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Resumen

Durante las ultimas décadas se han detectado importantes cambios en el sistema
climéatico a nivel global (IPCC, 2013). La variaciéon que, tal vez, ha despertado un
mayor interés entre la comunidad cientifica ha sido el incremento de temperatura tanto
en los oceanos como en la atmdsfera. EI océano desempefia un papel fundamental a la
hora de regular este calentamiento ya que se estima que aproximadamente el 93% del
calor absorbido por la Tierra ha ido a parar a los océanos (Church et al., 2011; Levitus
et al., 2012). De esta forma el contenido de calor oceanico se ha incrementado,
especialmente en los primeros 700 m de la columna de agua (Palmer et al., 2007;
Domingues et al., 2008; Ishii and Kimoto, 2009; Levitus et al., 2012).

Es importante sefialar que las variaciones de temperatura, y en general los
cambios en las variables fisicas oceanicas, son dependientes tanto del periodo como de
la zona que se analiza. De tal forma que es posible encontrar tendencias opuestas
cuando se varia el periodo de analisis para una misma zona (e.g: Casey and Cornillon,
2001; deCastro et al., 2009; Gouretski et al., 2012). Ademas, se ha visto que la tasa de
aumento de temperatura varia dependiendo de la cuenca oceanica (Tabla 1). Estos
cambios son incluso mas marcados a escalas espaciales menores porque existen una
serie de factores locales (vientos, corrientes oceanicas, cambios en la capa de mezcla,
fendmenos de afloramiento...) que pueden variar mas rapidamente a escala regional
(Ginzburg et al., 2004; Goreau et al., 2005; Santos et al., 2005; Gomez-Gesteira et al.,
2008).

Cuenca oceanica Tendencia en el Tendencia en la
Contenido de Calor Temperatura

(10%* J por década) (°C por década)
Océano Global 3.0 0.18
Hemisferio Norte 15 0.23
Hemisferio Sur 15 0.14
Atlantico 14 0.31
Pacifico 1.0 0.12
indico 0.5 0.15

Tabla 1. Cambio en el contenido de calor (10% J por década) y tendencia en la temperatura (°C por
década) en los primeros 700 m de la columna de agua para el Océano Global y para cada cuenca. Las
tendencias fueron calculadas de forma lineal para el periodo 1955-2010. Fuente: Levitus et al. (2012).

Durante las ultimas décadas también se han notificado variaciones en la salinidad.
En general, la tendencia ha sido a aumentar en aquellas regiones en las que la salinidad
media es superior, y a disminuir en aquellas zonas donde es mas baja (Boyer et al.,
2007; Hosoda et al., 2009; Roemmich and Gilson, 2009; Durack and Wijffels, 2010).
Asi, el Océano Atléntico es donde més ha aumentado la salinidad superficial,
especialmente en el Atlantico Norte. Cambios en los valores medios de temperatura o
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salinidad traen consigo otras modificaciones, como por ejemplo, cambios en la
profundidad de la capa de mezcla (MLD, Mixed Layer Depth) (deBoyer et al., 2004;
Monterrey and Levitus, 1997). A su vez, la MLD condiciona variables bioldgicas como
la disponibilidad de nutrientes (Sverdrup, 1953; Garcia-Soto and Pingree, 2009). Por
tanto, cambios en las variables termohalinas en el océano desencadenan importantes
modificaciones a diferentes niveles, especialmente a escala regional, donde los cambios
son mas acentuados.

Aparte de los cambios en los valores medios de las variables termohalinas, en las
Ultimas décadas se ha puesto de relieve la importancia de analizar las variaciones en
eventos extremos ya que un aumento en la frecuencia o intensidad de los mismos se ha
definido como uno de los aspectos mas peligrosos del cambio climatico (IPCC, 2013).
Ademas, variaciones en la estacionalidad de los parametros fisicos como por ejemplo
cambios en la duracion de la estacion calida son también de interés porque determinan
cambios importantes en las respuestas bioticas (e.g: Selig et al., 2010). Por tanto,
cambios en los valores medios, variaciones en valores extremos y cambios en la
estacionalidad son aspectos fundamentales para entender los cambios en los ecosistemas
marinos y determinar politicas para mitigarlos (e.g: Thieltges, 2006; Occhipinti-
Ambrogi, 2007; Halpern et al., 2008).

Los parrafos anteriores ponen de relieve los cambios globales relacionados con la
temperatura y la salinidad, asi como la importancia de analizar dichos cambios a escala
local y a diferentes escalas temporales. Para lograr este objetivo, es fundamental contar
con bases de datos que proporcionen altas resoluciones espaciales y temporales. Durante
las Gltimas décadas se ha dedicado un gran esfuerzo a desarrollar series de datos
ocednicas fiables. En relacion a la temperatura superficial del mar (SST, Sea Surface
Temperature), los satélites proporcionan informacion global con un nivel de detalle
espacial inalcanzable utilizando solamente datos in-situ. Segin el IPCC (2013), el
principal sensor de radiacion infrarroja es el Advanced Very High Resolution
Radiometer (AVHRR) (ver informacion detallada en NOAA, 2009). Los datos de este
sensor se utilizaron para construir diferentes bases de datos tales como Pathfinder, que
contiene datos de SST desde 1981 (Kilpatrick et al., 2001; Casey et al., 2010). Ademas,
los datos de SST provenientes de los sensores AVHRR se combinaron con datos in situ
tomados por buqgues y boyas utilizando un método especial de kriging, la interpolacién
Optima, con el fin de construir una base de datos con una malla regular de alta
resolucion espacial y temporal, NOAA ¥ daily Optimum Interpolation Sea Surface
Temperature (OISSTy,) database (Reynolds, 2009). Mas recientemente, se puso en
funcionamiento el sensor Moderate Resolution Imaging Spectroradiometer (MODIS),
que es considerado el sucesor del sensor AVHRR. MODIS proporciona una mayor
resolucion espacial y una resolucion espectral mayor ya que adquiere informacion en 36
bandas espectrales (NASA, 2015).

En cuanto a la disponibilidad de datos termohalinos bajo la superficie del mar, el
inicio del proyecto Argo supuso un gran avance (GCOS, 2009). Las boyas Argo
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producen mas de 100.000 perfiles de temperatura y salinidad de los primeros 2000 m
cada aflo desde 2012. Antes del inicio del proyecto Argo, los datos termohalinos
disponibles a lo largo de la columna de agua, especialmente para la salinidad, eran
escasos Yy dependian principalmente del desarrollo de campafias oceanograficas. Sin
embargo, algunos proyectos de asimilacion de datos, como por ejemplo el Simple Ocean
Data Assimilation (SODA), lograron generar una base de reanalisis utilizando datos de
cruceros en combinacién con datos satélite y simulaciones llevadas a cabo con modelos
con el objetivo de crear una malla regular de muestras desde 1958 (Carton et al., 2005).

BASE DE VARIABLE RESOLUCION RESOLUCION
DATOS ESPACIAL TEMPORAL
Argo T2y salinidad Movimiento libre Desde 2002
2 (Hasta 2000m) (10-dias)
O
& SODA Ty salinidad 0.5°x0.5° Desde 1958
% (Hasta 5000m) (mensuales)
o
<Z( OISSTy4 SST 0.25°x0.25° Desde 1982
I(.I)J (Valores superficiales) (diarios)
o
MODIS SST y Radiancia 0.01°x0.01° Desde 2002
(Valores superficiales) (diarios)
— | NCEP/NCAR Viento, T** Flujo 1.91°x1.91° Desde 1948
ﬁ calor latente y (mensuales)
'%'3 g precipitacion
d
E CFSR Viento y flujos de 0.3°x0.3° Desde 1979
< calor (6-horas)

Tabla 2. Bases de datos oceanograficas y atmosféricas utilizadas en esta tesis

La totalidad de las bases de datos mencionadas se utilizaron para analizar los
cambios en las variables fisicas en el Golfo de Vizcaya, que es el objetivo principal de
esta tesis. Por lo tanto, bases de datos modernas como MODIS o Argo se combinaron
con las bases de datos que contienen datos de mayor duraciéon (OISSTy, y SODA) con
el fin de proporcionar una vision completa de estos cambios. Este enfoque es crucial
para determinar los cambios fisicos a escala regional.

El Golfo de Vizcaya se ubica en el Atlantico Norte, al norte de la Peninsula
Ibérica y al oeste de Francia (Figura 1). Esta zona forma una unidad geomorfoldgica
diferenciada que se caracteriza por una plataforma continental muy ancha a lo largo de
la costa francesa (entre 60-150 km) y una mucho mas estrecha a lo largo de la costa
cantabrica (Lavin et al., 2006). El area central de la bahia alcanza profundidades medias
de 4000 m, y entre la plataforma y esta area central se localiza el talud continental. Estas
tres zonas con diferente batimetria son claves para definir la circulacion en el golfo
(Charria et al., 2013), que varia dependiendo de la estacion. Es importante sefialar que el
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Golfo de Vizcaya se encuentra en una situacion intermedia entre los dos giros que
definen la circulacion en el Atlantico Norte, lo que le confiere unas caracteristicas
especiales (Borja and Colins, 2009). Esta peculiaridad define la masa de Agua Central
del Este del Atlantico Norte (ENACW, Eastern North Atlantic Central Water) que
ocupa la parte superior de la columna de agua y, por tanto, se encuentra influenciada por
el giro subpolar (ENACW5) y subtropical (ENACWG4) del Atlantico Norte (Fraga et al.,
1982; Pérez et al., 2000). A una mayor profundidad fluye la masa de Agua Mediterranea
(MW, Mediterranean Water), que alcanza el Golfo de Vizcaya al desplazarse hacia el
norte a lo largo del oeste de la Peninsula Ibérica (Mazé et al., 1997; lorga and Lozier,
1999; van Aken, 2000).

46°N
' BISCAY
.| ABISSAL PLAIN
44ON ,
200 m
azon [ £ u....;,, ) - -tifitin ) .\'m::mler SM:MMJ"”%%’
10°W 8w 6°W 200 oW o

Figura 1. Batimetria del Golfo de Vizcaya. Las lineas de contorno representan las isobatas de
200, 1000 y 4000m. Ubicacion del Golfo de Vizcaya (sefialado en cuadro rojo) en la parte
superior izquierda.

Histéricamente el Golfo de Vizcaya es una region que ha recibido poca atencion
desde el punto de vista oceanogréafico si se compara con otras zonas del Atlantico Norte
(Lavin et al., 2006). Asi, son muy pocos los estudios que se pueden citar durante los
siglos XIX y XX (Borja and Collins, 2004; Rallo and Borja, 2004), y no es hasta los
afios 80 cuando los estudios centrados en el Golfo de Vizcaya se incrementan
notablemente (Lavin et al., 2006). En cuanto a los diferentes estudios que se han
desarrollado en el campo de la oceanografia fisica durante las Ultimas décadas, es
importante sefialar que la mayor parte se caracterizan por abarcar una region concreta
del Golfo de Vizcaya siendo muy limitados los estudios que analizan todo el golfo en
conjunto. Precisamente, este es uno de los aspectos en los que se trata de avanzar en esta
tesis, ya que todos los estudios que la forman se caracterizan por cubrir todo el golfo.

El parametro fisico mas analizado en los estudios previos tal vez haya sido la SST.
Asi, diferentes estudios (deCastro et al., 2009; Michel et al., 2009a;b; Koutsikopoulos et
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al., 1998) analizaron variaciones en la SST durante las Gltimas décadas en toda la region
y detectaron una tendencia comun al calentamiento desde los afios 70. Este
calentamiento presenta diferencias espaciales, por ejemplo Michel et al. (2009b)
observé un mayor calentamiento en la zona norte del Golfo, y también temporales, con
un mayor incremento durante los meses de primavera y verano (deCastro et al., 2009).
La tendencia al aumento de la SST también fue descrita en diferentes analisis llevados a
cabo para zonas mas concretas. GOmez-Gesteira et al. (2008) detectaron un aumento a
lo largo de las costa cantabra y francesa y varios estudios notificaron este calentamiento
en las proximidades de San Sebastian (Usabiaga et al., 2004; Fontan et al., 2008;
Goikoetxea et al., 2009; Gonzaélez et al., 2013).

En cuanto a los cambios en las masas de agua, Gonzalez-Pola et al. (2005)
analizaron cambios tanto en ENACW como en la MW durante el periodo 1992-2003 en
el sureste del golfo. Estos autores detectaron un incremento de la temperatura tanto en
ENACW como en la MW. En relacion a cambios en la salinidad a lo largo de la
columna de agua, Pérez et al. (1995); (2000) observaron una disminucion de la salinidad
en ENACW hasta 1990 y un aumento a partir de esas fecha. De la misma forma, Llope
et al. (2006) detectaron un aumento durante para el periodo 1993-2003 y Gonzalez-Pola
et al. (2005) un incremento de la salinidad en la MW.

A la hora de analizar los forzamientos que causan estos cambios es importante
tener en cuenta diferentes aspectos. La atmoésfera juega un papel muy importante ya que
influye directamente en las propiedades del océano (salinidad, temperatura) y
condiciona los procesos fisicos que en el tienen lugar (ej. la estratificacion de la
columna de agua, afloramiento). Por lo tanto es necesario tener en cuenta las
variaciones en la atmdésfera (ej: cambios en la temperatura del aire, cambios en el patrén
de precipitaciones, cambios en el intercambio del flujo de calor...) ya que influyen
directamente en el océano. A lo largo de esta tesis, se analizaron los cambios en algunos
parametros atmosféricos y se tuvieron en cuenta los patrones de teleconexion con mayor
influencia en la region de estudio (Oscilacién del Atlantico Norte (NAO, North Atlantic
Oscillation) y el Patron Atlantico Este (EA, East Atlantic Pattern)). Otros forzamientos
que se analizaron son los aportes de agua dulce ya que pueden llegar a modificar las
propiedades del agua oceanica costera asi como modificar la circulacion. En el caso del
Golfo de Vizcaya, los rios con valores de descarga mas altos son el Loira y el Gironde.

Como se dijo anteriormente, el objetivo principal de esta tesis es analizar los
cambios, desde un punto de vista fisico, que han tenido lugar en el Golfo de Vizcaya
durante las ultimas décadas. El contenido de cada uno de los capitulos que compone
esta tesis es el siguiente:

El capitulo 1 recoge el contexto global en el que se encuadra el contenido
cientifico de la tesis. En él se subraya el contexto de cambio global en el planeta Tierra
y los cambios mas destacables detectados durante las ultimas décadas. Por otra parte se
explica la importancia del Golfo de Vizcaya y se caracteriza desde un punto de vista
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fisico esta region. Ademas se recopilan los diferentes trabajos previos que analizan
cambios en las variables fisicas.

En el capitulo 2 se describen todas las bases de datos, oceanicas y atmosféricas,
que se utilizaron para realizar los diferentes estudios. Ademas también se describen los
patrones de teleconexion (NAO y EA) y el modo de variabilidad oceanico “Oscilacion
Multidecadal del Atlantico (AMO)”.

El capitulo 3 analiza los cambios en las propiedades termohalinas de la masa de
agua ENACW a través de datos de reandlisis (base de datos SODA) para el periodo
1975-2010. Se detectdé un aumento tanto en la temperatura como en la salinidad de
ENACW (0.11°C por década y 0.03 por década, respectivamente). Este incremento fue
mayor en la parte media de la bahia y cerca de la frontera noreste (Figura 2). Estas
variaciones no fueron causadas por procesos locales en el interior del golfo. En realidad,
las tendencias parecen estar relacionados con los cambios en el modo subpolar de
ENACW vya que se observaron tendencias al incremento tanto en temperatura como en
salinidad al norte de la bahia, especialmente en la zona poco profunda que se extiende
desde Brest a Irlanda, que se caracteriza por la mezcla profunda en invierno. También se
analizé la influencia de los dos modos principales de variabilidad en el Atlantico Norte
(NAO y EA) sobre los cambios en ENACW, mostrando una mayor influencia del patron
EA. Ademas, se observo que la temperatura del aire y la diferencia entre las tasas de
evaporacion y precipitacion (P-E) también contribuyeron al calentamiento y a la
salinizacion de ENACW.

Temperature Trend(°C dec_l) Salinity Trend (psu dec'l)
- ——— 0.03
0.12 =
: 47N [ 0.025
N R :
46Nt + ¢ -« . . 0.02
o0s |-
asenfls ¢ - - . SUNEEEEEE . . 0.015
0.06 ...........
FERNL 0.01
0.04
43nN 0.005
0.02
W W 5w 4w 3°W 2°w 1°w W °w 5w T 2w °W 0

Figura 2. (a) Tendencia anual de la temperatura (°C por década) y (b) tendencia anual de la salinidad (por
década) para ENACW en el Golfo de Vizcaya durante el periodo 1975-2010. Los puntos negros
representan puntos con un nivel de significancia superior al 99%.

El capitulo 4 también analiza cambios en las propiedades termohalinas de
ENACW pero en este caso el estudio se realiz6 con datos in-situ (boyas Argo) y ademas
se extendio el analisis a la masa de Agua Mediterranea durante la década 2004-2013.
Con el fin de conocer el origen de las variaciones detectadas se aplico la metodologia
desarrollada por Bindoff y McDougall (1994). Se detectdé un aumento tanto de la
temperatura como de la salinidad en ENACW, en consonancia con lo observado a través
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de datos de reanalisis, y por el contrario, se observo un enfriamiento y una reduccion de
la salinidad en la MW (Tabla 2). Estos cambios se debieron principalmente a cambios
intrinsicos en las masas de agua, es decir, a variaciones en las zonas donde estas masas
de agua se crean, aunque en la parte superior de ENACW el desplazamiento hacia la
superficie de las isopicnas tuvo un papel importante a la hora de explicar las variaciones
en esta masa de agua.

Tendencia en la temperatura  Tendencia en la salinidad

(°C por década) (por década)
SW -0.05 0.06*
ENACW 0.12* 0.04*
MW -0.11* -0.05*

Tabla 2. Tendencias lineales de temperatura y salinidad en el Golfo de Vizcaya para el periodo 2004-
2013. Agua superficial (SW) (0-100m), ENACW (100-600m) y MW (600-1200m). Los asteriscos

indican una significancia mayor del 95%.

Los cambios detectados en las propiedades termohalinas de las diferentes masas
de agua traen consigo modificaciones en otras variables fisicas, como por ejemplo la
profundidad de la capa de mezcla (MLD). Es por ello que el capitulo 5 analiza los
cambios en la MLD que tuvieron lugar desde 1975. Con este proposito se definio la
capa de mezcla utilizando como parametros tanto la temperatura como la densidad.
Ademas se analizé la influencia de los forzamientos atmosféricos sobre estas
variaciones. Las tendencias en la MLD mostraron ser dependientes de la zona. De tal
forma que la MLD tendio a ser méas profunda en la parte sureste del Golfo de Vizcayay,
por el contrario, mas superficial en el resto del Golfo (Figura 3). A la hora de explicar
esta variabilidad espacial se observé que las variaciones en la temperatura superficial
del aire desemperfian un papel importante ya que se observaron tendencias a disminuir la
temperatura en la esquina sureste donde la MLD tiende a ser mas profunda, mientras
que se detect6 un aumento de la temperatura del aire en las zonas donde la MLD tiende
a ser mas superficial. Ademas, la tendencia de la temperatura oceénica para los primeros
700 m esté en consonancia con este patron de variacion de la MLD.

PLDa Trend (m dec"l) TLD, Trend (m dec'lj
49°N : = 30 49°N F—_i;

48°N
20 |
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47°N

46°N
|

46°N
45°N 0 45°N

44°N 44°N

43°N 43°N

10°w
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Figura 3. Tendencia de la profundidad de la capa de mezcla (m por década) durante los meses de
invierno calculada por medio de anomalias mensuales utilizando como parametro la densidad (PLD,
figura izquierda) y la temperatura (TLD, figura derecha) en el Golfo de Vizcaya para el periodo 1975-
2010. Los puntos negros representan puntos con un nivel de significancia superior al 90%.
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En el capitulo 6 se estudian los cambios en la estacionalidad de la temperatura
superficial del mar durante las tres Ultimas décadas. Ademas se analizan las variaciones
en la duracion de la estacion calida y también las tendencias en el niamero de dias
extremadamente calidos. A escala anual se detectd un incremento de la SST (0.26 +
0.03°C por década) para el periodo 1982-2014. Sin embargo, a la hora de analizar las
variaciones a escala mensual se observd que la intensidad del calentamiento varia
dependiendo del mes. Los mayores aumentos se registraron entre septiembre y
noviembre, mientras que las tendencias mas bajas se observaron entre enero y marzo y
durante los meses de julio y agosto. Por tanto, estos resultados sugieren que el
calentamiento anual se debid principalmente a un aumento en la duracion de la estacion
calida mas que a inviernos mas suaves o0 veranos mas calidos. Este hecho es el principal
responsable del aumento en la frecuencia de dias con una SST extremadamente célida
que se detectd durante los meses de primavera y otofio. En contraste, las tendencias
observadas durante el mes con una SST media mas alta, es decir, agosto, se caracterizan
por un aumento del numero de dias extremadamente calidos cerca de la costa y una
disminucion en la parte oceanica de la bahia.

Finalmente el capitulo 7 estudia la influencia de las descargas de los dos rios mas
caudalosos que desembocan en el Golfo de Vizcaya, Loira y Gironde, sobre la
temperatura superficial del mar por medio de dos bases de datos complementarias:
MODIS y OISSTy. El rea bajo la influencia de la pluma fluvial (Figura 4) mostré un
patrén de variacién de la SST diferente en comparacion con la zona oceanica adyacente
durante los meses en que la pluma alcanza su mayor extension (diciembre, enero y
febrero). La parte oceanica incremento su temperatura, mientras que la temperatura en

2
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Figura 4. Extensién promedio de la pluma turbia (mWem?um™sr™) generada por las descargas de los
rios Loira y Gironde durante los meses de diciembre, enero y febrero para el periodo 2002-2014. La
linea negra marca el limite entre las aguas oceanicas claras y la zona bajo influencia de la pluma.
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el area de influencia de las descargas de ambos rios tendio a enfriarse durante el periodo
1982-2014. Se concluy6 que la mera presencia de una capa de agua dulce es capaz de
modular el calentamiento observado en la franja costera bajo influencia de la pluma
fluvial. Ademas se observé que esta franja costera es la Gnica zona de la bahia donde los
cambios en la SST se correlacionan de forma significativa con NAO y no lo hacen con
la AMO. El patrén de enfriamiento-calentamiento es alin mas patente durante el periodo
2002-2014, caracterizado por unas condiciones atmosféricas mas favorables a la
presencia de la pluma, ya que aumentaron tanto el caudal de los rios como los vientos
de componente suroeste, que favorecen el confinamiento de la pluma contra la costa.
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Abstract

There is a wide consensus among climatologist and oceanographers that the
climate system has undergone rapid changes during the last decades of the 20" century
and the beginning of the 21%. The most remarkable variation is the increase in
temperature both in oceans and atmosphere. Ocean plays a key role to mitigate global
warming since it absorbs the vast majority of the heat gained by the Earth. So, small
changes in ocean's properties can lead to unforeseeable consequences. Numerous
studies showed that these variations are highly dependent on temporal and spatial
scales, in such a way that changes are more marked at regional scale.

The Bay of Biscay is a semi-enclosed sea located in the North Atlantic Ocean, off
the north coast of Spain and the west coast of France. Its bathymetry is characterized by
a wide continental shelf along the French coast, especially in its northern part (more
than 100 km), and a narrower one along the Spanish coast. The Biscay Abyssal plain,
with depths around 4000 m, occupies the central part of the bay. This area is influenced
by the general circulation in the North Atlantic following an anticyclonic gyre. In the
rest of the bay, bathymetric conditions together with local forcings (wind pattern, river
discharges...) give as result a circulation pattern that changes depending on the season.
So, the scientific interest of the Bay of Biscay resides in that it is a semi-enclosed sea
representing a complex merger between ocean features and local processes that show
their influence at different temporal and spatial scales.

The main aim of this thesis is to analyze oceanic physical changes occurred in the
Bay of Biscay during the last decades. To carry out this purpose the newest databases
were selected in order to ensure appropriate spatial and temporal resolutions. Thus, in-
situ databases (Argo floats), satellite data (MODIS sensor) and reanalysis databases
(SODA, OISSTy, and CFSR) were combined to analyze changes in salinity and
temperature, as well as, variations in other physical variables such as mixed layer depth,
for the whole Bay of Biscay.

Thermohaline variability of the two main upper water masses, Eastern North
Atlantic Central Water (ENACW) and Mediterranean Water (MW), were studied over
the periods 1975-2010 and 2004-2013. ENACW has been observed to warm and
salinificate over both periods, whilst a cooling and a freshening were detected for MW
over the period 2004-2013. These variations were mainly due to changes in the region
were both water masses originated. This fact was evidenced applying the methodology
developed by Bindoff and McDougall (1994) and also analyzing air temperature trends
and precipitation less evaporation balance trend in the Northeastern Atlantic.

Wintertime MLD trends in the Bay of Biscay over the period 1975-2010 were
calculated using a potential temperature criterion to define the isothermal layer depth
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and a potential density criterion to define the isopycnal layer depth. MLD tended to
deepen at the southeastern corner and shallow at the rest of the bay. It was observed that
air temperature trends play a key role to explain the different MLD trend pattern.

Apart from changes in the mean values of thermohaline variables, variations in the
seasonality and in the frequency of extreme hot SST days were also studied for the
whole Bay of Biscay since 1982. Overall, a warming was detected in all months for the
whole bay. This warming was higher during spring and autumn months. This fact led to
an increase in the duration of the warm season in more than one month for most of the
bay. In addition, an increase in the number of extreme hot SST days was detected
during spring and autumn months, while no clear trend was observed during august,
when the highest mean SST values occur.

Finally, the influence of Loire and Gironde Rivers discharges over SST trends
was analyzed using reanalysis and satellite data. The oceanic area under the influence of
the turbid plume is the only area of the bay where a cooling was detected during winter
months. In addition, it was concluded that river discharges and southwestern winds over
their mean values favors the maintenance of the turbid plume and also the cooling in
this area. So, river discharges in the Bay of Biscay can modulate the warming pattern.

In conclusion, significant changes in physical properties and processes were
detected in the Bay of Biscay during the last decades. The combination between ocean
features and local processes, which show their influence at different temporal and
spatial scales, explain these variations. This thesis evidences the importance of carrying
out regional studies to understand physical changes in oceans, as well as to understand
its influence on marine ecosystems in order to determine scenarios and policies to
mitigate those changes.
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1-Introduction

Chapter 1:
Introduction

The aim of this chapter is twofold. On the one hand, it will be given a general
view of the context in which the scientific content of this thesis fits. Thus, it will be
highlighted the importance of the ocean in the Earth system and the main changes that
have occurred during the last decades, as well as, the most recent databases that allow
us to analyze these changes using different approaches. On the other hand, the
importance and interest of the Bay of Biscay will be commented. Previous studies

related to changes in physical variables will be mentioned and the Bay of Biscay will be
characterized from a physical point of view.
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1.1 Motivation

The scientific community has focused its attention in the climate system due to
the rapid changes detected during the last decades. According to the last report of the
Intergovernmental Panel on Climate Change (IPCC), changes detected in the climate
system since 1950 are unprecedented (IPCC, 2013). Overall, the most remarkable
change is the atmosphere and ocean warming (Figures 1.1 and 1.2), which in turn drives
other modifications such as a reduction of the amount of snow and ice or sea level rise.

Ocean plays a key role in regulate global warming since about 93% of the total
heat gained by the Earth over the last 50 years has been absorbed by oceans (Church et
al., 2011; Levitus et al., 2012). In addition, it is estimated that oceans have captured
about 30% of human emissions of carbon dioxide (Mikaloff-Fletcher et al., 2006; Le
Quéré et al., 2010). Therefore, little changes in oceans can lead to important changes in
the climate system due to feedbacks that can increase or reduce the rate of climate
change.
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Figure 1.1. Average annual surface air temperature anomalies from 1880 to 2014 analyzed using
independent methods by four different institutions. Source: NASA Earth Observatory

The most important changes in the heat content observed in the world ocean in the
last decades correspond to the upper 700 m (Palmer et al., 2007; Domingues et al.,
2008; Ishii and Kimoto, 2009; Levitus et al., 2012) (Table 1.1). The magnitude of these
changes decrease with increasing depth. Thus, a global average warming ranging
between 0.09 to 0.13 °C per decade was detected in the upper 75 m over the period
1971-2010. However, it decreases to 0.015 °C per decade at a depth of 700 m (IPCC,
2013). Below 700 m, it is more difficult to carry out long-term trends due to a lower
data coverage but a warming was detected from 700 to 2000 m between 1957 and 2009
(Levitus et al., 2012), whilst no significant trends were observed from 2000 to 3000 m
between 1992-2005 (Purkey and Johnson, 2010).
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Although ocean warming occurs in a global context, it is important to take into
account that ocean temperature trends are highly dependent on time and spatial scales.
Thus, warming rates change from basin to basin (Levitus et al., 2012) (Table 1.1).
Higher warming rates were detected in the Northern Hemisphere, especially in the
North Atlantic where the highest temperature increase was found (Palmer et al., 2007,
Roemmich et al., 2012). Ocean temperature variability is even more marked at the
regional scale (Ginzburg et al., 2004; Goreau et al., 2005; Santos et al., 2005). This fact
is related to local processes (winds, mixed layer depth, ocean currents, upwelling
intensity...) that can change faster involving larger changes in regional ocean
temperature than global average trends (Gomez-Gesteira et al., 2008). With regard to
the dependence on time scale, opposite trends can be observed when different periods of
time are considered (e.g: Casey and Cornillon, 2001; deCastro et al., 2009; Gouretski et
al., 2012). So, it is important to take into account the cyclic behavior of the different
parameters (climatic, meteorological, hydrodynamic and topographic) that influence
ocean temperature. In addition, it has been noticed that ocean temperature trends are
also dependent on the period of the year considered in such a way that different trends
can mask or cancel each other when annual scales are considered.

Ocean Basin Heat Trend Temperature Change
(1072 J per (°C per decade)
decade)

World Ocean 3 0.18
Northern Hemisphere 1.5 0.23
Southern Hemisphere 1.5 0.14

Atlantic 1.4 0.31
Pacific 1 0.12
Indian 0.5 0.15

Table 1.1. Change in ocean heat content (10%? J per decade) and change in mean temperature (°C per
decade) for the upper 700 m for the World Ocean and individual basins calculated using linear trends
over the period 1955-2010. Source: Data from Levitus et al. (2012).

Apart from changes in temperature, ocean has suffered other modifications in its
properties. Some of them are indirect changes mainly provoked by the warming, whilst
other are independently of temperature increase, such as changes in salinity that will be
commented below. From a physical point of view, one of the most important changes
derived from warming is that the global increase around 0.25°C between 0-200 m from
1971 to 2010 (Levitus et al., 2009) corresponds to a 4% increase in density stratification
on average in world's oceans (IPCC, 2013). So, it is supposed that variations in the
mixed layer depth (MLD) have occurred. MLD is the deepest layer affected by turbulent
mixing, which marks the width of the upper ocean that interacts with atmosphere. Thus,
it is fundamental in the exchange of heat and freshwater between the ocean and the
atmosphere and influences other processes such as the formation of water masses. MLD
presents a high spatial and temporal variability since it varies from diurnal (Brainerd
and Gregg, 1995) to decadal scales (Carton et al., 2008) and from mesoscale to large
spatial scales (deBoyer et al., 2004; Monterrey and Levitus, 1997). The deepest MLDs
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in the North Atlantic occur in winter and early spring. During spring the onset of surface
heating produces a restratification of the upper ocean, giving as result shallower MLDs.
These variations that reach hundreds of meters over the year, have important biological
implications since it conditions the availability of nutrients in the upper layers and also
phytoplankton blooms (Sverdrup, 1953; Garcia-Soto and Pingree, 2009).

Study of ocean salinity trends is also important because it influences changes in
circulation and stratification due to changes in water density. In a global context, the
amount of salt does not change, so, the salinity of seawater can vary only by addition or
removal of freshwater. Trends in sea surface salinity (SSS) are mainly related to the
atmospheric patterns of evaporation minus precipitation (E-P) and trends in total
precipitable water. Several studies have proved that SSS trends are related to the
distribution of surface salinity itself, in such a way that salinity tends to increase
(decrease) in regions of high (low) mean salinity (Boyer et al., 2007; Hosoda et al.,
2009; Roemmich and Gilson, 2009; Durack and Wijffels, 2010). So, interbasin salinity
differences were enhanced (Figure 1.2). The relatively salty Atlantic has become more
saline, while the relatively fresh Pacific has become fresher. In particular, North
Atlantic has become saltier since 1950s (Boyer et al., 2007) mainly due to an increase in
salinity in the Gulf Stream region (Wang et al., 2010) and also in the pathway followed
by the Mediterranean Outflow Water (Fusco et al., 2008).

i
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Figure 1.2. Sea surface salinity change from 1950 to 2008. Seasonal and EI Nifio-Southern Oscillation
signals were removed. Salinity values are expressed on the Practical Salinity Scale 1978 (Fofonoff and
Lewis, 1979). Source: IPCC (2013) based on Durack and Wijffels (2010).

Apart from changes in the mean values of thermohaline variables, special
attention has been paid to extreme climate events during the last decades (IPCC, 2013).
Although these events have been extensively documented in the atmosphere (Dessai,
2002; Trigo et al., 2009; deCastro et al., 2011b), there is a lack of knowledge on
extreme temperature events in the ocean despite the fact that there is a general
consensus that an increase in the frequency and/or intensity of extreme weather events
can be one of the most hazardous consequences of climate change (e.g. Alexander et al.,
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2006; Houghton, 2009; Sura, 2011). Changes in the seasonality of ocean temperature,
such as changes in the timing of seasonal warming, are also of interest since it
determines biotic responses due to the importance that temperature plays in the life
cycle of marine species (e.g. Selig et al., 2010). Therefore, changes in the seasonality of
SST and the frequency of extreme sea temperatures such as extremely hot or cold events
is fundamental to understand changes in marine ecosystems and to determine scenarios
and policies to mitigate those changes (e.g: Thieltges, 2006; Occhipinti-Ambrogi, 2007,
Halpern et al., 2008).

Previous paragraphs have highlighted the global changes related to temperature
and salinity, as well as the importance of analyzing changes at local scales and different
temporal scales due to the spatial and temporal heterogeneity of these changes. To
achieve this goal, it is fundamental account with databases that provide high spatial and
time resolutions. A great effort has been devoted to develop reliable oceanic series
during the last century. Regarding sea surface temperature (SST), satellite datasets
provides global information with a level of spatial detail unachievable by in situ data
only. According to the IPCC (2013), the main infrared radiation sensor is the Advanced
Very High Resolution Radiometer (AVHRR) (see detailed information in NOAA
(2009)). Data from this sensor was used to build up different datasets such as Pathfinder
that contains SST data since 1981 (Kilpatrick et al., 2001; Casey et al., 2010). In
addition, SST data from AVHRR sensors was combined with in-situ data from ships
and buoys using a special method of kriging, the optimal interpolation, in order to
construct a regular global dataset with high spatial and temporal resolution, the NOAA
Y0 daily Optimum Interpolation Sea Surface Temperature (OISST) database (Reynolds,
2009). More recently, was launched the Moderate Resolution Imaging
Spectroradiometer (MODIS) database, which is considered the successor of AVHRR
sensors. MODIS provides a higher spatial resolution and also a greater spectral
resolution since acquires data in 36 spectral bands (NASA, 2015).

Regarding thermohaline data beneath surface, the beginning of the Argo global
array of profiling floats system supposed a major achievement (GCOS, 2009).
Deployments of Argo floats started in 2002 and it produces more than 100.000 profiles
each year since 2012. To compare data, the World Ocean Database 2009 (Boyer et al.,
2009) contains approximately 500.000 profiles deeper than 1000 m from the 20"
century onwards. In this way, Argo database provides in-situ data of temperature and
salinity, as well as information about currents of the upper 2000 m in all ocean’s world.
Prior to Argo project, the available thermohaline data along the water column,
especially for salinity, was sparse and it depended mainly on oceanographic cruises.
However, some data assimilation projects, like Simple Ocean Data Assimilation
(SODA), have reanalyzed data from these cruises in conjunction with satellite and
model simulations with the aim of create a regular mesh of samples since 1958 (Carton
et al., 2005).
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The entire above mentioned databases will be used to analyze changes on physical
processes inside the Bay of Biscay that is the main goal of this thesis. Thus, modern
databases like MODIS or Argo were combined with long-term databases (OISSTy4 and
SODA) in order to provide a complete view of these changes. This approach is crucial
to determine physical changes at regional scales since, as it was previously highlighted,
the magnitude of these changes depends clearly on the region under study. So, regional
studies improve the knowledge to apply policies with the aim of mitigate harmful
effects derivate from these changes.

1.2. Bay of Biscay

This section will try to characterize the Bay of Biscay in physical terms and also
to provide the state-of-the-art until the beginning of this thesis. First of all, it is
important to mention that oceanography has developed slowly in this region and it has
received historically less attention when compared with others areas in the North
Atlantic (Rallo and Borja, 2004; Lavin et al., 2006).

1.2.1 Topography

The Bay of Biscay is an embayment located in the North Atlantic Ocean, Western
Europe, off the north coast of Spain and the west coast of France (Figure 1.3).
According to the International Hydrographic Organization (IHO, 1971), the limits of the
bay are marked by “a line joining Cap Ortegal (43° 46°N, 7° 52°W) to Penmarch Point
(47°48°N, 4° 22°W)”. Although this is the most common criterion used, some authors
(e.g: Sanchez and Olaso, 2004) consider the southern limit up to Cape Finisterre, at
43°N latitude. So, the bay is a well-differentiated geomorphological unit in the north-
east Atlantic (Lavin et al., 2006). The Spanish coast, also called Cantabrian coast, has a
marked E-W orientation, whilst the French coast follows a N-S orientation from the
mouth of the Bidassoa River to La Rochelle and a NW-SE from there to Brest.

A distinctive feature of the bay is the wide of the continental shelf along the
French coast, especially the northern area, ranging from 60 to 150 km with a very gentle
slope of 0.12% (Pascual et al., 2004). In contrast, the Cantabrian coast is characterized
by a narrower continental shelf (7-20 km wide) (Figure 1.3). The continental slope, an
area of transition between the shelf and the central part of the bay, the abyssal plain, is
defined by a mean slope of the order of 10-12% (Lavin et al., 2006) and by numerous
canyons. For example, the Avilés Canyon System (GOomez-Ballesteros et al., 2014) or
the Cap Breton Canyon in the southeastern corner of the bay, where the 1000 m isobaths
is just 3 km far from the coast. The Biscay Abyssal plain, with depths around 4000 m
and reaching 5500 m (Charria et al., 2013), occupies the central part of the bay (Figure
1.3).
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Figure 1.3. Bathymetry of the Bay of Biscay. Contour lines represent 200, 1000 and 4000 m isobaths.
Location of the Bay of Biscay (marked with a red square) in the upper left figure.

1.2.2 Freshwater inputs

The main rivers that drain into the bay are located along the French coast since
rivers in the Cantabrian coast are small due to the proximity of the mountains to the sea.
The major freshwater inputs affecting the area are provided by the discharge of Loire
and Gironde Rivers (Puillat et al., 2004). These rivers provide 80% to the freshwater
discharges onto the French shelf. The Loire River has a length of about 1020 km from
Mont Gerbier de Jonc, in the Massif Central, to Nantes at St Nazaire. Its basin occupies
about 117,000 km? with an annual mean flow of ~900 m’™. The highest river
discharges occur in January and February with mean values that surpass 1500 m* s*
(Figure 1.4). Gironde River (estuary) is formed by the contributions of Garonne and
Dordogne Rivers. Garonne River has a length of ~ 600 km from Aran Valley, in the
Pyrenees (Spain), to the Gironde Estuary, in Bec d’Ambeés, north of Bordeaux. Its basin
occupies about 61,000 km? with a mean flow of ~ 500 m>™. Dordogne River has a
length of ~ 485 km from the Puy of Sancy, in the mountains of Auvergne, to the
Gironde Estuary. Its basin occupies about 24,000 km?with a mean flow of ~ 250 m3™.
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Figure 1.4. Annual hydrologic cycle variability (ms™) for Loire runoff over the period 1982-2014. Solid
red line represents the monthly average flow and the line inside each box represents the median for each

month. Lower and upper whiskers show minimum and maximum river flow, respective, whilst lower and
upper box indicate first and third quartiles, respectively.

1.2.3 Circulation

The circulation in the Bay of Biscay is influenced by bathymetric conditions
commented previously. Overall, it is possible to distinguish three different circulation
patterns. The oceanic area of the bay is part of the North Atlantic open ocean
circulation. This area is characterized by a weak (1-2 cm s %) and variable anticyclonic
circulation at depths of around 400 m (Saunders, 1982; Pingree, 1993; Koutsikopoulos
and Le Cann, 1996). Along the slope, circulation becomes cyclonic, giving rise to a
poleward current (5-10 cm s %) that shows seasonal variations (Pingree and Le Cann,
1992; Garcia-Soto et al., 2002; Garcia-Soto and Pingree, 2012). Currents over the
continental shelf are seasonally dependent because they are explained as a combination
of wind-driven, tidally induced and density-driven flows (Charria et al., 2013; Pingree
and Le Cann, 1989). Figure 1.5 summarizes the main hydrographic features in the Bay
of Biscay.

Although the previous paragraph describes the general circulation, the location of
the bay in an intergyre zone favors high seasonal variability in the circulation at
mesoscale due to interactions between atmosphere and sea surface. In this way, the
slope current that flows eastward North of Spain (Iberian Poleward Current, IPC) and
poleward along the Aquitaine and Armorican slopes shows its maximum intensity
during autumn and winter. IPC transports warm and saline water along the west coast of
the Iberian Peninsula and usually reach the Cantabrian slope around Christmas (for this
reason is also called “Navidad”) (Garcia-Soto et al., 2002; deCastro et al., 2011a). In
summer, circulation along the slope turns equatorward (Charria et al., 2013; Le Boyer et
al.,, 2013). A similar process occurs along the French shelves since a poleward
circulation prevails from October to March, whilst weak equatorward currents are



1-Introduction

observed during spring and summer. This fact is related to the prevalence of
southwesterly winds during autumn and winter and northwesterly winds from April to
September in this region (Puillat et al., 2004; 2006). In addition, along the French
continental shelf, freshwater input during winter and spring plays an important role
inducing density gradients that favor poleward circulation (Lazure and Jégou, 1998).
Regarding the Cantabrian shelf, winter eastward current is replaced by a westward flow
with velocities reaching 13.5 cm s during summer (Charria et al., 2013). Another
important feature during winter is the presence of eddies, which are formed in the
continental slope due to the interaction between the slope current and topography. These
structures have been named “SWODDIES” (Slope Water Oceanic Eddies) by Pingree
and Le Cann (1992) and its movements has been studied using satellite images (Bardey
et al., 1999; Garcia-Soto et al., 2002) and floats (van Aken, 2002; Huthnance et al.,
2002). In summary, the basin represents a complex mix between open ocean features
and local processes.
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Figure 1.5. Schematic illustration of circulation in the Bay of Biscay. Source: Reproduced from
Koutsikopoulos and Le Cann (1996) modified by OSPAR Commission (2000).

1.2.4 Water masses

In this section water masses present in the Bay of Biscay will be characterized
from up to down of the water column. First of all, it is important to notice that the depth
at which a water mass spreads and its thermohaline properties varies depending on the
region (Figure 1.6). For this reason the same water mass can be defined by a different
depth or density range depending on the area (e.g: Harvey, 1982, Valencia et al., 2004).
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Figure 1.6. Diagram that summarizes the thermohaline properties of the water masses present in the Bay
of Biscay in six hydrographic stations (its position can be seen in the small plot on the bottom right).
Superimposed lines in the diagram represent isopycnals (kg m—3) Source: Lavin et al. (2006), it was
produced with data from ICES and IEO databank.

The Bay of Biscay is located at mid latitudes in the intergyre zone of the North
Atlantic (Figure 1.7). Thus, the southerly branch of the subpolar current and the
northerly stream of the subtropical Azores current converge at the latitude where the
Bay of Biscay is located (Rios et al., 1992; Pollard et al., 1996). This peculiarity defines
the Eastern North Atlantic Water Mass (ENACW), which occupies the upper waters.
ENACW develops each year as a result of winter mixing in an area ranging from
northeast Azores to the European margin (Pollard and Pu, 1985; Pollard et al., 1996).
The fact that the Bay of Biscay is located in an inter-gyre region, influenced by subpolar
and subtropical Atlantic gyres, allows defining two subtypes of ENACW: the subpolar
(ENACWSsp) and the subtropical (ENACWSst) modes (Fraga et al., 1982; Pérez et al.,
2000). The limit between them was established at 12.20 °C and 35.66 by Rios et al.
(1992). ENACW characteristics become progressively modified with increasing
distance from their area of formation (Pollard and Pu, 1985). Overall, the OSPAR
commission (2000) established that ENACW spreads in the first 600 m in the Bay of
Biscay in a potential temperature range between 10.5 and 11.5 °C and a salinity range
between 35.55 and 35.60 giving as result a potential density range between 27.15 and
27.25 kg m™. However, other studies defined ENACW in a wider density range (27.0-
27.2 kg m™), in accordance with studies such as Botas et al. (1989) who established that
ENACW ranges from 11-13 °C and 35.53-35.74. Pollard et al. (1996) located the core
of ENACW at around 350 m depth with a mean density value of 27.1 kg m™. The
different characteristics of ENACW depending on the region of the bay can be seen in
Figure 1.6. This figure summarizes the main thermohaline characteristics of the water
masses present at different locations in the Bay of Biscay and its surrounding area.
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Figure 1.7. Surface circulation in the Northeastern Atlantic.

Below ENACW it spreads the Mediterranean Water (MW). This water body
spreads at around 1000 m depth with a mean density range of 27.6-27.7 kg m™, which
corresponds to a mean temperature of 9-10 °C and a salinity value of 35.8 (Figure 1.6).
MW results from the mixture of Mediterranean Outflow Water (MOW, Bozec et al.,
2011) with the near-surface Atlantic water at the Strait of Gibraltar (Mauritzen et al.,
2001). MW leaves the western Gulf of Cadiz separating in two branches. One branch
spreads in the North Atlantic westward to the central Atlantic and the other one
northward along the Western lberian slope (Mazé et al., 1997) reaching the Bay of
Biscay and influencing intermediate waters northward to the Rockall Trough (lorga and
Lozier, 1999; van Aken, 2000). MW, which is in its origin warmer and more saline than
ENACW, can produce temperature inversions along the water column (Valencia et al.,
2004). The salinity of the MW core decreases poleward along the continental slope due
to isopycnal and diapycnal mixing with less saline waters (del Rio et al., 1998, van
Aken, 2000; Lavin et al., 2006).

Deeper than the MW it is located the North Atlantic Deep Water (NADW), which
is the result of a complex mixture of waters (Valencia et al., 2004; Lavin et al., 2006).
The sources are Labrador Sea Water (LSW), Norwegian Sea Water (NSW) and
Antarctic Bottom Water (AABW). The core of LSW, located at 1800 m, is
characterized by a deep salinity minimum, especially in the northern and western part of
the bay. In the Biscay Abyssal Plain the influence of the AABW is higher in the NADW
(Valencia et al., 2004).
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1.2.5 Thermal balance and mixed layer

Temperature in the upper levels of the water column in the Bay of Biscay is
highly influenced by air temperature. In this way, high correlations were found between
air temperature and SST in different areas of the bay (e.g: Borja et al., 2000; Fontan et
al.,, 2008). So, heat fluxes between the ocean and the atmosphere are the main
responsible for the seasonal SST cycle. The Bay of Biscay is a region of weak net heat
flux since it is located at midlatitude in a region of transition between areas where the
ocean gains heat at the south and areas that loss heat north of the bay (Michel et al.,
2009a). Figure 1.8 represents the annual cycle of radiative (shortwave and longwave)
and turbulent (sensible and latent) heat fluxes averaged for the whole bay. The annual
cycle is characterized by its dependence on the shortwave flux, which is the unique
parameter that represents a gain of heat (positive sign) by the ocean. This heat flux
attains it maximum in June, however is during August when the highest mean SST (~
19.5 °C) is observed in the bay due to the high heat capacity of the sea. The range of
change of turbulent and longwave heat fluxes is clearly lower but it is enough to
compensate the heat gain by the ocean from October to March (Figure 1.8). Michel et
al. (2009b) guantified the heat budget in the 0-200 m layer in the Bay of Biscay and its
surrounding area by means of an ocean circulation model. The main heat input come
from the transport across the western boundary related to current that cross the Atlantic
from the Gulf Stream. In addition, these investigators quantified the contribution of
atmospheric flux, diffusion process and total transport to the thermal balance in the first
200 m for the whole bay. They found that air-sea flux in conjunction with oceanic
transport are the main drivers of temperature interannual variations, whilst diffusion has
its importance along the French coast south to Brest.
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Figure 1.8. Annual cycle of the heat fluxes averaged for the whole Bay of Biscay (W m™ per decade)
over the period 1982-2014. Data retrieved from the Climate Forecast System Reanalysis database.

Heat fluxes play a key role to explain mixing and stratification processes. Overall,
the upper ocean remains stratified since May to October and the mixing of the water
column persists from November to April coinciding with months when the ocean losses
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heat. Previous studies focus on the analyses of mixed layer in the Bay of Biscay are
scarce and do not cover the whole bay. Gonzélez-Pola et al. (2007) developed a method
for characterizing the upper ocean structure and they applied it to profiles from a linear
section sampled off Santander. They found that the mixed layer depth do not surpasses
the 200 dbar level. Hartman et al. (2014) using the algorithm developed by Gonzélez-
Pola et al. (2007) with data from Argo floats found maximum MLD reaching 476 m
during the cold winter in 2009/2010. Somavilla et al. (2011) use data from the same
section combined with a one dimensional water column model (GOTM) and data from
NCEP/NCAR reanalysis over the period 1948-2008 to analyze MLD variability. They
found that during 1970s and 1980s, MLDs were strikingly shallower than from 1995
onwards. In addition, Somavilla et al. (2009) studied the consequences in the
hydrographic structure of an extreme mixing event that occurred during winter of 2005.

1.2.6 River plumes and upwelling events

Atmospheric forcing also plays a key role to explain some mesoscale processes
along the coast of the bay, such as river plumes or upwelling. Several studies about river
plumes have been conducted in the Bay of Biscay by means of numerical models
(Lazure and Jegou, 1998), in situ data (Kelly-Gerreyn et al., 2006; Gonzélez-Nuevo and
Nogueira, 2014), satellite imagery (Petus et al., 2010; 2014), or by combining several of
these methods (Ferrer et al., 2009). As it was previously commented, Loire and Gironde
are the two largest rivers in the bay. Turbid plumes generated by both rivers can merge
forming a great plume under high discharge conditions due to the synchronism of both
rivers (Koutsikopoulos and Le Cann, 1996; Lazure and Jegou, 1998). Although Loire
and Gironde plumes are usually oriented to the NW due to Coriolis effect, the
development of both plumes depends mainly on the variability of river runoff and winds
(Lazure and Jegou, 1998). Winds over the French continental shelf are characterized by
a marked interannual variability. Thus, southwesterly winds prevails from October to
March and northwesterly winds from April to September (Puillat et al., 2004; 2006). In
addition, surface circulation is also important since it affects the plume displacement.
Currents over the shelf are conditioned by wind, density gradients and tides (Pingree
and Le Cann, 1989). Overall, a poleward circulation prevails during winter in this area
(Charria et al., 2013), contributing to the NW orientation of plumes. Freshwater
discharges give as results a cooler strip in the area occupied by the turbid plume during
winter. In addition, thermal inversions are often observed due to the haline stratification
(e.g: Koutsikopoulos and Le Can, 1996). River discharges along the French coast has it
signal when sea surface salinity is analyzed (Figure 1.9). Salinity values are higher than
35 over most of the bay. However, salinity reduces along the French continental shelf,
especially close to Gironde, Loire and Adour estuaries (values around 30). The
movement and the effect of low salinity structures were studied in detail over the
Aquitaine shelf by Reverdin et al. (2013).
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Easterly winds in the Cantabrian coast produce upwelling during spring and
summer. In this way, different upwelling episodes have been described in the western
part of the southern Bay of Biscay (Fraga, 1981; Botas et al., 1990; Lavin et al., 1998;
Llope et al., 2006; Borja et al., 2008; Alvarez et al., 2010). Regarding the French coast,
northerly winds can generate upwelling episodes in the southern part, whilst
northwesterlies winds are favorable to upwelling along the Brittany coast (Froidefond et
al., 1996; Puillat et al., 2003). The magnitude and the persistence of upwelling events
are lower when compared to upwelling intensity along close areas, such as the western
part of the lberian Peninsula (Alvarez et al., 2011). The importance of upwelling in
these areas is that upwelled water is cooler than the surrounding surface water and it
represents a nutrient supply during the period of water column stratification (later spring
and summer).
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Figure 1.9. Sea surface salinity averaged over the period 2003-2011. Data retrieved from the Physical
IBI reanalysis product (Copernicus project, http://marine.copernicus.eu/)

1.2.7 Physical changes

The variable that has received more attention related to physical changes in the
Bay of Biscay is the SST. In this way, deCastro et al. (2009) carried out a long-term
analysis of SST trend for the whole bay since 1867. They detected a warming-cooling
cycle with cooling periods between 1867-1910 and 1945-1974 (-0.14 °C per decade and
-0.10 °C per decade, respectively) and warming between 1910-1945 and 1974-2007
(0.17 °C per decade and 0.22 °C per decade, respectively). Similar results were obtained
by Goikoetxea et al. (2009) by means of data from the Aquarium of San Sebastian.
deCastro et al. (2009) also analyzed SST trends from 1985-2006. They observed a
warming ranging between 0.15-0.45 °C per decade depending on the area. Thus, the
highest warming was detected in the northwestern part and along the French coast,
whilst the lowest were found in the southwestern part. Moreover, they found the highest
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increase in SST during spring and summer. Other authors that analyzed SST trends for
the whole Bay of Biscay, considering also its surrounding area, were Michel et al.
(2009a;b). Michel et al. (2009a) notified a warming trend ranging from 0.22°C to 0.37°C
per decade using simulations and satellite data over the period 1985 to 2003. Michel et
al. (2009b) also detected spatial and temporal variations of the warming rate. They
noticed the highest warming over the northern part of the bay (roughly 0.5°C per
decade) and they also found the highest SST trends in summer and spring over the
period 1986-2005. However, Koutsikopoulos et al. (1998) noticed a SST increase of
about 0.64°C per decade during the period 1972-1993 mainly due to mild winters than
to warm summers.

As far as we know, the above studies are the unique that analyzed SST trends for
the whole Bay of Biscay. Most of the studies were focused on a certain region and
carried out with data from punctual sampling or taking into account only coastal areas.
Thus, Gémez-Gesteira et al. (2008) analyzed SST trends along the entire coast of the
bay by means of satellite-derived data. They found a warming both along the Cantabrian
coast (0.21 °C per decade) and along the French coast (0.27 °C per decade). Several
studies have analyzed SST trends with data from the Aquarium of San Sebastian
(Usabiaga et al., 2004; Fontan et al., 2008; Goikoetxea et al., 2009; Gonzalez et al.,
2013). Goikoetxea et al. (2009) detected a cooling tendency over the period 1947-1977
and a warming from 1977 to 2007. In addition, Fontan et al. (2008) and Goikoetxea et
al. (2009) found a change in the classical seasonal cycle (“deseasonality”) that was
cause by the prevalence of long warm summers and cold winters. Llope et al. (2006)
noticed a warming over the period 1993-2003 with data from a punctual sampling in the
central Cantabrian Sea (43° 36’). Planque et al. (2003) analyzed SST trends by means of
Meteo-France data over the period 1971-1998 and they detected a maximum warming
rate in the southeastern area of the bay (~0.5 °C per decade). It is important to take into
account that the southeastern corner of the bay is a region with a high continental
influence. So, SST tends to be higher during summer (Valencia et al., 2004).

With regard to the changes observed in water masses, several studies have shown
that the temperature and salinity characteristic of ENACW vary interannually. Pérez et
al. (1995), (2000) observed a persistent freshening of salinity until 1990 and a
subsequently salinity increase in the 1990's by means of data from several
oceanographic cruises carried out in the North Atlantic in the eighties and at the
beginning of the nineties. High salinity values were detected at the beginning of the
1970s and minimum values were measured during the 1980s. From 1991 to 1993 a
sudden change in ENACW was detected with an abrupt increase in salinity. Gonzélez-
Pola et al. (2005) obtained a warming trend in ENACW on the order of 0.3 °C per
decade over the period 1992-2003 using stations located at the southeastern part of the
Bay of Biscay. In addition, Llope et al. (2006) measured a decreasing salinity in the
southern Bay of Biscay for a similar period of time (1993-2003). Gonzélez-Pola et al.
(2005) also noticed a warming and a salinification of the upper MW (700-1000 dbars).
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Michel et al. (2009a) also studied temperature trends along the water column although
they did not link them to changes in water masses. They observed a decreasing in the
warming rate with increasing depth by means of data from the World Ocean Database
and ORCA simulations in the Bay of Biscay and its surrounding area over the period
1965-2003. In this way, they detected a warming up to 500 m and a cooling between
500-600 m.

The atmospheric forcing over different physical processes has been analyzed by
means of the teleconexion patterns that influenced the bay. The North Atlantic
Oscillation (NAO) is the dominant mode of atmospheric interannual variability in the
North Atlantic (Hurrel, 1995). However, the Bay of Biscay is located between two
regions with different wind and precipitation responses to NAO (Pérez et al., 2000).
Garcia-Soto et al. (2002) found a negative correlation between November-December
NAO index and January SST in the southern Bay of Biscay only during years with a
marked presence of the Iberian Poleward Current. This fact was related to a relaxing of
the northeasterly wind stress that favors a penetration of this current in the bay. Garcia-
Soto and Pingree (2012) found that the westerly winds, which favors the entrance of the
IPC in the bay, prevails during negative NAO. However, Llope et al. (2006) did not
found correlations between NAO index and the IPC. Planque et al. (2003) related NAO
with SST, scalar wind and river run-off. They did not find clear correlations during the
1990s. However, significant but weak relationships were found between NAO index
and SST and river runoff when they analyzed the period 1850-2000. The second most
important atmospheric pattern in the North Atlantic is the East Atlantic (EA) pattern.
According to Borja et al. (2008), southwesterly (northeasterly) winds prevail during
positive (negative) EA phases over the Bay of Biscay. A negative EA phase prevails
from 1950 to 1976 and a positive phase occurred from 1977 on (NOAA, 2008). Thus,
Goikoetxea et al. (2009) related the SST trends detected in San Sebastian (cooling over
the period 1947-1977 and warming from 1977 to 2007) with these cycles of EA.
Moreover, EA pattern was related to ocean-atmosphere heat fluxes (Cayan, 1992) and
winter SST (Séenz et al., 2011) over the southern part of the bay.

The biological implications of physical changes have been highlighted in several
studies. Fisheries, such as anchovy (Engraulis encrasicolus), sardine (Sardina
pilchardus), mackerel (Scomber scombrus), horse mackerel (Trachurus trachurus) or
albacore (Thunnus alalunga) represent an important economic activity in the bay
(MEECE, 2013). Temperature plays a key role in the life cycle of marine species (e.g:
Selig et al., 2010). Thus, changes in the SST can cause changes in biodiversity both at
the ecosystem level (e.g. latitudinal shifts in species distributions) and at the population
level due to changes in phenological events (e.g. reproductive period, larval season or
migrations) (Giménez, 2011). Lavin et al. (2007) analyzed the influence of SST and
winds on horse mackerel and albacore dynamics. Albacore catches correlated positively
with the wind component and horse mackerel recruitment was negatively correlated
with SST. Quéro et al. (1998) studied the distribution of several species and they found
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that warming has favored a northernmost distribution limits. The influence of river
plumes and less saline lenses in anchovy and sardine spawning has been also analyzed
by different authors (Motos et al., 1996; Planque et al., 2007; Bellier et al., 2007). The
role of extreme events was also studied along the coast of the bay. Thus, for example,
Wethey et al. (2011) studied changes in the biogeographic distribution of intertidal
populations due to extreme events. Changes in the mixed layer depth plays an important
role in determine the availability of nutrients. In this way, the onset of the stratification
in March-early April has important biological implications since it develops
phytoplankton blooms that can cover the whole bay (Lavin et al., 2006).

On the basis of the above, it can be concluded that the Bay of Biscay is an
embayment with special characteristics that plays an important role in influencing
oceanographic processes at mid-latitudes. Since the eighties, the number of analysis and
studies has increased in the bay (see Borja and Collins (2009) for detailed information).
Most of the studies that analyzed changes in physical processes (water masses, SST,
salinity, circulation, mixed layer...) were carried out for a certain region of the bay and
usually considering a short period of time. The main aim of this study is to describe
changes in physical terms, in particular changes in thermohaline variables that have
occurred during the last decades. The different studies that compound this thesis are
characterized by analyzing the whole Bay of Biscay. For this purpose, an effort was
done to account with some of the newest databases in order to ensure appropriate spatial
and temporal resolutions. The content of the subsequent chapters of this study is the
following:

- Oceanic and atmospheric databases used to carry out this study will be
described in detail in Chapter 2. In addition, information about the
teleconexion patterns (NAO and EA) and the Atlantic Multidecadal
Oscillation (AMO), which is the main oceanographic mode in the area under
scope, will be included.

- A complete analysis of thermohaline changes detected in ENACW (upper 700
m of the water column) will be carried out in Chapter 3 by means of
reanalysis data. These changes will be related to atmospheric forcings in the
Northeastern Atlantic.

- Thermohaline variations in intermediate water masses (ENACW and MW)
will be analysed in Chapter 4 by means of in-situ data provided by Argo
floats. In addition, the methodology developed by Bindoff and McDougal
(1994) will be applied in order to know the origin of the changes.

- Trends in the mixed layer depth will be studied using different criterions since
1975 in Chapter 5. Thus, an iso-thermal layer depth (TLD) and an iso-pycnal
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layer depth (PLD) will be defined. The influence of atmospheric forcings will
be analyzed.

Changes in the seasonality of the bay during the last three decades will be
analyzed in Chapter 6. In addition, variations in the duration of the warm
season and trends in the number of extreme hot SST days will be also studied.

The influence of Loire and Gironde River discharges over the sea surface
temperature will be studied in Chapter 7 by means of MODIS and OISSTy4
databases.
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Chapter 2:
Databases

The main features of databases used to carry out this thesis are shown in this
chapter. The choice of each one was based on the purpose of each study and on an
attempt to use the most recent databases. Thus, in-situ data from Argo floats or satellite
data from MODIS, both projects started during the past decade, were used. In the same
way, recent reanalysis products such as Daily ¥2 Optimum Interpolation SST or Climate
Forecast System Reanalysis were also selected due to its high spatial and temporal
resolution and because they provide data for the last decades. So, data with a different
origin (in-situ, satellite or reanalysis) were combined to achieve the goals of this thesis.
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2.1. Ocean database

2.1.1 Argo floats

The Argo Project (Argo Science Team, 2001) began as a collaboration between
different countries with the aim of creating a global array of floats in order to sample the
upper layers of the ocean all over the world. Under this project, floats were deployed
starting in 2000, with deployments increasing every year. Thus, more than 3800 active
floats were operating all over the world in 2015. In this way, most of the goals that the
Argo Project had when it was designed, such as a global resolution of 3° x 3°, were
reached. More than 100,000 in-situ profiles are produced each year. Overall, profiles
reach a maximum depth between 1500 and 2000m, being their resolution higher in the
first layers. The accuracy of pressure, temperature and salinity measurements is £2.4
dbar, £0.005 °C and £0.01, respectively (Argo Science Team, 2001).

Argo floats drift following oceanic currents. In general, each float is designed to
generate a profile every 10 days. The process to obtain a new profile begins with the
descent of the buoy to a depth of 1000 meters, where it remains during 9 days. Then, it
descends to a depth of 2000 meters and initiates the ascent to surface measuring
temperature and salinity (Figure 2.1). Once on surface, data is transmitted, using
satellite technology, to the Argo Global Data Assembly Centers located in France and
EEUU. These centers are responsible for storing and processing data collected. Data
used in this thesis were retrieved from the US Global Ocean Data Assimilation
Experiments server (http://www.usgodae.org/argo/argo.html).
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Figure 2.1. Process followed by an Argo float to (generate each profile.
Source: http://www.argo.ucsd.edu/.
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All profiles in the Argo Project are labelled in function of the quality and accuracy
of the data that it contains following the Argo quality control manual v2.8 (Wong et al.,
2013) (http://www.argodatamgt.org/Documentation). Thus, only profiles with a control
flag equal to 1 were selected. This control flag means that all Argo real time quality
control tests, which are specified in the manual, were passed. These tests were applied
to filter out spurious or inconsistent values outside of statistical limits. Additionally,
other procedures were developed to prevent anomalous behavior in the floats and ensure
a spatial distribution as homogeneous as possible. In this way, a visual inspection of
each profile position and the trajectory of each buoy was carried out. Thus, buoys that
had traveled a long distance over a short period of time, buoys with only a profile in the
region of interest or buoys with multiple profiles at exactly the same location were
discarded from the analysis. Moreover, only profiles with more than 20 valid
measurements were considered.

2.1.2 Simple Ocean Database Assimilation (SODA)

Simple Ocean Database Assimilation (SODA) is a reanalysis database that offers
several versions (Carton et al., 2005). Version 2.2.4 was selected to carry out different
analysis in this thesis. It uses a model based on Parallel Ocean Program physics. Data
used to create this database come from different sources. Temperature and salinity
profiles were assimilated from the World Ocean Atlas-94 (MBTs, XBTs, CTDs and
station data) (Levitus and Boyer, 1994), as well as additional hydrography, sea surface
temperature (Reynolds and Smith, 1994) and altimeter sea level were assimilated from
the Geosat, ERS-1 and TOPEX/Poseidon satellites. Detailed information about SODA
product can be found in Carton et al. (2005) and Carton and Giese (2008).

Reanalysis of world ocean climate variability are available from 1958 to 2010 at
monthly scale, with a horizontal spatial resolution of 0.5° x 0.5° and a vertical resolution
of 40 levels, ranging from 5 m to more than 5000 m decreasing the resolution with
depth. Data were downloaded from the website: http://sodaserver.tamu.edu/.

2.1.3 Daily ¥ Optimum Interpolation SST (OISST4)

The %° daily Optimum Interpolation Sea Surface Temperature (OISSTy.)
database depends on the NOAA'’s National Centers for Environmental Information.
Observations from satellites, ships and buoys were used to generate this database. Two
products were developed using a special method of kriging (Optimum interpolation). On
the one hand, one product only uses data from the Advanced Very High Resolution
Radiometer (AVHRR) infrared satellite sensor (Figure 2.2). On the other hand, the other
product uses AVHRR data and Advance Microwave Scanning Radiometer (AMSR) on
the NASA Earth Observing System satellite SST data. In this thesis, only the AVHRR
sensor data was used since AMSR data is only available since June 2002. The spatial
resolution is 0.25° x 0.25° and it is available since 1982. Additional information on
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Optimum Interpolation algorithm and its bias treatment can be found in Reynolds et al.

(2007) and Reynolds (2009).
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Figure 2.2. Flowchart followed to process the data contained in the OISST

Source: NOAA's National Centers for Environmental Information website.

2.1.4 Moderate Resolution Imaging Spectroradiometer (MODIS)

1/4 degree Satellite Compute Median Ice
SST Day and Night Concentration
Correct Ship 7
Data for Biases Median Ice

Correct Satelite I m""
b"_ Data for Biases

c i Satellite SST Concentration and QC
E & ! to SST

Conversion of lce

Net CDF
Output

Ya..

Moderate Resolution Imaging Spectroradiometer (MODIS) is a sensor located
onboard Aqua and Terra satellites that provides information on several parameters. In
general, Aqua satellite moves from south to north, passing over the Equator in the
afternoon, whilst Terra satellite goes from north to south, passing over the Equator in
the morning. The MODIS instrument provides high radiometric sensitivity in 36
spectral bands ranging in wavelength from 0.4 pm to 14.4 um (NASA, 2015). Two
MODIS ocean products were used in this thesis: MODIS Sea Surface Temperature and
MODIS Remote Sensing Reflectance. Both datasets were retrieved from the NASA

Ocean Color web site (http://oceancolor.gsfc.nasa.gov).

Level 2 of MODIS Sea Surface Temperature was selected. It has a global
coverage with a spatial resolution of 1-km and it contains a day and night measurement
every 24 hours (detailed information about the algorithm used to construct this product
can be found in Brown and Minnett (1999). SST data was obtained using 11-12 pm
thermal IR infrared channels since these bands are located close to the maximum of the
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Earth’s emission and have larger bandwidth than other available channels (Reinart and
Reinhold, 2008). This SST product has been shown to be suitable to analyze water
surface temperatures in previous studies (Barré et al., 2006; Chavula et al., 2009).

MODIS Remote Sensing Reflectance product allows selecting several values of
normalized water-leaving radiance (nLw). The 645 nm band was selected since it fits
best to the purpose of this study. Nighttime SST images and daytime nLw 645 from
MODIS-Aqua and MODIS-terra were merged following Mendes et al. (2014). Thus, a
larger number of available pixels were obtained increasing the consistency of the data.

2.2 Atmospheric database

2.2.1 National Center for Environmental Prediction/National Center of Atmospheric
Research (NCEP/NCAR) Reanalysis

Meteorological large-scale reanalysis data was obtained from the NCEP/NCAR
reanalysis database that was developed by the Physical Sciences Division (PSD) of the
NOAA. A wide variety of weather observations (ships, planes, RAOBS, station data,
satellite observations...) were assimilated to create this database (Kalnay et al., 1996).
Data are supplied on a T62 Gaussian grid corresponding to a 1.9° both in latitude and
longitude and monthly time resolution from 1948 on. Data of four variables (air
temperature, precipitation, latent heat flux and wind speed above sea surface) were
extracted from the PSD website
(http://www.esrl.noaa.gov/psd/data/gridded/reanalysis/). ~ Air  temperature  was
considered at 2 m from surface, while wind was regarded at 10 m.

2.2.2 Climate Forecast System Reanalysis (CFSR)

The Climate Forecast System Reanalysis (CFSR) is a global, high-resolution,
coupled atmosphere-ocean-land surface-sea ice system (Saha et al., 2010). It was
developed by NOAA'’s National Centers for Environmental Prediction. CFSR includes
many variables and, in general, it provides a 0.3°x0.3° and a 6 hour spatial and time
resolutions from 1979 on. A second version was developed beginning on 2011.
Although it can be considered as a seamless extension, it includes some improvements
such as a better spatial resolution (from 0.3° to 0.2°) of surface and flux fields. Data
from two variables (wind and heat fluxes) were extracted from the website
http://rda.ucar.edu/pub/cfsr.html.
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Table 2.1 summarizes the main properties of the oceanographic and atmospheric
databases used to carry out this thesis:

SPATIAL TEMPORAL
DATABASE VARIABLE RESOLUTION RESOLUTION
Argo ST & Salinity Free drift From 2002 on
o (Up to 2000m depth) (10-days values)
T
& SODA ST & Salinity 0.5°x0.5° From 1958 on
% (Up to 5000m depth) (Monthly values)
o)
Z OISSTy4 SST 0.25°x0.25° From 1982 on
LLl .
8 (Surface values) (Daily values)
MODIS SST & 0.01°x0.01° From 2002 on
Reflectance (Surface values) (Daily values)
© | NCEP/NCAR  Wind, T, Latent 1.91°x1.91° From 1948 on
| heat flux & (Monthly values)
L Precipitation
8
= CFSR Wind & Heat 0.3°x0.3° From 1979 on
< fluxes (6-hour values)

Table 2.1. Oceanographic and atmospheric databases used in this thesis.

2.3. Oceanographic modes

2.3.1 Atlantic Multidecadal Oscillation (AMO)

The Atlantic Multidecadal Oscillation (AMO) is a mode of natural variability that
has its main expression in the North Atlantic SST. The duration of its cycle ranges
between 35 to 80 years depending on the author (Timmermann, 1998; Kerr, 2000; Dima
and Lohmann, 2007). Several studies have shown the global and regional influence of
AMO (e.g: Polyakov and Johnson, 2000; Chylek et al., 2006; 2014, Muller et al., 2013;
Kawada et al., 2013). AMO index is calculated as the average of SST anomaly in the
Atlantic north of equator (Enfield et al., 2001). Monthly unsmoothed series from 1948
on are available in the NOAA website
(http://www.esrl.noaa.gov/psd/data/timeseries/ AMO/). Negative anomalies prevailed
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from mid-1960s to mid-1990s, whilst positive anomalies predominated from mid-1990s
on (Figure 2.3).

AMO index
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Figure 2.3. Monthly values for the AMO index over the period 1950-2014 (A = 1 month running
average was considered).

2.4 Atmospheric modes

2.4.1 North Atlantic Oscillation (NAO)

NAO is the most prominent teleconnection pattern that influences the North
Atlantic (Barnston and Livezey, 1987). Thompson and Wallace (1998) described the
NAO as the local manifestation of a global pattern called the Arctic Oscillation (AO)
which is the result of the coupling between the stratospheric polar vortex and
tropospheric circulation in the Northern Hemisphere. In a later study, Thompson and
Wallace (2000) found that the variation in the North Hemispheric polar vortex is
stronger in wintertime, and that is the season when the correlation with NAO is
stronger. NAO consists of a north-south dipole with one center located over Greenland
and the other over a region spanning between 35-40°N. This index is calculated as the
difference in geopotencial anomalies between both centers. Monthly NAO index, which
is available since 1950, was extracted from the Climate Prediction Center at the
National Center of Environmental Prediction (http://www.cpc.noaa.gov).

Although NAO shows its influence in all seasons it is higher during winter.
Positive phase of NAO is associated with a reinforcement of the two centers cited
above, whilst the negative phase is related to a weakening of them. The persistence of
positive or negative phases generates basin-wide changes in the location and intensity of
the North Atlantic jet stream and storm track during winter, which in turn influences
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changes in temperature and precipitation patterns from eastern North America to
western and central Europe (Hurrell, 1995). Thus, strong positive phase results in an
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Figure 2.4. Effects of the positive and negative phases of NAO over the North Atlantic. Source:
www.climate.gov.

increase in frequency and strength of winter storms crossing the Atlantic Ocean. This
fact tend to be associated with an increase in temperature and precipitation over
Greenland and also in the south of Europe, whilst colder and drier conditions occur in
the East Coast of America and over northern Europe and Scandinavia. The opposite
pattern occur during strong negative phases (Figure 2.4)

2.4.2 East Atlantic pattern (EA)

EA is the second teleconnection pattern with a higher influence over the North
Atlantic. It is structurally similar to NAO but with its center displaced southeastward

EA index
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Figure 2.5. Monthly values for the EA index over the period 1950-2014 (A = 1
month running average was considered).

[ 30




2-Databases

(55°N, 20-35°W and 25-35°N, 0-10°W) covering the North Atlantic from west to east
(Barnston and Livezey, 1987). The main difference with NAO is that the lower-latitude
center is related to a strong subtropical link in association with modulations in the
subtropical ridge intensity and location. The positive phase is associated with above-
average temperature in Europe for all months and with negative anomalies of
temperature in the southern United States during January-May and in the north-central
United States during July-October. Regarding precipitation, positive values are related
with above-average values over northern Europe and Scandinavia and with below-
average values across southern Europe. Negative values of EA index clearly prevailed
from 1950 to 1980, whilst positive values dominated from mid-1990s on (Figure 2.5).
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Chapter 3:
Eastern North Atlantic Central Water
variability by means of reanalysis data

The aim of this chapter is to analyze thermohaline changes in the Eastern North
Atlantic Central Water (ENACW) mass in the Bay of Biscay over the period 1975-
2010. The dependence of these changes on teleconnection patterns (NAO and EA) will
be also studied. In addition, temperature and salinity changes in ENACW will be
correlated with air temperature and precipitation minus evaporation (P-E) trends in the
Northeastern Atlantic in order to know the dependence on variations that occur outside
the Bay of Biscay.
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3.1 Methods

Temperature and salinity data was obtained from SODA database from 1975 to
2010. This time period corresponds to the strongest warming period detected in the
North Atlantic area (Koutsikopoulos et al., 1998; Garcia-Soto et al., 2002; Gomez-
Gesteira et al., 2008; deCastro et al., 2009; GOomez-Gesteira et al., 2011). The area
selected ranges from 0 to 7.25°W and from 43.25° to 47.75°N (Figure 3.1). The first 21
vertical levels from near surface (5 m) to the upper permanent thermocline depth (700
m) were considered. The thickness of vertical layers increases from 10 m near surface to
100 m below 300 m.

SANTANDER
SAN SEBASTIAN

| SPAIN
42 N . .
8w 5 W 4 W 2 W
-5000 -4000 3000 2000 -1000 0

Figure 3.1. Bay of Biscay bathymetry. Dots represent the 0.5°x0.5° grid of data. The marked isobaths
corresponds to —50, —200, —1000 and —4000 m.

ENACW will be identified by means of salinity and temperature values that
generate density values inside the interval 27.0-27.2 kg m™>. First of all, the grid points
where ENACW was rarely sampled (less than 800 valid samples) were discarded. Note
that, working at monthly scale, the period under study contains 432 months and 21
vertical layers, which results in about 9000 samples per point. The imposed threshold
(800 ENACW samples) corresponds to less than a 10% of the samples although the
results were almost insensitive to changes in this threshold. Salinity and temperature
data corresponding to each grid point were averaged to convert them into annual values.
Al salinity and temperature data corresponding to the density interval 27.0-27.2 kg m®
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. The mean ENACW depth was
calculated in the same way.
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Long-term processes like warming—cooling or salinification—freshening and their
implications in the water column stratification were analyzed at annual scale. First of
all, the annual mean and standard deviation were calculated at every point. Then, the
trends, which were assumed to be linear, were calculated. The regression procedure
accounted for the standard deviations by using weighted least squares, with weights
proportional to the inverse of the variance. First of all, annual values were calculated by
the average of monthly values and then they were linearly fitted. All trends were
calculated on raw mean data, without using any filter or running mean. The validity of
the obtained trends was checked by imposing that the standard deviation was less than
25% of the absolute value of the trend.

Correlations between teleconnection patterns (NAO and EA) and annual salinity
and temperature trends of ENACW were carried out by filtering the indices using a
backward-looking 9-year Blackman window and a 1-year lag. This approach accounts
for the memory of ocean circulation with regard to atmospheric patterns. It was
previously used by Curry and McCartney (2001) and Johnson and Gruber (2007).

Air temperature, precipitation and latent heat flux were retrieved at a monthly
scale from the NCEP/NCAR reanalysis data. Monthly air temperature was considered at
2 m from surface. Evaporation was calculated as the latent heat flux loss divided by the
latent heat of water (2.5 x 10° J kg™*) following Gonzalez-Pola et al. (2005). The
Spearman rank correlation coefficient was used to analyze the significance of trends and
correlations due to its robustness to deviations from linearity and its resistance to the
influence of outliers (Saunders and Lea, 2008).

3.2 Results and discussion

3.2.1 ENACW salinity and temperature trends

The vertical profiles of temperature and salinity trend were calculated considering
the entire area under scope (0-7.25°W // 43.25°-47.75°N) over the period 1975-2010
(Figure 3.2). Figure 3.2a shows a significant (>95%) warming trend near surface and
from 100 till 700 m deep. The warming rates range from values close to 0.11 °C near
surface to 0.04 °C per decade at 700 m deep. Warming decreases quickly along the
upper 100 m reaching values lower than 0.06 °C per decade, then it increases till values
close to 0.10 °C per decade between 200 and 400 m and, finally, it decreases quasi-
linearly till 700 m deep.

The surface warming trend observed is on the same order of magnitude as
observed in previous studies carried out in the area (e.g. Koutsikopoulos et al. (1998):
0.64 °C per decade for the period 1972-1993 with a grid based on vessels and buoys;
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Planque et al. (2003): 0.6 °C per decade in the southeastern corner using SST data from
Meteo-France; Llope et al. (2006): 0.5 °C per decade over the period 1993-2003 using
the coefficients of an empirical model; Goikoetxea et al. (2009): 0.23 °C per decade
over the period 1977-2007 with data from the Aquarium of San Sebastian (south of Bay
of Biscay); Gomez-Gesteira et al. (2008): 0.35 °C per decade from 1985 to 2005 using
satellite SST data and deCastro et al. (2009): 0.22 °C per decade over the period 1974—
2007 by means of extended reconstructed SST data). In addition, Michel et al. (2009),
who used simulations (ORCA) and in situ (WOD) measurements, observed a similar
vertical profile of temperature trends with warming rates ranging from 0.10 °C per
decade (ORCA) to 0.19 °C per decade (WOD) near surface to —0.10 °C per decade
(ORCA) and —0.04 °C per decade (WOD) at 600 m over the period 1965-2003. The
warming tendency, observed throughout the water column, suggests that it is not only
forced at surface by the air-sea interaction but also generated internally in the
subsurface layers of the ocean. In fact, the quasi-linear decrease in the warming rate
between 200 and 700 m deep suggests the existence of a warming trend for ENACW.
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Figure 3.2. Vertical profile of (a) temperature trends (°C per decade) and (b) salinity trends (per decade) for
the entire Bay of Biscay from 1975 to 2010. Circles represent trends with a significance level greater than
95%.

A significant positive salinity trend is observed till 400 m deep (Figure 3.2b). The
salinification rate decreases monotonically from 0.044 per decade near surface to null
values at 600 m deep. Similar values were observed by Boyer et al. (2005) in the south
of North Atlantic from 1955 to 1998. They found a linear salinification of 0.03 per
decade till 100 m deep decreasing to 0.01 per decade at 200 m deep and reaching 0.005
per decade from 200 to 500 m deep.

As mentioned above, ENACW mass was identified by salinity and temperature
values generating density values centered on 27.1 kg m>. The T-S diagram represented
in Figure 3.3 shows the water masses present in the Bay of Biscay at a particular point
(3.25°W, 44.75°N) from 1975 to 2010 at the upper 700 m. The points marked in gray lie
inside the interval 27.0-27.2 kg m™3. This T-S diagram is similar to the one described
by Gonzéalez-Pola et al. (2005) near Santander (south of Bay of Biscay) from 1991 to
2003. A similar plot can be observed for most of the points inside the Bay.
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Figure 3.3. T-S diagram of the water masses present in the Bay of Biscay at 3.25°W and 44.75°N from
1975 to 2010 till a depth of 700m calculated using SODA database. ENACW is highlighted by means of
gray dots.

The temperature and salinity trends corresponding to ENACW over the period
1975-2010 are depicted in Figure 3.4. Black dots represent the grid points where trends
with a significance level higher 99% 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
(Figure 3.4a) is positive for the entire area with maximum values around to 0.11 °C per
decade in the central and northwestern part. In fact, the ENACW warming is negligible
at the southwestern corner (values lower than 0.02 °C per decade) and small (around
0.08 °C per decade) along the southern coast of the Bay. A similar pattern is observed
for the ENACW salinity trend (Figure 3.4b) with positive values in the entire area and
with maximum values between 0.02 and 0.03 per decade in the central and northern part
of the Bay. ENACW salinification is negligible at the southwestern corner of the Bay
(close to 7.25°W).

Temperature Trend(°C dec'l) Salinity Trend (psu dec‘l)
= I - 0.03

0.12

0.025
0.1

0.02
0.08

0.015
0.06

0.01
0.04

0.005
0.02

W 6°W 5% 4°w  3°w 2°w 1°wW

Figure 3.4. (a) Annual temperature trends (°C per decade) and (b) annual salinity trends (per decade)
corresponding to ENACW in the Bay of Biscay from 1975 to 2010. Black dots represent the grid points
where trends with a significance level greater than 99%% were obtained. The blanks represent points
where ENACW was scarcely detected.
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Both temperature and salinity trends show warming and salinification of ENACW
from 1975 to 2010 being more pronounced at the north-central part of the bay. These
tendencies are not homogeneous in space, being more pronounced at the north-western
part of the bay and almost negligible at the south-western part. Results can be compared
to the local analysis carried out by Gonzalez-Pola et al. (2005), who observed an intense
ENACW warming ranging from 0.2 to 0.4 °C per decade from 1992 to 2003 at 200-
500 db. They also indicate a moderate decrease in ENACW salinity at 200-500 db,
which ranged from 0.01 to 0.02 per decade. Although there is a qualitative agreement
in temperature, the salinity trends are opposite. This is possibly due to the different
extent of both intervals. In fact, the salinity series showed by Llope et al. (2006) in the
area close to Cape Pefias, about 150 km away from the area described by Gonzéalez-Pola
et al. (2005), shows a clear oscillatory behavior, which cannot be accurately described
by a linear fitting. There, small changes in the extent of the interval can lead to opposite
trends.

Examining trends in salinity and temperature calculated in the Bay of Biscay, one
can observe how the origin of the changes seems to be located outside the domain. In
this way, 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 trends are negligible and without statistical significance at the SW
boundary. In addition, the maximum trends are observed at the northern boundary.
Thus, it requires a wider context to determine how this ENACW (warmer and saltier)
enters the Bay. The analysis previously described for Figure 3.4 was carried out for the
North Atlantic area (0-22.25°W and 41.75-54.25°N) (Figure 3.5).
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Figure 3.5. (a) Annual temperature trends (°C dec *) and (b) annual salinity trends (dec ) of ENACW
mass in the North Atlantic area (0-22.25°W and 41.75-54.25°N) from 1975 to 2010. Black dots represent
the grid points where trends with a significance level greater than 99% were obtained. The blanks
represent points where ENACW was scarcely detected.

As in previous case, black dots represent the grid points where trends with a
significance level of 99% were obtained and the blanks represent the grid points where
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ENACW was scarcely detected. Significant positive trends were observed on the North
Atlantic area influenced by the subpolar branch of ENACW (ENACWs,). The
maximum positive trends were detected both for temperature (~0.3°C per
decade; Figure 3.5a) and salinity (~0.05 per decade; Figure 3.5b) in the north Atlantic
region characterized by deep winter mixing and cascading from the shelf (Pollard et al.,
1996; van Aken, 2000; Gonzalez-Pola et al., 2005).

The mean ENACW depth calculated over the North Atlantic area from 1975 to
2010 (Figure 3.6) ranges from —50 to —400 m. The minimum depth of ENACW (~ —50
m) was observed in the region characterized by deep winter mixing where salinification
and warming are stronger. The maximum depth (>—350 m) was observed at the western
part at latitudes between 42°N and 45° N. Note that the changes in ENACW observed at
this area are negligible. The mean ENACW depth inside the Bay of Biscay ranges from
—200 to —250 m, which is on the same order of magnitude than measured by other
authors. Thus, for example, the depth found for ENACW by Gonzalez-Pola et al. (2005)
near Santander was on the order of 325-350 m analyzing the 27.1 and
27.2 kg m isopycnals. Note that the region where the minimum ENACW depth is
measured coincides with the area where the highest changes in ENACW are observed
(Figure 3.5). This area is characterized by its shallowness and deep winter mixing and it
is strongly affected by atmospheric forcing, in such a way that changes pass to the water
column due to winter mixing and are advected from there to the rest of the area. Thus,
salinity and temperature changes are mostly influenced by the atmospheric forcing at
this area and not at the formation area (from northeast Azores to the European margin).
This picture is consistent with research by Gonzalez-Pola et al. (2005) who observed
that climate anomalies at the subduction area of ENACW do not fully explain the
salinity and temperature anomaly.
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Figure 3.6. Mean depth of ENACW (m) in the North Atlantic area for the period 1975-2010.
The blanks represent points where ENACW was scarcely detected. Dotted line represents the
500 m isobath.
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3.2.2 Atmospheric modes influence on ENACW salinity and temperature trends

Decadal water mass variations in the Northern Hemisphere were described
by Johnson and Gruber (2007) along 20° W. They related the observed changes to the
1995-1996 shift of the NAO (Halpert and Bell, 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 ENACWs,, which became saltier and warmer. This
fact was also mentioned by Gonzélez-Pola et al. (2005) to put into context the warming
observed in ENACW near Santander. In the present study, the annual salinity and
temperature trends observed for ENACW were compared with the extended winter
indices corresponding to the two main modes of atmospheric variability over the North
Atlantic (NAO and EA). Previous researches carried out in the area under scope
(deCastro et al., 2008a and deCastro et al., 2008b) had pointed out that more than a
single atmospheric mode can be necessary to explain the ocean variability. In
particular deCastro et al. (2008a) and deCastro et al. (2008b) showed that the EA mode
was the main atmospheric forcing explaining upwelling. The spatial mean temperature
(or salinity) in the North Atlantic region was calculated by averaging the grid points
with trends significant at a level higher than 99% (see Figure 3.5). These spatial means
were correlated with the lagged and filtered atmospheric indices as described in section
3.1. Figure 3.7a shows the time evolution of the three series: NAO for the extended
winter (December-March) thick black line, temperature thin black line and salinity solid
gray line, which were normalized to be represented together. Note that NAO increases
till 1995 and decreases from then on, which is related to the NAO shift described in the
literature (Halpert and Bell, 1997; Gonzélez-Pola et al., 2005; Johnson and Gruber,
2007). The shaded areas highlight the different trends (positive and negative) observed
for NAO index over the period 1975-2010. This contrasts with salinity and temperature
series which increase all over the period. Thus, no significant correlations were obtained
between salinity and NAO (R=0.14, p<0.4) or between temperature and NAO
(R=0.07, p<0.7). The lack of dependence on NAO is in apparent contradiction with
previous research carried in the Bay of Biscay. Michel et al. (2009) compared the
anomalies in December NAO with temperature increase, obtaining a significant
correlation. However, they focused on the year-to-year scale and they removed the
linear trend in the signal, which can only be done when the series show a clear
increasing or decreasing trend, but not in the case under study, where the NAO signal
increased till 1995-1996 and decreased from then on. Other authors like Pérez et al.
(2000) or Llope et al. (2006) compared salinity trends with the accumulated anomaly of
NAO. This parameter is not the NAO signal itself and can be misleading due to the fact
that it considers the whole previous history of the variable. We did not consider this
accumulated variable in a long-term series like ours since it can impose unphysical
memory effects, where indices from the beginning of the series can apparently have
some influence on salinity and temperature several decades later. We have adopted the
approach used by Johnson and Gruber (2007), who used a backward window that only
considers the previous 9 years with decreasing weight. Finally, not all authors have
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found significant correlation between NAO and salinity or temperature (see for example
Gonzalez-Pola et al., 2005).
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Figure 3.7. (@) Time evolution of temperature (black dotted line) and salinity (solid gray line) of
ENACW and NAO index (black solid line) over the period 1975-2010. (b) Time evolution of temperature
(black dotted line) and salinity (solid gray line) of ENACW and EA index (black solid line) over the
period 1975-2010. The atmospheric indices were calculated for the extended winter (DJFM). Signals
were normalized to be represented together. The mean temperature and salinity were calculated using
only the grid points with significant trends (>99%) in Figure 3.5, respectively. Shaded areas represent the
trends observed for NAO and EA indices.

Figure 3.7b shows the time evolution of the three series: EA thick black line,
temperature thin black line and salinity solid gray line, which were normalized to be
represented together. The shaded gray area represents the positive trend observed for the
EA index over the period under study. A significant correlation was obtained between
the EA index and salinity (R=0.52, p<0.01) and between EA and temperature
(R=0.55, p<0.01). Thus, changes observed for salinity and temperature are consistent
with the evolution of EA mode. This atmospheric mode had already shown to be the
main atmospheric forcing in ocean variability over the area under study (deCastro et al.,
2006, deCastro et al., 2008a, deCastro et al., 2008b and deCastro et al., 2011a). The
positive phase of the EA is associated with below-average precipitation across southern
Europe (Rodriguez-Puebla et al., 1998) and with above-average surface temperatures in
Europe. In particular in the northern part of the Iberian Peninsula, the EA pattern is the
most important variation pattern explaining temperature variability (Saenz et al., 2001).

3.2.3 Influence of atmospheric variables on ENACW variability

The variability of ENACW was also analyzed in terms of air temperature at 2 m
(Figure 3.8). Dots represent annual air temperature trends with significance higher than
95%. The air temperature increases significantly in the whole area from 1975 to 2010
with maximum values (0.26 °C per decade) in the north-western corner of the domain
and with the minimum warming, 0.14 °C per decade, at the southern part. Inside the
Bay of Biscay, the air warming is around 0.16 °C per decade. The air temperature trend
is consistent with ENACW temperature trends over the North Atlantic region shown in
Figure 3.5a. The spatial mean of air temperature in the North Atlantic region was
calculated by averaging the temperature series at the grid points with significant
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(>95%). This mean air temperature was correlated with the ENACW temperature
(Figure 3.7, thin black line), showing positive correlation (R=0.72, p<0.01) between
both signals.
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Figure 3.8. Air temperature trend (°C per decade) calculated over the North Atlantic region from
1975 to 2010. Black dots represent the grid points with significant trends (>95%)

Trends of the balance between precipitation and evaporation (P—E) were also
considered over the North Atlantic region (Figure 3.9). Dots represent P—E trends with
significance higher than 95%. In this case, significant negative trends (between —0.25
and —0.15 mm mo ' per decade) were only observed in the eastern part of the region.
The pattern of P—FE trends is consistent with ENACW salinification shown in Figure
3.5b. Once again, only the points with significant trends (>95%) in the P—E balance
were averaged over the North Atlantic area and correlated with ENACW salinity
(Figure 3.7, solid gray line), showing negative correlation (R=—0.57, p<0.01) between
both signals.
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Figure 3.9. P-E (precipitation minus evaporation) balance trend (mm mo™ per decade) calculated
over the North Atlantic from 1975 to 2010. Black dots represent the grid points with significant
trends (>95%)
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3.3 Conclusions

Changes in ENACW have been observed in the Bay of Biscay over the period
1975-2010, coinciding with the last warming period in the North Atlantic. The main
conclusions are summarized as follows:

- ENACW has been observed to warm and salinificate in most of the area at a
maximum rate of 0.11°C per decade and 0.03 per decade, respectively. These changes
were more intense in the middle part of the Bay and at the northern boundary.

- Changes in ENACW are not locally generated inside the Bay. Actually, changes
are especially significant at places influenced by ENACWs, mode over a wider region.
The highest trends (0.3°C per decade in temperature and 0.05 per decade in salinity)
were observed north of the bay, especially at the shallow area that stretches from Brest
to Ireland, which is characterized by deep winter mixing.

- The increase in salinity and temperature is consistent with changes observed in
the EA pattern, which also increases over the period under study.

- Salinity increase is consistent with changes in the P—E balance and temperature
increase with warming in air temperature.
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Chapter 4:
Intermediate water masses variability
by means of in-situ data

The aim of this chapter is to analyze the variability of ENACW and MW masses
in the Bay of Biscay over the period 2004-2013 with in-situ data from Argo floats. The
mechanisms controlling these changes will be analyzed using the model proposed by
Bindoff and McDougall (1994). Thus, it is possible to establish if temperature and
salinity changes are due to heat flux or freshwater flux variability in the water formation
area or due to changes that occurred inside the Bay.
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4.1 Methods

All available data from Argo database for the Bay of Biscay (43.5-48°N/350-
359°E) were extracted from the US Global Ocean Data Assimilation Experiment
(USGODAE) server (http://www.usgodae.org/argo/argo.html) for the decade 2004-
2013. In this way, 3540 temperature and salinity profiles were obtained from 60 floats.
All profiles were submitted to the quality control specified in section 2.1.1, which
includes several steps. After this process, 3084 profiles from an initial set of 3540 were
used. Therefore, less than 15% of the initial profiles were removed.

Figure 4.1 shows the time and spatial distribution of the 3084 good quality
profiles selected. The recent onset of the Argo Program and the progressive deployment
of Argo floats since 2002 reveal that the number of profiles for the first years of the
Argo Program in the Bay of Biscay were limited. In fact, there were no profiles in
February 2004. However, the number of profiles increased since mid-2004, reaching a
maximum in 2008 and a progressive reduction from then on (Figure 4.1a). Regarding
the spatial distribution, Figure 4.1b shows how the bay is well covered since more than
20 profiles have been generated for most of the pixels over the period under study. The
number of profiles is higher in the central part of the bay although there are no marked
spatial differences.

Profiles were vertically interpolated, following a linear interpolation, in 50
pressure levels with a resolution that decreases with depth. Thus, a pressure level every
10 dbar was established for the first 100 m, every 25 dbar for depths ranging from 100
to 600 m and every 50 dbar for depths from 600 to 1200 m. Potential temperature and
density values were calculated to avoid pressure problems with depth following the
method described in UNESCO (1983). The Spearman rank correlation coefficient was
used to analyze the significance of trends due to its robustness to deviations from
linearity and its resistance to the influence of outliers. Trends were calculated using
monthly anomalies and were assumed to be linear. Moreover, all trends were calculated
using raw data without any filter or running mean.
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Figure 4.1. (a) Number of profiles for each month. (b) Number of profiles for each pixel on a 0.5° x
0.5° grid covering the Bay of Biscay.
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To carry out this analysis a different approach from the one used in Chapter 3
was selected to identify the water masses. This approach follows the procedure
described in Soto-Navarro et al. (2012). These authors also used Argo floats to analyzed
changes in ENACW and MW in the western area of the Iberian Peninsula. They divided
the upper 1200m of the water column in three water types: Surface water (SW, 0-100
dbar), ENACW (100-600 dbar) and MW (600-1200 dbar). These three types of water
can be identified in the T-S diagram, which was obtained averaging all monthly profiles
available for the Bay of Biscay over the period 2004-2013 (Figure 4.2). This diagram is
similar to the one obtained by Soto-Navarro et al. (2012) for the Atlantic water and by
Gonzélez-Pola et al. (2005) for the southern part of the Bay of Biscay. It can be
observed that most of the measures for ENACW (100-600 dbar) are in a potential
density range between 27.0-27.2 kg m™, whilst MW measures (600-1200 dbar) are in a
potential density range between 27.25-27.7 kg m™. These results are in good agreement
with previous studies in the region (Boucher, 1985; Botas et al., 1989) and also with the
information about water masses provided by the OSPAR Commission (2000) in the Bay
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Figure 4.2. T-S diagram of all monthly profiles averaged for the whole area over the period 2004-2013.
Superimposed lines in the diagram represent isopycnals (kg m ). Colors indicate the depth at which
each T-S point was sampled.

Temperature and salinity changes along the water column can be interpreted using
the model proposed by Bindoff and McDougall (1994). According to their methodology
it is possible to know if changes in a scalar property detected along isobars are due to
changes on isopycnals or vertical displacements of isopycnals. Changes on isopycnals
are related to heat flux variability (pure warming) and freshwater flux variability (pure
freshening) in the water formation area (Arbic and Owens, 2001; Jackett and
McDougall, 1997). On the other hand, vertical displacements of isopycnals are related
to the process that Bindoff and McDougall (1994) define as pure heaving. This process
results in water masses sinking or floating without changing their intrinsic properties.
These displacements are interpreted as wind stress variability or changes in the water
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formation rates. Following the work developed by Bindoff and McDougall (1994),
temporal changes of potential temperature and salinity along isobars can be decomposed
through Eqg. (1) for small displacements.

de. _de _dp (o 0
dt/p, dt _ dt| |

The left term accounts for a time variation of a scalar property (potential
temperature or salinity) along isobars. The first term on the right-hand side accounts for
the time variation of the scalar property along isopycnals. The latter term refers to the
vertical displacement of isopycnals, taking in account the rate of change of isopycnal
displacement and the vertical gradient of the scalar property. Vertical gradients of
temperature are assumed to be constant in time.

4.2 Results and discussion

4.2.1 Water masses temperature and salinity trends

The results achieved by monthly averaging temperature and salinity profiles for
SW, ENACW and MW for the whole area are shown in Figure 4.3. Over the upper 100
m (SW) the seasonal cycle is clearly reflected for temperature with values ranging from
11.5 °C to 16.5 °C (Figure 4.3a, green line). Salinity (Figure 4.3a, blue line) shows low
values in 2007 (around 35.6) and a maximum peak in 2011 (around 35.8). Unlike
temperature, no seasonal cycle was observed for salinity. Regarding ENACW (100-600
m), temperature ranges from 11.3 °C to 11.8 °C, while salinity shows values slightly
higher over the period 2010-2012 (Figure 4.3b). MW shows temperature and salinity
above average for 2004, 2005, 2011 and 2013 (Fig. 4.3c).

Temperature and salinity trends were calculated for each type of water (Table
4.1). All trends have a significance level higher than 95%, except the temperature trend
for SW. Salinity shows a positive trend of 0.06 dec* for the first 100 m. This salinity
trend is opposite to that detected for the upper 100 m by Llope et al. (2006) during the
decade 1993-2003 in a sampling carried out close to Cape Pefias. They detected an
important freshening for this layer, with values higher than 0.1 dec . However, the
salinity trend obtained in Chapter 3, which is around 0.08 dec * over the period 1975-
2010 for the whole bay, is closer to the one observed in the present study.
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Figure 4.3. Temperature (red line) and salinity (blue line) variability for: (a) SW, (b) ENACW and (c)
MW in the Bay of Biscay for the period 2004-2013.

A salinity increase (0.04 per decade) was observed for ENACW (Table 4.1). This
salinity trend has a different sign when compared to the one obtained by Gonzélez-Pola
et al. (2005) for the southeastern Bay of Biscay during the previous decade (1993-
2003). They found a freshening at 200-500 db ranging from 0.01 to 0.02 per decade. A
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warming trend (0.32 °C per decade) was found for ENACW by Gonzélez-Pola et al.
(2005), which is clearly higher than the one detected in our study (0.12 °C per decade)
for the decade 2004-2013 (Table 4.1). It is important to keep in mind the different
spatial coverage of both studies, specially taking in account that different trends were
found both for temperature and salinity depending on the region of the Bay of Biscay, as
it was highlighted in the previous Chapter. It was observed that ENACW warms and
salinificate in most of the bay at a rate of 0.05-0.11 °C per decade and 0.01-0.03 per
decade, respectively over the period 1975-2010. Therefore, the warming rate detected
for the decade 2004-2013 is higher than noticed over the period 1975-2010, which is
considered to be the strongest warming period in the North Atlantic (Garcia-Soto et al.,
2002; Intergovernmental Panel on Climate Change (IPCC), 2007; GOomez-Gesteira et
al., 2008; deCastro et al., 2009; GOmez-Gesteira et al., 2011). On the other hand,
ENACW seems to have suffered a higher salinification over the last decade compared to
the results noticed in Chapter 3.

T2 Trend S Trend
(°C per decade) (per decade)
SwW -0.05 0.06*
ENACW 0.12* 0.04*
MW -0.11* -0.05*

Table 4.1. Estimated linear trends for the Bay of Biscay over the decade 2004-2013. SW (0-100m),
ENACW (100-600m), MW (600-1200m). The asterisk means a significance level higher than 95%.

The same water bodies were analyzed using Argo floats by Soto-Navarro et al.
(2012) at the west of the Iberian Peninsula (38-42°N, 24-8°W), close to the Bay of
Biscay, for the period 2002-2010. They found a warming (0.2 °C per decade) and
salinity (0.05 per decade) increase in ENACW. Although they noticed a higher
warming, these trends agree with the results obtained for the Bay of Biscay. In addition,
Soto-Navarro et al. (2012) found a higher salinity increase in SW (0.1 per decade)
although they did not find any significant trend for temperature. They hypothesized that
the increasing salinity detected in both SW and ENACW could be caused by an
enhancement of the freshwater evaporative losses.

MW cooling and freshening was observed from 2004 to 2013, with a temperature
trend of -0.11 °C per decade and a salinity trend of -0.05 per decade (Table 4.1).
Negative salinity and temperature trends were also detected for the MW by Soto-
Navarro et al. (2012) at the west of the Iberian Peninsula over the period 2006-2010.
These negative trends were preceded by warming and salinification from 2002 to 2006,
which results in no significant trends for the MW when the whole period (2002-2010) is
considered. Even, when their period 2006-2010 is considered, trends along the western
Iberian Peninsula (-2 £0.4 °C per decade for temperature and -0.5+0.2 per decade for
salinity) are not comparable with the ones observed in this study for the Bay of Biscay.
In the case of Soto-Navarro et al. (2012) the periods with significant trends are much
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shorter (just 4-5 years). The same authors did not find significant trends both in salinity
and temperature in other close areas in the Eastern North Atlantic: zone 2 covering the
Gulf of Cadiz and zone 3 covering the Canary region. Finally, as occurred for ENACW,
opposite trends were found both for temperature (0.17 °C per decade) and salinity (0.05
per decade) when compared with results obtained by Gonzéalez-Pola et al. (2005) at the
southern Bay of Biscay. Once again, it is important to note that in this case the analysis
was carried out at a single location inside the bay and that the period under study (1992-
2003) does not overlap with the one considered in the present study (2004-2013).

4.2.2 Mechanisms controlling intermediate water masses variability

In order to know the mechanism that controls the changes detected along isobars
the model proposed by Bindoff and McDougall (1994) was applied. Thus, the three
components of the previously mentioned Eq. (1) were calculated and represented
(Figure 4.4).

Temperature changes measured along isobars (Figure 4.4a, red line) do not show a
clear positive or negative trend for the upper part of ENACW (100-350 m) as a
consequence of the opposite contribution of isopycnal heave (green line) and changes in
the intrinsic properties of the water mass (blue line). Changes on isopycnals have a
positive contribution, with a maximum of 0.3 °C dec * at around 300 m. However the
isopycnal heave term has a negative sign, which denotes an uplifting of isopycnals, with
a maximum cooling rate of —0.3 °C dec* for the same depth (green line). As for the
lower part of ENACW (350-600 m), both changes along isopycnals and changes due to
vertical displacements decrease in absolute value although at a different rate. The
unbalance between both terms results in a positive trend along isobars with a maximum
(~0.25 °C dec %) at around 550 m. Salinity (Figure 4.4b) shows a similar behavior to the
one observed for temperature although the influence of the intrinsic changes (blue line)
was higher than the contribution of the isopycnal heave (green line). As a consequence,
a positive salinity trend along isobars was found for ENACW at all depths with a
maximum (0.06 dec %) at around 400 m.

Changes due to the vertical displacement of isopycnals play an important role to
explain the changes observed along isobars. In order to quantify this contribution, the
difference of depth at which each isopycnal was found at the beginning and at the end of
the studied period was calculated (Figure 4.5). An important uplifting can be observed
between 27.0 and 27.2 kg m™2 isopycnals, with a maximum (80 dbar) at about 27.15 kg
m 3, coinciding with the core of ENACW (Gonzalez-Pola et al., 2005; Llope et al.,
2006; Pérez et al., 2000). Taking into account that temperature and salinity decrease
with depth along the first 500 dbar in the Bay of Biscay, the uplifting of isopycnals
causes a decrease in temperature and salinity when measured along isobars. Therefore,
isopycnal uplifting prevents a higher warming and salinification of ENACW that would
be observed if only intrinsic changes influenced variations detected along isobars.
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Gonzalez-Pola et al. (2005) also found that the vertical displacement of isopycnals plays
an important role in ENACW although they noticed that ENACW had warmed due to
the sinking of isopycnals. However, they considered a different period (1993-2003) and
local sampling in a shallow area in the southeast of the Bay of Biscay where ARGO
measurements are not available.
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Figure 4.4. Decomposition of (a) temperature and (b) salinity changes along isobars (red line) as the sum
of changes along isopycnals (blue line) and changes due to vertical displacement of isopycnals (green
line).

Regarding the mechanisms that control changes in MW, a negative temperature
trend was found along isobars from 700 m downward (Figure 4.4a), which becomes
more negative with depth, mainly influenced by changes along isopycnals. The vertical
displacement of isopycnals has also a contribution, which is especially patent from 900
m downward, reaching values close to 0.3 °C dec ™. This is due to the moderate sinking
(around 30 m) of isopycnals between 27.3 and 27.6 kg m™® (Figure 4.5). Thus, the
temperature decrease associated to intrinsic changes in water properties is partially
compensated by vertical displacements. A similar decreasing trend was found for
salinity (Figure 4.4b) along isobars. Moreover, the observed trend is mainly due to
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intrinsic changes in water properties and not to isopycnal displacement, in accordance
with results described by Gonzalez-Pola et al. (2005) for MW.
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Figure 4.5. Vertical displacement of isopycnals for the period 2004-2013 in the Bay of Biscay

Overall, the trends and driving mechanisms observed for ENACW and MW in the
Bay of Biscay (Figure 4.4) are similar to those analyzed by Soto-Navarro et al. (2012)
for the area in front of the West Iberian Peninsula (38-42°N, 24-8°W). As we
mentioned above, the Bay of Biscay depends both on local and remote forcing. Here, it
seems that the origin of the changes observed for ENACW and MW is located outside
the bay, in good agreement with results showed in Chapter 3. A completely different
pattern is obtained for other close areas in the Eastern North Atlantic like, for example,
zones 2 and 3 in Soto-Navarro et al. (2012), which covers the Azores and Canary
currents respectively; or for the Canary region in Benitez-Barrios et al. (2008). The
different trends observed for ENACW and MW at different locations are due to changes
experienced by those water masses from their formation area. According to different
authors (Baringer and Price, 1997; Daniault et al., 1994; Gonzalez-Pola et al., 2005) the
MW in the southern Bay of Biscay only contains about 12% of the water from the
Mediterranean Sea. So, only a slight percentage of changes observed in the MW in the
Bay of Biscay can be attributed to changes in the Mediterranean Sea. The greatest
influence should be attributed to mixture processes during its displacement from the
Strait of Gibraltar to the Bay of Biscay. This can explain why trends and driving
mechanisms observed in the Bay of Biscay are more similar to those observed along the
West Iberian Peninsula (zone 1 in Soto-Navarro et al., 2012) than to those observed in
the Gulf of Cadiz or in the Canary region (zones 2 and 3 in Soto-Navarro et al., 2012).
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4.3 Conclusions

Thermohaline variability was analyzed along the water column (0-1200 m) using
Argo floats over the period 2004-2013. Trends were calculated for SW, ENACW and
MW. The main conclusions are summarized as follows:

- A significant salinity increase was detected for SW, although a non-significant
trend was found for near surface temperature.

- A significant increase was found both for ENACW salinity and temperature.
This trend was mainly caused by changes in the intrinsic properties of this water mass,
except for the upper part of ENACW, where the vertical displacement of isopycnals can
balance intrinsic changes. Thus, the uplifting of isopycnals, which is related to cooling
and freshening, compensates the contribution of changes along isopycnals.

- A significant cooling and freshening was observed for MW. In this case, changes
due to isopycnal sinking cannot balance changes in the intrinsic properties of water.
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Chapter 5:
Mixed layer depth trends

The aim of this chapter is to analyze variations of the Mixed Layer Depth (MLD)
during wintertime for the whole Bay of Biscay over the period 1975-2010. A
comparison between Argo and SODA databases will be carried out in order to confirm
the reliability of SODA dataset to calculate MLD. Two different approaches will be
considered to calculate the wintertime MLD: the temperature criterion to define the
isothermal layer depth (TLD) and the density criterion to define the isopycnal layer
depth (PLD). In addition, two different wintertime parameters derived from the MLD
(winter anomalies and annual maxima) will be calculated in order to give a complete
view of the wintertime MLD trends.
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5.1 Methods

The method used to determine the MLD was the threshold difference method that
Is based in the choice of a temperature or density threshold value. MLD is determined as
the depth where the temperature or density exceeds the threshold value with respect to a
reference depth located near the sea surface. The threshold difference method was
shown to be more stable than the gradient method based on temperature or density
gradients (Brainerd and Gregg, 1995). Hence, an important point is the choice of the
threshold value. There is not a consensus about what are the best threshold values,
which is related to the fact that MLD features change both in space and in time due to
the different physical processes and hydrographic features that characterize the ocean all
over the world (see Kara et al., 2000; deBoyer et al., 2004; Lorbacher et al., 2006; Holte
and Talley, 2009 for recent discussions). Taking into account these studies, the most
commonly used threshold values (AT=0.5°C and Acp=0.125 kg/m®) were selected for
potential temperature and density (e.g. Monterey and Levitus, 1997).

Therefore, a potential temperature threshold to define the iso-thermal layer depth
(TLD) and a potential density threshold to define the iso-pycnal layer depth (PLD) were
considered following the terminology applied by Hosoda et al. (2010) who analyzed
different procedures to calculate MLDs using Argo floats. In this way, it is possible to
detect possible biases derived of the salinity effect on the MLD that can produce
important differences between TLD and PLD (e.g., deBoyer et al., 2004, Hosoda et al.
2010). Potential values were calculated to avoid pressure problems with increasing
depth following the method describe in UNESCO (1983). Besides, a reference depth of
15 m was chosen to prevent the diurnal oscillations of temperature and the effect of
precipitation and evaporation that takes place in the first meters beneath sea surface
(Price et al., 1986). This choice was adopted because the first two levels in the SODA
database are 5 m and 15 m.

The deepest MLDs occur during winter and early spring in the North Atlantic
region (e.g. Monterey and Levitus, 1997; Kara et al., 2003). For this reason, the present
study is focused on the analysis of winter MLD. Thus, annual maxima MLD and winter
extended (December-March) anomalies were calculated. An annual maximum
corresponds to the winter month when TLD/PLD attains the highest depth. TLD and
PLD winter anomalies were calculated considering the available profiles for the
December-March months and subtracting to each month, the mean value of that month
for the whole period of time.

Argo and SODA datasets allow taking advantage of their salinity and temperature
vertical resolution. Thus, both databases were selected to carry out this analysis. First of
all, both databases were compared for the period 2003-2010 in order to know the
reliability of SODA database. To carry out this comparison, all available data among
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2003-2010 in the Bay of Biscay (43.25-48.25°N//0.25-9.75°W) were extracted (Figure
5.1). In this case, the domain was slightly enlarged, with respect to the rest of the study,
in order to include a larger number of Argo profiles, especially during the years 2003
and 2004 when the number of profiles was limited. Thus, a better sampling was
obtained ensuring better results in the comparison. Only profiles deeper than 1000m
were selected in order to ensure that depth does not influence TLD/PLD calculations. A
total of 101 points carried out the requirements in the SODA database, while a total of
3362 profiles, which corresponds to 58 floats, were extracted from the ARGO database.
These 3362 profiles were submitted to the quality control specified in Chapter 2 that is
enough to guarantee the quality of data. Argo and SODA profiles were interpolated for
each meter following a linear interpolation in order to get the most accurate TLD/PLD
value.

-5000 -4000 -3000 -2000 -1000 0

Figure 5.1. Bathymetry of the Bay of Biscay. Solid black line represents the—1000 m isobaths.

Data from the 101 points of SODA database and good quality profiles from
ARGO database were horizontally averaged for the whole region and for each month
over the period 2003-2010. Thus, an average profile was obtained for each month and
for each database. Then, TLDs and PLDs were calculated based on each monthly
averaged profile. Finally, annual maxima and winter anomalies were determined and
correlated for both datasets.

The area between 43.75-47.25°N and 2.25-8.25°W was selected to analyze trends
in wintertime MLD over the period 1975-2010. Only grid points deeper than 1000 m
were considered, which includes 70 points from SODA database. The methodology was
described above but TLDs/PLDs were calculated in this case for each of the 70 points in
order to know if trends are similar in the whole bay. Trends were assumed to be linear
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and obtained by fitting time series (TLDs and PLDs) to a straight line in a least-squares
sense. The Spearman rank correlation coefficient was used to analyze the significance
of trends and correlations. Finally, annual maxima and winter anomalies trends of
TLD/PLD were correlated with atmospheric variables (air temperature, P-E balance and
wind stress). Data from atmospheric variables were retrieved from the NCEP/NCAR
database. Latent heat flux was used to calculate evaporation dividing the latent heat flux
loss by the latent heat of water (2.5x10° J kg™) following Gonzélez-Pola et al., (2005).
Moreover, wind speed was used to calculate wind stress according to the formula:

Twind = PairCp Un%, Where Cp is the wind-drag coefficient (0.0011), pair is the air density
(1.2250 kg m™ at 15°C) and Uy, is the wind speed above sea surface (10 m).

5.2 Results and discussion

5.2.1 Argo and SODA correlation

The correlation between Argo and SODA databases using annual maxima and
winter anomalies is shown in Table 5.1 over the period 2003-2010. Threshold values of
AT=0.5°C and Acy=0.125kg/m* were used for potential temperature and for potential
density, respectively. Correlation coefficients are slightly higher for winter anomalies
(0.74 for PLD and 0.71 for TLD) than for annual maxima (0.66 for PLD and 0.64 for
TLD). All these correlation coefficients are significant at a level higher than 90%.

\ Annual Maxima| Winter anomaly |
PLD 0.66 (0.074) 0.74 (0.037)
TLD 0.64 (0.089) 0.71 (0.046)

Table 5.1. Correlations between annual maxima and winter anomalies of PLD/TLD calculated from
ARGO and SODA databases for the period 2003-2010. Statistical significance (p value) is showed in
brackets.

In addition, monthly averaged PLDs and TLDs for both databases are shown in
Figure 5.2. Overall, a good agreement was observed between both databases for the
whole period. Nevertheless, SODA (red line) underestimates the MLD depth both for
TLD (2003, 2006, 2008, 2009 and 2010) and PLD (all years except 2007). We should
note that PLD depends both on temperature and salinity and so the sources on
uncertainty are higher compared to TLD. The largest differences were observed in
winter 2003. This fact seems to be related to the few Argo profiles available during that
year. The Argo program was launched in 2002, which caused a less uniform sampling in
the bay over the first years.
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Figure 5.2. Comparison between Argo and SODA databases. (a) Isopycnal layer depth and (b)
isothermal layer depth variability using Argo database (blue line) and SODA database (red line). A 1-
2-1 filter was used to smooth signals only for visualization.

5.2.2 MLD variability

Once the reliability of SODA database was confirmed using in situ measurements,
it was used to characterize the MLD in the bay over the period 1975-2010. Winter
PLD/TLD means were calculated for each of the 70 grid points that constitute the bay
(Figure 5.3). A remarkable southeast-northwest MLD gradient can be observed in both

Winter mean PLD Winter mean TLD
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Figure 5.3. Mean values of winter mixed layer depth. (a) Winter mean isopycnal layer depth (m) and (b)
winter mean isothermal layer depth (m) over the period 1975-2010.

frames. In this way, the deepest mean MLDs, around 270 m, were found near the
northern boundary while the shallowest mean MLDs, around 140 m, were noticed at the
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southeastern corner. Overall, not significant differences were found between winter
mean PLD and winter mean TLD. The observed differences are related to haline
forcing, which is a phenomenon produced by different oceanic processes such as
surface freshwater fluxes or freshwater advection. These changes can produce that the
halocline is located above the thermocline or vice versa. This effect on MLD has been
previously described all over the world by different authors (deBoyer et al., 2007, Liu et
al., 2009).

Long-term trends of annual maxima and winter anomalies of TLD and PLD for
each grid point are shown in Figure 5.4. Black dots represent points with statistical
significance higher than 90%. Negative (positive) trends mean that MLD tends to be
shallower (deeper). In all cases, the most important feature is that points located at the
southeastern corner of the Bay of Biscay show a significant positive trend. MLD
deepens in this zone and shallows in the rest of the area, especially at the central part.
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Figure 5.4. Trend values of mixed layer depth. (a) (b) Annual maxima trends and (m per decade) (c) (d)
winter anomalies trends (m per decade) of PLD (left) and TLD (right) in the Bay of Biscay for the period
1975-2010. Black dots represent points with a significance level higher than 90%.

As it was previously mentioned, annual maxima correspond to the month when
TLD/PLD attain their maximum, which corresponds to winter or early spring
(commonly March) in the Bay of Biscay. First, trends in annual maxima of MLD
(Figure 5.4a,b) will be analyzed. Trends at grid points with significant positive values
are observed to range from 20 to 60 m per decade, being higher for PLD (Figure 5.4a)
than for TLD (Figure 5.4b). In a similar way, trends at grid points with significant
negative values range from -10 m to -60 m per decade for TLD and are around -25 m
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per decade for PLD. The spatial distribution of significant positive and negative trends
is similar for winter anomalies (Figure 5.4c,d). In this case, positive MLD trends range
from 5 to 25 m per decade and negative trends from -5 to -25 m. Differences between
TLD and PLD can also be observed for winter anomalies as previously noticed for
annual maxima. The positive MLD trend described above for the southeastern of the
bay is in good agreement with results obtained by Somavilla et al. (2011). They found
that MLD was shallower during the 1970s and 1980s, becoming deeper from 1995
onwards.

5.2.3 Influence of atmospheric variables on MLD variability

In order to know the influence of the atmospheric forcing over the MLD trend,
long-term trends calculated using the temperature and density criterion were correlated
with different atmospheric variables (air temperature, P-E balance and wind stress) for
the period 1975-2010. Trends, which were assumed to be linear, were calculated for
these atmospheric variables following the same procedure used for PLDs and TLDs
(Figure 5.5).

T . Trend (°C dec™)
air
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Figure 5.5. (a) Air temperature trend (°C per decade), (b) P-E (precipitation minus evaporation) balance
trend (mm per decade) and (c) wind stress trend (N m™per decade) calculated over the period 1975
2010. Black dots represent points with a significance level higher than 90%.

Only the air temperature trend shows a different sign depending on the area of the
Bay of Biscay (Figure 5.5a), being positive over most of the bay, with values around
0.1°C per decade. However, negative trends, with maximum values of -0.3°C per
decade, were detected at the southeastern corner. Dots represent trends with significance
higher than 90%. Hence, the air temperature trend seems to be spatially consistent with
annual maxima and winter anomalies TLD/PLD trends shown in Figure 5.4. P-E
balance (Figure 5.5b) shows a significant negative trend, with differences between -0.5
mm per decade in the northeast boundary and around -0.15 mm per decade in central
and southeastern boundary. Regarding wind stress (Figure 5.5c), grid points show
negative trends for the whole area, being higher in the north (-0.004 N m per decade)
than in the south (-0.001 N m™ per decade) of the bay.

As it was mentioned above, trends in air temperature seem to be correlated with
trends in MLD (TLD and PLD). To analyze the significance of this resemblance
between patterns we have proceeded as follows. Considering, for example, TLD as an
ocean variable, it was spatially averaged for all grid points where the variable was
observed to have significant positive trends (>90%). This resulted in a one-dimensional
signal (TLD"), where only a value is stored per month. The same protocol was followed
for the grid points with significant decreasing trends (TLD" signal). On the other hand, a
similar signal was created for air temperature, in such a way that Tair® (Tair) was
obtained by averaging the grid points with significant positive (negative) trends. The
protocol previously described for TLD was also followed for PLD.

Table 5.2 shows the correlation between ocean variables (TLD and PLD) and
Tair. As it previously mentioned the areas where air temperature decreases (increases)
coincide macroscopically with the areas where MLD increases (decreases). Thus, only
the comparisons among ocean and atmospheric variables with different sign were
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considered. MLD" signals were only compared with Tair signals and vice-versa.
Significant negative correlations were obtained between air temperature and TLD/PLD.

Tair_ TairJr
PLD",, | -0.45 (0.007) PLD -0.7 (0.001)
TLD" | -0.48 (0.004) TLD -0.83 (0)
PLD*, | -0.39 (0.019) PLD", -0.69 (0.001)
TLD*, | -0.35 (0.035) TLD? -0.8 (0)

Table 5.2. Left, correlations between points of negative air temperature trends (Tair’) and points of
positive annual maxima (PLDm/TLDm) and winter anomalies (PLDa/TLDa) trends. Right, correlations
between points of positive air temperature trends (Tair’) and points of negative annual maxima
(PLDmM/TLDm) and winter anomalies (PLDa/TLDa) trends. Statistical significance (p value) is showed
in brackets).

This means that increasing air temperature results in the decrease of TLDs/PLDs
depths. All correlations show a significance level higher than 95%. In particular,
correlations between the Tair and PLD*/TLD" (both correspond to the southeast corner
of the Bay of Biscay) range from -0.35 for winter anomalies of TLD to -0.48 for annual
maxima. Higher correlation coefficients were found between Tair* and PLD/TLD", with
values of -0.69 for winter anomalies of PLD and -0.83 for annual maxima. The
significance of correlations proves the fact that could be foreseen by visual inspection,
namely, decreasing MLD trends are related to increasing in air temperature and vice-
versa. On the other hand, correlations with P-E and wind stress did not show significant
results for any of the possible combinations.

The influence of air temperature on MLD was inferred previously at the
southeastern Bay of Biscay by Somavilla et al. (2009). They analyzed an extreme
mixing event, characterized for a deeper than normal MLD in 2005. They found that
winter 2005 was characterized by a relatively high sensible heat flux (the highest since
1965) which is a variable where air temperature plays a crucial role. Air temperature
decrease causes an increase in net heat loss and this is directly associated with MLD
sinking. Moreover, Somavilla et al. (2011) indicated that winter net heat losses are also
related to storminess activity. This fact agrees with results presented in Figure 5.5b
since the balance between precipitation and evaporation (P-E) has a negative trend in
most of the bay. On the other hand, wind stress does not play an important role in winter
mixed layer formation in the Bay of Biscay according to these authors. Therefore,
mixed layer development in the bay shows to be mostly conducted by convection
processes than by wind stress.

Considering a global scale, this study shows that a relative small and semi-
enclosed sea such as the Bay of Biscay may show opposite trends related to MLD
variability. This fact is due to the high dependence of MLD on local atmospheric
forcing and hydrographic conditions. For this reason, results shown in this study cannot
be extrapolated to other regions. However, it seems that atmospheric forcing can play a
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similar role to that described for the Bay of Biscay in neighboring areas. Thus, Carton et
al. (2008) found that MLD variability is not closely related to variation in local wind
speed in the North Atlantic (60W-30W, 35N-45N) for the period 1960-2004. However,
these authors found that wind speed plays an important role to explain MLD variability
in the North Pacific (180W-150W, 35N-45N) for the same period.

Winter temperature trend for the upper 700 m of the water column was also
analyzed over the period 1975-2010 using SODA database (Figure 5.6). According to
Levitus et al. (2005; 2009) the most important variations in the heat content during the
last decades occurred in the upper 700 m. This was also shown for the Iberian Peninsula
(Santos et al., 2012a) and the Bay of Biscay, as it was shown in Chapter 3. The whole
area presents a positive trend but with different intensity. Warming is higher at the
northwest corner and in the central part of the bay with values ranging from 0.1-0.15°C
per decade. However trends are almost negligible at the south and at the southeastern
corner with values around 0.04°C per decade. Macroscopically, the area of higher
(negligible) warming coincides with the area where MLD has become shallower
(deeper).
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Figure 5.6. Winter ocean temperature trend for the upper 700 m over the period 1975-2010. Black dots
represent grid points with a significance level higher than 95%.

5.3. Conclusions

MLD trends were analyzed in the Bay of Biscay over the period 1975-2010.
MLD was calculated using a potential temperature criterion to define the TLD and a
potential density criterion to define the PLD. Time evolution of MLD was analyzed in
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terms of trends in winter anomalies and in annual maxima. Some of the main findings
are outlined below:

- MLD tended to deepen at the southeastern corner and shallow at the rest of the
bay.

- Correlations carried out between atmospheric variables and MLD trends
evidence that air temperature plays a key role in regulating the MLD variability. In this
way, negative air temperature trends, localized in the southeastern part of the bay, are
related with MLD deepening at this area and positive air temperature trends observed
for the rest of the bay are related to MLD shoaling.

- MLD evolution did not show significant correlations with wind stress and
precipitation minus evaporation.

- Warming calculated for the upper 700 m is observed to be more intense at the
area where MLD became shallower and negligible at the area where MLD deepened.

- The MLD analysis carried out in this study highlights that mesoscale features
can play an important role even in small semi-enclosed areas like the Bay of Biscay,
where the observed behavior is far from being spatially homogeneous.






6-Changes in SST seasonality

Chapter 6:
Changes In sea surface temperature
seasonality

The aim of this chapter is to analyze SST variability in the Bay of Biscay over the
period 1982-2014. Changes will be analysed for each month in order to detect if SST
variability was homogenous or not throughout the year. In addition, the calculation of
monthly trends will help us to detect changes in the duration of the warm season which
influences biodiversity both at ecosystem and population levels. Finally, trends in the
number of extreme hot SST days will also be analyzed.
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6.1 Methods

Daily SST values and their associated errors were obtained from OISSTy;,
database. All available data files for the Bay of Biscay (1-8°W, 43-48°N) over the
period 1982-2014 were extracted. As a result, a grid with a total of 457 pixels was
considered to carry out this study.

6.1.1 SST trends

SST trends were calculated from daily SST averaged on a monthly scale. Trends
were calculated as the slope of monthly SST versus time for every pixel individually.
SST Ol estimates are affected by random, sampling and bias errors (Reynolds et al.,
2007). With the aim of reducing the influence of these errors, weighted least squares
with weights proportional to the inverse of the variance of SST Ol were used in the
regression procedure. Moreover, daily SST series are affected by problems of
autocorrelation. The Quenouille procedure (Quenouille, 1952) was applied in order to
solve this problem. Thus, the degrees of freedom were recalculated using this procedure
for every pixel following Lima and Wethey (2012) and deCastro et al. (2014). The
Quenouille procedure is based on the expression Nes=N (1-r1)/(1+r1), where N is the
sample size and r; represents the lag—1 autocorrelation coefficient of detrended series.

6.1.2 Duration of the warm season

The onset of the warm season was calculated for each pixel and year as the day
when the 75th percentile of the entire SST dataset was exceeded. In order to ensure a
higher confidence in the results, the first three days that exceeded the 75th percentile
were selected and averaged. In the same way, the end of the warm season was the mean
of the last three days for which the SST was higher than the 75th percentile. Thus, the
onset and end day of the warm season was obtained for each pixel and year. The total
duration was calculated by taking into account both dates. Trends in dates of beginning
and end of warm season and its duration were calculated as the linear regression using
the value obtained for each year.

6.1.3 Extreme SST trends

An extreme hot SST day was defined as a day with a SST anomaly over the 95th
percentile considering the entire dataset. Trends in the number of extreme hot days for
every pixel (i, j) were calculated following the procedure developed by Lima and
Wethey (2012) and also applied by deCastro et al. (2014). First of all, daily SST
anomalies were calculated to remove the seasonal cycle. This was achieved by
subtracting from the SST of a certain day (e.g. January 1, 1982) the mean temperature
of that day (January 1) over the period 1982-2014. Then, the number of extreme hot
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SST days (95Ni,,-) was calculated as the number of days per month with extremely high
SST anomaly (over the 95th percentile). Therefore, an extreme day can occur at any
time of the year. After that, the monthly trends were calculated as the slope of the linear
regression of 95Ni,,- versus time. Finally, trends in the number of extreme hot SST days
for each pixel were obtained from spatially averaging the trend value with the closest
neighborhood of every pixel.

6.2 Results

6.2.1 Mean SST and SST trends

First of all, mean values and trends were calculated at annual scale to be compared
with previous research (Table 6.1). Trends found in previous studies were recalculated
(when possible) using the database considered in the present study (NOAA Ol ¥4 degree
daily SST) for comparisons purposes. Results in last column showed to be in good
agreement with previous research, highlighting the robustness of the trends in spite of
the heterogeneity of the data sets.

SST SST trend
trend recalculated

Author/s Period Area Database  (°Cdec’) (°C dec?)
Koutsikopoulos et al.,
(1998) 1972-1993 Global Meteo-France 0.64
Planque et al., (2003) 1971-1998 SE Meteo-France 0.5
Llope et al., (2006) 1993-2003 43°36',6°10' CTD sampling 0.55
GOmez-Gesteira
etal., (2008) 1985-2005 Coast AVHRR 0.24+0.04 0.27+0.05
deCastro etal., (2009)  1985-2006 Global AVHRR 0.33+0.05 0.35+0.04

1974-2006 Global ERSST 0.22

Goikoetxea et al., SE Aquarium of
(2009) 1977-2007  (San Sebastian)  San Sebastian 0.26

Michel et al., (2009a) 1985-2003 BB & close areas Pathfinder v5.0 0.37 0.33+0.09
1985-2003 BB & close areas ORCA model 0.22 0.33+0.09

1985-2003 BB & close areas WOD 0.3 0.33+0.09
Michel et al., (2009b) 1986-2005 BB & close areas  BoByClim 0.30 0.33£0.09
Lima & Wethey (2012) 1982-2010 Coast OISSTy 0.25 0.24+0.03

Table 6.1. Annual SST trends within the Bay of Biscay according to different authors, periods, locations
and databases. The associated standard deviation is also included.

Annual mean SST values were calculated for the whole Bay of Biscay from 1982
to 2014 (Figure 6.1a). Mean SST decreases with increasing latitude from 16.5°C at the
south of the bay to 13°C at the northern part. The highest SST values were found at the
southeastern corner, probably due to the continental influence (Valencia et al., 2003;
2004). The annual warming trend detected for the whole area (Figure 6.1b) ranges from
0.15 °C per decade to 0.35 °C per decade with maximum values at the western part, over
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the French shelves, and the lowest ones along the French coast, around 46°N, and also
in the north-western corner of the bay.

Mean SST (°C) Trend (°C dec™)

48°N 1 K
46°N
45°N ? .
e
44°N
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8w 6°W 20w 2°W 0.15

Figure 6.1. (a) Annual mean SST (°C) and (b) decadal SST trends (°C dec %) in the Bay of Biscay from
1982 to 2014. Black dots represent the grid points with a significance level higher than 95%.

SST mean (Figure 6.2) and trends (Figure 6.3) were analyzed at monthly scale.
With regard to the mean SST values, it is possible to group them into three different
kinds of patterns. Thus, from December to March the mean SST increases gradually
from the northeast to the southwest of the bay. The lowest SST was found along the
French coast in the area where the two main rivers of the bay (Loire and Gironde) flow
into the shelf. This pattern changes drastically from May to August when the lowest
SST values were found at the northwestern and north area, being the highest SST values
detected at the southeastern corner of the bay. This fact, as noted when annual means
were analyzed, is related with an intense continental influence due to the concavity of
this area (Valencia et al., 2003; 2004). April represents the transition between both
patterns. Finally, from September to November, mean SST increases from north to
south in a similar way to those observed at open ocean areas (far from continents) due to
the different insolation with latitude.

SST trends can also be grouped (Figure 6.3) although the chosen months do not
necessarily correspond with those chosen for mean values. From December to March
warming was detected for most of the bay with values ranging from 0.1 to 0.3 °C per
decade. An exception should be made along the French coast, in particular north of
45°N, where lower SST trends were observed and even cooling (~ -0.1°C per decade)
was found at some particular areas. Higher warming trends were found from April to
June with significant positive trends ranging from 0.3 to 0.5 °C per decade for most of
the bay. However, SST trends were clearly lower during July and August, months with
the highest mean SST. This warming is especially lower in the oceanic part of the bay
where even a cooling was observed at some points. In this case, warming was only
significant along the coast during August probably related to the continental influence.
Finally, a strong warming was also observed from September to November, being the
highest increase measured in October with significant values that exceeds 0.5 °C per
decade. Mean SST values and trends are summarized in Table 6.2.
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Figure 6.2. Monthly mean SST (°C) in the Bay of Biscay over the period 1982-2014.
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Trend™™ (°C dec™!) Trend™® °C dec™) Trend™™" (°C dec™!)

Figure 6.3. Monthly SST trends (°C per decade) in the Bay of Biscay over the period 1982-2014. Black
dots represent the grid points with a significance level higher than 95%.

Trend (°C per Trend (°C per
SST Mean (°C) decade) SST Mean (°C) decade)
Jan 12.2+0.7 0.14+£0.06 Jul 18.6+1.2 0.14 £ 0.09
Feb 11.7+0.8 0.12 £ 0.07 Aug 19.6£1.2 0.19+0.11
Mar 11.7+0.7 0.10+£0.05 Sep 18.7£1.1 0.35+0.08
Apr 12.3+0.6 0.31+£0.05 Oct 16.8+0.9 0.53+0.08
May 14.0+0.7 0.33+£0.05 Nov 14.8+0.7 0.36 £0.06
Jun 16.4+1.0 0.34+£0.04 Dec 13.2+0.6 0.20 £ 0.06

Table 6.2. Monthly mean SST (°C) and trend (°C per decade) values with their associated standard
deviation for the whole Bay of Biscay over the period 1982-2014. Values were obtained by means of a
spatial average of figures 6.2 and 6.3, respectively.
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6.2.2. Duration of the warm season

Previous results (Figure 6.3 and Table 6.2) show that the observed annual trends
are due to changes in spring and autumn more than to warmer summers or milder
winters. This can affect the duration of the warm season, which was calculated
following the procedure described in section 6.1.2.

‘Warm Season (day)

Start Trend Seasc:ms tart (# days dec'l)

6°W 5w 4w 8°W 7w W 5w  4°W 3w 2°w  1°W

Warm SeasonEn 4 (day)

-1
Trend Seasonend (# days dec™)

8°W  7°w W 5w 4°W  3°w 22w 1°W

8°W W gw 50w 4w 3w 2°W

Warm SeasonnumimI (day)

Trend Season (# days dec'l)

Duration
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Figure 6.4. Day when the warm season starts (a) and ends (c) in the Bay of Biscay averaged over the
period 1982-2014. (b) Trend (# days dec %) in the beginning of the warm season and (d) in the end of the
warm season. (e) Mean duration of the warm season and (f) trend (# days dec™) of the warm season
duration. Black dots represent the grid points with a significance level higher than 95%. Negative trends
indicate an advance and positive trends account for a delay.
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The warm season started between mid-June (day 165) and the beginning of July
(day 185) (Figure 6.4a). It starts earlier in the south and eastern part of the bay
especially over the continental shelf. Trends in the start of the warm season (Figure
6.4b) are negative for the whole area (the warm season starts earlier) although they are
not spatially homogenous. In general, changes are more intense at shelf area reaching
values up to -5 days per decade. The warm season ends between the end of September
(day 270) in the eastern part and the beginning of October (day 280) in the western part
(Figure 5.4c). The warm season is observed to finish later (Figure 5.4d) with a lower
increase in the southeastern corner (~4 days per decade) and maximum ones in the
northeastern area (~12 days per decade). As a consequence, the mean duration of the
warm season was between 95 and 105 days with the exception of the coastal strip north
of 46°N where the duration is slightly higher (105-115 days) (Figure 6.4e). The total
duration of the warm season, considering the whole period under study, has been
expanded in around one month for more than 65% of the area, although this increment
was not spatially homogeneous (Figure 6.4f). The highest increase (~14 days per
decade) is observed at the northeastern corner of the area.

6.2.3. Trends in the number of extreme hot SST events

The increase in extreme hot SST days was analyzed during months with the
highest SST warming trends (from April to June in Figure 6.5a and from September to
November in Figure 6.5c) and during the month with the highest SST mean (August,
Figure 6.5b). Taking into account that Figures 6.5a and 6.5b accounts for more than one
month, values were normalized in order to show changes in the number of extreme hot
SST days per month. A significant increase in the number of extreme hot days was
observed between April and June (Figure 6.5a) with a mean excess of 1.16+0.23 days
per decade. This is especially patent in the central part of the bay, where values higher
than 1.5 days per decade are attained. Regarding the warmest month (August) a slight
increase (~ 1.0 days per decade) was observed near shore and a decrease (~ -1.0 days
per decade) for the oceanic part (Figure 6.5b). Finally, a significant increase in extreme
hot SST days was also detected over the period September-November (Figure 6.5¢)
with a mean excess of 1.81+0.42 days per decade. The highest values (>2.5 days per
decade) are attained at the southwestern part of the bay.
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Figure 6.5. (a) April-June, (b) August and (c) September—November trend in the number of extreme hot
SST days (# days dec ). Trend values in (a) and (c) were normalized at monthly values. Black dots

represent the grid points with a significance level higher than 95%.
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6.3 Discussion

Annual SST trends measured for the Bay of Biscay over the period 1982-2014
(0.26+0.03 °C per decade averaging pixels shown in Figure 6.1b) are similar to the ones
obtained in previous studies carried out in the area. In general, SST trends are highly
dependent upon spatial and temporal scales, as well as the database used, as shown
Table 6.1.

Thus, deCastro et al. (2009) observed an annual SST warming between 0.15-0.45
°C per decade from 1985 to 2006 that agrees with the values shown in this study.
However, these authors detected a higher warming over the north and northwest area of
the bay being the lowest values observed in the southwestern area. Michel et al. (2009b)
analyzed annual SST trends in the Bay of Biscay and their surrounding area over the
period 1986-2005. They detected the highest warming over the Armorican shelf
(roughly 0.5°C per decade) north of 47°N, so, their results partially agree with those
presented in Figure 6.1b. Michel et al. (2009a) also analyzed annual SST from
simulations and satellite data in the bay and it surrounded area from 1985 to 2003. They
notified a warming trend ranging from 0.22 to 0.37 °C per decade depending on the
used method. In addition, Koutsikopoulos et al. (1998) found that the southeastern
corner showed a stronger warming trend and they did not find statistically significant
trends in the northern area over the period 1972-1993. Lima and Wethey (2012) studied
coastal SST trends all over the world from 1982 to 2010 by means of the database used
in this study. They obtained a SST trend of ~ 0.25 °C per decade along the coast of the
Bay of Biscay which is similar to the one observed in the present study. In addition,
Gomez-Gesteira et al. (2008) also showed the same coastal SST warming using data
from the AVHRR database. Studies carried out with data from punctual sampling in the
southeastern part of the bay showed different warming rates, probably due to the
different time periods and databases considered. Thus, Planque et al. (2003) and Llope
et al. (2006) detected higher warming trends, whilst Goikoetxea et al. (2009) found a
lower SST warming that fits better the results shown in the present study.

The observed annual warming rates are in good agreement with those observed in
the North Atlantic. In this sense, Taboada and Anaddn (2012) analyzed annual SST
trends over the period 1982-2010 using data derived from the AVHRR sensors. They
detected an overall warming pattern which rate depends on the location. Thus, for
example, a warming trend of 0.2-0.3 °C per decade can be observed for the Bay of
Biscay. In addition, Levitus et al. (2009) observed an annual warming rate of 0.41 °C
per decade for the whole North Atlantic considering the first 700 meters of the water
column over the period 1969-2008.

A seasonal analysis of the evolution of the SST for the whole Bay of Biscay has
been conducted for a similar period of time. Spring and summer trends were analyzed
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by deCastro et al. (2009) using SST satellite data over the period 1985-2006. They also
found strong warming rates during spring (0.48 £ 0.13 °C per decade for April-June),
although considerably higher than observed in the present study. In addition, they also
detected a high increase during summer (0.54 + 0.10 °C per decade for July-September),
which is much higher than observed here for those months. Their spatial pattern affects
most of the area, especially the northern part. This pattern contrasts with the significant
SST trends shown, in the present study, only at coastal areas in July and August. The
reason for these discrepancies is twofold. On the one hand, the present study also
considers the last decade, when the warming rate has been considerably lower than in
previous decades as it was shown in Chapter 4 for the surface water using Argo floats.
On the other hand, the behaviour observed for the three months under study is not
homogeneous (September is clearly different from the rest) (Figure 6.3; Table 6.2)
which suggest that calculating trends at seasonal scale is not the best strategy. This
shows the importance of carrying out the analysis at monthly scale to better understand
SST variability.

SST cooling observed along the French coast during winter months (from
December to March, Figure 6.3) is linked to the particular features of that area. The area
is under the influence of Gironde and Loire rivers, whose plume can originate a thermal
inversion due to the presence of colder and less-saline water during the months with
high discharges (Koutsikopoulos and Le Cann, 1996; Puillat et al., 2004). Winter wind
can also play an important role (Lazure and Jegou, 1998) since it pushes and confines
the plume in the near-shore area, which is partially isolated from the rest of the bay.
Some studies have shown that river discharge increases the stratification since
freshwater decreases near surface density creating a layer (usually called “barrier
layer”) that difficulties the vertical mixing (e.g: Vizy and Cook, 2010; Park et al., 2011,
Materia et al., 2012). As a consequence, water at this nearshore area warms at a
different rate than adjacent shelf water. A detailed analysis of the different warming
pattern detected along this nearshore strip will be carried out in the last chapter of this
thesis.

The strongest SST warming occurred during April-June and September-
November (Figure 6.3) whilst a more moderate warming was observed during summer
(July-August). These results contrast with those developed by Koutsikopoulos et al.
(1998), who suggested that the warming trends observed from 1972 to 1993 were due to
mild winter more than to warm summers. Monthly SST trends obtained in the present
study suggest that warming is due to changes in the extent of the warm season more
than to warmer summers or milder winters. This hypothesis is corroborated by Figure
6.4 that shows a remarkable increase in the extent of the warm season (6-14 days per
decade). This fact only coincides partially with the idea of a “deseasonality” suggested
by Fontan et al. (2008) and Goikoetxea et al. (2009). These authors describe the
prevalence of long warm summers and cold winters that modify the classical seasonal
cycle at mid-latitudes. Here, summers are longer and only slightly warmer but winters
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are not colder in most of the area. We should mention that both works analyze the
southeastern part of the bay, where our results (Figure 6.3) show a strong warming in
August and a negligible warming during winter months. As it was mentioned
previously, the highest increase in the duration of the warm season (~14 days per
decade) was observed at the northeastern corner of the area. These high values can also
be observed at the English Channel but not in the rest of the Bay of Biscay.

The increase in the frequency of extreme hot SST events (Figure 6.5) in the Bay
of Biscay in spring (1.16+0.23 days per decade) and autumn (1.81+0.42 days per
decade) can be compared with the observed by other authors. Lima and Wethey (2012)
analyzed the variability of extreme hot days in coastal SST for the same area and
detected an increase in the number of hot days on the order of 10-15 days per decade.
Nevertheless, the considered annual scale does not allow identifying whether the
increase was continuous throughout the year or concentrated on particular periods.
Actually, deCastro et al. (2014) found important intra-annual variations in adjacent
areas like the western Iberian Peninsula.

As it was pointed out in the introduction section, changes in the timing of the
warm season along with the excess of extreme hot SST days can drive important
changes in marine ecosystems. Thus, Wethey et al. (2011) showed the importance of
extreme events in the context of long term climate change to determine the
biogeographic distribution of different intertidal populations in the Bay of Biscay.
Similarly, Ferndndez (2011) and Voerman et al. (2013) related the loss in kelp
abundance and diversity to the increase in summer mean SST and in the number of
extreme SST values (over >20°C) along the Spanish coast of the bay. In addition,
different studies analyzed the influence of changes in SST over pelagic species, some of
which constitute important fisheries in the Bay of Biscay. In this way, Planque et al.
(2007) and Bellier et al. (2007) analyzed the potential spawning habitat of sardine
(Sardina pilchardus) and anchovy (Engraulis encrasicolus) and the fluctuations in
spawning locations. These authors detected that the anchovy spawning region was
displaced northward probably due to warmer temperatures during the 90s over the
French continental shelf. Dufour et al. (2010) studied changes in migration phenology
and spatial distribution of albacore (Thunnus alalunga) and bluefin (Thunnus thynnus)
tunas. They detected that albacore and bluefin had advanced their arrival at the bay at a
rate of 2 and 5.6 days per decade, respectively. In addition, they observed that the
latitude at which catches occurred inside the bay drifted northward. Sagarminaga and
Arrizabalaga (2010) also detected an earlier arrival of albacore juveniles to the bay.
Both studies linked these changes in the migration phenology with interannual
variability in spring warming. On the other hand, changes mentioned above, influence
the biological activity over the whole Bay in a different way since changes in the SST
force variations in the mixed layer depth (e.g: Somavilla et al., 2009; Taboada and
Anadon, 2012). Thus, Somavilla et al. (2009) associated a deeper mixed layer depth, as
a consequence of colder winter, with higher surface concentrations of nutrients, which
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in turn, favour an enhancement of the spring bloom in the Bay of Biscay. So, an
increase in the duration of the warm season and an increase in the number of extreme
hot SST days favour a higher stratification of the water column. This fact complicates
the supply of nutrients from deeper layers to the mixed layer and therefore the
availability of nutrients.

Therefore, changes in the timing of seasonal warming and changes in the
frequency of extreme hot SST days are important to understand changes in marine
ecosystems and to determine scenarios and policies to mitigate those changes. Likewise,
results obtained in the present study evidence the importance of regional studies since
SST changes show a high spatial and temporal variability.

6.4 Conclusions

SST variability was analyzed for the Bay of Biscay over the period 1982-2014
using the NOAA Ol ¥, degree daily SST database. SST trends at monthly scale, the
duration of the warm season and changes in the number of extreme hot SST days were
considered to better understand the SST variability of the area. The main findings of the
present study can be summarized as follows:

- The observed warming, which is the prevalent trend in the bay, is more related to
the increase in the duration of the warm season than to the existence of warmer
summers or milder winters.

- The warm season has expanded in approximately one month during the last three
decades due both to the advance in the beginning of the season as to the delay in its
finalisation.

- Warming in SST is linked to an increase in the number of extreme hot events. A
significant increase in the number of extreme hot SST days has occurred during the
months affected by the increase of the warm season (April-June and September-
November).

- These results prove that analysing trends at annual or even seasonal scale can be
insufficient to understand the complexity of climate changes. Analysis at monthly or
daily scale and focusing on changes in seasons and extreme events seems to be an
alternative to understand the real extent of the changes under progress and its impact on
marine ecosystems.






7-Warming modulation by river discharges

Chapter 7:
Warming modulation by Loire and
Gironde river discharges

The influence of the turbid plume formed by Loire and Gironde River discharges
over the SST in the eastern Bay of Biscay (0.6°-36.6°W, 44.2-47.8°W) will be studied in
this chapter. This analysis will be carried out during months of maximum plume
extension by means of two complementary databases (MODIS and OISSTy,). SST
trends will be related with changes in river runoff and the direction and intensity of
winds. In addition, correlations between SST variations and both NAO and AMO
indexes will be calculated.
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7.1 Methods

7.1.1 River plume detection

Normalized water-leaving radiance (nLw) was retrieved from MODIS database
over the period 2002-2014. MODIS allows selecting several values of normalized
water-leaving radiance. Some nLw bands (412, 443, 469) were discarded because their
high depth of penetration. The characterization of the river plume formed by Loire and
Gironde Rivers was carried out by means of two nLw values (555, 645) obtaining a
similar behavior. Although the 555 nm band provides one of the strongest turbid signals
to determine river plumes (Nezlin and DiGiacomo, 2005; Nezlin et al., 2005; Saldias et
al., 2012), the 645nm band was selected because it has a lower penetration that allows
analyzing shallow areas preventing bottom influence. A turbid threshold of 0.2 mWcm’
2um™sr'! was obtained to delimit the turbid river plume for this band following the
methodology described in Ferndndez-No6voa et al. (2015). Daily nLw 645 from MODIS-
Aqua and MODIS-Terra were merged following Mendes et al. (2014). This allows
obtaining a larger number of available pixels increasing the consistency of the study.
These merged images were then interpolated into a regular mesh (0.01° x 0.01°).
Monthly SST trends were calculated assuming linear regression.

7.1.2 SST trend calculation

SST values were retrieved from MODIS and OISSTy, over the periods 2002-
2014 and 1982-2014, respectively. SST data from MODIS was obtained using 11-12
pum channels since these bands are located close to the maximum of the Earth’s
emission and have larger bandwidth than other available channels (Reinart and
Reinhold, 2008). This SST product has been shown to be suitable to analyze water
surface temperatures in previous studies (Barré et al., 2006; Reinart and Reinhold, 2008;
Chavula et al., 2009). SST images from MODIS-Aqua and MODIS-Terra were also
merged following Mendes et al. (2014). SST values from both databases were averaged
at monthly scale. Then, monthly SST anomalies were calculated and, finally, linear
trends were calculated using monthly SST anomalies.

7.1.3 Wind and heat fluxes

Wind and heat fluxes data were retrieved from the CFSR database. CFSR wind
data was chosen because it presents a great correlation with buoy measurements
(Alvarez et al., 2014). Wind data at a reference height of 10 m were daily averaged for
two locations near Gironde and Loire mouth (Figure 7.1, red dots).
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Heat fluxes (shortwave, longwave, latent heat and sensible heat) were also
obtained from the CFSR database at monthly scale. The net heat flux (Qt) through the
ocean surface was calculated following equation 1:

Qr = Qsw + Qw + Qs+ Q;, 1)

where Qsw IS the shortwave flux, Q_w is the longwave flux, Qs is the sensible
heat flux and Q. is the latent heat flux. A negative (positive) heat flux implies that
ocean is losing (gaining) heat.
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Figure 7.1. Bathymetry of the region under study. Contour lines represent, 200 and 1000 m isobaths.
Red dots mark the location where wind was obtained. Blue asterisks mark the location where river
discharge was sampled.

7.1.4 River discharge data

Daily runoff data for Loire and Gironde Rivers were obtained from the Banque
Hydro French Database (http://www.hydro.eaufrance.fr/). River runoff is available over
the period 1997-2014 for the Gironde and 1982-2014 for the Loire. The Gironde
discharge was obtained as the sum of Dordogne and Garonne Rivers discharge. Daily
data were averaged at monthly scale. River discharge data were sampled at positions
marked with blue asterisks in Figure 7.1.

7.2 Results

The monthly area occupied by the turbid plume generated by Loire and Gironde
Rivers (averaged from 2002 to 2014) is shown in Figure 7.2. River plume extension is
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higher from December to February with values over 25,000 km?. In general, those
months are characterized by high river discharges (surpassing 1000 m3s™ for both
rivers) as shown in Figure 7.3. However, there are other months (especially spring
months) characterized by high river discharges where the river plume is considerably
smaller. This fact implies that other factors besides the river discharge can also
modulate the river plume.
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Figure 7.2. Monthly mean area (km?) occupied by the turbid plume formed by Loire and Gironde Rivers

discharges over the period 2002-2014.
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Figure 7.3. Annual hydrologic cycle variability (m®™) for (a) Loire and (b) Gironde runoff over the
period 2002-2014. Solid black line represents the monthly average flow and the line inside each box
represents the median for each month. Lower and upper whiskers show minimum and maximum river
flow, respective, whilst lower and upper box indicate first and third quartiles, respectively.

The second main factor that conditions the extension of the river plume is wind
(Mendes et al., 2014; Fernandez-Névoa et al., 2015). Wind direction is mainly
southwesterly from December to February as shown in Figure 7.4. Taking into account
the coast orientation, southwesterly winds tends to accumulate material provided by
river discharge near coast and to decrease cross-shore transport and dilution (Chao,
1988; Mendes et al., 2014). This behavior favors the retention and maintenance of the
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plume on a large area. Due to this fact, the further analysis will be focus on December-
February (DJF) period when the extent of the plume attains the highest values.
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Figure 7.4. Wind rose (ms—1) representing DJF winds near Loire (upper panels) and Gironde (lower
panels) over the periods 1982-2004 (left) and 2002-2014 (right).

The mean DJF plume averaged over the period 2002-2014 is shown in Figure
7.5. It has an offshore extension of 100 km and maximum turbid values on the order of
2 mWem2pm™sr* near Loire and Gironde estuaries. In addition, a band of high turbid
values (exceeding ImWem™?um™sr?) can be observed near coast between Loire and
Gironde Rivers. Dark solid line corresponds to the threshold of 0.2 mWem2um™sr
mentioned above.

The mean DJF SST field calculated from OISSTy, data and averaged over the
period 2002-2014 is shown in Figure 7.6a. Minimum values (close to 9.5°C) are located
near the mouth of both rivers. In addition, a band with low temperatures (below 10.5°C)
can also be observed near coast between Loire and Gironde estuaries. This fringe of low
temperature is very similar to the fringe of high turbid values in the area occupied by the
plume (Figure 7.5), which suggest that the coldest SST values are related to the
distribution of the turbid plume. In fact, there is a considerable difference (greater than
3°C) between the area more influenced by the turbid plume, with values below 10°C,
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and the area outside the plume influence, with values above 13°C. The mean DJF SST
field calculated from MODIS data over the same period (Figure 7.6b) is very similar to
the one calculated from OISSTy,4 data.
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Figure 7.5. Mean DJF turbid plume (mWcm?um™sr?) calculated over the period 2002-2014. The
contour line corresponds to the turbid threshold 0.2 mWemum™sr™).
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Figure 7.6. Mean DJF SST (°C) calculated over the period 2002-2014; (a) OISSTy,, (b) MODIS.
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DJF SST trends were calculated over the period 2002-2014 using OISSSTy,
(Figure 7.7a) and MODIS (Figure 7.7b) data. DJF SST trends calculated using the
OISSTy,4 show a continuous cooling along the French coast north of 45°N. This cooling
was previously observed in some winter months in Chapter 6. The highest cooling (~ -
0.5°C per decade) was observed close to Loire estuary and north of Gironde estuary.
This cooling strip contrasts with the warming observed for the rest of the area. In spite
of the limited length of the series (only the period with available MODIS data was
considered), trends are observed to be significant at 90%. DJF SST trends calculated
from MODIS data (Figure 7.7b) show a similar pattern with a moderate cooling in most
of the area influenced by the plume and a warming, reaching values close 0.5°C per
decade, outside the river plume area. Obviously, the signal is noisier than the one
calculated with OISST;4. We should note that MODIS data are obtained at a much finer
resolution (~0.01° instead of 0.25° and have not been interpolated in such a way that
voids due to cloud coverage or satellite malfunction can limit the number of available
data at some grid point and bias trends at those locations.

0.5 0.5
47°N 0.3
10.1 10.2
46°N
y . . 10.1
30 .. . - 1-0.1
4 Y 10
45°N
-0.3
30"
44°N 30 0 -0.5

30\_N 30 H0p 30 (op 30

Figure 7.7. DJF SST trends (°C per decade) calculated over the period 2002-2014; (a) OISSTy,. (b)
MODIS. Contour line corresponds to null trend. Black dots represent grid points with significance higher
than 90%.

Both databases have shown similar mean and trend patterns (Figures 7.6 and
7.7). This allows extending back the period of study to the total length of OISSTy,
database (1982-2014). The pattern depicted in Figure 7.8 is similar to the one described
in Figure 7.7 but covering a longer period. Overall, warming (~0.3 °C per decade) was
observed in most of the area under scope, with the exception of small nearshore zones
close to the mouths of Gironde and Loire, where a maximum cooling rate of
approximately -0.15 °C per decade was observed. In summary, coastal cooling is
maintained even when the period under study is extended to the last 30 years. This
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phenomenon is not a particular event that occurs only during the short period of time
covered by MODIS data.
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Figure 7.8. DJF SST trends (°C per decade) calculated over the period 1982-2014 with OISST,, data.
Contour line corresponds to null trend. Black dots represent grid points with significance higher than
90%.

DJF trends in total heat flux (Figure 7.9a) calculated over the period 1982-2014
show a similar pattern to the one observed for DJF SST trends (Figure 7.8). Ocean
trends range from -7 to -11 W m™ per decade whilst the trend in the nearshore strip
ranges from -3 to -5 W m™ per decade. Note that ocean loses heat during DJF, so a
negative trend means that the loss rate has increased. So, ocean is losing heat now at a
higher rate than three decades ago. Following Somavilla et al. (2009) the radiative term
can be neglected in DJF because shortwave and longwave fluxes balance each other. In
this sense, changes in the total heat flux are mainly due to changes in the turbulent term
(latent and sensible fluxes). In addition, Somavilla et al. (2009) also state that DJF
sensible heat flux is close to zero being negligible when compared with the latent heat
flux. Thus, the pattern depicted in Figure 7.9b, where only latent heat flux has been
considered, is very similar to the one depicted in Figure 7.9a for the total heat fluxes. In
both cases (total heat and latent heat), only ocean trends are statistically significant at
95%.

Differences between ocean and coastal areas can be analyzed in terms of oceanic
(AMO) and atmospheric (NAO) indices. The influence of AMO on SST anomaly was
studied (Figure 7.10a) for DJF over the period 1982-2014. The correlation between both
signals is close to zero in the area affected by the river plume whilst it is significantly
positive for the rest of the region. This fact evidences that the nearshore strip influenced
by Loire and Gironde discharges follows a different SST behavior when compared to
the oceanic part of the bay. We should note that AMO represents the SST anomaly of
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the North Atlantic. The lack of correlation with the coastal zone close to Loire and
Gironde Rivers proves that the SST at that particular area is more dependent on coastal
than on oceanic features. The influence of NAO index on SST anomaly over the area
under scope was also considered under the temporary conditions described above.
Figure 7.10b shows significant positive correlation (>0.4) between SST NAO index for
the months under study only in the area influenced by the river plume, which evidences
its influence on coastal SST. It is a well-known fact that winter NAO is positively
correlated with surface temperature over most of the Northern part of the European
Continent (http://www.cpc.ncep.noaa.gov/). That influence is reflected here only for the
part of the bay close to the rivers.
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Figure 7.9. DJF trends in heat fluxes (W m™ per decade) calculated over the period 1982-2014 with
CFSR data. (a) Total heat; (b) Latent heat.
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Figure 7.10. Correlation between DJF NAO (a), DJF AMO (b) indices and DJF SST anomaly over the
period 1982-2014. Black dots represent grid points with significance higher than 95%.
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7.3 Discussion

The area affected by Gironde and Loire Rivers has shown different winter SST
trends when compared with the adjacent oceanic part of the Bay of Biscay. Overall, SST
tends to warm at the oceanic part and to cool slightly at the part influenced by rivers
(Figure 7.8). This fact is corroborated by heat flux patterns and by the dependence on
atmospheric and oceanic indices. Thus, the coastal area where both rivers flow into the
ocean is the only part of the Bay where SST depends on NAO but not on the SST of the
North Atlantic represented by AMO. In the same way, figures 7.7 and 7.8 show that
coastal cooling is limited to the north of 45°. Previous studies that analyzed wintertime
SST trends in this coastal area over a similar period are not conclusive. Gomez-Gesteira
et al. (2008) mentioned that coastal warming is negligible along the French coast over
the period 1985-2005 during winter and fall, whilst they observed a high increase during
spring and summer. However, Planque et al. (2003) showed that warming was greater in
the southeastern corner of the Bay during winter.

In a wider context, there are several drivers that can cause different coastal SST
trends when compared with the ones observed at adjacent oceanic areas. Possibly,
coastal upwelling is the most studied cause (Relvas et al., 2009; Santos et al., 2011;
2012a; 2012b; 2012c; deCastro et al., 2014). Nevertheless, upwelling is not a key
phenomenon in the area, especially in winter. The southeastern corner of the Bay is
characterized by a high continental influence during summer due to the concavity of this
area (Valencia et al., 2003; 2004). However, advection from land to ocean was also
discarded in the area following Cattiaux et al. (2011). Different authors have identified
the presence of large rivers as the main cause of unusual cooling (Howden and
Murtugudde, 2001) or warming (Belkin, 2009; Vizy and Cook; 2010; Park et al., 2011,
Materia et al., 2012). The importance of the river discharge can be put into context for
the particular case under study since the combined discharge of both rivers (~2500 m3s™
1 is higher than the flow per kilometer of coast of upwelled water observed for the main
upwelling system over the world (Patti et al., 2008).

The mechanism proposed by different authors (Belkin, 2009; Vizy and Cook,
2010; Park et al., 2011; Materia et al., 2012) to explain the especially intense surface
warming observed at certain areas affected by large rivers is based on the development
of a buoyant surface layer that traps solar radiation and enhances vertical stratification.
The mechanism is strengthened by positive feedback since the partially isolated surface
layer is warmed by solar radiation that increases surface temperature which results in
density decrease and hence reinforcement of stratification. These previous studies are
focused on spring-summer periods when riverine water is warmer than offshore water.
A similar mechanism can be invoked in the present study. The river plume is much
fresher and colder (Figure 7.6) than the surrounding water. In spite of the possible
existence of a thermal inversion near surface (Koutsikopoulos and Le Cann, 1996), the
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stability of the water column is kept due to the continuous supply of freshwater. Overall,
the surface water near coast is cooled by the atmosphere but vertical mixing is inhibited
by density differences produced by near surface fresh water. Thus, in a context of global
warming, offshore water warms at a much higher rate than near shore water. Here, the
positive feedback mechanism mentioned for other areas is no longer valid since surface
water tends to cool and surface density to increase. In addition, the combined discharge
of both rivers is rather moderate when compared to the rivers considered in the studies
mentioned above (Congo, Amazonas or Yangtze). Thus, in spite of the shallowness of
the area, the zone affected by the river plume is much smaller than observed for those
large rivers.

Previous research carried out at other locations (Mendes et al., 2014; Fernandez-
Novoa et al., 2015) has proved that the extension of the plume is strongly dependent on
river runoff and prevailing winds. The role of winds in the area is also corroborated by
different works (Lazure and Jegou, 1998; Puillat et al., 2004; 2006). In the present case,
changes in DJF river runoff over the period 1982-2014 can be considered negligible for
Loire River (on the order of -40 m*s™per decade). Actually, the observed trends are not
statistically significant and strongly dependent on the length of the series. To remove or
add a single year can drive the trend from positive to negative (or vice-versa). River
runoff increases at a rate on the order of 120 m>s™per decade (still not significant) when
considering the last period (2002-2014), which coincides with a stronger coastal cooling
as shown in Figure 7.7. As we mentioned above, the area affected by the plume has
little horizontal mixing with the rest of the area due to the prevailing winds that tend to
compress the plume decreasing the cross-shore transport and dilution (Chao, 1988;
Mendes et al., 2014). This behavior favors the retention and maintenance of the plume
on a large area, partially isolated from the rest of the bay. Changes in the duration and
intensity of prevailing DJF southwesterly winds were also analyzed at the stations
located close to the mouth of Gironde and Loire Rivers (Table 7.1). Null trends were
observed for duration and intensity of these winds over the period 1982 to 2014.
Nevertheless, trends are positive and significant (Table 7.1) when considering the short
period 2002-2014. SW winds tend to intensify and be more frequent during this period.
This results in a higher compression and retention of the plume near coast which, in
turns, results in a more marked cooling in that area as depicted in Figure 7.7.

Area 2002-2014 1982-2014

Duration Loire 11 --
(daysdec™)  Gironde 13* -
SW winds i

Intensity Loire 1.6** -

-1 -1
(ms™dec”) Gironde 1.6%* -
Runoff Loire 126 -40

H 3.1 -1
River (m’s~dec™) Gironde 122 n/a

Table 7.1. Trends in wind intensity and duration and in river discharge. Values with null trends are
marked with --. Statistical significance at 95% || 99% is marked with * || **.
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7.4 Conclusions

The influence of Loire and Gironde discharges on SST changes was analyzed in
the eastern part of the bay. The main conclusions of this study were the following:

- The ocean area warms while the coastal area suffers a light cooling with low
significance over the period 1982-2014.

- Differences between coastal and oceanic warming are reinforced during periods
when river discharge and SW winds are over their mean values (e.g. 2002-2014). This
results in a significant cooling in the area influenced by freshwater inputs.

- The mere presence of a freshwater layer is able to modulate the warming
observed at the adjacent ocean locations even in absence of significant changes in the
properties of the plume like its extent or freshwater content.
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This thesis was conceived as an attempt to determine changes in thermohaline
variables, as well as to analyze their causes and physical implications, for the whole Bay
of Biscay over the last decades. The main results obtained were the following:

- The two main upper water masses in the bay have experienced significant
changes. ENACW has been observed to warm and salinificate over the period 1975-
2010 and also during the decade 2004-2013. On the contrary, a significant cooling and
freshening was detected for MW over the period 2004-2013. The main cause of these
variations was changes in the regions where the water masses are originated each year.

- Mixed layer depth tended to sink at the southeastern corner of the bay and to be
shallower at the rest of the bay over the period 1975-2010. Air temperature plays a key
role in regulating the MLD variability. In this way, negative air temperature trends,
localized in the southeastern part of the bay, were related with MLD deepening at this
area and positive air temperature trends observed for the rest of the bay were related to
MLD shoaling.

- A surface warming was detected for the whole bay since 1982 (0.26 °C per
decade). Warming is more related to the increase in the duration of the warm season
than to the existence of warmer summers or milder winters. In addition, months affected
by the increase of the warm season (April-June and September-October) also suffered a
significant increase in the number of extreme hot SST days.

- In the present warming context of the bay, the only area where a cooling was
observed since eighties is the coastal strip under the influence of the river plume formed
by Loire and Gironde Rivers during winter months. Cooling was more intense during
periods when river discharge and Southwesterly winds are over their mean values (e.g.
2002-2014).
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