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Resumen

Resumen

El océano es una gran fuente de recursos para el ser humano y, por tanto, es basico
conocer en detalle aquellos mecanismos o variaciones que puedan ocurrir en €l ya que
pueden afectar de forma dramatica tanto en términos socioecondémicos como de
biodiversidad.

En este sentido, uno de los mecanismos mas conocidos a nivel costero es el
afloramiento. Este fendmeno ocurre cuando aparecen vientos paralelos a la costa, éstos
provocan un movimiento de las masas de agua que son desviadas por el efecto Coriolis
provocando lo que se conoce como Transporte de Ekman (Ekman, 1905), para que
ocurra el afloramiento, es necesario que éste sea perpendicular a la costa. Debido a que
el efecto Coriolis varia entre hemisferios, el Transporte de Ekman se produce a 90° en el
sentido de las agujas del reloj respecto a la direccion del viento en el Hemisferio Norte.
Sin embargo, en el Hemisferio Sur, se produce a 90° en el sentido contrario. Como
consecuencia del movimiento de las aguas en sentido perpendicular a la costa, el agua
desplazada es sustituida por agua mas profunda la cual es usualmente mas fria y rica en
nutrientes, este hecho provoca un aumento de la productividad en la zona (Cushing,
1969; Ryther, 1969; Bakun, 1990; Carr and Kearns, 2003). Por lo tanto, es clave
estudiar los cambios producidos en el afloramiento a lo largo de las Gltimas décadas ya
que, éstos, pueden provocar variaciones en la productividad de las diferentes zonas e,
incluso, migraciones de los peces 0 cambios en la tasa de captura de diferentes especies.

Algunas de las zonas méas importantes de afloramiento son aquellas conocidas como
EBUS (Eastern Boundary Upwelling Systems), estas son Benguela (Sur de Africa),
Canarias (Norte de Africa), Humboldt (Sur de América) y California (Norte de
América) (Patti et al., 2008; Patti et al., 2010; Narayan et al., 2010; Cheung et al.,
2013). Sin embargo, estudios localizados en regiones méas pequefias gracias a los
avances en bases de datos de alta resolucién, han permitido sacar a la luz otras zonas de
afloramiento entre las que destacan Somalia (Este de Africa), La Guajira (Sur del Mar
Caribe), Java (Este del Océano Indico) o Yucatan (Sur del Golfo de México) entre otras
(Susanto et al., 2001; Andrade and Barton, 2005; Santos et al., 2015; Ruiz-Castillo et
al., 2016). La principal diferencia entre los EBUS y el resto de zonas de afloramiento es
que las primeras suelen tener lo que se denomina como afloramiento permanente, esto
significa que a lo largo de todo el afio se presentan caracteristicas favorables al
afloramiento mientras que, en el resto, el afloramiento suele aparecer estacionalmente.

Numerosos estudios se han producido a lo largo de las ultimas décadas para tratar de
arrojar luz a la evolucion del afloramiento. Quiza el avance méas importante en ese
sentido fue el realizado por Bakun, (1990) quien encontrd un fortalecimiento de los
sistemas de afloramiento mas importantes del mundo. Ademéas propuso que este
fortalecimiento estaba siendo producido por el calentamiento global, esto se debia a que
los continentes se estaban calentando més rapido que los océanos y, por tanto, se
producia un aumento en el contraste termal entre tierra y océano. Esto, a su vez,
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provocaria un incremento en los gradientes de presion entre tierra y océano v,
finalmente, se reflejaria en un aumento de los vientos favorables al afloramiento. En
consecuencia, el afloramiento aumenta, el aporte de agua mas fria hacia la superficie se
incrementa y, con ello, la productividad. Recientemente, diversos estudios han
comprobado si la hipotesis de Bakun se esta cumpliendo o no y, los resultados, difieren
de forma significativa (Narayan et al., 2010; Sydeman et al., 2014). Si bien es cierto que
algunos de los sistemas de afloramiento méas importantes como California, Benguela o
Humboldt presentan un reforzamiento en el afloramiento, también se observa que la
tendencia difiere dependiendo de la zona estudiada, la duracion del estudio, la época del
afo utilizada e, incluso, de la base de datos.

Otro foco importante de estudio ha sido y es la relacion del afloramiento y la SST
(temperatura superficial del océano). Como se menciond anteriormente, como
consecuencia de la aparicion del afloramiento el agua costera presenta temperaturas
inferiores a las oceanicas, efecto que puede observarse en la Figura 1 en las zonas méas
importantes de afloramiento. Esto supone que variaciones en el indice de afloramiento
pueden provocar variaciones en la SST.

(1) Temperatura media anual (°C) (b) Temperatura media anual (°C)

26

(d) <. Temperatura media anual (°C)

20

Figura 1: Temperatura media anual (°C) en los cuatro sistemas de afloramiento mas
importantes. (a) Benguela, (b) Canarias, (¢) Humboldt y (d) California
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Diferentes trabajos han sido realizados en los que se ha relacionado tendencias de
afloramiento con cambios en la SST. En la Peninsula Ibérica, Lemos and Sanso, (2006)
y Santos et al., (2012a) encontraron diferencias de 0.1°C dec™ entre océano y costa. En
Benguela la diferencia aumentaba hasta los 0.4°C dec™ y en Canarias alcanzaban los
0.5°C dec? (Santos et al., 2012b,c). Esto significa que aquellas zonas afectadas por el
afloramiento parecen mantener tasas de calentamiento inferiores a las oceanicas e,
incluso, algunas de las zonas mas importantes de afloramiento muestran tasas de
enfriamiento. Este hecho provoca que surja una importante pregunta: ;esta el
afloramiento actuando como moderador del calentamiento global en las zonas afectadas
por este mecanismo?

El calentamiento global a lo largo de las ultimas décadas es un hecho probado por
decenas de articulos (Cane et al., 1997; Harrison and Carson, 2007; Hansen et al., 2010;
Lima and Wethey, 2012). Si bien este calentamiento no es homogéneo y depende de la
zona de estudio (IPCC, 2014), una gran parte de los océanos mundiales presentan tasas
de calentamiento, de hecho Lima and Wethey, (2012), encontraron que mas del 71% de
las costas mundiales se estaban calentando. Diferentes razones han sido expuestas para
tratar de explicar la heterogeneidad de las tendencias de SST desde cambios en las
corrientes oceanicas, el deshielo de los polos o variaciones en los patrones de vientos.

El objetivo principal de esta tesis es realizar un estudio de la evolucion de las zonas de
afloramiento a nivel mundial durante las Gltimas cuatro décadas para, posteriormente,
comprobar cudl es el efecto de éstas sobre la SST. Ademas, se observara la influencia
del afloramiento en zonas més particulares como son La Guajira, Java y Yucatan.

Para lograr estos objetivos es clave disponer de bases de datos de alta resolucién tanto
en tiempo como en espacio que puedan reproducir los efectos del afloramiento en las
escalas necesarias para que se produzca este fenémeno. Anteriormente a la aparicién de
las medidas por satélite, las medidas eran mayoritariamente tomadas en campafias
oceanograficas in-situ o por boyas. Esto provocaba que las medidas tuvieran diferentes
problemas: no todas las areas estaban igualmente estudiadas y eso provocaba falta de
datos en muchas zonas del mundo, ademas el hecho de que las camparfias se realizaran
en momentos particulares suponia que los datos fueran discontinuos en el tiempo vy,
también, al ser datos tomados en zonas en particular éstos podian no representar con
exactitud el comportamiento de la zona. Con la aparicion de los satélites estos
problemas fueron solucionados y, aunque como deciamos anteriormente los resultados
siguen siendo dependientes de diferentes pardmetros como la base de datos utilizada o
la longitud de la misma, éstas suelen poderse utilizar para épocas largas y en zonas mas
grandes.

En particular, en esta tesis, se utilizaran diferentes bases de datos tanto de viento como
de temperatura del océano, ya sea superficialmente como en profundidad. En cuanto al
viento se utilizara la base de datos Climate Forecast System Reanalysis (CFSR) la cual
ofrece datos de las ultimas cuatro décadas con una resolucion de aproximadamente 0.3
0.3°. Por otro lado, en cuanto a la temperatura se utilizaran diferentes bases de datos. La
primera, conocida como Optimum Interpolation Sea Surface Temperature (OISSTY4),
permite obtener datos de SST desde los afios 80 con una resolucion de 0.25 x 0.25°. En
cuanto a las capas mas profundas del océano se han utilizado dos bases diferentes. Por
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un lado, Simple Ocean Data Assimilation (SODA) que dispone de datos desde la década
de los 50 con 40 niveles de profundidad y una resolucion horizontal de 0.5x0.5°. Por el
otro lado Hybrid Coordinate Ocean Model (HYCOM) permite una resolucion de 1/12°
x 1/12° horizontalmente con 40 niveles de profundidad desde los afios 90 hasta hoy.

A continuacion se detalla el contenido de los diferentes capitulos que conforman esta
tesis:

En el Capitulo 1 se introduciran las motivaciones para la realizacion de la tesis. Para
ello se definira lo que es el afloramiento y se nombraran algunos de los estudios que
otros autores han realizado, de esta manera se pondra de relieve la importancia del
estudio de este fendmeno. Asimismo, se relacionard el afloramiento con el
calentamiento global y se tratara de explicar los efectos y consecuencias de este
calentamiento citando algunos de los trabajos mas importantes, los cuales han mostrado
como durante las Gltimas décadas la temperatura global ha ido aumentando.

En el Capitulo 2 se expondran los objetivos principales de la tesis asi como los medios
utilizados para alcanzar dichos objetivos.

En el Capitulo 3 se realizara una breve introduccion de los articulos que componen la
tesis, se reflejaran sus autores, la revista en la que fueron publicados (asi como sus
caracteristicas particulares) y el afio de publicacion. Posteriormente el capitulo 3 sera
subdividido en los diferentes articulos:

En el Capitulo 3.1 se realizard un estudio de la evolucion del afloramiento en todas las
costas mundiales en las Gltimas cuatro décadas. Para ello se utilizara como variable de
estudio el wind stress, ya utilizada por Bakun, (1990) para mostrar un fortalecimiento
del afloramiento en las regiones mas importantes del mundo y definir la Hipotesis de
Bakun anteriormente explicada. Cabe destacar que este estudio es el primero en el que
todas las costas mundiales son estudiadas al mismo tiempo ya que, trabajos anteriores,
se centraban solamente en las zonas mas importantes de afloramiento o zonas muy
particulares. Gracias al uso de una base de datos de alta resolucion disponible para todo
el mundo (CFSR), ha sido posible establecer una serie de condiciones iguales para todas
las zonas que permitieron estudiar tanto las zonas mas conocidas (EBUS) como otras
menos conocidas. En particular, bajo los pardmetros de estudio utilizados, se
encontraron 10 sistemas de afloramiento: Benguela, Canarias, Sur del Mar Caribe,
Chile, Perq, California, Oeste de Australia, Java, Norte de Kenia y Somalia-Oman. Los
resultados de la evolucién del afloramiento (a través del wind stress) en estas zonas
mostraron una clara heterogeneidad entre los distintos sistemas de afloramiento.
Mientras que para algunas zonas como Benguela, Canarias, Peru u Oeste de Australia la
tendencia mostraba un reforzamiento en los vientos favorables al afloramiento, otras
zonas como Chile, Java o Somalia mostraban una tendencia a disminuir el afloramiento.
Otra zona importante como California no mostraba un comportamiento claro, teniendo
tendencias negativas en el Sur y positivas en el Norte. Una comparacion con trabajos de
otros autores en todas las zonas consideradas sacé a la luz la dependencia de los
resultados de diferentes pardmetros. En primer lugar se observd que estudios en la
misma zona diferian en resultado dependiendo de la base de datos utilizada. Asimismo,
la longitud de la serie de datos o el periodo del afio considerado como época de
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afloramiento también eran claves en la comparacion con otros estudios. Finalmente, la
heterogeneidad de las tendencias de los vientos favorables al afloramiento deja dudas
acerca de si se esta cumpliendo la hipotesis de Bakun ya que si bien algunas de las
zonas mas importantes en cuanto a afloramiento mostraban un reforzamiento, muchas
otras mostraban el comportamiento contrario.

El Capitulo 3.2 se centrard en mostrar cual es la influencia del afloramiento en el
calentamiento global en las zonas costeras. Para ello se realizara un estudio de las
diferencias entre costa y oceéano en todas las costas mundiales, de esta manera sera
posible estudiar el efecto del afloramiento comparando las diferencias de temperatura
entre costa y océano en aquellas regiones afectadas por el afloramiento y aquellas que
no lo estan. Para llevar a cabo este proceso se dividiran las costas mundiales en 6
secciones: costa este y oeste del Océano Atlantico, Océano Pacifico y Océano indico.
Posteriormente se obtendrén las tendencias de temperatura para costa y océano para
finalmente restarlas obteniendo las diferencias costa-océano. Para seleccionar las zonas
de afloramiento que se tendran en cuenta en la comparacion se realizé un extenso
estudio de trabajos previos a partir de los cuales se eligieron aquellas &reas mas
estudiadas y mas importantes: en la costa Este del Océano Atlantico se encontraron
Benguela, Canarias y la Peninsula Ibérica; en la costa Oeste, Brasil, Sur del Mar Caribe
y Yucatan; en la costa Este del Océano Pacifico se seleccionaron Chile, Per( y
California mientras que en la costa oeste se encontro el Este de Australia; en la costa
Este del Océano indico se encontraron Sur de Australia, Oeste de Australia, Java-
Sumatra y el Este de India; finalmente en la costa Oeste, Agulhas, Kenia, Somalia,
Omaéan y Oeste de India. Los resultados a nivel global mostraron que el 92% de las
localidades oceanicas presentaban calentamiento, mientras que se reducia sensiblemente
en las zonas costeras a un 87%. Comparando las zonas océanicas y costeras, se observo
que un 66% de las localidades oceanicas tenian una tendencia mayor que las costeras
adyacentes. Sin embargo, esta tendencia no es homogénea para todas las zonas del
mundo observandose algunas diferencias entre las distintas cuencas. En particular, en la
costa Este del Océano indico se observo que el 74% del océano se calentaba mas
rapidamente que la costa mientras que, en la costa Este del Océano Pacifico, se reducia
a un 47% siendo la Unica cuenca del mundo donde la costa muestra un mayor
calentamiento que las localidades oceénicas adyacentes. Finalmente, se establecio la
comparacion entre lo que sucedia en las zonas afectadas por el afloramiento y las que
no. Se observo que en las zonas de afloramiento el calentamiento era mayor en el
océano que en la costa en mas del 92% de las localizaciones. Este comportamiento se
reducia drasticamente en las zonas sin afloramiento produciéndose practicamente un
balance entre costa y oceano, ya que solamente el 58% de las localidades oceanicas
mostraban un mayor calentamiento que las costeras. Por lo tanto, como conclusion, es
evidente que aquellas zonas afectadas por el afloramiento muestran un calentamiento
menor que aquellas que no estan afectadas, actuando el afloramiento como un
moderador del calentamiento global.

Entre el Capitulo 3.3 y el 3.5 los estudios se dirigiran a zonas particulares (La Guajira
en Colombia, Java y Yucatan) para comprobar cual es la influencia del afloramiento
sobre las tendencias de la SST en esas zonas y como funciona este mecanismo.
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En cuanto al Capitulo 3.3, estara centrado en la zona de La Guajira situada al Norte de
Colombia. La Guajira esta caracterizada por presentar un afloramiento estacional
provocado por vientos asociados al Caribbean Low-Level Jet (CLLJ) principalmente
durante los meses de Enero, Febrero y Marzo. Se comprobd que para estos meses se
obtenia una tendencia al enfriamiento en la costa de La Guajira, lo cual contrastaba con
una tendencia al calentamiento en la region del Caribe. Como se menciond
anteriormente, variaciones en el afloramiento podrian estar relacionadas con variaciones
en la SST. Por ello, se llevo a cabo un estudio de la evolucion del afloramiento en la
zona. Los resultados mostraron una seccién de la costa en la que el afloramiento habia
sufrido un reforzamiento a lo largo de las dltimas cuatro décadas, sin embargo, esta
zona no coincidia con el area en que la temperatura habia mostrado un enfriamiento.
Este hecho fue relacionado con la existencia de la conocida como Caribbean Coastal
Undercurrent (CCU), la cual provoca un movimiento hacia el este de las masas de agua
de la zona. Por tanto, aunque el afloramiento ocurre en una determinada area de la costa,
el agua es desplazada verticalmente por el afloramiento y hacia el este por la corriente
caribefia provocando que el enfriamiento no se produzca exactamente en la zona donde
se produce el reforzamiento del afloramiento si no unos grados mas hacia el este.

En el Capitulo 3.4 se evalta la influencia del afloramiento sobre las tendencias de
temperatura en la zona de Java. Esta zona presenta caracteristicas similares a La
Guajira, ya que se observa un afloramiento estacional en los meses de Julio a Octubre
reflejado en una tendencia al enfriamiento en la costa. Sin embargo, al contrario que en
el caso anterior esta tendencia no estd relacionada con un fortalecimiento del
afloramiento. Por lo tanto, se realizO un estudio méas profundo de los diferentes
forzamientos que provocan esa tendencia al enfriamiento. Una vez descartado el
intercambio de calor entre el océano y la atmdsfera como causa principal, se comprobd
que las capas inferiores de agua, procedentes de la South Java Current (SJC) que
afloraban en la costa, habian sufrido un enfriamiento durante las ultimas tres décadas.
Por lo tanto, aunque el afloramiento no se reforz6, el mecanismo seguia siendo
suficiente para bombear el agua mas fria de las capas inferiores.

Finalmente, el Capitulo 3.5, estara localizado en el sistema de afloramiento de Yucatén
en el que se estudiaran los diferentes forzamientos que dan lugar a diferencias de
tendencia de temperatura entre la costa y el océano. Al igual que en el caso de La
Guajira y Java, Yucatan muestra un afloramiento estacional entre Mayo y Septiembre
relacionado con vientos favorables al afloramiento. Como ocurria en Java, no se observa
un fortalecimiento del afloramiento durante las ultimas décadas y, por tanto, se
estudiaron otros forzamientos que pudieran provocar el enfriamiento observado en la
costa. Teniendo en cuenta trabajos de otros autores en la zona, se realiz6 un estudio de
la Corriente de Yucatan, la cual, segin estudios anteriores, podia ser un elemento clave
en la zona ya que, dependiendo de la evolucién de su trayectoria, producia cambios en
el comportamiento del afloramiento en la costa de Yucatan. En este sentido, se observo
que la Corriente de Yucatan mostraba un desplazamiento hacia el este a lo largo de las
ultimas décadas lo cual favorecia la aparicion de un mayor transporte vertical en la zona
este de la costa de Yucatdn. Ademas, se encontrd que la masa de agua que afloraba en
Yucatan mostraba un enfriamiento desde la década de los 80 debido a una elevacion de
las isopicnas sin cambio en las propiedades intrinsecas de la masa de agua. Por lo tanto,
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se concluyo que el enfriamiento en la costa norte de Yucatan era debido a una mezcla de
diferentes forzamientos. En primer lugar, un desplazamiento hacia el este de la corriente
de Yucatan favoreceria mayores velocidades verticales en la zona este de Yucatan,
provocando un ascenso de masas de agua que se habrian enfriado a lo largo de las
ultimas décadas. Finalmente, esa agua situada al este de Yucatdn sufriria un
desplazamiento hacia el oeste debido a la prevalencia de vientos de este a oeste, los
cuales favorecen la aparicion del afloramiento, para, finalmente, aflorar a lo largo de la
costa norte de Yucatan.

En el Capitulo 4 se realizara una breve discusion sobre los articulos mostrados en el
capitulo 3, dotando de coherencia y unidad a la tesis.

Por Gltimo, en el Capitulo 5, se expondran las conclusiones finales y principales de la
tesis como resumen de las cuestiones mas importantes de la misma.
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Introduction

Chapter 1

Introduction

1.1 Motivation

Coastal upwelling systems are among the most productive of the world’s ecosystems
being areas with high ecological and socio-economic impact. Thus, coastal upwelling is,
possibly, one of the best-studied oceanographic processes all over the ocean. This
phenomenon is generated by winds blowing parallel to the shoreline causing an Ekman
Transport directed offshore. As a consequence, surface waters are displaced away from
the coast and replaced by deeper water. This water, is normally colder than surface
water and richer in nutrients, which enhances primary production. Figure 1 shows
schematically how upwelling occurs in the eastern oceanic basins in the north
Hemisphere.

Y Water moving offshore due
to Ekman Transport

A SN

-«
Wind from
= north
Upwelling
=\ \/

Figure 1: Scheme of the interaction between wind and oceanic water that causes
upwelling. Source: NC State University Education

Upwelling systems are areas of great importance in economical and biological terms. In
fact, they only cover 1% of the ocean areas worldwide but more than 20% of the fishing
captures take place in these zones (Pauly and Christensen, 1995) (Figure 2). Knowing in
depth how, when and where coastal upwelling occurs is therefore very useful, mainly
for fishing activity.
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1A. HLSBS-
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1A. HLSBS-North
4.CBS 18. HLSBS-South
2. Equatorial Upwelling Systems (EUS)
5. EBUE
3. Semi-Enclosed Seas (SES)
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5. Eastern Boundary Upwelling
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1e. HLSES- 6. Subtropical Gyres (STG)
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Fish catch (10° tons yr') Area (10¢ km?)
Figure 2: Relation between fish catches and the area of the ocean during the period
1970-2006. Source: Adaptation of the Figure 30-1 from IPCC, (2014)

Due to the importance of upwelling phenomena, these have been extensively studied
over the world. The four most important upwelling systems are Benguela (South
Africa), Canary (North Africa), Humboldt (South America) and California (North
America), called the Eastern Boundary Upwelling Systems (EBUS) (Figure 3) (Carr
and Kearns, 2003; Patti et al., 2008, Demarcq, 2009; Messie et al., 2009; Patti et al.,
2010; Narayan et al., 2010; Pardo et al., 2011; Wang et al., 2015).

——
120°W 60°W 0° 60°E 120°E

Figure 3: Situation of the Eastern Boundary Upwelling Systems (EBUS)
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The Benguela upwelling system is considered one of the most important marine
ecosystems in the world due to its biodiversity and productivity. The area supports large
fish catches of many different species of commercial interest like lobster, sardines or
haddock (Barange et al., 1991a,b; Timonin et al., 1992; Villanueva and Sanchez, 1993;
Hewitson and Cruickshank, 1993). In fact, there is a marine protected area in the
southern Namibian coast and in the adjacent islands due to the great importance of
upwelling in the zone. This upwelling system is characterized by strong southeasterly
trade winds (Nelson and Hutchings, 1983; Fennel, 1999) with latitudinal differences.
Maximum alongshore winds are usually found around 25°S and decrease towards the
frontiers of the upwelling system (Fennel, 1999).

The Canary upwelling system supports fishing activities in the area covering from
North Africa to the Iberian Peninsula (until cape Finisterre) due to the abundance of
small pelagic fish species (Belveze and Erzini, 1983; Kifani, 1998; ICES, 2002; Borges
et al., 2003; Aristegui et al., 2004; Kampf and Chapman, 2016). Previous studies
considered that the Canary upwelling system is formed by two different areas separated
by the Strait of Gibraltar, the first one in the area of the Canary Current in the northwest
of Africa and the second one related to the Portugal Current in the western Iberian
Peninsula (K&mpf and Chapman, 2016). Numerous studies focused on upwelling impact
have been carried out over the last decade in the area (Gémez-Gesteira et al., 2008a;
Patti et al., 2008; Aristegui et al., 2009; Pardo et al., 2011).

The particular characteristics of the Humboldt upwelling system turns the area into one
of the most important spots in terms of fish catches (Sherman and Hempel, 2009). In
particular, this area yields the higher catch rate for the anchovy in the world
(Schwartzlose et al., 1999; Barange et al., 2010; Serra et al., 2012; Cahuin et al, 2013)
and sustains the industrial economy of a larger number of areas in Chile and Peru. The
Humboldt upwelling region occupies a wide area in the west of South America
including the coasts of Chile to Peru where southerly winds sweep the coast inducing
upwelling (Wooster and Reid, 1963; Brandhorst, 1971; Peterson et al., 1988; Ahumada,
1989; Caceres and Arcos, 1991; Strub et al., 1998; Goubanova et al., 2011; Rahn and
Garreaud, 2013). As for the previous EBUS, several studies focused on coastal
upwelling have been carried out over the last decade (Yuras et al., 2005; Sobarzo et al.,
2007; Renault et al., 2009; Falvey and Garreaud, 2009; Goubanova et al., 2011;
Gutiérrez et al., 2011; Rahn, 2012; Rahn and Garreaud, 2013; Aravena et al., 2014).

The last EBUS is the California upwelling system. Although the occurrence of
upwelling is highly variable depending on latitude, the entire area promotes the
production of phytoplankton which feeds a wide range of marine fauna, for example,
mesozooplankton (Roemmich and McGowan, 1995; Dorman et al., 2005; Hooff and
Peterson, 2006), pelagic fish (Schirripa and Colbert, 2006) or seabirds (Miller and
Sydeman, 2004; Schroeder et al., 2009). The economic value of the fisheries in the area
is also very important with different species as dungeness crab, sablefish or salmon
(Leet, 2001; Schroeder and Love, 2002). The occurrence of upwelling in the area is due
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to northwesterly alongshore winds along the coast which cause a flow of cool water
from the Gulf of Alaska (Snyder et al., 2003).

In addition to the major eastern boundary current systems, studies at regional scales
have also shown other upwelling systems worldwide as La Guajira (Colombia),
Yucatan (South Gulf of Mexico), Sumatra-Java (Eastern Indian Ocean) or Somalia
(Western Indian Ocean) among others (Conan and Brummer, 2000; Susanto et al., 2001,
Andrade and Barton, 2005; Qu et al., 2005; Zavala-Hidalgo et al., 2006; Rueda-Roa and
Muiller-Karger, 2013; Santos et al., 2015; Ruiz-Castillo et al., 2016).

Changes in upwelling strength and timing have attracted considerable scientific interest
in recent decades due to the possible ecosystem and socio-economic effects caused by
climatic modulations. In several studies, researchers have primarily focused on
analyzing trends in wind strength due to climate variability and the resultant changes in
the coastal upwelling process. In 1990, Bakun found a reinforcement of upwelling in
some of the major upwelling systems (California, Peru and Canary) using wind data
from 1945 to 1985 (Bakun, 1990). This fact was related to a mechanism which intensify
the alongshore wind stress on the ocean surface, causing a strengthening of upwelling.
This mechanism is based in the different rate of warming between the ocean and land
due to the global warming. This difference is reflected in an increase of the pressure
gradients between ocean and land which cause a raise in the upwelling favourable winds
(Bakun, 1990).

Numerous studies on different upwelling regions have been conducted to investigate the
Bakun hypothesis using historical wind data (Patti et al., 2010; Narayan et al., 2010;
Garcia-Reyes and Largier, 2010; Pardo et al., 2011; Seo et al., 2012; Barton et al., 2013;
Cropper et al., 2014; Sydeman et al., 2014). Nevertheless, different results have been
obtained, which indicate that wind estimates from different databases can differ in
trends and variability (Hansen et al., 2006; Lemos and Sanso, 2006; McGregor et al.,
2007; Alvarez et al., 2008; deCastro et al., 2009; Santos et al., 2012a,b,c; Barton et al.,
2013; Cropper et al., 2014). In addition, numerous available time series present a spatial
resolution that is too coarse to accurately resolve conditions at the scale of coastal
upwelling in intense and localized upwelling zones.

Although most of the studies previously mentioned have been carried out in terms of
upwelling favourable winds, the general warming of ocean temperatures is also an
important process to analyze coastal upwelling. In fact, Di Lorenzo et al., (2005) found
that upwelling favorable winds have intensified in average over the last decades (1949-
2000) along the California current system. Nevertheless, a general warming in the upper
200 m was also reported producing a deepening of the thermocline and a stronger
stratification which reduces the vertical transport associated with upwelling.

Several studies have been conducted in order to analyze the evolution of Sea Surface
Temperature (SST) in the last decades of strong climate change due to the importance of
the impacts of rapid climatic variations on the world that would entail major alterations
in different biologic and socio-economic systems (Harley et al., 2006; Halpern et al.,
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2008). Changes in the ocean are especially important due to its high thermal inertia. In
this sense, several studies have reported an increase in the sea surface temperature and
the heat gained by the ocean (Cane et al., 1997; Levitus et al., 2000, 2005; Mikaloff-
Fletcher et al., 2006, Harrison and Carson, 2007; Belkin, 2009; Hansen et al., 2010,
Levitus et al., 2012). Levitus et al., (2000) found an increase in the heat content of the
world ocean around 2 x 10% Joules between mid-1950 and mid-1990. This value
represents a warming of 0.06°C. Belkin, (2009) using data from the U.K.
Meteorological Office Hadley Centre SST climatology from 1957 to 2006 found a
warming in most of the worldwide coasts, especially in the Subarctic Gyre, in the
European Seas and in the East Asian Seas. However, the area of Humboldt and
California upwelling systems showed a moderate cooling trend. Lima and Wethey,
(2012), found that more than 71% of the world’s coastlines have warmed over the
period 1982-2010. However, this warming is far from been homogenous.They observed
that the regions with the highest warming were the Tropic of Cancer, Eastern China,
Western Africa or Northeast South America among others, while for areas like West
South America or West Australia SST tended to decrease (Figure 4).

=
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Figure 4: Warming rates for the period between 1982 and 2010, expressed in °C per
decade. Red indicates warming and blue indicates cooling. Source: Lima and Wethey,
(2012).

The heterogeneity of the warming trends has led to conduct numerous studies at
regional scale. Over the last years, several authors have described differences between
warming rates at coastal and adjacent ocean locations in different coastal upwelling
systems (Lemos and Sanso, 2006; Santos et al., 2012a,b,c). Thus, Lemos and Sanso,
(2006) found a difference of 0.1°C dec™ between coast and ocean locations along the
western Iberian Peninsula using data with a spatial resolution of 0.25° x 0.25° from
1901 to 2000. Similar results were obtained by Santos et al., (2012a) from 1958 to 2008
at a scale of 0.5°. In the Canary upwelling system, Santos et al., (2012b) detected an
ocean warming rate higher than the coastal one (around 0.5°C dec™) from 1982 to 2010
using high resolution SST data (4 x 4 km). Santos et al., (2012c) also observed weaker
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warming trends at coastal locations along the Benguela upwelling system from 1970 to
2009 considering data on a 1° x 1° grid (difference ocean-coast ~0.4°C dec). Most of
these studies have linked the different warming rates between coast and ocean with the
strengthening of coastal upwelling, suggesting the role of upwelling as a moderator of
general SST increase in coasts affected by this mechanism.

These facts raise several questions about the role of coastal upwelling in the actual
global warming scenario. Is coastal upwelling influencing coastal SST warming
worldwide? Is coastal upwelling preventing warming in near-shore areas? Thus, the
analysis of the effects of climate change on coastal upwelling systems is a very
important task. Variations in the characteristics of the oceanic coastal areas can lead to
dramatic consequences in terms of fishing, biodiversity or fish migration. Under a
warming scenario and taking into account the Bakun hypothesis, upwelling intensity is
expected to increase. However, an excessive increment of upwelling could lead to more
hypoxic events, a rise in the acidity of the ocean and, in consequence, changes in the
biological characteristics of the organisms of these areas (Lluch-Cota et al., 2014).

A resume of the potential impacts of changes in upwelling can be observed in Figure 5.
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Figure 5: Potential impacts of changes in upwelling over the biodiversity. Source:
Lluch-Cota et al., (2014).

As previously mentioned, several studies focused on different upwelling regions have
been conducted over the last decades to investigate upwelling variations, both in terms
of upwelling favorable winds and SST. Nevertheless, results obtained from different
data products, even in the same area, may vary because they are highly dependent on
the length of the time series. In addition, numerous available time series present a
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spatial resolution that is too coarse to accurately resolve conditions at the scale of
coastal upwelling in intense and localized upwelling zones. Thus, higher-resolution
temporal scales and greater spatial-resolution studies are needed.

The use of satellite data provides global measurements about oceanographic patterns
that can now be solved with high resolution. Taking advantage of this fact, all the coasts
worldwide can be studied using the same database for the same period, allowing to
investigate the evolution of upwelling along the last decades of strong climate change.

The present thesis has the motivation to objectively and decisively contribute to the
progress in the research on upwelling variability. To achieve this purpose, this work
aims to evaluate the worldwide evolution of upwelling and its influence in the SST
trends using high resolution temporal and spatial data over the last decades.

Trends in coastal upwelling will be analyzed using the Climate Forecast System
Reanalysis (CFSR) wind database, with high spatial resolution (approximately 0.3°)
from 1982 to 2010. This database facilitates the analysis of wind behavior at a small
scale, which is a key factor when considering coastal mesoscale effects as upwelling.
Recent studies have compared this database and different wind products with wind
measured by several buoys along the Iberian Peninsula coast (Alvarez et al., 2014;
Carvalho et al., 2014a,b) showing that datasets with finer spatial resolution, such as
CFSR, gave better results, especially near the coast (Figure 6).
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Figure 6: Taylor diagrams for wind speed for the comparison of buoy wind data and
different wind products in four different locations. Source: Alvarez et al., (2014).
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SST trends will be also analyzed worldwide using high resolution spatial data obtained
from the Optimum Interpolation Sea Surface Temperature (OISST) ¥ database. This
database uses Advanced Very High Resolution radiometer (AVHRR) infrared satellite
SST data as well as data from ships and buoys to build a regular global grid with a
spatial resolution of 0.25°x0.25°. Thus, SST trends will be related to upwelling during
the last decades of strong climate change.

In addition to the worldwide study of upwelling and its influence in the SST, this work
also investigates the influence of upwelling on SST trends in some localized areas
where the relation between upwelling and SST trends shows particular conditions as La
Guajira upwelling system, the South Coast of Java and north of Yucatan Peninsula. To
accomplish this analysis, other variables as heat flux or ocean currents, will be
additionally considered. A summary of the different variables and databases used in the
present thesis is shown in Table 1.

Variable Database Spat'?' Tempo_ral

resolution resolution

Wind CFSR ~0.3°x0.3° 1982-2015

Surface (OISST) Y4 0.25° x 0.25° 1982-2015

SST SODA 0.5° x 0.5° 1982-2010
Deeper layers

HYCOM 1/12° x 1/12° 1993-2015

Heat flux CFSR ~0.3°x0.3° 1982-2015

Ocean currents HYCOM 1/12° x 1/12° 1993-2015

Table 1. Databases used in the present thesis. Temporal resolution is related to the
periods used in the studies.

1.2 Structure of this work

Due to the fact that all the work developed in this thesis was already published (or is
currently submitted for publication) in international peer-reviewed scientific journals,
this thesis was structured in the following way:

Chapter 1 presents the motivation of the work developed in the present thesis as well as
literature surveys regarding the state of the art of the topic under investigation.

Chapter 2 presents a description of the objectives to be achieved.
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Chapter 3 includes the published and submitted articles.

Article 1 details the research about the evolution of coastal upwelling worldwide
in terms of wind stress data obtained from the CFSR database over 1982-2010.
This work also intends to check if the Bakun hypothesis is being fulfilled during
the last three decades of strong climate change.

Article 2 focuses in the analysis of coastal and oceanic worldwide SST trends to
assess the role of upwelling in the heterogeneity of the SST trends from 1982 to
2015. Areas affected and unaffected by upwelling are compared to evaluate a
possible influence of upwelling in SST trends using data from the OISST %
database.

Article 3 details the influence of upwelling on the SST cooling observed in La
Guajira upwelling system from 1982 to 2014.

Article 4 describes the origin of coastal cooling along the South Coast of Java
evaluating variations in upwelling, heat fluxes and changes in the temperature of
the water masses from the deeper layers that upwells along the coast.

Article 5 analyses differences in coastal and oceanic SST trends north of
Yucatan Peninsula. Due to the complexity of the area, different forcings are
investigated: upwelling evolution, heat fluxes, changes in the SST trends and
changes in the direction of the Yucatan Current.

Chapter 4 presents a general discussion about the results obtained in Chapter 3.

Chapter 5 presents an integrated synthesis of the main conclusions derived from the
research presented in Chapter 3.
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Chapter 2

Objectives

The objectives of this thesis can be summarized as follows:

1. To analyze the evolution of coastal upwelling during the last three decades of intense
climate change.

2. To investigate the influence of upwelling in the SST trends worldwide and in some
localized areas.

To achieve these objectives, several analysis were carried out and divided in different
articles. Thus, the first article presented in Chapter 3 aims, in a first step, to select the
most important upwelling areas around the world in terms of wind stress taking
advantage of a high resolution database (CFSR). Then, the evolution of these upwelling
areas will be analyzed during the last decades of intense climate change (1982-2010).
Results will be compared with those previously obtained by other authors along
different areas and the Bakun hypothesis will be checked.

The second article intends to create a global map of SST differences between coast and
ocean along the worldwide coasts using data from the OISST ¥ database over the
period 1982 to 2015. Results will be also compared with previous works to determine
those upwelling areas which will be analyzed. Then, the influence of upwelling on SST
trends will be studied by comparing the results obtained in areas considered as
upwelling or non-upwelling regions.

The three last articles present some purposes in common. Thus, the main goal is to
examine the influence of upwelling on SST trends along La Guajira upwelling system,
the south coast of Java and north of Yucatan Peninsula. Firstly, SST trends between
coast and ocean will be analyzed. Then, the cause of these trends will be investigated in
terms of upwelling and other different forcings as heat fluxes or currents evolution.
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Set of publications

The first article presented in this thesis is titled: "*Has upwelling strengthened along
worldwide coasts over 1982-2010?"" by R. Varela, I. Alvarez, F. Santos, M. deCastro
and M. Gémez-Gesteira. Published in 2015 in the journal "'Scientific Reports™.

The second article presented in this thesis is titled: ""Coastal warming and wind-
driven upwelling: a global analysis™ by R. Varela, F. P. Lima, R. Seabra, C.
Meneghesso and M. GoOmez-Gesteira. The article is under review in the journal
""Science of the total environment.

The third article presented in this thesis is titled: "Influence of upwelling on SST
trends in La Guajira system' by F. Santos, M. Gomez-Gesteira, R. Varela, M. Ruiz-
Ochoa and J. M. Dias. Published in 2016 in the journal "Journal of Geophysical
Research: Oceans"'.

The fourth article presented in this thesis is titled: " Influence of coastal upwelling on
SST trends along the South coast of Java™ by R. Varela, F. Santos, M. Gomez-
Gesteira, I. Alvarez, X. Costoya and J. M. Dias. Published in 2016 in the journal: "'Plos
One".

The fifth article presented in this thesis is titled: **Differences in coastal and oceanic
SST trends north of Yucatan Peninsula™ by R. Varela, X. Costoya, M. Gomez-
Gesteira and C. Enriquez. The article is under review in the journal ""Journal of
marine systems™.
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In the Table 1 is showed a summary of the particular characteristics of each journal:

Journal Category Rank Quartile Impact Factor
Scientific Reports | Muddisciplinary |, 0, Q1 5.228
Sciences
Smencg of the total Envwgnmental 92/229 Q1 4.900
environment Sciences
Journal of
Geophysical Oceanography 11/63 Q1 2.939
Research: Oceans
Plos One Multidisciplinary | 564 Q1 2.806
Sciences
Journal of marine Marine a_nd 99/105 o1 5 439
systems freshwater biology

Table 1: Summary of the particular characteristics of the journals where were published
the papers of this thesis.
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Has upwelling strengthened along
worldwide coasts over 1982-20107?

R. Varela?, I. Alvarez*?, F. Santos*?, M. deCastro* & M. Gdmez-Gesteira*

eceived: 30 October 2014 . Changes in coastal upwelling strength have been widely studied since 1990 when Bakun proposed

. that global warming can induce the intensification of upwelling in coastal areas. Whether present
Published: 08 May 2015 : wind trends support this hypothesis remains controversial, as results of previous studies seem to

: depend on the study area, the length of the time series, the season, and even the database used. In
this study, temporal and spatial trends in the coastal upwelling regime worldwide were investigated
during upwelling seasons from 1982 to 2010 using a single wind database (Climate Forecast System
Reanalysis) with high spatial resolution (0.3°). Of the major upwelling systems, increasing trends
were only observed in the coastal areas of Benguela, Peru, Canary, and northern California. A
tendency for an increase in upwelling-favourable winds was also identified along several less studied
regions, such as the western Australian and southern Caribbean coasts.

Accepted: 25 March 2015

Wind-driven coastal upwelling results from the action of winds along a coast that generate an Ekman
drift directed offshore. This causes pumping of cool and nutrient-rich water towards the sea surface along
a narrow region close to the coast, which enhances primary production. Thus, coastal upwelling systems
are among the most productive marine regions in the world’s oceans.

Due to the ecological and economic importance of these regions, changes in upwelling strength and
timing have attracted considerable scientific interest in recent decades. In several studies, researchers
have primarily focussed on analysing trends in wind strength due to climate variability and the result-
ant changes in the coastal upwelling process. In 1990, Bakun' reported the strengthening of upwelling
intensity along the major coastal upwelling systems of the world from 1945 to 1985. He proposed that
this increase was due to global warming, which would create an intensification of the land-sea thermal
contrast. This intensification would be reflected in increased land-sea pressure gradients, which in turn
would cause the strengthening of upwelling-favourable winds that would result in cooling of the ocean
surface.

Studies focused on different upwelling regions have been conducted to investigate the Bakun hypoth-
esis through an analysis of available wind data. However, these studies reported contradictory results,
which indicate that wind estimates from different databases can differ in trends and variability?. In addi-
tion, existing time-series data are limited in duration, quality, and spatial extent, and results obtained from
different data products in the same area may vary because they are highly dependent on the length of
the time series. Recently, Sydeman et al.> conducted an analysis of the literature on upwelling-favourable
winds along the major eastern boundary current systems to test the Bakun hypothesis. They synthe-
sized results from more than 20 studies published between 1990 and 2012 based on time series ranging
in duration from 17 to 61 years. Most of published data support general wind intensification in the
California, Benguela, and Humboldt upwelling systems and weakening in the Iberian system. This study
highlighted the dependence of the results on the length of the time series and season, and it revealed con-
tradictory results between observational data and model-data reanalysis. In addition, numerous available
time series present a spatial resolution that is too coarse to accurately resolve conditions at the scale of
coastal upwelling in intense and localized upwelling zones. Thus, higher-resolution temporal scales and
greater spatial-resolution studies are needed.

*EPhysLab, Departamento de Fisica Aplicada, Facultade de Ciencias, Universidade de Vigo, Ourense, Espafia.
2CESAM, Departamento de Fisica, Universidade de Aveiro, 3810-193, Aveiro, Portugal. Correspondence and
requests for materials should be addressed to R.V. (email: ruvarela@uvigo.es)
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The aim of this study was to identify the temporal and spatial trends in coastal upwelling regimes
worldwide using wind stress data from the National Centers for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR)* database. This database provides high spatial resolution
(approximately 0.3°) with data available from 1982 to 2010. The length of this database allows detailed
estimation of upwelling trends over the recent period of strong global warming, and the same database
can be used for all areas of interest.

Methods

Wind data were acquired from the NCEP CFSR database at http://rda.ucar.edu/pub/cfsr.html devel-
oped by the National Oceanic and Atmospheric Administration (NOAA). Data were retrieved from
the NOAA National Operational Model Archive and Distribution System, which is maintained by the
NOAA National Climatic Data Center. Detailed information about the CFSR database can be found in
Saha et al.*. This worldwide database has a spatial resolution of approximately 0.3x0.3° and a temporal
resolution of 6 hours from January 1982 to December 2010. The reference height of the wind data is
10 m. Coastal upwelling analysis requires the use of pixels as close to shore as possible to represent coastal
processes. To avoid land contamination, only coastal pixels with less than 25% of land were used.

The process used to identify upwelling areas and to calculate trends is summarized below:

1. Wind data were initially averaged at a daily scale to smooth the effect of high frequency events such
as breezes. In addition, upwelling events typically last 3-14 days®, so a daily scale seems accurate to
describe them.

2. Alongshore wind stress 7; was calculated using the equation 7, = p C,, V; (Wf + W; )1/2, where p is
the air density, Cj, is the drag coefficient, and V; is the upwelling-favourable wind. V] can be calculat-
ed as V)= — (lat/abs (lat)) (W, cos (6 — 7T/2)+(% sin(f — 7/2) ), where lat is the latitude, W, is
the zonal wind component, W, is the meridional wind component, 6 is the angle defined by an uni-
tary vector normal to the shoreline and pointing seaward and abs means absolute value. Alongshore
wind stress has been previously used to estimate variations in upwelling intensity"®’. This variable
provides information about upwelling intensity spreading both in time and in space without gaps,
even in regions close to the Equator were other variables such as Ekman transport diverge. 7; and V}
were stored at the daily scale for each coastal pixel over the period 1982-2010.

3. 7 and V; were averaged at a monthly scale to obtain 7" and V;" because the study was not focused
on particular events but rather on identifying regions that show well-developed upwelling conditions
lasting for long periods.

4. 7 and V; climatology (7™ and V™) was calculated for the whole period. Different conditions were
imposed on these variables to identify upwelling areas. First, Vflim must be higher than 5.4ms™,
which corresponds to the transition from a gentle to a moderate breeze on the Beaufort scale.
Garcia-Reyes et al.> defined upwelling events as periods of time with alongshore winds stronger
5ms™ following Cury and Roy®. Sensibility tests have shown that results are independent of the
particular value of the threshold within the range 5 to 5.5ms™. This condition must be fulfilled for
at least three consecutive months. Second, the area is considered to be an upwelling region only if at
least 10 consecutive points (about three degrees) fulfil the previous condition. This second condition
discards the appearance of small local areas.

5. Trends were calculated using only the months under strong upwelling conditions. Those months were
selected from the climatology data considering 7, values higher than the 50% percentile. As a
consequence, the number of months per year to be used in the analysis differed from zone to zone.
This number varied from five to seven months, dependent on the area, with six months being the
most consistently found value.

6. Trends were calculated at each pixel as the slope of the linear regression of the alongshore monthly
wind stress anomalies versus time. Monthly anomalies were calculated by subtracting from the along-
shore wind stress of a certain month (7;"") the mean alongshore wind stress of that month over the
period 1982-2010>'°. All trends were calculated using raw data without any filter or running mean.
The Spearman rank correlation coefficient was used to analyse the significance of trends due to its
robustness to deviations from linearity and its resistance to the influence of outliers*!°. The signifi-
cance level of each pixel is shown in the figures for those points that exceed 90% (circle) or 95%
(square) of significance.

7. All figures herein were generated using Matlab.

Results and discussion

The present study investigated trends in coastal upwelling for coastal regions of the world using the CFSR
wind database with high spatial resolution (approximately 0.3°). This database facilitates the analysis
of wind behaviour at a small scale, which is a key factor when considering coastal mesoscale effects as
upwelling. Recent studies have compared this database and different wind products with wind measured
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Figure 1. Wind stress along the Eastern Atlantic Ocean. Annual cycle of alongshore wind stress (Nm2)
for the period 1982-2010. Red points on the map show the coastal points studied. Black lines indicate those
regions considered to be coastal upwelling areas. This figure has been performed using Matlab.

by several buoys along the Iberian Peninsula coast!!-!3. Statistical results confirmed that datasets with
finer spatial resolution, such as CFSR, gave better results, especially near the coast.

In this study, 3025 coastal points worldwide were analysed to select the major upwelling regions
and evaluate upwelling trends from 1982 to 2010. Under our terms of selection, ten upwelling sys-
tems were evaluated: Benguela, Canary, the southern Caribbean Sea, Chile, Peru, California (north and
south), West Australia, Java, North Kenya, and Somalia—Oman. These systems were grouped together
into several macroscopic zones, namely the eastern and western coasts of the Atlantic, Pacific, and Indian
Oceans. No upwelling systems along the western Pacific Ocean were assessed. Alongshore wind stress
was calculated over more than 600 points along this coast, and no region fulfilled the conditions required
to be considered a coastal upwelling area.

Eastern Atlantic Ocean. Two upwelling systems were analysed along this coast from south to north:
Benguela (South 30.13-23.26°S; North 20.76-16.39°S) and Canary (18.89-32.63°N) (Fig. 1). Along the
Benguela upwelling system, which is one of the major upwelling regions of the world, two different areas
(south and north) were assessed based on the results of the calculated alongshore wind stress (Fig. 1).
Previous studies were focused mainly on the southern area from the southern tip of Africa to about 20°S.
Nevertheless, several studies evaluated the entire area from south of 15°S. The results of the present study
for the southern and northern areas will be described below, and then a comparison with results from
previous studies will be presented.

Benguela. At the southern coast of the Benguela system, alongshore wind stress had positive values
(upwelling-favourable conditions) throughout the year, but the highest values occurred during the austral
spring and summer months (Fig. 1, points 16-38). The upwelling season was defined as September to
March based on the annual cycle of alongshore wind stress meridionally averaged over these points. 7;
trends were calculated during the upwelling season (Fig. 2a). Non-significant trends were identified south
of 24 °S, and only the three northernmost grid boxes (-23.3 to 24°S) displayed a significant positive
trend. These significant positive trends continued throughout the Northern Benguela Zone (Fig. 3),
although the defined upwelling season differed for this zone (from July to November). A significant
positive trend was observed for the entire region, with values ranging from 4 10°Nmdec™ in the
northern area to 9.5 10> Nmdec! in the southern one.

Previous studies reported similar results. For example, Patti et al'* analysed data from the
Comprehensive Ocean-Atmosphere Data Set (COADS) and found an increase in annual wind stress (~
10 10 Nm—dec™) for the area extending from 20 to 30°S, indicating upwelling reinforcement from 1958
to 2007. Narayan et al.'® described a significant increase (~5 10> Nm2dec™!) in the COADS and National
Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR
Reanalysis) meridional wind stress across 26-36°S from 1960 to 2001 using annual data. On the other
hand, annual wind stress data from European Center for Medium range Weather Forecasting (ECMWEF)
Re-Analysis (ERA-40 Reanalysis) used in the same study'® showed a non-significant trend for the same
period. Analysis of upwelling trends along the Benguela Upwelling Ecosystem was also conducted using
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Figure 2. Upwelling trends in the selected areas along the Eastern Atlantic Ocean. (a) Alongshore wind
stress trends along the southern Benguela coast calculated from September to March. (b) Alongshore wind
stress trends along the northern Benguela coast calculated from July to November. (c) Alongshore wind
stress trends along the Canary coast calculated from April to September. Those points with significance
greater than 90% are marked with a circle, and those greater than 95% are marked with a square. A negative
(positive) trend means a decrease (increase) in upwelling-favourable winds. This figure has been performed
using Matlab.
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Figure 3. Wind stress along the Western Atlantic Ocean. Annual cycle of alongshore wind stress (Nm2)
for the period 1982-2010. Red points on the map show the coastal points analysed. Black lines indicate
those regions considered to be coastal upwelling areas. This figure has been performed using Matlab.

a derived upwelling index in terms of Ekman transport to represent the estimated potential effects of
wind stress on the ocean surface®'®. Pardo et al.'® and Santos et al.® found a general increase in upwelling
intensity over the last four decades for the areas 20-32°S and 16-30°S, respectively, using the NCEP/
NCAR Reanalysis annual data.
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Canary. Along the Canary coast, positive values of alongshore wind stress (7;) were observed through-
out the year, with the highest values occurring in spring and summer months (Fig. 1, points 222-266).
The upwelling season was considered to be April to September. 7; trends over this period were calculated
(Fig. 2¢), and positive trends were detected over almost the entire region. However, significant values
were found only around 22-24°N (-8 10°Nm—dec™') and 27-29°N (~4 10°Nm=2dec™!). Published
results regarding trends in upwelling along the Canary coast are controversial. Trends in upwelling can
be highly dependent on the length of the time series, the selected area, and the season evaluated in the
analysis. Results similar to those found in the present study were reported by Cropper et al.'” using
meridional wind speed from CFSR over the period 1981-2012 during summer (June-August). These
authors found a non-significant increase in upwelling-favourable winds off Northwest Africa (11-35°N).
On the other hand, different wind databases such as NCEP/Department Of Energy (NCEP/DOE II),
ERA-Interim, 20 Century, and National Aeronautics and Space Administration-Modern Era
Retrospective-Analysis for Research and Applications (NASA-MERRA) used in the same study for the
same period showed a statistically significant increase north of 21°N and a generally significant decrease
in upwelling-favourable winds south of 19°N. Results of previous studies are also in agreement with our
finding of increasing trends in upwelling along the Canary coast. For example, McGregor et al.'8 described
increasing trends in upwelling around 31°N using annual wind stress data from COADS for the period
1950-1992. Narayan et al.'® and Patti et al.'* also found significant increasing trends (~4-5 10> Nm™2dec"
1) using the same database across 24-32°N considering annual wind stress over the last four decades.
Narayan et al.'” reported a significant increase (~2 10> Nm=—dec™) in the ERA-40 Reanalysis meridional
wind stress for the same period. In contrast, when they used the NCEP/NCAR reanalysis these authors'
identified a reduction in meridional wind stress (~—4 10> Nm2dec™!) over the last four decades (1960-
2001) in the same region (24-32 °N), indicating a reduction in coastal upwelling. More recently, Barton
et al.> conducted an extensive study of wind-induced upwelling trends along the whole Canary current
upwelling system. Using monthly meridional wind data from the Pacific Fisheries Environmental
Laboratory (PFEL), NCEP/NCAR, ECMWE ICOADS, and Wave and Anemometer-based Sea Surface
Wind (WASWind) plus data from coastal meteorological stations over 40 years (1967-2007), these
authors found that trends varied among different data products in the same area, as both negative and
positive trends were evident. In addition, not statistically significant changes in meridional wind compo-
nents were found. Contradictory results were also obtained using Ekman transport data in numerous
upwelling trend studies conducted along the Canary Upwelling Ecosystem. Gomez-Gesteira et al.'®
detected a significant decreasing trend in upwelling strength for all seasons across 20-32°N from 1967
to 2006 using data from the PFEL. Pardo ef al.'® also found a general weakening of the upwelling inten-
sity along the Iberian/Canary (26-43°N) and NW African (10-24°N) regions from 1970 to 2009 using
the NCEP/NCAR Reanalysis. These trends were clearly observed in winter and autumn for both regions,
and a weakening in the upwelling intensity was also detected in summer in the northwest African region.
In contrast, Santos et al.!® confirmed a spring-summer increasing trend across 22-33°N when they used
the same database (NCEP/NCAR) from 1982 to 2010 in accordance with the present study. Opposite
results observed in some of the studies described above using the same database (NCEP/NCAR) empha-
size that linear trends are strongly dependent on the length of the time series and the season evaluated>*.

Western Atlantic Ocean. Only one region along the coast of the western Atlantic Ocean fits the
conditions required to be considered an coastal upwelling area: the southern Caribbean Sea (62.19-
76.56°W) (Fig. 3). In the southern Caribbean upwelling region, alongshore wind stress had positive
values throughout the year, with the highest values during the boreal winter months (Fig. 3, points
261-307). The upwelling season was considered to occur from December to April, and 7; trends were
calculated for this period (Fig. 4). The eastern and western regions exhibited different behaviours. A
negative trend was detected east of 71.25°W, with a significance level higher than 90% (~- 4 107 to - 8
10 Nm2dec™) for almost all points. In the western region (71.25-76.56 °W) a non-significant positive
trend was observed in most of the area, with maximum values of around 4 10*Nm2dec™. This region
was previously studied mainly in terms of upwelling occurrence using wind and sea surface temperature
data?!-%. As far as we know, no studies of upwelling trends in terms of wind have been conducted along
the southern Caribbean upwelling system.

Eastern Pacific Ocean. Three upwelling systems were evaluated along this coast from south to north:
Chile (37.62-28.88 °S), Peru (16.39-10.15 °S), and California (South 33.88-36.06 °N; North 37.94-42.
31 °N) (Fig. 5).

Chile. Along the coast of Chile, positive values of alongshore wind stress were observed throughout
the year, with the highest values during the austral spring and summer months (Fig. 5, points 78-106).
The upwelling season was considered to last from October to April, and 7; trends were calculated for
these months (Fig. 6a). Significant negative trends were observed south of 34 °S and north of 31 °S, with
values between -4 107* and -8 10~ Nmdec™!. Non-significant positive trends were detected at midlat-
itudes. Previous studies along this coast have reported different results. For example, Garreaud and
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Figure 4. Upwelling trends in the selected areas along the Western Atlantic Ocean. Alongshore

wind stress trends in the southern Caribbean Sea calculated from December to April. Those points with
significance greater than 90% are marked with a circle, and those greater than 95% are marked with a
square. A negative (positive) trend means a decrease (increase) in upwelling-favourable winds. This figure
has been performed using Matlab.
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Figure 5. Wind stress along the Eastern Pacific Ocean. Annual cycle of alongshore wind stress (Nm~2) for
the period 1982-2010. Red points on the map show the coastal points analysed. Black lines indicate those
regions considered to be coastal upwelling areas. This figure has been performed using Matlab.

Falvey?® analysed changes in the coastal winds along the west coast of subtropical South America (20-
55°S; 70-85°W) using future climate scenarios. Different simulations were performed using the Providing
REgional Climate for Impact Studies (PRECIS) regional climate model, and a significant trend in the
coastal wind was absent during the late twentieth century (1961-1990). Similar results were observed by
Goubanova et al.”’, who used a statistical downscaling method to refine the representations of coastal
winds for a global-coupled general circulation model (Institut Pierre Simon Laplace Climate Model
(IPSL-CM4)) from 1970 to 1999. More recently, Rahn and Garreaud® used CFSR over the period 1979-
2010 to present a synoptic climatology of the coastal wind along the Chile/Peru coast, paying special
attention to prominent upwelling regions. Points located along the Chile coast (30 and 36.4°S) showed
unclear trend over the last 30 years. Finally, Aravena et al.?’ used anomalies of Ekman transport data
from 1980 to 2010 to assess the interannual evolution of upwelling along the northern-central coast of
Chile (29-34°S). These Ekman transport anomalies obtained from PFEL showed a positive trend through-
out the area. As previously mentioned, trends in upwelling can be highly dependent on factors such as
the season evaluated in the analysis. This could explain the observed weakening in upwelling in most of
the region in the present study, which we calculated using alongshore wind stress from October to April.
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Figure 6. Upwelling trends in the selected areas along the Eastern Pacific Ocean. (a) Alongshore wind
stress trends along the Chile coast calculated from October to April. (b) Alongshore wind stress trends
along the Peru coast calculated from May to October. (c) Alongshore wind stress trends along the southern
California coast calculated from April to September. (d) Alongshore wind stress trends along the northern
California coast calculated from April to October. Those points with significance greater than 90% are
marked with a circle, and those greater than 95% are marked with a square. A negative (positive) trend
means a decrease (increase) in upwelling-favourable winds. This figure has been performed using Matlab.

When we recalculated 7; trends using annual data, the observed trend was unclear, which is in accordance
with most of the studies previously conducted along this upwelling system. The dependence of trends on
the season studied was also reported by Sydeman et al., who analysed more than 20 studies related to
upwelling trends along the five major upwelling systems published over the last two decades. They found
that some of the disagreement in previous studies could be resolved by considering winds during only
the active upwelling seasons.

Peru. Along the Peru coast, alongshore winds had positive values throughout the year, with maxima
from May to October (Fig. 5, points 146-166). The upwelling season was considered to occur during
these months, and 7; trends were calculated for this time period (Fig. 6b). Small and non-significant
positive trends were observed for almost the entire region except at the southernmost point (16.4°S),
where a significance level higher than 95% was identified (~3. 5 10°Nm™dec™). A non-significant neg-
ative trend with small values was observed at ~14°S. Previous studies have shown that trends in upwelling
along the Peru coast are contradictory. Results similar to those obtained in our study were reported by
Rahn and Garreaud®, who analysed annual alongshore winds from CFSR from 1979 to 2010. These
authors found a positive trend in alongshore wind from 1995 to 2010 (~1ms™!) at 15°S, which is a prom-
inent upwelling region along the Peru coast. Gutierrez et al.** used ERA-40 Reanalysis in a region around
14°S and also found an increase in upwelling-favourable winds from 1958 to 2001 for the spring season
and using annual data. Bakun et al.>! reported an increase in upwelling at ~10.5°S using monthly wind
stress data from COADS from 1948 to 2006. In contrast, Goubanova et al.?’ suggested the existence of a
weakening of alongshore wind near 15°S from 1970 to 1999 based on statistical downscaling of the sea
surface wind. Previous studies conducted over a wider region have also shown different results. Patti et
al.'* described an increase in annual wind stress using data from COADS for the area extending from 6
to 16°S and demonstrated the existence of upwelling reinforcement from 1958 to 2007. However, the
trend they reported (~7 10 Nm~dec™') was much higher than that found in the present study. Narayan
et al.’® also analysed the same region from 1960 to 2001 using different datasets. Annual wind stress data
from COADS (-5 10°*Nm—dec™') and ERA-40 Reanalysis (~0.9 10°Nm2dec™") revealed a significant
increasing trend in upwelling, in agreement with the results reported by Patti et al.', although in the
latter case the trend value was much smaller. The general trend'*!>*! is a similar to that observed in the
present study. In contrast, Narayan et al.'® identified a statistically non-significant decrease (~-0.7
10 Nmdec™") at the Peruvian upwelling region (6-16°S) using meridional wind stress from the NCEP/
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NCAR reanalysis. Pardo et al'® analysed annual Ekman transport using data from the NCEP/NCAR
Reanalysis and found a general weakening of the upwelling intensity in the Peru region (6.7-16.2°S) from
1970 to 2009.

California. For the California upwelling region (Fig. 5), two different areas were assessed: South
(33.88-36.06 °N) and North (37.94-42.31 °N). Almost all published reports about trends in upwelling
along this system include the entire coast of California (32-42 °N). The results of the present study for
the southern and northern areas will be described below, and then a comparison with results from pre-
vious studies will be presented.

Along the southern California coast, the highest values of alongshore wind stress were observed dur-
ing the spring and summer months (Fig. 5, points 350-359). The upwelling season was considered to
occur from April to September based on the annual cycle of wind stress meridionally averaged over these
points, and 7; trends were calculated (Fig. 6¢). Negative trends were observed for the entire region, but
they were significant (~—8 10> Nm—dec™') only at the three southernmost points and at the northern-
most one. Along the northern California coast, alongshore wind stress showed a similar behaviour,
although the highest values were mainly observed in summer (Fig. 5, points 365-379). Thus, 7; trends
were calculated between April and October (Fig. 6d). Non-significant negative trends were detected for
the three southernmost points, with maximum values around -3 10*Nm=2dec™!. Positive trends were
observed north of 38.5 °N with a significance level higher than 90% for the northernmost region (4-6
10> Nm—2dec™).

Controversial results in relation to the long-term variability in coastal upwelling were also found in
the California upwelling system. In terms of wind speed, Mendelssohn and Schwing?? reported trends of
stronger upwelling-favourable winds along 32-40°N based on April-September COADS data from 1946
to 1990. Patti et al.'* analysed a similar area between 34 and 40°N using annual wind stress data from
the same database over the period 1958 to 2007. They described an increasing trend of around 4 10 Nm-~
2dec™!. Narayan et al.'® also found a statistically significant increase in upwelling-favourable winds (~3
10°Nm2dec™) using annual wind stress data from the same dataset from 1960 to 2001 for the same
region. Although the southern area evaluated in the present study (33.88-36.06°N) is included in the
region studied by Mendelssohn and Schwing®, Patti et al'4, and Narayan et al.', the general trend
observed in these three works and the present one is contradictory. In contrast, Narayan et al.'® identified
a significant decreasing trend in upwelling from the ERA-40 Reanalysis of annual wind stress data (~-0.6
10 Nm=dec™) from 34 to 40°N over the last four decades (1960-2001). This decrease is in good agree-
ment with the results of the present study, although the trend value was much higher in our case (~—8
10 Nmdec™!). Different results were also reported in several studies that covered a wider region. For
example, Garcia-Reyes and Largier® studied the California region from 33 to 42°N from 1982 to 2008
using wind speed data during the upwelling season (March-July) from the National Data Buoy Center
(NDBC) buoys. They found significant increasing trends in upwelling winds north of 35°N and a decreas-
ing trend in the southern region (33-35°N). Similar results were observed when data from the NDBC
for June-August over the period 1980 to 2010** were used. The decreasing trend along the southern coast
of California (33-35°N) reported in these two works is in agreement with the results of our study. On
the other hand, positive trends were only observed north of 38.5°N in our case.

Ekman transport data also have been evaluated in different studies conducted along the California
Upwelling Ecosystem. Rykaczewski and Checkley®® found a positive summer trend around 34.5°N
for the period 1948-2004 using Ekman transport data from the California Reanalysis Downscaling
(CaRD10), which is a dynamically downscaled analysis of the NCEP/NCAR Reanalysis. Seo et al.**
found similar results using the same database over the entire California coast (32-42°N) from 1980 to
2010. Garcia-Reyes and Largier®® detected significant increasing trends in upwelling strength during
March-July north of 34.5°N from 1982 to 2008 using data from the PFEL. Pardo et al.'® also studied the
California region from 33 to 45°N using NCEP/NCAR Reanalysis Ekman transport data from 1970 to
2009, and they reported an unclear annual trend. In contrast, Iles et al.*® found an increasing trend in
Ekman transport annual data from PFEL from 1967 to 2010 over the same region.

Considering that ENSO (www.esrl.noaa.gov) can be an important source of variability along the
Pacific upwelling systems, its influence on the estimated trends of 7; was analysed. No correlations were
found between the variability of ENSO and 7;.

Eastern Indian Ocean. Two upwelling systems were assessed along this coast: West Australia (31.69-
21.39 °S) and Java (105.62-116.87 °E) (Fig. 7).

West Australia.  Along the western Australian coast, maximum values of alongshore wind stress were
observed from October to March, which corresponds to the austral spring and summer months (Fig. 7,
points 108-142). The upwelling season was considered to occur from October to March, and 7; trends
were calculated over these months (Fig. 8a). Positive trends were detected for almost the whole region,
with significant values between 4-8 10 Nm™=dec™! south of 25.5°S. Non-significant negative trends were
found at the northernmost latitudes (21.4-22.9°S). As far as we know, no studies regarding upwelling
trends in terms of wind have been conducted along the western coast of Australia. Previous studies have
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Figure 7. Wind stress along the Eastern Indian Ocean. Annual cycle of alongshore wind stress (Nm™) for
the period 1982-2010. Red points on the map show the coastal points analysed. Black lines indicate those
regions considered to be coastal upwelling areas. This figure has been performed using Matlab.
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Figure 8. Upwelling trends in the selected areas along the Eastern Indian Ocean. (a) Alongshore wind
stress trends along the Western Australia coast calculated from October to March. (b) Alongshore wind
stress trends along the Java coast calculated from May to October. Those points with significance greater
than 90% are marked with a circle, and those greater than 95% are marked with a square. A negative
(positive) trend means a decrease (increase) in upwelling-favourable winds.

shown the absence of persistent upwelling off this coast despite a prevailing summer wind system favour-
ing upwelling. This absence of upwelling has been attributed to the presence of the Leewin Current (LC),
a warm poleward flow transporting nutrient-poor waters from the tropics*”*%. Unlike other eastern
boundary currents (e.g., the Benguela and Humboldt Currents at similar latitudes), the poleward flow of
the LC suppresses the persistent upwelling of cool, nutrient-rich, subsurface water onto the western
Australia continental shelf***. Thus, large-scale upwelling is incompatible with the poleward flowing LC.
Nevertheless, localized seasonal upwelling associated with inner shelf wind-driven currents can appear
along some regions, such as the Ningaloo (23-25°S) and Capes Currents (26-28°S), due to variations in
the LCH-%,

Java. Along the Java coast, values of alongshore wind stress were higher during the austral winter
(Fig. 8, points 227-263). The upwelling season was considered to last from May to October, and 7; trends
were calculated for this time period (Fig. 8b). Significant negative trends were detected for almost the
entire coast, with values between -4 10 Nm=dec™! at the easternmost region and -10 10 Nm=2dec™!
at the westernmost one. The existence of upwelling along the Java coast and its basic features have been
documented in previous studies, mainly in terms of upwelling occurrence determined using wind and
SST data, whereas upwelling trends have not been considered. Different researchers have found that
upwelling occurs between June and November and is mostly forced both locally by the alongshore winds

associated with the southeast monsoon and remotely by atmosphere-ocean circulation associated with
ENSO*-%3,

SCIENTIFIC REPORTS | 5:10016 | DOI: 10.1038/srep10016 9

23



www.nature.com/scientificreports/

0.1 02 (Nm?)
C—

30°N 250

15°N ||

0°

15°S

100

30°S 50

2U4°F, 48°F 72K 1 3 5 7 9 11
Month

Figure 9. Wind stress along the Western Indian Ocean. Annual cycle of alongshore wind stress (Nm™) for
the period 1982-2010. Red points on the map show the coastal points analysed. Black lines indicate those
regions considered to be coastal upwelling areas. This figure has been performed using Matlab.
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Figure 10. Upwelling trends in the selected areas along the Western Indian Ocean. (a) Alongshore wind
stress trends along the Northern Kenya coast calculated from November to April. (b) Alongshore wind
stress trends along the Somalia-Oman coast calculated from April to October. Those points with significance
greater than 90% are marked with a circle, and those greater than 95% are marked with a square. A negative
(positive) trend means a decrease (increase) in upwelling-favourable winds. This figure has been performed
using Matlab.

Western Indian Ocean. Two upwelling systems were evaluated along this coast from south to north:
North Kenya (2.03-1.40°N) and Somalia-Oman (1.72-22.01°N) (Fig. 9).

North Kenya. Along the northern Kenya coast, positive values of alongshore wind stress were
observed from November to April (Fig. 9, points 125-136). The upwelling season was considered to
occur from November to April, and 7; trends were calculated over this period (Fig. 10a). Significant
negative trends were detected for the entire region, with values of around -2 10 Nm~dec™!. The coast
of northern Kenya is characterized by the occurrence of an irregular upwelling linked to the northeast
monsoon, which normally develops from November to March. Several researchers have related the
occurrence of this upwelling to higher productivity in the area, although the fact that upwelling events
are not regular has attracted relatively little scientific interest about upwelling trends in terms of wind.
This region has been studied mainly in terms of changes in chemical and biological oceanographic
parameters related to the occurrence of the northeast and southeast monsoons, which lead to important
differences between the Kenya and Somalia coasts in terms of upwelling>*-%°.

Somalia-Oman. Along the Somalia-Oman coast, positive values of alongshore wind stress were
found from April to October (Fig. 9, points 136-193). Using the annual cycle of the alongshore wind
stress, the upwelling season was considered to last from April to October, and 7; trends were calculated
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Patti ef al.

Benguela | 0,0 WSt COADS (30-20°) 1958-2007 (Annual)
Narayan et .
al. (2010) WSt COADS (36-26°S) 1960-2001 (Annual)
Narayan et N
al. (2010) Wst NCEP/NCAR (36-26°S) 1960-2001 (Annual)
Narayan et N
al. (2010) WSt ERA-40 (36-26°S) 1960-2001 (Annual)
Pardo et ,
al. (2011) ET NCEP/NCAR (32-20°S) 1970-2009 (Annual)
Santos et N
al. (2012) ET NCEP/NCAR (30-16°S) 1970-2009 (Annual)
This work | WSt CFSR (30.1-23.3°5) 1982-2010 (SEP-MAR)
This work | WSt CFSR (20.8-16.4°S) 1982-2010 (JUL-NOV)
Cropper et .
Canary | %001y | WSP CFSR (11-35°N) 1981-2012 (JUN-AUG)
Cropper et .
al. (2014) WSp NCEP/DOE I (11-35°N) | 1981-2012 (JUN-AUG)
Cropper et . .
al. (2014) Wsp ERA-Interim (11-35°N) | 1981-2012 (JUN-AUG)
Cropper et .
al. (2014) Wsp 20 Century (11-35°N) 1981-2012 (JUN-AUG)
Cropper et | g, | NASA-MERRA (11-35°N) | 1981-2012 (JUN-AUG)
al. (2014)
McGregor
ef al. WSt COADS (35°N) 1950-1992 (Annual)
(2007)
Pa et | wse COADS (24-32°N) 1958-2007 (Annual)
(2010)
Narayan et .
al. (2010) WSt COADS (24-32°N) 1960-2001 (Annual)
Narayan et .
al. (2010) WSt NCEP/NCAR (24-32°N) 1960-2001 (Annual)
Narayan et N
al. (2010) WSt ERA-40 (24-32°N) 1960-2001 (Annual)
Barton et .
al. (2013) Wsp PFEL (15.5-41.5°N) 1967-2007 (Annual)
Barton et .
al. (2013) WSp | NCEP/NCAR (15-42.5°N) |  1967-2007 (Annual)
Barton et .
al. (2013) Wsp ECMWF (15-40°N) 1967-2007 (Annual)
Barton et R
al. (2013) Wsp ICOADS (15-41°N) 1967-2007 (Annual)
Barton et X .
al. (2013) WSp WASWind (16-44°N) 1967-2007 (Annual)
Gomez-
Gesteiraet | ET PEEL (20-32°N) 1967-2006 (Monthly)
al. (2008)
Pardo et .
al. (2011) ET NCEP/NCAR (10-43°N) 1970-2009 (Annual)
Santos et .
al. (2012) ET NCEP/NCAR (22-33°N) | 1982-2010 (MAY-SEP)
This work | WSt CFSR (18.9-32.6°N) 1982-2010 (APR-SEP)

Table 1. Studies in which upwelling trends were analysed in terms of wind along the Benguela and Canary

coasts. Variable abbreviations: WSt (Wind Stress), Ekman Transport (ET), WSp (Wind Speed).

for these months (Fig. 10b). Negative trends were observed for almost the whole region except at the
southernmost coast of Somalia (2-6°N) and the northernmost coast of Oman (18-22°N). Significant
trends were observed mainly along the Somalia coast (6.5-10.5°N), with values between -1.5 10> Nm™
dec! and -3.5 10°Nm2dec!. Upwelling is induced by an alongshore current driven by the southwest
monsoon in summer. With the onset of the northeast monsoon the circulation pattern reverses, causing
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Chile G“rea‘zgoa(‘)‘;‘)i Falvey Wsp PRECIS (55-20°5) 1961-1990 (Annual) 0
Goubanova et al. WS IPSL-CM4 (40-0°S 1970-1999 (Annual 0
(2011) P - (40-0°S) - (Annual)
Rahn a&%g;‘“e“d WSp CESR (36.4-30°S) 1979-2010 (Annual) 0
Aravena et al. (2014) ET PFEL (34-29°S) 1980-2010 (Annual) +
This work WSt CFSR (37.6-28.9°S) 1982-2010 (OCT-APR) -
Peru Rabn an e Wsp CFSR (15%) 19792010 (Annual) "
Gutierrez et al. (2011) WSp ERA-40 (14°S) 1958-2001 (Annual) +
Bakun et al. (2010) WSt COADS (10.5°S) 1948-2006 (Monthly) +
Goubanova et al. ws IPSL-CM. og A 1
011) P -CM4 (15°S) 1970-1999 (Annual) -
Patti et al. (2010) WSt COADS (16-6°S) 1958-2007 (Annual) +
Narayan et al. (2010) WSt COADS (16-6°S) 1960-2001 (Annual) +
Narayan ef al. (2010) WSt NCEP/NCAR (16-6°S) 1960-2001 (Annual) -
Narayan et al. (2010) WSt ERA-40 (16-6°S) 1960-2001 (Annual) +
Pardo et al. (2011) ET NCEP/NCAR (16-6.7°S) 1970-2009 (Annual) -
This work WSt CFSR (16.4-10.1°S) 1982-2010 (MAY-OCT) +
. . Mendelssohn and o
California Schwing (2002) WSp COADS (32-40°N) 1946-1990 (APR-SEP) +
Patti et al. (2010) WSt COADS (34-40°N) 1958-2007 (Annual) +
Narayan et al. (2010) WSt COADS (34-40°N) 1960-2001 (Annual) +
Narayan ef al. (2010) WSt ERA-40 (34-40°N) 1960-2001 (Annual) -
Garcla-Reyes and WSp NDBC (33-35°N) 1982-2008 (MAR-JUL) -
Largier (2010)
Garcia-Reyes and ws NDBC (35-42°N) 1982-2008 (MAR-JUL) +
Largier (2010) P
Garcla-Reyes and ET PFEL (34.5-42°N) 1982-2008 (MAR-JUL) +
Largier (2010) )
Seo et al. (2012) WSp NDBC (33-35°N) 1980-2010 (JUN-AUG) -
Seo et al. (2012) WSp NDBC (35-42°N) 1980-2010 (JUN-AUG) +
Seo et al. (2012) ET CaRD10 (32-42°N) 1980-2010 (JUN-AUG) +
Rykaczewski and >
Checkley (2008) ET CaRD10 (34.5°N) 1948-2004 (Summer) +
Pardo et al. (2011) ET NCEP/NCAR (33-45°N) 1970-2009 (Annual) 0
Tles et al. (2012) ET PFEL (33-45°N) 1967-2010 (Annual) +
This work WSt CFSR (33.9-36.1°N) 1982-2010 (APR-SEP) -
This work WSt CFSR (37.9-42.3°N) 1982-2010 (APR-OCT) +

Table 2. Studies in which upwelling trends were analysed in terms of wind along the Chile, Peru, and
California coasts. Variable abbreviations: WSt (Wind Stress), Ekman Transport (ET), WSp (Wind Speed).

a cessation of the upwelling. This region has been widely studied in terms of SST and biodiversity related
to the occurrence of these upwelling events®-®. Nevertheless, few studies have focused on upwelling
trends in terms of wind. Goes et al.® reported an interannual escalation in the intensity of summer
monsoonal winds accompanied by enhanced upwelling along the coast of Somalia (47-55°E, 5-10°N)
using wind data from NCEP-NCAR reanalysis from 1997 to 2004. In contrast, using the same database
and an advanced coupled atmosphere-ocean general circulation model, Izumo et al.%” detected a decrease
in upwelling from 1979 to 2006 caused by anomalously weak southwesterly winds in late spring over the
Arabian Sea. More recently, Piontkovski et al.®® described a declining trend in the zonal component of
wind speed over the Sea of Oman (22-25°N) during summer monsoons from the late 1950s to 2010.
Results obtained for different upwelling systems around the world illustrate that it is not possible
to describe a homogenous behaviour among them because trends change substantially, even in regions
with similar oceanographic processes. Of the five major upwelling regions worldwide, increasing trends
in upwelling were observed in the coastal areas of Benguela, Peru, Canary, and northern California, and
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the increases were statistically significant only for the two last systems. A general decrease in upwelling
intensity was observed along the Chile, southern and central California, and central Somalia coasts, with
significant values in all regions. Thus, no evidence for a general intensification of upwelling along these
systems was observed.

The general trends found in our study were similar to those reported in studies in which wind stress
data were used (Tables 1 and 2). It is important to note that controversial results were also obtained by
different authors using the same variable and even the same period of time*!>, which indicates a depend-
ence of results on the database used.

Different trends were also detected along the less studied upwelling regions. For example, significant
decreasing trends were observed along the coast of Java and northern Kenya, whereas a tendency to an
increase in upwelling-favourable winds was detected in western Australia. In the southern Caribbean
upwelling region, a significant negative (positive) trend was found east (west) of 71.25°W.

Our analysis covered the last three decades (1982-2010), which is the recent period of strongest global
warming, thus it allowed detailed analysis of the influence of warming processes on upwelling trends.
In another study, Lima and Wethey® estimated changes in coastal SST by exploring monthly warming
patterns along the world’s coastline at a scale of 0.25° for the period 1982-2010. They found that even
though most coastal areas worldwide have been warming, the magnitude of change has been highly
heterogeneous in both space and season. They described a coastal SST decrease nearly year-round in
the areas influenced by the California and Humboldt currents, which could be related to a tendency for
intensification of upwelling following Bakun’s hypothesis. Nevertheless, our results revealed an increasing
trend in upwelling along the northern California (38-42°N) and Peru coasts and negative trends along
the Chile and southern-central California coasts (Table 2). On the other hand, Lima and Wethey® found
a general SST increase in the areas of the Canary, Benguela, and Somali currents, which could indicate a
decrease of upwelled, cooler waters linked to an upwelling reduction. Our results only revealed a decrease
in upwelling-favourable winds along the Somalia coast.

Among the upwelling systems analysed in the present study, Lima and Wethey® found that coastal
temperatures have been warming almost homogeneously throughout the year along the southern
Caribbean upwelling region and along the Java and northern Kenya coasts. The western Australia coast
has become colder from January to September. These results can be linked to the upwelling trends found
in the present work. We detected decreasing trends in upwelling along the southern Caribbean, Java, and
northern Kenya coasts, whereas a general upward trend was found along the western Australia coast.

These results delve into a possible discussion about whether the Bakun hypothesis is being fulfilled
or not taking into account the present study and those mentioned in Tables 1 and 2. Even in regions
where previously not many studies regarding upwelling trends existed, like the Java coast or the south-
ern Caribbean upwelling region, different behaviours can be observed contradicting the general upward
trend predicted by Bakun due to global warning.
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Abstract

Near the coast, long-term sea surface temperature (SST) warming trends are not
homogeneous. Even though recent reports suggested that some of this variability might result
from the buffering effect of upwelling over the large-scale effects of global warming, no
systematic analysis has been yet done at a global scale. Using data from NOAA’s AVHRR
OISST, we analyzed sea surface temperature trends over the period 1982-2015 at around
3500 worldwide coastal points and their oceanic counterparts with a spatial resolution of 0.25
arc-degrees. Significant warming was observed at most oceanic and coastal locations.
Globally, higher temperatures were found offshore than inshore in upwelling-dominated
regions, supporting the hypothesis that upwelling is associated with depressed warming rates
near the coast. This result strongly suggests that upwelling regions have the potential to
buffer the effects of global warming near the coast, with wide oceanographic, climatic, and
biogeographic implications.
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1. Introduction

The communication of climate change on marine ecosystems is often expressed through
simplified warming trends (Cane et al., 1997, Levitus et al., 2000, 2005, Harrison and Carson,
2007, Belkin, 2009, Hansen et al., 2010). However, in coastal areas, which harbor some of
the most biodiverse but also variable environments of the ocean (Gray, 1997), warming is far
from being homogenous. Understanding this variability is essential for explaining current
patterns and predict changes not only in fisheries (Cheung et al., 2013), but also in
biogeography and biodiversity in general (Hoegh-Guldberg and Bruno, 2010, Seabra et al.,
2015). In 2012, Lima and Wethey, (2012) reported that 71 % of the coast had been warming
since the early 1980s, while 22% of the area had not been changing and 7% actually cooled
significantly. The heterogeneity of warming has led to numerous regional studies (e.g.,
Mendelssohn and Schwing, 2002; Qu et al., 2005; Gémez-Gesteira et al., 2008a,b; Chollett et
al., 2012; Barton et al., 2013; IPCC, 2014; Garcia-Reyes et al., 2015), which raised several
hypothesis to explain the observed variability in the geographical distribution of warming and
its intensity.

Near the coast, global drivers are modified by topography and by local atmospheric and
oceanographic circulation patterns, including upwelling. Upwelling is an oceanographic
process whereby deep, cold water rises toward the surface near the coast (usually driven by
wind stress). Loaded with nutrients, this water sustains hot spots of primary production and
biological diversity, and is crucial for fisheries and for the economy (Constanza et al., 1997).
In fact, despite covering only 1% of the coastal areas, upwelling systems yield more than
20% of worldwide catches (Pauly and Christensen, 1995). Apart from the nutrient load,
upwelled water masses also have distinct thermal characteristics. It was recently shown that
they are associated with depressed long-term warming rates, and thus may provide thermal

refugia, stabilize changes in species distributions and enhance local biodiversity. Despite



some regional studies highlighting differences in warming rates between coastal and oceanic
waters within some of the major upwelling systems (e.g., Santos et al., 2012a,b; Varela et al.,
2016), no systematic analysis has been done and a global overview of this phenomenon is
lacking.

The aims of this study were (i) to determine warming rates in nearshore and offshore waters
around the world and (ii) to investigate whether differences between coastal and offshore

locations were associated with upwelling regions.

2. Data and methods

2.1 Temperature data

Daily SST values were obtained from the Advanced Very High Resolution Radiometer
Optimum Interpolation Sea Surface Temperature database at a resolution of 0.25° (AVHRR-
Only OISST ¥4), accessed through NOAA'’s website (https://www.ncdc.noaa.gov/oisst).

Data was downloaded over the period 1982 to 2015 for 3410 nearshore points and 3410
corresponding oceanic points distributed worldwide. Offshore locations were selected at the
distance of 1.5 arc-degrees perpendicular to the coast (close enough to feature the thermal
characteristics of the water masses at regional scales but sufficiently distant to fall outside the
area strongly influenced by upwelling). Daily SST were monthly averaged and the values
obtained were subtracted from the monthly mean calculated over the entire period of study,
thus resulting in monthly SST anomalies. For each pixel, annual SST trends were calculated
as the slope of the linear regression of monthly SST anomalies versus time. A Spearman rank

correlation coefficient was used to investigate the significance of SST trends.



2.2 Different warming rates at coastal and oceanic points

Differences between coastal and oceanic SST trends were calculated for each location to
determine whether nearshore pixels presented differing warming trends than their respective
offshore counterparts. Results from upwelling and non-upwelling locations (respectively, 681
and 2729 locations) were then compared to assess the influence of upwelling on the warming
rates. Upwelling zones were selected according to previous studies (Oke and Middleton,
2000; Shi et al., 2000; Lutjeharms et al., 2000; Rao, 2002; Snyder et al., 2003; Kampf et al.,
2004; Yuras et al., 2005; Castelao and Barth, 2006; Susanto et al., 2006; Patti et al., 2008,
2010; Smitha et al., 2008; Aristegui et al., 2009; Falvey and Garreaud, 2009; Narayan et al.,
2010; Gutiérrez et al., 2011; Pardo et al., 2011; Santos et al., 2012a,b; Santos et al., 2015;
Varela et al., 2015; Ruiz-Castillo et al., 2016; Santos et al., 2016; Varela et al., 2016). A
summary of the upwelling areas considered in this study and their geographical boundaries is
reported in Table 1.

Although upwelling occurs seasonally in some of the areas considered in this study,
calculations were carried out on an annual basis because (i) the duration and seasonality of
upwelling is zone-dependent; (ii) there is a lag between the mechanism that induces
upwelling (Ekman transport, Ekman pumping or the interaction of a coastal jet with the shelf)
and the upwelled water SST signal, which makes the choosing of target months highly
subjective; (iii) the imprint of upwelling on SST trends should be strong enough to be
detected at an annual scale and not only during a few months; (iv) SST trends from upwelling
locations will be compared to non-upwelling zones, for which there is no criterion for the
selection of specific months for these analysis.

Results are reported according to seven large-scale coastal areas defined in this study: (i)

Eastern Atlantic Ocean, (ii) Western Atlantic Ocean, (iii) Eastern Pacific Ocean, (iv) Western



Pacific Ocean, (v) Western Pacific Ocean (islands), (vi) Eastern Indian Ocean and (vii)

Western Indian Ocean.

Upwelling system Latitude Longitude
South Benguela 35 - 24°S 14 - 19°E
North Benguela 21-17°S 11.5-13E
Canary 21-33°N 343 - 351°E
Chile 40 - 18°S 286 - 290°E
Peru 17 - 13°S 283 - 287°E
South California 34 - 36°N 239 - 241°E
North California 38 -42°N 235 - 237°E
Iberian Peninsula 37 -43°N 350 - 351°E
Brazil 23 - 20°S 316 - 320°E
South Caribbean Sea 10 - 12°N 285 - 298°E
Yucatan 21 - 22°N 270 - 272°E
East Australia 31-27°S 153 - 154°E
South Australia 38 - 36°S 137 - 141°E
West Australia 33-25°S 113 - 116°E
Java - Sumatra 9°S - 5°N 95 - 116°E
East India 13- 18°N 80 - 83°E
Agulhas 35 - 34°S 21-27°E
Kenia 0-4°N 43 - 47°E
Somalia 4 -12°N 47 - 52°E
Oman 17 - 22°N 55 - 60°E
West India 8 - 15°N 74 - T7°E




Table 1 | Geographical boundaries of the upwelling systems considered in this study.
Upwelling systems were separated accordingly to the seasonality of upwelling: year-round

(upper group) or monthly seasonality (lower group).

3. Results

Global analysis revealed that the great majority of coastal (87.1%) and offshore locations
(92.0%) experienced warming over the last three decades (Fig. 1 and Table 2), with
temperatures rising more intensely at oceanic locations than at their coastal counterparts in
65.8% of the cases. Coastal locations within upwelling areas, however, presented lower
temperatures than their respective offshore waters (in 92% of the cases), against only 58% of

non-upwelling locations.
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Figure 1 | Worldwide coast-offshore differences in warming trends. Red (blue) indicates

that nearshore waters SSTs are warmer (colder) than their respective offshore waters. Twenty



upwelling areas were considered: SB (South Benguela), NB (North Benguela), ClI (Canary
Islands), IP (lberian Peninsula), BR (Brazil), SC (South Caribbean), YU (Yucatan), CH
(Chile), PE (Peru), CA (California), EA (East Australia), SA (South Australia), WA (West
Australia), J-S (Java - Sumatra), El (East India), AG (Agulhas), KE (Kenya), SO (Somalia),

OM (Oman) and WI (West India).

Geographical area Oceanic warming Coastal warming Trendocean > Trendcoast
World 92.0% 87.1% 65.8%
Eastern Atlantic Ocean 100% 95.1% 72.0%
Western Atlantic Ocean 96.9% 87.3% 67.4%
Eastern Pacific Ocean 45.8% 43.4% 46.9%
Western Pacific Ocean (islands) 100% 100% 73.7%
Western Pacific Ocean 100% 97.8% 63.5%
Eastern Indian Ocean 100% 98.1% 73.7%
Western Indian Ocean 100% 93.3% 70.8%
Upwelling Systems 80.3% 70.2% 92.36%
Non-upwelling Systems 93.2% 89.9% 58.56%

Table 2 | Statistical analysis of the SST trends along the World’s coastlines. Oceanic
warming indicates the percentage of oceanic points with positive (warming) SST trends.
Coastal warming indicates the percentage of coastal points with positive (warming) SST
trends. Trendocean > Trendcoast ShOws the percentage of points with SST trends higher in the

ocean than in the coast (colder waters nearshore).



3.1 Eastern Atlantic Ocean (Figure 2).

Positive SST trends (warming) are found in all oceanic locations of the Eastern Atlantic
Ocean area (Figure 2b) and for most of nearshore points (Figure 2c), resulting in a general
positive warming trend. Only 5% of coastal locations showed a negative trend, coinciding
with the areas where upwelling is prevalent. The southernmost cooling region is part of the
Benguela Upwelling System, where coastal trends attained -0.25 °C dec™ in contrast with the
0.15°C dec found in offshore waters, These results are in agreement with Lima and Wethey,
(2012) and also with Santos et al., (2012a), who associated such differences to an
enhancement of upwelling. A reinforcement of upwelling winds was also supported by
Varela et al., (2015) over a similar period (1982-2010) and region.

The northernmost cooling area coincides with the Canary Upwelling System, where a
moderate cooling (~ -0.1°C dec) was observed nearshore. Santos et al., (2012b) found the
same patterns and associated them to a strengthening of upwelling, a hypothesis confirmed
recently by other authors (Cropper et al., 2014; Varela et al., 2015). Similar results were
obtained by Cheung et al., (2013). It is also worth mentioning the differences between coast
and ocean (-0.2 °C dec!) found along the Iberian Peninsula, which is the northernmost limit
of the Canary Upwelling System.

Despite the warming observed over the last three decades, global changes in temperature in
the Eastern Atlantic appear to have less effect on coastal waters than offshore waters. Coastal
SST trends were generally lower than offshore trends (negative differences in SST trends
were found in 72% of the locations; Figure 2d, Table 2). Positive values were only found for
Central Africa, West France and in the North Sea areas (warming rates were similar to those
observed by Lima and Wethey, (2012) in Central Africa and in the North Sea and by
deCastro et al., (2009) in the Bay of Biscay). The most negative differences were, not

surprisingly, found along the Benguela and Canary upwelling zones.
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Figure 2 | SST trends along the Eastern Atlantic Ocean. From left to right: (a) coast-
offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs are
warmer (colder) than their respective offshore waters; dashed rectangles circumscribe the
upwelling areas of Iberian Peninsula (A), Canary Islands (B), North Benguela (C) and South
Benguela (D). (b) Oceanic and (c) coastal SST trends (°C dec™) and (d) their differences.

Dashed grey areas identify points in upwelling zones.

3.2 Western Atlantic Ocean (Figure 3)
In the western side of the Atlantic, offshore and inshore waters were found to be warming
over the last three decades (Figure 3b,c). Overall, 87% of the coastal points and 97% of the

oceanic points have been warming (Table 2). The southern tip of America (Tierra del Fuego,
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Argentina) was the only area that cooled both nearshore and offshore, as previously observed
by Falvey and Garreaud, (2009). Coastal temperatures also decreased markedly along the east
coast of Florida, where cooling trends reached -1 °C dec™, the strongest worldwide. This
pattern has been previously highlighted by other authors (Belkin, 2009; Lima and Wethey,
2012; Cheung et al., 2013), and has been linked to changes in the path of the Gulf Stream.
Other cooling trends were observed along the upwelling areas of Brazil (upwelling was
described for Cabo Frio region by means of wind stress and SST by Lorenzzetti and Gaeta,
(1996); Castelao and Barth, (2006)) and Yucatan (-0.3 °C dec?), and are likely associated
with a reinforcement of upwelling favorable winds in the area (Varela et al., 2015). Similar
trends in the Mexican coast were also observed by Castillo et al., (2016) and Carrillo et al.,
(2016), and where associated with the strengthening of the Yucatan Current. The remaining
locations of the Gulf of Mexico also presented lower warming rates nearshore than offshore,
with differences of around -0.4 °C dec™. Contrary to previous research (Andrade and Barton,
2004; Santos et al., 2016), a cooling trend in the upwelling area of La Guajira was not
observed in this study, probably because the seasonality of upwelling in this system was not
reflected in the annual scale used for the calculations of SST trends.

Finally, the northern coast of the United States and Canada showed the highest warming
trends both at coastal (Figure 3c) and oceanic (Figure 3b) locations (approximately 0.5 °C
dec™), in agreement with previous research (Lima and Wethey, 2012; Cheung et al., 2013).
Similarly to the colder coastal waters observed in the Eastern Atlantic side, 67% of the

Western Atlantic coast presented lower SST than their adjacent offshore waters (Figure 3d).
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Figure 3 | SST trends along the Western Atlantic Ocean. From left to right: (a) coast-
offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs are
warmer (colder) than their respective offshore waters; dashed rectangles circumscribe the
upwelling areas of Yucatan (A), South Caribbean (B), and Brazil (C). (b) Oceanic and (c)
coastal SST trends (°C dec™®) and (d) their differences. Dashed grey areas identify points in

upwelling zones.

3.3 Eastern Pacific Ocean (Figure 4)

The Eastern Pacific Ocean basin is the only in which trends at oceanic and coastal locations
were negative over extended latitudes (Figure 4b and c, Table 2). In fact, only 43% of
nearshore and 46% of offshore waters warmed during the period of study, far less than

observed in the other basins. In particular, trends were negative in zones located

12



approximately from -45°S to -10°S and from 20°N to 45°N (Figure 4a), with cooling more
intense at coastal locations (Figure 4c). These areas coincide with the Humboldt and the
California systems, two of the main Eastern Boundaries Upwelling Systems (EBUS) in the
world. Similar trends were found for the South American area by Lima and Wethey, (2012) (-
0.4 °C dect in the Humboldt Current), Demarcq, (2009) and Gutiérrez et al., (2011) (close to
-0.3 °C dec?, in both Chile and Peru). Even though these patterns might suggest that
upwelling is getting stronger in the area, recent studies did not clearly support the
intensification of upwelling along the coast of Chile (Falvey and Garreaud, 2009; Goubanova
etal.,, 2011; Varela et al., 2015).

Coastal cooling trends in the California Upwelling System were found in the northern area,
with values near -0.2 °C dec™. Similar results were obtained by Macias et al., (2012) and by
Lima and Wethey, (2012). Negative coastal trends were also observed in the southern
California area, although less intense than in offshore waters. These latitudinal differences
can be related to differences in the intensity of upwelling, a hypothesis supported by Varela et
al., (2015), which showed that upwelling is increasing in northern California (in contrast with
southern California, where upwelling seems to be weakening).

Comparative analysis between nearshore and offshore locations revealed that, contrasting
with the patterns observed in other oceanic basins, in 53% of the points coastal warming was
more intense than offshore warming (Figure 4d, Table 2). Differences between coastal and
oceanic points were found to be up to 0.2 °C dec™ at the northernmost and southernmost areas
of the Eastern Pacifin Ocean basin. This is likely due to the influence of the Alaska Current

and the Antarctic Subpolar Current in the area.
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Figure 4 | SST trends along the Eastern Pacific Ocean. From left to right: (a) coast-
offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs are
warmer (colder) than their respective offshore waters; dashed rectangles circumscribe the
upwelling areas of North (A) and South California (B) and the Chile-Peru system (C). (b)

Oceanic and (c) coastal SST trends (°C dec™®) and (d) their differences. Dashed grey areas

identify points in upwelling zones.

3.4 Western Pacific Ocean (Islands) (Figure 5)
A general warming trend was observed along all the waters of the Western Pacific Ocean
islands (Figure 5b,c). A temperature increase in the northernmost islands was also found by

Shiu et al., (2009) near Taiwan over the period 1961 - 2005.
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The highest coastal warming was found along eastern Australia (0.4 °C dec?), with values
similar to those found by Lima and Wethey, (2012). Cheung et al., (2013) found that the
southeast Australian waters had the highest warming rates within the Western Pacific islands,
a trend that has been suggested to be related to changes in the East Australian Current
(Ridgway, 2007). Despite local studies describing topographically induced upwelling
originated in the East Australian Current and affecting the East coast of Australia (Oke and
Middleton, 1999), this study failed to detect any cooling in the area, possibly because this

seasonal phenomenon is not detected on an annual scale.
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Figure 5 | SST trends along the Western Pacific Ocean (islands). From left to right: (a)
coast-offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs

are warmer (colder) than their respective offshore waters; dashed rectangles circumscribe the
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upwelling areas of East Australia (A). (b) Oceanic and (c) coastal SST trends (°C dec™) and

(d) their differences. Dashed grey areas identify points in upwelling zones.

Overall, in 74% of the locations, warming was lower nearshore (Figure 5d, Table 2). In
particular, the areas of Papua New Guinea and the southern Philippines exhibited differences
of up to -0.1 °C dec? between coastal and oceanic points. The remaining 26% of the locations
had warmer waters nearshore, ranging from 0.1 to 0.2 °C dec? in Taiwan, northern

Philippines and eastern Australia.

3.5 Western Pacific Ocean (Figure 6)

Positive (warming) trends were observed at all oceanic points (Figure 6b) and at almost all
coastal points (98%, Figure 6c; Table 2). Maximum ocean SST trends were observed in
southern Japan area, where temperatures increased up to 0.5 °C dec* (Figure 6b), a warming
trend in agreement with the studies of Belkin, (2009), Lima and Wethey, (2012) and Cheung
et al., (2013). Similar to the general trends observed in the Western Pacific islands, 63% of
offshore locations have been warming faster than nearshore locations (Table 2), being
differences between -0.2 and 0.2 °C. Maximum differences were found along the Japanese
coast, with values around -0.6 °C dec™. According to previous research (Yeh et al., 2010),
this difference is associated with changes in the sensible heat flux caused by warm air

advection in the area of the East Japan Sea.
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Figure 6 | SST trends along the Western Pacific Ocean. From left to right: (a) coast-
offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs are
warmer (colder) than their respective offshore waters. (b) Oceanic and (c) coastal SST trends

(°C dec™) and (d) their differences. Dashed grey areas identify points in upwelling zones.

3.6 Eastern Indian Ocean (Figure 7)

Offshore waters along the Eastern Indian Ocean showed positive trends ranging from 0.1 °C
dec? to 0.3 °C dec* (Figure 7b). Positive trends were also found at around 98% of the coastal
locations (Figure 7c and Table 2), with the highest warming trends occurring in southern
Australia (~0.3 °C dec?), in agreement with Lima and Wethey, (2012). In southeastern
Australia, local studies described the existence of summer wind-driven upwelling (Kampf et

al., 2004, Kampf, 2010; Gill et al., 2011), which explains the depressed warming trends at the
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coast highlighted in Figure 7d (differences of around -0.1 °C dec™'). Lima and Wethey, (2012)

obtained similar seasonal cooling trends for that area.
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Figure 7 | SST trends along the Eastern Indian Ocean. From left to right: (a) coast-
offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs are
warmer (colder) than their respective offshore waters; dashed rectangles circumscribe the
upwelling areas of East India (A), Java-Sumatra (B), West (C) and South Australia (D). (b)
Oceanic and (c) coastal SST trends (°C dec™®) and (d) their differences. Dashed grey areas

identify points in upwelling zones.

The lowest warming trends were found for points located within the upwelling areas of West
Australia (the lowest trends in the eastern Indian Ocean according to Lima and Wethey,
(2012), likely associated to a reinforcement of upwelling (Varela et al., 2015) or changes in

the Leewin Current (Furnas, 2007; Xu et al., 2013). No cooling trends were observed in the
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area of Java-Sumatra, which contrasts with the previous work of Varela et al., (2016) and is
most likely a consequence of the seasonality of upwelling, which is not reflected in the
temporal scale used in this study. Differences of -0.2 °C dec™ between coastal and oceanic
points were also found in eastern India and are possibly related to upwelling events induced
by the southwest monsoon (Rao, 2002).

Differences in SST trends between coastal and oceanic locations range from -0.2 °C dec™ to

0.1 °C dec* (Figure 7d), being negative at around 74% of the points.

3.7 Western Indian Ocean. (Figure 8)

Warming was observed at all oceanic locations (Figure 8b), with the southern tip of Africa
being the area with the highest increase in temperature (up to 0.5 °C dec™). Positive trends
were also found in 93% of the nearshore locations (Table 2, Figure 8c). Coastal points with
negative trends coincide with two areas where upwelling is prevalent, the Agulhas Bank and
Somalia Upwelling Systems. In the Agulhas Bank, a mechanism of enhancement of
upwelling due to the transition of a coastal jet from a narrow shelf to a wider shelf was
proposed (Gill and Schumann, 1979). More recently, Lutjeharms et al., (2000) associated the
lower SST values found in the coast of South Africa to both the action of the wind in the area
and to Ekman drift.

Off Somalia, cooling trends were in the order of -0.1 °C dec™® near the northern tip of the
country, in agreement with the findings from Lima and Wethey, (2012). Santos et al., (2015)
showed that this nearshore cooling over the last three decades is a result of the displacement
of the Great Whirl, which may have induced a change in the local geostrophic currents. This
likely also affected the upwelling area of Oman (Shi et al., 2000), where upwelling is driven

by the southwest monsoon.
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Summer monsoons were also suggested to induce upwelling along southwest India (Krishna,
2008; Smitha et al., 2008), however no cooling trends were observed in this study, most
likely because of the annual scale of our analysis. A difference of -0.1 °C dec™* was, however,
observed between coastal and oceanic points in this area.

The highest negative differences between oceanic and coastal trends (Figure 8d) were
observed at the upwelling areas mentioned above, being particularly marked (~ -0.5 °C dec™?)

off southern Africa.
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Figure 8 | SST trends along the Western Indian Ocean. From left to right: (a) coast-
offshore differences in warming trends. Red (blue) indicates that nearshore waters SSTs are
warmer (colder) than their respective offshore waters; dashed rectangles circumscribe the
upwelling areas of West India (A), Oman (B), Kenya and Somalia (C) and Agulhas (D). (b)

Oceanic and (c) coastal SST trends (°C dec™) and (d) their differences. Dashed grey areas

identify points in upwelling zones.
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4. Discussion

Our results indicate that, in the last three decades, the great majority of both offshore (~ 92%)
and coastal locations (~ 87%) have been significantly warming. Although our values are
higher than those previously obtained by Lima and Wethey, (2012) (~ 71%), a higher
percentage of locations significantly warming was expected, due to two reasons. First,
multiple high temperature records have been broken worldwide in the last years and second,
our analysis excluded the Arctic and Antarctic regions, which are known to have particularly
low rates of change (Lima and Wethey, 2012).

Importantly, warming has been less intense nearshore than offshore in 66% of the locations,
although with rates of warming variable between oceanic basins (in agreement with Belkin,
2009; Lima and Wethey, 2012; Cheung et al., 2013). Thus, although coastal temperatures are
increasing, in 2/3 of the area considered in this study warming was less intense nearshore
than offshore. This pattern is even more pronounced within upwelling regions, where more
than 92% of the coastal locations have been warming less than their respective offshore
locations. This contrasts with non-upwelling areas, where the percentage of coastal locations
that have been warming less than their offshore equivalents is 58%. Although these results
are already impressive, real differences are expected to be even more pronounced, given
recent studies demonstrating that most remotely-sensed SST products largely overestimate
coastal temperatures in areas dominated by upwelling.

Other studies recently evidenced that warming rates are generally depressed near the coast,
within upwelling regions. Within the Benguela upwelling system, Santos et al., (2012a) found
differences of approximately -0.2 °C dec™ between coastal and oceanic locations from 1970
to 2009. In a different study, Santos et al., (2012b) analyzed the Canary system from 1982 to
2010 and found differences of up to -0.1 °C dec™ between coastal and offshore locations. In

the Caribbean region, Santos et al., (2016) observed a moderate cooling (around -0.05 °C dec
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1y for the months with strong upwelling in La Guajira upwelling system, contrasting with the
SST increase in the Caribbean region (up to 0.25 °C dec™) from 1982 to 2014. Focusing on
the Java upwelling system (1982-2015), Varela et al., (2016) found that warming rates
between coastal and oceanic locations differed in approximately -0.3 °C dec, with cooling
trends occurring near the coast. These studies also advanced the hypothesis that the uplift of
deep and cold water has been buffering the increase in temperature observed at the surface.
Despite the above-mentioned regional studies, a global analysis was necessary to validate the
hypothesis that upwelling phenomena, independently of their extension or intensity, could be
shielding the coast from the effects of global warming. Thus, in this study, we analyzed not
only the most important and intensively studied upwelling systems (Benguela, Canary, South
Caribbean, Humboldt, California, West Australia, Java-Sumatra, Kenya, Somalia and Oman)
(Varela et al., 2015), but also other systems where upwelling is less intense and highly
seasonal [Agulhas Bank (Lutjeharms et al., 2000), Yucatan Shelf (Castillo et al., 2016,
Carrillo et al., 2016), West Iberian Peninsula (Lemos and Pires, 2004, Santos et al., 2011),
Brazil (Lorenzzetti and Gaeta, 1996; Castelao and Barth, 2006), East and South Australia
(Oke and Middleton, 1999; K&ampf et al., 2004, 2010; Gill et al., 2011) and East and West
India (Rao, 2002; Krishna, 2008; Smitha et al., 2008)]. The area of Eastern Florida was not
considered as the long-term cooling near the coast has other causes than upwelling (Belkin,
2009; Lima and Wethey, 2012).

This study illustrates the ubiquity of the association between upwelling and depressed
warming rates along the World’s coastlines. It also suggests that, depending on the intensity
and prevalence, coastal upwelling has the potential to buffer global changes (e.g., changes in
the thermal environment, changes in circulation, or changes in the distribution of single
species or communities) at varying spatial and temporal scales. Finally, the fact that

upwelling is highly variable in extension and intensity around the globe may (at least
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partially) explain the heterogeneity in coastal warming rates previously reported in various
studies (Belkin, 2009; Lima and Wethey, 2012; Cheung et al., 2013). Upwelling is probably a

key factor buffering ocean warming.
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Abstract La Guajira upwelling system has shown a moderate cooling (~—0.05°C dec™") over the period
1982-2014 for the months with strong upwelling (JFM). This contrasts with the general warming observed
for most of the Caribbean region (~0.25°C dec™ ') over the same period. Cooling is in good agreement with
the upwelling increase (~0.04 m?s~ 'dec™ ") observed in the region during winter months, although the
position of the peaks in upwelling and SST trends does not coincide exactly due to the presence of the
Caribbean Coastal Undercurrent.

1. Introduction

Ocean heat content and temperature have increased worldwide since the mid-20th century [Levitus et al.,
2000, 2005, 2012], which can strongly affect global fisheries [Cheung et al.,, 2013]. SST increase is especially
important at nearshore areas due to its impact on coastal ecosystems. For an overview on coastal SST changes,
the reader is referred to Lima and Wethey [2012], who analyzed the period 1982-2010 and concluded that

around 70% of the world coastal locations have experienced a warming trend of 0.25 + 0.13°C dec™ .

Previous works have highlighted the importance of regional analysis to properly understand SST patterns at
certain regions whose behavior cannot be extrapolated from global patterns. Thus, some authors have
shown that SST trends at coastal areas can be modulated by the presence of coastal upwelling [Relvas et al.,
2009; Santos et al., 2011, 2012a, 2012b, 2012c].

La Guajira upwelling system (located in Colombian Caribbean, see Figure 1) presents some features that are
uncommon at other ocean areas. Thus, for example, the semiannual and annual harmonics are approxi-
mately on the same order of magnitude [Ruiz-Ochoa et al., 2012]. In most of the basins, the annual compo-
nent is usually much bigger than the semiannual component since solar warming is the main forcing. In
addition, although wind stress and wind stress curl can affect SST variability in the Colombian Basin, only
the wind stress plays a key role in La Guajira [Ruiz-Ochoa, 2011].

La Guajira is characterized by the presence of seasonal upwelling which is disrupted during the winter-to-spring
transition [Lonin et al.,, 2010]. Thus, during the upwelling season the direction of the prevalent winds associated
to the Caribbean Low-Level Jet (CLLJ) is almost parallel the coast and wind stress due to Northern Trade winds
becomes the main forcing for surface currents. The main physical features of La Guajira upwelling system have
been previously described by Andrade [2000], Andrade and Barton [2005], and Rueda-Roa and Muller-Karger
[2013]. For additional information about upwelling implications on the biology and the fisheries of the zone, the
reader is referred to Corredor [1979] , Criales-Hernandez et al. [2006], Garcia et al. [2007], and Paramo et al. [2011].

Upwelling in La Guajira mainly occurs during the northern Hemisphere winter in contrast with the major upwell-
ing systems located in the northern Hemisphere [Patti et al. 2008] (Canary and California). See Varela et al.
[2014], for a complete description of the timing and evolution of the main upwelling systems all over the world.

In this paper, we analyze the changes in SST observed in La Guajira upwelling system over the period 1982-
2014. Differences between warming rates at open ocean and coastal locations will be discussed in terms of
changes in upwelling intensity.

2. Material and Methods

The area under study corresponds to La Guajira coastal zone from 8°N to 15°N and 76.5°W to 71°W, which
belongs to the Colombian Basin of the Caribbean Sea (Figure 1). This coast presents two orientations one
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0 S-N and another SW-NE, being the lat-
ter under the effect of seasonal
upwelling [Andrade and Barton, 2005;

Ruiz-Ochoa et al., 2012].
-1000

SST values were retrieved from NOAA
Ol1/4 Degree Daily SST data provided
by NOAA’s National Climatic data Cen-
 1-2000 ter. Daily data extend back to 1982
with a spatial resolution of 0.25° X
0.25°. A full description of Ol algo-
F 1-3000 rithm and its bias treatment can be
found in Reynolds [2009] and Reynolds
and Chelton [2010]. The period under
study spans from 1982 to 2014.

-4000
Wind data were obtained from NCEP
Climate Forecast System Reanalysis
—_— . . (CFSR) [Saha et al, 2010]. This data-
76°W 75°W  74°w 73°W 72°W  71°W -5000 base was developed by NOAA's
National Centers for Environmental
Figure 1. Bathymetry of the Area under study. Circles mark points where wind and Prediction (NCEP). Data were retrieved

SST data from CFSR and OI1/4 were sampled. . .
P from NOAA’s National Operational

Model Archive and Distribution Sys-
tem (NOMADS), which is maintained at NOAA’s National Climatic Data Center (NCDC). Although the data-
base exists since 1979, only data from 1982 are corrected and without gaps. Wind is calculated at a
reference height of 10 m with 6 hourly time resolution. The spatial resolution is 0.3° X 0.3° from January
1982 to April 2011 and 0.2° X 0.2° from then on. Data from the latter period were interpolated on a 0.3° X
0.3° grid to use a common resolution over the whole period.

Wind data were used to calculate the Ekman transport (ET) [Ekman, 1905] following:

C 12
Q=" (wzews) T w,
f ' M)
7_pacd 2 2 1/2
Q== (WX+Wy> W,

where W, and W, are the components of wind speed at a reference height of 10 m (x subscript corresponds
to the zonal component and y to the meridional one), p is the density of sea water (1025 kg m ™ 3), C4is a
dimensionless drag coefficient (1.4 X 1073), p, is the air density (1.22 kg m~3), and fis the Coriolis parame-
ter defined as twice the vertical component of the Earth’s angular velocity, Q, about the local vertical given
by f=2Qsin (¢) at latitude ¢. The upwelling Index (Ul) can be defined as the component of Ekman trans-
port in the direction perpendicular to the shoreline [Nykjaer and Van Camp, 1994] following:

Ul=—sin (0—m/2) Qc+cos (0—7/2) Q, )

where 0 is the angle of the unitary vector perpendicular to the coastline pointing oceanward. In the present
study, angles ranged from 80 to 180° depending on coastal orientation. Positive (negative) upwelling indi-
ces correspond to upwelling-favorable (unfavorable) conditions. Six hourly Ul data were then averaged at
monthly scale. Both Ul and SST were calculated at the set of points marked in Figure 1. Points were located
as close as possible to the shore line but avoiding land contamination [Lima and Wethey, 2012; deCastro
etal., 2014].

3. Results and Discussion

Mean SST and ET fields were calculated for comparison with previous literature [Andrade and Barton, 2005;
Ruiz-Ochoa et al., 2012; Rueda-Roa and Muller-Karger, 2013]. Monthly SST mean fields (Figure 2) can be
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Figure 2. Mean monthly SST (°C) calculated over the period 1982-2014 using Ol1/4 database.
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Figure 2. (continued)
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Figure 3. Mean monthly Ekman Transport (m~ s ') calculated over the period 1982-2014 using CFSR database.
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Figure 4. Mean (a) SST and (b) Ul calculated along the coast, for the months of highest upwelling (JFM).

grouped together according to the prevalent patterns. A marked dipole is observed over the period Janu-
ary—March (JFM). Temperatures at the northern part of the coast (75-72°W) are on the order of 25°C with
higher values (~28°C) at the southern part (76.5-75°W) which, in fact, is part of the Darien Gulf. April is a
transition month with a behavior similar to the one observed in JFM but with the cool part of the
dipole markedly smaller and warmer. Most of the zone shows SST values higher than 27.5°C from May
to August. Only in a small area located at the northern part of the coast (73-71.5°W) the SST is on the
order of 26.5°C. Finally, from September to November (SON), SST attains values higher than 28°C for the
whole area. December is also a transition month with a behavior that resembles the one described for
JFEM. These seasonal patterns are consistent with previous research conducted by Ruiz-Ochoa et al.
[2012] and Rueda-Roa and Muller-Karger [2013].

Previous studies [Santos et al., 2012a, 2012b, 2012¢, 2015] have shown that coastal upwelling can modu-
late warming trends at nearshore areas. Thus, mean ET patterns were calculated for the area under
study (Figure 3). The highest ET was observed in JFM with values around 9 m? s ' near coast between
75.5 and 74°W. Coastal ET values were more moderate (6-7 m? s~ ') in June-July between 75 and
71.5°W. ET is negligible during the rest of the year, except in December, when the pattern described for
JFM starts developing. Rueda-Roa and Muller-Karger [2013] described similar wind stress patterns being
the highest values attained over the period December-February (DJF). Andrade and Barton [2005] also
mentioned the existence of seasonal wind patterns, with the highest values during the northern Hemi-
sphere winter (December—March) and the lowest ones during the rainy season (October-November).
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Figure 6. Trends in (a) SSTin °C dec™ ' and in (b) Ul in m? s~ " dec™") along the coast of La Guajira upwelling system over the months JFM.
Black squares (circles) mark trends with significance higher than 95% (90%).

JFM mean Ul and SST values were calculated (Figure 4) at the coastal points marked with circles in Figure 1.
These are the months with the highest ET intensity. The minimum SST peak (Figure 4a) with values around
24.5° is observed between 73 and 72°W while the maximum Ul peak (Figure 4b) with values around 4 m?
s~ is observed between 75.5 and 74.5°W. Note that the position of both peaks does not match exactly
since the SST peak is displaced eastward around 2° when compared with Ul peak. This in good agreement
with previous research conducted by Rueda-Roa and Muller-Karger [2013] (see Figures 2a and 7b in their
manuscript) and possibly linked to the eastward advection of cold upwelled water due to the Caribbean
Coastal Undercurrent (CCU) [Andrade et al., 2003; Jouanno et al., 2008]. According to Bernal et al. [2010] and
Ruiz-Ochoa [2011], this current is more intense over the period December-May when the westward Carib-
bean Current weakens. Note that according to the same authors the CCU is a surface current West of
73.5°W that becomes a subsurface current from them on. Thus, the point where SST attains its minimum
practically coincides with the point where the CCU sinks.

The evolution of the SST over the period of 1982-2014 is shown in Figure 5. Overall, water tends to warm
within a context of global warming. Ocean trends are higher than 0.2°C dec” ' during most of the year and
can even reach values on the order of 0.52°C dec™' from September to December. The mean trend at
annual scale is 0.25°C dec™ " which is considerably higher than provided by Hartmann et al. [2013] for the
global ocean over the period 1979-2012 using HAdSST3 data (0.124 = 0.03°C dec™ ). Chollet et al. [2012]
calculated the mean SST trend over the southeastern Gulf and the Caribbean Sea from 1985 to 2009 using
raw Pathfinder data, obtaining a value of 0.29°C dec™ ', which is similar that the value shows in this study.
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A negative trend ~0.05°C dec™ " (no significant) was observed near coast for months under strong and

well-developed upwelling conditions (JFM) (Figure 5). This contrasts with the significant positive trend
observed at adjacent ocean locations. Despite their lack of significance, near shore trends prove that that
region is affected by drivers different from the ones observed at open sea locations (e.g., coastal upwelling).
Coastal trends less intense than the oceanic one were also found by Chollet et al. [2012] during winter
although these authors carried their study in a more macroscopic way, considering the whole Caribbean
Sea and southeast Gulf of Mexico and paying less attention to small areas like La Guajira upwelling system.
This proves the interest of regional assessment at small scales (typically a few degrees). We should note
that, according to Andrade and Barton [2005], the baroclinic Rossby radius of the area is approximately
30 km and mesoscale features range from tens to several hundred kilometers.

JEM Ul and SST trends were calculated at the costal points where mean values were previously analyzed
(Figure 6). Temperature tends to increase in most of the area following the global pattern. Only in a small
area centered around 72-73°W, the trend is slightly negative. A similar behavior was observed for Ul, with
small negative trends in most of the area and a significant positive trend around 74.5°W. The same area
was recently analyzed by Varela et al. [2014], who found a more marked upwelling strengthening
although they considered an extended period including April, when upwelling is still present although at
a lesser extent. Once again, the point of maximum SST decrease (~—0.06°C dec M is displaced eastward
from the point of maximum Ul increase (0.04 m? s~' dec™ ") located between 75 and 74°W, which can
also be explained in terms of changes in CCU as mentioned above. Previous research suggests that
upwelling can be responsible of ocean warming modulation at coastal areas [Relvas et al., 2009; Gémez-
Gesteira et al., 2008a, 2008b, 2011; Santos et al., 2012a, 2012c]. In particular, Santos et al. [2012a, 2012¢],
showed that warming is less intense near shore than at ocean locations along the Canary system. This
modulation also affects the number of extreme hot days [deCastro et al, 2014]. Finally, Santos et al.
[2012b], also showed nearshore water cooling along the Benguella Upwelling Ecosystem in contrast with
warming at adjacent ocean locations. This coastal cooling showed to be in good agreement with upwell-
ing strengthening in the area.

4, Conclusions

Within the context of SST increase for the Caribbean region (~0.25°C dec™ '), La Guajira upwelling system
showed a moderate cooling (~—0.05°C dec™ ', no significant) for the months with strong upwelling (JFM).

This cooling is in good agreement with the upwelling increase observed in the region at a rate of
0.04 m? s~ dec” ' during winter months, although the position of the peaks in upwelling and SST trends
do not coincide exactly, which is probably due to the presence of the Caribbean Coastal Undercurrent.

The trends shown here had not been documented in previous research where the focus was on higher spa-
tial scales. This highlights the interest of regional assessments at scales of just a few degrees, which are
especially important in the vicinity of coastal areas affected by upwelling.
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Abstract

The south coast of Java has warmed at a much lower rate than adjacent ocean locations
over the last three decades (1982—2015). This behavior can be observed during the upwell-
ing season (July-October) and it is especially patent in August and September when upwell-
ing attains the highest values. Although different warming rates (ocean-coast) had been
previously observed in other areas around the world, this behavior was always linked to sit-
uations where upwelling increased or remained unchanged. South Java warming is
observed at ocean locations and cooling near shore but under a scenario of decreasing
upwelling (~30% in some cases). The origin of coastal cooling is due to changes in the verti-
cal structure of the water column. A vein of subsurface water, which has cooled at a rate
higher than 0.3°C per decade, is observed to enter from the northwestern part of the study
area following the South Java Current. This water only manifests at surface near coast,
where it is pumped up by coastal upwelling.

Introduction

Climate change is affecting a wide range of systems. In particular are important the impacts
over the oceans which have been subject to global rising temperatures in the last decades [1-3].
Recently, Lima and Wethey [3] analyzed changes in coastal Sea Surface Temperature (SST)
worldwide at a scale of 0.25° over the last three decades (1982-2010). They found that 71% of
the world’s coastlines have been significantly warming and that rates of change have been
highly heterogeneous in both space and season. Since upwelling systems are one of the most
important spots of productivity it is also necessary to analyze in detail the evolution of SST pat-
terns over these areas. Over the last years, several authors have described differences between
warming rates at coastal and ocean locations in different coastal upwelling systems [4-8].
Thus, Lemos and Sanso [4] found a difference of 0.1°C dec™* between coast and ocean locations
along the western Iberian Peninsula using data with a spatial resolution of 0.25°x0.25° from
1901 to 2000. Similar results were obtained by Santos et al. [5] from 1958 to 2008 at a scale of
0.5°. In the Canary upwelling system, Santos et al. [6] detected an ocean warming rate higher
than the coastal one (around 0.5°C dec™) from 1982 to 2010 using high resolution SST data (4
x 4 km). Santos et al. [7] also observed weaker warming trends at coastal locations along the
Benguela upwelling system from 1970 to 2009 considering data on a 1°x1° grid (difference
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ocean-coast ~0.4°C dec™!). More recently, Santos et al. [8] described the existence of a differ-
ence around 0.15-0.2°C dec™ between coast and ocean locations along La Guajira upwelling
system from 1982-2014 at a scale of 0.25°. These differences between coast and ocean along
the different upwelling systems can be linked to the strengthening of coastal upwelling also
detected by some of the previous authors. Recently, Varela et al [9] analyzed trends in the
coastal upwelling regime worldwide using wind data over the last three decades. They also
found increasing trends in upwelling in the coastal areas of Benguela and Canary. These results
suggest the role of upwelling as a moderator of general SST increase in coasts affected by this
mechanism. This fact shows the interest to direct the spotlight towards other local areas of the
world where upwelling is also an important forcing as, for example, the south coast of Java.

Java is located in the Eastern Indian Ocean where the southeast (SE) monsoon dominates
during the austral winter [10-15]. This SE monsoon generates seasonal upwelling which pro-
duces cold water in the surface, creating a difference on SST and biological productivity
between coastal and ocean-ward locations [13, 16-20]. During the rest of the year, westerly
winds linked to the west monsoon arise generating periods of weak and variable winds without
upwelling productivity.

Upwelling along the south coast of Java has been mainly characterized in terms of upwelling
occurrence. This coast presents a constant E-W orientation, showing a different behavior
between the eastern and western coast. The western zone usually presents more intense zonal
winds while coastal upwelling is stronger in the eastern area [15, 21]. Different researchers
have found that upwelling starts in the eastern area and move towards the equator [10, 11, 16,
22-24]. Lower temperature values were also observed along the eastern area associated with
strong upwelling [19, 21].

Upwelling trends along this coast have only been recently analyzed by Varela et al. [9] in
terms of wind stress at a scale of 0.3°. They described a significant negative trend for the entire
coast during the considered upwelling season (May-October) from 1982 to 2010. On the other
hand, Lima and Wethey [3] estimated changes in coastal SST along this coast over the same
period of time (1982-2010) at a scale of 0.25°. These authors found a general coastal warming
almost throughout the year except from June to September mainly at the western area where
negligible and even small negative trends were detected. Considering the results of these two
studies, a decrease in upwelling favorable winds and a small coastal cooling was detected along
the south coast of Java over the last three decades. To investigate these observed patterns,
coastal upwelling and SST trends along this coast will be analyzed in detail during the upwell-
ing season.

The aim of this paper was to analyze SST trends along the south Java coast and its relation
with upwelling during the last 34 years of strong climate change using high spatial resolution
data. Differences in the warming rates between coastal and oceanic locations were also charac-
terized to examine the role played by coastal upwelling. For this purpose, daily SST and wind
data at a scale of 0.25° and 0.3°, respectively, were evaluated during the upwelling season
defined from July to October. Information about the vertical structure of temperature was also
provided considering data from the Simple Ocean Data Assimilation (SODA) project with a
horizontal resolution of 0.5° and a vertical resolution of 40 levels.

Material and Methods

The area under study is the south coast of Java. Fig 1 shows the SST mean for the entire region
over the period 1982-2015 from July to October (upwelling season). SST differences can be
observed between the western and eastern coastal areas with the lowest temperature values at
the easternmost zone. Differences between coast and ocean are also observed with SST
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Fig 1. Mean temperature (°C) calculated from 1982 to 2015 for the upwelling season (July to October)
using OISST . database. Circles and crosses mark points where wind and SST data from CFSR and
OISST Y. were considered.

doi:10.1371/journal.pone.0162122.g001

increasing seaward. The presence of cooler surface water along the coast reveals the existence
of coastal upwelling. Thus, to analyze in detail SST trends and its relation with upwelling, the
area under study was focused on the central region of the southern Java coast from 107° to
113°E. Circles and crosses in Fig 1 represent the points under study in terms of Upwelling
Index (UI) and SST data.

Wind and Heat Fluxes Data

Wind and heat fluxes data were acquired from the NCEP CFSR database at http://rda.ucar.
edu/pub/cfsr.html developed by the National Oceanic and Atmospheric Administration
(NOAA). Data were obtained from the NOAA National Operational Model Archive and Dis-
tribution System, which is supported by the NOAA National Climatic Data Center. Additional
information about the CFSR database can be found in Saha et al. [25]. The spatial resolution is
0.3°x0.3° from January 1982 to April 2011 and 0.2°x0.2° from then on. Data from the latter
period were interpolated on a 0.3°x0.3° grid to use a common resolution over the whole period.
Wind is calculated at a reference height of 10 m with 6-hourly time resolution.

Coastal upwelling analysis needs the use of pixels as close to shore as possible to represent
coastal processes. To avoid problems with land contamination, only coastal pixels with less
than 25% of land were used.

Daily wind data were averaged at monthly scale in order to calculate wind module using the
equation: |[W| = (W? + Wf)l/ * where W, is the zonal wind component and W, is the meridio-
nal wind component.

Ekman Transport components were calculated as follows:

:pacd

Q= Wi+ W)W, (1)
C 1
Q = —St (W Wi, @)

where p,, = 1025Kgm ™ is the sea water density, C; = 1.4 x 107> the drag coefficient, p, =
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1.22Kgm > the air density and fis the Coriolis parameter defined as f = 2Qsin(6) where Q is the
angular velocity and 0 is the latitude.

Ul is defined as the Ekman transport component in the direction perpendicular to the
shoreline as follows [26]:

Ul = —sin (9 - g) Q, + cos <9 - g) Q (3)

where 0 is the angle of the unitary vector perpendicular to the coastline pointing oceanward. In
this study, angles ranged from 250° to 270°. Positive (negative) upwelling indices correspond to
upwelling-favorable (unfavorable) conditions.

Heat fluxes (shortwave, longwave, latent and sensible) were also obtained from the CFSR
database at monthly scales. The net heat flux (Qr) through the ocean surface was calculated fol-
lowing Eq (4):

Qr = Qg+ Quy + Qs+ Q (4)

where Qgy is the shortwave flux, Qryy is the longwave flux, Qg is the sensible heat flux and Q.
is the latent heat flux. A negative (positive) heat flux implies that ocean is losing (gaining) heat.

Temperature data

Daily SST values were obtained from the Optimum Interpolation Sea Surface Temperature
(OISST) % database. This database uses Advanced Very High Resolution radiometer
(AVHRR) infrared satellite SST data and data from ships and buoys to build a regular global
grid (more information can be found in Reynolds [27] and Reynolds and Chelton [28]). Daily
files with a spatial resolution of 0.25°x0.25° were obtained from the NOAA website (http://
www.ndc.noaa.gov/sst/). Daily SST values were averaged at monthly scale in order to calculate
SST assuming linear regression.

Sea Temperature data beneath the sea surface were also obtained from the Simple Ocean
Data Assimilation (SODA). This project has reanalyzed data from different sources (oceano-
graphic cruises, satellite, model simulations). Reanalysis data are available at monthly scale
with a horizontal resolution of 0.5°x0.5° and a vertical resolution of 40 levels (http://apdrc.
soest.hawaii.edu/las/v6/dataset?catitem=3273) from 1958 to 2010. Detailed information about
the methodology can be found in Carton et al. [29-30].

Upwelling index, heat flux and Temperature trends

Trends were calculated at each pixel as the slope of the linear regression of UI, heat flux and
temperature anomalies versus time. Monthly anomalies were calculated by subtracting from
the UL heat flux and temperature of a certain month the mean UL, heat flux and temperature
of that month over the period 1982-2015. All trends were calculated using raw data without
any filter or running mean. The Spearman rank correlation coefficient was used to analyse the
significance of trends due to its robustness to deviations from linearity and its resistance to the
influence of outliers. The significance level of each pixel is shown in the figures for those points
that exceed 90% (circle) or 95% (square) of significance.

Results and Discussion

Fig 2 shows the annual cycle of SST (Fig 2A) and UI (Fig 2B) calculated along the coastal points
marked in Fig 1 (circles). The lowest SST values (24.5-26.5°C) are detected from July to Octo-
ber (Fig 2A) for almost the entire region. Minimum values are obtained between 110°E and
113°E in accordance with previous works [21]. For the rest of the year SST values are around
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Fig 2. (a) Annual cycle of SST (°C) along the coast of Java (Fig 1 circles) calculated for the period 1982 to
2015 using OISS ¥ database; (b) Annual cycle of Ul (m?s™) along the coast of Java (Fig 1 circles)
calculated for the period 1982 to 2015 using CFSR database.

doi:10.1371/journal.pone.0162122.g002

27-29°C. The annual cycle of UI (Fig 2B), shows positive values from April to November all
along the coast as pointed out in previous studies [16, 31]. The highest values are observed
from July to September when southeast monsoon prevails. Considering the UI pattern along
the coast, maxima are found from 110°E to 112°E with values up to 4.5 m?2sL. In contrast, from
December to March westerly winds dominate and negative values of UI (around -2.5 m’s™")
are obtained.

To analyze the differences in SST at coastal and oceanic locations, the annual cycle of SST
meridionally averaged over the points shown in Fig 1, both coastal (circles) and ocean
(crosses), was calculated (Fig 3A). From November to June coastal and oceanic SST values
remain very similar, while from July to October differences between coastal and oceanic points
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using OISST % database. (b-d) Monthly SST trends (°C dec™) calculated for the period 1982 to 2015 from July to October using OISST % database.

doi:10.1371/journal.pone.0162122.g003

are clearly detected. The highest differences (~1°C) occur between August and September
when UI presents higher values (Fig 2B). This different behavior between coastal and oceanic
locations indicates a clear influence of upwelling on SST pattern along the coast. Upwelling
forcing on SST is an important oceanographic feature in coastal upwelling regions due to the
intense pumping of cooler and deeper water to the surface. The importance of this mechanism
as a moderator of SST increase has been analyzed by several researchers along different coastal
upwelling systems. Thus, Gomez-Gesteira et al. [32] studied the Canary Upwelling System
from 1986 to 2006 finding SST differences between coast and ocean on the order of 3°C from
August to October linked with the existence of upwelling favorable conditions. Similar results
were obtained by Barton et al. [33] for the period 1981-1991 and by Santos et al. [6] from 1982
to 2010. Along the western Iberian Peninsula, Santos et al. [34] found ~1°C of difference
between coastal and oceanic locations from 1900 to 2008. Moreover, Santos et al. [7] observed
differences between coast and ocean SST values up to 2°C for the period 1900-2009 along the
Benguela upwelling system.

The differences in SST evolution at coastal and oceanic locations along the south coast of
Java over the last decades of climate change were also evaluated in terms of warming rates.
Considering the seasonal differences shown above, the analysis was carried out from July to
October. Fig 3B-3E shows the monthly SST trends for the entire region over the period 1982—
2015 during these months. A general warming trend is observed for all months especially in
the open ocean. The coastal area presents a different behavior with warming rates lower than
the oceanic one. In fact, during July and October no tendency is observed along the coast. Only
a spot of small negative trends is detected between 107°E and 109°E in July. Focusing on
August and September, when UI presents higher values (Fig 2B), a negative trend can be
observed all along the coast with values up to -0.05°C dec™. As previously mentioned, Lima
and Wethey [3] analyzed changes in coastal SST along this coast using the same database than
the present study during 1982-2010. They also reported small negative trends around June and
July. It is necessary to take into account that these authors analyzed trends of SST along the
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south coast of Java as part of the whole Eastern Indian Ocean. Thus, it is difficult to clearly
identify the months and coastal zones where negative trends were detected.

A more complete analysis of the differences between the coast and open ocean along the
south coast of Java can be observed in Fig 4 in terms of SST means and trends. Fig 4A and 4B
(c,d) shows the SST mean and trend from July to October (August-September) for the points
located along the coast (blue line) and in the ocean (red line). SST means and trends present
higher values at the ocean locations than near the coast for both cases. From July to October
(Fig 4A), SST at ocean points presents a similar value all over the region while at coastal loca-
tions SST decreases from west to east. The lowest difference (~0.2°C) between coast and ocean
locations is observed at the western region. This difference increases eastward reaching a maxi-
mum of 1°C around 111°E, which corresponds to the area with stronger Ul values (Fig 2B).
Analyzing SST trends (Fig 4B), positive values are obtained in both cases (coast and ocean),
although the ocean warming rate is higher than the coastal one at all longitudes. The lowest dif-
ferences between coast and ocean are detected from 111°E to 113°E where ocean and coastal
trends are closer. The same analysis was also carried out from August to September (Fig 4C
and 4D), the months with the highest difference between coastal and ocean points (Fig 3A).
Considering SST means, a pattern similar to the one shown for July-October can be observed
with higher values in the ocean locations. Nevertheless, in this case, differences between coast
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and ocean increase, reaching values around 0.4°C at the western region and 1.2°C at the east-
ernmost longitudes. In terms of SST trends (Fig 4D), the pattern is different from the previous
case (Fig 4B). Thus, trend values along the coastal points are mostly negative for the entire
region with a difference around 0.25°C dec™ in relation to the ocean.

Previous results have shown that SST trends along the coast can change substantially
depending on the different months considered to the analysis. Earlier studies on different
upwelling areas showed a high dependence of trends on the length of the time series and even
on the season evaluated in the analysis [9, 35-36].

As previously mentioned, differences between coastal and ocean warming rates have been pre-
viously reported along different upwelling regions as the Western coast of the Iberian Peninsula,
the Canary Upwelling system and the Benguela Upwelling System [4-7]. These differences were
linked to the strengthening of coastal upwelling acting as a moderator of SST increase. The varia-
tion of UI along the last three decades of intense climate change along the south coast of Java is
shown in Fig 5. Results are shown from July to October (blue line) and from August to September
(red line). The rate of change of UI decreases for both periods, being more negative from July to
October with values around 30%. From August to September the rate of change is around 15-
20%. These results are in good agreement with upwelling trends recently obtained by Varela et al.
[9] in terms of wind stress from 1982 to 2010. They detected a significant decreasing trend for
the entire coast considering the upwelling season from May to October.

Results obtained in the present study show that ocean warming is significant and coastal
warming negligible during the upwelling season (July to October). In addition, cooling is
observed near shore and warming at the ocean during the central months of the upwelling sea-
son (August-September). Nevertheless, UI was observed to decrease in both cases. This

PLOS ONE | DOI:10.1371/journal.pone.0162122 September 8,2016 8/14



@‘PLOS | ONE

SST Trends in Java

a) Total Heat Flux Mean (W m™%)

100

50

13°s|]
106°E 108°E 110°E 112°E 114
b) -2 -1
Total Heat Flux Trend (W m ™ dec )
12
705 11
l 10
8°s I 9
9°s | 8
10°S | !
6
11°s | 5
12°s I 4
13°s 3
2

106°E 108°E 110°E 112°E 114°E

Fig 6. (a) Heat flux mean (W m2) and (b) trend (W m2 dec™) calculated over the period 19822015 (July-
October). Black dots represent grid points with significance higher than 95%. A negative (positive) value
implies that ocean is losing (gaining) heat.

doi:10.1371/journal.pone.0162122.g006

behavior is different from the one observed at other upwelling regions worldwide [6-9, 35, 37-
40], where the different warming rates (sometimes cooling near shore) were due to unchanged
or enhanced upwelling scenarios. Upwelling was considered as the main driver in such a way
that its mere presence, which pumped cold water up, was enough to hinder surface water
warming at the same rate as adjacent ocean water. In those cases where upwelling strength-
ened, the mechanism became even more efficient and limited warming could turn into cooling
as observed in Benguela and La Guajira Upwelling Systems [7, 8].

To better understand the apparent contradiction along the south coast of Java, the role of
heat exchange between ocean and atmosphere (Fig 6) and the influence of advection processes
(Fig 7) were analyzed. Fig 6 shows the mean heat flux and its trend calculated over the upwell-
ing season (July-October). Ocean gains heat (positive values) over a large part of the area under
scope (Fig 6A). The highest values are observed nearshore, especially in the central and eastern
parts, which coincide with the area where the lowest mean SST values are detected (Fig 1).
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Fig 7. Temperature trend (°C dec™) calculated for the period 1982 to 2010 from July to October at different layers around the south coast of

Java using SODA database.

doi:10.1371/journal.pone.0162122.9007

Total heat flux trends (Fig 6B) show an increase for the whole area with values between 3-12
W m™ dec’". These results suggest that heat exchange between ocean and atmosphere is not
the forcing that drives the cooling pattern found in the upwelling area since no differences in
heat exchange were detected between coastal and ocean locations.

PLOS ONE | DOI:10.1371/journal.pone.0162122 September 8,2016

10/14

84



@’PLOS ‘ ONE

SST Trends in Java

-100+ / ]

Depth m

-140+ { .

-180+ ( 1

| | | | |

-04 -0.2 0 0.2 04

Temperature trend (°C dec'l)

Fig 8. Temperature trend (°C dec™) calculated for the period 1982 to 2010 from July to October near coast
(blue line) and at the ocean (red line) along the longitude 110°E using SODA database.

doi:10.1371/journal.pone.0162122.g008

Changes in the temperature of the water column (obtained from SODA) were also analyzed
as a possible cooling mechanism along the south coast of Java. Fig 7 shows the temperature
trends calculated in a wide region around the south coast of Java for eight different layers
(from 5 to 200 m) over the upwelling season (July-October). The upper layer (5 m) shows a
general warming trend all over the region except along the south coast of Java where a negative
temperature trend around -0.1°C dec' and -0.2C dec™ is observed. This cooling trend spreads
to the south and west of the region reaching its maximum extension around 100 m with mini-
mum values around -0.5°C dec™'. From then on, the area where the temperature trend is nega-
tive becomes smaller with depth and beneath 200 m the negative trend disappears. Note that
white regions along the northern coast of Java and at the southeast corner of the map represent
no data due to the shallowness. This figure clearly indicates that the water from subsurface lay-
ers along the south coast of Java shows a cooling trend over the last three decades. Two vertical
sections along the longitude 110°E (Fig 8) were also analyzed using SODA to better analyze the
vertical structure of temperature trend from July to October near coast and at ocean locations.
Blue (red) line shows the vertical profile calculated near the coast averaging data from 8° to
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9.5°S (11.5° to 13°S). Trends are positive at the ocean (red line) decreasing from the upper to
deeper layers. As shown in the previous figure, trends are negative near shore (blue line), being
the highest value (around -0.4°C dec™) observed between 40-100 m.

In summary, previous results indicate that the role of heat exchange between ocean and
atmosphere is negligible to explain the different warming patterns observed at coastal and oce-
anic areas when compared with ocean processes. Thus, horizontal advection (cool water
advected by the South Java Current [41, 42]) and vertical entrainment due to upwelling are the
main forcings that drive cooling off Java. In spite of the moderate decrease in UI, the combina-
tion of both processes is still efficient to bring cooled water to the surface.

Conclusions

Within a context of climate change with a general upward trend in terms of SST, the south
coast of Java has shown a different behavior over the last three decades (1982-2015). A small
coastal warming was detected over the upwelling season (July-October) along with a moderate
decrease in Ul This behavior contrasts with that observed in other upwelling regions as Ben-
guela, Canary or La Guajira upwelling Systems where a moderate coastal warming, or even
cooling, was linked to the strengthening in coastal upwelling.

The analysis of the heat exchange between ocean and atmosphere showed that this forcing
was not the responsible of the cooling trend found in the upwelling area. In fact, the vertical
structure of water temperature along the south coast of Java showed that subsurface layers have
experienced a cooling trend over the last three decades. Thus, although UI presented a negative
trend, it can still pump cooled water to the surface.

Trends shown in this work confirm the interest of studying local areas where upwelling is
an important forcing, taking advantage of the high spatial resolution of databases to resolve
conditions at the scale of coastal upwelling. The obtained results also showed the interest of
analyzing the properties of subsurface water masses, especially in areas where they can be
brought to surface by upwelling.
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Abstract

The coastal area north of Yucatan has experienced a cooling SST trend from 1982 to
2015 during the upwelling season (May-September) that contrasts with the warming
observed at the adjacent ocean area. Different drivers were analyzed to identify the
possible causes of that unusual coastal cooling. Changes in coastal upwelling and in
sea-atmosphere heat fluxes are not consistent with the observed coastal cooling. The
eastward shift of the Yucatan Current observed over the last decades is hypothesized as
the most probable cause of coastal cooling. This shift enhances the vertical transport of
cold deeper water to the continental shelf from where it is pumped to the surface by
upwelling favorable westerly winds.

Keywords: Upwelling, Yucatan, sea surface temperature, wind, current direction, shelf

dynamics, warming, cooling



1. Introduction

Over the last decades, the scientific community has focused its attention on the impact
of climate change. Ocean plays a key role in regulating that impact since it has absorbed
the vast majority of the heat gained by the Earth (Levitus et al., 2005, Mikaloff-Fletcher
et al., 2006, Levitus et al., 2012).

Upwelling systems are productive oceanic areas with important socio-economic
implications. In fact, upwelling systems only occupy 1% of the world’s ocean but more
than 20% of fish catches occurs there (Pauly and Christensen, 1995). These systems are
especially vulnerable to climate change that can affect not only the physical component
(water temperature and wind patterns) but also productivity of the area.

Regarding ocean temperature, several authors have observed different rates of warming
depending on the location (Harrison and Carson, 2007; Lima and Wethey, 2012,
Cheung et al., 2013). This variability is even more marked at regional scale. In this way,
a different warming rate has been observed for coastal and oceanic locations in some of
the most important upwelling systems: Benguela, Canary, West Iberian Peninsula, Java
or La Guajira (Lemos and Sans6, 2006, Santos et al., 2012a,b,c, Santos et al., 2016,
Varela et al., 2016). Most of these studies have linked the different warming rates at
coast and ocean with the strengthening of coastal upwelling, which can act as a
moderator of climate change. A complete study about the evolution of upwelling in the
main upwelling areas worldwide can be observed in Varela et al., (2015).

In the coastal zone of the Yucatan Peninsula two very different upwelling processes
occur: a typical wind related upwelling in the northern coast of the Peninsula and a
dynamic upwelling in the northeastern corner of the Peninsula. Yucatan is localized in
the south-eastern area of the Gulf of Mexico around 21°N and between 269-274°E

(Figure 1). The northern coast of the Yucatan Peninsula follows a marked zonal



orientation. In general, the area is characterized by a wide continental shelf that extends
over 250 km (Ruiz-Castillo et al., 2016), being much narrower east of the Yucatan
Peninsula. Easterly and northeasterly winds (trade winds) prevail throughout the year
giving rise to conditions that favor upwelling over the northern coast of the Yucatan
shelf (Merino, 1997, Pérez-Santos et al., 2010, Enriquez et al., 2013, Ruiz-Castillo et
al., 2016). Ruiz-Castillo et al., (2016) examined coastal upwelling using Advanced Very
High Resolution Radiometer (AVHRR) and Cross-Calibrated Multi-Platform (CCMP)
from 1986 to 2009 and 1988 to 2011, respectively, to analyze SST and wind patterns.
These authors obtained positive values of upwelling index (Ul) throughout the year,
with the highest values observed from March to July. Similar results were obtained by
Pérez-Santos et al., (2010), who considered that Ekman Transport was the main process
favoring permanent coastal upwelling at the northern coast of the Yucatan Peninsula.
The prevalence of upwelling favorable winds confers this region distinguishable
chrorophyll-a properties when compared with adjacent areas, highlighting the biological
impact of upwelling (Salmeron-Garcia et al., 2011, Pérez- Santos et al., 2014).

A different upwelling process occurs form April to September in the form of sharp and
intense pulses of deeper water masses into the northeastern corner of Yucatan, attracting
species of ecological and commercial interest as the whale shark (Rhincodon typus)
(Cardenas-Palomo et al., 2015). Actually, the upwelling region has been declared a
biosphere reserve for this specie. It is crucial to analyze temperature variation in this
area, especially within the context of climate change, since changes in warming patterns
can induce changes in biodiversity at the ecosystem level (e.g: latitudinal shifts on the

distribution of species).
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Figure 1 | Bathymetry of the area under study. Dots (crosses) mark the coastal
(oceanic) location where wind and SST were obtained. The solid line represents the

transect where temperature variability was analyzed.

Different authors have focused their research on SST patterns in this area. A cold band
is observed during summer months along the coast associated with upwelling favorable
winds (Zavala-Hidalgo et al., 2006, Ruiz-Castillo et al., 2016). A 7 year analysis of SST
from AVHRR satellite carried out by Zavala-Hidalgo et al., (2006) showed cold coastal
water in Yucatan from May to August with a peak in July, during these months the
difference in temperature between coast and ocean can be up to 2°C. del Monte-Luna et
al., (2015) related the recurrent upwelling in the area to the cold water found north of
Yucatan Peninsula. Ruiz-Castillo et al., (2016) observed a cold water band in the inner
shelf starting in April with differences up to 1°C with the warm waters off the Yucatan
shelf. This effect continues at least until October. Regarding SST trends, Lima and

Wethey, (2012) used data from AVHRR to analyze SST variations over the period
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1982-2010. For the case of Yucatan, they obtained a slight cooling during most of the
year. However, that cooling trend cannot be associated with positive trends of Ul in the
area, as observed in other regions (Santos et al., 2012a,b,c). In fact, Varela et al., (2015)
obtained negative trends of wind stress for the area of Yucatan using wind stress data
from the Climate Forecast System Reanalysis (CFSR) over the same period.

Other authors have pointed out that wind forcing is not enough to explain the
appearance of colder water in the innermost area of the Yucatan shelf (Enriquez and
Marifio-Tapia, 2014; Reyes-Mendoza et al., 2016; Souza et al., 2016; Carrillo et al.,
2016). Enriquez and Marifio-Tapia, (2014) found that the characteristics of the Yucatan
Current (YC) could influence the upwelling in the area, in such a way that, when YC
separates from the continental slope, favors the enhancement of positive vertical
velocities, which raise cold, nutrient rich water to the surface layer. Similar results were
obtained by Carrillo et al., (2016) who observed an uplifting of the isotherms under the
action of the YC, which evidence the existence of upwelling in the area. Thus, the
enhancement of the YC can lead to the reinforcement of upwelling in the area (Enriquez
and Marifio-Tapia, 2014; Carrillo et al., 2016, Souza et al., 2016).

The aim of this paper is to analyze SST variability along the Yucatan upwelling system
over the last three decades. This variability will be related to different drivers like

upwelling index, heat exchange with the atmosphere or changes in the Yucatan current.

2. Data and Methods

2.1. Temperature data

Daily SST values were retrieved from the Optimum Interpolation Sea Surface
Temperature (OISST) Yadatabase (http://www.ndc.noaa.gov/sst/). This database was

built by means of Advanced Very High Resolution radiometer (AVHRR) infrared



satellite SST data and data from ships and buoys (Reynolds, 2009 and Reynolds and
Chelton, 2010). A special method of kriging (Optimum interpolation) was used to
construct a regular grid (0.25° x 0.25°) containing data from 1982 to nowadays.

Sea Temperature data along the water column was obtained from the Hybrid Coordinate
Ocean Model (HYCOM). HYCOM uses satellite altimeter observations, satellite and in-
situ sea surface temperature. Also, in-situ vertical temperature and salinity profiles from
XBTs, ARGO floats, and moored buoys, using the NRL-developed Navy Coupled
Ocean Data Assimilation (NCODA) system (Cummings, 2005; Cummings and
Smedstad, 2013). HYCOM has a horizontal resolution of 1/12°x1/12° at 3-hour time
steps and 40 standard depth levels covering the period from 1993 to present.

2.2. Wind data

Wind data were obtained from the NCEP CFSR database at
http://rda.ucar.edu/pub/cfsr.ntml developed by the National Oceanic and Atmospheric
Administration (NOAA). Data were acquired from the NOAA National Operational
Model Archive and Distribution System, which is supported by the NOAA National
Climatic Data Center (Saha et al., 2010). Wind was calculated at a reference height of
10 m with 6-hourly time resolution. The spatial resolution was 0.3°x0.3° from January
1982 to April 2011 and 0.2°x0.2° from then on. A common resolution over the whole
period under study was used by interpolating data on a 0.3°x0.3° grid. Daily wind data
were averaged at monthly scale. Only coastal pixels with less than 25% of land were
used to avoid problems with land contamination.

Ekman Transport components were calculated following:
= paSd (2 | 2y, 1
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where W, is the zonal wind component and W, is the meridional wind component,

pw = 1025Kgm~3 is the sea water density, C; = 1.4 x 1073 the drag coefficient,
pe. = 1.22Kgm~3 the air density and f is the Coriolis parameter defined as f =
20sin(@) where £2 is the angular velocity and 6 the latitude.

Ul is the Ekman transport component in the direction perpendicular to the shoreline

(Nykjaer and Van Camp, 1994):

Ul =—sin (¥ -2)Q, +cos (¥ -3) 0, 3)
where ¥ is the angle of the unitary vector perpendicular to the coastline pointing
oceanward. In this study the angle was set to 90° for the whole region. Positive
(negative) upwelling indices correspond to upwelling-favorable (unfavorable)
conditions.

2.3. Ocean currents
The velocity components (longitude and latitude) were also obtained from the HYCOM
+ NCODA Global 1/12° Reanalysis database (see description above). Each velocity
component is characterized by three indices (i, j, k) that determine the grid point.
2.4. Heat flux data
Heat fluxes were also obtained from CFSR database (see description above).
Shortwave, longwave, latent heat and sensible heat were retrieved at monthly scale from
1982 to 2015. Total net heat flux (Qt) through the ocean surface was calculated
following equation (4):

Qr = Qsw + Quw + Qs + 0y, 4
Where Qsw is the shortwave flux, QLw is the longwave flux, Qs is the sensible heat flux
and Qv is the latent heat flux. Negative (positive) heat fluxes imply that ocean is losing
(gaining) heat.

2.5. Calculation of trends



Trends were calculated at each pixel as the slope of the linear regression of the anomaly
of each variable versus time. Monthly anomalies were calculated by subtracting from
the value of a certain month the mean value of that month over the period 1982-2015.
All trends were calculated using raw data without any filter or running mean. The
Spearman rank correlation coefficient was used to analyze the significance of trends due
to its robustness to deviations from linearity and its resistance to the influence of
outliers.

2.6. Control of thermohaline changes

Temperature variability along the water column will be interpreted using the model
proposed by Bindoff and McDougall, (1994). According to their methodology it is
possible to know if changes in a scalar property detected along isobars are due to
changes on isopycnals or vertical displacements of isopycnals. Changes on isopycnals
are related to heat flux variability (pure warming) and freshwater flux variability (pure
freshening) in the water formation area (Jackett and McDougall, 1997; Arbic and
Owens, 2001). On the other hand, vertical displacements of isopycnals are related to the
process that Bindoff and McDougall, (1994) define as pure heaving. This process
results in water masses sinking or rising without changing their intrinsic properties.
These displacements are caused by wind stress variability or changes in the water

formation rates. The model proposed by Bindoff and McDougall, (1994) is applied

»)

The left term accounts for time variation of a scalar property (potential temperature in

following

de
dt

de

_de _dp
p dt

dt

n

the present study) along isobars. The first term on the right hand accounts for time

variation of the scalar property along isopycnals. The last term takes into account the



rate of change of isopycnals displacements and the vertical gradient of the scalar
property, which together refer to the vertical displacement of isopycnals. Vertical

gradients are assumed to be constant in time.

3. Results and discussion

Monthly SST mean fields are shown in Figure 2. Overall, two different patterns are
observed in the area throughout the year. On the one hand, from November to April
similar values are detected between coastal and oceanic locations on the Yucatan shelf
(around 23.5-26°C depending on the month). Moreover, a tongue of warmer water
(values around 26-27.5°C) spreads from the Caribbean Sea through the Yucatan
Channel during these months. Colder water is observed from June to September near
the northern coast of Yucatan in contrast with the warmer oceanic water. The difference
between both water masses is close to 2.5°C. Finally, May and October can be
considered as transition months since cold water is observed in the shelf of North
Yucatan although the differences between coast and ocean are small. Seasonal SST
differences between coast and ocean had been also observed in some of the most
important upwelling systems in the world as Benguela, Canary, La Guajira or Java
(Lemos and Sans6, 2006, Santos et al., 2012a,b,c, Santos et al., 2016, Varela et al.,
2016). In the case of North Yucatan, SST differences between coast and ocean can be
related to the existence of a relatively strong upwelling in the area (Pérez-Santos et al.,
2010, Ruiz—Castillo et al., 2016). Mendoza et al., (2005) used a model based in the
thermal energy equation to simulate SST in the Gulf of Mexico obtaining differences
around 3°C in July between coast and the adjacent ocean zone. Similar results were
obtained by Zavala-Hidalgo et al., (2006) who observed colder coastal water north of

Yucatan Peninsula from May to August with a peak in July.
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Figure 2 | Monthly mean SST (°C) over the period 1982-2015 obtained from OISSTY*

database.
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Differences between coastal and oceanic locations are represented in Figure 3. Points
where SST was averaged to obtain coastal (black dots) and oceanic (black crosses)
values are marked in Figure 1. Blue (red) line identifies the annual cycle of SST for
coastal (oceanic) locations averaged meridionally. Oceanic SST shows higher values
when compared with coastal locations. The lowest ocean temperatures are found from
January to March (24°C) and the highest ones in August (up to 29.5°C). Similar results
are observed near coast but the highest SST value was found in September (28°C).
Although ocean SST is always higher than near coast, the greatest differences are found
from May to September, ranging from around 1°C in May to near 2°C in August. Reyes-
Mendoza et al., (2016), who analyzed the effects of wind on upwelling off Cabo
Catoche, detected that upwelling was higher from March to September. These results
are consistent with those obtained in Figure 2 and allow focusing the present study on
May-September months, when the highest differences between coastal and oceanic SST

were found.
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Figure 3 | Annual cycle of SST (°C) meridionally averaged at coastal (blue line) and
ocean locations (red line) over the period 1982 to 2015 using OISST* database.

Sampling points marked in Figure 1.

Figure 4 shows SST trends over the period May to September, when the difference
between coast and ocean is more visible. An increasing pattern is obtained for ocean
locations with values ranging from 0.1 to 0.2°C dec™. A negative trend was observed at
coastal locations (-0.1°C dec™). Thus, the difference between coastal and oceanic rates
is higher than 0.25°C dec™. This behavior had also been observed in some of the major
upwelling systems in the world. Santos et al., (2012b) found different rates between
coast and ocean higher than 0.3°C dec in the Benguela Upwelling System from 1970
to 2009. In the case of Canary Upwelling System, Santos et al., (2012c) observed
differences up to 0.1°C dec™ from 1982 to 2010. For the cases of Java or La Guajira,
Varela et al., (2016) and Santos et al., (2016) found different rates between coast and
ocean around 0.3°C dec™ respectively over the last three decades. A complete study of
worldwide SST trends can be observed in Cheung et al., (2013).

Overall, the presence of cooling trends has been associated to the reinforcement of
upwelling in some areas (Benguela, Canary, Peru) (Narayan et al., 2010, Patti et al.,
2010, Rahn and Garreaud, 2013, Cropper et al., 2014). However, this behaviour has not
been homogeneous among the worldwide upwelling systems showing, in some cases, a
weakening in upwelling (Varela et al., 2015). To analyze the possible causes of these
different warming rates, the upwelling index trend was calculated over the period 1982-
2015 considering the spring-summer seasons (May-September) (Figure 5). Negative
upwelling trends were obtained for the whole area with values between -0.055 m? s

dec and -0.090 m? s dec™. Thus, it is evident that the reinforcement of upwelling in
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the area is not the main factor that drives cooling SST trends in the Northern coast of

Yucatan.

Trend (°C dec'l)

200 — — ———
é\'z"w 91°w  90°w 89

°w 88°W 87°W gg°W

0.2

0.15

0.1

Figure 4 | May-September SST trend (°C dec) calculated over the period 1982-2015

using OISSTY* database.

-0.055

-0.06

-0.065

-0.07

1 dec'l)

w

2

0.075¢

(m

-0.08

Itrend

-0.085+

-0.09

270 270.5 271 271.5
Longitude

272

272.5

Figure 5| Ul trend (m? s dec?) calculated over the period 1982 to 2015 averaged

from May to September using CFSR database.

15

104



Once changes in upwelling have been dismissed as a driver in coastal cooling,
variations in the total heat flux between atmosphere and sea were also calculated
(Figure 6). Total heat flux trends show an increase for most of the area with values
between 6-12 W m dec?, which means that ocean has gained heat during the last
decades. Coastal and oceanic locations did not show any difference in heat exchange
variability in the upwelling area so, heat exchange between atmosphere and ocean,

should also be discarded as a key factor in the occurrence of near shore cooling.

Total Heat Flux Trend (W m dec'l)

91°w 90°W 89°W 88°W 87°W 86°W

Figure 6 | Heat flux trend (W m dec™) calculated over the period 1982-2015 (May-
September). Black dots represent grid points with significance higher than 95%. A

negative (positive) value implies that ocean is losing (gaining) heat.

As previously mentioned, the Yucatan Current can be one of the factors responsible of
the SST variability detected along the North Yucatan coast because it conditions
upwelling processes that bring water from the Caribbean Sea to the Yucatan Shelf
(Merino, 1997; Zavala-Hidalgo et al., 2006; Carrillo et al., 2016; Souza et al., 2016).

Different mechanisms have been suggested to explain the relation between the upwelled
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water and the YC. Cochrane, (1963, 1966) proposed that friction from the bottom layer
with the YC generates a vertical Ekman transport, while Bulanienkov and Garcia,
(1973) suggested that the interaction between the YC and the undercurrent off Cuba
originated the vertical transport. More recently, Enriquez and Marifio-Tapia, (2014)
observed that the trajectory of the YC is important in the development of upwelling.
Using a numerical model they proved that, when the YC is directed to the northeast,
vertical velocities became positive along the continental slope favoring the appearance
of colder water over the Yucatan Shelf. Thus, a northeast trajectory of the YC can lead
to changes in the thermohaline properties of the sea water that extends towards the west
along the Yucatan Shelf. In addition, Carrillo et al., (2016) observed through in-situ data
collected in oceanographic cruises, that upwelling was stronger in the area north of
21°N when the YC separates from the coast. A similar phenomenon was previously
described in the Agulhas Bank to explain upwelling (Lutjeharms et al., 2000). Souza et
al., (2016) also hypothesized that the interaction between YC and topography could
explain upwelling.

Therefore, it is crucial to analyze YC variability to know whether or not cooling along
the north coast of Yucatan Peninsula can be related to changes in the YC trajectory.
With this aim the following procedure was applied: a) The YC path along the eastern
area of the Yucatan Peninsula was defined as the vein of maximum current velocity in
the sub-surface (100m depth); b) the pixel with the maximum module velocity was
selected for each latitude and for each month. Thus, for example, to detect where the
core was at 20.25°N at a certain month all pixels corresponding to this latitude between
84-87°W were analyzed and the pixel with the maximum module velocity was
considered as the location where the core of the YC flows at this particular month. A

value of 1 was assigned to the selected pixel and O to the rest. This procedure was
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repeated for each latitude (from 20.25°N to 23 °N) and for each month, considering only
May-September months from 1993 to 2015. In this way, the summation of all images
corresponding to each month show the most usual path (Figure 7a). Results are
represented as the percentage of times that the maximum velocity was detected. Thus, a
value of 70 means that the maximum current velocity at a particular latitude was found,
at that pixel, 70% of the months. Figure 7a represents the most usual path where the YC
core flows. This stream flows between 86°-87° W following the continental slope
among 20-22° N (Figure 1). c) Once the path of the YC core was detected for each
month, two periods (1993-2003 and 2005-2015) were compared to detect possible
changes in the YC path. A composite of images was built for every period and the
composite of the first period was subtracted from the one of the last period. Changes in
the YC direction from 1993 to 2015 are shown in Figure 7b. Negative values (blue)
denote the prevalent path during the first decade, while positive values (red) show the
prevalent path during the last decade. Therefore, it was observed that YC has shifted to
the east at 21-22° N. According to Enriquez and Marifio-Tapia, (2014), this shift should
favor a greater vertical transport along the continental slope, which in turn, would cause
thermohaline variations in the upwelled sea water. To confirm this fact, temperature
variability was analyzed along the transect shown in Figure 1 (black solid line), which

was selected following the procedure described above (see Figure 7a).
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Figure 7 | (a) Path followed by the Yucatan Current core averaged over the period
1993-2015 considering May-September months. (b) Evolution of the Yucatan
Current path from 1993 to 2015 (May-September) using HYCOM database. Negative
values (blue) denote the path of the YC in the first decade (1993-2003) and positive

values (red) denote the path of the YC in the last decade (2005-2015).
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Thus, temperature trends for the upper 400m of the water column along that transect are
represented in Figure 8 over the period 1993-2015 (May-September). The most
remarkable feature is that cooling (~-0.3°C dec™) was observed between 50-200m only
at the northern part of the studied transect. That area coincides with the location where
the Caribbean Subtropical Underwater (CSUW) water mass upwells to the Yucatan
shelf (Enriquez et al., 2013; Ramos-Musalem, 2013; Carrillo et al., 2016). This water
mass has its core around 150m deep. Therefore it can be concluded that the sea water
that upwells from Caribbean Sea and expands along the deepest layers of the Yucatan
shelf has cooled over the period 1993-2015. This fact explains the contrast between
cooling along the coast and warming in the oceanic area of the Yucatan shelf (Figure 4).
The cold water that upwells at the Yucatan shelf occupies the bottom layers (Enriquez et
al., 2013) and it only shows near surface at a narrow fringe near coast due to the

upwelling caused by the prevalence of trade winds in the region.
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Figure 8 | Temperature trend (°C dec) calculated using HYCOM database over the
period 1993-2015 for May-September months at the upper 400m of the water column

(solid line in Figure 1). The contour line corresponds to the absence of trend.

Finally, the model proposed by Bindoff and McDougall, (1994) (see eq. (5)) was
applied to analyze the cause of the changes detected in Figure 8. The model was applied
to the northern half of the transect (north of 21°N) since it is the area where significant
cooling was observed. According to Figure 9, cooling was detected along isobars (red
line) from 50m to 150m, in good agreement with Figure 8, with a maximum cooling
rate (~-0.02°C y1) at ~75m. It can be observed that cooling is mainly due to vertical
displacement of isopycnals (green line) in the upper part of the water column (50-
100m), although a slight cooling was detected from 100m to 150m mainly due to
changes in the intrinsic properties of the water (red line). Taking into account that
temperature decreases with increasing depth, it can be concluded that the observed
cooling was caused by the uplifting of isopycnals. This fact is consistent with previous
research. Merino, (1997) observed the raise of isotherms and isohalines in the area.
Ramos-Musalem, (2013) also found water uplift from 120m until less than 40m along

the eastern part of the Yucatan Shelf.
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Figure 9 | Decomposition of temperature changes along isobars (red line) as the sum
of changes along isopycnals (blue line) and changes due to vertical displacement of

isopycnals (green line).

4. Summary

Sea surface warming was detected at oceanic locations north of Yucatan Peninsula and

cooling was observed at the coastal zone, especially over the period May-September.
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Whilst the amplitude of ocean warming is similar to the amplitude found in most of the
North Atlantic areas, coastal cooling constitutes a differential fact.

Analyzing near-shore thermal variability at the Yucatan shelf is a complex task since
the area is under the influence of different drivers. Despite wind induced upwelling
plays a key role in the area, the observed decrease in upwelling index is not consistent
with coastal cooling. In a similar way, the sea-atmosphere heat exchange is
homogeneous for the whole area, without differences between coast and ocean.
Consequently, heat exchange should also be discarded as a possible reason for near-
shore cooling.

On the other hand, the core of the Yucatan Current has experienced an eastward shift
over the last decades. According to previous studies, this shift enhances vertical
transport along the eastern part of the Yucatan shelf. Thus, a temperature decrease can
be detected in the water mass that upwells at the Yucatan shelf. This cold water that
occupies the deepest layers over the continental shelf is pumped by upwelling favorable
westerly winds making the cold signal visible at sea surface near-shore.
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Chapter 4

Discussion

As it was previously mentioned in the introduction, the knowledge of upwelling
evolution is a key factor in multiple sectors. This phenomenon has been extensively
studied over the world with several papers published over the last decades analyzing the
evolution of upwelling mainly in terms of wind-dependent variables (Patti et al., 2010;
Narayan et al., 2010; Garcia-Reyes and Largier, 2010; Pardo et al., 2011; Seo et al.,
2012; Barton et al., 2013; Cropper et al., 2014; Sydeman et al., 2014). Thus, different
variables as wind stress, wind speed, Ekman transport or Upwelling Index have been
investigated mainly along the EBUS and several localized areas of strong upwelling
events, providing valuable information about upwelling trends during the last period of
strong climate change. Some of these published studies analysed upwelling evolution
from annual averages, while others considered upwelling seasons (months under
upwelling favourable winds). The analysis of different variables as well as the selection
of different upwelling seasons, even over the same area, can make difficult to stablish
comparisons between the results from different works. In fact, Sydeman et al., (2014)
compared several studies on upwelling-favorable winds along the major eastern
boundary current systems published in the last decades based on time series ranging in
duration from 17 to 61 years. They found a great heterogeneity in the results
highlighting the dependence on the length of the time series and season and revealing
contradictory results between observational data and model-data reanalysis. In addition,
numerous available time series present a spatial resolution that is too coarse to
accurately resolve conditions at the scale of coastal upwelling in intense and localized
upwelling zones.

One of the main objectives of this thesis was to investigate temporal and spatial trends
in the coastal upwelling regime worldwide using a single wind database (Climate
Forecast System Reanalysis) with high spatial resolution (0.3°).The period under study
was focused in the last three decades (1982-2010) to assess detailed estimation of
upwelling trends over the recent period of strong global warming. Wind stress has been
previously used in several papers as an indicator of upwelling. Bakun, (1990), analysed
wind stress along the most important upwelling systems of the world from 1945 to 1985
finding a strengthening in upwelling and proposing the Bakun hypothesis. Since then,
several studies have been conducted to investigate the Bakun hypothesis using wind
stress from different databases over different upwelling regions (McGregor et al., 2007;
Patti et al., 2010; Narayan et al., 2010; Cropper et al., 2014). The first part of this work
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aims to go a step further in contributing to the knowledge of the upwelling evolution
analysing wind stress over the worldwide coasts by a high spatial resolution database.

In this study, 3025 coastal points worldwide were analyzed to select the major
upwelling regions and evaluate upwelling trends from 1982 to 2010. Ten upwelling
systems were evaluated: Benguela, Canary, the southern Caribbean Sea, Chile, Peru,
California (north and south), West Australia, Java, North Kenya, and Somalia—Oman.
These systems were grouped together into several macroscopic zones, namely the
eastern and western coasts of the Atlantic, Pacific, and Indian Oceans. No upwelling
systems along the western Pacific Ocean were assessed. Alongshore wind stress was
calculated over more than 600 points along this coast, and no region fulfilled the
conditions required to be considered a coastal upwelling area.

Results obtained for different upwelling systems around the world illustrate that it is not
possible to describe a homogenous behavior among them because trends change
substantially, even in regions with similar oceanographic processes. Among the five
major upwelling regions worldwide, increasing trends in upwelling were observed in
the coastal areas of Benguela, Peru, Canary, and northern California, and the increases
were statistically significant only for the two last systems. A general decrease in
upwelling intensity was observed along the Chile, southern and central California, and
central Somalia coasts, with significant values in all regions. Thus, no evidence for a
general intensification of upwelling along these systems was observed.

The general trends found in this study were similar to those reported in studies in which
wind stress data were used. It is important to note that controversial results were also
obtained by different authors using the same variable and even the same period of time,
which indicates a dependence of results on the database used. Different trends were also
detected along the less studied upwelling regions. For example, significant decreasing
trends were observed along the coast of Java and northern Kenya, whereas a tendency to
an increase in upwelling-favorable winds was detected in western Australia.

This analysis covered the last three decades (1982—-2010), which is the recent period of
strongest global warming, thus it allowed detailed analysis of the influence of warming
processes on upwelling trends. In fact, the general warming of ocean temperatures is
also an important process to analyze coastal upwelling. In 2012, Lima and Wethey,
(2012) reported that 71 % of the coast had been warming since the early 1980s, while
22% of the area had not been changing and 7% actually cooled significantly. The
heterogeneity of warming has led to numerous regional studies (Mendelssohn and
Schwing, 2002; Lemos and Pires, 2004; Qu et al., 2005; Gomez-Gesteira et al., 2008a,b;
Demarcq, 2009; deCastro et al., 2009; Santos et al., 2011; Rao et al., 2011; Gutiérrez et
al., 2011; Santos et al., 2012a,b; Chollett et al., 2012; Barton et al., 2013; IPCC, 2014;
Santos et al., 2015; Garcia-Reyes et al., 2015).

The second objective of this thesis intended to contribute to the study of SST trends
over the worldwide coasts by determining warming rates in nearshore and offshore
waters around the world, investigating whether differences between coastal and offshore
locations were associated with upwelling regions. Thus, those areas under the effects of
upwelling were compared with those unaffected to observe the influence of upwelling
on the SST trends. SST data was obtained from the OISST ¥4 database for the last three
decades of strong climate change (1982-2015).
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Global analysis revealed that the great majority of coastal (87.1%) and offshore
locations (92.0%) experienced warming over the last three decades, with temperatures
rising more intensely at oceanic locations than at their coastal counterparts in 65.8% of
the cases. Thus, although coastal temperatures are increasing, in 2/3 of the area the
increase is slower than offshore. This difference is even more pronounced within
upwelling regions, where more than 92% of the coastal locations have been warming
slower than offshore locations. This contrasts with non-upwelling areas, where the
percentage of coastal locations that have been warming less than their offshore
equivalents is 58%. The fact that upwelling is highly variable in extension and intensity
around the globe, may explain the heterogeneity in coastal warming rates previously
reported in various studies (Belkin, 2009; Lima and Wethey, 2012; Cheung et al., 2013)
being probably a key factor buffering ocean warming.

To better analyze the influence of upwelling on the different rates of warming (or even
cooling) between offshore and nearshore regions, localized studies are necessary to
understand the particular conditions of each area. Thus, to complete the main objectives
of this thesis three particular areas (La Guajira in Colombia, Java in the Eastern Indian
Ocean and Yucatan in the South Gulf of Mexico) were considered to assess the
influence of upwelling between warming rates at open ocean and coastal locations.

The evolution of the SST along La Guajira upwelling system showed that ocean trends
were higher than 0.2 °C dec™ during most of the year. A negative trend ~-0.05 °C dec™*
(no significant) was observed near coast for months under strong and well developed
upwelling conditions (JFM). This contrasts with the significant positive trend observed
at adjacent ocean locations. Despite their lack of significance, near shore trends prove
that that region is affected by drivers different from the ones observed at open sea
locations (e.g. coastal upwelling). In fact, this cooling was in good agreement with the
upwelling increase observed in the region at a rate of 0.04 m? s dec? during winter
months.

Results obtained along the south coast of Java showed that ocean warming is significant
and coastal warming negligible during the upwelling season (July to October). In
addition, cooling is observed near shore and warming at the ocean during the central
months of the upwelling season (August-September). Nevertheless, Ul was observed to
decrease in both cases. This behavior was different from the one observed at La Guajira
upwelling system. To better understand this apparent contradiction, the role of heat
exchange between ocean and atmosphere as well as the influence of advection processes
were analyzed. Results suggested that heat exchange between ocean and atmosphere
was not the forcing that drives the cooling pattern found in the upwelling area since no
differences in heat exchange were detected between coastal and ocean locations. In this
case, horizontal advection (cool water advected by the South Java Current (SJC)) and
vertical entrainment due to upwelling, were the main forcings that drive cooling off
Java. In spite of the moderate decrease in Ul, the combination of both processes was
still efficient to bring cooled water to the surface.
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Finally, along the Yucatan upwelling system an increasing pattern in SST trends was
obtained for ocean locations and a negative trend was observed at coastal locations.
Negative upwelling trends were also obtained for the whole region suggesting that the
reinforcement of upwelling in the area was not the main factor that drives cooling SST
trends in the Northern coast of Yucatan. As along the south coast of Java, heat exchange
between atmosphere and ocean was discarded as a key factor in the occurrence of near
shore cooling due to coastal and oceanic locations did not show any difference in heat
exchange variability in the upwelling area. The Yucatan Current was the main factor
responsible of the SST variability detected along the North Yucatan coast because it
conditions upwelling processes that bring water from the Caribbean Sea to the Yucatan
Shelf.
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Chapter 5

Main conclusions

In this chapter the main findings of all the research presented in this thesis are presented
in an integrated approach. Thus, the main conclusions to be drawn from the previous
work can be summarized as follows:

Results obtained for different upwelling systems around the world illustrate that
it is not possible to describe a homogenous behavior among them over the recent
period of strongest global warming (1982-2010) because trends change
substantially, even in regions with similar oceanographic processes. Among the
five major upwelling regions worldwide, increasing trends in upwelling were
observed in the coastal areas of Benguela, Peru, Canary, and northern California,
and the increases were statistically significant only for the two last systems. A
general decrease in upwelling intensity was observed along the Chile, southern
and central California, and central Somalia coasts, with significant values in all
regions. Thus, no evidence for a general intensification of upwelling along these
systems was observed. Different trends were also detected along the less studied
upwelling regions. For example, significant decreasing trends were observed
along the coast of Java and northern Kenya, whereas a tendency to an increase in
upwelling-favorable winds was detected in Western Australia. In the southern
Caribbean upwelling region, a significant negative (positive) trend was found
east (west) of 71.25°W.

Positive SST trends (warming) were observed at most oceanic (92%) and coastal
locations (~87%). These percentages were similar in all oceanic basins, except
for the Eastern Pacific Ocean where they were considerably lower. This pattern
is even more pronounced within upwelling regions, where more than 92% of the
coastal locations have been warming less than their respective offshore
locations. This contrasts with non-upwelling areas, where the percentage of
coastal locations that have been warming less than their offshore equivalents is
58%. Although these results are already impressive, real differences are
expected to be even more pronounced, given recent studies demonstrating that
most remotely-sensed SST products largely overestimate coastal temperatures in
areas dominated by upwelling.

Within a context of climate change with a general upward trend in terms of SST,
La Guajira upwelling system has shown a different behavior over the last three
decades with a moderate cooling (-0.05°C dec) for the months with strong
upwelling (JFM). This cooling was in good agreement with the upwelling
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increase observed in the region at a rate of 0.04 m? s dec? during winter
months, although the position of the peaks in upwelling and SST trends did not
coincide exactly, which was probably due to the presence of the Caribbean
Coastal Undercurrent.

Along the south coast of Java a small coastal warming was detected over the
upwelling season (July-October) with a moderate decrease in Ul. The analysis of
the heat exchange between ocean and atmosphere showed that this forcing was
not the responsible of the cooling trend found in the upwelling area. The origin
of coastal cooling was due to changes in the vertical structure of the water
column showing that subsurface layers have experienced a cooling trend over
the last three decades. A vein of subsurface water, which has cooled at a rate
higher than -0.3°C per decade, was observed to enter from the northwestern part
of the study area following the South Java Current. This water only manifests at
surface near coast, where it is pumped up by coastal upwelling. Thus, although
Ul presented a negative trend, it can still pump cooled water to the surface.

Sea surface warming was detected at oceanic locations north of Yucatan
Peninsula and cooling was observed at the coastal zone, especially over the
period May-September. Analyzing near-shore thermal variability at the Yucatan
shelf was a complex task since the area is under the influence of different
drivers. Despite wind induced upwelling plays a key role in the area, the
observed decrease in upwelling index was not consistent with coastal cooling. In
a similar way, the sea-atmosphere heat exchange was homogeneous for the
whole area, without differences between coast and ocean. On the other hand the
core of the Yucatan Current has experienced an eastward shift over the last
decades. According to previous studies, this shift enhances vertical transport
along the eastern part of the Yucatan shelf. Thus, a temperature decrease can be
detected in the water mass that upwells at the Yucatan shelf. This cold water,
that occupies the deepest layers over the continental shelf, is pumped by
upwelling favorable westerly winds making the cold signal visible at sea surface
near-shore.

Trends shown in this work confirm the interest of studying local areas where
upwelling is an important forcing, taking advantage of the high spatial resolution
of databases to resolve conditions at the scale of coastal upwelling. The obtained
results also showed the interest of analyzing the properties of subsurface water
masses, especially in areas where they can be brought to surface by upwelling.
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