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Resumen

Se denomina pluma fluvial a aquella regidon oceanica afectada por la descarga de un rio
debido a lo cual adquiere diferentes propiedades que el agua oceanica que la rodea:
salinidad, temperatura, composicion y color. Estas diferencias son debidas a que los rios
transportan al océano agua dulce, nutrientes, sedimentos, materia organica e inorganica y
contaminantes, entre otros.

Por lo tanto, las plumas fluviales suponen la mayor fuente de transferencia de materiales
terrestres al océano, desenvolviendo un papel fundamental en la ecologia y morfo-
dindmica de las zonas costeras afectadas, ya que son capaces de modular e influenciar sus
caracteristicas geoldgicas y biogeoquimicas (Kortzinger et al., 2003). Por ejemplo, las
plumas fluviales afectan a la estratificacion y a los patrones de circulacion, debido a las
diferencias de densidad causadas por la interaccion entre agua dulce y salada (Uncles,
2002). Ademas, los rios proporcionan nutrientes a la pluma que pueden sostener altos
niveles de fitoplancton aumentando la productividad primaria, lo cual es fundamental
para la subsistencia de otros ecosistemas asociados (Ribeiro et al., 2005). Por otro lado,
las plumas también pueden transportar contaminantes, disminuyendo la calidad de las
aguas costeras (Reifel et al., 2009). Ademas, las plumas fluviales transportan los
sedimentos descargados por los rios en los océanos, lo cual puede tener implicaciones
negativas ya que atenuan la luz solar incidente, lo que supone una cuestion critica para el
crecimiento del fitoplancton y la productividad primaria (Huret et al., 2007). Por lo tanto,
las plumas afectan el ciclo de varias especies de peces y mariscos, ya que segun las
caracteristicas del material descargado por los rios, pueden actuar como zonas de
dispersion o retencion afectando a su abundancia (Grimes and Kingsford, 1996; Wilber
and Clarke, 2001). Ademas los sedimentos transportados desempenan un papel clave en
los procesos de erosion y sedimentacion en las zonas costeras (Warrick and Milliman,
2003). También es importante destacar que algunos fendémenos costeros, entre los que se
incluyen la presencia de los rios, pueden condicionar la evolucion de la temperatura
debido a las diferencias que promueven con el agua oceédnica que los rodea. La zona
oceanica afectada por el agua de los rios puede calentarse mas intensamente que el agua
adyacente o incluso tener una tendencia al enfriamiento, representando un papel
fundamental como moduladores del cambio climatico (Howden and Murtugudde, 2001;
Park et al., 2011; Materia et al., 2012). Este hecho es especialmente relevante teniendo en
cuenta el actual contexto de calentamiento global, ya que la temperatura de los océanos
se estd incrementando a escala global desde mediados del siglo XX (Belkin, 2009; Levitus
etal., 2012).

Por todas las razones comentadas, las plumas fluviales desempefian un papel clave en la
economia de las comunidades locales a las que afectan, lo cual unido a los efectos
inducidos por el cambio climético y al incremento de la poblacién en las regiones
costeras, hace que la comprension y prediccion de la dindmica de las plumas, asi como el
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conocimiento de su respuesta bajo ciertas condiciones, sea fundamental en términos
cientificos y socio-econdmicos.

Estas caracteristicas generales de las plumas fluviales son aplicables a las formadas en la
Peninsula Ibérica, en cuyo estudio estd enfocado el desarrollo de esta Tesis Doctoral. Este
estudio esta centrado en las plumas formadas por los principales rios de la Peninsula
Ibérica, en términos de descarga fluvial, debido a diversas motivaciones. Primeramente,
cabe destacar que muchos de los rios mas importantes de la vertiente Atlantica de Europa
desembocan en la Peninsula Ibérica (Mifo, Duero, Tajo, Guadiana y Guadalquivir).
Ademas de los rios que desembocan en la vertiente Atlantica, cabe destacar otro rio
importante que vierte en el Mediterraneo, el Ebro, que forma un importante Delta en su
desembocadura. Por otro lado cabe también resaltar que la zona costera de la Peninsula
Ibérica es una importante fuente de riqueza socio-econdémica, ya que es una zona de alta
produccion primaria donde se desarrollan actividades socio-econdémicas muy importantes
entre las que se incluyen el turismo, la pesca o la acuicultura. Muchas de estas actividades
se realizan en las zonas de desarrollo de las plumas fluviales, de ahi la importancia y
necesidad de conocer en profundidad la variabilidad de las mismas. De hecho, varios
estudios a lo largo de los afios han analizado las plumas Ibéricas bajo diferentes
situaciones, mostrando la importancia de estas plumas para la comunidad cientifica.
Como ejemplos Sousa et al. (2014a) analizaron la pluma del Mifio, Otero et al. (2008) la
del Duero, Vaz et al. (2011) la del Tajo, Cravo et al. (2006) la del Guadiana, Caballero et
al. (2014) la del Guadalquivir y Mestres et al. (2003) la del Ebro. Sin embargo, pocos
estudios se desarrollaron aprovechando la potencialidad ofrecida por la teledeteccion
remota de las plumas a través de satélites, que sera la fuente de datos principal utilizada
en el desarrollo de esta tesis, ya que permite analizar las plumas con una gran resolucion
y durante periodos de tiempo largos, tal y como se describe a continuacion. Muchos de
los estudios previos solamente se centraron en el analisis de ciertas situaciones
particulares de plumas concretas durante periodos de tiempo limitados. Por lo tanto, el
desarrollo de esta tesis supone un avance en la comprension del comportamiento y
dindmica de las principales plumas Ibéricas bajo los principales forzamientos que las
afectan.

La salinidad es uno de los mejores trazadores naturales para estudiar las plumas fluviales,
ya que la zona ocupada por la pluma tiene menor salinidad que la del océano adyacente
debido a la influencia del agua dulce del rio. Sin embargo, hasta el momento la salinidad
no se puede medir a escalas temporales y/o espaciales suficientemente pequefias como
para evaluar adecuadamente el comportamiento de las plumas, ya que estan
caracterizadas por tener una estructura espacial fina capaz de cambiar rapidamente. Como
alternativa, muchos estudios demostraron una buena correlacion entre la superficie de
baja salinidad causada por la descarga del rio (pluma salina) y la coloracion caracteristica
del océano originada por el material en suspension transportado por el rio (pluma turbia)
(Dzwonkowski and Yan, 2005; Palacios et al., 2009; Saldias et al., 2012). Los sensores
satelitales son capaces de detectar una sefal fuerte en la zona ocupada por el material
descargado por el rio (pluma turbia), mientras que en las aguas ocednicas no afectadas la
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sefal es nula, pudiendo por lo tanto delimitar la zona ocupada por la pluma fluvial. Por
lo tanto, los datos de color del océano obtenidos mediante teledeteccion, mostraron ser
adecuados para analizar las plumas fluviales en numerosos estudios a nivel global debido
a su gran resolucion espacial y temporal (Miller and McKee, 2004; Nezlin et al., 2005,
Wang et al., 2007; Kilham and Roverts, 2011), convirtiéndose en una herramienta muy
util para realizar estudios sobre las plumas.

Para el estudio de las plumas fluviales en esta Tesis Doctoral se utilizaron datos de
radiancia proporcionados por el sensor satelital Moderate Resolution Imaging
Spectroradiometer (MODIS), a bordo de los satélites Aqua y Terra y cuyos datos estan
disponibles en la pagina web de Ocean Color de la NASA
(https://oceancolor.gsfc.nasa.gov/). MODIS fue seleccionado debido a que ofrece una alta
resolucion espacial (hasta 250 metros) y temporal (datos diarios), lo que permite
identificar con precision la variabilidad de las plumas.

La metodologia desarrollada para trabajar con los datos de MODIS consistio en lo
siguiente: Primeramente, se descargaron los datos brutos del nivel L1A de la pagina web
de Ocean Color para cada zona de estudio. Estos datos se procesaron posteriormente al
nivel L1B a través del software SeaWIFS Data Analysis System, version 7.1 (SeaDAS,
Baith et al., 2001), proceso durante el cual se aplicaron las calibraciones instrumentales
y radiométricas. Finalmente se generaron los archivos definitivos a nivel L2 obteniendo
los datos de las variables geofisicas bajo interés a la mejor resolucion posible para cada
caso, siguiendo un procedimiento similar al detallado por Aurin et al. (2013). En este
proceso se aplicaron una serie de mascaras para reducir los datos erroneos, incluyendo
las estdndares recomendadas, un limite para el albedo de 0.018 a través de las bandas
Short Wave Infrared (SWIR) para descartar la cubierta nubosa, una mascara de 3x3
pixeles alrededor de la tierra y de las nubes para evitar la luz dispersada en los bordes, asi
como la supresion de valores de radiancia no realistas. También se optd por usar las
bandas Near-Infrared (NIR) para la correccion atmosférica, ya que se comprobd que son
las que mejor se adaptan para el caso particular de las plumas Ibéricas. Ademas, se
fusionaron los datos diarios proporcionados por ambos satélites para aumentar el nimero
de pixeles disponibles incrementando asi la robustez y precision del estudio.

Una vez procesadas y obtenidas las imagenes diarias para cada pluma bajo interés, el
objetivo se centrd en encontrar el limite turbio caracteristico que mejor define cada pluma,
permitiendo diferenciarla del agua ocednica adyacente. Este limite puede ser diferente
para cada pluma ya que es dependiente de las caracteristicas terrestres y la carga
sedimentaria de cada rio. El limite se obtuvo a través del analisis de la relacion existente
entre la extension de la pluma y la descarga fluvial.

Una vez obtenidas las imagenes diarias de cada pluma y los limites turbios, se crearon
composiciones de estas imagenes que caracterizaran las principales situaciones sinopticas
de las plumas, es decir, imagenes promedio que mostraran el estado de las plumas bajo la
influencia de los principales forzamientos que las afectan (descarga fluvial, vientos y
marea). Primeramente, se definieron las condiciones que caracterizan cada forzamiento a



Resumen

analizar. Por ejemplo, para analizar el estado de la pluma cuando la descarga del rio es
alta, se establecié como limite el percentil 75, es decir, se promediaron todos los dias con
descarga mayor que ese percentil para obtener una imagen final que permita conocer el
patron general de la pluma ante ese forzamiento. En este proceso lo que se hizo fue
promediar para cada pixel, los valores validos disponibles para los dias que cumplieran
las condiciones preestablecidas, obteniendo una imagen final del estado medio de la
pluma. Esta metodologia permite caracterizar las plumas Ibéricas, asi como analizar y
comparar sus respuestas ante los forzamientos, ya que se establecieron las mismas
condiciones para cada una de ellas. Esto permite establecer comportamientos similares
entre plumas y analizar las causas que conducen a las diferencias entre ellas. Es
especialmente destacable que, a pesar de la relativa proximidad geografica entre los
principales rios Ibéricos, los forzamientos pueden afectar a las plumas de forma diferente
debido al régimen mareal, a la morfologia de la costa y a diferencias regionales en las
corrientes costeras, entre otros factores.

Los resultados obtenidos se compararon con trabajos previos que analizaron algunos
comportamientos particulares de alguna de las plumas bajo estudio, con el objetivo de
corroborar la precision de MODIS para analizar las plumas. Ademas, la capacidad de
MODIS para detectar las plumas también se evalud a través de la comparacion con la
pluma salina obtenida de la base Atlantic-Iberian Biscay Irish-Ocean Physics Reanalysis
(IBI), mejorando asi la robustez de la metodologia aplicada.

Una vez analizadas y comparadas entre si las principales plumas de la Peninsula Ibérica,
el estudio se ampliod para analizar también las plumas mas importantes formadas en la
vertiente Atlantica de la costa Francesa, incluida en golfo de Vizcaya, ya que estan
sometidas a condiciones similares que las plumas Ibéricas del Océano Atlantico. En esta
zona destacan las plumas formadas por los rios Loira y Gironda, que en su conjunto
proporcionan mas del 75% de la descarga total en el golfo de Vizcaya (Lazure et al.,
2009). El uso de MODIS para analizar la variabilidad de estas plumas constituye un paso
importante debido a las dificultades encontradas en estudios previos para analizar un area
tan grande durante largos periodos de tiempo mediante otras metodologias como la
simulacion numérica o datos in situ. Ademas, la metodologia desarrollada se ampli6 para
conocer la influencia que ejercen los principales patrones de teleconexion del Océano
Atlantico, Oscilacion del Atlantico Norte (NAO) y el Patron del Atlantico Este (EA)
sobre la dinamica de estas plumas.

Finalmente se analiz6 la influencia de las plumas formadas por los rios Loira y Gironda
sobre la temperatura del mar. La mayor extension de estas plumas, en comparacion con
las plumas Ibéricas, sustenta el uso de bases de datos con menor resolucion espacial, la
cuales permiten analizar las propiedades termohalinas del agua oceédnica. Para ello se
complementé6 MODIS con datos de temperatura superficial del agua de la base NOAA 14
daily Optimum Interpolation Sea Surface Temperature (OISST1/4), y datos de temperatura
y salinidad en profundidad obtenidos de la base IBI. Como se ha comentado
anteriormente, la influencia de los rios en las propiedades del agua costera puede hacer
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que la evolucion de los patrones de temperatura sean diferentes respecto al agua ocednica
adyacente. En el actual contexto de calentamiento global el anélisis y comprension de
estos sistemas capaces de incrementar o incluso revertir esta tendencia es de vital
importancia.

El trabajo de investigacion desarrollado durante la realizacion de la Tesis Doctoral se
estructur6 en este manuscrito de la siguiente manera:

El capitulo 1 recoge la introduccion general acerca de las plumas fluviales, su definicion,
sus caracteristicas principales y los principales métodos disponibles para su estudio.
También detalla la importancia socio-econdémica de las principales plumas de la
Peninsula Ibérica y de la costa Atlantica Francesa que las hacen susceptibles de estudio y
recopila toda la informacion disponible sobre estudios previos. Finalmente, se describen
las caracteristicas de los principales rios analizados y sus areas de influencia

El capitulo 2 describe todas las bases de datos utilizadas, asi como la metodologia general
desarrollada para lograr los objetivos planteados.

El capitulo 3 analiza en profundidad la pluma formada por el rio Ebro en la vertiente
Mediterranea de la Peninsula Ibérica. Se optd por comenzar analizando la pluma formada
por este rio ya que el mar Mediterraneo tiene un régimen micro-mareal, y por lo tanto la
marea no afecta practicamente al desarrollo de la pluma. De esta forma la pluma del Ebro
representa una buena opcidn para analizar el efecto de la descarga fluvial y el viento
aislados de la influencia mareal. Para ello se evalué como las variaciones de la descarga
fluvial condicionan el desarrollo de la pluma, asi como el impacto del viento a través de
sus direcciones principales (viento soplando a lo largo de la costa o perpendicular a ella).
Ademas, esta pluma esta sometida a la influencia de una fuerte corriente que fluye hacia
el suroeste en su area de desarrollo, la corriente Liguro-Provencal (LPC), por lo que
también se analizd su impacto sobre la dindmica de la pluma. Como principales
conclusiones se obtuvo que la descarga fluvial es el forzamiento principal, con la
extension de la pluma variando casi mondtonamente con el caudal del rio. El viento es un
forzamiento secundario el cual ejerce una influencia especialmente destacable cuando la
pluma se encuentra suficientemente desarrollada (condiciones de descarga elevada). La
extension maxima de la pluma se produce con caudales elevados y vientos del noroeste
(viento Mistral), que soplan hacia el océano. Sin embargo, la influencia de la LPC es muy
destacable ya que independientemente de las demds condiciones, mas del 70% de la
pluma se encuentra hacia el sur de la desembocadura.

El capitulo 4 analiza en profundidad la pluma turbia formada por el rio Duero, el mas
importante de la Peninsula Ibérica en términos de caudal. En este caso, se incorpora un
forzamiento a mayores respecto al Ebro, la marea, ya que el régimen meso-mareal del
Atlantico hace que la pluma esté afectada por el ciclo semi-diurno de mareas. Por lo tanto
en este capitulo se da un paso mas en el andlisis y conocimiento de la respuesta de las
plumas Ibéricas ante los forzamientos que las afectan. Ademas de estudiar la influencia
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de la descarga del rio y los vientos en la pluma de forma similar al capitulo anterior, se
analizo el estado de la pluma ante situaciones de marea alta y baja. En lineas generales se
observd que el rio Duero solo es capaz de desarrollar la pluma cuando tiene caudales
elevados, lo que hace que la descarga fluvial sea el factor principal. El viento juega un
papel clave cuando la descarga es elevada, favoreciendo el transporte del material hacia
el océano en caso de vientos favorables al afloramiento o vientos que soplan hacia el mar,
lo cual es especialmente significativo en la zona que esta alrededor de la desembocadura,
donde una protuberancia en forma semicircular se observa claramente bajo ambas
condiciones. Por el contrario, los vientos desfavorables al afloramiento y los vientos que
soplan hacia costa tienden a dificultar el transporte del material hacia el océano,
acumulandolo cerca de costa. En cuanto al efecto del ciclo semi-diurno de la marea, que
también fue evaluado bajo descargas elevadas para asegurar pluma suficiente para
analizar su efecto, se observo que la pluma alcanza una mayor extension con unos valores
turbios mas intensos en condiciones de marea baja. Esto es debido a que la marea alta
restringe la salida de material hacia el océano. Sin embargo, las diferencias en el estado
de la pluma provocadas por el ciclo semi-diurno de mareas son pequefias en comparacion
con los cambios promovidos por los otros factores de forzamiento (descarga fluvial y
viento).

El capitulo 5 analiza en profundidad la pluma turbia formada por el rio Tajo, el mas largo
de la Peninsula Ibérica. Este rio presenta peculiaridades importantes respecto a los rios
analizados anteriormente. Por un lado, vierte al océano dentro de una bahia semi-
encerrada que puede limitar el efecto del viento en la pluma. Ademas, presenta uno de los
estuarios mas grandes de Europa antes de llegar al océano Atlantico, lo cual va a tener
implicaciones importantes en el desarrollo de la pluma debido al gran tiempo de
residencia del agua dentro del estuario. Una de ellas seré que el ciclo quincenal de mareas
(ciclo vivas-muertas) también va a influir en el desarrollo de la pluma, cuyo efecto es
despreciable en rios que vierten directamente al océano, como es el caso del Duero. Como
principales conclusiones se obtuvo que la descarga del rio es el forzamiento principal,
aunque existe pluma incluso con caudales bajos debido a las caracteristicas del Estuario.
Ademas, la pluma del Tajo tarda 2 dias en responder a cambios en el caudal debido al
tiempo de residencia del Estuario, a diferencia del Ebro y el Duero, en los que el desarrollo
de la pluma esté en fase con las variaciones de caudal debido a que vierten directamente
al océano. La respuesta de la pluma ante el viento es similar al caso del Duero, aunque
con ciertas limitaciones debido al efecto de desembocar en el océano dentro de una bahia
semi-encerrada. Esta configuracion costera limita el impacto de los vientos del norte
(favorables al afloramiento) e impide que la pluma forme una banda costera hacia el norte
cuando el viento sopla del sur (vientos desfavorables al afloramiento), ya que presenta
una barrera geoldgica que impide el movimiento de la pluma en esa direccion,
constatando como las caracteristicas geomorfologicas de cada area también ejercen un
impacto importante en el desarrollo de la pluma. En cuanto al ciclo semi-diurno de
mareas, la pluma es mdas extensa cuando la marea es baja, con diferencias respecto al
estado en marea alta mayores que en el caso del Duero. Ademas, se observa una mayor
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extension de la pluma con condiciones de mareas vivas debido a la mayor cantidad de
material exportado desde el estuario con respecto a condiciones de mareas muertas.

El capitulo 6 compara el comportamiento de las plumas entre si, con el objetivo de
encontrar patrones comunes y diferentes provocados por los forzamientos principales,
analizando las causas que conducen a ellos. Ademas, analiza el nivel de impacto de cada
forzamiento en cada pluma. Para cubrir las plumas mas importantes de la Peninsula
Ibérica, en este capitulo se afiadieron las formadas por los rios Mifio, Guadiana y
Guadalquivir. Como conclusiones generales se obtuvo que las plumas formadas por los
rios que presentan un gran estuario antes de desembocar en el océano (Tajo y
Guadalquivir) tienen un cierto desfase respecto la descarga del rio. Sin embargo, la
descarga fluvial es el factor dominante para todas las plumas, siendo la dependencia de
la extension de la pluma moderada o alta para todos los rios analizados excepto para el
Ebro. La dependencia de la pluma respecto al viento es moderada o alta para todos los
rios excepto Guadalquivir y Ebro. Ademas, todos los rios de la vertiente Atlantica
alcanzan su mayor extension cuando el viento sopla hacia costa y la minima con vientos
soplando hacia el mar. El Ebro alcanza su extension maxima y minima en las situaciones
contrarias, lo cual es en parte debido a la influencia de la corriente Liguro-Provencal. Por
ultimo, el ciclo semi-diurno de mareas afecta a todas las plumas Atlanticas, que alcanzan
una mayor extension en condiciones de marea baja, aunque la dependencia de la pluma
respecto al ciclo semi-diurno de mareas es solamente alta para el Guadiana. En cuanto al
ciclo quincenal, se observd que solo afecta significativamente al Tajo, siendo
despreciable su efecto en los otros rios. La pluma del Tajo es mayor en situaciones de
marea viva. La pluma del Ebro no se ve afectada por ninguno de los ciclos de marea
debido al régimen micro-mareal del Mediterraneo.

El capitulo 7 analiza el comportamiento de las plumas mas importantes formadas en la
costa Atlantica de Francia (Loira y Gironda) ante los forzamientos principales, prestando
atencion también al efecto de los principales patrones de teleconexion del Atlantico Norte
(NAO y EA) sobre su desarrollo. En lineas generales se observd un comportamiento
similar a las plumas Ibéricas formadas en el Océano Atlantico, ante la influencia de los
forzamientos principales (descarga fluvial y viento). Respecto a los indices de
teleconexion, se observo y cuantificd que las plumas son mas grandes cuando los patrones
EA y NAO estan en su fase positiva. Ademads, en este caso, también se evalu6 el impacto
de estas plumas sobre las propiedades termohalinas del agua. Se observd como las
propiedades termohalinas siguen dinamicas diferentes en la zona costera ocupada por la
pluma y en el océano adyacente. En particular, estos rios mantienen la estratificacion
invernal en el area ocupada por la pluma, lo que provoca ademas que la evolucion de la
temperatura siga patrones diferentes en ambas zonas. En concreto, se observé como en la
zona ocupada por la pluma formada por ambos rios hubo una tendencia al enfriamiento
en los meses de invierno (Diciembre-Febrero) durante las ultimas tres décadas, que fue
especialmente intensa en la ultima década, lo que contrasta con la tendencia al
calentamiento observada en el resto del Golfo de Vizcaya.
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A river plume can be defined as a water mass with different properties than surrounding
ocean water, in terms of salinity, temperature, composition and color, due to the influence
of ariver discharge. This is because river inputs provide fresh water, nutrients, sediments,
organic and inorganic material and/or contaminants, among others, into the ocean,
modifying the physical, chemical and biological conditions of the coastal areas under
influence. Therefore, plumes play a key role in the affected areas, and hence, the
importance to characterize and improve the knowledge on plume dynamics.

Plume spreading into the ocean is affected by several forcing, including outflow inertia,
rotation force (Coriolis), buoyancy, wind, tides, coastal currents, and in addition, the
coastal configuration of each area. Therefore, although some patterns of behavior are
common to most plumes, each system can behave different being necessary to analyze
each river plume.

Salinity is one of the best natural tracers, however it is difficult to sense at useful spatial
and temporal scales taking into account that river plumes are characterized by a fine
spatial structure able to change rapidly. As alternative, ocean color imagery, as MODIS
data, supposes a very useful tool to river plumes studies due to the high spatial and
temporal resolution provided. Ocean color imagery detects a strong signal in the area
occupied by the material discharged by the river (turbid plume) whereas the ocean waters
not affected by the river discharge have negligible contributions, which allows delimiting
the river plume.

Turbid plumes formed by the main Iberian Rivers were analyzed and compared, in order
to determine similarities and differences among them. Five Atlantic Rivers (Minho,
Douro, Tagus, Guadiana and Guadalquivir) and one Mediterranean River (Ebro) were
considered. Plumes dynamic was evaluated through synoptic patterns obtained by means
of MODIS imagery. Composite images were constructed averaging those days
characterizing each driving force in order to obtain the mean plume state under each
forcing. Then, the study was expanded to analyze the most important plumes formed in
the Atlantic coast of France (Loire and Gironde plumes), which are subjected to similar
conditions to those plumes formed in the Atlantic coast of Iberian Peninsula. The
influence of the most important teleconnection indices on these plumes was also
evaluated. In addition, the greater extension occupied by these plumes in comparison with
Iberian ones supports the use of other databases with coarse spatial resolution which allow
analyzing the impact of these plumes on the thermohaline properties of seawater (IBI and
OISST1/4 databases).

River discharge showed to be the main forcing affecting Iberian plumes. In fact, the
dependence of plume extension on runoff is moderate or high for all rivers, except for
Ebro. In addition, most of river plumes adapt immediately to river discharge variations.
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Only the extension of Tagus and Guadalquivir plumes is lagged respect to river runoff,
due to the high residence time promoted by their large estuaries.

Wind is a secondary forcing on Iberian plumes, being noticeable under high river
discharges. The dependence of plume extension on wind is moderate or high for all rivers,
except Guadalquivir and Ebro. All the Atlantic Rivers show the maximum (minimum)
plume extension under landward (seaward) cross-shore winds. The opposite situation was
observed for the Ebro River.

Tide is also a secondary forcing on Iberian plumes although less important than wind. All
Atlantic River plumes still have some dependence on semidiurnal tidal cycle, increasing
their extension under low tides and decreasing under high tides. However, the dependence
of plume extension on tide is only high for Guadiana River. In addition, Tagus River
plume is also dependent on the fortnightly tidal cycle being larger during spring tides than
during neap tides. This is due to the particular shape of the estuary, where the river
debouches into a semi-enclosed embayment connected to the Atlantic Ocean through a
strait.

Ebro River constitutes a particular case since it has a low dependence on runoff and wind
and a negligible dependence on tide. In fact, its plume is mainly driven by the Liguro-
Provengal coastal current flowing to the southwest. Guadalquivir River also shows some
unique features due to its high sediment load. It generates the largest Iberian plume in
terms of turbid signal and extension even being the second smallest river in terms of
discharge.

French Atlantic turbid plumes show a similar behavior than Iberian plumes formed in the
Atlantic Ocean. River discharge is the main forcing with wind having a noticeable effect
when plumes are well developed. Plumes also reach the maximum extension under
landward winds. In addition, a larger extension was reached under positives indices of
EA and NAO patterns. Thermohaline properties differed inside and outside the area
affected by both rivers. In particular, these rivers maintain winter stratification inside the
turbid plume, which results in a different warming rate when compared with the adjacent
ocean. In fact, cooling was detected in the area occupied by the plume whereas the
adjacent oceanic area warms.
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1. Introduction

Chapter 1:

Introduction

1.1. River plumes

1.1.1. Definition and implications on ecosystems

River plumes are formed in the oceanic areas near river mouths due to freshwater and
suspended material discharged by rivers, which can include nutrients, sediments, organic
and inorganic compounds and contaminants, among others. These inputs provoke a
different behavior and characteristics between water affected by river discharge (plume
area) and oceanic surrounding water. Therefore, a river plume can be defined as the water
mass around a river mouth with different properties (salinity, temperature, composition,
and/or color) than the surrounding oceanic water due to river discharge influence.

River plumes suppose the major source of transference from land materials to coastal
ocean, playing a key role in the ecology and morphodynamics of the affected areas,
modulating their geological and biogeochemical characteristics (Turner and Millward,
2002; Kortzinger, 2003; Dagg et al., 2004). As main important features, river plumes
affect the stratification (Zavialov et al., 2003; Santos et al., 2004) and flow circulation
patterns, since in these areas the circulation is primary governed by differences of density
due to the interaction between fresh and salt water (Uncles, 2002). These density
differences promote the formation of plume jets of rapid transport, convergences and
trapping at frontal boundaries on the edges (deCastro et al., 2006). In addition, the large
amount of terrestrial nutrients provided by river discharge sustains high levels of
phytoplankton biomass enhancing the primary coastal productivity, which promotes a
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cascading effect over other ecosystems (Le Fevre and Frontier, 1988; Ribeiro et al., 2005).
River plume constituents also affect the life cycle of fish and shellfish species, acting as
dispersion or retention zones affecting their abundance (Grimes and Kingsford, 1996;
Wilber and Clarke, 2001; Le Pape et al., 2003; Schiller et al., 2011). Sediments carried
by plumes have important implications affecting light attenuation, a critical issue of
phytoplankton grow and primary productivity (May et al., 2003; Huret et al., 2007; Xu et
al., 2011) as well as erosion-sedimentation processes in coastal areas since transport most
of the particulate materials entering the ocean (Warrick and Milliman, 2003; Dagg et al.,
2004). River discharge into the ocean can also imply the transport of pollutants affecting
the quality of coastal waters (Uncles et al., 1988; Reifel et al., 2009). In addition,
anthropogenic perturbations occurred in river basins lead to a considerable eutrophication
of coastal areas under plume influence (Turner and Rabalais, 1994; Wang, 2006). By last,
it is an undeniable fact that ocean temperature has increased worldwide since mid-20™
century (Belkin, 2009; Levitus et al., 2012). Nevertheless, some coastal phenomena, as
the presence of rivers inputs, can promote different warming trends or even induce
cooling patterns in seawater, playing a key role as modulator of global change (Howden
and Murtugudde, 2001; Vizy and Cook, 2010; Park et al., 2011; Materia et al., 2012).

1.1.2. General description

The plume development into the ocean can occur in different ways. In general, plume
influence into the ocean is decomposed in three interacting components: the estuary, the
near-field region and the far-field region (Garvine, 1982; Hetland, 2005). The estuary and
the near field region are characterized by an intense mixing of fresh water and salt water,
and it is the area where the river-runoff control is more effective and the contrast with
ambient ocean water is larger. The far-field region is where the final merge of source
water with the ambient water occurs, both presenting similar conditions.

Each river plume presents unique features influenced by several factors as outflow inertia,
buoyancy forcing, rotation (Coriolis) effects, wind stress, tide, oceanic currents or
coastline morphology (Fong and Geyer, 2001; Walker et al., 2005; Lentz and Largier,
2006; Valente and da Silva, 2009; Sousa et al., 2014a). However, although there are
several factors able to affect plume development, typical features characterize most of
river plume systems. First, plumes tend to spread radially from river mouth forming an
anticyclonic bulge with a plume deflection to the right in the Northern Hemisphere due
to Coriolis force, and then feed a buoyant coastal-attached current flowing in the direction
of the Kelvin wave propagation (Yankovsky and Chapman, 1997; Fennel and Mutzke,
1997). This is the classical view in the absence of other forcing.

If wind is considered, it also affects plume structure (Fennel and Mutzke, 1997; Chao,
1998; Choi and Wilkin, 2007). Alongshore winds produce plume displacement due to
Ekman transport, which in combination with Earth’s rotation, induces movement of
plumes offshore (upwelling) or onshore (downwelling) (Fong and Geyer, 2001; Alvarez
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et al., 2008; Jurisa and Chant, 2012). Cross-shore winds affect the cross-shelf circulation
and, therefore, plume movement, favoring (or limiting) its dilution in seawater (Chao,
1998; Choi and Wilkin, 2007; Lentz and Fewings, 2012). Tide is also an important
constraint factor on plume dynamics when its range is noticeable (Vaz et al., 2009). In
general terms, the high phase of the semidiurnal cycle limits plume formation (Vaz et al.,
2009). Moreover, the spring-neap tidal cycle can generate changes in the concentration
of suspended material within the plume, with maximum turbidity values usually occurring
during spring tides (Valente and da Silva, 2009; Vaz et al., 2011).

Horner-Devine et al. (2015) summarized the six plume morphologies most observed
around the world attending to different factors and forcing conditions: the prototypical,
nonrotational, wide estuary, angled inflow, delta and friction plumes.

Prototypical plumes are characterized by a relatively high discharge and a narrow mouth,
with the dynamics strongly affected by Earth’s rotation. Examples of this type of plumes
are the Columbia plume (Hickey et al., 2010) or the Hudson plume (Chant et al., 2008).

The nonrotational plumes are characterized by the slightly impact of Earth’s rotation due
to rivers mouths are located close to the equator, as for example the Amazon plume,
(Molleri et al., 2010) or the discharge is very small, as for example the Teign plume
(England) (Pritchard and Huntley, 2006).

Wide estuary plumes not form a bulge in front of river mouth because have a wide mouth
enough to separate freshwater to one side of the estuary induced by Earth’s rotation. These
plumes are showed as a geostrophic coastal current. Chesapeake plume is an example of
this configuration (Dzwonkowski and Yan, 2005; Whitney and Garvine, 2005).

Angled inflow plumes not shown a bulge in their spreading because the inflow is at a
small angle to the coast, which drives the direction of plume propagation. As example,
the Eel plume (United States) (Geyer et al., 2000).

Delta plumes consist in the exit of river water along several channels, having multiple
interacting regions since plume formed by each channel can influence other channel.
Mississippi is an example of this type of plumes (Walker, 1996).

In the friction plumes the interaction with the bottom is important and controls the plume
development. This type of plumes is usually formed in shallow marginal seas. An
example, the Rhine plume (Simpson et al., 1993).

Therefore, in spite that some characteristics can be common, each plume system presents
unique features and, hence, must be individually studied.

1.2. River plumes tracking

Salinity is one of the best natural tracers for river plumes, but to date it cannot be sensed
at useful spatial and/or temporal scales. For example, buoys and ships measurements are
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limited in terms of spatial and temporal resolution, respectively. Surface salinity can be
also sensed by means of remote sensing (such as the Soil Moisture and Ocean Salinity
(SMOS) mission from European Space Agency (ESA) or the Aquarius mission from
National Aeronautics and Space Administration (NASA)), however the spatial and
temporal resolution are not enough for mapping the main features of river plumes, which
are characterized by a fine-spatial structure able to change rapidly. Models simulating
ocean water salinity near the river mouths represent another option to study river plumes.
However, in spite of the models validation, it should be taking into account that modelling
supposes an approximation to the real ocean behavior. As alternative, several authors
have demonstrated a good relation between surface salinity and the characteristic ocean
color matter originated from fresh water runoff, which can be remotely measured at useful
spatial and temporal scales (Binding and Bowers, 2003; Dzwonkowski and Yan, 2005;
Thomas and Weatherbee, 2006; Palacios et al., 2009; Saldias et al., 2012). The suspended
material carried by river discharge results in a strong signal detected by satellite sensors
whereas ocean clear waters have negligible contributions (Otero and Siegel, 2004; Nezlin
et al., 2005, Wang et al., 2007; Petus et al., 2014). Therefore, most of rivers worldwide
shown a good correlation between the area influenced by freshwater (salinity plume) and
the area occupied by the suspension and dissolved material (turbid plume) both induced
by river discharge (Saldias et al., 2012; 2016a). Although the area occupied by the plume
is very coincidental using both definitions, could exist some differences in the frontal
region that should be put into context (Hu et al., 2003; Saldias et al., 2012; 2016b).
However, the turbid plume is the definition which presents a major impact and importance
in ocean water because represents the area more affected by river discharge. Turbid plume
is the region with greater salinity differences respect to open oceanic areas and where the
suspended and diluted material plays a key role, provoking most of the implications
commented above (Walker, 1996; Turner and Millward, 2002; Zheng et al., 2015).
Beyond the turbid plume, the ocean water can still be characterized by lower salinities
but there is not suspension material, therefore river impact is much smaller.

Thus, ocean color remote sensing data, such as data from the Moderate Resolution
Imaging Spectroradiometer (MODIS), have been successfully tested in numerous studies
worldwide for the analysis of turbid plumes, becoming a very useful tool to perform
synoptic plume studies due to the high spatial (1 km or less) and time (daily) resolution
provided. As examples: Danube plume (Giittler et al., 2013), plumes in the Bay of Biscay
(Petus et al., 2010; 2014), the Chesapeake plume (Dzwonkowski and Yan, 2005),
Mississippi plume (Miller and McKee, 2004; Walker et al., 2005; Shi and Wang, 2009),
Southern California plumes (Nezlin et al., 2005; Lahet and Stramski, 2010), Columbia
plume (Thomas and Weatherbee, 2006; Palacios et al., 2009), Amazon plume (Kilham
and Roverts, 2011), plumes off central Chile (Saldias et al., 2012), plumes in the eastern
coastal region of China (Wang et al., 2007), Congo plume (Hopkins et al., 2013), among
others.
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1.3. State of the art

Few researches were developed using MODIS data to study river plumes in the Iberian
Peninsula (Figure 1.1). The majority of these studies were performed under limited time
periods and individual plumes in order to assess very particular situations. Arnau et al.
(2004) used MODIS imagery to evaluate Ebro plume state under specific conditions
lasting just a few days (as flooding events) and Valente and da Silva (2009) analyzed
fortnightly cycle influence on Tagus River plume using three years of MODIS imagery
(2003-2005). MODIS ocean color data were also used to analyze punctual days to act as
complement of numerical models in order to test their accuracy for the study of river
plumes in the oceanic region of Basque Country (Ferrer et al., 2009) and in the NW coast
of Iberian Peninsula (Mendes et al., 2016). Caballero et al. (2014) also used MODIS data
for punctual days in order to test similar parameters provided by other satellite sensors in
Guadalquivir plume.

Figure 1.1. Example of true-color MODIS-Aqua imagery of the Iberian Peninsula. Credit: Jeff Schmaltz,
MODIS Rapid Response Team, NASA/GSFC. Plumes can be identified by the high sediment load.

However, several researches were developed using alternative methodologies to analyze
Iberian plumes dynamics, showing the great importance of these plumes for the scientific
community:

Most of studies related to Minho plume were centered in the analysis of its capacity to
reach the Rias Baixas (located north of Minho River mouth). For that, Minho plume was
evaluated under river discharge and wind conditions promoting its dispersion to the north
using in situ data during 1998 (Alvarez et al., 2006), and the MOHID numerical model
simulating typical forcing situations lasting some days (Sousa et al., 2014a; b). These
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studies revealed that the greater impact of Minho plume on Rias Baixas occurs under high
discharges and southerly winds.

Douro plume size was delimited by Teodoro et al. (2009) and Gongalves et al. (2012)
using 20 images during 2005 and 71 during 2009 from the Medium Resolution Imaging
Spectrometer (MERIS), showing that plume is only noticeable under river discharges
exceeding 400 m’s™!. However, most of the studies related to Douro plume were centered
in the impact of alongshore winds, which can lead in a net exportation (under upwelling
conditions) or confinement (under downwelling conditions) of the plume. These studies
were performed by means of: in situ data from 5-7 September 1998 complemented with
data from the Advanced Very High Resolution Radiometer (AVHRR) for the period
August-September 1998 (Peliz et al., 2002); the Regional Ocean Modelling System
(ROMS) with real forcing and climatologic data during 3 months (Otero et al., 2008); or
complementing ROMS with in situ data from December 2009 to January 2010 (Otero et
al., 2013). They found that under high discharges and downwelling wind conditions,
Douro plume can reach the Minho plume forming the Western Iberian Buoyant Plume
(WIBP) in concordance with Mendes et al. (2016), who analyzed the WIBP formation
under representative winter conditions during January and February 2010.

Main studies about Tagus plume analyzed its response under wind and tide forcing using
the MOHID model. Vaz et al. (2009) reveal the offshore expansion of the plume under
north (upwelling) winds considering the river discharge and wind forcing occurring in
January 2007. Vaz et al. (2011) concluded that suspended sediments and salinity gradients
vary according to the semidiurnal tidal cycle, evaluating the conditions occurred from
2008-2009. In addition, they also found that spring tides induce most amount of sediment
than neaps, resulting in a greater plume. This pattern was also observed by Valente and
da Silva (2009) through MODIS imagery over the period 2003-2005.

Cravo et al. (2006) collected water samples from the spreading area of the Guadiana
plume for three consecutive winters (1999-2001). They found maximum concentrations
of suspended particulate and minimum salinity values near the river mouth, decreasing
both gradually toward the ocean. They also observed a river regulated plume, presenting
a considerable impact in the adjacent ocean when river discharge is high and with a
scarcely development under low discharges. Once plume is developed its movement
follows the prevailing wind direction.

Guadalquivir plume was analyzed using eight daily scenes obtained from DEIMOS-1
sensor, which measures the Total Suspended concentrations (TSS) (Caballero et al.,
2014). The images selected represent the autumn-winter and spring-summer conditions
between 2010 and 2011. They observed a plume forming a semicircular pattern when
spreads over the ocean, showing a most consistent pattern when river discharge is high.

Sierra et al. (2002) through in situ data obtained from two field campaigns during spring
and summer 1997 and Mestres et al. (2003) by means of the TRIM3D hydrodynamic
model combined with field data campaigns in July 1999 and February 2000, showed that
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the spreading of the Ebro plume near mouth is dependent on the river discharge and the
wind forcing. Tide scarcely affects Ebro plume due to the micro-tidal environment of the
region. Xing and Davies (1999) analyzed Ebro plume displacement through a 3D
numerical model for typical forcing situations lasting few days. They observed that Ebro
plume shows a characteristic bulge near mouth being displaced to the south due to an
anticyclonic gyre together with a southward alongshore flow. The predominant
southward movement of Ebro plume was corroborated by Arnau et al. (2004) through
satellite imagery. Xing and Davies (1999) also analyzed wind influence on Ebro plume.
Southerly (upwelling) winds promote the offshore spreading of the plume whereas
northerly (downwelling) winds retain the plume to the coast due to the onshore associated
currents. Xing and Davies (2002) analyzed the influence of the main wind regime, the
Mistral (northwesterly) wind, on plume displacement by means of a 3D numerical model.
They found that Mistral wind favors the offshore displacement of the Ebro plume but
maintaining its predominant southward spreading.

Plumes formed in the north coast of Iberian Peninsula are smaller in comparison with the
plumes commented above, but some researches analyzed some features of them.
Gonzélez-Nuevo and Nogueira (2014) studied the variability of plumes formed in the
North Iberian shelf using data acquired in 20 cruises between 1987 and 2007. They found
that the annual variability of these plumes is associated to the precipitation and the river
runoff of each area. Ferrer et al. (2009) found that plumes formed in this area are also
conditioned by the wind-induced currents, combining field data of buoys, model results
and satellite imagery for March 2007.

Several authors were also interested in analyzing the plumes formed in the French
Atlantic coast, very close to the Iberian Peninsula and subjected to similar conditions and
characteristics to those of the Atlantic Iberian coast. In spite of some rivers flow into the
French Atlantic coast, most important plumes are formed by Loire and Gironde
discharges, since provide more than 75 % of total runoff into the Bay of Biscay (Lazure
et al., 2009). Historically, the study of these plumes has been an arduous task due to the
inherent difficulties to sampling a wide area over long time periods. Thus, most of the
studies were mainly based on punctual sampling and cruises during short periods or using
coarse spatial resolution models. Koutsikopoulos and LeCann (1996) by means of
punctual samplings, and Lazure and Jegou (1998) using a 3D numerical model over 7
years (1990-1996) combined with in situ data, analyzed Loire and Gironde plumes
dynamic. They found that under high discharge conditions, both plumes can merge
forming a great plume occupying most of the French Atlantic shelf, due to the
synchronisms of both rivers. In addition, they shown that although Loire and Gironde
plumes are usually oriented to the NW due to Coriolis effect, their development is mainly
driven by the variability of river discharge and wind stress. In fact, the NW predominant
orientation of plumes can change after large periods of winds with north component
(Koutsikopoulos and LeCann, 1996; Lazure and Jegou, 1998). In general terms, greater
plumes are formed during winter months due to maximum river discharges with smaller
plumes during summer. The seasonality of wind pattern also influence Loire and Gironde
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plumes movement. A northward movement of plumes with a development near coast is
induced during autumn and winter by the predominant southwesterly winds whereas
during spring and summer the prevailing northwesterly winds spread the plume material
seaward since promote conditions favorable to upwelling (Lazure et al., 2009). Puillat et
al. (2004; 2006) studied the inter-annual thermohaline variability along the French
continental shelf by means of 25 cruises carried out over the period 1992-2000 and 8
cruises during 1997-2000. They found that salinity patterns present a marked seasonal
variability provoked by Loire and Gironde discharges, diminishing the salinity values in
seasons when discharges are high. In addition, wind stress is able to influence the location
of the lenses of low salinity provoked by rivers discharge, which follow the predominant
wind direction, according to previous studies commented above. Kelly-Gerreyn et al.
(2006) analyzed the northward movement of low salinity intrusions over the period 2002-
2004 by means of ships of opportunity, observing as freshwater from Loire and Gironde
plumes can reach latitudes of 50.7° under the favorable conditions of high discharge and
winds with a south component.

Although most of the studies related to plumes dynamic along the French Atlantic
continental shelf are about Loire and Gironde plumes, some authors also analyze other
smaller plumes formed in this area. Petus et al. (2010; 2014) analyzed the Adour River
plume, formed south of Gironde mouth, by means of MODIS-Aqua images obtained from
2006 to 2010. They found a plume dynamic mainly controlled by the variability of river
discharge and the orientation and strength of wind, following a similar pattern to the Loire
and Gironde plumes.

The majority of studies related to plumes in this area were interested on Loire and Gironde
plumes dynamic, as commented above, however some researches were developed in
order to analyze the influence of these plumes on oceanic parameters, as temperature.
Related studies showed that these plumes can impact the temperature dynamic of the
affected area, causing a different behavior than in the rest of the Bay of Biscay. For
example, Koutsikopoulos and Le Cann (1996) observed thermal inversions due to
freshwater inputs during winter by means of punctual samplings, showing the Loire and
Gironde plumes influence on temperature. Puillat et al. (2004; 2006) also observed the
influence of these plumes on thermal stratification of the water column, which can imply
a different behavior of temperature patterns respect to the rest of the Bay of Biscay. The
plume influence on temperature patterns is especially important taking into account that
previous studies showed a clear warming trend along the rest of the Bay (Planque et al.,
2003; Llope et al., 2006; Fontan et al., 2008; Gomez-Gesteira et al., 2008; deCastro et al.,
2009; Goikoetxea et al., 2009; Garcia-Soto and Pingree, 2012; Costoya et al., 2015),
whose intensity is dependent on temporal and spatial scales. The possibility of these
plumes to modulate the warming observed in the rest of the Bay of Biscay has a key
importance in the actual context of global warming.
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1.4. Study areas

1.4.1. Iberian Peninsula Rivers

The Iberian Peninsula is located in the North Atlantic Ocean, Southwestern Europe, under
the national jurisdiction of Portugal and Spain. It is delimited north by Cantabrian Sea
and France, west-southwest by the Atlantic Ocean and southeast-east by the
Mediterranean Sea. Iberian Peninsula (including the continental shelf) is enclosed in the
area to the south of 44°N and to the north of 36°N. The western limit is defined by 11° W
and the eastern limit by 4° E (Figure 1.2). The Iberian continental shelf is characterized
by an extension between 15 and 70 km in the Mediterranean Sea and NE-SW orientation.
In Bay of Cadiz, in Atlantic Ocean, continental shelf has an extension of about 50 km
forming an arc with a SE-NW orientation. The west continental shelf of Iberian Peninsula,
in the Atlantic Ocean, is slightly broader than 50 km widening northward, with a marked
S-N orientation. The continental shelf suffers a narrowing at Cantabrian Sea decreasing
to 15 km with a marked W-E orientation (Figure 1.2). The Iberian Peninsula coast is a
rich environment with high primary production that supports important socio-economic
activities as tourism, fishing and aquaculture, among others, resulting fundamental for the
economy of these areas. Usually, these activities are developed near the mouth of the
most important rivers, namely, in the development area of their plumes. The main Iberian
Rivers are: Minho, Douro, Tagus, Guadiana, Guadalquivir and Ebro. The most important
implications of plumes formed by these rivers are described below.

Figure 1.2. Location of main rivers and their catchment areas in the Iberian Peninsula. Empty squares
indicate the area defined to evaluate each turbid plume.
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Minho River:

The Minho River flows in the northwest corner into the Atlantic Ocean, acting as natural
border between Spain and Portugal (Figure 1.2). It has a length of about 350 km from
Serra de Meira (Lugo, Spain) to La Guardia (Spain) - Caminha (Portugal), with a
catchment area of approximately 17,000 km? and an average flow of about 350 m’s™!
(OSPAR Commission, 2000). Minho Estuary extends 40 km inland (Dias et al., 2002).
Minho River mouth is located 30 km south of the Rias Baixas, which are characterized
by a high primary production associated to upwelling events (Tenore et al., 1995). As
example, the production of mussels per year in this area can reach 250,000 t, which
suppose around 15% of world production. Therefore, its economy is mainly supported by
fisheries, aquaculture, fishing industry and tourism. Under some conditions Minho plume
can reach and even moves into the Rias Baixas, reversing the normal circulation and the
biochemical patterns, influencing the production of this area. On the one hand, if the
plume just reach the Rias, can revert the circulation pattern and increases the residence
time, by the other hand, if plume moves into the Rias, can contribute to fertilize the area
(Alvarez et al., 2006; deCastro et al., 2006; Sousa et al., 2014a). Minho River is the
secondly main contributor to the Western Iberian Buoyant Plume (WIBP).

Douro River:

The Douro River flows in the northwest into the Atlantic Ocean (Figure 1.2). It has a
length of about 930 km from Picos de Urbion (Soria, Spain) to Porto (Portugal), with a
catchment area of approximately 98,800 km? and an average flow of about 700 m’s™!
(OSPAR Commission, 2000). Douro Estuary is limited inland by Crestuma dam,
decreasing its length from 35 to 21 km. According to Dias (1987) Douro River is the
major contributor to fluvial sediments in the NW Iberian coast (90%), so the variability
of its plume is very important in associated processes as erosion (Dias, 1990). Moreover,
Douro plume has a great relevance as modulator of the biogeochemical patterns of the
NW Iberian coast due to the large amount of terrestrial nutrients transported by the plume
into the ocean (Ribeiro et al., 2005), which contribute to increase the primary production
(Santos et al., 2004; Prego et al., 2007). Douro River is the main contributor to the WIBP.

Tagus River:

The Tagus River flows in the west into the Atlantic Ocean (Figure 1.2). It has a length of
about 1000 km from Albarracin (Teruel, Spain) to Lisbon (Portugal), with a catchment
area of approximately 80,000 km? and an average flow of about 450 m’s! (OSPAR
Commission, 2000). Tagus River is the main contributor to Tagus Estuary, which is the
most important of the Iberian Peninsula and one of the greatest in Western European. It
reaches 80 km inland from Lisbon, covering an area of 300 km? at low tide and 340 km?
at high tide (Vale and Sundby, 1987), with a mean volume of 1900x10° m>. These
characteristics promote a particular pattern associated with plume development due to the
large water residence time in the estuary. In addition, Tagus plume is associated with the
retention and dispersion of larvae in the area under influence (Vaz et al., 2015).
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Guadiana River:

The Guadiana River flows in the southwest corner into the Atlantic Ocean, acting as
natural border between Spain and Portugal (Figure 1.2). It has a length of about 750 km
from Villarrubia de los Ojos (Ciudad Real, Spain) to Vila Real (Portugal) - Ayamonte
(Spain), with a catchment area of approximately 65,000 km? and an average flow of about
180 m’s™! (OSPAR Commission, 2000). Guadiana Estuary extends about 70 km inland.
Its mouth is in a prograding phase due to the interaction of coastal processes, sufficient
sediment supply and a relatively stable sea level (Morales et al., 2006). Guadiana plume
plays a key role controlling the primary production and composition in the Western Gulf
of Cadiz, with an important implication in the biogeochemical cycling of nutrients and
the structure of the trophic chain in the area, also affecting its ecological balance (Cravo
et al., 20006).

Guadalquivir River:

The Guadalquivir River flows in the southwest into the Atlantic Ocean (Figure 1.2). It
has a length of about 650 km from Sierra de Cazorla (Jaén, Spain) to Sanlicar de
Barrameda (C4diz, Spain), with a catchment area of approximately 55,000 km? and an
average flow of about 230 m’s' (OSPAR Commission, 2000). Guadalquivir Estuary
extends to Alcald del Rio dam 110 km inland and it is an important environmental and
socio-economical area. Situated at the estuary mouth are Dofiana Natural and National
Parks, which are UNESCO-MAB Biosphere Reserve. During the last decades the
extension occupied by farmlands and urban settlements has increased in the area (Diez-
Minguito et al., 2012), providing more material to carry by river discharge. Guadalquivir
plume is a crucial factor for the pelagic ecosystem of the Eastern Gulf of Cadiz since
governs the phytoplankton and biological productivity of this area (Navarro and Ruiz,
2006; Caballero et al., 2014).

Ebro River:

The Ebro River flows in the northeast into the Mediterranean Sea (Figure 1.2). It has a
length of about 950 km from Fontibre (Cantabria, Spain) to Deltebre (Tarragona, Spain),
with a catchment area of approximately 85,000 km? and an average flow of about 425
m’s™! (Mestres et al., 2003; Arnau et al., 2004). Ebro River forms a Delta in its mouth,
which occupies an area of 320 km?, with an offshore extension of 27 km, supporting
important economic activities. Approximately 77% of the area is dedicated to agriculture
and the remainder to natural spaces as beaches, marshes or lagoons dedicated to tourism,
hunting and fishing (Sierra et al., 2002). Unlike Atlantic Ocean, tidal regime in the
Mediterranean Sea is micro-tidal, scarcely affecting plume development (Mestres et al.,
2003). In addition, the regional oceanic circulation is very important in the development
area of the Ebro plume. Circulation is dominated by the Liguro-Provencal Current (LPC)
(Font et al., 1990), which flows to the southwest at that location. The Ebro plume
modulates the sediments, nutrients and contaminants of the Ebro Delta, playing a key role
on its development.
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The main characteristics of the most important Iberian Rivers: river mouth location, basin
extension, river and estuary length, mean river discharge and plume implications on
coastal area are summarized in Table 1.1.

River Mouth Basin River Estuary Mean River plume influences
Location length  length discharge
direction/ocean (km?) (km) (km) (m3s)
Minho NW/AO 17,000 350 40 350 - Normal circulation, primary

production and biochemical
patterns of Rias Baixas.

Douro NW/AO 98,800 930 21 700 - Coastal erosion processes
and biogeochemical patterns.
Tagus W/AO 80,000 1,000 80 450 - Retention and dispersion of
larvae.
Guadiana SW/AO 65,000 750 70 180 - Primary production and
composition in the Western
Gulf of Cadiz.
Guadalquivir SW/AO 55,000 650 110 230 - Pelagic ecosystem  and

biological and phytoplankton
productivity, in the Eastern

Gulf of Cadiz
Ebro NE / MS 85,000 950 27 425 - Sediments, nutrients and
(Delta) contaminants of the Delta.

Table 1.1. Main characteristics of the most important Iberian Rivers. Cardinal points representing mouth
location are referred to the Iberian Peninsula. Atlantic Ocean is defined as AO and Mediterranean Sea as
MS. Data of rivers were obtained from the OSPAR Commission, (2000) except Ebro River data which were
obtained from Mestres et al. (2003) and Arnau et al. (2004).

1.4.2. French Atlantic Rivers

The west coast of France is located in the North Atlantic Ocean, Western Europe, in the
eastern limit of the Bay of Biscay. The French Atlantic continental shelf is characterized
by a width that varies between 60 km to 160 km widening northward (Figure 1.3), with a
N-S orientation to Gironde Estuary and a SE-NW orientation northward. Gironde and
Loire Rivers are the most important freshwater inputs into this area, with important
implications as will be described below.

Loire and Gironde Rivers:

The Gironde River (Estuary) flows in the southwest of France into the Atlantic Ocean
(Figure 1.3) with an average flow of about 1000 m’s™. Gironde Estuary is the largest in
Europe occupying a surface area of 625 km? and reaching 80 km inland (OSPAR
Commission, 2000). Gironde River is formed by the contributions of Garonne and
Dordogne Rivers. Garonne River has a length of about 600 km from Aran Valley, in the
Pyrenees (Spain) to the Gironde Estuary, in Bec d"Ambés (Bordeaux, France), with a
catchment area of approximately 56,000 km? and an average flow of about 650 m’s™'.
Dordogne River has a length of about 485 km from the Puy of Sancy, in the mountains
of Auvergne (France), to the Gironde Estuary, with a catchment area of approximately
24,000 km? and an average flow of about 350 m’s™! (OSPAR Commission, 2000).
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The Loire River flows in the west of France into the Atlantic Ocean (Figure 1.3). It has a
length of about 1020 km from Mont Gerbier de Jonc, in the Massif Central (France) to
Nantes at St Nazaire (France), with a catchment area of approximately 118,420 km? and
an average flow of about 825 m®s! (OSPAR Commission, 2000).

The area affected by these plumes has a high socio-economical importance due to
supports important economic activities as tourism, shellfish farming, or intensive fisheries
(Lazure et al., 2009). In this sense, several studies have shown Loire and Gironde plumes
as the preferred spawning area of anchovy and sardine along the French continental shelf
(Bellier et al., 2007; Planque et al., 2007).

48°N

45°N

|
5°W

Figure 1.3. Location of the main rivers and their catchment areas in the Atlantic coast of France. Empty
squares indicate the area defined to evaluate each turbid plume.

The main characteristics of the most important French Atlantic Rivers: river mouth
location, basin extension, river and estuary length, mean river discharge and plume
implications on coastal area are summarized in Table 1.2.

River Mouth Basin River Estuary Mean River plume influences
Location length  length  discharge
direction/Ocean  (km?) (km) (km) (m3s)
Garonne SW/AO 56,000 600 80 650 Support  important  socio-
Dordogne SW/AO 24,000 485 80 350 economic activities.
Loire W/ AO 118,420 1,020 60 825 Spawning area of anchovy and
sardine.

Table 1.2. Main characteristics of the most important French Atlantic Rivers. Cardinal points representing
mouth location are referred to France. Atlantic Ocean is defined as AO. Data of rivers were obtained from
the OSPAR Commission, (2000).
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1.5. The aim

River plumes are able to modify the physical, chemical and biological characteristics of
the coastal areas under influence, playing a key role in the socio-economic conditions of
the local communities affected. Therefore, taking also into account the expected effects
of climate change and the population increase in these regions, the understanding of
plumes dynamic and the prediction of their response under certain conditions, are
essential in terms of scientific and socio-economic purposes.

In spite that several studies were performed in order to analyze some characteristics of
the Iberian plumes, they only focused on specific features of individual river plumes
during particular and usually short time periods. In addition, some of these studies are
constrained due to limitations of in situ data or the coarse resolution of the numerical
models or satellite data employed. Therefore, most of these studies shown some particular
behaviors of plumes but without delimit and quantify the plume characteristics (area,
turbidity (salinity) ranges, impact degree of each forcing), making an analysis based on
qualitative issues. In general terms, the lack of a large spatial and temporal scale analysis,
as well as a quantitative evaluation and a comparison between Iberian plumes behaviors
under the main forcing, have precluded an in-depth analysis of the dynamics of Iberian
plumes.

MODIS data allow analyzing the plumes in a fine scale due to the high spatial and time
resolution provided. This allows characterizing the mean state of the plumes under the
main forcing, averaged over large time periods (synoptic patterns), which shows the
general plume response, not only its situation under specific and time-limited events.
Therefore, this methodology allows the analysis and comparison between Iberian plumes,
finding common features and highlighting differences among them, evaluating the causes
which induce the observed patterns. This is especially important taking into account that
despite the relative geographic proximity of Iberian Rivers, plumes can be affected in a
different manner by forcing due to regional differences in coastal currents, wave regime
or coastal morphology, among others. The obtained results will improve the knowledge
and understanding of Iberian turbid plumes because aims to deeply characterize and
analyze their spatial and time variability in relation to the principal driving mechanisms,
which was not previously addressed. In turn, this will allow predicting their behavior to
future situations. Moreover, obtained results will be compared with other works
developed by means of other methodologies for some similar situations, in order to test
the accuracy of MODIS data to analyze these plumes. MODIS capability to determine
each plume will be also tested by means of salinity data derived from the Atlantic-Iberian
Biscay Irish-Ocean Physics Reanalysis (IBI) database, enhancing the robustness of the
methodology applied.

The developed methodology will be applied to other important plumes in the proximities
of Iberian Peninsula as those formed along the Atlantic part of the French continental
coast for several reasons. Firstly, these plumes are subjected to similar conditions than
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Atlantic Iberian plumes. Secondly, the application of the high spatial and temporal
resolution provided by MODIS for the analysis of Loire and Gironde plumes variability
constitutes an important step forward because allows analyzing this wide area over large
periods. The behavior of these plumes to the main forcing was not previously addressed.
In addition, the methodology will be expanded in order to also analyze the relation
between the main teleconnection patterns and Loire and Gironde plumes development.
By last, the combination of MODIS with other databases as the NOAA1/4 daily Optimum
Interpolation Sea Surface Temperature (OISSTi4), which provides sea surface
temperature data, and reanalysis data of salinity and temperature in subsurface derived
from IBI database, also allows the evaluation of plume impact on the thermohaline
properties of seawater. The evolution of temperature patterns in the areas affected by
rivers has specially importance in the actual context of global warming since can follow
a different behavior than the surrounding ocean water, as commented above. Although
these databases present a coarser spatial resolution, it is enough to analyze the
thermohaline properties of the plumes formed by these rivers due the greater extension in
comparison with Iberian plumes.
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Chapter 2:

Data and Methodology

The aim of this chapter is to describe the methodology developed to adequately
characterize turbid plumes formed by the most important rivers of the Iberian Peninsula,
as well as to analyze their response to the main forcing affecting them (river discharge,
wind and tide). For that, the normalized water-leaving radiance (nLw) provided by
MODIS, which acts as a good proxy to determine plumes, will be processed and assessed
in order to obtain images of the plumes as well as the turbid limit which best delimit each
turbid plume. After that, the methodology will be applied in river plumes located in the
adjacent coast of France. Finally, the influence of the most important climate patterns in
the North Atlantic region on plumes dynamic, as well as, the impact of most important
French Atlantic plumes on seawater thermohaline properties will be analyzed by means
of the databases described below.

2.1. Turbid plumes characterization

As ocean color measurements suppose a good proxy to represent turbid plumes, as
commented in Chapter 1 “Introduction”, the methodology developed to analyze Iberian
turbid plumes will be based on data obtained from MODIS, which offers a good enough
spatial and temporal resolution to these purposes.
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2.1.1. MODIS

MODIS is a sensor (Figure 2.1) located onboard the Aqua and Terra satellites (Figure
2.2), providing information on several parameters. Both satellites are set at a sun-
synchronous orbit at 705 km of altitude, acquiring data in 36 spectral bands ranging in
wavelength from 0.4 pym to 14.4 um. Terra’s orbit around the Earth is timed so that it
passes from north to south across the equator in the morning (at 10:30 a.m. descending
node) while Aqua passes south to north over the equator in the afternoon (at 1.30 p.m.
ascending node). MODIS achieves a 2330 km swath viewing the entire Earth’s surface
every 1 to 2 days.

a) MODIS External Cutaway b)

Solar Diffuser Door
R

Thermal Control DIFFUSER ELECTRONICS
Louers for Bectronics BLACKBODY

MODIS SUBSYSTEMS

I Space View and Luna
Calibr ation Port

MODIS Specificaions

Mass <250kg
Volume 1x1x16m

Double-Sided
Scan Mirror
Cavity

Average Pover <225 W
Peak Power <275W
Peck Data Rate <11 Mbps

Aperture Cover

Thermd Blanket
Radiative
Gooler

and Earth Shiel

Radidtive Cooler g)oov

APERTURE DOOR SRCA

Figure 2.1. MODIS instrument. (a) MODIS external components and (b) MODIS subsystems
(http://mcst.gsfc.nasa.gov/).

Figure 2.2. (a) Aqua satellite components (http://aqua.nasa.gov) and (b) Terra satellite functioning
(http://terra.nasa.gov).

MODIS Aqua and Terra sensors were designed to provide measurements in large-scale
global dynamics, including changes in Earth’s cloud cover, radiation budgets, ocean
processes and global change, having a key role in the environmental studies. Nowadays
the MODIS-Terra and MODIS-Aqua are fully operational since February 2000 and June
2002, respectively. All the information about this sensor and the produced data are
available in the NASA Ocean Color web site (http://oceancolor.gsfc.nasa.gov).
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2.1.2. Normalized water-leaving radiance (nLw) data

The ocean-color data is a passive remote sensing method which consists in the
measurement of spectral distribution of radiance (or reflectance) upwelling from the
ocean in the visible part of the electromagnetic spectrum. The sensor measures the light
emitted (or reflected) by the water mass. These variables are associated with the water
cloudiness (or turbidity), which is linked to the presence of suspended and dissolved
mater (Davies-Colley and Smith, 2001; Giittler et al., 2013). Therefore, these
measurements result in a good tracer of river plumes since they are promoted by
suspended material carried by the rivers, as commented in Chapter 1 “Introduction”,
which allow their distinction in relation to the surrounding ocean clear water, especially
in the red and green light wavebands (Loisel et al., 2013). The Remote sensing reflectance
(Rrs) and the normalized water-leaving radiance (nLw) are the MODIS parameters
usually used to determine these properties.

The primary radiometric product from ocean-color measurements is the radiance
emerging from the sea surface, knowing as water-leaving radiance (Lw). In general terms,
the radiance L at a point in space (underwater at depth z) is the radiant flux, @, at that

point in a given direction per unit of solid angle per unit of projected area, 4 (IOCCQG,
2011):

2

dwdA

L(O,¢,2,1) = 2.1

where A is the respective wavelength, and dA = ds cos6 the projected area of the surface
element ds, seen from the direction of propagation, which is determined by the zenith (8)
and the azimuth (¢) angles, onto the plane perpendicular to this direction.

Water-leaving radiance, L, (1, 0,0%, 1), can be defined as the radiance leaving the sea at
nadir and quantified just above surface (z=0%), taking into account refraction and
reflection at the interface. To derive this product is necessary to remove atmospheric path
radiances and sea surface reflectances, in a process denominated as atmospheric
correction. After that, the water-leaving radiance estimated by the ocean-color
measurements is coming from an angle and azimuth defined by the viewing angle and
position of the satellite sensor and not nadir (IOCCG, 2011).

The normalization of Ly allows to reduce the dependence on the Sun’s elevation and the
viewing incidence angle (Robinson, 2010; IOCCG, 2011). However, the knowing of the
downward irradiance is necessary to realize this step.

The irradiance E at a given depth, z, can be defined as the radiant flux per unit area of
surface (Kirk, 1994):

dd
E(z,0) =— (2.2)



2. Data and Methodology

where downward irradiance, Eq4, and upward irradiance, Eu, represent the irradiance for
the downwelling and upwelling light, respectively, at water surface.

Therefore, the normalized water-leaving radiance (nLw) is represented as:

L, (0% 1)

+ __w\ 7
nLw(0%, 1) E, (0%, D)

Fo(1) (2.3)

where Fois the extraterrestrial solar flux.

Then, the normalized water-leaving radiance can be defined as the radiance that would
exit the ocean in the absence of the atmosphere, with the sun at the zenith, at the mean
earth-sun distance (http://modis.gsfc.nasa.gov).

Rrs represents the proportion of light incident onto the water surface that is eventually
scattered back to the sensor through the surface, being also defined by the viewing angle
and position of the satellite sensor (IOCCG, 2011). Rrs is determined by the ratio between
the water-leaving radiance, Lw, and the downward irradiance Ed:

L, (m,0,0% 1)

R.,-S(T[, 0! A) = Ed (0+ /1)

(2.4)

Therefore, taking into account that Fy is constant, the nLw is function of Rrs.
For more detailed information about these products the lector is referred to IOCCG, 2011.

Taking into account the features commented above the normalized water-leaving radiance
was selected as the most adequately MODIS product to analyze turbid plumes throughout
this thesis.

2.1.3. Data processing

Level 1A files were obtained from the NASA Ocean Color web site
(http://oceancolor.gsfc.nasa.gov). These files are unprocessed instrument data at full
resolution, time-referenced and annotated with ancillary information, including
radiometric and geometric calibration coefficients and georeferenced parameters
computed and appended but not applied to the Level 0 data. L1A files were processed to
L1B files using the SeaDAS software (SeaWIFS Data Analysis System, version 7.1, Baith
et al., 2001), following standard procedures recommended for raw data files processing.
Level 1B data can be defined as L1A data with instrument/radiometric calibrations
applied. L1B files were then converted to L2 files by applying a methodology similar to
that provided by Aurin et al. (2013). Level 2 files are data of derived geophysical variables
at the same resolution as the source L1 data. As main processing features, clouds with a
threshold albedo of 0.018 were masked using the 2130 nm SWIR (Short Wave Infrared)
bands and the high light masks were disabled. Moreover, stray light masks with a 3x3
array were applied around land and clouds and the unrealistic values of remote sensing
reflectance were discarded. The produced L2 data were processed at resolutions of 0.5
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km in the case of Iberian plumes and 1 km for French Atlantic plumes, obtaining daily
images of normalized water-leaving radiance (associated to turbidity) interpolated into a
regular mesh. This resolution allows resolving most of the optical variability of these
plumes. In addition, the creation of these images is based on other assumptions in order
to improve their quality. These assumptions were evaluated for the Tagus plume case,
since it is an intermediate Iberian plume in terms of extension and turbidity.

2.1.4. Most suitable bands to determine turbid plumes

MODIS allows working with several nLws. Some elements need consideration when
selecting the most suitable band to study the Iberian turbid plumes. First, a high spatial
resolution is needed, thus only the nLw469, 555 and 645 bands are acceptable for a 500
m spatial resolution (Table 2.1). The best coverage (in number of days) is provided by
bands 488, 531, 547 and 555 and the best correlation with the river discharge is obtained
through bands 645, 667 and 678 (Table 2.1). Overall, nLw555 and 645 seem to be the
appropriate bands to use. However, although the band centered at 555 nm provides a
strong turbid signal (Nezlin et al., 2005; Saldias et al., 2012), the nLw645 band was
chosen because it has a lower water penetration depth (Chen et al., 2007), avoiding the
interference of bottom in shallow areas and reducing the influence of radiance caused by
upwelling or re-suspension processes.

Band (nm) MODIS Aqua (Terra) satellite sensor
Spatial p (%) r
resolution (m) lag 0 lag 1 lag 2
412 1000 20 (24) 0.01 (0.01) 0.01 (-0.01) 0.03 (0.02)
443 1000 28 (29) 0.14 (0.13) 0.13(0.12) 0.11(0.10)
469 500 30 (30) 0.23 (0.20) 0.23 (0.19) 0.21 (0.17)
488 1000 31 (31) 0.29 (0.28) 0.28 (0.28) 0.27 (0.27)
531 1000 31 (31) 0.38 (0.38) 0.38 (0.38) 0.37 (0.37)
547 1000 31 (31) 0.40 (0.40) 0.40 (0.40) 0.40 (0.40)
555 500 31 (31) 0.41(0.41) 0.41(0.41) 0.42(0.41)
645 250 20 (22) 0.56 (0.52) 0.56 (0.53) 0.57 (0.54)
667 1000 17 (19) 0.59 (0.54) 0.59 (0.55) 0.59 (0.55)
678 1000 21 (25) 0.57 (0.50) 0.58 (0.50) 0.57 (0.51)

Table 2.1. Comparison of the different available bands for nLw from the Aqua and Terra satellites for the
period 2003-2015. The parameters considered were: the spatial resolution, percentage of available days (p)
(daily images were considered valid if more than 70 % of the pixels were available), and the correlation
between nLw and river discharge (r) under different lags. For all parameters, the first number corresponds
to the Aqua satellite and the number in brackets relates to the Terra satellite.

2.1.5. NIR vs SWIR_NIR bands for atmospheric correction

In standard MODIS ocean color data processing for atmospheric correction, the ocean is
viewed black by the 748 and 869 nm Near-Infrared (NIR) bands. However, some studies
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indicated the processed NIR ocean color images are not valid for assessing very turbid
waters because of the contribution of ocean water-leaving radiance (invalid NIR black
ocean assumption) (Wang et al., 2007; Wang and Shi, 2009). A combined SWIR NIR
algorithm was developed for very turbid waters since the black assumption is generally
valid for Short Wave Infrared (SWIR) bands (1240 and 2130 nm wavelenghts). However,
the use of SWIR bands introduces greater noise in the processed images (Wang and Shi,
2009). Both atmospheric corrections NIR and SWIR NIR were evaluated to apply the
most suitable one for the moderate turbid areas of the Tagus plume.

Tagus plume image composites were constructed from the Aqua satellite data for river
discharges > 66 percentile occurring in 2003 (Figure 2.3), in order to have enough plume
to evaluate both processes. Figure 2.3a shows the atmospheric corrected composite image
assembled from NIR bands, whereas Figure 2.3b displays the composite image created
with an alternative SWIR NIR algorithm described by Wang and Shi (2009) and used by
Saldias et al. (2012). Both corrections have been preferably used in turbid plume studies.
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Figure 2.3. Mean normalized water-leaving radiance (mWem?pm'sr'') composite at 645 nm for all
MODIS images under high river discharge (> 66 percentile) occurring in 2003 for Tagus plume. Results
compare the effect of atmospheric corrections using NIR (a) and SWIR_NIR (b) channels. Scatterplot (c)
of corresponding available pixels in each image.

Similar composites were obtained by the application of both atmospheric corrections
probably due to the moderate local turbid values (Figures 2.3a and b). When valid pixels
provided by both corrections were compared, a linear regression (SWIR NIR = 0.997
NIR + 0.015), with r?> equal to 0.96, was obtained (Figure 2.3¢c). The linear regression was
calculated for the area of plume development. Similar or better linear regressions were
achieved (in terms of equivalence between both atmospheric corrections) when all river
discharges or/and the entire area covered by the images were incorporated. The
comparison allows the application of both correction methods and, although NIR bands
can produce significant errors for extremely turbid waters, the moderate turbidity of the
Tagus plume mitigates their production.

The normalized standard deviation is an indication of the dispersion (the ratio between
the standard deviation and the mean value) associated with both atmospheric correction
procedures. It reaches 10.77 % for SWIR NIR and 8.97 % for NIR, thus the NIR
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atmospheric correction is slightly better. SWIR derived products are noisier because
SWIR bands were originally designed for atmospheric and land applications and have
lower signal-noise ratio (SNR) values (Wang and Shi, 2009).

Therefore, attending to the obtained results, NIR atmospheric correction was selected and
used to process MODIS radiance data for Tagus plume. This atmospheric correction was
also applied to the other plumes under study because are subjected to similar turbid
values.

2.1.6. Merging data from Aqua and Terra satellites

Merging daily images of plumes acquired from both satellites enhances the robustness
and precision of the study by increasing the number of available pixels. If a pixel only
has a valid value from one satellite, this value is assumed and if it has valid values from
both satellites, both values are averaged. This process is made for each pixel in order to
obtain a daily image using data from both satellites. Therefore, the differences between
both satellites imagery must be addressed for their suitability in the case of the Tagus
plume.

Composites created with images from the Aqua and Terra satellites show a similar plume
development pattern (Figures 2.4a and b). Composites were generated from 2003 to 2015
during periods of river discharges > 66" percentile. Differences between the composite
images are mainly due to the availability of days without cloud coverage for each satellite.
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Figure 2.4. Mean normalized water-leaving radiance (mWcm?pm'sr'!) composite at 645 nm for all
MODIS images under high river discharge (> 66" percentile) over the period 2003-2015 for Tagus plume.
Results compare data obtained from Aqua (a) and Terra (b) satellites. Scatterplot (c) of corresponding pixels
in each image.

A good linear regression was obtained when the values of daily available pixels acquired
from both satellites were compared (MODIS Terra = 0.964 MODIS Aqua + 0.007) with
a correlation coefficient (r*) equal to 0.89 (Figure 2.4c). The linear regressions had similar
or better correlation coefficients when all discharges and/or the entire area depicted in the
images were considered.
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The results indicate that the differences between the data obtained from both satellites are
negligible for the purpose of this research. In summary, merging daily data from both
satellites is justified when analyzing the role of river discharge and wind on plumes
development. A difference of a few hours in the overpass of both satellites is negligible
to study the mean state of the plume under these drivers. Increasing the percentage of
available pixels is especially important for the less frequent events.

However, data merging is not justified when the influence of tides is analyzed, because
the tide status is acquired at the instant of the satellite overpass. If data obtained from both
satellites were merged, different tidal states (out of phase by 2-3 hours) would be
recorded. Thus, the tide influence on plume development will be analyzed using imagery
only from the Aqua satellite to avoid ambiguities in tidal state and because of a greater
number of available pixels provided by this satellite.

Once this analysis was made, it is interesting to know the typical valid data into each pixel
of composites, as well as its variance. The percentage of valid values to create a composite
when both satellites are merged, was analyzed under high river discharges (above the 66™
percentile), when Tagus plume is well developed. Figure 2.5a shows 40% of valid data
in the plume development area, therefore, taking into account the period of study, these
pixels include around 650 valid data, which remarks the robustly of the methodology
developed. In addition, if mean value of each pixel (Figure 2.5b) and its deviation (Figure
2.5¢) are compared, a great dispersion in the plume development area is observed, with
values around 0.3 mWempum 'sr'!, a deviation near to mean values (0.5 mWem2um st
1. This behavior is due to the selected percentile, which includes days with discharges
ranging between 196 and 997 m’s™! and different wind and tidal conditions that influence
the turbidity of the area. This implies that pixels in plume development area can reach
values between 0.2 and above 1.2 mWem™2pum 'sr™!, showing their high variance.

0.8

9°W 3

Figure 2.5. (a) Percentage of valid values, (b) mean value, and (¢) standard deviation for each pixel of the
composite considering all MODIS images under high river discharge (> 66 percentile) over the period
2003-2015 for Tagus plume.

2.1.7. Turbidity threshold to delimit turbid plume area

A proper definition of the turbid limit is crucial since it allows the adequately distinction
of water areas affected by the turbid plume from the adjacent “clear” seawater. Its
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definition is dependent on the terrestrial characteristics and sediment load from the river,
therefore, each plume has a particular turbid limit. The general method developed to
obtain the limit consists in the evaluation of the maximum correlation between river
discharge and turbid plume extension under different delays for distinct threshold values
in an area nearby to river mouth, a similar procedure to that used by Lahet and Stramski
(2010). Only daily images containing > 70% of the available data covering the areas under
analysis were gathered to remove disturbances caused by the lack of valid pixels, resulting
in series containing around of 700 valid values from 2003 to 2014 for Iberian Rivers. The
turbid value which offers the maximum correlation between plume development and river
discharge was selected as the most precise to represent turbid plume area (Figure 2.6).
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Figure 2.6. Correlation coefficient between plume area and daily river discharge (with different delays), as
function of different threshold values. The threshold value obtaining the best correlation to each river plume
was selected as the most adequately turbid limit. Blue line represents 0 delay, green line 1 day delay, brown
line 2 days delay, and grey line 3 days delay (grey line only was showed in Guadalquivir case because in
the other cases the correlation decreases drastically).
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Although we refer to the turbid plume as an entity, we can consider that the threshold
really define the near-field of the turbid plume based on its definition, since is defined as
the oceanic area where the river influence is more intense and the contrast with ocean
waters is larger (Garvine, 1982; Hetland, 2005). Thus, pixels above this limit define the
plume area where the water differs more from ocean water due to the major influence of
material and freshwater discharged by the river, and therefore, where the main processes
occur, modifying and differentiating water properties from the adjacent seawater.
Although some turbidity can be detected below this value (far-field plume), the material
and freshwater are diluted enough to follow a similar dynamic than the ocean water since
represents the final merge in ocean waters. For sake of clarity and simplicity, throughout
the thesis the area enclosed for this limit will be referred as turbid plume.

The turbid limit was evaluated for the most important Iberian plumes using the nLw645
band, obtaining different values for each river plume due to their different features (Figure
2.6).

This methodology was compared with other methods used in previous researches in order
to test its accuracy. A histogram of the distribution of radiance (nLwo645) for days
characterized by a negligible plume (Figure 2.7a) and days showing a well-developed
plume (Figure 2.7b) was analyzed for Tagus, similarly to the methodology previously
used by Saldias et al. (2012). More than 97% of the pixels were below the 0.2 mWcm™
2um'sr™! threshold in situations without plume. Therefore, values ranging from 0 to 0.2
mWem?pm'sr'! can be considered as residual turbidity in ambient seawater. In contrast,
Figure 2.7b displays a large percentage of pixels with a value > 0.2 mWem?pm 'sr”! for
a well-developed plume.

This method also confirms the 0.2 mWcm?pum!sr! threshold as the most appropriate to
delimit the Tagus turbid plume for a wavelength centered on 645 nm, which increases the
confidence and robustly of the turbid limits obtained for the Iberian plumes.
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Figure 2.7. Distribution of pixels for different threshold intervals are shown for images with (a) a negligible
plume and (b) a well-developed plume, for the Tagus case.
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2.1.8. MODIS imagery composites

The daily images of radiance were obtained for each area under interest with the
processing described above. These images were used to create turbidity composites of
each river plume characterizing its mean state under the influence of each forcing. For
that, the valid pixels available for each day fulfilling the conditions characterizing each
driving force were averaged. For example, the images of all days when river discharge
was high would be averaged in order to obtain an image representing the general state of
the plume affected by high discharges. This processing will be realized to each forcing
affecting plumes. The comparison between these composites allows the evaluation of
plume behavior under the influence of the different forcing factors, as well as the
comparison between different plumes.

2.2. Turbid plume forcing databases

In spite that several forcing can impact plumes development, as commented in Chapter 1
“Introduction”, plumes under analysis are mainly affected by river discharge, wind and
tide. In turn, teleconnection patterns influence these forcing, therefore also impact plumes
dynamic. In addition, plume development also affects thermohaline properties of the
adjacent seawater. The data period selected for the analysis of these parameters was
dependent on each specific study, so it will be defined for each corresponding case.

2.2.1. River discharge data

Ebro River discharge, measured at Tortosa station, was obtained from “Confederacion
Hidrografica del Ebro” (www.chebro.es).

Guadalquivir River discharge, measured at Alcald del Rio station, was obtained from
“Confederacion Hidrografica del Guadalquivir” (www.chguadalquivir.es). Guadalete
River discharge at Arcos de la Frontera station (including the discharge of Majaceite
River, its main tributary, at Guadalcin station) was added because it debouches into ocean
close to Guadalquivir mouth and their effects on plume development are linked.

Guadiana (Monte da Vinha station), Tagus (Almourol and Omnias stations) and Douro
(Crestuma-Lever station) River discharges were obtained from “Sistema Nacional de
Informacao de Recursos Hidricos” (SNIRH) (www.snirh.pt).

Minho River discharge was obtained from “Confederacion Hidrografica del Mifio-Sil”
(www.chminosil.es). Minho River discharge was considered as the outflow at Frieira dam
plus Tea River discharge since it is an important tributary that flows into the Minho after
its last measuring station.

Gironde and Loire River discharges were obtained from the Banque Hydro French
Database (http://www.hydro.eaufrance.fr/). Gironde discharge was obtained as the sum
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of Dordogne (Pessac-sur-Dordogne station) and Garonne (Tonneins station) River
discharges. Loire discharge was sampled at Nantes station.

Daily discharges of the rivers under analysis were sampled at the measuring station as
close as possible to the river mouth when the whole period under study was available
(Figure 2.8).

The evaluation of river discharge influence on turbid plumes was carried out considering
the plume state under the extreme situations of this forcing (low and high river
discharges). Low discharge conditions will be considered when river discharge is below
the 25" percentile taking into account the daily discharge series for the respective river,
and high discharge conditions when river discharge is above the 75™ percentile.
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Figure 2.8. Location where forcing data were acquired. Blue filled squares indicate the location where river
discharge was sampled. White triangles mark the location where wind data were obtained. Red diamonds
indicate the location where tidal data were sampled.

2.2.2. Wind data

Wind data were retrieved from Climate Forecast System Reanalysis (CFSR) database,
which was developed by NOAA’s National Centers for Environmental Prediction
(NCEP) (http://rda.ucar.edu/pub/cfsr.html). CFSR data are available at NOAA’s National
Operational Model Archive and Distribution System (NOMADS), which is maintained
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at NOAA’s National Climatic Data Center (NCDC) (Saha et al., 2010). This wind product
provides a global coverage with spatial resolution of 0.3° x 0.3° and 6 hour time
resolution, covering the atmosphere, ocean, sea ice and land. CFSR wind database is an
accurate tool to studies related with wind because of its high spatial and temporal
resolution and the great correlation with in situ wind measurements along the Atlantic
Iberian coast (Alvarez et al., 2014). Wind data were daily averaged at a reference height
of 10 m for an ocean location close to each river mouth (Figure 2.8).

Four main directions were considered to evaluate the influence of winds on plumes
dynamic. Alongshore winds were split into alongshore winds which cause an Ekman
transport offshore (AS") and which cause an Ekman transport onshore (AS). Cross-shore
winds were split into seaward (CS") and landward (CS") winds. These wind directions
were defined following the particular coast orientation at each river mouth allowing a
deviation of + 45°. Moreover, only mean winds higher than 2 ms"' over the 2 days
previous to plume sampling were considered in order to avoid calm intervals. This period
of 2 days was imposed to allow plumes response to wind influence since oceanic inertia
is considerably higher than the atmospheric one.

2.2.3. Tidal data

Tidal effect on river plumes has only been analyzed for rivers flowing into the Atlantic
Ocean since tidal influence is negligible on Ebro River plume due to the micro-tidal
Mediterranean regime (Mestres et al., 2003).

Hourly tidal data were obtained from “Puertos del Estado” (www.puertos.es) at Vigo
(used for Minho and Douro) and Bonanza (used for Guadiana and Guadalquivir) stations
and through an estuarine model system validated in the Tagus Estuary for a point located
near the mouth of the estuary (Vaz et al., 2011) (Figure 2.8).

The evaluation of the semidiurnal tidal influence on river plumes was carried out
considering tidal states at the hour when the satellite overpasses the study area (~ 13:30
UTC for Aqua satellite). High tides were considered when tidal state was higher than 0.5
m and low tides when it was lower than -0.5 m, using tidal series centered in 0 m.
Fortnightly cycle influence was evaluated considering the daily tidal amplitude. Spring
tides were considered when daily amplitude was over the 75" percentile and neap tides
when below the 25" percentile.

2.2.4. Atmospheric and oceanographic climate indices

Monthly indices of the most important atmospheric modes in the area under study, the
North Atlantic Oscillation (NAO) and the East Atlantic pattern (EA), were obtained from
the Climate Prediction Center at the National Center of Environmental Prediction
(http://www.cpc.noaa.gov).
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NAO is the most prominent teleconnection pattern influencing the North Atlantic
(Barnston and Livezey, 1987). NAO consists of a north-south dipole with one center
located over Greenland and the other over a region spanning between 35-40°N in the
central North Atlantic. The index is calculated as the geopotential anomalies between
both centers (Thompson and Wallace, 1998).

EA is the second most important teleconnection pattern over the North Atlantic. It
consists of a north-south dipole that spans the entire North Atlantic, being structurally
similar to NAO, but with the centers displaced southeastward respect to the NAO (55°N,
20-35°W and 25-35°N, 0-10°W).

Changes in NAO and EA indices are able to influence temperature, precipitation and wind
patterns over western and central Europe (Hurrell, 1995; Lorenzo and Taboada, 2005;
deCastro et al., 2006; 2008).

Monthly index of the most representative oceanographic mode, the Atlantic Multidecadal
Oscillation (AMO), was obtained from the NOAA website
(http://www.esrl.noaa.gov/psd/data/timeseries/ AMOY/).

AMO is a mode of natural variability representing the sea surface temperature (SST) in
the North Atlantic Ocean. It is calculated from averaging SST anomalies in the Atlantic
north of the equator (Enfield et al., 2001).

2.3. Oceanographic databases

2.3.1. Sea Surface Temperature (SST) data

Daily values of SST were obtained from the NOAA /4 daily Optimum Interpolation Sea
Surface Temperature (OISST) database (Reynolds et al., 2007). Data from the Advanced
Very High Resolution Radiometer (AVHRR) sensor were used since it is located on board
NOAA polar-orbiting satellites and provides an uninterrupted SST data series since
March 1981 from the same class of instrument (Casey et al., 2010). This database also
adds in situ data from ships and buoys to construct a regular global grid by means of a
special form of kriging called Optimal Interpolation. This procedure retains large-scale
correlation structures and allows assimilating very sparse data coverage (Reynolds, 2009;
Reynolds and Chelton, 2010). Version 2 of this SST product was selected in this thesis.
It includes bias adjustments of satellite and ship data using buoys data. Daily files with a
spatial resolution of 0.25°x0.25° were retrieved from the NOAA website
(http://www.ndc.noaa.gov/sst/). Daily SST values were averaged at monthly scale in
order to calculate SST trends assuming linear regression.

Daily SST data were also downloaded from the NASA Ocean Color Web Site
(http://oceancolor.gsfc.nasa.gov) with the full resolution of 1 km (Level 2 files). SST data
were obtained using 11-12 um channels since these bands are located close to the
maximum of the Earth’s emission and have larger bandwidth than other available



2. Data and Methodology

channels (Reinart and Reinhold, 2008). In addition only nighttime SST data were
considered because have fewer fluctuations than daytime ones due to their independence
of the solar radiation. These MODIS SST data present a closely relation to in situ data in
coastal areas, representing a useful choice to evaluate the temperature of these areas due
to the time and spatial resolution provided (Chavula et al., 2009).

2.3.2. Ocean salinity and temperature data

Ocean salinity and temperature data were obtained from the Atlantic-Iberian Biscay Irish-
Ocean Physics Reanalysis (IBI) database, which is included in the Copernicus Marine
Service (http://marine.copernicus.eu/). This product was developed by Mercator Ocean
in collaboration with Puertos del Estado by means of NEMO model (see detailed
information in Levier et al., 2016; Aznar et al., 2016). The dataset provides a daily
temporal resolution with a horizontal resolution of 1/12° and a vertical resolution of 50
levels reaching a maximum depth of 5698 meters. Daily temperature and salinity values
were monthly averaged in order to calculate trends assuming linear regressions. Unlike
the other used databases which have a global coverage, this database is delimited for the
area enclosed from 26 °N to 56 °N in latitude and from 19 °W to 5 °E in longitude.

2.3.3. Heat flux data

Heat fluxes (shortwave, longwave, latent heat and sensible heat) data were obtained from
the CFSR database at monthly scale. The net heat flux (Qr) through the ocean surface
was evaluated following Eq. (2.5):

Qr = Qsw + Qw + Qs + Q,, (2.5)

where Qsw is the shortwave flux, QLw is the longwave flux, Qs is the sensible heat flux
and Qv is the latent heat flux. According to the selected sign criterion, negative (positive)
heat fluxes imply that ocean is losing (gaining) heat.

2.4. Accuracy of MODIS radiance to represent river plumes

The capability of MODIS radiance data to detect turbid plumes along the Iberian
Peninsula coast was evaluated by means of salinity data from IBI database, taking into
account the relation between both variables previously commented. The comparison was
made for the available period of IBI, that is from 2003 to 2014. Turbidity and salinity
data were monthly averaged in a window near each river mouth to carry out this process.
Monthly average guarantees filling gaps in MODIS data, providing a good determination
of the dominant monthly variability of the plume. In addition, only months presenting
enough available data from MODIS (more than 20 % of available data for each pixel)
were considered in order to add a more robust quality control. After that, both time series
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were compared for each river (Table 2.2), following a similar methodology used by other
authors in previous studies (Palacios et al., 2009; Molleri et al., 2010; Saldias et al., 2016
a; b). Significant and negative correlations were obtained in the rivers flowing into the
Atlantic Ocean (Table 2.2).

River Correlation Series length
Radiance vs Salinity

Minho -0.62%* 121
Douro -0.65% 128
Tagus -0.45* 129
Guadiana -0.50* 140
Guadalquivir -0.73* 139
Ebro 0.11 136

Table 2.2. Correlation coefficients between radiance data (from MODIS) and salinity data (from IBI) for
the plumes of the main Iberian Rivers from 2003 to 2014. The asterisk means a significance level higher
than 99%. Series length is the number of months with more than 20% of available data from MODIS.

This fact remarks the relation of turbid values with low salinities, both associated to river
discharges. However, no correlation was found for Ebro River. This is mainly due to the
high amount of low salinity water in the Ebro area during summer months, in spite that
the river discharge is very low. The discrepancy could be related to the presence of fresh
and less saline water from Rhone River (in the northern Gulf of Lion) which spreads
southward, especially from early spring to August, and reaches the northernmost part of
the Iberian Mediterranean coast (Masé and Tintoré, 1991; Ulses et al., 2008). However,
this influence is very weak in the Ebro area and not explain the observed behavior. So,
the discrepancy seems to be related to the different stratification patterns occurring in the
area. Salat et al. (2002) analyzed the salinity plume of the Ebro River by means of in situ
data obtained from three cruises characterizing autumn, winter and summer situations.
They observed a much larger salinity plume in July than in November, in spite of the
lower discharge. This was attributed to the high stratification occurred during summer
months, which prevents or delays the vertical mixing, increasing the residence time of
low salinity water in surface layers. Therefore, in spite that Ebro discharge is very low in
summer, the freshwater water exported can easily spread across the area maintaining its
character farther thanks to the limited mixing (Salat et al., 2002). The high stratification
is supported by the micro-tidal regime of the Mediterranean Sea (Mestres et al., 2003)
and the weak winds during this season (Durand et al., 2002). In autumn and winter the
water column is more homogeneous (Salat et al., 2002). Therefore, during summer, the
turbidity plume obtained from MODIS is more related to the daily Ebro discharge than
salinity plume. In addition, Salat et al. (2002) found a good agreement between turbidity
and salinity plumes during February, which represents months with high river discharges,
the situation mostly analyzed during this work.
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For visual analysis purposes, salinity and turbidity fields were represented for each river
from December to February over the period 2003-2014 (Figure 2.9) since, on average,
river plumes achieve their maximum extension during these months.
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Figure 2.9. Comparison between the mean turbid plume obtained from MODIS (left panels) and the mean
salinity plume obtained from COPERNICUS database (right panels) for Minho (a, b), Douro (c, d), Tagus
(e, f), Guadiana (g, h), Guadalquivir (i, j) and Ebro (k, 1) Rivers from December to February over the period
2003-2014. The black contour line represents the respective plume limit.
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In general terms, these images corroborate the coherence between the development area
of turbid and salinity plumes in the Atlantic Iberian coast. In the Ebro case, despite the
difference between turbidity and salinity commented above, the predominant southward
displacement of Ebro plume is observed in both figures.

The obtained results remark the accuracy of MODIS database to properly characterize
Iberian turbid plumes.
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Chapter 3:

Influence of main forcing on the
Ebro turbid plume

3.1. Motivation

Ebro is the only main Iberian plume not affected by tidal effects due to the micro-tidal
regime of the Mediterranean Sea (Mestres et al., 2003). Therefore, Ebro plume represents
a good choice to analyze river discharge and wind effects on plume dynamic isolated
from tidal forcing. For this reason, the Ebro plume was the first plume analyzed applying
the methodology previously described.

In addition, in this case exists another important external forcing since the regional
oceanic circulation plays a key role on plume displacement. The general circulation in the
area is dominated by the east to west and then north to south, Liguro-Provencal or
Northern current (Font et al., 1990) (Figure 3.1, right panel). This anticlockwise
circulation feature, with intensities from 0.1 to 0.5 ms™, follows the shelf along the
Mediterranean coasts of Italy, then France, and finally Spain, where a bifurcation occurs
south of Valencia; part of the flux continues southwards (i.e., along the Spanish coast)
while the other branch is deflected by the Balearic Islands and travels eastwards towards
Corsica (Figure 3.1, right panel). It also generates and advects a number of mesoscale
eddies that result in a pulsating feature. This current and the Coriolis effect tend to
displace river plumes to the south in the Ebro area; they only veer northwards when
directly affected by one of the mesoscale eddies just mentioned. The more frequent
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pattern is a southward advection, which may generate a clockwise eddy in the lee side of
deltaic forms or coastal protuberances. This allows analyzing the behavior of a plume
also affected by an important and permanent current.

Figure 3.1. Left panel: Location of the study area. D indicates the location where river discharge was
sampled. W marks the location where wind data were obtained. Right panel: Sketch of the main circulation
in the area. White lines represent the bathymetry: 500 and 2000 m depth, respectively. Black line represents
the Liguro Provengal current.

The goal of this chapter is to evaluate the role of the main forcing (river discharge, wind
and regional circulation) on Ebro plume from 2003 to 2011, using the developed
methodology described in Chapter 2 “Data and Methodology”. The study of the Ebro
plume variability will be conducted using normalized water leaving radiance centered at
645 nm (nLw645) obtained from MODIS Aqua and Terra satellite sensors.

3.2. Main forcing affecting Ebro plume

Daily river runoff data were provided by Confederacion Hidrografica del Ebro at Tortosa
Station, which is located 42 km upstream from the river mouth (Figure 3.1, left panel).
Ebro River discharge presented daily values falling down to 80 m’s™! under severe drought
conditions and exceeding 2000 m*s™! during periods of heavy rainfall, with a mean annual
flow of 278 m3s™! over the study period (2003-2011). Ebro River discharge shows a clear
seasonal pattern with higher discharges in winter and spring (December to May) and a
significant reduction during the dry season (July to October) (Figure 3.2a). The maximum
monthly discharge (~500 m’s™') was observed in March, and the minimum occurred in
August (scarcely exceeding 100 m’s™'). Months with high mean river discharge showed
stronger deviations because they coincided with localized periods of abundant rainfall
that cause large variations in river flow.

Daily wind data were obtained from CFSR database at an ocean location close to river
mouth (Figure 3.1, left panel). The main winds that characterized the Ebro plume area

36



3. Ebro turbid plume

during the period under study were strong northwesterly winds (Mistral) followed by
northeasterly and southwesterly winds (Figure 3.2b). Winds from the southeast were
negligible. Winds were normally weak (2-8 ms™), except for the Mistral winds that
reached the highest speeds (12-14 ms™), according to Durand et al. (2002).
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Figure 3.2. (a) Annual hydrologic cycle variability (m’s™!) for the Ebro River flow from 2003 to 2011.
Solid black line: monthly average; line inside each box: median for each month; lower and upper whiskers:
minimum and maximum river flow, respectively; lower and upper box limits: first and third quartiles,
respectively. (b) Wind rose (ms™) of the Ebro basin over the period 2003-2011.

3.3. Results and discussion

3.3.1. River discharge influence on Ebro plume

The correlation coefficient between plume area and daily river discharge (Figure 3.3)
shows that plume development responds immediately (at daily scale) to river discharge
fluctuations, since maximum correlation was obtained when not delay is applied. In
addition, the maximum correlation occurs for a turbidity threshold of 0.15 mWem?2um-
Isr'!, which is the same obtained in Section 2.1.7. “Turbidity threshold”, for a different
time period. This remarks the robustness of the method used to obtain the turbid limit
which best define the area occupied by the turbid plume, since is independent of the time
period selected.

The intra-annual variability of the Ebro turbid plume extension (Figure 3.4) is calculated
for comparison purposes with the annual flow cycle. The area of the turbid plume shows
a clear seasonal variation that is similar to the one shown for river discharge in Figure
3.2a. In spite of the similarity between both patterns, some differences can be observed,
which can be due to the influence of the other important forcing on plume development,
the wind. In general terms, the maximum extension (~2000 km?) occurs in February and
the minimum one (~200 km?) in June. In addition, February is the month with the highest
deviation, probably due to episodes of strong rainfall, which support a larger extension of
the plume.
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Figure 3.3. Pearson correlation coefficient between the plume area and daily river discharge (with different
delays), as a function of different threshold values from 2003 to 2011.

3500 - 1

3000 .

p— [\ [
9] S (9]
(= (=4 (=
> > >
T
I

Ebro Plume Area (kmz)
s
g

500

Month

Figure 3.4. Annual cycle of Ebro plume extension (km?) calculated over the period 2003-2011. Solid black
line: monthly average; line inside each box: median for each month; lower and upper whiskers: minimum
and maximum, respectively; lower and upper box limits: first and third quartiles, respectively.

The influence of the Ebro discharge on the coastal plume can also be observed when the
turbid area is calculated under different river flow percentiles (Figure 3.5). The area of
the turbid plume clearly increases with increased river flow, which generates more
suspended matter drag to the mouth.
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Figure 3.5. Ebro plume area (km?) defined by river discharge percentiles.

In addition, Figure 3.6 shows the turbid area composite calculated under low river
discharge (< 25" percentile (117 m’s'") in Figure 3.6a) and high river discharge (>75%
percentile (355 m’s™!) in Figure 3.6b). The observed pattern in both situations consists of
a bulge near river mouth with a southern displacement of the turbid plume along the coast
that can also be influenced by coastal Kelvin waves (Fennel and Mutzke, 1997). This
pattern can be reinforced by the regional oceanic circulation of the area. The mean plume
extends offshore to a maximum distance of 13 km (21 km) under low (high) river flow.
In the latter situation, the most intense turbid values can surpass 0.6 mWem2um'sr!.

[_Js[_wﬁz_womm

Figure 3.6. (a) Average turbid plume field (mWem™2umsr'') when river discharge is less than the 25™
percentile. (b) Average turbid plume field (mWem?um'sr!') when river discharge exceeds the 75
percentile. The contour line corresponds to the turbid threshold (0.15 mWem2pm'sr™!).
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3.3.2. Wind influence on Ebro plume

Wind influence on Ebro plume was only analyzed when coinciding with high daily river
discharges (>355 m’s™!, which corresponds to the 75™ percentile) because is the main
driver and guarantees plume enough to be significantly affected by wind stress. The wind
influence was analyzed taking into account alongshore (Figure 3.7) and cross-shore
(Figure 3.8) winds, defined in Section 2.2.2. “Wind data ™.

Alongshore winds with a northern component (AS") (Figure 3.7a) mostly range from 4 to
10 ms™!. This type of wind occurs mainly in winter and spring (Durand et al., 2002), as it
prevails in seasons when the river discharge is high. These downwelling favorable winds
compress the plume against the coast because Ekman transport is onshore, which, along
with the regional oceanic circulation, causes the formation of a turbid band along the coast
with high turbid values (Figure 3.7b). The plume extends around 19 km offshore. The
maximum turbid values (> 0.5 mWcm™?um 'sr'!) are achieved especially around the whole
delta, with a seaward extension close to 11 km. These values can also be found along the
southern coast, although to a lesser extent. According to Table 3.1, Ebro plume covers an
area of 1758 km? under these conditions (244 km? north of the mouth and 1514 km? to
the south), with a mean value of 0.48 mWem2um'sr.
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Figure 3.7. (a, ¢) Northern and southern alongshore wind roses (ms™') and (b, d) the associated turbid plume
composite (mWem?pmsr!). The contour line corresponds to the turbid threshold (0.15 mWem2um 'sr ).
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Alongshore winds with a southern component (AS") (Figure 3.7¢) mostly range from 2
to 10 ms™'. This type of wind is present throughout the year and is generally weak (Durand
et al., 2002). These upwelling favorable winds induce seaward movement of the Ebro
plume due to the offshore Ekman transport, especially near the river mouth where the
formation of a large bulge is observed. Under these conditions the plume can reach a
maximum distance of 18 km offshore (Figure 3.7d). In this case, however, the plume did
not reach a seaward extension as expected when compared with the previous situation,
probably due to dilution with the surrounding seawater under these conditions (Fennel
and Mutzke, 1997), which causes that many pixels reach lower values than the turbid
threshold established. For this reason, the Ebro plume occupies an area with low mean
turbid values. The maximum values (> 0.5 mWem2pm'sr™!) are observed around the
delta and extend less than 4 km offshore. The total area occupied by the plume is 1325
km? (378 km? north of the mouth and 947 km? to the south) with a mean value of 0.30
mWem?um 'sr! (Table 3.1).

Meteorological Plume Characteristics Implications
Synoptic
Conditions
River Wind Extent (km?) Mean turbid value
(m?s")  (calm discarded) (MmWcem? pm! sr!)
North  South  Total
629 Northern 244 1514 1758 0.48 Transport mainly along
alongshore (AS) the south coast
645 Southern 378 947 1325 0.30 Offshore dispersion
alongshore (4S")
711 Landward (CS) 320 1203 1523 0.37 Compression mainly
around the whole delta
644 Seaward (CS”) 279 1614 1893 0.33 Southwesterly
(Mistral) movement in a large area

Table 3.1. Characteristics and implications of the Ebro turbid plume under different meteorological
synoptic conditions. Extent: area referred to the fate of fluvial material that reaches the river mouth; North:
north of the river mouth; South: south of the river mouth; Total: the total turbid plume area.

The influence of cross-shore winds on the distribution of the plume is shown in Figure
3.8. Landward winds (CS) mostly range from 2 to 8 ms™' (Figure 3.8a). These winds are
typical during the dry season (Durand et al., 2002). The landward winds compress the
plume against the coast, especially near the river mouth, with an offshore extension not
exceeding 17 km (Figure 3.8b). The maximum turbid values (> 0.5 mWcm2um'sr!) are
observed around the whole delta, with a seaward extension close to 8 km. The plume
occupies a total area of 1523 km? (320 km? north of the mouth and 1203 km? to the south)
with a mean value of 0.37 mWem2um!sr! (Table 3.1). The pixelation observed in this
image is due to the low number of available days because this wind situation (winds from
southeast) is the less frequent as commented above (Figure 3.2b).
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Figure 3.8. (a, ¢) Landward and seaward wind roses (ms™') and (b, d) the associated turbid plume composite
(mWem2um'sr!). The contour line corresponds to the turbid threshold (0.15 mWem2pm-!'sr™!).

Seaward (mistral) winds (CS*) mostly range from 4 to 14 ms™ (Figure 3.8c). This type of
winds mainly occurs during autumn and winter (Durand et al., 2002), coinciding with
high river discharges. Mistral winds tend to extend the plume offshore, which, along with
the regional oceanic circulation, produces the largest spread of the plume to the south of
the mouth (Figure 3.8d). Thus, the plume reaches a maximum offshore extension of
around 28 km. High turbid values (> 0.5 mWcm2um!sr!) are found near the river mouth
and farther south surrounding the delta area and extend 7 km offshore. The total area
occupied by the plume is 1893 km? (279 km? north of the mouth and 1614 km? to the
south) with a mean value of 0.33 mWem?um!sr'! (Table 3.1).

Maps of differences on the turbid plume under different wind regimes are shown in Figure
3.9. Figure 3.9a shows the difference of composites for alongshore winds (ATurb,s =
Turbjg — Turbsg, where Turb refers to turbid values, the subscript AS to alongshore
winds and the superscript plus (minus) to the southern (northern) component of the wind
as described above). The turbid pattern shows a strong negative difference along the coast
and a fringe of positive difference offshore. This positive fringe is more intense north of
the river mouth. This result is consistent with the prevailing wind induced currents.
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Figure 3.9. (a) Map of differences on the turbid plume field (mWem?um!sr!) between alongshore winds
(southern component minus northern component). (b) Map of differences on the turbid plume field (mWcem-
2um'sr'') between cross-shore winds (seaward minus landward).

The map of differences under cross-shore winds (ATurbcs = Turbgdy, — Turbyy,,, the
subscripts CS, SW and LW refer to cross-shore, seaward and landward, respectively) is
shown in Figure 3.9b. A positive difference is present, especially south of the river mouth,
whereas a negative difference is present in the area of the mouth; this result is consistent
with the prevailing winds.

In general terms, the highest (lowest) mean turbid value is observed for alongshore winds
with a northern (southern) component and the largest (smallest) extension of the plume
occurs under Mistral (southern alongshore) winds. The ratio between the area occupied
by the plume to the north and to the south of the mouth is similar for the four situations
under analysis. In average, 80% of the plume is found in the south, which can be explained
by the influence of the regional oceanic circulation that exists in the area. The differences
observed both in the extension of the plume and in the mean turbid values are not related
to river discharge, which was similar for the different wind situations (differences are less
than 15%; Table 3.1 first column).

3.4. Conclusions

The characteristics of the Ebro River plume under different meteorological and
oceanographic conditions using MODIS-Aqua and MODIS-Terra remote sensing
imagery were evaluated for the first time.

e Results show that the plume extension responses immediately to flow variations,
increasing monotonically with the increase of river discharge, which illustrates
that discharge is the main driving force.

e Wind is a secondary driver that has an important impact under high river
discharge. A southward displacement of the plume occurs even in the absence of
wind. More than 70% of the plume is located south of the river mouth under any
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wind condition. This pattern is supported by the regional oceanic circulation of
the area. Alongshore and cross-shore winds can enhance or inhibit this general
pattern.

Mistral winds produced the largest turbid plume extending offshore which, along
with the regional oceanic circulation, generated the maximum plume extension
with 1893 km?. The plume extension was the smallest under southern alongshore
winds (1325 km?), as upwelling favorable winds tend to spread the plume offshore
and favor its dilution with sea water due to the offshore Ekman transport. This
difference in the plume extension can be also affected by the fact that the Mistral
wind is the strongest and most persistent wind in the area. Alongshore winds with
a northern component caused the highest mean turbid value (0.48 mWem™?um™'sr”
1), as downwelling favorable winds tend to confine the plume near shore as a
consequence of the onshore Ekman transport. In contrast, alongshore winds with
a southern component scatter the plume offshore, resulting in the lowest mean
turbid value (0.30 mWem™2um™'sr!).
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Chapter 4:

Influence of main forcing on the
Douro turbid plume

4.1. Motivation

Douro River represents the most important freshwater input into the Iberian Peninsula
coast (Figure 4.1). Plume formed by Douro River is significantly modulated by discharge
and wind, as Ebro plume, but it is also affected by tidal forcing due to the meso-tidal
regime of the Atlantic Ocean, which introduces a new forcing to be analyzed. This allows
taking a step forward in the analysis and knowledge of plumes behavior under different
forcing drivers.

The goal of this chapter is to evaluate the role of the river discharge, wind, and tide on
Douro plume from 2003 to 2013, by means of the methodology described in Chapter 2
“Data and Methodology”. Douro plume variability will be analyzed using normalized
water leaving radiance centered at 645 nm (nLw645) obtained from MODIS Aqua and
Terra satellite sensors.
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Figure 4.1. Location of the study area. D indicates the location where river discharge was sampled. W
marks the location where wind data were obtained. T indicates the location where tidal data were sampled.

4.2. Main forcing affecting Douro plume

Daily mean Douro River discharge was obtained from the SNIRH database
(www.snirh.pt) at the Crestuma-Lever dam from 2003 to 2013 (Figure 4.1). Douro River
flow presents a seasonal variation, with high discharges during winter months and low
ones during summer (Figure 4.2a). In addition, winter months present a stronger deviation
because the discharge can range from values near to 0 m’s™! to values over 2500 m3s’!
associated to periods of abundant rainfall. In general terms, the maximum mean monthly
discharge occurred in January, 863 m’s™!, and the minimum in August with 113 m3s™!.

Daily wind data were obtained from CFSR database at an ocean location close to the river
mouth (Figure 4.1). In the Western Iberian ocean region wind tends to be aligned with
the coastal orientation (Figure 4.2b) (Gomez-Gesteira et al., 2006; Alvarez et al., 2008;
Alvarezetal., 2011; Sousa et al., 2013). The wind pattern is characterized by strong north-
northwesterly winds (upwelling favorable conditions), especially during summer, that can
also occur during winter but with lower intensity and predominance. Additionally, strong
southwesterly winds occur during winter linked to cyclogenetic processes, which
generate frequent rainfall episodes (Trigo and DaCamara, 2000; Lorenzo et al., 2008).

Synthetic tidal data were calculated for a location near the mouth of the estuary for the
period 2003-2013, using the T Tide package (Pawlowicz et al., 2002), based on the major
local tidal constituents. These were determined from hourly sea surfaced elevation
measured at a tidal gauge located at Leixdes harbor (Figure 4.1), during 2003 (Figure 4.2
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c and d). A strong semidiurnal signature is observed. The average tidal range was 2.8 m
with a maximum of about 3.8 m during equinoctial spring tides. The results agree with
information described in the literature (Vieira and Bordalo, 2000; Marta-Almeida and
Dubert, 2006).
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Figure 4.2. (a) Annual hydrologic cycle for Douro River discharge (m3s™) from 2003 to 2013. Solid black
line: monthly average; the line inside each box indicates the median; lower and upper whiskers: minimum
and maximum, respectively; lower and upper box limits: first and third quartiles, respectively. (b) Wind
rose diagram (ms™") for a location in front of Douro River mouth from 2003 to 2013. (c) Hourly sea surface
elevation at Leixdes harbor for 2003. (d) Sea surface elevation at Leixdes harbor at the hour when Aqua
satellite overpasses the Douro area for 2003.

The general conditions of the synoptic situations characterizing the main forcing under
analysis are depicted in Table 4.1.

Discharge | Wind | Tide
<25 >75%  North South East West Low High
Number of days 923 949 264 286 116 181 311 329

Mean river discharge (m’s™) 79 1146 890 1338 1066 1385 1235 1116

Table 4.1. General conditions of the main forcing affecting the Douro turbid plume. Number of days is
referred to those days, which met the conditions imposed for each forcing and used to create the composites.
Mean river discharge is referred to the average of daily discharges of those days representing each condition
under analysis.
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4.3. Results

4.3.1. River discharge influence on Douro plume

First of all, the correlation coefficient between plume area and daily river discharge
(Figure 2.6) reaches the maximum when not lag is applied (above 0.5). This shows as
Douro plume development responds immediately (at daily scale) to river discharge
variations. The maximum correlation was reached for the threshold of 0.25 mWem™2pum
Isr'!, which represents the turbid limit for delimiting the Douro turbid plume.

The nLw645 mean turbid fields under low river discharge conditions (lower than 145
m3s™, 25" percentile) and under high river discharges (higher than 542 m’s, 751
percentile) are depicted in Figure 4.3.
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Figure 4.3. Douro turbid plume composite under (a) low river discharges (< 25" percentile) and (b) high
river discharges (> 75" percentile). The black contour line corresponds to the turbid threshold (0.25 mWcm-
2 -lgp-1

pm-'sr).

Under low discharge conditions, a negligible turbid signal is detected, that is, Douro River
is not able to form plume (Figure 4.3a). The pixel distribution is almost unimodal with
most of the values below the turbid limit (0.25 mWem2um'sr'!). Under high river
discharges, the distribution of nLw645 values is markedly bimodal with a clear difference
between ocean and coastal turbid waters (Figure 4.3b). A bulge is visible near the Douro
Estuary mouth which reaches a maximum offshore extension of approximately 20 km
forming a well defined plume under these conditions. A bulge is considered when a
radially turbid coherent structure is detectable extending offshore from the estuary mouth.
The bulge is wider than the alongshore coastal turbid band and has high turbid values.
This shows the strong relationship between Douro River discharge and the turbid signal
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detected by nLw645 band, which increases with the Douro discharge. This also implies
that the other drivers should be evaluated under high discharge conditions (above 75"
percentile) in order to have a plume sufficiently developed to be significantly affected by
them.

4.3.2. Wind influence on Douro plume

First of all, it is necessary to take into account that there are important differences
concerning the robustness of the results for the wind mean states. Northerly, southerly,
and westerly winds have a larger number of possible scenes than easterly winds (Table
4.1). In addition, since southerly and westerly winds are linked to cyclogenetic processes
in the Douro plume area, their scenes are more contaminated by clouds. This fact also
explains that under these wind regimes the mean Douro River discharge for the possible
scenes is higher.

The nLw645 mean turbid fields under different wind regimes (North, South, East, and
West) are depicted in Figures 4.4 and 4.5. Upwelling favorable (northerly) winds (AS™)
induce an offshore expansion of the Douro estuarine outflow plume. This pattern is
especially visible near the mouth, where the bulge can reach an extension close to 30 km
with a slight inclination southwestward (Figure 4.4a). In addition, two turbid coastal
bands are detectable in opposite directions from the Douro Estuary mouth. Although the
southward turbid band has stronger intensity, the Cavado River appears to have a non-
negligible contribution for the coastal turbid band northward, since a local increase in the
turbid values is detected nearby the river mouth.

Despite the plume cannot be so clearly identified as in the counter case, under
downwelling favorable (southerly) winds (AS") an alongshore plume confinement to the
coast along the north direction can be detected (Figure 4.4b). This coastal plume band
scarcely surpasses 10 km width and the bulge formation is not perceptible. An irregular
and weak turbid signal is again detected southward.

Concerning wind direction, Figures 4.4c and d show a predominance of strong winds
blowing from north-northeast and south-southwest in upwelling and downwelling
favorable conditions, respectively. In terms of wind intensity and percentage of
occurrence, the results present a similar pattern for both cases, mostly ranging from 4 to
10 ms™'. In addition, composite under southerly winds is under a mean river discharge
higher than composite under northerly winds, due to they are linked to cyclogenetic
processes as commented above (Table 4.1).
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Figure 4.4. Douro turbid plume composite under (a) upwelling favorable (northerly) winds and (b)
downwelling favorable (southerly) winds. The black contour line corresponds to the turbid threshold (0.25
mWem2um-'sr!). (¢, d) Respective wind roses.

The impact of cross-shore winds on Douro plume is shown in Figure 4.5. Under seaward
(easterly) winds (CS"), a bulge is identified with a clear detachment from the coast and a
northward orientation. A thin turbid coastal band is only detected south of the bulge
(Figure 4.5a). The nLw645 mean turbid field under landward (westerly) winds (CS")
shows a plume confinement to the coast in both alongshore directions, with a continuous
coastal turbid band of about 25 km width (Figure 4.5b). Although the bulge delimitation
is unclear, higher turbid values (> 0.6 mWcm2pm 'sr-') form a semi-circular pattern at
the Douro Estuary mouth.

Concerning wind magnitude and direction, some differences must be taken into account
in the analysis of cross-shore wind influence. The predominant directions of westerly
winds are from west-southwest (Figure 4.5d), mostly ranging from 4 to 10 ms™.
Otherwise, all easterly winds are weaker (mostly ranging from 2 to 6 ms™) with a major
predominance of east-northeast direction (Figure 4.5¢). In addition, composite under
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westerly winds presents a mean river discharge higher than the one under easterly winds
because are linked to cyclogenetic processes (Table 4.1).
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Figure 4.5. Douro turbid plume composite under (a) seaward (easterly) winds and (b) landward (westerly)
winds. The black contour line corresponds to the turbid threshold (0.25 mWem?um'sr!). (c, d) Respective
wind roses.

Maps of differences between alongshore (downwelling minus upwelling) and cross-shore
(landward minus seaward) winds are depicted in Figures 4.6a and b, respectively. In the
first scenario, the southerly winds cause a large coastal region of positive differences (>
0.15 mWem?2um'sr!), which is visible northward from the estuary mouth (Figure 4.6a).
This region of influence is a very regular structure about 15 km wide. On the other hand,
the bulge region and the thin coastal band southward present the major negative
differences (< -0.15 mWem™?um'sr™!). In fact, the bulge region under high negative
differences reaches an extension surpassing 50 km. In addition, it is important to note that
even in the northern part of the area represented there is a remarkable influence of the
northerly winds above 15 km offshore.
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Map of differences between cross-shore winds shows as westerly winds provoke a band
of strong positive differences all along the coast (Figure 4.6b). These high positive values,
above 0.15 mWem?um 'sr’!, are maintained until 25-30 km from the coast, when negative
values, promoted by the major influence of easterly winds, became dominant, although
with low intensity (~-0.05 mWecm™um!sr'!), probably affected by the weakness of these
winds.
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Figure 4.6. Map of differences on the Douro turbid field between (a) alongshore winds (downwelling minus
upwelling) and (b) cross-shore winds (landward minus seaward).

The wind impact on Douro plume was also analyzed by means of turbidity transects both
in the alongshore and across-shore directions. The turbidity transect in the alongshore
direction (parallel to the coast) starts at the Douro mouth and extends northward (negative
values) and southward (positive values) at a coastal distance of approximately 8 km
(Figures 4.7a and b). Turbidity along this transect shows that upwelling winds (Figure
4.7a, red line) produce a rapidly decrease of turbidity from the mouth toward both sides,
although more moderate to the south, which corroborate the bulge form with a
southwestward inclination detected in Figure 4.4a. Downwelling winds (Figure 4.7a, blue
line) promote higher turbid values due to the plume accumulation from the mouth toward
the north, where high turbid values are maintained larger distances. This behavior is in
accordance with the coastal turbid band observed northward in Figure 4.4b. On the other
hand, an abrupt decrease in turbid values is observed to the south, showing the
predominant plume movement toward the north under downwelling favorable winds.

Both cross-shore winds present a similar pattern along the alongshore transect, with
maximum values near the mouth, descending away from it. In the case of seaward winds
(Figure 4.7b, red line), the turbid values are rapidly below the limit, which indicate the
formation of a well defined plume bulge around river mouth corroborating the visual
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information obtained in Figure 4.5a. On the other hand, western cross-shore winds
(Figure 4.7b, blue line) are able to maintain high turbid values, above the turbid limit, in
both alongshore directions over large distances, which indicate the formation of a large
coastal plume band as shown in Figure 4.5b.
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Figure 4.7. Turbidity along a transect parallel to the coast at a distance of about 8 km for (a) alongshore
and (b) cross-shore winds. Turbidity along a transect perpendicular to the coast for (c) alongshore and (d)
cross-shore winds. Blue line represents downwelling (landward) winds and red line upwelling (seaward)
winds for alongshore (cross-shore) winds. Grey line represents the turbid threshold. The zero marks the
river mouth and negative distances refer to the region located north to the river mouth.

The turbidity transect in the cross-shore direction, starts at the river mouth and moves
offshore in the perpendicular direction to the coast. In the case of alongshore winds,
turbidity along this transect shows that higher maximum turbid values are reached near
the mouth (about 0.8 mWem2pm!sr'!) under southerly winds, due to the confinement of
plume material near coast (Figure 4.7c, blue line). This confinement also provokes an
abrupt decrease of turbid values with the distance until reach negligible values from 30
km. Maximum turbid values are lower under upwelling winds (scarcely surpass 0.6
mWem?um 'sr'!), descending moderately with the distance due to the offshore dispersion
and dilution promoted (Figure 4.7c, red line). Therefore, upwelling winds show their
capability to transport plume material large distances over the ocean since values above
the residual ocean turbidity can be detected several kilometers offshore, corroborating the
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visual information obtained in Figures 4.4a and 4.6a. On the other hand, turbid values
descend drastically away from the coast under downwelling winds (Figure 4.7c, blue
line), which indicates that most of the material is retained near coast, as can be observed
in Figures 4.4b and 4.6a.

Similar patterns can be detected under cross-shore winds (Figure 4.7d), with maximum
values of turbidity reached under landward winds (Figure 4.7d, blue line) near the Douro
mouth (about 1.2 mWem?pm'sr™!). Landward winds dominate the whole near shore area
maintaining higher turbid values over a large distance in the ocean. Under seaward winds
(Figure 4.7d, red line) maximum turbid values scarcely surpass 0.8 mWem2um 'sr.

4.3.3. Tide influence on Douro plume

The nLw645 mean turbid fields during high and low tides are shown in Figures 4.8a and
b, respectively. Although no significant differences can be found between composite
images during high and low tide periods, a slight greater expansion of the plume with
higher turbid values can be detected during low tides. The strongest changes are observed
close to the Douro Estuary mouth where a retraction of the bulge is detected during high
tides (Figure 4.8a).
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Figure 4.8. Douro turbid plume composite under (a) high tides and (b) low tides. The black contour line
corresponds to the turbid threshold (0.25 mWem?um 'sr!).

The robustness and composite balance between the two tidal phases are very satisfactory,
since both cases have high representativeness (Table 4.1). In addition, the mean river
discharge is similar in the two tidal phases, which further increases the significance of the
obtained results.
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4.4. Discussion

The present study showed a marked influence of river discharge on turbid patterns in the
Douro River coastal zone. There is a consistent relation between the spatial distribution
of nLw645 and the daily river discharge. Plume area increases with the increasing in river
inflow (Figure 4.3). During low river discharges it is very unlikely to find turbid values
above 0.25 mWem2pum'!sr™!. However, a circular turbid pattern is well distinct under high
river discharges. This result is consistent with the values discussed in previous works by
Mourato (2008) and Teodoro et al. (2009).

The role of alongshore winds on the Douro plume displacement is crucial during high
river discharge conditions, when there is enough plume material to be modulated by wind
forcing. Under upwelling favorable winds, an offshore expansion of the bulge with a
southwestward orientation is observed (Figure 4.4a). This is attributed to the offshore
Ekman current generated by these winds. This bulge feature is corroborated when
transects of turbidity are analyzed showing as most of plume material is centered at the
river mouth with a significant expansion to the ocean oriented to the south (Figures 4.7a
and c¢). The plume extension and its southwestward advection by surface currents agree
with modeling results presented in previous works (Otero et al., 2008; 2013), representing
a common feature along the Portuguese coast as studied by Vaz et al. (2009) for the Tagus
estuarine plume. However, the southward turbid band attached to the coast detected was
not described in those studies. In fact, a plume movement to right of the estuary mouth is
expected in the Northern Hemisphere due to the Coriolis deflection. The southward turbid
band observed under upwelling winds could be explained as the result of southward wind-
driven surface currents. In regions shallower than the surface boundary-layer the surface
cross-shore transport decreases being more important in the direction of the wind-driven
circulation (Lentz and Fewings, 2012). This could explain the southward turbid band
appearance under upwelling winds. However this band not only occur with northerly
winds since it is also observed under south, east (weak but visible) and west wind regimes.
These features were also observed in numerical models, when an ambient flow (10 cms”
1) is imposed in the opposite direction of the Kelvin wave propagation (Garcia Berdeal et
al., 2002). The area under scope has a northwest dominant wave direction, which
represents about 72% of the occurrences (Rusu and Guedes Soares, 2013). The
predominant wave direction induces a surface current in the north-south direction that
could represent this ambient flow (Veloso-Gomes et al., 2004). This littoral drift could
play an important role in southward sediment transport near the coast (Dias et al., 2002;
Coelho and Veloso-Gomes, 2004). The spatial orientation of the estuary axis (direction
of the discharge relative to the coast) can also play an important role in this near coastal
flux (Yankovsky, 2000; Garvine, 2001). The angle between coastline and Douro Estuary
inlet orientation is approximately 45°, in the opposite direction of Coriolis deflection,
which can promote a southward flux near the estuary mouth.

Under downwelling favorable winds a northward confinement of the estuarine plume
along the coast is observed (Figure 4.4b). This plume feature is also corroborated
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analyzing the turbidity transects, where high turbid values are only detected to the north
(Figures 4.7a and c). This is due to the combined effect of wind and Coriolis force on the
Northern Hemisphere, forcing an onshore current which tends to push the plume towards
the coast. This coastal turbid band scarcely surpass 10 km wide, which agree with the
numerical modeling results of Otero et al. (2008) for the Western Iberian Buoyant Plume.
The formation of the bulge is not so clear and increases the chance of the freshwater from
the Douro Estuary to merge with water from smaller rivers located further north (i.e. from
Ave, Cavado and Lima Rivers). Thus, a continuous coastal-attached turbid band is
generated to the north. Important biogeochemical consequences would take place, since
water from these smaller rivers spreads their constituents over a much larger area,
amplified by the Douro Estuary input from the south (Warrick and Fong, 2004; Saldias
etal., 2012).

The cross-shore winds also present an important impact on Douro plume displacement
since in shallow waters the cross-shelf wind stress is a non-negligible term in the cross
shelf momentum balance (Lentz and Fewings, 2012). Seaward winds tend to move the
material discharged into the ocean generating a bulge in front of the estuary mouth (Figure
4.5a), which is also corroborated by means of the turbidity transects analyzed (Figures
4.7b and d). The bulge presents a clear detachment from the coast with a deflection to the
right. Although these winds also promote the seaward expansion of the plume, the
offshore advection is significantly higher under upwelling favorable winds. This can be
explained in terms of wind magnitude, which is more intense for the upwelling winds. In
addition, offshore surface transport seems to reach a stationary location (25 km) under
seaward winds, then turning to an alongshore direction, while during northerly winds
offshore spreading occurs until the plume waters are no longer distinguishable from the
ocean waters. These results are consistent with those presented by Chao (1988), Choi and
Wilkin (2007), and Jurisa and Chant (2012). Landward winds tend to accumulate
freshwater along the coastline and to decrease the cross-shore transport (Figure 4.5b). The
bulge is squeezed towards the coast generating an alongshore turbid band both in
northward and southward directions, which is also detected when the turbidity transects
are analyzed (Figures 4.7b and d). A similar pattern can be found in numerical simulations
carried out by Chao (1988).

Tides influence the Douro turbid plume especially close to the coast and at the estuary
mouth. In general, the offshore advection is slightly greater under low tides, however,
opposite that the other forcing analyzed, small differences were found (Figure 4.8). The
major discrepancies were observed in the near-field bulge, where tidal currents are more
important. The area occupied by the highest turbid values (> 0.6 mWem™2um'sr) is
greater under low tides, forming a well-defined semicircular pattern from the river mouth.
This shows as high tides act as constraint factor on plume formation. This area of
influence seems to be representative of a pulsed tidal plume zone under sharp fronts with
semi-circular form (Horner-Devine et al., 2009). The region of tidal influence for the
Douro estuarine plume only extends 20 km offshore, radially from the estuary mouth.
The analysis of high and low tidal impact on Douro plume must be cautious because of
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tidal aliasing, which can mask the “real” differences between low and high tides, as
pointed out by Valente and da Silva (2009) for the Tagus turbid plume. However, the
fortnightly tidal cycle seems to have negligible impact on the Douro plume, probably
because the water residence time inside the Douro Estuary is too short to enhance
turbidity during spring tides. Tagus River presents a large estuary before reaching the
ocean, which generates a longer water residence time (Braunschweig et al., 2003).

4.5. Conclusions

Daily nLw645 images from MODIS sensor onboard of Aqua and Terra satellites allow a
robust analysis of the Douro plume behavior under the influence of its main forcing
drivers. Mean turbid fields of the synoptic situations characterizing the main driving
mechanics (river discharge, wind and tide) were constructed in order to describe the mean
state feature of this turbid plume under each forcing. Accordingly the main conclusions
of this study are the following:

e A strong relationship was found between Douro River flow and nLw645 data,
whose signal increases according to river discharge. A circular turbid pattern is
well distinct when the flow exceeds 500 m’s™l. However, there is no plume
evidence under low discharge regime.

e An offshore plume expansion is observed under upwelling favorable winds
forming a well-defined bulge in front of river mouth with a clear southwestward
inclination. On the other hand, a plume confinement along the north coast is
detected under downwelling favorable winds. In this case the bulge formation is
not clear and the possibility of the plume to merge with water from smaller rivers
located northward increases.

e Under seaward winds a bulge generation with an offshore detachment from the
coast and an inclination to the north is detected. A smaller offshore spreading is
observed in comparison with upwelling favorable wind situation, probable due to
the weakness of easterly winds. Landward winds tend to accumulate the material
discharged by the river near shore in both alongshore directions, and consequently
a decreasing in the cross-shore advection. The bulge is confined to the coast
producing a continuous and large turbid band toward both sides of the mouth.

e Lower differences are found in the turbid plume patterns between high and low
tide periods. However, a slightly greater offshore expansion of the turbid plume
is detected under low tidal periods.
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Chapter 5:

Influence of main forcing on the
Tagus turbid plume

5.1. Motivation

Tagus is the largest river of the Iberian Peninsula representing one of the most important
inputs on the Iberian coast. Plume formed by Tagus River is affected by discharge
patterns, wind stress and semidiurnal tidal cycle, as same than Douro plume. However,
Tagus plume is also significantly modulated by the fortnightly tidal cycle due to the
longer water residence time promoted by the large estuary formed before empty into the
Atlantic Ocean, which is large enough to enhance turbidity (Braunschweig et al., 2003;
Valente and da Silva, 2009). The effect of overlapping semidiurnal and fortnightly tidal
cycles on plumes formed by rivers discharging in large estuaries has not been previously
investigated. The water residence time provoked by the Tagus Estuary is an important
component on plume behavior and dispersion when compared to rivers directly flowing
into the ocean, as Ebro or Douro. In addition, the coast configuration also makes
differences respect to the other rivers analyzed, because Tagus Estuary empty in the ocean
into a semi-enclosed embayment (Figure 5.1). In spite that West Iberian coast has a
predominant S-N orientation, the coast is oriented SE to NW near the Tagus River mouth,
playing a key role on plume dynamics. In fact, Tagus plume development is protected
from the waves, which have a dominant NW direction, by the configuration and
orientation of the coastline with only the southern part of the estuarine channel exposed
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to the swells (Figure 5.1) (Rusu et al., 2011). In addition, Sintra mountains, located north
of Lisbon, can affect wind patterns.
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Figure 5.1. Localization of the study area. Tagus River mouth is located between capes Espichel and Raso
(Tagus ROFT area). D marks the position of the Almourol station where river discharge data were obtained.
W indicates the point where wind data were acquired. T represents the area of Cascais where tidal data
were predicted. Grey and pink lines mark the alongshore and cross-shore transects used to analyze turbidity.
Service Layer Credits Source: Esri, DigitalGlobe, GeoEye, icubed, Earthstar, Geographics, CENS/Airbus
DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.

The goal of this chapter is to evaluate the role of the main forcing, river discharge, wind,
and the semidiurnal and fortnightly tidal cycles, on Tagus plume from 2003 to 2015 using
the developed methodology described in Chapter 2 “Data and Methodology . Impact of
the topography and morphology of the coast on Tagus plume patterns will be also
analyzed. Spatial and temporal variability analysis of the Tagus turbid plume will be
conducted using normalized water leaving radiance centered at 645 nm (nLwo645)
obtained from MODIS Aqua and Terra satellite sensors.

5.2. Study area

The study area covers a region comprised between 38.3°N-39°N latitude and 8.75°W-
9.8°W longitude. However, special attention will be paid to the shelf area enclosed by the
bay comprised between 38.41°N-38.78°N latitude and 9.22°W-9.51°W longitude, which
will be thereby labeled the Tagus ROFI (Region Of Freshwater Influence). This region
only takes into account the effect of the Tagus plume minimizing the influence of other
small river plumes (principally the Sado River plume) and/or overestimations of turbidity
caused by other processes as upwelling blooms or resuspension (Oliveira et al., 2009).
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5.3. Methods

The methodology followed to analyze Tagus plume response to the main forcing was the
same explained in the Chapter 2 “Data and Methodology”, but introducing some
modifications in order to better analyze Tagus plume. Tagus River discharge was
evaluated only taking into account days under calm intervals, that is, days with wind
velocities < 2 ms™! lasting for a 2 day period before the date of recording, in order to avoid
the wind influence which could mask river discharge impact on river plume. This is a
critical issue for Tagus plume since the particular coast configuration together with the
predominant north component of winds most of the year, promote conditions favorable
to produce superficial upwelling blooms, which can generate radiances not associated
with river discharges west of Tagus ROFI (Moita et al., 2003; Valente and da Silva, 2009).
In addition, high discharges will be considered above the 66 percentile and avoiding
extreme flows above the 95" percentile because under extreme high discharges Tagus
plume can be large enough to reach the upwelling blooms making both patterns
undistinguishable (Valente and da Silva, 2009). Wind influence on Tagus plume will be
analyzed allowing only a deviation of + 30° due to the configuration of the Tagus ROFI.
In addition, the impact of the semidiurnal tidal cycle on Tagus plume was evaluated in
the middle of the fortnightly cycle, out of spring or neap tides, in order to isolate the
semidiurnal effect. The same for the evaluation of the fortnightly cycle on Tagus plume.
It was evaluated in the middle of the semidiurnal cycle, out of high or low tides. In spite
of these adjustments all the situations under scope present an enough number of images
to adequately evaluate plume patterns (Table 5.1).

Synoptic Situation Number River Discharge (m®™)
of days Mean Min Max Std
River Discharge
Low 148 45.06 4.53 76.52 14.38
High 161 374.80 208.70 94243  123.98
Wind condition
Northern alongshore 361 37459 208.66 991.23  144.08
Southern alongshore 102 43942 211.46 99596 198.63
Eastern cross-shore 146 402.94 208.10 995.63 173.98
Western cross-shore 151 449.34 211.41 99034 181.16
Fortnightly tidal state
Before Spring 125 409.78 21199 93142 16941
Spring 178 405.53 208.10 999.01 192.02
Before Neap 130 388.54 21429 92641 162.63
Neap 212 387.27 208.66 95330 157.17
Semidiurnal tidal state
High Tide 237 406.23 197.82 974.16 169.48
Low Tide 181 402.61 19829 940.07 171.78

Table 5.1. Main synoptic conditions analyzed in this study. Number of days is referred to the available
days representing each condition and used to create the respective composites. The main conditions of
Tagus River discharge associated to each situation (mean, minimum, maximum and deviation values) are
also shown.
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5.4. Main forcing affecting Tagus plume

Daily runoff data were obtained from the SNIRH (“Sistema Nacional de Informagao de
Recursos Hidricos”) database (www.snirh.pt) at Almourol hydrometric Station (Figure
5.1) from 2003 to 2015. The river flow presents seasonal variation, with high discharges
in winter reaching a maximum in February with a mean monthly value of ~ 450 m’s™ and
low discharges in summer showing a minimum in September with a mean monthly value
of ~ 100 m®s™! (Figure 5.2a). The mean daily river discharge over the period under study
was 249 m’s!, with a minimum daily value of 1 m’s™! and a maximum of 5010 m’s’!.
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Figure 5.2. (a) Annual hydrologic cycle for Tagus River discharge (m®s™!) obtained from 2003 to 2015.
Solid black line: monthly average; the line inside each box indicates the median; lower and upper whiskers:
minimum and maximum, respectively; lower and upper box limits: first and third quartiles, respectively.
(b) Wind rose (ms™) of the Tagus ROFI during the period of 2003 to 2015. (c) Surface elevation of seawater
at Cascais for 2007. Solid lines represent the limits of high and low tide. (d) Daily tidal amplitude at Cascais
for 2007. The solid lines indicate the limits of spring and neap tides.

Daily wind data were obtained from CFSR database at an ocean location close to the river
mouth (Figure 5.1). Tagus ROFI area was principally subjected to predominant northerly
and northwesterly winds, followed by northeasterly and southwesterly winds, with
velocities mostly ranging from 4 to 10 ms™' (Figure 5.2b).

Tidal data were predicted for a specific point located near Cascais (outside the estuary)
and situated within the Tagus plume propagation region. The maximum sea surface
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elevation was 1.81 m, whereas the minimum was -1.77 m, taking into account series
centered in 0 m (Figure 5.2c). The maximum daily tidal amplitude attained 3.59 m and
the minimum 0.83 m, with a mean range of 2.26 m (Figure 5.2d).

5.5. Dynamical plume parameters

Dynamical classification of Tagus plume by evaluating non-dimensional numbers allows
knowing the influence of factors such as outflow inertia, buoyancy forcing and Coriolis
effect on plume behavior.

The importance of inertial and rotation processes on plume formation can be evaluated
through the Kelvin number at the estuary mouth (Kw) (Garvine, 1995), such as:

Win
K, =— 5.1

where, Wi is the mouth width and Rp the internal Rossby radius, expressed by

R, = —ng'h” (5.2)

where, f is the Coriolis parameter, g’ represents the reduced gravity (9" = g(Pamp—P0)/
po) with g as the gravitational acceleration, p,,,p is the ambient ocean density and p,, the
estuarine input density.

In addition, %, represents the plume thickness calculated by the formula used by
(Yankovsky and Chapman, 1997):
1

h, = (2 Lvh §)2 (5.3)

where, L is the inflow width, v the inflow velocity and /4o the inflow depth.

The Kelvin number can also be calculated using different length scales. The bulk Kelvin
number (Kb») uses the extension of the plume across-shelf. W, was obtained from MODIS
image composites.

The inflow Rossby number is evaluated to estimate the relative strength of inertial and
rotational processes in terms of flow velocity (Horner-Devine et al., 2015), using the
equation

R, =— (54
m_f_L ()

where, u is the velocity of the flow current at the estuary mouth.
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The densimetric Froude Number (F) is also determined at the estuary mouth and
calculated in the upper water layer to evaluate whether the plume flow is governed by
baroclinic or inertial processes (Garvine, 1995), thus:

u
E, = (5.5)
g'hy

5.6. Results

5.6.1. River discharge influence on Tagus plume

The correlation coefficients between plume development and river discharge were
assessed for different lags in Figure 2.6. Tagus plume does not immediately react to river
discharge variations despite presenting a high correlation coefficient (above 0.6). The
maximum correlation between both variables was obtained with a 2 day delay showing
as Tagus plume takes two days, in average, to react to variations in river flow. Therefore,
the plume extension is strongly controlled by the discharge occurring for the last three
days, including the present day. Attending to this, the plume extension for d (a day), will
be compared with average river discharges calculated at d, d — 1 and d — 2. In addition,
the maximum correlation for the lags applied was obtained under a threshold value of
0.20 mWem?pm’!sr!, which is defined as the turbid limit most adequately to represent
the Tagus turbid plume.

The annual cycle of the Tagus plume is presented in Figure 5.3a. The observed pattern is
consistent to that observed for the river discharge (Figure 5.2a), with high values of both
variables during winter months and low values during summer, which demonstrates the
key role of Tagus River discharge on plume development. In quantitative terms, January
corresponds to the maximum plume extension (~400 km?) and July the minimum one
(~60 km?). Although both present a similar pattern some differences occur that can be
attributed to the interaction of winds and tides, which also affect plume development.

The role of low and high river discharges is also exhibited in Figures 5.3b and c,
respectively, for image composites of the turbid plume. When the river discharge is < 33
percentile (< 74 m3s™!) the turbid plume is located very close to the river mouth occupying
a small area with low turbidity values (Figure 5.3b). Under high river discharges (> 66"
percentile, 198 m®s!") the plume extension is much larger, increasing more than double
respect to low discharges (Figure 5.3c¢).
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Figure 5.3. (a) Annual cycle variability of the Tagus River plume extension (km?) over the period of 2003
to 2015. Solid black line: monthly average; line inside each box: median; lower and upper whiskers:
minimum and maximum, respectively; lower and upper box limits: first and third quartiles, respectively.
Mean water-leaving radiance (mWcm™um!sr!") composite at 645 nm for all MODIS images under (b) low
river discharge (< 33" percentile) and (c) high river discharge (> 66" percentile) over the period 2003-2015.
The black line represents the turbid threshold (0.2 mWem2um!sr).

5.6.2. Wind influence on Tagus plume

The role of the wind was evaluated when the turbid plume area is large enough to be
significantly modified by the wind stress. Therefore, only the data for the average river
discharge > 66™ percentile were taken. In addition, days under extreme flows, over the
95™ percentile, were avoided in order to remove outliers and maintain similar river
discharges (differences lower than 15 %) for the different conditions analyzed. In the
Tagus area southerly and westerly winds are linked to cyclogenetic processes related to
episodes of extreme rainfall associated with high river discharges (Lorenzo et al., 2008).
The wind directions were rotated counter-clockwise to follow the shoreline. However, for
sake of clarity we still refer to the wind directions by their cardinal points. For example,
a northern alongshore wind corresponds to a NNW direction (on average).

Alongshore wind composites are shown in Figure 5.4. Northern alongshore (upwelling)
winds (AS") tend to displace the plume material toward the sea due to the offshore Ekman
transport. Under these conditions, the velocity of the offshore Ekman current ranges from
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0.06 to 0.11 ms™ (at depths of 0 to 5 m) according to Pond and Pickard (1998). This
behavior can be identified in Figure 5.4a where a rapidly decrease in turbidity values,
following a semicircular pattern from the mouth to the ocean, is observed. The dispersion
promoted by northern alongshore winds not allow the accumulation of material, which is
characterized by the highest turbid values (above 0.5 mWcem?um'sr'!). In addition, a
band of high turbidity is observed along the coast north of Cape Roca. This high turbidity
band is associated to other processes not related to Tagus discharge since it presents a
spatial discontinuity with the Tagus plume. The area characterized by values exceeding
the turbid threshold reaches 172 km?, with a mean turbid value of 0.36 mWcm™2um™'sr .

These winds blow with velocities mostly varying from 4 to 8 ms™!, with peaks at 12 ms!.
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Figure 5.4. Mean water-leaving radiance (mWcemum'sr™!') composite at 645 nm for all MODIS images
under (a) northern and (b) southern alongshore winds over the period 2003-2015. Black line represents the
turbid threshold (0.2 mWcem2um:'sr!). (c) Map of differences on the Tagus turbid plume field under
alongshore winds (southern minus northern winds).

Southern alongshore (downwelling) winds (AS") drive the plume against the north coast
of the Tagus ROFI, with current velocities ranging from 0.04 to 0.07 ms™' (at depths of 0
to 5 m), due to the onshore Ekman transport. The plume occupies the northern part of the
ROFT exceeding it toward the north (Figure 5.4b). In this case, a semicircular pattern of
high turbid values (> 0.5 mWcm?um'sr'!) can be detected around the river mouth. The
dispersion and dilution of the material into the ocean is more difficult under these
conditions. The turbid plume occupies an area of 306 km? with a mean turbidity value of
0.43 mWem2um'sr™!. The southern alongshore wind velocities mostly vary from 4 to 8
ms™!, with peaks of 12 ms™.

Turbidity along a transect perpendicular to ROFI coast allows to better know the effects
provoked by both types of alongshore winds in terms of plume dispersion (Figure 5.5a).
Under upwelling winds maximum turbidity values are around 0.4 mWcm™2um'sr! near
the mouth (grey line, Figure 5.5a), descending moderately and maintaining detectable
values large distances over the ocean ¢ 50 km), showing the dispersion and dilution of
material seaward. On the other hand, turbidity values surpass 0.6 mWcm2pm'sr! near
coast under downwelling winds (black line, Figure 5.5a), diminishing drastically until
reach negligible values from 30 km. This shows as the majority of the material exported
by the river is retained near coast, probably due to the reduction of the cross-shore
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transport. In addition another transect starting at the Tagus mouth and extending along
the north ROFT coast (negative values) and along the south ROFTI coast (positive values)
was evaluated to know the extension of the turbid plume under alongshore winds (Figure
5.5b). Downwelling winds promote higher turbid values than upwelling winds,
maintaining values above 0.2 mWcem™um'sr! over a larger extension on both sides of
the mouth, and especially to the north ROFI coast (black line, Figure 5.5b). Upwelling
winds show a similar pattern on both sides of the mouth with values descending rapidly
below the turbid limit (grey line, Figure 5.5b), which can be attributed to the dispersion
promoted. Therefore, although material exported by the river can reach greater distances
over the ocean under upwelling winds, this also causes a strong dispersion into ocean
water. The plume material dispersion and dilution into ocean water makes turbidity values
rapidly reach values lower than the turbid limit, reducing the area occupied by the plume.
On the other hand, downwelling winds maintain higher values of turbidity near coast
since limit its dispersion on seawater, provoking a bigger plume.
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Figure 5.5. Transect of turbidity for alongshore winds for the (a) perpendicular and (b) parallel directions
refer to ROFI coast (see Figure 5.1). Black line represents southern alongshore winds and grey line northern
alongshore winds. Red line represents the turbid threshold. The zero marks the river mouth and negative
distances refer to the region located northern to the river mouth.

The effect of cross-shore winds on the Tagus plume is shown in Figure 5.6. Eastern cross-
shore (seaward) winds (CS™) will stretch the plume offshore, promoting the dispersion of
the material on the adjacent seawater. Therefore, the highest turbid values, exceeding 0.5
mWem?pm'sr’!, are only detected in the area nearest to river mouth (Figure 5.6a). The
turbid plume is located in the northern part of the ROFI occupying an area of 187 km?
with an average turbid value of 0.39 mWcm™um'sr™!. Eastern cross-shore winds blow
with velocities mostly ranging from 2 to 6 ms™', with peaks of 12 ms™.

Western cross-shore (landward) winds (CS") retain Tagus plume material inside the ROFI
in both alongshore directions, reducing its spreading in ocean waters. Therefore, these
winds are capable to maintain high turbid values along a larger area, as shows Figure
5.6b, occupying much of the Tagus ROFI filling a total extent of 389 km? with a mean
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value of 0.41 mWem2pm'sr'!. The retention of plume material toward the coast produces
a visible pattern around the river mouth, characterized by high turbid values (> 0.5
mWem?pm'sr'!), although less extent than under southern alongshore winds. Western

cross-shore wind velocities mostly range from 4 to 8 ms™, with peaks of 14 ms™..
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Figure 5.6. Mean water-leaving radiance (mWcm2um 'sr'!') composite at 645 nm for all MODIS images
under (a) eastern and (b) western cross-shore winds over the period 2003-2015. The black line represents
the turbid threshold (0.2 mWcm2pm''sr™!). (c) Map of differences on the Tagus turbid plume field under
cross-shore winds (western minus eastern winds).

A transect was also considered to analyze the plume movement under each type of cross-
shore winds (Figure 5.7). In this case, as these winds tend to move the plume along the
north coast of the ROFI (seaward winds) or to both sides of the mouth (landward winds),
the transect runs from the mouth to both alongshore directions being positive in the
southward direction.
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Figure 5.7. Transect of turbidity for cross-shore winds for the parallel direction refer to ROFI coast (see
Figure 5.1). Black line represents western cross-shore winds and grey line eastern cross-shore winds. Red
line represents the turbid threshold. The zero marks the river mouth and negative distances refer to the
region located northern to the river mouth.
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Under landward winds a maximum turbidity near to 0.6 mWem2um'sr! is detected near
the mouth decreasing in a similar way to both sides of the mouth (black line, Figure 5.7).
On the other hand, this pattern is only observed to the north side of the river mouth under
seaward winds (grey line, Figure 5.7). In this case, turbidity reaches a maximum value of
0.5 mWem?2um'sr! at the river mouth diminishing abruptly southward. Results show as
landward winds retain plume material in both alongshore directions with a plume
reaching larger distances whereas seaward winds move the material only along the north
coast of the ROFI avoiding the formation of high values of turbidity due to the offshore
movement promoted.

The main characteristics of the Tagus plume are summarized in Table 5.2 under different
meteorological synoptic conditions. Overall, the turbid plume reaches its highest
extension when western cross-shore winds prevail.

Meteorological synoptic Plume characteristics Implications
conditions
River Wind Extent Mean turbid value
(m’s")  (calmdiscarded) (km?) (MmWcem?um'sr!)
375 Northern 172 0.36 Intense offshore transport
alongshore (4S)
439 Southern 306 0.43 Retention north of ROFI
alongshore (AS)
403 Eastern 187 0.39 Offshore and northward
cross-shore (CS*) dispersion
449 Western 389 0.41 Retention occupying the
cross-shore (CS) whole ROFT area

Table 5.2. Characteristics and implications of the Tagus turbid plume under wind forcing

5.6.3. Tidal influence on Tagus plume

Fortnightly (spring and neap) and semidiurnal (high and low) tidal periodicities were
analyzed using imaging composites of turbidity obtained during days showing a river
discharge > 66™ percentile and avoiding extreme flows above 95" percentile for the
reasons commented above. In addition, the tidal composites can be affected by the
upwelling blooms out of ROFI limits, causing radiance not associated to river discharge,
as it was commented in Section 5.3. Therefore, as Tagus plume under the conditions
described not surpass the Tagus ROFI, images were reduced to this area. To evaluate the
influence of the fortnightly tidal periodicity, average nLw645 fields before spring and
neap tides (Figures 5.8a and c) and during-after spring and neap tides (Figures 5.8b and
d) were composed. During-after spring tides maximum turbid values and plume extension
were obtained (0.43 mWem™2umsr! and 302 km?, respectively). In fact, it is the only
case where a distinguishable circular pattern of high turbid values (> 0.5 mWem™?um™'sr”
1) is detected around the river mouth. The minimum values were obtained during-after
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neap tides (0.31 mWem2pm!sr! and 141 km?, respectively), where turbid values do not
surpass 0.4 mWem?pm'sr'!. The mean turbid value and extension of the Tagus plume
indicate an intermediate status before spring and neap tides, although values are larger
before neap tides.
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Figure 5.8. Mean water-leaving radiance (mWem?pm'sr'') composite at 645 nm for all MODIS images
(a) before spring tides, (b) during and after spring tides, (c) before neap tides and (d) during and after neap
tides, over the period 2003-2015. The black line represents the turbid threshold (0.2 mWem2pum 'sr).

High and low phases of tide were evaluated by means of the composites showed in Figure
5.9.
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Figure 5.9. Mean water-leaving radiance (mWem?um'sr'') composite at 645 nm for all MODIS images
for (a) high and (b) low tides over the period 2003-2015. The black line represents the turbid threshold (0.2
mWem2um-'sr).
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The results reveal the plume extension to be larger and the mean turbid value higher under
low tides. In addition, pixels above 0.5 mWecem™um 'sr™! are only detected under low tides
whereas values are below 0.4 mWem?um 'sr'! under high tides. In quantitative terms,
Tagus plume reaches an extension and mean turbidity of 188 km? and 0.29 mWem™2pm
Isr'!, respectively for high tides, and 294 km? and 0.39 mWcm?um 'sr”! under low tides.

The characteristics of the Tagus plume under tidal synoptic conditions are summarized in
Table 5.3. Both semidiurnal and fortnightly periodicities have an important impact on the
size and turbidity of the Tagus River plume. Here, the highest differences in river
discharge are around 10%, smaller than previously mentioned when analyzing the effect
of wind. Thus, tidal analysis is not conditioned by variations in the average river

discharge.
Tidal synoptic Plume characteristics Implications
conditions
River Tidal state Extent  Mean turbid value Fortnightly periodicity
(m3s (km?) (mWem™? pm! sr!)
410 Before spring 198 0.33 Intermediate situation
406 During/after 302 0.43 Largest plume extension
spring with intense turbidity
389 Before neap 242 0.38 Intermediate situation
387 During/after 141 0.31 Smallest plume extension
neap with low turbidity
Semidiurnal periodicity
406 High 188 0.29 Smaller plume extension
with less intense turbidity
403 Low 294 0.39 Larger plume extension

with more intense turbidity

Table 5.3. Characteristics and implications of the Tagus turbid plume under tidal forcing.

5.6.4. Plume parameters

The Tagus plume dynamic was evaluated under river discharges > 66" percentile, which
define the scope of this study. The flow velocity at the estuary mouth usually varies
between 0.4 ms™! at neap tides and 1.4 ms™ at spring tides (Neves, 2010).

The Kelvin number at the Tagus estuary mouth (Km) is < 1 under all flow conditions
(Table 5.4). This suggests that the Tagus plume is mainly controlled by inertial processes
at the estuary mouth, with the river discharge likely forming a re-circulating bulge at the
front (Garvine, 1995). This hypothesis is corroborated by a Rossby number (Rm) > 1 under
all typical flow conditions. The Rossby number indicates the great influence of inertial
processes and a negligible impact of rotational ones at the estuary mouth. The Froude
number (Fm), which is < 1 under low flows, reveals a subcritical flow and the importance
of the stratification process, with the plume tending to form a far-field region upon river
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discharge from the estuary. At medium-to-high flow, the Froude number is > 1. This
implies a supercritical flow dominated by inertial processes. The supercritical values also
demonstrate the plume ability to generate a near-field region which is a mixing area
characteristic of prototypal plumes (Horner-Devine et al., 2015).

At low flow, the bulk Kelvin number (Kb) is slightly smaller than 1, therefore the Tagus
plume is controlled by inertial processes although rotational ones are also important.
When the flow is medium-to-high, Kv is > 1. This defines the plume as “Large-scale”,
indicating the important role of the Coriolis effect when the Tagus plume is developed
(Garvine, 1995) (Table 5.4).

Low current Intermediate current High current

(0.4 ms™) (0.9 ms™) (1.4 ms?)
hy (plume thickness) 249m 418 m 6.16 m
Rp (Radius Deformation) 6531 m 8462 m 10273 m
W, (Plume extent) 6195 m 17699 m 23008 m
Bulk Kelvin number (Kb) 0.93 2.06 2.21
Mouth Kelvin number (Km) 0.31 0.24 0.19
Mouth Rossby number (Rm) 2.21 4.98 7.74
Mouth Froude number (Fu) 0.68 1.18 1.51

Table 5.4. Dynamical parameters of the Tagus turbid plume.

5.7. Discussion

The analysis of the Tagus turbid plume under its main forcing shows a marked control of
river discharge on plume development. This is clearly observed when both annual
patterns are compared (Figures 5.2a and 5.3a), showing a similar behavior with high
values in winter months and low ones during summer. Therefore, Tagus plume extension
increases with river discharge, as can be observed in Figure 5.3b and ¢ where Tagus plume
occupies more than double area under high discharges than under low ones. In addition,
a semicircular pattern formed by the highest turbid values (> 0.5 mWcem?2umsr!) is
clearly observed when Tagus discharge is high while it is very unlike to find under low
discharge. The observed findings are attributed to the greater amount of material exported
from the estuary as the flow increases (Vaz et al., 2009), since the flow increasing
enhances the capability of the river to drag suspended matter to the mouth. This behavior
was also observed for Ebro and Douro Rivers in the previous chapters, for which the river
discharge is the main support to plume development. However, although Tagus turbid
plume is highly dominated by the discharge pattern, it is not able to adapt immediately to
its variations, taking 2 days to cope with flow fluctuations, in contrast with Ebro and
Douro Rivers, which respond immediately to discharge variations. This delay is probably
due to the long residence time of water caused by the shape and size of the estuary. The
Tagus River debouches into a great estuary before reaching the ocean while the Ebro and
Douro Rivers flow directly into the sea. The observed delay could be in part attributed to
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the distance of the discharge gauge to the estuary mouth. To check this, the river discharge
data from the Almourol station located ~90 km from the estuary entrance and from the
Omnias station situated only 45 km from the estuary entrance were compared for a period
lasting from 1990 to 2002; the Omnias station stopped providing data in 2002. Results
show the Almourol and Omnias stations river discharges are in phase. This confirms that
the observed delay between plume development and river discharge is related to the shape
and characteristics of the Tagus Estuary, which is constituted of a large region of mixing
water, approximately 25 km longx10 km wide, extending from the mouth to the upper
reaches of the estuary.

Once Tagus plume is well developed (under high discharges) the wind impact on its
dispersion is of great importance. Upwelling favorable winds transport plume material
large distances over the ocean due to the offshore Ekman transport, promoting its
dispersion and dilution in ocean water (Figure 5.5a). This movement can be detected in
Figure 5.4a as a rapidly decrease in the turbidity, which provokes that very high turbid
values (> 0.5 mWcem™2um'sr'!) were not detected near coast. This behavior is in
agreement with the reduction of salinity differences between coastal waters affected by
river discharge and ocean waters due to the mixing promoted by upwelling winds shown
in previous works (Fong and Geyer, 2001). The difference in the turbid plume field
between alongshore winds (downwelling minus upwelling winds) represented in Figure
5.4c shows a dominance of negative values (dominance of upwelling winds) in the far
field in front of the river mouth. This fact shows the capability of upwelling winds to
transport plume material affecting large distances over the ocean, which was previously
found for Tagus plume through numerical models (Vaz et al., 2009) and agrees with
previous works that detected the offshore advection of plumes caused by upwelling winds
(Fong and Geyer, 2001; Choi and Wilkin, 2007). This dispersion of plume material
provokes that although some turbidity can be detected to great distances over the ocean,
its value is rapidly below the turbid limit, and therefore, the area occupied by turbidity
values surpassing the limit (near-field plume) is smaller. This can contrast with the studies
mentioned above which described a larger plume promoted by upwelling winds due to
the greater expansion over the ocean. These studies account the entire area where salinity
is lower than oceanic one due to discharge influence, whereas in our case we are centered
in the near-field turbid plume, the area where the contrast is greater. From this point of
view the smaller area is obtained under winds that tend to extend the plume material over
the ocean because promote a lower contrast with ocean water, and therefore, the area
characterized by a strong contrast with ocean water is reduced. In addition, a great bulge
was not clearly observed in front of Tagus River mouth under upwelling winds as it was
observed for the Douro. This is probably due to the shape of Tagus coast and/or the
attenuation of northerly winds caused by the Sintra mountains. Both can limit the effect
of northerly winds and the bulge formation.

A coastal turbid fringe is also detected north of cape Roca (Figures 5.4a and c¢) under
upwelling winds. This fringe of turbidity is not caused by the material exported by Tagus
River neither by the material discharged by rivers located northward, because there are
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not main rivers in that area. The cause supporting the appearance of this fringe of turbidity
north of Tagus ROFI under upwelling winds was explained by Moita et al. (2003) and
Valente and da Silva (2009). They found that this type of winds are able to promote
upwelling blooms causing radiance not associated with the river discharge. In fact,
Valente and da Silva (2009) found that under extreme high discharges, Tagus plume can
be large enough to reach these upwelling blooms making both patterns undistinguishable.
However, with our methodology, this fringe of turbidity is not spatially continuous to the
Tagus plume, and therefore, we can delimit the Tagus plume and differentiate it from the
turbid fringe caused by upwelling blooms.

Downwelling winds dominate the area near coast in the north of Tagus ROFI due to the
onshore Ekman transport promoted, retaining the material exported by the river in that
area and limiting its dilution in the ocean water (Figure 5.4b and 5.5a). This explains the
high turbid values detected in Figure 5.4b and promotes that values surpassing the turbid
limit occupy a larger area (Figure 5.5b). This behavior is corroborated by Figure 5.4c
where a fringe of positive values (dominance of downwelling winds) dominate the near
shore area, extending northward to Tagus ROFI. This behavior is in a good agreement
with previous works that show as downwelling winds dominate the coastal area on the
side of the mouth toward wind blows (Fong and Geyer, 2002; Choi and Wilkin, 2007;
Otero et al., 2008). However, these studies detected a fringe of plume material along the
coast following wind direction which was not observed northward of cape Roca. This is
probably caused by the retention of Tagus plume against north of ROFI due to the shape
of the bay, limiting that plume surpasses this area, which prevents its propagation
northward. In the case of studies mentioned above, as well as for Douro plume, there are
no geological barriers avoiding the formation of this coastal band following wind
direction. This fact and the time delay between river discharge and river plume variations
caused by the size and the shape of the Tagus Estuary highlight the importance of coastal
geomorphology in the Tagus case.

Eastern cross-shore winds tend to push the plume material offshore, which causes that the
highest values of turbidity (> 0.5 mWem2pm'st™") were scarcely detected not allowing
the material accumulation near coast (Figure 5.6a and 5.7). The turbid plume occupies a
small area located north of ROFI. Unlike the upwelling winds that move the material in
the perpendicular direction to the ROFI coast, seaward winds move the material
predominantly offshore following the north coast of the ROFI and toward the north when
the ROFTI is surpassed, following the coastline geometry and probably affected by
Coriolis deflection to the right in the Northern Hemisphere. This behavior is clearly
observed when the map of differences between cross-shore winds (landward minus
seaward winds) is assessed (Figure 5.6¢). The negative values (dominance of seaward
winds) are observed to the north of river mouth showing as eastern winds tend to displace
the plume offshore and to the north when the ROFI is surpassed. The offshore movement
of the plume under eastern winds and the deflection to the right was also observed in
Douro plume. On the other hand, landward winds retain most of plume material against
the coast in both alongshore directions (Figure 5.7), limiting its spreading in ocean water
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and therefore, maintaining values above the limit in a larger area inside the ROFI (Figure
5.6b). In fact, the highest turbid values form a defined semicircular pattern around the
mouth. This behavior is corroborated by Figure 5.6¢c where positive values (dominance
of'landward winds) dominate the area enclosed by the bay excepting the north part, which
is also affected by seaward winds.

Then, plume material is affected in a different manner depending on the predominant
wind direction. Upwelling winds tend to disperse plume material over the ocean
following a perpendicular direction to the ROFI coast, provoking a plume which occupies
the smallest area located in the north of ROFT and defined by the lowest mean turbid value
(Figure 5.4a, c and Figure 5.5, Table 5.2). Downwelling winds provoke that Tagus plume
occupies all the north of ROFI since maintain the material discharged by the river in that
area due to the onshore Ekman transport generated, which limits the transport of material
to other areas. This promotes a plume defined by the highest mean turbid value and with
an inclination to the north (Figure 5.4b, ¢ and Figure 5.5, Table 5.2). Seaward winds
displace plume material toward the ocean and following the north coast when the ROFI
is surpassed, causing a small plume characterized by low turbidity values preserved in the
north of ROFT (Figure 5.6a, ¢ and Figure 5.7, Table 5.2). Finally, landward winds retain
plume material in both alongshore directions, which provoke the largest plume
characterized by high turbid values, which occupies a large part of the area enclosed by
the bay due to the inhibition of cross-shore transport (Figure 5.6b, ¢ and Figure 5.7, Table
5.2).

Tagus dynamic is also affected by fortnightly and semidiurnal tidal cycles. The effect of
overlapping both cycles is not observed in other main rivers analyzed in the Iberian
Peninsula. Ebro plume is not affected by tides due to the micro-tidal regime of
Mediterranean Sea, and Douro plume is only affected by the semidiurnal cycle, although
it has the same mesotidal Atlantic regime than Tagus. This fact is due to Douro River
directly flows into the sea, whereas Tagus presents a large estuary before debouching into
the ocean. Large estuaries, as Tagus, generate a longer water residence, which can modify
turbidity patterns according to fortnightly tidal cycle (Braunschweig et al., 2003) whereas
the residence time in the Douro Estuary is too short to observe this effect.

A clear pattern of variability according to the fortnightly period is observed in the Tagus
plume (Figure 5.8). It reaches the maximum extension and turbidity during spring tides
descending to its minimum values during neap tides, with an intermediate plume observed
before neap tides (Table 5.3). The same behavior occurs between neap and spring tides.
The extension of the plume as well as the turbidity increase to reach maximum values
during spring tides, and therefore, an intermediate plume is observed before spring tides
(Table 5.3). The observed patterns can be attributed to a larger turbid plume ejected from
the estuary during and after spring tides, enhanced by the ebb-dominated Tagus Estuary
(Vaz and Dias, 2014). This is due to the differences in tidal amplitude and the current
velocity between spring and neaps, which are more intense during spring tides. During
neaps, low velocities are found and residence time within the estuary is changed. In fact,



5. Tagus turbid plume

in neaps estuarine outflow is reduced due to low ebb velocities and the water properties
are "trapped" inside the estuary, due to low exchange in its mouth. This affects the plume
propagation to the coastal ocean as studied by Valente and da Silva (2009). In a coastal
plain estuary like the Tagus, which presents a large width in its mixing region, the estuary
remains well mixed due to a large lateral spreading of freshwater through a low depth
region. Also, the tide always acts to produce well mixed estuarine conditions. However,
different tidal conditions induce changes in current velocities and also in estuarine
outflow, and the estuary exports more particulate and solute material during spring than
during neaps. In addition, plume behavior can be different before and after neap or spring
tides, as was observed in this chapter. These results are in good agreement with those of
Valente and da Silva (2009) and Vaz et al. (2011).

The semidiurnal tidal cycle also presents an important impact on Tagus plume
development. In fact, a larger and more turbid plume is observed under low tides in
comparison with the situation under high tides (Figure 5.9 and Table 5.3). This behavior
is attributed to the plume retraction provoked by the high tide, which limits its
development, as was previously observed in the Douro turbid plume.

5.8. Conclusions

The spatial and temporal variability of the Tagus plume was evaluated considering the
effects of river discharge, wind and tide from 2003-2015. The study was carried out using
composites constructed of daily images taken from the MODIS Aqua and Terra satellites.
The study allowed to reach the following conclusions:

e The maximum correlation between river discharge and the Tagus plume extension
was obtained with a lag of 2 days, i.e., plume at day d is compared with the runoff
at day d-2. The plume does not react immediately to changes in river discharge
due to the geomorphology and dimension of the estuary.

e The Tagus plume occupied a small area located near the estuary mouth under low
river discharges. The plume showed an increase in extension and turbidity at
higher river discharges, showing plume dependence on river flow.

e The influence of wind was investigated under high river discharges. Maximum
plume extension (389 km?) was observed under western cross-shore winds
whereas the maximum mean turbidity (0.43 mWem2pm'sr'!) was induced by
southern alongshore winds. Both wind conditions limit the dispersion of material
exported by the river in ocean waters, which maintains values above the turbid
limit over a large area. On the other hand, northern alongshore winds produced
the minimum plume extension and turbidity (172 km? and 0.36 mWem2pm-!sr!,
respectively). Eastern cross-shore winds also caused low plume extension and
turbidity since both wind conditions favor the material dispersion in ocean waters
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provoking a rapidly decrease in turbidity values and therefore, in the area occupied
by the values surpassing the turbid limit.

The role of tides was analyzed under high river discharges. Low tides caused a
larger Tagus turbid plume with higher turbidity values than at high tides. In
addition, Tagus turbid plume reached its maximum extension (302 km?) and mean
turbidity (0.43 mWcm?2um'sr!) during and after spring tides, when the
fortnightly tidal cycle was considered. The minimum plume extension and mean
turbid value were obtained during and after neap tides (141 km? and 0.31 mWcm-
2umlsr!, respectively). Therefore, semidiurnal and fortnightly tide periods, are
important for the plume size and turbidity. When the two periods overlap, the
maximum plume extension and mean turbidity were acquired at during-after
spring tides under low tides, whereas the minimum plume and mean turbidity
were observed during-after neap tides under high tides.
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Chapter 6:

Main Iberian turbid plumes:
characterization and comparison

6.1. Motivation

In previous chapters the three most important Iberian plumes (Ebro, Douro and Tagus)
were individually analyzed in depth. Their responses under the main forcing were
evaluated since these plumes cover the main important driving factors affecting Iberian
plumes. River discharge and wind in all of them, a strong and permanent regional oceanic
circulation on the Ebro plume, the semidiurnal tidal cycle on the Douro and Tagus
plumes, and the fortnightly tidal cycle on the Tagus plume. The behavior of each plume
to the forcing was described, analyzed and explained, but plumes were not compared
between them in depth.

The goal of this chapter is to compare the behavior of the most important Iberian plumes
under the main forcing factors. The purpose is twofold, finding common features among
plumes and highlighting differences among them due to coastal and river mouth
morphology, coastal wave regime or regional differences in coastal currents among
others. For that, Minho, Guadiana and Guadalquivir plumes were added to the study in
order to cover all the most important Iberian plumes in terms of river discharge. The
images of the Ebro, Douro and Tagus plumes under the main forcing will no longer be
included in this chapter because were showed in previous chapters. In spite of some
slightly differences, as the number of years averaged or the percentiles selected in the
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case of the Tagus, the general behavior under the different forcing is the same and,
therefore, the images are very similar to those showed in previous chapters. Only Tagus
plume state under low and high tides (semidiurnal tidal cycle) will be showed because it
will be considered for the same fortnightly period, during spring tides and during neap
tides, in order to isolate the semidiurnal effect. In Chapter 5 semidiurnal impact on Tagus
plume was only evaluated during an intermediate state of the fortnightly cycle. In this
way can be checked if the effect of the semidiurnal cycle is totally independent of the
fortnightly state. The extension and turbidity of the main Iberian plumes under each
situation considered from 2003 to 2014 will be included for comparison purposes.

6.2. Study areas

Areas selected to study the most important Iberian plumes are defined in Figure 1.2
(empty black squares). Each area was chosen taking into account the region where the
influence of each turbid plume is greater and avoiding, as far as possible, the influence of
other minor river plumes in its proximity, which could partly mask the observed
behaviors. An example was explained in Chapter 5 for Tagus River. In spite that the
initial area selected to analyze the plume was larger, it was reduced to avoid the influence
of other sources of turbidity which can overestimate the plume. A turbid plume usually
forms a pattern with the turbidity descending with the distance to the river mouth. When
there is a discontinuity in turbidity pattern or an increase with the distance is usually
associated to other sources of turbidity, which present most importance at that location.
The areas defined to analyze the plumes were defined from this point of view, selecting
the region dominated by each turbid plume.

6.3. Methods

The same forcing conditions will be imposed to analyze the main Iberian plumes for
comparison purposes. Following the findings obtained in previous chapters, river
discharge impact on Iberian plumes will be analyzed taking into account days with low
river discharge (below the 25" percentile) and days with high river discharge (over the
75" percentile). Wind directions considered will be alongshore (upwelling and
downwelling) and cross-shore (seaward and landward) with a deviation of = 45° following
coast orientation in each case. High tides will be considered under tidal states higher than
0.5 m and low tides lower than -0.5 m at the hour when Aqua satellite overpasses the
plume areas. Spring and neap tides will be considered under daily amplitudes over than
75" percentile and below the 25™ percentile, respectively. Wind and tidal forcing will be
evaluated under river discharges higher than the 75" percentile in order to ensure plumes
developed enough to be modulated by these forcing. For detailed information see Chapter
2, Section 2.2. “Turbid plume forcing databases”.
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A criterion was established to quantify the influence of each forcing on river plume based
on the evaluation of the plume extension. The capability of each forcing to modulate that
extension was obtained in terms of:

R _( <E>Max_ ~gsmin )
<E> T \(<E>max4<E>min) /3

(6.1)

where <E>™ is the largest plume extension and <E>™" the smallest one promoted by
each forcing. This dimensionless parameter allows comparing different drivers
(discharge, wind, tide...) and locations (Minho, Douro, ...) since it is the ratio between
the extent of change in plume extension and the mean plume extension promoted by each
forcing. Thus, when the effect of a given driver is high (low), the value of the parameter
increases (decreases). Three ranges of forcing influence on plume development can be
defined: high influence (H), when amplitude of plume extension is higher than the mean
value, moderate influence (M), when the amplitude is between one half and the mean
extension and low influence (L) when the amplitude is lower than one half of the mean
plume extension. Values are shown in Table 6.3.

6.4. Main forcing affecting the most important Iberian plumes

The general characteristics of the main forcing affecting Iberian plumes for the period
2003-2014 are showed in Figure 6.1.

The annual hydrologic cycle of the rivers under analysis can be divided in two main
regimes. A pluvial regime, characterized by a river discharge reaching the maximum in
winter months (January or February) and descending then to reach the minimum during
summer, is typical for Minho, Douro and Tagus Rivers. On the other hand, a pluvio-nival
regime characterized by a river discharge increase in winter months, with a peak also
recorded in spring months (March-April) and minimum values during summer, is typical
for Guadiana, Guadalquivir and Ebro Rivers (Figure 6.1a). In general terms, during the
period under study, maximum monthly discharge, 922 m®s™!, was reached by Douro River
in January and the minimum one, 13 m’s’!, by Guadiana River in July. In addition, Douro
(Guadiana) River presented the maximum (minimum) mean annual flow, about 477 (73)
m?’s!, for the period under study.

The wind rose depicted in Figure 6.1b (left panel) corresponds to a location in front of
Douro mouth. The pattern is characterized by prevailing north-northwesterly winds
followed by south-southwesterly winds. Velocities range from 4 to 12 ms™'. This pattern
is in good agreement with previous research (Gomez-Gesteira et al., 2006; Alvarez et al.,
2011) and it is similar in front of Minho and Tagus mouths.

The pattern shown in Figure 6.1b (middle panel) characterizes the wind regime in front
of Guadiana River mouth. There is not a clear prevalent direction, although most of winds
come from the west. Wind velocity usually ranges from 4 to 8 ms". This regime is
characteristic of the Bay of Cadiz and it is similar in front of Guadalquivir River mouth.
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This rose is similar to the one shown in Carvalho et al. (2014) using data provided by a
meteorological buoy located at the Gulf of Cadiz.

The area near Ebro mouth shows prevailing northwesterly winds followed by
northeasterly winds, with velocities usually ranging between 4 and 14 ms™! in the first
case and between 2 and 8 ms™ in the second one (Figure 6.1b, right panel). This pattern
is in good agreement with Durand et al. (2002) who showed the prevalence of Mistral

(northwesterly) wind, which is more persistent during autumn and winter although it
blows throughout the year.
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Figure 6.1. (a) Annual hydrologic cycle for the main Iberian Rivers from 2003 to 2014 (monthly average,
in m3s!). (b) Wind rose (ms™) of Douro, Guadiana and Ebro plume areas from left to right, for the period
2003-2014. (c) Hourly sea surface elevation (cm) at Vigo (black) and Bonanza (grey) stations during 2007.
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Sea surface elevation for Vigo and Bonanza stations during 2007 is showed in Figure
6.1c. The daily mean amplitude of sea surface elevation for the period under study was
240 cm at Vigo station, 225 cm at Tagus Estuary (Cascais station) and 197 cm at Bonanza
station.

6.5. Results and discussion

6.5.1. Characterization of the main Iberian plumes

The basic features of each river plume were characterized before analyzing their behavior
under different synoptic conditions. The turbid threshold (T:) distinguishes water
influenced by plume from clear ocean water. This turbid limit is different for each river
plume due to their different features (Figure 2.6 and Table 6.1). Only Minho and Ebro
plumes present the same T value, 0.15 mWem™2um'sr!. The other plumes have higher
threshold values, in particular Guadalquivir plume reached the maximum value (0.35
mWem?pm'sr!). As for the time response (Lag), Minho, Douro, Guadiana and Ebro
Rivers have not delay between river discharge and plume development, whereas Tagus
and Guadalquivir Rivers present a delay of 2 and 3 days, respectively (Figure 2.6 and
Table 6.1). These results corroborate that plumes of rivers flowing directly into the ocean
immediately adapt to river discharge fluctuations. Nevertheless, the plume needs some
time to adapt to discharge variations in rivers with a large estuary.

Plume Characterization

River Mean discharge Te Lag <E> <T>
Minho 282 015 0 179 0.30+0.20
Douro 477 025 0 369 0.47+0.30
Tagus 260 020 2 208 0.39+0.27
Guadiana 73 030 O 89 0.51+0.21
Guadalquivir 110 035 3 940 0.72+0.42
Ebro 296 015 0 1277 0.36+0.26

Table 6.1. General characterization of the most important Iberian turbid plumes from 2003 to 2014. Mean
discharge is measured in m’s’!, lag in days, mean extension (<E>) in km? and turbid threshold (T¢) and
mean turbid value (<T>) in mWem2um-'sr'!. Dispersion was calculated by means of the standard deviation.
Mean extension has not error because it was calculated counting the number of pixels that surpass the turbid
threshold.

Therefore, discharge conditions imposed to observe plumes states will be referred to the
same day of plume sampling, d, for rivers without delay between river discharge and
plume development and to the average discharge at days d, d — I ... d — delay for rivers
with some delay in order to take into account river runoff influence on plume formation
during these days.
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The mean extension <E> and turbid value <T> of plumes averaged for the whole period
under study are also shown in Table 6.1. Ebro River presents the maximum mean plume
area, 1277 km?, while Guadiana River has the minimum one, 89 km?. Minho, Douro,
Tagus and Guadalquivir Rivers have intermediate plume extensions, ranging from 179
km? for Minho to 940 km? for Guadalquivir. Regarding turbid values, which are related
to the suspended material carried by plumes, Guadalquivir plume has the maximum mean
turbid value, 0.72+0.42 mWem2pm!sr™!, while Minho has the minimum one, 0.30+0.20
mWem?pm'sr™!. The other rivers under analysis have intermediate turbid values ranging
from 0.36+£0.26 mWem2pm !sr! for Ebro to 0.51+0.21 mWem2um''sr! for Guadiana.

Table 6.1 also highlights that a high river discharge does not necessarily involve larger
and more turbid plumes. For example, Guadalquivir River, which is the fifth in annual
mean discharge, presents the most turbid plume and it is the second in plume extension.
Thus, although river discharge is important to transport material to the ocean, other factors
like sediment load can also be crucial to determine the properties of the turbid plume. For
example, the extension occupied by farmlands and urban settlements has increased in the
Guadalquivir basin in the last decades, providing more material that can be carried by the
river to the ocean (Diez-Minguito et al., 2012). On the contrary, other rivers have reduced
their material load during the last decades (Douro, Oliveira et al., 1982, or Ebro, Ibafez
et al., 1996). Another example is the Ebro River, which presents the maximum mean
extension despite having medium discharges and having reduced the available material
load during the last decades. This is probably caused by a still high amount of available
material due to the agricultural activities of the Delta (Ibafiez et al., 1996) and by the
plume displacement provoked by the Liguro-Provencal current, as was explained in
Chapter 3.

6.5.2. River discharge influence on the main Iberian plumes

The annual cycle of the main Iberian plumes is represented in Figure 6.2. It shows the
monthly variability of the mean extension occupied by each turbid plume. All of them
present a general annual pattern characterized by high values during winter and minimum
ones during summer. Minho, Douro and Tagus showed a similar annual pattern between
plume extension and river discharge. However, Guadiana, Guadalquivir, and Ebro
although present a seasonal cycle in both cases, some discrepancies can be assessed. They
have similar plume extensions during autumn-winter and early spring months, in spite of
the higher discharge in the last case. This could be explained by differences in the other
seasonal forcing, the wind. A clear example occurs in Ebro plume, where Mistral wind
promotes a larger plume extension during autumn-winter months, as was observed in
Chapter 3. This provokes a plume area as large during autumn-winter than during early
spring months, in spite the higher river discharges in the last case. In absolute terms, the
maximum monthly average extension (~2000 km?) is reached by Guadalquivir plume in
January whereas the minimum one (<25 km?) is reached by Guadiana plume in August.
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Figure 6.2. Annual cycle of mean plume extension for the most important Iberian Rivers from 2003 to
2014 (monthly average, in km?).

In spite of the similarities between river discharge and plume extension patterns, the
calculation of the plume extension in terms of river discharges is not straightforward due
to the effect of other drivers as wind or tides. Nevertheless, the linear correlation between
river discharge and plume extension provides useful information about the plume in terms
of runoff (Table 6.2). Higher correlations (~0.60) were obtained for northern Atlantic
Iberian Rivers (Minho, Douro and Tagus). The smaller correlations (0.28 and 0.40) were
obtained for Ebro and Guadalquivir Rivers. The lower correlation obtained for these
rivers can be supported by the seasonal wind pattern together with the pluvio-nival regime
as commented above. All correlations are significant (> 99 %).

River Correlation Series River Discharge
(discharge vs <E>) length Condition
<25 % >75 %

Plume State <E>

Minho 0.60 1,022 N 451
Douro 0.61 1,269 N 998
Tagus 0.59 1,402 MD 362
Guadiana 0.47 1,686 MD 333
Guadalquivir 0.40 1,756 WD 1973
Ebro 0.28 1,261 WD 1675

Table 6.2. Correlation coefficients between river discharge and mean plume extension (<E>) and main
characteristics of turbid plumes under extreme river discharge situations. All correlations are significant (>
99%). Plume states: Negligible (N), moderately developed (MD) and well developed (WD). <E> is
measured in km?. Series length is the number of days taking into account the number of available pixels
from MODIS, greater than 70 %, and the existence of river discharge data.
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Plume behavior was also evaluated under extreme river discharge conditions (low and
high discharges) (Figure 6.3).
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Figure 6.3. Turbid plume composites under low (< 25" percentile, left panels) and high (>75" percentile,
right panels) river discharges, for (a, b) Minho, (¢, d) Guadiana, and (e, f) Guadalquivir plumes. Black line
represents the respective turbid threshold.
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Three possible plume states have been identified under low discharge conditions:
negligible plume (N), moderately developed plume (MD) and well developed plume
(WD). A plume is considered completely developed when the turbid value of pixels
decreases radially from the river mouth, forming a well-defined pattern in front of it.

Only Guadalquivir and Ebro Rivers present a plume completely developed under low
river discharges due to the high sediment load. Minho and Douro show the opposite
behavior with a negligible plume. Tagus and Guadiana Rivers present an intermediate
situation with visible plume pattern but not completely developed. Under high discharge
conditions all rivers form completely developed plumes, reaching Guadalquivir plume
the maximum mean extension, 1,973 km?, and Guadiana the minimum one, 333 km?.

Figure 6.3 represents the three possible situations for a turbid plume. Minho plume
represents an example of negligible plume under low river discharges (Figure 6.3a),
showing a well-developed pattern, especially in front of river mouth, under high
discharges (Figure 6.3b). A radially turbid pattern is visible under low river discharge
conditions around Guadiana mouth (Figure 6.3c) being well developed under high
discharge conditions (Figure 6.3d). Guadalquivir plume presents a well-developed plume
under low (Figure 6.3¢) and high (Figure 6.3f) discharges, with extension increasing with
discharge. Ebro, Douro and Tagus plumes under low and high river discharges were
showed in Figures 3.6, 4.3 and 5.3, respectively.

The importance of river discharge forcing on each plume development was analyzed by
means of the R<g> parameter defined in eq. 6.1 (Table 6.3). <E>"%* is the plume area under
high river discharges and <E>™" under low discharges. In general terms, Minho, Douro
and Guadiana Rivers present a plume extension highly influenced by river discharge
while this influence is small for the Ebro River (Table 6.3).

River R<g>
Discharge Wind Tide
Minho 1.5 1.1 0.5
Douro 1.6 1.1 0.3
Tagus 0.9 0.8 0.7 (0.3)
Guadiana 1.6 1.6 1.1
Guadalquivir 1.0 0.4 0.2
Ebro 0.3 0.4 -

Table 6.3. River discharge, wind and tide influence on the development of Iberian turbid plumes by means
of R<g> parameter (eq. 6.1).

6.5.3. Wind influence on the main Iberian plumes

The main characteristics of the most important Iberian plumes under wind forcing are
shown in Table 6.4. The impact of cross-shore winds is shown in Figure 6.4 for Minho,
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Guadiana and Guadalquivir, and in Figures 3.8, 4.5 and 5.6 for Ebro, Douro, and Tagus,
respectively.
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Figure 6.4. Turbid plume composites under landward (left panels) and seaward (right panels) cross-shore
winds, for (a, b) Minho, (c, d) Guadiana, and (e, f) Guadalquivir plumes. Black line represents the respective
turbid threshold.
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All Atlantic Rivers reach maximum <E> and <T> values under CS™ winds for the period
under study (see Figure 6.4 and Table 6.4). This fact is due to landward winds accumulate
the material exported by the rivers near coast, on both sides of the river mouth, decreasing
seaward transport. This type of winds limits the loss of material by dilution in ocean
waters provoking that values surpassing the turbid limit occupy a large area characterized
by high turbid values (Figure 6.4, left panels). Most of Atlantic Rivers reach minimum
<E> and <T> values under CS" winds. Seaward winds produce the fast dilution of plume
material with the adjacent seawater causing turbidity to be quickly below the turbid limit
due to the intense mixing promoted. Therefore, the plume area characterized by the values
above the turbid limit, reaches its smallest extension and low mean turbid value under
these conditions (Figure 6.4 right panels).

Most of rivers draining in the Atlantic margin of the Iberian Peninsula show intermediate
<E> and <T> values under AS™ and AS™ winds (Table 6.4). The impact of alongshore
winds on Iberian plumes is shown in Figure 6.5 for Minho, Guadiana and Guadalquivir,
and in Figures 3.7, 4.4 and 5.4 for Ebro, Douro, and Tagus, respectively. AS™ (upwelling)
winds tend to displace the plumes offshore favoring the mix between plume and ocean
water due to offshore Ekman transport, especially in front of river mouths (Figure 6.5,
left panels). Under these upwelling winds, the mean turbidity decreases by an intense
dilution in ocean water. AS™ (downwelling) winds show the opposite effect compressing
the plume against the coast especially to the side toward where wind blow, as a
consequence of onshore Ekman transport (Figure 6.5, right panels). This provokes the
retention of the plume in that area increasing the turbidity respect to the situation
described above. Only Guadalquivir River reaches lower mean turbidity under
downwelling than under upwelling winds. This is probably affected by the configuration
of the coast around the Guadalquivir mouth, where exists a coastal protuberance south of
river mouth. Taking into account that downwelling favorable winds are from southeast in
the Guadalquivir area, this coastal feature can limit their effect, and therefore, the onshore
currents generated.

The Ebro plume, which drains into Mediterranean Sea, reaches maximum and minimum
values of <E> under wind conditions completely different to those for rivers draining in
the Atlantic Ocean (see Figures 3.7 and 3.8). Ebro plume reaches its largest mean
extension under CS" winds, whereas that remaining plumes present their smallest mean
extension under these conditions (Table 6.4). This exceptional feature is due to the effect
of the Liguro-Provencal current (LPC), which flows southwestward in that area. Seaward
winds extend the plume offshore however, LPC displaces it southwestward along the
coast decreasing cross-shore transport and dilution with seawater, distributing the plume
in a large area (see detailed information in Chapter 3). In addition, Ebro plume reaches
its minimum extension under CS™ winds. This behavior, which is influenced by the LPC,
is opposite to the observed for the rest of Iberian plumes. Ebro plume reaches its
maximum and minimum <T> value under AS winds. The maximum <T> value
(0.50£0.36 mWcm2um'sr'!) was reached under AS” winds due to the combined effect of
the LPC and the landward Ekman transport.
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Figure 6.5. Turbid plume composites under upwelling (left panels) and downwelling (right panels)

alongshore winds, for (a, b) Minho, (c, d) Guadiana, and (e, f) Guadalquivir plumes. Black line represents
the respective turbid threshold.
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In absolute terms, the largest <E> and the highest <T> values are reached by Guadalquivir
plume under CS™ (landward) winds with 2309 km? and 0.88+0.47 mWcm>um 'sr,
respectively. In contrast, Guadiana plume reaches the smallest extension, 89 km?, and
Minho plume the lowest turbidity, 0.24+0.15 mWem2pm'sr!, under CS* (seaward)
winds.

The importance of wind forcing on each plume development was also analyzed by means
of the R<g> parameter defined in eq. 6.1 (Table 6.3). In this case, <E>™** corresponds to
the winds that cause the maximum mean extension of the river plume (CS™ for Ebro River
and CS" for the rest, Table 6.4) and <E>™" to the winds that cause the minimum plume
extension (CS™ for Ebro River and CS” for the rest, Table 6.4). Guadiana plume extension
shows to be highly influenced by wind while Ebro and Guadalquivir have low wind
influence (Table 6.3).

River Meteorological Conditions
AS AS - cs™ CS-
<E> <T> <E> <T> <E> <T> <E> <T>
Minho 269 030022 569 030+0.17 224 0.24+0.15 785 0.34+0.21
Douro 806  0.47+0.27 940 0.51+0.31 539 0.44+0.23 1788 0.55+0.30
Tagus 288  0.36+0.17 323 0.39+0.17 276 0.37+0.17 634 0.41+0.23

Guadiana 512 0.52+0.26 278 0.60+£0.28 89  0.48+0.17 754 0.73+0.37
Guadalquivir 2057 0.84£0.49 1680 0.81+0.44 1536 0.83+0.49 2309 0.88+0.47
Ebro 1422 0.33+0.25 1817 0.50+0.36 1867 0.34+0.23 1288 0.34+0.21

Table 6.4. Main characteristics of the most important Iberian turbid plumes under wind influence. Wind
directions considered: alongshore winds which cause an Ekman transport offshore (AS™), alongshore winds
which cause an Ekman transport onshore (AS-), seaward cross-shore (CS") and landward cross-shore (CS-
) winds. Mean extension (<E>) is measured in km? and mean turbid value (<T>) in mWcm2pm'sr!. Bold
italic numbers represent maximum values of <E> and <T> for each river and italic numbers the minimum
ones. Dispersion was calculated by means of the standard deviation. Mean extension has not error because
it was calculated counting the number of pixels that surpass the turbid threshold.

6.5.4. Tidal influence on the main Iberian plumes

Tidal effect on Iberian plumes is summarized in Table 6.5. Fortnightly cycle (spring and
neap tides) only has an important influence on plumes formed by rivers that discharge in
large estuaries with a residence time big enough to enhance turbidity (Braunschweig et
al., 2003; Valente and da Silva, 2009). Although Tagus and Guadalquivir Rivers can
fulfill this condition, only Tagus plume presents significant variability during the spring-
neap tidal cycle (see Figure 5.8). The plume reaches its maximum mean extension and
turbidity (411 km? and 0.41+0.17 mWem2um!sr!) during and after spring tides. On the
other hand, Tagus plume reaches its minimum extension and turbidity (239 km? and
0.32+0.13 mWem?um 'sr!, respectively) during and after neap tides (Table 6.5). Under
this last situation Tagus plume is limited to the area near the river mouth with low turbid
values (see Figure 5.8). On the contrary, during and after spring tides turbid values
increase considerably and Tagus plume extends along the bay (see Figure 5.8). This
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behavior is due to the larger amount of material exported from the estuary during spring
tides, which is enhanced by the ebb-dominated Tagus Estuary (Vaz and Dias, 2014).
These results are in good agreement with previous research carried out in the area
(Valente and da Silva, 2009; Vaz et al., 2011; Vaz and Dias, 2014).

River Tidal Conditions
Semidiurnal cycle Fortnightly cycle
Low High Spring Neap
<E> <T> <E> <T> <E> <T> <E> <7T>
Minho 519 0.25+0.12 293 0.21+0.07 - - - -
Douro 1126 0.45+0.21 868 0.43+0.20 - - - -
Tagus 641 0.45+0.30 293 0.40+0.16 | 411 0.41+0.17 239 0.32+0.13
[278] [0.39+0.211 [198] [0.30+0.11]
Guadiana 259 0.44+0.16 79 0.36+0.11 - - - -
Guadalquivir ~ 2036  0.86+£0.55 1644  0.78+0.48 - - - -
Ebro - - - - - - - -

Table 6.5. Main characteristics of the most important Iberian turbid plumes under tidal influence. Tagus
plume values of <E> and <T> for low and high tides are measured during spring tides and during neap tides
(number in brackets) in order to isolate semidiurnal tidal cycle to the influence of fortnightly tidal
periodicity. The symbol “-” indicates “negligible influence”. Mean extension (<E>) is measured in km? and
mean turbid value (<T>) in mWem?um-!sr™!. Dispersion was calculated by means of the standard deviation.
Mean extension has not error because it was calculated counting the number of pixels that surpass the turbid
threshold.

The semidiurnal tidal cycle (low and high tides) has remarkable impact on the
development of the Atlantic Iberian plumes, which are under a mesotidal regime. Its effect
is shown in Figure 6.6 for Minho, Guadiana and Guadalquivir, and in Figures 4.8 and 5.9
for Douro, and Tagus, respectively. All Atlantic Iberian plumes are larger and more turbid
under low tides (Figure 6.6, left panels) than under high tides (Figure 6.6, right panels).
This is due to high tides provoke the retraction of the plume hindering the exportation of
material to the ocean and limiting the plume development. Tidal effect is negligible for
the Ebro plume due to the micro-tidal regime of the Mediterranean Sea (Mestres et al.,
2003).

The effect of low and high tidal states on Tagus plume was analyzed in Chapter 5 for the
same fortnightly period (intermediate state out of spring or neap tides), in order to isolate
the semidiurnal effect because the different phases of the fortnightly periodicity affect
Tagus plume development. Semidiurnal impact on Tagus plume was also evaluated in
this chapter under periods of spring tides and neap tides, in order to proof if the
semidiurnal effect is the same regardless the fortnightly state. In both cases, Tagus plume
was greater and the turbidity higher under low tides (Figure 6.7), following the same
behavior than the rest of Atlantic plumes and showing as semidiurnal tidal effect is
independent of the fortnightly tidal state.
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Figure 6.6. Turbid plume composites under low (left panels) and high (right panels) tides, for (a, b) Minho,
(c, d) Guadiana, and (e, f) Guadalquivir plumes. Black line represents the respective turbid threshold.
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Figure 6.7. Tagus turbid plume composites under low (left panels) and high (right panels) tides, during
neap (upper panels) and spring (lower panels) tides.

The impact of semidiurnal cycle on the development of each plume was analyzed by
means of the R<e> parameter defined in eq. 6.1 (Table 6.3). In this case, <E>™* represents
situations under low tides that generate the maximum mean extension of the river plumes
(Table 6.5) and <E>™" ynder high tides that generate the minimum plume extension
(Table 6.5). The R<g> parameter was calculated under spring (neap) tides for Tagus plume
due to its significant variability during the spring-neap tidal cycle. Semidiurnal tidal cycle
has important influence for Guadiana plume, and for Tagus plume under spring tides. On
the contrary, semidiurnal tidal cycle has low influence for Guadalquivir and Douro
plumes and for Tagus plume under neap tides.

The impact of the fortnightly cycle on Tagus plume development was quantified with a
R<e> value of 0.5 indicating a moderate influence on plume extension.

6.5.5. Particular features of the main Iberian plumes

Some particular features of the main Iberian plumes linked to the regional coastal
dynamic can be inferred with the methodology developed. A plume movement to the
north of estuary mouths is expected due to the Coriolis deflection in the North Atlantic
Iberian coast. However, a southward turbid coastal attached band is observed in the
composites analyzing Minho and Douro plumes, both subjected to similar coastal
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dynamics, as was detected for the Douro in Chapter 4. This turbid band can be expected
under northerly winds as part of the water transport in the direction of the wind-driven
circulation in shallow regions (Lentz and Fewings, 2012). Nevertheless, this southward
turbidity fringe is also detected under other wind conditions. The littoral drift current
resulting as a consequence of the northwest dominant wave direction (Veloso-Gomes et
al., 2004; Rusu and Guedes Soares, 2013), which transports part of the sediments
southward (Dias et al., 2002; Mendes et al., 2014), can be part of the explanation.
Moreover, the southward flux could be also increased by the spatial orientation of both
estuary axis (Yankovsky, 2000). The angle between coastline and Minho and Douro inlet
orientations is about 45° in the opposite direction of Coriolis deflection, which can
promote a southward water movement near both estuary mouths. Oppositely, there is not
a southward turbid band in the Tagus plume. In this case, the topography, the morphology
and the configuration of the region of influence of Tagus estuarine outflow protect the
plume from northerly waves and winds (Rusu et al., 2011), as was explained in Chapter
5. Tagus plume material is only transported southward under landward winds due to the
plume accumulation on both sides of the mouth, highlighting the importance of coastline
geometry. In addition, Minho and Douro present a northward plume movement under
southerly winds which is neither observed in the Tagus plume. Once more the shape of
the Tagus bay is the responsible of limiting the plume displacement to the north, whereas
Minho and Douro have not geological barriers blocking the generation of this plume
feature.

Compared with the rest of the rivers flowing into the Atlantic Ocean, the Guadiana and
Guadalquivir plumes present some particularities due to the change in the shoreline
orientation of this region. The coastal wave regime in the Gulf of Cadiz is dominated by
waves providing from the W-SW, in such way that the net annual littoral drift current is
in the W-E direction (Gonzalez et al., 2001; Gonzalez et al., 2007; Sanchez-Garcia et al.,
2013). This can be inferred from Guadiana composites where a predominant eastward
plume development is observed under all drivers. Only under easterly winds the main
bulge of the plume is displaced westward. This predominant movement associated to the
littoral drift current is not clearly observed in Guadalquivir plume, probably due to the
NW-SE coastal orientation, which limits the effect of the littoral current. This limitation
can also be reinforced by the coastal protuberance in the southern part of the mouth.
However, under high discharges some material is detected southeastward, which could
be related to the interaction with the southeastward flow of the North Atlantic Surface
Water (NASW) (Lobo et al., 2004).

By last, Ebro plume is affected by the regional oceanic circulation along the
Mediterranean Sea, which is dominated by Liguro-Provengal current, flowing
southwestward in the Ebro plume development area (Font et al., 1990). Both Coriolis and
the Liguro-Provengal current tend to displace river plumes to the southwest in the
Mediterranean Iberian coast. The predominant southward advection may generate a
clockwise eddy in the lee side of the Delta. In fact, a quasi-permanent anticyclonic gyre
exists south of the Ebro River mouth (Arnau et al., 2004). This anticyclonic gyre together
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with the Liguro-Provencal current explain that more than 70 % of plume material is
located south of the river mouth, even under southwesterly winds, as was detailed in
Chapter 3. This behavior is different from Atlantic plumes where most of plume
movement is driven by wind. In addition, weak winds during summer months (Durand et
al., 2002) and the micro-tidal regime in the Mediterranean Sea (Mestres et al., 2003),
intensify the stratification inhibiting vertical mixing and making different the salinity and
turbidity plumes propagation as was explained in Chapter 2, Section 2.4. “Accuracy of
MODIS radiance to represent river plumes”.

6.6. Conclusions

River plumes of the main Iberian Rivers were characterized by means of synoptic patterns
obtained through MODIS imagery over the period 2003-2014. Minho, Douro, Tagus,
Guadiana, Guadalquivir and Ebro plumes extension and turbidity were characterized as
well as their variability under the main forcing: river discharge, wind and tidal forcing.
Common features and differences among rivers are included in Table 6.6.

Plume Characterization

River Plume ‘Wind effect External Semidiurnal  Fortnightly Runoff  Wind Tide
delay <E>"'?" currents tidal effect tidal effect impact impact impact
(days) (<E>™") influence
Minho 0  CS(CSH - + - H H M
Douro 0 CS(CSH - + - H H L
Tagus 2 CS (CSH - + + M M M
Guadiana 0 CS (CSY) - + - H H H
Guadalquivir 3 CS (CS*) - + - H L L
Ebro 0 CS'(cs)  + - - L L -

Table 6.6. Common features and differences among the most representative Iberian River plumes. River
plume characterization and plume behavior under main forcing: runoff, wind and tide for the period 2003-
2014. + (-) means that there is (not) influence of this forcing on plume extension. Three ranges of forcing
influence on plume development were defined: high influence (H), when the amplitude of plume extension
is higher than the mean value, moderate influence (M), when the amplitude is between one half and the
mean extension, and low influence (L) when the amplitude is lower than one half of the mean plume
extension.

The main findings of the chapter can be summarized as follows:

e Extension and turbidity of plumes of the different rivers cannot be easily
compared since they are strongly dependent on the sediment load, which is
characteristic of every river (Table 6.1).

e Plumes of rivers with large estuaries (Tagus and Guadalquivir) are lagged
compared to river discharge (Tables 6.1 and 6.6).
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River discharge showed to be the main forcing affecting plume extension (Tables
6.2, 6.3 and 6.6). Actually, the dependence of extension on runoff is moderate or
high for all rivers, except Ebro. Wind and tide are secondary forcing.

The dependence of plume extension on wind is moderate or high for all rivers,
except Guadalquivir and Ebro (Tables 6.3, 6.4 and 6.6).

Landward cross-shore winds (CS’) produced the largest plumes for all Atlantic
Rivers. The smallest plumes were obtained under seaward cross-shore winds
(CS™) (Tables 6.4 and 6.6).

All Atlantic River plumes have a certain dependence on the semidiurnal tidal
cycle. They increased during low tides and decreased during high tides (Tables
6.5 and 6.6). That dependence is only high for Guadiana River. In addition, Tagus
River plume also depends on the fortnightly tidal cycle (it was higher during
spring tides): This dependence is mainly due to the complexity of the estuary,
since the river debouches into a semi-enclosed embayment (Mar da Palha, ~ 320
km?) which connects to the Atlantic Ocean through a Strait. As was mentioned
above, plume extension and runoff are lagged for this river.

Ebro River constitutes a particular case. On the one hand, CS™ (CS") winds
produced the largest (smallest) plume (Tables 6.4 and 6.6). On the other hand, the
plume shows a low dependence on runoff and wind, and a negligible dependence
on tide (Tables 6.3 and 6.6). Basically, the plume is driven by a coastal current
(the Liguro-Provengal current)

Guadalquivir River also constitutes a particular case, since its plume is highly
dependent on river discharge but with low tidal and wind influence. In spite of
being the second smallest river in terms of discharge, it generated the largest
plume in terms of turbidity and extension. This is due to its high sediment load
generated from farmlands, urban settlements and from Dofiana Natural and
National Park situated at the river mouth.
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Chapter 7:

Analysis of Loire and Gironde
plumes dynamic and their impact
on thermohaline properties

7.1. Motivation

In previous chapters the methodology to characterize, analyze and compare the most
important Iberian turbid plumes was developed. Therefore, a robustly procedure to know
and predict the plume behavior under the effect of the forcing drivers was designed. A
step forward was given in this chapter. Besides to analyze the behavior of the most
important French plumes formed in the Atlantic Ocean (Figure 7.1) under the main
forcing, the impact of the most important teleconnection indices on plume development
was also evaluated. In addition, the impact of these plumes on the thermohaline properties
of the seawater was also assessed. The knowledge of the plume influence on the evolution
of sea temperature patterns is especially important in the actual context of global
warming.

The goal of this chapter is to analyze the synoptic conditions that characterize the Loire
and Gironde River plumes from 2003 to 2015, as well as, the impact of teleconnection
indices on plumes development. In addition, the influence of these plumes on
thermohaline properties in the adjacent ocean will be also analyzed by means of salinity
and temperature data derived from the Copernicus program (IBI database) from 2002 to
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2014, the available period of this database. Impact of Loire and Gironde plumes on sea
surface temperature was also compared with data obtained from other datasets (OISST1/4
and MODIS), in order to test the accuracy of Copernicus data and if the observed effects
on temperature evolution are regardless of the database and time period used.
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Figure 7.1. Bathymetry of the French Atlantic continental shelf. Solid black lines represent the 200 and
1000 m isobaths. Blue asterisks mark the locations where river discharge was measured. The blue square
marks the location where wind data were obtained. Green (magenta) circles mark the locations where sea
temperature data were obtained at coastal (oceanic) locations. All coastal points have in common a depth
of about 40 m.

7.2. Methods

The methodology followed to analyze Loire and Gironde plumes response to the main
forcing and teleconnection patterns was the same explained in the Chapter 2, Section 2.2.
“Turbid plume forcing databases”. Wind data were selected in a location between both
estuaries because are very similar to wind data in front of Loire and Gironde River mouths
(correlations above 0.9).

The analysis of plume influence on thermohaline properties of seawater was conducted
using the databases and methodology defined in Chapter 2, Section 2.3. “Oceanographic

databases”.
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Intra-annual thermohaline variability was analyzed in the first 40 m of the water column
along the French continental shelf using data from the IBI database. To carry out this
analysis, temperature, salinity and density data were monthly averaged at 10 coastal
(green dots, Figure 7.1) and 10 oceanic (magenta dots, Figure 7.1) locations. Trends were
calculated assuming linear regressions.

7.3. Main forcing affecting Loire and Gironde plumes

The general characterization of the main forcing affecting Loire and Gironde plumes
(river discharge and wind) is depicted in Figure 7.2.
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Figure 7.2. Annual hydrologic cycle for (a) Loire and (b) Gironde River discharges (m3s™") from 2003 to

2015. Solid black line: monthly average; the line inside each box indicates the median; lower and upper

whiskers: minimum and maximum, respectively; lower and upper box limits: first and third quartiles,

respectively. Wind rose diagram (ms™) for a location between Loire and Gironde Estuaries from 2003 to

2015 for (c) October-March and (d) April-September periods.
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Daily Loire and Gironde River discharges were obtained from the Banque Hydro French
Database (http://www.hydro.eau-france.fr/). River runoff is available over the period
1997-2015 for the Gironde River and 1982-2015 for the Loire River, although special
attention was paid over the period 2003-2015 coinciding with MODIS data (Figure 7.2,
left panels). Both rivers present a clear seasonal pattern with the highest discharges
reached in January-February and the lowest ones in August-September, showing the
synchronism of both rivers (Koutsikoupoulos and Le Cann, 1996; Lazure and Jegou,
1998). In quantitative terms, the maximum mean monthly discharge was about 1600 m’s-
! for Loire River and 1200 m*s™! for Gironde River in January and the minimum one was
about 250 m®s™' and 200 m*s! in August for Loire and Gironde Rivers, respectively.

Daily wind data were obtained from CFSR database at an ocean location between both
estuaries from 1982 to 2015. Winds showed a marked interannual variability. Strong
southwesterly winds prevail from October to March with velocities mostly ranging
between 6-14 ms™!, whereas northwesterly winds prevail from April to September, with
velocities mostly ranging between 2-8 ms™! (Figure 7.2, right panels), as was previously
observed by Puillat et al. (2004, 2006).

7.4. Results and Discussion

7.4.1. River discharge influence on Loire and Gironde plumes

Development of the Loire and Gironde plumes is mainly affected by river discharge
variability (Figure 7.3), as a high correlation was observed between plume development
and discharge when daily data were compared for an area close to each river mouth. The
Loire plume immediately responds to discharge variations, as the maximum correlation
(0.7) was obtained when no lag was applied (Figure 7.3a). On the other hand, the Gironde
plume reacts to river discharge variations with a delay of 2 days (Figure 7.3b), which may
be due to the great estuary formed before emptying into the ocean. The maximum
correlation was close to 0.6 in this case. Both rivers show the maximum correlation for a
turbidity value of 0.2 mWem?pm'!sr’!, representing the turbidity threshold used to delimit
the plumes. Plume development is strongly influenced by the river discharge that
occurred over the prior 4 days, and radiance at day d is well correlated with river discharge
from day d-3 to day d, decreasing considerably for previous days. Hereafter, plume
analysis in terms of daily river discharge considered the average discharge over those 4
days.
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Figure 7.3. Correlation coefficient between plume extension and daily river discharge (with different
delays) under different threshold values for (a) Loire and (b) Gironde Rivers. Only daily plume images with
more than 70% of available pixels were used in order to avoid disturbances provoked by the lack of valid
pixels.

Figure 7.4 shows the annual cycle of river discharge and plume extension. Because a
continuous plume was observed between both estuaries in months of high discharge
(Lazure and Jegou, 1998), the plume extension was calculated considering both estuaries
and river discharge as the sum of both rivers. In general, high values of river discharge
and plume extension occur during winter months, whereas low values take place during
summer. The maximum extension was attained in January (~2.9x10* km?) and the
minimum occurred in July (~3.8x10° km?). The maximum discharge was reached in
January (~2.8x10° m®s™!) and the minimum one in August (~5.0x10*> m’s™!). The
extension of the plume not exactly follow the annual discharge pattern due to the
influence of wind, which is an important forcing factor affecting plume development, as
was observed for the Iberian Rivers in previous chapters.
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Figure 7.4. Annual cycle of Loire-Gironde plume extension (black dots) and river discharge (grey dots)
from 2003 to 2015.
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The influence of river discharge on the turbid plume was also evaluated under extreme
flow conditions (Figure 7.5). Turbid material is located near the mouth of each river under
low discharges covering a small area (Figure 7.5a). In contrast, turbid material forms a
large and continuous plume between both estuaries under high discharges (Figure 7.5b).
Plume extension clearly increases with the increasing of river discharge, which illustrates
how river runoff controls its development. Therefore, river discharge is the most
important driver modulating the Loire and Gironde plumes, which has been observed in
the previous chapters for Iberian Peninsula.
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Figure 7.5. The Loire-Gironde turbid plume under (a) low (< 25% percentile) and (b) high (> 75" percentile)
river discharges. Black line represents the turbid threshold (0.2 mWem2um 'sr).

7.4.2. Wind influence on Loire and Gironde plumes

As mentioned above, river discharge is the main forcing affecting plumes in the study
area. The effect of wind is noticeable only when enough material is transported by the
plume, which occurs under periods of high river discharge. Thus, the influence of wind
on plume dynamics was analyzed for daily river discharges above the 70™ percentile (for
the average of the last 4 days) in order to have a sufficiently developed plume to evaluate
the wind effect. In addition, extreme flows over the 95" percentile were discarded to
remove outliers and maintain similar river discharges for the different wind conditions
under analysis.

Figure 7.6 shows the influence of alongshore winds on the Loire-Gironde plume.
Upwelling winds favor the spreading of the plume material seaward because offshore
Ekman transport produces a more intense decrease in turbidity due to dilution of the
plume with ocean water (Figure 7.6a). This behavior agrees with previous works that
detected a reduction of salinity differences between coastal and ocean waters due to the
mixing promoted by upwelling winds (Fong and Geyer, 2001). Thus, although some
turbidity was detected at greater distances over the ocean, its value is under the turbidity
threshold. On the other hand, downwelling winds promote the retention of suspended
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material along the coast northward of Gironde mouth as a consequence of onshore Ekman
transport (Figure 7.6b). This explains the presence of higher turbidity values along the
coast and a higher turbid plume. The difference between turbid plumes under alongshore
winds (downwelling minus upwelling winds) is assessed in Figure 7.6c. A fringe of
positive values (dominance of downwelling winds) is visible along the coast to the north
of the Gironde River mouth, which indicates that the suspended material carried by the
plume is maintained mainly in this area. This pattern agrees with other works that
analyzed wind impact on Atlantic Iberian plumes (Otero et al., 2008). In addition,
negative values (dominance of upwelling winds) are observed offshore, showing the
capability of upwelling winds to transport plume material over large distances in the
ocean. This behavior is in good agreement with previous works reporting that plumes
tend to be advected offshore under upwelling winds (Fong and Geyer, 2001). Finally, a
negative band is observed south of the Gironde mouth due to the northward component

of upwelling winds.
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Figure 7.6. The Loire-Gironde turbid plume under (a) upwelling and (b) downwelling favorable winds. (c)
Loire-Gironde plume differences for alongshore winds (downwelling minus upwelling winds). Black line
represents the turbid threshold (0.2 mWem?um-'sr!).

The influence of cross-shore winds on plume dynamics can be observed in Figure 7.7.
Seaward winds tend to push river material toward the ocean (Figure 7.7a), whereas
landward winds tend to accumulate the material near shore in both alongshore directions,
decreasing the cross-shore transport, which is represented by a greater area occupied by
the highest turbid values (> 0.6 mWem2pm'sr!) (Figure 7.7b). The turbid plume is
greater under landward winds than under seaward winds. Similar to the alongshore winds
situation, seaward winds promote the dispersion of plume material toward the ocean,
which produces a rapid decrease of turbid values and diminishes the turbid plume area.
The difference between turbid plumes under cross-shore winds (landward minus seaward
winds) is shown in Figure 7.7c. A wide fringe of positive values (dominance of landward
winds) dominates the coastal area, showing the retention of the material discharged by
the rivers under landward winds. Negative values (dominance of seaward winds) are
detected over large distances in the ocean, showing the capability of seaward winds to
move and disperse the river material offshore. This behavior was previously observed in
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the Atlantic Rivers of the Iberian Peninsula. The influence of each wind pattern on plume
development is shown in Table 7.1; the results indicate greater extension of the turbid
plume under landward and downwelling favorable winds.
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Figure 7.7. The Loire-Gironde turbid plume under (a) seaward and (b) landward winds. (¢) Loire-Gironde
plume differences for cross-shore winds (landward minus seaward winds). Black line represents the turbid
threshold (0.2 mWem2um 'sr).

In summary, although the wind effect is dependent on river discharge, it has a
considerable influence on plume development and spreading, either favoring or limiting
the plume’s mixing with adjacent ocean water. Downwelling and landward winds inhibit
cross-shore transport and limit mixing between plume and ocean water, thereby isolating
both water masses and enhancing the differences between their thermohaline properties.

Wind Plume Effect
condition Extension
(x 10* km?)
Downwelling 2.0 Retention of plume material along the coast north
of the Gironde mouth.
Upwelling 1.6 Spreading and dilution of plume material into
ocean water and south of the Gironde mouth.
Landward 2.2 Accumulation of plume material along the coast in
both alongshore directions.
Seaward 1.5 Spreading and dilution of the plume.

Table 7.1. Characteristics of the Loire-Gironde turbid plume under wind influence.

7.4.3. Teleconnection patterns influence on Loire and Gironde plumes

EA and NAO are the most representative patterns of atmospheric variation in the Northern
Hemisphere (Barnston and Livezey, 1987). These teleconnection patterns influence
precipitation (and therefore river discharge) and wind dynamics, presenting higher
amplitudes during winter (Lorenzo and Taboada, 2005; deCastro et al., 2006; 2008).
Table 7.2 shows the influence of EA and NAO on plume development and plume forcing
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during winter months (from December to February). The analysis was carried out for the
correlation between EA and NAO and river discharge, intensity of landward winds, and
extension of the plume. Only landward (southwesterly) winds were considered because
they are prevalent during this season (Puillat et al., 2004, 2006).

NAO EA
Loire Discharge - 0.32
Gironde Discharge - 0.29

Landward Wind 0.37 0.59
Plume Extension 0.35 0.53

Table 7.2. Correlation coefficients between NAO and EA teleconnection indices and river discharge,
landward winds, and plume extension for the Loire and Gironde Rivers. All values are significant at 99%
from 2003 to 2015.

Significant positive correlations (Table 7.2) were found among the indices and the above
mentioned factors during winter months. Thus, NAO shows a positive correlation with
landward winds and the plume extension. EA is positively correlated with river discharge
and landward winds, and, therefore, with the plume extension, being the correlations
higher than those observed for NAO. Therefore, positive values of both indices imply
larger plumes: NAO through the increase of landward winds and EA via the increase of
landward winds and river discharge. In summary, EA exerts a major impact on the
plumes, with correlation coefficients that were slightly higher than those for NAO. This
fact is mainly due to the location of the Bay of Biscay, which is between two regions with
different wind and precipitation responses to NAO (Pérez et al., 2000) and closer to one
of the centers of the EA dipole (west of the British Isles; Borja et al., 2008). The EA
pattern is a north-south dipole with its centers displaced southeastward with respect to the
NAO.

Figure 7.8 illustrates the influence of NAO and EA indices on the merged plume.
Composites were created for positive (negative) values of both teleconnection indices
above (below) 0.25 (-0.25). The total extent of the plume formed by both rivers occupies
a larger area under positive values of both indices (Figures 7.8b and d) than under
negative ones (Figures 7.8a and c). Thus, the extent was about 3.0x10* km? (~2.8x10*
km?) for positive EA (NAO) and 2.1x10* km? (~2.3x10*km?) for negative EA (NAO).
The information provided by these composites can be summarized as follows: (i) the
extent of the plume was around 30% higher under positive indices; (i1) the dependence
was stronger for EA, for which the difference between the maximum and minimum
extension of the plume was higher than for NAO. This corroborates the results shown in
Table 7.2. Finally, the obtained results are also consistent with previous works related to
the impact of teleconnection indices on plume dynamics along the French continental
shelf (Borja et al., 2008; Massei et al., 2010).
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Figure 7.8. The Loire-Gironde turbid plume under (2) negative and (b) positive values of the NAO index.
The Loire-Gironde turbid plume under (c) negative and (d) positive values of the EA index. Black line
represents the turbid threshold (0.2 mWem?um-'sr!).

7.4.4. Loire-Gironde plume influence on seawater thermohaline
properties

The presence of river plumes has a key impact on the thermohaline properties of the
surrounding water. This effect is enhanced by the great width of the French continental
shelf in the area where the Loire and Gironde Rivers flow into the Bay of Biscay (Figure
1.3). This fact, in conjunction with high discharges and the prevailing southwesterly
(landward) winds during winter, strongly conditions the thermohaline properties of water
in a vast area along the French coast during that season (e.g., Kelly-Gerreyn et al., 2006;
Costoya et al., 2015). In fact, plume achieves its greatest extension from December to
February (Figure 7.4). It is important to consider that freshwater inputs in the area have
important physical and biological implications (see Puillat et al. (2006) for a detailed
description). For these reasons, thermohaline features were analyzed both inside and
outside the area occupied by the turbid plume from December to February (DJF).
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7.4.4.1. Loire-Gironde plume influence on sea surface water

Salinity and temperature values in the sea surface were averaged from December to
February during 2002-2014, the period available from IBI database. The mean DJF plume
was averaged over the same period in order to compare with salinity and temperature
patterns (the upper limit of the colorbar was adjusted for comparison purposes) (Figure
7.9). It has an offshore extension about 100 km and maximum turbid values above 2
mWem2um™'sr™! near Loire and Gironde Estuaries.
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Figure 7.9. Mean turbid plume averaged from December to February for the period 2002-2014. Black line
represents the turbid threshold (0.2 mWem?pum:'sr!).

The effect of freshwater inputs is also clearly reflected in surface salinity along the
continental shelf, with values lower than 34 in the area occupied by the turbid plume
(Figure 7.10a). The lowest salinity values were observed around the Loire and Gironde
Estuaries. This shows again the great relation existent between the turbid plume measured
with MODIS and the salinity obtained from IBI, as was also observed in the Iberian
plumes. Regarding to temperature, a cooler band (below 11 °C) was observed along the
French coast in the area occupied by the turbid plume (Figure 7.10b), with the minimum
values (close to 9 °C) located near the mouth of both rivers, which suggests that the
coldest SST values are related to the distribution of the turbid plume. In addition, a cross-
shore gradient between coastal and oceanic locations with differences greater than 3 °C
was detected.
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Figure 7.10. (a) Mean salinity and (b) mean SST (°C) calculated from December to February over the
period 2002-2014 from IBI database.

Sea surface temperature pattern was also evaluated using other databases in order to test
the accuracy and robustness of the results. The mean DJF SST fields calculated from
MODIS and OISSSTi/4 data averaged over the period 2002-2014 are shown in Figures
7.11a and b, respectively. The general pattern is very similar to the one calculated with
IBI data, with the coolest values observed in the area occupied by the plume. Some
differences can be observed in the OISTT1/4 composite, where slightly higher temperature
values were obtained. However, the three databases show a clear contrast between the
area occupied by the plume and the oceanic area, with a gradient above 3 °C.
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Figure 7.11. Mean SST (°C) calculated from December to February over the period 2002-2014 from (a)
MODIS and (b) OISTT)4 databases.
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Due to the great temperature contrast between coastal and ocean locations its variability
was also analyzed. Figure 7.12 shows the influence of freshwater inputs on SST
variability from December to February over the period 2002-2014 using data from IBI.
SST trends show a different pattern in the area occupied by the turbid plume when
compared with oceanic locations. Cooling with maximum values around -0.5 °C dec™!
was observed along the French continental shelf north of the Gironde Estuary. However,
warming with maximum values of 0.5 °C dec™! was observed in the adjacent oceanic area.
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Figure 7.12. SST trend (°C dec™) calculated from December to February over the period 2002-2014 using
data from IBI. Black contour line corresponds to null trend. Black dots represent grid points with
significance higher than 90 %.

A similar pattern was obtained using OISSTi/4 database (Figure 7.13a), which allows
extending back the period of study to its total length (1982-2014) (Figure 7.13b). The
pattern depicted in Figure 7.13b is similar to the ones described in Figures 7.12 and 7.13a
but covering a longer period. Overall, warming (~0.3 °C dec’') was observed in most of
the area under scope, with the exception of near shore areas close to the mouths of
Gironde and Loire, where a maximum cooling rate of approximately -0.15 °C dec™ was
detected. In summary, coastal cooling is maintained even using different databases or
when the period under study is extended to the last 30 years, although its intensity and
extension are greater in the last decade. This shows that coastal and oceanic areas behave
differently regardless of the time period or the database considered. This phenomenon is
not a particular event that occurs only during the short period of time covered by IBI data.
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Figure 7.13. SST trend (°C dec™) calculated from December to February using data from OISST)4 over
the period (a) 2002-2014 and (b) 1982-2014. Black contour line corresponds to null trend. Black dots
represent grid points with significance higher than 90 %.

In order to analyze the factors affecting the different SST evolution between oceanic and
coastal locations DJF trends in total heat flux (Figure 7.14) calculated over the period
1982-2014 show a similar pattern to the one observed for DJF SST trends (Figure 7.13b),
with marked differences between coastal and oceanic areas. Ocean trends range from -7
to -11 W m dec™! whilst the trend in the nearshore strip ranges from -3 to -5 W m dec”
!, showing the differences between the ocean and the area occupied by the plume. 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.
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Figure 7.14. DJF trend in total heat fluxes (W m? dec™!) calculated over the period 1982-2014 with CFSR
data. Black dots represent grid points with significance higher than 95%.
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Differences between ocean and coastal areas can be also analyzed in terms of oceanic
indices (AMO). The influence of AMO on SST anomaly was studied for DJF over the
period 1982-2014 (Figure 7.15). 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 the North Atlantic. The
lack of correlation with the coastal zone close to Loire and Gironde Rivers demonstrates
that the SST at that particular area is more dependent on coastal than on oceanic features.
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Figure 7.15. Correlation between DJF AMO index and SST anomaly from OISST )4 over the period 1982-
2014. Black dots represent grid points with significance higher than 95%.

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; deCastro et al., 2009; Santos et
al., 2011, 2012a, 2012b, 2012c¢). 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; Costoya et al., 2015). However, advection from land to ocean was also
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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 ms’
1) is higher than the flow per kilometer of coast of upwelled water observed for the main
upwelling systems 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 (Figures
7.10b and 7.11) than the surrounding water. In addition, the 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, reinforcing the cooling of surface waters in the area
affected by plume. 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.

The extension of the plume is strongly dependent on river runoff and prevailing winds,
as showed in previous chapters for Iberian plumes. The important role of these forcing on
the French Atlantic plumes 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 ms’
'dec!). 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'dec™! (still not significant) when considering the last period (2002-2014) (Table
7.3), which coincides with a stronger coastal cooling as shown in Figures 7.12 and 7.13a.
As we mentioned above, the area affected by the plume has little horizontal mixing with
the rest of the area due to the prevailing southwesterly (landward) winds that tend to
confine the plume near coast decreasing the cross-shore transport and dilution (Chao,
1988). 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
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prevailing DJF southwesterly winds were also analyzed (Table 7.3). Null trends were
observed for duration and intensity of these winds over the period 1982 to 2014.
Nevertheless, trends are positive and significant (Table 7.3) when considering the short
period 2002-2014. SW winds tend to intensify and be more frequent during this period.
This results in a higher retention of the plume near coast which, in turns, results in a more
marked cooling in that area as depicted in Figures 7.12 and 7.13a. Although tidal forcing
also affects plume development, its influence on plume spreading is balanced over time
because it has a cyclic effect on plume dynamics.

Period SW winds River Runoff
(m3s'dec?)
Duration Intensity Loire  Gironde
(days dec!)  (ms’'dec?)
2002-2014 12%* 1.6%* 126 122
1982-2014 -- -- -40 n/a

Table 7.3. 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 * || **,

In summary, we can conclude that the extension of the plume has experienced little
changes over the period 1982-2014. Thus, at coastal areas, 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. The ocean area warms while the coastal area suffers a light cooling.
The mechanism is 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 input.

7.4.4.2. Loire-Gironde plume influence on sea water column

Mean temperature, salinity, and density values in the top 40 m of the water column were
monthly averaged both near the coast (Figure 7.16, left panels) and in the adjacent ocean
out of plume influence (Figure 7.16, right panels) from 2002 to 2014. The influence of
the turbid plume on temperature is particularly evident during winter and spring months
along the coast (Figure 16a), favoring thermal inversion from December to April. This
effect was not observed in the adjacent ocean, where the water column exhibited
homogenous thermohaline properties due to the ocean heat loss during winter months
(Figure 16b). Thermal inversions due to freshwater inputs during winter were previously
detected by Koutsikopoulos and Le Cann (1996) by means of punctual samplings. These
authors observed a thermal inversion near the estuaries, but it was also detected along the
isobath of 40 m in the present study. Haline forcing was the main cause of the thermal
inversion alongshore, which is clearly reflected in Figure 16c. The lowest salinity values
were detected in the first 5 m (< 34) from January to April. However, the lowest salinity
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values (< 35) in the adjacent oceanic area were found near the surface from May to
August. The water column was quasi homogenous for salinity during the rest of the year
(Figure 16d). Puillat et al. (2004) detected low salinity lenses along the French continental
shelf during different cruises carried out in April and June. They attributed the presence
of these lenses to the prevalence of the northwesterly (upwelling favorable) winds during
summer months. Therefore, the lowest salinity values in the oceanic zone during summer
months seem to be explained by the interannual variability of wind.
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Figure 7.16. Monthly vertical profiles (40 m depth) of (a, b) temperature (°C), (c, d) salinity, and (e, f)
density (kg m™) for coastal (left column) and oceanic (right column) locations (see Figure 7.1) over the
period 2002-2014.
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The density field showed some similarities inside and outside the plume (Figure 16e, f).
Thus, the strongest stratification is observed in summer and is maintained by temperature.
However, winter stratification maintained by freshwater (salinity) is only observed inside
the plume (Figure 16e). This may be the mechanism that isolates surface water from
deeper water, resulting in the different warming trends observed in winter inside and
outside the area affected by the river as commented above.

The main differences between the thermohaline properties of coastal and adjacent ocean
waters are summarized in Table 7.4.

Inside Outside
Winter thermal inversion yes no
Winter stratification yes no
Maximum of near surface salinity Early autumn Winter
Maximum of near bottom salinity August Almost constant
Minimum of near surface salinity Winter-Early spring Summer
Minimum of near bottom salinity Winter Almost constant

Table 7.4. Main differences in thermohaline characteristics between the area occupied by the turbid plume
(inside plume) and the adjacent ocean (outside plume).

7.5. Conclusions

The behavior of the Loire and Gironde plumes under the effects of their main forcing
(river discharge and wind) and atmospheric patterns (EA and NAO) was analyzed using
composites created from MODIS satellite data over the period 2003-2015. In addition,
the impact of freshwater inputs on thermohaline properties in the adjacent ocean was
evaluated using data derived from IBI and OISTTu4 databases. From this analysis the
following conclusions can be made:

e River discharge is the most important driver modulating the development of the
Loire and Gironde plumes. The Loire plume immediately responds to discharge
variations, as the maximum correlation (0.7) was obtained without lag. On the
other hand, the Gironde plume reacts to river discharge variations with a delay of
2 days due to the size of the estuary formed before emptying into the ocean. Thus,
the Loire plume is more sensitive to river discharge than the Gironde plume.

e Wind is the second main driver that affects the development and spreading of
turbid plumes, either favoring or limiting the plume’s mixing with the adjacent
ocean water. Dilution of suspended material with ocean water is enhanced by
upwelling and seaward winds and inhibited by downwelling and landward winds.
The maximum extension of the turbid plume occurs under landward winds. These
winds limit the transport and dilution of suspended material into the ocean,
resulting in higher turbidity values in the near-field area due to the retention of
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suspended material near the coast. Downwelling favorable winds cause a similar
effect, although at a lesser extent.

EA is the atmospheric pattern that has the greatest impact on the turbid plume
during winter months, as indicated by correlation coefficients that were slightly
higher than those for NAO. This is mainly due to the Bay of Biscay’s location,
which is between two regions with different responses (wind and precipitation) to
NAO and closer to one of the centers of the EA dipole. The Loire-Gironde turbid
plume occupies a larger area under positive EA and NAO indices. Both patterns
exert their influence more in terms of conditioning landward winds than in terms
of river discharge. No significant correlations were found between NAO and river
discharge.

The Loire and Gironde River discharges create important differences in
thermohaline properties inside and outside the turbid plume. In particular, winter
stratification is only observed inside the plume, thereby explaining the different
warming ratios observed inside and outside the plume: Cooling is detected in the
area occupied by the plume and warming at ocean locations during winter months.
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General Conclusions

This thesis was conceived as an attempt to characterize and compare the most important

plumes formed in the Iberian Peninsula coast, as well as their response to the main forcing

(river discharge, wind and tide). For that, the mean plume states for the synoptic patterns
considered were obtained using composites created from MODIS data. The developed

methodology was used to also characterize the most important French Atlantic plumes,

as well as, the impact of the main teleconnection indices on them. In addition, the

influence of these plumes on the thermohaline seawater properties was also assessed. The

main conclusions obtained during the period under study are the following:

>

Iberian plumes:

In general terms, extension and turbidity of plumes show to be dependent on the
sediment load, which is characteristic of each river. Ebro River presented the
maximum mean plume area, 1277 km?, while Guadiana River had the minimum
one, 89 km?. The other Iberian Rivers under analysis presented intermediate
plume extensions (ranging from 179 km? for Minho to 940 km? for Guadalquivir).

River discharge is the main forcing affecting Iberian plumes. The dependence of
plume extension on runoff is high for Minho, Douro, Guadiana and Guadalquivir,
moderate for Tagus, and low for Ebro plume.

o The area occupied by the turbid plumes increases with river discharge, whose
increase generates more suspended matter drag to the mouth. In general,
plume variability responded immediately to river discharge variations, except
for rivers with large estuaries (Tagus and Guadalquivir), in which case plume
development is lagged respect to river discharge due to the water residence
time inside the estuaries.

o All Iberian plumes are well developed under high discharges, however only
Guadalquivir and Ebro plumes are able to form a radially and consistent plume
pattern even under low discharges. On the other hand, Minho and Douro
Rivers not form plume with low discharges. Tagus and Guadiana present an
intermediate situation, with plume visible but not completely developed.

Wind is a secondary forcing on Iberian plumes, especially noticeable under high
river discharges. The dependence of plume extension on wind is high for Minho,
Douro and Guadiana, moderate for Tagus, and low for Guadalquivir and Ebro.

o All Atlantic plumes reached the maximum extension under landward cross-
shore winds because accumulate the material near coast decreasing the cross-
shore transport and limiting the loss of material by dilution in ocean water. On
the other hand, the Atlantic plumes reached their minimum extension under
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seaward cross-shore winds since produce the fast dilution of plume material
in adjacent ocean water.

o Alongshore winds promote intermediate plume extensions. In general terms,
upwelling favorable winds favor the dilution of plume material in ocean
waters due to the offshore Ekman transport whereas downwelling favorable
winds retain the material against the coast to the side toward wind blows due
to the onshore Ekman transport generated.

o Ebro plume reached the maximum and minimum plume extension under
opposite wind situations, seaward and landward cross-shore winds,
respectively. This is supported by the influence of the Liguro-Provengal
Current, which displaces Ebro plume southwestward. In fact, Ebro presents a
low dependence on the other forcing. Basically, the plume is driven by the
coastal current.

The semidiurnal tidal cycle only affects the Atlantic plumes. The dependence of
plume extension on semidiurnal tidal cycle is high for Guadiana, moderate for
Minho and Tagus, and low for Douro and Guadalquivir.

o Atlantic plumes reached a greater extension during low tides due to the plume
retraction provoked by high tides.

The fortnightly tidal cycle only affects significantly to Tagus plume due to the
shape and size of its estuary. The dependence of Tagus plume on fortnightly tidal
cycle is moderate.

o Tagus plume was larger during spring tides due to the higher amount of
material exported from the estuary.

French Atlantic plumes:

River discharge is the most important forcing on Loire and Gironde plumes
development. Loire plume immediately responded to discharge fluctuations
whereas Gironde presented a delay of 2 days associated to the water residence
time inside the estuary. Loire plume showed to be more sensitive to discharge
variability than Gironde plume. In addition, a great and continuous plume is
formed between both estuaries when both discharges are high, which is supported
by the synchronism of both rivers.

Wind also affects the development of both plumes. Upwelling and seaward winds
favor the mixing between plume material and ocean waters whereas downwelling
and landward winds limit the mixing, isolating both water masses, and therefore,
promoting greater differences between the thermohaline properties of the plume
and ocean water. Maximum plume extension was reached under landward winds.
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® The positive phase of EA and NAO teleconnection patters induces a larger plume,
with EA exerting a greater influence.

e The plume formed by Loire and Gironde River discharges presented important
differences in the thermohaline properties respect to the adjacent ocean water. As
main important features the winter stratification was only observed inside the area
occupied by the merged plume formed by both rivers. This also conditioned the
different temperature patterns observed between both areas. The ocean area
warms while the coastal area occupied by the plume cools, which is reinforced
during periods when river discharge and southwesterly winds are over their mean
values.
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Acronym and Abbreviation List

e AMO: Atlantic Multidecadal Oscillation.

e AS": Alongshore winds which cause an Ekman transport offshore.
e AS": Alongshore winds which cause an Ekman transport onshore.
e AVHRR: Advanced Very High Resolution Radiometer.

¢ CFSR: Climate Forecast System Reanalysis.

e COPERNICUS: European Programme for the establishment of a European
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