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Pirata de mar y cielo,

si no fui ya, lo seré.

Si no robé la aurora de los mares,
si no la robe,

ya la robare.

Pirata de cielo y mar,
sobre un cazatorpederos,
con seis fuertes marineros,

alternos de tres en tres.

Si no robé la aurora de los cielos,
si no la robe,

ya la robare.

Rafel Alberti

Marinero en tierra (1924)






Mira que te diga Abuela, para ti, con todo mi amor.
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boundary).
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averaged over the domain.

Fig. 3.4 a) Wind stress intensity and direction for the winter (upper row) and summer (lower
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and CMIP5 (e, j).
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between ROM P2 and ROM P1 (black shading; RCP8.5 - Historical). The mask used is

shown in the panel c.
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external forcing used in the work and the mask used for the upwelling index calculation (blue
lines). It is also outlined the 2 m air temperature, the wind field, the bathymetry and topography
of ROM. The Sahel region was located following Ikazaki (2015).

Fig. 5.2 Seasonal cycle of the UI (m® s™! km™!) averaged over the closest grid-points to the
coast in ERAS (a) and ROM_PO (b).

Fig. 5.3 Climatological mean sea level pressure (hPa) and wind field in April (top) and August
(bottom) for ERAS (a, ¢c) and ROM_PO (b, d) from 1980 to 2012.

Fig. 5.4 Monthly linear trends of Ul (m® s~ ' km ™! decade™!) averaged over the closest grid points
to the coast from 1950 to 2099.

Fig. 5.5 Ul trends (a) averaged over the closest grid points to the coast from 1950 to 2099 for
each period. T2m (b,d,f) and MSLP (c,e,g) trends averaged from 1950 to 2099 for each period.

xiii



List of figure

Wind differences between the last 30 years of ROM P2 (2070-2099) and ROM_P1 (1976-
2005) are represented over the MSLP trends for each period. The black box (b) represents the
MSUR (12°N-19°N).

Fig. 5.6 Brunt-Viisili frequency (s!) averaged from surface to 150 m in the closest grid points
to coast for Period 1 (a), Period 2 (b) and Period 3 (c¢) for ROM_P1 (red shading; Historical)
and the differences between ROM_P2 and ROM_P1 (black shading; RCP8.5 - Historical). The

mask used is shown in the panel d.

Fig. 5.7 Upwelling source water depth (m) in the closest grid points to coast (Fig. 5.6d) for
Period 1 (a), Period 2 (b) and Period 3 (c) both for ROM_P1 (red shading; Historical) and the
differences between ROM_P2 and ROM_P1 (black shading; RCP8.5 - Historical). The mask

used is shown in Fig. 5.6d.

Fig. 5.8 MSLP trends averaged from 1950 to 2099 for each period. Wind differences between
the last 30 years of ROM_P2 (2070-2099) and ROM_P1 (1976-2005) are represented over the
MSLP trends for each period. The domain is represented in the Fig. 5.5b with a black box.

Fig. 5.9 Temperature differences between ROM P2 and ROM P1 averaged from surface to
the maximum depth in the closest grid points to coast (Mask in Fig. 5.6d) for Period 1 (a),
Period 2 (b) and Period 3 (c).

Fig. 5.10 Upwelling source water depth differences (m) in the closest grid points to coast (Fig.
5.6d) for Period 1 (a), Period 2 (b) and Period 3 (c) between ROM_P2UI (green shading),
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and the N of the future (ROM_P2N).

Fig. 6.1 Schematic representation of our suggested impact of climate change on coastal
upwelling in the CCUS. We show a competitive mechanism as an increase of the upwelling
favourable winds along with an enhanced ocean stratification (left) and a complementary
mechanism as a decrease of the upwelling favourable winds along with an enhanced ocean

stratification (right).
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Summary

Summary

The Canary current upwelling system (CCUS) is one of the major eastern boundary coastal
upwelling systems in the world, bearing a high productive ecosystem and commercially
important fisheries. The CCUS has a large latitudinal extension, and it is divided into upwelling
zones with different characteristics. Eddies, filaments and other mesoscale processes
characterize upwelling dynamics and are known to have an impact in the upwelling
productivity. Thus, for a proper representation of the CCUS, a high horizontal resolution is
required. In this study we assess present and future climate of the CCUS using an atmosphere—
ocean regionally coupled model. The regional coupled model consists of a global oceanic
component with increased horizontal resolution along the northwestern African coast (reaching
the 5 km in Cape Ghir) coupled to a high-resolution regional atmosphere (25 km), which
extends its domain to the North Atlantic, including the whole CCUS region. We assess the
model’s present-time performance over the CCUS against relevant reanalysis data sets and
compared with an ensemble of global climate models (GCMs) and an ensemble of atmosphere-
only regional climate models (RCMs) to evaluate the role of the horizontal resolution. The
coupled system reproduces the larger scale pattern of the CCUS and its latitudinal and seasonal
variability over the coastal band, improving the GCMs outputs. The model properly reproduces
mesoscale structures and is able to simulate the upwelling filaments events off Cape Ghir,
which are not well represented in most of GCMs. Our results demonstrate the ability of the
regionally coupled model to reproduce both the larger scale and mesoscale processes over the

CCUS.

Under RCP8.5 scenario in summer (winter), the upwelling favourable winds increase
(decrease) along the Iberian coast and decrease (increase) for the African region. The model
simulations suggest that the Azores high is the main driver of these variations in winter, while
in summer, the changes are attributed to the intensification of the Iberian thermal low along
with an increase in mean sea level pressure over the British islands. This increase may be
associated with a weakening of the Atlantic meridional overturning circulation (AMOC). The
southernmost region in CCUS, the Mauritania-Senegal upwelling region (MSUR), is expected
to experience seasonal changes mainly defined by Cap-Vert (15°N), where the upwelling
favourable winds in the northern subregion will be intensified throughout the year in the future.
In the southern MSUR, the upwelling favourable winds are expected to weaken in April-May

and strengthen during the winter months. This pattern has been associated with an
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intensification of the Azores high in winter and spring. Moreover, our study highlights the
importance of the high resolution in reproducing coastal upwelling, as we detected changes in
upwelling associated with local increases in air temperature over Sahel. During summer, a
drastic thermal rise in the African continent will intensify the Saharan thermal low, increasing

the upwelling favourable winds in the northern region of MSUR.

However, the efforts of the scientific community to evaluate the effects of climate change on
EBUSs have not only focused on the upwelling favourable winds; changes in ocean
stratification may also have a significant impact on these upwelling systems. Although both
the wind patterns and ocean stratification responses can provide useful information on the
future of these vulnerable ecosystems, obtaining a joint response from both mechanisms is
essential. In this context, we obtained a joint response from the upwelling source water depth,
which is highly dependent on the latitudinal and seasonal variability of the CCUS. We found
that ocean stratification plays a primary role in the two northern regions of the CCUS, while in
the PUR and MSUR, it plays a secondary role. Nevertheless, both ocean stratification and wind
patterns have a significant impact on the future of the CCUS, and our results reveal the

importance of studying both mechanisms seasonally and latitudinally.
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Resumen

Resumen

El sistema de afloramiento canario es uno de los principales sistemas de afloramiento de
contorno oriental ocednico en el mundo, los cuales soportan un ecosistema de alta
productividad generando regiones muy importantes comercialmente para el sector pesquero.
El sistema de afloramiento de la corriente canaria (CCUS) tiene una gran extension latitudinal,
normalmente dividido en subregiones de afloramiento con diferentes caracteristicas
estacionales. Remolinos, filamentos y otros procesos de meso-escala tienen un gran impacto
en la productividad del afloramiento, por lo que para una apropiada representacion de la CCUS
es requerida una alta resolucion horizontal. Aqui evaluamos la CCUS en un clima presenta a
través de un modelo atmdsfera-océano regionalmente acoplado. Este modelo presenta una
componente ocednica global con resolucion horizontal incrementada a lo largo de la costa
noroccidental Africana acoplado a un modelo atmosférico de alta resolucion, que extiende su
dominio al Atlantico norte, incluyendo toda la CCUS. Su actuacion es evaluada a través de
relevantes conjuntos de datos de reanalisis y comparado con un ensemble de modelos
climaticos globales (GCMs) y un ensemble de modelos regionales atmosféricos (RCMs) con
el objetivo de evaluar el rol de la resolucion horizontal. El modelo reproduce los patrones de
larga escala de la CCUS y su variabilidad latitudinal y estacional sobre la banda costera,
mejorando las salidas de los GCMs. El modelo es capaz de reproducir apropiadamente las
estructuras meso-escalares, siendo capaz de simular los eventos de filamentos sobre Cabo Ghir,
los cuales no son bien representados en la mayoria de los GCMs. Nuestros resultados muestran
la habilidad del sistema de modelo regional climatico para reproducir la mayor escala asi como

los procesos locales sobre la CCUS.

Bajo el escenario RCP8.5 en verano (invierno), los vientos favorables de afloramiento
incrementan (descienden) sobre el sistema de afloramiento Ibérico y desciende (incrementa)
para las regiones Africanas. Las simulaciones del modelo muestran que el alto de las Azores
es el principal responsable de esas variaciones en invierno, mientras que en verano los cambios
son debidos tanto a la intensificacion de la baja térmica Ibérica junto con un incremento en la
presion media atmosférica a nivel del mar sobre las islas Britanicas, que podria estar asociado
con un debilitamiento de la circulaciéon meridional de retorno atlantica (AMOC). La region de
afloramiento mas al sur de la CCUS, la region Mauritana-Senegalesa (MSUR), presenta
cambios estacionales en el futuro definido por Cabo Verde (15°N), donde los vientos de

afloramiento de la subregioén norte son intensificados en el futuro y en la subregion sur
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debilitados para Abri-Mayo. Este patron fue asociado con la intensificacion de las Azores en
invierno y primavera. Ademas, nosotros identificamos la importancia de la alta resolucion para
reproducir los afloramientos costeros, ya que detectamos cambios en el afloramiento asociados
a incrementos locales de temperatura del aire sobre Sahel. En verano un aumento dréstico de
la temperatura en el continente Africano intensificara la baja térmica Sahariana, fortaleciendo

asi los vientos favorables de afloramiento en la region norte del MSUR.

Sin embargo, los esfuerzos de la comunidad cientifica para evaluar los efectos del cambio
climatico en los EBUS no solo se han centrado en los vientos favorables de surgencia; los
cambios en la estratificacion del océano también pueden tener un impacto significativo en estos
sistemas de surgencia. Aunque tanto los patrones de viento como las respuestas de
estratificacion del océano pueden proporcionar informacion util sobre el futuro de estos
ecosistemas vulnerables, obtener una respuesta conjunta de ambos mecanismos es esencial. En
este contexto, obtuvimos una respuesta conjunta de la profundidad del agua de origen de la
surgencia, que depende en gran medida de la variabilidad latitudinal y estacional del CCUS.
Encontramos que la estratificacion del océano desempefia un papel primordial en las dos
regiones del norte del CCUS, mientras que en el PUR y MSUR desempefia un papel secundario.
Sin embargo, tanto la estratificacion del océano como los patrones de viento tienen un impacto
significativo en el futuro del CCUS, y nuestros resultados revelan la importancia de estudiar

ambos mecanismos de manera estacional y latitudinal.
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Riassunto

Riassunto

Il sistema di upwelling associato nelle isole Canarie ¢ uno dei principali sistemi di risalita
costiera di acque profonde del confine orientale nel mondo, con un ecosistema altamente
produttivo che genera zone importanti dal punto di vista commerciale per il settore peschiero.
Il Sistema di Upwelling associato alla Corrente delle Canarie (CCUS) ha una grande estensione
latitudinale, normalmente suddivisa in zone di risalita con caratteristiche differenti. Vortici,
filamenti, e altri processi di mesoscala hanno un grande impatto sulla produttivita nei processi
di upwelling, risulta quindi necessaria una elevata risoluzione orizzontale per avere una corretta
rappresentazione della CCUS. In questo lavoro si valuta il clima attuale della CCUS mediante
un modello regionale accoppiato atmosfera-oceano. Il modello accoppiato regionale presenta
una componente oceanica globale con una maggiore risoluzione orizzontale lungo la costa
nord-occidentale dell'Africa accoppiato a un modello atmosferico ad alta risoluzione, che
estende il suo dominio al Nord Atlantico, includendo 1'intero CCUS. Sue prestazioni rispetto
alla CCUS vengono valutate mediante un set di dati di rianalisi pertinenti e confrontate con un
ensemble di modelli climatici globali (GCMs) e un ensemble di modelli climatici regionali
(RCMs) con I’obiettivo di valutare il ruolo della risoluzione orizzontale. Il modello riproduce
lo schema, a scala maggiore, della CCUS e la sua variabilita latitudinale e stagionale sulla
fascia costiera, migliorando gli output dei GCMs. Il modello ¢ capace di riprodurre
correttamente le strutture di mesoscala, essendo capace di simulare gli eventi dei filamenti su
Capo Ghir, non ben rappresentati nella maggior parte dei GCMs. Il nostro risultato dimostra
I’abilita del sistema accoppiato di modello regionale nel riprodurre processi di larga scala cosi

come processi di mesoscala sulla CCUS.

Nello scenario RCP8.5 in estate (invierno), i venti favorevoli all’'upwelling aumentano
(diminuiscono) nel sistema di risalita Iberico e diminuiscono (aumentano) per le regioni
dell'Africa. Le simulazioni del modello mostrano che l'alta delle Azzorre ¢ la principale
responsabile di tali variazioni in inverno, mentre in estate i cambiamenti sono dovuti
all'intensificazione della bassa termica iberica insieme accanto ad un aumento della pressione
atmosferica media a livello del mare sulle isole britanniche, che potrebbe essere associato ad
un indebolimento del capovolgimento meridionale della circolazione atlantica (AMOC). La
regione piu meridionale del CCUS, regione di upwelling Mauritana-Senegalese (MSUR),
regali cambiamenti stagionali in futuro principalmente definito da Capo Verde (15°N), dove 1

venti favorevoli di risalita nella subregione settentrionale saranno intensificati per tutto 1'anno
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in futuro. Nella subregione meridionale i venti favorevoli di risalita sono attenuati in aprile-
maggio e rafforzati nei mesi invernali. Questo schema ¢ stato associato all'intensificazione
delle Azzorre in inverno e in primavera. Inoltre, abbiamo identificato 1'importanza dell'alta
risoluzione per riprodurre upwellings costieri, poiché sono stati rilevati cambiamenti di risalita
associati agli aumenti locali della temperatura dell'aria sopra il Sahel. In estate, un drastico
aumento della temperatura nel continente africano intensifichera la bassa termica sahariana,

rafforzando cosi 1 venti di risalita favorevoli nella regione settentrionale del MSUR.

Tuttavia, gli sforzi della comunita scientifica per valutare gli effetti del cambiamento climatico
sugli EBUS non si sono concentrati solo sui venti favorevoli alla risalita; i cambiamenti nella
stratificazione dell'oceano possono avere anche un impatto significativo su questi sistemi di
risalita. Anche se sia 1 modelli di vento che le risposte di stratificazione dell'oceano possono
fornire informazioni utili sul futuro di questi ecosistemi vulnerabili, ottenere una risposta
congiunta da entrambi i meccanismi ¢ essenziale. In questo contesto, abbiamo ottenuto una
risposta congiunta dalla profondita dell'acqua di origine della risalita, che dipende in gran parte
dalla variabilita latitudinale e stagionale del CCUS. Abbiamo scoperto che la stratificazione
dell'oceano svolge un ruolo primario nelle due regioni settentrionali del CCUS, mentre nel
PUR e MSUR svolge un ruolo secondario. Tuttavia, sia la stratificazione dell'oceano che i
modelli di vento hanno un impatto significativo sul futuro del CCUS, e i nostri risultati rivelano

I'importanza di studiare entrambi i meccanismi in modo stagionale e latitudinale.
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General Introduction

1.1 Introduction

The ocean covers about 71% of Earth’s surface, with most of the water masses (approximately
the 90%) corresponding to the low-productive open ocean (oligotrophic waters). The remaining
constitutes the large marine ecosystems (LMEs; Sherman and Hempel 2008) regions where a
10% of area represents the 80% of the ocean productivity. All LMEs require supply of nutrients
to support their productivity. Thus, these ecosystems are strongly controlled by the availability
of nutrients (e.g., nitrogen, phosphorus, silica, iron). Depending on the region, this nutrient
supply comes from land (large rivers and estuaries), ocean’s interior (including seabed),
vertical movement of the water column (upwelling) or by the vertical stirring of nutrient-

enriched sub-surface water towards the surface (Kampf and Champman 2016).

The upwelling systems are associated to an upward movement of water, which enrich the
warmer and usually nutrient-depleted surface waters. The nutrient-rich upwelled water
stimulates the growth and reproduction of primary producers such as phytoplankton. The
increased availability of nutrients in upwelling regions results in high levels of primary
production and increased fishery production. The upward movement can be induced by
different mechanisms, but the largest and most persistent upwelling regions are wind-driven.
There are three persistent wind-driven upwelling forms: (i) coastal upwelling, (ii) equatorial
upwelling and (ii1) ice-edge upwelling. Besides these, there are other types of upwelling,

related to different mechanisms, described in Kampf and Champman (2016)

- Ekman pumping

- Dynamic uplift

- Tidally-induced upwelling

- Upwelling in the wake of islands

- Topographically caused upwelling

- Transient upwelling caused by the passage of coastally trapped waves

Here we will focus on the wind-driven upwelling.

1.2 Wind-driven Upwelling

The three wind-driven upwelling mechanisms, mentioned in the previous section, are generated

by the combined action of wind, Coriolis force, and Ekman transport. When surface water
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layers move by the force of the wind, the Coriolis effect moves the surface water at a 45° angle
from the wind direction to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere. The frictional movement of the topmost layer of water sets in motion the layer
directly underneath it, which then sets in motion the next layer under that, and so on as the
water gets deeper. Increasing depth in the upper boundary layer, the current speed is reduced,
and the direction rotates farther away from the wind direction following a spiral, which usually
penetrates to about 100 m deep before the motion ceases. Finally, the resulting net mass
transport of the upper 100 m is 90° shifted relative to the original wind direction and is called

Ekman transport (Ekman, 1905).

Therefore, near oceanic eastern boundaries, which typically have nominally meridional
orientation, equatorward wind stress produces offshore Ekman transport. Since the velocity
across the coastal boundary is zero, offshore Ekman transport results in cross-shelf mass flux
divergence (coastal divergence) that must be compensated by mass flux convergence in the
alongshore or vertical directions (Jacox et al. 2018). Assuming no alongshore variations, water
displaced offshore must be compensated from below, and the wind-driven Ekman transport is

equal to the vertical transport into the Ekman layer (Halpern, 2002).

In addition to upwelling resulting from coastal divergence, vertical transport can be driven also
by Ekman transport divergence associated with spatial variability in wind stress, specifically
wind stress curl, where the wind stress curl-driven vertical velocity at the base of the Ekman
(Stommel, 1958). While Ekman transport may extend to large scales alongshore (around 100
km), the wind stress curl may enhance upwelling locally on smaller scales (around 10 km;
Wang et al. 2011). In the northern hemisphere, positive curl draws water from depth into the
Ekman layer (upwelling), a process referred to as Ekman suction, while negative curl (Ekman
pumping) pumps near surface water downward into the ocean interior (downwelling). In the
southern hemisphere, positive and negative wind stress curl are associated with Ekman
pumping and Ekman suction, respectively (Renault, Hall and McWilliams, 2016). To date,
some studies have tried to difference upwelling due to coastal divergence from upwelling due
to wind stress curl, in terms of both their magnitude and their ecological impacts (Pickett and
Paduan, 2003; Rykaczewski and Checkley, 2008). Nevertheless, they are not spatially distinct
and upwelling neither can be attributed solely to coastal divergence or wind stress curl (Jacox

et al. 2018).
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Horizontal surface currents also play a role in the vertical movements of deeper water by
contributing to mixing the upper water column. When upwelling occurs horizontal surface
currents have to be divergent in order to fulfill mass conservation. There are three types of

upwelling mechanisms driven by the winds: Coastal upwelling, Equatorial upwelling and Ice-

edge upwelling.
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Fig 1.1 Coastal upwelling scheme. This coastal upwelling corresponds to the Canary current

upwelling system, from 30°N to 33°N (weak permanent upwelling region).

- Coastal upwelling: Coastal upwelling (Fig. 1.1) is the process by which stable winds
blow along the coasts of continents and, in conjunction with the earth’s rotation, cause
the surface waters to be pushed offshore. Water from the ocean depths is then upwelled

to the surface to take its place.

- Equatorial upwelling: In the equatorial, the trade winds blow the North and South
Equatorial Currents towards the west, while Ekman transport causes the upper layers to
move to the north and south in their respective hemispheres. This creates a divergence

zone, and a region of upwelling and high productivity.
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- Ice-edge upwelling: In the Antarctic, the west wind drift (Antarctic Circumpolar
Current) is flowing parallel to, but in the opposite direction of the east wind drift. As
both currents flow in the Southern Hemisphere, the Ekman transport will result to the

left, creating a divergence zone with high productivity

The opposite process to the upwelling is the downwelling, where Ekman transport moves
surface waters toward the coast, the water piles up and sinks. Since surface water is usually
low in nutrients, downwelling leads to low productivity zones. An example of a downwelling
region is located off the Labrador coast in Canada, where the Gulf Stream, Labrador, and East

Greenland Currents converge.

Therefore, coastal upwelling regions are associated with winds that linger during days and
weeks. There are four large regions that present these conditions, forming the main LMEs at
the world. These regions are called Eastern Boundary Upwelling Systems (EBUSs) and cover
only the 2% of the ocean areas while representing the 20% of the fishery catches at the world
(Pauly and Christesen, 1995).

1.3 Eastern Boundary Upwelling Systems

EBUSs are productive ocean areas, where cold waters upwell by the action of the alongshore
favourable winds. These systems, located in the Pacific (California and Humboldt currents)
and Atlantic (Canary and Benguela currents) oceans (Fig. 1.2), provide ecosystem, economic,
and recreational services to about 80 million people living along their coasts and in their
immediate hinterlands (Garcia-Reyes et al. 2015). The alongshore favourable winds in the
EBUS:s result from large-scale atmospheric pressure systems that favour equatorward winds,
transporting the surface water offshore. In these systems, the upwelled nutrient-rich water
typically comes from relatively shallow depths of 100-200 m (Kampf and Chapman 2016).
There are four large EBUSs: California current upwelling system, Humboldt current upwelling

system, Canary current upwelling system and Benguela current upwelling system.

- California current upwelling system: The California upwelling system is found in the
eastern limb of the North Pacific gyre along the western coastline of North America
and stretches from the US-Canadian (48°N) border to the tip of the Baja California

Peninsula (23°N; Kampf and Champman, 2016). This system experiences significant
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natural variability mainly related to El Nifo—Southern Oscillation (ENSO) and the
Pacific Decadal Oscillation with important ecosystem consequences (Garcia-Reyes et

al. 2015).

Fig 2.2 Global wind field from ERAS reanalysis, showing the four large eastern boundary

upwelling systems with its high pressure centres. The wind field is overlaying to the topography

from ETOPO dataset.

- Humboldt current upwelling system: The Humboldt upwelling system is in the
eastern South Pacific, extending along the west coast of South America from southern-
central Chile up to Ecuador and the Galapagos islands. This system is highly influenced
by ENSO and it is classified as a highly productive LME (Garcia-Reyes et al. 2015).

- Benguela current upwelling system: The Benguela upwelling system stretches along
the southwest coast of Africa, from 15°S in Angola to Cape Agulhas, the southern tip
of the Africa continent close to 35°S. It is largely influenced by the variability of the
Agulhas current (Kampf and Chapman, 2016).



CHAPTER 1

- Canary current upwelling system: The Canary Current is an eastern branch of the
subtropical gyre in the North Atlantic ocean. This region is highly influenced by the
intensity and position of the Azores high (Cropper et al. 2014), which generate different
upwelling subregions that shape the Canary Current Upwelling System (CCUS).

This thesis is focused on the CCUS, which is specifically detailed in the next section as our

study area.

1.4 Canary Current Upwelling System

The CCUS is one of the most important fishery grounds in the world (Aristegui et al. 2006),
being the second most productive ocean region (Carr, 2001). The along-shore favourable winds
are the northeasterly alongshore component of the Trade winds, associated with the Azores
High pressure system, which shifts north-south between winter and summer (Wooster et al.,
1976; Mittelstaedt, 1991; Van Camp et al., 1991; Nykjer and Van Camp, 1994). This fact
generates a high latitudinal variability within the own CCUS, as well as a strong geographical

diversity (e.g., Nykjaer and Van Camp, 1994; Barton et al., 1998; Aristegui et al., 2009).

As a result and like previous studies (Aristegui et al. 2009; Pardo et al. 2011; Crooper et al.
2014), we can distinguish four regions well seasonally differentiated along the CCUS (Fig.
1.3): Iberian upwelling region (IUR), weak permanent upwelling region (WPUR), permanent
upwelling region (PUR) and Mauritania-Senegalese upwelling region (MSUR).

The IUR is the northernmost region of the CCUS, from the northern tip of the Iberian Peninsula
(43°N) to the Strait of Gibraltar (33°N), which is the major interruption in the continuity of the
system (Kampf and Chapman, 2016). This sub-region is mainly characterized by downwelling
favourable winds in winter and upwelling favourable winds in summer. The differences among
seasons are related to the position and intensity of the Azores high (Fig. 1.3), being located
close to the Iberian Peninsula in winter, which favours the downwelling processes specially in
the northern region. In summer, the western displacement of the Azores high generates the

upwelling favourable winds in practically the whole western Iberian coast.

Continuing southward, it is located the WPUR, from the Strait of Gibraltar to Cape Juby
(around 26°N). This sub-region presents year-round upwelling favourable winds, with

increased intensity in summer. In this sub-region there are some geographical features, as Cape

8



General Introduction

Sim, Cape Ghir or Cape Juby, triggering mesoscale processes. The irregular topography of the
capes produces substantial variability in the flow of the coastal currents, generating instabilities
that give rise to these mesoscale processes (Barton et al., 1998; Capet et al., 2014). In this
context, one of the most relevant characteristics of the EBUSs is the capacity to export part of

the coastal high production to oligotrophic open areas through filaments and eddies.
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Fig 3.3 Seasonal Azores high and Intertropical convergence zone (ITCZ) behavior. The inset
panel shows the sea surface temperature (°C) and a scheme of upper ocean circulation in the
Canary current system. This figure has been modified from Vazquez et al. 2019, adding the

different regions of the Canary current upwelling system.

as WPUR, PUR presents year-round upwelling favourable winds. However, in this sub-region
the magnitude of the upwelling favourable winds is stronger than in the WPUR. Stronger
upwelling is present in summer, associated with the trade-wind migration (Crooper et al. 2014).
In this sub-region is located the largest filament known as “Giant Cape Blanc filament” (Pelegri
et al. 2005), which is a tongue of cold upwelled waters, spreading several hundreds of

kilometers offshore (Gabric et al., 1993; Van Camp et al., 1991).
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Finally, the southernmost region, the MSUR is influenced both by the position and intensity of
the Azores high and the latitudinal migration of the Intertropical Convergence Zone (ITCZ)
(Sylla et al. 2019). During the winter months, the strong northeastern equatorward trade winds
cause upwelling in the coast of Guinea, Senegal and Mauritania (12°N-19°N), due to the
southern position of the ITCZ. Nevertheless, the ITCZ migrates to the north in summer,
weakening the winds in the whole region. Consequently, the coastal upwelling is reduced, even
reversing to downwelling in the Senegalese region (Cropper et al. 2014), due to the appearance
of the onshore monsoonal winds (Gomez-Letona et al 2017). Within MSUR we can identify
two sub-regions mainly defined by the migration of the ITCZ (Pardo et al. 2011; Cropper et al.
2014; Benazzouz et al. 2015) and divided by Cap Vert (~15°N), with year-round upwelling
winds in the northern region and downwelling winds during the summer months in the southern

region.

Therefore, the CCUS presents a large complexity, due to the high latitudinal and seasonal
variability. Thus, it is the great importance to understand the mechanisms that could affect this

vulnerable ecosystem under climate change.

1.5 Context and state of knowledge

The EBUSs are vulnerable to the impact of climate change with large regional variation
(Blasiak et al. 2017) and sensitive to climate variability (Macias et al. 2012; Garcia-Reyes et
al. 2015).

In the last decades many authors have explored the effects of climate change in the EBUSs due
to their ecological and large socio-economic importance. In 1990, Bakun proposed that the
increase in the ocean-land thermal gradient due to greenhouse warming would result in stronger
alongshore winds, increasing the upwelling of the deeper water to the surface. Sydeman et al.
(2014), through a meta-analysis of the existing literature on upwelling favourable wind
intensification, revealed contradictory results between observational data and model-data
reanalysis. Their results showed equivocal wind intensification in the Canary upwelling, in
agreement with the analysis of Varela et al. (2015), which also highlighted the importance of a
high-resolution wind database to properly resolve conditions at the coastal length-scale in
intense and localized upwelling zones. However, significant trends of upwelling intensification

are evident at the higher latitude for all EBUSs (Rykaczewski et al. 2015).
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In consequence, Rykcazewski et al. (2015) proposed an alternative hypothesis: changes in the
magnitude, timing or location of upwelling favourable winds could be associated with
poleward migration and intensification of major atmospheric high-pressure cells in response to
increased greenhouse gas concentrations. The upwelling systems might be more sensitive to

this mechanism than to ocean-land thermal gradient increase as proposed Bakun (Garcia-Reyes

et al. 2015).

However, along-shore winds are not the sole driver of climate change in the EBUSs. In the
Humboldt current, Oyarzin and Brierley (2019) showed an increase of the ocean stratification
as result of global warming, becoming the major mechanism of change in the 21st Century.
Therefore, there are contradictory views regarding the future of EBUSs due to the opposite
effects of intensifying winds and increasing vertical thermal stratification. Hence, it is needed

to consider both mechanisms to project changes in coastal upwelling for the future.

Regarding the CCUS, Wang et al. (2015) found a strong correlation between the land-sea air
temperature increase and the upwelling favourable winds in the northern regions of the CCUS,
with 22 CMIP5 (Coupled Model Intercomparison Project) Global Climate models (GCMs).
However, Rykaczewski et al. (2015) and Sousa et al. (2017) reported changes in the position
and intensity of the Azores high, which affected the magnitude and timing of the alongshore
favourable winds in the three northern regions of the CCUS. Sylla et al. (2019) with a CMIP5
ensemble model identified a weakening of the upwelling favourable winds in the MSUR,
associated with changes both in the Azores high and the Sahara thermal low. However, the
thermal vertical structure under climate changes in the CCUS are still uncertain and both

stratification and wind changes may be complementary or competitive (Bonino et al. 2019).

The last report of the Intergovernmental Panel on Climate Change (IPCC) in 2019 (Bindoff et
al., 2019) concluded that there is low confidence in projections regarding upwelling zones. The
low confidence is due to the heterogeneity of the EBUS physical characteristics and the coarse
resolution of the global climate models (GCMs) to represent the local processes in the
upwelling systems (Garcia-Reyes et al., 2015). Although the models from CMIP6 and High
Resolution Model Intercomparsion project (Haarsma et al., 2016) present an opportunity for
nearshore analysis (Varela et al. 2022; Sylla et al. 2022), they still have a resolution coarser
than 25 km. In fact, recent studies (Garcia-Reyes et al. 2015; Wang et al. 2015; Sein et al. 2017,
Gomez-Letona et al. 2017; Bindoff et al. 2019; Vazquez et al. 2022) showed the need for much
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higher horizontal resolution for the representation of mesoscale processes in the upwelling

systems that are partly masked in the current GCMs.

However, Regional Climate System Models (RCSMs), with higher horizontal resolution, will
allow to represent smaller scale processes of the EBUSs that are partly masked in the GCMs
(Sein et al. 2017; Xiu et al. 2018; Bindoff et al. 2019; Vazquez et al. 2022). Therefore,
downscaling global models to the coastal domain of EBUSs is required to get an adequate

representation of upwelling dynamics.

1.6 Hypothesis and Objectives

Our working hypothesis considers that the CCUS will experiment significant changes as
consequence of global warming that will be detectable in physical variables, changes in
circulation and as well as in the vertical structure of the water column. The use of the RCSMs
will allow a substantial progress in the quantification and analysis of these parameters,
contributing to improve the estimation of the climate change effects on the present and future

climate.

Therefore, the general objective is to assess the changes of the future climate in the CCUS with
the high-resolution regionally coupled atmosphere-ocean model ROM (abbreviated as ROM
from REMO-OASIS-MPIOM; Sein et al., 2015). To reach the general objective, we propose

the next specific objectives, which are organized in three chapters:

Chapter 3: The main goal of this chapter is to evaluate the ROM performance in a present time
for the three northern regions of the CCUS, compared to different observational and reanalysis

datasets. The subobjectives of this chapter can be summarized as follows:

- First, to validate the representation of the inter-annual variability and the seasonal cycle
of the three northern regions of the CCUS with a Regional Climate System Model
(RCSM).

- Second, to compare the performance of our regionally coupled model with regional
climate models (RCMs) and GCMs to highlight the advantages and disadvantages of
the AORCMs in reproducing the CCUS dynamics.

Chapter 4: The main objective of this chapter is to assess the future impact of climate change
on the three northern regions of the CCUS with a RCSM. For this, we propose two sub-

objectives:
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- First, to understand the impact of climate change in the wind field, identifying the main
driver of changes in the alongshore winds for the future.
- Second, to assess the impact on the coastal upwelling of the ocean stratification changes

due to global warming.

Chapter 5: This chapter aims to analyze the evolution of the Mauritania-Senegalese upwelling

region under the RCP8.5 scenario. For this we propose two sub-objectives:

- First, to validate the representation of the main variables in the MSUR.
- Second, to assess the projected climate change signal in the MSUR under the RCP8.5

scenario.
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2.1 ROM configuration

In this thesis we will work with the regional climate system model (RCSM) ROM (REMO-OASIS-
MPIOM; Sein et al. 2015). ROM (Sein et al., 2015) comprises the regional atmosphere model (REMO;
Jacob et al., 2001), the Max Planck Institute Ocean Model (MPIOM; Marsland et al., 2003; Jungclaus
et al., 2013), the Hamburg Ocean Carbon Cycle (HAMOCC) model (Maier-Reimer et al., 2005), the
hydrological discharge (HD) model (Hagemann and Gates, 1998, 2001), the soil model of REMO
(Rechid and Jacob, 2006) and a dynamic thermodynamic sea ice model (Hibler, 1979), which are
coupled via the OASIS3 (Valcke, 2013) coupler and abbreviated as ROM from REMO-OASIS—
MPIOM.

Atmospheric model (REMO)

The atmospheric component of ROM is the REgional atmosphere MOdel (REMO) (e.g., Jacob, 2001).
The dynamical core of the model as well as the discretization in space and time are based on the Europa-
Model of the German Weather service (Majewski, 1991). The physical parameterizations are taken from
the global climate model ECHAM versions 4 and 5 (Roeckner et al., 1996, 2003). To avoid the largely
different extensions of the grid cells close to the poles, REMO uses a rotated grid, with the equator of
the rotated system in the middle of the model domain with a constant resolution of 25 km (Sein et al.
2015), extending its domain to the North Atlantic, the eastern tropical Pacific and the Mediterranean

Sea regions, including the whole CCUS region (Fig. 3.1b).
Oceanic model (MPIOM)

The oceanic component of ROM is MPIOM, a global oceanic model developed at the Max Planck
Institute for Meteorology (Hamburg, Germany). MPIOM is a free surface, primitive equations ocean
model, which uses the Boussinesq and incompressibility approximations. MPIOM is formulated on an
orthogonal curvilinear Arakawa C-grid (Arakawa and Lamb, 1977) with variable spatial resolution. The
MPIOM configuration used for all experiments features the grid poles over North America and
Northwestern Africa. The horizontal resolution ranges from 5 km (close to the NW African coast) to
100 km in the southern oceans. This feature allows a local high resolution in the region of interest
allowing the study of local-scale processes while maintaining a global domain (e.g. Izquierdo and
Mikolajewicz, 2019). The model has 40 vertical levels with increasing level thickness towards the ocean

bottom (Sein et al. 2015; Parras-Berrocal et al. 2020).
REMO-OASIS-MPIOM

In the region covered by REMO, the atmosphere and the ocean interact while the rest of the global

ocean is driven by energy fluxes, momentum and mass from global atmospheric data used as external
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forcing. In the experiments analyzed in this thesis, data from ERA-Interim reanalysis (Dee et al., 2011)
and MPI-ESM-LR (low resolution) (Giorgetta et al., 2013) are used to provide lateral boundary
conditions to REMO and to force MPIOM outside the coupling region. The spin-up of MPIOM was
done according to the procedure described in Sein et al. (2015). MPIOM is started with climatological
temperature and salinity data (Levitus et al. 1998). Subsequently, it is integrated six times through the
1958-2002 period forced by ERA-40 and one time by ERA-Interim reanalysis (1979-2012) and with

60 min of the coupling frequency.

Therefore, we use two configurations of ROM to analyze the CCUS: (i) ROM forced by ERA-Interim.
(i) ROM forced by MPI-ESM-LR.

- ROM forced by ERA-Interim (ROM_P0): In chapter 3 and chapter 5, we use this
configuration to validate the ROM performance to reproduce the present time against different datasets

in the CCUS.

- ROM forced by MPI-ESM-LR: In the chapter 4 and the second part of the chapter 5, we use
this configuration to evaluate the effects of the climate change in the CCUS. In these cases, ROM
presents two simulations, first a historical time as control period (1950-2005; ROM_P1) and second
from 2006 to 2099 under Representative Concentration Pathway 8.5 (RCP 8.5) CMIP5 scenario
(ROM_P2).

The Coupled Model Intercomparison Project Phase 5 (CMIP5) projections have as objective to improve
the knowledge about the past, present and future climate change in a multi-model context and for this,
it makes use of Representative Concentration Pathways (RCPs), which are designed to provide plausible
future scenarios of anthropogenic forcing spanning a range from a low emission scenario characterized
by active mitigation (RCP 2.6), through two intermediate scenarios (RCP 4.5 and RCP6.0), to a high
emission scenario (RCP 8.5). Each RCP is associated with plausible combinations of projected
population growth, economic activity, energy intensity, and socio-economic development. The RCP

scenarios were named based on their total radiative forcing by (or post) 2100.

2.2 Datasets: Observational data, reanalysis and climate
models

In order to know the behaviour of the climate system, it is necessary to obtain information
about it through measurements and observations, remote monitoring systems (satellite or
radars), allowing the development of models that are very useful for the study of climate and

its evolution. As, for example, reanalysis (regular gridded observational and modelled data)
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and modelled data (numerical climate models). In this work we use different datasets, to

evaluate, compare and force the ROM model.

Observational data: Observations are key elements to deepen our knowledge of the ocean and
the atmosphere, as well as for climate research. They are essential for climate change
assessment, the development of policy responses, the development of climate services or
testing climate and weather forecasting models. To evaluate the ROM model in the chapter

three, we use four observational data: OISST, ESA, WOD18 and Aqua MODIS.

- The daily Optimum Interpolation Sea Surface Temperature (OISST) is a SST dataset
that incorporates observations from different platforms (satellites, ships, buoys and
Argo floats) into a regular global grid with a horizontal resolution of 0.25° (Reynolds
et al. 2007).

- The European Space Agency (ESA) SST dataset provides a globally-complete daily
analysis of sea surface temperature (SST) on a 0.05° lon-lat grid. It combines data from
both the Advanced Very High Resolution Radiometer (AVHRR) and Along Track
Scanning Radiometer (ATSR) Climate Data Records, using a data assimilation method
to provide SST where there were no measurements. This dataset is part of the climate

change initiative sea surface temperature project (Merchant et al. 2019).

- The World Ocean Database (WOD) is a powerful dataset for oceanographic, climatic,
and environmental research, that presents the world's largest collection of uniformly

formatted, quality controlled, publicly available ocean profile data (Boyer et al. 2019).

- Aqua MODIS (or Moderate Resolution Imaging Spectroradiometer) is a key instrument
a board Aqua satellite. Aqua MODIS views the entire Earth's surface every 2 days,
acquiring data in 36 spectral bands. These data improve our understanding of global
dynamics and processes occurring in the oceans. MODIS plays a vital role in the
development of validated, global, interactive Earth system models able to predict global
change accurately enough to assist policy makers in making sound decisions

concerning the protection of our environment (Hall and Riggs 2007).
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Reanalysis: The retrospective analysis or reanalysis are climate datasets that describe the
recent history of the atmosphere, land surface and the oceans. An advantage of reanalysis is
that it offers long time series of multiple climate variables in a regular grid. However,
limitations arise due to observational constraints that introduce false variability and trends
(Geralo et al. 2017), varying depending on the location, time period and variable considered.

In the work we have used three reanalyses: ERAS, SODA and GLORYS.

- Within the marine Copernicus services, the European Centre for Medium-Range
Weather Forecasts has developed the ERAS reanalysis, which provides hourly
estimates of a large number of atmospheric, land and oceanic climate variables,
covering the Earth on a 30 km grid. ERAS5 combines vast amounts of historical
observations into global estimates using advanced modelling and data assimilation

systems and has a temporal cover from 1950 to present (Hersbach et al. 2020).

- Simple Ocean Data Assimilation (SODA) is an ocean reanalysis dataset consisting of
gridded variables for the global ocean, as well as several derived fields. SODA used an
atmospheric forcing from the NOAA Twentieth Century Reanalysis version 2. The goal
is to provide an improved estimate of ocean state from those based solely on
observations or numerical simulations. SODA covers from 1980 to the present time

(Carton et al. 2018).

- GLORYS (GLobal Ocean ReanalYsis and Simulation) is implemented in the
framework of the Copernicus Marine Environment Monitoring Services (CMEMS),
that produces and distributes global ocean reanalysis at eddy-permitting (1/4°)
resolution that aim to describe the mean and time-varying state of the ocean circulation

with a focus on the period from 1993 to present (Drévillon et al. 2018).

Climate models: Climate models represent the evolution of climatic variables by solving the
conservation equations of dynamics and thermodynamics that govern the atmosphere, ocean,
and the land surface processes (Flato et al. 2014). There are different types of climate models,

depending on the domain covered.

The global climate models (GCMs) are a fundamental tool in the study of climate, being a

complex mathematical representation of the major climate system components (atmosphere,
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land surface, ocean, and sea ice), and their interactions. These models allow to evaluate the
global climate from a general view, but its coarser resolution is not able to resolve some of the

processes of smaller scales (e.g. Xiu et al. 2018; Vazquez et al. 2022).

We compare the ROM model outputs with those from an ensemble of four Global Climate
Models from the CMIPS5 project. Moreover, along with these GCMs, we compared our model
with the Max-Plank Institute-Earth System Model (MPI-ESM; Giorgetta et al. 2013). MPI-
ESM consists in a global coupled model, with the same ocean component (MPIOM) of ROM.
Moreover, MPI-ESM presents the atmosphere model ECHAMG6 (Stevens et al., 2013). MPI-
ESM has been used in different configurations for Coupled Model Intercomparison Project
phase 5 (CMIP5) in a series of climate change experiments. In the thesis we use two MPI-ESM
configurations: The low resolution (LR) configuration uses for the ocean a bipolar grid with
1.5° resolution and the medium resolution (MR) decreases the horizontal grid spacing of the
ocean to 0.4° with a tripolar grid, two poles localized in Siberia and Canada and a third pole at
the South Pole. MPI-ESM-LR was used not only to compare ROM model, but also as external

forcing and driver in the historical and RCP8.5 simulations.

Regional Climate Models (RCMs) are numerical climate prediction models that simulate
atmospheric and land surface processes, while accounting for high-resolution topographical
data, land-sea contrasts, surface characteristics, and other components of the Earth-system
within a limited domain with the goal to simulate the climate variability with regional
refinements. RCMs need lateral and ocean conditions from a GCMs or reanalysis. RCMs allow
a more detailed study and simulation of regional and local conditions ( Laprise et al. 2008;
Rummukainen, 2010; Giorgi, 2019). In this context born the Coordinated Regional Climate
Downscaling Experiment (CORDEX; Giorgi et al. 2009), with the objective to advance and
coordinate the science and application of regional climate downscaling through global
partnerships. The coordination focuses on different regions worldwide, including Africa in the
specific AFRICA-CORDEX part of the project. Two ensemble mean from AFRICA-CORDEX
were used for the evaluation of ROM. First, using seven atmosphere models with a horizontal
resolution of 0.44° and second three atmosphere models with an increased horizontal resolution
(0.22°). These AFRICA-CORDEX models were collected with the external forcing from ERA -

Interim.
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2.3 GCMs, RCMs and RCSMs

Numerical models are very powerful tools to evaluate the complex mechanisms associated with
the climate and environmental sciences. Thus, the development of GCMs include coupled
representations of the ocean, atmosphere, land use, vegetation, biogeochemistry, atmospheric
chemistry, and the hydrological cycle (Taylor et al. 2012). GCMs can be used to simulate both
the longer-term evolution of the Earth’s climate on decadal and longer time, as the short and
medium-range weather forecasts and seasonal predictions (Sein et al. 2015). However, GCMs
are not able to capture some physical phenomena due to a low horizontal resolution, thus
hampering the accuracy of climate projections on regional and local scales (Marotzke et al.,

2016; Xie et al., 2015), especially in the north Atlantic ocean (Sein et al. 2020).

The regional climate models (RCMs) is a good opportunity to improve the low resolution of
current GCMs. RCMs take the initial conditions, lateral conditions, and surface boundary
conditions from GCMs and provide dynamically downscaled climate information within the
region of interest with a higher resolution than GCMs. Additionally, they allow a better
understanding of various aspects of air-sea interaction processes important for the climate.
However, in the literature there is various views on the added value of the RCMs to determinate
the regional responses to climate change, since often, GCMs reproduce well the larger-scale
mechanisms and the spatial extension of these phenomena and patterns is in most cases larger

than the domain size of most RCMs (Sein et al. 2015).

To date, most RCMs are composed of only atmospheric component coupled to a land surface
scheme and driven over ocean areas by prescribed sea surface temperature (SST) and sea ice
cover (Sein et al. 2015). However, there are cases where the RCMs are not sufficient due to the
lack of atmosphere-ocean feedbacks, which can substantially influence the spatial and temporal
structure of regional climate (Li et al., 2012). Recent studies have shown that Regional Climate
System Models (RCSMs) are capable of simulating these features of the climate system (Soares
et al. 2019; Parras-Berrocal et al. 2020; de la Vara et al. 2021). Compared to GCMs, RCSMs
can achieve much higher resolution and detailed parameterizations, providing a more accurate
representation of the relevant small-scale processes (Sein et al. 2020) and compared to RCMs,
the interaction between the ocean and atmosphere in RCMSs also give a more realistic
representation of the physic mechanisms than in atmosphere and ocean only regional models
(Sein et al. 2015). In this thesis, we use the RCSM, ROM, which introduces the novel approach

of implementing a global ocean model with high horizontal resolution at regional scales. This
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allows us to obtain information of the global ocean maintaining the high spatial resolution in

the coupling area.
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coupled climate model

The contents of this chapter have been published in:

Vazquez, R., Parras-Berrocal, 1., Cabos, W., Sein, DV., Mananes, R. and Izquierdo, A. (2022)
Assessment of the Canary current upwelling system in a regionally coupled climate model.

Clim Dyn 58, 69-85. https://doi.org/10.1007/s00382-021-05890-x
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3.1 Introduction

The Eastern Boundary Upwelling Systems (EBUSs) are among the major fishery grounds in
the world, contributing more than 20% to global fish catches, while covering only 2% of the
global ocean surface (Pauly and Christesen 1995). Coastal upwelling systems are generated by
the action of the equatorward along-shore winds, which transport coastal surface water
offshore, causing the upwelling of the cold and nutrient-rich deep waters by Ekman dynamics.
These systems have a large ecological and economic importance (Garcia-Reyes et al. 2015;
Varela et al. 2015), hence knowing the response of coastal upwelling to changing climate is of
uttermost importance. There are four EBUSs: Canary Current Upwelling System (CCUS),
Benguela Current Upwelling System, Humboldt Current Upwelling System and California
Current Upwelling System.

In the EBUSs, the large-scale pressure gradients between are the main drivers of upwelling
favourable winds (Bakun 1990; Garcia-Reyes et al. 2015). Bakun (1990) hypothesized that the
strengthening of the ocean-land thermal gradient under the greenhouse warming would result
in stronger alongshore winds, increasing the upwelling of the deeper water to the surface during
the second half of the 20™ Century. This hypothesis was supported by Wang et al. (2015), who
found a robust relationship between the increase of the land-sea temperature differences and

the upwelling intensity in the 21% Century.

However, Ryckazewski et al. (2015) proposed an alternative hypothesis: changes in the
magnitude, timing or location of upwelling winds could be associated with poleward migration
and intensification of major atmospheric high-pressure cells in response to increased
greenhouse gas concentrations. The upwelling systems may be more sensitive to this

mechanism than to the increase of the ocean-land thermal gradient (Garcia-Reyes et al. 2015).

Nevertheless, along-shore winds are not the sole driver of change in the EBUSs. Coastal
surface warming may increase the water stratification, reducing the upward nutrient-rich
transport to surface (Di Lorenzo et al. 2005; Garcia-Reyes et al. 2015; Brady et al. 2019). For
instance, Oyarzin and Brierley (2018) showed that the increase of the ocean stratification, as
result of global warming, becomes the major mechanism of change during the 21st Century in
the Humboldt Current system. Therefore, the EBUS future behavior is still uncertain and both

stratification and wind changes may be complementary or competitive (Bonino et al. 2019).
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In this study we focus on the CCUS, which is part of the North Atlantic subtropical gyre,
extending from the northern tip of the Iberian Peninsula at 43°N to the south of Senegal at
about 10°N (Fig. 3.1a). The coastal upwelling region between Cape Blanc and the Strait of
Gibraltar is a year-round phenomenon that becomes stronger to the south of Cape Bojador
(Cropper et al. 2014). In the western coast of the Iberian Peninsula (37°-43°N) there is a marked
seasonality with along-shore upwelling favorable winds dominating during spring and summer
months (Sousa et al. 2017a, Wooster et al. 1976). The Strait of Gibraltar divides both regions,
representing a major discontinuity of the upwelling system due to an abrupt change in the

coastline orientation in the Gulf of Cadiz (Kédmpf and Chapman 2016).

The resolution of the Global Climate Models (GCMs) is insufficient to reproduce mesoscale
features or detailed coastal dynamics (Xiu et al. 2018). In fact, recent studies (Garcia-Reyes et
al. 2015; Wang et al. 2015; Sein et al, 2017; Gémez-Letona et al. 2017; Bindoff et al. 2019)
stressed the need for much higher horizontal resolution for the explicit representation of
mesoscale processes that are important for a correct simulation of the upwelling systems but
are partly masked in the current GCMs. Regional climate system models (RCSMs) are able to
provide a resolution that allows an explicit representation of these processes and represent a

valuable tool for their study.

In this work we use a high-resolution atmosphere-ocean regional coupled model for the study

of the CCUS. The main goals of the paper can be summarized as follows:

- First, validating the representation of the inter-annual variability and the seasonal cycle
of the CCUS.

- Second, comparing the outputs of regionally coupled model with regional climate
models (RCMs) and GCMs to highlight the advantages and disadvantages of the
RCSMs in reproducing the CCUS dynamics.

3.2 Data and Methods

ROM (REMO-OASIS-MPIOM; Mikolajewicz et al. 2005; Sein et al. 2015; Sein et al. 2020) is
an atmosphere-ocean regional climate model in which the limited area atmospheric model
REMO (REgional MOdel; Jacob et al. 2001) is coupled to the global ocean model MPIOM
(Max Plank Institute-Ocean Model; Marsland et al. 2003; Jungclaus et al. 2013). These
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components are coupled via the OASIS3.0 (Valcke 2013) coupler. ROM also simulates
globally the lateral freshwater fluxes at the land surface through the Hydrological Discharge
(HD, Hagemann and Gates 1998, 2001) model, which is run as part of REMO. Furthermore,
the relevant carbon stocks of the atmosphere, the ocean and the sediments are included through
the Hamburg Ocean Carbon Cycle (HAMOCC; Maier-Reimer et al. 2005), which is a MPIOM
subsystem (Soares et al. 2018, 2019; Parras-Berrocal et al. 2020).

3.2.1 ROM configuration

The atmospheric component of ROM, REMO, is the only model component that is run in a
regional configuration. The REMO domain (Fig. 3.1b) extends to the North Atlantic, the
eastern tropical Pacific and the Mediterranean Sea regions, including the whole CCUS region,
and has a constant horizontal resolution of 25 km with a rotated grid (Parras-Berrocal et al.

2020).

MPIOM is discretized on a curvilinear grid with variable spatial resolution ranging from 5 km
at the West African coast to 100 km in the Southern oceans. In the area of study, the MPIOM
resolution is not coarser than 10 km. The MPIOM horizontal resolution in CCUS is sufficiently
high to allow for the study of local scale processes in the region while maintaining a global
domain with an acceptable computing cost. A similar MPIOM configuration was successfully
applied in a process study of the Mediterranean Outflow Waters (Izquierdo and Mikolajewicz,
2019). The model has 40 vertical levels with increasing level thickness towards the ocean
bottom (Sein et al. 2015; Parras-Berrocal et al. 2020). The spin-up of MPIOM was done
according to the procedure described in Sein et al. (2015). MPIOM is started with
climatological temperature and salinity data (Levitus et al. 1998). Subsequently, it is integrated
six times through the 1958-2002 period forced by ERA-40 and one time by ERA-Interim
reanalysis (1979— 2012) and with 60 min of the coupling frequency.
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Fig. 3.1 a) ROM coupling scheme, with sea surface temperature (SST) and 2 m air temperature
(T2m). The masks used in SST section (red lines) and to calculate the T2mand-sea differences

(blue lines) are overlaid. b) MPIOM grid resolution and REMO domain for ROM (red
boundary).
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In this work, we assess the ROM performance in the CCUS using a simulation forced by ERA-
Interim (ROM_PO; Dee et al. 2011). ERA-Interim provides lateral boundary conditions to
REMO and surface forcing to MPIOM outside the coupling region. Both models are
hydrostatic and solve the Navier—Stokes equations using the Boussinesq approximation, In this

run HAMOCC was disabled.

3.2.2 Assessment strategy and data sets

The model outputs were assessed in terms of seasonal cycle and inter-annual variability,
focusing on the larger scale processes, the latitudinal variability and the mesoscale dynamics
that characterizes the CCUS. For the validation, we use daily and monthly data of the most
representative atmosphere and ocean variables: Near-surface air temperature (T2m), sea
surface temperature (SST), wind stress and ocean temperature. This validation is carried out
against several observational and reanalysis data sets (Table 1). Additionally, we use the Max
Plank Institute - Earth System Model (MPI-ESM), seven RCMs from AFRICA-CORDEX
(Table 2) and four GCMs from CMIPS (Table 3) to assess ROM PO performance. The

validation strategy addressed:

- Larger scale: The CCUS climate at the larger scale was evaluated by means of
OISSTv2 (SST) and ERAS (wind stress) data. The NOAA 1/4° daily OISST (Reynolds
et al. 2007) is an analysis constructed by combining observations from different
platforms (satellites, ships, buoys, and Argo floats) on a regular global grid. ERAS
(Copernicus Climate Change Services 2017) is a product of the European Centre for
Medium Range Weather Forecast (ECMWF) and covers the Earth on a 30 km grid and
resolves the atmosphere on 137 levels from the surface up to a height of 80 km. We
also used the European Space Agency (ESA) SST Climate Change Initiative (CCI) and
C3S global Sea Surface Temperature Reprocessed product (Good et al. 2019), which
provides daily averaged SST with a resolution of 5 km (Merchant et al. 2019).

- Latitudinal variability: Between the four major EBUSs, the CCUS stands out as the
most spatially and seasonally variable one in terms of primary production (Sylla et al.

2019). Based on the seasonality, there are different arguments to divide the CCUS in
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sub-regions but without a broad consensus (Aristegui et al. 2009; Pardo et al. 2011;
Crooper et al. 2014; Gomez-Letona et al. 2017; Fischer et al. 2019). Here we will focus
on the seasonal and latitudinal variability of T2m, wind and SST over the coastal band,
allowing an integrated view of the coastal upwelling. The local wind was assessed using
an upwelling index (UI) based on the offshore wind-driven Ekman transport (Q). The
UI proposed by Bakun (1973) was calculated following the approach used by Gomez-
Gesteira et al. (2006), Crooper et al. (2014) and Sousa et al. (2017a, 2017b):

Ly
= — 3.1
Qx fpq Eq.3
Tx
= —— 3.2
Qy ro Eq
Ul = —sin (9 — g) Q, + cos (0 — g) Qy Eq. 3.3

where Qs Oy and 74, 7, are the zonal and meridional components of the horizontal
Ekman transport and the wind stress vector, respectively; p, is the reference sea water
density (1025 kg m™); f is the Coriolis parameter and 6 is the angle between the

coastline and the equator.

- Thermal vertical structure: The cross-shelf thermal vertical structure is relevant for
the characterization of the coastal upwelling intensity. The vertical structure of the
ocean temperature was assessed through SODA (Carton et al. 2018) and
GLORYSI12V1 (Drévillon et al. 2018) gridded products and WOD18 (Boyer at al.,
2019) in situ data. SODA3.4.1 is the latest version of SODA with 1/4° x 1/4° resolution
in 50 vertical levels. The GLORYSI2V1 product is the Copernicus Marine
Environment Monitoring Service (CMEMS) global ocean eddy-resolving reanalysis
with observations assimilated from along track altimeter data, satellite sea surface
temperature, sea ice concentration and in situ temperature and salinity vertical profiles.
The WOD18 includes in situ measurements of temperature, salinity, dissolved oxygen
and nutrients from 1773 to the present. For the evaluation we used a cross-shelf transect
along 31°N (Cape Ghir), a region where the spatial resolution could play a role due to

the bathymetry features and coastline.
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- Mesoscale events: Coastal upwelling filaments are mesoscale structures with a great
importance in the transport of organic carbon and nutrient-rich upwelled waters several
hundred kilometers offshore and have typical lifetime of a few weeks (Menna et al.
2016), fueling the biological activity of the oligotrophic open waters (Lovecchio et al.
2018). We use two high resolution datasets able to detect the filaments: MODIS Aqua
(Hall and Riggs 2007) and GLORYS12V1 (Dréevillon et al. 2018). The Moderate
Resolution Imaging Spectroradiometer (MODIS) is a key instrument aboard Aqua
satellite, which views the entire Earth's surface every 2 days, acquiring data in 36

spectral bands (Hall and Riggs 2007).

Table 1. Observational and reanalysis data products selected to assess ROM PO performance
in the CCUS

Dataset Period Spatial resolution Reference
ERAS 1980-2012 31 km Copernicus Climate Change Services (2017)
OISST 1982-2012 0.25°x 0.25° Reynolds et al. (2007)
SODA 1980-2012 0.5°x 0.5° Carton et al. (2018)
WOD18 1980-2012 Not gridded Boyer et al. (2019)
ESA 1981-2012 Skm Merchant et al. (2019)
MODIS 2002 to present 0.05°x 0.05° Hall and Riggs (2007)
GLORYS 1993-2012 0.083° x 0.083° Drevillon et al. (2018)

3.2.3 Model Intercomparison

We use the Max Plank Institute for Meteorology — Earth System Model (MPI-ESM; Giorgetta
et al. 2013) in order to assess the impact of the high resolution of ROM, particularly regarding
mesoscale dynamics. MPI-ESM has the same ocean component (MPIOM) than ROM. Here
we use the two versions of MPI-ESM contributing to CMIP5. The first, Low Resolution (-LR)
uses for the ocean a bipolar grid with 1.5° resolution. The Medium Resolution (-MR) has a

tripolar grid with higher ocean horizontal resolution of 0.4° (Giorgetta et al. 2013).

Additionally, we compare ROM output to the ensemble mean of several Regional Climate

Models (RCMs) from the AFRICA-CORDEX, with boundary conditions forced by ERA-
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Interim. We should note that in AFRICA-CORDEX the available simulations are atmosphere-
only and the horizontal resolution available was 0.44°. Following Sousa et al. (2017b), we

chose seven RCMs in the study (Table 2).

Table 2. AFRICA-CORDEX simulations used to compare ROM with RCMs

Model Period Description

RCA4 1980-2010 Rossby Centre regional atmospheric model (Samuelsson et al. 2015)

RACMO22T | 1980-2012 Regional atmospheric Climate model version 2.2 (van Meijgaar et al. 2008)

CRCM5 1980-2012 Canadian Regional Climate Model Fifth generation (Takhsha et al. 2016)
CCLM4-8-17 | 1989-2008 Climate Limited-Area Modelling Community (Rockel et al. 2008)
REMO2009 1989-2008 Atmospheric Regional Model (Jacob et al. 2001)

Met Office Hadley Centre Regional climate model version 3 (Jones et al.

HadRM3P 1990-2011 2004)

High resolution Limited Area Model (HIRLAM) + General circulation models

HIRHAMS 1989-2010 for the atmosphere (ECHAM); (Christensen et al. 2006)

Finally, also following Sousa et al. (2017a), ROM is compared with an ensemble of four Global
Climate Models (GCMs) from the CMIPS5 project (Table 3).

Table 3. CMIP5 simulations used to compare ROM with GCMs

Model Spatial resolution Description

Centre National de Recherches Météorologiques Coupled Global Climate

CNRM-CM5 L4x 14 Model, version 5 (Voldoire et al. 2013)

The numerical wather prediction (NWP) system of the European Centre
EC-EARTH 1.12°x 1.125° for Medium-Range Weather Forecasts (ECMWF) forms the basis for EC-
Earth (Hazeleger et al. 2010)

IPSL-CMS5A- 1250 x 2.5° Institut Pierre Simon Laplace — Climate Modellling Centre Earth System
MR ' ' Model version 5 (Dufresne et al. 2013)

Second version of Hadley Centre Global Environmental Model version 2

HadGEM2-ES 125" x 1.875 Earth System configuration (Jones et al. 2011)
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3.3 Results

3.3.1 Larger scale

In this section we assess the larger scale climate of the CCUS through the SST, the wind stress
and the T2m from the Iberian Peninsula to Cape Blanc. Besides the coastal area, we also

analyze an extensive offshore area that contains the CCUS (see the area of study in Fig. 3.2).

The mean SST field in the CCUS for the 1982-2012 period presents a year-round meridional
gradient and a colder patch by the NW African and Iberian coasts because of the upwelled
waters (Fig. 3.1a). For the evaluation of SST, we compare the output of ROM_ PO with OISST,
MPI-ESM-LR, MPI-ESM-MR and CMIPS5 for the 1982-2012 period (Fig. 3.2). In DJF, ROM
provides a good agreement with OISST, displaying biases smaller than 1.0°C over most of
domain except for the northwest region, where the differences reach 2.5 °C (Fig. 3.2a). MPI-
ESM-LR and MPI-ESM-MR present biases up to 2.0 °C with larger differences at local regions
such as Cape Bojador and Cape Blanc (Figs. 3.2b and 3.2¢). CMIP5 ensemble mean shows an
overall cold bias with a maximum in the Gulf of Cadiz (Fig. 3.2d).
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7adl Bt B0 B=ars)
I 38°N 38°N i 2 289N : z
34°N /j . 34°N </£ ff 4% éi"v" / 0@5

i

i—s../‘
38°N o]
Qz'\
4 e
34N ‘\‘J \f/ 34N d.r 34°N ‘/
=
/ 30°N Ly 30°N & @ / 30°N !
B o ek ,5
26°N . 26°N ey 26°N o
6 C" { 4
C‘\’ ) 1’—//

22°N A 22°N

38°N ( 38°N zj
W P8 1

22°N

290°W 24°W 19°W 14°W 9w 29°W 24°W 19°W 14°W 9w 29°W 24°W 19°W 14°W 9w 29°%W 24°w 19°W  14°W 9w

Fig. 3.2. SST biases (°C) in DJF (upper row) and in JJA (lower row) between ROM (a, e), MPI-
ESM-LR (b, f), MPI-ESM-MR (c, g) and CMIP5 (d, h) with OISST.
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In JJA, the cooling of coastal surface waters evidences the intensification of the upwelling
system. This mechanism seems to be magnified by ROM_ PO, which despite of having small
differences with OISST throughout the domain presents a cold bias of 2.0 °C in the coastal strip
between 24°N and 34°N (Fig. 3.2¢), corresponding to the permanent upwelling zone with
summer intensification (Aristegui et al. 2009). MPI-ESMs show a patchy bias distribution
along the coast (-2.0 to +2.0 °C) presenting a cold bias (3.0 °C) in the northwest corner of the
domain (Fig. 3.2f and 3.2g). CMIPS5 biases present a similar patchy pattern but with lower
values along the NW African coast (Fig. 3.2h), where the horizontal resolution seems to play

an important role.
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Fig. 3.3. a) Times series of yearly mean (a) and seasonal cycle (b) (1982-2012) SST (°C)

averaged over the domain.

The interannual variability and the seasonal cycle of the spatially averaged SST were evaluated
using OISST, ERAS and ESA data sets (Fig. 3.3). ERAS and ESA were added to the analysis
to account for uncertainty on SST observation-derived data. The time series of yearly spatially
averaged ROM_PO SST for the period 1980-2012 shows warm and cold biases ranging from
+0.59 to -0.28 °C compared to OISST (Fig. 3.3a), being mostly within the observation data sets

spread range.
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Fig. 3.3b shows the seasonal cycle of ROM PO SST compared to OISST, ERAS and ESA.
Minimum (maximum) temperatures are reached in February (September), being the amplitude

of the seasonal cycle 5.4°C for ESA and 5.5°C for ERAS, OISST and ROM_PO.

Wind stress is the main driver of the CCUS (Fischer et al. 2019); erroneous intensities or
directions of wind stress can have a strong impact on the seasonal upwelling system. To assess
the ability of ROM PO reproducing the CCUS we analyze the seasonal wind stress intensity
and direction compared to ERAS, MPI-ESM-LR, MPI-ESM-MR and CMIP5 during 1980-
2012 period (Fig. 3.4). In DJF, when the anticyclonic circulation is weaker, the mean ERAS
wind stress intensity increases to north and south from 34°N where a zonal band with minimum
values is located. Moreover, low wind stress values extend along the coasts of the Iberian
Peninsula and NW Africa, increasing gradually to the south of the Canary islands (Fig. 3.4a).
ROM PO overestimates the ERAS wind stress due to an overestimation of the Azores high
during the winter months (Fig. 3.4b). In both MPI-ESM runs (Figs. 3.4c and 3.4d) this
overestimation is even larger. On the contrary, the CMIP5 ensemble mean underestimates the
strength but shows a spatial pattern closer to the wind stress depicted by ERAS (Fig. 3.4e).
Despite the larger scale differences, ROM PO adequately represents the spatial pattern induced

by coast in the wind stress because of its high horizontal resolution.

In JJA, the Azores high strengthens and migrates to the NW, where ERAS shows the lower
intensities of wind stress (Fig. 3.4f). In ERAS, the wind stress increases to the south showing
the largest values in the coastal strip from Cape Ghir to the south, and downwind from Canary
Islands. By the Iberian and NW African coastlines the wind direction is along the coast, i.e.
upwelling favourable. As in winter, MPI-ESMs strongly overestimate the wind stress field
strength (Figs. 3.4h and 3.41), while CMIP5 underestimates it, but both properly reproduce the
wind stress field directions (Fig. 3.4j). Improving on the GCMs performance, ROM_P0
reproduces the JJA wind stress field remarkably well, including smaller scale features such as
the local maximum off Cape Ghir, the Madeira and Canary Islands shadowing effect, the wind
intensification in the passage between Canary Islands and Africa or the coastal weakening

effect (Fig. 3.4g).
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Fig. 3.4. a) Wind stress intensity and direction for the winter (upper row) and summer (lower
row) months. It is shown ERAS (a, f), ROM (b, g), MPI-ESM-LR (c, h), MPI-ESM-MR (d, 1)
and CMIP5 (e, j).

3.3.2 Latitudinal variability over the coastal band

The CCUS is a dynamically complex system with a large spatial and seasonal variability. Here,
we will assess SST, wind and T2m variability focusing on the coastal band as the upwelling
front is located within a few degrees offshore from the shelf break (Pelegri and Bennazzouz,

2015), supplementing the analysis of the previous section.

The coastal cold SST is a key indicator to determinate the intensity of the upwelling system.
The seasonal cycle of ROM PO was compared with the seasonal cycle of OISST over the
coastal band (the mask is shown in Fig. 3.1a with red lines) and with the GCMs (MPI-ESM-
LR, MPI-ESM-MR and CMIP5 ensemble). ROM_PO performs better than GCMs with biases
smaller than 0.5°C in winter. It is also evident the effect of the coarse resolution in GCMs,

especially in MPI-ESM-LR and CMIPS5 (Fig. 3.5a-d).

In summer boreal months, when the Canary upwelling intensifies, ROM_PO0 shows very small
warm biases north of the Strait of Gibraltar and cold biases in the region of the NW African
coast (Fig. 3.5¢). Remarkably at 25°N ROM cold bias extends uniformly offshore. MPI-ESM-
LR shows the largest warm biases (up to 3.0°C) in Cape Ghir and the Gulf of Cadiz. MPI-ESM-
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MR and CMIP5 present cold biases in the Gulf of Cadiz and Cape Bojador (2.0°C) and warm
biases in Cape Ghir and Cape Blanc (Fig 3.5g and 3.5h).
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Fig. 3.5. SST (°C) biases in the closest grid-points to the coast (red line Fig.1a; 100km from
Coast to Offshore), between ROM (a, e), MPI-ESM-LR (b, ), MPI-ESM-MR (c, g) and CMIP5
(d, h) with OISST, in DJF (upper row) and JJA (lower row).

From these results it could be concluded that ROM PO magnifies in summer the upwelling in
the zone of weak permanent upwelling located between 25°N and 33°N (Cropper et al., 2014;
Gomez-Letona et al. 2017). To clarify the role of the high resolution in this issue we compared
the ROM_PO biases with respect to OISST, ERAS and ESA in the grid points that are closer to
the coast (Fig. 3.6). In DJF ROM_ PO biases are similar for the three datasets, with cold biases
smaller than 1.0°C along the African coast. From Cape Ghir to Cape Blanc, the biases with
ESA are notably smaller (Fig. 3.6a). In JJA, the differences in the biases increase, being close
to 0.5°C in Cape Ghir and Cape Bojador for ESA and reaching the 4.0°C for ERAS at those
locations (Fig. 3.6b). In general, ROM_PO differences with ESA are smaller than with OISST
and ERAS along the African coast. The reason for these discrepancies can be related to the
OISST and ERAS resolution, which does not allow for a clear representation of the SST coastal

pattern of the upwelling.
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Fig. 3.6. ROM PO SST (°C) biases in the closest grid-point to coast with OISST, ESA and
ERAS, in DJF (a) and JJA (b).

The coastal wind stress was assessed through UI (Fig. 3.7) in order to quantify the upwelling
intensity from Ekman transport. Positive (negative) UI corresponds to upwelling
(downwelling) conditions. In DJF (Fig. 3.7a), ERAS presents nearly neutral conditions along
the coasts of the Iberian Peninsula. From the Gulf of Cadiz to Cape Ghir ERAS-based Ul is
positive increasing towards the south, where from Cape Bojador to Cape Blanc the upwelling
becomes intense. This latitudinal variability is well represented by ROM_P0O and CORDEX,
highlighting higher values in ROM_PO for Cape Ghir and in southern regions and weaker in
CORDEX for the region between the Gulf of Cadiz to Cape Blanc. CMIPS5 also represents
reasonably well the latitudinal variability, although it is smoother and with a general tendency

to underestimate the upwelling index.
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Table 4. Latitudinal coefficient of determination for Ul averaged over the closest grid-points

to coast in DJF and JJA, comparing ERAS with ROM, MPI-ESM-LR, MPI-ESM-MR, CMIP5

and CORDEX
WINTER SUMMER
ROM PO 0.96 0.94
MPI-ESM-LR 0.90 0.71
MPI-ESM-MR 0.92 0.72
CMIPS5 0.96 0.92
CORDEX 0.98 0.98

In JJA, ERAS-based UI shows upwelling conditions along the Iberian coast and a clear

intensification of the upwelling by the NW African coast, appearing a local maximum between
Cape Beddouza and Cape Ghir (30.5°N-32.5°N). ROM_ PO and CORDEX present the same
latitudinal pattern as ERAS, while CMIPS5 reproduces the latitudinal variability, but with lower

values of the Ul and MPI-ESMs show different local maxima. In general, CORDEX shows a
slightly better performance than ROM PO and CMIPS, with MPI-ESMs having the worst

coefficients of determination (Table 4).
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The T2m land-sea difference lies in the ground of Bakun's (1990) hypothesis of change in
upwelling systems under global warming. The land-sea gradient simulated by ROM_PO is
validated against ERAS and compared with MPI-ESM-LR, MPI-ESM-MR, CMIPS and
CORDEX simulations. For each latitude, we calculate the difference between the 2m air
temperature zonally averaged over 100 km inshore (bounded by the red line, land) and zonally

averaged over 100 km offshore (bounded by the blue line, ocean) as shown in the Fig. 11c.

Table 5. Latitudinal coefficient of determination for T2m land-sea differences averaged over
the closest grid-points to coast in DJF and JJA, comparing ERAS with ROM_P0O, MPI-ESM-
LR, MPI-ESM-MR, CMIP5 and CORDEX

WINTER SUMMER
ROM_PO 0.85 0.77
MPI-ESM-LR 0.71 0.30
MPI-ESM-MR 0.64 0.34
CMIP5 0.71 0.30
CORDEX 0.94 0.76

ERAS5 T2m land-sea differences present mostly negative values in DJF, changing sign in the
southern part from 21°N to 23°N (Cape Blanc). CORDEX reproduces accurately the latitudinal
variability, while ROM_ PO and CMIP5 fail in simulating the sign change in the southernmost
region. The MPI-ESMs do not reproduce properly the latitudinal variability and show too low

values of the T2m land-sea difference (around 0.5°C).

In JJA the insolation increases and the land becomes warmer than the sea, so T2m land-sea
differences are mostly positive (Fig. 3.8b). ERAS presents a high latitudinal variability, with
two regions showing the largest positive differences (Cape Ghir and from Cape Bojador to
Cape Blanc). ROM PO and CORDEX again reproduce well the T2m land-sea differences.
CMIPS does not reproduce properly the T2m land-sea differences latitudinal pattern, showing
a spurious maximum in the Gulf of Céadiz, and the MPI-ESMs showed very low values

compared to those of ERAS5. CORDEX and ROM_PO0 show a better performance, especially
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in summer when CMIP5 and MPI-ESMs present a rather low coefficient of determination

(Table 5).
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Fig. 3.8. Along-shore land (c; blue) — sea (c; red) temperature difference (°C) for DJF (a) and
JJA (b). It is assessed ROM_ PO with ERAS5 and compared with MPI-ESM-LR, MPI-ESM-MR,
CMIP5 and CORDEX.

3.3.3 Thermal Vertical Structure

The cross-shelf thermal vertical structure is commonly used to characterize coastal upwelling.
The thermal vertical structure of the upper 200 m simulated by ROM_P0O was compared to
SODA and GLORYS reanalysis and to in-situ data from WOD18. We choose a cross-shelf
transect at Cape Ghir (31.5°N). All observations used from WOD18 were taken between 1980

and 2012, and the isotherms were plotted as a qualitative reference (Fig 3.9a, b).

At Cape Ghir WODI18 presents a clear thermal stratification, more evident in summer, with
isotherms sloping up to the coast and a temperature range between 14°C and 22°C. In summer
the upwelling front outcrops in the surface near 10.3° W (see 17°C isotherm), while it is relaxed
in winter with the 17°C isotherm outcropping more to the east by the coast (Fig. 3.9a, b). The
cross-shelf structure and seasonality is properly represented by GLORYS and SODA
reanalysis, but ROM_PO0 is more accurate in the representation of the vertical gradients and the

isotherm sloping by the coast (Fig. 3.9¢c-h).
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Fig. 3.9. Temperature (°C) transect for JJA (left) and DJF (right) in Cape Ghir (1980-2012) for
WODI18 (a, b), GLORYS (c, d), ROM_PO (e, f) and SODA (g, h).

3.3.4 Upwelling filaments

The MPIOM high horizontal resolution in the central region of the CCUS allows marginally
the representation of the mesoscale variability because the climatological first baroclinic
Rossby radius of deformation is around 30 km in this area (Chelton et al. 1998). Upwelling
filaments are elongated mesoscale structures of upwelled water extending offshore in the upper
surface layer (Brink 1983). Alvarez-Salgado et al. (2007) and Lovecchio et al. (2018)
highlighted the relevant contribution of upwelling filaments to offshore organic carbon in the
CCUS. The most prominent filaments in the CCUS are located at Cape Ghir, Cape Juby, Cape
Bojador and Cape Blanc. Cape Ghir filament, one of the largest and existing nearly all year
round (Hagen et al. 1996), exports large amounts of organic material into the open ocean
(Garcia-Muiioz et al. 2005; Pelegri et al. 2005, 2006). To assess ROM_ PO skills in reproducing
these relevant mesoscale features we use two filament events in August 2006 and August 2009,

the latter studied in detail by Sangra (2015) and Sangra et al. (2015). We compare the observed
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MODIS Aqua SST with ROM PO and GLORYS output averaged for 21st to 28th August 2006
and 13th to 20th August 2009 (Fig. 3.10).
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Fig. 3.10. Averaged SST (°C) in 21-28 August of 2006 (upper row) and 13-20 August of 2009
(lower row) for MODIS Aqua (a, d), ROM (b, e) and GLORYS (c, f).

As described by Sangra et al. (2015), ROM_PO reproduces the filament cold core, with SST
below 19°C and a broader cool embracing region with temperatures between 19°C and 21°C.
ROM_PO reproduces properly both filament events, quite accurately the offshore extension of
the embracing region and a overextended cold core, while GLORYS filament is excessively

limited to the coast.

3.4 Discussion

When Bakun (1990) formulated his hypothesis highlighting that under global warming the
increase in ocean-land temperature contrast may oppose the general tendency for ocean-basin
scale circulation to slow down, the enormous uncertainty about the evolution of coastal ocean
upwellings under global climate change conditions was evidenced. Additionally, the

importance of the mesoscale in the decadal changes of the CCUS is widely acknowledged (e.
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g. Relvas et al. 2009), as it is the role of the mesoscale in transporting nutrients and
phytoplankton (e.g. Gruber et al. 2011). Since then many attempts have been done to get rid of
such uncertainty and to deepen the knowledge about the behaviour of such fundamental marine
ecosystems under global warming conditions, and different observational and model products
have been used to resolve the different scales relevant for these questions. The study of the
upwelling systems in the CMIPS5 simulations (e. g. Oyarzun and Brierley et al. 2018) allowed
identifying the climate change drivers and the main limitations of the GCMs to reproduce the
mesoscale processes in the EBUSs (Garcia-Reyes et al. 2015; Bindoff et al. 2019). These local
and mesoscale features may have greater impact on EBUSs than large-scale wind patterns
(Renault et al. 2016; Xiu et al. 2018). The difficulties found in the representation of the CCUS
by global models can be significantly resolved with the help of high resolution RCSMs (e. g.
Xiu et al. 2018). In this work, the use of ROM PO in the CCUS region allows us to represent
the fine-scale atmosphere-ocean feedback, reproducing the spatial and temporal structure
needed in the regional climates (Li et al. 2012; Sein et al. 2015). Moreover, ROM_P0
configuration allows a high resolution in the region of interest maintaining a global ocean

domain (Soares et al. 2018; Parras-Berrocal et al. 2020).

The provided climate assessment shows that ROM_ PO reproduces the basin scale climate and
the seasonal signal affecting the CCUS (section 3.3.1) better than the GCMs (MPI-ESMs and
CMIP5) and is in good agreement with OISST and ERAS. ROM PO presents also good skills
in reproducing the interannual variability of the basin scale SST when compared to ERAS,
OISST and ESA data sets (Fig. 3.3). However, in winter ROM_PO has a warm bias in the
northwest corner of the domain (Fig. 3.2a). We have also identified an overestimation of the
Azores high in winter, originating a wrong wind stress field representation along the West
Iberian coast (Fig. 3.4b). Parras-Berrocal et al. (2020) attributed those differences to the role
played by the deficiencies of ROM_ PO to simulate the ocean circulation in the North Atlantic,
with a cold bias centred east of Flemish Cap. Other studies stand out the difficulties of the
ocean models to simulate the Gulf Stream in winter (Eden and Greatbatch 2003; Bryan et al.
2007) and Cabos et al. (2020) detected those deficiencies not only in the ocean models, but
also in the Climate Forecasting System Reanalysis. However, according to our results the
impact of those winter basin-scale inaccuracies on the CCUS seems to be quite limited, as they

impact mostly in the West Iberian coast during the no upwelling season.
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ROM_ PO also presents a cold bias compared to OISST along the NW African coast in summer,
when the upwelling intensifies (Figs. 3.2 and 3.5). Mason et al. (2011) and Santana-Falcon et
al. (2020) found a similar cold bias in their ocean regional models over the CCUS, attributing
it to the warm bias in SST forcing data set identified by Dufois et al. (2012) in a number of
modelling studies in the world EBUS. According to Dufois et al. (2012) the cause of the SST
warm coastal bias in monthly Pathfinder data during summer was a flagging method based on
an OISST reference test, which is explained by strong coastal SST gradients in these regions,
which cannot be satisfactorily represented by the large scale OISST product. This drawback of
OISST can partly explain the strong cold bias in ROM_PO with respect to this observational
product. Indeed, when we compared ROM_PO SST with a higher resolution dataset (ESA) the
cold bias was notably reduced (Fig. 3.6), demonstrating the importance of the high resolution

in mesoscale regions as the CCUS.

This high ocean resolution is key for the representation of the CCUS mesoscale, which is
determined by the accuracy in the representation of the coastal wind stress field and the land-
ocean temperature contrast and characterized by the cross shelf thermal structure and the

generation of events such as upwelling filaments.

ROM_PO properly distinguishes the three main CCUS sub-regions (e.g. Aristegui et al. 2009,
Crooper et al. 2014; Gomez-Letona et al. 2017) from the UI (Fig. 3.7): from 21°N to 26°N
(permanent upwelling zone), from 26°N to 33°N (weak permanent upwelling zone) and from
33°N to 43°N (seasonal upwelling zone), although in part of the West Iberian coast ROM_P0
produces a nearly year-round upwelling (Fig. 3.7) as a consequence of the misrepresentation
of the wind field in that area as previously discussed. Despite this fact, ROM_PO performs
better than the MPI-ESMs and the CMIP5 ensemble, and slightly worse than the AFRICA-
CORDEX ensemble in terms of the Ul (which is calculated from the wind stress). It must be
taken into account that, although AFRICA-CORDEX models have lower horizontal resolution
than ROM atmosphere (0.44° vs 0.22°) their west and north boundaries, forced by ERA-
Interim, are pretty close to the CCUS and that the SST is also prescribed from ERA -Interim.
The Ul values along the Iberian Peninsula simulated by ROM PO are similar to other studies,
with a localised downwelling by the Galician coasts (-200 m> s! km™") in winter and weak
upwelling (500 m? s km™) in the summer months (Pardo et al. 2011; Sousa et al. 2017a). The

upwelling in the African coast also is in the range obtained by different studies (Pardo et al.
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2011; Sousa et al. 2017b), with year-round permanent upwelling (from 600 m* s km™! to 1000

m? s km™) in winter, increasing to 1500 m* s km™ in the African coastline.

The T2m land-sea difference and its latitudinal variability is relevant for CCUS representation
as Bakun hypothesis is based on the global warming induced changes in the T2m land-sea
differences. Several authors (Sydeman et al. 2014; Wang et al. 2015) supported Bakun’s
proposition, but remains unclear the relationship between coastal wind intensification and
global warming (Garcia-Reyes et al. 2015). Our results have shown a good performance of
ROM_PO representing the T2m land-sea contrast variability in CCUS as compared to ERAS.
The latitudinal variability of the land sea temperature contrast is strongly reduced in the GCMs,
indicating that global models have difficulties to represent the land-sea thermal differences in
coastal regions (Ning et al. 2014; Roxy et al. 2015; Ward et al. 2020). ROM_P0 does not
reproduce the sign change of T2m land-sea difference in Cape Blanc, while it is properly
captured by AFRICA-CORDEX. In JJA, ROM_PO overestimates the T2m land-sea differences

in Cape Ghir as a consequence of a strong warming in the Atlas mountains.

Therefore, the ROM PO improvement over the GCMs and good performance as compared to
AFRICA-CORDEX shows the impact of the higher resolution and coupling for CCUS climate
modelling. Coming to details, we have identified the Cape Ghir as an intense upwelling
location both in DJF as JJA, and as a place where upwelling filaments are a nearly permanent
mesoscale feature. ROM PO properly reproduces the summer increase in ocean thermal
stratification in the upper 100 m at Cape Ghir and the increase in the slope of the isotherms in
the immediate proximity to the coast (Fig. 3.9), comparing well with WOD18 hydrographic
data and with GLORYS reanalysis. The improvement over SODA is remarkable, especially

over the shelf where the high resolution plays a key role.

The mesoscale events play an important factor over the CCUS, where only organic carbon
export by filaments in the subtropical northeast Atlantic contributes to the 63% of the annual
primary production associated with the coastal upwelling (Santana-Falcon et al. 2016, 2020).
ROM_PO reproduces the two selected events in Cape Ghir, exporting the water masses from
coast to 150 km offshore (Fig. 3.10). Quite often limited area models are used for reproducing
these events with the difficulties of dealing with the open boundary conditions. This is even
more important when considering the biogeochemical relevance of the upwelling filament
dynamics. Troupin et al. (2012) and Santana-Falcén et al. (2020) approached the study of

upwelling filaments using nested domains and a one-way offline coupling. However, when the
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focus is on the basin-scale, approaches accounting for the influence of the mesoscale on the
larger scale are needed. Lovecchio et al. (2017, 2018) used such an approach by means of a
telescopic curvilinear grid with strong refinement in the NW African coast, being able to
highlight the key role of mesoscale processes in the offshore transport of organic carbon and
concluding that a great part of this flux out of the upwelling regions is not accounted for in
coarse global models. Here, we present a model approach capable of reproducing the large-
scale climate signal accounting for the relevant upwelling mesoscale dynamics, which is of
uttermost importance to assess the future evolution of CCUS and its socio-economic

consequences under climate change scenarios.

3.5 Conclusions

In the present work, we assess the ability of the atmosphere-ocean regionally coupled model

ROM PO to represent the large-scale climate and mesoscale processes involved in the CCUS
dynamics, and compare it to two MPI-ESMs configurations and ensembles of CMIP5 GCMs
and AFRICA-CORDEX RCMs. Our findings can be summarized as follows:

- ROM_PO shows a better performance than the MPI-ESMs and CMIP5 models in
representing the larger-scale wind stress and SST fields, although a relatively
overestimation of the Azores high in winter affects slightly the CCUS over the West
Iberian coast. Besides, ROM_PO reproduces adequately the seasonal and interannual

variability of the ERAS, ESA and OISST.

- High resolution is key to reproduce the latitudinal variability of the CCUS, as ROM_P0
represents the observed coastal SST with higher accuracy than the GCMs. Moreover,
ROM PO successfully reproduces the coastal Ul as well as the T2m land-sea
differences, highlighting the impact of the higher resolution against the GCMs with a
performance comparable to AFRICA-CORDEX.

- The mesoscale processes in the CCUS are well simulated by ROM_PO, which is able
to transfer the coastal upwelling waters to the open ocean in a realistic way. Thus, it
successfully represents two coastal upwelling filaments off Cape Ghir, which are not

accounted for in most global models.

49



CHAPTER 3

In conclusion, ROM PO is a powerful atmosphere-ocean model system able to reproduce with
accuracy the CCUS, performing better than the GCMs. The improvement is related to a much
higher horizontal resolution, which allows a better simulation of the dominant mesoscale
coastal dynamics. The results here give ground to the future use of ROM_PO to gain a deeper

insight into the CCUS by the end of 21st century.
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CHAPTER 4:

Climate change in the Canary
current upwelling system: The role
of ocean stratification and wind

The contents of this chapter is in preparation to submit to an
international journal:

Vazquez R., Parras-Berrocal .M., Cabos W., Sein D.V., Mananes R., Bolado-Penagos M.,
Izquierdo A. (2023) Climate change in the Canary current upwelling system: The role of ocean

stratification and wind
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4.1 Introduction

Canary Current Upwelling System (CCUS) is one of the four large Eastern Boundary
Upwelling Systems (EBUSs) in the world, which is driven by the equatorward alongshore
winds. The upwelled cold and nutrient-rich waters do not only fuel the biological activity near
the coast, but also in open ocean as shelf and slope waters are transported offshore by active
mesoscale structures (e.g. filaments, fronts, eddies) (Pelegri et al., 2005; Alvarez-Salgado,

2007; Sangra, 2015).

The CCUS extends from the coast of West Africa at 12°N to the northern tip of the Iberian
Peninsula at 43°N and constitutes the eastern boundary of the North Atlantic subtropical gyre
(Pelegri and Pena-Izquierdo 2015). The CCUS is divided mainly into four different sub-
regions, the Mauritania-Senegalese upwelling region (12°N-19°N), the permanent upwelling
region (21°N-26°N; PUR), the weak permanent upwelling region (26°N- 33°N; WPUR) and the
Iberian upwelling region (IUR), dominated by a high seasonal variability with upwelling
favourable winds in summer and downwelling winds during winter months (35°N-43°N;

Aristegui et al. 2009; Cropper et al. 2014; Gémez-Letona et al. 2017).

Since the major mechanisms underpinning EBUSs originate from large-scale atmosphere-
ocean coupling (Garcia-Reyes et al. 2015), magnitude and timing of the EBUSs are sensitive
and highly vulnerable to climate variability (Macias et al. 2012). Several studies based on
historical datasets analysis (Bakun et al. 2010; Narayan et al. 2010; Gutierrez et al. 2011; Santos
et al. 2012; Barton et al. 2013; Crooper et al. 2014; Sydeman et al. 2014; Bakun et al. 2015;
Varela et al. 2015) have striven to reveal the EBUSs response under climate change showing
contradictory results mainly due to the short duration of most observational time series (Garcia-
Reyes et al. 2015) and methodological inconsistencies (considering only the upwelling season

or annually averaged wind trends; Sydeman et al. 2014).

Wang et al. (2015) analyzed the upwelling response to climate change with 22 CMIPS
(Coupled Model Intercomparison Project) Global Climate models (GCMs), finding in the
CCUS, a robust relationship between the increase of the land-sea temperature contrast and the
upwelling intensity in the twenty-first century (Bakun’s hypothesis; Bakun, 1990). However,
Rykaczewski et al. (2015) and later Sousa et al. (2017a) suggested that the alongshore winds
may be more sensitive to the intensity and position of the Azores high rather than to changes

in the continental thermal low pressure systems. Along with wind changes, there are reports on
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upper ocean warming during the last century (Levitus et al. 2000; Levitus et al. 2005),
increasing the water stratification and reducing the upward nutrient-rich transport to the surface
(D1 Lorenzo et al. 2005; Garcia-Reyes et al. 2015; Brady et al. 2019). In the north Atlantic, this
increase in the upper ocean stratification is associated with a weakening in the Atlantic
Meridional Overturning Circulation (AMOC; Levang and Smitch, 2020), which may reduce
the Canary Current flow (Fischer et al. 2019). Thus, ocean stratification due to global warming
may play a key role where deeper upwelled water might be less connected with the wind stress
(Sousa et al. 2020), becoming the main driver of changes in EBUS during the 21st century (e.g.
Oyarzun and Brierley, 2019 in the Humboldt upwelling system). Therefore, the CCUS future
behavior is still uncertain and both stratification and wind changes may be complementary or

competitive (Bonino et al. 2019).

The coarse spatial resolution (around 1 x 1°) of GCMs from CMIPS5 is not enough to resolve
the latitudinal variability and to reproduce mesoscale features or detailed shelf dynamics of the
upwelling systems (Garcia-Reyes et al. 2015; Xiu et al. 2018; Varela et al. 2022). Regional
climate system models (RCSMs) are able to account for mesoscale processes, which are
masked by the GCMs (Sein et al. 2017; Bindoff et al. 2019; Vazquez et al. 2022). This ability
to reproduce the mesoscale processes allows to assess the impact of climate change in a more
realistic way, given the importance of the eddies and coastal filaments that enrich the
oligotrophic open waters (Lovecchio et al. 2017; Lovecchio et al. 2018; Haligeorgis et al.
2021).

Our objective is to study the future impact of climate change on the three northern regions of

the CCUS (Fig. 4.1) with a high resolution RCSM. We will aim:

- To understand the impact of climate change in the wind field, identifying the main
driver of changes in the alongshore winds for the future.
- To assess the impact on the coastal upwelling of the ocean stratification changes due to

global warming.

The paper is organized as follows: the model and methodology are described in section 4.2 and
the results are presented in section 4.3. Finally, the discussion and conclusions are given in

section 4.4.
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4.2 Material and methods

4.2.1 ROM configuration

We use the RCSM, ROM (Sein et al. 2015), composed of a global ocean model (MPIOM)
coupled to an atmospheric regional model (REMO) via OASIS3 (Valcke, 2013) coupler. ROM
includes the lateral freshwater fluxes at the land surface through the Hydrological Discharge
(HD) as part of REMO and the relevant carbon stocks of the atmosphere, ocean and sediments
through the Hamburg Ocean Carbon Cycle (HAMOCC) as a MPIOM subsystem (Parras-
Berrocal et al. 2020; Sein et al. 2020). The ROM model was previously assessed over the CCUS

for a present climate in Vazquez et al. (2022).
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Fig. 4.1 ROM bathymetry (bottom), 2 m air temperature (T2m) and sea surface wind (top), for
the CCUS with the three sub-regions studied: Iberian upwelling region (IUR; 35°N-43°N),
weak permanent upwelling region (WPUR; 26°N-33°N) and permanent upwelling region
(PUR; 21°N-26°N). It shows the conceptual upwelling mechanism (black arrows) generated by

the Ekman transport (red arrows).
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The oceanic component of ROM features a curvilinear grid with two poles, over North America
and Northwestern Africa, yielding a grid size from 5 to 10 km in the CCUS. This resolution is
high enough to study the frontal mesoscale processes associated to the upwelling (i.e. eddies
and filaments) while maintaining a global domain (Vézquez et al. 2022). The model comprises
40 z-coordinate vertical levels with increasing level thickness towards the ocean bottom (Sein
etal. 2015; Soares et al. 2019). REMO is integrated over a rotated regular grid with a horizontal
resolution of 25 km and its domain includes the Eastern Tropical Pacific, the Mediterranean
Sea regions and the CCUS in the North Atlantic, being the only model component of ROM run

in regional configuration.

In this work, ROM is driven by the low resolution version (1.5° x 1.5°) of the Max Plank
Institute — Earth System Model (MPI-ESM-LR) in two runs: First, a historical run from 1950
to 2005 and second, the climate projection from 2006 to 2099 under the Representative
Concentration Pathway 8.5 (RCP 8.5) CMIP5 scenario.

4.2.2 Upwelling analysis

To investigate how the seasonality and intensity of the coastal upwelling may change in the
future, we split the historical reference period (defined as 1976-2005) and the future climate
(defined as 2070-2099) into winter (DJF, December, January and February) and summer (JJA,
June, July and August) seasons. Additionally, trends for the whole period (1950-2099) were
calculated. We use monthly data of near-surface air temperature (T2m), mean sea level pressure

(MSLP), wind stress, seawater temperature and salinity.

The wind stress curl-driven was estimated from the wind field (wE; Jacox et al. 2018). wE
gives an estimation of the vertical transport in the Ekman layer, where positive values are
associated with upwelling (Ekman suction) and negative values with downwelling (Ekman

pumping). It is calculated as follow:

ot 0T
Y — x] Eq. 4.1

1
wWE = [
pof Lox 0y
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where zx, and 7y are the zonal and meridional components of the wind stress, respectively; po
is the reference sea water density (1025 kg m™) and f is the Coriolis parameter. Moreover we

calculated the wind-driven Ekman transport as follow:

T
y
= - Eq. 4.2
Qx pq q
Tx
= —— Eq. 4.3
Qy £, q

The coastal upwelling stratification is characterized through the Brunt-Viisild frequency (N),
where larger values indicate strong stratification, and values close to zero a well-mixed water

column:

=472 Eq. 4.4
po 0z a

where z is the depth, p the potential density and g is the gravitational acceleration.

Once analyzed the impact of the climate change in the wind pattern and the ocean stratification
in an individual way, we use the source depth (Ds) to estimate the depth of the waters that reach
the surface in the coastal upwelling region. Ds gives us further insight in the mechanisms that
drive the coastal upwelling in the future, clarifying the role of the wind pattern and the coastal
ocean stratification as complementary or competitive mechanisms. This parameter is defined

in He and Mahadevan (2021) as follows:

Ds= Cs (U')l/z Eq. 4.5

N
where Cs = (4/Ce)"*> = 8.16 for Ce = 0.06, which is the efficiency factor used in Fox-Kemper
and Ferrari (2008) and He and Mahadevan (2021). Ul is the upwelling index (UI, Bakun et al.,
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1973) based on the offshore wind-driven Ekman transport (Q, Eq. 4.2 and 4.3) and is calculated

as follows:

Ul = —sin (9 — g) Q, + cos (9 — g) Qy Eq. 4.6

and @ is the angle between the coastline and the equator.

4.3 Results

4.3.1 Climate change signal in the alongshore winds

To analyze the wind field in the CCUS and characterize future changes, we examined the
Ekman transport and the wind stress curl-driven (wE) in the historical (1976-2005) and future
(2070-2099) simulations and their differences for DJF and JJA. In DIJF, the historical
simulation presents higher wE in the African coast from Cape Ghir to Cape Blanc, with
perpendicular Ekman transport to the shoreline (Fig. 4.2a). In the northern IUR (between 41°N
and 43°N) are shown negative values (Ekman pumping), with parallel shore direction, resulting
in downwelling winds. For the future, wE increases in the PUR and decreases in the whole I[UR
(Fig. 4.2b), suggesting a strengthening of upwelling/downwelling favourable winds in the
PUR/IUR. In JJA, wE is intensified with upwelling favourable winds along the whole CCUS
against DJF (Fig. 4.2¢). However, in the future, wE increases in the IUR, reaching differences
greater than 0.2 m s in the northernmost region (Fig. 4.2d). From the Strait of Gibraltar to
Cape Blanc wE decreases, indicating a coastal upwelling weakening over the end of 21st

century.
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Fig. 4.2. Ekman transport divergence (wE; m s™') and Ekman transport (vector field; m? s)
averaged from 1976 to 2005 (a, c¢) and the difference (future minus historical) (b, d), for DJF

(upper row) and JJA (lower row).

The wE trends from 1950 to 2099 calculated over the coastal band show a clear dipole structure
from N to S that reverses seasonally. This pattern suggests an intensification of upwelling
winds during the winter period over the African coast and a weakening at [UR (Fig. 4.3a).
Instead in JJA, upwelling intensifies in IUR and weakens along the whole African coast,
excepting the region around 26°N, where positive trends are observed. The wE trends (both
positive and negative) are intensified in the regions closest to the coast, where the upwelling is

more effective and the high resolution of ROM plays a role.
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Fig. 4.3. Ekman transport divergence (wE) trend (m s™! decade™) in the closest grid-points to
the coast (within 100 km from the coast), from 1950 to 2099 for DJF (a) and JJA (b).

4.3.2 Drivers of climate change in the alongshore winds

In this section, we study the role of the main drivers of changes in the CCUS wind field under

RCP8.5 through the analysis of T2m and MSLP.

For the reference period, in DJF, the T2m presents the minimum values (<10°C) over the ocean
in the northwest corner of the domain, with increasing temperature towards the equator. Other
minima are also found over the Iberian Peninsula and the northernmost region of Africa (Fig.
4.4a), which are strongly influenced by the topography. T2m trends (Fig. 4.4b) are very low
in the whole ocean domain, including the coastal regions. For land, the trends rise slightly in
the western Iberian Peninsula, not more than 0.04°C decade™, increasing progressively to the
eastern of the Peninsula. In the African continent, the trends are larger reaching the 0.16°C

decade in the Atlas mountain chain. It is noticeable that the T2m land-sea differences (not
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shown) increase considerably in the African upwelling regions, due to the larger T2m rise in

the continent than in the ocean, but not in the Iberian Peninsula.

Fig. 4.4. T2m (a) for the historical simulation (1976-2005) and T2m trend (b) from 1950 to
2099 in DJF. MSLP (c) for the historical simulation (1976-2005) and MSLP trend (b) from
1950 to 2099 in DJF. In (c) the isobars are presented for both the historical (continuous black

line) and RCP8.5 (dashed black line) simulations. In (d) anomalous wind trajectories (RCP8.5

- Historical) are shown over the MSLP trend.

In the MSLP field for DJF, the highest pressures are located around 35°N, depicting the position
of the Azores high in the historical simulation (continuous line of Fig. 4.4c), the major driver
of the large-scale wind pattern in the CCUS. The high pressure region stretches zonally and
intensifies in the future (dashed line of Fig. 4.4c). The MSLP trends show a bipolar pattern,
with a reduction above 40°N and an intensification in the region of the Azores high, including
the Iberian Peninsula. The wind anomaly trajectory shows a relationship between MSLP
intensification and the strengthening of winds, presenting northward direction anomalies over
the TUR (intensification of the downwelling winds) and south direction anomalies in the PUR

(intensification of the upwelling winds). Therefore, this intensification of the Azores high
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seems to lead the changes in the wind field at the end of the 21st century against the increase

of air temperatures for the winter months.

In JJA there is a notable rise of the T2m, strongly increased in the African continent with values
higher than 35°C (around 25°C for the Iberian Peninsula) (Fig. 4.5a). The T2m trends over the
ocean are below 0.1°C decade™ (Fig. 4.5b). However, the T2m over the Iberian Peninsula
present trends over 0.2°C decade™!. Similar trends are found over the African continent, where
the T2m increases more in the interior regions than in the coast, which is related to the

regulatory effects of the ocean on these coastal regions.
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Fig. 4.5 As Fig. 4.4, but for JJA.

In MSLP for JJA (Fig. 4.5¢) the highest pressures are located in the western region (Azores
high), increasing the pressure gradient toward the Iberian Peninsula and the African coast. In
MSLP trends is found a decrease of the MSLP from the Iberian Peninsula to the 20°W (Iberian
thermal low), along with a MSLP intensification centered over the British Isles (Fig. 4.5d).

The intensified thermal low of the Iberian Peninsula is associated with the thermal rise at the
end of the 21st century as a consequence of global warming (Fig. 4.5b). Along with the lower

pressures over the Iberian Peninsula it appears an anomalous high pressure over the British

62

0.05

(=]

T2m, . (°C decade™)

-4
MSLP, . (hPadecade”)



Climate change in the Canary current upwelling system:
The role of ocean stratification and wind

Isles, which increases the pressure gradient between Ireland and the Iberian Peninsula,

triggering the strengthening of the upwelling winds in the IUR.

4.3.3 Ocean stratification

In this section, we study the role of the ocean stratification as the main driver of change in the
regions of the CCUS. Ocean stratification changes in the CCUS for DJF and JJA are evaluated
with the help of the Brunt-Viisila frequency. Brunt-Viiséla frequency is calculated within a
100 km wide band along the MSUR (the mask is shown in Fig. 4.6d) and averaged from surface
to 150 m (the average depth associated with the ascent of water masses to the surface; Kdmpf

and Chapman, 2016).

In DJF, the Brunt-Viisili frequency presents values lower than 0.005 s™! throughout the CCUS
(Fig. 4.6a). It increases slightly as the latitude decreases, reaching 0.008 s™! at the PUR. In JJA,
the increase in sea surface temperature leads to a significant enhancement of the Brunt-Véisila
frequency, which reaches values close to 0.01 s (Fig. 4.6b). In this season, there are no

significant changes with latitude

To assess ocean stratification in the future, we analyzed the differences between ROM_P2 and
ROM P1 (Fig. 4.6; black shading). In DJF, we found a large increase in the Brunt-Véiisila
frequency for IUR (Fig. 4.6a). These differences are even stronger in the WPUR, indicating
enhanced ocean stratification in the future (almost doubling the values of the Brunt-Vaiisilad
frequency from the historical simulation). In PUR, the stratification remains similar to the
present, with differences around 0 s™'. In JJA, the differences between ROM_P2 and ROM_P1
present a similar pattern as in DJF but with lower differences, showinf an increase in ocean
stratification in IUR, with the largest differences observed in WPUR (Fig. 4.6b). In PUR, the
differences are larger than in DJF, but again, this is the region with the lowest differences
between the future and historical period. In summary, ocean stratification increases are mainly

found in the two northern regions, with practically no changes in PUR.
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Fig. 4.6 Brunt-Viisili frequency (s') averaged from surface to 150 m in the closest grid points
to coast for DJF (a) and JJA (b) for ROM_P1 (red shading; Historical) and the differences
between ROM P2 and ROM P1 (black shading; RCP8.5 - Historical). The mask used is

shown in the panel c.

A very important characteristic of the upwelling is the source water depth. The upwelling
source water depth is calculated (see Eq. 4.5) taking into consideration both the action of the
alongshore favourable winds and the ocean stratification. We calculate the upwelling source

water depth in the historical simulation (ROM_P1) for DJF and JJA (Fig. 4.7 a, b).

In DJF, we found source depths of 0 m in the northern part of the IUR as a result of downwelling
favourable winds (Fig. 4.7a). In the southern part of I[UR and along the rest of the African coast,
we detected source depths above 50 m, with the deepest values occurring in Cape Ghir and
PUR (approximately 100 m). In JJA, the IUR presents source depths of around 70 m because
downwelling favourable winds turn into upwelling favourable winds at the northern tip of the
Iberian Peninsula (Fig. 4.7c). In the African regions, the source depth values remain similar to
those in DJF. This is because, although the upwelling favourable winds increase in intensity,
the ocean stratification is also enhanced, and the effects of these two opposing mechanisms

maintain the same source depth throughout the seasons.
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Fig. 4.7 Upwelling source water depth (m) in the closest grid points to coast (Fig. 4.6c) for DJF
(a) and JJA (b), both for ROM_PI1 (red shading; Historical) and the differences between
ROM P2 and ROM P1 (black shading; RCPS8.5 - Historical). The mask used is shown in Fig.
4.6c.

Differences in source water depth between ROM P2 and ROM _P1 are shown in Figure 6.7
(depicted in black shading). In DJF, the difference between ROM_P2 and ROM_P1 presents a
decrease in source depth that reaches -40 m in the southern IUR (Fig. 4.7a; black shading).
This decrease is mainly driven by the weakening of the upwelling favorable winds found in
section 4.3.1 and is aided by the enhanced ocean stratification. However, in WPUR, we detect
a decrease in source depth (between -30 m and -20 m) associated mainly with the increase in
ocean stratification, as we found a strengthening of the upwelling favorable winds in this
region. Finally, in PUR, the intensification of the upwelling favorable winds is practically the

only driver of change in source depth, since ocean stratification is not enhanced.
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In JJA, we detected two main patterns (Fig. 4.7b; black shading): First, in the IUR, where the
intensification of the upwelling favorable winds is competing with the enhanced ocean
stratification, resulting in a source deepening of 8 m in the future. Second, in WPUR and
northern PUR, where the upwelling favorable winds present a weakening in the future, which
will be complemented by enhanced ocean stratification (Fig. 4.6b), reducing the source water

depth to -20 m in the future.

4.4 Discussion and conclusions

Future climate change has important biological and socio-economic implications in the CCUS.
These effects are associated with changes in the upwelling favourable winds and increasing
ocean stratification (Garcia-Reyes et al. 2015). Here, we take advantage of the regional climate
system model ROM to reach oceanic and atmospheric resolutions that allow us to achieve a
regional view of the climate change impact in the CCUS. The projected coastal upwelling wind
changes present a clearly differentiated seasonal cycle and marked latitudinal variations under
the RCPS8.5 scenario. The TUR shows a strengthening of the upwelling (downwelling)
favourable winds in JJA (DJF), which is in accord with results reported in Sousa et al. (2017a)
from a EURO-CORDEX multimodel study. Similar results were shown by Casabella et al.
(2014) and Alvarez et al. (2017) in terms of upwelling intensity in the northwest of the Iberian
Peninsula. Further south, our results show that the African coast is projected to experience a
decrease in the upwelling favourable winds in the JJA and an increase in DJF. Sousa et al.
(2017b) found similar results with the AFRICA-CORDEX ensemble model, confirming the
clear seasonality of the change in the CCUS under global warming conditions found in this

study.

These results were obtained by other authors (Garcia-Reyes et al. 2015; Rykaczewski et al.
2015; Wang et al. 2015; Sousa et al. 2017a; Sousa et al. 2017b; Aguirre et al. 2019; Sylla et al.
2019; Varela et al. 2022), who associated the upwelling winds increase with increasing
summertime T2m land-sea differences (Bakun, 1990) or shifts in the positioning of the
atmospheric high-pressure systems (Rykaczewski et al. 2015). However, we do not find a
significant relationship between these mechanisms and the seasonal and latitudinal changes in
upwelling wind intensity. We propose two mechanisms, one for each season studied: (1) In
DJF, the intensification of the Azores high will increase the downwelling and upwelling winds

in the IUR and PUR, respectively. (2 ) In JJA, the larger pressure gradient between the Iberian
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Peninsula and the British Islands will strengthen the Iberian upwelling winds in the future. This
larger MSLP gradient is associated with two responses to climate change: (a) the air
temperature increase at the end of the 21st century will intensify the summer thermal low over
the Iberian Peninsula (Fig. 4.5b and 4.5d), (b) the weakening of the AMOC in the future will
temper the temperature rise over the North Atlantic, triggering an increase of pressures in the

British Islands (Fig. 4.5; Haarsma et al. 2015).
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Fig. 4.8. Temperature difference between the future and historical simulation in 8 m for JJA.

First, the Iberian thermal low will be intensified in the future as a consequence of a more than
evident temperature increase over the Iberian Peninsula in JJA (Fig. 4.5). This fact was reported
by Miranda et al. (2013) with a RCM, and Soares et al. (2017) associated the upwelling wind

intensification with Anticyclone-Thermal Low dipole enhanced in the future. Like those
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studies, we find an intensification of the Iberian thermal low, but the MSLP increase over the
British Islands is not associated with a greater influence of the Azores high in the northeast but
with a weakening of the AMOC in the future. This fact was studied by Haarsma et al. (2015),
who proposed that the surface waters will be less dense in the North Atlantic due to an
intensification of the precipitation and enhanced Greenland mass loss in the future, which will
reduce the sinking of deep water and will weaken the AMOC. Thus the weakening will temper
the North Atlantic, containing a minimum of temperature over the northern North Atlantic (Fig.
4.8), decreasing the northward heat transport by the AMOC and increasing the pressures over
the British Islands (de Vries et al. 2022). This fact in conjunction with the intensification of the
thermal low in the Iberian Peninsula will be the driver of upwelling strengthening in the IUR

in JJA.

In coastal upwellings an increased ocean stratification limits the depth from which water is
upwelled, reducing the coming of nutrients to the euphotic zone (Chhak and Di Lorenzo 2007;
Jacox and Edwards, 2011; Jacox et al. 2015). Our results show an increase of the ocean
stratification in coastal regions, being more evident in the two northernmost regions both in
DJF and JJA (Fig. 4.6). This is due to the fact that although the ocean stratification is associated
with the ocean warming, the upper layers of the north Atlantic will present a freshening in the
future. This freshening is limited to the upper 200 m, which will generate an increase of the
stratification in the shallow regions as the coastal upwelling. This pattern is associated with a
larger scale freshening in the Eastern North Atlantic (Fig. 4.9) as reported by Levang and
Schmit (2019) in a study with CMIP5 models. The Canary current carries the freshening signal
from the north to southern regions and it is separated from the coast in Cape Blanc to join with
the north equatorial current (Stramma, 1984; Mason et al. 2011; Santana-Falcon et al. 2020),
and does not carry practically the freshening to the PUR.

Therefore, in our study we found both changes in wind patterns and ocean stratification as
possible drivers of changes in coastal upwelling under climate change conditions in the CCUS.
However, both mechanisms have not been brought together to evaluate the effects of climate
change on this vulnerable system. This fact is one of the main challenges for the scientific
community and recent studies have attempted to evaluate the impact of climate change by
combining both mechanisms using an ensemble of "Community Earth System Model (Chang
etal. 2023; Jing et al. 2023) for the four EBUSs. However, these studies use latitudinal averages

to evaluate a single upwelling system. Like previous studies (Sousa et al. 2017a; Sousa et al.
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2017b), we advocate for the implementation of latitudinal studies to provide an accurate

response to this important challenge. In fact, our study demonstrates the great latitudinal

variability of the CCUS, showing different responses depending on the upwelling region within

the CCUS.
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Fig. 4.9. Salinity difference between the future and historical simulation in three depths: 8 m,

154 m and 266 m for DJF (upper row) and JJA (lower row).

To address this challenge, we evaluated the joint action of wind and ocean stratification based
on the upwelling source depth. Our results show that upwelling will be reduced in the southern
region of the IUR and throughout the WPUR for DJF. This shallowing of the upwelling source
depth in winter months is primarily associated with changes in ocean stratification (Fig. 4.10a),
which will play a major role in the future, overlapping changes in wind patterns. These results

are consistent with studies such as Oyarzun and Brierley (2019) in the Humboldt upwelling
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system and Sousa et al. (2020) in the north of the Iberian Peninsula. However, in JJA in the

north of the Iberian Peninsula, the upwelling source depth will be greater. In this sense, our

results show a competitive role between improved ocean stratification and intensifying

upwelling winds in the future (Fig. 4.10b). Jing et al. (2023) found an increase in upwelling

source water depth due to a stronger wind effect overcoming the effect of enhanced ocean

stratification for the CCUS, and Chang et al. (2023) reported an increase in vertical transport

towards the surface in the CCUS associated with an increase in Ekman suction. However, in

the rest of the CCUS regions, enhanced ocean stratification complements weakening upwelling

winds, generating a shallower upwelling source depth.
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Fig. 4.10. Upwelling source water depth differences (m) in the closest grid points to coast (Fig.
4.6d) for DJF (a) and JJA (b) between ROM_P2UI (green shading), ROM_P2N (blue shading),
ROM_P2 (dashed line) and ROM_P1. The mask used is shown in Fig. 4.6d. ROM P2UI is

calculated by maintaining the N of the historical simulation and the UI of the future

(ROM_P2UI), and ROM PN is calculated by maintaining the UI of the present and the N of

the future (ROM_P2N).
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Therefore, there is no dominant mechanism in the CCUS under climate change conditions, and
both intensification and weakening depend on latitude, season, as well as the complementarity

or competitiveness of wind patterns and ocean stratification.
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CHAPTER 5:

Seasonality of coastal upwelling
trends in the Mauritania-
Senegalese region under RCP8.5
climate change scenario

The contents of this chapter have been submitted to Science of the
Total Environment and it is under review:

Vazquez R., Parras-Berrocal I.M., Shunya K., Cabos W., Sein D.V., Izquierdo A. (2023)
Seasonality of coastal upwelling trends in the Mauritania-Senegalese region under climate

change scenarios. In preparation.
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5.1 Introduction

The Canary Current Upwelling System (CCUS), one of the most important marine ecosystems
in the world, constitutes one of the four large Eastern Boundary Upwelling Systems (EBUSS).
EBUSs are driven by the equatorward alongshore winds that transport the surface waters
offshore (Ekman dynamics), which in turn are replaced by cold and nutrient-rich waters from

subsurface (Bakun 1990).

CCUS is located in the eastern branch of the North Atlantic subtropical gyre (Kampf and
Chapman, 2016), extending from the northern tip of the Iberian Peninsula (43°N) to the
southwest of Senegal (around 12°N). Although the CCUS is well known for its coastal
productive areas, it also plays a key role in the enrichment of the oligotrophic open ocean
through the shedding of mesoscale structures as filaments and eddies, which contribute to the
offshore transport of the upwelled coastal waters (Lovecchio et al. 2017). In terms of
seasonality and intensity, the CCUS is divided into four regions: Iberian upwelling region
(35°N-43°N), weak permanent upwelling region (26°N-33°N), permanent upwelling region
(21°N-26°N) and the southernmost Mauritania-Senegalese upwelling region (12°N-19°N;
MSUR).

The MSUR, unlike the rest of the CCUS, is not only influenced by the Azores high pressure
centre, but it is also highly dependent on the latitudinal migration of the Intertropical
Convergence Zone (ITCZ) (Sylla et al. 2019). In winter, when the ITCZ reaches its
southernmost position, the strong northeastern equatorward trade winds cause upwelling in the
coast of Guinea, Senegal and Mauritania (12°N-19°N). However, in summer, the ITCZ shifts
to the north, weakening the winds in the whole region. As a result the coastal upwelling is
reduced, even reversing to downwelling in the Senegalese region (Cropper et al. 2014) due to
the appearance of the onshore monsoonal winds (Gomez-Letona et al 2017). Therefore, the
MSUR presents a large seasonal and latitudinal variability clearly defined by the migration of
the ITCZ (Pardo et al. 2011; Cropper et al. 2014; Benazzouz et al. 2015) and divided by Cap
Vert (~15°N), with year-round upwelling favourable winds in the northern MSUR and

downwelling favourable winds during the summer months in the southern MSUR.

The future behavior of the EBUSs under climate change has been analyzed in a number of
studies under different hypothesis and yielding different outcomes. As early as 1990, Bakun

proposed that an increased warming over the continent in comparison to the ocean would result
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in a strengthening in upwelling favourable winds. Rykaczewski et al. (2015) proposed that the
changes in the upwelling favourable winds would be mostly related to shifts in the position and
timing of the high pressure cells rather than changes in the continental thermal low pressure
systems. Sylla et al. (2019) bore out this hypothesis for the MSUR, where they found a strong
relationship between changes in the upwelling and shifts in the Azores high along with an
influence of the Sahara thermal low expansion in the northern MSUR. However, the wind is
not the only driver of change at the end of the 21st century and Oyarzun and Brierley (2019)
and Sousa et al. (2020) found that global warming could cause an increase in the ocean

stratification that will disconnect the wind stress from the deeper waters.

However, the coarse spatial resolution (below 1° x 1°) of GCMs comprised in CMIP5 is not
enough to resolve the latitudinal EBUS variability and to reproduce their mesoscale features or
detailed shelf dynamics (Garcia-Reyes et al. 2015; Xiu et al. 2018; Varela et al. 2022). Thus,
there is still uncertainty about what is the main driver of future change in the MSUR, and the
relative role played by the ocean stratification and wind. Although the models from High
Resolution Model Intercomparison project (HighResMIP, Haarsma et al. 2016) present an
opportunity for nearshore analysis (Varela et al. 2022; Sylla et al. 2022) they still have a
resolution coarser than 25 km. In fact, recent studies (Garcia-Reyes et al. 2015; Wang et al.
2015; Sein et al. 2017; Gémez-Letona et al. 2017; Bindoff et al. 2019; Vazquez et al. 2022)
showed the need for much higher horizontal resolution for the representation of mesoscale
processes in the upwelling systems that are partly masked in the current GCMs. Considering
the increased upper-ocean stratification and decreased nutrient supply, exploring the response
of ecosystems to intensified upwelling and ocean surface warming would require a more
detailed modeling framework for a better representation of the relevant physical processes.
These processes can be reproduced by Regional Climate Systems Models (RCSMs) (Xiu et al.
2018; Vazquez et al. 2022).

The MSUR is considered to be the most productive region in the CCUS, according to Sylla et
al. (2019). However, the attempt to evaluate the effects of climate change has triggered a
significant amount of uncertainty due to the coarse resolution of GCMs. Therefore, this study
aims to investigate the evolution of the MSUR under the RCP8.5 scenario with a RCSM that
is capable of reproducing the relevant mesoscale processes in the other three CCUS regions

with a high confidence in a present climate (Vazquez et al. 2022).

76



Seasonality of coastal upwelling trends in the Mauritania-Senegalese
region under RCP8.5 climate change scenario

The objectives of this study can be summarized as follows:
- First, to validate the representation of the main variables in the MSUR in a present time.

- Second, to assess the projected climate change signal in the MSUR under the RCP8.5
scenario, analyzing both the action of the wind pattern and the ocean stratification under the

global warming conditions.

The paper is organized as follows: the model, data sets and methodology are described in
section 5.2, the model validation and the results are presented in section 5.3 and 5.4,
respectively. Finally, the discussion is presented in the section 5.5 and conclusions in section

5.6.

5.2 Methodology

5.2.1 Model setup

In this study we use the RCSM ROM (Sein et al. 2015), which comprises the REgional
atmosphere MOdel REMO (e.g. Jacob, 2001) with horizontal resolution of 25 km with a rotated
grid coupled to the global ocean-sea ice-marine biogeochemistry model MPIOM/HAMOCC
(Marsland et al. 2003) via the OASIS3 coupler (Valke, 2013). Moreover, ROM includes the
Hydrological Discharge model (Hagemann and Diimenil-Gates, 1998, 2001) and a

dynamic/thermodynamic sea ice model (Hibler, 1979).

MPIOM is discretized on an orthogonal curvilinear Arakawa C-grid, with two grid poles over
North America and northwestern Africa that allows a high resolution in the CCUS while
maintaining a global domain (Vazquez et al. 2022). In the MSUR, the MPIOM resolution
ranges from 9 km (northernmost region) to 15 km in the southernmost region (Fig. 5.1). The
ocean model has 40 vertical levels with increasing level thickness towards the ocean bottom
(Sein et al. 2015; Vazquez et al. 2022). The ocean spin-up was done according to the procedure
described in Sein et al. (2015). MPIOM is started with climatological temperature and salinity
data (Levitus et al. 1998). Subsequently, it is integrated six times through the 1958—-2002 period
forced by ERA-40 and one more time by ERA-Interim reanalysis (1979-2012) and with 60

min coupling timestep.
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Fig. 5.1 MPI-OM grid resolution (km) and REMO domain (red line). The black box represents
the MSUR domain (12°N-19°N). The overlaid figure outlines the MSUR domain with the
external forcing used in the work and the mask used for the upwelling index calculation (blue
lines). It is also outlined the 2 m air temperature, the wind field, the bathymetry and topography
of ROM. The Sahel region was located following Ikazaki (2015).

In this work we use two different global sources to provide lateral boundary conditions for
REMO and to force MPIOM outside the coupling region: ERA-Interim (Dee et al. 2011) and
MPI-ESM-LR (Giorgetta et al. 2013). In the region covered by REMO (Fig. 5.1) the
atmosphere and the ocean interact while prescribed atmospheric forcing drives the rest of the
global ocean, outside the coupled domain. A 30 year-long experiment forced by ERA-Interim
(ROM_PO0) was used to evaluate the ability of ROM to simulate the present climate (1980-
2012) in the MSUR. Then, in order to evaluate the impact of climate change in the MSUR, we
run ROM model forced by MPI-ESM-LR (about 1.5° ocean and 2° atmospheric resolution) for
two periods: the first, extends from 1950 to 2005 (ROM_P1) is the historical run and the
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second, which extends from 2006 to 2099 represents the future climate under the

Representative Concentration Pathway 8.5 (RCP 8.5) CMIP5 scenario (ROM_P2).

5.2.2 Validation strategy and climate change evaluation

To evaluate the ROM_PO performance in the MSUR, we focus on the wind field over the
coastal band from which we build an upwelling index (Eq. 3). We also evaluate the main drivers
involved in the changes of upwelling winds over the MSUR: Azores high and the ITCZ. The
validation is carried out against ERAS reanalysis (Hersbach et al. 2020), which presents a

constant spatial resolution of 31 km.

The upwelling index (UI, Bakun et al. 1973) is based on the offshore wind-driven Ekman

transport (Q) and is calculated as follows:

= == Eq. 5.1
Q, o, q
TX
= —-— Eq.5.2
Q, o q
Ul = —sin (9 — g) Q, + cos (9 — g) Qy Eq. 5.3

where Oy, O, and 7, 7, are the zonal and meridional components of the horizontal Ekman
transport and the wind stress vector, respectively; po is the reference sea water density (1025
kg m3); fis the Coriolis parameter and @ is the angle between the coastline and the equator.
The Ul is estimated within a 100 km wide band along the MSUR (mask in Fig. 5.1; Benazzouz
et al. 2014; Lovecchio et al. 2017; Bonino et al. 2019) and it is expressed as the oceanward
flow of surface waters per km of coastline (m> s™! km'!; Pardo et al. 2011). The Azores high

and the ITCZ position are assessed from the mean sea level pressure (MSLP) and wind fields.

In order to assess the future change in seasonality and intensity of the coastal upwelling we use
the whole historical (1950-2005) and RCP8.5 (2006-2099) simulated periods to calculate the
Ul, near-surface air temperature (T2m) and MSLP trends. Also, we calculate the wind change
as the difference between the time-averaged ROM P2 (2070-2099) and ROM_P1 (1976-2005)
outputs. Moreover, the coastal stratification is characterized in both periods through the Brunt-
Viisild frequency (N), where larger values indicate strong stratification, and values close to

zero a well-mixed water column:
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Eq. 5.5
po 0z 1

where z is the depth, p the potential density and g is the gravitational acceleration.

We also use the source depth (Ds) to estimate the depth of the waters that reach the surface in
the coastal upwelling region. Ds gives us further insight into the properties of upwelled waters
and the mechanisms that drive the coastal upwelling in the future, as a combined effect of the
changes in wind stress and coastal ocean stratification. This parameter is defined in He and

Mahadevan (2021) as follows:
o\ /2
Ds=Cs (;) Eq. 5.6

where Cs = (4/Ce)"*> = 8.16 for Ce = 0.06, which is the efficiency factor used in Fox-Kemper
and Ferrari (2008) and He and Mahadevan (2021).

5.3 Evaluation

5.3.1 Alongshore winds

In terms of the Ul, the MSUR is divided in two parts: The northern MSUR extends from the
south of Cape Blanc (19°N) to Cap Vert (15°N), where the Ul is positive year-round, with peaks
in April and May (Fig. 5.2a). The southern MSUR is located to the south of 15°N, where the
coastal ocean is under downwelling favourable winds from July to September, as the ITCZ

reaches its northernmost position in summer.

ROM reproduces well the seasonal cycle of the UI (Fig. 5.2b), presenting the same seasonal
and spatial pattern as ERAS, with the northward migration of the ITCZ in the summer period.
ERAS presents larger Ul values than ROM_PO in the northern MSUR from April to May. In
summer, ROM PO presents a downwelling more extended to the north and intense than ERAS
(-200 m® s km™). These discrepancies may be partially explained by the higher horizontal
resolution of ROM against ERAS. In this context, Vazquez et al. (2022) found significant
differences in the ERAS reanalysis at points closest to the coast in the CCUS, when compared
to a higher-resolution observational dataset, demonstrating the importance of high resolution

to reproduce the mesoscale processes in the upwelling regions. Nevertheless, both the
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latitudinal and seasonal correlations between ERAS and ROM_ PO winds are higher than 0.94,

confirming the good performance of ROM in reproducing the coastal wind field.

Month

500 1000 1500 2000
Upwelling Inde:«;m3 s km™ ]

Fig. 5.2 Seasonal cycle of the Ul (m® s™! km™!') averaged over the closest grid-points to the
coast in ERAS5 (a) and ROM_PO (b).

5.3.2 Drivers of the alongshore winds

In this section we evaluate the drivers involved in the seasonal march of the alongshore
favourable winds over the MSUR: The Azores high and the ITCZ. Both drivers present a

seasonal north-south oscillation, since are part of the Hadley cell.

In April, the centre of the Azores high is located to the south of 35°N in ERAS, reaching its
annual southernmost and easternmost position (Fig. 5.3a). These conditions make April the
month with the strongest upwelling favourable winds in the MSUR. Moreover, along with the
southward shift of the Azores high, the ITCZ presents its southernmost position, which is
identified by surface winds convergence and associated with a low pressure band (between 5°S
and 5°N). As a result there are upwelling favourable winds both in the northern and southern

MSUR.
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Fig. 5.3 Climatological mean sea level pressure (hPa) and wind field in April (top) and August
(bottom) for ERAS (a, ¢) and ROM_PO (b, d) from 1980 to 2012.
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During the summer season, the Azores high and ITCZ migrate to the north being centered at
35°N and 13°N, respectively (Fig. 5.3¢c). This fact make August the month with the weakest
upwelling favourable winds in MSUR in the year, with downwelling favourable winds in the
southern MSUR. ROM_ PO reproduces well the seasonality of the MSLP field, representing the
northward migration of the trade winds belt (Fig. 5.3d). Therefore, we can conclude that ROM

is able to reproduce the main drivers of the wind field and its seasonality in the MSUR.

5.4 MSUR under global warming

With the objective to investigate possible seasonality changes in the MSUR for the future, we
calculate the monthly UI trends (1950-2099) along the coast (Fig. 5.4). In January positive Ul
trends are found in the whole MSUR (Fig. 5.4a) with maximum values between 13°N and 15°N
(20 m® s km™! decade™), due to a future strengthening of the upwelling favourable winds.
From February to April (Fig. 5.4b-d) positive trends are found through all the northern MSUR,
but the trends turn negative in the southern MSUR reflecting a weakening of the upwelling
favourable winds (-20 m® s km™ decade™). In May (Fig. 5.4e) the UI trend is nearly zero in
all MSUR. From June to September (Fig. 5.4f-1), the UI trends indicate a future intensification
of the upwelling favourable winds for the northern MSUR and a weakening of the downwelling
favourable winds in the southern MSUR (Fig. 5.2). In November-December (Fig. 5.4k-1), the

trends are similar to January, positive in the whole region except for the southernmost latitudes.
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Fig. 5.4 Monthly linear trends of UI (m® s~ ! km ™! decade?) averaged over the closest grid points
to the coast from 1950 to 2099.

On the basis of the UI trend latitudinal pattern we divide the year in three periods: (Period 1)
January, November and December with positive trends over most of the region, with maximum
values around 15° N and negative trends in the southernmost region; (Period 2) March and
April with bipolar UI trends: positive north of 15°N and negative to the south; and (Period 3)
June, July, August and September with positive UI trends in the whole domain. February, May
and October were removed from the analysis because they behave as transition months between

periods with clearly defined latitudinal trends.

Along with the UI, we assessed the MSLP and T2m trends over the same period. In Period 1,
when positive Ul trends (Fig. 5.5a; black line) can be found in practically the whole coastal
region with maximum values around Cap Vert, the T2m shows a remarkable local increase in
the southern Sahel, around 12N-14°N, while the Azores high intensifies (Fig. 5.5c). These
conditions strengthen the upwelling favourable winds over the whole MSUR. Moreover, the
local increase of T2m in the southern region of Sahel reduces the continental low pressures,
generating a cyclonic circulation anomaly around 15 °N and 12°W. This mechanism further

intensifies the upwelling favourable winds in practically the whole domain, excepting 12°N,
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where the wind anomaly turns onshore, weakening the upwelling winds in the southernmost

region (Fig. 5.5¢; see with detail in Fig. 5.10a).

Latitude

T
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Fig. 5.5 Ul trends (a) averaged over the closest grid points to the coast from 1950 to 2099 for
each period. T2m (b,d,f) and MSLP (c,e,g) trends averaged from 1950 to 2099 for each period.
Wind differences between the last 30 years of ROM P2 (2070-2099) and ROM_P1 (1976-

2005) are represented over the MSLP trends for each period. The black box (b) represents the
MSUR (12°N-19°N).

Period 2, similarly to Period 1, presents an increase in the MSLP at the Azores high. As the
T2m increase over land is generally stronger than in Period 1, the decrease in MSLP is stretched
out over the African continent (Fig. 5.5d-e). Therefore, the cyclonic circulation anomaly
presents its core north of 15°N and further east than in the Period 1, contributing to the
intensification of the upwelling favourable winds (along with the Azores high intensification)
over the northern MSUR and to a weakening of the upwelling favourable winds in the southern
MSUR (Fig. 5.5a; green line). Finally, Period 3 is dominated by the Sahara thermal low in
summer, presenting a drastic increase of the T2m (0.5°C decade™) in the African continent
(Fig. 5.5f-g). Unlike the rest of periods, the Azores high does not present changes in intensity.

The Saharan thermal low is located far away from the coastal region, so that the wind anomaly
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results with southeastern direction, stimulating slightly the upwelling winds in the northern

MSUR and weakening the downwelling winds in the southern MSUR.

Ocean stratification changes in the MSUR are evaluated with the help of the Brunt-Viisila
frequency. Brunt-Viisila frequency is calculated within a 100 km wide band along the MSUR
(the mask is shown in Fig. 5.6d) and averaged from surface to 150 m (the average depth
associated with the ascent of water masses to the surface; Kdmpf and Chapman, 2016). This

analysis is realized for the three periods defined above.
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Fig. 5.6 Brunt-Viisili frequency (s ') averaged from surface to 150 m in the closest grid points
to coast for Period 1 (a), Period 2 (b) and Period 3 (c¢) for ROM_P1 (red shading; Historical)
and the differences between ROM P2 and ROM P1 (black shading; RCP8.5 - Historical). The

mask used is shown in the panel d.

For all periods the Brunt-Viisili frequency is below 0.02 s (Fig. 5.6a-c, red shading), with
increasing values as latitude decreases. This is related to the influence of the warmer surface
equatorial waters in the southern MSUR. The Period 3 presents the most stratified water
column in the whole MSUR, associated with higher sea surface temperature in the summer
season (Fig. 5.6¢). Low values of the Brunt-V4iisild frequency are associated with a vertically

homogeneous water column, in this case due to the coastal upwelling (strongest in Period 2).

In order to assess the changes in ocean stratification in the future we analyze the differences
between ROM P2 and ROM P1 (Fig. 5.6; black shading). In Period 1, we found a slight

decrease in the ocean stratification in some region of the northern MSUR (Fig. 5.6a). This

86



Seasonality of coastal upwelling trends in the Mauritania-Senegalese
region under RCP8.5 climate change scenario

decrease is associated with a larger increase of the temperature in the sub-surface waters (50-
70 m) than in the surface waters (Fig. 8a). In the Period 2 the ocean stratification increases in
the whole MSUR, being more evident from 12°N to 16°N. In Period 3 the stratification changes

are similar to Period 2.

A very important characteristic of the upwelling is the source water depth. The upwelling
source water depth is calculated (see Eq. 5.5) taking into consideration both the action of the
alongshore favourable winds and the ocean stratification. We calculate the upwelling source
water depth in the historical simulation (ROM_P1) for the three periods defined above (Fig.
5.7a,b,c).

For the historical simulation (ROM_P1), in Period 1 the upwelling source water depth is around
60 m in the whole MSUR, with slightly larger values in the northern MSUR (Fig. 5.7a). The
upwelling source water is deeper in Period 2, ca. 80 m and slightly deeper (around 90 m) in
northern than in southern MSUR (Fig. 5.7c). Deeper sources are mainly associated with the
strengthening of the upwelling favourable winds in this period. In Period 3 the maximum
source water depth (ca. 70 m) is found at northernmost MSUR, and then linearly decreases to
Cap Vert (30 m). To the south of Cap Vert source depth is 0 m as the southern MSUR 1is

dominated by downwelling favourable winds (Fig. 5.7¢).

Differences in source water depth between ROM P2 and ROM_P1 are shown in Fig. 5.7
(depicted in black shading). The upwelling source water is deeper in ROM_P2 during Period
1 (approximately 5 m), and decreases towards the southernmost region. In Period 2, deeper
sources are found in the northern MSUR and shallower sources from Cap Vert to the

southernmost MSUR. The upwelling source water depth does not significantly change in the

entire MSUR during Period 3.
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Fig. 5.7 Upwelling source water depth (m) in the closest grid points to coast (Fig. 5.6d) for
Period 1 (a), Period 2 (b) and Period 3 (c) both for ROM_P1 (red shading; Historical) and the
differences between ROM_P2 and ROM_P1 (black shading; RCP8.5 - Historical). The mask

used is shown in Fig. 5.6d.

5.5 Discussion

The impact of climate change on upwelling systems has been a topic of interest over the last
few decades. Both reanalysis and climate models have been used with the objective of
understanding the impact of climate change on these important and vulnerable ecosystems.
However, the spatial resolution of the GCMs used for global climate projections is insufficient
to adequately reproduce the upwelling systems, resulting in uncertainty in future projections.
Here, we take advantage of the ROM RCSM, which can reproduce the characteristics,
variability, and associated mesoscale processes of the CCUS with high confidence (Vazquez
et al. 2022). We investigate the future evolution of the MSUR under the RCP8.5 CMIP5

scenario using ROM.

To date, the efforts of the scientific community to evaluate the effect of climate change on
EBUSs have focussed on two different responses: changes in wind patterns and changes in

ocean stratification. Although both responses can provide useful information on the future of
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these vulnerable ecosystems, obtaining a joint response from both mechanisms becomes
essential. Recent studies have attempted to address the impact of climate change by combining
both mechanisms using a large ensemble of the Community Earth System Model (Chang et
al. 2023; Jing et al. 2023), conducting a joint study of the four main EBUSs. However, the large
latitudinal and seasonal variability observed in our study, for a single region of the CCUS,

indicates the difficulties of proposing a generic response for an entire upwelling system.

In fact, in this study we propose a monthly analysis of the UI trends to evaluate the effect of
climate change on the MSUR, due to its large seasonal and latitudinal variability (Pardo et al.
2011; Cropper et al. 2014; Benazzouz et al. 2015). This analysis allowed us to find the causes
of'the changes in wind pattern throughout the year, identifying three periods with similar trends
(Fig. 5.4). Sylla et al. (2019) proposed to evaluate the MSUR from November to May, as most
studies associated with upwelling are only focused on the summer season, when the MSUR
exhibits its weakest upwelling compared to other regions of the CCUS. They linked a
weakening of the upwelling favourable winds in the southern MSUR (from Cap Vert to 12°N),
to shift of the Azores High (Rykaczewski’s hypothesis).

Period 1 Period 2 Period 3

-0.05
MSLP, . (hPa decade™)

Fig. 5.8 MSLP trends averaged from 1950 to 2099 for each period. Wind differences between
the last 30 years of ROM_P2 (2070-2099) and ROM_P1 (1976-2005) are represented over the
MSLP trends for each period. The domain is represented in the Fig. 5b with a black box.
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Our results in two out of the three annual periods are in agreement with this hypothesis for the
MSUR. We detected an intensification of the Azores high (Rykaczewski et al. 2015; Sousa et
al. 2017; Sousa et al. 2017b; Aguirre et al. 2019; Sylla et al. 2019; Varela et al. 2022), which
strengths the upwelling favourable winds in the Periods 1 and 2. However, our monthly Ul
trends analysis suggests that other processes also affect the change in upwelling favourable
winds in MSUR: during Period 1 the upwelling is influenced by a strong T2m local increase
over the southern region of Sahel that can be explained by a southward expansion of the Sahara
desert (e.g., Cook and Vizy, 2015; Zhou, 2016). In this context, we find that the local T2m
changes have a remarkable impact on the upwelling favourable winds, since unlike Period 2,
the T2m increase close to coast in the Period 1 enhances the upwelling favourable winds in the
southern MSUR (see with detail in Fig. 5.8). During the summer months (Period 3), there are
not significant changes in position or intensity of the Azores high. Nevertheless, we detected
an evident increase in the T2m land-sea differences associated to an intensification of the
Saharan thermal low that leads to a southeastern wind anomaly (e.g., Bakun 1990), which
reinforce slightly the upwelling favourable winds over the northern MSUR and weakens the

downwelling favourable winds in the southern MSUR.

Latitude

Fig. 5.9 Temperature differences between ROM P2 and ROM_P1 averaged from surface to
the maximum depth in the closest grid points to coast (Mask in Fig. 5.6d) for Period 1 (a),
Period 2 (b) and Period 3 (c).
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Oyarzan and Bradley (2019) found a hampering in the ascent of deeper water masses towards
the surface in the Benguela upwelling, associated with an increase in the stratification of the
upper layers of the water column, and Sousa et al. (2020) proposed the same hypothesis for the
northern region of the Iberian upwelling. We found an enhanced ocean stratification in Period
2 (spring), very similar to the summer period (Period 3), associated with an increase in
temperature in the ocean surface layers (Fig. 5.9). This pattern may be associated with a shorter
and warmer spring seasons at the end of the century found in most CMIP5 models (Wang et
al. 2021), resulting in an amplified summer throughout the year, except for the winter months

(Period 1).
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Fig. 5.10. Upwelling source water depth differences (m) in the closest grid points to coast (Fig.
5.6d) for Period 1 (a), Period 2 (b) and Period 3 (c) between ROM_P2UI (green shading),
ROM_P2N (blue shading), ROM P2 (dashed line) and ROM P1. The mask used is shown in
Fig. 5.6d. ROM_P2UI is calculated by maintaining the N of the historical simulation and the
Ul of the future (ROM_P2UI), and ROM_PN is calculated by maintaining the U/ of the present

and the N of the future (ROM_P2N).
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The combined effect of wind patterns and ocean stratification was evaluated through the
upwelling source water depth. In this regard, we found water that upwells from greater depths
in Period 1 for the whole MSUR and in the northern MSUR for Period 2, mainly associated
with the increase of Ul, with practically no differences when only the effect of stratification
was present (Fig. 5.10a). This result is contrary to what some authors have proposed in the
EBUSs (Garcia-Reyes et al. 2015; Oyarzun and Brierley, 2019; Abrahams et al. 2019; Sousa
et al. 2020). However, Jing et al. (2023) found an increase in the upwelling source water depth
due to a stronger wind effect overcoming the effect of enhanced ocean stratification for the
CCUS, and Chang et al. (2023) reported an increase in vertical transport towards the surface in
the CCUS associated with an increase in Ekman suction. Nevertheless, in the southern MSUR,
we found that the upwelling source water depth will be shallower for Period 2, where the
decrease in Ul along with the enhanced ocean stratification contribute to this shallowing of the
upwelling source water depth (Fig. 5.10b), highlighting the need to evaluate upwelling systems
both latitudinally and monthly.

Finally, although the changes in the ocean stratification seem not to lead the changes in much
of the MSUR, the ocean temperature increase is more than evident. This fact may affect to the
species that inhabit in the MSUR, modifying the distribution of species, migrations and
fisheries (Menge and Menge, 2013; Y. Wang et al., 2015, D. Wang et al., 2015).

5.6 Conclusions

The objective of this work is to assess the MSUR under the RCP8.5 scenario, clarifying the
effects of the climate change on the wind pattern and ocean stratification, as well as to explore
the main mechanisms responsible for these changes. To this end, we take advantage of ROM
RCSM, which presents a high horizontal resolution in MSUR. Our findings can be summarized

as follows:

- ROM reproduces well the seasonality of the alongshore favourable winds in a present

time, as well as the main drivers of the wind patterns: Azores high and ITCZ.

- Under the RCP8.5 scenario, we found three responses of the wind pattern to climate
change depending on seasonality: Intensification of favourable upwelling winds in the

all MSUR (January-November-December; Period 1); strengthening of upwelling
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favourable winds in the northern MSUR and weakening in the southern MSUR (March-
April; Period 2); weak intensification of upwelling favourable winds in the northern
MSUR and weakening of downwelling favourable winds in the southern MSUR (June-
July-August-September; Period 3).

These responses of the wind pattern to climate change are associated with an
intensification of the Azores High in Periods 1 and 2, but with the particularity that
Period 1 presents a local increase in the T2m in the southern Sahel region. The wind
pattern found under RCP8.5 scenario in Period 3, it is associated with a drastic increase

in the T2m field throughout the African continent.

Ocean stratification will be enhanced in the MSUR under global warming conditions,

primarily during Period 2, associated with a surface temperature increase.

Finally, the combined effect of changes associated with the wind pattern and ocean
stratification in MSUR reveal a deepening of the upwelling source water depth during
Period 1 and in the northern MSUR for Period 2, and a shallowing of the upwelling
source water depth in the southern MSUR during Period 2.
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6.1. General discussion

The main goal of this thesis is to evaluate the impact of the climate change on the Canary
Current Upwelling System (CCUS) and identify the main mechanisms responsible. To date
attempts of the scientific community to clarify the effects of the climate change on Eastern
Boundary Upwelling Systems (EBUSs) have left significant uncertainty, mainly due to the
coarser resolution of the current Global Climate Models (GCMs). In this work, we take
advantage from a Regional Climate System Model ROM, which offers high horizontal
resolution in the CCUS.

The CCUS is one of the four major EBUSs in the world, highly productive coastal ocean areas
where cold water upwells by the action of favourable winds, generating highly productive
ecosystem and commercially important fisheries. However, the importance of the CCUS is not
only bounded to the immediately regions to coast, hence the mesoscale processes as eddies,
filaments and fronts have an impact in the ocean productivity, transporting the upwelled water
properties to oligotrophic open waters. Therefore, for a proper representation of the coastal
upwelling, the models must join both the ability to reproduce the larger-scale pattern (e.g.
Azores high) and the local processes close to coast. Therefore, a high resolution atmosphere-

ocean feedback is needed to represent properly these complex ecosystems.

The RCSM, ROM, presents a good opportunity to resolve the coastal dynamic with ocean high
resolution in the CCUS (5 km), maintaining a global domain. ROM is able to reproduce the
larger scale with a high confidence with the observational and reanalysis datasets in a present
time. ROM showed the seasonal and latitudinal variability of the CCUS, improving the GCMs
used for the comparison (MPI-ESM and CMIP5 ensemble). Moreover, ROM was able to
reproduce the seasonal changes of the main mechanisms in the CCUS (Azores high and ITCZ)
in a good agreement with ERAS, proving that is a good tool to reproduce the larger-scale

dynamics which generate the CCUS.

As for the processes generated in the coastal upwelling regions, we evaluated the ROM
performances in the coastal band (100 km). ROM was able to represent from the coastal wind
stress the seasonal variability in the CCUS, getting to differentiate the regions which is divided
the CCUS (e.g. Aristegui et al. 2009, Crooper et al. 2014; Gomez-Letona et al. 2017): Iberian
upwelling region (IUR), weak permanent upwelling region (WPUR), permanent upwelling
region (PUR) and Mauritania-Senegalese upwelling region (MSUR). ROM reproduced well

the alongshore favourable winds in the coastal band, better than the GCMs and in a comparable
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way with the RCMs, proving that is a powerful tool to reproduce the main drivers of the coastal
upwelling in the CCUS. Moreover, ROM was able to represent some of the mesoscale events
(Cape Ghir filaments), which play an important factor over the CCUS, where only organic
carbon export by filaments in the subtropical northeast Atlantic contributes to the 63% of the

annual primary production associated with the coastal upwelling (Santana-Falcon et al. 2016,

2020).

Concluded the first step with the evaluation in a present time, and being shown the ROM’s
ability to reproduce the CCUS, we used the ROM outputs forced by MPI-ESM-LR to evaluate
the impact of the climate change. At the moment, the main hypotheses of change in the CCUS
are focused on the wind pattern: (1) Air over land will warm more rapidly than air over the
ocean, and resultant deepening of the continental thermal low-pressure systems will increase
the cross-shore pressure gradients that drive upwelling favorable winds (Bakun, 1990). (2)
Changes in the upwelling winds would be mostly related to shifts in the position and timing of
the high pressure cells (Azores high in the CCUS) rather than changes in the continental

thermal low pressure systems (Rykaczewski et al. 2015).

Nevertheless, other studies revealed the role of the ocean stratification in the future of the
coastal upwelling, finding a drastic increase in the stratification of the upper layers in the water
column due to the global warming, hampering the outcrop of the deeper water to surface and
being the main mechanism of change at the end of 21 century (Oyarzan and Brierley, 2019;

Sousa et al. 2020).

In this thesis, we find that the climate change response in the CCUS is subject to the large
latitudinal variability and that the previous hypothesis can be complementary in some regions
of the CCUS. Consequently, we will divide the different response of the climate change from
the four regions of the CCUS.

6.1.1 Iberian upwelling region (IUR)

The Iberian upwelling is mainly influenced by the Azores high seasonality. The Azores high is
located in the easternmost position in winter, generating downwelling favourable winds in the
northern tip of the Iberian Peninsula. The increase in intensity and the westward migration of
the Azores high turns to upwelling favourable winds in summer. This seasonality will be
intensified under global warming conditions. Our study reveals an intensification of the
downwelling favourable winds in winter, whilst in summer will be the upwelling favourable

winds which will be enhanced. Therefore, the mechanisms of change in the IUR will depend
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on the seasonality of the upwelling. In winter, the main driver of the changes will be the Azores
high, which will be increased not only in intensity but also in longitudinal extension at the end

of century, enhancing the downwelling favourable winds.

In summer, the larger pressure gradient between the Iberian Peninsula and the British Islands
will strengthen the Iberian upwelling winds in the future. This larger MSLP gradient is
associated with two responses to climate change: (a) the air temperature increase at the end of
the 21st century will intensify the summer thermal low over the Iberian Peninsula (b) the
weakening of the AMOC in the future will temper the temperature rise over the North Atlantic,
triggering an increase of pressures in the British Islands (Haarsma et al. 2015). The join action
of the two mechanisms will increase the pressure gradient between the Iberian peninsula and

the British islands, increasing the intensity of the upwelling favourable winds.

Along with the alongshore favourable winds, the ocean stratification is the other relevant topic
in this thesis. Our results show an increase of the ocean stratification in the IUR, which present
the greater stratification in the CCUS for the future along with the WPUR, both in DJF and
JJA. This pattern is associated with a larger scale freshening in the Eastern North Atlantic as
reported by Levang and Schmit (2020) in a study with CMIP5 models. This freshening is
transported through the Canary current from the north Atlantic region, associated with an
amplification of the water cycle and enhanced Greenland mass loss in the future. The decrease
in salinity is only found in the upper layers of the water column (upper 100 m), increasing the
stratification between the surface and deeper waters. Our results show a mechanism
complementary between the decrease of the upwelling favourable winds and the enhanced
ocean stratification in DJF, reducing the source depth of the coastal upwelling in the southern
IUR to -40 m. In JJA, we found an opposite role, where the intensification of the upwelling
favourable wind will be counteracted with the enhanced ocean stratification, found similar
results with Sousa et al. (2020). Therefore, this fact would generate a competitive mechanism
in the summer months over the IUR, where the intensification of the upwelling favourable

winds would be competing with the enhanced ocean stratification

6.1.2 Weak permanent upwelling region (WPUR)

As well as the previous region, the seasonal changes of the Azores high play a key role in the
upwelling seasonality. However, this region presents year-round upwelling favourable winds,
pointing out the Cape Ghir region as one of the most productive in the CCUS. The WPUR

present a notably increase of the upwelling favourable winds during the summer (Pardo et al.
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2011). These seasonal differences will be reduced in the future, since the upwelling favourable
winds will be intensified in the future and reduced in summer. This pattern is completely
opposite to the previous region, but the mechanisms are related to each other. In winter, the
intensification of the Azores high will strengthen the wind intensity, generating an increase of
the upwelling favourable winds in the WPUR. In summer, the cyclonic circulation anomaly
over the Iberian Peninsula will result to winds with northeastward direction, reducing slightly

the upwelling favourable winds in the future.

As in the previous region, the ocean stratification will play a key role in the WPUR. This
enhanced ocean stratification is also related to the north Atlantic freshening. WPUR presents
the greatest differences in the Brunt-Viiséld frequency, being those differences more evident
in DJF. In this season, the enhanced ocean stratification will be become the main mechanism
of change in the future, as reported Oyarzun and Brierley (2019) in the Humboldt current
upwelling system. Although the upwelling favourable winds will be intensified in this region,
the enhanced ocean stratification will hamper the outcrop of the deeper waters to surface,
shallowing the source depth in 20 m. In JJA, the weakening of the upwelling favourable winds
and the increase of the ocean stratification will aggravate the upwell of the deeper waters to

surface, reducing the coastal upwelling, acting as complementary mechanisms.

6.1.3 Permanent upwelling region (PUR)

The permanent upwelling region presents the strongest upwelling favourable winds in the
whole CCUS along with the northern region of the MSUR. This region presents upwelling
favourable winds during year-round, with higher intensity in the summer months (due to the
higher intensity of the Azores high). Under global warming conditions, the PUR presents a
similar pattern than the WPUR in terms of trends. In winter, the intensification of the Azores
high in the future will generate an increase of the upwelling favourable winds. In summer, PUR
presents northwestward wind anomalies, which triggers a slight weakening of the upwelling
favourable winds. To difference with the previous region, PUR presents a higher increase of
the upwelling favourable winds during the winter months. This fact generates a difference

lesser between the winter and summer season, decreasing the seasonality in the PUR.

In the PUR the drop in density is practically homogenous upper 200 m of the water column,
showing a slight increase of the ocean stratification in the future. This is due to the fact that the

Canary current, carrying the freshening signal from the north, presents a lower influence in the
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PUR, since it is separated from the coast in Cape Blanc to join with the north equatorial current
(Stramma, 1984; Mason et al. 2011; Santana-Falcon et al. 2020). Therefore, in the PUR the
ocean stratification will not play such a key role as in [UR and WPUR, and the upwelling

favourable wind will drive the changes associated with the global warming.

6.1.4 Mauritania-Senegalese upwelling region (MSUR)

The climate change impact on the MSUR is highly dependent on the latitude and season.
Contrastingly, we found a more refined pattern of change when calculated monthly UI trends.
We identify the two sub-regions in MSUR, mainly defined by the north migration of the ITCZ
around 15°N in summer (Pardo et al. 2011; Cropper et al. 2014; Benazzouz et al. 2015). The
monthly analysis allows us to identify three periods, mainly defined by the UI trends, first
November to January with a strengthening of the upwelling intensity in practically the whole
MSUR (maximum in 15°N), excepting the southernmost region (12°N). Second, March and
April present a similar pattern as the previous period, but with negative UI trends extended to
from 12°N to 15°N. Finally, from June to September, when the ITCZ is located about 15°N and
the downwelling-inducing winds dominate the southern region. In this period, we found a
strengthening of the upwelling-inducing winds in the northern region and a weakening of

downwelling favourable winds in the southern region.

Our results in two out three of the studied periods show mechanisms close to this hypothesis
for the MSUR. We detected an intensification of the Azores high, which strengths the
upwelling favourable winds, in the Periods 1 and 2. Similar results were reported by Sylla et
al. (2019), who found a northward migration of the Azores high along with an extension of the
Saharan heat low (from November to May). However, our monthly UI trends analysis suggests
that other mechanism also affects the upwelling winds in MSUR: during Period 1 the upwelling
is affected by a strong T2m local increase over the Sahel region that can be explained by the
desert amplification (e.g., Cook and Vizy, 2015; Zhou, 2016). In this context, we find that the
local T2m changes have a high impact on the upwelling winds, since the south location of the
T2m increase in the Period 1 enhances the upwelling winds in part of the MSUR southern sub-

region, which is not found in the Period 2.

In the Period 2 the intensification of the Azores high causes an increase in the upwelling winds
in the northern region, but to difference with the Period 1, the effects of the T2m increase are

extended to the interior of the African continent, as effect of the intensification of the Saharan
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thermal low. This generates a weakening of the upwelling winds in the southern region, as

reported Sylla et al. (2019), due to a northward displacement of the anomalous wind circulation.

During the summer months (Period 3), there are not significant changes in position or intensity
of the Azores high. Nevertheless, we detected an evident increase in the T2m land-sea
differences associated to an intensification of the Saharan thermal low that leads to a
southeastern wind anomaly (e.g., Bakun 1990), which reinforce slightly the upwelling winds

over the northern region and weakens the downwelling winds in the southern.

The influence of climate change on the upwelling systems is not only limited to the wind field,
but projected changes can have important consequences in economic and biological terms
(Demarcq, 2009; Gruber, 2011; Rykaczewski et al., 2015). Oyarzin and Bradley (2019) found
a hampering in the ascent of deeper water masses towards the surface in the Benguela
upwelling, associated with an increase in the stratification of the upper layers of the water
column, and Sousa et al. (2020) proposed the same hypothesis for the northern region of the
Iberian upwelling. We found an enhanced ocean stratification in Period 2 (spring), very similar
to the summer period (Period 3), associated with an increase in temperature in the ocean surface
layers. This pattern may be associated with a shorter and warmer spring seasons at the end of
the century found in most CMIP5 models (Wang et al. 2021), resulting in an amplified summer

throughout the year, except for the winter months (Period 1).

The combined effect of wind patterns and ocean stratification was evaluated through the
upwelling source water depth. In this regard, we found water that upwells from greater depths
in Period 1 for the whole MSUR and in the northern MSUR for Period 2, mainly associated
with the intensification of the upwelling favourable winds. This result is contrary to what some
authors have proposed in the EBUSs (Garcia-Reyes et al. 2015; Oyarzin and Brierley, 2019;
Abrahams et al. 2019; Sousa et al. 2020). However, Jing et al. (2023) found an increase in the
upwelling source water depth due to a stronger wind effect overcoming the effect of enhanced
ocean stratification for the CCUS, and Chang et al. (2023) reported an increase in vertical
transport towards the surface in the CCUS associated with an increase in Ekman suction.
Nevertheless, in the southern MSUR, we found that the upwelling source water depth will be
shallower for Period 2, where the decrease in upwelling favourable winds along with the
enhanced ocean stratification contribute to this shallowing of the upwelling source water depth,

highlighting the need to evaluate upwelling systems both latitudinally and monthly.
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Fig. 6.1 Schematic representation of our suggested impact of climate change on coastal
upwelling in the CCUS. We show a competitive mechanism as an increase of the upwelling
favourable winds along with an enhanced ocean stratification (left) and a complementary
mechanism as a decrease of the upwelling favourable winds along with an enhanced ocean

stratification (right).

Finally, although the changes in the ocean stratification seem not to lead the changes in much
of the MSUR, the ocean temperature increase is more than evident. This fact may affect to the
species that inhabit in the MSUR, modifying the distribution of species, migrations and
fisheries (Menge and Menge, 2013; Y. Wang et al., 2015, D. Wang et al., 2015).
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7.1 Conclusions

- The RCSM, ROM, is able to reproduce both the larger-scale and mesoscale processes
involved in the CCUS with a high confidence.

- ROM shows a better performance than the MPI-ESMs and CMIP5 models in
representing the larger-scale wind stress and SST fields. ROM reproduces adequately

the seasonal and interannual variability of the ERAS, ESA and OISST.

- High resolution is key to reproduce the latitudinal variability of the CCUS, as ROM_P0
represents the observed coastal SST with higher accuracy than the GCMs. Moreover,
ROM PO successfully reproduces the coastal Ul as well as the T2m land-sea
differences, highlighting the impact of the higher resolution against the GCMs with a
performance comparable to AFRICA-CORDEX.

- The mesoscale processes in the CCUS are well simulated by ROM, which is able to
transfer the coastal upwelling waters to the open ocean in a realistic way. Thus, it
successfully represents two coastal upwelling filaments off Cape Ghir, which are not

accounted for in most global models.

- ROM is a powerful atmosphere-ocean model system able to reproduce with accuracy
the CCUS, performing better than the GCMs. The improvement is related to a much
higher horizontal resolution, which allows a better simulation of the dominant
mesoscale coastal dynamics. The results here give ground to the future use of ROM_P0O

to gain a deeper insight into the CCUS by the end of 21st century.

- The projected coastal upwelling wind changes present a clearly differentiated seasonal
cycle and marked latitudinal variations under the RCP8.5 scenario. The IUR shows a
strengthening of the upwelling favourable winds in JJA and the African coast is
projected to experience a decrease in the upwelling favourable winds in the JJA and an

increase in DJF
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In winter, the intensification of the Azores high will drive the changes in the alongshore

favourable winds in IUR, WPUR and PUR

In summer, the higher pressure gradient between the Iberian Peninsula and the British
Islands will strengthen the Iberian upwelling winds in the future. In turn, the higher
gradient is associated with two responses to climate change: (a) the air temperature
increase at the end of the 21st century will intensify the thermal low over the Iberian
Peninsula. (b) the weakening of the AMOC in the future will temper the temperature

rise over the North Atlantic, triggering an increase of pressures in the British Islands.

The increase in ocean stratification in the [UR will compete against the strengthening
of the upwelling favourable winds in JJA and those two mechanisms will be
complementary in DJF. In WPUR the enhanced ocean stratification will become the
main driver of change in DJF under RCP8.5 scenario. In PUR, the upwelling favourable
winds will be the main mechanism associated with the climate change at the end of the
21° century, since the ocean stratification is not so enhanced as in the two northern

regions.

The enhanced ocean stratification in IUR and WPUR is related to a freshening in the
upper layers of the north Atlantic, due to an intensification of the precipitation and

enhanced Greenland mass loss in the future

Under the RCP8.5 scenario, we found three responses of the wind pattern to climate
change depending on seasonality in the MSUR: Intensification of favourable upwelling
winds in the all MSUR (January-November-December; Period 1); strengthening of
upwelling favourable winds in the northern MSUR and weakening in the southern
MSUR (March-April; Period 2); weak intensification of upwelling favourable winds in
the northern MSUR and weakening of downwelling favourable winds in the southern

MSUR (June-July-August-September; Period 3).

These responses of the wind pattern to climate change in MSUR are associated with an

intensification of the Azores High in Periods 1 and 2, but with the particularity that
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Period 1 presents a local increase in the T2m in the southern Sahel region. The wind
pattern found under RCP8.5 scenario in Period 3, it is associated with a drastic increase

in the T2m field throughout the African continent.

Ocean stratification will be enhanced in the MSUR under global warming conditions,

primarily during Period 2, associated with a surface temperature increase.

Finally, the combined effect of changes associated with the wind pattern and ocean
stratification in MSUR reveal a deepening of the upwelling source water depth during
Period 1 and in the northern MSUR for Period 2, and a shallowing of the upwelling
source water depth in the southern MSUR during Period 2.
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7.2 Conclusiones

- El modelo regionalmente acoplado atmoésfera-océano ROM es capaz de representar
tanto la larga escala como los procesos meso-escalares involucrados en la CCUS con

una alta confianza.

- ROM mejora a los modelos MPI-ESMs y CMIPS5 en la representacion de los campos
de la tension tangencial del viento en superficie y de la SST de larga escala, aunque
sobreestima el alto de las Azores en los meses de invierno, afectando débilmente el
norte del afloramiento Ibérico. A pesar de ello, ROM reproduce adecuadamente la
variabilidad estacional e interanual de ERAS, ESA y OISST en las tres regiones norte

de la CCUS.

- La alta resolucion es clave para reproducir la variabilidad latitudinal de la CCUS, ya
que ROM representa la SST costera observada con mayor exactitud que los GCMs.
Ademas, ROM reproduce exitosamente el Ul costero, asi como las diferencias T2m
tierra-océano, destacando el impacto de la mayor resolucion frente a los GCMs y con

una actuacion comparable a los modelos de AFRICA-CORDEX.

- Los procesos meso-escalares en la CCUS son bien simulados por ROM, el cual es capaz
de transferir las propiedades de las aguas afloradas costeras hacia el océano abierto de
una manera realista. Asi, ROM representa de manera exitosa dos eventos de filamentos
costeros en Cabo Ghir, los cuales no son capaces de reproducir la mayoria de modelos

globales.

- Por lo tanto, ROM es un poderoso sistema de modelo atmosfera-océano capaz de
reproducir con un buen detalle las 3 regiones mas al norte de la CCUS, actuando mejor
que los GCMs. La mejora es relacionada a una mayor resolucioén horizontal, la cual

permite una mejor simulacion de la dindmica costera dominante en la CCUS.

- La proyeccion futura del afloramiento costero, en las 3 regiones mas al norte de la

CCUS, presenta cambios estacionales y latitudinales en el campo de vientos bajo el

111



CHAPTER 7

escenario de cambio climatico RCP8.5. La region Ibérica muestra un fortalecimiento
de los vientos favorables de afloramiento (hundimiento) en verano (invierno) y las
regiones WPUR y PUR estan proyectadas a experimentar un descenso de los vientos

favorables de afloramiento en verano y un incremento en invierno

- En invierno, la intensificacion del alto de las Azores impulsard un incremento de los

vientos favorables de hundimiento/afloramiento en las regiones IUR/PUR.

- En verano, un mayor gradiente de presiones entre la Peninsula Ibérica y las islas
Britanicas fortalecerd el afloramiento ibérico a finales de siglo. Este mayor gradiente
esta asociado a dos respuestas al cambio climatico: 1) El incremento de la temperatura
del aire superficial a finales del siglo XXI intensificara la baja térmica de la Peninsula
Ibérica. 2) El debilitamiento de la AMOC en el futuro atemperard el aumento de
temperatura sobre el Atlantico norte, desencadenando un incremento de presiones en

las Islas Britanicas.

- El incremento de la estratificacion en la IUR competira frente al fortalecimiento de los
vientos favorables de afloramiento en JJA y esos mecanismos seran complementarios
en DJF. En WPUR la mayor estratificacion oceédnica se convertira en el principal
conductor de cambio en DJF bajos el escenario RCP8.5. En PUR, las menor influencia
de la estratificacion ocednica convertira a los vientos favorables de afloramiento en el

principal mecanismo de cambio asociado con el calentamiento global a finales del siglo

XXI

- Esta mayor estratificacion en [UR y WPUR esté relacionada con un descenso en la
salinidad de las capas superficiales del Atlantico norte, como efecto de un incremento

de las precipitaciones y una mayor pérdida de masa de Groenlandia

- La incrementada resoluciéon en la costa noroccidental africana permite a ROM
reproducir el Ul representado por ERAS en la region Mauritana-Senegalesa en el
tiempo presente. Ademas, ROM es capaz de representar los principales mecanismos
que afectan a la region sur del CCUS, el alto de las Azores y la zona de convergencia

intertropical.
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Bajo scenario RCP8.5, nosotros encontramos tres respuestas diferentes del patron de
viento al cambio climatico dependiendo de la estacionalidad en el MSUR:
Intensificacion de los vientos favorables de afloramiento en todo el MSUR (Enero-
Noviembre-Diciembre; Periodo 1); fortalecimiento de los vientos favorables de
afloramiento en el MSUR norte y debilitamiento en el MSUR sur (Marzo-Abril;
Periodo 2); débil intensificacion de los vientos favorables de afloramiento en el MSUR
norte y debilitamiento de los vientos favorables de hundimiento en el MSUR sur (Junio-

Julio-Septiembre; Periodo 3).

Estas respuesta del patréon de viento al cambio climatico estan asociadas con una
intensificacion del Alto de las Azores en los Periodos 1 y 2, pero con la particularidad
que el Periodo 1 presenta un incremento local de la T2m en el sur de la region de Sahel.
El patron de vientos encontrado bajo el escenario RCP8.5 en el Periodo 3 es asociado

con un incremento drastico en la T2m en todo el continente Africano.

La estratificacion ocednica serd mejorada en el MSUR bajo condiciones de
calentamiento global, principalmente durante el Periodo 2, asociado con una

incremento superficial de la temperatura.

Finalmente, el efecto combinado de cambios asociados con el patrén de viento y la
estratificacion ocednica en el MSUR revelan una profundizacion de la profundidad
fuente del afloramiento durante el Periodo 1 y en el MSUR norte para el Periodo 2, y
una profundidad fuente del afloramiento mas somera en el MSUR sur durante el

Periodo 2.
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8.1 Future research

The results of this PhD give response to the hypothesis and objectives posed at the beginning.
Nevertheless, these results open and encourage new hypothesis and research lines. In this sense,

we are going to enumerate the main lines to develop:

- To evaluate the climate change impact with ROM forced under the new climate change
scenarios from CMIP6. This fact would allow to update the global warming conditions

to the raised in the last reports of the IPCC.

- To study the CCUS from a biogeochemistry point of view. Once we have evaluated the
main physical changes in the CCUS it would be interesting to analyze the effect of those

changes in the nitrates, phosphates, chlorophyl, primary production.

- To evaluate the impact of the climate change in the export processes from the coastal
band (eddies and filaments). In this sense, it appears the opportunity to study how the
different filaments along the CCUS may be affected under global warming conditions

and if these structures will be reduced in longitude, intensity or timing.

- To analyze the climate change mechanisms found in the thesis through a RCSM
ensemble mean, which will give a higher robustness of the results. In this sense,
although an only model, as ROM, can give useful information about the climate change
impact in the CCUS, an ensemble mean would allow to obtain a model-independent

more robust assessment.
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Internship abroad

The author did a national research internship within the Research Group “Climate Physics
Group” at the University of Alcala (Alcala de Henares, Spain) from 18% to 23 April 2021

under the supervision of Dr. William David Cabos Narvaez.

The author did an international research internship in the Alfred Wegener Institute for Polar
and Marine research (AWI) at the Climate Dynamics section from 1% February to 30" April
2022, under the supervision of Prof. Dr. Sergey Danilov on the topic “Climate change in the

Canary Current Upwelling System (CCUS) from the AWI climate models”.
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Scientific courses and complementary skills

2023. 1% Breezes Workshop (BREW), including the (oral) presentation of the following work:
Tendency of the Azores' high-pressure and Iberian Peninsula thermal low and their influence

on breezes in the Gulf of Cadiz. University of Cadiz (5 hours)
2022. Participation in European Researchers' Night. University of Cadiz (8hours)

2022. Coastal Risk Evaluation and Ecosystem Services, organized by the University of Ferrara

(3 hours)

2021. Seminar “Climate and Oceanography” organized by the Oceanography Physics Group
of the University of Cadiz (5 hours)
2021. Participation in “Ocean Hackathon as mentor of data. Zona Franca de Cadiz (15 hours)

2021. Seminar in “Future Bootcamp”. SEA-EU alliance activity. University of Malta (10
hours).

2021. Participation in European Researchers' Night. University of Cadiz (14 hours)

2021. Use of Google drive and collaborative work. Google drive forms. University of Cadiz

(25 hours)

2020. English B.2.2 Certificated Course. Modern Language Centre (CSLM). University of
Cadiz (25 hours)

2020. Online workshop in “Operational Oceanography”. University of Algarve (7.5 hours)

2020. Search, management and communication of scientific information. University of Cadiz
Doctorate School (EDUCA). (35 hours).

2020. Participation in “Ocean Hackathon™ as mentor of data. Zona Franca de Cadiz (15 hours)

2019. Oceanography and Programming oriented to objects with Python. University of Cadiz
Doctorate School (EDUCA). (20 hours).

2019. Development of a water resource management platform during low water periods in the

SUDOE region (Interreg SUDOE). University of Cadiz (75 hours)

2019. Learninng “WordPress”. University of Cadiz (25 hours)
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Project collaboration

SIHROCO (2023). Study of the Impact of climate change on Hybrid marine Renewable energy
projects using high resOlution simulations with a regional COupled model (SIHROCO).
(I+D+1 PID2021-1286560B-100; 161.753,00 €). Leader researcher Dr. William David Cabos
Narvaez. Financed by the Spaninsh Ministry of Science and Innovation (2022-2025).

WINDABL (2023). How are the surface thermally driven WINDs influenced by the vertical
and horizontal structure of the Atmospheric Boundary Layer?. (PR2022-055; 10000€). Leader
researcher Dr. Carlos Roman Cascon. Financed by the University of Cadiz (2023).

POCARISA (2021). Proyecto de Observatorio Costero Ambiental del Rio San Pedro
(POCARISA). Educational innovation Project (1486 €). Leader researcher Dr. Alfredo

Izquierdo Gonzélez. Financed by the University of Cadiz

El aprendizaje del Cambio Climatico en la Universidad. Desde el tratamiento de las
concepciones alternativas al juego como herramienta didactica (2021). Educational innovation
Project (1500 €). Leader researcher Dr. Marina Bolado Penagos. Financed by the University of
Cadiz

Observatorio Ambiental Parque Natural Bahia de Cadiz (2021). Educational innovation Project

(1800 €). Leader researcher Dr. Javier Benavente. Financed by the University of Cadiz.
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Teaching experience

Teaching collaboration in Marine Sciences Degree. 2020/2021. Subject Physics
Oceanography, Fluid mechanics and Geophysics and Tectonics, Applied Physics Department,
University of Cadiz (37 hours).

Teaching collaboration in Environmental Sciences Degree. 2020/2021. Subject Environmental
pollution assessment and Climate change, Applied Physics Department, University of Cadiz

(23 hours).

Teaching collaboration in Marine Sciences Degree. 2021/2022. Subject Physics Oceanography
and Fluid mechanics, Applied Physics Department, University of Cadiz (45 hours).

Teaching collaboration in Environmental Sciences Degree. 2021/2022. Subject Environmental

pollution assessment, Applied Physics Department, University of Cadiz (15 hours).

Teaching collaboration in Marine Sciences Degree. 2022/2023. Subject Physics Oceanography
and Fluid mechanics, Applied Physics Department, University of Cadiz (8 hours).

Teaching collaboration in Environmental Sciences Degree. 2022/2023. Subject Environmental

pollution assessment, Applied Physics Department, University of Cadiz (15 hours).
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