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Resumen/Abstract 

Los océanos son áreas de una alta productividad primaria que varía 

geográficamente. En general, las zonas costeras son más productivas y albergan mayor 

biodiversidad que el océano abierto. Las regiones costeras suelen limitarse a la zona de 

la plataforma continental y engloban las áreas de afloramiento costero. En estas regiones 

la circulación oceánica está influenciada principalmente por la topografía y por los 

vientos costeros. Las zonas costeras al ser altamente productivas concentran un elevado 

porcentaje de la población mundial por lo que también tienen una importante relevancia 

socioeconómica. La costa Noroeste de la Península Ibérica (NWIP por sus siglas en 

inglés) es una de las áreas del mundo con mayor productividad primaria ya que en esta 

zona confluyen varios factores: (1) se sitúa en el límite Norte del sistema de afloramiento 

Canario, (2) en ella desembocan gran cantidad de ríos caudalosos que aportan nutrientes 

y (3) tiene una morfología peculiar con la presencia de las rías gallegas al norte. A lo 

largo de los años se han realizado numerosas investigaciones científicas en diversos 

campos para tratar de comprender mejor el comportamiento hidrodinámico de la costa 

NWIP, pero a pesar de ello aún quedan muchas preguntas sin responder, y más aún si 

tenemos en cuenta el actual escenario de cambio climático, tanto natural como 

antropogénico, al que nos estamos enfrentando. El estudio de los efectos del cambio 

climático en la costa NWIP es una tarea difícil pero necesaria, ya que ayuda a conocer 

sus vulnerabilidades y permite planificar estrategias de mitigación y adaptación. Los 

modelos numéricos son herramientas muy útiles para la realización de esta tarea, puesto 

que nos permiten simular, por ejemplo, la temperatura del agua en el futuro bajo diversos 

escenarios de cambio climático. Además, los modelos también permiten simular eventos 

históricos para poder analizarlos en detalle. Por todo lo arriba descrito, el objetivo 

principal de esta tesis es contribuir al conocimiento oceanográfico de la costa NWIP y 

ayudar a evaluar el impacto que el cambio climático puede tener en la región. Para ello 

se utilizó el modelo numérico Delft3D, que permite mejorar la resolución espacial de 

modelos climáticos globales que abarcan áreas más grandes, para poder resolver procesos 

regionales e incluso locales de forma más exacta. 

La costa NWIP es un sistema complejo en el que la circulación general está 

modificada por las particularidades morfológicas de la costa, la batimetría, la presencia 
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de agua dulce proveniente de la descarga de los principales ríos y el régimen de vientos 

que controla los ciclos de afloramiento y hundimiento. La complejidad del sistema hace 

que aplicar un modelo numérico como el Delft3D a esta área sea una ardua tarea. En 

primer lugar, es necesario generar una malla cuya resolución sea la adecuada para 

reproducir la hidrodinámica de la zona que se desea analizar correctamente. Además, hay 

que tener en cuenta que las simulaciones requieren un alto coste computacional, por lo 

que es necesario llegar a una solución de compromiso entre estos factores. Esta tesis se 

realizó utilizando dos mallas diferentes, una multi-dominio que cubre el NWIP desde 

10.20 a 8º W y desde 40 a 43.75º N, y una de dominio único que cubre desde 10.00ºW a 

8.33ºW y desde 41.18ºN to 43.50ºN. La malla multi-dominio está compuesta por cinco 

dominios interconectados y cuya resolución horizontal varía, teniendo mayor resolución 

los dominios costeros que el dominio oceánico. Este dominio se utilizó para evaluar el 

efecto del cambio climático en el sistema de afloramiento. La malla de dominio único se 

utilizó para realizar estudios específicos en el área de las Rías Baixas y el estuario del río 

Miño.  

Una vez que creada la malla es necesario calibrar el modelo. Durante el proceso 

de calibración se ejecuta el modelo, se comparan los resultados con datos de campo o 

resultados de otras simulaciones validadas, se modifican los parámetros de la calibración, 

se vuelve a ejecutar el modelo, se vuelven a comparar con datos de campo o resultados 

de otras simulaciones validadas y se repite el proceso hasta que los resultados de la 

simulación son lo suficientemente precisos. En este punto, el modelo está calibrado y 

puede utilizarse en la zona de estudio. En el caso de esta tesis el modelo se ha calibrado 

comparando las salidas con datos in situ de elevación de la superficie del mar, salinidad, 

temperatura y velocidad horizontal cerca de la superficie. 

La capacidad del modelo para reproducir la dinámica de sistemas costeros, rías y 

estuarios, costa adyacente y el intercambio de agua entre los sistemas costeros y la costa 

adyacente, se evaluó estudiando la intrusión de la pluma del río Miño en la Ría de Vigo. 

El río Miño desemboca aproximadamente 30 km al sur de la Ría de Vigo y estudios 

previos han observado que, bajo condiciones de vientos del sur, su pluma es capaz de 

alcanzar las Rías Baixas, entrando en ellas y modificando su patrón de circulación típico. 

La Ría de Vigo es la ría más al sur de las Rías Baixas y la que está más influenciada por 

la pluma del río Miño. El patrón de circulación de la Ría de Vigo, al igual que el del resto 

de rías que conforman las Rías Baixas, es un patrón de circulación estuárico típico, con 
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agua dulce saliendo por la superficie y agua oceánica salada entrando por las capas 

profundas. Este patrón se puede revertir bajo la influencia de vientos del sur y por una 

descarga entre moderada y alta del río Miño ya que los vientos empujan la pluma del río 

hacia la costa favoreciendo que ésta alcance la ría. Para detectar la intrusión de la pluma 

del río Miño en la Ría de Vigo se buscaron aquellos días en que la salinidad superficial 

en la boca sur de la ría fuese inferior a los valores medidos dentro de la ría, este patrón 

indica intrusión de agua dulce desde la plataforma hacia la ría. Para ello se utilizaron 

datos semanales de perfiles verticales de salinidad durante el período 2006-2017. Datos 

de campo mostraron que este patrón de intrusión se detectó varias semanas consecutivas 

durante los meses de enero y febrero de 2010. Por lo tanto, se seleccionaron estas fechas 

para realizar las simulaciones numéricas con el objetivo de determinar si se trató de un 

único evento o varios pulsos consecutivos. Además, se procedió a caracterizar un evento 

de intrusión completo a partir de secciones transversales y longitudinales de densidad y 

velocidad horizontal. Este estudio permitió determinar que la pluma del río Miño alcanza 

la Ría de Vigo unas 12 h después del pico de viento favorable, que los eventos de intrusión 

tienen una duración típica de 1.5 días y que afectan desde la superficie hasta ~10-15 m de 

profundidad dentro de la ría. Además, durante el evento de intrusión la influencia del río 

interior, el Verdugo-Oitavén, en la circulación de la ría es despreciable. 

El modelo numérico también fue validado para su utilización cuando las 

condiciones de frontera provienen de modelos climáticos como los ejecutados en el marco 

de los proyectos “Coupled Model Intercomparison” versión 5 (CMPI5) y “Coordinated 

Regional Climate Downscaling Experiment” (CORDEX). Estos proyectos proporcionan 

variables climáticas de numerosos modelos ejecutados por diferentes instituciones. Al ser 

inviable ejecutar Delft3D a partir de las variables obtenidas de todos los modelos que 

engloban dichos proyectos, se procedió a escoger uno. Para ello se realizó un análisis 

estadístico para determinar qué modelo de CORDEX reproduce mejor las variables que 

se utilizan para forzar el modelo Delft3D. La comparación se realizó entre las salidas de 

los modelos climáticos y los datos de reanálisis de ERA-Interim para el período histórico. 

De este modo, se determinó que el modelo que mejor reproduce las variables analizadas 

para el área de estudio es el MOHC-HadGE2-Es y por lo tanto se utilizaron sus salidas 

para forzar el modelo Delft3D.  

Una vez que se validó el modelo y se escogió la fuente de datos para forzar el 

modelo Delft3D para las proyecciones futuras se procedió a analizar el impacto del 
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cambio climático en el área de estudio. Las proyecciones futuras se realizaron bajo el 

escenario de emisión de gases de efecto invernadero RCP8.5 que actualmente, se 

considera el más probable. 

Utilizando la malla multi-dominio se evaluó cómo el cambio climático puede 

afectar al afloramiento. El objetivo fue reproducir un evento de afloramiento de intenso a 

extremo característico del periodo histórico y otro para el periodo futuro. Para ello se 

calculó el índice de afloramiento (UI) durante los meses de julio y agosto, época de 

afloramiento intenso, en diversos puntos a lo largo de la costa para el período histórico y 

futuro. Una vez obtenido el UI se escogieron como representativos de eventos entre 

intensos y extremos los valores comprendidos entre el percentil 75% y el 99%, y se 

utilizaron para forzar el modelo. Los valores de UI obtenidos son mayores para el futuro 

que para el periodo histórico. Durante un evento de afloramiento el agua fría rica en 

nutrientes asciende hacia la superficie, por ello, la eficiencia de un evento de afloramiento 

puede medirse en términos de la capacidad que tiene para reducir la temperatura de la 

capa superficial. Así, se calcularon las diferencias en la temperatura superficial (SST) 

entre el final y el inicio del evento de afloramiento (ΔSST= SSTfinal - SSTinicio) y se 

compararon los resultados obtenidos para el evento histórico y el fututo. Cuanto más 

negativa sea ΔSST mayor será la capacidad del afloramiento para bombear agua profunda 

hacia la superficie y, por lo tanto, será más efectivo. Las diferencias en el descenso de 

SST para los eventos históricos y futuros muestran resultados similares en la mayor parte 

del dominio, excepto para la región entre 41º 30’ N y 42º 15’ N. Esta región está dominada 

por los principales ríos (el Miño, el Douro y el Lima) y cerca de costa los valores oscilan 

entre un descenso de 2 a 3 ºC en el evento histórico y de 1 a 2 ºC en el futuro. A pesar de 

que los valores de UI son mayores para el periodo futuro, por lo que cabría esperar que el 

afloramiento fuese más intenso, las simulaciones sugieren que en el futuro los eventos de 

afloramiento serán menos efectivos. El análisis de la estratificación de la columna de 

agua, realizado en términos de frecuencia de Brunt-Väisälä calculada para secciones entre 

la Ría de Vigo y el estuario del río Miño, indica que va a aumentar en toda la sección para 

finales de siglo. La termoclina se situará a mayor profundidad y el gradiente será más 

marcado. De este modo el incremento de la estratificación contrarresta la intensificación 

de los vientos favorables al afloramiento. Esto podría tener efectos negativos en la 

producción primaria de la costa NWIP, ya que una reducción de la efectividad del 

afloramiento implica una reducción de la mezcla vertical y por lo tanto del transporte de 
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nutrientes y oxígeno a través de la columna de agua. Además, la reducción de la SST 

debido al ascenso de agua fría está actuando como amortiguador del calentamiento 

oceánico para muchas especies, las cuales encuentran en las zonas de afloramiento un 

refugio ante este calentamiento. 

Al inicio de este resumen se indicó que las zonas costeras son áreas de gran 

importancia socioeconómica, en las Rías Baixas concretamente se asientan numerosas 

empresas ligadas a sectores como la pesca, la acuicultura y el marisqueo. El sector 

acuícola del mejillón es uno de los más importantes del mundo, en 2018 se produjeron 

279000 toneladas de mejillón, lo que representa el 40% de la producción europea y más 

del 15% de la producción mundial. El cultivo de mejillón se realiza de forma extensiva, 

encontrándose el mayor número de bateas en la Ría de Arousa. La especie cultivada es 

Mytilus galloprovincialis, y se cultiva en cuerdas cuya longitud suele ser de 12 m. El 

crecimiento y la mortalidad de los mejillones depende de muchos factores ambientales, 

como la disponibilidad de oxígeno y fitoplancton, la temperatura del agua, la salinidad y 

el pH del agua entre otros. La temperatura del agua es el factor más relevante ya que por 

sí solo es capaz de explicar el 67% de las diferencias en el crecimiento. Estudios previos 

del Mytilus galloprovincialis determinaron que el rango de temperatura óptimo para su 

crecimiento está entre 14 y 20 ºC. Además, investigaciones sobre la posibilidad de 

adaptación de los mejillones al esperado incremento de la temperatura del agua indican 

que, a pesar de que sobreviven en un rango amplio de temperatura, se encuentran cerca 

de su límite fisiológico de tolerancia térmica, por lo que no se espera que dicho rango 

óptimo de temperatura varíe significativamente. Por ello, el rango de temperatura óptimo 

para su crecimiento determinado para la actualidad fue utilizado para determinar el índice 

de confort tanto en el periodo histórico como para finales de siglo. El índice de confort se 

definió como el porcentaje de tiempo durante el cual la temperatura del agua permanece 

dentro del rango de temperatura óptimo para el crecimiento del mejillón. En este caso se 

ejecutó el modelo utilizando la malla de dominio único para los meses de julio y agosto 

de 20 años históricos (1999-2018) y futuros (2080-2099). Para calcular el índice de 

confort se utilizaron los valores de temperatura del agua en la localización de cada uno 

de los polígonos de batea que hay actualmente distribuidos en las cuatro rías que 

conforman las Rías Baixas. Puesto que las cuerdas donde se suspenden los mejillones 

miden como máximo 12 m, se dividió la columna de agua en dos capas, la capa superficial 

de 0 a 6 m y una capa profunda de 6 a 12 m, y se calculó el índice de confort para cada 
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una de ellas. Los resultados muestran que para el periodo histórico el índice de confort es 

de 100% en todos los polígonos, tanto en la capa superficial como en la capa profunda. 

Esto significa que los mejillones se encuentran el 100% del tiempo bajo condiciones 

óptimas de temperatura lo que favorece su crecimiento. Por esta razón las Rías Baixas 

son un lugar idóneo para el cultivo del mejillón tal y como indica la gran producción que 

sustentan actualmente. Para finales de siglo, las proyecciones indican que en la mayoría 

de los polígonos de batea el índice de confort en las capas superficiales se reducirá en 

más de un 60% y entorno a un 30% en las capas profundas. Las zonas más externas de 

las rías son las menos afectadas, observándose puntos de la capa profunda donde el 

confort todavía se mantendría en el 100% a finales de siglo. Esto se debe a que son zonas 

que actualmente se encuentran cerca del límite inferior del rango de temperatura óptima 

(14 ºC) al estar muy influenciadas por el afloramiento. En estas zonas, aunque en el futuro 

aumente la temperatura del agua el incremento no será suficiente como para sobrepasar 

el límite superior (20ºC). La estratificación es otra variable física de gran importancia 

para la producción del mejillón ya que, como se indicó anteriormente, en una columna de 

agua muy estratificada el intercambio vertical de nutrientes y oxígeno es limitado. 

Comparando los valores de la frecuencia de Brunt-Väisälä en cada uno de los puntos de 

polígonos de bateas para el periodo histórico y para las proyecciones futuras, se observa 

que para finales de siglo la estratificación aumentará en la mayoría de polígonos de batea. 

Esta estratificación de la columna de agua solamente se reducirá en la parte más interna 

de las rías. Esto es debido a que estas áreas están altamente influenciadas por el río 

interior, produciéndose una estratificación halina. En el futuro, se prevé una reducción 

del caudal de los ríos del 25% bajo un escenario RCP8.5, por lo que al introducir esta 

consideración en el modelo se obtiene una reducción en la estratificación de origen halino. 

Por último, se evaluó cómo el cambio climático puede afectar a dos especies de 

macroalgas formadoras de hábitat (Himantalia elongata y Bifurcaria bifurcata) que 

actualmente se encuentran en las Rías Baixas. Las macroalgas formadoras de hábitat son 

especies de gran interés ecológico ya que proporcionan estructura, refugio y alimento para 

muchas especies acompañantes, conformando comunidades ecológicas. Actualmente se 

está observando una reducción y una contracción de las poblaciones de estas especies 

debido al aumento en la temperatura del mar. En las costas de la Península Ibérica se ha 

observado un decaimiento de las poblaciones en la costa cantábrica. Sin embargo, zonas 

como las Rías Baixas están actuando como refugios climáticos contemporáneos para estas 
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especies al ser áreas protegidas de la acción de las olas y puntos donde el afloramiento 

mantiene el agua más fría que en las zonas costeras adyacentes a la vez que le proporciona 

gran cantidad de nutrientes. Dada la situación actual, es necesario analizar si en el futuro 

las rías seguirán actuando como refugio climático o no. Para ello se utilizaron los 

resultados de temperatura superficial del agua para los meses de julio y agosto del período 

histórico (1999-2018) y el futuro (2080-2099). Estudios previos determinaron que el 

umbral térmico de supervivencia de H. elongata es 18 ºC y para B. bifurcata 24.7 ºC 

sostenidos, en ambos casos, durante al menos 10 días consecutivos. Se desarrolló un 

modelo mecanicista de distribución de especies utilizando el umbral térmico de 

supervivencia de H. elongata calibrándolo con datos de campo. Se escogió esta especie 

porque muestra menos prevalencia en el área de estudio. Este modelo se basa en el 

porcentaje de tiempo que el alga es capaz de soportar bajo condiciones letales. Una vez 

calibrado el modelo de distribución de especies se utilizó para realizar los mapas de 

idoneidad térmica del hábitat para cada una de las macroalgas tanto en la actualidad como 

para finales de siglo. Actualmente las condiciones térmicas son favorables para la 

presencia de ambas macoalgas en la mayor parte de las rías. Un análisis en detalle muestra 

que las rías de Muros y Arousa tienen las condiciones más adecuadas para la presencia 

de H. elongata, aunque en la parte central de la Ría de Arousa son menos favorables 

cuando se compara con la parte externa. En las Rías de Pontevedra y Vigo las condiciones 

son menos favorables que en las dos rías más al norte. Los registros de presencias y 

ausencias de H. elongata y otra macroalgas con umbrales similares corroboran estos 

resultados ya que se observan menos poblaciones en las dos rías del sur. Las proyecciones 

para finales de siglo indican que las condiciones térmicas serán letales para H. elongata, 

y probablemente para otras macroalagas cuyo umbral térmico sea similar. Sin embargo, 

el análisis de idoneidad térmica del hábitat para B. bifurcata, caracterizada por un umbral 

térmico de supervivencia superior al de H. elongata, muestra que las Rías son 

térmicamente adecuadas para su presencia y que, de forma general continuarán siéndolo 

a finales de siglo. Además, debido al afloramiento, las rías seguirán siendo zonas donde 

la temperatura del agua será inferior a la del océano adyacente, por lo que podrán seguir 

siendo consideradas refugios térmicos para especies como B. bifurcata y aquellas con un 

umbral térmico similar. 
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Chapter 1 

Introduction 

Oceans, and coastal areas in particular, are high productivity systems which arise 

great interest in the scientific community due to their ecological and economical 

relevance. The Northwest Iberian Peninsula is one of the most productive systems in the 

world, e.g. the Rías Baixas support up to 15% of the world aquaculture production of 

mussels, because it is located on the northern limit of the Eastern North Atlantic 

Upwelling system and there are several rivers flowing into this area providing high 

concentrations of nutrients. Currently, this system is facing a climate change scenario 

which will modify the physical parameters of the region affecting the ecosystems. 

Therefore, it is necessary to improve knowledge about this area, both its current and future 

behavior. 

This chapter elaborates the motivation to carry out this thesis and presents the 

objectives to be achieved, as well as detailing the structure of the manuscript. 
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1.1. Motivation 

Climate change is expected to have a significant environmental impact affecting 

primary production, economy and society. In marine systems, sea-level rise, changes in 

sea temperature, variations in circulation patterns and frequency, acidification, and 

severity of extreme events will impact the marine ecosystems. The analysis of the possible 

and probable vulnerabilities of these systems in a scenario of climate change allows 

establishing mitigation and adaptation procedures.  

The Northwest Iberian Peninsula (NWIP) is located in the northern limit of the 

Eastern North Atlantic Upwelling system, one of the major coastal upwelling systems. In 

this area, northerly winds promote upwelling events which pump nutrient-rich Eastern 

Atlantic Central Water (ENACW) to the surface holding high productivity and 

biodiversity. The NWIP coast includes three estuarine systems with different 

morphologies, from south to north: a lagoon-estuarine system (Ria de Aveiro); estuaries 

connected to the major rivers (Minho, Lima and Douro) and four incised valleys (the Rías 

Baixas: Ría de Vigo, Ría de Pontevedra, Ría de Arousa and Ría de Muros). From all these 

systems, the Rías Baixas are of particular interest because they support one of the largest 

mussel aquaculture industries in the world and they may be acting as contemporary 

refugia for many species due to their specific oceanographic features (Martínez et al., 

2012; Aguiar et al., 2017). Due to their ecological and economic value, it is necessary to 

study the current behavior and the possible effects that climate change may have on the 

NWIP coast, and on the Rías Baixas in particular. 

Numerical models have shown to be one of the best tools to reproduce reality with 

enough accuracy and to provide data that would be very difficult to obtain through 

surveys, or even impossible, such as future projections. However, the databases and 

regional climate models available have a too coarse spatial resolution to adequately 

capture regional processes related to topography in the NWIP coast and, even less, inside 

the Rías Baixas estuaries. For this reason, it is necessary to implement and validate a high 

spatial resolution numerical model, such as the Delft3D-Flow, to dynamically downscales 

variables from available databases and climate models to capture the NWIP regional 

processes accurately.  
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1.2. Objectives 

The main objective of this thesis is to study the possible impact of climate change 

on the NWIP coast with a particular interest in the Rías Baixas. In order to achieve this 

goal, it is necessary the implementation of a three-dimensional baroclinic model which 

allows to simulate the hydrodynamic conditions of the area under study. In particular, this 

work aims: 

• to implement, calibrate and validate the numerical model Delft3D-Flow to the

NWIP coast, ensuring that it is capable to reproduce the water exchange between

the rias and the adjacent shelf,

• to reproduce and characterize the Minho River plume intrusion into the Rías Baixas

analyzing the impact of an intrusion event in the hydrodynamic of the rias.

• to assess the impact of the climate change on upwelling effectivity,

• to evaluate the impact of climate change on water temperature and stratification,

• to investigate how climate change can affect mussel aquaculture in the Rías Baixas,

• to determine changes induced by climate change in geographical distribution of

habitat-forming macroalgae inside the Rías Baixas.

1.3. Thesis layout 

This is a thesis by published works composed by three articles already published 

in international peer-reviewed scientific journals and one in the publication process. Thus, 

this dissertation was structured as follows: 

Chapter 1 presents the motivation of the research developed in the present thesis as well 

as a description of the main objectives to be achieved. 

 Chapter 2 presents a detailed description of the area under study. 

Chapter 3 presents a description of the database used to perform this research. 

Chapter 4 presents a general overview of Delft3D numerical model as well as the setups 

used. 
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Chapter 5 includes the articles that compose this thesis. 

- Article 1 details the calibration and validation of the Delft3D numerical model as 

well as the application of the model to characterize a historical event of Minho 

River plume intrusion into the Ría de Vigo. 

- Article 2 analyzes the response of the upwelling system to the future climate 

change under the RCP 8.5 greenhouse gas emission scenario in the Northwest 

Iberian Peninsula. The effectivity of this coastal upwelling was assessed by 

numerical simulations of high-extreme upwelling conditions for a historical 

(1976-2005) and future (2070-2099) period. 

- Article 3 analyzes the future consequences of climate change on mussel 

productivity in the Rías Baixas. Numerical simulations for historical (1999-2018) 

and future (2080-2099) periods were performed in order to evaluate changes in 

the main physical parameters affecting mussel growth (water temperature and 

stratification). 

- Article 4 analyzes the effects of climate change on the geographical distribution 

of two habitat-forming macroalgae, Himanthalia elongata and Bifurcaria 

bifurcata, in the Rías Baixas. Sea Surface Temperature calculated for historical 

(1999-2018) and future (2080-2099) periods was used to develop and calibrate a 

mechanistic geographical distribution model based on the thermal survival 

threshold of the macroalgae. Then, the distribution model was used to determine 

and compare de present and future thermal habitat suitability for both macroalgae.  

Chapter 6 presents a general discussion about the results obtained and the main 

conclusions derived from the researches presented in Chapter 5. 
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Study area: Northwest coast of the Iberian 
Peninsula 

The study area of the present thesis covers the northwest coast of the Iberian 

Peninsula (NWIP, Fig. 2.1). The area extends approximately from 40 to 43.75º N and 

from 8 to 10.20º W, being of particular interest the Rías Baixas and the coastal area under 

the influence of the Minho River Plume. 

In this chapter, the main physiographic, atmospheric and oceanographic 

characteristics of the NWIP continental shelf, the Rías Baixas, the estuaries of the Minho, 

Lima and Douro and the Ria de Aveiro are presented.  
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Figure 2.1. Northwestern Iberian Peninsula showing the delimitation of the study area. 

2.1. Physiography 

The continental shelf off the Northwest Iberian Peninsula coast (NWIP) is narrow, 

between 30 and 50 km, and the shelf break occurs at depths of 160-180 m (Dias et al., 

2002; Lantzsch et al., 2010; Rey et al., 2014). The shelf is dominated by the Ria de Aveiro 

in the south, the Douro Lima and Minho rivers in the central area and by the Rías Baixas 

and their feeding rivers in the north. The NWIP continental shelf is a sediment-starved 

shelf. River discharges provide sediments to the shelf in the southern area while the 

Galician Rías Baixas usually act as sediment traps. The transition between the two 

systems occurs at about 42º N, just at the south of the Ría de Vigo (Dias et al., 2002).  
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2.1.1. Rías Baixas 

The rias are usually described as flooded incised valleys (Evans and Prego, 2003), 

which, according to their hydrodynamic and sedimentological characteristics, are 

generally divided into three sectors: inner, middle and outer. The outer sector is located 

in the mouth of the ria where islands and peninsulas usually protect the ria from the direct 

and energetic influence of the ocean. The middle sector corresponds to the central part of 

the ria, and the inner sector comprises the shallow head of the ria where the main river 

usually flows into the ria.  

The denomination Rías Baixas is used to refer the set of the southernmost and 

extensive four rias of the Galician coast. From north to south they are the Muros, Arousa, 

Pontevedra and Vigo rias. They follow a general SW-NE orientation, almost 

perpendicular to the main coast, and the depth in their central axes varies from 

approximately 40-60 m in the outer area to 5-10 m in the head of the ria. The Muros, 

Pontevedra and Vigo rias have a funnel shape, while the Ría de Arousa is characterized 

by a more complex physiography. The main characteristics of the Rías Baixas and the 

fluvial inputs are displayed in Table 2.1. 

Rias  
Area 

 (km2) 

Volume 

 (km3) 

Main 

river(s) 

Catchment area 

 (km2) 

Mean discharge  

(m3s-1) 

Ría de Muros 125 2.1 Tambre 1561 54.10 

Ría de Arousa 230 4.5 
Ulla 2769 79.30 

Umia 445 16.39 

Ría de Pontevedra 141 3.5 Lérez 449 21.21 

Ría de Vigo 176 3.1 
Verdugo-

Oitavén 
331 17.00 

Table 2.1. Main characteristics of the rias and their fluvial inputs. 

2.1.1.1. Ría de Muros 

The Ría de Muros is the smallest of the Rías Baixas (Fig. 2.2). It is 12.5 km long 

following its main axis with a very variable width ranging from 1.3 to 7.9 km. This ria 

occupies a surface area of 125 km2 and has a volume of 2.1 km3. The depth of the ria 

decreases from 51 m at the mouth to about 5.5 m at the head. In the outer sector a wide 

central channel, with an average depth of approximately 43 m, is clearly identified. In the 

middle sector, the ria widens and depth decreases to about 30 m. The inner sector is 

narrower and shallower, with a mean depth of 15 m. The Tambre River, located in the 
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innermost part of the ria, is the most significant freshwater input. The main difference 

between the Ría de Muros and the rest of the Rías Baixas is the absence of islands at its 

entrance, although a peninsula is present in the northern coast. 

 
Figure 2.2. Ría de Muros. Bathymetry from nautical charts elaborated by the Spanish Navy Hydrographical 
Institute. 

2.1.1.2. Ría de Arousa 

The Ría de Arousa is the larger of the Rías Baixas, both in surface, 230 km2, and 

in volume, 4.5 km3 (Fig. 2.3). Along its main axis, it is 28 km long and the maximum 

width is 14 km. Its depth varies from 70 m at its southern mouth to 5 m at its head. The 

north shore is characterized by the presence of many small bays and the south coast by 

numerous islands of varying dimensions, being the islands of Cortegada and Arousa the 

most important due to their size. The south shore is also characterized by the presence of 

a large peninsula, the O Grove peninsula. This ria has to mouths connecting it with the 

shelf due to the presence of the Salvora Island and several small islands at the entrance 

of the ria. The southern mouth, between the Sálvora island and the O Grove peninsula, is 

the main connection. It has a width of 4.5 km and a maximum depth of 70 m. The northern 

mouth, between the Salvora island and the north shore of the ria, has a width of 3.5 km 

and is characterized by being shallow: the maximum depth is approximately 10 m. It is 

also characterized by the presence of several small islands. Two large rivers flow into the 

Ría de Arousa, the Ulla and Umia rivers. The main runoff is the Ulla River which flows 

into the ria in its innermost part. The Umia River flows near the O Grove peninsula.  
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Figure 2.3. Ría de Arousa. Bathymetry from nautical charts elaborated by the Spanish Navy 
Hydrographical Institute. The black dot indicates the location of the Villagarcia tidal gauge. 

2.1.1.3. Ría de Pontevedra 

The Ría de Pontevedra occupies an area of 141 km2 and has a volume of 3.5 km3 

(Fig. 2.4). This ria is 28 km long along its main axis and has a maximum width of 12 km 

at the mouth decreasing to 2.5 km near the head. The Lerez River flows at the head of the 

ria. There are three islands in this ria, Tambo in the inner sector and Ons and Onza at the 

mouth of the ria. Ons and Onza islands integrate the Ons archipelago and divide the ria 

entrance into two mouths. The southern mouth, between Onza and the south shore of the 

ria, has a width of 7.3 km and a maximum depth of 60 m. The northern mouth, between 

the north shore and the Ons island, is narrower (3.6 km) and shallower with depths less 

than 15 m. There is a deep channel along the main axis of the ria from the south mouth to 

the inner sector. 

 
Figure 2.4. Ría de Pontevedra. Bathymetry provided by the General Fishing Secretary. The black dot 
indicates the location of the Marin tidal gauge. 
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2.1.1.4. Ría de Vigo 

The Ría de Vigo occupies an area of 176 km2 and a volume of 3.1 km3 (Fig. 2.5). 

Its main axis has a length of 30 km and the ria is 13 km wide at the mouth. The Cies 

archipelago, composed of Monteagudo, Faro and San Martiño islands, is located at the 

mouth of the ria splitting it into two mouths. The southern mouth, between the San 

Martiño island and the southern shore of the ria, is 8 km wide and has a maximum depth 

of 67 m. The northern mouth, between the north shore of the ria and the Monte Agudo 

island, has a width of 2 km and a maximum depth of 25 m. The ria width and depth 

decrease from the mouth to the head, although there is a deep channel along the ria from 

the south mouth to the inner sector. The main input of freshwater into the ria comes from 

the Verdugo-Oitavén River which flows in the San Simon bay, in the inner sector of the 

ria. It is the shallowest area of the ria, with an average depth of 7 m. The San Simón bay 

is connected to the ria through the Rande strait, the narrowest part of the ria, less than 2 

km wide. 

 
Figure 2.5. Ría de Vigo. Bathymetry provided by the General Fishing Secretary. The black dot indicates 
the location of the Vigo tidal gauge. 

2.1.2. Minho estuary 

The Minho River estuary is located 30 km to the south of the Ría de Vigo. The 

estuary of the Minho River has a NE-SW direction. It is approximately 38 km long and 

covers an area of 23 km2 (Fig. 2.6). Its width is highly variable, with a maximum of 2 km 

near the mouth and a minimum of 100 m at the head. The mean depth of the estuary is 

2.6 m with a maximum depth of 4 m near the estuary mouth. The lower estuary is a fine 

sediment deposits area, leading to the emergence of islands, beaches and extensive 

sandbanks. 
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The Minho River acts as a natural border between Spain and Portugal and is one 

of the most important inputs of freshwater to the West coast of the Iberian Peninsula. Its 

basin occupies 16275 km2 and its discharge varies seasonally. Higher discharges occur 

from December to March and lower from July to September. The mean annual discharge 

is about 280 m3s-1. 

 
Figure 2.6. Minho estuary. Bathymetry provided by the Portuguese Navy Hydrographic Institute.  

2.1.3. Lima estuary 

The estuary of the Lima River is located in the northern region of Portugal, 20 km 

south of the Minho estuary. This estuary has an ENE-WSW direction, is ~ 20 km long 

and covers an area of 10.4 km2 (Fig. 2.7). The mean depth is 4 m with a maximum depth 

of 10 m near the estuary mouth, where it becomes a narrow navigation channel. The 

estuary is a fine sediment deposits area, leading to the emergence of islands and extensive 

sandbanks. The mouth of the estuary is partially obstructed by a 2-km-long jetty which 

deflects the river flow to the south.  

The Lima river basin occupies 2446 km2 and the mean annual river discharge is 

about 54 m3s-1. The river discharge varies seasonally.  
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Figure 2.7. Lima estuary. Bathymetry provided by the Portuguese Navy Hydrographic Institute.  

2.1.4. Douro estuary 

The estuary of the Douro River has a SE-NW direction, is approximately 21 km 

long and covers an area of 9.8 km2 (Fig. 2.6). Its width is highly variable, with a maximum 

of 1.3 km near the mouth and a minimum of 135 m at the head. The depth generally 

ranges from 0 to 10 m. The mouth is partially obstructed by a ~1000 m long sandbar at 

~5 m below the sea surface.  

The Douro River, which drains into the Atlantic Ocean at 41º08’N, 8º42’W, is the 

largest river flowing into the west coast of the Iberian Peninsula. Its basin occupies 98800 

km2 and the mean annual river discharge is about 700 m3s-1.  

 
Figure 2.8. Douro estuary. Bathymetry provided by the Portuguese Navy Hydrographic Institute.  
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2.1.5. Ria de Aveiro 

The Ria de Aveiro is a shallow coastal lagoon located at 40º 38’ N, 8º 44’ W (Fig. 

2.9). It occupies an area of 77 km2. Its maximum length is 45 km and has a width of 10 

km. The geometry of the Ria de Aveiro is irregular and characterized by narrow channels 

and by the presence of several intertidal areas. Despite a sand bar separates the lagoon 

from the ocean, an artificial channel, that is 1.3 km long, 350 m wide and 20 m deep, 

connects the lagoon with the ocean.  

The Vouga River is the main input of freshwater into the lagoon with a mean 

annual river discharge about 80 m3s-1.  

 
Figure 2.9. Ria de Aveiro. Bathymetry provided by the Aveiro Harbor Administration and Polis Litoral 

Ria de Aveiro. 

 

2.2. Atmospheric circulation 

The atmospheric circulation is mainly governed by the seasonal difference in 

atmospheric pressure at sea level between Azores High and the Icelandic Low. The 

Azores High is a permanent high-pressure system located south of 40º N, near the Azores 

islands, while the Icelandic Low is a low-pressure system located around 60º N, near 

Iceland. These two systems control the strength and direction of westerly winds and the 

location of storm tracks across the North Atlantic. During winter, the Azores High moves 

to its most southern position and the Icelandic Low is reinforced. Pressure differences 

between these two centers generate steady eastward air-flow. Moreover, the difference 

between the warm waters of the Gulf Stream and the cold waters of the Labrador Sea 

16



Study area: Northwest coast of the Iberian Peninsula 

gives rise to a surface weather front, the Polar Front, enhancing the formation of 

pronounced depressions over the ocean and developing a storm track towards western 

Europe. From March-April to September-October, the Azores High moves 

northwestward, a thermal low develops over the Iberian Peninsula, and the Icelandic Low 

weakens leading to equatorward coastal winds. Due to the coastal orientation of the 

NWIP, which follows an angle of approximately 90º relative to the equator, these winds, 

with a prevailing northerly component, are upwelling favorable conditions. Winds with 

prevailing southerly component, which are predominant during winter, are favorable to 

downwelling conditions.  

2.3. Ocean 

2.3.1. Water masses 

Several water masses can be found at the NWIP coast differentiated according to 

their physical properties (salinity, potential temperature and density ranges). These water 

masses are located at different depths (Fig. 2.10).  

 
Figure 2.10. Sketch of water masses in the Galician margin.  

The surface layer comprises the mixed layer and the seasonal thermocline. The 

depth of the mixed layer varies along the year from 20 m in summer-early autumn to 125-

150 m in winter. The characteristics and thickness of the thermocline are variables 

depending on the atmosphere-ocean fluxes and runoff seasonality. During summer, 

thermocline can be found between 10-30 m. In winter, the surface layer is less saline than 
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in summer and the mixed layer can be found at approximately 100 m of depth (Varela et 

al., 2005). 

The surface layer is influenced by the Western Iberian Buoyant Plume (WIBP), 

defined by Otero et al. (2008) as a “low-salinity lens formed by river discharge and 

continental run-off extending along the shelf of the Northwest Iberia”. Horizontally, it 

expands beyond the shelf reaching the 1000 m isobath and occupying the surface layer 

up to 20 m depth. It is characterized by a salinity lower than 35.7 (Peliz et al., 2002). The 

main contributors to the WIBP are the Douro and Minho rivers. There is a seasonality 

related with the river discharge regimes and the WIBP is less developed during the dry 

season, from July to September, and more developed when higher river discharges occur, 

from December to March. It is highly influenced by the wind regime, being advected 

offshore under northerly winds and comprised along the shore under southerly winds 

(Fernández-Nóvoa et al., 2017; Peliz et al., 2002). 

The Eastern North Atlantic Central Water (ENACW) is formed by subduction 

during winter in a very extensive area eastward of the Mid-Atlantic. The NWIP is affected 

by ENACW of two different sources: the ENACW subtropical mode (ENACWst) and 

ENACW subpolar mode (ENACWsp). ENACWst is formed along the Azores Front, at 

about 35º N and is transported northward by the poleward current. It is lighter, relatively 

warm and salty and corresponds to a line in the T/S plane between T=13.13 ºC, S=35.80 

and T=18.50 ºC, S=36.75. The ENACWsp mode is formed in the eastern North Atlantic, 

north of 46º N, and is defined by the T/S plane between T=10.00 ºC, S=34.40 and T=12.20 

ºC, S=35.66. From April to October, the general southward circulation along the shelf 

shifts the ENACWsp mode southward. Between 43º N and 44º N, both modes converge 

and ENACWsp can mix with ENACWst between 26.9 and 27.1 isopycnals (Alvarez et 

al., 2005). ENACWsp is rich in nutrients and upwelled ENACW water is responsible for 

the fertility of the coast. The lower limit of the ENACW is located between 300-400 m 

depth and the position of the upper limit is dependent on the season and meteorological 

forcings, sometimes even reaching the surface.  

The Mediterranean Overflow Water (MOW) is Mediterranean water flowing out 

through the Strait of Gibraltar. It is characterized by anomalously high salinity (35.1-

36.0) and temperature (7-11 ºC). It is centered at a depth of about 1100 m, but after 

entering the Atlantic, it mixes rapidly with the overlaying ENACW forming an 

intermediate water mass. Coriolis forces and spreads the dense MOW northward 
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following the Portuguese shore. Near the area of study, MOW can be distinguished 

between 800 and 1500 m deep (Liu and Tanhua, 2019; Varela et al., 2005). 

The Labrador Sea Water (LSW) is located below the MOW, between 1500 and 

2200 m deep. It is characterized by a potential temperature of 3.50 ºC and a salinity of 

34.89. 

The North Atlantic Deep Water is a complex of several water masses 

characterized by a potential temperature between 2 and 4 ºC and a salinity ranging from 

34.9 to 35.0. This water mass is usually found between 2200 and 4000 m depth. 

2.3.2 Ekman transport: the upwelling and downwelling cycle 

The NWIP is located at the northernmost limit of the Eastern North Atlantic 

Upwelling System (Woostern et al., 1976). Coastal upwelling is the result of the joint 

action of the wind and the rotation of the earth transporting surface water masses seaward 

of the coast being replaced by water from deeper areas. Despite coastal upwelling is 

considered a wind-driver process and the variation of upwelling intensity can be 

explained as the distribution of wind stress, the topography of the area may also affect the 

upwelling intensity (Alvarez et al., 2008).  

  A succession of upwelling and downwelling events occur in the study area all 

year long. Generally, atmospheric regime favors the occurrence of upwelling events from 

March-April to September-October, although events have also been observed during 

winter (Alvarez et al., 2009; Álvarez et al., 2003; Prego et al., 2007; Ribeiro et al., 2005). 

During upwelling events, Ekman transport affects the dynamics of the upper layer (0-200 

m) and prevailing upwelling conditions transport significant volumes of water seaward. 

This water is generally replaced by dense, cold and nutrient-rich deep water known as 

Eastern North Atlantic Central Water (ENACW). In contrast, downwelling events 

transport warm and less dense water shoreward. Downwelling events are predominant 

during winter season when southerly winds at the shore are prevailing.     

Regarding the Rías Baixas, upwelling events favor the normal circulation pattern 

of the rias while downwelling events can revert it, turning them into a system with a 

negative estuarine circulation (deCastro et al., 2000). 
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2.3.3. Circulation 

The Portugal Coastal Current System or Iberian Coastal Current System (Fig. 

2.11) controls the circulation at the ocean side and the continental shelf of the NWIP coast 

(excluding the Rías Baixas).  

The Portugal Current (PC), which is a branch of the North Atlantic Current 

(NAC), flows in the western boundary of the study area. It is a weak current, about 3 Sv, 

and flows southwards all year from 45-50º N and 10-20º W  (Arístegui et al., 2005). 

Closer to coast, the circulation pattern shows a marked seasonality defined by the 

coastal wind regime. From approximately March-April to September-October, Spring-

Summer conditions (Fig. 2.11a), the northeasterly predominant winds promote a 

southward current, the Portugal Coastal Current (PCC). PCC is a surface current with 

depths less than 100 m.  At the slope, the Iberian Poleward Current (IPC), also called 

Portugal Coast Under Current (PCUC), flows with a northward direction, at ~200 m 

depth, with a width between 25 to 40 km (deCastro et al., 2011). During Autumn-Winter 

conditions (Fig. 2.11b), the IPC intensifies (Peliz, 2003) and the Portugal Coastal Counter 

Current (PCCC) flows northward from the surface to 1500 m depth, including the MOW 

(Arístegui et al., 2005). 

  
Figure 2.11. Sketch of the Portugal Coastal Current System on the study area in Spring-Summer (a) and 
Autumn-Winter (b) conditions.  
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2.4. Rias circulation 

The rias are partially mixed estuaries with a partially stratified estuarine 

circulation: the lower layers are saltier than the upper ones (Taboada et al., 1998). Their 

typical residual circulation pattern is a positive estuarine circulation with freshwater 

flowing out through surface layers and oceanic saline water entering through depth layers.  

The rias circulation is highly dependent on wind regime, northerly winds at shelf 

enhance the typical pattern, but southerly winds can reverse the normal circulation 

pattern, turning it into a negative estuarine circulation. 

The circulation in the rias of Arousa, Pontevedra and Vigo is conditioned by the 

islands located at their mouths. The islands split the entrance in two mouths, the southern 

and the northern mouths. Barton et al. (2015) have described the general circulation of 

the Ría de Vigo under upwelling and downwelling conditions. Under upwelling 

conditions, water enters through bottom layers across both, north and south mouths and 

flow out through the surface layer across the south mouth due to the action of a cyclonic 

eddy located in the outer sector of the ria (Figure 2.12a). Under downwelling conditions, 

water flows into the ria trough the surface layers across the south mouth and flow out 

through bottom layers across both, north and south mouths (Figure 2.12b). The lateral 

circulation of the ria is more remarkable on the outer sector and weakens towards the 

internal part due to the narrowness of the basin. 

 
Figure 2.12. Sketch of the circulation of the Ría de Vigo under upwelling (a) and downwelling (b) 
conditions based on Barton et al. (2015). Red arrows represent surface currents. Blue arrows represent deep 
currents. The black arrow represents the cyclonic eddy. 
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The described pattern of circulation for the Ría de Vigo can be extrapolated to the 

Ría de Pontevedra due to its physiographic similarity with the Ría de Vigo. However, the 

situation in the Ría de Arousa is slightly different, due to its different and complex 

physiography, being the southern mouth of the ria of considerable width compare to the 

north, which is also partially blocked by several smaller islands and structural highs. The 

exchange of water between the Ría de Arousa and de ocean takes place mainly through 

the south mouth and corresponds to a typical estuarine circulation. The same circulation 

pattern can be also described for the Ría de Muros. Under upwelling events, water flows 

into these rias through deep layers and leaves it through the surface. Conversely, under 

downwelling events, water flows into these rias through surface layers and outflows 

through the deep ones.  

2.5. Tides and waves 

Tides are semi-diurnal and mesotidal, characterized by a period of about 12.25 h 

and a tidal amplitude varying between 2 m during neap tides and 4 m during spring tides 

(Sousa et al., 2014). The tidal wave propagates from south to north as Kelvin waves, with 

amplitude increasing towards the coast. The highest diurnal and semidiurnal harmonics 

are M2 (principal lunar), S2 (principal solar), K1 (luni-solar semidiurnal) and O1 (principal 

lunar diurnal). Amplitude and phase for M2, S2, K1 and O1 from Villagarcia (Fig. 2.3), 

Marín (Fig. 2.4) and Vigo (Fig. 2.5) tidal gauge are shown in Table 2.2. 

Typical tidal current velocities are 5 cm s-1 for deep and 2 cm s-1 for shallow waters 

(Fanjul et al., 1997).  

The wave climate regime is also controlled by the seasonal variability of wind, 

which are highly seasonal. During summer, waves show relative low energy, whilst in 

winter, waves regime is more energetic with a predominant significant wave height 

between 1 and 3 m, although it can reach up to 10 m during strong storms. Statistically, 

northeast to northwest winds are prevailing. Thus, waves arrive roughly from a northwest 

direction (Oberle et al., 2014). 
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Study area: Northwest coast of the Iberian Peninsula 

  Tidal gauge 

  Vigo Marín Villagarcia 

M2 
Amplitude (m) 1.11 1.10 1.14 

Phase (°) 75.94 77.15 78.73 

S2 
Amplitude (m) 0.46 0.46 0.47 

Phase (°) 120.00 121.09 123.15 

O1 
Amplitude (m) 0.07 0.07 0.07 

Phase (°) 323.90 325.80 325.47 

K1 
Amplitude (m) 0.08 0.07 0.08 

Phase (°) 85.68 79.28 81.58 

Table 2.2. Amplitude and phase of the main tidal constituents in the Vigo, Marín and Villagarcia tidal 
gauges. 
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Data sources 

Data from different databases were used to conduct this thesis’ research. This 

chapter presents the main features of all of them. Each database has been chosen 

depending on the purpose of each study in order to get the best fit between the observed 

and modeled data and trying to best simulate real conditions with the most adequate 

spatial and temporal resolution. As a consequence, one single variable may proceed from 

different databases.  
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3.1. Bathymetry  

The bathymetry used for numerical simulations was elaborated from different 

sources. The bathymetries for the rias of Arousa, Muros and the adjacent shelf area were 

digitalized from nautical charts elaborated by the Spanish Navy Hydrographical Institute. 

The multibeam-sourced bathymetries of the rias of Vigo and Pontevedra were provided 

by the General Fishing Secretary, dependent on the Spanish Ministry of Agriculture, 

Fisheries and Food. These multibeam-sourced bathymetries have a horizontal resolution 

of 5 m. Portuguese Navy Hydrographic Institute provided the bathymetry of the Minho, 

Lima and Douro estuary. The bathymetries for the Ria de Aveiro was generated from data 

provided by the Aveiro Harbor Administration and Polis Litoral Ria de Aveiro. 

Bathymetry gaps were covered using data from the General Bathymetric Chart of 

the Oceans (GEBCO, https://www.gebco.net/). This grid is created by the compilation of 

data from different sources and has a spatial resolution of 30 arc seconds. 

3.2. Tide 

Thirteen main tidal harmonic constants (M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, 

M4, MS4, MN4) were obtained from 7.2 TOPEX/Poseidon Altimetry 

http://volkov.oce.orst.edu/tides/global.html) and were imposed to the model as boundary 

condition. TOPEX/Poseidon Altimetry assimilate data from various altimetric data 

(Topex Poseidon, Topex Tandem, ERS, GFO) and other datasets (e.g. tide gauges) and 

has a horizontal resolution of 1/4º.  

Harmonic constants from tidal gauges located at Villagarcia (Fig. 2.3), Marin (Fig. 

2.4) and Vigo (Fig. 2.5)  obtained from Puertos del Estado web portal 

(http://www.puertos.es), were used to verify the model accuracy in reproducing the main 

tidal constituents for the Rías Baixas. Puertos del Estado is a Spanish State company 

responsible for managing the state-own ports.  

3.3. Hydrographic variables 

Weekly vertical salinity and temperature profiles from 2006 to 2018 were 

download from the Instituto Tecnolóxico para o Control do Medio Mariño de Galicia 
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(INTECMAR, www.intecmar.gal) portal. These data were used to evaluate the capability 

of the model to reproduce thermohaline variables within the rias and to detect days of 

potential intrusion of Minho River into the Rías Baixas. INTECMAR is a regional agency 

in charge of controlling the quality of the marine environment and applying the legal 

provisions regarding the technical-sanitary control of seafood products. They carry out 

weekly sea surveys collecting sonde data using an SBE25 CTD at 38 field stations (8 at 

the Ría de Muros, 11 at the Ría de Arousa, 11 at the Ría de Pontevedra and 8 at the Ría 

de Vigo, Fig. 3.1).  

 
Fig. 3.1. Location of INTECMAR field stations, black points, and Cabo Silleiro boy, black square. 

 

Temperature data for August 2012 was also measured using 19 TidbiT data 

loggers (9 at the Ría de Muros and 10 at the Ría de Arousa, Fig. 3.2), located in shallow 

waters. The data loggers were placed on rocks of the intertidal area exposed during most 

of the tidal cycle, therefore, only data recorded during the high tide was used. These data 

were used to evaluate the capability of the model to reproduce thermohaline variables in 

shallow areas of the rias. 
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Fig. 3.2. Location of TidbiT field stations. 

 

Hourly water temperature, salinity, and horizontal velocity at 3 m depth for Cape 

Silleiro buoy (Fig. 3.1.) were provided by Puertos del Estado for the period 1998-2018. 

These data were used to evaluate the model accuracy in reproducing transport conditions 

near the open boundary. Besides, these data were also compared with historical 

climatological data.  

Daily salinity and temperature data from Atlantic-Iberian Biscay Irish-Ocean 

Physics Reanalysis (ibi-reanalysis-phys-005-002-daily) product were download form de 

project database website (http://marine.copernicus.eu) for the period 2009 to 2018. These 

data were imposed to the model as transport boundary conditions in realistic experiments. 

These data are generated through a reanalysis called IBIRYS, developed by Mercator 

Ocean in collaboration with Puertos del Estado. It is based on NEMO v3.6 ocean general 

circulation model and the assimilation of altimeter data, in situ temperature and vertical 

profiles and satellite sea surface temperature. Data cover the area from 26º N to 56º N and 

from 19º W to 5º E with a horizontal resolution of 1/12o, and a vertical resolution of 50 

sigma coordinates levels. A remarkable characteristic of the NEMO v3.6 ocean general 

circulation model is the assimilation of river discharge from 35 rivers. Additional data 

information can be found in Baladrón et al. (2019).  
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Seawater potential temperature and seawater salinity from the Hadley Centre 

Global Environment Model–version 2 Earth System (MOHC-HadGEM2-ES) were used 

to imposed to the model as transport boundary conditions in climatological experiments. 

Monthly data from MOHC-HadGEM2-ES Global Circulation Model (GCM) were 

downloaded for historical (1970 to2005) and future (2006-2099) periods under the 

RCP8.5 scenario (rpc85 experiment). This model has a horizontal resolution of 1º, 

increasing to 1/3º at the equator, and a vertical resolution of 40 levels and run under de 

global project Coupled Model Intercomparison Project version 5 (CMIP5, 

https://www.wcrp-climate.org/wgcm-cmip/wgcm-cmip5). Among the models provided 

by the CMIP5 project database, MOHC-HadGEM2-ES model has been chosen because 

it is the model which better reproduces historical climate conditions in the area under 

study. 

The main characteristics of the hydrographic variables described in this section 

are summarized in Table 3.1. 

Source Variable 
Temporal  

resolution 

Horizontal 

resolution 

Vertical  

resolution 

SBE25 CTD T and S 
Weekly 

(2006-2018) 
38 field stations variable 

TidbiT  

data loggers 
T and S 

August (high tide) 

2012 
19 field stations Surface 

Ibi reanalysis T and S 
Daily 

(2009-2018) 
1/12o 50 σ-layers 

RCM  

MOHC-HadGEM2-ES 
T and S 

Monthly 

(1970-2099) 
1o 40 levels 

Cape Silleiro  

buoy 
T, S and vx 

Hourly 

(1998-2018) 
1 field station 3 m depth 

Table 3.1. Hydrographic variables summary. T = water temperature; S= salinity; vx = horizontal velocity. 

3.4. Atmospheric variables 

Hourly zonal and meridional wind components, sea level pressure, surface air 

temperature, relative humidity and solar radiation components from the Weather 

Research and Forecasting Model (WRF) by the Galician regional meteorological agency 

(MeteoGalicia) were downloaded for the period of 2009-2018 from the MeteoGalicia 
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website (www.meteogalicia.gal). Since 2008, MeteoGalicia runs WRF in an operational 

way twice a day, at 00UTC and 12UTC. Three nested domains are configured for 36, 12 

and 4 km resolution. The 4 km resolution domain covering from 40.42 to 45.23 ºN and 

from 11.26 to 5.11 ºW was chosen. These data were imposed to the model as surface 

boundary conditions in realistic experiments. 

For the climatological experiments, air temperature, sea level pressure, 

cloudiness, relative humidity and solar radiation components, with a 3 h temporal 

resolution, and wind components with a 6 h temporal resolution from the Regional 

Climate Model (RCM) MOHC-HadGEM2-ES-RCA4 were downloaded for historical 

(1970 to2005) and future (2006-2099) rpc85 experiment from the Coordinated Regional 

Climate Downscaling Experiment  (CORDEX) website (https://www.cordex.org). These 

data are a dynamical downscaling of the GCMs, thereby, GCMs outputs are used to force 

RCMs for smaller areas with higher resolution. Thus, MOHC-HadGEM2-ES-RCA4 

RCM is the downscaling of MOHC-HadGEM2-ES GCM using the RCA4 model. The 

EURO-11 domain of CORDEX with a horizontal resolution of 0.11º was chosen. These 

data were imposed to the model as surface boundary conditions in climatological 

experiments. 

ERA-Interim Version 2.0  dew point temperature, surface temperature, surface 

pressure, surface thermal radiation, cloud cover, surface net solar radiation and wind 

components with a temporal resolution of 3 h were downloaded for the period 1978-2018 

from the Center for Medium-range Weather Forecasts (ECMWF, https://www.ecmwf.int)  

database. ERA-Interim is a global atmospheric reanalysis from 1979 to 31 August 2019.  

Data has a spatial resolution of 60 vertical levels from surface up to 0.1 hPa, T255 

spherical-harmonic representation for the basic dynamical fields and a reduced Gaussian 

grid with approximately uniform 79 km spacing surface. Additional information on ERA-

Interim can be found in  Berrisford et al. (2011). These data were used to compare ERA-

Interim dataset with the historical dataset from MOHC-HadGE2-Es-RCA4 RCM. 

The main characteristics of the atmospheric variables described in this section are 

summarized in Table 3.2. 
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Source Variable 
Temporal  

resolution 

Horizontal 

resolution 

Vertical  

resolution 

WRF slp, sr 
Hourly 

(2008-2018) 
4 km surface 

WRF ta, rh 
Hourly 

(2008-2018) 
4 km 2 m 

WRF w 
Hourly 

(2008-2018) 
4 km 10 m 

RCM MOHC-HadGEM2-

ES-RCA4 

slp, ta, cl, rh and 

sr 

3 h 

(1970-2099) 
0.11o surface 

RCM MOHC-HadGEM2-

ES-RCA4 
w 

6 h 

(1970-2099) 
0.11o surface 

ERA-Interim V 2.0 slp, sr 
3 h 

(1978-2018) 
79 km surface 

ERA-Interim V 2.0 Ta, dh 
3 h 

(1978-2018) 
79 km 2 m 

ERA-Interim V 2.0 cl 
3 h 

(1978-2018) 
79 km - 

ERA-Interim V 2.0 w 
3 h 

(1978-2018) 
79 km 10 m 

Table 3.2.  Atmospheric variable summary. w = wind components; slp = sea level pressure; ta = air 
temperature; cl=cloudiness; rh = relative humidity; sr = solar radiation components, dh = dew point 
temperature. 

3.5. River discharge 

Daily data for the Minho river discharge at the Frieira dam and the Tea river flow 

at Ponteareas station for the period 2009-2018 were provided by the Confederación 

Hidrográfica Minho-Sil (http://saih.chminosil.es). Confederación Hidrográfica Minho-

Sil is an interregional organism dedicated to manage the river basin of the Minho River. 

This agency collects information about several variables, such as river level, flow, pH, 

temperature, oxygen and turbidity, at various stations to control the state of the Minho-

Sil basin.   

In addition, daily river discharge data for the main fluvial inputs into the Rías 

Baixas are available at the Galician regional meteorological agency website 

(MeteoGalicia, www.meteogalicia.gal). Data were downloaded at the measuring station 
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nearest to the mouth of the river for the period 2009-2018. The discharges of the different 

rivers were obtained as follows: 

- Tambre River: sum of the flow of Tambre in Oroso and its main tributaries after

the measure station (Barcala, Dubra and Lenguelle rivers). 

- Ulla River: sum of Ulla flow at Teo village plus Sar flow at Brión village.

- Umia River: flow at Baixo Umia measured station (Ribadumia).

- Lérez: flow at Pontevedra city.

- Verdugo-Oitavén: sum of Verdugo flow at Pontecaldelas village and Oitavén

flow at Soutomaior village. 

These in situ measured river discharges were imposed to the model as discharge 

boundary conditions in realistic experiments 

Daily simulated river discharges for Tambre, Umia, Ulla, Lérez, Verdugo-

Oitavén, Minho, Lima, Douro river and for the major tributaries in the Ria de Aveiro from 

the Hype model were downloaded from the Hype webpage (https://hypeweb.smhi.se) for 

the entire period available (1981 to 2010). Hype model is developed by the Hydrological 

Research Unit at the Swedish Meteorological and Hydrological Institute (SMHI). Hype 

model is run on a large-scale in operational mode calculating water volume and fluxes 

over large geographical areas. Simulated river discharges were used to create a river 

discharge climatology and to impose it to the model as the discharge boundary conditions 

in climatological experiments. 
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Numerical model: DELFT3D-Flow 

The Delft3D package is an open-source fully integrated computer software suite 

developed by WL∣Delft Hydraulics in cooperation with Delft University of Technology. 

It consists of various integrated process modules which interact with each other allowing 

to perform the simulation of hydrodynamic flow, sediment transport, waves, water 

quality, morphological developments and ecology. Delft3D is a computer tool designed 

for coastal, river and estuarine simulations in 2D or 3D with a multi-disciplinary 

approach. 

Delft3D-Flow module performs the simulation of the hydrodynamic flow and the 

transport of salinity and heat that results from tidal and meteorological forcing on a 

rectilinear or a curvilinear grid. A sigma coordinate is defined as the vertical grid 

approach in 3D simulations.   
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4.1. The hydrodynamic model 

This thesis was mainly performed using the hydrodynamic module of the 

numerical model Delft3D (Delft3D-Flow research version 4.04.01). The Flow module 

simulates a large number of processes as wind shear, wave forces, tidal forces, density-

driven flows and stratification due to salinity or temperature gradients, atmospheric 

pressure changes, drying and flooding of intertidal flats, etc. It aims to simulate flow 

phenomena of which the horizontal length and time scales are significantly larger than 

the vertical scales (Deltares, 2014). 

Delft3D solves the horizontal equations of motion, the continuity equation, and 

the transport equations for conservative constituents. These equations are formulated in 

orthogonal curvilinear or spherical coordinates. For this thesis, spherical coordinates were 

chosen which means that the reference plane for surface level and bathymetry follows the 

Earth's curvature. The Delft3D-Flow numerical method is based on finite differences. 

As the vertical scale is much smaller than the horizontal scale, Delft3D-Flow 

performs simulations of hydrodynamic flow under the shallow water assumption to solve 

both the 2D and 3D shallow water equations. The shallow water equations are a 

simplification of the Navier-Stokes equations under the Boussinesq assumption. For more 

detailed information about Delft3D-Flow see Deltares (2014). 

4.1.1. Mesh and bathymetry 

To discretize the shallow water equations, the area to be modeled has to be covered 

by a curvilinear grid which is assumed to be orthogonal and well-structured. Then, this 

grid, which is defined in the physical space, is discretized on the computational grid and 

the variables are arranged using the Arakawa G-grid system (Deltares, 2014). The water 

level and density are defined in the center of a cell while velocity components are 

perpendicular to the grid cell (Fig. 4.1a). In the vertical direction, where a sigma 

coordinate is used, the grid is boundary-fitted, the number of layers is constant and the 

relative layer thickness is usually non-uniform (Fig. 4.1b).  
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Fig. 4.1. Schematized horizontal (a) and vertical (b) grid of Delft3D-Flow. 

Delft3D allows using two different approaches of grid design: unique-domain and 

multi-domain. Unique-domain is preferable because it avoids numerical discrepancies at 

the domain decomposition frontiers but it has the disadvantage that does not allow a 

significant variation of the resolution and, therefore, can be time-consuming. The 

advantage of using multi-domain is that it allows varying the resolution both vertically 

and horizontally in each of the domains. This is very useful when the study area is large 

and there are regions that require a local refinement in order to properly solve 

hydrodynamic processes. This work was carried out using both approaches: i) a multi-

domain was used to assess the impact of climate change on upwelling in the NWIP, which 

is a large area (~ 49000 km2) where the oceanic region requires less resolution than the 

estuaries; and ii) a single-domain was used to perform specific researches in the area of 

the Rías Baixas and the Minho estuary.  

The multi-domain covers an area from 8 to 10.20º W and from 40 to 43.75º N, 

dividing the area into five domains connected between them (Fig. 4.2a). The horizontal 

resolution is different for each domain: ~1500 m for the oceanic domain, ~250 m for the 

Rías Baixas, ~60 m for the Minho and Lima estuaries, from 45 to 80 m for the Douro 

estuary and from 45 to 80 m for the Ria de Aveiro. The vertical grid is composed by 13 

sigma layers with top layers refined to improve the ability of the model to solve vertical 

mixing (1st layer 1%, 2nd layer 2%, 3rd layer 3%, 4th layer 4%, 5th layer 5%, 6th layer 6%; 

7th layer 8%; 8th layer 11% and from 9th to 13th layers 12% each). A time step of 0.5 min 

was chosen based on the Courant-Friedrichs-Lewy number. 
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Fig. 4.2. Five domains adopted in the multi-domain approach of the NWIP (a).  Morphological grid used 
to model the Rías Baixas and the adjacent area (b). Thick black lines show the open boundary. Black dots 
indicate the cells where river discharges were imposed. 

The horizontal grid used in the unique-domain approach is shown in figure 4.2b. 

The domain covers from 10.00ºW to 8.33ºW and from 41.18ºN to 43.50ºN. The number 

of grid cells is 452 in the M-direction and 446 in the N-direction (see Fig. 4.1a) with a 

total number of 53603 grid elements. The horizontal resolution increases gradually from 

2200 m × 800 m on the West boundary to 220 m × 140 m in the rias and 50 m × 77 m in 

the Minho estuary. A time step of 0.5 min was chosen based on the Courant-Friedrichs-

Lewy number. 

The bathymetry used for model simulations was created by the compilation of the 

bathymetries of: the rias of Arousa and Muros obtained from the nautical charts of the 

Spanish Navy Hydrographical Institute, the rias of Vigo and Pontevedra from the General 

Fishing Secretary, the Minho, Lima and Douro estuaries from the Portuguese Navy 

Hydrographic Institute, the Ria de Aveiro from the Aveiro Harbor Administration and 

Polis Litoral Ria de Aveiro and finally, the adjacent shelf area and from the General 

Bathymetry Chart of the Oceans. 
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4.1.2. Initial and boundary conditions 

Delft3D-Flow requires initial conditions of water level, flow velocity components, 

salinity and water temperature variables to start computation.  

To drive a simulation, it is necessary to impose flow and transport boundary 

conditions at the open boundaries (Fig. 4.2, thick black lines). These conditions represent 

the influence of the non-modelled area surrounding the modeled area and can be provided 

as a uniform value for the whole area or as a spatially variable value. For this thesis, the 

open boundary was divided into 127 sections and the imposed conditions were prescribed 

for each section. The type of open boundary chosen was water level because is the only 

variable known with relative accuracy. Hydrodynamic forcing was imposed as 

astronomic components. Transport conditions, salinity and temperature, were specified 

per layer. Finally, rivers discharge was prescribed as boundary condition of type 

discharge per cell (Fig. 4.2, black dots). 

A smoothing time of 60 minutes was established at the beginning of simulations 

to avoid discrepancies between initial and boundary conditions. 

4.1.3. Physical parameters 

  The bottom stress is used to estimate the average velocity of an open channel 

flow determining the tidal range variation along the study area. It was computed 

according to Manning formula; in this formulation the Manning’s coefficient depends on 

the bottom roughness. The bottom roughness is a calibration parameter, so its value must 

be determined in the calibration process. It was considered uniform with a value of 0.024 

in both x and y directions for all areas except for Ria de Aveiro where a spatial variable 

friction coefficient (Lopes and Dias, 2015) was used due to the shallowness of the lagoon. 

The values of the horizontal eddy viscosity and diffusivity, which depend on the 

flow and the grid size, are calibration parameters. Vertical eddy viscosity and diffusivity 

are also calibration parameters. The K-ε turbulence model was chosen to determine the 

vertical turbulent eddy viscosity and diffusivity additional to the background values.   

Regarding to the heat flux model, two models were used to simulate the exchange 

of heat through the free surface depending of the domain approach. The “absolute flux, 

net solar radiation” model was chosen for the unique-domain simulations since allowing 

higher accuracy during calibration. This model needs relative humidity, air temperature 
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and the combined net solar (short wave) and net atmospheric (long wave) radiation. The 

heat loses due to evaporation and convection are computed by the model (Deltares, 2014). 

However, for simulations using the multi-domain, the “ocean” model was chosen which 

is the one recommended when simulating large areas since the “absolute flux, net solar 

radiation” requires to assume a single point as a representative for the entire domain. The 

“ocean” model needs relative humidity, air temperature and cloudiness varying spatially.  

Spatially variable values of wind components and pressure were imposed for the two heat 

flux models.  

4.2. Model implementation 

Two numerical experiments were developed in the present thesis. In the first one 

(Exp#1 from now on), Delft3D was forced with real conditions. In the second experiment 

(Exp#2 from now on), the model was forced with historical and future climatological 

data. The main differences between the experiments are the databases used to force the 

boundaries. 

4.2.1. Exp#1 

Exp#1 simulates the hydrodynamics of the study area for historical period under 

realistic conditions. 

Salinity and temperature data from the operational Atlantic-Iberian Biscay Irish-

Ocean Physics Reanalysis were imposed as ocean boundary conditions. 

Air temperature, relative humidity, net solar radiation and wind components 

obtained from MeteoGalicia Weather Research and Forecasting Model were used as 

surface boundary conditions. 

 Minho River discharge data was provided by the Confederación Hidrográfica 

Minho-Sil, and the Verdugo-Oitavén, Lérez, Ulla, and Umia river discharge data from 

the MeteoGalicia database.  

The horizontal eddy viscosity ranged from 500 m2 s-1 on the west open boundary 

to 5 m2 s-1 on the east. The horizontal eddy diffusivity was set to be constant, 5 m2 s-1. 

The vertical eddy viscosity and the vertical eddy diffusivity were 0 m2 s-1. 
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4.2.2. Exp#2 

Exp#2 simulates the hydrodynamics of the study area for historical and future 

periods under climatological conditions. The RCP8.5 greenhouse gas emission scenario 

was considered for future projections. 

Salinity and water temperature data for ocean boundary conditions were retrieved 

from the GCM MOHC-HadGEM2-Es.  

Air temperature, relative humidity, cloudiness, net solar radiation and wind 

components data obtained from the MOHC-HadGEM2-Es-RCA4 RCM were used as 

surface boundary conditions.  

Climatological river discharge data were obtained from the Hype Web portal. In 

this setup, a reduction of 25% in river discharges was applied for future projections, 

following the most pessimistic predictions (https://hypeweb.smhi.se/explore-

water/climate-impacts/europe-climate-impacts/).  

The horizontal eddy viscosity ranged from 500 m2 s-1 on the west open boundary 

to 5 m2 s-1 on the east. The horizontal eddy diffusivity was set to be constant, 5 m2 s-1. 

The vertical eddy viscosity and the vertical eddy diffusivity were 0.0001 m2 s-1 (Sousa et 

al., 2018).  

4.3. Model calibration 

A typical calibration procedure consists of three steps: i) running the model, ii) 

crosschecking the results against measured data or against results from other simulation 

and iii) adjusting the parameters of the model. This procedure is repeated until the 

simulation results are accurate enough. The model calibration was evaluated through a 

qualitative and quantitative comparison of the temporal evolution of predicted sea surface 

elevation (SSE), velocity, salinity, water temperature data and the concurrent in situ data. 

The calibration was performed by adjusting the bottom friction coefficient, viscosity, and 

diffusivity for the entire domain. This section shows the crosschecking for the model 

configuration using realistic data (Exp#1), and the crosschecking for the model 

configuration using climatological inputs (Exp#2). 
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A similar procedure to that proposed by Dias et al. (2009) was used to quantify 

the model accuracy for the Rías Baixas. First, the harmonic constituents computed from 

the model predictions were compared with those available from SSE field observations 

(Fig. 1b, black circles). The harmonic analysis was performed using the T_TIDE analysis 

package (Pawlowicz et al., 2002) for the period from January 17th to February 15th, 2010. 

The fit degree was assessed using the metrics described below: 

The root mean square error (RMSE) was calculated as  
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the data and predicted by the model, respectively, and 𝑁𝑁 is the number of samples. 

The relative error, ∆𝐸𝐸, was calculated to compare the RMSE with the local tidal 

amplitude as follows:  
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where 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑐𝑐𝑖𝑖) and 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑐𝑐𝑖𝑖) are the maximum and minimum elevations for each 

tidal cycle, respectively, and 𝑛𝑛 is the number of tidal cycles.  

The predictive skill also quantifies the agreement between model predictions and 

observations and was calculated following Warner et al. (2005): 
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where the horizontal bars represent a temporal mean. 

As described by Dias et al. (2009), a skill value of one means a perfect agreement 

between model predictions and observations, whereas a value of zero means complete 

disagreement. Skill values > 0.95 represent excellent agreement between predicted and 

sampled data. In a similar way, an absolute value of ∆E that is < 5% indicates excellent 

agreement between model predictions and observations, and when it ranges from 5% to 

10%, the agreement should be considered to be very good. 

Computed and observed near-surface (3 m deep) horizontal velocity, salinity and 

water temperature were compared with Cape Silleiro buoy data (Fig. 3.1, black square). 
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Additionally, salinity and water temperature were also compared at nine stations within 

the Ría de Vigo (V1 to V6, Vs, Vm, and Vi, Fig. 1c). RMSE and bias were also used to 

measure the model accuracy in reproducing transport properties. 
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where 𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡𝑖𝑖) and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝑖𝑖) are the observed and predicted salinity, water temperature 

or velocity, respectively, and 𝑁𝑁 is the number of samples (time steps). 

4.3.1 Tidal 

Exp#1 was used to perform tidal calibration. The comparison between the 

predicted and observed time series of sea surface elevation for Villagarcia, Marin and 

Vigo tidal gauge stations are shown in Fig. 4.3. The visual comparison shows that the 

model properly represents the spring-neap tidal cycle.  

 
Fig. 4.3. Observed and predicted sea surface elevation time series at Villagarcia, Marin and Vigo tidal 
gauge stations. 

The model accuracy in reproducing the main tidal constituents (M2, S2, O1, and 

K1) was analyzed from differences between amplitude and phase of these constituents 
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determined using predictions and observations (Table 4.1). Accuracy in this study is 

similar to those obtained by Dias et al. (2009) for the Ria Formosa (Portugal) and by 

Sousa et al., (2018) for the main estuaries of the NW Iberian Peninsula coast, with good 

agreement for all constituents, both in amplitude and phase at all harbors. The average 

difference between observed and predicted semidiurnal tidal constituents (which are the 

most energetic in the region) was about 2 cm in amplitude and 2o in phase, which means 

an average delay of 4 min. 

Table 4.1. Model accuracy in reproducing the main tidal constituents measured at Vigo, Marin, and 

Villagarcia tidal gauge stations. 

Table 4.2 summarizes the model accuracy in reproducing observed SSE. The 

statistical analysis shows a RMSE of 0.05 m or smaller for all harbors, ΔE of around 2%, 

and a predictive skill > 0.99. These statistical results indicate an excellent agreement 

between predicted and observed SSE, following the criteria proposed by Dias et al. 

(2009).  

Tide gauge RMSE (m) ΔE (%) Skill 

Vigo 0.05 2.34 0.99 

Marin 0.05 2.12 0.99 

Villagarcia 0.04 1.74 0.99 

Table 4.2. Model accuracy in reproducing observed SSE as characterized by means of the RMSE (m), 
Relative Error, ΔE (%), and Skill values at Vigo, Marin, and Villagarcia tidal gauge stations. 

 Tide gauge 
Amplitude (m) Phase (°) 

Data Model Difference Data Model Difference 

M2 

Vigo 1.11 1.13 0.01 75.94 78.63 2.69 

Marin 1.10 1.13 0.03 77.15 79.16 2.01 

Villagarcia 1.14 1.16 0.02 78.73 80.02 1.29 

S2 

Vigo 0.46 0.44 -0.02 120.00 122.14 2.13 

Marin 0.46 0.44 -0.02 121.09 122.76 1.67 

Villagarcia 0.47 0.45 -0.02 123.15 123.85 0.70 

O1 

Vigo 0.07 0.06 -0.01 323.90 320.45 -3.45 

Marin 0.07 0.06 -0.01 325.8 320.69 -5.11 

Villagarcia 0.07 0.06 -0.01 325.47 321.12 -4.36 

K1 

Vigo 0.08 0.08 0.00 85.68 78.96 -6.72 

Marin 0.07 0.08 0.01 79.28 79.27 -0.01 

Villagarcia 0.08 0.08 0.00 81.58 79.75 -1.84 
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The subtidal frequency predictions were also evaluated comparing the residual sea 

level at Vigo, Marin and Villagarcia harbors. The statistical analysis shows a RMSE of 

0.006 m and a ΔE of 11.5 % for Vigo, 0.0046 m and 10.3 % for Marin and 0.005 m and 

10 % for Villagarcia harbors. 

4.3.2 Transport conditions and velocities 

Salinity is a natural trace for the calibration of transport processes in estuarine 

environments. Salinity distribution reflects the combined results of tidal current, 

freshwater flows, density circulation and turbulent mixing processes (Dias and Lopes, 

2006). The heat transport process is highly sensitivity to the heat flux model used. Thus, 

the calibration parameters and the heat flux model were determined primarily through the 

crosschecking of the model results against measured salinity and water temperature data 

or results from other simulations. Several tests were performed adjusting the calibration 

parameters and the heat flux model until the best fit was achieved.  

The accuracy of modeled water temperature and salinity in reproducing 

thermohaline data inside the Rías Baixas using Exp#1 was investigated by comparing in 

situ vertical profiles from INTECMAR with their corresponding simulated vertical 

profiles. Two different periods were selected, the first one corresponds to winter 

conditions (January 1st to February 15th 2010) and the second one, to summer conditions 

(July 15st to August 31th 2012 and August 2009 to 2018). The bias and RMSE values were 

calculated for each profile. An example for a particular date is depicted in Figure 4.4 for 

the Ría de Vigo. This figure shows the salinity (upper row) and water temperature (lower 

row) vertical profiles, both predicted (black line) and measured (gray line) for February 

8th 2010. Predicted and in situ profiles follow a similar trend. 
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Fig. 4.4. Vertical profiles of salinity (upper row) and water temperature (lower row) obtained using the 
Delft3D- FLOW model (black line) and measured on February 8th 2010 (gray line) at sampling stations Vs, 
Vm, and Vi witch location is shown at the map. 

Additionally, Fig. 4.5 shows both measured (blue line) and computed (red line) 

salinity and water temperature vertical profiles for a station located in the middle part of 

each ria during July and August averaged from 2009 to 2018. Shadows represent 

measured and numerical standard deviations. These vertical profiles show the accuracy 

of numerical simulations to reproduce field data. 

 

Fig. 4.5. Measured (blue line) and computed (red line) vertical profiles of salinity (upper row) and water 
temperature (lower row) in a sampling station located in the middle part of the rias of Muros, Arousa, 
Pontevedra and Vigo during July–August from 2009 to 2018. Shadows represent measured and numerical 
standard deviations. 
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The bias and RMSE values calculated for each vertical profile were averaged 

obtaining a mean value for each station. A positive bias value indicates that model 

overestimate in situ data and conversely negative bias values indicate that model 

underestimate in situ data (Fig. 4.6).  

Fig. 4.6. Mean values of bias (upper number) and RMSE (lower number) obtained comparing Delft3D-
Flow predicted and measured weekly vertical profiles of salinity (a) and water temperature (b) for January 
1st to February 15th 2010. Red dots indicate that the model overestimates in situ data, positive bias. Blue 
dots indicate that the model underestimates in situ data, negative bias. Dot size indicates the bias percentile. 

Under winter conditions (January 1st to February 15th 2010) the model tends to 

overestimate in situ salinity (Fig. 4.6a) while underestimating in situ temperature (Fig. 

4.6b) at all stations.  Under summer conditions (July 15st to August 31st 2012) the model 

overestimates in situ salinity (Fig. 4.7a) at all stations and in situ temperature (Fig. 4.7b) 

at the rias of Muros and Arousa but there is no clear pattern in the rias of Pontevedra and 

Vigo.  
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Fig. 4.7. Mean values of bias (upper number) and RMSE (lower number) obtained comparing Delft3D-
Flow predicted and measured weekly vertical profiles of salinity (a) and water temperature (b) for July 15st 
to August 31st 2012. Red dots indicate that the model overestimates in situ data, positive bias. Blue dots 
indicate that the model underestimates in situ data, negative bias. Dot size indicates the bias percentile. 

The average bias and RMSE for each ria was also calculated and summarized in 

Table 4.3.  

Ria 

Salinity Temperature (ºC) 

Winter Summer Winter Summer 

Bias RMSE Bias RMSE Bias RMSE  Bias RMSE 

Muros 0.28 0.71 0.08 0.16 -1.06 1.08 0.38 0.69 

Arousa 0.15 0.92 0.16 0.19 -0.93 0.97 0.17 0.75 

Pontevedra 0.06 0.54 0.05 0.10 -0.73 0.75 -0.06 0.66 

Vigo 0.05 0.68 0.12 0.15 -0.71 0.74 -0.08 0.63 

Table 4.3. Model accuracy in reproducing in situ data of salinity and water temperature in each ria 
calculated averaging the values for all stations per ria. 

Salinity bias is almost zero for the rias of Pontevedra and Vigo under winter conditions 

and Muros and Pontevedra under summer conditions. Regarding water temperature, the 

mean bias for the rias of Muros and Arousa are positive, the model overestimates the in 

situ values as it was noted before, while for the rias of Pontevedra and Vigo are close to 
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zero. To avoid the variability of a particular year, this analysis was carried out for August 

2009 to 2018. The bias and RMSE values for each sampling station are depicted in figure 

4.8 and the mean values for each ria are shown in Table 4.4.  

 
Fig. 4.8. Mean values of bias (upper number) and RMSE (lower number) obtained comparing Delft3D-
Flow predicted and measured weekly vertical profiles of salinity (a) and water temperature (b) for August 
2009 to 2018. Red dots indicate that the model overestimates in situ data, positive bias. Blue dots indicate 
that the model underestimates in situ data, negative bias. Dot size indicates the bias percentile. 

Ria 
Salinity  Temperature (ºC) 

Bias RMSE  Bias RMSE  

Muros 0.26 0.33  0.25 0.90 

Arousa 0.16 0.21  0.01 0.88 

Pontevedra 0.06 0.14  -0.63 1.06 

Vigo 0.09 0.14  -0.32 0.89 

Table 4.4. Model accuracy in reproducing in situ data of salinity and water temperature in each ria 
calculated averaging the values for all stations per ria for August 2009-2018. 

The model overestimates in situ salinity data for the period 2009- 2018 with bias 

and RMSE values similar to those obtained for a particular year. Additionally, the model 

clearly underestimates temperature for the rias of Pontevedra and Vigo and overestimates 
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it for the rias of Muros and Arousa (Fig 4.8b and Table 4.4). Both RMSE and bias values 

obtained using Exp#1 were similar to those obtained by Cerralbo et al. (2013) and Sousa 

et al. (2014) for the same area using ROMS and MOHID models, respectively. 

The skill of the numerical model to reproduce water temperature in nearshore 

shallow areas was evaluated comparing in situ water temperature under high tide 

conditions for August 2012 with the corresponding modeled data. This analysis (Fig. 4.9) 

shows similar results to that obtained comparing the numerical vs in situ INTECMAR 

data (August 2009 to 2018, Fig. 4.8) although with higher bias and RMSE. These higher 

errors are probably consequence of the location of sampling points in shallow areas only 

covered during high tides, so the horizontal resolution of the mesh does not allow a better 

fit. In spite of this, the adjustment of the model in these points can be considered good.  

 
Fig. 4.9. Mean values of bias (upper number) and RMSE (lower number) obtained comparing Delft3D-
Flow predicted and measured the water temperature at 1 m depth for August 2012. Red dots indicate that 
the model overestimates in situ data, positive bias. Blue dots indicate that the model underestimates in situ 
data, negative bias. Dot size indicates the bias percentile. 

The model accuracy in reproducing transport conditions near the open boundary 

was evaluated by comparing near-surface horizontal velocity, salinity and water 

temperature measured at the Cape Silleiro buoy for January 1st to February 15th 2010 and 

the corresponding modeled values. The statistical analysis shows a bias and a RMSE of 

0.17 and 0.44 for salinity, -0.51 °C and 0.64 °C for water temperature and -0.07 ms-1 and 

0.12 ms-1 for horizontal velocity. 
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Once the accuracy of the model to reproduce in situ data was assessed using the 

configuration of Exp#1, the calibration of Exp#2 was performed crosschecking the results 

against Exp#1 simulations. The average temperature field of Exp#1 and Exp#2 for July-

August was compared over the period of 2009 to 2018. Top layer temperature outputs for 

both experiments are depicted in figures 4.10a and 4.10b, respectively. Figure 4.10c 

shows the difference between these two outputs (ΔT=TExp#2- TExp#1). The histogram 

showing in Fig. 4.10d shows that more than 90% of the ΔT values are within the range -

1 to 1 ºC. In addition, ΔT tends to be positive, mostly between 0 and 0.75 ºC with an 

average bias of 0.40 ºC (Fig. 4.10c).  

 
Fig. 4.10. Delft3D-Flow predicted water temperature (upper layer) using Exp#1 (a) and using Exp#2 (b) 
for July- August over 2009- 2018. Difference between predicted water temperature using Exp#1 and Exp#2 
(Exp#2 - Exp#1) (c). Histogram showing the frequency of the temperature differences shown in c (d). 
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Despite the different nature of data sources used to force the model, both 

configurations provide, in general, a similar pattern, although numerical results from 

Exp#2 tend to overestimate the results of Exp#1. The agreement between both setups 

shows that Delft3D-Flow forced with climatological data can be accurately used to 

simulate future temperature conditions in the Rías Baixas. 

4.3.4 Model limitations 

Delft3D-Flow is a numerical model that aims to reproduce natural phenomena. 

Numerical models are valuable and useful tools to investigate processes occurring in a 

particular area because they provide a wealth of information that is difficult or even 

impossible to obtain from other sources. The main limitation of these models is the 

quality/resolution of the inputs. Thereby, the main sources of error for the numerical 

simulations carried out during the development of this thesis are the bathymetry, the 

inputs and the heat flux model. 

The study area is a dynamic system in which bathymetry may change over time 

as sediment is transported, these changes have not been considered and the same 

bathymetry has been used for all simulations. In addition, the bathymetry used is a 

composite created by the compilation of different bathymetries obtained at different times 

and affected by different measurement errors.  

The most important source of error is the model inputs. It is important to keep in 

mind that input errors are propagated by the model, which in turn may influence the 

obtained results. Oceanic boundary conditions are imposed using data from Ibi reanalysis 

and the MOHC-HadGEM2-ES GCM, which have a coarse spatial and temporal 

resolution. Ibi reanalysis provides daily data with a horizontal resolution of 1/12º and a 

vertical resolution of 50 σ-layers and GCM MOHC-HadGEM2-ES provides monthly data 

with a horizontal resolution of 1º and a vertical resolution of 40 levels. Delft3D-Flow is 

used to perform a downscaling of these simulations obtaining a better spatial and temporal 

resolution and allowing analyzing how events such as river discharge affect the local 

dynamics. However, these simulations are always influenced by the errors introduced by 

the input data. River discharge data is also a limiting factor for simulations, and the 

absence of discharge data at the river mouth is particularly critical. 
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Regarding the heat model, “absolute flux, net solar radiation”, the input of the 

relative humidity, air temperature and net radiation from a single point are imposed on 

the entire domain.  

Despite the limitations above described, numerical models are, nowadays, the 

more useful tool to represent reality. In particular, Delft3D-Flow has shown very good 

results when it was used to simulate real ecosystems (Grunnet et al., 2004; Iglesias and 

Carballo, 2010, 2009; Sutherland et al., 2004). However, it must be taken into account 

that, due to natural processes are extraordinarily complex, numerical simulations are only 

the best approximation of a real system. 

4.4. Summary and conclusions 

Delft3D-Flow is a numerical model developed by WL∣Delft Hydraulics in 

cooperation with Delft University of Technology. To carry on this thesis, the Delft3D-

Flow research version 4.04.01 was used to analyze the hydrodynamics of the NW Iberian 

Peninsula, with particular interest in the Rías Baixas and the Minho estuary.  

This numerical model was used to: i) simulates the hydrodynamics of the study 

area for historical period under realistic conditions, Exp#1; and ii) simulates the 

hydrodynamics of the study area for historical and future periods under climatological 

conditions, Exp#2. The main differences between the experiments are the databases used 

to force the boundaries. 

Model accuracy in reproducing sea surface elevation (SSE) was evaluated by 

comparing predicted and observed SSE time series for Villagarcia, Marin and Vigo tidal 

gauge stations. The visual comparison shows that the model is able to properly reproduce 

the spring-neap tidal cycle. Model accuracy was quantified performing statistical analysis 

(RMSE, bias and Skill) which indicate excellent agreement between predicted and 

observed SSE. 

The crosschecking of water temperature and salinity vertical profiles simulated by 

Exp#1 against in situ data from INTECMAR database shows that the model is able to 

reproduce general trends observed in the vertical profiles. The statistical analysis 

indicates a general overestimation of salinity values, both during winter and summer 

periods. Trends are not clear for water temperature, under winter conditions simulations 
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underestimate in situ water temperature, however, under summer conditions the bias is 

positive for the rias of Muros and Arousa and negative for the rias of Pontevedra and 

Vigo, although absolute values are close to zero.  The skill of the numerical model to 

reproduce water temperature in shallow areas nearshore shows a higher bias and RMSE 

but the adjustment of the model in these points can be considered good considering the 

location of sampling points and the horizontal resolution of the mesh. Therefore, Exp#1 

was considered to be able to reproduce the transport conditions inside the rias. 

Exp#2 was validated under summer conditions. The comparison between surface 

water temperature outputs from Exp#1 and Exp#2 show a similar pattern. Exp#2 tends to 

overestimate the results of Exp#1 with an average bias of 0.40 ºC. Considering the 

different nature of data sources used to force the model the agreement between both 

setups is good and allows that the model can be used to simulate climatic conditions. 
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Chapter 5 

Set of publications 

The first article presented in this thesis is entitled: "Hydrodynamics of river plume 

intrusion into an adjacent estuary: The Minho River and Ria de Vigo" by M. Des, M. 

deCastro, M.C. Sousa, J.M. Dias, and M. Gómez-Gesteira. Published in 2019 in the 

journal "Journal of Marine Systems".  

The second article presented in this thesis is entitled: "NW Iberian Peninsula 

coastal upwelling future weakening: Competition between wind intensification and 

surface heating" by M.C. Sousa, A. Ribeiro, M. Des, M. Gomez-Gesteira, M. deCastro, 

and J.M. Dias. Published in 2020 in the journal "Science of the Total Environment".  

The third article presented in this thesis is entitled: "How can ocean warming at 

the NW Iberian Peninsula affect mussel aquaculture?" by M. Des, M. Gómez-Gesteira, 

M. deCastro, L. Gómez-Gesteira, and M.C. Sousa. Published in 2020 in the journal

"Science of the Total Environment".

The fourth article presented in this thesis is entitled: "The impact of climate change 

on the geographical distribution of habitat-forming macroalgae in the Rías Baixas" by 

M. Des, B. Martínez, M. deCastro, R. M. Viejo, M.C. Sousa, and M. Gómez-Gesteira, in

publication process.
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Set of publications 

A summary of the main characteristics of each journal is displayed in Table 5.1. 

Journal  Category Rank Quartile Impact Factor 

Journal of Marine Systems 
Marine & 

Freshwater biology 
24/108 Q1 2.539 

Science of The Total Environment 
Environmental 

Sciences 
27/251 Q1 5.589 

Table 5.1. Main characteristics of the journals where the papers of this thesis were published. 
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A R T I C L E I N F O
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A B S T R A C T

Minho River intrusion into the Rias Baixas has a twofold impact on estuaries. On the one hand, freshwater
intrusion can modify the water exchange with the shelf affecting the residence time. On the other hand, it can
fertilize the area and promote phytoplankton blooms and increase estuarine primary production. For these
reasons, it is crucial to understand the frequency, duration, and relaxation of river freshwater intrusions. The
frequency of intrusion events into the rias was calculated by means of in situ data from 2006 to 2016 using the
difference in salinity between the inner part of the estuary and the southern mouth (ΔS) as a proxy. Minho River
intrusions, which are characterized by ΔS > 0, were detected in 8.9% of the available measurements in the Ria
de Vigo, in 8.4% in the Ria de Pontevedra, and in only 4.5% in the Ria de Arousa. The FLOW module of the
Delft3D model, which was previously calibrated and validated for the study area, was used to analyze the
hydrodynamics of the intrusion events. The Ria de Vigo, which is the closest one to the Minho Estuary, was
chosen to analyze the duration and intensity of the freshwater intrusions. Several consecutive events were de-
tected in early 2010 (January 11th to February 8th) with ΔS values ranging from 0.7 to 2.0. Velocity and density
profiles were analyzed in the middle part of the estuary, where seven freshwater intrusions matched the wind
peaks favorable to intrusion events with an approximate delay of ~12 h. In general, the duration of the events
was on the order of 1.5 days, although in one particular case the event lasted> 3 days. The dynamic behavior of
the freshwater intrusions was represented using velocity and density profiles along the main axis of Ria de Vigo.
Finally, the phases of an intrusion event were characterized: initial positive estuarine circulation pattern; de-
velopment of the intrusion; well-developed negative estuarine circulation; relaxation of the intrusion and re-
covery of the initial positive circulation.

1. Introduction

The Rias Baixas are located on the northwest coast of the Iberian
Peninsula at the northern limit of the Eastern North Atlantic Upwelling
system. Due to their location, the rias are highly productive and are
home to one of the most important marine aquaculture industries in
Europe (FAO, 2016; Aguiar et al., 2017). The rias are flooded incised
valleys (Evans and Prego, 2003) with a river discharging into their
innermost part (Fig. 1). Hydrographically, the rias are partially mixed
estuaries with a partially stratified estuarine circulation, and the lower
layers are saltier than the upper ones (Taboada et al., 1998). The typical
residual circulation corresponds to fresh water flowing out through
surface layers and oceanic saline water entering through deeper layers
(positive estuarine circulation). This pattern is enhanced by northerly
winds that induce upwelling events (Alvarez-Salgado et al., 1993;

Alvarez et al., 2005, 2008a; Gomez-Gesteira et al., 2006; Barton et al.,
2015). In contrast, southerly winds at the shelf favor downwelling
events (Barton et al., 2015), which have the ability to reverse the usual
circulation pattern, turning it into negative estuarine circulation
(deCastro et al., 2000). These events are related to the increase of red
tides, which negatively affect production and therefore the economy of
the area (Tilstone et al., 1994; Blanco et al., 2017). Ria de Vigo (Fig. 1c)
is located at the southernmost part of the Rias Baixas. Its entrance is
characterized by two mouths separated by the Cies Islands, with cross-
section length of ~8 km for the southern mouth and ~2 km for the
northern one. The central axis of the estuary lies in the SW-NE direc-
tion, with a length of ~30 km from the Cies Islands to the Verdugo-
Oitavén River mouth.

Minho River (Fig. 1b) is the main source of freshwater in the im-
mediate vicinity of the Rias Baixas (~30 km south). Near its mouth,
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Minho Valley changes its direction from E-W to NeS and opens to the
Atlantic Ocean to become a broad estuary about 40 km long and under
tidal influence. Its discharge follows a marked seasonal pattern, with a
maximum in winter (January and February) and a minimum in summer
(August and September) (deCastro et al., 2006a; Gómez-Gesteira et al.,
2011).

The Douro and Minho Rivers are the major contributors to the
Western Iberian Buoyant Plume (WIBP) (Otero et al., 2008, 2009). The
WIBP is a less dense water mass compared to the surrounding seawater,
which is present along the western Iberian coast. It is formed by the
combination of high river runoff and downwelling-favorable winds that
accumulate water against the coast (Peliz et al., 2002). Recently,
Mendes et al. (2016) analyzed the interaction between Douro and
Minho plumes and concluded that the Minho River plume has a greater
influence on the Rias Baixas. Previous research (deCastro et al., 2004;
Alvarez et al., 2006) has shown that the Minho River plume can enter
the Rias Baixas, especially Rias de Vigo and Ria de Pontevedra (Alvarez
et al., 2006). deCastro et al. (2006b) analyzed the biological implica-
tions of these events and concluded that Minho River intrusion can
result in two contrasting behaviors. On the one hand, the presence of
Minho freshwater at the mouth of the rias can modify the water

exchange with the shelf and fertilize the area, promoting phytoplankton
blooms and increasing the primary production (Ware and Thomson,
2005; Dai et al., 2008; Davis et al., 2014).

The intrusion of freshwater along adjacent bays has been previously
analyzed from different points of view for several coastal systems lo-
cated in different parts of the world. The dynamics, frequency and
ecological implications of Rhone River plume intrusion into the Bay of
Marseille (Mediterranean Sea) were analyzed by Fraysse et al. (2014).
In upwelling systems, Shanks et al. (2002) investigated the distribution
of larvae of benthic invertebrates off Duck (North Carolina, USA) under
an intrusion event of the Chesapeake Bay estuarine plume. Curtis
Roegner et al. (2002) described how the Columbia River plume drags a
phytoplankton bloom, generated near shore, towards the Willapa Bay
(Washington, USA). All these studies concluded that intrusions increase
significantly the primary production of the affected area.

In the particular case of Rias Baixas, Sousa et al. (2013, 2014a)
analyzed Minho River intrusions using numerical simulations. They
showed that an unusually high amount of freshwater can be detected at
the mouth of southern Rias Baixas when two conditions are fulfilled: (i)
moderate to high Minho River discharge and (ii) the prevalence of
northward winds at the shelf.

Fig. 1. (a) Location of the study area along the northwestern coast of the Iberian Peninsula. (b) The box indicates the modeled area. Black squares indicate the
location of river discharge sampling stations. Black circles indicate the location of the tidal gauges used to calibrate the numerical model. The black triangle indicates
the location of the wind data point. The black diamond indicates the location of Cabo Silleiro buoy. Contour bathymetry lines (shown in gray) were elaborated using
the General Bathymetric Chart of the Oceans (GEBCO) from the British Oceanographic Data Centre (BODC). (c) A close-up view of the Ria de Vigo is shown with the
numerical grid, the position of the salinity and water temperature sampling stations (crosses), the main axis of the estuary is marked with a dashed line and the
location of an across-axis transect in the middle of the ria with a red line. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Despite these studies, the following questions remain unanswered:
(i) How often do Minho intrusions occur?; (ii) What is the duration of
these events?; (iii) How long is the relaxation period between con-
secutive events?; and (iv) What is the role of the freshwater input from
the river discharging inside the ria (referred to as “inner river” here-
after)? The aim of this study was to answer these questions for the Ria
de Vigo, which is the ria closest to the Minho River mouth. First, the
frequency of Minho River intrusions into the ria was analyzed using in
situ salinity data from 2006 to 2016. In addition, this approach was
used to identify episodes during which successive events took place in
order to analyze both their duration and relaxation. Finally, numerical
simulations were performed using the FLOW module of the numerical
model Delft3D that was previously calibrated and validated for the
study area. These simulations are able to characterize the dynamic
behavior of the freshwater intrusions by means of velocity and density
profiles along the main axis of Ria de Vigo and to analyze the different
phases of an intrusion event: initial positive estuarine circulation pat-
tern; development of the intrusion; well-developed negative estuarine
circulation; relaxation of the intrusion and recovery of the initial po-
sitive circulation.

2. Data and numerical model

2.1. Field data

Vertical profiles of salinity data measured along the Rias Baixas
from late 2006 to the end of 2017 were downloaded from the Instituto
Tecnolóxico para o Control do Medio Mariño de Galicia (INTECMAR)
website (www.intecmar.gal). These data were collected weekly using a
SBE25 CTD. Thirteen field stations were sampled: three were located at
the southern mouth (Vs, Ps, As) of the rias of Vigo, Pontevedra, and
Arousa; three were located in the inner part of those rias (Vi, Pi, Ai), one
was located in the middle part of the Ria de Vigo (Vm) and the last six
covered the Ria de Vigo (V1-V6, Fig. 1b–c, crosses). Statistical methods
were used to detect and remove outliers in salinity values (Thompson
Tau test, α=0.1). Finally, gaps in salinity data were filled using a cubic
interpolation.

Days with near-surface salinity values higher at the inner part of the
estuary than at the southern mouth were considered to be days of po-
tential intrusion of the Minho River into the estuary. The salinity dif-
ference between outer and inner ria is a better intrusion indicator than
salinity in the outer ria because in this outer area salinity values have
been reported to be highly variable, also depending on inner river
discharge (Alvarez et al., 2005). The weekly sampling and location of
the CTD stations may well missed some events, which can last only a
few days. Despite of this shortcoming we expect these data will still
capture most events intense enough to significantly influence the Ria de
Vigo hydrodynamics.

The parameter ΔS= Si – Ss > 0 was used as a salinity proxy to
identify intrusion events. Near-surface values were obtained by aver-
aging salinity data from 2 to 4m deep. Salinity values in the first two
meters were discarded since measurements have not been performed or
present high noise in most of the samples. Averaging the near-surface
layer from 2 to 4m showed to be more robust than using only a par-
ticular depth.

Daily Minho River discharge data were provided by the
Confederación Hidrográfica Miño-Sil (http://saih.chminosil.es).
Verdugo-Oitavén River discharge data were downloaded from the
website of the regional meteorological agency (MeteoGalicia; www.
meteogalicia.gal). River stations are marked with black squares in
Fig. 1b.

Harmonic constants from tidal gauges located in the harbors of
Vigo, Marin, and Villagarcia (available from Puertos del Estado,
(http://www.puertos.es) (Fig. 1b, black circles) and salinity and water
temperature data from INTECMAR were used to validate the model for
the Rias Baixas.

Hourly salinity, water temperature and horizontal velocity ob-
servations collected at 3m depth from a buoy located at Cape Silleiro
were provided by Puertos del Estado (Fig. 1b, diamond).

2.2. Numerical model

Delft3D-FLOW is an open source three-dimensional finite-difference
hydrodynamic code developed by WL|Delft Hydraulic in cooperation
with Delft University of Technology. The model solves the 3D baroclinic
Navier-Stokes and transport equations under the Boussinesq assump-
tion. The FLOW module performs the hydrodynamic computations and
calculates heat and salinity transport. A detailed description of this
model can be found in Lesser et al. (2004) and Grunnet et al. (2004).
The Delft3D-FLOW module was previously used in the Ria de Muros,
the northernmost ria of the Rias Baixas, by several authors (Iglesias
et al., 2008; Carballo et al., 2009a, 2009b; Iglesias and Carballo, 2009,
2010). The area used for the hydrodynamic computations ranged from
10.00oW to 8.33oW and from 41.18oN to 43.50oN (Fig. 1b, rectangle).
This wide domain was implemented because the Rias Baixas comprise
several estuaries that cannot be considered to be completely in-
dependent (Sousa et al., 2014b).

The Delft3D-Flow platform was set up with a curvilinear irregular
grid (452× 446 cells) with a mean resolution of ~50m in the Minho
River Estuary, ~200m in the Rias Baixas, and increasing gradually
from 800 to 2200m at the offshore open boundary (Fig. 1b). Sixteen
vertical sigma layers with refined surface layers were used because
most of the dynamics related to the plumes occur near the surface. The
main features of the simulation, including resolution and para-
meterizations, are summarized in Table 1.

The bathymetry for model simulations was elaborated from dif-
ferent sources. The Minho River bathymetry was obtained from the
Portuguese Navy Hydrographic Institute with a spatial resolution of
100m. The bathymetries of the rias of Vigo and Pontevedra were
provided by the General Fishing Secretary with a resolution of 5m. For
rias of Arousa and Muros and the adjacent shelf area, bathymetry data
were obtained from nautical charts of the Spanish Navy Hydrographical
Institute and from the General Bathymetry Chart of the Oceans (https://
www.gebco.net).

Thirteen main tidal harmonic constants (M2, S2, N2, K2, K1, O1, P1,
Q1, MF, MM, M4, MS4, MN4) obtained from the model TPXO 7.2
TOPEX/Poseidon Altimetry (http://volkov.oce.orst.edu/tides/global.

Table 1
Parameters of the Delft3D numerical simulations.

Parameter Specification

Domain 10.00oW to 8.33oW
41.18oN to 43.50oN

Horizontal
resolution

Increasing gradually from 2200m×800m on the West
boundary to 220m×140m in the Rias and 50m×77m
in the Minho River estuary

Vertical resolution 16 sigma layers, top layers refined
Oceanic boundary

forcing
Water level with harmonic constituents

Transport conditions Salinity and water temperature specified per layer
Bottom roughness Manning's formula.

Constant Manning's roughness coefficient of 0.024
Horizontal eddy

viscosity
500–5m2 s−1

Horizontal eddy
diffusivity

5m2 s−1

Vertical eddy
viscosity

0m2 s−1

Vertical eddy
diffusivity

0m2 s−1

Heat flux model Absolute flux, net solar radiation
Wind Space varying wind and pressure
Turbulence closure k-ε
Time step 0.5min
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html) were used as the astronomical forcing at the oceanic open
boundary of the model.

Minho, Verdugo-Oitavén, Lérez, Ulla, and Umia river discharge data
were retrieved from the MeteoGalicia database (Fig. 1b, black squares).
River discharges were entered into the model as fluvial open boundary
conditions at the grid cells corresponding to the head of the estuary.
The temperature and salinity of river water were considered to be fixed,
with typical values for the season for temperature and a fixed value of 0
for the salinity.

Daily thermohaline properties (salinity and water temperature)
from the operational Atlantic-Iberian Biscay Irish-Ocean Physics
Reanalysis, with a horizontal resolution of 1/12o and a vertical re-
solution of 50 sigma coordinates levels, were used as boundary condi-
tions. Salinity and water temperature were generated through a re-
analysis called IBIRYS that is based on NEMO model application results
and was developed by Mercator Ocean in collaboration with Puertos del
Estado. Data are available through the Copernicus Marine Service
website (http://marine.copernicus.eu).

The surface boundary condition was imposed using hourly me-
teorological data from MeteoGalicia obtained as means from the
Weather Research and Forecasting Model with a resolution of 4 km. A
heat model was applied that takes into account air temperature, relative
humidity, and net solar radiation to calculate heat losses from con-
vection, evaporation, and black radiation.

2.3. Model calibration

The model calibration was evaluated through a qualitative and
quantitative comparison of the temporal evolution of predicted sea
surface elevation (SSE), salinity, and water temperature data and con-
current in situ data. The calibration was performed by adjusting the
bottom friction coefficient, viscosity, and diffusivity for the entire do-
main. In this study, the best overall adjustment between model results
and in situ data was achieved with the parametrizations shown in
Table 1.

A similar procedure to that proposed by Dias et al. (2009) was used
to quantify the model accuracy for the Rias Baixas. First, the harmonic
constituents computed from the model predictions were compared with
those available from SSE field observations (Fig. 1b, black circles). The
harmonic analysis was performed using the T_TIDE analysis package
(Pawlowicz et al., 2002) for the period January 17th to February 15th,
2010. The fit degree was assessed using the metrics described below:

The root mean square error (RMSE) was calculated as
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where Xobs(ti) and Xmod(ti) are the SSE values computed by harmonic
synthesis of the data and predicted by the model, respectively, and N is
the number of samples.

The relative error, ΔE, was calculated to compare the RMSE with the
local tidal amplitude as follows:
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where Amaxobs(ci) and Aminobs(ci) are the maximum and minimum eleva-
tions for each tidal cycle, respectively, and n is the number of tidal
cycles.

The predictive skill also quantifies the agreement between model
predictions and observations and was calculated following Warner et al.
(2005):

= −
∑ −

∑ − + −
=

=

Skill
X t X t

X t X t X t X t
1

| ( ) ( )|

(| ( ) ( )| | ( ) ( )|)
i
N

mod i obs i

i
N

mod i obs i obs i obs i

1
2

1
2 (3)

where the horizontal bars represent a temporal mean.

As described by Dias et al. (2009), a skill value of one means perfect
agreement between model predictions and observations, whereas a
value of zero means complete disagreement. Skill values> 0.95 re-
present excellent agreement between predicted and sampled data. In a
similar way, an absolute value of ΔE that is< 5% indicates excellent
agreement between model predictions and observations, and when it
ranges from 5% to 10%, the agreement should be considered to be very
good.

Computed and observed near-surface (3m deep) horizontal velo-
city, salinity and water temperature were compared at Cape Silleiro
buoy (Fig. 1b). Additionally, salinity and water temperature were also
compared at nine stations in the Ria de Vigo (V1 to V6, Vs, Vm, and Vi,

Fig. 1c). RMSE and bias were also used to measure the model accuracy
in reproducing transport properties.
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where Xobs(ti) and Xmod(ti) are the observed and predicted salinity, water
temperature or velocity, respectively, and N is the number of samples
(time steps).

2.4. Processing of numerical data

The calibrated model was used to assess the frequency, duration,
and relaxation of Minho River intrusions into the Ria de Vigo. The si-
mulated period was from December 2009 to February 2010, and the
first month was used as the spin-up period. This period was chosen
based on the intrusion days detected from salinity in situ data.

The procedure previously applied to detect Minho River intrusion
into the Ria de Vigo from in situ data was replicated with numerical
predictions. In this sense, surface salinity data were obtained by aver-
aging salinity predictions between 2 and 4m deep. Surface salinity
values at Vs and Vi (Fig. 1c) stations then were compared, with ΔS= Si
– Ss > 0 indicating a possible Minho River intrusion. Additionally,
estuarine along-axis currents were analyzed. Velocities were projected
in the direction of the main axis of the estuary following a procedure
similar to that described by Míguez et al. (2001). Filtered currents were
obtained by removing the tidal component from predicted current ve-
locities by means of a low-pass filter with a cutoff frequency of 34 h (Xie
et al., 2017). Numerical density profiles and surface density along the
main axis were also used to analyze the thermohaline properties of the
estuary.

3. Results and discussion

3.1. Model calibration

The model accuracy in reproducing the main tidal constituents (M2,
S2, O1, and K1) was analyzed from differences between amplitude and
phase of these constituents determined from predictions and observa-
tions (Table 2). Accuracy in this study was similar to values obtained by
Dias et al. (2009) and Sousa et al. (2018) when simulating Ria Formosa
(Portugal) and the main estuaries of the NW Iberian Peninsula coast,
with good agreement for all constituents, both in amplitude and phase
at all harbors. The average difference between observed and predicted
semidiurnal tidal constituents (which are the most energetic in the re-
gion) was about 2 cm in amplitude and 2o in the phase, which means an
average delay of 4min.

Table 3 summarizes the model accuracy in reproducing observed
SSE. The statistical analysis shows a RMSE of 0.05m or smaller for all
harbors, ΔE of around 2%, and a predictive skill > 0.99. These statis-
tical results indicate excellent agreement between predicted and ob-
served SSE, following the criteria proposed by Dias et al. (2009).

The subtidal frequency predictions were also evaluated comparing
the residual sea level at Vigo, Marin and Villagarcia harbors, respec-
tively. The statistical analysis shows a RMSE of 0.006m and an ΔE of
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11.5% for Vigo, 0.0046m and 10.3% for Marin and 0.005m and 10%
for Villagarcia harbors.

The model accuracy in reproducing transport conditions near the
open boundary was evaluated by comparing near-surface horizontal
velocity, salinity and water temperature measured at the Cape Silleiro
buoy for the period under study and the corresponding predicted va-
lues. The statistical analysis shows a bias and a RMSE of 0.17 and 0.44
for salinity, −0.51 °C and 0.64 °C for water temperature
and− 0.07ms−1 and 0.12ms−1 for horizontal velocity, respectively.

The water temperature and salinity predictions accuracy in re-
producing thermohaline data inside the Ria de Vigo was investigated by
comparing in situ vertical salinity and water temperature profiles col-
lected at nine stations for the period under study (five weekly samples)
with their corresponding predicted vertical profiles. The five bias and
RMSE values calculated for each station were averaged, obtaining a
mean value for each station (Table 4). In general, the model tends to
underestimate in situ water temperature (negative bias values), with a
nearly zero bias for salinity. Both RMSE and bias values were similar to
those obtained by Sousa et al. (2014a) and Cerralbo et al. (2013) for the
same area using MOHID and ROMS models, respectively.

Fig. 2 shows the salinity (upper row) and water temperature (lower
row) vertical profiles, both predicted (black line) and measured (gray
line) for a particular date (February 8th). Predicted and in situ profiles
follow a similar pattern.

3.2. Frequency of Minho River intrusions into the Rias Baixas

Intrusion of the Minho River plume into the Rias Baixas is char-
acterized by higher surface salinity values inside the ria than at the
mouth. According to experimental data, this type of pattern was de-
tected in 8.9% of the available measurements from the Ria de Vigo (48
out of 542 vertical profiles), in 8.4% of the Ria de Pontevedra mea-
surements (46 out of 549), and in only 4.5% of the Ria de Arousa
measurements (23 out of 507) over the period 2006–2007. These results
complement and quantify the results of previous research in the area.
Alvarez et al. (2006) used in situ data to analyze an event that took
place in the spring of 1998. They observed how the Minho River plume
entered the rias of Vigo and Pontevedra without reaching the Ria de
Arousa. Sousa et al. (2014b) used a numerical model to perform several
experiments regarding Minho River discharge and wind intensity and
reported that the Minho River plume reached the Ria de Arousa only
under strong winds and high Minho River discharge.

It was commonly accepted that intrusions were isolated in time,
however several consecutive intrusions were identified in early 2010
(January 11th and 18th, and February 8th), which constitutes an in-
teresting case to analyze the duration and relaxation of these events.
Note that the sampling was carried out weekly, so the presence of this
unusual pattern in consecutive samplings does not necessarily assure
that the pattern lasted for weeks. Alternatively, it could have been due
to short and consecutive pulses.

3.3. Characterization of Minho River intrusions into the Ria de Vigo

The Delft3D model was used to elucidate the duration and intensity
of the intrusions covering the period from January 1st, 2009 to
February 15th, 2010. Model simulations from January 7th to February
11th show several intrusion events (ΔS > 0 in Fig. 3a). In addition,
winds at the shelf that were favorable for Minho River intrusions show
seven well-developed peaks (labelled with P in Fig. 3b). According to
previous research, southerly winds of at least 3 ms−1 are necessary to
reverse the normal estuarine circulation of the rias of Vigo and Ponte-
vedra (Sousa et al., 2014b), although the plume of Minho River can
reach the ria mouth even without wind forcing (Sousa et al., 2014a).
Note that not all of the wind peaks were associated with positive ΔS.
Only six salinity difference peaks were found, and they ranged from 0.7
to 2.0. On January 12th and 13th, ΔS was negative and no intrusion was
detected under favorable wind conditions (P2) and with high Minho
River discharge. This scenario occurred because the discharge of the
inner river (Verdugo-Oitavén) that increased to around 500% during
those days (Fig. 3c, gray line) caused a rapid decrease in surface salinity
at Vi. Similarly, the peak observed on January 16th and 17th (Fig. 3a)
was much lower than the others, even when the wind conditions were
very similar. This scenario was also due to the high discharge of the
inner river (~90m3 s−1 in Fig. 3c, gray line). The positive ΔS peak
ultimately was observed due to the previous accumulation of fresh-
water at the shelf under northeasterly winds (Fernández-Nóvoa et al.,
2017). When the wind changed from northerly to southerly, the accu-
mulated freshwater was dragged northward, reaching the external part
of the ria and generating salinity values lower than those observed
inside the ria, even when the inner river was at its maximum discharge.

The previous analysis showed that even under moderate Minho
River discharge and moderate southerly winds at the shelf, a positive ΔS
value may not be observed. However, this does not necessarily mean
that there was no intrusion. The question that immediately arises is
whether high discharges from the inner river can balance the effect of
wind and accumulated freshwater at the mouth of the rias and prevent

Table 2
Model accuracy in reproducing the main tidal constituents measured at Vigo,
Marin, and Villagarcia tidal gauge stations.

Tide gauge Amplitude (m) Phase (°)

Data Model Difference Data Model Difference

M2 Vigo 1.11 1.13 0.01 75.94 78.63 2.69
Marin 1.10 1.13 0.03 77.15 79.16 2.01
Villagarcia 1.14 1.16 0.02 78.73 80.02 1.29

S2 Vigo 0.46 0.44 −0.02 120.00 122.14 2.13
Marin 0.46 0.44 −0.02 121.09 122.76 1.67
Villagarcia 0.47 0.45 −0.02 123.15 123.85 0.70

O1 Vigo 0.07 0.06 −0.01 323.90 320.45 −3.45
Marin 0.07 0.06 −0.01 325.8 320.69 −5.11
Villagarcia 0.07 0.06 −0.01 325.47 321.12 −4.36

K1 Vigo 0.08 0.08 0.00 85.68 78.96 −6.72
Marin 0.07 0.08 0.01 79.28 79.27 −0.01
Villagarcia 0.08 0.08 0.00 81.58 79.75 −1.84

Table 3
Model accuracy in reproducing observed SSE as characterized by means of the
RMSE (m), Relative Error, ΔE (%), and Skill values at Vigo, Marin, and
Villagarcia tidal gauge stations.

Tide gauge RMSE (m) ΔE (%) Skill

Vigo 0.05 2.34 0.99
Marin 0.05 2.12 0.99
Villagarcia 0.04 1.74 0.99

Table 4
Model accuracy in reproducing measured salinity and water temperature as
characterized by the bias and the RMSE calculated at nine sampling stations for
the Ria de Vigo.

Sampling station Salinity Temperature (°C)

Bias RMSE Bias RMSE

V1 0.32 0.88 −0.89 0.89
V2 0.17 0.56 −0.75 0.76
V3 −0.18 0.47 −0.78 0.80
V4 0.15 0.73 −0.60 0.64
V5 −0.05 0.68 −0.63 0.65
V6 −0.07 0.84 −0.57 0.60
Vi 0.07 0.58 −0.89 0.89
Vs 0.02 0.82 −0.67 0.70
Vm 0.00 0.54 −0.66 0.69
Mean 0.05 0.68 −0.71 0.74
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Fig. 2. Vertical profiles of salinity (upper row) and water temperature (lower row) obtained using the Delft3D- FLOW model (black line) and measured on February
8th (gray line) at sampling stations Vs, Vm, and Vi.

Fig. 3. (a) Simulated surface salinity difference (ΔS)
between stations at the inner part and the southern
mouth of the Ria de Vigo (Vi and Vs, respectively in
Fig. 1c) from January 7th to February 11th, 2010.
(b) The meridional wind component (ms−1) at the
shelf (black triangle in Fig. 1b). Meridional wind
peaks labelled with P represent those winds with a
direction and intensity favorable to Minho River in-
trusion. (c) Discharges of Minho (black line) and
Verdugo-Oitavén (gray line) rivers (m3 s−1). Vertical
black lines mark the dates of sampling. Solid lines
correspond to the dates when intrusion events were
detected and dashed lines to the dates when no in-
trusion was detected.
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intrusion or is ΔS only a proxy that can be masked under high dis-
charges from the inner river. Thus, a deeper analysis that included
water velocity and density was conducted to better identify intrusion
events.

3.3.1. Hydrodynamics of Minho River intrusions
Fig. 4a shows vertical profiles of along-axis filtered currents calcu-

lated at station Vm from January 7th to February 11th. Horizontal ve-
locities were projected in the direction of the main axis of the estuary
following the procedure described in the previous section. Positive
values indicate landward currents and negative values indicate seaward
currents. Seven positive peaks (red colour) were found to match the
wind peaks described in Fig. 3b, with an approximate delay of ~12 h.
This time delay coincides with the time that the Minho river plume
takes to propagate to the mouth of the Ria de Vigo (Sousa et al., 2014b).
This effect was observed from the surface to an approximate depth of
10–15m depending on the peak. Inflow depths were similar to those
reported by Barton et al. (2015) under a comparable wind regimen.
They observed incoming water flowing at 15m depth in the middle part
of the ria. The analysis of surface velocities (0 m) shows that pulses
were relatively short, lasting on the order of 1.5 days (Fig. 4b). How-
ever, some peaks lasted longer, such as peak P1 that lasted> 2 days and
peak P6 that lasted about 3.5 days. On the other hand, peak P2 was
abnormally shorter, lasting ~1 day. In all cases, the duration of the
peaks agreed well with the duration of the wind pulses (Fig. 3b). The
characteristic circulation of the rias (Taboada et al., 1998), with water
entering through bottom layers and leaving through surface layers, was
clearly observed when wind conditions were favorable to cessation of
intrusion.

The same seven peaks associated with water entering the ria were
bserved in the vertical density profile at the middle station (Fig. 5a).
During these events, the density decrease affected the entire water
column, with values< 1025 kgm−3. The density decrease occurred
with a delay relative to wind, as observed for current. All positive
surface velocity events (Fig. 4b) were related to an abrupt decrease in

the surface density, with the exception of P2 (Fig. 5b). In this case, the
outflow previously accumulated in front of the Minho River mouth was
partially diluted in the ocean water, thereby increasing its density
(Fernández-Nóvoa et al., 2017). Additionally, P1 and P2 occurred very
close in time, and the density inside the ria had not yet recovered from
the P1 pulse when P2 entered the area. Density values on the order of
1026 kgm−3 were observed throughout the entire water column at the
beginning of the study period and between P5 and P6 peaks, corre-
sponding to relaxation periods in the estuary.

3.3.2. Development and relaxation of an intrusion event
Vertical profiles of velocity and density along the main axis of the

ria and surface density plots of the estuary were used to analyze the
dynamics of Minho River intrusion into the Ria de Vigo. In particular,
the P5 intrusion event observed on January 20th–23th was selected and
five stages were captured (Fig. 6, rows). Before freshwater intrusion
(Fig. 6a–c), the characteristic positive estuarine circulation of the rias
(Taboada et al., 1998) was present, with negative velocities near the
surface and positive velocities in the bottom layers (Fig. 6a). Ad-
ditionally, the water column was stratified with low-density layers as-
sociated with negative velocities (Fig. 6b). Surface densities ranged
from 1024 to 1025.5 and increased from south to north due to the
tendency of water to leave the ria through the northern mouth
(Taboada et al., 1998; Alvarez et al., 2005).

The beginning of the intrusion event is shown in Fig. 6d–f. The inner
and middle part of the ria were dominated by the typical estuarine
circulation, and the beginning of the intrusion occurred at the southern
mouth, with positive velocities near the surface and negative velocities
in deeper layers (Fig. 6d). The density profile (Fig. 6e) was similar to
that of the previous stage. The arrival of the Minho River buoyant
plume to the Ria de Vigo was marked by the presence of a spot of lighter
water near the southern mouth (Fig. 6f).

Fig. 6g–i shows the maximum development of the intrusion event.
At this stage, reverse estuarine circulation was present in the ria, with
positive velocities at the surface and negative velocities in the bottom
layers (Fig. 6g). A similar reverse estuarine circulation was described by
deCastro et al. (2004) for the adjacent Ria de Pontevedra. The density

Fig. 4. (a) Time evolution of the predicted filtered velocity at the middle station
of the Ria de Vigo (Vm in Fig. 1c) from January 7th to February 11th, 2010. Red
colors indicate water flowing into the ria and blue colors represent water
flowing out. The dashed contour line corresponds to 0ms−1. Vertical lines in-
dicate the days when Minho intrusion was detected using in situ data. (b) As (a)
but only for surface layer (0m). Velocity peaks labelled with P represent events
with positive surface velocity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. (a) Time evolution of the predicted density at the middle station of the
Ria de Vigo (Vm in Fig. 1c) from January 7th to February 11th, 2010. Vertical
lines indicate the days when intrusion was detected using in situ data. (b) As (a)
but only for surface layer (0 m). Density peaks labelled with P represent those
events with an abrupt density decrease in the water column, indicating fresh-
water input into the estuary.
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profile shows that a tongue of light water (density < 1025 kgm−3)
entered the ria through surface waters (~20m) until approximately
12 km from the mouth, where the depth decreases favors vertical
mixing (Fig. 6h). As in the previous stage, the influence of the Verdugo-
Oitavén River was confined to the inner part of the ria. The surface
density plot shows that a freshwater tongue entered the estuary through
the southern mouth and flowed along the main axis of the ria, thus
density increased gradually from the mouth to the inner part (Fig. 6i).
The inflow along the southern shore caused a marked density gradient
between the north and south shores. This gradient was previously ob-
served by Barton et al. (2015), who described the exchange of water
between the ria and the shelf during a downwelling event. These au-
thors concluded that inflow takes place along the southern shore and
outflow occurs at depth along the northern shore, thereby maintaining
the north-south density contrast.

Fig. 6j–l illustrates relaxation of the intrusion event. The outer and
middle part of the ria recovered the typical estuarine circulation,

whereas the inner part remained under the influence of the freshwater
intrusion (Fig. 6j). The incoming oceanic water, which was denser than
the ria water, favored estuarine stratification (Fig. 6k). Compared with
the maximum development of the intrusion event (previous row), the
surface density plot shows increased density in the southern half of the
estuary and decreased density in the northern half, thereby reducing
the lateral density gradient (Fig. 6l).

Once the intrusion event had finished (Fig. 6m–o), the ria recovered
the pattern that was present prior to the intrusion (Fig. 6a–c). The es-
tuary recovered the typical positive estuarine circulation (Fig. 6m),
with a stratification pattern characterized by lower density values near
the inner river mouth (Fig. 6n). With respect to the previous stage,
density increased inside the ria due to the inflow of oceanic water
(Fig. 6o). Surface density values were similar to those obtained before
the freshwater intrusion (Fig. 6c).

Fig. 6. Hydrodynamic behavior of the Ria de Vigo under a freshwater intrusion simulated using Delft3D. Five stages of the intrusion event corresponding to the P5
wind peak (January 20–23, 2010) are shown (rows). Vertical profiles of velocity (left column) and density (middle column) along the main axis of the ria and surface
density plots of the estuary (right column) are plotted. The black dashed line represents null horizontal velocities along the main axis of the estuary. The distance is
measured in km from the southern mouth of the estuary.
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3.3.3. Impact of intrusions on water exchange
Horizontal velocities along the main axis of the estuary play a key

role in the estuarine water exchange. These velocities predicted by the
numerical model were analyzed at the cross-section represented in
Fig. 1c (red line) under upwelling and downwelling favorable condi-
tions, in order to evaluate the role of Minho intrusion events on es-
tuarine water exchange. Fig. 7(a) represents along axis horizontal ve-
locities during an upwelling event (from the January 23th to February
1st) and Fig. 7(b) during a downwelling event concurrent with Minho
River intrusion (from February 2nd to 8th). Positive values indicate
landward currents while negative values indicate seaward currents.
Under upwelling favorable winds (Fig. 7a) an enhanced double-layer
estuarine circulation is observed, with fresher water leaving the estuary
through surface layers and saltier water propagating into the estuary
through the bottom layers. The water outflow takes place in the first
10 m of the water column, with this layer deepening up to 17m towards
the north shore. The same pattern is observed without wind forcing and
considering only the discharge of the inner river, although less in-
tensified. When prevailing winds are favorable to downwelling
(Fig. 7b), the inverse situation is observed, with saltier oceanic water
propagating into the estuary on the surface layer. Under this wind
condition, the offshore oceanic water inflow takes place in the first 7 m,
deepening to the south shore up to 18m. This lateral inhomogeneity
was previously observed in the density distribution patterns (Fig. 6).

Predicted density profiles at the cross-section were also obtained
under upwelling (Fig. 8a) and downwelling (Fig. 8b) conditions de-
scribed above. Water is considerably denser during the upwelling

period (Fig. 8a). In addition, isopycnals are tilted in different directions
in both cases. Under upwelling wind conditions (Fig. 8a) water is
denser at the southern coast for any depth, while under downwelling
conditions (Fig. 8b) an inverse pattern is observed.

Although upwelling is markedly seasonal (from April to October) at
the NW Iberian Peninsula (Alvarez et al., 2008b), less intense upwelling
events may also occur during winter (Ribeiro et al., 2005; deCastro
et al., 2006c, 2008). Both along axis horizontal velocities (Fig. 7) and
density profiles (Fig. 8) at the cross-section for winter upwelling event
show that oceanic water, which is denser and richer in nutrients
(Ryther, 1969; Calvert and Price, 1971), enters the estuary through the
bottom layers. When oceanic water upwells inside estuaries reaching
the photic layers, the primary production increases (Prego et al., 1999;
Radi et al., 2007). Additionally, estuarine surface water, which is less
dense, leaves the estuary through the surface layers. Prego et al. (2007)
did not observe biological implications during a mid-winter upwelling
event (January 13 and 27, 1998) in the Ria de Pontevedra, located
north of the Ria de Vigo. However, Varela et al. (2008) analyzing a
longer period (October 1997 to October 1998) found that winter up-
welling events are able to generate phytoplankton blooms, although
less intense than those derived from summer upwelling, which can
change the spatial distribution of the primary production.

On the other hand, during a downwelling event under Minho River
intrusion, less dense oceanic water from the Minho River plume is ad-
vected into the ria through the surface layers. The river plume trans-
ports land-derived nutrients, enhancing the primary production of the
ria, although with a lesser impact than upwelling. Ware and Thomson

Fig. 7. Predicted along axis velocities for the cross-section
shown in Fig. 1c (red segment) under (a) upwelling favorable
conditions, January 23th to February 1st, 2010 and (b)
downwelling favorable conditions with Minho river intrusion,
February 2nd to 8th, 2010. Red colors indicate inflowing
water and blue colors represent outflowing water. The dashed
contour line corresponds to 0ms−1. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 8. Predicted density at the cross-section (red segment in
Fig. 1c) (a) under upwelling favorable conditions, January
23th to February 1st, 2010 and (b) under downwelling fa-
vorable conditions and Minho river intrusion, February 2nd to
8th, 2010. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)
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(2005) studied the bottom-up versus top-down ecosystem trophic dy-
namic in the Northeast Pacific, concluding that coastal upwelling do-
mains are the most productive followed by those downwelling domains
where major rivers discharge a large volume of freshwater into coastal
areas.

The Minho River intrusion may even favor phytoplankton bloom
events, following the case observed by Dai et al. (2008) in the Pearl
River estuary and the adjacent coastal region (northern South China
Sea) associated with high river discharges. The Minho River plume may
modify the spatial distribution of the primary production of the ria and
also induce phytoplankton blooms generation on the adjacent shelf into
the estuary. This phenomenon was previously observed in the Ria de
Pontevedra (deCastro et al., 2006b), as well as in other coastal systems,
as for example in the Willapa Bay, which dynamics is driven by the
Columbia River (Curtis Roegner et al., 2002).

Finally, the residence time was calculated under both conditions,
being approximately 3 days under downwelling conditions and only
18 h under upwelling conditions.

4. Summary

The Delft3D-FLOW model was used to analyze the hydrodynamics
of Minho River intrusions into the Ria de Vigo.

Based on in situ measurements, freshwater from the Minho River
was detected entering the Ria de Vigo in 8.9% of the cases, the Ria de
Pontevedra in 8.4% of the cases, and the Ria de Arousa in only 4.5% of
the cases. Additionally, several consecutive intrusions were sampled in
the Ria de Vigo in early 2010.

Using numerical simulations, seven intrusion events were described
in the middle part of the estuary from January 11th to February 8th,
2010. The typical duration of these events was approximately 1.5 days,
although one particular case lasted>3 days. In all cases, each fresh-
water intrusion matched the peak of wind favorable to intrusion with a
delay of ~12 h.

Finally, the dynamic behavior of a freshwater intrusion into the
estuary was simulated from January 20th to 23th, 2010, and analyzed
in terms of vertical velocity and density profiles along the main axis of
the estuary. The simulation allowed analysis of the different phases of
intrusion. Starting from a pattern of positive estuarine circulation, the
sequence clearly shows three intermediate stages (development, nega-
tive circulation, and relaxation) and a final stage with characteristics
similar to those of the first one.

In general, the influence of the inner river discharge on the circu-
lation and stratification of the estuary during intrusion events is neg-
ligible. Only the external river and the wind field drive the local dy-
namics.
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circulation in the Rıá of Vigo (NW Spain) by means of a 3D Baroclinic Model taboada
et al 1998.pdf. Estuar. Coast. Shelf Sci. 47, 661–670. https://doi.org/10.1006/ecss.
1998.0385.

Tilstone, G.H., Figueiras, F.G., Fraga, F., 1994. Upwelling-downwelling sequences in the
generation of red tides in a coastal upwelling system. Mar. Ecol. Prog. Ser. 241–253.

Varela, M., Prego, R., Pazos, Y., 2008. Spatial and temporal variability of phytoplankton
biomass, primary production and community structure in the Pontevedra Ria (NW
Iberian Peninsula): oceanographic periods and possible response to environmental
changes. Mar. Biol. 154, 483–499. https://doi.org/10.1007/s00227-008-0943-x.

Ware, D.M., Thomson, R.E., 2005. Bottom-up ecosystem trophic dynamics determine fish
production in the Northeast Pacific. Science 308, 1280–1284. https://doi.org/10.
1126/science.1109049.

Warner, J.C., Geyer, W.R., Lerczak, J.A., 2005. Numerical modeling of an estuary: a
comprehensive skill assessment. J. Geophys. Res. 110. https://doi.org/10.1029/
2004JC002691.

Xie, X., Li, M., Boicourt, W.C., 2017. Baroclinic effects on wind-driven lateral circulation
in Chesapeake Bay. J. Phys. Oceanogr. 47, 433–445. https://doi.org/10.1175/JPO-D-
15-0233.1.

M. Des et al. Journal of Marine Systems 189 (2019) 87–97

97 71

https://doi.org/10.1016/j.seares.2017.06.013
https://doi.org/10.1016/j.seares.2017.06.013
https://doi.org/10.1002/2014JC010022
https://doi.org/10.1002/2014JC010022
https://doi.org/10.1029/2005JC003331
https://doi.org/10.3354/cr00967
https://doi.org/10.1016/j.coastaleng.2004.07.016
https://doi.org/10.1016/j.coastaleng.2004.07.016
https://doi.org/10.1016/j.jmarsys.2009.04.002
https://doi.org/10.1016/j.envsoft.2009.10.013
https://doi.org/10.1016/j.jmarsys.2008.03.009
https://doi.org/10.1016/j.coastaleng.2004.07.014
https://doi.org/10.1016/j.pocean.2015.11.006
https://doi.org/10.1016/j.pocean.2015.11.006
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0175
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0175
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0175
https://doi.org/10.1016/j.jmarsys.2007.05.016
https://doi.org/10.1016/j.jmarsys.2007.05.016
https://doi.org/10.1093/icesjms/fsp156
https://doi.org/10.1093/icesjms/fsp156
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0190
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0190
https://doi.org/10.1016/S0924-7963(02)00076-3
https://doi.org/10.1016/S0924-7963(02)00076-3
https://doi.org/10.1016/S0278-4343(98)00099-5
https://doi.org/10.1016/S0278-4343(98)00099-5
https://doi.org/10.1016/j.ecss.2007.02.004
https://doi.org/10.1016/j.marmicro.2006.09.002
https://doi.org/10.1016/j.marmicro.2006.09.002
https://doi.org/10.1016/j.jmarsys.2004.05.031
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0220
https://doi.org/10.4319/lo.2002.47.4.1033
https://doi.org/10.4319/lo.2002.47.4.1033
https://doi.org/10.2112/SI65-348.1
https://doi.org/10.2112/SI65-348.1
https://doi.org/10.1016/j.csr.2014.06.004
https://doi.org/10.1016/j.jmarsys.2014.06.012
https://doi.org/10.2112/SI85-014.1
https://doi.org/10.2112/SI85-014.1
https://doi.org/10.1006/ecss.1998.0385
https://doi.org/10.1006/ecss.1998.0385
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0255
http://refhub.elsevier.com/S0924-7963(18)30151-9/rf0255
https://doi.org/10.1007/s00227-008-0943-x
https://doi.org/10.1126/science.1109049
https://doi.org/10.1126/science.1109049
https://doi.org/10.1029/2004JC002691
https://doi.org/10.1029/2004JC002691
https://doi.org/10.1175/JPO-D-15-0233.1
https://doi.org/10.1175/JPO-D-15-0233.1




Science of the Total Environment 703 (2020) 134808
Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier .com/locate /sc i totenv
NW Iberian Peninsula coastal upwelling future weakening: Competition
between wind intensification and surface heating
https://doi.org/10.1016/j.scitotenv.2019.134808
0048-9697/� 2019 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: mcsousa@ua.pt (M.C. Sousa).

73
Magda Catarina Sousa a,⇑, Américo Ribeiro a, Marisela Des b, Moncho Gomez-Gesteira b, Maite deCastro b,
João Miguel Dias a

aCESAM, Departamento de Física, Universidade de Aveiro, 3810-193 Aveiro, Portugal
b Environmental Physics Laboratory (EphysLab), CIM-UVIGO, Universidade de Vigo, Edificio Campus da Auga, 32004 Ourense, Spain
h i g h l i g h t s

� Most accurate climate model
selection to reproduce past climatic
conditions.

� Realistic configuration including
interaction between shelf and
estuarine processes.

� Coastal upwelling less effective in the
future.

� Upwelling weakening due to the
future sea surface warming.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 1 August 2019
Received in revised form 1 October 2019
Accepted 2 October 2019
Available online 31 October 2019

Editor: José Virgílio Cruz

Keywords:
Global warming
Coastal upwelling
Stratification
Estuary-near-shelf systems interaction
Delft3D
CORDEX
CMIP5
a b s t r a c t

Climate change will modify the oceanographic future properties of the NW Iberian Peninsula due to the
projected variations in the meteorological forcing, that will intensify local winds and promote surface
heating. The Delft3D-Flow model forced with atmospheric conditions provided within the framework
of the CORDEX project under the RCP 8.5 greenhouse emission scenario was used to analyse changes
in upwelling. Numerical experiments were conducted under high-extreme upwelling conditions for
the historical (1976–2005) and future (2070–2099) period. This study also innovates through the
exploitation of a numerical modelling approach that includes both shelf and estuarine processes along
the coastal zone. Coastal upwelling will be less effective in the future despite the enhancement of upwel-
ling favorable wind patterns previously predicted for this region. Upwelling weakening is due to the
future sea surface warming that will increase the stratification of the upper layers hindering the upward
displacement of the underlying water, reducing the surface input of nutrients.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

There is a worldwide concern about the possible impact of
climate change on the circulation and hydrographic patterns of
estuarine systems and their adjacent shelf. These changes can
affect ecosystems in coastal upwelling areas whose response to
surface warming is especially complex. Based on observational
wind data, Bakun (1990) hypothesized that global warming could
enhance land-sea temperature gradients that would consequently
increase upwelling favorable winds. According to recent research,
upwelling has increased over the last decades in most of the
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Fig. 1. Location and bathymetry of the study area. Black boxes correspond to the
domain decomposition design. Grey dots correspond to the location of control
points. The shaded pink area indicates the location of the cross sections used to
compute the upwelling index and the Brunt-Väisälä frequency. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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locations worldwide (Varela et al., 2015) and future projections
indicate that upwelling will increase in intensity and duration at
high latitudes over the next century (Wang et al., 2015), revealing
more noticeable changes in the NW Iberian Peninsula (NWIP)
(Sousa et al., 2017). Rykaczewski et al. (2015) and Sousa et al.
(2017) showed that this upwelling strengthening is induced by
the migration and intensification of the Azores High. On the other
hand, the importance of coastal upwelling is twofold since apart
from pumping nutrients to the surface, upwelling can also buffer
global warming in coastal areas (Santos et al., 2012, 2011; Seabra
et al., 2019; Varela et al., 2018). Stratification is also a key process
to understand the link between climate change and biology since
intensified stratification is negatively correlated with net primary
production (Behrenfeld et al., 2006). As a consequence of global
warming, the upper ocean has warmed considerably over the last
century and projections show that it will keep warming over this
one (IPCC, 2013; Levitus et al., 2000). This fact will most likely
increase ocean stratification, which can modify the behavior of
the upper ocean in different ways. First, temperature anomalies
in the upper ocean will penetrate to depth, but at slow rates and
remaining confined near surface. Second, enhanced stratification
will probably decrease, nutrient exchange through vertical mixing.
Thus, increased thermal stratification can render less effective
upwelling (García-Reyes et al., 2015; Gruber, 2011).

The NWIP coast is located in the northernmost limit of the East-
ern North Atlantic Upwelling System, being characterized by a high
primary production (Wooster et al., 1976). Changes in local pri-
mary production follow from changes in seawater temperature
and salinity that depend on upwelling and freshwater discharge
regimes resulting from estuary-near-shelf systems interaction.
These drivers are likely to be modified in the future due to climate
change. The NWIP coast includes three estuarine systems with dif-
ferent morphologies: high-relief estuaries or drowned river valleys
(Rias Baixas: Rias de Vigo, Pontevedra, Arousa and Muros); estuar-
ies connected to the major rivers (Minho, Lima and Douro) and a
lagoon-estuarine system (Ria de Aveiro) (Fig. 1). These estuarine
systems are located in the northernmost part of one of the major
coastal upwelling systems, being this process the main responsible
of the steep-temperature gradient observed between coastal and
ocean locations (Santos et al., 2011). On the other hand, the prop-
agation of buoyant plumes, mostly from Douro and Minho rivers,
dominates surface layers (Mendes et al., 2016). In summary, both
river discharges and winds affect strongly the dynamics of these
coupled estuary-near-shelf systems. This fact is especially patent
for the Rias Baixas (Alvarez et al., 2006; deCastro et al., 2006; Des
et al., 2019; Otero et al., 2013; Sousa et al., 2014a, 2014b), where
the upwelled water promotes the intense aquaculture (Blanton
et al., 1987; Figueiras et al., 2002; Prego et al., 2001). Estuarine cir-
culation and productivity have also been studied for the Minho,
Lima, Douro and Ria de Aveiro estuaries (Alvarez et al., 2013;
Costa-Dias et al., 2010; Dias and Picado, 2011; Mendes et al.,
2013; Queiroga, 2003; Sousa et al., 2011; Vale and Dias, 2011;
Vieira and Bordalo, 2000).

As far as we know, there is limited research on future changes in
coastal upwelling systems, which can only be identified through the
exploitation of fine horizontal and vertical resolution nearshore
data. However, that resolution is far from the one provided by the
ocean models used in IPCC (2013), which have typical horizontal
and vertical resolutions around 1� and on the order of tens of
meters, respectively, which are too coarse to reproduce coastal pro-
cesses. Previous studies based on basin-scale or global circulation
models have analyzed the impact of climate change along the coast
of Iberian Peninsula (Miranda et al., 2013; Pires et al., 2013, 2015),
but were only focused on the shelf. These studies analyzed upwel-
ling changes based on IPCC A2 emission scenario and indicated an
increase in coastal upwelling, supporting the idea initially proposed
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by Bakun (1990). However, a number of limitations contribute to
keep the problem of future upwelling changes largely open. As
example, most of previous studies based on model applications for
NWIP present severe restrictions if used to evaluate climate change
impacts, since they were typically implemented under unrealistic
conditions neglecting the estuary-near-shelf systems interaction
(Pires et al., 2013, 2015) or in the best considering the interaction
with a single estuary (Lopes et al., 2017; Mendes et al., 2013). More-
over, simulations were performed using only a single ocean model,
and some of the control results were found to be unsatisfactory,
with an overestimation of the present climate upwelling mainly
attributable to inaccuracies in the wind data associated to the con-
trol simulation. In fact, Soares et al. (2012) highlighted the need to
use higher resolution atmospheric simulations to represent topo-
graphic and coastal processes accurately. Thus, adopting the regio-
nal climate models projections from the 5th Assessment Report
(AR5) of the IPCC scenarios (IPCC, 2013) to force the oceanographic
models seems to be a valuable alternative to achieve the required
level of accuracy to describe near-shore processes.

The present work aims at analysing the response of the NWIP
coastal waters to future changes projected under the RCP 8.5
greenhouse gas emission scenario. These changes, which are char-
acterized by air and water warming and the increase in upwelling
favourable winds will be used to force the Delft3D-Flow model
covering both the shelf and the estuaries in order to assess whether



Table 1
EURO Cordex simulations. Numbers in brackets correspond to model number shown
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or not future wind and stratification patterns will modify the
impact of upwelling in the area.
in Fig. 2.

GCM RCM

RACMO22E HIRHAM5 RCA4

CNRM-CM5 X(1)

EC-EARTH X(2) X(3)

IPSL-CM5A-MR X(4)

MOHOC-HadGEM2-ES X(6) X(5) X(7)

MPI-ESM-LR X(8)

NorESM-M X(9)
2. Methodology

2.1. Numerical model

Delft3D-Flow modeling system was used to evaluate the impact
of climate change on coastal upwelling along the NWIP coast.
Delft3D-Flow is a three-dimensional, finite differences hydrody-
namic and transport model. The Navier Stokes shallow water equa-
tions are solved with hydrostatic, Boussinesq and f-plane
approximations (Deltares, 2014). The model was previously imple-
mented and validated for the area under study by Sousa et al.
(2018), which demonstrated its skill and high accuracy in repro-
ducing the local coastal dynamics.

The configuration developed consists in a set of five domains
connected by internal domain decomposition boundaries with
the capability of two-way communication of water level, currents
and hydrographic properties (Fig. 1). These different types of
domain discretization recognize the importance of using adaptive
resolution meshes. The horizontal resolution of each domain
allows reproducing the hydrodynamic of the areas covered, which
in many cases have a complex geometry, without a high computa-
tional cost. The outer grid includes the continental shelf with a res-
olution of about ~1500 m. Douro and Ria de Aveiro were covered
by two separated domains with a grid resolution varying from 45
to 80 m. Minho and Lima estuaries are combined into a single
domain with a ~60 m grid resolution. The Rias Baixas are repre-
sented by a single domain with a horizontal resolution of ~250 m
and thirteen vertical sigma layers with refined surface layers were
used for all domains. The numerical bathymetry of each estuary
was obtained from the interpolation of topohydrographic data
from several different sources. The bathymetry of ocean, adjacent
shelf and the Rias Baixas was generated from data from the Gen-
eral Bathymetry Chart of the Oceans. Minho, Lima and Douro
bathymetries were generated from data available at the Por-
tuguese Navy Hydrographic Institute, and the Ria de Aveiro bathy-
metry was generated from data provided by the Aveiro Harbor
Administration and Polis Litoral Ria de Aveiro.

Thirteen main tidal harmonic constants (M2, S2, N2, K2, K1, O1,
P1, Q1, MsF, MM, M4, MS4 and MN4) obtained from the model TPXO
7.2 TOPEX/Poseidon Altimetry with a spatial resolution of ~25 km
(MacMillan et al., 2004) were prescribed as astronomical forcing
at the oceanic open boundary. Transport conditions (salinity and
water temperature) were also imposed at this boundary based on
monthly global climate models (GCM) from Coupled Model Inter-
comparison Project Phase 5 (CMIP5). The surface boundary condi-
tion was modelled considering daily wind, air temperature,
relative humidity and cloudiness provided by CMIP5 atmospheric
models. Freshwater discharge for the major tributaries in the Rias
Baixas and the Ria de Aveiro and for Minho, Lima and Douro rivers
were imposed as fluvial open boundary conditions in each estuary,
and were retrieved from the Hype Web portal (http://hypeweb.
smhi.se/). A detailed description of the data used as boundary con-
ditions will be described in the next section.

A k-e model was used for 3D turbulence. A constant manning
value of 0.024 was assumed for bottom roughness, except for Ria
de Aveiro domain where a spatial variable friction coefficient
(Lopes and Dias, 2015) was used due to the shallowness of the
lagoon. The vertical eddy viscosity and diffusivity applied was
0.0001 m2 s�1, whereas a spatially variable horizontal viscosity
and diffusivity proportional to the depth was applied, with a value
of 5 m2 s�1 in the inner domains (lowest depth) increasing linearly
to 15 m2 s�1 in the deepest ocean.
2.2. Climate forcing data

Near surface zonal and meridional wind components, near-
surface air temperature, cloud cover, relative humidity and surface
air pressure data were obtained from daily Regional Climate Mod-
els (RCM) simulations performed within the framework of the
CORDEX initiative, with a resolution of 12.5 km. The EURO-
CORDEX branch (http://www.euro-cordex.net/) downscales global
climate simulations from the CMIP5 long experiments up to the
year 2100 (Taylor et al., 2012). For the purposes of this study, the
required variables were retrieved from nine RCMs simulations
(Table 1) corresponding to the RCP8.5 scenario and assessed for
the historical period. These regional simulations were obtained
by means of three RCMs forced by six different GCMs (Table 1). A
statistical analysis of each atmospheric variable was carried out
to determine the most accurate climate model in reproducing past
climatic conditions. This analysis compares the dataset obtained
from ERA-Interim with the ones provided by RCMs predictions
over the historical period (1979–2005). The evaluation is based
on the probability density functions (PDFs) and a simple quantita-
tive measure of how efficiently each climate model can capture the
observed PDFs for each variable. Thus, a skill score was used to
evaluate the PDFs at daily scale:

SScore ¼
Xn

i¼1

minimum Zi
m; Z

i
o

� �
ð1Þ

where Zi
m and Zi

o are the predicted and observed probability values
of each bin and n is the number of bins. SScore calculates the cumu-
lative minimum value of observed and modeled distributions for
each bin, quantifying the overlap between two PDFs (Perkins
et al., 2007; Watterson, 2008). Values of SScore equal to one indicate
that model simulates the observed conditions perfectly. Hereafter,
the mean SScore for each climate simulation was computed, allowing
to choose the best model to be used as surface boundary condition
in modeling simulations.

The unavailability of ocean data (salinity and water tempera-
ture) from RCMs justifies the use of GCM predictions as oceanic
boundary conditions. The criterion for selecting the most suitable
GCM consists in choosing the same model that forces the best RCM.
2.3. Numerical scenarios

The first step in the definition of the numerical scenarios con-
sists in determining the most suitable wind to force the hydrody-
namic model. The protocol, which was used both for the historical
(1976–2005) and the future (2070–2099) periods, can be summa-
rized as follows: i) Nine control points located 20 km west from
the mouth of each estuary, in order to avoid winds measured on
land, were selected; ii) Ekman transport and upwelling index (UI)
were calculated at those points following themethodology adopted
by Gomez-Gesteira et al. (2006); iii) UI percentiles ranging from
75% to 99% (P7599 from now on) were determined at daily scale
75

http://hypeweb.smhi.se/
http://hypeweb.smhi.se/
http://www.euro-cordex.net/
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for themost upwelling favorablemonths (July and August) (Alvarez
et al., 2008); (iv) the mean daily zonal and meridional wind corre-
sponding to that interval of percentiles were calculated for each
grid point in order to generate a space-varying domain. This proce-
dure was only applied for the most accurate model, which was
selected as described in last section. In summary, this approach
identifies the wind conditions that characterize future and histori-
cal high-extreme upwelling events (percentile 75–99). In order to
discard outliers, values higher than 99% were not considered.
Space-varying winds were imposed in the simulation event.

A wind statistical analysis was performed considering a Weibull
distribution to find the typical wind speed for both climate periods.
The Weibull scale parameters are 6.4 and 6.6 m s�1 for historical
and future climate periods, respectively. Thus, a constant wind
speed of 6 m s�1 and clockwise direction (changing 45� per hour)
was imposed for the spin-up both for historical and future periods.
As for wind direction, any rotation can be considered (clockwise,
counter-clockwise or even random) as far as wind does not blow
for a long time (several consecutive hours) from the same direc-
tion. The aim of this unusual wind regime is twofold, on the one
hand, it allows heat diffusion between the ocean and the atmo-
sphere and, on the other hand, it does not impose a dominant
surface-driven circulation pattern (e.g. upwelling and down-
welling) due to its continuous change in direction. In summary,
at the end of spin-up the initial pattern is characterized by the
thermal stratification imposed by the atmosphere in absence of
prevailing winds. This allows identifying the supplementary effect
of upwelling on that initial configuration.

The transport properties at the oceanic open boundary were
determined through the computation of a climatological mean
for the favorable months for the historical (1976–2005) and future
(2070–2099) periods. The same procedure was carried out for the
remaining atmospheric variables (except the wind).

Regarding the river discharges, for the historical period a clima-
tological mean (1981–2010) was also computed (Hundecha et al.,
2016). For future simulation, it was found that the most pessimistic
Fig. 2. SScore for air temperature (Tair), air cloudiness (cloud), zonal (u) and meridional (
model (a). Mean SScore of all variables for each model (b).
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prediction anticipated a reduction of 25% in river discharges in this
region (https://hypeweb.smhi.se/explore-water/climate-impacts/
europe-climate-impacts/), hence, this reduction was considered
for the historical climatological values previously obtained. This
river discharge reduction is in accordance with the reduction of
annual precipitation observed by Collins et al. (2013) and
Cardoso Pereira et al. (2019) under the RCP8.5 scenario.

To determine the duration of the simulation, a statistical analy-
sis was performed based on the identification of the high-extreme
summer (P7599) upwelling events, revealing that they last from 4
to 6 days. Thus, a 5-day upwelling event preceded by a spin-up
period of 3 weeks was simulated under the conditions described
above.
3. Results and discussion

3.1. Climate model evaluation

The skill of the climate model to reproduce real data was quan-
tified by means of the SScore for each atmospheric variable (Fig. 2a).
The SScore is higher than 0.5 for all models and atmospheric vari-
ables. As mentioned above, the score measures the overlap
between two PDFs in such way that when it is equal to one the pre-
dicted and observed distributions are identical. In addition, the
mean SScore for each climate simulation was computed (Fig. 2b)
to determine the most accurate climate model in reproducing past
climatic conditions. The mean SScore for most RCMs (except models
#1 and #4) remains above 0.7, indicating that these models can
reproduce accurately the data distribution found in observations.
The highest mean SScore (0.81) was found for model #7 (MOHC-
HadGE2-Es-RCA4), which showed the best fit between predictions
and observations. According to these results, surface and open
boundary conditions from the RCM MOHC-HadGEM2-Es-RCA4
and GCM MOHC-HadGEM2-Es, respectively, were used as initial
and boundary conditions for the model.
v) components of wind, relative humidity (hum) and surface pressure (sp) for each

https://hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-impacts/
https://hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-impacts/


Fig. 3. Mean sea surface temperature under high-extreme upwelling conditions (P7599) for the historical (a) and future (b) periods.
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3.2. Climate change impact on coastal upwelling

Predicted sea surface temperature (SST) time-averaged (5 days)
was computed for the study region for both climate periods
(historical and future) (Fig. 3).

For the historical climate period (Fig. 3a), the mean SST shows
the typical coastal upwelling pattern, with a strip of cold water
along the NWIP coast, more intense between Douro estuary and
north of Cape Finisterre. This was compared with Alvarez et al.
(2012) results derived from satellite observations from 1998 to
2007, revealing a very similar pattern, which demonstrates the
ability of the model developed. Concerning the future period
(Fig. 3b), the SST pattern is similar to the one observed for the his-
Fig. 4. SST drop between the end and the beginning of the upwelling event (DSST = SSTen
(a) and future (b) periods. This increment shows the upwelling imprint under both con
torical period (Fig. 3a), although the SST will be significantly higher
(>2 �C) in the future. This increase in SST is consistent with the
results reported for the same area but using GCMs from CMIP3
(Pires et al., 2015), and in other important upwelling areas such
as California (Xiu et al., 2018) and Humboldt Upwelling Systems
(Oyarzún and Brierley, 2019) where the most significant warming
was observed at the surface of the water column. The increase of
the ocean temperatures will lead to changes that can affect ocean
ecosystems and biogeochemical processes that are strongly depen-
dent on temperature (Gruber, 2011).

The upwelling imprint between the end and the beginning of
the upwelling event (DSST = SSTend � SSTbeginning) is quantified in
Fig. 4 for both periods. The area adjacent to the NWIP shows a clear
d � SSTbeginning) under high-extreme upwelling conditions (P7599) for the historical
ditions.

77



Fig. 5. Difference between historical and future upwelling imprint under high-
extreme upwelling conditions (P7599) (calculated subtracting the historical from
the future imprint DSSTfuture � DSSThistorical).
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SST drop between the end and the beginning of the upwelling
event, as it would be expected due to the cooling of surface water
induced by upwelling (Fig. 4). This drop is even more marked near-
shore and agrees with the difference between coast and near the
adjacent ocean zone observed by Santos et al. (2011) at the NWIP
Fig. 6. Upwelling index corresponding to historical and future conditions (a). Brunt-Väi
periods. Values were calculated for the domain marked with a shaded pink area in Fig.
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and Varela et al. (2018) for most of the world coasts and especially
in upwelling systems. Overall, patterns are similar for both climate
periods in most of the domain, with the exception of the region
between 41� 300 N and 42� 150 N, where nearshore values ranging
from 2 to 3 �C were observed for the historical period, and from 1
to 2 �C for the future (Fig. 4a and b). Both patterns are a clear proxy
of the imprint of high-extreme upwelling events on coastal SST.
Thus, the more negative the DSST, the more efficient the upwelling
mechanism.

Fig. 5 shows the difference between the SST drop for the future
and for the historical period, which is positive for most of the
coastal domain north of 41� 300 N and zero for the rest. Positive
(red) values indicate that the SST drop is lower for the historical
period. This figure shows that despite the strengthening of UI north
of 41.5�, which was described by Sousa et al. (2017) using future
wind projections, the upward pumping of subsurface water is less
effective. These results suggest that other factors apart from wind,
like the stratification of the water column prior to the upwelling
event should be also considered.

Fig. 6 shows UI and water column stratification, described in
terms of the Brunt-Väisälä frequency (N), for the domain between
Minho and Ria de Vigo (shaded pink box in Fig. 1). As expected,
higher UI values were observed for the future (red line in
Fig. 6a). However, water column stratification is higher for the sur-
face mixed layer in the future (Fig. 6c) compared to the historical
period (Fig. 6b). Near coast, the highest N values occur between
5 and 15 m depth for the historical period (Fig. 6b) and between
5 and 25 m for the future (Fig. 6c). Thermocline will be deeper
and more intense in the future, which will increase the stratifica-
tion in the whole section. This result is consistent with previous
studies derived from numerical models forced with GCMs from
CMIP3 (Pires et al., 2015) and CMIP5 (Oerder et al., 2015;
Oyarzún and Brierley, 2019) projects. Oyarzún and Brierley
(2019) verified that as ocean stratification increases upwelling of
sälä frequency (N) prior to the upwelling event for the historical (b) and future (c)
1.
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coastal seawaters sourced from 100 m to at 300 m depth becomes
less connected to the wind stress. Thereby, the observed increase
in stratification counteracts the intensification of upwelling
favourable winds, which results in a decrease of intensity and fre-
quency of upwelling events in the NWIP coast, as observed by Di
Lorenzo et al. (2005) for the California Current System. Ocean strat-
ification decreases the upper ocean mixing and transport, which in
turns reduces the ability of the oceans to supply the oxygen from
the surface into the thermocline (Gruber, 2011). Furthermore, the
stratification will limit the subsurface-water upwelled to the sea
surface, leading to warmer SST and limiting the nutrient influx.
Ocean warming can then have a negative impact on the productiv-
ity of the NWIP coast, as described in (Gutierrez et al., 2011),
Roemmich and McGowan (1995) for the California Current, where
the deepening of the thermocline resulted in the decline of zoo-
plankton production. Additionally, Brochier et al. (2013), using an
ocean numerical model, also showed that global warming could
reduce the fish capacity in the Humboldt Current system.
4. Conclusions

A realistic configuration of Delft3D-Flow was used to analyse
present and future coastal upwelling along the NWIP coast. Firstly,
the best atmospheric model to force Delft3D was chosen among
the models provided by the CORDEX project. The accuracy of the
models to reproduce past climate was assessed in terms of the Per-
kins analysis, pointing the RCMMOHC-HadGEM2-Es-RCA4 and the
GCM MOHC-HadGEM2-Es, as the best candidates to force Delft3D.
Numerical experiments were conducted under high-extreme
upwelling conditions for two climate periods: a historical period
(1976–2005) and a far future period (2070–2099) under the RCP
8.5 greenhouse emission scenario.

Despite wind induced upwelling forcing is projected to intensify
during this century, the upwelling imprint, defined in terms of the
water-cooling during high-extreme events, will be less intense in
the future. This decrease in the effectiveness of upwelling is due
to the future increase in the thermal stratification of the water col-
umn, which will limit the amount of deeper water that will reach
the sea surface in the future. This fact can deeply affect the primary
production and, consequently, influence the marine fish stocks.
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Understanding and forecasting future consequences of climate change in mussel aquaculture industry require
the assessment of changes in physical parameterswhichmay affectmussel growth. The FLOWmodule of Delft3D
model forced with climatic data was validated and calibrated for the Rías Baixas (NW Iberian Peninsula), one of
the areas with the highest mussel production in the world. This model was used to perform historical
(1999–2018) and future (2080–2099) projections. Temperature and stratification water conditions were com-
pared in order to determine at what extent climate change can affect mussel production. Thermal stress will in-
crease in a non-homogeneous throughout the water column and the comfort level of mussels will be reduced by
more than 60% in the upper layers and more than 30% in deep layers in most of the mussel raft polygons. Water
column stratification will increase ~ 5–10 cycles h−1 in most of the polygons reducing the vertical exchange of
nutrients and oxygen. Hereby changes in water temperature and stratification at the end of the century will
not be favorable for mussel growth.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Climate change is expected to have a significant environmen-
tal impact affecting primary production, economy and society.
In marine systems, sea-level rise, sea temperature changes,
changes in circulation patterns and frequency, acidification, and
severity of extreme events will impact the marine ecosystems
and therefore, affect fisheries productivity. The analysis of the
possible and probable vulnerabilities of these systems in a sce-
nario of climate change allows establishing mitigation and adap-
tation procedures.
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The aquaculture sector is growing rapidly and plays a key role in
food production to sustain a growing human population. In recent
years, capture fisheries have become relatively stable whereas aquacul-
ture production has increased, providing up to 46.8% of the world com-
bined capture and aquaculture production in 2016, of which 35.9%
proceeded from marine aquaculture (FAO, 2018). In the coming years,
the aquaculture sector will have to face climate-change impacts trough
the management of mitigation and adaptation strategies (Duarte et al.,
2017; FAO, 2017). Since changes associated with climate change will
not be the same everywhere (Cane et al., 1997), the study of the possible
effects on specific areas is essential.

This research is focused on the Rías Baixas (Fig. 1), located on the
northwest coast of the Iberian Peninsula in the northern limit of the
eastern North Atlantic Upwelling system. They are four flooded incised
valleys (Evans and Prego, 2003) of high primary productivity, favoured
by their location. The economy of the region depends mainly on the
fishing, shellfish gathering and aquaculture sectors. This last one is
mostly focused on the extensive culture of Mytilus galloprovincialis in
mussel rafts. Data from the Spanish Ministry of Agriculture, Fisheries
and Food show that approximately 279,000 tons of mussels were pro-
duced in 2018 in the region of Galicia, most of them within the Rías
Baixas (https://www.pescadegalicia.gal), corresponding to up to 40%
of the European and up to 15% of the World aquaculture production of
mussels (Aguiar et al., 2017).

Growth rate, mortality and production of mussels are dependent on
several environmental factors such as oxygen and phytoplankton
Fig. 1. (a) Location of the study area. (b) The box indicates themodeled area. The black square in
used to perform the vertical profiles. Contour bathymetry lines (shown in gray) were ela
Oceanographic Data Centre (BODC).
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availability, water temperature, salinity and ocean acidification among
others (Pérez Camacho et al., 1995; Anestis et al., 2007; Mesas and
Tarifeño, 2015).

Water temperature is one of the most relevant indexes of the
quality of aquatic ecosystems due to its importance for biological
and chemical processes and species interactions (Zippay and
Helmuth, 2012; Gestoso et al., 2016). It is a critical factor in mussel
growth, explaining independently 67% of the differences in growth
(Kroeker et al., 2014). Biochemical and physiological rates benefit
from moderate warming, but only up to an optimal temperature,
which is specific for each species (Gillooly et al., 2002; Anestis
et al., 2007). Greater warming beyond that optimal range can cause
slower growth and reductions in performance and survival (Hrs-
Brenko et al., 1977; Anestis et al., 2010).

As mussel aquaculture in the Galician coast depends on the col-
lection of natural seed, both from intertidal rocky shore and collector
ropes, most of the studies analyze its distribution and quality
(Blanton et al., 1987; Cáceres-Martínez et al., 1993; Cáceres-
Martínez and Figueras, 1998; Fuentes et al., 1998). There are numer-
ous studies focused on themortality of mussels based on the genetics
of individuals (Fuentes et al., 1994; López et al., 2001; Fuentes et al.,
2002; Diz and Presa, 2009), as well as studies on the factors that can
influence mussel productivity, especially in relation with upwelling
patterns (Blanton et al., 1987; Figueiras et al., 2002) the proliferation
of harmful algae blooms (Álvarez-Salgado et al., 2008; Spyrakos
et al., 2011) and the within-raft variability (Fuentes et al., 2000).
dicates the location of Cabo Silleiro buoy. The black dots indicate the location of the stations
borated using the General Bathymetric Chart of the Oceans (GEBCO) from the British

https://www.pescadegalicia.gal
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Most of the studies on the possible impact of climate change on the
Rías Baixas investigate the effects on upwelling events (Casabella
et al., 2014; Cordeiro Pires et al., 2016; Sousa et al., 2017; Sousa
et al., 2020). Few studies have been found that analyze its possible
impact on the mussel production, in particular, Pérez Muñuzuri
et al. (2009) conclude that if the upwelling weakens under climate
change conditions, mussel production would be reduced and
Gestoso et al. (2016) analyze the possible competition between the
native Mytilus galloprovincialis and the invasive mussel Xenostrobus
securis in a scenario of global ocean warming.

The present study attempts to determine how climate change will
affect the Rías Baixas at the end of the century and its possible impact
on mussel culture industry. To achieve this goal, numerical simulations
using the FLOWmodule of Delft3D under imposed conditions frompro-
jection data were performed for historical and future periods. Firstly,
the skill of the Delft3D-Flow to simulate future estuarine conditions
was checked. The characterization of future water temperature and
stratification obtained from Delft3D-Flow allows improving our
knowledgement about how climate change can affect the mussel pro-
ductivity in the Rías Baixas by the end of the 21st century.

2. Methodology

2.1. Numerical model

Calculations based on climate projections are an arduous task where
different sources of error can appear. First, models must be accurate to
reproduce in situmeasurementswhen forcedwith real data. In addition,
Fig. 2. Mean values of bias (upper number) and RMSE (lower number) obtained comparing
temperature (b) for August 2009 to 2018. Red dots indicate that the model overestimates i
negative bias. Dot size indicates the bias percentile.
they must also represent mean conditions when forced with climatic
data. Note that the results provided by climatic models for a certain pe-
riod (e.g., June 2003) do not correspond to the actual conditions for that
period, in such a way that a group of years must be averaged to obtain
values representative of the climate conditions. Thus, models must be
calibrated in two differentways: (i) forcingmodels with real conditions
corresponding to a certain time interval (typically fromdays tomonths)
and comparing the results with in situ data (date-to-date); (ii) forcing
models with historical climatic data for longer periods (typically de-
cades) and comparing the mean values with other source at that scale.

The FLOWmodule of the Delft3D numerical model was used to ana-
lyze global warming effects in the Rías Baixas. A detailed description of
the numerical model parametrization, implementation and validation
for the Galician Rías Baixas can be found in Des et al. (2019).

Two numerical experimentswere used in the presentmanuscript. In
the first one (Exp#1 from now on), Delft3Dwas forced with real condi-
tions and run for the period 2009–2018 to be compared with in situ
data. This setup was previously used by Des et al. (2019). In the second
experiment (Exp#2 from now on), themodel was forcedwith historical
climatic data over the period 2009–2018 and values were averaged to
be compared with average values provided by Exp#1. Finally, once the
accuracy of Delft3D for the area under study was assessed the Exp#2
was extended, comprising the historical (1999–2018) and future
(2080–2099) period under climate conditions. The RCP8.5 greenhouse
gas emission scenario was considered for future projections.

Themodel uses amesh covering an area from 41.18°N to 43.50° N and
from 10.00° to 8.33°W (Fig. 1, rectangle). The horizontal resolution in-
creases gradually from 2200 m × 800 m on the oceanic West boundary
Delft3D-Flow predicted and measured weekly vertical profiles of salinity (a) and water
n situ data, positive bias. Blue dots indicate that the model underestimates in situ data,
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Table 1
Model accuracy in reproducing in situ data of salinity and water temperature in each ria
calculated averaging the values of all stations per ria.

Ria Salinity Temperature (°C)

Bias RMSE Bias RMSE

Muros 0.26 0.33 0.25 0.90
Arousa 0.16 0.21 0.01 0.88
Pontevedra 0.06 0.14 −0.63 1.06
Vigo 0.09 0.14 −0.32 0.89
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to 220m×140m in theRías Baixas and to50m×77m in theMinhoRiver
estuary. The vertical resolution is 16 sigma layers with top layers refined.

The bathymetry used for numerical simulations was elaborated
by compilation from different sources. The bathymetries for the
rias of Arousa, Muros and adjacent shelf area were digitalized from
nautical charts elaborated by the Spanish Navy Hydrographical Insti-
tute. The multibeam-sourced bathymetries of the rias of Vigo and
Pontevedra with a horizontal resolution of 5 m were provided by
the General Fishing Secretary, dependent on the Spanish Ministry
of Agriculture, Fisheries and Food. Portuguese Navy Hydrographic
Institute provided the bathymetry of the Minho estuary. Bathymetry
gaps were covered using data from the General Bathymetric Chart of
the Oceans (GEBCO, https://www.gebco.net/) which has a spatial
resolution of 30 arc sec.

The oceanic boundary was divided into 127 sections and was forced
with water level and transport conditions. Thirteen main tidal harmonic
constituents obtained from the model TPXO 7.2 TOPEX/Poseidon Altime-
try (M2, S2, N2, K2, K1, O1, P1, Q1,MsF,MM,M4,MS4,MN4)were prescribed
Fig. 3.Measured (blue line) and computed (red line) vertical profiles of salinity (upper row) and
of Muros, Arousa, Pontevedra and Vigo during July–August from 2009 to 2018. Shadows repre
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as astronomical forcing. Salinity andwater temperature (transport condi-
tions, from now on), were specified per layer. Transport conditions for
Exp#1 were imposed using daily data from the operational Atlantic-
Iberian Biscay Irish-Ocean Physics Reanalysis, with a horizontal resolution
of 1/12° and a vertical resolution of 50 sigma coordinate levels. Data are
available through the Copernicus Marine Service website (http://
marine.copernicus.eu). For the Exp#2, the transport conditions were re-
trieved from the GCM MOHC-HadGEM2-Es GCM in the framework of
phase 5 of the Coupled Model Intercomparison (CMIP5) project.

As surface boundary conditions (air temperature, relative humidity,
net solar radiation, surface pressure and wind), Exp#1 used hourly data
from MeteoGalicia Weather Research and Forecasting Model, with a
resolution of 4 km, Exp #2 were obtained from the MOHC-HadGEM2-
Es-RCA4 RCM in the framework of the Coordinated Regional Climate
Downscaling Experiment (CORDEX) project. MOHC-HadGEM2-Es-
RCA4 is the RCM, which better reproduces historical climate conditions
in the area under study, as stated in Sousa et al. (2020).

Freshwater discharges were imposed as fluvial open boundary con-
ditions. Minho River discharge data was provided by the Confederación
Hidrográfica Miño-Sil, where the Verdugo-Oitavén, Lérez, Ulla, and
Umia river discharge data were retrieved from the MeteoGalicia data-
base for Exp#1. In the Exp#2, the climatologic river discharge data
were obtained by accessing to the Hype Web portal. In this setup, a re-
duction of 25% in river discharges and the RCP8.5 greenhouse gas emis-
sion scenariowere considered for future projections, following themost
pessimistic predictions (https://hypeweb.smhi.se/explore-water/
climate-impacts/europe-climate-impacts/).

Both experiments were run for July and August using a spin-up pe-
riod of two weeks.
water temperature (lower row) in a sampling station located in themiddle part of the rias
sent measured and numerical standard deviations.

https://www.gebco.net/
http://marine.copernicus.eu
http://marine.copernicus.eu
https://hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-impacts/
https://hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-impacts/
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2.2. Processing of numerical data

The skill of numerical simulations carried out using Exp#1 to repro-
duce thermohaline variables was evaluated through root mean square
error (RMSE) and bias indicators. Weekly in situ vertical salinity and
temperature profiles at 38 sampling stations distributed within the
four rias (Fig. 2) were compared with the predicted values date-to-
date. These in situ data were collected using a SBE25 CTD at 38 field sta-
tions (8 at the Ría de Muros, 11 at the Ría de Arousa, 11 at the Ría de
Pontevedra and 8 at the Ría de Vigo, Fig. 2) and were downloaded
from the Instituto Tecnolóxico para o control do Medio Mariño de Gali-
cia (INTECMAR)website (www.intecmar.gal). Thompson Tau test, with
α = 0.1, was used to detect and remove outliers in data. Additionally,
gaps were filled using a cubic interpolation.

Statistical analysis over the historical period for each atmospheric
and oceanic variable was carried out. Atmospheric dataset from
MOHC-HadGE2-Es-RCA4 RCMwas compared with ERA-Interim dataset
while oceanic data from MOHC-HadGE2-Es GCM were compared with
in situ data from Cabo Silleiro buoy (Fig. 1). This statistical analysis
shows a good agreement for all variables except for the air temperature,
for which a bias of 2 °C was observed. Thus, a reduction of 2 °C was ap-
plied to predicted air temperature data before entering it into the
Delft3D-Flow model.
Fig. 4.Delft3D-Flow predicted water temperature (upper layer) using Exp#1 (a) and using Exp
using Exp#1 and Exp#2 (Exp#2 - Exp#1) (c). Histogram showing the frequency of the temper
To assess the impact of the climate changeon the aquaculture sector of
the Rías Baixas hourlymodel outputs were used to characterize 44 points
located within areas of mussel rafts (referred as mussel raft polygons).

Thermohaline variables were used to analyze the stratification using
the Brunt-Väisälä frequency (N). Hourly Brunt-Väisälä frequency was

averaged obtaining a representative value for historical (N
H
) and future

periods (N
FÞ.

3. Results and discussion

3.1. Skill of Delft3D-Flow

The capability of the numerical model (Exp#1) to reproduce thermo-
haline variables in the riaswas evaluated by the average of bias and RMSE
for each station (Fig. 2). Then, themeanRMSE andbias for each station are
averaged for every ria (Table 1). The model overestimates salinity (posi-
tive bias values), being the bias for the rias of Pontevedra and Vigo close
to zero. Regarding water temperature, the model overestimates in situ
data for the Ría de Muros and underestimates it in the rias of Pontevedra
andVigo. In the Ría de Arousa, the bias is almost zero. Both bias and RMSE
values are similar to those obtained by Des et al. (2019) for the same area
using the same numerical model and set up.
#2 (b) for July–August over 2009–2018. Difference between predicted water temperature
ature differences shown in c (d).
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Additionally, Fig. 3 shows both measured (blue line) and computed
(red line) salinity and water temperature vertical profiles for a station
located in the middle part of each ria during July and August averaged
from 2009 to 2018. Shadows represent measured and numerical stan-
dard deviations. These vertical profiles show the accuracy of numerical
simulations to reproduce field data.

Once the accuracy of the model to reproduce in situ data was
assessed using the configuration of Exp#1, the average temperature
field of Exp#1 andExp#2 for July–Augustwas compared over the period
2009 to 2018. Top layer temperature outputs for both experiments are
depicted in Fig. 4a and Fig. 4b, respectively. Fig. 4c shows the difference
between these two outputs (ΔT = TExp#2 − TExp#1). The histogram of
Fig. 4d shows that more than 90% of the ΔT values are within the
range −1 to 1 °C. In addition, ΔT tends to be positive, mostly between
0 and 0.75 °Cwith an average bias of 0.40 °C (Fig. 4c). Despite the differ-
ent nature of data sources used to force the model, both configurations
provide, in general, a similar pattern, although numerical results from
Exp#2 tend to overestimate the results of Exp#1. The agreement be-
tween both setups shows that Delft3D-Flow forced with climatic data
Fig. 5. Percentage of time (July–August) duringwhichmussels arewithin the comfort temperat
Historical, c) considering surface layers [0–6] m.
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can be accurately used to simulate future temperature conditions in
the Rías Baixas.

3.2. Physical parameters that can affect mussel production under the future
climate warming

Different physical parameters that can change in the future affecting
mussel production, likewater temperature and stratification,will be an-
alyzed in next subsections. Temperature will be responsible of mussels
comfort conditions related to thermal stress while stratification will be
a proxy to assess the capability of the water column to allow vertical
movements and, hence, the vertical exchange of nutrients and oxygen.

3.2.1. Water temperature
Water temperature is the main physical parameter that affects the

mussel productivity of the Rías Baixas. Mussels survive in a wide
range of temperature, being able to withstand high temperatures
(Gosling, 1992), although the optimal range for mussel growth is
narrower. The mechanisms of mussels' adaptation to the water
ure range (14–20 °C) for the historical period (a), the future (b) and the difference (Future-
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temperature increasemay be limited by their physiological limits. Some
studies indicate thatmussel has a limited capacity tomodify their phys-
iological tolerance limit and that they are experiencing temperatures
close to it (Tomanek, 2008; Ioannou et al., 2009). The optimal range
for Mytilus galloprovincialis growth was determined between 14 and
20 °C following previous research on the effect of water temperature
on the growth and mortality of mussels (https://longline.co.uk/meta/
List; Hrs-Brenko et al., 1977; Anestis et al., 2007; Peharda et al., 2007;
Sánchez-Lazo and Martínez-Pita, 2012; Kroeker et al., 2014). The com-
fort index was considered as the percentage of time in which water
temperature remains within that optimal range. Mussel comfort is
80–100% at the upper layers (0–6 m) for all mussel rafts for the histor-
ical period (Fig. 5a). However, comfort at these upper layerswill be con-
siderably reduced by the end of the century (Fig. 5b) with a percentage
ranging from 40% to 60% in the outer areas of the rias and from 20% to
40% in themiddle part, especially near the north shore. The lower values
(0–20%) are observed near themouths of the rivers, possibly due to the
shallowness of the zone. Changes in comfort (ΔC =
Fig. 6. Percentage of time (July–August) duringwhichmussels arewithin the comfort temperat
Historical, c) considering deep layers [6–12] m.
ComfortF − ComfortH in Fig. 5c) will be always negative, reaching
values b −60% in most of the points, which results in a remarkable
loss in the comfort conditions for the future, which can eventually
cause biological stress and reduce mussel growth.

The comfort index at deep layers (6–12 m, Fig. 6) shows a similar
pattern than at surface ones. For the historical period, it is in the in-
terval 80–100% (Fig. 6a) for all mussel rafts, equal than previously
calculated for surface layers (Fig. 5a), and it is also reduced for the fu-
ture projections (Fig. 6b). In these future projections the comfort
index ranges from 60% to 100% in the outer areas of the rias, from
40% to 80% in the middle part and from 0% to 40% near the mouths
of the rivers. These results show that the shallow areas will be
more affected by ocean warming. Regarding ΔC (Fig. 6c), values are
always negative but only reach b −60% near the river mouths, in
general deep layers lose fewer comfort conditions than the upper
ones. The locations were lower ΔC are observed correspond to the
areas most affected by summer upwelling. The upwelled water,
whose current temperature tends to range from 12 to 14 °C
ure range (14–20 °C) for the historical period (a), the future (b) and the difference (Future-

87

https://longline.co.uk/meta/List;
https://longline.co.uk/meta/List;


8 M. Des et al. / Science of the Total Environment 709 (2020) 136117
(Blanton et al., 1987; Prego et al., 2001; Alvarez et al., 2005), mitigate
the water temperature rise in deep layers.

As for the future thermal comfort at deep layers (Fig. 6b), in gen-
eral, it will be higher than at surface layers (Fig. 5b). This fact can
have a negative impact on the productivity since, at present, the
upper part of the ropes (first meters) tends to be more productive
than the lower part (Fuentes et al., 2000; Figueras and Caceres-
Martinez, 2007). On the other hand, although all of the locations
show negative values, the reduction in future comfort will affects
less to the outermost stations (Figs. 5b and 6b) and mainly in the
deep layers. In summary, the outermost stations, where productivity
is higher at present (Navarro et al., 1991; Pérez Camacho et al., 1995;
Figueras and Caceres-Martinez, 2007) will be affected differently by
ocean warming depending on the depth. The temperature rise of the
deep layers will not have a very significant impact in comfort condi-
tions while temperature will increase at surface layers leading to
more stressed conditions for mussel growth.

Finally, it should be noted that this index only refers to thermal com-
fort not to the concentration of nutrients or oxygen of the upwelled
water or to the light conditions.
Fig. 7. Predictedmean Brunt-Väisälä frequency for July and August using Exp#2 atmussel raft p
of change in predicted future Brunt-Väisälä frequency respect to the historical one.

88
3.2.2. Water stratification
Water stratification is another important physical parameter to ana-

lyze the future survival of mussel aquaculture activities within the Rías
Baixas. Water stratification reduces vertical exchange and is usually re-
lated to the occurrence of harmful algae blooms (Álvarez-Salgado et al.,
2008; Pitcher et al., 2010). The Brunt-Väisälä frequency was calculated
and averaged through the water column to determine the stratification
of the rias. The Brunt-Väisälä frequency (Fig. 7) shows that the innermost
part of the rias is more stratified than the outermost one as it can be ob-
served both for the historical (Fig. 7a) and future (Fig. 7b) period.

The percentage of change in future stratification relative to the his-

torical one is shown in Fig. 7c. This percentage is calculated as ΔN ¼ 10

0� ðNF
−N

HÞ=NH
, where the superscripts F andH refer to the future and

historical period respectively. An increase in the future stratification is
observed in most of the points, being the most significant changes (be-
tween 10% and 15%) located in the external part of the south coast of the
rias of Pontevedra and Arousa. In general, the percentage of change de-
creases for the northern shores and, especially, in the areas most influ-
enced by river discharge. Values can even be negative (less stratified
olygons for (a) historical (1999–2019) period, (b) future (2080–2099) and (c) percentage



9M. Des et al. / Science of the Total Environment 709 (2020) 136117
conditions in the future) in the area affected by the Ulla River, the river
with the highest runoff in the area and, at a lesser extent, in the areas of
influence of Umia River (also in the ria of Arousa) and Tambre River (Ría
de Muros) (Fig. 1). The same behaviour was not observed in Vigo and
Pontevedra due to the long distance between the mouth of the river
and the sampling stations. The pattern is possibly related to the circula-
tion pattern of the rias, where the outer area is more influenced by oce-
anic conditions while the inner part is controlled by river discharge. It
was also observed that the thermocline will be deeper. According to
Sousa et al. (2020), the future deepening of the thermocline will coun-
teract the increase in upwelling favorable winds and will induced ther-
mal stratification. The stratification will be more marked in the outer
part of the rias while the future reduction in river discharge (https://
hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-
impacts/) will diminish the haline stratification of the inner part of the
rias. The projected increase in stratification, especially at the outer sta-
tions (the most productive ones according to Navarro et al. (1991),
Pérez Camacho et al. (1995) and Figueras and Caceres-Martinez
(2007)) will constitute a clear drawback for mussel exploitation. It
will limit the vertical exchange of nutrients and oxygen and will give
rise to the probable intensification of harmful algae blooms, increasing
the number of days that mussel raft polygons are inactive.

4. Conclusions

Numerical simulations using Delft3D-FLOW under historical and fu-
ture RCP8.5 conditions were used to analyze how climate change will
affect the Rías Baixas at the end of the 21st century and its possible im-
pact on the main physical parameters (water temperature and stratifi-
cation) that affect mussel aquaculture productivity.

The general rise in water temperature will increase the time during
which mussels will be subjected to thermal stress conditions. The im-
pact on the water column will not be homogeneous, upper layers will
be more affected than the deep ones. The comfort level of mussels will
be reduced by more than 60% in the upper layers in most of the mussel
raft polygons. Regarding deeper layers, the mussels comfort conditions
will be reduced but less than in the upper layers.

Water column stratificationwill increase inmost of the stations, par-
ticularly in the outer areas of the rias. A reduction in stratification is only
observed in the areas most affected by river discharge. This increase in
water stratification will limit the vertical exchange of nutrients and ox-
ygen and will give rise to less favorable conditions for aquaculture.

The present work helps to improve knowledge about how climate
change can affectmussel industry in the Rías Baixas. Analysis of physical
parameters shows that changing the location to most suitable areas to
ensure aquaculture of mussel raft polygons may help to mitigate the ef-
fect of climate change inmussel productivity. The outer areas of the rias
seem to be more advisable for new locations.
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Abstract 

In the current scenario of climate change characterized by a generalized warming, many species 

are facing local extinctions in areas that are near their thermal tolerance threshold. At present, the southern 

limit of the geographical distribution of several intertidal seaweeds is located in the Northwest Iberian 

Peninsula and the Rías Baixas may be acting as contemporary refugia for large habitat-forming macroalgae. 

Therefore, it is necessary to analyze future changes induced by ocean warming in this area that may induce 

changes in macroalgae populations. The Delft3D-Flow model forced with climatic data was used to 

calculate July-August sea surface temperature (SST) for the present (1999-2018) and for the far future 

(2080-2099). Mean daily SST was used to develop and calibrate a mechanistic geographical distribution 

model based on the thermal survival threshold of two habitat-forming macroalgaes, Himanthalia elongata 

and Bifurcaria bifurcata. Results show that H. elongata will become extinct in the Rías Baixas by the end 

of the century, while B. bifurcata and other habitat-forming species of similar thermal tolerance may occupy 

potential free sites left by the decline in H. elongata. 

Keywords: climate change; macroalgae; intertidal organisms; species distribution model; Delft3D; 

CORDEX; CMIP5, RCP8.5 
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1. Introduction 

Ecological systems have to face the modification in environmental conditions that 

global climate change is causing worldwide (Chen et al., 2011; McMenamin et al., 2008; 

Parmesan et al., 1999; Poloczanska et al., 2016, 2013). In terrestrial and marine 

environments, species have to deal with a general increase in warming conditions, which 

are not homogeneous everywhere (Cane et al., 1997).  Often it results in local extinctions 

at the low latitude range limits of the species distributions (Wiens, 2016). This range 

contraction and local decrease are especially worrying when it affects conspicuous 

habitat-forming species because they provide structure, shelter and food to many 

accompanying species that form the ecological community (they are ecosystem engineers 

sensu (Jones et al., 1994). The pattern of climate change and, in particular, warming may 

be heterogeneous across the latitudinal gradient of a species distribution (Helmuth et al., 

2006) and there may be colder favorable spots at this range margin. These cold spots i.e. 

contemporary climatic refugia (Ashcroft, 2010; Keppel et al., 2012), may favor the 

persistence of edge populations.  

Bakun (1990) hypothesized that global warming could strength coastal upwelling 

intensity due to the increase in land-ocean thermal contrast. The strengthening of 

upwelling-favorable winds would result in cooling of the ocean surface. This hypothesis 

has been tested for different upwelling systems, finding different trends and concluding 

that each system responds to global warming differently (Sydeman et al., 2014; Varela et 

al., 2015; Wang et al., 2015). Despite this, coastal upwelling regions show lower warming 

rates than the adjacent ocean, buffering the ocean warming  (Santos et al., 2012; Bakun 

et al., 2015; Varela et al., 2018; Seabra et al., 2019). In the same way, the areas affected 

by river plumes usually show lower warming rates than the adjacent ocean water (Costoya 
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et al., 2017, 2016). Thereby, coastal upwelling regions, estuaries and adjacent coastal 

areas affected by river plumes may represent climatic refugia for many species. 

Coastal rocky systems are among the most productive marine areas (Smale and 

Wernberg, 2013). In temperate latitudes, these environments are dominated by 

macroalgae which are declining at a global scale (Kumagai et al., 2018). Kelp forests and 

the large intertidal macroalgae meadows are threatened all over the planet by climate 

change and other anthropogenic stressors (Strain et al., 2014; Wernberg et al., 2016). The 

geographical distribution of these species has traditionally been related to water 

temperature, in addition to other physical factors of regional and local variation, such as 

marine salinity (reviewed in Lüning, 1990). The southern, lower latitudinal limit of the 

geographic distribution of several kelps and large intertidal seaweeds is located in the 

Northwest Iberian Peninsula (NWIP). A marked contraction of the species range in this 

area has been detected in recent years (reviewed in Casado-Amezúa et al., 2019). This is 

the case of Himathalia elongata, who has disappeared from a coastal strip of 

approximately 130 km since the start of this century in the North Iberian Peninsula (NIP) 

(Duarte et al., 2013), due to its restricted thermal tolerance (Martínez et al., 2015). 

Currently, its distribution is restricted to the NWIP corner, including the presence inside 

the large embayments of the Galician rias and in areas moderately exposed to waves 

(Martínez et al., 2012). This species exemplifies the decline response observed in other 

habitat-forming macroalgae of cold-temperate affinities. By contrast, the degree of 

resilience to warming of other macroalgae with greater tolerance to thermal stress, such 

as Bifurcaria bifurcata, is still unknown. Recent studies indicate that these species of 

warm-temperate affinity is also declining in NIP (Méndez-Sandín and Fernández, 2016).  

The Rías Baixas are four flooded incised valleys (Evans and Prego, 2003) located 

on the NWIP, at the northern limit of the eastern North Atlantic Upwelling system. They 
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are the southernmost rias of Galicia (Fig. 1). Due to their location, they are strongly 

influenced by upwelling events. Upwelling, together with other co-varying factors as the 

higher water and nutrient supply, protection from wave action or river flow (Duarte and 

Viejo, 2018) may be responsible for the rias to be acting as contemporary refugia to 

warming for large, habitat-forming macroalgae (Lourenço et al., 2016). Although it is 

expected an intensification of upwelling-favorable winds in the NWIP for the future 

(Rykaczewski et al., 2015; Sousa et al., 2017). Sousa et al. (2020) have recently obtained 

that coastal upwelling will be less effective due to the increase in the stratification of the 

upper layer caused by sea surface warming. In fact, Des et al. (2020) determined that the 

future increase in water temperature and stratification will negatively affect the growth 

of Mytilus galloprovincialis, the specie used for mussel aquaculture in the area. 

Considering all these results a question arises, will the Rías Baixas act as climatic refugia 

to warming for large habitat-forming macroalgae in the future? 

The aim of this work is to determine how climate change, and SST warming in 

particular, will affect the geographical distribution of two intertidal macroalgae, 

Himanthalia elongata and Bifurcaria bifurcata, within the Rías Baixas. Firstly, SST data, 

computed by means of Delft3D-Flow numerical model, were used to detect heat waves 

that may affect each of the species. Then, a mechanistic distribution model based on the 

thermal survival threshold for adult plants of each species was calibrated and used to 

determine the thermal habitat suitability for the present (1999-2018) and by the end of the 

century (2080-2099). Thermal survival thresholds for adult plants were previously 

determined by Martínez et al. (2015).  
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Fig. 1. (a) Location of the study area along the northwestern coast of the Iberian Peninsula. (b) The box 

indicates the modeled area. (c) A close-up view of the Ria de Muros and the Ria de Arousa is shown with 

the numerical grid and the position of TidbiT data loggers sampling stations (black points). 

2. Methodology 

2.1. Hydrodynamic numerical model 

Sea surface temperature (SST) was computed using the hydrodynamic numerical 

model Delft3D-Flow. Numerical simulations of transport conditions were performed 

using the mesh, parametrization and implementation previously validated for the Rías 

Baixas by Des et al. (2019, 2020). These simulations validate de model when it is forced 

both with data from in situ measures and reanalysis and with data from climate models. 

The main characteristics of the numerical model configuration are described below; 

however, for a more detailed description of the parametrization see Des et al. (2019, 

2020).  
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The computational grid covers from 8.33ºW to 10.00ºW and from 41.18ºN to 

43.50ºN (Fig. 1b, rectangle). A curvilinear irregular grid was adopted with 452 x 446 

cells, and a mean resolution of 2200 m × 800 m on the west boundary, gradually 

increasing towards onshore, allowing higher resolution in the Rias (220 m x 140 m) and 

the Minho estuary (50 m × 77 m). This high spatial resolution allows Delft3D-Flow to 

provide, among other variables, SST data in the areas of the Rías Baixas that represent 

the natural habitats for intertidal macroalgae such as Himanthalia elongata and Bifurcaria 

bifurcata. The model uses 16 sigma layers with refined surface layers at the surface, this 

configuration allows to reproduce the ocean-atmospheric dynamics that characterize the 

SST.  

The bathymetric dataset for model simulations was created compiling data from 

different sources. Multibeam-sourced bathymetry with a resolution of 5 m for the rias of 

Vigo and Pontevedra was provided by the General Fishing Secretary. The bathymetry of 

the Ría de Arousa, the Ría de Muros and the adjacent shelf area was obtained from 

nautical charts of the Spanish Navy Hydrographical Institute. The Minho estuary 

bathymetry was provided by the Portuguese Navy Hydrographic Institute. Gaps in the 

dataset were filled using data from the General Bathymetric Chart of the Oceans with a 

horizontal resolution of 30 arc seconds (GEBCO, https://www.gebco.net/).  

The oceanic boundary was forced with transport conditions (salinity and water 

temperature) and water level. Tidal harmonic constituents (M2, S2, N2, K2, K1, O1, P1, Q1, 

MsF, MM, M4, MS4, MN4) were obtained from the model TPXO 7.2 TOPEX/Poseidon 

Altimetry (http://volkov.oce.orst.edu/tides/global.html) and were prescribed as 

astronomical forcing at the oceanic open boundary. River discharges are imposed as 

fluvial open boundary condition. The exchange of heat through the free surface was 

simulated using the “absolute flux, net solar radiation” model. This model requires 
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relative humidity, air temperature and the combined net solar (short wave) and net 

atmospheric (longwave) radiation. The heat loss due to evaporation and convection is 

computed by the model (Deltares, 2014). Wind components and pressure values are 

imposed varying spatially. 

Following the procedure described by Des et al. (2020), two numerical 

experiments were performed. In the first one (Exp#1 from now on), Delft3D was mainly 

forced with measured and reanalysis data, and the hydrodynamics of the study area were 

simulated for a historical period. In the second experiment (Exp#2 from now on), the 

model was mainly forced with historical and future data from the Regional Circulation 

Models (RCM) driven by General Circulation Models (GCM) executed in the framework 

of the Coordinated Regional Climate Downscaling Experiment (CORDEX) project 

(http://www.cordex.org/). Both experiments were run for July and August using a spin-

up period of two weeks.  

Exp#1 was run for 2012 to be compared with in situ coastal temperature data. The 

thermohaline boundary conditions for Exp#1 were imposed using daily data from the 

operational Atlantic-Iberian Biscay Irish-Ocean Physics Reanalysis 

(http://marine.copernicus.eu/). Data from MeteoGalicia Weather Research and 

Forecasting Model (https://www.meteogalicia.gal),, were used as surface boundary 

conditions. Minho River discharge data were provided by the Confederación Hidrográfica 

Miño-Sil (http://saih.chminosil.es), while Verdugo-Oitavén, Lérez, Ulla, and Umia rivers 

discharge data were retrieved from the MeteoGalicia database.  

Exp#2 was run for the historical (1999 - 2018) and future (2080-2099) periods 

under climatic conditions to perform geographical distribution maps of Himanthalia 

elongata and Bifurcaria bifurcata for the present and the future climate periods. Data for 

ocean boundary conditions were retrieved from the MOHC-HadGEM2-Es GCM outputs 
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(https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/). Surface boundary conditions were 

obtained from the MOHC-HadGEM2-Es-RCA4 RCM outputs (http://www.cordex.org/). 

Among the available scenarios, the RCP8.5 greenhouse gas emission scenario was 

considered for future projections. This scenario is quite likely according to the present 

greenhouse gas emission increase (Brown and Caldeira, 2017). Climatologic river 

discharge data were obtained from the Hype Web portal (https://hypeweb.smhi.se) and a 

reduction of 25% in river discharges was considered for future projections 

(https://hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-impacts/). 

2.1.1. Validation of the Hydrodynamic numerical model 

As stated above, the capability of the hydrodynamic numerical model to reproduce 

the hydrodynamic conditions of the Rías Baixas was previously assessed and validated 

by Des et al. (2019, 2020). Nevertheless, further checking of the skill of the numerical 

model to reproduce water temperature in shallow coastal areas was carried out using 

temperature data measured in situ using 19 TidbiT data loggers (9 located in the Ría de 

Muros and 10 in the Ría de Arousa, Fig. 1c). Data loggers recorded the temperature every 

30 minutes from January 2012 to September 2013 but only temperatures of August 2012 

at the time of high tides were used to validate the model. In situ water temperature 

measurements were compared with simulated temperature data using the root mean 

square error and bias. 

The root mean square error (RMSE) was calculated as  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �1
𝑁𝑁
∑ |𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡𝑖𝑖) − 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝑖𝑖)|2𝑁𝑁
𝑖𝑖=1 �

1
2�             (1) 

where 𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡𝑖𝑖) and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝑖𝑖) are the measured and Delft3D computed water 

temperature, respectively, and 𝑁𝑁 is the number of samples. 
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The bias was calculated as  

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 1
𝑁𝑁
∑ (𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝑖𝑖) − 𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡𝑖𝑖))𝑁𝑁
𝑖𝑖=1          (2) 

where 𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡𝑖𝑖) and 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝑖𝑖) are the measured and Delft3D computed water 

temperature, respectively, and 𝑁𝑁 is the number of samples. 

The bias and RMSE were averaged in order to obtain a mean value for each 

station. 

2.2. Mechanistic modeling of the geographic distribution of macroalgae 

The distribution models were based on the thermal tolerance threshold for the 

species survival. The water temperature data obtained from the first layer of the 

hydrodynamic model was considered as the predictive variable because SST is 

significantly correlated with the distribution of H. elongata and B. bifurcata, as it happens 

in general in seaweeds (Lüning, 1990; Martínez et al., 2012). The number of days (with 

a minimum number of 10 consecutive days) during which the daily mean SST was higher 

than the physiological threshold of the algae was calculated for the coastal areas of the 

Rías Baixas. For a better understanding, the result was expressed as percentage of the 

time both for historical (July-August 1999 - 2018) and future (July-August 2080-2099) 

periods. The physiological thresholds considered are based on the lethal conditions 

determined in tank experiments by Martínez et al. (2015). This lethal conditions occurred 

when the mean seawater temperature exceeded the specific threshold value of the species, 

18 ºC and 24.7 ºC, for H. elongata and B. bifurcata, respectively, sometime between days 

7 and 13 of the experiment (Martínez et al., 2015).  

The presence/absence of H. elongata and B. bifurcata on the shore of the rias of 

Muros and Arousa was determined from a field survey carried out in 2005 to model the 
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distribution of these species in the Atlantic Spanish coast (Martínez et al., 2012). A total 

of 81 rocky locations were visited inside Rías Baixas. The survey was repeated in both 

rias during low spring tides in 2011. The distributional records of H. elongata were used 

to calibrate the mechanistic distribution model. This species was preferred over 

B.bifurcata because shows less prevalence in the study area. As the presence of a stable 

population depends on the conditions of several years, the map of percentage of time 

under lethal conditions for July-August 1999-2011 was used to perform the calibration. 

A percentage of time of approximately 33% was identified as the threshold for the 

presence of populations, i.e., none of the present populations was found in grid cells with 

more than 33% of the days under lethal conditions, which are the periods of at least 10 

consecutive days of daily mean SST > 18 ºC (see results). This threshold was used to 

interpret the current (1999-2018) H. elongata maps of thermal habitat suitability, and their 

future (2080-2099) projections. Areas where the time under lethal conditions exceeds the 

33% threshold were interpreted as locations of algae absence. For the remaining areas, 

three levels of habitat thermal suitability were defined: 1) P1 for values between 0 and 

11% ([0, 11] %), representing the conditions farthest from the lethal threshold, 2) P2 for 

intermediate values ((11, 22] %), and 3) P3 for values between 22 and 33% ((22, 33] %), 

that may represent sub-lethal temperature conditions. The same criteria were used to 

interpret the B. bifurcata distribution maps (using a thermal survival threshold of 24.7 ºC, 

see above).  

Favorability maps were made to indicate the likelihood of the presence of 

adequate conditions for H. elongata and/or B. bifurcata by comparing their maps of 

thermal habitat suitability. High suitability values (lethal conditions < 33% of the time) 

in a grid cell implies that H. elongata and B. bifurcata can be found, then the map will 

indicate coexistence. If suitability values indicate the absence of H. elongata but are 
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favorable for the presence B. bifurcata, then the map will reflect B. bifurcata. Finally, if 

the conditions are unfavorable for both, then the map indicates that this area is not 

favorable for any of the two algae (none). 

 

3.  Results and discussion 

3.1. SST validation  

Modeled and in situ water temperature at 1 m depth for August 2012 were 

compared by means of the mean bias and RMSE calculated for each TidbiT logger station 

(Figure 2). The pattern observed is similar in both rias and, in general, the model tends to 

underestimate in situ water temperature along the northern shores of the rias (Fig. 2 blue 

dots, negative bias). The model tends to overestimate the water temperature in the inner 

areas (Fig. 2 red dots, positive bias) and the bias is almost zero along the southern shores. 

The maximum positive, 0.95 ºC, and negative, -1.57 ºC bias observed are quite similar to 

those obtained by Des et al. (2020), 1.25 ºC and -1.44 ºC, respectively. In general, there 

are more stations with high bias and RMSE than those observed by Des et al. (2019, 2020) 

when they compare numerical and in situ vertical profiles in deeper sectors of the 

estuaries. These higher errors are likely due to both the location of the loggers in intertidal 

coastal areas and the limited horizontal resolution of the mesh due to the complex 

orography of these estuaries. As the dimensions of a cell within the rias is approximately 

220 m × 140 m and the hydrodynamic model calculates the water temperature in the 

central point of the cell, the water temperature of cells near the coastline is calculated for 

a point ~100 m away from the data loggers position. Despite limitations, the adjustment 

of the hydrodynamic model can be considered good. 
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Fig. 2. Mean values of bias (upper number) (ºC) and RMSE (lower number) (ºC) obtained 

comparing Delft3D-Flow modeled and measured water temperature at 1 m depth for August 2012. Red 

dots indicate that the model overestimates in situ data (positive bias). Blue dots indicate that the model 

underestimates in situ data (negative bias). Dot size indicates the bias percentile. 

3.2. Calibration of the species distribution model 

The maximum percentage of time under lethal conditions suffered by any stable 

population of H. elongata for the period 1999-2011 (July-August) was 33%. In this study, 

this value was observed for the northernmost population located in the inner part of the 

Ría de Muros (Fig. 3, blue dot). When applying this threshold, the mechanistic models 

properly classify all the presences, however, many absences are still associated with high 

suitability values (Fig. 3). These absences can be associated to other factors, such as wave 

action, the presence of muddy and sandy substrates which are unfavorable for the 

settlement of H. elongata, or high atmospheric temperatures during low tide affecting 

those individuals inhabiting the intertidal (Martínez et al., 2012). Despite the model 

tending to over-predict the presence of H. elongata, it can provide useful information 

about potential areas of extinction in the future.  
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Fig. 3. Percentage of time (July-August 1999-2011) during which lethal conditions for H. 

elongata (a) and for B. bifurcata (b). Filled/empty black points indicate the presences/absences 

recorded in a field survey carried out in 2005 (and re-surveyed in 2011).  Filled/empty blue point 

indicates the location of the presence record which supports lethal conditions for more percentage of 

time. 

When applying the 33% threshold for B. bifurcata, taking into account that B. 

bifurcata does not survive in the grid cells when more than 33% of the days are periods 

of at least 10 consecutive days of daily mean SST > 24.7 ºC, the mechanistic model 

classifies all the presences properly but not the absences. This is because currently, the 

Rías Baixas are becoming thermal suitable for B. bifurcata, which is expanding within 

the rias (Martínez et al., 2012). 

 

3.3. Maps of thermal habitat suitability 

The potential effect of SST warming on the geographical distribution of H. 

elongata and B. bifurcata was estimated comparing the geographical map of thermal 

habitat suitability for the far future (2080-2099) with the present map (1999-2018). 
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The map of thermal habitat suitability of H. elongata for the present (Fig. 4a) 

shows that the thermal conditions of the Rías Baixas are most favorable to the presence 

of the algae. Unfavorable thermal conditions have been found in the inner areas of the 

rias, probably because the influence of the upwelling, which acts reducing water 

temperature, in these shallow areas is negligible. A more detailed analysis shows that the 

rias of Muros and Arousa display the most suitable conditions, although the time under 

lethal conditions increases in the middle part of the Ría de Arousa compared with the 

outer part. The rias of Pontevedra and Vigo show thermal conditions in the P2 range, 

indicating that the thermal conditions of these two rias are slightly less favorable than the 

conditions in the other two northern rias. The records of presence/absence of H. elongata 

and other species of cold-temperate intertidal fucaceae, e.g., Fucus serratus, collected 

during a field survey by Martínez et al. (2012), show a higher number of settlements in 

the rias of Muros and Arousa than in the rias of Pontevedra and Vigo. These observations 

support the differences in thermal conditions between the Rias Baixas since a greater 

number of settlements were registered in the estuaries where thermal conditions are more 

favorable. 

Projections for the far future (Fig. 4b) under the RCP 8.5 greenhouse gas emission 

scenario indicate that thermal conditions in the Rías Baixas will be lethal for H. elongata, 

which implies that this species is projected to disappear. A range contraction of 21% was 

already estimated for this species by the reduction in its extent of occurrence in the 

Cantabrian Sea and Portuguese coast between the periods 1980’s-1990’s to 2013-2016, 

as part of a general declining trend observed for many cold-temperate fucoids and kelps 

at its southern range limit in the Iberian Peninsula (Duarte et al., 2013; Casado-Amezúa 

et al., 2019). H. elongata, together with a list of other species, was suggested to be 

included in the red list of endangered species of the Spanish government, a decision 
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supported by the results of this study. Currently, the signs of decline inside the rias are 

less than elsewhere in the open shore, so it can be considered that they are acting as 

contemporary refugia to warming for several species (Duarte and Viejo, 2018). In the 

same way, an important habitat-forming species, namely the kelp Laminaria hyperborea, 

with an upper lethal threshold of 23 ºC, has also suffered a decline inside the Galician rias 

(Casado-Amezúa et al., 2019). The decline of temperate macroalgae does not occur 

locally or regionally, it is becoming evident as global warming proceeds in areas as far as 

Australia and South Africa (Wernberg et al., 2016, 2013; IPCC). Therefore, in the case 

of H. elongata, whose tolerance limit (18 ºC) is lower than that of L. hyperborean (23 

ºC), it can be considered that the Rías Baixas will no longer be refugia for this species by 

the end of the century. 

Fig. 4. Thermal habitat suitability for H. elongata based on modeled SST for July-August for 

the present (1999- 2018) (a) and the far future (2080-2099) (b). Green scale represents areas suitable 

for presence and red for absence. P1 represents the conditions farthest from the lethal ones, P2 

intermediate values and P3 sub-lethal SST conditions. 

Regarding B. bifurcata, whose lethal temperature threshold is higher (24.7°C) than H. 

elongata (18 °C), results for the present (Fig. 5a) show that the thermal conditions of the Rías Baixas 

are favorable to the presence of the algae. By the end of the century (Fig. 5b), this situation will not 
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vary greatly, and only the innermost part of the rias may turn inappropriate for the algae. As previously 

stated, the rias are considered contemporary refugia to warming for several species (Duarte and Viejo, 

2018) because their tendency towards warming is lower than the trend of adjacent coastal areas. This 

lower tendency is due to the fact that the rias are located in the northern limit of the eastern North 

Atlantic Upwelling system which buffers the ocean warming  (Santos et al., 2012; Bakun et al., 2015; 

Varela et al., 2018; Seabra et al., 2019). Thereby, and although the upwelling may be less effective in 

the future (Sousa et al. 2020), the water temperature within the estuaries will continue to be lower than 

that of the adjacent coastal areas and, then, they potentially represent climatic refugia for the 

persistence of B. bifurcata, and those of similar thermal tolerance.  

 
Fig. 5. Thermal habitat suitability for B. bifurcata based on modeled SST for July-August for the 

present (1999- 2018) (a) and the far future (2080-2099) (b). Green scale represents areas suitable for 

presence and red for absence. P1 represents the conditions farthest from the lethal ones, P2 intermediate 

values and P3 sub-optimal and sub-lethal SST conditions. 

The upper survival thresholds of other habitat-forming macroalgae, which play an 

important ecological role as foundational species in the southern Atlantic coast, providing 

habitat and resources, are similar to that of B. bifurcata. Large intertidal fucoids, namely 

Fucus serratus and Ascophyllum nodosum, showed lethal conditions at about 24 and 25 

ºC, respectively. The threatened kelp Laminaria ochroleuca, foundation species of the 
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subtidal kelp forest, has been shown to die back at 24.6 ºC (Franco et al., 2018). The 

abundant annual kelp Saccorhiza polyschides, has an upper survival threshold of 24-25ºC 

(tom Dieck and de Oliveira, 1993). The distributions of these species are suffering a 

drastic contraction in their extent of occurrence in the Cantabrian Sea and Portuguese 

coast, as well as local declines in abundance in some populations inside the rias, but most 

populations currently find refugia inside the rias and persist (Casado-Amezúa et al., 

2019). Thus, we may hypothesize that the thermal conditions of the Rías Baixas will be 

favorable for all these species, as exemplified in this study by B. bifurcata.  

Favorability maps (Fig. 6) also confirm that by the end of the century (Fig. 6b) the 

increase in the water temperature of the rias may lead to increased prevalence of B. 

bifurcata or the aforementioned habitat-forming species of similar thermal tolerance if 

they manage to occupied potential free sites left by the predicted decline of H. elongata.   

 
Fig. 6. Favorability maps for H. elongate and B. bifurcata based on lethal conditions for July-

August for the present (1999- 2018) (a) and the far future (2080- 2099) (b). Light green represents the 

coexistence of both species, dark green the prevalence of B. bifurcata and black the absence of both 

species. 
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4. Summary 

The effect of SST warming on the geographical distribution of two intertidal macroalgae, 

Himanthalia elongata and Bifurcaria bifurcata was elucidated in the Rías Baixas by the 

end of the century. The Rias Baixas are the contemporary refugia to warming for these 

habitat-forming macroalgae. The analysis was carried out using a mechanistic distribution 

model based on the thermal survival threshold, which used SST computed by Delft3D-

Flow hydrodynamic model both at the present and by the end of the century under the 

RCP8.5 greenhouse gas emission scenario. 

Projected SST data for the end of the century shows that the global sea temperature 

warming will increase the exposure time of macroalgae to heatwaves. This increase may 

lead to the local extinction of H. elongata and those macroalgae of similar thermal 

tolerance. However, the analysis of thermal habitat suitability for B. bifurcata, whose 

thermal survival threshold is greater than that of H. elongata, shows that, by the end of 

the century, thermal conditions may favor the settlement of these macroalgae and other 

habitat-forming species with a similar thermal tolerance making that the Rias Baixas 

remain as refugia for these species. 
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Chapter 6 

Synthesis 

In this chapter, the integrated approach of the articles included in this thesis is 

developed. Firstly, a general discussion of the results is carried out and then, the main 

conclusions are presented. 
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6.1. Discussion 

One of the main objectives of this thesis was to implement a hydrodynamic 

numerical model for the Northwest Iberian Peninsula (NWIP) coast. The NWIP coast is 

a complex system in which the general ocean circulation is modified by the particular 

features of the coast, the bathymetry, the discharge of the main rivers, and the wind 

regimen that release upwelling and downwelling events. Therefore, the numerical model 

has to be able to reproduce the interaction between all these drivers accurately. An 

example of a complex process governed by the interaction of all these drivers is the Minho 

River plume intrusion into the rias. The correct reproduction of this event allows testing 

the capability of the model to simulate the complex hydrodynamic of the rias and the 

shelf, as well as investigate in detail the dynamics of river intrusion events inside the rias. 

The Flow module of Delft3D numerical model was implemented and calibrated for the 

NWIP coast, the validation of the model was performed through a qualitative and 

quantitative comparison of the modeled data and concurrent in situ data, including sea 

surface elevation (SSE), salinity, water temperature and near-surface horizontal velocity. 

Accuracy in this study was similar to values obtained by Dias et al. (2009) and Sousa et 

al. (2018) for SSE and by Cerralbo et al. (2013) and Sousa et al. (2014b) for transport 

conditions. In addition, model capability to reproduce the dynamics of the coastal systems 

(rias and estuaries), the dynamics of the adjacent shelf and the exchange of water between 

them was analyzed by studying the intrusion of the Minho River plume into the Ría de 

Vigo. Intrusions of freshwater into adjacent estuaries or bays have been previously 

analyzed for several coastal systems located worldwide (Curtis Roegner et al., 2002; 

Shanks et al., 2002; Ware and Thomson, 2005; Dai et al., 2008; Davis et al., 2014; Fraysse 

et al., 2014). All these studies concluded that intrusion events modify water exchange 

with the shelf and fertilize the area promoting phytoplankton blooms and significantly 

increasing primary production. Typically, the Rías Baixas have a positive estuarine 

circulation which is enhanced by northerly winds (upwelling-favorable winds). However, 

it can be reverted (negative estuarine circulation) by southerly winds (downwelling-

favorable winds). Moreover, prevalent southerly winds at the shelf favor the Minho River 

plume to reach the mouth of the rias and even to enter into some of them.  Starting from 

a pattern of positive estuarine circulation, the different phases of an intrusion event (the 

development, negative circulation and relaxation) and a final stage returning to the 

positive estuarine circulation was described in detail. Before the intrusion event starts and 
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when it ends the typical positive circulation pattern of the rias described by Taboada et 

al. (1998) is observed. During the intrusion event, the circulation is reverted, turning into 

negative estuarine circulation, which follows a pattern similar to that previously described 

by deCastro et al. (2004) in the Ría de Pontevedra. It was observed that the Minho River 

plume reaches the mouth of the ria with a delay of ~12h relative to the start of favorable 

wind conditions, this is in line with the times proposed by Sousa et al. (2014a). The effect 

of the plume intrusion inside the ria was observed from surface to ~10-15 m of depth; 

these depths were similar to those reported by Barton et al. (2015) under a comparable 

wind regime. The typical duration of the intrusion events is ~1.5 days and the main drivers 

of these events are the discharge of the external river and the wind field, being negligible 

the influence of the discharge of inner rivers. During intrusion events, less dense oceanic 

water is advected into the ria through the surface layer transporting land-derived nutrients. 

These nutrients enhance primary production in the ria, although with less impact than 

upwelling, and may favor phytoplankton bloom events.  

Once the model's capability to reproduce the hydrodynamics of the study area was 

positively evaluated, it was used to make projections by the end of the century with the 

aim of assessing the effects of climate change on the NWIP. To perform these 

simulations, firstly, it was determined which of the models provided by the CORDEX 

project is the one that best reproduces the historical atmospheric conditions of the NWIP. 

The Perkins analysis determined that the RCM MOHC-HadGEM2-Es-RCA4 and the 

GCM MOHC-HadGEM2-Es are the most accurate. Data from these models were used as 

input for the Delft3D model in order to reproduce two realistic extreme upwelling events, 

one that represents a historical event and another that represents a future event under the 

RCP 8.5 greenhouse emission scenario.  

Data from the RCM MOHC-HadGEM2-Es-RCA4 model shows an increase in 

upwelling index (UI), these results are in agreement with recent researches which predict 

an increase in intensity and duration of upwelling favorable winds (Varela et al., 2015; 

Wang et al., 2015; Sousa et al., 2017). This increase can buffer the ocean warming in 

coastal areas (Santos et al., 2012; Varela et al., 2018; Seabra et al., 2019) however, ocean 

thermal stratification may also increase as ocean warming is not homogeneous through 

the water column. This increase in thermal stratification can result in a less effective 

upwelling (Gruber, 2011; García-Reyes et al., 2015) limiting vertical exchange through 

the water column. The present and future effectivity of high-extreme upwelling events, 

120



Synthesis 

i.e. UI ranging from 75% to 99% percentiles, along the NWIP was evaluated using

Delft3D-Flow numerical model. Upwelling events pump nutrient-rich cold water to the

surface cooling the surface layer. Differences in sea surface temperature (SST) between

the end and the beginning of the upwelling event (ΔSST= SSTend - SSTbeginning) were

compared both for historical and future events. A SST reduction was observed for both

periods with a marked drop in the nearshore area compared with the near ocean area. This

pattern is in good agreement with that observed by Santos et al. (2012) and Varela et al.

(2018) for most upwelling systems. ΔSST was used as a proxy to evaluate the efficiency

of upwelling events: more negative ΔSST implies a higher capacity to pump depth-cold

water to the surface and therefore a more effective upwelling. Differences in the SST drop

for future and historical periods show a similar cooling capacity for most of the coastal

domain, with the exception of the region between 41º 30’ N and 42º 15’ N. This region is

dominated by the major rivers (Minho, Douro and Lima) and nearshore values ranging

from 2 to 3 °C were observed for the historical period, and from 1 to 2 °C for the future.

Thereby, future projections suggest that future upwelling events will be less effective in

this area despite the predicted increase in intensity and duration of upwelling favorable

winds. The water column stratification, which was described in terms of the Brunt-

Väisälä frequency calculated for sections between the Minho River and the Ría de Vigo,

increases in the whole section by the end of the century. The thermocline will be deeper

and the gradient will be more marked. As ocean stratification increases, the upwelling of

deeper water (100 to 300 m) becomes less connected to the wind stress (Oyarzún and

Brierley, 2019). Thereby, the increase in stratification counteracts the intensification of

upwelling-favorable winds, which results in a decrease in the effectivity of upwelling

events. For the Californian current, Roemmich and McGowan (1995) have observed that

the increase in stratification limits the nutrient influx to the surface layer for biological

production. Moreover, Gruber (2011) determined that ocean stratification decreases the

upper ocean mixing and transport reducing the ability of the oceans to supply the oxygen

from the surface into the thermocline. Therefore, the reduction in upwelling effectivity

may negatively affect the primary production in the NWIP coast.

The Rías Baixas are characterized by a high primary production and the economy 

of the region depends mainly on the fishing, shellfish gathering and aquaculture sectors. 

The extensive culture of Mytilus galloprovincialis in mussel rafts is one of the most 

important industries of the region. As stated above, the ocean warming and the increase 
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in stratification may reduce primary production in the NWIP coast and hence, in the Rías 

Baixas. In this sense, the main physical parameters affecting mussel productivity, 

temperature and stratification, were analyzed in order to determine the possible impact of 

the climate change. Delft3D-Flow was used to characterize the areas where mussel rafts 

(mussel raft polygons) are currently located in the Rías Baixas under summer conditions 

both for historical and future periods. Results show that the water column stratification 

will increase in most of the mussel rafts polygon areas, especially in the outer areas of the 

rias where, according to Navarro et al. (1991), are the most productive ones. A reduction 

in stratification is only observed in the areas most affected by the river discharge.  This 

increase in water stratification will limit the vertical exchange of nutrients and oxygen 

and it will constitute a clear drawback for mussel exploitation. 

Water temperature is also a critical factor in mussel growth, explaining 

independently the 67% of the differences in growth in laboratory experiments (Kroeker 

et al., 2014). Each specie is characterized by an optimal range of water temperature in 

which biochemical and physiological rates are benefited (Kroeker et al., 2014). Water 

temperatures up to the optimal range can cause a slower growth and reductions in 

performance and survival (Anestis et al., 2007; Hrs-Brenko et al., 1977). Mytilus 

galloprovincialis survives in a wide range of temperatures, being able to withstand high 

temperatures (Gosling, 1992), although the optimal range for mussel growth was 

determined between 14 and 20 °C following previous research 

(https://longline.co.uk/meta/ List; Hrs-Brenko et al., 1977; Anestis et al., 2007; Peharda 

et al., 2007; Sánchez-Lazo and Martínez-Pita, 2012; Kroeker et al., 2014). This 

temperature range was used to determine the mussel comfort index, which was defined 

as the percentage of time in which water temperature remains within that optimal range. 

This index was determined both for historical and future periods as the mechanisms of 

mussels' adaptation to the ocean warming may be limited by their physiological limits 

(Tomanek, 2008; Ioannou et al., 2009). The general rise in water temperature will increase 

the time during which mussels will be subjected to thermal stress conditions. The impact 

on the water column will not be homogeneous, as upper layers will be more affected than 

the deeper ones. The comfort level of mussels will be reduced by more than 60% in the 

upper layers in most of the mussel raft polygons. Regarding deeper layers, although 

mussels comfort conditions will be reduced, the reduction will be lower (30 %) than in 

the upper layers. The reduction in comfort conditions, and mainly in upper layers, may 
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have a negative impact on the productivity since the upper part of the ropes (first meters) 

tends to be more productive at present than the lower part (Fuentes et al., 2000; Figueras 

and Caceres-Martinez, 2007). On the other hand, although the reduction in comfort 

conditions is widespread in all polygons, the reduction in future comfort will be lower for 

the outermost stations and mainly limited to the deeper layers. Results indicate that 

changing the location of the mussel raft polygons to the outer areas of the rias may help 

to mitigate the effect of climate change on mussel productivity. 

Ocean warming is affecting many species and often results in local extinctions at 

the low latitude range limits of species distribution (Wiens, 2016; Russell et al., 2013). 

The contraction and local decrease are especially worrying when it affects conspicuous 

habitat-forming species because they provide structure, shelter and food to many 

accompanying species that form the ecological community (they are ecosystem engineers 

sensu Jones et al., 1994). Nowadays, the southern limit of the geographical distribution 

of several kelps and large intertidal seaweeds is the NWIP. A marked contraction of the 

species range in this area has been detected in recent years (reviewed in Casado-Amezúa 

et al., 2019). This is the case of Himathalia elongata, who has disappeared from a coastal 

strip of approximately 130 km since the start of this century in the North Iberian Peninsula 

(NIP) (Duarte et al., 2013) due to its restricted thermal tolerance (Martínez et al., 2015). 

On the other hand, warming patterns may be heterogeneous across the latitudinal gradient 

of species distribution (Helmuth et al., 2006) and there may be colder favorable spots at 

this range margin, the called climatic refugia (Ashcroft, 2010; Keppel et al., 2012). These 

climatic refugia may favor the persistence of edge populations. The Rías Baixas are large 

embayments protected from the wave action and highly influenced by upwelling, which 

reduces water temperature and provides a high amount of nutrients. These characteristics 

may be responsible for the rias to be acting as contemporary refugia to warming for large, 

habitat-forming macroalgae (Lourenço et al. 2016). Climate change and the consequent 

changes in water temperature, upwelling and stratification may affect the geographical 

distribution of these macroalgae. The Delft3D-Flow simulation under summer conditions 

for historical and future periods was used to analyze the effects of climate change on the 

geographical distribution of two intertidal macroalgae, Himanthalia elongata and 

Bifurcaria bifurcata, within the Rías Baixas. Based on the thermal survival thresholds for 

adult plants previously determined by Martínez et al. (2015), SST data were used to detect 

heat waves that may affect each of the species. Then, a mechanistic distribution model 
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based on the thermal survival threshold for adult plants of each species was calibrated 

and used to determine the thermal habitat suitability for the present and by the end of the 

century. The mechanistic distribution model was calibrated using the distribution records 

of H. elongata determined from a field survey. This species was preferred over 

B.bifurcata because shows less prevalence in the study area.  

At present, thermal conditions of the Rías Baixas are mostly favorable to the 

presence of both algae. Unfavorable thermal conditions for H. elongata have been found 

in the inner areas of the rias, probably because the influence of the upwelling, which acts 

reducing water temperature, in these shallow areas is negligible. A more detailed analysis 

of the thermal habitat suitability for H. elongata shows that the rias of Muros and Arousa 

display the most suitable conditions, although the time under lethal conditions increases 

in the middle part of the Ría de Arousa compared with the outer part. Thermal conditions 

of Pontevedra and Vigo are slightly less favorable than the conditions in the other two 

northern rias. The records of presence/absence of H. elongata and other species of cold-

temperate intertidal fucaceae, e.g., Fucus serratus, collected during a field survey by 

Martínez et al. (2012) support the differences in thermal conditions between the Rías 

Baixas since a greater number of settlements were registered in the estuaries where 

thermal conditions are more favorable. Projections for the far future indicate that thermal 

conditions in the Rías Baixas will be lethal for H. elongata, which implies that this species 

is projected to disappear. A contraction for this species and a general declining trend was 

observed for many cold-temperate fucoids and kelps at its southern range limit in the 

Iberian Peninsula (Duarte et al., 2013; Casado-Amezúa et al., 2019). However, the 

analysis of thermal habitat suitability for B. bifurcata, whose thermal survival threshold 

is greater than that of H. elongata, shows that thermal conditions may favor the settlement 

of these macroalgae by the end of the century, as well as for other habitat-forming species 

with a similar thermal tolerance. As described before, a climatic refugia is an area where 

the mean temperature is lower than the temperature of the adjacent area and, currently, 

the rias are considered climatic refugia due to the upwelling influence. Effectivity of 

upwelling will be, in general, less effective in the shelf area outside the rias, however, 

inside the rias, the capability of the upwelling to cool the water will remain similar to 

present day, with the exception of the Ría de Arousa where it will be slightly reduced.  

Therefore, the rias will potentially represent climatic refugia for the persistence of B. 

bifurcata and other macroalgae of similar thermal tolerance.  
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6.2. Conclusions  

The general objective of this dissertation was to study the possible impacts of 

climate change, under the RCP 8.5 greenhouse emission scenario, on the NWIP coast, 

with a particular interest in the Rías Baixas, by applying a numerical model capable of 

simulating coastal and estuarine processes. To achieve this, Delft3D numerical model was 

chosen to perform the hydrodynamic numerical simulations. Two configurations of the 

model were used, one based on five domains, covering the NWIP coast from the Ría de 

Aveiro to the Rías Baixas connected by internal domain decomposition boundaries, and 

another one based on a unique domain covering from the Minho estuary to the Rías 

Baixas. The main conclusions to be drawn from the work performed using this numerical 

model can be summarized as follows: 

• The use of an adaptive resolution mesh allows to properly reproduce the 

hydrodynamics of the NWIP coast without a high computational cost. 

• Intrusion events of the Minho River plume are more common in the Ría de Vigo 

than in the others Rías Baixas. These events are related to southerly winds and 

show a delay of ~12h relative to the favorable wind peak. The duration of an 

intrusion event is ~1.5 days. During an intrusion event, inner river influence on 

circulation and stratification is negligible.  

• Hydrodynamic simulations of the NWIP show that upwelling will be less 

effective in the future.  Future increases in water temperature will lead to an 

increase in the thermal stratification which will counteract the effects of the 

intensification of the upwelling-favorable winds. The stratification increase will 

limit the vertical exchange of water and consequently, the vertical transport of 

nutrient-rich cold water and oxygen through the water column. This fact may 

have a negative impact on the productivity of the area and in the key socio- 

economic sectors. 

• The general rise in water temperature will increase the time during which mussels 

will be subjected to thermal stress conditions. The impact on the water column 

will not be homogeneous and upper layers will be more affected than the deep 

ones. In most of the mussel raft polygons analyzed, the comfort level of mussels 

will be reduced by more than 60% in the upper layers and more than 30% in deep 
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layers. In addition, water column stratification will increase approximately 5–10 

cycles h−1 reducing the vertical exchange of nutrients and oxygen. Hereby, 

changes in water temperature and stratification by the end of the century will not 

be favorable to mussel growth and consequently may decrease productivity of the 

mussel rafts. 

• At present, the Rías Baixas are, in general, thermally suitable for the presence of 

two relevant habitat-forming macroalgae, Himanthalia elongata and Bifurcaria 

bifurcata. In contrast, by the end of the century the rise in sea surface temperature 

will increase the exposure time of macroalgae to heatwaves, and may lead to the 

local extinction of H. elongata and those macroalgae of similar thermal tolerance. 

However, projected thermal conditions may favor the settlement of B. bifurcata 

and other habitat-forming species with a similar thermal tolerance making the 

Rías Baixas climatic refugia for these species. 
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