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Resumen en Castellano

El cambio climático ha sido unos de los temas más analizados por los cli-

matólogos y oceanógrafos durante �nales del siglo XX y comienzos del siglo

XXI, tal y como queda recogido en los diferentes informes del Intergovern-

namental Panel on Climate Change (IPCC) ([IPCC 1990];[IPCC 1996];

[IPCC 2001];[IPCC2007]). La principal conclusión a la que se llega es que la

temperatura ha ido incrementando durante la segunda mitad del sigloXX y

que este incremento es mayor que cualquier otro observado para un periodo

de 50 años en los últimos 500 años [IPCC2007]. Además, numerosos estu-

dios resaltan que las últimas cuatro décadas han sido el periodo de mayor

calentamiento jamás observado. Los océanos también se han visto afectados

por este calentamiento y juegan un papel importante en el cambio climático,

ya que actúan como un gran almacén de calor debido a la gran capacidad

calorí�ca del agua. Este cuarto informe del IPCC también establece que

�el incremento de la temperatura super�cial del mar a lo largo del siglo XX

es aproximadamente la mitad del incremento medio de la temperatura del

aire en la super�cie de la tierra� y �el contenido global de calor del océano

se ha incrementado desde 1950, periodo a partir del cual están disponibles

observaciones precisas de la temperatura del mar a nivel sub-super�cial�.

Debe tenerse en cuenta que, �la capacidad de calor de los océanos es sobre

1, 000 veces mayor que la de la atmosfera, y el calor neto absorbido por los
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océanos desde 1960 es sobre unas 20 veces mayor que el absorbido por la

atmosfera [Levitus 2005]. Esta cantidad tan grande de calor, la cual está

principalmente contenida en las capas super�ciales del océano, juega un pa-

pel crucial en el cambio climático, en particular en variaciones a escala

decadal�.

Las variables más usadas para analizar el calentamiento del océano han

sido la temperatura super�cial (SST) y el contenido de calor (cuyos cambios

son aproximadamente proporcionales al promedio de los cambios de tem-

peratura en un volumen de agua). Ambas variables son complementarias

proporcionando información sobre la tendencia de la SST y del calor alma-

cenado en el océano entre la super�cie y profundidades entre 700 y 3, 000 m.

En general, la mayoría de los autores [Levitus 2005], consideraban que un

gran porcentaje de este calor almacenado se concentraba en los primeros 700

m mientras que la capa entre 1, 000�3, 000 m solo proporcionaba el 9% del

incremento global. Recientemente, algunos autores como [Katsman 2011]

han encontrado que existen cambios importantes en el contenido de calor

por debajo de 700 m. La comparación en los cambios en el contenido de

calor para profundidades entre 0�700 m y 700�2000 m se puede encontrar

en [Levitus 2012]. La SST es también un parámetro fundamental en el in-

tercambio de calor entre el océano y la atmosfera. Además, la SST está

in�uenciada por parámetros climáticos, meteorológicos, hidrodinámicos y

batimétricos.

Durante el último siglo, se ha realizado un gran esfuerzo en el desarrollo

de series de SST con cobertura global, primero mediante medidas volun-

tarias de barcos, derivas y boyas ([Brohan 2006];[Smith 2008]) y después

con datos de satélites. Se han realizado también grandes esfuerzos para

corregir las incertidumbres debidas a diversos factores tales como: cam-

bios en las rutas de los barcos después de abrir los canales de Panamá y

de Suez, escasez de muestreos durante las guerras mundiales, diferencias
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en la recolección de agua y más recientemente, la incertidumbre provocada

por la presencia de aerosoles y la cobertura nubosa, que producen un sesgo

negativo en la temperatura, y por el hecho de que los satélites recogen tem-

peraturas de la capa super�cial en vez de temperaturas cercanas a ella, (para

entender completamente los diferentes sesgos y métodos para corregirlos ver:

([Kushnir 1994];[Folland 1995];[Kapala 1998];[Smith 2002]; [Smith 2003];

[Smith 2004];[Smith 2005];[Worley 2005];[Kent 2005];[Kent 2006a];

[Kent 2006b];[Brohan 2006];[Smith 2008]).

Del análisis de la tendencia de la SST se desprende que tiene una depen-

dencia muy alta tanto de la escala temporal como de la escala espacial selec-

cionada ([Parker 1994];[Smith 1994];[Casey 2001]). Además, las tendencias

de la SST están lejos de ser lineales, y se pueden observar tendencias op-

uestas si se consideran diferentes estrategias de ajuste (lineal, sinusoide) o

diferentes periodos de tiempo (ver Appendix I ).

Aunque en las últimas décadas la base de datos más utilizada ha sido la

World Ocean Database [Levitus 2005], recientemente también se han comen-

zado a utilizar bases de datos obtenidas de proyectos de asimilación de datos

como Simple Ocean Data Assimilation (SODA), las cuales han reanalizado

datos de diferentes fuentes (barcos oceanográ�cos, satélites, modelos de sim-

ulación) proporcionándonos un mapeado uniforme y medidas regulares de

variables tanto observadas directamente como variables indirectas. Este

tipo de datos de asimilación proporcionan una valiosa información desde la

s uper�cie hasta una profundidad de 5, 375 m (40 niveles). De esta manera,

es posible obtener una visión completa de los diferentes procesos hidrográ-

�cos mediante el análisis de patrones tanto globales ([Carton 2008];

[Zheng 2009]) como a escalas más pequeãs ([Zheng 2010];[Patti 2010];

[Giese 2011]).

El calentamiento global no es uniforme ni en el tiempo ni en el espacio

([Folland 1984];[Folland 1992];[Nicholls 1996];[Casey 2001]). Así, por ejem-
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Figure 1: Evolución costera (línea gris) y oceánica (línea negra) de la SST en el

Atlántico norte para el periodo 1900�2010. La SST costera (oceánica) se ha pro-

mediado latitudinalmente desde 37 hasta 47oN en los 9oW (15oW ). Para facilitar

la visualización se ha realizado una media móvil a ±60 meses.

plo, se han detectado varios ciclos de calentamiento y enfriamiento en la

región del Atlántico Norte durante el siglo XX Fig.1 tanto a escalas glob-

ales como regionales ([IPCC2007];[Rayner 2006];[GarciaSoto 2002];

[deCastro 2009];[Gesteira 2011]).

El primer periodo de calentamiento comprende desde 1910 hasta 1945

y fue seguido por un periodo de enfriamiento, el segundo periodo de calen-

tamiento comenzó durante los años 70.

De acuerdo con el cuarto informe del IPCC, �Durante el periodo com-

prendido entre 1961 hasta 2003, la temperatura global del océano ha aumen-

tado 0.10oC considerando el intervalo desde la super�cie hasta una pro-

fundidad de 700 m. De acuerdo con el tercer informe del IPCC Third

Assessment Report (TAR), el contenido de calor global (0-3, 000 m) se in-
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crementó durante el mismo periodo, lo que es equivalente a absorber energía

a una velocidad de 0.21±0.04 W m2 promediando a toda la super�cie de la

Tierra. Dos tercios de esta energía se absorbió en los primeros 700 m del

océano. Las observaciones del contenido global de calor muestran una con-

siderable variabilidad tanto inter-anual como inter-decadal sobreimpuestas

a tendencias a más largo plazo. El periodo desde 1993 hasta 2003 tiene la

mayor tasa de calentamiento relativo al periodo que comprende desde 1961

hasta 2003, pero desde el 2003 se aprecia un cierto enfriamiento�.

El calentamiento del océano varía en un amplio rango de escalas tempo-

rales, desde escala estacional, decadal hasta centenaria y a escalas aún más

largas. Los principales modos de variabilidad climática en cada área (El

Niño-Southern Oscillation (ENSO), la Paci�c Decadal Oscillation (PDO),

la North Atlantic Oscillation (NAO), la Souther Annular Mode (SAM), la

Eastern Atlantic Mode (EA)) fuerzan a los océanos, causando cambios en

la circulación del océano mediante cambios en los patrones de vientos y

cambios en la densidad de la super�cie del océano.

Por otro lado, el calentamiento global no tiene una uniformidad espacial

para todos los océanos, con unas regiones calentándose más rápido y otras

más lento que la media global ([Levitus 2000];[Palttridge 1981]). En partic-

ular, el Océano Atlántico es el mayor responsable del incremento del con-

tenido de calor a nivel mundial ([Nerem 1999];[Levitus 2000];[Strong 2000]).

Existe un gradiente latitudinal en el incremento de SST con un mayor ca-

lentamiento en el Hemisferio Norte que en el Sur [Strong 2000]. De acuerdo

con el cuarto informe del IPCC, �Nuevos análisis de datos proxy para el

Hemisferio Norte indican que el incremento en la temperatura para el siglo

XX es probablemente el mayor registrado durante los últimos 1, 000 años.

También es probable que en el Hemisferio Norte, los 90s hayan sido la dé-

cada más calurosa y el año 1998 el más caluroso�. En la Fig.2 se muestra el

calentamiento del océano Atlántico para el periodo desde 1900 hasta 2009.
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Figure 2: Tendencia de la SST para el Atlántico, para el periodo 1900-2009, cal-

culada con la base HadISST.

El aumento en la SST también se muestra para la región del Atlán-

tico Norte para dos periodos diferentes (Fig.3), desde 1900 hasta 2009

(izquierda) y desde 1979 hasta 2009 (derecha). En ambas �guras se ob-

serva un calentamiento en toda la región siendo más intenso durante las

últimas décadas.

Estas diferencias entre áreas macroscópicas (hemisferios y océanos) son

aún más marcadas a escalas regionales debido tanto a forzamientos locales

como a forzamientos remotos tales como cambios en los vientos, corrientes

oceánicas, variaciones en la profundidad de la termohalina y el a�oramiento

([Cole 2000];[Lemos 2004];[Ginzburg 2004];[SantosA 2005];[Gesteira 2008a];

[deCastro 2008a]). Más recientemente, autores como ([Relvas 2009];

[Santos 2011a];[Santos 2012a]) describieron la existencia de diferentes ve-

locidades de calentamiento entre zonas costeras y zonas oceánicas a la misma

latitud, en regiones donde el a�oramiento costero tiene un papel importante.
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Figure 3: Tendencia de la SST para el Atlántico Norte, para el periodo 1900-2009

(izquierda) y para el periodo 1975�2009 (derecha), calculada con la base HadISST.

De este modo, [Relvas 2009] detectó débiles tendencias al calentamiento en

zonas costeras a lo largo de la parte sur de la costa oeste de la Península

Ibérica (WIP).

El efecto producido por el a�oramiento en la SST es posiblemente la

característica oceanográ�ca más importante a lo largo de los cuatro may-

ores ecosistemas de a�oramiento del mundo (Canary Upwelling Ecosystem

(CUE), Benguela Upwelling Ecosystem (BUE), California Current System

(CCS), y Peru-Humboldt Ecosystem) ya que conlleva el reemplazo del agua

super�cial caliente por agua sub-super�cial más fría. De acuerdo con al-

gunos autores, los cambios en el gradiente térmico entre la tierra y el océano

pueden ser los responsables de los cambios observados en la intensidad del

a�oramiento ([Bakun 1990];[Mendelssohn 2002];[McGregor 2007]).

Los vientos que soplan desde el norte a lo largo de las costas con ori-

entación Norte-Sur tienden a desplazar las corrientes super�ciales hacia la

derecha de la dirección del viento, arrastrando las aguas super�ciales ha-
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cia el océano, esto ocurre en el hemisferÃo Norte, en el hemisferio sur

ocurrirÃa lo contrario. Como las aguas super�ciales se desplazan hacia

fuera de costa, aguas sub-superciales se desplazan hacia arriba para susti-

tuirlas. Este tipo de aguas que suben para sustituir a las aguas desplazadas

suelen ser más frías, ricas en nutrientes, y muy productivas biológicamente.

El a�oramiento costero tiene principalmente dos efectos ecológicos. Por un

lado, el a�oramiento proporciona aguas ricas en nutrientes a la super�cie lo

cual hace aparecer el �toplancton. El �toplancton constituye una fuente de

energía muy importante para muchas poblaciones de animales, como peces,

mamíferos y pájaros marinos. Por otro lado, el a�oramiento que mueve las

aguas super�ciales mar adentro, también puede mover las larvas de algunos

animales marinos que viven cerca de costa a largas distancias de su habitat

natural reduciendo sus posibilidades de supervivencia. Por estas razones,

las regiones de a�oramiento costero constituyen uno de los ecosistemas más

productivos del mundo y soportan la mayor parte de la pesca mundial.

Aunque las regiones de a�oramiento costero representan solo el 1% de la

super�cie del océano, contribuyen al 20% de la pesca mundial [Pauly 1995].

Pero también, son regiones donde se produce el esparcimiento de larvas de

especies costeras evitando su supervivencia. (Parte de esta información es

obtenida desde la NOAA Ocean Explorer: Sanctuary Quest).

Por las razones arriba descritas, diversos autores han analizado la vari-

abilidad del a�oramiento a lo largo de la costa de los cuatro mayores sis-

temas de a�oramiento del mundo obteniendo que es altamente dependiente

del periodo de tiempo, de la región y de las estrategias de ajuste escogidas

al analizar tendencias.

Estudios previos han mostrado resultados contradictorios en el ecosis-

tema de a�oramiento Canario. [Bakun 1990] encontró una intensi�cación

en los vientos favorables al a�oramiento para el periodo 1948�1979 y

[McGregor 2007] obtuvo un enfriamiento de 0.5�1oC durante el siglo XX
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asociado a un aumento del a�oramiento costero. Por el contrario,

[Lemos 2004] y [Lemos 2006] encontraron un debilitamiento signi�cativo en

los vientos favorables al a�oramiento para periodos de tiempo similares

(para el periodo 1940�2000 y para el periodo 1901�2000, respectivamente).

Además, [Gesteira 2008b] detectó un cierto debilitamiento en la intensidad

del índice de a�oramiento, siendo más pronunciado durante las últimas dé-

cadas. En el ecosistema de a�oramiento de California [Schwing 1997] y

[Mendelssohn 2002] encontraron un incremento en el a�oramiento costero

durante la estación de máxima intensidad, observando tendencias opuestas

en cambios de la SST a largo plazo. Además, [diLorenzo 2005] también

destacó el fortalecimiento de vientos favorables al a�oramiento vinculado

al calentamiento de la SST a largo plazo para esta región. Finalmente,

[Pardo 2011] no encontró ninguna tendencia clara en la región de California

durante las últimas seis décadas.

A día de hoy y hasta donde conocemos, solamente unos pocos estudios

han analizado las componentes físicas de la tendencia del a�oramiento cos-

tero en las regiones de Perú y de Benguela. [Pardo 2011] analizó la región

de Perú para el periodo comprendido desde 1948 hasta 2009, mostrando

un debilitamiento en el a�oramiento con un pequeño calentamiento de la

SST o incluso una tendencia al enfriamiento. El mismo autor encontró un

incremento del a�oramiento con un ligero incremento de la SST en la zona

de Benguela. [Patti 2010] encontró un marcado incremento en el estrés del

viento en ambas regiones, con un incremento en la estabilidad de la columna

de agua.

El incremento de la temperatura del océano es especialmente importante

en las áreas costeras debido a su importante impacto en los ecosistemas

costeros ([Honkoop 1998];[Diederich 2005]). Recientemente, [Lima 2012],

detectó que durante las últimas tres décadas, el ∼ 71.6% de las zonas

costeras del mundo experimentaron un calentamiento de 0.25 ± 0.13oC
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por decada, el 6.8% un enfriamiento de −0.11 ± 0.10oC por decada y el

restante 22.2% no sufrió ningún cambio signi�cativo. Aparte de los cam-

bios en la temperatura media, la frecuencia de las temperaturas extremas

en el océano como eventos extremadamente cálidos o fríos son fundamen-

tales para determinar los escenarios y las políticas para mitigar el im-

pacto humano y comprender los cambios en el ecosistema marino costero

([Philippart 2003];[Frank 2005];[Thieltges 2006];[Occhipinti 2007]). Por esta

razón, autores como [Lima 2012] han analizado el incremento (decrecimiento)

en la frecuencia de días con eventos extremadamente cálidos (fríos) a lo largo

del mundo en general y del margen Este Atlántico en particular.

El estudio de las temperaturas extremas sobre la tierra ha sido amplia-

mente considerado en el contexto de olas de calor y en el del impacto sobre

la mortalidad ([Dessai 2002];[GarciaHerrera 2005];[Diaz 2006];[Trigo 2009];

[Barriopedro 2011];[deCastro 2011]). Además su variabilidad ha sido anal-

izada durante los últimos 50 años, de acuerdo con el cuarto informe del

IPCC, �Fenómenos como días fríos, noches frías y heladas, se han con-

vertido en menos frecuentes, mientras que los días cálidos, noches cálidas y

olas de calor, se han convertido en má frecuentes probablemente a �nales del

siglo XX y muy probablemente debido a la contribución humana�. Hasta

donde nosotros sabemos, existen pocos estudios centrados en valores ex-

tremos de SST, tanto en la zona costera como en la zona oceánica, a pesar

de que sus implicaciones son muy importantes para el ecosistema marino

([Lima 2006];[Lima 2007];[Wethey 2011]).

El objetivo de este estudio es describir las diferencias en la evolución

de SST entre la costa y el océano en el Atlántico Norte, en particular, a

lo largo de la costa oeste de la Península Ibérica. El oeste de la Península

Ibérica (37o hasta 43oN) está considerado como la zona más al norte in�u-

enciada por uno de los mayores ecosistemas de a�oramiento del mundo,

el (Eastern North Atlantic Upwelling System), que actúa a lo largo de
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la costa Noroeste de África y la costa Atlántica de la Península Ibérica

([Nykjaer 1994];[SantosA 2005];[Álvarez 2008a]). Estos estudios han

demostrado que en esta región el a�oramiento es principalmente estacionario,

y que ocurre con mayor probabilidad entre Abril y Septiembre.

La variabilidad de la SST observada tanto en zonas costeras como oceáni-

cas durante el último siglo se ha analizado en función del a�oramiento y de

la intensidad de la circulación termohalina. Posteriormente también se han

estudiado las diferencias en la variabilidad de la temperatura y del con-

tenido de calor entre zonas costeras y oceánicas para los primeros 700 m

desde 1975 hasta 2006 obteniendo información sobre los cambios producidos

en la estructura vertical. Hasta donde sabemos, no se ha realizado nunca

un estudio similar en esta región dónde solo se habían considerado patrones

de SST.

Por otro lado, se han analizado los cambios observados en las masas de

agua más relevantes a lo largo de la costa continental Atlántica de la Penín-

sula Iberia (ENACW y MW) desde los años setenta. Para este propósito,

se ha analizado la tendencia de la salinidad y de la temperatura correspon-

dientes a la isopicna de ENACW y MW para determinar la velocidad de

cambio de estas masas de agua. Este análisis permite conocer la in�uencia

de esas masas de agua en las tendencias de los per�les verticales del agua

atlántica.

El estudio del calentamiento del océano en esta región continúa con el

análisis de tendencias en la frecuencia de días de valores de SST extremada-

mente altos durante la era satelital (1982�2011). Más especí�camente, se

han analizado las diferencias entre la tendencia costera y oceánica tanto a

escala anual como estacional.

A continuación se han realizado estudios similares primero para la sub-

región Marroquí del ecosistema de a�oramiento Canario y después a lo largo

del sistema de a�oramiento de Benguela. Ambas zonas están caracterizadas
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por tener un a�oramiento permanente aunque con variaciones estacionales.

En la sub-región Marroquí del ecosistema de a�oramiento Canario, se han

analizado las diferencias regionales en la velocidad de calentamiento de la

SST entre zonas costeras y oceánicas para la misma latitud en función de

forzamientos locales como el viento y la temperatura del aire y forzamientos

remotos como patrones de circulación atmosférica desde 1982 hasta 2010.

Por último, se han analizado las diferencias en las tendencias del SST entre

las zonas costeras y oceánicas a lo largo del sistema de a�oramiento de

Benguela analizando el papel clave jugado por el a�oramiento costero.

Investigaciones futuras, que constituirán la continuación del análisis lle-

vado a cabo en este manuscrito, deberían analizar las diferencias observadas

en la tendencia de la temperatura y salinidad para zonas costeras y oceáni-

cas en otras regiones de a�oramiento como California, Perú, Somalia y la

costa oeste de Australia, teniendo en cuenta tanto factores remotos (modos

atmosféricos, circulació oceánica) como locales (viento y a�oramiento).
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Abstract

In the last part of 20th century and in the beginning of the 21st, the

scienti�c community agrees that world ocean is warming, being this warm-

ing more intense from seventies on. This warming is not uniform either in

time or in space; it is not the same in all parts of the world. In particular,

the Atlantic Ocean contributes most to the increase of heat content, being

responsible for one third of the increase in the heat content observed from

1955 to 1998. These di�erences among macroscopic areas (hemispheres and

oceans) are even more marked at regional scale due to local and remote

forcing factors like changes in winds, ocean currents, thermohaline depth

and upwelling.

The aim of the present study is to describe the di�erences in SST evolu-

tion at coastal and ocean locations in the North Atlantic region, in partic-

ular, along the western coast of the Iberian Peninsula. The western coast

of the Iberian Peninsula (37oN to 43oN) may be regarded as the northern

boundary of in�uence of one of the major upwelling system in the world

(the Eastern North Atlantic Upwelling System), that acts all along the

northwest coast of Africa and the Atlantic coast of the Iberian Peninsula

([Nykjaer 1994];[SantosA 2005];[Álvarez 2008a]). These studies have shown

that upwelling in this region is mainly a seasonal event that occurs with

higher probability from April to September.
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The SST variability observed during the last century both at coastal and

ocean locations will be analyzed in terms of upwelling and the thermohaline

circulation intensity. Then, the di�erences in the variability of temperature

and heat content between coastal and ocean locations will be analyzed for

the upper 700 m from 1975 to 2006 providing information about the verti-

cal structure of temperature changes. As far as we know a similar analysis

has never been done before in this area, where only SST patterns had been

considered. Changes in the water masses more relevant along the Atlantic

continental shelf of the Iberian Peninsula (ENACW and MW) will be also

analyzed from seventies on. For this purpose, trends in salinity and temper-

ature corresponding to the ENACW and MW isopycnal will be analyzed to

determine the rate of change of ENACW and MW. This analysis will allow

knowing the in�uence of water masses in trends of Atlantic water vertical

pro�les. The study of ocean warming in this region will continue analyzing

the existence of trends in the frequency of extreme hot days over the satel-

lite era (1982�2011). More speci�cally, the di�erences between ocean and

coastal trends will be analyzed both at seasonal and annual scale.

Similar studies will be extended �rst to the Moroccan sub- region of the

Canary Upwelling Ecosystem and then along the Benguela Current Sys-

tem. Both regions characterized by persistent upwelling through the year

although with seasonal variations. In the Moroccan sub- region of the Ca-

nary Upwelling Ecosystem, regional di�erences in the SST warming rates

between coast and ocean locations at the same latitude will be analyzed in

terms of local forcing factors like wind and air temperature and remote forc-

ing factors like atmospheric circulation patterns from 1982 to 2010. Finally,

the di�erences in coastal and ocean SST trends will be studied along the

Benguela Current System analyzing the key role played by the persistent

coastal upwelling.

New research, which will constitute a continuation of the analysis car-
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ried out in this manuscript, should be addressed to analyze the di�erences

observed in temperature and salinity trends at coastal and ocean locations

in other upwelling regions like the California Current System, Peru, the

Somalia coast or the western coast of Australia taking into account remote

(atmospheric modes, ocean circulations) and local (wind, upwelling) forcing

factors.
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INTRODUCTION

Climate change has been the most analyzed topic by climatologists and

oceanographers during the last decades of the 20th century and the begin-

ning of the 21st as it was summarized in the di�erent Intergovernmental

Panel on Climate Change (IPCC) reports ([IPCC 1990];[IPCC 1996];

[IPCC 2001];[IPCC2007]). The main conclusion is the increment of temper-

ature observed during the second half of the 20th century which is higher

than during any other 50 years period in the last 500 years [IPCC2007].

In addition, numerous studies have highlighted that the last four decades

were the most intense warming period ever observed. The world's oceans

are involved in this warming and play a key role in climate change acting

as a great heat store. According to the fourth IPCC report, �the increase

in sea surface temperature over the 20th century is about half that of the

mean land surface air temperature� and �the global ocean heat content has

increased since the late 1950s, the period for which adequate observations of

sub-surface ocean temperatures have been available� In addition, �the ocean's

heat capacity is about 1, 000 times larger than that of the atmosphere, and

the oceans net heat uptake since 1960 is around 20 times greater than that

of the atmosphere [Levitus 2005]. This large amount of heat, which has been

mainly stored in the upper layers of the ocean, plays a crucial role in climate

change, in particular in variations on seasonal to decadal time scales�.
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The variables most widely used to analyze the ocean warming have

been the sea surface temperature (SST) and the ocean heat content (whose

change is closely proportional to the average temperature change in a vol-

ume of seawater). Both variables are complementary providing information

about surface temperature trends and heat stored in the ocean between sur-

face and a depth which typically ranges from 700 to 3, 000 m. In general,

most of authors consider the upper 700 m since, according to [Levitus 2005],

a great percentage of the warming is stored in the �rst 700 m while the layer

1000�3000 m provides only the 9% of the global increase. This picture was

corroborated by further studies ([Domingues 2008];[Levitus 2009];

[Lyman 2010]). Only recently, some authors [Katsman 2011] have claimed

that there has been a signi�cant heat content increase below 700 m. A clear

comparison between heat content changes for depths 0�700 m and 700�2000

mcan be seen in [Levitus 2012]. SST is also a fundamental parameter in the

ocean- atmosphere heat exchange and hence in the climatic regulation. In

addition, SST is in�uenced by climatic, meteorological, hydrodynamic and

batimetric parameters.

During the last century, a great e�ort has been devoted to develop reli-

able SST series with global coverage, �rst by means of measurements from

voluntary observation ships, drifters and moored buoys ([Brohan 2006];

[Smith 2008]) and then by means of satellite-derived data. Great e�orts

were also devoted to correct uncertainties in the SST data due to several

factors as: changes in the ship routes after the opening of Panama and Suez

Canals, sampling sparseness during the world wars, di�erences in water col-

lection and more recently, uncertainties due to the presence of aerosols and

clouds, which can cause a cool bias, and to the fact that satellite instruments

record skin temperature instead of near-surface temperature (for a complete

understanding of the di�erent bias and the methods to correct them see:

([Kushnir 1994];[Folland 1995];[Kapala 1998];[Smith 2002]; [Smith 2003];

xx



Figure 4: Time evolution of coastal (gray line) and oceanic (black line) Sea Surface

Temperature in the North Atlantic from 1900 to 2010. Coastal (oceanic) SST is

the latitudinal average from 37 to 42oN at 9oW (15oW ). A running average of

±60 month where used.

[Smith 2004];[Smith 2005];[Worley 2005];[Kent 2005];[Kent 2006a];

[Kent 2006b];[Brohan 2006];[Smith 2008]).

Studies carried out trying to quantify SST trends have shown to be

highly dependent on spatial and temporal scales ([Parker 1994];[Smith 1994];

[Casey 2001]). In addition, SST trends are far from being linear, and op-

posite trends can be obtained when considering di�erent �tting strategies

(linear, sinusoid) or di�erent periods of time (see Appendix I).

Although the most commonly used ocean database for the last decades,

has been the World Ocean Database

[Levitus 2005], more recently, some data assimilation projects, like Sim-

ple Ocean Data Assimilation (SODA), have reanalyzed data from di�er-

ent sources (oceanographic cruises, satellite, model simulations) providing

us with uniformly mapped and regularly available samples of not only di-
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rectly observed variables but also indirect variables. These data assim-

ilation projects provide valuable information beneath the sea surface at

a depth of 5, 375 m (40 levels). In this way, it is possible to obtain a

complete view of the di�erent- scale hydrographic processes by analyzing

ocean patterns both at global ([Carton 2008];[Zheng 2009]) and basin scale

([Zheng 2010];[Patti 2010];[Giese 2011]).

Ocean global warming was not uniform either in time or in space

([Folland 1984];[Folland 1992];[Parker 1994];[Nicholls 1996];[Casey 2001]).

Thus for example, several warming-cooling cycles were detected in the North

Atlantic region over the 20th century both at global and regional scales

([IPCC2007];[Rayner 2006];[GarciaSoto 2002];[deCastro 2009];

[Gesteira 2011]). The �rst warming occurred during the period 1910 to 1945

and was followed by a period of cooling; the second warming period began

during the 70s.

According to the fourth IPCC report, �Over the period 1961 to 2003,

global ocean temperature has risen by 0.10oC from the surface to a depth of

700 m. Consistent with the Third Assessment Report (TAR), global ocean

heat content (0�3, 000 m) has increased during the same period, equivalent

to absorbing energy at a rate of 0.21 ± 0.04 W m2 globally averaged over

the Earth's surface. Two-thirds of this energy is absorbed between the sur-

face and a depth of 700 m. Global ocean heat content observations show

considerable inter-annual and inter-decadal variability superimposed on the

longer-term trend. Relative to 1961 to 2003, the period 1993 to 2003 has

high rates of warming but since 2003 there has been some cooling�

Ocean warming varies over a broad range of time scales, from seasonal,

decadal to centennial and longer. The main modes of climate variability

in each area (El Niño-Southern Oscillation (ENSO), the Paci�c Decadal

Oscillation (PDO), the North Atlantic Oscillation (NAO), the Southern

Annular Mode (SAM), the Eastern Atlantic Mode (EA)) force the oceans
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Figure 5: Sea surface Temperature trend over the period 1900�2009 calculated

from the HadISST database.

causing changes in ocean circulation through changes in winds patterns and

changes in surface ocean density.

On the other hand, global warming is not spatially uniformly distributed

all over the world's oceans with some regions warming faster or slower

than the global average ([Levitus 2000];[Palttridge 1981]). In particular,

the Atlantic Ocean contributes most to the increase of the heat content

([Nerem 1999];[Levitus 2000];[Strong 2000]. There is a latitudinal gradient

in the SST increase with greater warming in the northern Hemisphere than

in the southern one [Strong 2000]). According to the fourth IPCC report,

�new analyses of proxy data for the Northern Hemisphere indicate that the

increase in temperature in the 20th century is likely to have been the largest of

any century during the past 1, 000 years. It is also likely that, in the North-

ern Hemisphere, the 1990s was the warmest decade and 1998 the warmest

year�. The SST warming for the Atlantic ocean is shown in Fig.5 from 1900
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SST warming was also calculated in the North Atlantic region for two

di�erent periods of time, from 1900 to 2009 (left) and from 1979 to 2009

(right). Both �gures show warming in most of the region being stronger

during the last decades.

Figure 6: Sea Surface Temperature trend in the North Atlantic, over the period

1900�2009 (left) and over the period 1975�2009 (right), taken from the HadISST

database.
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These di�erences among macroscopic areas (hemispheres and oceans)

are even more marked at regional scales due to local and remote forcing fac-

tors like changes in winds, ocean currents, thermohaline depth and upwelling

([Cole 2000];[Lemos 2004];[Ginzburg 2004];[SantosA 2005];[Gesteira 2008a];

[deCastro 2008a]). More recently, some authors ([Relvas 2009];

[Santos 2011a];[Santos 2012a]) have described the existence of di�erent warm-

ing rates at oceanic and coastal locations at the same latitude in areas where

coastal upwelling plays a key role. Thus, [Relvas 2009] detected weaker

warming trends at coastal locations along the southern part of the western

Iberian Peninsula (WIP).

Upwelling forcing on SST is possibly the most important oceanographic

feature along the four major eastern coastal upwelling ecosystems in the

world (Canary Upwelling Ecosystem, CUE, Benguela Upwelling Ecosys-

tem, BUE, the California Current Sysrtem, CCS, and the Peru- Humboldt

Ecosystem) since it involves the replacement of warmer surface water by

cooler subsurface water. Even, according to some authors, changes in the

thermal gradient between land and ocean can be responsible of changes ob-

served in upwelling intensity ([Bakun 1990];[Mendelssohn 2002];

[McGregor 2007]).

Winds that blow from the north along a coastline oriented North-South

tend to drive ocean surface currents to the right of the wind direction push-

ing surface waters o�shore, this happens in the northern hemisphere, the

opposite happens in the south. As surface waters are pushed o�shore, water

is drawn from below to replace them. The subsurface water that rises to

the surface is typically colder, rich in nutrients, and biologically productive.

Coastal upwelling has two especially important ecological e�ects. On the

one hand, upwelling brings up nutrient-rich waters to the surface which sup-

port blooms of phytoplankton. The phytoplankton blooms constitute the

ultimate energy base for large animal populations, like �sh, marine mam-
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mals and seabirds. On the other hand, upwelling that moves surface water

o�shore can drift larvae of marine animals, which live near shore, long dis-

tances away from their natural habitat reducing their possibilities of survive.

From this it follows that coastal upwelling ecosystems are some of the most

productive ecosystems in the world and support many of the world's most

important �sheries. Although coastal upwelling regions account for only

1% of the ocean surface, they contribute approximately 20% of the world's

�sheries landings [Pauly 1995]. But also, disperses the o�spring of coastal

species avoiding their survival. (Information partially obtained from the

NOAA Ocean Explorer: Sanctuary Quest).

For the reasons above described, the upwelling variability has been an-

alyzed along the coast of the major eastern boundary upwelling systems in

the world showing to be highly dependent on the period of time, space and

the �tting strategies used.

In the Canary upwelling ecosystem contradictory results were obtained

from previous studies. [Bakun 1990] found an intensi�cation of the up-

welling favorable winds from 1948 to 1979 and [McGregor 2007] obtained a

cooling of 0.5�1oC during the 20th century associated to an increase of the

coastal upwelling. On the contrary, [Lemos 2004] and [Lemos 2006] found a

signi�cant weakening of the upwelling favorable winds during similar periods

of time (from 1940 to 2000 and from 1901 to 2000, respectively). Besides,

[Gesteira 2008b] detected a weakening in the upwelling intensity from 1967

to 2006 and [Pardo 2011] reported a decrease in the upwelling index, which

is even more pronounced during the last four decades. In the California cur-

rent system, [Schwing 1997] and [Mendelssohn 2002] found an increase of

the coastal upwelling during the favored season linked to opposite trends in

the long-term changes of SST. In addition, [diLorenzo 2005] also remarked

the strengthening of upwelling favorable winds linked to the long term SST

warming in this region. Finally, [Pardo 2011] did not �nd a clear trend in
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the California region during the last six decades.

To date, and as far as we know, only a few studies have dealt with

the physical component of coastal upwelling trends in Peru and Benguela

regions. [Pardo 2011] analyzed the Peru region from 1948 to 2009, showing

the weakening of upwelling accompanied by a slight SST warming or even

cooling trend. The same authors found an enhancement of upwelling with

a slight SST warming in the Benguela region. [Patti 2010] found a marked

increase in wind stress in both regions, with an increase in the water column

stability.

The increase of sea temperature is especially important in coastal areas

due to its severe impact in coastal ecosystems ([Honkoop 1998];

[Diederich 2005]). Recently [Lima 2012], detected that during the last three

decades, ∼ 71.6% of the world coastal locations have experienced a warming

trend of 0.25 ± 0.13oC per decade, 6.8% a cooling of −0.11 ± 0.10oC per

decade and that the remaining 22.2% have not su�ered any signi�cant varia-

tion. Apart from changes in mean temperature, the frequency of extreme sea

temperatures like extremely hot or cold events is fundamental to determine

scenarios and policies to mitigate human impacts and to understand changes

in coastal marine ecosystems ([Philippart 2003];[Frank 2005];[Thieltges 2006];

[Occhipinti 2007]). Thus, the increase (decrease) in the frequency of ex-

treme hot (cold) days along the Eastern Atlantic margin was analyzed by

[Lima 2012].

The study of extreme temperatures over land has been widely discussed

in the context of heat waves and its impact on mortality ([Dessai 2002];

[GarciaHerrera 2005];[Diaz 2006];[Trigo 2009];[Barriopedro 2011];

[deCastro 2011]). In addition its variability was analyzed over the last 50

years, according to the fourth IPCC report, �Cold days, cold nights and

frost have become less frequent, while hot days, hot nights and heat waves

have become more frequent likely in late 20th century and more likely due to
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a human contribution�. As far as we know, there are very few studies focused

of extreme SST events, both near coast and at the ocean, despite its impli-

cations for marine ecosystems can be remarkable ([Lima 2006];[Lima 2007];

[Wethey 2011]).

The aim of the present study is to describe the di�erences in SST evolu-

tion at coastal and ocean locations in the North Atlantic region, in particu-

lar, along the western coast of the Iberian Peninsula. The analysis of coastal

and oceanic SST trends is carried out in terms of local forcing factors like

wind or air temperature and remote forcing factors like atmospheric circu-

lation or the thermohaline circulation intensity. Similar studies are carried

out in other regions like the Moroccan sub- region of the Canary Upwelling

Ecosystem and the Benguela Upwelling Ecosystem.

For this purpose the study was organized as follows:

• A complete description of atmospheric and oceanographic databases

used was presented in chapter 2. A detailed description of the princi-

pal atmospheric modes of variability in the northern Hemisphere was

also included.

• The principal water masses around de Atlantic coast of the Iberian

Peninsula (ENACW and MW) were characterized in chapter 3. In

addition, changes in ENACW and MW in the upper 700 m from the

seventies on were analyzed.

• The di�erences in the warming trend between ocean and coastal SST

for the WIP were analyzed in chapter 4 from 1900 to 2008 in terms

of upwelling and the thermohaline circulation intensity. Then, the

di�erences in the variability of temperature and heat content between

coastal and ocean locations was analyzed in the upper 700 m from

1975 to 2006, providing information about the vertical structure of

temperature changes. Finally, the existence of trends in the frequency
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of extreme hot days over the period 1982 to 2011 was analyzed. In

particular, the di�erences between ocean and coastal trends was stud-

ied both at seasonal and annual scale.

• Chapter 4 deals  with  the  regional  di�erences  in the  SST  warming

rates between coast and ocean locations at the same latitude in the

Moroccan sub- region of the Canary Upwelling Ecosystem and along

the Benguela Current System in terms of local forcing factors like

wind, air temperature or upwelling and remote forcing factors like

atmospheric circulation patterns.
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Chapter 1

DATABASE

1.1 Ocean database

1.1.1 HadleyISST

HadISST1.1 is a data set combination of monthly globally �elds of Sea

Surface Temperature (SST) and sea Ice concentration, Fig.1.1.

Figure 1.1: Mean SST calculated with the HadISST1.1 database for the North

Atlantic for the period 1900�2000

1



1. DATABASE

This database can be obtained from the UKMeteorological o�ce, Hadley

Center HadISST1.1�Global sea�Ice coverage and SST (http://badc.nerc.ac.

uk/data/hadisst). Data are available from 1870 to nowadays, with a monthly

periodicity of 1o × 1o [Rayner 2003]. They utilize both in situ SSTs from

ships and buoys, and bias-adjusted SSTs from the satellite-borne advanced

very high resolution radiometer (AVHRR, as does HadISST1), but it only

starts in late 1981 when AVHRR began. The best known non interpo-

lated gridded in situ�only historical SST data set is included within the

Comprehensive Ocean-Atmosphere Data Set (COADS). Other interpolated

historical data sets [Kaplan 1997] are at most quasi�global, do not contain

varying sea ice and have lower spatial resolution because of the relative lack

of data before the satellite era. These historical data sets all use data recon-

struction techniques based on empirical orthogonal functions (EOFs), which

are used to capture the major modes of SST variability and are then pro-

jected onto the available gridded SST observations to form quasi�globally

complete �elds.

1.1.2 Path�nder

Path�nder 5.2

Daily SST data can be obtained from day time measurements carried

out by the Advanced Very�High Resolution Radiometer (AVHRR) on board

of NOAA series satellites. Data can be retrieved from Path�nder version

5.2 with an approximate spatial resolution of 0.04o × 0.04o for the entire

World and extending from 1982 to nowadays, (ftp://ftp.nodc.noaa.gov/pub/

data.nodc/path�nder/Version5.2/) Fig.1.2a.

Quality �ag ranging from 0 to 7 was assigned to each pixel, with 7

being the highest quality and 0 the lowest. The SST grid contained voids

in the data caused by adverse weather conditions or satellite malfunctions.
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1.1. Ocean database

The presence of voids, whose position depends on the month, is especially

evident for winter months, where the existence of clouds can mask large

areas, ([Kilpatrick 2001];[Relvas 2009]).

Voids were covered using an iterative procedure:

• 1) Land points were detected, corresponding to land or to pixels where

temperature values were not valid in more than 10% of the samples.

• 2) Land points were discarded and not used to interpolate nearby

points.

• 3) Data voids were then detected.

• 4) A SST value was assigned to each void using values from its close

vicinity (temporal and spatial), using Equation 1.2.

• 5) Steps 3 and 4 were iterated till the number of corrected voids in a

step was zero. This method is di�erent to those used by

[Gesteira 2008a] and by [Relvas 2009], although it generates similar

SST patterns.

SSTni,j =
1

N

∑
(SSTn−1i,j + SSTni,j + SSTn+1

i,j ) (1.1)

[
Mn
i,j

]
=


θni−1,j+1T

n
i−1,j+1√
2

θni,j+1T
n
i,j+1

θni+1,j+1T
n
i+1,j+1√
2

θni−1,jT
n
i−1,j 0 θni+1,jT

n
i+1,j

θni−1,j−1T
n
i−1,j−1√
2

θni,j−1T
n
i,j−1

θni+1,j−1T
n
i+1,j−1√
2

 (1.2)

[
Mn±1
i,j

]
=


θn±1
i−1,j+1T

n±1
i−1,j+1√
3

θn±1
i,j+1T

n±1
i,j+1√
2

θn±1
i+1,j+1T

n±1
i+1,j+1√
3

θn±1
i−1,jT

n±1
i−1,j√
2

θn±1i,j Tn±1i,j

θn±1
i+1,jT

n±1
i+1,j√
2

θn±1
i−1,j−1T

n±1
i−1,j−1√
3

θn±1
i,j−1T

n±1
i,j−1√
2

θn±1
i+1,j−1T

n±1
i+1,j−1√
3

 (1.3)

3



1. DATABASE

The summation in Equation 1.1 refers to all the elements of matrices

M, T is the SST obtained from satellite measurements, y is a function of

position (i, j) and time (n) that can take either of two values :

• 0� When the point corresponds to avoid.

• 1� When there is a valid value at the point.

Neighboring points were weighted as a function of distance in pixels (this

weighting is higher for space than time). The normalization value N is the

summation of all terms of the form θ/
√
m, with m=1,2,3 or ∞, depending

on the assigned weighting.

Path�nder OI 1.4

New high resolution SST analysis products have been developed using

optimum interpolation (OI) Fig.1.2b.

Two new high resolution sea surface temperature (SST) analysis prod-

ucts have been developed using optimum interpolation (OI). The anal-

yses have a spatial grid resolution of 0.25o and temporal resolution of

1 day. One product uses Advanced Very High Resolution Radiometer

(AVHRR) infrared satellite SST data. The other uses AVHRR and Ad-

vanced Microwave Scanning Radiometer (AMSR) on the NASA Earth Ob-

serving System satellite SST data. Both products also use in situ data

from ships and buoys and include a large�scale adjustment of satellite

biases with respect to the in situ data. Two products are needed be-

cause there is an increase in signal variance when AMSR became avail-

able in June 2002 due to its near all�weather coverage. The AVHRR is

only used because allows a long analysis. For both products, the results

show improved spatial and temporal resolution compared to previous ver-

sion, that used weekly time resolution for the period 1982�2012. In the
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1.1. Ocean database

present work, the AVHRR product was used because allowing a long anal-

ysis (http://www.ncdc.noaa.gov/oa/climate/research/sst/description.php) .

Figure 1.2: Mean SST for the period from 1982�2010 for the Arc Atlantic, cal-

culated with: a) Advanced Very-high Resolution Radiometer (AVHRR) database

Path�nder 5.2, b) Advanced Very-High Resolution Radiometer (AVHRR) database

Path�nder OI 1.4

5



1. DATABASE

1.1.3 SODA

Simple Ocean Data Assimilation (SODA) is a reanalysis data. For this

purpose a Geophysical Fluid Dynamics Laboratory Modular Ocean Model

2.b code was used to analyzed the general circulation ocean model. This

database covers the period 1958�2010 and it is available at monthly scale

with a horizontal resolution of 0.5o × 0.5o and a vertical resolution of 40

levels from 5 m to 5375 m Fig.1.3 (http://www.atmos.umd.edu/ ocean/).

The detailed information about vertical resolution can be found at

[Carton 2000a] and [Carton 2000b]. The temperature and salinity data

records were obtained from World Ocean Atlas�94 [Levitus 1994], (WOA−
94) as well as additional hydrography, sea surface temperature

[Reynolds 1994], and altimeter sea level from the Geosat, ERS-1, and TOPEX

/ Poseidon satellites, and also for di�erents instrument types: mechanical

bathythermograph MBTs, expendable bathythermograph XBTs, conductiv-

ity temperature depth CTDs, and salinity Temperature depth probes and

station data.

Figure 1.3: Mean SST calculated with Simple Ocean Data Assimilation (SODA)

database for the North Atlantic, for the period from 1960�2005
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A summary of the oceanic Database used and their main characteristics

can be found in Table 2.1.

Base Variable Used Espatial resol Temporal resol

HadleyISST SST 1o × 1o 1870�2012

Path�nder 5.2 SST 0.04o × 0.04o 1982�2012

Path�nder O.I 1.4 SST 0.25o × 0.25o 1982�2012

SODA SST & Salinty 0.25o × 0.25o 1958�2010

Table 1.1: Oceanic Database. SODA database also has a vertical resolution of 40

levels from 5�5372 m.
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1.2 Oceanographic Modes

1.2.1 Atlantic Multidecadal Oscillation (AMO)

AMO is a coherent pattern of multidecadal variability in SST centered

on the North Atlantic Ocean with a cycle ranging from 35 to 80 years de-

pending on the author ([Delworth 1993];[Timmermann 1998];[Kerr 2000];

[Dima 2001]). Following [Trenberth 2006], the magnitude of the AMO sig-

nal is modest; the range is less than 0.4oC.

The AMO has been linked with the variability in Northeast Brazilian

rainfall [Folland 1990], North American climate [Sutton 2005] and U.S. rain

fall and river �ows [En�eld 2001]. In addition, the AMO also a�ects the

number of Atlantic hurricanes and the tropical storms ([Goldenberng 2001];

[Trenberth 2006]);[Delworth 1993], suggested a link between the AMO and

the variability of the Thermohaline Circulation (THC) as the mean THC

transports su�cient heat northward [Ganachaud 2000], to warm the North-

ern Hemisphere by several degrees [Vellinga 2002]. More recently,

[Knight 2005] by means of a 1, 400 year simulation with the HADCM3

climate model [Gordon 2000], were able to simulated the observed AMO

pattern and amplitude from measurements dating back to the nineteenth

century. The results imply that the AMO is a genuine quasi-periodic cycle

of internal climate variability persisting for many centuries, and is related

to variability in the oceanic THC.
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Figure 1.4: Atlantic multidecadal Oscillation index has been traditionally calcu-

lated as the average of SST anomaly for the North Atlantic north of the equator

[En�eld 2001]

1.3 Atmospheric database

1.3.1 National Center of Atmospheric Research/National

Center for Environmental Prediction(NCEP/NCAR)

Wind

Wind components at 10 m above the sea surface can be obtained from

the National Center of Atmospheric Research/National Center for Environ-

mental Prediction (NCEP/NCAR). Reanalysis data are supplied on a T62

Gaussian grid, corresponding to ∼ 1.91o both in longitude and in latitude.

They are available at: 4�times daily, daily and monthly scale from 1948 on

wards (www.cdc.noaa.gov/)

From wind data Ekman transport can be calculated as follows:

Qx =
ρaCd
ρf

(W 2
x +W 2

y )1/2Wy (1.4)
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Qy− =
ρaCd
ρf

(W 2
x +W 2

y )1/2Wx (1.5)

where W is the wind speed near surface, ρ is the sea water density

(1025kg m−3), Cd is a dimensionless drag coe�cient (1.4 × 10−3), ρa is

the air density (1.22kg m−3) and f is the Coriolis parameter de�ned as

twice the vertical component of the Earth's angular velocity, Ω about the

local vertical given by f = 2Ωsin(θ) at latitude θ. Finally, x subscript

corresponds to the zonal component and y subscript to the meridional one,

[Nykjaer 1994].

Upwelling Index (UI) can be de�ned as the Ekman transport compo-

nent in the direction perpendicular to the shore line [Nykjaer 1994] pointing

seaward. UI was calculated as follows:

UI = −sin(φ)Qx + cos(φ)Qy (1.6)

where φ is the angle between the shoreline and the equator. Using this

de�nition, positive (negative) upwelling indices correspond to upwelling fa-

vorable (unfavorable) conditions.

Sea level Presure

The sea level Presure (SLP ) can be obtained from the National Cen-

ter of Atmospheric Research/National Center for Environmental Prediction

(NCEP/NCAR), Fig.1.5a. Reanalysis data are supplied on a T62 Gaussian

grid, corresponding to ∼ 1.91o both in longitude and in latitude. As hap-

pend with wind, SLP are available 4-times daily, daily and monthly values

from 1948 on wards (www.cdc.noaa.gov/).

Monthly air Temperature

Monthly air temperature (T air) data can be obtained from reanalysis

data from NCEP/NCAR project, from 1948 to present. Air temperature
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was considered at 1, 000HPa to avoid topographic e�ects on atmospheric

circulation Fig.1.5b.

Figure 1.5: National Center of Atmospheric Research/National Center for Envi-

ronmental Prediction (NCEP/NCAR). a) Mean SLP T (in 105 Pa) for the period

1970 to 2009. b) Air temperature trend (oC per decade) for the Canary region,

calculated from 1982 to 2010
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1.3.2 Paci�c Fisheries Enviromental Laboratory (PFEL)

Wind data were also provided by the Paci�c Fisheries Enviromental

Laboratory (PFEL) (http://www.pfeg.noaa.gov). Data are 6 hours available

approximately, on 1o × 1o of spatial resolution, from 1981 to nowadays,

Fig.1.6.

1.3.3 Climate Forecast System Reanalysis (CFSR)

NCEP Climate Forecast System Reanalysis (CFSR). The CFSR wind

product has a spatial resolution of 0.5×0.5o and a 6-hourly time resolution

from January 1979 to December 2011, covering the atmosphere, ocean, sea

ice and land. The CFSR data was developed by NOAA's National Centers

for Environmental Prediction (NCEP) (http://rda.ucar.edu/pub/cfsr.html).

The data for this study are from NOAA's National Operational Model

Archive and Distribution System (NOMADS) which is maintained at

NOAA's National Climatic Data Center (NCDC) [Saha 2010]. The refer-

ence height of wind data is 10 m.

Figure 1.6: Ekman trasport �eld (m3s−1km−1) averaged using PFEL data for the

period 1981 to 2009
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A summary of the atmospheric database used and their main character-

istics can be found in Table 2.2.

Base Variable Used Espatial resol Tempral resol

NCEP/NCAR Wind 1.91o × 1.91o 1948�2012

NCEP/NCAR SLP 1.91o × 1.91o 1948�2012

NCEP/NCAR T air 1.91o × 1.91o 1948�2012

PFEL Wind 1o × 1o 1981�2012

CFSR Wind 0.5o × 0.5o 1979�2012

Table 1.2: Atmospheric Database.
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1.4 Atmospheric Modes

Teleconnection patterns re�ect large�scale changes in the atmospheric

wave and jet stream patterns, which can in�uence temperature, rainfall,

storm tracks, and/or jet stream location/intensity over vast areas. The at-

mospheric circulation patterns are indicators of large�scale decadal changes

and play a key role in long-term variability of winds across the North At-

lantic a�ecting, for example, coastal upwelling intensity. Several studies

have indicated the in�uence of the main atmospheric circulation modes on

the interannual precipitation variability and drought occurrence in Spain

([Rodo 1997];[RodriguezPuebla 1988];[PozoVázquez 2005];[deCastro 2008a]).

In particular, many authors have pointed out that several atmospheric cir-

culation patterns in�uence precipitation in the northwest part of the IP,

but that no pattern describes the bulk of the variability in precipitation

over the region [RodriguezPuebla 2001]. The most representative regional

patterns of atmospheric variation in the Northern Hemisphere, with some

in�uence on the eastern North Atlantic region, are:

• North Atlantic Multidecadal Oscillation (NAO)

• East Atlantic pattern (EA)

• Scandinavia pattern (SCA)

• East Atlantic/Western Russia pattern (EA/WR)

• Polar/Eurasia pattern (POL)

• Southern Hemisphere Annular Mode (SAM)
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1.4.1 North Atlantic Multidecadal Oscillation (NAO)

The NAO consists of a north�south dipole of geopotential anomalies

with one centre located over Greenland and the other one spanning between

35 and 40oN in the central North Atlantic. There are two phases of NAO.

A positive phase in the NAO index represents an increase in the pres-

sure di�erences, resulting in an increase in frequency and strength of winter

storms crossing the Atlantic Ocean that typically take a more northerly

track. This causes warm and wet winters in the northern part of Europe

and drier than normal winters in the south.

The negative phase represents a reduced pressure gradient result-

ing in fewer and weaker winter storms crossing Europe, which travel on

a more west�east pathway. This brings moist air into the Mediterranean

and causes drier winters in the northern part of Europe. Research has

identi�ed the NAO index as the local manifestation of the more global pat-

tern of the Arctic Oscillation (AO) during the winter (December-February

(DJF)) [Thompson 2000]. It has been found that the NAO can be predicted

with reasonable skill from North Atlantic SST anomalies (SSTa) averaged

over several prior months ([Czaja 2002];[Bojariu 2003]). The relationship

between the NAO index and winter surface temperatures, especially over

Europe, has been extensively recorded [Kapala 1998]. [Slonosky 2002] ana-

lyzed the degree to which the NAO index re�ects the zonal and meridional

�ow and its in�uence on SST by means of a near sea surface data set for

the years from 1856 to 2000. Although the NAO index has been the most

commonly studied mode in the IP ([RodriguezPuebla 1988];

[Trigo 2004];[SantosA 2005]), recent studies ([deCastro 2006];[Lorenzo 2008])

have shown the need to consider additional modes to explain the variable

structure of winter rainfall, river �ow and upwelling in Iberian Peninsula

(IP).
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1.4.2 East Atlantic pattern (EA)

The EA pattern consists of a north�south dipole that spans the en-

tire North Atlantic Ocean with centres near 55oN , 20 to 35oW and 25 to

35oN , 0 to 10oW . It is the second prominent mode of low�frequency vari-

ability over the North Atlantic, and appears to be the leading mode in all

months. The EA pattern is structurally similar to the NAO, but with the

anomaly centres displaced south-eastward to the approximate nodal lines

of the NAO pattern. For this reason, the EA pattern is often interpreted

as a southward shifted NAO pattern. However, the lower-latitude centre

contains a strong subtropical link in association with modulations in the

subtropical ridge intensity and location. This subtropical link makes the

EA pattern distinct from its NAO counterpart. The positive phase of the

EA is associated with above-average precipitation over northern Europe and

Scandinavia and with below-average precipitation across southern Europe

([RodriguezPuebla 1988];[RodriguezPuebla 2001]). On the other hand, the

positive phase of the EA pattern is associated with above average surface

temperatures in Europe. In particular in the northern part of the IP, the EA

pattern is the most important variation explaining temperature variability

[Saenz 2001].

1.4.3 Scandinavia pattern (SCA)

The SCA pattern [Barnston 1987] consists of a primary circulation cen-

tre over Scandinavia, with a weaker centre with the opposite sign over

Western Europe. The positive phase of this pattern is associated with posi-

tive height anomalies, sometimes re�ecting major blocking anticyclones over

Scandinavia and western Russia.
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1.4.4 East Atlantic/Western Russia pattern (EA/WR)

The EA/WR pattern [Barnston 1987] is 1 of 3 prominent teleconnection

patterns that a�ect Eurasia throughout the year. This pattern consists of

4 main anomaly centres. The positive phase is associated with positive

height anomalies located over Europe and northern China and negative

height anomalies located over the central North Atlantic and north of the

Caspian Sea. The main precipitation departures associated with the positive

phase of the EA/WR pattern re�ect generally above-average precipitation

in eastern China and below-average precipitation across centra Europe.

1.4.5 Polar/Eurasia pattern (POL)

The POL [Barnston 1987] consists of one centre over the polar region

and centres of the opposite sign over Europe and north�eastern China. The

positive phase of this pattern is associated with the presence of anomalies

over western Europe blocking the passage of low pressure fronts to the

north-western coast of the IP and causing drier than normal winters.

1.4.6 Southern Hemisphere Annualar Mode (SAM)

The principal mode of atmospheric variability in the Southern Hemi-

sphere extratropics and high latitudes is the Southern Hemisphere Annular

Mode (SAM). The SAM index is de�ned as the di�erence in the normalized

monthly zonal mean of SLP between 40 and 70oS [Nan 2003]. This index

is a modi�cation of the Antarctic Oscillation (AAO) index de�ned as the

di�erence in the normalized monthly zonal mean of SLP between 40 and

65oS [Gong 1999]. The SAM index shows astronger negative correlation in

the zonal mean SLP anomalies than that between 40 and 65oS [Nan 2003].
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Chapter 2

Evolution of water masses

along the Atlantic Arc

2.1 Watter Masses

Here we will present a brief overview of the main water masses observed

close to the Atlantic and Cantabrian coast of the Iberian Península. For a

more complete description the reader is referred to ([Ambar 1979a];

[Ambar 1979b];[Ambar 1983];[Emery 1986];[Acken 1996];[Pollard 1996];

[OSPAR2000]). Table 2.1 summarizes the di�erent water masses observed

in the area.

2.1.1 Surface waters

Di�erent layers can be considered, the subsurface water and the near

surface water. In particular, subsurface water has attracted the interest of

scientist during the last decades since it is placed at the shelf and pumped

to the surface in the coast of the western Iberian Peninsula under favorable

conditions. This process, usually called coastal upwelling.

Eastern North Atlantic Central Water (ENACW) [Pollard 1996] consti-
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2. Evolution of water masses along the Atlantic Arc

Water mass Depth(m) θ(oC) Salinity (psu)

ENACW

Subtropical < 300 13.13�18.50 35.80�36.75

Subpolar < 400 10.00�12.20 35.40�35.66

Mediterraean Water 400�1500 9.5�13.50 35.8�37.5

Labrador sea Water 1500�3000 3.4 34.89

NA Deep Water < 3500 2.2 34.91

Table 2.1: Summary of water masses close to the Atlantic and Cantabrian coast

of the Iberian Peninsula. (Where θ is the Potential Temperature)

tutes the main subsurface water near the Western Iberian Peninsula shelf.

Its lower limit is located below 300�400 m, depending on the branch, and

its upper limit depends on position, season and meteorological forcing. This

water is not represented by a single point in the Salinity-Temperature di-

agram but it covers a wide range both in salinity and temperature (see

Fig.2.1).

ENACW is formed in two main areas; a subpolar branch (ENACW sp)

(10.5�12.5oC and 35.55�35.70 psu) which is formed to the south of the North

Atlantic Current and spreads southwards or south�eastwards [Pollard 1996],

and a subtropical branch (ENACW st) (temperature and salinity values

greater than 12.5oC and 35.75 psu, respectively) formed at the northern

margin of the Azores Current which moves northeastwards towards the

Iberian coast [Pingree 1997]. Some authors [Fraga 1982] have identi�ed a

local mode water within the Bay of Biscay.

According to [Rios 1992] the two main branches of the ENACW converge

o� the north-west corner of the IP. There the subpolar branch sinks and

spreads southwards under the subtropical branch. On the other hand, the

subtropical branch tends to lose its identity to the north of the convergence
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zone. This convergence is especially remarkable near Cape Finisterre, where

a stationary maximum in coastal upwelling and the presence of an upwelling

�lament have been observed ([Blanton 1984];[Castro1994];[Haynes 1993]).

Fig.2.1 shows an example of water masses observed at 3.25oW and 44.75oN

In particular, ENACW has been highlighted in gray color. This T�S dia-

gram is similar to the one described by [GonzalezPola 2005] near Santander

(south of Bay of Biscay) from 1991 to 2003.

The properties of near surface water depend on local meteorological

conditions especially in the �rst 20�30 m. In the lower part (30�50 m)

there is a seasonal thermocline that only disappears in winter, when the

solar irradiance attains a minimum. This water is also locally a�ected by

the presence of river plumes.

Figure 2.1: T�S diagram of the water masses present in the Bay of Biscay at

3.25oW and 44.75oN from 1975 to 2006 till a depth of 700 m. ENACW is high-

lighted by means of gray dots. This water mass was identi�ed by salinity and

temperature values which generate a density ranging from 27.0 to 27.2 kg m−3.
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2.1.2 Intermediate waters

The Mediterranean Water (MW) is an intermediate water, which

attains the Western Iberian Peninsula coast with low dilution. This water

is formed in the Mediterranean Sea and splits into two veins after leaving

the Gibraltar Strait. The lower one �ows northward along the coast of the

Iberian Peninsula, at 1, 200 m depth [DiazdelRio 1998]. At the equilibrium

depth, its temperature ranges from 9.5 to 12.5oC and its salinity ranges

from 35.8 to 37.5 psu. The upper core �ows at a depth of 800 m with

temperature ranging from 10.5 to 13.5oC and a salinity ranging from 35.8

to 36.8 psu.

The so called Labrador Sea Water (LSW), is located between North

Atlantic Deep Water (NADW) and MW and �ows in the opposite direction.

This water constitutes a layer of minimum salinity and maximum oxygen

concentration. It's main properties in the formation zone are T = 3.4oC

and S = 34.89 psu.

2.1.3 Deep waters

North Atlantic Deep Water (NADW) can be observed below 3, 500

m depth. This water mass is characterized by a temperature of 2.2oC and

a salinity of 34.91 psu (Table 2.1). The NADW observed in the west-

ern Iberian Peninsula coast comprises two di�erent water masses, namely;

Antartic Bottom Water (AABW) and North-West Atlantic Bottom water

(NWABW).

22



2.2. Changes in Water masses

2.2 Changes in Water masses

Water masses surrounding the Atlantic and Cantabrian coast of the

Iberian Peninsula (see bathymetry in Fig.2.2) have changed over the last

decades. Note that the French continental shelf is much wider than the

Spanish and Portuguese one. Here we will try to introduce some of the

main changes observed for the most relevant water masses ENACW and

MW.

In general, changes can be assumed for any water mass but here we will

only focus on ENACW and MW for several reasons:

1) They are the water masses more commonly sampled.

2) They can be sampled at near shore areas, that are precisely the areas

where most of the present memory is focused.

3) The most important changes in ocean heat content occur along the �rst

2, 000m of the water column where these masses are sampled [Levitus 2012].

In fact, most of the authors simply consider that the highest percentage of

change can be observed along the �rst 700 m [Levitus 2001].

An example of these changes can be seen in Fig.2.3 with data corre-

sponding to the Atlantic coast over the period 1975�2008 and in Fig.2.4 with

data corresponding to the Bay of Biscay over the period 1975�2006. Fig.2.3

shows an intense warming for those depths characterized by ENACW (from

5 m to 728 m, black solid line) and for those depths characterized by MW

(from 728 m to 3, 125 m, gray solid line). Mean warming is 0.11 oC per

decade at ENAWC layer and 0.06 oC per decade at MW layer. The evo-

lution of salinity follows a similar pattern to the temperature one. Similar

warming trend (0.2�0.3 oC per decade) were widely detected at surface layer

from 1974 on along IP ([Gesteira 2008a];[Gesteira 2011];[Santos 2011b]).

Fig.2.4a shows a signi�cant (95%) warming till 600 m deep. The warm-
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Figure 2.2: Bathymetry of 0�20.5oW and 36.5�48.5oN

ing rates range from values close to 0.25oC near surface to 0.03oC per decade

at 700 m deep. Warming decreases quickly along the upper 100 m reaching

values on the order of 0.15oC per decade, then it increases slightly between

100 and 200 m deep and, �nally, it decreases quasi-linearly till 700 m deep.

The surface warming trend is on the same order of magnitude as observed in

previous studies carried out in the area (eg.[Koutsikopoulos 1998]): 0.64oC

per decade for the period 1972�1993 with a grid based on vessels and buoys;

[Planque 2003]: 0.6oC per decade in the southeastern corner using SST

data from Meteo�France; [Llope 2006]: 0.5oC per decade over the period

1993�2003 using the coe�cients of an empirical model; [Goikoetxea 2009]:

0.23oC per decade over the period 1977�2007 with data from the Aquarium

of San Sebastian; [Gesteira 2008a]: 0.35oC per decade from 1985 to 2005

using satellite SST data and [deCastro 2009]: 0.22oC per decade over the

period 1974�2007 by means of extended reconstructed SST data). In addi-

tion, [Michel 2009], who used simulations and in situ (WOD) measurements,
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Figure 2.3: Time evolution of the temperature anomaly (oC) along the Atlantic

Coast of the Iberian Peninsula over the period1975�2008. Black line represents the

temperature average to tthose depths characterized by ENACW (from 5 m to 700

m) and gray line represents the temperature average to those depths characterized

by MW (from 728 m to 3, 125 m)

observed a similar vertical pro�le of temperature trends with warming rates

ranging from 0.23oC per decade near surface to −0.04oC per decade at 600

m over the period 1965�2003. Similar trends can be observed for salinity

Fig.2.4b. The warming and salini�cation trends observed throughout the

water column suggest that changes are not constrained at the surface by

the air-sea interaction but also linked to changes in water masses.
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Figure 2.4: Vertical pro�le of a) temperature trends (oC per decade), b) salinity

trends (psu per decade) for the entire Bay of Biscay from 1975 to 2006. Circles

represent trends with a signi�cance level greater than 95%.

2.3 Changes in ENACW and MW along the At-

lantic coast of the Iberian Peninsula

2.3.1 Motivation

The aim of this subsection is the long-term analysis of salinity and tem-

perature changes in ENAWC and MW along the western continental shelf

of the IP from 1975�2008. This analysis will knowing the in�uence of these

water masses changes in trends of the Atlantic water vertical pro�les. In ad-

dition, this study will provide us information about regions where long-term

variations in salinity and temperature were more intense.

2.3.2 Methods

Ocean temperature and salinity data were obtainen from SODA. The

time period ranges from 1975 to 2008 which corresponds to the strongest

warming period detected in the Norht Atlantic Area ([Koutsikopoulos 1998];

[IPCC2007];[GarciaSoto 2002]; [Gesteira 2008a];[deCastro 2009];

[Gesteira 2011]).

The following steps had been done to indenti�ed the ENACW and MW
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by means of the salinity and temperature values.

First of all, the grid points where ENACW or MW was rarely sampled (less

than 800 valid samples) were discarded.

Considering the vertical layers and the monthly scale, the number of samples

varies between 8, 000 and 12, 000. The threshold imposed (800 ENACW

samples) only reprensents between 10%�7% of the samples. In addition,

results showed to be almost insensitive to changes in this threshold.

Salinity and temperature data corresponding to each grid point were aver-

aged to convert them into annual values.

All salinity and temperature data corresponding to the density interval

27.0�27.2 kg m−3 for a certain year were averaged, no matter their layer,

in order to obtain the value of the mean ENACW salinity and temperature

for that year.

All salinity and temperature data corresponding to the density interval

27.4�27.65 (27.7�27.85) kg m−3 for a certain year were averaged, no matter

their layer, in order to obtain the value of the mean upper (lower) MW

salinity and temperature for that year.

The mean ENACW or MW depth was calculated in the same way.

Long�term processes like warming�cooling or salini�cation�freshening and

their implications in the water column strati�cation were analyzed by means

of annual trends which were assumed to be linear. All trends were calculated

on raw data, without using any �lter or running mean.

The Spearman rank correlation coe�cient was used to analyze the signif-

icance of trends due to its robustness to deviations from linearity and its

resistance to the in�uence of outliers [Saunders 2008].
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2.3.3 Trends in the vertical pro�les of the Atlantic water

Trends in temperature and salinity of AW were calculated for each de-

gree in latitude along the IP (Fig.2.5 and Fig.2.6). Top subplots correspond

to 42.75oN and bottom subplots to 37.75oN .

Temperature trends along the entire IP show lower values near shore

(black line) than in the ocean (gray line) at surface layers and there is not

warming in deep Atlantic water (depths higher than 2, 500m). Temperature

trends at latitudes north of 40.75oN share some common features (Fig.2.5(a-

l)). Warming occurs from surface to 2, 500 m depth both near coast and

in the ocean. A practically homogeneous warming rate was observed near

coast (between 0 and 0.1oC per decade). On the other hand, warming

was not homogeneous in the ocean with two peaks of around ∼ 0.25oC per

decade near surface and at MW layers. The surface warming peak occurs at

a depth of ∼ 50 m where water is not a�ected by winds [Michel 2009]. South

of 40.75oN (Fig.2.5(g- l)), coastal warming occurs at MW layers (∼ 0.15oC

per decade) and only some of these latitudes show a cooling (∼ −0.05oC

per decade) near surface (Fig.2.5(g- j)). On the contrary, ocean warming

was only detected near surface and at ENACW layers (0.25oC per decade).

Salinity trends at latitudes north of 41.75oN share some common fe-

actures (Fig.2.6(a- d)). Coastal freshening is observed only near surface

(∼ −0.01oC per decade) and ocean salini�cation at ENACW layers (∼ 0.04

psu per decade). On the contrary, MW layers show an increase in salin-

ity both in the ocean (0.05�0.07 psu per decade) and near coast (∼ 0.04

psu per decade). The Atlantic Water vertical pro�le of salinity changes at

40.75oN (Fig.2.6(e, f)) showing a salinity increase both at ENACW and at

MW layers in the whole region. Salini�cation is higher in ocean (∼ 0.04 psu

per decade at ENACW layers and ∼ 0.05 psu per decade at MW layers)
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Figure 2.5: Vertical pro�les of temperature trends (oC per decade) along the

Atlantic coast (from 37.75 to 42.75oN) of the IP over the period 1975�2008 (left

pannels). Vertical pro�les of temperature (oC per decade) along the Atlantic coast

of the IP at coastal (black line) and ocean (gray line) location (rigth pannels).

Temperature trend at coastal (oceanic) locations was calculated averaging tem-

perature values at the three latitudes nearest (farthest).
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2. Evolution of water masses along the Atlantic Arc

than near coast (∼ 0.02 psu per decade at ENACW layers and ∼ 0.025

psu per decade at MW layers) throughout the water column. A similar

coastal freshening near surface to that observed north is obtained south of

40.75oN (Fig.2.6(g- l)). In addition, salini�cation is observed in ocean only

at ENACW layers (0.02�0.03 psu per decade) while near coast salini�ca-

tion occurs both at ENACW layers (∼ 0.02 per decade) and at MW layers

(0.25�0.35 psu per decade). In this case, salinity trends are higher near

coast than in ocean at MW layers. No salinity trends were detected in deep

Atlantic Water.

Salinity and temperature trends for ENACW and MW masses were

correlated. These water masses were delimited following the procedure

described in methods section. Changes in temperature and salinity are

highly correlated both for ENACW (r = 0.99, p < 0.01) and MW (r = 91,

p < 0.01 for upper MW and r = 99, p < 0.01 for lower MW). These correla-

tions indicate that long- term salinity and temperature changes are density

compensated.
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2.3. Changes in ENACW and MW along the Atlantic coast of the Iberian Peninsula

Figure 2.6: Vertical pro�les of salinity trends (psu per decade) along the Atlantic

coast (from 37.75 to 42.75oN) of the IP over the period 1975�2008 (left pannels).

Vertical pro�les of salinity (psu per decade) along the Atlantic coast of the IP at

coastal (black line) and ocean (gray line) location (rigth pannels). Salinity trend

at coastal (oceanic) locations was calculated averaging salinity values at the three

latitudes nearest (farthest). 31



2. Evolution of water masses along the Atlantic Arc

2.3.4 Trends in ENACW and MW

The temperature and salinity trends corresponding to ENACW and MW

masses over the period 1975�2008 were depicted in Fig.2.7(a- f). Left (right)

panels correspond to temperature (salinity) trends. From top to bottom,

ENACW mass, upper MW mass and lower MW mass were considered.

Black dots represent the grid points with a signi�cance level greater than

95%. The blanks correspond to points where the water masses were scarcely

detected for the period under study following the protocol described above.

Temperature trend of ENACW mass (Fig.2.7(a)) shows an inhomoge-

neous spatial pattern along the IP with a signi�cant warming in ocean

and cooling near coast. Maximum warming (cooling) observed is 0.08oC

per decade (−0.08oC per decade). This water mass tendency explains the

ocean warming peak and the coastal cooling observed at ENACW layers

in Fig.2.5(a- d). The temperature trend of upper MW mass (Fig.2.76(c))

is positive for the entire area with a signi�cant warming near coast and at

some ocean points. Maximum warming (0.15oC per decade) is detected at

the southern coastal area and ocean warming is negligible from 13oW for

most of latitudes. Note that the upper MW warming is higher than the

ENACW warming. This water mass trend explains coastal warming de-

tected at MW layers in Fig.2.5 which is more pronounce south of 39.75oN .

Temperature trend for lower MW (Fig.2.7(e)) shows signi�cant warming

both in ocean and near coast for latitudes northern than 40.75oN . The

warming rate detected for the lower MW is higher than the one detected

for ENACW and upper MW. The maximum warming of lower MW is 0.5oC

per decade. This water mass trend explains the ocean warming observed in

the Atlantic Water (Fig.2.5) at MW layers northern than 40.75oN and the

coastal warming at MW layers at 42.75oN .

Salinity trend of ENACW, upper and lower MW masses show a similar
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pattern to the temperature one (Fig.2.7, right panels). As for temperature,

all water masses show salini�cation with the exception of ENACW near

coast. Salini�cation is higher for the lower MW than for the other water

masses. The salinity trend observed in these water masses explains the

salinity trends observed in the Atlantic Water column (Fig.2.5).

Figure 2.7: Annual temperature (left pannels) and salinity (right pannels) trends

(oC per decade and psu per decade) corresponding from top to bottom to ENACW,

uppwer MW and lower MC along the atlantic coast of the IP from 1975 to 2008.

Black dots represent the grid points where trends with a signi�cance level greater

than 95% were obtained. The blanks represent points where ENACW was scarcely

detected.
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2. Evolution of water masses along the Atlantic Arc

2.4 Changes in ENACW along the Bay of Biscay

2.4.1 Motivation

The aim of this sub-section is to analyze the changes observed in ENACW

during the last three decades (1975�2006) in the North-Atlantic area sur-

rounding the Iberian Peninsula. Trends in salinity and temperature cor-

responding to the isopycnals ranging from 27.0 to 27.2 kg m−3 will be

calculated to determine the rate of change of ENACW during that period.

2.4.2 Methods

Only the �rst 21 vertical levels, which correspond to a water depth of

729 m were considered because the present study is focused on the up-

per layer: from near surface (5 m) to the upper permanent thermocline

depth (700 m). The time period ranges from 1975 to 2006, which corre-

sponds to the strongest warming period detected in the North Atlantic area

([Koutsikopoulos 1998];[IPCC2007];

[GarciaSoto 2002]; [Gesteira 2008a];[deCastro 2009];[Gesteira 2011]).

The steps to identify ENACW was described in the previous section

2.3.2

Results will be correlated with atmospheric forcing. Thus, the NAO tele-

connection index was obtained from the Climate Prediction Center (CPC)

at the National Center of Environmental Prediction (NCEP). Data are avail-

able at a monthly time scale with a global coverage from 1950 to nowadays.

Rotated Principal Component Analysis (RPCA) was used to identify the

Northern Hemisphere teleconnection patterns and indices [Barnston 1987].

In this point 2.3 of this chapter the extended winter of the NAO index (from

December to March) was considered from 1975 to 2006.
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2.4. Changes in ENACW along the Bay of Biscay

2.4.3 Trends in ENACW

Salinity and temperature trends were calculated for the North Atlantic

area surrounding the Iberian Peninsula (Fig.2.8). Black dots represent the

grid points where trends with a signi�cance level greater than 95% were ob-

tained and the blanks represent the grid points where ENACW was scarcely

detected. The maximum positive trends were detected both in tempera-

ture (0.3oC per decade; Fig.2.8a) and in salinity (≈ 0.045 psu per decade;

Fig.2.8b) on the North Atlantic area where ENACW sp develops. Trends

are negative in wide areas located in front of the Iberian Peninsula, which

are mainly a�ected by the subtropical mode. These preliminary results

show that the changes in ENACW are moderate along the Atlantic coast

of the Iberian Peninsula both for salinity and temperature.

The most important changes can be observed in the area stretching

from the Celtic Sea to the Cantabrian Coast. In particular, we will analyze

in more detail the so called Bay of Biscay. The temperature and salinity

trends corresponding to ENACW over the period 1975�2006 are depicted

in Fig.2.9 and Fig.2.10. Once again, black dots represent the grid points

where trends with a signi�cance level greater than 95% were obtained. The

blanks observed on the French continental shelf, correspond to points where

ENACW was scarcely detected for the period under study following the

protocol described above.

The temperature trend (Fig.2.9) is positive for the entire area with max-

imum values close to 0.12oC per decade in the northeastern part. In fact,

the ENACW warming is negligible at the southwestern corner (values lower

than 0.04oC per decade) and small (around 0.08oC per decade) along the

southern coast of the Bay. A similar pattern was observed for salinity

(Fig.2.10) with positive values in the entire area and with maximum val-

ues close to 0.018 psu per decade in the eastern part of the Bay. The
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2. Evolution of water masses along the Atlantic Arc

Figure 2.8: a) Annual temperature trend (oC per decade) and b) Annual salinity

trend (psu per decade), of ENACWmass in the North Atlantic area (0�20.5oW and

37.5�47.5oN) from 1975 to 2006. Black dots represent the grid points where trends

with a signi�cance level greater than 95% were obtained. The blanks represent

points where ENACW was scarcely detected.

ENACW salini�cation is negligible (values ranging from 0.003 to 0.006 psu

per decade) at the western part of the Bay (from 4oW to 7.5oW ). Both tem-

perature and salinity trends show warming and salini�cation of ENACW

from 1975 to 2006. These tendencies are not homogeneous in space, being

more pronounced at the north-eastern part of the bay and almost negligible

at the western part.
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2.4. Changes in ENACW along the Bay of Biscay

Figure 2.9: Annual temperature trend (oC per decade) corresponding to ENACW

in the Bay of Biscay from 1975 to 2006. Black dots represent the grid points

where trends with a signi�cance level greater than 95% were obtained. The blanks

represent points where ENACW was scarcely detected.

Results can be compared to the local analysis carried out by

[GonzalezPola 2005], who observed an intense ENACW warming ranging

from 0.2 to 0.4oC per decade from 1992 to 2003 at 200�500 db using in

situ data. They also indicate a moderate decrease in ENACW salinity at

200�500 db, which ranged from 0.01 to 0.02 psu per decade. Although there

is a qualitative agreement in temperature, the salinity trends are opposite.

This is possibly due to the di�erent extent of both intervals. In fact, the

salinity series shown by [Llope 2006] in the area close to Cape Peñas, about

150 km away from the area described by [GonzalezPola 2005], shows a clear

oscillatory behavior, which cannot be accurately described by a linear �t-

ting. There, small changes in the extent of the interval can lead to opposite

trends.

The mean ENACW depth calculated at the Bay of Biscay from 1975 to

2006 (Fig.2.11) ranges from 230 to 290 m. The maximum depth (∼ 290 m)

was observed at the southeastern part of the basin and at the western part

at latitudes close to 45oN . The minimum depth (∼ 230 m) was observed
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2. Evolution of water masses along the Atlantic Arc

Figure 2.10: Annual salinity trend (psu per decade) corresponding to ENACW

in the Bay of Biscay from 1975 to 2006. Black dots represent the grid points

where trends with a signi�cance level greater than 95% were obtained. The blanks

represent points where ENACW was scarcely detected.

at the northern part. This result is similar to the ones measured by other

authors. Thus, for example, a depth on the order of 325�350 m can be

inferred from [GonzalezPola 2005], analyzing their 27.1 and 27.2 kg m−3

isopycnals. This value is comparable to the one observed in our study for

that area (280�290 m). Note that neither the time interval nor the ENACW

range was exactly the same in both studies.

The warming and salini�cation of ENACW is accompanied by a sinking

of the water mass in the entire area from 1975 to 2006 (Fig.2.12). The

deepening of ENACW ranges from 10�15 m per decade (near coast and

at the open ocean) to 40 m per decade in the central part of the Bay.

[GonzalezPola 2005] also observed the sinking of upper ENACW (bounded

by 27.1 and 27.2 isopycnals) from 1992 to 2003. They linked this fact to a

greater input of lighter water at the upper layers associated to a temperature

increase and a progressive salinity reduction from 1998 on. In our case

the sinking of ENACW is related to the unbalance between the rates of

warming and salini�cation. Actually, the deepening is less intense in the

areas where salini�cation and warming are more intense. Examining the

trends in salinity and temperature calculated in the Bay of Biscay, one can
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2.4. Changes in ENACW along the Bay of Biscay

Figure 2.11: Mean depth of ENACW (m) in the Bay of Biscay for the period

1975�2006. Black dots represent the grid points where trends with a signi�cance

level greater than 95% were obtained. The blanks represent points where ENACW

was scarcely detected.

wonder about the origin of the observed changes. Inside the domain, the

most intense trends in salinity and temperature are found in the middle part

of the Bay although they are not exactly located at the same place. On the

other hand, it is rather clear that the trends are negligible at the western

boundary since the values have not statistical signi�cance. In addition, the

maximum trends are observed at the northeastern boundary. In addition,

patterns shown in Fig.2.8 show that the highest increase in salinity and

temperature occur at the Celtic Sea area

Authors as, [Johnson 2007], have described decadal water mass varia-

tions in the Northern hemisphere along 20oW . They related the observed

changes to the 1995�1996 shift of the NAO [Halpert 1997], which is the

leading mode of variability in the area. Following this shift, the subpolar

gyre retreated to the northwest, which gave rise to changes in the SubPolar

Mode Water, which became saltier and warmer. This fact was also men-

tioned by [GonzalezPola 2005] to put into context the warming observed in
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2. Evolution of water masses along the Atlantic Arc

Figure 2.12: Depth trend of ENACW (m per decade) in the Bay of Biscay for

the period 1975�2006. Black dots represent the grid points where trends with a

signi�cance level greater than 95% were obtained. The blanks represent points

where ENACW was scarcely detected.

ENACW near Santander.

In this chapter we have compared the salinity and temperature series

with the extended winter index of NAO. The spatial mean of temperature

(salinity) in the Bay of Biscay was calculated by averaging the grid points

with trends signi�cant at the 95%. (see Fig.2.9 and Fig.2.10). Fig.2.13

shows the time evolution of the three series (NAO thick black line, temper-

ature thin black line and salinity solid gray line) which were normalized to

be represented together. The correlations between salinity and temperature

with NAO were carried out considering a 1 year lag between NAO and the

oceanographic variables. The correlations obtained are rather surprising,

since the same correlation is not keep all over the period. Thus, the series

are positively correlated (R = 0.90, p < 0.01 for temperature and R = 0.83,

p < 0.01 for salinity) over the period 1975�1995, which mostly coincides

with the positive phase of NAO. However, the series are negatively corre-

lated (R = −0.78, p < 0.01 for temperature and R = −0.67, p < 0.05
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2.4. Changes in ENACW along the Bay of Biscay

for salinity) over the period 1996�2006, which corresponds to the negative

phase of NAO. This shift in tendency is possibly due to the displacement

of NAO dipole between positive and negative phase [Halpert 1997]. Thus,

during the positive phase, the high was located at central latitudes of the

North Atlantic but it is displaced toward the Iberian Peninsula during the

negative phase.

Figure 2.13: Time evolution of temperature (thin black line), salinity of ENACW

(solid gray line) and NAO index (thick black line) in the Bay of Biscay from 1975

to 2006. The NAO index was calculated for the extended winter (DJFM). Signals

were normalized to be represented together. A running average of ±1 year was

applied to smooth signals.

41



2. Evolution of water masses along the Atlantic Arc

2.4.4 Conclusions

ENACW mas shows a signi�cant warming along the Atlantic ocean

of the IP and a cooling near coast from 1975 to 2008. This water mass

trends explain the ocean warming peak and the coastal cooling shown in

the Atlantic water column at those layers characterized by the presence of

ENACW.

Upper MWmas warms in the whole area being signi�cant near coast and

at some ocean points. The uppwe MW warming is higher that the ENACW

one. This water mass warming explain the coastal warming shown by the

Atlantic Water at those layers characterized by the presence of upper MW,

specially southern than 40.75oN .

Lower MW mas shows a signi�cant warming both in ocean and near

coast for latitudes nothern than 40.75oN . This water mas warming explain

the coastal warming at 42.75oN and the ocean warming northern than

40.75oN at those layers characterized by the presence of this water mass.

All water masses show salini�cation along the Atlantic coast of the IP

with the exception of ENACW near coast. Salini�cation is higher for the

lower MW than for the other water masses.

Changes in ENACW have been observed in the Bay of Biscay over the

period 1975�2006, coinciding with the last warming period in the North

Atlantic.

This water mass has been observed to warm and salini�cate in most of

the area at a maximum rate of 0.12 oC per decade and 0.018 psu per decade

respectively. The trends were more intense in the middle part of the Bay

and at the northeastern boundary.

The origin of the observed changes in ENACW seems to be related

to changes in the ENACW sp formation area where the trends have been

observed to reach a maximum on the order of 0.3 oC per decade and 0.045
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2.4. Changes in ENACW along the Bay of Biscay

psu per decade respectively.

The ENACW changes in the Bay of Biscay are well correlated with

the NAO index being positively correlated during the positive phase of the

NAO (from 1975 to 1995) and negatively correlated during its negative

phase (from 1996 to 2006).
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Chapter 3

Di�erences between ocean and

coastal SST along Western

Iberian Peninsula (WIP)

3.1 Di�erences between ocean and coastal SST

3.1.1 Motivation

The aim is to describe the di�erences in SST evolution during the

last century at coastal and oceanic locations along western Iberian Penin-

sula.The SST variability will be analyzed in terms of upwelling and THC

intensity.

3.1.2 Methods

In the present case, 78 data points in front of the western Iberian Penin-

sula (WIP) coast were considered from 1900 to 2008. These points range

from 9oW to 21.5oW and from 37.5oN to 42.5oN , (see, Fig.3.1) where

obtanied from HadISST. Monthly SST data were seasonally and annually
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3. Differences between ocean and coastal SST

averaged. The SST di�erence between coast and ocean was calculated as:

4SST = SSTocean − SSTcoast (3.1)

Twelve points were considered for this purpose. Points located at 9.5oW

(17.5oW ) are representative of coastal (oceanic) conditions (Fig.3.1, circles

O). Di�erences were calculated between each pair of points located at the

same latitude and then meridionaly averaged.

Wind data were obtained from NCEP/NCAR at points located at 10oW

and 42.5oN , 40oN and 37.5oN , from 1948 to 2008 (Fig.3.1, crosses x).Time

series obtained at the di�erent points showed to be well correlated (R > 0.8)

allowing a meridional average. The upwelling index (UI) can be de�ned as

minus the zonal component of Ekman transport. Note that the shore line

is macroscopically perpendicular to the Equator along the WIP:

UI = −Qx =
−τy
ρwf

(3.2)

where

τy = ρaCd(W
2
x +W 2

y )1/2Wy (3.3)

being τy the meridional wind stress, W the wind speed near surface, ρw
the sea water density (1025 kg m−3), Cd a dimensionless drag coe�cient,

(1.4×10−3), ρa the air density (1.22kg m−3) and f is the Coriolis parameter

de�ned as twice the vertical component of the Earths angular velocity, Ω,

about the local vertical given by f = 2Ωsin(Θ) at latitude Θ. Finally, x

subscript corresponds to the zonal component and the y subscript to the

meridional one. Negative (positive) τy values result in positive (negative) UI

values, which correspond to upwelling favorable (unfavorable) conditions.

According to previous research [deCastro 2008a], the EA mode shows a

signi�cant negative correlation with upwelling along the entire western coast
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3.1. Di�erences between ocean and coastal SST

Figure 3.1: Study area. SST points (+) are placed on 1o × 1o from 9.5oW to

21.5oW and from 42.5oN to 37.5oN . Circles (o) represent coastal (9.5oW ) an

oceanic (17.5oW ) reference SST points. Crosses (x) represent the location of wind

data (located at 10.0oW , 37.5oN , 40.0oN and 42.5oN).

of the Iberian Peninsula. The NAO, which is the �rst prominent mode over

the North Atlantic, just has in�uence on the upwelling index between 38 and

41o. Thus, EA will be the only mode considered in this point. The telecon-

nection indices were obtained from the Climate Prediction Center (CPC)

at the NCEP at monthly time scales from 1950 to 2009. Rotated principal

component analysis (RPCA) was used to identify the Northern Hemisphere

teleconnection patterns and indices [Barnston 1987]. This procedure iso-

lates the primary teleconnection patterns for all months and allows time

series of the patterns to be constructed.
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3.1.3 Results and Discussion

The spatial and temporal distribution of SST along the study area is

depicted in Fig.3.2a. A running average of ±5 years was used to smooth

high frequency variations in temperature. A SST gradient on the order of

1oC can be observed from coast (∼ 9.5oW ) to ocean, with lower values near

coast. In addition, several warming cooling cycles can be observed at all

longitudes during the period 1900�2008. Maximum values were observed

around 1950 and at present and minimum values around 1900 and 1975.

The inter�annual evolution of the meridional average of coastal (at

9.5oW ) and oceanic (at 17.5oW ) SST are represented in Fig.3.2b (solid

and dashed lines, respectively). A running average of ±5 years was also

considered. Macroscopically, there is an overall increase of SST at both lon-

gitudes during this period (approximately 1.1oC both at coastal and ocean

locations).

This increase is comparable to the one obtained at adjacent areas

([GarciaSoto 2002];[deCastro 2009];[Gesteira 2011]), and also to the values

provided by the IPCC for the whole Atlantic Basin [IPCC2007]. In addition,

coastal water(solid line) is cooler than the oceanic one (dashed line) as

mentioned above. According to previous research, this temperature gradient

is mainly due to coastal upwelling in spring�summer ([Nykjaer 1994];

[Santos 2011c];[Álvarez 2008a]) and to water cooling developed in shallow

waters at the end of autumn due to net heat loss from surface ([Fiuza 1983];

[desChamps 1984]). As mentioned above, three di�erent warming-cooling

periods can be observed in both signals, a warming period from 1920 to

1950, a cooling period from 1950 to 1974 and another warming period from

1974 to 2008. In the �rst warming period, oceanic (coastal) SST shows

an increase of 0.26 (0.18)oC per decade and in the second one shows an

increase of 0.30 (0.28)oC per decade.
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Figure 3.2: a)Spatial and temporal distribution of SST along the study area for

the period 1900�2008,(the x-axis corresponds with the eastern latitudes) . b)

Inter�annual variation of the meridional average of coastal (solid line) and oceanic

(dashed line) SST(oC).

The last warming period is more intense than the previous one both

near coast and in the ocean. In addition, the cooling period shows a de-

crease of −0.33 (−0.21)oC per decade. Similar warming�cooling cycles

had been observed at regional seas in the North Atlantic area as described

[GarciaSoto 2002] in the Celtic shelf, [deCastro 2009] in the Bay of Biscay

and [Gesteira 2008a] in the area close to the North western corner of the

Iberian Peninsula. It is worth noting that both cooling and warming tend

to be more intense at open ocean locations than near coast. This e�ect is

better depicted by means of the inter�annual variability of the meridional
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3. Differences between ocean and coastal SST

average of the 4SST (oC) described in Equation (3.1) (Fig.3.3).

The 4SST parameter shows three di�erent periods that were high-

lighted with a straight line: two increasing periods (from 1925 to 1956 and

from 1987 to 2008) and one decreasing period (from 1956 to 1987).The in-

crease and decrease rates for the di�erent periods are shown in Tabel 3.1.

A running average of ±5 years was also applied to smooth the signal.

Note that the intervals where the thermal gradient ocean�coast is more

(less) intense do not exactly coincide with the warming (cooling) cycles

shown in Fig.3.2a. Actually, they are delayed in about 5�10 years. Al-

though this e�ect can be partially due to the use of a running average of ±5

years, the di�erent time scales of the involved phenomena, global changes

in temperature and coastal upwelling, can also play a non negligible role.

As we mentioned in previous chapters, AMO index is a good indicator

of SST changes in the North Atlantic mainly related to THC. Fig.3.4 shows

the inter�annual variability of AMO (solid gray line) and SST anomaly

SST a (black solid line) averaged at the 78 locations shown in Fig.3.1. The

dashed lines correspond to SST a ± 2σ(SST a).

Both signals, which were previously smoothed by means of a ±5 year

running average, show a similar pattern with comparable warming�cooling

cycles. Overall, the AMO warming for the period 1900�2008 is on the order

of 0.8oC, which is slightly lower than observed along the WIP (1.1oC as

mentioned above). The apparent similarity between AMO and SST a can

be shown to be dependent on longitude (Fig.3.5). In spite of the correlation

is signi�cant at 99% for all longitudes, the correlation coe�cient decreases

rapidly from values close to 0.96 at open ocean locations (21.5oW ) to 0.88

near coast (9.5oW ).

The decrease of the correlation coe�cient is observed to be more sharply

near coast, which seems to indicate the existence of a local mechanism a�ect-

ing SST, apart from the global warming�cooling of the ocean due to changes
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Period Slope

1925�1956 -0.13

1956�1987 0.16

1987�2008 -0.1

Table 3.1: Annual 4SST (oC per decade) from 1900 to 2008. 4SST was merid-

ionally averaged along the WIP. All values have a signi�cance level of 99% in the

t�test

in the THC. As we mentioned above, changes in wind patterns can be re-

lated to changes in SST. According to previous research carried out along the

WIP ([Nykjaer 1994];[Álvarez 2008a];[Gesteira 2006];[Álvarez 2008b]) there

is clear prevalence of northerly (southerly) wind along the dry (wet) season.

During the wet season (ONDJFM) wind tends to drive air from southern

latitudes, which is warmer than local air. Thus, the meriodional compo-

nent of wind stress (τy) tends to be positively correlated with SST both

near coast and at open sea locations. Actually, the correlation coe�cient

between τy calculated at 10oW and SST for every longitude from 9.5oW

to 21.5oW is approximately equal to 0.75 (signi�cant at 95%) with a neg-

ligible dependence on longitude. On the contrary, during the dry season

(AMJJAS), northerly winds tend to generate coastal upwelling. Fig.3.6

shows the correlation coe�cient between τy calculated at 10oW and SST

for longitudes ranging from 9.5oW to 21.5oW for the period 1949�2008.

Signi�cant correlation (R2 ∼ 0.55) at a 90% level in the t�test is only ob-

served near coast with a sharp decrease seaward, reaching values below 0.3

for longitudes over 15.5oW . τy and near shore SST are positively corre-

lated since when τy becomes more negative (more intense northerly winds)

coastal SST decreases due to the enhancement of coastal upwelling, which

replaces surface water with cooler water. A similar conclusion was attained
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Figure 3.3: Inter�annual evolution of the meridional average of 4SST (oC) from

1900 to 2008. 4SST was de�ned as ocean SST minus coastal SST as described

in equation(3.1). A running average of ±5 years was considered to smooth the

signal. Straight lines were used to highlight the increasing and decreasing periods

of 4SST

by [Schwing 1997] who compared SST and wind stress in the California

Current System.

The time evolution of upwelling and4SST signals during the dry season

can be observed in Fig.3.7. The anomaly of both signals relative to the

period 1948�2008 was previously calculated to allow visual comparison. In

addition, the high frequency was �ltered by means of a running average (±5

years). Macroscopically, periods with UI values (full bars) over the mean

tend to coincide with periods with 4SST over the mean (black line). Note

that high4SST values correspond to large temperature di�erences between

ocean and coastal water. Actually, the correlation coe�cient between both

signals (R = 0.67) is signi�cant at 90%. According to [deCastro 2008a],

changes in upwelling intensity are related to changes in the teleconnection

patterns, in particular in EA pattern. The empty bars in Fig.3.7 represent

the time evolution of EA, which showed to be negatively correlated with UI

(R = −0.62, signi�cant at 90%). Thus the observed changes in UI are not

an isolated coastal fact, but they can be related to changes in EA pattern,
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3.1. Di�erences between ocean and coastal SST

Figure 3.4: Evolution of AMO index (gray solid line) compared with the mean

SST anomaly (SST a) (black solid line) calculated at the SST points depicted in

Fig.3.1. Dashed lines correspond to SST a ± 2σ(SST a). Once again, a running

average of ±5 years was considered. The signal was �ltered with a running aver-

age (±5 years) prior to the calculation of correlation coe�cients. Correlation is

signi�cant at 99% for all longitudes.

which explain most of the upwelling variability.

[Schwing 1997] found upwelling intensi�cation coinciding with warmer

SST in the California Current System. There the long�term SST trend

masks the cooling e�ect due to upwelling increase. Remarkable di�erences

have been found between that manuscript and the present analysis. First,

4SST was used in order to remove the global component from the signal.

Thus, the warming�cooling cycles a�ecting the North Atlantic are consid-

ered to a�ect in a similar way to both coastal and ocean locations. Then,

the temperature gradient (4SST ) is assumed to be mainly due to local

forcing. Second, the observed trends do not indicate increase in seasonal up-

welling as suggested by [Bakun 1990] who hypothesized the existence of near

coast SST cooling via increased coastal upwelling generated by the di�erent

warming rates over land and sea ([Jones 2001];[Sutton 2007]). No evidence

of such a mechanism was found in the present study. Actually, most of the
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Figure 3.5: Correlation coe�cient between the annual AMO index and the an-

nual meridional average of SST at di�erent longitudes calculated for the period

1900�2008. The signal was �ltered with a running average (±5 years) prior to

the calculation of correlation coe�cients. Correlation is signi�cant at 99% for all

longitudes.

studies carried out during the last decades have shown a decreasing trend

in upwelling intensity. Thus, [Lemos 2004] found evidence of a progressive

weakening of the upwelling regime for the period 1941�2000, [Álvarez 2008a]

did not observe a clear trend at monthly scale, although, in average, up-

welling tended to decrease for the period 1967�2006. A remarkable decrease

in upwelling index was also described by [Pérez 2010] at the north�western

corner of the Iberian Peninsula for the period 1965�2007. The same authors

[Pardo 2011] extended their analysis to the period 1948�2009 with similar

conclusions. [Gesteira 2011] found a signi�cant decrease in upwelling index

for the region Galicia�North Portugal over the period 1975�2008. Only

[Santos 2011a] hypothesized the existence of di�erent periodicities in up-

welling evolution without a clear increasing or decreasing trend.

Finally, it is unclear if the correlation between SST and wind stress is

due to a causal physical process or simply they covary with other processes

at a global scale, since the observed commonality in trends does not neces-
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3.1. Di�erences between ocean and coastal SST

Figure 3.6: Correlation coe�cients were calculated between seasonal

(April�September) meridional wind stress (τy) and AMJJAS SST at di�erent

longitudes for the period 1948�2008. Once again, signals were �ltered with a run-

ning average (±5 years) prior to the calculation of correlation coe�cients. Only

the three �rst locations (until 12oW ) are statistically signi�cant at 90%.

sarily imply the existence of an underlying dynamical link as pointed out by

[Mendelssohn 2002]. Possibly, a non linear interaction between changes in

ocean temperature and atmospheric patterns is behind the observed evolu-

tion of SST and UI, although new research should be conducted to elucidate

the underlying mechanism.

3.1.4 Conclusions

Di�erent warming�cooling cycles in SST had been observed in the North

Atlantic region during the last century, although the di�erent response of

ocean and coastal waters had not been described so far. New �ndings about

the di�erences in coastal and ocean SST trends along the WIP can be with

drawn from the present research:

• Ocean and coastal SST evolve at di�erent rates. Actually, the di�er-

ence in SST (ocean minus coast) tends to increase (decrease) during
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3. Differences between ocean and coastal SST

Figure 3.7: Time evolution of seasonal (April�September) UI (full bars), EA index

(empty bars) and 4SST (dark line) anomalies relatives to the period 1948�2008.

The signals were �ltered by means of a running average (±5 years). In addition,

the UI anomaly was multiplied by a factor 0.75/(max(UI)−min(UI)) to allow a

better visual comparison between signals. UI showed to be correlated with 4SST
(R = 0.67, signi�cant at 90%) and negatively correlated with EA (R = −0.62,

signi�cant at 90%).

warming (cooling) periods.

• Both coastal and oceanic SST is highly correlated with the Atlantic

Multidecadal Oscillation (AMO), although the correlation was ob-

served to decrease coastward.

• Near coast SST is also correlated with meridional wind stress (τy)

during the dry season. This τy characterizes coastal upwelling, which

is the main feature of the western Iberian Peninsula coast during

spring and summer.
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3.2 Variability of coastal and ocean water temper-

ature in the upper 700 m.

3.2.1 Motivation

The aim is to describe the di�erences in the variability of temperature

and heat content between coastal and ocean locations along the WIP from

1975 to 2006. This analysis will be carried out by means of data obtained

from SODA reanalysis. Which provide information about the vertical struc-

ture of temperature.

3.2.2 Methods

Only the �rst 21 vertical levels of the SODA database (from 5.0 m

to 729.35 m) were considered in this point of the chapter. According to

([Levitus 2005] and [Levitus 2001]), the most important changes in heat

content observed for the world ocean during the last decades correspond

to the upper 700 m. Trends were calculated over the period 1975 to 2006,

which corresponds to the last warming cycle in the North Atlantic.

Other data bases were considered for comparison purposes, as Path�nder

5.2 and HadISST1.1.

The mean temperature provided by SODA at surface layer (upper 5 m,

Fig.3.8a) can be compared to the mean of SST obtained from Path�nder

(Fig.3.8b) and HadISST (Fig.3.8c). Macroscopically, similar qualitative and

quantitative behaviour can be observed in the three frames corresponding

to the period 1982�2006, which is common to the three databases. Actually,

the biggest di�erences are observed between HADISST and the rest of the

databases at coastal areas due to its coarser grid. The comparison among

temperature trends (T trend) was calculated for a transect located at 41.75oN

(Fig.3.8d). Sea temperature data were �rst re�meshed on the same spatial
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Figure 3.8: a) Mean sea temperature (oC) at surface layer (upper 5 m) from the

SODA, b) mean SST from Path�nder and c) mean SST from HadISST1.1. Data

were averaged over the period 1982�2006. d) SST trend (oC per decade) calculated

at 41.75oN from 1982 to 2006 using the three data bases mentioned above. SST

data were previously re-meshed to a common spatial resolution of 0.5o × 0.5o.

Legend in the �gure P: Path�nder; S: SODA; H: HadISST.

scale (0.5o × 0.5o) and calculated for the same period (1982�2006). The

trend provided by the three databases is always positive and on the same

order of magnitude. The trend was also observed to decrease landward in

the three cases.

Following [Bakun 1990], three di�erent layers will be considered in the

further analysis for the ocean vertical pro�le of SODA: the mixed layer (from

5.0 to 46.6 m deep), the thermocline base (from 58 to 197 m deep) and the

intermediate water (from 229.5 to 729.4 m deep). The mixed layer depth

(MLD) was calculated following the temperature criterion, SST −ST (z) =
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0.2oC, described in Table 1 in [Kara 2000], where ST(z) is the temperature

at depth (z). This criterion indicates that the layer depth is de�ned as the

depth where the temperature is 0.2oC less that the SST. The mean annual

mixed layer depth was averaged over the period 1975�2006 for two transects

perpendicular to the shore line (transect 1 at 41.75oN and transect 2 at

39.75oN , see Fig.3.9). The mean MLD obtained for both transect is −44.5

m and −43.5 m respectively, in good agreement with the value shown above.

Note that the layers in SODA are not equally spaced and the closest ones

are located at −35.8, −46.6 and −58.0 m respectively.

Heat content anomaly was calculated at each grid point over the period

1975�2006 in terms of temperature anomaly, following the expression:

Q = mwcw 4 Tw (3.4)

where cw = 3.981 × 103J (oC kg)−1 is the speci�c heat of seawater

at constant pressure at the sea surface, mw = ρwVw is the mass of the

seawater block, where ρw = 1.02767× 103 kg m−3 is the density and Vw =

(0.5 × 111120)(0.5 × 111120cos((2π/180)lat)) ×4h the volume, being lat

the latitude of the water parcel and 4h the water column height from

surface to 729.35 m. cw and ρw values were taken from [Gill 1982]. Finally,

temperature anomaly was calculated following 4Tw = dT 4 t (oC), where

dT is the temperature trend (oC per year) and 4t the period under study

(in years).

3.2.3 Results and Discussion

The area located in front of the WIP (from 37.25 to 43.25oN and from

9.75 to 14.75oW ) has been considered. This region is characterized by

a shoreline perpendicular to the equator, being coastal upwelling the main

driving mechanism (see [Gesteira 2011] and the references herein). The cho-
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3. Differences between ocean and coastal SST

Figure 3.9: Mixed layer depth (MLD) at two transects located at 41.75oN (black

line) and 39.75oN (gray line). The MLD was calculated following the temperature

criterion SST − ST (z) = 0.2oC, where ST (z) is the water temperature at depth

(z). This criterion identi�es the MLD as the depth at which the temperature is

0.2oC lower than the SST.

sen period, 1975�2006, corresponds to the last warming period both in the

North Atlantic and in the area under study ([deCastro 2009];[Gesteira 2011];

[Gesteira 2008a];[Santos 2011b]). Near surface water temperature averaged

for the mixed layer (5.0 to 46.6 m) from 1975 to 2006 is shown in Fig.3.10.

The criterion followed to calculate the mixed layer is described in Data and

Methods section. Costal water is observed to be considerably colder than

ocean water at the same latitude, showing the imprint of coastal upwelling.

Fig.3.11 shows the temperature trend calculated at di�erent depths over

the period 1975�2006. Fig.3.11a shows the temperature trend for the mixed

layer. The warming trend observed near coast (∼ 0.10�0.15oC per decade),

is considerably lower than in the ocean (0.25�0.35oC per decade). Tem-

perature trends were also calculated for the thermocline base (Fig.3.11b),

which ranges approximately from 50 to 200 m. There, coastal temperature

trends are on the order of 0�0.1oC per decade and ocean trends on the

order of 0.15�0.25oC per decade. Finally, trends were also calculated for
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Figure 3.10: Near surface water temperature (oC) averaged for the mixed layer

(from 5.0 to 46.6 m) over the period 1975�2006.

the intermediate water which ranges approximately from 200 to 700 m (

Fig.3.11c). The pattern observed from 43.25oN to approximately 38.25oN

is similar to the previous ones. Costal trends on the order of 0�0.05oC per

decade and ocean trends on the order of 0.10�0.15oC per decade can be ob-

served for these latitudes. This pattern is not observed further South due

to the input of Mediterranean Water. Due to the identi�able presence of

this water mass in the southernmost part of the study area, only the region

ranging from 38.25 to 43.25oN will be considered from now on.

Vertical pro�les of temperature trends were used to analyze the wa-

ter column (Fig.3.12). Pro�les were calculated at two di�erent latitudes

41.75oN (Fig.3.12a) and 39.75oN (Fig.3.12b). Some common features can

be observed in both plots. The ocean warming (10.75 to 14.75oW ) is consid-

erably higher than the coastal one (9.75 to 10.75oW ). The highest warming

(0.2�0.4oC per decade), is found at ocean locations covering the upper 300

m. On the contrary, the warming hardly attains 0.2oC per decade near shore

and only a�ects the upper 20 m, being practically negligible (< 0.1oC per

decade) below 50 m. These common features can also be observed at the

rest of latitudes from 38.25 to 43.25oN (not shown).

The vertical pro�le of coastal temperature trends (Fig.3.13, solid line)
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3. Differences between ocean and coastal SST

Figure 3.11: Horizontal map of the temperature trend (oC per decade) calculated

at di�erent depths over the period 1975�2006: a) mixed layer (from 0 to 46.6 m

deep), b) thermocline base (from 58 to 197 m deep) and c) intermediate water

(from 229.5 to 729.4 m deep).

was calculated by averaging the temperature trends considering the three

longitudes closest to coast and all latitudes from 38.25 to 43.25oN . The

coastal vertical pro�le allows characterizing trends in the zone in�uenced by

upwelling processes. Previous studies carried out on the WIP [Santos 2011b]

have shown that zone in�uenced by coastal upwelling is mainly constrained

to the �rst degree from coast. The ocean pro�le (Fig.3.13, dashed line) was

calculated in the same way but considering the three longitudes farthest

from coast. In this way, the oceanic trend is not in�uenced by coastal

processes. The ocean warming is higher than the coastal one as mentioned in

Fig.3.12. In particular, values on the order of 0.3oC per decade are observed

near surface at the ocean decreasing with depth till reaching values below
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Figure 3.12: Temperature trend (oC per decade) for the period 1975�2006 calcu-

lated at two latitudes: a) 41.75oN and b) 39.75oN .

0.1oC per decade at 500 m. The coastal warming is much smaller, reaching

values close to 0.2oC per decade near surface and decreasing rapidly at

values below 0.1oC per decade for depths on the order of 50 m.

Once the di�erence between coastal and ocean warming has been ana-

lyzed, we will quantify the changes observed in heat anomaly (Q), which was

calculated from temperature anomaly following Equation (3.4) in methods

section. The heat content anomaly was meridionally averaged from 38.25

to 43.25oN over the period 1975-2006 (Fig.3.14). Q shows a sharp increase

from coast, 1.1× 1018J (0.46W m−2), to ocean, 3.7× 1018J (1.59W m−2).

Error bars were calculated using the standard deviation of the monthly

data, σ(Q), divided by the square root of the number of data.

The time evolution of heat anomaly (Fig.3.15) is also di�erent for coastal

(solid line) and ocean (dashed line) locations. Coastal (ocean) heat anomaly

was calculated by averaging heat anomaly at the three most landward (sea-

ward) points. A running average (±2 years) was applied to smooth the

signal. Heat content anomaly shows a sharp increase (∼ 1.1 × 1018J per

decade) at ocean locations and a smoother one (∼ 0.6× 1018J per decade)

at coastal locations.
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Figure 3.13: Vertical pro�les of temperature trends oC per decade) meridionally

averaged for the three longitudes nearest to the coast (solid line) and for the three

longitudes farthest the coast (dashed line).

The di�erence in SST warming rates between near coast and at ocean

locations had been previously described for the WIP [Santos 2011b] and

for other areas like the CUES [Santos 2012c] and the BUES [Santos 2012b]

(see Chapter 5 ). Nevertheless, the extent of this di�erence with depth

had not been analyzed in detail due to the lack of data along the water

column. The use of a tridimensional data obtained from SODA has al-

lowed a more in�depth analysis over the period 1975�2006. The warming

trend (Fig.3.11a) observed for the mixed layer (from 0 to 46 m deep) near

coast is considerably lower (∼ 0.10�0.15oC per decade) than at the ocean

(0.25�0.35oC per decade). These values are similar to SST trends observed

for the same area near shore (0.14 ± 0.01oC per decade) over the period

1985�2005 [Gesteira 2008a]. Similar SST trends (0.27± 0.04oC per decade

near shore and 0.38± 0.04oC per decade at open sea locations) were found

over the period 1974�2008 [Santos 2011a]. Finally, a similar warming trend

was measured near coast (0.24oC per decade) over the period 1974�2007

for the NW corner of the Iberian Peninsula [Gesteira 2011]. In spite of

slight di�erences in the observed trends, which are mostly due to di�er-

ences among databases and to the extent of the areas and periods under
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Figure 3.14: Heat content anomaly, Q(J), meridionally averaged from 38.25 to

43.25oN over the period 1975-2006. Error bars were calculated using the standard

deviation of monthly data, σ(Q), divided by the square root of the number of data.

All trends are signi�cant with p < 0.05.

study, these previous studies highlight the existence of di�erent SST warm-

ing rates at coastal and ocean locations. However, little was known about

temperature changes along the water column. Fig.3.11b shows that the dif-

ferences between coast and ocean previously described for the mixed layer

are kept for the thermocline base (from 58 to 197 m deep). This situation

is not maintained for the whole area when analyzing intermediate water

(from 229.5 to 729.4 m deep) as it can be observed in Fig.3.11c. At these

depths the warming pattern changes south of 38.25oN due to the intrusion

of the Mediterranean Water, which �ows approximately between 400 and

1500 m (for a brief summary about the di�erent water masses in the zone

the reader is referred to ([Ambar 2002];[OSPAR2000] and to the references

therein).

The meridional average of trends was calculated for coastal and ocean

locations considering all latitudes ranging from 38.25 to 43.25oN (Fig.3.13).

The coastal vertical pro�le shows a slight warming (∼ 0.2oC per decade)

near surface (upper 20 m), which decreases rapidly and becomes negligible

below 50 m. On the contrary, the ocean vertical pro�le shows a stronger
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Figure 3.15: Time evolution of the heat content anomaly (Q(J)) meridionally

averaged from 38.25 to 43.25oN over the period 1975�2006. The black solid line

is the mean of the three nearest locations to the coast and the grey dashed line is

the mean of the three most oceanward locations. A running average of ±2 years

was considered to smooth the signal.

surface warming (0.2�0.4oC per decade), which penetrates down to 300 m.

That ocean vertical pro�le of temperature trend is similar to the warming

decrease with depth described for the Bay of Biscay along the upper 400 m

[Michel 2009] using theWorld Ocean Database. There, the authors obtained

a maximum trend (∼ 0.25oC per decade) at subsurface layer, which is

similar to the one observed in the present study (∼ 0.32oC per decade)

for ocean locations. In addition, their trend does not decrease abruptly

during the �rst tens of meters but it remains positive till approximately

500 m. The same was observed in our study, where trends on the order

of 0.05oC per decade are observed at 600 m. Note that study described

in [Michel 2009] averages the whole Bay of Biscay, in such a way that the

mean values clearly resemble the oceanic behavior since the coastal points

are only a small percentage of the total set.

It should be noted that the area has su�ered a noticeable warming

from 1975 on. Actually, according to [Gesteira 2011], the land tempera-

ture in the area has increased at an approximate rate of 0.5oC per decade.
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At ocean locations, the upper layers of the ocean are also a�ected by the

warming observed for air temperature. There, heat is mainly transported

down from surface to lower layers by thermal di�usion. Near shore, coastal

upwelling is the most important forcing mechanism, in such a way that

cold water is pumped intermittently from below to near surface layers.

Thus, di�usion is o�set by advection, which mixes deeper colder water

with warmer surface water. Thus, di�usive atmospheric heating is con-

strained to near surface layers, resulting in a weaker coastal warming.

This di�erence in coastal and ocean warming rates is not necessarily corre-

lated with changes in upwelling intensity. In fact, the mechanism proposed

in [Bakun 1990] by which global warming would result in increased up-

welling intensity is the subject of wide controversy in the area under study

([Lemos 2004];[Santos 2011b];[Pérez 2010];[Pardo 2011];[Santos 2011c]).

Even some authors found that upwelling intensi�cation coincided with warmer

SST in the CUES, proving that other factors like long-term SST warming

can mask the cooling e�ect associated to upwelling

[Schwing 1997]. Thus, the mere presence of upwelling may be su�cient to

constrain the warming to the upper layers. However, the di�erence between

coastal and ocean trends are more marked in those regions that have ex-

perienced changes in upwelling intensity during the last decades as shown

in recent studies carried out in the BUES [Santos 2012b] and the CUES

[Santos 2012c] (see Chapter 5 ).

The heat content anomaly meridionally averaged from 38.25 to 43.25oN

increases from coast (0.46W m−2) to ocean (1.59W m−2). The increment

for the ocean is considerably higher than that obtained for the world ocean

(0.20W m−2) and for the Atlantic Ocean (0.52W m−2) [Levitus 2005]. Note

that, the period considered in that study was 1955�1998, which contains a

cooling part from the mid��fties to the mid� seventies and a warming part

from the mid�seventies on. Later, these results were corrected increasing
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to 0.25W m−2 for the world ocean over the period 1969�2008 considering

the upper 700 m [Levitus 2001]. More recently, an increase of 0.64W m−2

was detected for the world ocean over the period 1993�2008 considering the

upper 700 m [Lyman 2010]. In addition, an increase on the order of 0.8W

m−2 can be estimated for the upper North Atlantic (0�700 m) over the

period 1968�2003 [Levitus 2005]. Even, more recently, [Levitus 2012] cal-

culated the ocean heat content over the period 1955�2010. Values of 0.27W

m−2 (0.39W m−2) were obtained for the world ocean considering the upper

700 and 2000 m respectively. In the particular case of the Atlantic Ocean,

the increase is on the order of 0.54Wm−2 (0.81W m−2) for the upper 700

m (2000 m). Finally, di�erent studies shows that the heat content anomaly

calculated using SODA for the band 15o�60oN over the 1961�2001 period

[Carton 2008] is about 50% higher than obtained by [Levitus 2005] for the

same years and band. Even, considering that there are signi�cant di�er-

ences among heat content anomalies calculated using di�erent databases,

the present study shows that the rate between heat content increase at

coastal and ocean locations along the WIP is on the order of one third.

This is in good agreement with previous studies carried out by the authors

in di�erent upwelling areas ([Santos 2011b];[Santos 2012b];[Santos 2012c]),

which show that SST warming at coastal locations is less intense than at

adjacent ocean locations.

3.2.4 Conclusions

The di�erences in water temperature and heat content were analyzed by

means of the SODA package over the upper 700 m along the WIP a from

1975 to 2006.

Warming is considerably higher at ocean locations than at the coastal

ones at the same latitude. This behavior is observed throughout the water

68



3.3. Changes in the frequency of extreme sea temperatures events from 1982 to 2011

column. In particular, ocean warming (0.2�0.4oC per decade) penetrates

down to 300 m whilst coastal warming (∼ 0.10oC per decade) only a�ects

the upper 20 m. Actually, coastal warming is practically negligible under

50 m. The heat content anomaly was hence increased from coastal (0.42 W

m−2 at 9.75oW ) to ocean locations (1.59 W m−2 at 12.25oW ).

Coastal upwelling, which is the most importing forcing mechanism along

the western coast of the Iberian Peninsula, seems to be responsible of the

weaker coastal warming compared with the ocean warming at the same

latitude.

3.3 Changes in the frequency of extreme sea tem-

peratures events from 1982 to 2011

3.3.1 Motivation

The question addressed is to analyze the existence of trends in the fre-

quency of extreme hot days along the WIP over the period 1982 to 2011.

More speci�cally, the di�erence between ocean and coastal trends will be

analyzed both at seasonal and annual scale.

3.3.2 Methods

The area under study covers the region 37�43oN and 349�352oE which

corresponds to the WIP coast and its adjacent shelf (Fig.3.16). The WIP

coast maintains an almost constant S-N orientation without any island, large

peninsula or semienclosed basin. The region may be regarded as the north-

ern boundary of the CUES. Previous studies ([SantosA 2005];[Álvarez 2008a])

have shown that seasonal (April-October) coastal upwelling is the most im-

portant forcing factor at the region. SST was retrieved from Path�nder
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O.I. 1.4 Degree Daily SST data provided by NOAA's National Climatic

data Center.

The analysis of coastal SST requires the consideration of very close land

pixels. In order to avoid that these pixels were land contaminated, coastal

pixels were only those with less than 50% of land contamination following

the procedure described by [Lima 2012]. Twenty three ocean points (dots

in Fig.3.16) were considered at the same latitude that coastal ones (circles

in Fig.3.16) but displaced one degree seaward.

SST trends

Daily SST values were monthly averaged at every point and then the

monthly anomalies were calculated by subtracting to the temperature of a

certain month (e.g. January 1982) the mean temperature of that month

(January) over the period 1982�2011. Trends were calculated at each pixel

as the slope of the linear regression of the SST anomalies versus time. The

Spearman rank correlation coe�cient was used to analyze the signi�cance of

trends due to its robustness to deviations from linearity and its resistance to

the in�uence of outliers. This procedure generates a matrix of annual trends

(Trendi,j) calculated from SSTmi,j anomalies, where i and j correspond to

the longitude and latitude of the pixel and m represents the month. Trends

at coastal and ocean points shown in Fig.3.16 were calculated by spatially

averaging the (Trendi,j) matrix in the closest neighbourhood (±1) of ev-

ery pixel i, j. The standard deviation was calculated considering the same

neighbourhood. Note that both the mean and the standard deviation are

calculated by using around 9 pixels (some of them can be land and then dis-

carded), which reduces the e�ect of spatial inhomogeneities. The same pro-

cedure was also applied at seasonal scale: winter (January-March); spring

(April-June); summer (July-September); and autumn (October-December).
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3.3. Changes in the frequency of extreme sea temperatures events from 1982 to 2011

Figure 3.16: Area under study. Colors represent mean SST(oC) averaged from

1982 to 2011. The upwelling imprint is re�ected by a land-ocean SST gradient on

the order of 0.5oC. Circles (dots) correspond to coastal (ocean) pixels. Crosses

represent the locations where upwelling index was calculated.

Extreme SST

The 95th percentile of the local SST was also considered to characterize

extreme events, days with extremely hot SST. The analysis of trends in

the frequency of extreme days per decade was carried out for each pixel

following several steps:

• 1) SST anomaly was calculated for each day over the period 1982 to

2011. Anomalies were calculated by subtracting to the temperature

of a certain day (e.g. January �rst, 1982) the mean temperature of

that day (January �rst) over the period 1982�2011.

• 2) The number of days with SST anomaly over the 95 percentile was

calculated yearly and seasonally.

• 3) Annual and seasonal trends were calculated as the slope of the linear

regression of the frequency of extreme SST versus time. This proce-
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dure generates a matrix of trends in extreme hot events (Trend95i,j)

similar to the one describe above for temperature. The mean and the

standard deviation at the coastal and ocean control points were also

calculated following the method described above for temperature.

Upwelling Index

Data for this point of the chapter were retrieved from NOAA's Na-

tional Operational Model Archive and Distribution System (NOMADS)

which is maintained at NOAA's National Climatic Data Center (NCDC)

[Saha 2010]. Ekman transport was calculated following the Equations 1.4

and 1.5 described in the previous chapter.

UI can be de�ned as the Ekman transport component in the direction

perpendicular to the shoreline [Nykjaer 1994] following the Equation 1.6.

3.3.3 Results and Discussion

The existence of di�erent warming rates at coast and ocean is depicted

in Fig.3.17a. Ocean warms (0.25�0.3oC per decade, gray line) faster than

coast (0.20�0.24oC per decade, black line) at all latitudes (Fig.3.17b).

Warming rates on the same order were obtained both near coast and

at ocean by other authors. [Gesteira 2008a] detected a coastal warming of

0.14±0.01oC per decade over the period 1985�2005 . [Santos 2011a] obtain

similar ocean and coastal warming trends (0.38 ± 0.04 and 0.27 ± 0.04oC

per decade, respectively) over the period 1974�2008. [Relvas 2009] found

similar ocean and coastal warming trends (0.33 and 0.22oC per decade,

respectively) over the period 1985�2008. Di�erences between ocean and

coastal warming were also detected in other parts of the world, in particular

along the BUES and CUES (see Chapter 5 ). In the BUES, [Santos 2012b]

detected an ocean warming of 0.06oC per decade and a coastal warming
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Figure 3.17: SST trends (oC per decade) over the period 1982�2011. (a) Map of

trends. Dots mark trends with signi�cance higher than 95%; (b) Trends at the

control points shown in Fig.3.16, oceanic (coastal) points represent by gray line

(black line). Error bars were calculated using the standard deviation over the

square root of the number of data.

of −0.13oC per decade associated to the strengthening of coastal upwelling

over the period 1970�2009. In the CUES, [Santos 2012c] detected an ocean

warming of 0.40oC per decade and a coastal warming of 0.35oC per decade

that was also linked to the strengthening of coastal upwelling over the period

1982�2010. In a broader context, [Lima 2012] detected a mean coastal

warming rate of 0.27± 0.13oC per decade along the Eastern Atlantic coast

with a particularly rapid increase along the margins of both Norwegian

and North Seas. In the particular case of the WIP coast, coastal warming

ranged from 0.2 to 0.3oC per decade, especially during spring and summer

as previously described in [Gesteira 2011].

Annual trends in the frequency of extreme hot days were calculated

along the WIP coast from 1982 to 2011 (Fig.3.18a). The number of extreme

hot days has increased during this period with values ranging from 6 and

15 days per decade. The increase is not spatially homogeneous (Fig.3.18b).

The lowest increase was detected near coast south of 39oN and the highest

one at ocean locations for the same latitudes. In short, this area shows the

highest di�erences between coast and ocean at annual scale. North of 39oN
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the di�erences between coast and ocean are practically negligible, although

the increase in the number of hot days tends to be slightly bigger for ocean

locations. Only north of 42oN the di�erence increases again, although at a

much lesser extent than observed south of 39oN .

Figure 3.18: Annual trends in the frequency of extreme hot days over the period

1982�2011. (a) Map of trends. Dots mark trends with signi�cance higher than

95%; (b) Trends at coastal (dark line) and ocean (light line) locations.
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3.3. Changes in the frequency of extreme sea temperatures events from 1982 to 2011

The existence of a remarkable seasonal component in warming pattern

shown in previous research ([Gesteira 2008a];[Relvas 2009];[Gesteira 2011];

[Lima 2012]) has motivated the seasonal analysis shown in Fig.3.19a-h.

First of all, the number of extreme hot days is practically constant during

winter (Fig.3.19a,b) both at ocean and coastal locations. On the contrary,

the highest number of additional extreme hot days occurs during spring,

although the behavior is similar both at ocean and near coast (Fig.3.19c,d).

The number of days decreases with latitude from 6.5 days per decade at

37oN to close 3 days per decade at 43oN . It can also be observed that,

only during this season, the increase in the frequency of hot days is slightly

higher at coastal locations than at ocean ones (at least for the area ranging

from 38oN to 41oN). The highest di�erences between coast and ocean lo-

cations are observed during summer (4e, 4f), when the increase of extreme

hot days is higher at ocean locations than near coast. In particular, the

highest di�erences can be observed south of 38.5oN . Even, close to 37oN

the trend is slightly negative. During this season the increment in the num-

ber of extreme hot days near shore ranges from 0 days per decade at 37oN

to 3 days per decade at 43oN . This contrasts with the behavior at ocean

locations where the increment of extreme hot days ranges from 2 to 4 days

per decade. Finally, during autumn (4g, 4h), the increase of extreme hot

days is very similar at ocean and near coast, ranging from 1 day per decade

at 37oN to 3�4 days per decade at 43oN . This seasonal behavior in the

frequency of extreme hot days re�ects the seasonal behavior of ocean and

coastal mean warming measured along the WIP coast from 1982 to 2011 as

show Fig.3.20(a-h).
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Figure 3.19: Seasonal trends in the frequency of extreme hot days over the period

1982�2011. Frames as in Fig.3.18 (a,b) Winter; (c,d) Spring; (e,f) Summer; (g,h)

Autumn. Dots mark trends with signi�cance higher than 95%

Spring shows to be the season that has experienced the highest incre-

ment in mean temperature during the last decades ([Gesteira 2008a];

[Gesteira 2011]) both at ocean and coastal locations as it was analyzed
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Figure 3.20: Seasonal trends in the frequency of extreme hot days over the period

1982�2011. Frames as in Fig.3.18 (a,b) Winter; (c,d) Spring; (e,f) Summer; (g,h)

Autumn. Dots mark trends with signi�cance higher than 95%
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In addition, coastal upwelling is quite limited during the season, since

according to ([Álvarez 2008a];[Álvarez 2010]) permanent and intense up-

welling events mainly occur during summer. On the other hand, the high-

est di�erence coast-ocean in the frequency of extreme hot days occurs dur-

ing summer which is the most upwelling favorable season in the WIP area

([Álvarez 2008b];[Álvarez 2010]). Previous research ([Relvas 2009];

[Santos 2011b];[Santos 2012c]) has mentioned the di�erent warming rates of

WIP waters at coastal and ocean locations. Spring shows to be the season

that has experienced the highest increment in mean temperature during the

last decades ([Gesteira 2008a];[Gesteira 2011]) both at ocean and coastal lo-

cations as it was analyzed above. In addition, coastal upwelling is quite lim-

ited during the season, since according to ([Álvarez 2008a]; [Álvarez 2010])

permanent and intense upwelling events mainly occur during summer. These

previous studies mention in a more or less explicit way the role played by

coastal upwelling on coastal warming. Nevertheless, the role of upwelling

was not examined in detail by means of wind �elds of �ne resolution and

it is unclear whether the di�erent warming rates are due to changes in up-

welling intensity or merely to the presence of upwelling that enhances the

advective mechanisms and prevents the di�usion of temperature from sur-

face. Here, we have considered the summer evolution of UI over the period

1982�2011 using CFSR data with a resolution comparable to the one used

for SST (Fig.3.21). The trend is observed to be positive (upwelling tends to

increase) along the whole WIP coast, although it tends to decrease north-

ward. In particular, the trend is practically negligible at northernmost part

of the region. The observed trends are comparable to the ones observed at

the BUES [Santos 2012a] and CUES [Santos 2012b] (see Chapter 5 ), which

also result in a di�erent warming rate at coastal locations.
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Figure 3.21: Trend in summer upwelling calculated over the period 1982�2011

using CFSR data. Circles mark trends with signi�cance higher than 95%.

3.3.4 Conclusions

The WIP coast has warmed over the period 1982�2011. This warm-

ing showed remarkable seasonal and zonal di�erences with coastal regions

warming slower than adjacent ocean areas. The main �ndings can be sum-

marized as follows:

• The frequency of extreme hot days has increased both at ocean and

coastal locations being the increase lower near coast than at adjacent

ocean locations.

• Changes in the frequency of hot days were negligible in winter.

• Spring showed the highest increase in the number of extreme hot days

being the increase similar at coast and ocean.

• The increase in the number of hot days was also important during

summer. In addition, this season showed the highest di�erences be-

tween coast and ocean.
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• Autumn shows and intermediate situation between spring and sum-

mer. Trends show smaller di�erences between coast and ocean than

during summer. In addition, the increase in the number of extreme

hot days is similar to the one observed in summer.

• The di�erences between coast and ocean observed in summer are due

to the increase of coastal upwelling observed during this season. In

particular, the highest di�erences were observed at the southernmost

part of the area, where upwelling increase was stronger.

The di�erent behavior observed both in ocean warming and in the fre-

quency of extreme hot days between ocean and coastal areas allows under-

standing how local and seasonal mechanisms like upwelling can in�uence a

region making it less vulnerable to the e�ect of extreme events. The under-

standing of these changes should help to develop policies and procedures to

preserve the ecological and economic richness of coastal regions.
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Chapter 4

Di�erences between ocean and

coastal SST in other areas

4.1 Di�erences between ocean and coastal SST in

the Canary Upwelling Ecosystem

4.1.1 Motivation

The aim is to describe the regional di�erences in the warming rates

between coastal and oceanic locations for the same latitude in the Moroccan

sub�region of the Canary Upwelling Ecosystem (CUE) from 1982 to 2010.

The e�ect of local forcings like wind and air temperature and remote forcings

like atmospheric circulation patterns will be analyzed.

4.1.2 Methods

In this study the area extending from 22oN to 33oN and from 6oW to

22oW Fig.4.1 was selected from 1982 to 2010 from the Path�nder database.

Only SST values with quality �ags 6 or 7 were considered following

([Kilpatrick 2001] and [Relvas 2009]). Monthly values were calculated by
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4. Differences between ocean and coastal SST in other areas

averaging the daily data. Even using monthly data, the SST grid contained

voids in the data caused by adverse weather conditions or satellite mal

functions.

The polygon areas contoured by black solid lines in Fig.4.1 were used

to calculate SST trends at ocean and coastal locations respectively. Each

polygon contains, at least, 5000 pixels with valid SST values.

Local zonal di�erences between ocean and coastal warming trends

4SST trend = SST trendocean − SST trendcoast (4.1)

were calculated as follows:

• First, considering a given latitude, the closest pixel to shore with valid

SST values was detected.

• Then, SST trends corresponding to that latitude and placed at less

than 1 degree from coast were spatially averaged to calculate SST trendcoast .

• Similar spatial average was carried out for points located at a distance

between 5 and 6 degrees from coast to calculate SST trendocean .

• This procedure was carried out for all latitudes inside the study area.

Ekman transport was calculated from wind components at 10 m above

the sea surface obtained from NCEP/NCAR, following expression shown in

Equations 1.4 and 1.5 in Chapter 1.

Upwelling Index (UI) can be de�ned as the Ekman transport component

in the direction perpendicular to the shore line [Nykjaer 1994] following the

Equation 1.6.

Monthly air temperature (T air) data were also obtained from reanalysis

data from NCEP/NCAR project. In this point, the region 20�35oN and 5

�25oW was cut from the global data set over the period 1982�2010.
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4.1. Di�erences between ocean and coastal SST in the Canary Upwelling Ecosystem

Figure 4.1: Mean SST (oC) averaged from 1982 to 2010. Polygons represent coastal

and ocean locations along the area under study. White points represent the control

points where Ekman transport was calculated.

The NAO and EA teleconnection indices were obtained from the CPC at

the NCEP. Data area vailable at a monthly time scale with global coverage

from 1950 on wards. Rotated Principal Component Analysis (RPCA) was

used to identify the northern hemisphere teleconnection patterns and indices

[Barnston 1987]. In the present study the extended winter mean of both

indices (from December to March) was calculated from 1982 to 2010. The

Spearman rank correlation coe�cient was used to analyze the signi�cance

of trends due to its robustness to deviations from linearity and its resistance

to the in�uence of outliers.

4.1.3 Results and Discussion

The mean SST(oC) calculated from 1982 to 2010 (see, Fig.4.1) shows

gradients both in latitude and in longitude. SST increases southward with a

latitudinal gradient around 2oC at the oceanic part of the area. In contrast,

the ocean�coast gradient at the same latitude reaches values close to 4oC

with SST increasing seaward. This ocean�coast gradient, which is charac-

teristic of upwelling regions all over the world, had been previously shown

for the same area by the other authors like [Barton 1998], covering the pe-
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riod 1981�1991, or [Gesteira 2008b] for the period 1985�2006.The presence

of cooler surface water near coast re�ects the existence of permanent up-

welling ([Wooster 1976];[Nykjaer 1994];[Barton 1998];[SantosA 2005]). The

existence of upwelling favorable conditions is also shown interms of Ekman

transport Fig.4.2 averaged from 1982 to 2010 at the control points described

in (Fig.4.1 circles). Ekman transport is perpendicular to the shore line and

decreases northward. This pattern is consistent with those described by the

other authors for the same area ([VanCamp 1991];[Barton 1998];

[Gesteira 2008b];[Pardo 2011]).

SST trends were calculated from monthly SST anomalies for the pe-

riod 1982�2010 (Fig.4.3). Warming trends ranging from 0oC per decade to

0.65oC per decade can be observed. At ocean locations, the SST warming

shows a latitudinal increase from north, 0.35oC per decade, to south, 0.65oC

per decade. In addition, di�erences between coastal and ocean trends can

also be observed. Thus, considering the polygons described above, the ocean

(coastal) warming trend is on the order of 0.40oC per decade (0.35oC per

decade).

Warming trends have been macroscopically observed in the Atlantic

over the period 1955�2003 [Levitus 2005]. Here we will compare our trends

to other detected in the previous research for di�erent Atlantic places.

Obviously, each location has its own features, characterized by solar ir-

radiance, prevailing winds, presence or absence of upwelling, tidal regime

or currents among others. Nevertheless, some common facts are shared

by most of them due to their Atlantic location. Thus, similar oceanic

warming trends had been previously analyzed in other Atlantic regions,

although with di�erent warming rates depending on the region and the pe-

riod under study. Thus, [Casey 2001] detected trends of 0.09± 0.07oC per

decade in the south east Atlantic for the period 1960�1990. Other authors

([deCastro 2009];[Michel 2009]) detected trends on the order of 0.2�0.3oC
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Figure 4.2: Mean Ekman transport (m3s−1km−1) averaged from 1982 to 2010

calculated at the six points described in Fig.4.1.

per decade in the Bay of Biscay for the last three decades of the 20th

century. Similar trends were found by [Gesteira 2011] for the NW corner

of the Iberian peninsula, by [Santos 2011b] along the WIP from 1974 to

2008 or by [Relvas 2009] along the same area from 1985 to 2008. Finally,

[Santos 2012b] found trends of 0.06oC per decade along the Benguela Up-

welling System (BUE) from the 1970s onwards, (see Section 5.2 ).

As for the coastal SST, the observed warming rate is slightly higher

than obtained at other north Atlantic locations. [Pardo 2011] estimated

0.21oC per decade at the Moroccan sub�region from 1970 to 2009 and

0.3oC per decade along the WIP for the same period; [Gesteira 2008a] ob-

tained 0.23oC per decade for the north Atlantic Arc from 1985 to 2005;

[Goikoetxea 2009] calculated 0.26oC per decade at 43o 19N , 21oW from

1977 to 2007; [Santos 2011b] 0.28oC per decade along the WIP from 1974

to 2008; and [Gesteira 2011] 0.17oC per decade for the NW corner of the

Iberian peninsula from 1985 to 2005. Nevertheless, it contrasts with the

coastal SST cooling (−0.13oC per decade) measured in the BUE from the

1970s onwards [Santos 2012b], (see Section 5.2 ).

The local di�erence between ocean and coastal warming trends (4SST trend),
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Figure 4.3: SST trend (oC per decade) calculated from monthly SST anomalies

over the period 1982�2010. A running average (72 pixels) was applied to smooth

the signal. Negative (4SST trend) values are only observed for coastal locations

located opposite the Canary archipelago (28�31oN).

which was calculated as described above, is depicted in Fig.4.4. A spatial

running average (±2 pixels in latitude) was considered to smooth the signal.

4SST trend is positive for most latitudes indicating that the ocean warm-

ing rate is higher than the coastal one. A maximum value (0.15oC per

decade) is observed at latitudes close to 32oN and values around 0.12oC

per decade at latitudes around 25oN . 4SST trend is only negative for the

coastal area placed opposite the Canary archipelago (28�31oN) showing the

modi�cation of the SST patterns by the islands topography. These islands

constitute a barrier to the equatorward �ow of the Canary current and to

the �ow generated by the trade winds ([Aristegui 1994],[Aristegui 2009]).

Di�erences between coastal and ocean warming rates were previously

detected both along the coast of the WIP ([Relvas 2009];[Santos 2012a];

[Santos 2011a];[Gesteira 2013]) and in the BUE [Santos 2012b]. These dif-

ferences were attributed to an intensi�cation of upwelling pattern o� the

southern part of the Iberian peninsula since 1985 [Relvas 2009] and to the
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Figure 4.4: Di�erence between SST warming at ocean and coasta locations for

the same latitude (4SST trend = SST trend
ocean − SST trend

coast ). A running average (±2

pixels) was applied to smooth the signal. Negative 4SST trend values are only

observed for coastal locations located opposite the Canary archipelago (28�31oN).

local wind regime which is itself a manifestation of the eastern Atlantic

circulation pattern [Santos 2011b]. With respect to the BUE, the warm-

ing rates di�erences were attributed to coastal upwelling enhancement re-

lated to changes in the intensity and location of the south Atlantic high

[Santos 2012b], (see Chapter 5.2 ).

In this point, the di�erent SST warming rates detected both latitudinally

and between coast and ocean can be attributed to several factors. Air

temperature (T air, Fig.4.5) trends calculated from 1982 to 2010 show how

warming decreases northward. Considering the oceanic area near coast,

T air trends are signi�cantly lower at 33oN (∼ 0.1oC per decade) than at

21oN (∼ 0.4oC per decade). This atmospheric pattern can explain the

latitudinal gradient observed in the SST trends depicted in Fig.4.3, but

not the di�erences between ocean and coastal warming trends, since T air

warming is similar at ocean and coastal locations.

The positive di�erence between trends (4SST trend in Fig.4.4) can be
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Figure 4.5: Air temperature trend (oC per decade) calculated from 1982 to 2010.

The black line marks the coast line. Air temperature was considered at 1, 000

HPa to avoid topographic e�ects on atmospheric circulation.

due to changes in coastal upwelling along the Canary region. The annual

cycle of UI over the period 1982�2010 (Fig.4.6) shows positive values all

over the year. The highest values are measured from May to September as

pointed out in the previous research ([Gesteira 2008b];[Patti 2008];[Patti 2010])

being especially intense in August (∼ 1, 600 m3s−1km−1). The error bars

were calculated as (UI)/
√
N , where σ(UI) is the standard deviation of the

monthly data and N = 29 is the number of monthly values for the period

1982�2010. In general, the amplitude of error bars is negligible compared

to the amplitude of the annual cycle.

Fig.4.7 shows the inter�annual evolution of UI over the period 1982�2010

(black line). Annual values were obtained by averaging monthly values from

May to September (UIMJJAS), which are the months with the highest up-

welling values. UIMJJAS is observed to increase at a rate of 9.5 m3s−1km−1

per decade although without statistical signi�cance. The analysis of up-

welling trends along the Moroccan part of the CUE has been controversial

since it is highly dependent on the selected area, the time interval and the

period of the year. [Pardo 2011] calculated the upwelling trend during the
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Figure 4.6: Annual cycle calculated by averaging UI(m3s−1km−1) in latitude

(22�32oN) and time (1982�2010). The error bars were calculated as (UI)/
√
N ,

where σ(UI) is the standard deviation of monthly data and N = 29 is the number

of monthly values over the period 1982�2010.

last four decades, �nding negative trends from 30 to 33oN , slightly positive

trends from 27 to 30oN and negative trends for the southernmost part of

the area till 20oN . [Patti 2010] found an increase in wind stress for the area

extending from 22 to 29oN , which should also result in upwelling reinforce-

ment. Finally, [Gesteira 2008b] detected a signi�cant negative trend over

the period 1967�2006. 4SST = SST ocean−SST coast averaged from August

to December is also depicted in Fig.4.7 (gray line). According to the pre-

vious research ([Nykjaer 1994];[Gesteira 2008b]) the 4SST signal is lagged

some months from UI. Here, a 3�month lag was considered since it provides

the best correlation between both signals (R = 0.44; p < 0.05). On the other

hand, 4SST is smaller than calculated in the BUE [Santos 2012b], where

the coast was observed to cool at a rate of −0.13oC per decade, linked to

the strengthening of upwelling at a rate of 87 m3s−1km−1 per decade, (see

Section 5.2 ).

The 4SST trend values shown in Fig.4.3 can also be related to atmo-

spheric circulation patterns, especially to NAO and EA that are the most
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Figure 4.7: Inter�annual evolution of UI(black line) averaged from May to Septem-

ber and (4SST trend = SST trend
ocean − SST trend

coast ) (gray line) averaged from August

to December (3 months lag) over the period 1982�2010. Both variables were nor-

malized to be compared. A ±1 year running average was considered to smooth

both signals.

prominent modes of variability over the north Atlantic Ocean. Extended

winter (DJFM) indices were calculated over the period 1982�2010. Only

EA index (Fig.4.8) showed a signi�cant correlation with 4SST . This mode

had previously observed to have a remarkable in�uence on di�erent oceano-

graphic features around the Iberian peninsula ([deCastro 2008a];

[deCastro 2008b];[deCastro 2011]). Here, 4SST values corresponding to

di�erent groups of months were considered. Inspite of the correlation is

always positive, no matter the chosen group, that correlation is only signi�-

cant when including summer months. In particular, the best correlation was

found for 4SSTMJJAS both for raw (R = 0.57; p < 0.01) and detrended

signals (R = 0.58; p < 0.01).

Note that the correlation was calculated considering a one�year lag be-

tween the atmospheric index and 4SST . 4SSTMJJAS and EADJFM in-

dex are depicted in (Fig.4.9). A good visual correlation can be observed be-

tween both signals, in agreement with the statistical comparison described
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Figure 4.8: Correlation between extended winter (from December to March) EA

and 4SST grouped in months. A positive correlation was observed between both

signals. In particular, the best correlation was found for4SSTMJJAS . Dotsmark

the correlations signi�cant at 95%.

in Fig.4.8.

The observed warming rates at coastal and ocean locations described in

the present study are obviously dependent on the selected period. These

results can change when larger series are considered, which can not be an-

alyzed here be cause not detailed data are available before the satellite era.

Nevertheless, previous studies ([Santos 2011b];[Santos 2012b]) carried out

in other areas with less complex coastal topography suggest that ocean wa-

ter is more a�ected by the warming�cooling cycles than coastal water due to

the presence of coastal upwelling. Thus, even in absence of marked changes

in upwelling intensity, the presence of upwelling, which pumps colder water

from below, can limit water warming in near shore areas.

4.1.4 Conclusions

SST warming rates have been analyzed along the region extending from

22 to 33oN over the period 1982�2010. This so called Moroccan sub�region

is the part of the CUE characterized by permanent coastal upwelling. The
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Figure 4.9: Inter�annual evolution of EADJFM index (black line) and

4SSTMJJAS(t) (gray line) over the period 1982�2010. Both variables were nor-

malized to be compared. A ±1 year running average was considered to smooth

both signals.

conclusions of the present study can be summarized as follows:

• The latitudinal gradient observed in the SST warming trends can be

explained in terms of the T air trends.

• 4SST trend is positive, indicating that the ocean warming rate is

higher than the coastal one at most of latitudes.

• There is a signi�cant positive correlation (R = 0.44; p < 0.05) be-

tween UIMJJAS and 4SSTASOND, which relates the di�erence in

temperature between coast and ocean to the strengthening of coastal

upwelling.

• Extended winter EA index shows a positive correlation with4SST for

the next year. This correlation is signi�cant when considering summer

months. In particular the best correlation was found for4SSTMJJAS

(R = 0.57; p < 0.01).
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4.2 Di�erences between ocean and coastal SST in

the Benguela Upwelling Ecosystem (BUE)

4.2.1 Motivation

The aim is to characterize the di�erences in coastal and oceanic SST

trends along the Benguela current system and the key role played by the

persistent coastal upwelling observed in the region.

4.2.2 Methods

In the present study, two transects of 16 data points were considered in

front of the Namibia coast and the western coast of South Africa (from 18

to 35oS): the coastal transect is located near shore and the oceanic tran-

sect is located 15o seaward (Fig.4.10, empty circles). Only HadISST data

from 1900 on were considered due to data sparseness during the nineteenth

century.

The amplitude of seasonal oscillations in temperature is on the order of

5oC for the region under study. Using un�ltered data would mask temper-

ature trends, which are on the order of a few tenths of degree in most of the

world ocean. Thus, data that were initially retrieved with a monthly peri-

odicity were subsequently averaged at annual scale. This approach removes

most of the seasonal variability.

The SST di�erence between coastal and oceanic transects wil be high-

lighted by means of the SST increment, de�ned as: 4SST = SSTcoast −
SSTocean, averaged at all coastal and oceanic locations.

For our purposes, monthly Ekman transport data obtained from PFEL

were considered from 15 to 35oS and from 20oE to 10oW on an approxi-

mately 1o× 1o grid. Monthly SLP data from 1970 to 2009 were selected for

this study on a grid covering from 0 to 60oS and from 25oW to 25oE.
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Figure 4.10: SST (oC) annual average for the area under study from 1970 to 2009.

Black empty circles represent the locations where SST data were extracted. Two

transects of 16 points each were considered in front of the Namibia coast and the

western coast of South Africa (from18 to 35oS). The coastal transect was located

at 1 degree from the coast and the oceanic one 15o seaward. White crosses

represent a 6�points transect parallel to the shore line where Ekman transport

was calculated.

With respect to wind data, 6�points located in front of the Namibia

coast and the western coast of South Africa (from18 to 35oS) were consid-

ered from 1970 to 2010 ( Fig.4.10, crosses) from NCEP/NCAR database.

These data lie on a spatial grid coarser than the previous ones, although

with a longer temporal extent, which allows analyzing trends. UI can be

de�ned as the Ekman transport component in the direction perpendicular

to the shore line [Nykjaer 1994]. UI was calculated at the 6�point transect

mentioned above (Fig.4.10, crosses) following [Gesteira 2006]:

Ui = −(sin(Θ− π/2)Qx + cos(Θ− π/2)Qy) (4.2)

where Θ y is the mean angle between the shore line and the Equator.

Θ = 112.5o was considered to be the mean coastal angle in this study and

Qx/Qy are the same as were de�ned in the Equation 4.2 in the chapter
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4. Using this de�nition, positive (negative) upwelling indices correspond to

upwelling�favorable (unfavorable) conditions.

4.2.3 Results and Discussion

The annual SST average in the area under study from 1970 to 2009

(Fig.4.10) highlights the interruption of the normal north�south SST gra-

dient in the area by the intrusion of cooler water (around 16oC) near the

Namibia coast. This representation shows the Benguela upwelling system

stretching from the southern tip of Africa to about 15oS, where it is bounded

by the Angola front. The inter�annual evolution of SST meridionally aver-

aged from 18oS to 35oS was depicted for the period 1900�2009 (Fig.4.11a).

This analysis was carried out at di�erent distances from the coast, from

1o (bottom line) till 15o (top line). A running average of ±5 years was used

to smooth out high frequency variations in temperature. In general, a mean

increment in SST was obtained for the un�ltered signal at all distances from

the coast for the period 1900�2009 (0.07�0.08oC per decade,P < 0.01).

This warming is similar to that described by [Rayner 2006] for the

Southern Hemisphere, who found a temperature change of 0.68 ± 0.18oC

from 1901 to 2004 using a linear trend. Other authors, [Folland 1990], found

an increase of 0.38�0.58oC for the Southern Hemisphere from 1861 to 1989.

Nevertheless, cooling can be observed at transects near the coast, (lower

lines) during the last decades, whilst warming is still present at ocean all

location (upper lines). Two procedures were considered in order to de-

termine the break point between periods with signi�cantly di�erent trends.

The �rst one, following the method described by [Tome 2004], shows a break

point in 1972 for transects placed at 1 and 2o from the coast. The second

method, which was also applied to the same transects, is based on the ab-
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Figure 4.11: a) Inter�annual variation of SST(oC) meridionally averaged from 18oS

to 35oS at di�erent distances from the coast for the period 1900�2009. Bottom

line represents transect located at 1o from the coast and the top line represents

transect located 15o from the coast. A running average of ±5 years was used

to smooth high frequency variations in temperature. The shadow area between

vertical lines marks the break point between periods with signi�cantly di�erent

coastal SST trends (1970). b) SST trends calculated from 1970 to 2009. X axis

represents the transect distance (in degrees) from the coast. Dots represent SST

trends, small circles correspond to trends with 0.01 < P < 0.1 and large circles

correspond to trends with P < 0.01

solute maximum calculation of the �ltered SST signal for the whole period.

In this case, the maximum appears in 1968. The mean between the values

obtained from both procedures, 1970, was considered in this study.

SST trends were calculated from 1970 to 2009 (Fig.4.11b). X axis rep-
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resents the distance (in degrees) from transect to shore. Dots represent

SST trends, small circles correspond to trends with 0.01 < P < 0.1 and

large circles correspond to trends with P < 0.01. Near coast transects show

signi�cant negative trends. The most negative trend is obtained for the

near�shore transect (−0.13oC per decade, P < 0.01). The trend decreases

for transect located at two degrees from the coast (−0.06oC per decade,

P < 0.1). No signi�cant trends are observed for transects located at 3

and 4o from the coast. Signi�cant positive trends are observed for rest of

transects, where an early constant value is shown (0.05�0.06oC per decade,

P < 0.1). Note that the cooling observed near coast during the last decades

is lower than the warming su�ered from 1900 to 1970. Actually, the warm-

ing observed for that period was about 0.16oC per decade. Overall, the

coastal region has warmed from 1900 to 2009 at a rate of −0.13oC per

decade.

The increase of oceanic SST from the seventies on had been reported in

previous studies at global and regional scale ([IPCC2007];[deCastro 2009];

[Gesteira 2011];[Pardo 2011]). The ocean trend observed in BUES (0.06oC

per decade) is not far from the one calculated by [Casey 2001] for the South-

east Atlantic using the COADS data set and a temperature class binning

scheme and the period 1960�1990 (0.09 ± 0.07oC per decade). The BUES

ocean warming is lower than observed in the North Atlantic (0.2�0.3oC per

decade) for the last three decades ([deCastro 2009];[Goikoetxea 2009];

[Michel 2009];[Gesteira 2011];[Santos 2011b];[Santos 2012a];[Gesteira 2013]).

As for coastal SST, the observed cooling has not been detected in previ-

ous studies carried out in the same area [Pardo 2011], probably due to the

coarseness of the SST grid used by those authors. The observed cooling in

BUES (−0.13oC per decade) contrasts with the warming reported in other

coastal areas (e.g.[Gesteira 2008a] calculated a mean warming of 0.23oC per

decade in the North Atlantic Arc and [Gesteira 2013] who �nd a increment
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Figure 4.12: a) Annual SST trend(oC per decade) for the area under study

from 1970 to 2009. b) Seasonal SST trend (oC per decade) for the area under

study from 1970 to 2009. (1) January�March (JFM); (2) April�June (AMJ); (3)

July�September (JAS) and (4) October�December (OND).

of 9.8±0.3 days per decade near coast and 11.6±0.2 days per decade, (see

Chapter 4 )).

Macroscopically, the annual SST tendency from 1970 to 2009 is also

shown in Fig.4.12a. Negative values, ranging from 0 to 0.25oC per decade,

are observed near to the coast and positive values, ranging from 0 to 0.15oC

per decade, at the open ocean. The patterns detected at annual scale can

also be reproduced at seasonal scale (Fig.4.12b 1�4).

Thus, the near shore area tends to cool and the ocean area to warm

at all seasons. The coastal cooling is more intense during January�March
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Figure 4.13: Inter�annual variation of 4SST = SSTcoast − SSTocean (oC) from

1970 to 2009. A running average of ±5 years was used to smooth high frequency

variations in temperature. The solid line represents a linear trend of −0.18oC per

decade(P<0.01).

(JFM) and April�June (AMJ) and the ocean warming is more intense during

October�December (OND).

Fig.4.13 shows the di�erent warming rate at coastal and oceanic loca-

tions. Note that 4SST is always negative since coastal water is cooler than

oceanic water due to the presence of persistent upwelling ([Nelson 1983];

[Fennel 1999]). A running average of ±5 years was applied to smooth

the signal only for representation purposes. A signi�cant negative trend

(−0.18oC per decade−1, P < 0.01) was observed for the un�ltered signal.

This trend is consistent with the warming (cooling) at ocean (coastal) areas

described above.

The negative trend detected in the 4SST from 1970 to 2009 is possibly

related to the strengthening of persistent coastal upwelling in the Benguela

region. To characterize this coastal upwelling system, the Ekman transport

�eld averaged from 1981 to 2009 was analyzed in Fig.4.14a using data from

the PFEL. Annual Ekman transport �eld shows the strongest values (be-

tween 1500 and 2000 m3s−1km−1) near the Namibia coast perpendicular

to the shore line and pointing seaward. In addition, the annual cycle of
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Figure 4.14: a) Ekman transport �eld (m3s−1km−1) averaged using PFEL data for

the area under scope from 1981 to 2009. b) Annual cycle of UI (m3s−1km−1) for

the six points along the BUES (crosses in Fig.4.10) calculated using NCEP/NCAR

data for the period 1970 to 2009. c) Annual UI cycle (m3s−1km−1) meridionally

averaged from 20oS to 32oS for the period 1970 to 2009. Error bars were cal-

culated using the standard deviation of the monthly data, σ(UI), divided by the

square root of the number of data.

UI was calculated at the 6 points marked with crosses in Fig.4.10 using

NCEP/NCAR data from 1970 to 2009 (Fig.4.14b).

The annual cycle is always positive (upwelling favorable conditions)

showing its persistent character throughout the year. The maximum UI

values were obtained at 25oS during the austral spring and summer (values

close to 2, 000 m3s−1km−1). Since the general behavior of UI is similar at
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Figure 4.15: UI variability from 1970 to 2009. UI was spatially averaged for the

6 points parallel to the BUES (crosses in Fig.4.1). A running average of ±5 year

was used to smooth high frequency variations in UI. The straight line represents

the linear trend with a slope of 87 m3s−1km−1 per decade, (P < 0.01).

all latitudes (positive and more intense during spring and summer), the UI

annual cycle was meridionally averaged from 20 to 32oS (Fig.4.14c). The

UI amplitude ranges from around 400 m3s−1km−1 during MJJ to around

1, 300 m3s−1km−1 during NDJ. Error bars were calculated using the stan-

dard deviation of the monthly data, σ(UI), divided by the square root of

the number of data.

The UI trend was calculated from 1970 to 2009 (Fig.4.15). UI was

spatially averaged for the 6 points along the BUES (white crosses in

Fig.4.10). A running average of ±5 year was applied to smooth the sig-

nal for representation. A clear positive trend can be observed for the

un�ltered signal (87 m3s−1km−1per decade, P < 0.01). A similar gen-

eral enhancement of the upwelling intensity in the BUES was detected by

[Pardo 2011] with values raging from 20 ± 3 to 100 ± 4m3s−1km−1 per

decade for the last four decades. Trends in the rest of the mayor up-

welling systems all over the world have been considered by other authors

([Schwing 1997];[Mendelssohn 2002];[Lemos 2004];[diLorenzo 2005];

[Lemos 2006];[Gesteira 2008b];[Patti 2010];[Pardo 2011]).
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Month UI(m3 s−1 km−1 yr−1

Jan 16.5∗

Feb 16.4∗

Mar 12.5∗

Apr 5.7∗

May 3.1∗

Jun 4.3∗

Jul 2.5∗∗

Aug 3.4∗∗

Oct 11.8∗

Nov 10.7∗

Dec 14.4∗

Table 4.1:

Monthly upwelling trends corresponding to the period 1970�2009
∗ P < 0.01
∗∗ P < 0.05

Trends in Benguela UI were also characterized at monthly scale from

1970 to 2009 (Table 4.1). All months show a signi�cant positive trend,

ranging from 25 m3s−1km−1 per decade in July to 165 m3s−1km−1 per

decade in January. In general, the higher the upwelling intensity (ONDJFM

in Fig.4.14c) the greater the trend.

The obtained UI trends can be explained in terms of a general atmo-

spheric circulation pattern. In fact, several authors have reported the sig-

ni�cant in�uence of the SAM index in the Southern Hemisphere climate

variability ([Kidson 1999];[Baldwin 2001];[Nan 2003]) and in the large�scale

variability of the Southern Ocean [Hall 2002]. In addition, several authors

(see [Marshall 2003] and the references therein) have observed a trend in
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Figure 4.16: Monthly Southern Annular Mode (SAM) index from 1970 to 2009

(gray bars). The solid black line represents a linear trend of 0.37 per decade

(P < 0.01).

the SAM index toward its positive phase and analyzed its in�uence on zonal

winds. The inter�annual variability of the monthly SAM index from 1970

to 2009 shows a clear positive trend with a slope of 0.37 per decade and

P < 0.01 (Fig.4.16). This trend represents an increase in the positive phase

of the SAM index of approximately 20% during the period 1970�2009.

The positive phase of the SAM index represents relatively low pressures

over Antarctic compared to those of mid latitudes. Thus, the evolution of

the South Atlantic High can be analyzed for the period under study. The

annual SLP averaged from 1970 to 2009 (Fig.4.17) shows a SLP maximum

(SLPmax) of 102, 246 Pa located at mid latitudes (30.63oS and 5.45oW ).

SLP anomalies were used to characterize the inter�annual evolution of the

SLPmax from 1970 to 2009 (Fig.4.18a). A clear positive trend of 14 Pa per

decade, (P = 0.06) is observed, re�ecting the strengthening of the South At-

lantic High from the seventies onward. In addition, the displacement of the

High during the last four decades was also analyzed. A clear negative trend

(−0.18o per decade, P = 0.07) is observed in latitude anomaly (Fig.4.18b)

and a positive one (0.27o per decade without statistical signi�cance) in lon-
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Figure 4.17: Evolution of the South Atlantic High from 1970 to 2009. Mean SLP

(in 105Pa). The SLP maximum (SLPmax) is located at mid latitudes (30.6oS,

5.4oW ) with a value of 102, 246 Pa.

gitude anomaly (Fig.4.18c). This fact represents a southeastward drift of

the South Atlantic High, approaching the BUES coast, which can also result

in the strengthening of coastal winds.

4.2.4 Conclusions

The warming observed from the seventies onward at global scales might

not be present or might even change sing in coastal areas due to the ex-

istence of some local forcing. Thus, in the Benguela upwelling ecosystem,

the moderate ocean warming observed at the adjacent area (0.06oC per

decade) was reversed by the strengthening in coastal upwelling, which re-

sulted in water cooling near shore (−0.13oC per decade). This enhancement

in coastal upwelling (87 m3s−1km−1 per decade) is in good agreement with

the trend toward the positive phase (0.37 per decade) observed in the SAM

index. Upwelling strengthening is also consistent with changes in the inten-

sity and position of the South Atlantic High. The intensity was observed

to increase in about 14 Pa per decade, and the position was observed to

drift southeastward (−0.18o per decade in latitude and 0.27o per decade in

longitude) approaching the coast and enhancing coastal winds.
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Figure 4.18: Evolution of the South Atlantic High from 1970 to 2009. (a) Evolution

of SLPmax anomaly (bars). The dark line represents the linear tendency (14Pa

per decade,P = 0.06). (b) Displacement in the latitude of the SLPmax relative to

the mean position (bars). The dark line represents the trend (−0.19o per decade,

P = 0.07). (c) Displacement in the longitude of the SLPmax relative to the mean

position (bars). The dark line represents the trend (0.27o per decade without

statistical signi�cance).
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Appendix A

Upwelling along the western

coast of the Iberian Peninsula

A.1 Motivation

In this appendix the goal is to describe the variability and trends in

upwelling intensity from 1948�2009 along the WIP. Di�erent �tting pro-

cedures, from the linear method to a model including a linear trend and

several periodic modulations related to natural forcing, were considered.

A.2 Methods

Wind data were retrieved from the National Centers for Environmen-

tal Prediction/National Center for Atmospheric Research (NCEP/NCAR).

Two points located in front of the WIP at 10oW and 40.0 and 42.5oN ,

respectively, were considered in the present study, which covers the period

1948�2009. Although a third point is located along the WIP at 37.5oN , it is

close to Cabo Sao Vicente, where the wind dynamics can change drastically

due to topographical features. Thus, that point was discarded from the

present analysis. Ekman transport was calculated from wind data following
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expressions shown in Equations 1.4 and 1.5 in chapter 1.

UI can be de�ned as the Ekman transport component in the direction

perpendicular to the shoreline [Nykjaer 1994] following the Equation 1.6.

Wind �elds must be correlated for the calculation of the mean UI. The

correlation between UI at both points was r = 0.85, which allows consid-

ering a mean UI. Note that even though the points are located about 2.5o

apart, the WIP coast is practically perpendicular to the equator in such a

way that UI does not show important meridional di�erences. In the present

study, we considered that the averaged values are more reliable that those

calculated at single points, since the gridded data can present biases that

vary from point to point (see [Josey 2002]).

The following methodology was applied:

• 1) UI was calculated from wind �elds at the locations described

• 2) UI was meridionally and seasonally averaged using monthly values

corresponding to the extended summer (April through September,

following [Nykjaer 1994] and [Álvarez 2008a]).

• 3) Seasonal data were smoothed with a (±2) running average �lter

centered in the year under study; this running average �lters high-

frequency oscillations in the signal which can mask long-term evolu-

tion. Here we refer to the signal that was �ltered and averaged in

space as (ŨI).

The ŨI signal was analyzed by means of a Fast Fourier Transform (FFT)

to determine its possible periodicities. A windowing technique ([Press 1992];

[Emery 2002]) was used to detect the relevant frequencies with the highest

accuracy. In some cases, the periodicity of the signal was too long to be

detected by the FFT analysis. In those cases, a trial and error analysis was

used to maximize the correlation between the real and the �tted function.
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The signal was �tted to a known frequency determined by the previous

FFT analysis and to a lower (unknown) frequency. The signi�cance of the

correlation was calculated by means of Student's t-test. The original signal

was �ltered before calculation, which implies that the resulting degrees of

freedom are fewer than the ones corresponding to the original signal. Thus,

N being the number of samples and n the number of neighbors used in the

running average �lter (±2 in the present study, which results in n = 5), the

degrees of freedom were N ′ = N/n, which is the value that was used in the

signi�cance testing.

A.3 Results and Discussion

A simple linear �tting similar to the ones described by [Álvarez 2008a]

and [Pérez 2010] showed a decreasing trend in ŨI (7.8 m3 s1 km1 per

decade), with a signi�cance< 90% (Table ??). This decrease is considerably

lower than the one observed by [Pérez 2010] (∼ 45 m3 s1 km1 per decade).

The discrepancy can be attributed to di�erent factors.

• 1) [Pérez 2010] considered the period 1965�2007.

• 2) They only considered a single point from reanalysis located at the

northwestern corner of the Iberian Peninsula (42.85oN , 9.37oW ); the

validity of this point was corroborated with local data measured at

(43oN , 11oW ).

• 3) [Pérez 2010] considered the evolution of annual UI instead of the

evolution of seasonal UI. This approach can be misleading, since up-

welling is a seasonal phenomenon, and a seasonal analysis is more

suitable. Otherwise, the trend can be biased by changes in wind in-

tensity and direction during the non-upwelling season. [Lemos 2004]
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and [Álvarez 2008a] also described high variability depending on the

month under study.

Comparison with previous studies has shown that the observed trends

are strongly dependent on the length of the time series, which indicates

that the observed behavior is not linear. To investigate the multidecadal

variability of upwelling, we calculated trends in groups of 21 yr, dashed

line in Fig.A.1. For each year, the trend was computed for itself and for

the previous and following 10 yr, e.g. the trend for 1958 was computed for

the sub-period 1948�1968 and so on, (black line, in Fig.A.1) This period

of 21 yr is long enough to �lter high-frequency variability but short enough

to retain multidecadal oscillations. Fig.A.1 shows the trends for the period

1958�1999, calculated from the raw signal without previous �ltering. High

variability was observed in both signals. Furthermore, the trend can be

both positive and negative during the period under study, although the

mean trend was negative (−11.1 m3 s−1 km−1 per decade). Note that this

mean trend di�ers slightly from the one shown above (−7.8 m3 s−1 km−1

per decade), since the periods of study are di�erent.

As previously mentioned, the ŨI signal is nonlinear, which makes it dif-

�cult to distinguish between changes due to natural variability and trends.

The FFT analysis using a windowing technique shows a main peak between

10.7 and 12.8 yr. The length of the record only allows a coarse discretization

in terms of frequency (period).

This period is close to the Schwabe cycle of solar activity, which is

10.7 yr [Usoskin 2009]. This fact does not necessarily suppose that changes

in solar irradiance directly result in changes in wind (upwelling) patterns.

Some authors ([Haigh 1996];[White 1997]) have proposed indirect mecha-

nisms (cloud coverage, atmospheric wind) to link sea surface temperature

to changes in solar irradiance. Thus, in the case of the UI, the changes can
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R P Trend

Linar function 0.36 85% −7.8

Linear function and sinusoid (Ts) 0.53 95% −8.5

Linear function and double sinusoid (Ts Tl) 0.78 99% 16.2

Table A.1: Summary of �tting strategies. R: correlation coe�cient; signi�cance

calculated with Student's t-test. Trends are in m3 s−1 km−1 per decade. Period-

icities: Ts = 10.9 and Tl = 89 yr

.

be modulated via changes in the teleconnection patterns ([Barnston 1987];

[Hurrell 1995];[deCastro 2008a]). According to [Stephenson 2000], the North

Atlantic Oscillation (NAO) also shows decadal variations that are unlikely

to be obtained from sampling a white noise process. The most recent solar

cycles were analyzed in an exploratory way to study their possible relation-

ship with the peaks in the upwelling signal (solid line in Fig.A.2). The last

solar cycles ended in April 1954, October 1964, June 1976, September 1986,

May 1996, and December 2008. On the other hand, peaks in ŨI signal used

were observed in 1955, 1963, 1974, 1989, 1996, and 2009. Thus the peaks

in both signals do not exactly coincide, although they are relatively close.

On average, the length of the last solar cycles (from the 1950s on) is 10.9

yr, which is the periodicity that was considered in the present analysis.

ŨI can be �tted to a sinusoidal function with a possible linear trend

following:

ŨI = a+ bt+ ccos(
2π

Ts
t+ ϕs) (A.1)

where a, b, c, and ϕs are a set of unknowns to be computed, and time of

the short period, Ts = 10.9 yr is the imposed periodicity. This �tting shows

a decreasing trend in ŨI (8.5 m3 s1 km1 dec1) with a signi�cance of 95%
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Figure A.1: Trends in upwelling index (UI) along the western coast of the Iberian

Peninsula (WIP) for the period 1958�1999. Data were grouped in intervals of 21

yr prior to linear �tting. The dashed line corresponds to the raw trends, and the

solid line to the trends smoothed with a running average (±1 yr)

(see Table A.1 ). This value is close to the one calculated by simple linear

�tting, albeit with a higher signi�cance, since the sinusoidal part is able to

reproduce the decadal periodicity of the signal. Nevertheless, the di�erent

amplitude of the peaks cannot be satisfactorily reproduced assuming only

periodicity.

The ŨI signal was then �tted to a double sinusoid with a possible linear

trend following:

ŨI = a+ bt+ ccos(
2π

Ts
t+ ϕs) + dcos(

2π

Tl
t+ ϕl) (A.2)

where a, b, c, d, ϕl, and ϕs are a set of unknowns to be computed, and Tl
and Ts represent the long and short period, respectively. Note that Tl was

not determined by the previous Fast Fourier Transform (FFT) analysis, due

to the limited extent of the series, so its value was determined by computing

the value of Tl that provided the highest correlation coe�cient (R) between

ŨI and the �tted signal. The best estimate, R = 0.78 with a signi�cance
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A.3. Results and Discussion

Figure A.2: Comparison between the upwelling index signal that was �ltered

and averaged in space (ŨI; solid line) and the diferent �tting functions. Lin-

ear (dashed line); linear and sinusoidal (open circles); Linear and souble sinusoid

(closed circles)

higher than 99%, was obtained for Tl = 89 yr, considering Ts = 10.9 yr to

be a constant. However, this �t does not result in a negative trend in ŨI ,

but rather in a positive one (16.2 m3 s1 km1 per decade). This periodicity

can be related to the Gleissberg cycle of solar activity, which is around 87

yr (70�100 yr; [Peristykh 2003];[Braun 2005]). According to some authors

(e.g. [Yousef 2006]), several prominent teleconnection patterns such as the

NAO or El Niño Southern Oscillation, the levels of di�erent lakes, and even

�sheries can be in�uenced by this cycle. Finally, the trend is variable and

our result cannot be considered an absolute value. Actually, any Tl between

70 and 100 yr resulted in a correlation coe�cient similar to the one obtained

for Tl = 89 yr (1% lower at most), although the trends ranged from 4 to 25

m3 s1 km1 per decade and were always positive.
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A. Upwelling along the western coast of the Iberian Peninsula

A.4 Conclusions

The ŨI signal was �tted to di�erent equations to analyze the variability

in upwelling observed during the last decades. Both a simple linear �tting

and a more complex, sinusoidal (Ts = 10.9 yr) and linear �tting resulted in

a negative trend in upwelling intensity. In contrast, the �t of the signal to

a straight line and to a double sinusoid (Ts = 10.9 and Tl = 89 yr, respec-

tively) resulted in a positive trend in upwelling intensity. This last �tting

function provided the best estimate, with a signi�cance > 99%. Moreover,

observed periodicities did not correspond to the mathematical values that

maximized the correlation coe�cient between ŨI and the �tting function,

but rather coincided with periodicities in solar activity, the Schwabe and

Gleissberg cycles.

The present study does not elucidate whether the long periodicity is real

or a mathematical artifact. None of the approaches is comprehensive, since

the linear assumption is too coarse and the single sinusoid does not explain

the amplitude of the di�erent peaks.

In summary, it is still unclear which part of the observed changes in

coastal upwelling is related to natural causes and which part is linked to

shifts with a possible anthropogenic cause.
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Appendix B

Acronym and abbreviation list

• AABW : Antartic Bottom Water.

• AAO : Antarctic Oscillation.

• AMSR: Advanced Microwave Scanning Radiometer.

• AMO : Atlantic Multidecadal Oscillation.

• AO : Arctic Oscillation.

• AVHRR: Advanced Very-High Resolution Radiometer.

• BUE : Benguela Upwelling Ecosystem.

• CFSR: Climate Forecast System Reanalysis.

• CPC : Climate Prediction Center.

• CTD : Conductivity Temperature Depth.

• CUE : Canary Upwelling Ecosystem.

• EA: Atlantic Pattern.

• EA/WR: Atlantic Pattern / Western Russia Pattern.
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B. Acronym and abbreviation list

• ENACW : Eastern North Atlantic Central Water.

• EOF : Empirical Orthogonal Functions.

• FFT : Fast Fourier transform.

• HadISST : Hadley Center Ice Sea Surface Temperature.

• IP : Iberian Peninsula.

• IPCC : Intergovernmental Panel on Climate Change.

• LSW : Labrador Sea Water.

• MBT : Mechanical Bathythermograph.

• MW : Mediterraean Water.

• NADW : Norht Atlantic Deep Water.

• NAO : North Atlantic Multidecadal Oscillation.

• NCEP/NCAR: National Center of Atmospheric Research / National

Center for Environmental Prediction.

• NCDC : National Climatic Data Center.

• NOAA: National Oceanographic Atmospheric Administration.

• NOMADS : National Operational Model Archive and Distribution Sys-

tem.

• NWABW : Norht-West Atlantic Bottom Water.

• OI : Optimum interpolation.

• PFEL: Paci�c Fisheries Enviromental Laboratory.
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• POL: Polar / Eurasia Pattern.

• RPCA: Rotated Principal Component Analysis.

• SAM : Southern Hemispehere Annualar Mode.

• SCA: Scandinavia Pattern.

• SLP : Sea Level Presure.

• RPCA: Rotated principal component analysis.

• SODA: Simple Ocean Data Assimilation.

• SST : Sea Surface Temperature.

• THC : Thermohaline Circulation.

• UI : Upwelling Index.

• WIP : Western Iberian Peninsula.

• XBT : Expendabel Bathythermograph.
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