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Abstract

Upwelling in the Eastern Boundary Currents is wind-driven. Ekman transport off the coast of the

Canary Current Upwelling System (CCUS) is induced by equatorward, alongshore trade winds

leading to persistent upwelling of cooler subsurface water throughout the year. This study uses

Upwelling Indices (UI) between 25 and 35°N to assess upwelling in the CCUS and relates it to

the changes in the upper ocean structure as well as climate indices. Upwelling was determined

using different approaches such as differences in the Sea Surface Temperature (SST) at the coast

and offshore (UISST), and the prevailing wind conditions with the resulting Ekman transport

(UIw). Within the study area, the detection of upwelling varies on a temporal and spatial scale

depending on the different determination methods of the UI’s. These results imply that the

existing indices need an adaptation to be more reliable. Nevertheless, all indices revealed strong

upwelling events along a wider shelf between 25 and 33°N and some downwelling events along

a narrow shelf between 33 and 35°N. A significant correlation was found between the UI’s

and the vertical structure of the upper ocean which is especially represented by the isothermal

layer depth (ILD). In regards to the prevailing climate, the North Atlantic Oscillation (NAO)

influences the location and strength of the westerly and trade winds in the study area. Its strong

signal during winter (December to March) is reflected in significant correlations between the

NAO and all parameters, however, when considering the correlations for the whole year, its

signal is ambiguous. The NAO correlates well with the UI’s and the ILD. During its positive

phase, cooler temperatures can be observed at the coast indicating upwelling. Simultaneously,

the ILD deepens at the coast and becomes shallower offshore which is reversed in NAO- years

and enhanced during coupled, opposite phases with the East Atlantic pattern. Still, upwelling

occurs in years of a neutral NAO so it cannot be ascribed as the main driver for upwelling

processes in the area. The interplay of upwelling, vertical structure and climate is rather due to a

complex system of different forcings and cause-effect relationships. Ocean dynamics related to

the kinetic and potential energy as well as the thermohaline circulation in its long-term variability

may have an impact on these variables on different temporal and spatial scales.

Key Words: Canary Current Upwelling System (CCUS), Upwelling Indices, Isothermal Depth

Layer (ILD), North Atlantic Oscillation (NAO), Upper Ocean Structure
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Resumo

O afloramento nas fronteiras leste dos oceanos é induzido pelo vento. O transporte de Ekman

ao largo da costa do Canary Current Upwelling System (CCUS) é induzido por ventos alísios

ao longo da costa, em direção ao equador, que levam ao afloramento persistente de águas sub-

superfícies mais frias ao longo do ano. Este estudo usa índices do afloramento (UI) entre 25 e

35°N para avaliar o afloramento no CCUS e relaciona-o com as mudanças na estrutura das ca-

madas superiores do oceano, bem como os índices climáticos. O afloramento foi inferido usando

diferentes abordagens, como as diferenças na temperatura da superfície do mar (SST, UISST), as

condições de vento prevalecentes e o transporte de Ekman resultante (UIw). Na área de estudo, a

deteção do afloramento varia com a escala temporal e espacial dependendo dos diferentes méto-

dos de determinação dos UI. Esses resultados implicam que os índices existentes necessitam de

uma adaptação para serem mais confiáveis. No entanto, todos os índices revelaram fortes even-

tos do afloramento ao longo de uma plataforma mais ampla entre 25 e 33°N e alguns eventos do

afloramento ao longo de uma plataforma estreita entre 33 e 35°N. Foi encontrada uma correlação

significativa entre a UI e a estrutura vertical da camada superior do oceano que é especialmente

representada pela profundidade da camada isotérmica (ILD). Em relação ao clima predominante,

a Oscilação do Atlântico Norte (NAO) influência a localização e intensidade dos ventos de oeste

e alísios na área de estudo. A sua maior intensidade no inverno (dezembro a março) se reflete

em correlações significativas entre o NAO e a IU e a ILD. Durante a sua fase positiva, temper-

aturas podem ser observadas mais baixas na costa indicando afloramento. Simultaneamente, a

ILD torna-se mais profunda ao longo da costa e mais superficial ao largo, o que é revertido em

anos NAO- e mais intensificado durante as fases opostas acopladas ao padrão do Atlântico Leste.

A correlação entre o NAO e as UI’s e a ILD não é clara quando olha-se para o ano todo e o

afloramento ocorre mesmo em anos de NAO neutra, portanto NAO não pode ser considerado a

principal causa dos processos de afloramento na área. A interação entre o afloramento, a estru-

tura vertical do oceano e o clima é mais devida a um sistema complexo de diferentes forças e

relações de causa-efeito, como a dinâmica do oceano em relação à energia cinética e potencial,

bem como a circulação termohalina e sua variabilidade de longo prazo em diferentes períodos

de tempo e escalas espaciais.
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Resumo alargado

Resumo alargado O afloramento ao longo das fronteiras leste dos oceanos tem sido objeto muitos

estudos oceanográficos e biológicos. Os ventos na direção do Equador ao atuar na superfície do

oceano induzem um transporte de Ekman para o largo, causando o movimento vertical de águas

subsuperficiais mais frias em direção à superfície. Como a água é rica em nutrientes, o aumento

da produtividade biológica é evidente. Mudanças nas propriedades oceanográficas da estrutura

das camadas superiores do oceano são objeto de investigação.

Este estudo foca-se no regime de afloramento no Oceano Atlântico Norte entre 25 e 35°N, que

faz parte do Sistema de Afloramento da Corrente das Canárias (CCUS). Os principais objetivos

são a deteção de eventos de afloramento, a avaliação da estrutura do oceano superior e suas mu-

danças com o afloramento, e o papel do padrão climático, assim como da Oscilação do Atlântico

Norte (NAO) no afloramento e na estrutura do oceano superior. O período do estudo foi de 25

anos (1993-2017).

Existem várias abordagens diferentes para inferir o afloramento costeiro no oceano. O índice de

afloramento (UI) mais comum é baseado na diferença térmica da água de superfície na costa e

no mar ao largo. A avaliação pode ser feita facilmente usando imagens de satélite e ferramentas

de deteção remota. No estudo atual, o índice foi calculado usando a temperatura da superfície

(SST) do Global Ocean Ensemble Physics Reanalysis (GREP) fornecido pelo Copernicus Mon-

itoring Environment Marine Service (CMEMS). Outro método é o uso de dados de vento. A

direção do vento em conjunto com a tensão do vento permite calcular a direção e intensidade

do transporte Ekman e assim inferir o afloramento levando em consideração a geometria da

linha da costa. Para calcular o IU com base no vento (UIw), foi usada a quinta versão global da

Re-análise ECMWF (ERA5) obtida do Centro Europeu de Previsões Meteorológicas de Médio

Prazo (ECMWF), bem como dados do Pacific Fisheries Environmental Laboratory (PFEL) da

National Oceanic and Atmospheric Administration (NOAA). Todos os índices foram calculados

e comparados. O resultado concorda com as descobertas anteriores de que a área de estudo se-

lecionada entre 25 e 35°N é caracterizada por afloramento anual permanente com eventos fortes

durante o verão e outono. Ainda assim, a distribuição temporal e espacial dos eventos varia com

o índice selecionado e torna-se evidente um intervalo até 5 meses entre a IU baseada no vento e
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aquela baseada na Temperatura da Superfície do Mar (SST). Este facto sugere a necessidade de

um índice adequado que entre em linha de conta com a dinâmica prevalecente.

Os resultados também revelam uma mudança na intensidade do afloramento em 32.5°N, que

acompanha uma mudança na plataforma continental de larga para estreita e com mudanças no

vento. Usando uma regressão linear, foram calculadas as tendências de todas os IUs a fim de

comparar os valores encontrados com os resultados controversos existentes sobre a alteração do

número e intensidade dos eventos relacionados com a mudança climática. Novamente os resul-

tados variam com o índice usado. No entanto, nenhuma tendência clara foi detetada nos últimos

25 anos em qualquer um deles.

Para a análise da estrutura da camada superior do oceano, foi determinada a profundidade da

camada isotérmica (ILD), que é a profundidade máxima da interação oceano-atmosfera com

propriedades da água quase homogêneas. Para todo o conjunto de dados do GREP, foi encon-

trada a profundidade na qual a temperatura é 0.8°C mais fria do que a temperatura de referência

a 10 m abaixo da superfície. O ILD é profundo no inverno e superficial durante os meses de

verão, o que é consequência da variabilidade temporal na energia cinética e potencial trocadas

nas camadas superiores do oceano. O ILD mais profundo foi encontrado em março a 199,79

m próximo da costa, e 244,89 m em mar aberto, e o mais raso ocorre entre julho e outubro e é

igual ao nível de referência. A fim de avaliar a estrutura vertical do oceano durante os eventos

de afloramento e afundamento (upwelling/downwelling), forma construídas secções compostas

baseadas no conjunto da temperatura potencial dos dados GREP nas duas situações. Os resulta-

dos mostram um gradiente ascendente das isotérmicas para a costa nos eventos de afloramento

que representa o movimento vertical da água mais fria para a superfície. Durante os eventos de

afundamento (downwelling), as isotérmicas decaem da costa para o largo, embora com menor

declive e são mais paralelas entre si. Estes resultados estão em concordância com o mecanismo

de Ekman (Ekman pumping). Além disso mostram uma camada superficial mais profunda com

temperaturas constantes durante os eventos de downwelling identificados no IU com base nos da-

dos ERA5 (UIERA5). Em geral, descobriu-se que o ILD é mais profundo durante o afloramento

e torna-se mais superficial durante os eventos de downwelling (afundamento).

Ao correlacionar os resultados anteriores com a NAO, verifica-se uma correlação alta e sig-
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nificativa com o UIERA5. O mesmo se aplica para o UISST, embora a correlação seja menor.

Considerando o ILD, um afundamento do ILD próximo da costa pode ser observado durante

os meses de inverno de anos NAO positivos, bem como durante as fases acopladas a um valor

negativo do padrão do Atlântico Leste (EA). O sinal é invertido durante os anos de NAO- e

NAO-EA+. Essas correlações e mudanças podem ser atribuídas a mudanças no padrão de vento

sobrejacente.

Como a NAO e o padrão EA estão relacionados com a Alta Pressão dos Açores, as mudanças

nos ventos de oeste e nos ventos alísios são o resultado da fase correspondente do padrão. Os

diferentes padrões de vento e o impacto máximo na profundidade foram representados em ma-

pas compostos horizontais. Embora exista uma relação entre o clima e os índices de afloramento,

bem como com a estrutura do oceano superior, não é possível considerar a NAO como o princi-

pal fator forçador para ambos. O afloramento não ocorre em todos os anos com a NAO positiva

e também ocorre em anos em que a NAO é neutro. O mesmo se aplica à ILD que tem seu ciclo

anual bem definido, mas que é modulado pela fase da NAO e as suas fases acopladas com o EA.

Em geral, o ILD é mais profundo perto da costa e mais superficial ao largo durante os meses

de inverno dos anos NAO+ e NAO+EA- e o oposto ocorre durante os anos NAO- e NAO-EA+.

Ainda assim, outros fatores como o forçamento da SST pelo o fluxo de calor do oceano e pela

circulação termohalina, com feedbacks em diferentes escalas de tempo, precisam ser considera-

dos para obtermos boas previsões para eventos futuros.

Palavras-chave: Sistema de afloramento da corrente das Canárias, Índices de afloramento, Pro-

fundidade da camada isotérmica, Oscilação do Atlântico Norte (NAO), Estrutura do oceano

superior.

viii



Climate and the upper ocean structure Contents

Contents

Ia List of Figures III

Ib List of Tables IV

II List of Abbreviations V

1 Introduction 1

2 State of the Art 3

2.1 Eastern Boundary Currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 The Canary Current Upwelling System . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Ocean Stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.4 Upwelling Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.5 Climate Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Data and Processing 14

3.1 In-situ Data from the World Ocean Atlas 2018 . . . . . . . . . . . . . . . . . . 14

3.2 Reanalysis Data from Copernicus (GREP) . . . . . . . . . . . . . . . . . . . . 15

3.3 Computation of Upwelling Indices . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3.1 UI based on Sea Surface Temperature . . . . . . . . . . . . . . . . . . 17

3.3.2 UI based on Wind Data . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4 Ocean Stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.5 Composite Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.5.1 Upwelling Indices and Ocean Stratification . . . . . . . . . . . . . . . 20

3.5.2 Climate Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.6 Correlations and Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Results 22

4.1 Upwelling Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Tina Georg I



Climate and the upper ocean structure Contents

4.2 Ocean Stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.2.1 Vertical Composite Maps of the Up- and Downwelling Events . . . . . 25

4.2.2 Vertical Profiles of Up- and Downwelling Events . . . . . . . . . . . . 27

4.2.3 Isothermal Layer Depth . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.3 Climate Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3.1 Horizontal Composite Maps . . . . . . . . . . . . . . . . . . . . . . . 34

4.3.2 Correlation with Upwelling Indices and Isothermal Layer Depth . . . . 37

5 Discussion 40

5.1 Upwelling Indices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.1.1 Critical Assessment of the Indices and their Trend . . . . . . . . . . . 40

5.1.2 Occurrence of Upwelling in the Study Area . . . . . . . . . . . . . . . 42

5.2 Ocean Stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3 The Impact of the Climate Indices . . . . . . . . . . . . . . . . . . . . . . . . 45

5.3.1 Climate and Upwelling . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.3.2 Climate and the Upper Ocean Structure . . . . . . . . . . . . . . . . . 48

5.4 Limitations of the Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

6 Conclusion 52

III References 54

IV Annex 69

Tina Georg II



Climate and the upper ocean structure List of Figures

List of Figures

2.1 The Canary Current upwelling regions . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Map of the study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Up- and downwelling favorable wind conditions in the study area . . . . . . . . . . . 9

2.4 NAO and EA index from 1993 to 2017 . . . . . . . . . . . . . . . . . . . . . . . . 12

3.1 Available data from the WOA18 . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Coastline geometry and orientation considered for the UIERA5 and UIPFEL . . . . . . . 18

4.1 Time series plot of the Upwelling Indices per latitude . . . . . . . . . . . . . . . . . 23

4.2 Correlation of all selected Upwelling Indices . . . . . . . . . . . . . . . . . . . . . 24

4.3 UISST: Vertical composite maps for selected latitudes . . . . . . . . . . . . . . . . . 26

4.4 UIERA5: Vertical composite maps for selected latitudes . . . . . . . . . . . . . . . . 27

4.5 Vertical Profiles of upwelling events . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.6 Vertical Profiles of downwelling events . . . . . . . . . . . . . . . . . . . . . . . . 31

4.7 Time series of the isothermal layer depth per latitude . . . . . . . . . . . . . . . . . 33

4.8 Time series of the winter means for the NAO and the EA . . . . . . . . . . . . . . . 34

4.9 Impact of the NAO and the EA on the ocean stratification . . . . . . . . . . . . . . . 35

4.10 ILD during different phases of the Climate Patterns . . . . . . . . . . . . . . . . . . 38

5.1 Monthly climatologies of the Upwelling Indices and the ILD . . . . . . . . . . . . . 42

5.2 Impact of the NAO on the atmospheric and oceanic conditions . . . . . . . . . . . . . 50

A.1 UISST: Time series per latitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

A.2 UIERA5: Time series per latitude . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

A.3 UIPFEL: Time series per latitude . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

A.4 Time Series of the Climate Pattern and the UI’s per Latitude . . . . . . . . . . . . . . 73

A.5 UISST: Vertical composite map at 28.5°N . . . . . . . . . . . . . . . . . . . . . . . 74

Tina Georg III



Climate and the upper ocean structure List of Tables

List of Tables

3.1 Overview of the used data sets for the different objectives of the study . . . . . . . . . 14

3.2 Definition of the near- and offshore area for the calculation of upwelling . . . . . . . . 17

4.1 Occurrence of up- and downwelling events per month . . . . . . . . . . . . . . . . . 28

4.2 Variation of the ILD with up- and downwelling . . . . . . . . . . . . . . . . . . . . 30

4.3 Mean ILD (winter and summer) for the phases of the Climate Pattern . . . . . . . . . 36

4.4 Pearsons correlation coefficient of the Climate Pattern and the UI’s/ILD . . . . . . . . 37

5.1 Pearsons correlation coefficient of the NAO and the time-lagged UISST . . . . . . . . 47

A.1 Pearsons correlation coefficient between the ILD and the UI’s . . . . . . . . . . . . . 74

A.2 Phases of the NAO and the EA with up- and downwelling events per year (UISST) . . . 75

Tina Georg IV



Climate and the upper ocean structure List of abbreviations

List of Abbreviations

AMO Atlantic Multidecadal Oscillation

AMOC Atlantic Meridional Overturning Circulation

CCUS Canary Current Upwelling System

C-GLORS CMCC Global Ocean Reanalysis System

CMCC Centro Euro-Mediteraneo sui Cambiamenti Climatici

(Euro-Mediterranean Center for Climate Change)

CMEMS Copernicus Monitoring Environment Marine Service

EA East Atlantic pattern

EBC Eastern Boundary Current

ECMWF European Centre for Medium-Range Weather Forecasts

ENSO El Niño-Southern Oscillation

ERA5 ECMWF Re-Analysis, fifth global version

ERDDAP Environmental Research Division Data Access Protocol server

FOAM Forecast Ocean Assimilation Model

FTP File Transfer Protocol

GLORYS Global Ocean Reanalysis and Simulation

GLOSEA Global Seasonal forecast system

GREP Global Ocean Ensemble Physics Reanalysis

GSW Gibbs Seawater

ILD/MLD Isothermal/Mixed Layer Depth

IPCC Intergovernmental Panel on Climate Change

NAO North Atlantic Oscillation

NEMO Nucleus for European Modelling of the Ocean

NOAA National Oceanic and Atmospheric Administration

ORAS5 Ocean Re-Analysis System-5

ORCA025 Generic name of global ocean configurations (uses horizontal curvilin-

ear mesh, 1/4° grid resolution)

PDO Pacific Decadal Oscillation

Tina Georg V



Climate and the upper ocean structure List of abbreviations

PFEL Pacific Fisheries Environmental Laboratory

PSU Practical Salinity Unit

QGIS Quantum Geographic Information System

SCAND Scandinavian pattern

SLP Sea Level Pressure

SST Sea Surface Temperature

TEOS-10 Thermodynamic Equation of Seawater - 2010

UI Upwelling Index

WOA18 World Ocean Atlas Version 2018

Tina Georg VI



Climate and the upper ocean structure 1 Introduction

1 Introduction

The upwelling regime of the Eastern Boundary Currents has a great impact on the primary

production of the ocean’s ecosystem (i.e. Arístegui et al. 2009, Carr and Kearns 2003, Gruber

et al. 2011, Messié and Chavez 2015, Santos et al. 2005, Troupin et al. 2010). As the Canary

Current upwelling system along with the California Current, the Humboldt Current and the

Benguela Current cover about one percent of the ocean but make up for five percent of the

primary production and more than 20 percent of the fish catch, the economic and scientific

importance of these systems is evident (Bonino et al. 2019, Carr and Kearns 2003, Chavez and

Messié 2009, Cropper et al. 2014).

With cooler subsurface water being brought to the surface, upwelling in the ocean becomes

visible in the differences of Sea Surface Temperatures (SST) between the coast and the offshore

area as a result of an increased Ekman transport off the coast. The latter is caused by alongshore

wind flowing towards the equator (i.e. Bakun 1990, Bakun and Nelson 1991, Barton et al. 2013,

Benazzouz et al. 2014, Cropper et al. 2014, Ramos et al. 2013). While these factors describe

the processes on the sea surface, variations in the intensity of the regime can also be seen in

the vertical structure of the ocean since the extension of the mixed layer and the location of the

thermocline varies with Ekman suction and pumping related to up- and downwelling processes

(Bonino et al. 2019, Visbeck et al. 2003). Past studies mainly focused on the surface of the ocean

to determine upwelling and to characterize its intensity (i.e. Polonsky and Serebrennikov 2018,

Ramos et al. 2013). Barton et al. (1998) considered the vertical structure in their study using the

depth of the thermocline and biological productivity mainly for the investigation of upwelling

filaments. Other studies focus on the mixed layer and possible forcings on its depth in the global

ocean (Bonino et al. 2019, Delworth and Zeng 2016, Delworth et al. 2017, Rodwell et al. 1999).

For the Canary Current, Bessa et al. (2017, 2018, 2019, and 2020) studied the mixed layer depth

in correlation with upwelling and climate pattern, however, the main cause-effect relationship is

yet to be established. This study aims to analyze the vertical structure and its correlation pattern

with possible drivers.

One of the main focuses will be the correlation of upwelling and the vertical structure with

climate patterns such as the North Atlantic Oscillation (NAO) and its coupled phases with the
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East Atlantic pattern (EA) to assess the role of climate on the upwelling structure. Both patterns

have been identified as a major driver for the climate and sea level anomalies in Europe and

north Africa (Barnston and Livezey 1987, Bastos et al. 2016, Hurrell et al. 2001, Trigo et al.

2004, Knippertz et al. 2003, Yan et al. 2004). Correlations between the NAO in particular and

the upwelling intensity of the Canary Current have been found in several studies in the past

(i.e. Benazzouz et al. 2014, Cropper et al. 2014, McGregor et al. 2007, Narayan et al. 2010,

Santos et al. 2005). In addition to these researches, this study aims to investigate the relationship

between climate and the vertical structure of the ocean in the central part of the Canary Current

Upwelling System (CCUS). The study area is defined between 25 and 35°N where upwelling

occurs throughout the year with an intensification between June and September (Wooster et al.

1976). The time span of the study was set to 25 years (1993-2017).

In summary, three main objectives have been defined to investigate upwelling and the vertical

structure of the ocean. Firstly, upwelling will be identified using conventional indices defined in

past studies. Therefore, SST and wind data will be used to calculate upwelling indices.

For the second objective, the three-dimensional structure of the ocean will be assessed using

vertical composite maps and profiles. Using in-situ and modeled data from international orga-

nizations, the vertical structure will be extracted on different spatial and temporal scales. Addi-

tionally, the depth of the mixed layer will be determined on a seasonal and annual scale in order

to gather information about the interannual variability.

In a third step, the results from the first and the second objectives will be correlated with prevail-

ing climate indices, namely the NAO and its coupled phase with the EA. The selected study area

with different intensities of upwelling throughout the year is expected to give a good insight into

the changes of all factors with the annual variations and, therefore, allows to establish possible

relationships.
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2 State of the Art

Upwelling is a major field of research in physical oceanography and marine biology as it is

a unique feature in the ocean with a range of different processes acting together (Hughes and

Barton 1974). It occurs within the Eastern Boundary Currents and leads to changes in the upper

ocean structure. In the following section, the main areas of upwelling, the stratification of the

ocean, and the different approaches of its detection will be presented along with the prevailing

climate pattern of the Atlantic Ocean.

2.1 Eastern Boundary Currents

The world’s ocean feature four Eastern Boundary Currents (EBC) which are highly productive

regions (Barton et al. 2013, Ryther 1969). As the name implies, these currents expand along the

coast of the eastern part of ocean basins with a north to south elongation. In the Pacific Ocean,

there is the California Current in North America and the Humboldt/Peru-Chile Current along the

South American shelf. In the Atlantic, the Canary Current flows along the Iberian Shelf and the

Moroccan coast in the north and the Benguela/Lüderitz Current in the south of Africa (Carr and

Kearns 2003, Chavez and Messié 2009, Messié and Chavez 2015).

All EBCs are defined by upwelling processes driven by prevailing wind conditions as well as

local and remote forcings such as stratification. For the Pacific Ocean, the El Niño-Southern

Oscillation (ENSO) modulates winds and, therefore, upwelling in both systems. In the Atlantic

Ocean, different climate modes are the driver for the wind in the Canary Current Upwelling

System (CCUS, see chapter 2.2) and a positive trend in upwelling is forced by sea level pressure

trends in the Benguela Current. The systems in both oceans are independent from each other

(Bonino et al. 2019).

In regards to climate change, a controversy exists in the scientific community about its effects

on upwelling processes. Bakun (1990) uses the correlation of the wind stress and upwelling

intensity as a measure to determine an intensification of upwelling with an increase in the CO2

and further greenhouse gas concentrations in the atmosphere. His hypothesis is based on an

increased on- to offshore pressure gradient and, therefore, increasing alongshore winds and up-
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welling. The same trends are shown by McGregor et al. (2007) detecting a cooling trend in the

SST around Cape Ghir, by Polonsky and Serebrennikov (2018) showing an increase in the trade

winds and by Narayan et al. (2010) considering different wind data, however, the latter study

reveals conflicting results based on the data set. Cropper et al. (2014) suggest a modification

of Bakun’s hypothesis for the summer month in the northwest of Africa at 20°N according to

the differences in the influence of the north-eastern trade winds above and the south-western

monsoon below that latitude.

Contrary to these studies, Bonino et al. (2019) and Pardo et al. (2011) found a decrease in the

upwelling intensity for the Canary Current and sections of other EBCs (Humboldt and Benguela

Current) with a strong seasonal difference. Barton et al. (2013) detected an increase in the SST

of >0.01°C per year along the Canary Current and no significant changes in the meridional

winds, hence, no intensification in upwelling. These findings are confirmed by studies about the

net primary production (Gómez-Letona et al. 2017).

The contradictory results show the importance of research in this area. As Sydeman et al. (2014)

and the Intergovernmental Panel on Climate Change (IPCC 2019) found weakening of wind

intensity for the Canary Current and an intensification for the other EBCs it is also important

to look at all systems and their prevailing drivers separately in order to make more precise

predictions about future changes.

2.2 The Canary Current Upwelling System

The Canary Current, a southward flowing current on the surface of the north-western Atlantic

with a poleward undercurrent, expands from the Iberian Peninsula at 43°N along the north-

western coast of Africa to the the south of Senegal (8°N, Knoll et al. 2002). Due to the variability

in the upwelling regimes related to the annual shift of the north-eastern trade winds and intraan-

nual changes of the Azores High, the system can be divided into three sections (fig. 2.1). In

the Mauretania-Senegalese Upwelling Zone south of 20°N and the Portuguese and Galician Up-

welling Zone along the Iberian Shelf north of 35°N, upwelling occurs predominantly during the

winter or summer month, respectively (Barton et al. 2013). Nykjær and Van Camp (1994) found

that the interannual variability of the seasonal upwelling is greatest in the Mauretania-Senegalese
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Upwelling Zone as the influence of the trade winds is replaced by the monsoon winds in summer

and autumn. In the center of the system, upwelling can be observed permanently with an inten-

sification during fall and spring (i.e. Santos et al. 2005). Cropper et al. (2014) and Nykjær and

Van Camp (1994) also divide the central area at 25 or 26°N, respectively, into strong (south) and

weak (north) permanent annual upwelling in dependency of the annual migration of the trade

winds.

Figure 2.1: The Canary Current upwelling regions. Schematic map of northwestern Africa and the
Iberian Peninsula showing the areas of different upwelling regimes (map created in QGIS,
modified after: Arístegui et al. 2009, Cropper et al. 2014 and Nykjær and Van Camp 1994).

This study will focus on the area between 25 and 35°N which is representing the central part of

the Canary Current upwelling system and, therefore, persistent upwelling throughout the year

with an annual cycle and strongest events from June to September (Bessa et al. 2018, Wooster

et al. 1976). These characteristics are expected to allow the establishment of relationships be-

tween upwelling, the vertical structure and the climate patterns as the annual variability and

changes in the intensities of upwelling in summer makes it easier to identify possible drivers.

The study area includes Cap Ghir at the Moroccan coast and the Canary Islands. The continental

shelf is wide up to 33°N and narrow above. Even though the overall orientation of the coastline

is from south-west to north-east, the study area comprises different angles of the coastline which

can influence the upwelling intensity (fig. 2.2, see also section 2.4). There is no freshwater input
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in the selected area (Arístegui et al. 2009). As the study area combines different features, it is

expected that different impacts on the processes can be assessed.

(a) Location in the Atlantic Ocean (b) Coastal area of the study site

Figure 2.2: Map of the study site. The location in the Atlantic Ocean (a) and the study area showing the
coastline orientation and the mean direction of the trade winds (b, maps created in QGIS).

2.3 Ocean Stratification

The stratification of the ocean is closely related to the temperature and density (Hughes and

Barton 1974). On the surface and the upper layer, changes in the kinetic energy from winds,

storms, waves, or horizontal advection by currents, and in the potential energy resulting from

freshwater inputs impact the turbulence in the upper ocean and lead to mixing of the water up to

a certain depth (Balaguru et al. 2016, Hu et al. 2019, Mawren and Reason 2017, Sprintall and

Tomczak 1992). In this surface mixed (density) and isothermal layer (temperature), the physi-

cal properties are ’quasi-homogeneous’ with a small variation and the depths representing the

extent of the ocean-atmosphere interaction (Chu and Fan 2011, Sprintall and Tomczak 1992).

Additionally, the solar radiation, sensible and latent heat fluxes at the surface along with the pre-

vailing wind influence the heat content (Wm−2) in the isothermal layer (Gnanaseelan et al. 2003,

Yu and Weller 2007). A deeper isothermal layer increases the heat capacity of the ocean and
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its sensitivity to surface cooling which makes the depth of the layer a good indicator for ocean

warming in the past decades (Levitus et al. 2000, Yamamoto et al. 2020, Willis 2004). Still,

ocean warming does not imply an increase in the stratification and it is important to consider

the isothermal layer depth (ILD) independent from the surface (SST) warming as the former is

dependent on the scale of the sea-air-interaction and additional forcings (Polonsky 1995, Somav-

illa et al. 2017). Bessa et al. (2018) found a negative correlation between the mixed layer depth

(MLD) and the SST along the Moroccan coast which was also observed in other regions of the

ocean (Whitney and Freeland 1999). In terms of biological productivity, a deeper mixed layer

enhances ocean ventilation and the vertical supply of nutrients (Yamaguchi and Suga 2019) but

the highest productivity and algae blooms occur when the mixed layer depth is getting shallower

in spring (Obata et al. 1996, Sverdrup 1953). Below the mixed layer, the deep ocean starts with

a strong thermo-, halo- and pycnocline indicating a high level of stratification with stable condi-

tions (Bessa et al. 2020).

In the transition of surface and deep ocean water, a gap can exist between the bottom of the

mixed layer and the top of the thermocline. This gap is defined as barrier layer and is mainly

related to the kinetic and potential energy (Kara et al. 2000, Lukas and Lindstrom 1991, Pailler

et al. 1999, Sprintall and Tomczak 1992, Tanguy et al. 2010). The barrier layer varies with sea-

sons and the ocean area where it is found especially in the tropical oceans. For the North Atlantic

Ocean, de Boyer Montégut et al. (2007) found a small barrier layer thickness (0-10 meter).

In terms of ocean stratification, Troupin et al. (2010) found a shallow MLD of around 20 m

followed by a strong gradient of the thermo-, halo-, and pycnocline in the Canary Current south

of Gran Canaria in late summer to early fall. This high stratification coincidies with the weak-

ening of the trade winds in the region. The deepest ILD can be observed at around 100-150 m

in February with a maximum heat release from the ocean into the atmosphere. Similar results

have been found for other ocean areas while the mixed layer deepens from the equator to the

pole (Bessa et al. 2018, Somavilla et al. 2017, Whitney and Freeland 1999).

The calculation of the ILD can be done using different approaches whereas the difference and

gradient criterion are the easiest ones to use (Chu and Fan 2010, Chu and Fan 2011). The differ-

ence criterion uses the temperature (density) at a reference depth of 10 m and defines the ILD
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(MLD) as the depth where the temperature (density) is by a fixed value smaller than the refer-

ence level temperature (density). Commonly, 0.5 to 0.8°C is used as the difference between the

reference and the ILD (Kara et al. 2000, 0.03kg m-3 for the MLD). For the gradient criterion, the

variation of temperature (density) with depth (δT/δz, δρ/δz) is used to extract the depth where

the variation exceeds a fixed value (i.e. 0.025°C m-1, Lukas and Lindstrom 1991).

Besides providing an insight in the upper ocean structure, studies have suggested that there is a

relationship between the ILD and upwelling activity (Nykjær and Van Camp 1994, Bessa et al.

2018). In models, Bonino et al. (2019) found the impact of local forcings such as the thermocline

and the stratification as one driver of upwelling in the Canary Current along with the wind and

remote forcings like coastal trapped waves. Therefore, the ocean stratification is an important

aspect when studying upwelling and will be included in this study.

2.4 Upwelling Indices

Upwelling occurs when the water of the upper layer in the ocean is moved offshore due to Ekman

transport which is induced by wind stress, friction, and the rotation of the Earth (Coriolis force).

At the coast, these water masses are replaced by colder subsurface waters in a vertical motion

(Ekman suction, Barton et al. 2013). In order to assess the upwelling and its intensity, upwelling

indices are calculated using thermal differences as well as the wind stress of the equatorward

alongshore winds resulting from changes in the north-eastern trade winds.

Using SST data, the coastal Upwelling Index (UI) is calculated based on the SST differences

between the near- and the offshore temperature using the following equation (i.e. Benazzouz

et al. 2014, Cropper et al. 2014, Fiúza et al. 1982, McGregor et al. 2007, Pelegrí and Benazzouz

2015, Polonsky and Serebrennikov 2018, Santos et al. 2011, Tamim et al. 2019):

UISST (lat,time) = SSTo f f shore(lat,time)−SSTnearshore(lat,time) (1)

The SST differences are calculated cross-shore using in-situ measurements or satellite images.

Positive index values indicate cooler water at the coast and relatively warmer water offshore

and, therefore, upwelling. Even though the equation 1 is used by several authors, the definition
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of both variables, SSTinshore and SSToffshore, varies. Benazzouz et al. (2014) consider the local

bathymetry of the shelf when determining the nearshore temperature (SSTinshore). In case of

a narrow continental shelf, this reference point is close to the coast whereas it moves slightly

offshore with a wider shelf. Other studies define the nearshore SST as ranges from the coast:

Santos et al. (2005) used 20 to 40 km in their study, Ramos et al. (2013) 0 to 50 km. The same

discrepancy becomes apparent with SSToffshore. As it depends on the region, the SSTinshore and

the upwelling intensity, authors suggest the usage of the SST between 400 km up to 3,000 km

offshore (Benazzouz et al. 2014, Santos et al. 2005), however, 500 km is widely used in recent

studies (i.e. Cropper et al. 2014, Marcello et al. 2011, Narayan et al. 2010, Ramos et al. 2013).

16 14 12 10 8 6
Longitude (°W)

26

28

30

32

34

La
tit

ud
e 

(°
N)

(a) Upwelling favorable wind
conditions

16 14 12 10 8 6
Longitude (°W)

26

28

30

32

34

La
tit

ud
e 

(°
N)

16

17

18

19

20

21

22

23

24

M
ea

n 
of

 In
pu

t A
na

ly
se

s
Po

te
nt

ia
l T

em
pe

ra
tu

re
s

[d
eg

re
es

_C
]

(b) Downwelling favorable wind conditions

Figure 2.3: Up- and downwelling favorable wind conditions in the study area. Plot of the alongshore
winds towards the equator favoring upwelling (a, September 1994) and towards the poles
favoring downwelling (higher latitudes in b, December 2001) with the underying SST values
(mean potential temperature). Wind speed represented by the size of each arrow (plot created in
Python, wind data derived from ERA5, ECMWF Copernicus 2019, SST data: GREP, E.U.
Copernicus Marine Service Information 2020).

In order to obtain a better understanding of the upwelling regime and its intensity, the wind stress

can be used as main driver for coastal upwelling along the Eastern Boundary Currents. Wind

stress of equatorward winds blowing parallel to the coast lead to an offshore Ekman transport

(90°) of the surface layer, upwelling of cooler subsurface water to the surface and a lowering of

the thermocline. Opposite conditions lead to the advection of water towards the coast and down-

welling (Bakun 1973 and 1990, Freudenthal et al. 2002, Pelegrí and Benazzouz 2015, Wright
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et al. 2001, fig. 2.3). In the CCUS, the north-eastern trade winds with an annual shift in their

location as well as the position and strength of the Azores High play a major role in the variation

of the wind stress (Barton et al. 1998, Benazzouz et al. 2014, Narayan et al. 2010, Polonsky and

Serebrennikov 2018).

The calculation of the UI based on the wind data (UIw) is done in three steps. Firstly, the zonal

(τx) and meridional (τy) wind stress is computed using the wind speed (two components: Wx and

Wy, equivalent to~u and~v), the drag coefficient (Cd = 1.14x10−3, dimensionless, Large and Pond

1981) and the density of the air (ρa = 1.22kg m−3):

τx = ρaCd(W 2
x +W 2

y )
1/2Wx and τy = ρaCd(W 2

x +W 2
y )

1/2W y (2)

In the second step, both wind stress variables are used in addition to the density of the sea

water (ρw = 1,025kg m−3) and the Coriolis parameter ( f = 2Ωsin(θ) with Ω = 7.292x10−5s−1

and θ = latitude) to calculate the Ekman transport parallel and normal to the coastline (Qx and

Qy, equation: 3). Thirdly, the UIw can be computed considering the geometry of the adjacent

coastline (ϕ = mean angle between shoreline and equator) and the Ekman transport (i.e. Bakun

and Nelson 1991, Cropper et al. 2014, McGregor et al. 2007, Miller and Shanks 2004, Ramos

et al. 2013, equation: 4).

Qx =
τy

ρw f
and Qy =

−τx

ρw f
(3)

UIW =−sin(ϕ −π/2)Qx + cos(ϕ −π/2)Qy (4)

This more complex calculation is expected to give more accurate results and characterization for

specific regions as it considers local parameter of the coastline, the wind speed and direction.

In comparison to the UISST, several studies have found a time lag of 0-2 month between both

indices which can be due to several causes such as local topography, inertia differences of the

atmosphere and the ocean, and advection processes (Benazzouz et al. 2014, Cropper et al. 2014,

Fiúza et al. 1982, Nykjær and Van Camp 1994). For a better calculation of the UI’s, Bessa et al.

(2019) additionally suggest an implementation of the mixed layer depth (see ch. 2.3), however,

there is no clear hypothesis on how to include the depth into an equation yet.

Tina Georg 10



Climate and the upper ocean structure 2 State of the Art

2.5 Climate Indices

Several climate patterns are known to impact the north Atlantic region in different aspects such

as sea level and precipitation with related flooding and drought events (i.e. Bastos et al. 2016,

Comas-Bru and Hernández 2018, Knippertz et al. 2003, Neves et al. 2019, Yan et al. 2004).

Due to their location and recent studies on their influence on Europe, climate patterns with possi-

ble influence in the study area are the Scandinavian pattern (SCAND), the Atlantic Multidecadal

Oscillation (AMO), the NAO and the EA. The greatest impacts of the SCAND coincide with its

geographic location over Scandinavia (Bueh and Nakamura 2007, Moore et al. 2013) and will,

therefore, not be further considered in this study. The same applies for the AMO: Even though,

Bonino et al. (2019) identified the AMO as main driver for the negative trend in the upwelling

of the CCUS, its low-frequency mode of around 30-70 years makes it incompatible for the time

span of the current study (Schlesinger and Ramankutty 1994, Wang et al. 2017, Yamamoto et al.

2020).

Since the influence of the NAO on the upwelling regime and ocean dynamics has been investi-

gated by several studies with mostly significant correlations, it will also be used for the analysis

in this study (i.e. Benazzouz et al. 2014, Bonino et al. 2019, McGregor et al. 2007, Narayan

et al. 2010). The NAO is defined by the differences in the normalized sea level pressure (SLP)

between Iceland (low pressure system) and the subtropical high in the Azores and has biennial

to decadal frequency of occurrence (Hurrell et al. 2001, Hurrell et al. 2003). During years of a

positive NAO (NAO+), the Icelandic Low pressure system is anomalously lower and the Azores

High well defined leading to enhanced westerly winds, winds in the trade wind belt, and storms

whereas in its negative state (NAO-) both pressure systems are weak causing a deceleration and

southerly shift of the westerlies (Angell and Korshover 1974, Luo et al. 2007, Visbeck et al.

2003, phases of the climate pattern: fig. 2.4). Delworth and Zeng (2016) found a strengthen-

ing of the Atlantic Meridional Overturning Circulation (AMOC) in NAO+ phases along with

anomalous heat fluxes. For the ocean’s mixed layer depth in the North Atlantic Ocean, a model

by Yamamoto et al. (2020) found a deepening in years of positive NAO as a result of anomalies

in the wind stress.

Similar effects result from the EA, however, the dipole is shifted towards the southeast with a

Tina Georg 11



Climate and the upper ocean structure 2 State of the Art

1995 2000 2005 2010 2015
Time (years)

2

0

2

NA
O 

In
de

x

(a) NAO Index, 1993-2017

1995 2000 2005 2010 2015
Time (years)

2

0

2

EA
 In

de
x

(b) EA Index, 1993-2017

Figure 2.4: NAO and EA index from 1993 to 2017. Positive (red) and negative (blue) NAO (a) and EA (b)
pattern and the rolling mean for 10 month (black line, plot created in Python, data from NOAA,
NAO: NOAA 2020b, EA: NOAA 2020a).

low pressure system propagating from the north Atlantic to the western United Kingdom (EA+,

Barnston and Livezey 1987). During opposite phases of the NAO and the EA, the NAO migrates

to the southwest changing the strength of the dipole and modulating the Azores High which can

lead to more extreme weather conditions (Bastos et al. 2016, Kalimeris et al. 2017). Thus, these

changes in the wind conditions during positive and negative NAO years and especially during

coupled phases with the EA affect the transport of heat and water vapor throughout the European

continent and the Atlantic Ocean (Bastos et al. 2016, Häkkinen 1999, Yamamoto et al. 2020, Yan

et al. 2004). This makes it important to consider the NAO and its coupled, opposite phases with

the EA in the current study. As the signals are strongest in winter, the averages of December to

March will be used (Barnston and Livezey 1987, Cropper et al. 2014, Gómez-Letona et al. 2017,

Tina Georg 12



Climate and the upper ocean structure 2 State of the Art

Levitus et al. 2000, Pardo et al. 2011, Santos et al. 2005).

Even though, the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation

(PDO) originating in the Pacific Ocean are known to affect the north Atlantic Ocean through

teleconnection patterns (Enfield and Mayer 1997, García-Serrano et al. 2017), they will not be

addressed further due to ambiguous results in previous studies. Roy and Reason (2001) and

Enfield and Mayer (1997) found a possible relationship between ENSO and changes in the trade

winds and upwelling in the region with a time lag of four to five month. Contrary to that, previous

studies by Cropper et al. (2014) and Narayan et al. (2010) were not able to detect any significant

correlations in regards to the upwelling activity in the Canary Current.
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3 Data and Processing

The data used for the current study was obtained from different data sources and processed using

several methods which will be addressed in the following section. Table 3.1 gives an overview

of the data sets used for the different objectives defined for the study. All data processing was

done using Python. Additionally, QGIS was used to display the data in maps.

Objective Used data set(s)
Upwelling (WOA18,) GREP, ERA5, PFEL

Vertical structure (WOA18,) GREP
Climate Patterns NOAA

Table 3.1: Overview of the used data sets for the different objectives of the study. Refer to text for
abrrevations, data sources and processing methods.

3.1 In-situ Data from the World Ocean Atlas 2018

One of the main aims of the study was the sole usage of in-situ data to obtain precise results

about the real conditions in the upper ocean and its variability with up- and downwelling as

well as with the different climate patterns. The World Ocean Atlas (WOA18, Locarnini et al.

2019, Zweng et al. 2019, NOAA 2019) of the National Oceanic and Atmospheric Administra-

tion (NOAA) provides measurements taken by cruises between 1969 and 2019. The in-situ data

for temperature and salinity was downloaded and processed to make predictions about their us-

ability for this study.

In order to evaluate the influence of upwelling on the vertical structure of the ocean, near- and

offshore areas were defined using the 200 meter isobath and variable grids offshore. The se-

lection of the latitudes was done using 1°grids from 25 to 35°N. For the longitudes 0.5°grids

between -30 to -6°W have been chosen depending on the coastline orientation using the distance

of 500 km offshore as a guideline, however, at 25.5°, a lower distance has been selected to in-

clude the amount of profiles in the proximity of the 500 km line. As upwelling is detected in

cross-shore sections within the same latitude and time (section 2.4), the location of all available

vertical profiles throughout the years have been plotted in QGIS (fig. 3.1).

In a next step, all the profiles meeting the following criteria have been selected: (i) Same latitudi-

nal range (1°steps), (ii) same time (month) and (iii) at least one profile simultaneously available
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Figure 3.1: Available data from the WOA18. Map of the study area showing all available data (light
yellow dots) from the WOA in the nearshore area (grids containing the 200 m isobath, framed by
red lines at the coast), the 500 km offshore line and the offshore area (longitudes chosen
considering the islands, red line), as well as the data available for the same time and 1°latitudinal
range (red dots indicate available data nearshore and offshore for the same latitude and month,
map created in QGIS using the data from the WOA18 by NOAA 2019).

in the defined near- and offshore area. Figure 3.1 shows the measurements which meet the cri-

teria (red dots) along with the total number of available data in the WOA18 (light yellow dots).

As each red dot only represents one available profile, the lack of available data for the purpose

of the study made it necessary to use another data source (see 3.2).

3.2 Reanalysis Data from Copernicus (GREP)

The Global Ocean Ensemble Physics Reanalysis (GREP, PHY_001_026) is provided by the

E.U. Copernicus Marine Service Information (Copernicus Monitoring Environment Marine Ser-

vice: CMEMS, E.U. Copernicus Marine Service Information 2020). The Global Ocean Ensem-

ble Physics Reanalysis (GREP) data is produced using a numerical model (NEMO model on

ORCA025 grid, Bernard et al. 2006) with a surface forcing by ERA interim and data assimila-

tion using satellite and in-situ data. For the PHY_001_026, a homogeneous 3D horizontal grid

is available for the global ocean for a period of 1993 to 2017 which also offers information about
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the vertical structure of the ocean in 75 depth levels up to a total depth of 5,500 m (resolution:

10 m at 100 m depth, increasing up to 200 m towards the bottom, Desportes et al. 2017). Besides

the latitudinal and longitudinal data, the data set contains six variables for each, potential temper-

ature and salinity. These monthly mean data (global-reanalysis-phy-001-026-grepv1-monthly)

is provided by four different production centers: Mercator Océan in Toulouse, France (GLO-

RYS2V4, variables: so_glor and thetao_glor, Lellouche et al. 2013), UK Met Office (FOAM-

GLOSEA5v13, variables: so_foam and thetao_foam, MacLachlan et al. 2015, Blockley et al.

2014), CMCC, Italy, (C-GLORS, variables: so_cglo and thetao_cglo, Storto et al. 2016), and

ECMWF (ORAS5, variables: so_oras and thetao_oras, Zuo et al. 2017). From these four sources,

the overall mean (variables: so_mean and thetao_mean) as well as the standard deviation (vari-

ables: so_std and thetao_std) was calculated and provided in NetCDF-Format on a FTP server

(Copernicus Monitoring Environment Marine Service 2020). For all computations and plots of

the current study, the provided mean values of the salinity and the potential temperature have

been used.

By comparing the GREP data to in-situ measurements, Desportes et al. (2017) found small er-

rors in the GREP mean (> 0.1°C on global average) with the greatest disagreement in the data

sets from 1993 to 2002 and in deeper layers below 800 m depth. After the deployment of Argo

buoys in 2002, the data quality of the upper layer improved. The authors also detected overall

fresher water (global average > 0.02 psu and > 0.1 psu between 50 and 800 m depth), however,

besides the Mediterranean Sea Outflow, the greatest discrepancies occur in regions outside of

the selected study area in the CCUS.

3.3 Computation of Upwelling Indices

Upwelling Indices were computed in Python using different approaches and data sets. The

obtained UI data sets have been normalized using an unity-based normalization (Gajera et al.

2016, Lu et al. 2019).
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3.3.1 UI based on Sea Surface Temperature

In order to obtain the Upwelling Index based on SST (UISST), the GREP reanalysis data was

used (E.U. Copernicus Marine Service Information 2020). From the data set, the mean potential

temperature of the shallowest available depth (0.50576 m) was extracted and, considering the

coastline orientation, grouped into near- and offshore areas (tab. 3.2). For both groups, the mean

potential temperature has been calculated for each latitude. As a result, the SSTinshore value

contains all grid cells between the coastline and the 200 m isobath and the SSToffshore all grids

below the variable line considering the islands to -40.5°W. For each 1°latitudinal step, the mean

nearshore potential temperature was subtracted from the mean offshore potential temperature to

obtain the UISST and, therefore, up- and downwelling events according to equation 1 (ch. 2.4).

Latitude
(°N)

Longitudinal Range
Offshore (°W)

Longitudinal Range Nearshore (°W)

Smaller than Start End
25.5 -19.0 -16.5 -15.5
26.5 -19.0 -14.5 -14.5
27.5 -20.0 -13.5 -13.5
28.5 -20.0 -13.5 -11.5
29.5 -19.0 -11.5 -10.5
30.5 -17.0 -10.5 -10.5
31.5 -18.0 -10.5 -10.5
32.5 -19.0 -9.5 -9.5
33.5 -19.0 -9.5 -8.5
34.5 -15.0 -7.5 -7.5

Table 3.2: Definition of the near- and offshore area for the calculation of upwelling. Selected grids used
to calculate upwelling using the Copernicus and ERA5 data (see also fig. 3.1: red line/squares,
adapted).

3.3.2 UI based on Wind Data

For upwelling based on wind two different data sets were used: the fifth global version of the

European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis data (ERA5,

UIERA5) and the Pacific Fisheries Environmental Laboratory (PFEL, NOAA Fisheries 2019), a

service provided by the NOAA (UIPFEL).

The ERA5 data is available on the Climate Copernicus website (ECMWF Copernicus 2019).
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α

α = 54.5°
(UI ERA5)

(a) ERA5

α

α = 215.67°
(UI PFEL)

(b) PFEL

Figure 3.2: Coastline geometry and orientation considered for the UIERA5 and UIPFEL. Angle of the
coastline (α) for the UIW based on ERA5 (a, Cropper et al. 2014) and PFEL (b, Bakun 1973 and
1975, NOAA Fisheries 2019).

From this website, the monthly reanalysis data was downloaded in a 0.25°grid for the years

1979 to 2019 and adapted to the time frame of the GREP data (1993-2017). Using the zonal and

meridional component of the wind speed (~u and ~v), the Ekman transport and the resulting up-

and downwelling events were calculated using the equation provided by Cropper et al. (2014)

and the coastal orientation of the mean coastline (fig. 3.2a, see eq. 2-4, ch. 2.4). The index was

resampled to 1°grid cells to simplify the comparison with the UISST.

In order to verify the results of the calculated UIERA5, the data from PFEL (NOAA) was down-

loaded from the Environmental Research Division Data Access Protocol server (NOAA ERD-

DAP 2019). The data set provides the results for the zonal and meridional component of the

Ekman transport and allows the computation of the Upwelling Index in consideration of the pre-

vailing coastline geometry using a function for Python which is also provided by NOAA (fig.

3.2b). The results give the water advection sea- (upwelling) and shoreward (downwelling) in

cubic meter per second per 100 m (Menge and Menge 2013, Miller and Shanks 2004, NOAA

Fisheries 2019).
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3.4 Ocean Stratification

As the GREP data only provides potential temperature and salinity values, the density (ρ) has

been computed for each depth using the Gibbs Seawater (GSW) toolbox for the Thermodynamic

Equation of Seawater - 2010 (TEOS-10, McDougall and Barker 2011). Firstly, the pressure was

calculated using the gravity of the earth (g = 9.8ms−2) assuming a constant change with depth.

In a next step, the density was computed using potential temperature (θ ), salinity and the pres-

sure.

The depth of the surface layer was computed based on the potential temperature data (= isother-

mal layer depth) using the difference criterion with a fixed value of 0.8°C and a reference level

of 9.82 m. The resulting ILD marks the depth before the potential temperature is 0.8°C or more

lower than the temperature at the reference level. The temperature gradient of 0.8°C is widely

used in recent studies and lead to the best results for the profiles used in this study (Chu and

Fan: 2010 and 2011, Kara et al. 2000). For the reference depth, the closest available depth of

the GREP data to the commonly used 10 m depth reference was chosen. As de Boyer Montégut

et al. (2007) found a small thickness of the barrier layer in the region of the study area and there

is no freshwater input along the coastline causing a barrier layer (Arístegui et al. 2009) the same

depth have been used for ILD and MLD (ch. 2.3).

The vertical profiles have been extracted from the 4D GREP grid for all up- and downwelling

events in the study area. The events of all latitudes were grouped and all profiles of the same

month plotted in one figure. For the nearshore area, the events have been plotted as single pro-

files whereas the high amount of offshore profiles (115 profiles/grid cells including all between

25.5 to 35.5°N and the ones defined in tab. 3.2 down to -40.5°W) is only shown in an envelope.

For the latter, using all available offshore profiles, the minimum, mean and maximum values per

depth was computed and only this extracted range plotted for reasons of clarity. Additionally,

the mean ILD for the extracted month has been plotted in the profiles. The summer (JJAS) and

winter (DJFM) means of the ILD has also been calculated for years where upwelling was not

detected using the defined thresholds to compare its changes with up- and downwelling events.

For this neutral UI, threshold values of >-1 and <5°C has been selected for the UISST and >-0.4

and <1.5 for the UIERA5. As the obtained values are similar for both UI’s, the mean of both have
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been computed for summer and winter months.

Outlier in the vertical profiles have been detected visually for the nearshore area since the usage

of automated approaches in Python has not lead to good results.

3.5 Composite Maps

Composite maps have been created in order to analyze the correlation between upwelling in-

dices with the vertical structure of the potential temperature (θ ) and between the climate pattern

and the horizontal structure of the potential temperature. The composite plots are obtained by

summing plots of positive and negative events, respectively.

3.5.1 Upwelling Indices and Ocean Stratification

For the UISST, thresholds of +5°C and -1°C have been used to determine the positive and negative

groups of events in the time series and the mean temperature values of all detected events for

each latitude have been calculated to plot the composite maps. The threshold for the UIERA5

was set to 1.5 and -0.4. In order to analyze the vertical structure of the ocean during up- and

downwelling events, the composite maps have been plotted as vertical slices along the latitudes

up to a depth of 300 m.

3.5.2 Climate Indices

The data used for the NAO and the EA was downloaded from the Climate Prediction Center of

NOAA (2020a and 2020b). For both, the NAO and the EA, the study period (1993-2017) has

been extracted and extended winter means for the months December to March computed (DJFM,

Hurrell et al. 2003, Martínez-Asensio et al. 2016). Additionally, summer means from June to

September (JJAS) have been calculated to investigate possible influences on the summer ILD

and upwelling which occurs during summer month in the selected study area. A threshold of

0.5 and -0.5 has been used to determine positive and negative events, respectively. For the NAO,

the mean potential temperature values of all positive and negative events has been computed

using the GREP data. The same was done for coupled, opposite phases of the NAO and the EA

index (NAO+EA-/NAO-EA+). These phases have then been used to extract and plot the winter
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means (DJFM, except for 1993: January to March only) in composite maps (Bastos et al. 2016,

Iglesias et al. 2017, Martínez-Asensio et al. 2014, Neves et al. 2019). Horizontal slices of the

mean potential temperature at four different depths (0.5, 47.21, 97.04, and 199.79 m) have been

plotted according to the calculated ILD with the exact depths being dependent on the available

depth steps of the GREP data.

3.6 Correlations and Trends

The relationship of all data sets has been tested using the Pearson correlation coefficient (Ben-

esty et al. 2009, Pearson 1895, Rodgers and Nicewander 1988) and a significance level of 0.05

(p < .05, Gómez-Letona et al. 2017).

For the study, the calculated upwelling indices have been correlated with each other as well as

the near- and offshore ILD and the UI’s with the ILD. Additionally, these data sets (UI’s and

ILD) were correlated with the climate patterns (NAO and EA).

The analysis of trends in the time series has been restricted to the linear regression model as it

plays a minor part in this study.
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4 Results

The results of the study will be described in the following section. The interpretation will be

done separately in the next chapter.

4.1 Upwelling Indices

Upwelling was calculated using three different data sets and approaches. The UISST and the

UIERA5 was calculated using the equations 1-4 (ch. 2.4). Additionally, the UIPFEL was deter-

mined using data and a function for Python provided by NOAA.

The calculation of the upwelling events leads to different results depending on the data and its

processing. Figure 4.1 shows the time series plots of each index separated by latitude (single
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(a) UI based on SST data (GREP, PHY_001_026)
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(b) UI based on ERA5 (ECMWF, 1°grid)
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Figure 4.1: Time series plot of the Upwelling Indices per latitude. Plots showing the variation of the
calculated upwelling indices (SST (a), ERA5 (b), and PFEL (c) data) for each latitude (plots
created in Python, data obtained from E.U. Copernicus Marine Service Information 2020: SST of
GREP, ECMWF Copernicus 2019: ERA5, and NOAA Fisheries 2019: PFEL)

plots for each latitude see fig. A.1, A.2, and A.3, appendix). All indices reveal mostly positive

values (upwelling) in different magnitudes and with different spreads in their spatial and tempo-

ral extent. There is a clear annual cycle in all of the indices with higher index values during the

summer and autumn months. The strength of the indices varies with the latitude. In the UISST

and the UIPFEL, the middle latitudes of the study area (27.5-30.5°N) reveal highest values (fig.

4.1a and 4.1c) whereas values of the UIERA5 decrease with increasing latitudes (fig. 4.1b). The

lowest values in all UI’s can be found in the highest latitudes.

Calculating the temporal trend using the linear regression, the UISST and UIERA5 show both,

small positive and negative tendency depending on the latitude (fig. A.1 and A.2, appendix)

whereas the UIPFEL implies a small positive tendency towards more upwelling events (excep-

tion: latitude 31.5°N, see fig. A.3, appendix). All trends are, however, small in either direction

with a slope between -0.02 and 0.1.

The normalized data of all UI’s has been plotted in a grouped boxplot showing its distribution

per latitude. All UI’s reveal an uni-modal distribution with the UISST data being spread widest

and the UIERA5 and UIPFEL data slightly negatively skewed. The boxplot confirms the results of
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the time series: The highest index values of the UISST occur around 27.5°N, of the UIPFEL up to

31.5°N, and of the UIERA5 data at 25.5°N followed by decreasing values with increasing latitude

(except at 30.5 and 31.5°N, fig. 4.2a).
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(a) Comparison of the distribution of all UI’s (normalized)
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(b) Scatter plots indicating the correlation of all UI’s

Figure 4.2: Correlation of all selected Upwelling Indices. Distribution of the UI data along the latitude (a,
normalized data) and the correlation of the indices (b, Pearson’s correlation coefficient in the title
of each plot, plots created in Python, data obtained from Copernicus Monitoring Environment
Marine Service 2020: SST of GREP, ECMWF Copernicus 2019: ERA5, and NOAA Fisheries
2019: PFEL).
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The correlation between the UI’s differ (fig. 4.2b). Since the UIERA5 and the UIPFEL are based on

wind data, there is, as expected, a higher degree correlation between them (Pearson’s correlation

coefficient: 0.74). Between the UISST and UI’s based on wind (UIERA5 and UIPFEL), a moderate

correlation has been detected (0.528 and 0.432). All correlations between the UI’s are significant

(p < .0001). For all further processing methods, only the UISST and the UIERA5 have been used.

The UIPFEL has been neglected as its calculation is less transparent compared to the others.

4.2 Ocean Stratification

The results for the upper ocean structure will be addressed for each processing method in the

following section.

4.2.1 Vertical Composite Maps of the Up- and Downwelling Events

In order to analyze the vertical structure of the up- and downwelling events, all months with

positive or negative events have been extracted from the time series for each latitude. Depending

on the selected UI and the defined thresholds of <-1 and >5°C (UISST) and <-0.4 and >1.5

(UIERA5), respectively, the events occur on a different temporal and spatial scale. Using the

dates of these events, vertical composite maps of the potential temperature have been built by

calculating the sum of the events per latitude for both indices and the results have been plotted.

In order to assess the vertical structure of up- and downwelling events as well as its changes

with the latitude, a lower, middle and upper latitude has been selected. Since upwelling has only

been detected between 26.5 and 32.5°N in the UISST time series, the vertical composite map at

26.5°N along with the one at 30.5°N has been plotted. For the UIERA5, upwelling was detected

at 25.5, 26.5, and 27.5°N with the defined threshold. Due to their proximity to each other, only

one composite (25.5°) is shown.

Downwelling became apparent at 33.5 to 34.5°N in the data set of both indices and, additionally,

at 32.5°N in the UIERA5. Therefore, the vertical composite for downwelling has been plotted

along the highest latitude of the study area (34.5°N) for both UI’s.

For 26.5°N of the UISST (fig. 4.3a), three events have been determined to exceed the threshold

of 5°C and the sum of these events has been calculated and plotted. The composite map shows
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higher potential temperatures at the surface farther offshore (<-30°W) and a decrease of the

potential temperature towards the coast. The same trend can be observed throughout all depths

and at 30.5°N (fig. 4.3b) where 14 events (months) exceeding the threshold of >5°C have been

summed and plotted. The isotherms are closer to each other at the surface in the offshore area

with an increasing space between them with depth and towards the coast.
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(a) Upwelling: 26.5°N
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(b) Upwelling: 30.5°N
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(c) Downwelling: 34.5°N

Figure 4.3: UISST: Vertical composite maps for selected latitudes. Plots showing sums of dates where the
threshold of -1 and 5°C was exceeded revealing the variation of the upper ocean structure along
the longitudes for up- and downwelling events (plots created in Python, data obtained from E.U.
Copernicus Marine Service Information 2020).

The composite for downwelling of the UISST at 34.5°N (fig. 4.3c, sum of 6 months) reveals

a different distribution of the potential temperature throughout the section. In the upper layers

down to a depth of around 100 m, the isotherms are almost parallel to the surface with an

exception at the coast and the offshore area around -40°W where the potential temperatures are

slightly higher than in the section between them. The spaces between the isotherms are smaller

at the surface and almost parallel to it. Again, they are increasing with the depth and towards

the coast, however, this signature is apparent up to -12.5°W. From there towards the coast, the
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(a) Upwelling: 25.5°N
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(b) Downwelling: 34.5°N

Figure 4.4: UIERA5: Vertical composite maps for selected latitudes. Plots showing sums of dates where
the threshold of -0.2 and 1 was exceeded revealing the variation of the upper ocean structure
along the longitudes for up- and downwelling events (plots created in Python, data obtained from
E.U. Copernicus Marine Service Information 2020, and ECMWF Copernicus 2019).

isotherms decrease again below 100 m depth.

The UIERA5 shows a similar distribution of potential temperature for the upwelling events where

the sum of 38 events has been calculated (fig. 4.4a). The isotherms reveal a gradient from the

surface of the offshore area towards the depth at the coast as detected in the upwelling events for

the UISST. Again, there is a slope towards the surface of the coastal area, however, the isotherms

are more equally spaced throughout the whole section (fig. 4.3a and 4.3b). Contrary to the

UISST, the UIERA5 composite for downwelling events at 34.5°N (two month) has a different

signature. Even though, the isotherms are also parallel to the surface, the potential temperature

is almost constant in the upper 50 to around 100 m of the section. Throughout the depth, sharp

transitions in the parallel structure of the isotherms become visible at around -25 and -35°W

which distinguishes the vertical structure in the deeper layers of both UI’s from one another.

Still, both UI’s show a downward slope at the coast (>-10°W) below 100 m depth and generally

cooler potential temperatures compared to the upwelling composites with warmer water in the

offshore area compared to the nearshore waters during downwelling events (fig. 4.4b and 4.3c).

4.2.2 Vertical Profiles of Up- and Downwelling Events

Vertical profiles for both, up- and downwelling events have been plotted using the GREP data.

The defined threshold of 5°C for upwelling and -1°C for downwelling has lead to the detection

of 29 month with up- and six month with downwelling in the UISST values (see ch. 3.5.1).
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Upwelling occurs in summer and autumn (July to November), however, the most intense events

are in August and September. Downwelling occurs in May and June (tab. 4.1).

Event Latitudes Month Occurrence

Upwelling
25.5-
32.5°N

July 5
August 11

September 9
October 2

November 2

Downwelling
33.5-
34.5°N

May 1
June 5

Table 4.1: Occurrence of up- and downwelling events per month. Summary of all detected events of the
UISST (Upwelling >5°C, Downwelling <-1°C).

For the UIERA5, a threshold of 1.5 and -0.4 was used, leading to 38 month for up- and two for

downwelling. Upwelling occurs mostly in July (30x) and August (16x) but also in April (3x),

June (5x) and September (1x) whereas downwelling was only detected in January and December

of 1996.

Depending on the selected events, vertical profiles for the UISST and the UIERA5 have been

extracted and plotted. The events of all latitudes exceeding the defined thresholds in a given

month have been grouped and plotted in one figure. While single profiles are shown for the

nearshore area, the high number of offshore profiles (115 profiles/grid cells, see ch. 3.4 and tab.

3.2) have been plotted in an envelope showing only the minimum, mean and maximum values

of each depth for reasons of clarity. In order to see the variation of the vertical profiles with

time, two months have been selected for both events and both UI’s at the beginning and towards

the end of the selected time span depending on their availability. The profiles for January and

December of 1996 have been plotted to show downwelling detected in the UIERA5.

The vertical profiles for upwelling all reveal lower temperatures and higher density values in the

nearshore area (fig. 4.5). Compared to the envelope plotted for all available offshore profiles,

the nearshore values are below (pot. temperature) and above (salinity) the offshore values up to

a depth of 100-150 m. Below that depth, the differences in potential temperature and density

between the near- and offshore area vanish, however, the values remain below and above the

mean offshore values, respectively (fig. 4.5a and 4.5b).

The mean potential temperature at the surface near in the nearshore area is around 20°C, whereas
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(b) UISST: September 2015
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(c) UIERA5: August 1994
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(d) UIERA5: August 2012

Figure 4.5: Vertical Profiles of upwelling events. Plot of the GREP data for the nearshore (upper) and
offshore (lower, envelope of minimum, mean, and maximum values) area as well as the mean
location of the ILD for the UISST (September 1995 (a) and 2015 (c)) and the UIERA5 (August
1994 (c) and 2012 (d), plots created in Python using E.U. Copernicus Marine Service
Information 2020 data).

offshore it is around 25°C in the profiles of both UI’s. The isothermal and mixed layer as well

as the thermo- and pycnocline are well defined with the maximum depth of the thermocline
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marking the transition of both areas, near- and offshore, and the alignment of both (at 100-150

m). The mean isothermal layer depth is around 23.23 m nearshore and 22.88 m offshore for

the UISST. The UIERA5 has a deeper ILD of 27.74 m at the coast and lower one of 24.09 m

offshore. The calculated ILD fits less well in the profiles of the UIERA5, even though, the same

fixed value was used for the difference criterion (see ch. 3.4). In comparison to years of a neutral

UI (UISST: index values of >-1 and <5°C, UIERA5: index values of >-0.4 and <1.5), the mean

ILD for summer month (JJAS) is at 22.2 m at the coast and 20.4 m offshore for both UI’s (tab.

4.2 and ch. 3.4). Therefore, the results imply a deepening of the ILD with upwelling events

which is more distinct in the nearshore area UIERA5 events.

Event Upwelling Index Nearshore
ILD (m)

Offshore
ILD (m)

Upwelling
UISST 23.23 22.88

UIERA5 27.74 24.09
Summer Means (JJAS) Neutral UI’s 22.2 20.4

Downwelling
UISST 19.97 18.85

UIERA5 80.6 84.78
Winter Means (DJFM) Neutral UI’s 98.9 99.8

Table 4.2: Variation of the ILD with up- and downwelling. Mean ILD for up- and downwelling event for
each UI as well as the mean ILD for years of neutral indices.

Contrary to the upwelling profiles, the vertical profiles extracted for downwelling events for both

UI’s are vary a lot. While all profiles are within the computed range of the offshore profiles or,

for the UIERA5, just slightly below/above them (fig. 4.6), the depth of the isothermal layer differs.

For the UISST profiles, the mean ILD is 19.97 m nearshore and 18.85 m offshore. The ILDs for

the UIERA5 are strikingly deeper with a mean of 80.6 m at the coast and 84.78 m offshore. The

ILD in the winter month (DJFM) for neutral years of both UI’s is 98.9 m at the coast and 99.8

m offshore. Therefore, the ILD is shallower during downwelling. The big difference between

the winter ILD of the neutral UI’s and the downwelling events of the UISST is rather due to the

timing than to the different calculation method of the UI’s. As downwelling was detected in May

and June using the UISST threshold of <-1°C, the ILD needs to be compared to the summer ILD

of neutral years. Still, the ILD of the UISST downwelling events is shallower than the summer

means calculated for neutral years.

The surface temperatures vary between 18 and 20°C for both UI’s and both areas. The vertical
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(b) UISST: May 2011
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(c) UIERA5: January 1996
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(d) UIERA5: December 1996

Figure 4.6: Vertical Profiles of Downwelling Events. Plot of the GREP data for the nearshore (upper) and
offshore (lower, envelope of minimum, mean, and maximum values) area as well as the mean
location of the ILD for the UISST (June 1996 (a) and May 2011 (c)) and the UIERA5 (January (a)
and December 1996 (b), plots created in Python using E.U. Copernicus Marine Service
Information 2020 data).

profiles of both UI’s show a less rapid change in the potential temperature and density in the

upper meter of the profiles compared to the upwelling profiles. The ILD/MLD and thermo-

/pycnocline are clearly visible.
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Despite small variations in the potential temperature and density, there is no variation visible in

the vertical structure on a temporal scale.

4.2.3 Isothermal Layer Depth

The ILD has been calculated using the GREP data and the difference criterion. The calculated

depth corresponds to the depth step above the one where the potential temperature is 0.8°C cooler

than the one at the reference depth of 9.82 m. The plots of the ILD time series (fig. 4.7) reveal

an annual cycle for both, the near- and the offshore area. The deepest ILD for the whole time

span of the study occurs in the winter month of each year where it is lower in the nearshore area

at a depth of 199.79 meter in March 1994, 2012 and 2015 (all at 26.5°N) and deeper offshore

with a maximum depth of 244.89 meter (March 2005 at 34.5°N). The shallowest nearshore ILDs

of 9.82 m have been computed for summer and autumn (June to October) which is equal to the

reference level. The same shallow depth can be observed in the offshore area in July of several

years. Comparing the data sets, the offshore ILD shows a smaller spread between the latitudes

and the maximum values of the ILD per year.

There is a high correlation coefficient of 0.75 between the whole time series of the near- and

offshore ILD which is significant (p < .0001). Additionally, the winter (DJFM) and summer

(JJAS) of the ILD time series have been extracted and the near- and offshore values correlated.

The winter means do not show any correlation besides a strong one at 25.5°N (significant, p <
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Figure 4.7: Time series of the isothermal layer depth per latitude. Isothermal layer depth calculated
using the difference criterion (0.8°C) for the nearshore (a) and the offshore (b) area.

.009) but the summer means correlate significantly (p < .0001)

The Pearsons correlation coefficient has also been calculated for the full time series of the ILD

and the different upwelling indices, however, the results show a negative weak to moderate but

mostly significant correlation (-0.44 to -0.04, p < .03, see tab. A.1). Using a linear regression,

the trend of the ILD over the whole time series has been calculated for each latitude. In general,

the results do not show a trend, however, there is a small tendency towards a decrease in the ILD

with time.
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4.3 Climate Indices

As the NAO and the EA have their strongest signal during winter, December to March values

have been extracted and the means calculated for each year. Using a threshold of -0.5 and 0.5

for a negative and positive index, respectively, 12 years of NAO+ and two of NAO- have been

detected as well as two NAO+EA- and one NAO-EA+ (fig. 4.8). The timings of the events were

used for the composite maps and for correlations between the climate patterns and both, the ILD

and UI’s.

1995 2000 2005 2010 2015
Time (years)
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1.0

0.5

0.0

0.5

1.0
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NAO (DJFM)
EA (DJFM)
Positive Events
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Figure 4.8: Time series of the winter means for the NAO and the EA. Winter averages of the climate
indices, selected positive and negative phases of each mode marked with "+" and "-" (plot created
in Python using data from NOAA: 2020a and 2020b).

4.3.1 Horizontal Composite Maps

Figure 4.9 shows the impact of the NAO and its coupled phases with the EA on the ocean strat-

ification as horizontal sections of the potential temperature taken at different depths. Besides

considering the potential temperature at the surface (0.5 m), different depth steps in the upper

ocean have been chosen according to the calculated ILDs. The lowest depth of 199.79 m dis-

plays the conditions where the influence of the atmosphere through wind and heat flux is not

present anymore.

The composite maps for all selected phases of the climate indices show a northeast to southwest

gradient of the potential temperature for all depths. The lowest temperatures occur at the coast

at 35°N and the highest offshore (-40°W) at the lower latitudes (25°N). In general, the potential
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(b) 47.21 m Depth
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(c) 97.04 m Depth
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Figure 4.9: Impact of the NAO and the EA on the ocean stratification. Composite maps of NAO+, NAO-,
and coupled NAO and EA phases for four depth steps: 0.5 (surface, a), 47.21 (b), 97.04 (c), and
199.79 m depth (d, plots created in Python using data from: NOAA: 2020a and 2020b,
Copernicus Monitoring Environment Marine Service 2020, composite maps: Bastos et al. 2016,
Iglesias et al. 2017, Neves et al. 2019).

temperatures along the coast are cooler than the ones offshore.

Considering the spatial distribution of the potential temperature with depth, the composite maps

of NAO+ and NAO+EA- on the one hand and the ones for NAO- and NAO-EA+ on the other

resemble each other. Both, the NAO- and the NAO-EA+ show an extent of similar potential tem-

perature more parallel to the latitudes in the offshore area (longitude: -30 to -40°W) and, thus,

an enhanced north-south gradient. This pattern is interrupted towards the coast where cooler

water is found. The NAO+ and NAO+EA- both show a northeast to southwest gradient of the
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potential temperature at the surface and colder water along the coast. In comparison to years of

a negative NAO, the differences of potential temperature between near- and offshore are greater

during years of NAO+ and NAO+EA- (fig. 4.9a).

Throughout the different depth steps, the temperature gradient stays the same for NAO+ and

NAO+EA- years (northeast to southwest, fig.4.9b-4.9d, first and third composite) whereas dur-

ing years of NAO- and NAO-EA+ water with a similar potential temperature extends further

along the latitudes at 47.21 m (longitudes: -20/-25 to -40°W). The water in the nearshore area

remains relatively cooler, however, the difference of the potential temperature between the near-

and offshore area decreases (fig. 4.9b, second and fourth composite). The next selected depth

(97.04 m) represents the transition zone of the sea-air interaction for all climate indices. While

the ILD is lower than 97.04 m in the coastal area in NAO-/NAO-EA+ years, it is deeper offshore

(tab. 4.3). Nevertheless, the composite at 97.04 m is similar to the one computed at the surface.

For the NAO+ and NAO+EA- events, the ILD is inclined in the opposite direction. Therefore,

the prevailing cooler potential temperatures at the coast coincide with the remaining influence

of the isothermal layer.

At 199.79 m depth, the composites of all climate patterns show a northeast to southwest gradient

in the potential temperature with a similar distribution for all four cases. Still, the contours of

NAO-, NAO+EA- and NAO-EA+ have a more chaotic pattern.

Phase Climate
Pattern

Winter Means ILD (m) Summer Means ILD (m)

Nearshore Offshore Nearshore Offshore
NAO+ 104.25 96.71 22.18 20.68
NAO- 86.20 117.41 24.97 19.82

NAO+EA- 116.67 89.26 21.30 20.27
NAO-EA+ 76.40 119.73 26.65 20.06

Neutral NAO 95.31 99.80 21.72 20.29

Table 4.3: Mean ILD (winter and summer) for the phases of the Climate Pattern. Mean ILD on the near-
and offshore area for all years with detected positive, negative and coupled phases of the NAO and
the EA and in neutral NAO years.
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4.3.2 Correlation with Upwelling Indices and Isothermal Layer Depth

In order to establish possible relationships between the Climate Pattern and the UI’s as well as

the ILD, the Pearsons correlation coefficient and the level of significance has been calculated.

The correlation between the winter means of the NAO and the UISST are all moderate being

approximately 0.5 with a better correlation for the lower latitudes (25.5 to 27.5°N, tab. 4.4, all

significant: p < .02). Contrary to that, there is a small, negative correlation between the UISST

and the EA in the higher latitudes (33.5 and 34.5°N, only significant at 34.5°N: p < .03).

For the UIERA5, the NAO shows the highest correlations (> 0.74) at all latitudes with the max-

imum values occurring in the higher latitudes (< 31.5°N, all significant: p < .00004), whereas

the EA only shows a low positive and negative correlations for all latitudes (see fig. A.4, not

significant).

Latitude
(°N)

Pearsons Correlation

NAO-
UISST

EA-UISST NAO-
UIERA5

EA-
UIERA5

NAO-ILD EA-ILD

25.5 0.627 0.010 0.744 0.184 0.550 -0.240
26.5 0.568 -0.015 0.758 0.179 0.644 -0.308
27.5 0.571 0.010 0.779 0.176 0.593 -0.346
28.5 0.515 0.003 0.771 0.173 0.479 -0.170
29.5 0.489 -0.046 0.709 0.163 0.526 -0.304
30.5 0.493 -0.053 0.675 0.142 0.491 -0.317
31.5 0.483 -0.206 0.807 0.029 0.318 -0.648
32.5 0.523 -0.206 0.864 -0.048 0.243 -0.368
33.5 0.512 -0.338 0.873 -0.086 0.094 -0.662
34.5 0.474 -0.428 0.836 -0.115 0.026 -0.518

Table 4.4: Pearsons correlation coefficient of the Climate Pattern and the UI’s/ILD. Pearson’s r
(rounded) of the winter averages (December to March) for each latitude of the study area and the
coastal isothermal layer depth.

In addition to the winter means, the whole time series of the NAO was tested for correlations,

however, almost no significant correlation was found with the UI’s (except with UISST at 34.5°N:

p < .03 and UIERA5 at 34.5°N: p < .018). The same applies for the correlation of the UISST and

the EA. Despite a low correlation coefficient between the UIERA5 and the EA, all correlations
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are significant (p < .01, except at 34.5°N).

When considering the correlation between the ILD at the coast and the climate patterns, a mod-

erate but significant correlation has been detected between the ILD and the NAO at the lower

latitudes (0.5 to 0.64, p < .04, 25.5-30.5°N) and a moderate, negative correlation between the

ILD and the EA at the higher latitudes (-0.52 to -0.66, p < .04, 31.5 and >33.5°N, tab. 4.4).

For the offshore area, the NAO shows a moderate, negative correlation above 31.5°N (p < .004)

with the ILD. The correlation of the winter means of the ILD and the EA as well as all correla-

tions using the summer means of the offshore ILD and the climate pattern reveal no significant

correlation (not shown).

Besides correlating the time series, the mean ILD for all positive, negative and neutral events

of the NAO and the coupled phase with the EA has been calculated (tab. 4.3). For the winter

means (DJFM), the results show a deeper ILD at the coast in years of a NAO+ (104.25 m) and

NAO+EA- (116.67 m). Towards the offshore area, the ILD gets shallower in both cases whereas

the slope increases during the coupled phase of NAO+EA- (tab. 4.3, fig. 4.10). The signal

reverses with NAO- and NAO-EA+ years showing a shallower ILD at the coast and a deepening
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Figure 4.10: ILD during different phases of the Climate Patterns. Schematic representation of the ILD
during positive and negative phases of the NAO as well as its coupled phases with the EA and
the ILD in neutral NAO years.
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in the offshore area. Again, the slope during coupled phases (NAO-EA+) is greater than in sole

NAO- years. The differences of the ILD during the summer month is only visible at the coast

where the ILD deepens during NAO- and NAO-EA+ years while it is almost at the same depth

for NAO+, NAO+EA- and neutral NAO years (tab. 4.3, fig. 4.10).
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5 Discussion

In this section, the results of the three main topics of the study, Upwelling Indices, the upper

ocean structure and Climate Pattern, will be analyzed in the context of recent studies. Finally,

the impact of climate on the upper ocean structure will be assessed.

5.1 Upwelling Indices

5.1.1 Critical Assessment of the Indices and their Trend

For the calculation of upwelling, three widely used approaches have been selected to obtain in-

dices (UISST: i.e. Benazzouz et al. 2014, McGregor et al. 2007, Nykjær and Van Camp 1994,

Polonsky and Serebrennikov 2018, UIERA5: i.e. Bakun and Nelson 1991, Cropper et al. 2014,

Narayan et al. 2010, Ramos et al. 2013, UIPFEL: i.e. Barton et al. 2013, Cropper et al. 2014,

Norton et al. 2002). The results fit well into the existing studies with the main tendency of

mostly positive values indicating upwelling between 25 and 35°N. Still, the magnitude of the

results differ with the calculation method (see fig. 4.2). Using the normalized data, the UISST

shows the highest index values at 26.5°N and, in comparison to the UIW indices, higher values

in the latitudes above. Therefore, the calculation of the UISST gives more intense upwelling

events in its spatial distribution with the same applying to the temporal scale. Even though the

wind variables (~u,~v, τx, τy) in order to obtain the Ekman transport (Qx and Qy) are used in both

methods for the UIW (UIERA5 and UIPFEL), the distribution of events varies with latitudes (see

fig. 4.1 and 4.2a). These results can be ascribed to both, the usage of different data sets and

different approaches in calculating each index. The latter also becomes apparent in the results of

the vertical composites obtained for the UISST. For upwelling, a clear tendency of cooler water

at the coast and warmer water offshore is visible which supports the calculation of the UISST

in general (Benazzouz et al. 2014, Cropper et al. 2014, Pelegrí and Benazzouz 2015, Polonsky

and Serebrennikov 2018, Santos et al. 2011, Tamim et al. 2019, ch. 2.4). Still, differences in

the surface temperatures along the longitudes and with the different indices (UISST and UIERA5)

reveal that the highest surface temperatures (25.5-27°C) of the UISST can be observed offshore

below -30°W (approx. 1500 km offshore) whereas the UIERA5 shows the same values below
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-40°W (approx. 2500 km offshore). As all composites show a sum of in-situ and modeled poten-

tial temperatures for all events exceeding the defined threshold for both UI’s, these differences

along the same latitudes and a wide continental shelf underlines the importance of choosing an

adequate reference location (SSTinshore and SSToffshore) and a suitable temperature threshold in

order to obtain the UISST. The results for the latter UI would have been different if only a point

at a distance of 500 km off the coast would have been considered as done in studies by Cropper

et al. (2014), Marcello et al. (2011) and others (ch. 2.4) along with a threshold of 5°C to detect

upwelling. In the current study, the offshore temperature has been calculated building the mean

of the whole offshore area with a variable boundary and all grid values up to -40°W (see tab. 3.2

and red lines in fig. 3.1). As a result, upwelling was detected using the temperatures starting at

only 450 km (4.5°) off the coast. It could, however, be a reason why no upwelling with the given

threshold was shown at 25.5°N where the distance between SSTinshore and SSToffshore is smaller.

Overall, the results of the current study are in accordance with Narayan et al. (2010) and un-

derline the issue of upwelling indices being very dependent on the used data sets and process-

ing methods. They show the importance of studying upwelling and adapting the calculation

of indices in order to make adequate predictions of their variability in the future. Nykjær and

Van Camp (1994) and Bessa et al. (2018) already suggested the inclusion of the vertical compo-

nents, advection and mixing processes especially for all UI’s using the Ekman transport as the

theory considers a wind-driven ocean circulation in an infinite open ocean (Ekman 1905) which

makes the calculation of the transport in the proximity of coasts and capes less accurate. This

approach will be addressed further in this study (ch. 5.2 and 5.3.2).

In regards to the controversy of in- or decreasing intensity of upwelling events, no trend has been

detected in neither of the UI’s during the selected time frame of 25 years (see ch. 2.1). Only

the UIPFEL supports the hypothesis of an increase in upwelling intensity (Bakun 1990), however,

equal to all other trends, the tendency in either direction is small (slope of -0.2 and 0.1). These

results rather indicate a stable coastal upwelling in the CCUS during the past decades. Studies

leading to the controversy are done for time spans of 30-60 years, hence, differing results can

also be due to the temporal scale which includes both, the total time span and the selected years

for the study. Additionally, the usage of different data sets and defined study areas makes a
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comparison less robust.

5.1.2 Occurrence of Upwelling in the Study Area

Using the SST data of GREP (in-situ and reanalysis) to calculate the UISST, upwelling was

detected in 29 different month up to 32.5°N. Above this latitude, there is a shift towards reoccur-

ring downwelling events (6 month, tab. 4.1). As the time series plot of the UIERA5 and UIPFEL

reveal the same tendency, a transition towards weaker upwelling events can be determined at

33.5°N (fig. 4.2a) which is, again, supported by the occurrence of a few downwelling events be-

ing restricted to these upper latitudes (tab. 4.1). By analyzing the monthly climatologies for all,

the whole study area as well as below and above 32.5°N, the different distribution and strength

of the results with the latitudes become apparent. The wind based UI’s clearly show lowest

values in the winter months (October to March) which is consistent throughout the latitudes,

even though, the annual amplitude decreases with increasing latitude (fig. 5.1). For the UISST,

the lowest index values occur in March and April (25.5-32.5°N) or, in the higher latitudes, in

May and June (fig. 5.1c). This time lag between the UI based on wind (UIERA5 and UIPFEL)

and UISST has already been found by Nykjær and Van Camp (1994) and they ascribed it to a

possible influence of the bottom topography whereas Benazzouz et al. (2014) listed differences

in the inertia of atmosphere and ocean or advection processes as possible causes. A time lag
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Figure 5.1: Monthly climatologies of the Upwelling Indices and the ILD. Climatology of the ILD and the
normalized data of the UI’s for all latitudes of the study area (a) and divided by latitudes: lower
latitudes (b) and the upper latitudes (c), boundary: 32.5°N (plots created in Python, data obtained
from NOAA Fisheries 2019 (PFEL), E.U. Copernicus Marine Service Information 2020, and
ECMWF Copernicus 2019).
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of generally 0-2 months was also observed by other studies (Cropper et al. 2014, Fiúza et al.

1982), however, in the current study a greater lag of 4-5 months has been determined in the

upper latitudes. These results suggest an adaptation of the zone of (weak) permanent upwelling

(see i.e. Barton et al. 2013, Cropper et al. 2014, Nykjær and Van Camp 1994, fig. 2.1) only up to

Cape Beddouza (32.5°N) as already done by Arístegui et al. (2009), Cropper et al. (2014), and

Nykjær and Van Camp (1994, adaptation of fig. 2.1). This is also supported by the variation

of the ILD which remains deeper in February and March in the upper latitudes (fig. 5.1c). The

main causes of this shift are related to less defined coastal winds around 32°N in September as

found by Kirk and Speth (1985) and the shift from a wider to a more narrow continental shelf at

33°N (Arístegui et al. 2009) along with a shift in the coastline geometry at Cape Beddouza.

Another striking result found in this study are the strong upwelling index values between 26.5°N

and 28.5°N for August and September (tab. 4.1 and A.2). Even though the two strongest up-

welling index values were calculated at 32.5°N (Sep. 1994: 6.23°C, Aug. 2012: 6.13°C), the

highest values in 16 out of the 29 months occur at 27.5°N. Nykjær and Van Camp (1994) re-

vealed the same findings and Bessa et al. (2020) were able to identify Cape Bojador (26.5°N) as

a source of upwelling in the region.

5.2 Ocean Stratification

The composite maps of the up- and downwelling events give a good insight into the vertical struc-

ture of the upper ocean. The cooler temperatures along the continental shelf during upwelling

events and the gradient of the isotherms towards the surface clearly indicate the vertical flux

of subsurface water onto the surface in order to replace the offshore flow of surface water due

to Ekman transport off the coast and Ekman suction. Consequently, the potential temperatures

offshore are generally warmer.

The vertical profiles of upwelling events (fig. 4.5) show the same distribution. Along the surface

of the nearshore area, the potential temperature is cooler compared to the offshore area and the

density higher. With depth, the stratification increases and the differences of temperature and

density between the near- and offshore area decreases, however, the nearshore values are always

smaller than the mean offshore values. The ILD of the months with upwelling is deeper than the
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one detected for years without upwelling. For the UISST, the changes in the ILD are less distinct

(deepening by 1 m at the coast and 2.5 m offshore), however, for the UIERA5, the ILD deepens

by almost 5 m during upwelling events (tab. 4.2).

Contrary to the upwelling composites, the ones plotted for downwelling differ with the selected

UI. The isotherms are more parallel to the surface in both but the upper layer of the UIERA5

downwelling events reveals a deeper isothermal layer (fig. 4.4b). With depth, both composites

reveal a less rapid change in the potential temperature offshore, however, the isotherms are still

more parallel in the UIERA5 composite. Both composites for downwelling events reveal the sig-

nature of the process with relatively warmer potential temperatures at the coast. This indicates

the downward movement of warmer surface waters due to Ekman pumping. The vertical profiles

confirm the findings of the composite maps with the nearshore temperature (density) profiles be-

ing slighty cooler (denser) than the mean offshore values but still not cooler (denser) than the

computed minimum (maximum) values (fig. 4.6a and 4.6b). The same applies for the UIERA5

profiles (fig. 4.6c and 4.6d), with the difference being the deeper isothermal layer depth.

While downwelling was detected in June of different years using the UISST and the ones for

UIERA5 are in January and December 1996, the difference of the vertical structure for these

events is due to their different timings rather than the usage of different UI’s (see ch. 5.1). In

general, the ILD is more shallow in years of downwelling events compared to the years where

the UI’s are neutral (tab. 4.2) which is also confirmed by the significant correlation detected for

the ILD and the UI’s. Despite these changes with up- and downwelling, there is a clear annual

cycle in the time series of the computed ILD values (fig. 4.7) which has already been subject

to earlier studies (ch. 2.3). While Troupin et al. (2010) found an ILD up to 150 m in February,

the current study shows the deepest ILD of 199.79 to 244.89 m in March. The results indicate

pronounced surface mixing during winter where the winds are strongest and heat is lost into

the atmosphere. In summer, high stratification can be observed as a result of weak winds and

surface warming through solar radiation (Barton et al. 2013). Still, Bessa et al. (2019 and 2020)

found cooler surface temperatures when the ILD is shallower and were able to correlate this to

the upwelling intensity. The significant correlation found in this study supports the latter. Never-

theless, a deepening of the ILD was found with increased upwelling intensity which suggests a
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deeper ILD with cooler SSTs (tab. 4.2). Even though the SSTs are influenced through upwelling,

for the analyzed vertical structure of these events the drivers for the ILD on an annual scale are

rather the prevailing wind conditions as well as buoyancy forcings and heat fluxes (Boyer et al.

2013, Chavez and Messié 2009, Narayan et al. 2010, Somavilla et al. 2017). Therefore, using

solely the ILD to determine upwelling can lead to faulty results as the direction of the wind and

the resulting Ekman transport plays a major role (Benazzouz et al. 2014, Polonsky and Serebren-

nikov 2018). The results of the current study indicate this, however, further research taking the

wind into account is necessary.

In order to consider the impact of the Canary Islands, the vertical composite map at 28.5°N (9

months) was built (fig. A.5). It does, however, not show any effects on the vertical structure

of the upper ocean during upwelling events when comparing it to the composites for 26.5 and

30.5°N (fig. 4.3a and 4.3b). Knoll et al. (2002) found a southward flow in the channel between

the Canary Islands and the African mainland which is similar to the Canary Current, however,

they did not find an intensification with the summer trade winds. Still, this flow can induce

Ekman Transport off the coast and, hence, upwelling. Another factor leading to similar results

despite the islands can be related to the used data set (GREP from CMEMS) which consists of

both, in-situ and modeled data. It is not known how islands and the continental shelf affects the

model. The same applies for the Capes along the coast. As the local topography does have an

impact on upwelling (ch. 5.1), a response in the vertical structure is likely but it is not possible

to draw any conclusion using the results of the current study. Future research is necessary to

investigate this further and to elaborate existing studies (Bessa et al. 2019 and 2020).

5.3 The Impact of the Climate Indices

The influence of the climate patterns will be assessed in two aspects. Firstly, their impact on

the detected up- and downwelling events will be analyzed and, secondly, on the upper ocean

structure which is mainly done using the ILD and the vertical distribution of the potential tem-

perature.
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5.3.1 Climate and Upwelling

The NAO is related to the Azores High Pressure System and, therefore, the wind in the North

Atlantic region (Hurrell and Van Loon 1997, Neves et al. 2019, Yamamoto et al. 2020, Yan

et al. 2004). Since the wind is also the driver for the upwelling intensity in the Canary Current

(Nykjær and Van Camp 1994, Wooster et al. 1976), it was expected to see correlations between

both, the climate patterns and upwelling. The Pearson’s correlation coefficient calculated in this

study supports the hypothesis showing a high, significant correlation between the winter means

of both, the NAO and the UIERA5, and a moderate to high correlation with the winter means of

the UISST (see tab. 4.4) which get even better when correlating the NAO with a time-lagged

UISST (tab. 5.1). Considering the summer month where most of the upwelling occurs, the

correlation gets weaker (low degree, not shown). These findings are not surprising as the NAO

is known to have a weak signal in the summer months (Pardo et al. 2011) and they confirm the

results of Narayan et al. (2010) who only found ambiguous correlations between the NAO and

the UISST. Additionally, the authors found a negative correlation with the wind stress along the

NW African coast which is not represented in neither of the correlations (winter means, summer

means) of the NAO and the UIERA5 in this study. The steady decrease of the correlation with

the UIERA5 data with increasing latitudes also coincides with the findings of Pardo et al. (2011)

who found strongest correlations between the NAO and the UI based on wind in Portugal with

a decrease until 20°N. The authors also found the EA to play a stronger role below this latitude

whereas the increasing correlation found with increasing latitude in the study area as well as the

main spatial pattern of the EA suggest the opposite.

In order to analyze the impact of the NAO and the EA on the upwelling further, the total month

of their different phases as well as for up- and downwelling have been counted for each year.

During the time span of the study, 12 years of positive NAO events have been detected and

upwelling occurred in nine of them (75%) with a total number of 16 months out of 29 months

(55%, UISST). Despite the occurrence in the same years, the intensity of the NAO index does

not affect the intensity and occurrence of the upwelling throughout the year. Upwelling was

observed in three months in 1999 (July to September), a year with a low NAO+ value (0.54),

and in only one to two months of events with higher index values. The high NAO values in
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the beginning of the 1990s do not coincide with a higher intensity or occurrence of upwelling

events. Additionally, in 5 years (13 months) with a neutral NAO state, upwelling occurred in

one to three months. The same can be observed for NAO- and downwelling. In one out of six

events, downwelling coincides with a clear negative phase, the other five events occur during

neutral phases. The events can also not be explained with a lag or a persistent NAO for a few

winters (Visbeck et al. 2003, see tab. A.2).

Taking the phase of the EA into consideration, the occurrence of three consecutive month with

upwelling in 1999 can be explained as the EA is in a negative phase (-0.81, NAO+EA-). The

second NAO+EA- year, 2012 (NAO: 1.35, EA: -1), also shows two month of upwelling. In both

years, the events start occurring in July whereas in years of positive NAO they occur mostly

between August and September, and in some cases up to November of the same year. Still, in

years of neutral NAO upwelling was detected for July to November, too. The phase and strength

of the EA+ does not seem to impact these events in a clear pattern: in years with high index

values, the occurrence of upwelling varies between one and three months. Again, the same can

be observed for detected downwelling events.

The same pattern applies for the UIERA5 (not shown). Upwelling occurs during NAO+ (17 out

Latitude
(°N)

Pearsons Correlation

NAO-SST
(DJFM)

NAO-SST
(JFMA)

NAO-
ERA5

25.5 0.627 0.607 0.744
26.5 0.568 0.520 0.758
27.5 0.571 0.542 0.779
28.5 0.515 0.553 0.771
29.5 0.489 0.535 0.709
30.5 0.493 0.551 0.675
31.5 0.483 0.568 0.807
32.5 0.523 0.621 0.864
33.5 0.512 0.610 0.873
34.5 0.474 0.586 0.836

Table 5.1: Pearsons correlation coefficient of the NAO and the time-lagged UISST. Pearson’s r (rounded)
of the winter averages (December to March) of the NAO and the SST (December to March and
January to April) for each latitude of the study area, correlation with the ERA5 data as comparison.
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of 38 month) and even during NAO- events (3 out of 38 month). During the remaining 18 month

of detected upwelling, the NAO is in a neutral phase. Only during downwelling, both detected

month coincide with NAO-.

Despite these ambiguous results, the composite maps build for the different phases of the NAO

clearly show the signature of upwelling during NAO+. The potential temperatures are cooler

along the coastline than in the offshore area and this pattern is visible throughout the depth (fig.

4.9). Even though the potential temperature along the coast is also cooler during NAO- years,

the difference is smaller. These results show that the NAO and the EA do have an impact on

the wind, SST and upwelling, however, it can not be identified as a main driver for upwelling

processes in the Canary Current Upwelling System.

5.3.2 Climate and the Upper Ocean Structure

The shift of the westerly winds with the prevailing phase of the NAO is a well-studied phe-

nomenon and represented in the composite maps (ch. 2.5). In the upper ocean, the southward

shift of these winds become apparent during both NAO- and NAO-EA+ events (Angell and

Korshover 1974, Limpasuvan and Hartmann 2000, Lorenz and Hartmann 2003, Luo et al. 2007,

Serreze et al. 1997, Yamaguchi and Suga 2019). At the surface, the isotherms are almost parallel

from west to east with changes in the proximity of the coastline. During NAO+ and NAO+EA-,

the southwest-northeast gradient of the surface layer indicates a different forcing.

The differences of the ILD based on the prevailing phase of the patterns become apparent with

depth. For the NAO- and NAO-EA+, the transition of the isothermal layer and the deep ocean

water is between composites of the 47.21 and 97.04 m depth at the coast, whereas the ILD in

the offshore area is deeper than 97.04 m. This transition explains the disappearance of the north

to south temperature gradient at the coast and a continuation of the sea-air-interaction offshore

where the north-south gradient is maintained. Contrary to that and regardless of the ILD, no

SST anomalies as found by Delworth and Zeng (2016) and Yamaguchi and Suga (2019) can be

observed in the offshore area during NAO+ years. This should, however, be more dominant in

the northern areas of the Atlantic Ocean and can become visible with changes in the ocean dy-

namics and circulation with a time lag of several years to decades (Visbeck et al. 2003). Along
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the coast, cooler potential temperatures can be observed as a result of enhanced trade winds

between 10 and 30°N in NAO+ years (fig. 4.9, Visbeck et al. 2003) which coincides with the

signal of upwelling (fig. 4.3a, 4.3b and 4.4a, fig. 5.2).

Hurrell (1995) investigated the wind conditions over the North Atlantic and its influence on

the moist transport during positive and negative NAO events. The results at the surface of the

composite maps coincide with his findings. Beside the southerly shift and weakening of the

westerlies and moist transport during NAO-, which also affect the study area especially in the

northern parts, he found a shift of winds towards the southwest in the southwestern part of the

study area during NAO+. These patterns explain the spatial distribution found at the surface and

throughout the depths of the composite maps.

The significant correlation between the climate patterns and the ILD confirm their signal with

depth. The winter (summer) NAO- signal of a shallow (deep) ILD near- and a deep (shallow)

one offshore coincides with studies of the global ILD (Kara 2003). Still, changes in the ILD

with NAO+ and NAO- in comparison to neutral NAO years indicate anomalies and a relation-

ship between the climate index and the ILD (tab. 4.3 and fig. 4.10). The deepening of the winter

ILD during NAO- phases in the offshore area supports the influence in relation to the shift of

the westerly winds enhancing the atmosphere-ocean-interaction and a heat loss of the ocean. In

NAO+ years with a strengthening of the winds, Delworth et al. (2017) and Delworth and Zeng

(2016) found an enhanced heat flux from the ocean into the atmosphere leading to an increase

in density and a deepening of the ILD. The same has been observed at the coast during the win-

ter month (fig. 4.10), however, the results of this study reveal a shallower ILD offshore during

NAO+ events. This can be due to the location of the westerlies farther north during the NAO+

phases and, therefore, to reduced mixing of the upper ocean (Häkkinen 1999, Limpasuvan and

Hartmann 2000, Lorenz and Hartmann 2003, Luo et al. 2007, Serreze et al. 1997, Visbeck et al.

2003). Additionally, other forcings to the temperature like buoyancy forces might play a role

(heat and salt exchange, Somavilla et al. 2017).

This study shows a variation of the upper ocean depending on the prevailing climate. Different

phases of the NAO coincide with changes in the potential temperature and the ILD which is

represented in existing correlations. Still, the main forcing causing changes in the upper ocean
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(a) NAO+ (b) NAO-

Figure 5.2: Impact of the NAO on the atmospheric and oceanic conditions. Variations of the Azores
High and the Icelandic Low Pressure Systems during NAO+ (a) and NAO- (b) with the resulting
changes in the winds, upwelling and the ILD in the study area (schematic).

structure cannot be ascribed solely to the climate patterns and will need to be investigated further

in future studies. Rodwell et al. (1999) suggest a relationship between SST and the NAO with

SST anomalies being able to force a NAO-like pattern in the atmosphere. Additionally, the cause

and effect relationship between the AMOC, the thermohaline circulation and the NAO needs to

be taken into account as well as the related changes in the upper ocean structure (Delworth

and Dixon 2000, Delworth and Zeng 2016, Delworth et al. 2017, Hurrell et al. 2001). All of

these studies suggest impacts of the ocean heat flux and ocean dynamics as an important factor.

Besides these local forcings affecting the thermocline and the stratification, Bonino et al. (2019)

found that the upwelling in the CCUS can be explained to a high percentage by remote forcings

such as coastal trapped waves and they added the greenhouse gases as another possible impact

on the upwelling intensity. For the California and the Benguela Current, the investigation of

remote forcings using models revealed a similar trend. Basin scale climate variability and Kelvin

waves were found to have a greater impact on an interannual scale and beneath the surface of

the ocean. Opposed to that, local forcings (wind stress, surface heat flux) were found to play a

role on a smaller time scale (around 100 days) and mainly on the surface (Bachèlery et al. 2016,
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Frischknecht et al. 2015, Jacox et al. 2015, Polo et al. 2008). These studies show that there

are many possible forcings and interactions in the ocean which are not fully understood yet and

need further research. Considering all the parameters and observed time lags of several years to

decades, further studies using complex models can be helpful which is confirmed by all recent

studies about the ocean dynamics and different forcings.

5.4 Limitations of the Study

One of the main issues in the research of the upper ocean is the lack of available in-situ observa-

tions (Bessa et al. 2019, de Boyer Montégut et al. 2007, Hu et al. 2019, Kara 2003, Levitus 2005,

Levitus et al. 2000, Moon and Song 2014, Visbeck et al. 2003). One of the aims of the current

study was the usage of WOA18 data, however, the sparse data made it not possible to calculated

up- and downwelling events and create a continuous time series of these events (fig. 3.1). The

usage of the GREP data allowed to analyze the objectives set for this study, still, it needs to be

considered that this data is already averaged and interpolated. All results may, therefore, deviate

from the in-situ ocean structure.
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6 Conclusion

The focus of this study is to assess the impact of climate on the upper ocean structure in a part

of the Canary Current Upwelling System. For the selected study area between 25 and 35°N,

upwelling indices have been calculated and the vertical structure of these events analyzed. Ad-

ditionally, the results of both parts have been correlated with the NAO and the EA index.

The selected study area comprises the central part of the CCUS with weak annual upwelling

and an intensification during the summer month which allows the establishment of relationships

between upwelling and its possible drivers. Upwelling has been determined calculating indices

based on temperature differences (UISST) and on wind stress with the resulting Ekman transport

(UIERA5 and UIPFEL). While all UI’s indicate mostly upwelling in the study area, the assessment

of the upwelling indices has shown the temporal and spatial variation depending on the index.

The results imply that the calculation of the indices needs to be adapted in order to obtain co-

herent values which requires a full understanding the process of upwelling and ocean dynamics.

Still, all indices have revealed strong upwelling events until 32.5°N and downwelling only above

which is related to the prevailing winds and the shelf characteristics. Additionally, a lag of four

to five months has been found between the UIW and the UISST which becomes more apparent

above 32.5°N.

Using two different approaches (UISST and UIERA5), the study has shown that there are changes

in the vertical structure of the upper ocean for up- and downwelling with differences between

the near- and the offshore area. While the SSTs are cooler at the coast (20°C) than in the off-

shore area (25°C), the distinct pattern of upwelling with an offshore Ekman transport and the

replacement of the surface water by cooler water at the coast is reflected in the upward gradient

of the isotherms towards the coast and a slightly deeper ILD. The gradient of the isotherms re-

verses during downwelling events in the proximity to the coast and the ILD becomes shallower.

In general, the ILD calculated for this study shows an annual cycle with a deepening during the

winter month and a more shallow ILD during summer with a higher variability at the coast.

The signal of the NAO varies throughout the year with a strong correlation with the UI’s found

in the winter months and in the south (UISST) and north (UIERA5) of the study area, respectively.

The strongest correlation occurs with the UIERA5. The ILD varies with the prevailing phase of
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the climate pattern. During winter, the ILD is deeper (shallower) at the coast (offshore) in posi-

tive phases of the NAO and opposed to that during its negative phases which is also represented

in the correlation of both, the NAO and the ILD. During years of coupled phases, the variation

of the ILD is enhanced with a further deepening at the coast and a more shallow ILD offshore

during NAO+EA- years. The same enhancement of an even shallower ILD at the coast and a

deeper one offshore is detected during NAO-EA+ years.

During NAO+, the potential temperatures along the coastline reveal the same signal of cooler

temperatures as during upwelling events. Still, upwelling events with different intensities also

seem to occur independent from the NAO and the ILD varies annually with different forcings. It

is not possible to find a cause and effect relationship solely between both, the NAO and the ILD.

Upwelling as well as the vertical structure is rather forced by complex ocean dynamics such

as buoyancy, currents, and heat exchange. The study suggests that a more holistic approach is

needed to investigate upwelling which can also help in the existing controversy of the changes

in the occurrence and strength of the events in regards to climate change.

The study also shows the importance of marine research programs in order to understand the

dynamics. The lack of in-situ data is a major issue in this field which cannot completely be

replaced by models. For future research, it is also important to investigate the impact of the

increasing greenhouse gases further (Bakun 1990, Bonino et al. 2019).
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Figure A.1: UISST: Time series per latitude. Time series (blue) and trendline (orange), trend calculated
using linear regression (function see legend, plots created in Python using data obtained from:
E.U. Copernicus Marine Service Information 2020, GREP, PHY_001_026).
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Figure A.2: UIERA5: Time series per latitude. Time series (blue) and trendline (orange), trend calculated
using linear regression (function see legend, plots created in Python using data obtained by
ECMWF: ECMWF Copernicus 2019).
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Figure A.3: UIPFEL: Time series per latitude. Time series (blue) and trendline (orange), trend calculated
using linear regression (function see legend, plots created in Python using data obtained by
PFEL: NOAA Fisheries 2019).
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Figure A.4: Time Series of the Climate Pattern and the UI’s per Latitude. Winter means of the NAO,
EA (gray) and UISST and UIERA5 for each latitude. Available positive events of the Climate
Pattern (>0.5) and the UIERA5 (>1.5) marked with ’+’, negative events (<-0.5, <-0.4) with ’-’
(threshold criterion of -1 and 5°C for the UISST not met, plots created in Python, data obtained
from E.U. Copernicus Marine Service Information 2020, and ECMWF Copernicus 2019).
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Figure A.5: UISST: Vertical composite map at 28.5°N. Plot showing the variation of the upper ocean
structure along the longitudes (plots created in Python, data obtained from E.U. Copernicus
Marine Service Information 2020).

Latitude
(°N)

Pearsons Correlation

ILD-UISST ILD-UIERA5 ILD-UIPFEL

25.5 -0.182 -0.163 -0.148
26.5 -0.319 -0.212 -0.237
27.5 -0.354 -0.289 -0.318
28.5 -0.293 -0.127 -0.269
29.5 -0.343 -0.155 -0.341
30.5 -0.440 -0.144 -0.312
31.5 -0.399 -0.264 -0.369
32.5 -0.264 -0.182 -0.306
33.5 -0.049 -0.280 -0.381
34.5 0.223 -0.119 -0.377

Table A.1: Pearsons correlation coefficient between the ILD and the UI’s. Correlation of the coastal ILD
and UI for each latitude of the study area (correlation values rounded).

Year Climate Pattern Month
NAO EA 5 6 7 8 9 10 11

1993 0.92 0.00
1994 1.08 0.49 6.23

(32.5)
1995 1.33 -0.09 5.09

(30.5)
5.43

(27.5)
1996 -0.53 -0.43 -1.25

(34.5)
1997 0.32 -0.08 -1.16

(34.5)
1998 0.05 0.93 5.07

(32.5)
5.39

(27.5)
5.06

(32.5)
Tab. A.2, to be continued.
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Continued tab. A.2
Year Climate Pattern Month

NAO EA 5 6 7 8 9 10 11
1999 0.54 -0.81 5.36

(27.5)
5.18

(27.5)
5.06

(27.5)
2000 1.17 -0.45 5.26

(27.5)
5.15

(28.5)
2001 -0.29 1.00 5.42

(27.5)
5.45

(27.5)
5.44

(27.5)
2002 0.35 0.71 5.45

(27.5)
2003 0.04 0.65 5.47

(27.5)
5.3

(27.5)
5.59

(27.5)
2004 0.31 0.15 5.15

(27.5)
5.04

(30.5)
5.36

(27.5)
2005 0.21 -0.99 -1.05

(34.5)
2006 -0.24 -0.88
2007 0.63 1.10
2008 0.51 0.04 5.64

(32.5)
2009 0.09 -0.59 -1.08

(34.5)
2010 -1.48 0.95
2011 -0.36 -0.54 -1.6

(34.5)
-1.41
(34.5)

2012 1.35 -1.01 5.26
(27.5)

6.13
(32.5)

2013 -0.39 0.37
2014 0.85 1.43 6.01

(27.5)
2015 1.61 0.42 5.6

(32.5)
5.77

(30.5)
2016 1.17 1.68
2017 0.68 0.33 5.21

(32.5)
5.46

(32.5)

Table A.2: Phases of the NAO and the EA with up- and downwelling events per year (UISST). Red text
colors mark positive, blue negative phases of Climate Pattern, strength of the highest upwelling
and downwelling values and the latitude marked in each month of their occurrence (summary of
all latitudes).
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