharper zonal
gradients refer to stronger meridional currents. Composite maps of the above introduced original or
derived ocean surface variables or their respective anomalies derived from 19932016 climatological
monthly means were constructed for the entire time series, and separately for El Nifio and La Nifia
episodes that fell into this time window. A total of 7 El Nifio and 7 La Nina events, independent of
individual strength, season, and duration, were identified according to ONI and are listed in Table 1.
The composite El Nifio and La Nifa periods were 70 and 83 months, respectively.
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Figure 1. Mean (1993-2016) absolute dynamic topography for the eastern South Pacific. ADT is color
coded according to the colorbar displayed on the right hand side (in meters). The dashed rectangle
marks the Humboldt Current region as defined in this paper. The top and lower, from north to south,
dotted zonal lines mark the location of upper ocean temperature data used in this study from the
Roemmich-Gilson gridded Argo data set and the middle line the track of the CIMAR 5 and 21
hydrographic transects employed here.

Table 1. El Nifio and La Nina periods for which composites of hydrographic variables were
computed. Strength of ENSO events (NOAA): W = weak (0.5 to 0.9°C positive or negative SST
anomaly), M = moderate (1.0 to 1.4°C), S = strong (1.5 to 1.9°C), VS = very strong (> 2.0°C)

El Nifio La Nina
Month/Year Month/Year Duration Month/Year Month/Year Duration
Start End Month (Strength) Start End Monith (Steength)
Sep/1994 Mar/1995 7 (W) Aug/1995 Mar/1996 8 (W)
May/1997 May/1998 13 (VS) Jul/1998 Feb/2001 32 (M-S)
Jun/2002 Feb/2003 9 (M) Nov/2005 Mar/2006 5(W)
Jul/2004 Feb/2005 8 (W) Jul/2007 Jun/2008 12 (M)
Sep/2006 Jan/2007 5(W) Jun/2010 May/2011 12 (S)
Jul/2009 Mar/2010 9 M) Jul/2011 Mar/2012 9 (W-M)
Nov/2014 May/2016 19 (VS) Aug/2016 Dec/2016 5(W)

3. Results and Discussion
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Long-term mean (1993-2016) SST for the region occupied by the HCS was in general
characterized by a gradual increase in temperature from the sub polar (12°C) to the tropical zone
(20°C) with colder temperatures extending farther north along the coast of Chile and about 400 nm
offshore, thereby also introducing a zonal gradient north of 40° S (Figure 2, left panel). These waters
were earlier labeled Eastern South Pacific Transition Water by Emery and Meincke [38] and
consisted of warmer Subtropical Water (STW) in the north and colder Subantarctic Water (SAAW) in
the south with differential temperatures owing to greater solar radiation occurring in the subtropical
zone [39]. These two climatic zones were connected by the Humboldt Current, which transported
SAAW equatorward [18]. The current's influencewas more pronounced in the coastal transition
zone, thus acting as one of the two drivers responsible for the observed zonal SST gradients. The
second driver that contributed to the cross-shore SST gradients was coastal upwelling offshore
central-south Chile, which generated upwelling fronts that separated colder coastal waters from
warmer offshore subtropical waters [40].

SST Anomaly
ifo Conditions

SST Anomaly

Sea Surface Temperature
[ La Nifia Conditions ['C]

Mean (1993-2016

Latitude

-0.1
-0.2
-0.3
-0.4

0 =k B -
85°W 81°W 77°W 73°W 85°W 81°W 77°W 73°W 69°85°W 81°W 77°W 73°W 69°
Longitude Longitude Longitude

-0.5

Figure 2. Left panel) Color contoured long-term mean SST; Center panel) Color contoured composite
of SST anomalies for El Nifio scenarios and right panel) for La Nifa scenarios. The color bar on the
right hand side of the figure applies to the center and right panels.

SST was up to 0.5°C warmer in most of the HCS region during El Nifio conditions, except for
its southwestern corner (SST 0.0-0.2°C cooler than on average, Figure 2 center panel), where the gyre
circulation was mostly zonal, towards the coast of Chile, before turning north and feeding the
Humboldt Current. Warm SST anomalies were more pronounced along the coast and were the
highest in the tropical sector off northern Chile, thus reducing the zonal SST gradients and the
magnitude of these temperature fronts in the coastal transition zone off Chile (from the coast to
about 800 km offshore [41]). SST anomalies were predominantly slightly negative (0.2-0.3°C) when
La Niiia conditions prevailed, except in the lower left corner of the study area, where the anomalies
were reversed as during El Nifio events, and the SST anomalies were positive in the order of 0.1°C
(Figure 2 right panel). Negative SST anomalies appeared primarily along the coast, somewhat
increasing cross-shore fronts, and these negative anomalies followed the path of the Humboldt
Current (Figure 1).

The contours of mean (1993-2016) ADT in the HCS were mainly oriented towards the
south-north direction, from which the equatorward flowing Humboldt Current could be inferred;
the denser the contours, the stronger the current (Figure 3 left panel). The current initiated
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somewhat south of 40°S as a product of the northward bifurcation branch of the South Pacific
Current as reported earlier. A persisting (24 year mean) meandering of the current could be
observed, for instance, close to the Juan Fernandez Ridge (located around 33.5°S and 600-800 km
off-shore) where, as model studies show, mesoscale eddies frequently interact with the ridge [42,43].
Another persistent mesoscale anti-cyclonic intrathermocline eddy offshore Punta Lavapié (37°S) [44]
was observed in the averaged altimetry data. The position of the jet within the main current was
between 76-79°W, very similar to the findings of [19], and likewise its bending was northwestward
north of 25°S. The lowest observed ADT stretched along the coast of Chile and was related to the
well-known upwelling of colder and denser seawater. According to altimetry assessment, the
strength of coastal upwelling was slightly more pronounced in the waters of central-south Chile,
although it is characterized only by a seasonal upwelling pattern compared to the mostly continuous
but localized upwelling pattern in northern Chile [31]. Cross-shore SST fronts were mirrored by
ADT fronts.

Absolute Dynamic Topograrhly ADT Anomaly ADT Anomaly
1 ml,.7 _EINifio Conditions La Nifia Conditions [°™]
0.65 2
1
(]
©
=
g 0.55 -0
-
-1
0.45 -2
[ ‘—_-fv ! : '
85°W -81°W -77°W -73°W -69° 0'4-85°W -81°W -77°W -73°W -69°-85°W -81°W -77°W -73°W -69° 2
Longitude Longitude Longitude

Figure 3. Left panel) Color contoured long-term mean absolute dynamic topography; Center panel)
Color contoured composite of ADT anomalies for El Nifio scenarios and right panel) for La Nifa
scenarios. The color bar on the right hand side of the figure applies to the center and right panels.

Composites of anomalies of ADT for El Nifio and La Nifa conditions, in general, followed SST
as expected. Due to thermal expansion, positive and negative ADT anomalies occurred during El
Nifio and La Nifia events, respectively (Figure 3, center and right). The positive anomalies during El
Nirio episodes accounted for a 2-3 cm rise in sea level in the coastal transition zone off Chile but
waned towards the open ocean. Sea level rise was not homogenous, but displayed fronts, filaments,
bulges, and zonal bands. Among others, the anticyclonic mesoscale eddy off-shore Punta Lavapié
intensified, and quasi-zonal jets or striations could be identified, a common feature in altimetry
imagery off-shore Chile [45]. Positive anomalies changed to negative ones in La Nifia episodes.
Cross-shore gradients were reduced (enhanced) in warmer (colder) ENSO periods.

During the 1997/98 El Nifo event, the surface temperature of coastal waters of northern Chile
(23°S) was noticeably higher than during non-El Nifio conditions [46], similar to the SST anomalies
for El Nifo conditions (Figure 2, center panel). This warm anomaly was attributed to poleward
propagating, coastal trapped Kelvin waves along the west coast of the Americas, which
communicated the tropical Pacific El Nifio signal to mid latitudes ([46-49]. The amplitudes of coastal
trapped waves decay exponentially toward the open ocean, limiting the wave’s impact to the first
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100 km offshore in subtropical latitudes. The coastal perturbations, and coastal pycnocline
anomalies, in turn, have the potential to trigger westward propagating Rossby waves across the
coastal transition zone well into the HCS and beyond [48,49] thereby disseminating warm (cold)
anomalies seaward as observed in Figure 2 (center and right panels). Deepening of the thermocline
in northern Chile, however, was already initiated in early 1997 [46], months ahead of the appearance
of positive SST anomalies in the central equatorial Pacific, which were registered to have started in
May 1997 (https://origin.cpc.ncep.noaa.gov). A cross correlation analysis between time series of SST
for the HCS and ONI revealed an overall weak, although statistically significant, correlation with
positive lags (Supplement 1), denoting that warm as well as cold SST anomalies occurred somewhat
before they appeared in the central equatorial Pacific. Maximum correlation coefficients (r = 0.5)
were observed in the northeastern corner of the HCS close to the coast but decreased in the
southwest direction (r < 0.3). The associated time lags increased following the same track from 1
month to more than 8 months with the exception of the coastal zone (lag =0 — 2 months), which was
dominated by coastal upwelling. SST analysis for the second half of last century exposed a
well-defined dipole whereby warm (cold) conditions along the equator corresponded to cold
(warm) conditions in a band near 30°S in the central south Pacific [47], a remnant of which was
obvious in our analysis of the last 24 years (Figure 2, center and right) and coincided with larger time
lags in the cross correlation analysis between SST and ONI. Coastal trapped waves along the coast of
Chile, related to ENSO events, appeared to compete with the imprint of coastal upwelling.
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Supplement 1. Left panel) Cross correlation coefficient SST versus ONI and right panel) the
corresponding lag (in months). Correlation coefficients less than 0.3 were suppressed together with
the corresponding lags.
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The fields of mean near-surface wind and mean wind stress over the HCS were controlled by
the South Pacific High, the permanent anticyclonic subtropical high atmospheric pressure system,
which is centered in the eastern South Pacific (Figure 4, left panel [50]). Westerly winds/wind stress
dominated the region poleward of 40°S, but otherwise the wind blew equatorward (favorable of
coastal upwelling), displaying highest magnitudes offshore central Chile. Our fields of mean wind
and mean wind stress were consistent with those of Rahn and Garreaud [50] who employed CFSR
(Climate Forecast System Reanalysis, 1979-2010) and QuickScat (1999-2009) winds, both products
having a slightly better horizontal resolution than the ERA Interim products used here. Wind stress
is mainly responsible for setting up currents and generating eddies and filaments in the coastal
ocean of Chile [20]. Wind stress over the Humboldt Current was weaker (stronger) during El Nifio
(La Nifa) scenarios (Figure 4, center and right) in agreement with a less (more) intense SPH and
associated alongshore pressure gradient [50]. In this region, and in the coastal upwelling zone of
central-south Chile, wind stress during the cold events surpassed the warm conditions, on average,
by about 0.006 N/m? or by 10%, which resulted in more favorable conditions for upwelling during La
Nina than El Nifo events. This was reflected in colder SST and lower sea level in the former events.
Likewise winds were stronger in La Nifa scenarios in the band predominated by the westerlies
south of 40°S. Nevertheless, the situation was reversed in the coastal transition zone north of 30°S
being more favorable for coastal upwelling during El Nifio events. The weaker winds over the
Humboldt Current were separated by a northwest elongated band (dark blue colors in Figure 4,
center and right) from the stronger ones in northern Chile.

Wind Stress 102 Wind Stress Anomaly Wind Stress Anomaly 103
Mean (1993-2016) [N'm 1 _El Nifio Conditions La Nifia Conditions N/m.J

20°S 1
25°S 4
83o°s 3
2
5
0,
35°S "
N
40°S 1
5 2
45°S | : 0

85°W 81°W 77°W 73°W 0 gs*w 81°W 77°W 73°W  69°85°W 81°W 77°W 73°W 69°
Longitude Longitude Longitude

Figure 4. Left panel) Mean wind stress (black arrows) and color contoured long-term mean wind
stress magnitude; Center panel) Anomalous wind stress (black arrows) and color contoured wind
stress magnitude for El Nifo conditions, and right panel) similar to the center but for La Nina
conditions. The color bar on the right hand side of the figure applies to the center and right panels.

All sub-tropical gyres, similar to the South Pacific, are wind-driven [51] and changes in their
intensity are related to changes in the forcing wind fields. The HC is much weaker than for instance
the Kuroshio Current in the North Pacific. For the HCS as a whole (or the far eastern boundary of the
sub-tropical gyre), the mean meridional geostrophic velocity was only in the order of 2 cm s
(Figure 5, black dots), as calculated from the CMEMS geostrophic velocity product, but it
corresponded to a meridional volume transport of about 2.5 Sv Meridional transport increased from
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40°S, where the HC initiated, and reached its maximum transport offshore central Chile around the
30™ parallel in agreement with the occurrence of the strongest wind stress curl. The equatorward
volume transport was significantly larger during La Nifia conditions than during El Nifio ones, an
artifact of the intensified winds during the former episodes. The volume transport during the cold
ENSO phases surpassed the warmer phases by more than 10%, and the average speed of the HC
followed suit.

20°S

25°S |

Latitude
w
<
w

w
(6}

o
w

45°S : : '
-1 0 1 2 3
Meridional Current [cm/s]

Figure 5. Zonal means of meridional velocity components within the HCS. Black) the 1993-2016
mean; Red) the mean for El Nifio events that occurred during 1993-2016; Blue) the mean for La Nina
events that occurred during 1993-2016.

The distribution of EKE within the HCS was strongly related to the position and intensity of the
HC, especially with the jet therein (Figure 6, left panel [19]). Long term mean values of EKE
exceeded 100 cm?s? and were observed around 200-400 km offshore between 37-25°S the region,
which also was occupied by the core of the HC. The range of EKE was consistent with that published
by Hormazabal [41]. However, the pattern differed perhaps owing to the employment of a much
shorter time scale of (1992-2001) sea level anomaly data set and the differing formulation of the
reference mean velocity components in the calculation of EKE. In their study, maximum mean
values of EKE were only obtained south of 30°S with a zonal extension similar to our estimation,
leaving a less energetic northern HCS. The CMEMS data set, on the other hand, disclosed a much
more energetic HC for La Nifna events than for El Nifio events north of 37°S and up to 23°S with
maximum values for EKE clearly exceeding 100 cm?s (Figure 6, center and right panel). For El Nifio
periods, in contrast, the intensity declined in the southern part of the HC (south of 32°S), similar to
that equatorward of 26°S. Stronger currents and winds both appear to be responsible for the elevated
EKE during La Nina phases. Eddy kinetic energy related to the HC, however, was much less than
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that reported on maximum values for the Gulf Stream system, which exceeded 5000 cm?s? in some
places, thus highlighting the dynamical difference between the eastern (HCS) and western (Gulf
Stream system) boundaries of the sub-tropical gyres [52].

EKE EKE EKE 2, 2
Mean (1993-2016) El Nifio Conditions __La Nifia Conditions [cm/s']
) r -
. L]

20°S 1

100

Latitude

S L
85°W 81°W 77°W 73°W 69°

; 85°W 81°W 77°W 73°W 69°85°W 81°W 77°W 73°W 69°
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Longitude Longitude

Figure 6. Eddy Kinetic energy. Left) 1993-2016 mean eddy kinetic energy; Center) mean eddy
kinetic energy for El Nifio events that occurred during 1993-2016; Right) mean eddy kinetic energy
for La Nifa events that occurred during 1993-2016.

Composites of relevant variables for characterizing El Nifio and La Nifia conditions were
restricted to surface or near-surface environments. We analyzed the mechanism of changes in the
temperature of the upper water column (100 m) across 3 different latitudes of the HCS
(approximately 1500 km wide) during selected warm and cold phases of ENSO. The differences of
weighted (horizontal and vertical) zonal means of the upper 100 m temperature between El Nifio
and La Nifa events along 22.5°S, 27°S, and 32.5°S are presented in Figure 7. The data along 27°S are
based on two Chilean research cruises, namely CIMAR 5, October 1999, and CIMAR 21, October
2015. CIMAR 5 was conducted in the middle of the long La Nifa event from July 1998 to February
2001 and CIMAR 21 was carried out in the middle of the strong El Nifio event from November 2014
to March 2016. For the latitudinal sections along 22.5°S and 32.5°S, data from the Roemmich-Gilson
Argo monthly database were employed. From the 13-year long record, we computed a monthly
climatology, which then was subtracted from the actual temperature data to generate a new dataset
consisting of temperature anomalies. These anomalies were averaged over the El Nifio period
November 2014 to March 2016 and the La Nifna period from June 2010 to March 2012, respectively.
The El Nifio minus La Nifia differences for all three computations yielded a 0.7° C surplus in the
upper 40 m of the water column in favor of El Nifo.
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Figure 7. Upper water column (100 m) temperature differences between El Nifio and La Nifa events.
The red vertical profile stands for the overall temperature difference between the CIMAR-21 and
CIMAR-5 cruises along 27° S from the coast of Chile to 86.55° W (about 1500 km), obtained during
Oct 2015 and Oct 1999, respectively. The blue (along 22.5° S) and black (along 32.5° S) profiles were
computed employing the Roemmich-Gilson Argo monthly Climatology. The difference in
temperature is for the area from the coast of Chile to 85° W averaged for the El Nifio period Nov/2014
to Mar/2016 versus the La Nifia period Jun/2010 to Mar/2012.

In terms of statistical difference during El Nifio and La Nifa episodes, all hydrographic and
meteorological variables analyzed, SST, ADT, wind stress, geostrophic velocity, EKE, and upper
surface ocean temperature passed the Z-test based at the 99% significance level or alpha equal to
0.01. These El Nifio and La Nifia composites represent mean conditions of the respective scenarios
independent of strength and duration, although stronger and longer lasting events contributed
more. The total length of El Nifio periods from 1993 to 2016 was 70 months with 7 events and is
comparable to the total length of La Nifa periods, which was 83 months also comprising 7 events.
Global SST rose by about 0. 4°C during the time span considered in this study (NOAA 2019), which
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does not affect our results since SST anomalies were studied and warm and cold events were
distributed almost equally through time; this is also applicable to ADT and the other variables.

Differences in SST between mean El Nifio and La Nifa conditions were more than 0.6°C in
some areas, especially close to the coast. Mean upper ocean temperature differences were in the
same order in the entire northern portion of the HCS when comparing October 2015 El Nifo data
with the La Nifa ones from October 1999 (Figure 7). However, temperature differences were also
larger closer to the coast; here a very strong El Nifio month was compared to a moderate La Nifa
month. The duration of ENSO events is also of importance: upper ocean temperature in the HCS was
significantly warmer in the very same order (>0.6°C) during the 2015/16 El Nifio event that lasted for
more than a year and the equally long 2010/11 La Nina event (Figure 7). Warming of the oceanic
environment has been shown to decrease the biomass of microzooplankton. From the 1950s to the
beginning of the 1990s, oceanic warming on the order of 1.0°C was found to decrease
microzooplankton biomass by 80% in the coastal upwelling zone off southern California [53].
Temperature fluctuations may also modify the dominant species of fish encountered. “Phases with
mainly negative temperature anomalies paralleled anchovy regimes (1950-1970; 1985-2000) and the
rather warm period from 1970 to 1985 was characterized by sardine dominance” offshore Peru and
Chile [54]. Further, Oey et al. [55] showed that fish catch was related to transport fluctuations of the
Kuroshio Current, and Contreras-Catala et al. [56] suggested correlations between geostrophic
kinetic energy and the abundance of mesopelagic fish larvae, suggesting that areas with low kinetic
energy are more favorable for feeding and development.

Hence, the observed different mean conditions for El Nifio compared to La Nifa scenarios,
namely, warmer SST, higher sea level, weaker winds, a weaker HC, and a less turbulent
environment (EKE) potentially impact on the marine ecosystems of the Chilean portion of the
Humboldt current System. affect

4. Conclusions

Physical conditions in the Chilean portion of the HCS were significantly different during El
Nifo and La Nifa episodes when taking the full evolution of the ENSO events into account, i.e. once
the +/- 0.5°C threshold applied.

Wind stress increased by about 10% during La Nina conditions compared to El Nifo.

The upper water column was warmer by approximately 0.5°C during el Nifio than during La
Nina events.

ADT increased by 2-3 cm from La Nifa to El Nino scenarios.

The Humboldt Current was stronger during La Nifa than El Nifio.

Consequently, EKE also was more intense during La Nifna episodes than during El Nifo
episodes.

5. Patents
This section is not mandatory, but may be added if there are patents resulting from the work

reported in this manuscript.
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4.3  Capitulo 3: Fortalecimiento de los Giros Subtropicales: Variabilidad y Tendencias
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Abstract

Satellite-born altimetry estimates of absolute dynamic topography from 1993 to 2018 were
employed to shed light on fluctuations and trends of the strength of the circulation of the
subtropical gyres. Sea level dropped in the centers/cores of both subtropical gyres but
amplified in the boundary systems of the California and the Humboldt currents, related to
strong and moderate EIl Nifio events. The opposite occurred during La Nifia events. The
Strength of the Subtropical Gyres was estimated as the difference in sea level between the
centers of the Gyres and its respective eastern boundaries, divided by the distance between
these two locations. As a consequence of this anti-cyclical behavior the Strength of the

61



Subtropical Gyres in both gyres weakened sharply (moderately), up to 25% during strong
(moderate) El Nifio events and increased in La Nifia episodes. The circulation in the North
Pacific responded to El Nifio within one to two months of its occurrence, while in the South
Pacific it did so after five to six months. Further, an inter-decadal mode was detected in the
Strength of the Subtropical Gyres, which enhanced (weakened) their circulation during the
first (second) half of the observational period. Sea level rise, during the satellite altimetry
period, 1993 to 2018, exceeded the basin’s mean in the centers/cores of the gyres but was
below these means in its eastern boundaries, especially in the South Pacific. This yielded in

an acceleration of the circulation of both gyres during this 26-year period.

Key Points

> A new measure for the strength of the Pacific subtropical gyre circulations was
introduced

> ENSO was the main cause of variability induced on the Strength of the subtropical
gyres, with amplitudes exceeding the trend

> The circulation in the North Pacific responded to El Nifio within one to two months of
its occurrence, while in the South Pacific it did so after five to six months

> Sea level rise in the centers/cores of the subtropical gyres by far exceeded the gain in
its eastern boundaries - - > Trend of Strength of the subtropical gyres

> Ongoing sea level rise contributes to the intensification of the subtropical gyres of the
Pacific

Introduction

Subtropical anti-cyclonic high atmospheric pressure systems that sit above the large-scale
ocean basins of the Atlantic, Pacific and Indian Oceans in both hemispheres control the near
ocean surface wind fields therein. Easterly and North- and South-Easterly trade winds
dominate the tropical regions on both sides of the Equator, whereas westerly winds govern
the subpolar zones; wind direction follows the continental coastlines at the eastern and
western borders of the basins. Surface currents are induced by wind stress but are deflected
by about 45° to the direction of the wind due to Earth rotation, to the right (left) in the
northern (southern) hemisphere. Ekman transports within the Ekman layer of the upper
ocean, in each of these ocean basins, give rise to the establishment of subtropical
convergence zones between both zonal wind systems around latitudes between 20-30° N/S.
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At these convergence zones sea surface height rises, water sinks, and the thermocline
deepens significantly. Thus, horizontal pressure gradients are created which institutes
geostrophic motion in the interior of the ocean perpendicular to the gradients, and Coriolis
force combined with continental barriers induce an anti-cyclonic basin-wide circulation, the
subtropical gyres. The centers of these gyres are shifted far to the west of the ocean basins,
known as westward intensification, owing to an increase of the Coriolis force with latitude
and the conservation of potential vorticity. Although the circulation of the subtropical gyres
is controlled by geostrophy, the gyres are predominantly wind-driven since the horizontal

pressure gradients would not exist without the winds.

Sea surface height in the centers of the gyres, located in the extreme western part of the ocean
basins, exceeds sea surface height at its eastern and western limits by up to 1 m, this way
forming distinct western and eastern boundary conditions. Sverdrup theory, in which the
equatorward transport is induced by the curl of the wind stress at sea surface, holds in the
interior of the ocean, east of the gyres’ center, whereas strong and narrow poleward currents
compensate this transport west of the centers. The western boundary currents are very
intense and can surpass velocities of 1 ms-1; east of the centers of the gyres velocities are
weaker, by one order of magnitude or less. The western boundary current of the North Pacific
subtropical gyre is the Kuroshio Current; in the south Pacific it is the East Australian Current.
The California Current system and the Humboldt Current system constitute the eastern
boundary flows of the North and south Pacific subtropical gyres, respectively. The eastern
and western boundary currents of both gyres are connected equatorward by the North and

South Equatorial Currents, and poleward by the North and South Pacific Currents.

Here we introduce a robust and easy to compute measure for the estimation of the strength of
the Pacific sub-polar gyres during times of accelerated sea level rise: 1993-2018, based on
satellite altimetry only. This measure is based on the difference in Absolute Dynamic
Topography between the centers/cores and the eastern boundaries of the gyres. Therefore,
first, mean global and mean North and South Pacific sea level rise is addressed. Secondly, the
evolution of sea surface height of the centers/cores of both subtropical gyres and their eastern
boundaries is examined. Thirdly, the new measure for the strength of the gyres’ circulation is
applied and studied. Then these measures are decomposed by means of an Empirical Mode
Decomposition (EMD), which allows separating the trend within the observational period, a
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decadal mode and ENSO contributions. Finally, a mechanism for the growth of the South
Pacific Subtropical Gyre is presented.

Data and Methods
Data: Absolute Dynamic Topography

Fields of Absolute Dynamic Topography (ADT) of the sea surface derived from satellite
altimetry were extracted from the satellite multi-mission product of the Copernicus Marine
Environment Monitoring Service (CMEMS) server “ftp://my.cmems-
de.eu/Core/SEALEVEL_GLO_PHY_L4 REP_OBSERVATIONS_008 047/dataset-duacs-
rep-global-merged-allsat-phy-14”, and employed in this study. The original measurements
leading to fields of ADT were centered on radar pulses, which were emitted from the satellite
antennas. The time taken by the radar pulses to travel from the satellite antennas to the
surface of the ocean and back combined with precise satellite location data yielded Sea
Surface Heights (SSH) (The Climate Data Guide: AVISO, 2016). Sea Level Anomaly (SLA)
at a certain location of the ocean surface, defined by latitude and longitude, and time of the
year, is the difference between the actual SSH and the long term or climatological mean of
SSH for this particular location and this time of the year. The ADT products were obtained
by adding a Mean Dynamic Topography (MDT) to the SLA field; the MDT used in the
reprocessing is described in Mulet et al.,, 2013 (cited by QUALITY INFORMATION
DOCUMENT CMEMS-SL-QUID-008-032-062). These ADT products merged data from all
altimeter missions (Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1,
T/P, ENVISAT, GFO, ERS1) from 1993 to date (CMEMS, http://marine.copernicus.eu/).
Quite a number of corrections were applied to the original data sets from instrumental errors
(e.g. mispointing correction), environmental and sea state errors (e.g. presence of water vapor
in the atmosphere) to geophysical corrections (e.g. geoid, ocean tides, effects related to
inverse barometer, wind and pressure) (QUALITY INFORMATION DOCUMENT
CMEMS-SL-QUID-008-032-062).

Data: Oceanic Nifio Index

The Oceanic Nifio Index (ONI) is a 3 month running mean of Extended Reconstructed Sea
Surface Temperature (ERSST.v5) anomalies in the Nifio 3.4 region (5°N-5°S, 120°-170°

W)], based on centered 30-year base periods updated every 5 years. An ONI value of above

(below) the +0.5 °C (- 0.5°C) threshold for at least 5 consecutive months corresponds to an
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El Nifio (La Nifia) event (National Oceanic and Atmospheric Administration, NOAA). ONI
data from 1993 to 2018 were extracted from the NOAA  website
http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php. The
main contributions to ERSST stem from the International Comprehensive Ocean-
Atmosphere Data Set (ICOADS) and include measurements made from ships as well as

moored and drifting buoys, among others.

Data Processing: Absolute Dynamic Topography.

In this manuscript daily means from 1 January until 31 December 2018 have been used;
continents and larger islands were blanked out by CMEMS. The horizontal resolution of the
fields of ADT was ¥ X ¥ © on a regular latitude x longitude grid. Monthly means were
computed from the daily means. For some grid points valid monthly means of ADT were not
available for all months of the time series owing to the satellite mission or due to a complete
or partial sea-ice coverage. In this analysis, grid points were only considered when valid
monthly means of ADT existed for each month in the period 1993-2018. In addition, the
polar oceans poleward of 67° N/S were excluded in this study resulting in a database of
permanently ice-free ocean (Figure 1). In addition, annual mean ADT was calculated from

the monthly means for all grid points.

In the course of the calculations of time series of mean ADT for specific areas, monthly or
annual, like central/cores of subtropical gyres, whole ocean basins or the global ocean, area
weighted means of ADT were computed owing to the fact that the area represented by any
grid point depends on its latitude decreasing from the Equator to the poles. In the case of
monthly area weighted means, the seasonal cycles from these time series of area weighted
mean of ADT were removed through the application of a forward and backward 12 months
running mean — the first and the last year of the time series were lost but the monthly
resolution was sustained instead of working with the annual area weighted means alone. In
particular, monthly mean area weighted times series of ADT were computed for global
permanently ice-free ocean, the North and South Pacific oceans, the centers or cores of the
Pacific subtropical gyres (NPG, central North and SPG, central South Pacific gyres) and their
eastern boundaries (CCS, California Current System and HCS, Humboldt Current System)
(Figure 1). The centers/cores of the Pacific subtropical gyres were identified according to the
pattern of the mean ADT (1993-2018), i.e. the centers of maximum ADT, both were located

on the western side of the respective basin occupying parts of the tropical and subtropical
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zones, in line with the very well established westward intensification of the subtropical gyres
in general (e.g. Miller et al., 1998). The eastern boundaries of the subtropical gyres
corresponded to the California Current System in the northern hemisphere and to the
Humboldt Current System in the southern one; both were located in about the same zonal

bands as the center/cores of the gyres but extended somewhat more poleward.

Mean ADT: 1993 - 2018
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Figure 1: Mean ADT. Color-coded mean ADT 1993 — 2018. The color bar on the right hand

side of the figure relates color to ADT in units of meters. The black “boxes” encompass the

north and south Pacific Oceans, as defined in this study; the blue boxes mark the centers of

the subtropical gyres in the West and their eastern boundaries (boundary currents) in the East.

Methods: A Measure for the Strength of the Subtropical Gyres (SoS)

Meridional geostrophic velocity, v, between two locations, in general, can be derived from
the ADT, according to an algorithm put forward by Le Traon and Morrow (2001), using the
geostrophic relationship: v = - (g A ADT) / (f Ax), where g is the acceleration due to gravity,
f is the Coriolis parameter, and Ax is the eastward distance. When applied to the large scale

oceanic circulation, the difference in sea level between the centers/cores of the subtropical
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gyres (NPG and SPG) and its eastern boundaries (CCS and HCS) directly relates to the
intensity of the gyres’ circulation manifested by its geostrophic currents (e.g. Yu et al, 2014).
The intensity of the circulation of the gyres was studied in more detail by constructing and
scrutinizing a robust measure for the strength of the gyres’ circulation. This measure for the
strength of the circulation of the subtropical gyres, is the difference between the monthly
mean ADT of its centers/cores minus the ADT of its eastern boundaries after the annual cycle
was removed, and then divided by the zonal distance between both, here referred to “SoS” =
A ADT / Ax. This measure then was standardized to a change of ADT per 10.000 km in order
to allow a direct comparison between both gyres. The SoS measure was applied to annual
means and seasonally adjusted monthly means, as well.

Methods: Empirical Mode Decomposition

Empirical Mode Decomposition (EMD) is a method for analyzing nonlinear and non-
stationary time series within the time domain and was developed by Huang et al., 1998. EMD
decomposes the time series into a finite number of intrinsic mode functions based on the
local characteristics of the data (Huang et al., 1998). The individual intrinsic mode functions
are separated from the input signal by means of an iterative process. The envelope for local
maxima and the one for local minima are estimated, their mean determined and subtracted
from the input signal to obtain the first intrinsic mode function. This process then is repeated
until the residuum contains not more than one local extreme. This residuum here is
considered to stand for or represent the long-term (span of the time series) residual trend of
the input time series (e.g. Wu et al., 2007).

Methods: Inter-annual components of the anomalies of volume estimates

In addition, for each valid grid point, the volume associated with its ADT was calculated by
multiplying monthly mean ADT with the area each grid point represents according to its
geographic location and the horizontal resolution of the ADT fields. For each grid point and
all time steps then the monthly climatology of the volume estimates were subtracted from the
individual volume estimates yielding the anomalies of the volume estimates. Finally, intra-
annual fluctuations were removed from the anomalies of the volume estimates by applying a
12 months forward and backward moving average filter, which resulted in the inter-annual

components of the anomalies of the volume estimates.
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Results

Global and Pacific Ocean Sea Level Rise

The temporal evolution of area weighted monthly means of ADT for the permanently ice free
global oceans illustrated an annual cycle with a slightly variable amplitude of about 1 cm
which was superimposed by an unmistakable pronounced long-term trend (Figure 2). Global
sea level in the permanently ice free ocean based on the area weighted annual means of ADT
rose by 7.8 cm from 1993 to 2018 (Table 1), which corresponded to a mean annual rise of
3.12 mm per year. Nevertheless, differences in the annual rate of global sea level rise could
be observed. Sea level increased by 3.6 cm from 1993 to 2006 (2.7 mm per year), with
variable annual rates between 0.72 to 4.0 mm, but amounted to 4.2 cm between 2006 and
2018 (3.5 mm per year); in the latter period the annual rates fluctuated between -0.5 and 9.5
mm with > 9 mm registered during 2012/11 and 2015/14. The annual cycle was removed
from the time series of the monthly means via the application of a forward and backward 12
months moving average filter and is displayed in Figure 2, the blue solid line. The filtered
time series passed through all annual means and thus successfully removed the annual cycle
present in the monthly means. The linear trend model explained more than 98% of the
variance of the time series founded on the annual means of area weighted ADT and thus is a
good estimation of the observed trend, however somewhat overestimated (underestimated)
the monthly time series in which the annual cycle was removed, for the years 2007 — 2011
(2015 - 2018). The linear trend model resulted in a global sea level rise for permanently ice-
free ocean of 7.68 +/- 0.58 cm (95% confidence interval) with p << 0.001 for the 1993 to
2018 period (Figure 2 and Table 1). The computation of sea level rise still yielded 7.32 cm
when employing the average ADT of the last and first 3-years of satellite altimeter

observations.
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Figure 2: Global (GBL) Ocean Sea Level Rise. Evolution of monthly mean ADT in global
permanently sea ice free ocean (black solid line): 1993-2018; the blue solid line stands for the
12-months forward/backward running mean of the monthly means: 1994-2017; the annual
means are shown as black squares and are connected with a dashed black line — Global Ocean
Sea Level rose by 7.8 cm from 1993 to 2018 based on the annual means. The dashed red line
represents the linear regression model based on the annual means; sea level rise resulted in

7.68 +/- 0.58 cm applying 95% confidence bounds.
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Table 1. ADT Sea Level Rise (cm) 1993 to 2018 founded on the area weighted annual means.

Global | North P. | N.P.Gyre CCS South P. | S.P.Gyre HCS

Mean 55.53 84.24 122.17 68.86 61.92 103.33 59.42

2018-1993 7.80 7.23 8.14 2.29 7.93 11.41 4.92
2016/17/18

- 7.32 7.48 8.00 4.54 7.15 8.62 5.81
1993/94/95
Lin. Trend

1993 to 7.68 7.13 7.38 4.18 7.65 9.54 5.19

2018
+/- 0.58 1.23 4.52 5.82 1.47 3.12 3.55
R? 0.989 0.942 0.565 0.201 0.930 0.821 0.511
p <0.001 | <0.001 | <0.001 0.022 <0.001 | <0.001 | <0.001

Sea level rise in the North and South Pacific Oceans were in the order of the global oceans’
sea level change considering all the three measures used in this study: the difference in
annual means 2018 versus 1993, the difference of the average sea level of the last three years
minus the first three years, 2016/17/18 versus 1993/94/95, and the linear regression models,
although the North Pacific ocean fell short by about 0.5 cm in the first and third measure
(Table 1). Regional sea level rise within the Pacific Ocean, however, was quite variable. First
of all, sea level increased in as good the entire Pacific Ocean, despite a smaller region within
the vicinity of the Antarctic Circumpolar Current between 50-60°S and 120-160°W (Figure
3). The rate of sea level increase though differed a lot; several “hot spots” with average sea
level rise above 5 mm/year could be identified. The poleward boundaries of the cores of the
subtropical gyres expanded the most, followed by their equator-ward boundaries, which
correspond to the Indonesian warm water pool of the western equatorial Pacific, and then

third in place the centers of the gyres as well. The Eastern Pacific Ocean, in both
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hemispheres, in contrast, exhibited the lowest rates of sea level increase founded on the linear
trend analysis.
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Figure 3: Sea level rise in the Pacific Ocean from 1993 to 2018. The linear trend in units of
mm/year was calculated for all grid points within the field of ADT and is color-coded
according to the colorbar displayed on the right hand side of the Figure. Contours refer to
ADT in units of meters; the white contour lines correspond to average ADT for the years
1993-96, the black contour lines to average ADT for the years 2015-18, and the yellow
contour lines to 2015-18. The red contour lines indicate no change in sea level.

Sea level rise in the Centers/Cores and the eastern Boundaries of the Pacific Subtropical

Gyres

The typical annual cycles in sea level time series (Figure 4a, thin solid lines) were removed
from the time series of monthly mean ADT for the cores of the North and South Pacific
Subtropical Gyres (Data and Data Processing, thick solid lines in Figure 4a) and the
seasonally adjusted time series were studied together with the annual means derived from the

monthly means (black squares connected with black dashed lines in Figure 4a).
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Mean (1993-2018) sea level in the center/core of the North Pacific subtropical gyre was
122.2 cm (with a standard deviation of 3.0 cm) and thus about 20 cm higher than in the
center/core of the South Pacific counterpart, which resulted in 103.3 cm (with a standard
deviation of 3.2 cm). The evolution through time of the ADT of the centers/cores of both
subtropical gyres underwent a significant trend in sea level rise. The linear regression model
yielded a gain of 7.38 +/- 4.52 cm (95% confidence bounds) for the North Pacific and 9.54
+/- 3.12 cm for the South Pacific, more than 2 cm than in the core of the North Pacific
subtropical gyre. Similar sea level rises were obtained when subtracting the annual mean of
the first year (first 3 years) of the time series (1993 to 2018) from the last year’s mean (last 3
years), namely 8.14 cm (8.0 cm) for the North Pacific subtropical gyre and 11.4 cm (8.6 cm)
for the South Pacific (Figure 4a and Table 1). Sea level rises in the centers/cores of both
subtropical gyres exceeded those of the basins’ mean, by about 1 cm for the North Pacific

and 2 cm for the South Pacific, slightly depending on the measure used (Table 1).

The linear regression model only could explain about 56% of the variance of the time series
of annual means of the North Pacific but 82% of the South Pacific’s time series, owing to
substantial inter-annual fluctuations. Minima seasonal adjusted monthly mean ADT in the
center/core of the North Pacific subtropical gyre were registered in the end of 1994, when a
weak El Nifio initiated, and around mid 1997, the onset of a strong El Nifio. Then suddenly
the most abrupt short-term increase in ADT, more than 7 cm, occurred from the mid 1997s to
the end of 1998, i.e. during the strongest El Nifio of the last century and the onset of the
following strong La Nifia. Sea level in the center/core of the subtropical gyre then remained
relatively unchanged till the end of 2012, coinciding with the Hiatus period of global
warming (Trenberth et al. 2014). It afterward dropped by 4 cm till the end of 2015, the peak
of this decade’s very strong El Niflo, and subsequently re-bounced with a gain of 5 cm by the
end of 2018. The monthly time series of ADT of the South Pacific subtropical gyre, after the
annual cycle was removed, was like in the North Pacific not strictly monotonically increasing
but performed some noteworthy dives (2-4 cm) related to the 1997/98 (strong), 2009/10
(moderate), and 2015/16 (strong) El Nifio events after which the rising trend was restored just
within two to three years. Sea level evolution in the center/cores of both subtropical gyres,

hence, followed the same pattern, ENSO imposed fluctuations combined with a trend.
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Figure 4: Evolution of ADT 1993-2018 within a) the North and South Pacific Central
Subtropical Gyres and b) the California and Humboldt Current systems.

957

Monthly mean ADT (black thin solid lines); 12-months forward/backward running mean of
the monthly means (1994-2017, black thick solid lines); annual means (black squares
connected with a dashed black thin line); linear regression model based on the annual means
(red dashed thick line); lower and upper 95% confidence bounds for linear regression (dotted
red lines). El Nifio (La Nifia) phase are underlined by solid (dotted) horizontal lines in the

upper part of both panels.

Sea level was lower at the eastern boundaries of the subtropical gyres, following the nature of
the gyres’ dynamic. Mean sea level amounted to 69 cm with a standard deviation of 2.9 cm
for the California Current System and mean ADT in the Humboldt Current system resulted in
49.4 cm with a standard deviation of 2.2 cm, being about 20 cm less than the North Pacific
counterpart, similar to the cores of the gyres. Sea level in the California Current system
(Figure 1), during the satellite altimetry period, rose by just 2.3 cm, close to 5 cm less than
the core of the North Pacific subtropical gyre based on the annual means (Table 1 and Figure
4b). The difference in sea surface height rose to 4.5 cm when taking the first and last 3 years
of the time series into account (Table 1). The linear trend model (+4.2 +/- 5.8 cm) was just
slightly significant at the 95% confidence level, but only could explain about 20% of the
variance of the time series of annual means, owing to large superimposed inter-annual

fluctuations.

Sea level rise in the Humboldt Current system for the 1993-2018 period, 4.9 cm, fell shy

from the global ocean’s trend by about 3 cm based on the annual means, and was more than 6
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cm less than the core’s gain. Sea level rose by 5.8 cm when taking the first and last 3 years of
the time series into account. The linear trend model yielded a gain of 5.2 cm (+/- 3.6 cm),
was significant on the 95% level but only could explain 51% of the variance of the annual

means compared to 82% for the core of South Pacific gyre.

The evolution of monthly mean ADT in the eastern boundary systems of the Pacific Ocean,
after the removal of the annual cycle (solid thick black lines in Figure 4b), were not
monotonically increasing as likewise noted for the centers/cores of the North and South
Pacific gyres. The prominent observed features, however, were not dives, or relative minima,
like in the centers of the Pacific gyres but short term (lasting for about two to three years)
rises, or relative maxima, of up to 5 cm followed by subsequent falls in about the same order
related to the occurrence of strong El Nifio events of the last 25 years (1997/98 and 2015/16);
for weak and moderate events (e.g. 2009/10) the rises and falls were in the order of up to 2
cm. The centers/cores of the Pacific gyres were characterized by a decline in sea surface
height during ElI Nifio events whereas the eastern boundary systems recorded a surge,
especially related to strong events. In the temporal evolution of the ADT of the centers of the
Pacific gyres and the ADT of the California and Humboldt Current Systems, in general, an
anti-cyclical behavior has been noted. Relative maxima (minima) in the seasonal adjusted
monthly mean ADT time series were associated with EI Nifio (La Nifia) events, the stronger

the events were the larger were the extremes (absolute 2-5 cm).

The Strength of the Subtropical Gyres (SoS): Fluctuations and Trends

Any differential change in sea level in the centers/cores of the subtropical gyres versus in its
eastern boundaries directly implies an adjustment of the gyres’ circulation owing to an
alteration of the zonal hydrostatic pressure gradients, which are proportional to geostrophic
currents. This can result in acceleration or slowdown of the circulation of the gyres. The
strength of the Pacific’s gyres’ circulation through time from 1993 to 2018 was studied in
detail by applying the SoS measure as defined in the Data and Methods section and is
depicted in Figure 5a. On average the SoS value for the North Pacific subtropical gyre
exceeded with 62.5 cm per 10.000 km zonal distance the value for the South Pacific by about
50% (Table 2), meaning that the strength of the former one is by far more intense than the
latter (Solid lines in Figure 5a). The northern hemisphere’s subtropical gyre also surpassed its

southern counterpart in the magnitude of fluctuations showing a range of 17 cm versus 13 cm
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per 10.000 km zonal distance occurring during time spans of 3-5 years. These fluctuations
were substantially larger than the variations in sea level observed for the centers/cores and
the eastern boundaries of the gyres, as well, owing to the anti-cyclical behavior of ADT
within both extremes, which amplified the fluctuations in the SoS measure. The evolution
through time (periods of slow down and acceleration) of the SoS measure for both gyres,

nevertheless, was surprisingly quite similar.

The strength of both gyres was weakest during the occurrence of El Nifio events in the
end/beginning of 1997/98 (very strong El Nifio) and in the end/beginning of 2015/16 (strong
El Nifo). The circulation of both gyres was strong, otherwise, especially during the La Nifia
periods 2000/2002 and 2010/2012, but suffered some intensity related to periods of weak to
moderate EIl Nifio events, i.e. end of 2002 and in the end/beginning of 2009/10; ENSO

obviously modulated the strength of the gyres.

Trends

The SoS measure indicated that both gyres intensified from the onset of the satellite altimetry
era, January 1993, till December 2018, in all three differencing schemes tested (Table 2). The
SoS measure for the North Pacific subtropical gyre showed a gain of 6.8, 6.9, and 4.0 cm per
10.000 km, in the SoS difference between the means of the last and first year, the means of
the last three and first three years, and December 2017 minus January 1993, respectively. For
the South Pacific, applying the same schemes, the differences were 6.0, 2.6, and 3.9 cm per
10.000 km. A linear regression model, based on annual means, and operated on the SoS
measures of both gyres, likewise, resulted in an intensification of the circulation of both
gyres, of 3.7 cm per 10.000 km for the northern basin and 4.0 cm per 10.000 km for the
southern one, from 1993 to 2018 (Table 2). However, in both regression analyses high
uncertainties were involved and also the linear trend model could only explain 5% and 18%
of the variance of the SoS measures for the North Pacific and South Pacific subtropical gyres,

respectively.
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Table 2. SoS estimates for both subtropical gyres of the Pacific (Units are in (A cm per
10.000 km zonal distance) considering the averages of last minus first year, last three minus

first three years, and the linear trend of the 1993 to 2018 satellite altimetry observations.

North Pacific South Pacific
Mean SoS 62.5 40.9
A cm per 10.000 km
+ Range 6.5 4.5
- Range 10.4 8.2
Dec 2017 — Jan 1994 6.9 3.9
2018 — 1993 6.8 6.0
2016/17/18
- 4.0 2.6
1993/94/95
Linear Trend 3.7+/-11.2 40+/-5.9
1993 to 2018 R?=0.052, p = 0.263 R?=0.186, p = 0.020
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Figure 5: a) SoS measures for the North (upper) and South (lower) Pacific subtropical gyres
(solid lines). The residuum or trends for the period of observation based on Empirical Mode
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Decomposition, EMD, (last mode obtained) are shown as dotted lines. The dashed lines refer
to the SoS measures having the trend removed. b) The second to last EMD modes for both
gyres, which refer to a decadal oscillation. EI Nifio (La Nifia) phase are underlined by solid

(dotted) horizontal lines in the upper part of panel a).

Empirical Mode Decomposition

The low percentage of variance the linear regression models only could explain of the
variance of the SoS measures for both gyres suggested the presence of other modes of
climate variability. Empirical mode decompositions were employed instead and were
performed on the monthly mean SoS measures. The EMDs resulted in 5 intrinsic mode
functions for the measure of strength of the North Pacific subtropical gyre and in 6 modes for
the South Pacific counterpart. The last modes of both decompositions of the SoS time series
were the residuum or trend within the time span of observation (Figure 5a, dotted lines). The
residuum or trend for the North Pacific subtropical gyre resulted in an as good linear trend
associated with a gain of 6.9 cm per 10.000 km from January 1993 to December 2017 (Table
2). For the South Pacific subtropical gyre the trend followed a slightly concave curve and
reported a gain of 3.9 cm per 10.000 km from January 1993 to December 2017 (Table 2). To
illustrate the impact the trend had on the strength of the gyres’ circulation the trends were
subtracted from the original SoS measure and are depicted as dashed lines in Figure 5a. The
weakening of both gyres intensity during the last strong El Nifio event 2015/16 without the
trends in place would have been much more severe. In both EMDs the second last mode
uncovered a decadal mode, which strengthened (weakened) both gyres during the first
(second) half of the period of observation (Figure 5b) being with about 1.5 cm per 10.000 km
more prominent in the North Pacific compared to approximately 1.0 cm per 10.000 km in the
South Pacific.

ENSO and the Strength of the Subtropical Gyres (SoS)

After the identification of the trends and the decadal modes in the SoS measures, these were
subtracted from the SoS measures, and were further scrutinized. The synchronized behavior
in the temporal evolution of both reduced measures just judging by eye is evident, e.g. the
occurrence of the relative minima and maxima in time, the change in curvature or the rises
and falls (Figure 6). Since our S0S measure was constructed upon the phase conserving 12-

month forward/backward moving average of mean monthly ADT of the centers/cores and
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eastern boundaries of the subtropical gyres the same filter was applied to Oceanic Nifio
Index. The presence of the ENSO mode in these reduced measures for the strength of the
North and South Pacific subtropical gyres likewise was obvious, although some out of phase
behavior could be noted. The most important observation was that the strength of both
subtropical gyres weakened sharply (moderately), by up to 25% during strong (moderate) El
Nifo events, and were reinforced during La Nifia episodes.

w-ONI

-ONI 12months mavg
NPG-CCS
SPG-HCS

2003 2008
Year

Figure 6: The upper time series are the reversed or negative ONI (dotted line) and its phase
conserving 12-month forward/backward moving average (circles) expressed in °C + 70. The
time series in the middle is the SoS measure for the North Pacific subtropical gyre (squares),

and the lower one corresponds to the South Pacific subtropical gyre (triangles).

Cross-correlation analysis between the time series of the filtered ONI and the reduced SoS
measures were performed in order to shed light on this out of phase behavior. Extra care was
taken in the computation of the confidence bounds. The classic confidence bounds (L) for a
95% and 68% significance level in cross-correlation analysis is L = +/- 1.96 / Yn and +/- 1.0
/ \n, respectively, where n is the number of elements in the time series minus the lag

considered and were used in Figure 7 as dashed lines for the 68% significance level. These
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confidence bounds imply an only weak positive auto-correlation present in the two time
series to be analyzed which is not the case here. Spurious correlations can occur between
auto-correlated series (> 0.8) when the classic confidence bounds were applied (Cryer and
Chan, 2008, cited by Dean and Dunsmuir, 2016). Cryer and Chan, 2008, proposed to adjust
the classic confidence bounds by multiplying L with F, F = v(I1+ab)/(1-ab) , with a and b
being the auto-correlation coefficients at lag 1 of the series involved in the computation of
the cross-correlation; the new confidence bounds L*F were drawn in Figure 7 as dotted lines

for the 68% significance level for the North and South Pacific gyres

Cross correlation analysis was carried out between the reversed ONI after a phase preserving
12-month forward/backward moving average was applied, as depicted in the upper time
series of Figure 6, and the reduced SoS measures, Figures 7a and 7b, respectively.
Significant cross correlations could only be established on the 68% confidence level owing to
the high degree of auto-correlation of all involved time series (L (68%) = 0.059, F(North
Pacific) = 12.54, F(South Pacific) = 12.06). Nevertheless, the cross correlation analyses
showed different results for the two ocean basins. The circulation in the North Pacific
responded to ENSO within one to two month after its occurrence, whereas the South Pacific
only after five to six months. ENSO could explain 65% and 56% of the variance of the

strength of the North and South Pacific gyres at these lags, respectively.
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Figure 7: Cross correlation functions a) for the North Pacific subtropical gyre, between the
Oceanic Nifio Index (12-month moving average) and the SoS measure after the removal of
the trend and the decadal oscillation. b) for the South Pacific subtropical gyre, between the
Oceanic Nifio Index (12-month moving average) and the SoS measure after the removal of

the trend and the decadal oscillation. For both figures, the dashed lines are the classic
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confidence bounds, L, for a 68% significance level; the dotted lines correspond to the
recomputed confidence bounds L*F taking the high degree of auto-correlation of the two

time series into account.
A mechanism for the growth of the South Pacific Subtropical Gyre

In order to shed light on the extreme growth of the South Pacific Subtropical gyre, the inter-
annual components of the anomalies of the volume estimates (Data and Data Processing)
were summed up from 150 — 225 °E for all 0.25° latitude bands from the Pacific Equator to
60°S, and from January 1993 to December 2018. This way, possible meridional transport of
volume within the western South Pacific (general circulation and Ekman transport) could be
monitored, although zonal displacements/motions/advections were depressed. A latitude/time
presentation of these volume estimates was used to illustrate the swelling of the subtropical
gyre and its poleward boundary (Figure 8). Volume and hence sea level in the western South
Pacific gradually increased (color changed from blue [-15 e+9 m3 per 0.25° latitude band] to
green, yellow and red [15 e+9 m3 per 0.25° latitude band]) as already has been seen in Figure
3 in terms of ADT rise. Volume increased most in the southern Indonesian Warm Pool, the
equator-ward boundary of the gyre, followed by the subtropics, 20 — 50 °S, by the end of
2018. Water was injected over the years mainly from the Warm Pool into the latter region,
e.g. 1994 — 1999 and 2005 — 2015 (white arrows in Figure 8), but also was imported from the
sub-polar regions, e.g. 2003 — 2012, apparently owing to the melting of Antarctic Ice-sheet
and/or the calving of glaciers.

Zonal sum of volume anomalies (150 - 225 E, annual cycle removed) : [1e+9 cubic meter]
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Figure 8: The inter-annual components of the anomalies of the volume estimates (Data and

Data Processing) were summed up from 150 — 225 °E for all 0.25° latitude bands from the
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Pacific Equator to 60°S, and from January 1993 to December 2018. The volume estimates are
color coded according to the colorbar on the right hand side of the figure; 1e+9 m3.

Discussion

The merit of the SoS measure to quantify the strength of the circulation of the Pacific
subtropical gyres, which is proposed in this study, was tested against the findings which
described an intensification in the circulation of the South Pacific subtropical gyre from 1993
to 2003/04, and a continuation of this trend till 2014, put forward by Roemmich et al., 2007
and 2016. In the first paper, the authors stated an increase of the circulation of the South
Pacific subtropical gyre between 1993 and 2004, and an increase in sea surface height of 12
cm, which peaked in 2003, centered at about 40° S and 170° W, and which was collocated
with the deep center of the gyre. This, as stated by the authors, corresponded to a 20 %
increase in the counterclockwise circulation of the gyre. Our SoS measure, which has a
monthly resolution in time, increased by 15% from 1993 to 2002, from where it slightly
declined to 12 % in 2003 and to 7% in 2005, nevertheless being in good agreement with the
analysis carried out by Roemmich et al., 2007; certain differences in both analyses might be
due to averages over time.

Another hike, in the SoS measure, from 2005 on, was observed till 2012 from which on it
declined to its 1993 strength till the end of 2015. Nevertheless, in the beginning of 2014, the
SoS measure still was found above its 2005 level. Similarly, Roemmich et al., 2016, found
the geostrophic circulation across 35° S, from 160° W to South America, being enhanced by 5
Sv.
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5 DISCUSION

El objetivo general de esta tesis era describir el impacto de la variabilidad climética en la
circulacion de los giros subtropicales asi como impactos a propiedades fisicas, masas de agua
en la region del Sistema de Corriente de Humboldt. El tema fue cubierto con el anélisis de
informacion oceanografica (superficial y subsuperficial) y meteoroldgica.

En escala global el nivel del mar, de las regiones sin cobertura de hielo, aumentd 7.8 cm entre
1993 y 2018, que corresponde a una razén anual promedio de 3.12 mm por afo. Es
interesante observar la diferencia entre regiones del Pacifico o sus respectivas subdivisiones
del Norte, Sur, ambos giros subtropicales y sus respectivas regiones orientales; (Resultados
Capitulo 1). La variabilidad regional es comparable con los resultados propuestos por
Hamlintong et al. (2016), quienes mostraron que en la parte occidental del Pacifico Norte la
tendencia es 1 cm/afio y a lo largo de la costa oeste de Estados Unidos es cercana a cero.
Resultados similares también fueron observados por Zhang y Church (2012), quienes
demostraron que el aumento acelerado en la regién occidental se debié en parte a la
variabilidad climéatica mayor a diez afios a escala de cuenca.

En la cuenca del Pacifico Sur también existen diferencias regionales en el aumento del nivel
del mar, los mayores cambios estan en la region occidental que la region oriental, Albrecht et
al. (2019), en esta tesis la diferencia entre ambas regiones es de 2.81 cm entre 2016/17/18-
1993/94/95.

El Nifio y La Nifia constituyen una fuente importante de variabilidad , con 14 eventos entre
1993 y 2006 que tuvieron una gran gama de amplitud, percusores, patrones espaciales, y
diferentes duraciones, intensidades y estacionalidades (Resultados Capitulo 2); similar a lo
propuesto por Capotondi et al. (2015). Otros investigadores han clasificado a El Nifio y La
Nifa en Central y Oriental segln la distribucion geogréafica de las anomalias de TSM (Jeong
y Ahn, 2016); del material suplementario de estos autores, entre 1993 y 2014, se obtuvo que
existieron 5 eventos El Nifio con clasificacion Oriental y 3 con clasificacion Central y 4 con
clasificacion Oriental y 4 con clasificacion Central para La Nifia. La frecuencia y los tipos de
eventos El Nifio y La Nifia estarian influyendo en los cambios y la variabilidad espacial en el
nivel del mar presentado en el Capitulo 1. En el centro o nucleo de cada giro del Pacifico se
caracteriz6 por una disminucion en la altura del nivel del mar en Eventos El Nifio mientras,
en sus respectivas partes orientales fue un aumento, principalmente observado en los El Nifio
extraordinarios.

El fortalecimiento de los vientos alisios entre 2000 y 2012 es de tal magnitud que se lo
relaciona con una desaceleracion del calentamiento global (Merrifield y Maltrud, 2011,
England, et al., 2014), pero existe una alternancia calentamiento/enfriamiento que representa
la desaceleracion/aceleracion de los vientos alisios del Pacifico, Watanabe et al. (2014). Al
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comparar los vientos en los dos escenarios, ElI Nifio y La Nifia (Resultados Capitulo 2),
existen diferencias espaciales en ambos escenarios. Al norte de 30°S, durante El Nifio, los
vientos favorables a la surgencia se incrementan y al sur se debilitan, mientras que durante La
Nifla pasa lo contrario, en una escala interanual los cambios de los vientos alisios
espacialmente en el Sistema de Corriente de Humboldt no son constantes.

En el lado oriental del Giro del Pacifico Sur, se reevaluaron los efectos de la variabilidad
climatica sobre el SCH. El andlisis de correlacion cruzada entre las anomalias de TSM vy el
INO mostré baja correlacion (Resultados Capitulo 2), pero esta fue estadisticamente
significativa, con retrasos positivos. En otras palabras, las anomalias de SST positivas o
negativas ocurrieron primero en la region del SCH y luego en el Pacifico ecuatorial central,
similar retraso al explicado por Hsu et al., (2018), quienes correlacionan las anomalias de
TSM mas al sur de nuestra area de estudio con anomalias en la region Nifio 3.4, en un
periodo mayor de estudio, 1870-2016. Estos autores indicaron, ademas, que las correlaciones
estan dadas por los cambios en la circulacion de la Corriente Circumpolar Antartica, pues es
esta corriente el principal aporte a la corriente de Humboldt.

En la subsuperficie de la region del SCH, en tres latitudes y en secciones zonales de
aproximadamente 1500 km de longitud, las diferencias en el promedio ponderado de
temperatura (vertical y horizontal) entre El Nifio y La Nifia (Resultados Capitulo 2) tuvieron
su mayor amplitud hasta los 40 m de profundidad, con 0,7°C en la latitud 22,5°S y 32,5°S; en
la latitud 27,5°S, sobre los 40 m las anomalias crecen y pueden y superar 1°C ; esto se
deberia a que se incluy6 en la comparacién el evento Fuerte EI Nifio del afio 2015 con el
evento moderado La Nifia de 1999.

En el analisis de la tendencia del bombeo de Ekman, en la region y tiempo de formacién del
AIPSO, quedaron en evidencia dos periodos diferentes, 1991-2000 y 2000-2012, los que
fueron desfavorables y favorables a la subduccion de agua, respectivamente. Estos cambios
en el bombeo de Ekman nos ayudaron a explicar los cambios en la distribucién y geometria
del AIPSO, la cual ha disminuido en salinidad 0,1 en promedio (Resultados Capitulo 3), por
el contrario el Agua Tropical del Pacifico Sur ha tenido una disminucion significante de
salinidad en su region norte y aumento en su limite sur, para el periodo 2000-2014, Zhang y
Qu (2014), en otras palabras seria un movimiento hacia el sur de toda la masa de agua,
movimiento que no es reflejado por el AIPSO.
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6 CONCLUSIONES

Esta tesis colabora a nuestra comprension del papel de la Variabilidad Climatica en los Giros
Subtropicales del Pacifico, con énfasis en la region oriental del giro del Pacifico Sur. Los
aspectos clave de esta tesis se detallan a continuacion:

El Agua Intermedia del Pacifico Sur Oriental presentd una expansion hacia el norte, al
comparar el volumen ocupado en dos periodos de tiempo se obtuvo un aumento del mismo
en un 53% respecto a los resultados anteriores.

En una vision completa de los Eventos ENOS en el dominio del Sistema de Corrientes de
Humboldt; las condiciones fisicas fueron diferentes (estadisticamente significantes) en
resumen:

La variabilidad de la anomalia de TSM estuvo en el umbral de +/- 0.5 ° C, El esfuerzo del
viento aument6 10% durante condiciones de La Nifia en comparacion con El Nifio.

La corriente de Humboldt fue més fuerte en La Nifia que el Nifio entre las latitudes 20 y 45°S
y en consecuencia la Energia Cinética fue mas intensa en La Nifia que en el Nifio.

En el periodo total de analisis del nivel del mar, 1993-2018, globalmente en promedio existe
una tendencia de 3mm/afio; sin embargo, esta tendencia no es constante y se puede
diferenciar periodos cortos con diferentes tendencias; de 3,6 mm/afo entre 1993 y 2006 y 4,2
mm/afio entre 2006 a 2018.

Los cambios temporales del nivel del mar en el centro de cada giro del Pacifico y en los
sistemas de corriente de borde oriental respectivos mostraron un comportamiento anticiclico.
Los maximos relativos (minimos) en las series temporales, con ajuste estacional, se asociaron
con eventos de El Nifio (La Nifia), cuanto mas fuerte fueron los eventos, mayores fueron los
extremos (2-5 cm absoluto).

El indicador del fortalecimiento de los giros subtropicales (SoS), sin el aporte de la tendencia
y la variabilidad, mostré un debilitamiento brusco (moderado) hasta un 25% durante los
evento fuerte (moderado) El Nifio y un aumento en los episodios La Nifia.
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Finalmente, de acuerdo a las conclusiones mostradas, es posible aceptar la hipdtesis
planteada en esta tesis, la variabilidad climéatica dada por El Nifio impacta la circulacion
ocedanica de los Giros Subtropicales; las condiciones fisicas y de masa de agua en la regién
oriental del Giro del Pacifico Sur. Mencionados impactos son opuestos asi como lo es El
Nifio y la Nifa.

Una limitacion de este estudio radica en el hecho de no haber diferenciado el origen, periodo
de inicio, duracion o fin de los Evento Eventos El Nifio o La Nifia para establecer diferencias
particulares sobre la fisica del Sistema de Corriente de Humboldt, se recomienda realizar esta
diferencia para tener una mejor cuantificacion de los impactos de la Variabilidad Climatica
sobre el Sistema de Corrientes de Humboldt.
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