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Abstract

The characterisation of themesoscaleeddy field within and around the Cape Verde
Archipelago ispresented. Special attention is regarded towards tHeekr(incoming) and the
nearfield (islandinduced) eddies, along with the mechanisms and processes influencing their
generation and evolutiorConsequent implications in the local biological prigngroduction
(Island Mass Effec¢tor IME) are also assessethis is achieved bgombiningremotesensing
satellite observationdor wind, ocean surface currentszean surface topographypphyll a
surface concentrations and sea surfacegeratureResults show that the interaction between far
field eddies and the archilpgo is a recurrent phenomenon, whiebultsin eddy transformation,
eddy termination, eddy splitting, and eddy deflectiomcal islandinduceddisturbancesrealso
significant, manly by atmospheric effectSuch processes result in the generation and confinement
of mesoscale eddiesiore often observeid the leeward grougHowever, the distinction between
islandinduced and fafield processess hindered by the complex interaatibetweerboth fields.
Thus,it is strongly suggested thatany of the neafield eddies are a direct productaby-product
of such interaction. This is even more obvious in the assessment of the IMeld-addies are
often associated with enhancelti&€concentrations. However, nutrieimjection by islandinduced
cyclonic eddieslsogivesrise to phytoplankton blooms. As the remote and istinngen biological
enhancement aremarkablyintertwined, such observations challenge the idea that local biological

productivity in deep oceanic islands are exclusiwglyenby islandinduced mechanisms.

Key Words: Cape VerdeMesoscald&eddies Eddy-island interactionisland Mas EffectRemote
Enrichment



Resumo

O arquipélago de Cabo Verde € um sistema de oceano profundo constituido por 10 ilhas,
localizado naOceano Atlantico Nordest ~600 km da costa ocidental Africana. O arquipélago
divide-se em dois grupos primpais: as ilhas de Barlavento, séo aquelas localizadas mais a norte;

e as ilhas de Sotavento, localizadas mais a sul. Esta regido € caracterizada por um sistema oceanico
altamente dinamico, em que as correntes de superficie sdo regiddsget@amentsaznal da

Zona de Convergéncia Intertropical (ZCIT). Para além disso, a costa ocidental Africana é
caracterizada como uma das areas biologicamente mais produtivas do mundo, como consequéncia
do afloramento costeiro, que por sua vez segue 0 mesmo compoaotaaeoral atmosférico. A
interacdo destes dois sistemas faz com que o arquipélago esteja consideravelmente exposto a
processos remotos, que nao sao gerados no arquipélago, mas ainda assim podem ter implicacdes
na oceanografia local. Embora estes processisam sido extensivamente estudados no passado,

a integracdo do arquipélago no contexto regional foi raramente alcancada. O arquipélago pode
também induzir perturbac6es no ambiente, principalmente pelo efeito de barreira na circulacéo
atmosférica provocadpela topografia de alta altitude. Consequentemente, estas perturbacdes
podem provocar processos oceanicos localizados, muitas vezes na forma de vortices dceanicos
conhecidos na giria cientifica coneddies Por sua vez, estesldiessdo conhecidos por induzir
impactos a nivel biologico, sendo até responsaveis por impulsionar a produtividade primaria local.
Este fen-meno tem como desi gna- « @ddiésBduadog o de
pelas ilhas e consequente impacto lgad tém sido cada vez mais alvo de estudo um pouco por
todo o mundo, principalmente no Havai, na llha da Madeira e nas Canérias. Curiosamente, estas
ilhas partilham muitas das caracteristicas que sao favoraveis para a ocorréncia deste fenémeno com
o arqupélago de Cabo Verde. No entanto, e tendo em conta o conhecimento existente sobre Cabo
Verde, o acontecimento de tais processos tem sido visto apenas como especulativo. E também
extremamente importante notar queeddiesde campo distanfieaqueles que s&criados fora da

area de Cabo Verde, mas que intersectam esta mesma area durante 0 seu temp@ddenta

ter implicacdes significativas na geracédoedeliesde campo proximd aqueles que séo criados

dentro da &area do arquipélaggsupostamente) indidos pelas ilhas. Porém, tal interacdo nunca

foi tomada em consideracdo em estudos desta natureza.



Posto isto, duas hipéteses sdo propostas para o presente estudo: peddimsde campo
distante teimplicacfesnos processos fisicod@logicosde ilhas oceanicas, que até a data foram
negligenciados? E, se for o caso, de que forma podem as ilhas impactaddssde campo
distante? De modo a responder a estas perguntas, a caracterizacao do caitigsateredor e
na area de Cabo Verde é apreéada, dando especial atencdo addiesde campo distante e aos
eddiesde campo préximo. Para tal, foram utilizados véarios parametros ambientais, tais como o
vento, correntes oceanicas de superfiagppgrafia da superficie do oceano, concentracfes de
superficie de clorofilea (Chla), e temperatura da superficie do oceano. Estes dados foram medidos
por detecdo remota, a partir de sensores a bordo de varios satélisfn geeacesso livre. Apos
a sua obtencéo, os dados foram processados a partir de degpnvolvidos no MatLab. Tendo
em conta a natureza exploratéria do estudo, foi primeiro realizada uma analise preliminar com o
objetivo de determinar processos regionais que possam ter um impacto direto no arquipélago, e
assim delinear o seguimento @gaslises a serem realizadas, assim como a estrutura do trabalho.
Subsequentemente, foi adotado um procedimento mais detalhado, de modo a evidenciar os
mecanismos e processos a uma escala local. Para além da classificaghitiedde acordo com
a origem foi também designada uma classificagdo com base no tempo de vida, eudigste
curta vida sdo aqueles que ndo ultrapassam os 3@ddiesde média vida sdo aqueles que nao

ultrapassam os 60 diaseddiesde longa vida séo aqueles que ultrapassafOalias.

De acordo com o conhecimento existente, os resul@elosnstraranconsistentemente que
0 arquipélagse enquadra nunragido oceanicaxtremamenteomplexa, altamentafluenciada
pela dinAmica atmosférica induzida pelo comportamento sazaZalld. Como esperado, este
comportamento refletee tanto a nivel regional, bem como local. Os locais de maior geracéo de
eddiesde média e longa vida foram identificados a sul das ilhas com maior altitude do arquipélago
(Fogo e Santo Antdo), reforcandopapel dos efeitos atmosféricos na geraca@dties No
entanto, foi também demonstrado quarquipélago esta exposto a um nunwosideravetle
eddiesde campo distante, que interagem com as illtasmosprocessos induzidos pelas mesmas.
Estetipo deintera¢® traz implicagfes significativando s para osddiesde campo proximo,
mas também para a propagacéao e evolucaeditissde campo distant®esta formapbservou
se qie os possiveis cenarios de tal interacdo foram (do mais recorrente para o menor): deformacéo
doseddiesincidentes; destruicao desldies divisao dosddiesincidentes e consequente geragao

de novosddiesde campo proximo; e deflexdo deddiesnduzidapela topografia das ilhas.



Considerando a quantidade substancial de evidéncias qu#asu@oocorréncia sistematica
desta interagéo entszldiesde campo distante as ilhas de Cabo Verde, conclseique grande
parte dogddiesde campo proximo sejanmuproduto ou subproduto deste proceRPsw.esta razéo,
€ muito dificil determinar a natureza deddiesgerados no arquipélagoe., se sdo gerados por
mecanismosgisicosinduzidos pelailhas, pela interacdo entreddiesde campo distanteom as
ilhas,ou até mesmo interacdo eeédiesde campo distante comddiesde campoproximo.

Este tipo de interagdo € ainda mais Obvio na caracterizacdo biolégica do arquipélago. Foi
possivel observar que esldiesde campo distante estdo frequentemente associadusis aé
Chlaelevados, que por sua vez esta relacionado com o local de drigemsta ocidental Africana.

A medida que estesddiesintersectam as ilhas, a concentracdo superficial da &lrhenta
consideravelmente, atuando assim como enriguecimentdaeAiém disso, osddiesciclonicos

criados pelas ilhas sdo capazes de injetar agua rica em nutrientes de camadas profundas para a zona
eufética, favorecendo assim comunidadiégsplanctonicas e originando o aparecimento de
concentracdes elevadas de&bhto as ilhas. No entanto, estes dois mecanismos distintos sdo na
maior parte das vezes vistos a atuar simultaneamente, o que dificulta a diferenciacdo entre
enriguecimento remoto do enriquecimento local. Estes resultiekafiam a ideia de que a
produtividade bioldgica em ilhas oceanicas profundas € exclusivanmelteidapor mecanismos

associados as perturbacdes das ilhas no ambiente ao seu redor.

Assim sendo, o presente estudo demormgteaa combinacdo de processos de calfigiante
e de camp@réximo sioas principais causas na geracaedeiesde mesoescala no arquipélago,
que por sua vez tém implicagdes importantes a nivel biolégico. Tais observacdes fazemaom que
Arquipélago deCabo Verdesejaum local perfeito para o estudeste tipo de teracdo, motivando

assim futuros estudos.

Palavras Chave:Cabo VerdeEddiesde MesoescaldnteracdoEddyilha, Efeito de Massa de

llha, Enriquecimento Remoto.
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1. Introduction

Oceanic islands ammmmongeologicalf eat ur es i n the worl dds oce:
scientific interest in the present days. They can be found in shallow Wwi@osvn as continental
islands, or in deep wateirknown as oceanic island@&/@llace, 1892 Normally of volcanic origin
ard far from the nearest contineogeanic islandsontrastfrom continental islandg the sense
thatthe latter type are an integrated element of the continental shelf and, as a consequence, are
commonly found near the continent of origin. Naturally, é#m¥ironment in which islands are
involved determine with great significance its geomorpbggland its biological pattern®©n the
other hangdan island can induce significant physical perturbations in the backgatmogpheric
or oceanicflow, which in tuwn must have direampactsin the biological realn(Barton 2001;
Basterretxeat al.,2002.

Continental islands are more susceptible to coastal oceanic processes than oceanic islands due
to its proximity to the coast. Thus, one may expect that isolated oceanic islands are not
biologically productive as continental islands. This is not entirelg, as there are several cases of
isolated island$ mainly in the pacifid thatexhibit enhanced levels of primary production and an
exceptional number of endemic specieg(,Doty andOguri, 1956;Sekiet al.,2001;Palacioset
al., 2006 Andradeet al., 2014; Goveet al.,2016. The specific reasonsifavhy waters surrounding
isolated islands are so productivepiresumablyoligotrophicwaters has been subject to a lot of
debate over the years. After sailing for weeks in the vast open ocean HimaiS Beagle,
Darwin was perplexed when he came acwbsat he believed to be one of the most diverse
ecosystems on the plarietcoral reefs (Darwin, 1842)How could such a dynamic ecosystem
teeming with life exist in a seemingly unproductive environm@&ii8 isnow wellknown in the
scientifc communi ty as Da rthven, rsdveral siudiesahdve %ocused onntleee
investigation of theinexpectedbiological productivity in such systems, giving rise to the concept
of Island Mass Effect (IME).

IME was first introduced by Doty and Oguri (1956) as an increaseCimorophyll
concentration in the Hawaiian archipelago. Subsequently, this concept wasigedécainclude
bathymetryinduced island effects on the local oceanography (Hamner and Hauri, 1981) and its
consequent impact on the biological domain (Caldefral., 2005). Many studiesmanayed to

create a valid physicalbiological relationship, anglandinduced flow perturbations can be as
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diverse asthe formation ofislandwakesthat result from the blocking @tmospheric ocurrent
inflow and can extend several island diameters downstreanB@gldey, 1972; Hernandekeodn,
1991, Caldeiraand Marchesiellp 2002; Chérubin and Garavelli, 20);6geophysical vortice$
known as eddiesthat stir and enhance vertical miximgthe wakege g. Hamner and Hauri, 1981;
Sekiet al. 2001; Coutis and Middleton, 2002; Hasegastal. 2009; fronts andfilaments(e.g.
Caldeiraet al.,2002; Bartoret al.,2004); upwelling processes other than eddies that bring
nutrients to the euphotione (e.g. Aristegiet al.,1994; Rissiket al, 1997;Palaciost al.,2002

2004 Hasegawat al.2004);among othersHlliot et al.,2012. Whilst these processes are thought
to be the major contributors for IME, the latter can still be fuelled by severabtandfactors,
namely: theinput of macro and micronutrienfsom islandrunoff (Sander and Stevet973;
Dandonneau and Charpy, 198ll, 1992:Elliot et al.,2012) and groundwateischargegHwang

et al.,2005 Taitet al.,2014; Goveet al, 2015; Moosdorét al.,2015); ontributions from benthic
processegDoty and Oguri, 1956Dandonneau and Charpy, 1985); or even the combination of
oceanicmechanisms with lantdorn factorgSignoriniet al, 1999; Palacios, 200®)artinez and
Maamaatuaiahutapu, 20045or this reason, it is very importatd clarify the nature of the
mechanismshat drive the IME, but more importantly, one should not neglect the regional context

and the faffield impactsto which an island may exposedo.

Fromthe physical point of vieWME has beemxtensively reported in the most various places
(e.g., Jones, 1962; Aristegetial.,1997; Heywoockt al.,2000;Perissinottcet al.,2000;Caldeira
et al., 2002; Seki et al., 2001; Andradeet al., 2014). Suchstudies are remarkably consistent
between edtother, in the sense that similar methods follow similar patterns and usually arrive to
similar conclusions.However, the integration of islands in the regional context was seldom
achieved, as very few studies successfullyddikcal island effects teemote enrichment through
far-field features (e.g. Bartagt al.,1998, 2004Palacios, 2004Caldeira and Jesus, 2Q1Hence,
two hypothesesre proposedcan farfield features have considerable implications on oceanic
islands and associatptlysical/biological processdhat have been neglected to present date? And

if so, to what extend can islands impact sucHitdd features?

Cape Verde is a typal group ofdeep ocean islanddisposed in a nehnear orientation,
located near the norvestern African coast (=600 km) in a hydrographically complex region
strongly affected by seasonal atmospheric dynamics (L&zaiqg2005). In itsvicinity, theCanary
Current Upwelling Systens one of the four large systemskedstern Boundary Currentidagen,
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2001, Chaigneatet al.,2009 and isconsidered one of thaologically most productive oceean
regions in the worldRradharet al.,2006; Pastoret al.,2008;Loscheret al.,2015). The latter is
marked by the presencé several mesoscale features that can possibly have a praftiaodon

the regionabceanography, such as: filaments, that extend out to hundreds of kilometres from the
adjacent coast toffshore {/an Campet al.,1991; Gabricet al., 1993; Kostianoy ad Zatsepin

1996; Langeet al., 1998; and eddiesthat canhave considerable impacts in the océarm.,
Chaigneauet al.,2009;Karstenseret al.,2015; Loscheet al.,2015;Fiedleret al.,2016; Hauset

al., 2016; Schiitteet al.,2016a; 2016b)Several other studiestrivedto identify and explain the
nature of many oceanic features in the region (e.g. eak,1991;L6scheret al.,2015; Hauss

et al.,2016, but all failed to integratihe Cape Verde Archipelaga the regional context, aselv

as the archi pefadigdneaningfeatprasct on t he

In what concerns the near fieldhavanneet al. (2002)wereableto demonstrate for the first
time theoreticalevidences of a shadow efféantiucedby the islands topography, when a wake of
weak winds, flanked by strong winds, was observed in thefl@ll the major islandst is now
well establishedhat this mechanism may drive the generation of cyclonic and anticyclonic eddies
in the island(s) wake Calil et al.,2008;Jiménezt al.,2008;Yoshidaet al.,2010;Jiaet al.,2011%;
Couvelardet al.,2012; Caldeiraet al.,2014), which in turn musthavedirect implications in the
biological realm (e.g., Aristeguiet al.,1997; Bartonet al, 2000; Sekiet al, 2001; Coutis and
Middleton, 2002). Yet the archipelago lacks empiricabbservations that support such
phenomenonMost likely as a consequencetbe wind shadowing effectdzaroet al. (2005)
identified a nearly permanent anticydlorddy soutksouthwest of the islandghich was more
pronouncedluring the periods of strongest wind intensity (Vaietgpes and Molion, 2014 he
far-reachingmplications of the archipelago were also introduced by Chaweiralg2002),as the
authos suggested that thelandinduced blocking of atmospheric flosould originate a zonal
countercurrent, following thesame nature as the thorouglidgscribed Hawaiiahee Counter
Current(HLCC) (Qiu et al.,1997; Lumpkin, 1998 Xie et al.,2001). Othesimilar observations
conducted at a regional scale further reinforce such hypotleegi€heltonet al.2004;Chaigneau

et al.,2009, though nondad the specific objective afvestigating the archipelago.

All things considered, one may arrive tottemc | usi on t h atexpostreto ar c hi
regional dynamics, as well as the interaction between atmospheric and oceanic processes at a local

scale, are important factors that to the present dateveaye poorly understood. Hencé&je
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investigation of sch mechanismis of utmost importancelhe currenstudyaims to fill this gap
and thus bettesomprehendhe relation betweethe far and neafield which affect the Cape Verde
Islands. Special attention is regarded towards the nature and the intebativern the incoming
and locallygenerated eddseand, a a complementary investigation, the biological implications of
such physical mechanisms are assessed, focusing in the analysis of surface Chi(Qbtg)|
concentration# the vicinity of the ifands.

This project is organised as follows1 the next sulchapters, érief introduction to the
mechanisms in study is presented, in which eddies (in gensltafjidwakes and islanthduced
eddies aredescribed.In Chapter 2, a literature review camning the geographical setting is
conducted, elucidating the reader to the physical background which affects the archipelago. In
Chapter 3, the description of the datasets characteristics and processing methods is conducted. In
Chapter 4, theestsuitedresultsare presented and are subsequently discussed in Chapter 5. Lastly,

the final conclusiosarediscussedn Chapter 6.

1.1.0ceanicEddies

It has been well established tluateaniceddies(hereinafter referred as eddiese ubiquitous
features i n t(Robinsamo201D Basisally @ eddynssdefined as a saedtating
coherent body ofvater (Talleyet al, 2011), which propagateghrough the ocean mostly from self
advectionand planetary vorticity effect€CushmarRoisin et al., 1990; Cheltonet al., 2011),
though severabther factors can influence their propagation (e$ginmons and Nof, 2000;
Cenedeseet al., 2005; Andres and Cenedese, 20IBhese featuresan range between a few
kilometres, to tens (suimesoscaledr even hundreds (mesoscale) in diameted areategorised
according to their rotational floTalley et al., 2011). In the northern (southern) hemisphere,
cyclonic eddies flow in the counterclo¢&ockwise) direction, while anticyclonieddies flow in
the clockwise (counterclockwiselirection Tomczakand Godfrey 1994. Due to the effect of
earthoés rotation (also known as the Coriol i s
depressiorand negative sea surface anonelyts corewhile anticyclonicare associatedith an
elevation andcconsequenpositive sea surface anomablyith the advent of new technologiés
especially satellitdase remotesensing instrumentisthese features have been increasifgtys
of investigation Robinson, 201) and it is now common knowledge that they can have profound
implications in the physical, chemical and biologipabperties of the oceafRobinson 2010Q.

4



Such featuresre reported to be the one of the major sources of kinetic energy in the oceans
(Richardsonand Walsh1986). Furthermore, they can transport water in their cores for long
distances (Alpergt al., 2014,Romeroet al., 2016, beingevenable to go acrosgdntal zones
(Barton, 198Y. Dependingpn its nature (cyclonic or anticyclonic) and place of origin, these waters
can have considerably different properties in relation to the surrounding waters. In that sense,
eddies are able to create and sustain thairdistinct environment, which can be characterised by:
nutrientrich waters from upwelling regions, that under favourable condition enhance biological
productivity even in presumably oligotrophiegions(Ldoscheret al.,2015,Romeroet al.,2016),

and ae thuspotentially favourabldor fish larval survivalwhichin turncan act as a medium for
transportation andolonization (Condie and Condie, 2016); oxygmpleted waters that create
Afdezaanes o i n the Karstrbéreal. 05, Hausst alo206aSchit{et al.,
2016b); among many aghs.

Apart from the horizontal advection of water, eddies can induce vertical fluxes in their interior
(Aristeguiet al.,1997; Gaubet al.,2013. As such,upwelling (downwelling) occurs inyclonic
(anticyclonic) eddiesdlue to the divergent (convergent) movemanivater at the surface because
of the Coriolis forcewhich uplifts (deepen) the thermocline and tlarhance (decrease) nutrient
availability through seHinducedEkmansuction pumping) mechanisms (Liet al.,2010; Gaube
et al.,2013).For cyclonic eddieshis mechanism is an important source of cold, nutrightwater
to the euphotic zoneJaubeet al.,2013, which in turn benefits the primary production and drives
the locdincrease of Clal at the surfaceAlperset al., 2014, Romeret al.,2016. Subsequently
the | atter favours the gathering of grazers
(Lévy et al.,2001; Linet al.,2010; Hauset al.,2016. In contrastanticyclonic eddies do exactly
the opposite, as they inject water from surface to deeper layers. Gddmstiorcan be induced
by the most diversphysical mechanisms in the ocean, such as: topography eBacksely, 1972;
Heywoodet al., 1990; Alperset al., 2014); current shearGheltonet al., 2011; Schitteet al.,
20163; oceanatmospherénteraction Calil et al.,2008; Jiméneet al.,2008; Coulevarcet al.,
2012;Hogget al.,2016; or even ddy-eddy interaction§angraet al.,2009 Cheltonet al.,2011).
However, one of the most interesting mechanisms in the generation of eddies is thadslaad

processes, which deserve especial attention in the current study



1.2.Island Wakes andlsland-induced Eddies

An island, or a group of islands, can produce distinctive signatures in the environment around
them. One of the most characteriggatures are known as island wakes and the subseepeynt
generationtypically streaming away in a dominant direction canitant to the background wind
or current flow Robinson, 2010)it is important to note, however, that there are different ways to

perceive such features.

From the oceanographic point of view, there are two types of islands disturifaoceszak,
1998) One occurs in shallow stratified shelf seas, where the current is clearly dominated by a tidal
regime that moves water in both directions and gets blocked by the island bathymetry, generating
a wake in the opposite side of the impinging flow (2gngreeand Maddock, 1980; Hamner and
Hauri, 1981;Heywoodet al.,1990. Another takes place both in shallow and deep water, when a
clear dominating flow passing asiland generates a wake or zone of flow disturbance that can
extend several island diameters, titely leading to the generation of eddies (e.g., Batanh,,
2000; Caldeiraet al.,2005). The scale of the eddiasstheir initial phasés normally not far from
the diameter of the island which provokedDibng and McWilliams, 20073angréet al.,2009)
with the exception when two identical vortices merge and create one eddy with the double diameter
and rotation velocity of the original (Barton, 2001). Barkley (1972) introduced the first empirical
case study of an island wake and consequent istathited eddies throagobservations of fishing
gear drift and surface currents measurements at Johnston Atoll in the Pacific Ocean, where the data
showed a vortexike drifting pattern. Subsequently,several other studies were conducted
worldwide, providirg a broader understanding and improving the scientific knowledge on this

issue

Current wakes arisom the friction experienced by the flow field when the ocean currents
intercept and get deflected by the island. This physical barrier forces the wdégraid from a
straight path inducing an acceleration perpendicular to the original direction, known as the inertial
force (Tomczak, 1998 Anotherimportant force that must be taken into account is the frictional
force associated with the boundary layexuad the island. The balance of these two forces plays
a crucial role determining the behaviour of the flow. If the frictional force dominates over the
i nerti al force, the water transport gets drag
are reversed the water flow is therefore thrown off its path and gets separated from th&hmstand

balance is very closely related with Reynolds numbeiRe, which takes into account the original
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flow velocity, the width of theobstacle (in this ca&s an island) and the horizontal molecular
viscosity.

In an ideal caseBatchelor (1967) daonstrated thahe Reis a good method for determining
the turbulence in a fluidThe author found that by increasing the flow velocity or the obstacle
diameter, he turbulence of the flow would equally increase, leading to the generation of a vortex
pairwith opposite rotatioattached to the obstacfgeriodic oscillation of the wakeddy shedding
and eventually to a Von Karman Vortex Stréatnetheless, it is proven fact that the ocean is far
from being an ideal casgiven that:it is rare to find a perfectly cylindrical dnsolated island in
deep ocearthe upstream flow velocity and directiomist constantas it is under the ihfence of
a variety of fators;and the molecular viscosiiy the equatiommust be replaad by the eddy
viscosity in theocean, which is poorlynderstoodBarton, 2001 The application of such theory
in a complex systerm particularly Cape Verde Archipelagavhich is disperseth a nonlinear
orientation and under a néaminarincidentflow 1 is not a straightforward procesghus, it is not

considered in the current study

As from the atmospheric point of view,is well known thathie atmosphereceaninteraction
is respondile for a high transfer of energgurface wind stress is the princigattorforcing basin
scale oceauirculation (Stewart, 2008Falley et al.,2011) and is responsible fanducing local
currents and turbulent features (Elken, 20A)eit the significant lower density in relation to the
ocean, he atmosphere is subjected to the same kind of fluid dynamics when intercepting an
obstacle Hence,oceanic islands topography caras for oceanic flow disturb the atmospheric
flow, ultimately generang one of the mosemarkable and distinct islasdduced features in the
adjacent environment. The atmospheric effect occurs when the incident wind flow gets blocked by
an island high topography and createtended sheltered regions in the lee zone domthwith
anoccasional vortexike trail of clouds Figurel.1), previous referred as a Von Karman Vortex
Street (e.g.Chopra and Hubert, 196€aldeiraet al., 2002; Couvelardet al., 2014; Spedding,
2014.
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Figurel.11 Atmosphericshedding effects induced by the Cape Verde ArchipeMgo:KarmanStreetin the lee of Santo Antéo,
S&o Nicolau and Fogo Islands, and wind wakes in the lee of Sal, Boavista, Maio and Santiag&talacetsNasaseoreferenced
in ArcGIS.

This wind wake normally extends a few thousand kilometres from the island in the prevailing
wind direction. Thelocal response may be superficial, with the development of a diurnal
thermocline in the sheltered region (e.g., Bagbil.,2000; Basterretxaet al.,2002; Caldeira,
2002; Caldeiraet al.,2005). In the case of persistent steady winds, however, the implications are
more significant. Sharp horizontal wd shear linesnay form on theedges of the island wake,
resulting in rapid variations of tiekman transport in the ocean (Barton, 2001; Robinson, 2010).
At the western boundary of the lee, the upwelling of deeper waters must comperdiatr tieemce
- elevating the pycnocline closer to the surfaeéile at the eastern boundary, sinking offace
water throughEkman pumping must occur as a product of the convergerdsepening the
pycnocline Figure1.2). Some authors argue that thesecpsses are enhanced when the steady
wind is capped by an atmospheric inversion lagey.( Barton et al., 2008lafner and Xie, 2003).
According to Chavannet al, (2002), this condition is well meet in tape Verde Islangsvhere
it is possible to fid strong and steady winds (~8sH). generated by the Azores HighSaharan
Low system, with the addition of high altitude topography (:3800 m) which in turn is well
above he inversion layer (56@00 m).



Figurel.21 Representation of the eddy generation mechanism induced by wind shear. Red area represents warm stratified surface
water in the lee of the island; white line corresponds to the pycnocline; big white arrows represert;tberved arrows represent

the eddy cyclonic and anticyclonic movement which lead to upwelling and downwelling (vertical blue arrows), respectively.
Retrived from Chavannet al. (2001).

For islands with high mountains where the prevailing wind is patallthe dominant ocean
current, it is difficult to access the nature of duxlies that are generated downstream, i.e. from
current or wind induced processes (Barton, 2001). In HaRatzert (1969toncluded that the
impinging flow was too weak for eddyeneration, thus attributing the main cause to the local wind
blowing through the narrow passage between the islands of Maui and Hawaii. In Canary Islands,
Aristeguiet al (1994) noticed the psence of cyclonic and anticyclonic eddies downstream of
GranCanaria The authors suggested that these e mor e | i kely to be pro
impact on the oceanic flovather than by the influence of the wind, since eddies are recurrent even
during periods of low wind intensity. The latter was further tardd by Rédriguest al. (1999)
and more recently by Jiménetz al. (2008), whopresented strong theoretical evidences (model
results) that supports the previous hypothesis. Still, one must consider the possibility that wind and
current islandnduced disturbances may act as coupled mechanisms and thus enhance the
production of eddies in such systems, especially when the two are not capable of acting alone
(Bartonet al.,2000; Basterretxeet al.,2002).

In some extraordinary cases, the winddiing effect can have a regional impact over the
ocean, as it is the case of Hawaii. Xieal. (2001) detectead wind wakeinduced by the islands
sheltering of the nortleasterly steadiyade windsextending 30001k westward in the lee zone of
the archpelago The authors suggested that tfesture is responsible for the existence of the
Hawaiian Lee Counter Current (HLCC) that flows eastward in the opposite direction of both the

trade winds and the westward Pacific North Equatorial Current (Sasakj 2010), leaving a
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warm surface and subsurface water signature stretching 8@@ay from the Asian coast (Xie
et al, 2001). Bllowing the same nature of Hawaii, Chavargteal (2002) introduced the

possibility that similar (but weaker) featurestie HLCC are likely to happen in Cape Verde, thus
justifying additional studies in the region.
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2. Geographic Settings

To betterunderstand the nature of the ocean circulaaod featuresone mustinitially
constructknowledgeregardingthe gegraphic details of the region including the regional
bathymetry/topography, thveind field and its seasonalitgmong several otheglevantfactorsfor
the study(Tomczak and Godfrey, 1994)s such a brief literature review abotte oceamc and

atmosphericharacteristics for the region Gape Verde is presentedthis chapter.

2.1.Cape Verde Archipelago

The Republic of Gae Verdeis an island country composed by ten islands and thirteen islets
arrayed in a wedtcing horseshoe digsition, being all of them from volcanic origiRamalho,
2011) Along with the Azores, Madeira and the Canary Islands, the Cape Vechpdlago ighe
southernmost group of islands which form the Macaronesia (EC, 2017)pdated n the North
Atlantic and liesA5017 600km off the western coast of African a geographical area between the
latitudesand longitude® f 1 4 U4 08 0 62NL UsBrDd® UVB, Ge8pectivelylt occupiesa
total area of @33 kntfunevenly distributed amortge islands, with a significatdtal coast line of
approximately 1020 kA{DGA, 2004)

-25° -24° -23° -22°

Figure2.11 (a) Topography and bathymetry of the Cabo Verde islands, with the identification and groupintslaitielsolines
have a 50an interval.(b) Regional setting of the archipelagath the identification of the main coastal features. Isolines have a
1000:m interval Datasource: SRTM 30 nCreated in GMT edited in Inkscape
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The islands are divided intavo main groupsKigure2.1): The Windwardgroup, comprising
the islands of Santo Antdo, S&o Vicente, Santa Luzia, S&o Nicolau, S&pandsta; ad the
Leeward group, comprisingMaio, Santiago, Fogo, and Bravadowever, in terms of
geomorphology and accordingly to the regional bathym#tieyarchipelago can be divided in two
distinct groupsthe northern chajwith a westeast orientation from Santo Antdo to S&o Nicolau,
probably constitutes a single elongated edifice; and art@astuthern chain, stéing in Sal and
ending in BravaDespite this division it is possible to consider Brava Sadtiago as a detached
edifice, since they are separated lppasiderablelepth of 3000 m. Between Boa Vista and Maio
islands the bathymetry reveals a shallow area, known as Jo&o Valentdathahk Wwighest summit
havingl4m depth (Ramalho, 2011). Thegional bathymetry also indicates the presence of several

seamountsearthe islands.

The origins ofthe archipelagare attributed to the loAgrm midplate volcanism associated
with theCape Verddotspotwhich rests upon th€ape VerddRise. The vatanic activity was not
continuous meaning that there wedifferent periods of activity, leading to different formation
ages. By the surfaggeomorphologyne mayconclude that the eastern group of islands (Sal, Boa
Vista and Maio), which are charaasd by long beaches and fletpographyi evidences of
erosioni were formed first. The other mountainous islands with higher p&adgsré2.2, Annex

A.1) and sharper coastline are more recent.
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Figure2.2i Schematic representation of thghmestaltitudeof everyislandin the Cape Verde Archipelagadapted from Saraiva
(1961).
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2.2.Climate

The islands areharacterized by a tropical oceanic climatgh a small annual temperature
amplitude in the range from9lto 29 °C (Ramalho, 2011Pue to itslocationin the Sahelian arid
belt, the islands are exposedviery lowprecipitation level§ varying fromO300 mmyr? in low
altitudes to O 700 mm.y? in higher altitudes(DGA, 2004)i, and a seasonal rainfakgime
characterized by dry (Novembedune) and wet (July October) season®GA, 2004;Varela
Lopes and Molion, 2014)T he ar c hi p &lisaugderdtbe dicekttiiniiueence of the
Intertropical Convergence Zone (ITCand subjected to prevailing northeaatie windsoccurring
throughout the yearF{gure 2.3), with a higher inénsityin winter and spring® m.s' maximum
mean speedNCAS, 2017 (Fernandest al.,2006; Lazaroet al.,2005;VarelaLopes and Molion,
2014 Fayeet al.,2019. These are responsible for the intensity and direction of local wave and
surface currents which have asymmetrical characteristics between coastlines facing north and
south (Ramalho, 2011), as well as for the sea levetight (Gomet al., 2015) Higher wind
speedsre more frequent in the Leeward Islands than in the Windward Islands (DGA, 2004).
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Figure2.37 Representation of the seasonal meard speed and direction in the region of Cape Verde, between the years of 2003
to 2014.The presence of the ITCZ can be easily identified as a wind confluence zonalatlgieer latitudesData: QuUikSCAT
and ASCAT.
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The ITCZlies in theequatorial ban@ndcan be identified as a tropical beltrafnimum wind
speeds (Molinaret al.,1986), wheraleep convective cloud$\aliser and Gautier, 1998adto
amaximumregional meaprecipitation(Philanderet al.,1996) and conversely to a regional solar
radiation minimum (Tomczak andsodfrey, 1994)The latter results from the convergence of the
southward and the nortlardwarm and moist lower branches of the Hadley @edim the northern
and southern hemisphere, respectivelghown as the trade windSchneideet al.,2014).In the
regional contexttte ITZCf ol | ows t he sunds z emigrdteb beppveen 9N ( So 3
in summer and 2°N in winter (Schneidral.,2014) also in response to thmrthward shift and
weakening of the Azores HigSaharan Low system (Bartehal.,1998, thus governing the large

scale surface currentStramma and Schott, 1999)

2.3.0ceanographic setting

The Cape Verdesea is a deep oceanic region, where the density stratification of the water
column determines theydrodynamics of the region (Gomesal, 2015). This area is located at
the eastern boundary of the North Atlantic subtropical gyre at the southern limit of the Canary
Current (CC) (Fernande= al, 20(). It can be regarded as a region of |lasgeleinteractions
(Figure2.4) between the CC, the NbrEquatorial Current (NEC)he North Equatorial Counter
Current (NECC)and the seasonal Mauritani&@urrent (MC) (Mittelstaedf 1991). Also in its
vicinity, two different water masses mdmsttween Cape Blanc and the northernmost Cape Verde
Islandsforming a largescale frontal systemninedby Zenket al.(1991) as the Cape Veré&eontal
Zone (CVFZ) which extends zonally across the entire length of the Atlantic Ocean from the
Caribbean Sea do the African coast (Emery and Meincke, 1986; ledzer1995) It is marked
by substantial thermohali@hanget al.,2003)and even larger inorganic angsblved oxygen
gradients(Pelegri and PefAzquierdo, 2015) separating the warmer amsdltier North Atlantic
Central Water (NACW)rom the cooler, fresherand richer in nutrientSouth Atlantic Central
Water (SACW) é.g.,Mittelstaedt 19831991, PéresRodriguezet al.,2001;, Meunieret al, 2012).
Albeit strongtemperatureand salinitygradients(O 3 °C per 40 km and 0.9 psu per 10 km,
respectively) the front isdensitycompensad (Zenk et al., 1991; Pastoret al.,2008) Thus it
cannot be seen in the density field (Tomc2#£88. Within this transition zone, an important eddy
field exists(Barton, 1987 Meunieret al.,2012. The latter is more likely tarisefrom thekinetic

energy associated with tlairrentsinteractionand topographffects at Cape Blanc, or by the
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offshore advectiordeveloped along the upwelling front (Pas&tral., 2008) 7 since density
compensated fronts are characterised by strong layering and infrausitomly density fronts are
associated witstrong geostrophigtsand eddy formatiofiTomczak 1998. As such, this feature
also acts as a sourcedaffshore transport arldteral mixing, producing subsurface intrusions along
the front (Zenket al.,1991; MartinezMarreroet al., 2008).Finally, its existence i§ as for the
interaction of the largscale current syste(hazaroet al, 2005)i potentially favourable for the
aggregation of large pelagic highly migratory fish spediesng thus of great socieconomic
importance (Fernandex al.,2000) Given thecomplexity of the regional surface circulation, a

detailed description of the main current systems follows.
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Figure2.41 Representation of the meanrfaceocearncurrents and feature€C- Canary CurrentNEC - North Equatorial Current;
NECC- North Equatorial Counte€urrent MC - Mauritania Current; GD Guinea Dome; CVFZ Cape Verde Frontal ZonBote
the different colormap®ata: GlobCurrent Getrophic + Ekman.

Canary Current (CC) i In its southern limit, thisurrenttranspors$ cold water from north to
southoff the African coast, being stronger in summer near the African coast while in winter it is
stronger west of th€anary Islands (Stramma and Siedler, 1988)atittides nearCape Blang20°
I 25°Nin spring and autumn, respectively turnssouthwestward leaving the African coast to
become th&lEC (Mittelstaedt]1983,1991 Strammaeet al.,2005. Thelocationof such departure
from the coast is extremely relevdot the postion of the CVFZ (Stramma and Siedler, 1988)
Since it does not have a direct impact on the archipetagaurrent is onlypertinent because of

thelatter statements
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North Equatorial Current (NEC) 1 The southern part of th&tlantic tropical gyrei where
subduction takeplace €.g.,Schottet al.,2004 Strammeet al.,2005 i is characterisethy a 10
15 cm.st mean speedavith a dominantwest/northwestward directior(Richardson and Walsh,
1986 Stramma and Siedler, 198Bhanget al.,2003, although some authors argue that it has a
predominant soutlvestward directiorvisible throughout the yedt.dzaroet al, 2005) As past
studies demonstrated (Arnault, 1987; Zhatal.,2003; Lumpkin and Garzoli,2005 Lumpkin
and Pazos, 200,/}his dfference in current direction isntirely related with the nature of the
method determining, i.e. from purely geostrophic derivatidthe latter)to the incorporationof
the Ekman transpo(the forme). According to the Ekman tloey, the winddrivencomponent of
transport in thesurface boundary layer is directed perpenditylar the right(left) of the mean
wind stressn the northerr{southern) hemisphef&kman, 190%h Thus it isreasonable to assume
that wind-driven Ekman transpdr has a signi€ant impat in the region as it is further

demonstrated by the representation of the Eknadumetransport Figure2.5).
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Wind Speed: 10 m.s Ekman Volume Transport: 20 x 10% m

Figure2.57 Wind (black arrowsyelocity and estimated Ekman volume transport per meter width (red arrows) represented over
wind stressData: QuikSCATand ASCAT.

When NECr eaches the archipel agods (Figute28),omte it
turning southwestwardsnorth of Cabo Verde islands and the other becoming a southwest flow
south of the islands, both appearingdim at lowerlatitudes (Lazaret al, 2005).This is more

evident duing the first half of the yeawhereas in the other half the flawigratesnorthwards
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following the identical displacement of the NE€Both forced by the ITCZ northward migration
(Stramma and @ott, 1999. The current intensity followan identical seasonal pattern, weakening

and reaching its maximum speiedsummer and in spring and fall, respectivélynault, 1987.

North Equatorial Counter -Current (NECC) 1 With an eastwardneanand maximunflow
speed of approximately 42 crit.and147 cm.g, respectivelyFrantantoni, 2001 Yhis current is
particularly strong in summemd early fall Arnault, 1987 Mittelstaedt, 1991) when the ITCZ
reaches its northernmost position (Lazetral 2005 Schitteet al.,2016). It is during this period
that the current is most likely to have an influence in the southern side @atbee Verde
Archipelago(Fernande®t al.,200). In the western part, however, the current does not follow a
continuous advective pathway, as some pam&sarried to the southern edge of NEC through
Ekman drift Zhanget al.,2003;Lumpkin and Garzoli, 2005puring winter and spring the strong
trade winds are responsible for the weakening of this current, being forced to migrate to the equator
(Mittelstaedt, 1991). Regions of high Eddy Kinetic Energy (EKE) are clearly associated with this

current (Lazaret el.,2005)

Mauritania Current (MC) 7 It is aresult from the interceptioaf NECC with the African
coast.Partof its flow is derived northward, oging warm oligotrophic equatorial water to the
tropical eastern Atlantic (Mittelstaedt, 199Thus, the strength of this current is strongly related
to the seasonal varying NEC®ith aboutl-monthtime lag(Lazaroet al.,2005).MC only reaches
the latitude of approximately 14°N during winter and early spring, but due to the relaxation of the
trade winds and the consequeotthward displacement arstrengthening of NEC(t reaches
latitudes ofapproximately20°N during summer anearly autumn(Figure 2.6) andit is partly
responsible for the suppression of the regional costal upwéMittglstaedt, 1991)Schutteet al
(2016) suggested thathis current isstrongly associated wh the formation of eddies that

propagate westwaid the direction of Cape Verde.

The Guinea Dome (GD)i Located southwest dhe archipelago, this geostrophic cyclonic
feature is defined by a (cold) dome of the isotherms, and low hydrostatic pressuret(Baye
2015), developed due to the Ekman suction (upwelling) driven by the local wind stress curl
(Richardson and Walsh, 198&iedler et al, 1992; Yamaga and lizka, 1995). Itexists
permanently during the yeand it is a constituent of the largeale neasurface flow fields
associated with the NEC, the NECC and the North Equatorial Omdent(Siedleret al, 1992).

The NECC is responsible for tiariability of the position, shape, and intensity of sueh feature
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(Lazaroet al.,2005). Thus, its signas more evident between May and December, following a
similar displacement as the NECC when it moves radhtward.

48°W 40°W 32°wW 24°w 16°W 48°W 40°W 32°w 24°W 16°W
; N = — = :

~ e—— e

»
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Speed m.s’’

Figure 2.6 - Representation of theeasonameansurface currents, from 2003 to 201dote the different colormap Data:
GlobCurrent Gesirophic + Ekman.

Following themain largescalesurface currentdescription, aonspicuouseasonal signal has
been documentedFigure2.6) as the dominant aspect in the regilfitielstaedtet al.,1991;Lazaro
et al.2005), being mainly inaced by the variability of the trade win@@&ramma and Schott, 1999).

Trade winds and the ITCgenerate large scale divergent Ekman transports along the western
African coast (Fayet al.,2015), leading to one of the strongastd most productivapweling
systems in the worl(Duld-dedahet al.,1999) Costal upwellings permanenbetween 20P 25°N,
reaching its maximum intensity during spring and autumigufe 2.7, Mittelstaedt, 1991; Ould
dedahgt al, 1999). South of 20°Mis phenomenois conspicuousluring winter and early spring
(Van Campet al.,1991; Nykjeer and Van Camp, 1994; Lazatal, 2005)and isassociatedvith
a significant enhancement of biological productivielegriet al.,2006;Lathuiliéreet al.,2008
Demarcgand Somoue, 20)5which is also partially driven bythe southward transport of cold,
nutrientrich waterfrom the CC(Mittelstaedt, 1991)The strength and seasonal oscillation of the

coastal upwelling depends mainly on #lengshore wingtress andvind-stress curlseasonal
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patterrs (Hagen, 2001Pradharet al.,2006),and in theseasonal variation of the MC extension
(Mittelstaedt, 1991Siedleret al.,1992; L4zarcet al.,2005).
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Figure2.7 - Sea Surface Temperature seasonalnsitam 2003 to 2014t is worth noting the apparent warm wake in the Iee o
Santo Antdand Fogo Islands

This regon experiences on of the larg&#a Surface Temperature (S8Ygles in the tropics
(Fayeet al.,2015).The SSTvariation has @onsiderabléower amplitude in offshore watetisan
in coastal water@-igure2.8), a fact that is conspicuously related to the coastal upwelling seasonal
cycle €.g., Mittelstaedt, 199N an Campet al., 1991 Ould-dedahet al.,1999; Marcelloet al.,
2017). In the area ofCape Verde Islangdsnaximum vdues (29 °Q are achievedrom July to
November (Figure 2.7) i coincidently with higher pignent concentrationsear Cape Verde
(Fernandeset al., 2005) T, whilst minimum valueg21 i 22°C) are conversely seen between
December and May (DGA, 2004)
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Sea Surface Temperature Std. Deviation: 2003 - 2014
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Figure2.87 SeaSurfaceTemperature standad#®viation showing the effect of the seasonal variability associated with upwelling
off the western African coast

Acting & a source afrganic matterinorganic nutrientand phytoplanktom the regionit has
beenconsistently reported thgenerationof giant filamentsoff Cape Blande.g., Gabricet al.,
1993; Kostianoy and Zatsepin, 199&ngeet al.,1998;Pastoret al.,2008; Meunieeet al.,2012;
Pel egr2z and Peé.Thefldmenaarhawvead sj gh0fb cant i mpact o
biological productivity(Fernandegt al, 2005) acting agemote enrichment his featureresuls
from the intersection of the Mauritanian coastal upwelling system and the very complex and
dynamic CVFZ, as intrisically unstableupwelling currents interact with th€apeVerde front
eddy field (Meunieet al, 2012) This phenomenoseems to be responsible for the transport of
cold nutrientrich water offshore and plays a crucial part in the generation of the @ag B
filaments (Meunieet al,, 2012) which have reportedly increased their offshore spreading during
the last years (Marcellet al.,2011).Lastly, it is important to note that the atmospheric deposition
of Saharamustis an important source of essahénd limiting nutrientsée | ado Cab)al | er o
I such as silicon, phosphorus, nitrogen, and iron. However, only 5% of thev@fability in the
region was related to the dust input (Ohde and Siegel, 2010).
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3. Data Acquisition and Processing

Taking into accountthe inherent complexity and variability associated to eddied other
pertinent mesoscale procesdie coupling of several sateliteased remotsensing products
consideredo bethe most efficient approacfor the studyof the Cape Vede Archipelagolt is
important to note that, given tle&ploratorynature of such investigatipthe planning and structure
of the current projecis directly dependent on thereliminary results. Therefore, a behavieur
oriented approacis executedfirst by performing amitial characterisation of the regional setting
This preliminary investigatiors defined at 10 50°W and 4 24°N, extendng almostthe entire
zoral length of the Atlantic Oceafrom thewesternAfrican coasto theeasterrSauth American
coast It is important to note, however, thadrp of this characterisation was alreadgatéed in
the previous chapteiThen the representatioand analysiof sequential8-day averagesvas
performed,consideringhe recurrent periodf maost satellitesand datasets being usedt(days.
Subsequently, simple statistical procedures were applied, along with the computdtyeaf
and seasonal meadie seasonal grouping refers to the northern hemisphere (i.e., boreal seasons),
such thatwinter goes fromJanuary to March; springpes fromApril to June, summegoes from

July to September; and Autungnesfrom October to December.

Once the preliminary analysis was concludgmicial attention was regarded towards the eddy
field around andvithin the archipelago. Hence, two gpsuof eddies were defined: tha-field
eddies those that were created outside the Cape Verde Area (hereinafter referred as CV area) but
at some point intersected the delimited CV aesal the neafield eddiesi those createdhside
CV area whether by islandihduced mechanisms or by feld eddyisland interaction. The
statistics of these two groups of eddiesre further described, along with the representations of
their geographical distribution and assodatenematic properties. Then, a more detailed analysis
of the far and nediield eddy dynamicsvasconductedLastly, he final focus of the studwas

directedto the biological implications dhe such physical processes.

The study period was set from Z0@ 2014 based the data availability of the selected variables
(Table 3.1). Furthermore, MatLab was used for most the data download, subsampling and
processingl h e f ¢ manldoe MatlLab was usefbr some plots, enabling a more realistic and
effective represeation of the data (Thyngt al., 2016). When necessaryplots were edited in

Inkscape.
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Table3.17 Data aailability from 1993 to 2016Green and empty cells represent available andavaiiable data, respicely.
Study period is delimited by black thick lines and represented ingtasq.

Dataset 3BS85
DO |0 |O|O
||| |[A || [N|N

i QuikScat
Wi
ind ASCAT
Currents OSCAR
GlobCurrent
: OpenEddy
E
ddies Chelton and Schlax
ADT AVISO
Chla Agua MODIS
SST GHRSST
3.1.wind

2016

The importance of the wind as a driver for oceanic surface currents has long been well
established (Pond and Pickard, 1983; Tomczak and Godfrey, 1994; atadley2011). Given the
nature of the mechanism in study and all thasmentioned before, wind datausdoubtedlyan

essential tool for the regional oceanographic characterisation at a largeasdal®r the

i nvestigation

of

i theewina dyrammics @tea loeabsoate s i

mp act

As such, wind speed and directiaras provided by the QuikSCAS3catterometederived

dataset (SeaPAC, 2016), considered to be an accurate representation of oceanic winds (Couvelard
et al.,2012).1t was produced biNASA/Jet Propulsion Laboratorgnd distributed by the NASA
Physical Oceanography Distributed Active Archive Center (PO.DAAGIs instrument was part

of a

Aqui ck

recoveryao

mi

SSi

on

(hence

t he

the premature loss of the NASA Scatterometer (NSCAT) aboard the ARLEQ&llite in June
1997 (Lungu, 2001). The scatterometeeasured the wind roughened ocean surfaatich is

highly correlated with the neaurface wind field (Hoffman and Leidner, 2006)through

microwave pulses emitted by the rotating dish antenna diakd (13.4 GHz) (Spencet al.,

nami

2000. The powe of th e badkscatteraasignal is then used for inferring the wind speed and

direction. The usage of a microwave radan active senspimplies that data can be retrieved

under all weather and cloud conditions (Morehal.,2013). Howeer, there are somenitations,

such as rain contaminations and high wind speed measureffentatellitdhasa recurrent period
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of approximately~4 days(57 orbits)and te capacity for collecting arB00 kmwide band.The
combination of the orbital period (& orbits/day) and inclination (98.62°) resulted in a

remarkable 90% daily coverage of the globalfree ocean (Mororet al.,2013).

Despite the original spatial resolution of the sensor, higher resolution is achieved through a
slice composite technigufrom level 1 dataRO.DAAC, 2017. Thus, QuikScat data is available
at 12.5 km and 25 km spatial resolution, yet with distinct levels of processing. The sparser
resolution(25 km)is dstributed at processing level ®hich means that the data is avaiaht a
daily or time averaged spatially fixed and uniform gHowever the higler-resolution dat§12.5
km) is only available at level,Zneaning that the data is mapped over an atoagk/crossrack
nortuniform swath grid (i.e. organized by swath rows perpendicular to satellite path), and each file
contains data of a single satellite orBiespite the advantage of a high processing Jevet must
consider that th€ape Verde Islandare relatively small antigher pixel size(wind vector cell)
results in a lower resolutiohe algorithm behind the 12.5 km resolution data processing was
subjected to sigficant improvements recentlytadkling issues such as rain contaminations,
sampling limitations and ambiguous direction retrievals (Fetreal, 2014). Moreover, by
incorporating an enhancedastal processing methdtenearshore wind variationss now more
accurate than ever befofleO.DAAC, 2017. That being said, the reprocessed QuikSCAT Level
2B Version 3.1 product isonsidered to bthe best suited dataset file currensstudy. The data
subsampling and downl oad -levae Jool niaa dneeractivé Datau g h
Extractiord  w e bhstpst/mdaaftools.jpl.nasa.gov/hitide/ After download, the data was

projectednto a spatially uniform 12.5 km-Q.1°) resolution grid and averaged over 8 days, so that
the gapxreated by the satellite tracks could be minimised. This way, every place in the study area
was covered at least two timédbeit it exceeded its operational time expectancy, QUKT data

is only available until November 2009. Taking into consideratian tost variables availability

are overlapped from 2003 to 20@#able3.1), adifferentdataseshould be incorporated.

The Advanced ScatterometerRE&AT) is a real aperture radar based instrument aboard the
MetOp-A and MetOpB polar satellites which became fully operational in May 2007 and
September 2011, respectively, and remain active to date. The satellites were launched by the
European Space Agery ( ESA) and ar e operated by t he
Exploitation of Meteorological Satellite§EUMETSAT, 2015). It uses a similar system as the
QuikSCAT instrument, in the sense that it measures-sedace windpropertiegat 10m above
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the sea surfacdy inferring the sea surface roughnegsicrowaveradar Nonetheless, this sensor
differs from theQuikSCAT in technical specifications armbnfiguration. It is composed by two
sets of three fixed antennas with 45° inclinatiwwhich pukate radar beams at a frequency 065.2
GHz (Gband)i more robust in terms of rain contaminationon both sidesf the satellite ground
track,coveing two 550 kmwide swaths separated by ~700 km (OSI SAF, 200t version 2.1

of the ASCAT (MetOpA) wind products provided by the Remote Sensing System organisation

(RSS, 201Y, whichunderwent a reprocessing procedayapplying a new the Geophysical Model
Function (GMF), based on the Kaand GMF (QuikSCAT) methodology. As such, ASCAT is now
in betteragreement with the QuikSCAT dataset (Ricciardulli, 20téjgthusthe best option to
fulfil the purpose of theurrentstudy.The swath files at 12.5 km spatial resoluti&icgiardulli
and Wentz, 20)over e downl oaded fr om t IprecessenvithpMathabd s
routines made available by RS8017) After this and following the sammethodology as for the
QuikSCAT, the data was gridded and time averaged, sohbato datasets could be merged.

1 Data Processing

The wind itselfcanonly have annfluencein the ocean as a frictional foroghich arisegrom
the relative motiometween the atmosphere and the ocean (Stewart, Z808)ich, the transfer of
momentum is due to the input of eneflym?) by the wind in the form of imd stressHowever,
wind retrievals from scatterometer instruments are calibegadhst he equivalent 1:0n neutral
wind rather than wind stress, because the latter is difficult to measure directly (Chavatne
2002).Thus, the wind stregd is cdculated based oGill (1982):

T " 0w Q)
where” is the density of the air (1.2 kg 6 is the norlinearwind-drag coefficieni based

on Large and Pond (198Ihodified for low wind speed@ renberthet al, 1990 7, andw is the

wind speed at 10 m above sea surfadgch in turn is calculated by the metric

® 6 U )
where 6 and 0 are the zonal and meridional wind componefmiss?'), respectively Another

valuable parameter the wind stress curln ~ t . It is calculated by the Equation 3:

T T
noot T ©)

—a
—a
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wheret andf are the zonal and mdional wind stress componentsspectivelyThis parameter

I's directly proportional to the vertical water
hemisphereypwellingresults from positivédivergent/cyclonicyvind stress curl and downwelling

results from negativiconvergent/antigclonic) wind stress curlTalleyet al.,2011). Furthermore,

upwelling is referred to Ekman suction, while downwelling is referred to as Ekman pumping.
Lastly, thehorizontal component of theind-drivenEkman (volume) transporb is calculated

according to Smith (1968) and Bakun (1973)

,‘ p
0 ”—"QT (4)

where” s the reference seawater density (1024 kyamd (s the Corioligparameter, in which:
"Q ¢ OFT (5)
where is the earth rotation rate (7.2921 ¥ 3fad.s) ande is the latitudgStewart, 2011)

3.2.0cean Surface Currents

Oceansurface currents are the horizontal movement of water at the oceans mixed layer, which
is the upper boundary lay€or Ekman layerJand a zone of momentum exchange from the
atmosphere to the s€domczak and Godfrey, 1964)he varying temporal and spatial scales, in
conjunction with the countless number of fact
makes the ocean currernb behave in a very complex manriarsitu measurements are reliable
but limited in spatial coverage and regularity. Satellite remote sensing, however, is an ideal tool
for studyingocean surface dynamics at a large scale (Dohan and Maximenko, 20t6)it
provides global observations at a regular basis. In order to assess the nature and behaviour of the
oceanic currents at a regioraaid localscale two similar datagts were considered.

Ocean Surface Current Analyses Riale (OSCAR) is a NASA futled research project
operated by Earth & Space Reseant$titute (ESR)1 that provides surface current velocities
(averaged over the top 30 of the ocean) calculated from the combination of several satellite
sensed datasets, these befBga Level Anomlg (SLA)!, Wind$ and SST (Dohan and

! Altimetry data fromthe AVISO multimission product.
2 Special #nsor Microwave Imagers, QUikSCAT and ASCAIetOp-A).
3 Weekly Reynolds Smith O.v2.
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Maximenko, 2010)On the top of providing a near re@he global coverage of the ocean surface
currents, 0 n eindabjectie s ®improve theeknowlédge ofrtlee mechanisms behind
the transfer of momentu between the atmosphere and dean (ESR, 2017a)o that end, the
model calculations take into accdutime principles of geostrophly calculating thepressure
gradientfrom the SLAiI and the wind driven velocity componeiitsalculating EkmasStommel
equations, as well as thermal windiuced currents (Hausmanal, 2009). With a &ay temporal
resolution, this product extends from 1992 to present day and is spatially distributed over a 1/3°
resolution grid. Substantial datation and validation of the modelled data is regularly performed
by ESR usindlrifter andmooring data (ESR, 2017b). The correlation coefficient between model
and drifter data (forite period of 2005 to 2009) +9.55 for the area of Cape VerdenfiexB.1).
Furthermore, the visual compari son bet ween
velocities near to the archipelaghnfiexB.2) indicates a similageneralpattern though far from

being identical.

GlobCurrent is another reliable producased on the same processmgciples of OSCAR.
Funded by ESA Data User Element, this project reliesmdwanced processing tools and simulation
modelsthat usedatellit¢ and insitu® data for producingn optimized approximation of the global
surface oceanirculation (ESA, 201p Covering the period from 1993 to 2Q0B&veral datasets
are provided, such as individual Geostrophic, Ekman and Stokes Drift current components, as well
asthe combined Geostrophic and Ekmeaumrrentsat the surface and 15 m depth. All the datasets
are aailable at a daily interval and at 1/4° resolution. However, orst cansider that the effective
temporal and spatial resolution for the combinesb&rophic and Ekman currengsof the order
of 5-10 days and 5200 km, respectively (ESA, 20L5~hich in turn isrelated with the sensor

limitations of the altimetry product beingsed Despite this, it remains to be a valid option, since

mesoscale eddies and strong ocean currents are found at spatial scales that vary between tens to

several hundred kilomegts and timescales daysto years (Tallewet al.,2011).

Quantitative comparisons between the combi@&zbCurrent OSCAR and SVRype drifter
dat® were performed for the period ranging from September 2012 to September 2013 at a global

4 Altimetry, gravimetry,syntheticapertureradar(SAR), scatterometrand opticalpassive microwaves

5 Drifting and moored buoys, coastal higbquencyradar, Argo floats, gliders and ship observations

® This dataset is ngtart of the irsitu variables used for the calculatiohGlobCurrent, so that the validation remains
fully independent.
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scale Table3.2). The 3day low pass filter was applied eliminate highfrequency ageostrophic

signals which cannot be reproduced in the modetlath (ESA 2015). Despite the minor

differences in correlation, GlobCurrent is in better agreement with SVP data.

Table3.2 - Root Mean Square (RMS) and Correlation coefficients betwesitur§VP velocities and theo current products.

Adapted from ESA, 2015.

GlobCurrent
OSCAR

GlobCurrent
OSCAR

RMS R?
U Vv U Vv
Unfiltered drifter velocities
15.1 14.9 0.67 0.62
16.3 15.8 0.67 0.59
3-days filtered drifter velocities
11.3 10.9 0.75 0.76
12.8 11.8 0.73 0.76

R?

0.65
0.64

0.73
0.70

Taking all things into consideratiotiye GlobCurrent combined currents proved to be the best

option forthis study for two main reasornsigher temporal and spatial resolution (even though it

is achieved by interpolationgnd higher scores in the o®lation betweelin-situ data.The data

subset and download was performed in Matthlbough GI ob Cur rent 6s

OpenD;

(http://www.ifremer.fr/opendap/cerdapl/globcurrgntThese files were already provided at

processing level 4yhich means that no further data mapping or compilation was required.

1 Data Processing

The Eddy Kinetic Energy (EKEYor surface currentss a valuable measurement for the

estimation of mesoscale variabilitgince it isdirectly linked tothe input of kinetic energy

exclusively induced bgddies (e.gl.dzaroet al.,2005;Calil et al.,2008;Chaigneatet al.,2008;
Lathuiliéreet al.,2008;Yoshidaet al.,2010;Jiaet al.,2011;Caldeiraet al.,2017). EKE was first

derived from ship dfi observations, buh current times iis easily constructed from surface drifter

velocities(Richardson1983;Frantantoni, 200dand from surface velocities derived frattimetry

productyTalleyet al.,2011) i as it is the casir the current dataseis such, this parameter was

computedusing thefollowing Equation(6):

00026 o
C

(6)

whered andu correspond to the zonal and meridiooatrentvelocity components, respectively.
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3.3.Eddies

Given the fact thatnesoscale eddidsave distinctive characteristics that can be used for this
purposel such as temperature anomalies (Caldeiral.,2002; Sangraet al.,2004; Caldeiraet
al., 2014), surface roughness signature (Fu and Holt, 1983; Yamaguchi and Kawamura, 2009;
Karimova, 2009), enhanced levels of primary production (Aristegal., 1997; Basterretxeat
al., 2005; Gaubeet al.,2013, sea surface elevation/depressions (Chedtaal., 2011 Schitteet
al., 20163, among others (Munét al.,2000; Calilet al.,2008; Jieet al.,2011)7 one may arrive
to the false assumption thatitonomous methods faddy detection and trackingre easily
achieved. The fact is that only altimgetan provide a regular and reliable monitoring capability
for mesoscale eddies, since it performs well regardless of the cloud cover and oceanic conditions
(Robinson., 2010)Still, altimetrybased tools are susceptible to errbezausé attempsto detect
the presence of threimensional features usirggasurface information that is subjected to a
variety of processes other than eddies (Faghratais, 2015). That being said, tweery similar

altimetry-based products were considered and are further discussed.

The AMesoscAl ei BdderesObser v ahercinaitesxCSH1fl) W8S HO d ¢
produced by Dudley Chelton and Michael Schlax at the Oregon State Univ&iséitohand
Schlax, 201Y. It reliesonthe usage od SLAdataset (D72014 MSLA) provided by the Archiving
Validation and Interpretation of Satellite Data in Oceanography (AVt8@entify anddetermine
eddy parameters, such as its nature (cyclonic/anticyloswirl speed, amplitude and radius
(Cheltonet al.,2011). It is based on the premise that an eddy must be a propagating, compact and
coherent structure in the spaome Sea Surface HeighS6H fields (Schlax and Chelton, 2016)
The latest version ahis product is based on Williangt al. (2011) method, which defines an
anticyclonic (cyclonic) eddy by first finding the loc8LA maximum (minimum) and then
connecting all the adjacent pixels that satisfy a set of five condijGhgltonet al.,2011) and in
which the correspondin@LA lies above a sequence of successively decredsicgeasing)
thresholds (Schlax and Chelton, 2016). Despite its reliability, only eddies with a minimum
amplitude andifetime of 1 cm and4 weeks respectivelyareretained. This is a big disadvantage

since, according t8chitteet al.(2016), the average eddy lifetime in the study aresegdretween

7SLA values for each pixel mulse above or below a given threshold; The delimited area of an eddy must be comprised
between a minimum of 8 and a maximum of 1000 pixels; A local maximimmyum must exist; The amplitude (SLA
gradient) must be at least 1 cm; The distance between any pair of points cannot exceed a specified maximum.
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24 and 32 days. The latter authors also suggest that some eddidisapggar from one timestep

to anotheri due tothe separation of satellite ground traékdriving this kind of algorithms to
falsely identify lost eddies as new. Nonetheless, the most limiting factor of this dataset is the
occasional large jumps in eddy locations associated to the changing-d&yt& daily SSH
sampling frequencyQhelton and Schlax, 20L7Such jumps make eddy trajectories to be
inaccuratemaking this product unreliable.

Keeping that in mind, an alternative dataset should be considered. Fagbinadu(@015)
presented and madelgdicly available the OpenEddy tool. It differentiates from most of the eddy
detectiornproductsn the sense that, besides providing a daily dataset containing eddy features and
trajectories, the authors also provide #ugly detection and trackirspurcecode (inPython and
MatLab) sothat the procedure an be carried based dSmilatlyitee user
CS11 Faghmoust al. (2015a)product relies on daily SLA maps from AVISO. Nevertheless, it
strives to be as threshelcbe as possible, since the ordpvious limitation is related to the
minimum eddy size (4 pixelsvhich corresponds to ~30 kradiug, which in turn isntrinsically
related to the SLA r o d wesdluios. Another (and possibly the biggest) advantage of this
algorithmis the ability to search and find prematurely terminated eddies. This is achieved by
searching for eddies with the saat@racteristics (size, ampliteidetc) for a userspecified number
of time-steps before terminatingé track. Then, theearch radius is attributed to the maximum
translation distance of that eddy, by estimating its expected propagation(Bpghthouset al.,

2015). Nonethelessit should be noted thahe susceptibility to error in associating sopgdly
terminated eddies to interpolatédhcks increases with the number afssociatedime-steps
(Faghmout al.,2015).

The biggest disadvantage of this tooteétated with theeddy detection methodConsidering
that the geostrophic flow around eddies follows the closed contourdAf t8is algorithm
identifies an eddy by determininghe outermost closed contours of SLA containing a single
maximum or minimum extremé&igure3.l) . Thi s can contribute to an
size and may also lead to tbancelling of small features that are close to each other, making the
eddy identificatiorless robust than CSS11 latest version. Despite this, the algorithm is still capable

of recovering 96.4% of features identified by domain experts (Faghet@lis20153a).

All things considered, the eddy tracking was performed usin@genEddy MatLab scripts

(https://github.com/jffaghm/OceanEddiesind an already processed dataset containing all
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mesoscale eddy feaes that were at least 4 grid cells large (Faghmebak,201%). The tracking
procedure was constrained to the following conditions: every eddy, regardless of the lifetime, was
included in the analysis; the minimum area was set to the lowest pdsadis of ~30km); no
thresholdwas set regardinghe amplitude;and the tolerancaeumber of timesteps in which a
terminated eddy can be traced was set to 3 dayslt on the assumption that an islainduced

eddy takes on average 3 days to fully rotate on itSah@raet al., 2005;2007, Barton, 2001).

Lastly, the final dataset was transformed intoSi tlike format to simplify further analysis.

Antarctic Circumpolar Current (Drake Passage) California Upwelling System
-52 =
== \ = /((_7 \ 0.3
1/ 0.7 2
_53 /// "—-6((@
> ( = 0.6 0.25
-54 (

0.5 0.2
-55
- 04 0.15 (") 0 (false positive)

0.3 Selected by 1 expert
=57 0.2 0.1 () Selected by 2 experts
_58 o 0.05 () Selected by 3 experts

' O Selected by 4 experts
-59 0
306 308 310 312 314 228 230 232 234 O Selected by 5 experts
() selected by 6 experts
Indian Ocean, subtropical gyre
; 19— — e e o O Selected by 7 (all) experts
20 [~ ((C [ Q =0 /\((( .
o8 ., & {77 False negative
-21 o Disregarded
06 -22 for evaluation due to
& 0.3 (partial) cut-off
=23 Rl
0.4 "\ I 0.2
_24 7/
. CERNAN .
300 302 304 306 308 60 2 64 66

Colors: geostrophic current speed [m/s] (note the different scales)
Contours: sea level anomalies (left: 2 cm spacing; right: 1 cm spacing)

Figure3.1 - Themesoscaleddies contours identified tiye OpenEddy algorithm. Colors represent the number of experts that
validatedeach featureRetrieved fronfFaghmout al. (2015).

FromFigure3.1 one maybserve that most eddies detected by the algorithm do not necessarily
have a perfectlgircularshape to be considered as such.sTthe algorithm determindbe edy
radius (Y as a function of the arda) i i.e., the radius of a ale with area equal to that within

the closed contour of SSHfollowing Equation (2):

v 9 @
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The eddy amplitude ialso determined by thalgorithm as thalifference in height between the

SLA extremes and is always given has an absolute vehescombination of the two previous
parameters ishen used for thdetermiration ofthe geostrophiswirl speed. However, an issue

was detected regding this parameterwhich is further discussed in Chapter 5.2. Lastlpet
travelled distanc€Y) and translation speéd) are two important parameters for the current study,

but were not included in the OpenEddy algorithms. Thus, a MatLab script was created for the
calculation of such parameters, using the coordinates of the detected eddies. The travelled distance

is computed using the following Equation 8:

%n Al OOBT@ET Al 1-98 150 ®)
wherel i s e mdius 8@Em),+ ande are thdatitudes of pointdandpointc) respectively,
and Y_ is the longitudinal difference between both poiiidovable Type Scripts, 2017)
Subsequently, the eddy propagation speeavés estimated following Equation 9:

~ Y
% (©)

whereYois the time interval betwegsoint cyandpoint

3.4.Absolute Dynamic Topography

The usage of altimetrpased products is fundamental for this study. The principle behind
altimetry-sensed measurements is very similar to the wind scatterometer. However, instead of
Asweepi ngo anony mnéehabachsoattered € Ig yia h @ le sepsommeasyres the
shape and moreimporant | 'y t he s ieglimaing dhe distanca of thé satellitenoethe
point directly below it known as Mdir (Robinson, 2010). Albeihe eddy detection and tracking
al gor i t hequire tlisi datsetd is still essentiato include this parameter orderto access
its variability in space and timand to facilitate the study of individual eddi€®r this reason, the
AVISO Absolute Dynamic Topography (ADT) dataset (MADT) was downloaded fronthe
Copernicus Marine and Environment Monitoring Seritteis part of the Ssalto/DUACS system,
that processes data from all altimeter missions (Saral, Cf@pdasorl&2, T/P, Envisat, GFO,

8 http://marine.copernicus.eu/servigasrtfolio/accesgo-
products/?option=com_csw&view=details&product id=SEALEVEL GLO PHY_ L4 NRT_OBSERVATIONS 008
046
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ERS1 & 2 and Geosat) ian attempto providea consistenand homogeneous dataset for various
uses (AVISO, 2015)Furthermorethe combination of several altimetry datasets into one single
product considerably improves the capacity for detecting mesoscale features such as fronts, eddies

and even filamentdascubet al.,2006)

The ADT is the sum aheSLA and the Mean Dynamic Topography (MO(Figure3.2; Mertz
et al.,2017), or in other wordsADT corresponds to th8SH, butwith regpect to the geoid (GOCE
DIR-R4), because the S3kireferenced to the ellipsoid. The ADT is a relevant parameter for the
computation of seasonal and annual mekos the identification of single features, howevbe,
SLA is the most adequate parameter to use, since it represents the absolute signalfraniation
the timeaveraged signallhere are two ways of computing the SLA: one is with respect to the
ellipsoid which corresponds to tf&SHdeviation from the Man Sea Surface (MS3nother is
with respect to the geaqiavhich corresponds to the ADT deviation from the MORegardless of
themethod the anomaly signaémairsthe sames long as the correct meigrused as a reference.
Thus, he SLA was computedssing the 12/ear MDT previously calculated from th&DT field.

Altimetric
Range ~ )
Satellite
Altitude
SLAG
SL/\]
mss| |ssH Reference
Ellipsoid

Figure3.2 - Altimetry principles. Retrieved frorivlertz et al. (2017).
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3.5.Chlorophyll a

In the interest of determining théological impact of the physical mechanisms being studied,
as well as the remotenrichment that may reach tliape Verde Islandsom the African coast
(Fernandest al.,2005 Lathuiliereet al.,2008, monthly and &lay averaged surface G@tdatellite
observations wer e retrieved from

(https://oceandata.sci.gsfc.nasa.gov/IMOBgIa/Mapped/ with a 4.63km spatial resolution.

Chlais the most important pigmenmnt the respiratioprocess of photosynthetic organisms, such as
phytoplankton Talley et al.,201J). It absorbs mostly blue wave ligtd40 nm) and reflects the
green. This is called the blue/green ratio and can be used as a proxy for determining primary
production Robinson, 2010; Gowet al, 2016. However, this technique relies on passive sensors,
which in turn are constrained by cloedverage(Caldeiraet al., 2014). This is a significant
limitation for this particular study, since Cape Verde isrofiader cloudy conditions due to the
seasonal positioning of the ITCZ (Fernandeal.,2000;Karstenseret al.,2015. Furthermore, it

is important to note that the overestimation ofa&Ctdncentration may occlir provokedby the
presence ofeosols andlust load in the atmosphendsuspendedediments in surfaceater
(Helmkeet al.,2005;Tilstoneet al, 2011).This dataset was recorded by the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrumentirf aboard NASA Aqua satellite. It has
viewing swath width 02330 km in a sun synchronous polar orbit, providing an almost complete

global coverage in one day (Savtcheekal.,2004).

3.6.Sea Surface Temperature

Lastly, SSTwasprovided by the Group for HigResdution Sea Surface Temperatiira group
composed bgeveral international partners that assembles and delivers SST data obtained from 10
different satellite sensors (GHRSST, 2017). It offers a wide variety of spatial resolutions, from
infracred highresoltion instruments limited by cloud coydp microwavecoarseiresolution
instruments with little limitations (Kaiseat al, 2012). Itis intended to be used as an auxiliary
dataset for eddy identificatioopnsideringhat anticyclonic (cyclonic) eddiémve aistinctwarm
(cold) SST signature at its core (Robinson, 201@3.dtso a valuable tool for the regional oceanic
characterisation, since it can detect major mesoscale features, such as fronts, uppistiohes
and filaments that may originaé¢ the Mauritanian coase.Q., Mittelstaedt, 1983YVan Campet
al., 1991, Gabricet al.,1993; Bartoret al.,1998; Lathuilierest al.,2008; Meunieet al.,2012).
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4. Results

Considering the exploratory nature of the current study, onlyrtbst relevanresults are
presented in this sectioRurther sipplementary materidl such asequential &ay average plots
for wind, current, ADT Chla, andSSTi wasproducedn order to observe thmesoscalgariability
in space and timeAs part of a preliminaryralysis these results are extremely releyamtthe
sense that itletermined with great extension the planning and execution of the stodsver,
given thesubstantial numbeof plots (and the digital memory sizepnly the SLA and edd

trajectories-day sequential plots amecludedin digital format as supplementary material

In the first part of this chapter a general approach was performed, converging into a more
detailed characterisation along the process. Thus, the initial analysis is focudex ktyear
annualmeanand seasonal description of thegional eddy signature Secondly, a zoom in
approach is conducted in order to characterise the eddy field within and around the archipelago. At
this stage, special attention is given to the geographical digbrbahddescriptivestatistics of the
eddy kinematic propertieSubsequently, fafield eddies that are generated at the Mauritanian
coast and move westward into the Cape Verde area are assessed, with the main objective of
determining spatial and temporal patterns, as wehaislandeddy interactionFor that, spefic
eddy trajectories arpresented and further describddhen, following the same approach as the
latter, the neafield eddy characterisation is conductegstly, the local biological realmis
characterised, along with the main mechanisms suppotiinget, remote enrichment anilE.

Different eddylifetime thresholds weresed depending orthe nature of theanalysis being
performedlt is very important tdilter the spurious from thenost relevant eddies and shihve a
sufficienty large populationto execute arobust geographical and statistical characterisation.
Conversely, many eddy trajectories plotted in a map can superimpose each other, masking
important patterns such as their origins and evolution in space andtseges of threholds were
tested (1,7, 30, 60 and 90 daysnnex C:andAnnex D) in order b find the ones that, without
compromising the most relamt signals and patterns, could be used for the two main anélysis.
such,al, 30and 60day threshold wereset for thedescriptive statistics (and respective graphical
representations), for theeldy kinematicgeographial distributionand for the characterisation of

the far and nedlield eddiesdynamics respectively.

34



4.1.Regional Eddy Signatures

For the purpose of inferring the eddies dynamic signature in the regional oceanographic
background, paicularly their geographical and seasonal patterns, theedPannual and seasonal
EKE field is further describe&KE is one of the most elementary parameters in this kind of studies,
mainly because the representation of such parameter makes the main eddy hotspots and pathways
obvious and easy to detgétigure4.1 andFigure4.2). Furthermore, EKE signals represent the
energy exclusively induced legldiesn the envionment, but it does not discriminate eddy hotspots
from pathways. Only the intensity and the frequency of the such features can be traced. Given the
fact that an area of extremely elevated EKE levels is present between the 4 and 9°N, two different
areas ad respective colormaps were defined. A gsegle colormap with a bigger range was used
for the southernmost and northernmost area. These areas are of less interest and are hereinafter
referred as the fAgrey ar eao0.olodmapwithbarsmalldr @ngena i n ¢

was used.

The most evident feature in the-§@ar mearEKE map Figure4.1) is easily identified as a
transversal band dfigh EKE values, varying from ~40 to more than ba@.s?. It extends the
entire tropical basin (16 50°W), from Cape Blanc to the soutlesternmost region. Within this
band, the highest values are detected in the proximity of Cape Blanc and northwofdivard
islands, with values reaching ~100%ss. The latter signal is characterised by an elongated shape,
and although it is still within the major transversal band of high EKE, one should not neglect the

possibility of an independent pathway for-fesld turbulent mesoscale features.

Another area of great interest is located west of Fogo Island (25°W), in the leeward group of
islands. This feature is detached from the previous zonal band, because it is quite isolated from the
latter and its signasiconfined into a circular area. It has approximately 1° (~111 km) diameter and

presents EKE values in the order of ~bd.s2.

Two other areas of significant EKE values are shown: one located in the African coast at 11°N
latitude; and another in the opposite side of the regional study area. However, due to their locations,
these areas are not relevant for the present stude Infhngr ey ar eao, a signi fi

the entire zonal extend, with values reaching more than 1006%mthe western section.
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1000 Eddy Kinetic Energy: 2003 - 2014
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Figure4.17 Mean EKE forthe 12year study period ithe region 6Cape Verde.

In respect to the seasoiZE signal Figure4.2 shows significant differences between the four

seasons. A characterisation for athsens follows:

Spring: the transversal band is not so pronounced as in the annual mean, but high values are
still present near Cape Blanc and houf the windward islands (~14@nd ~80 crhs?,
respectively). In this season, the most notable featuresraved the Cape Verde Archipelago.

The previously described confined area west of Fogo Island presents a strong EKE signal, with
values around 160 ¢ns?. Furthermore, it is possible to observe what it seems to be a major eddy
pathway south of Fogo Isldrwith values between 60 and 140%sR. The latter has an initial
southwestward direction (from approximately 20°W 15°N to 26°W 10°N), turning westward in the
final segment (for more 3° longitude). In the sewisternmost part of the figure, an extrgyne

high EKE signal appears, but due to its location is not relevant for the current study.

Summer: It is during this season that the transversal bagile band of high EKE is more
evident, showing its maximum seasonal EKE values varying from 80 to 146%ciReatures
previously identified around the archipelago diminishes in area and strength or even disappear, as
it is the case of the circular area west of Fogo Island, and the case of the major pathway previously
identified south of the archipelago, pestively. Conversely, new features arise in the African
coast. One band is located near Cape Vert, following very closely the coastline in a northward
orientation. Another band is located up north, detaching from the coastline and seemingly merging

the quasipermanent signal at Cape Blanc.
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Autumn: the background EKE signal decreases dramatically in the main study area, being the
basinrwide band the most evident feature, especially northward of the windward islands. An
extremely strong signal appears I tsouth of the regional study area, showing evidences of the
Afgrey areao northward seasonal mi gration. Ano

Bissau, being of less interest due to its location.

Winter: The transversal band of high EKE sigjdisappears almost completely. The elongated
signal north of the windward group is still present, with values around &8%meinforcing the
hypothesis of a pathway independent from the transversal band. High EKE signals (238D cm
reappear arouhthe archipelago, more specifically between the windward and the leeward group,
and downwind of the Fogo Island. It is difficult to define these signatiéstiacteddy pathways
or places of origin, due to the elongated shapes. An interesting featemeiagtthe oceanic area
between the African coast and the archipelago is the apparent eddy trail, with values asmdd 60
80 cnt.s2 It originates near Cape Vert and then divides in two branches-easitiof the
archipelago, which then seemingly app@amerge the previously described areas (north and south

of the leeward Island).

sqon ABW 40°W 32°W 24°w 16°W 48°W 40°W 32°W 24°W 16°W

20°N
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Figure4.27 Mean season&KE for the 12year study period in the region of Cape Verde.

37



4.2.Eddy Statisticsand GeographicalDistribution

In this sectionthe main characteristicd the eddy field within and around the archipelage
presented, together withe eddy kinematic properties arepectivestatistics. Twaeographical
areasaredefined: he generastudy aredherrinafter referred as outside are&a¥et between 32
13°W and 9 23°N, and he Cape Verdarea (hereinafter referred as @eg, is set to be at
approximately 2° (~222 km) distant®m the nearest islasdcoveringthe area betwen 277
21°W and 13 19°N Although thegeneral study arezovers a significafht broaderarea, it is the
coastal area that deses special attentionsince most of the fdield eddies are generated there.
Nevertheless, CV is the area of greatest inteféststatisticalgraphical representatiaf the eddy
kinematic properties (histograms, uppait cumulative histograms and boxplot®)lows the
previously described eddy classification, in whibk upper panel includesd! eddies(regardless
of lifetime) that were crea&d inside the CV area; and the lower panel includes exclusively the ones
that were created outside CV, but still within the study dfasthermore, eddies are classified in
three main groups, based on minimum lifetiméh or t (< 30
(O 60

daygandlonggiedi um

l i ved days) eddi es.

A total number 0fLl4822 eddiesreidentified between 20082014 in the study area, in which
2282 (15 %) arecreated in CUTable4.1). The polarity ratio remains evenly distributddr the
study areawhereas in CV areanticyclonic eddieseem to be dominamiver cyclonic eddies
t hr e s h BXpattéddythe totatnurebars e

of eddiesdecreasesignificantly with thet h r e s ihcoehsd5D%, 86% and 96% of thetal

increasing its dominanamncurrentlywitht h e

population is lost when applying 230 and 6a@lay thresholdrespectiely (Table4.1).

Table4.17 Number of eddies identified per minimum lifetime.

Total (rate) (Co/ys:lonlcEddles ,(Ac\,z?cyclonlc Eddies

All eddies Study Area | 14822 (1235yrY) 7407 (50%) 7415 (50%)

CV Area 2282(190yrY) 1118(49%) 1164 (51 %)
67 days Study Area | 8006 (667yr™) 4002 (50%) 4004 (50%)

CV Area 1433(119yr? 690 (48 %) 743(52 %)
630 days Study Area | 2101 (175/r}) 1052 (50%) 1049 (50%)

CV Area 452 (38yr?) 217 (48%) 239 (52%)
60 days Study Area | 676 (56yr?) 330 (49% 346 (51%)

CV Area | 151 (13yr?) 71 (47%) 80 (53%)
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The exponential pattens well represented iffigure 4.3, where ed (anticyclonic) and blue
(cyclonic) bars have aday interval Through the normal and the upgai cumuhtive histograms
it is possible to observe that both areas follow a similar behaviguand that the

cyclonic/anticyclonic ratio is in equilibriunNevertheless, rainitial ~10% difference is present

between the two areaas 70% and 80% of the CV amditside observationgespectively,s

concentrated in the first 4 weekihe boxplotsconfirm the previous observations, as CV eddies

haveon averagslightly higher lifetime expectandpat the outside eddi€$9.62 and 15.18 days,

respectivelyTable4.2). Still, themaximum eddy lifetime recorded inside CV area was almost 250

days, while for the outside eddies it reached ~370 days.
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Figure4.31 Lifetime statistical distribution. From left to righttistograms representing the number of eddies (two left panels);

Days

uppertail cumulative histogramsepresenting the percentage of observations (pi@ingtl); and boxplots (forth panel).

As the thresholihcreasedo 7, 30 and 60 dayshepercentage of CV eddies in relation to the
entire study area also increase47 %, 21 % and22 %, respectivelyTable4.1). These results are

quite significant since CV area accounts for only 16% of the total study diealattercanbe

easily seen ifrigure4.4, which aims tassess eddy hotspots, as vasthe prevailing eddifetime

associated with such arease., short, medium and lodiyed eddies.

From a preliminaryanalysis it seems obvioubkat as the lifetime threshold increases, the

number of eddies originating in the coastal area lbs@&®minance to th€V area Regarding all

eddies( © 1day

i feti me),

some hotspots

ar e
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African coastal gea, with values in the order of 200 and 17220 eddies, respectively. Within the
CV area, most of the boxes near the islands have a record of approximatel9@dew eddies,
which is significant but still not far from the background signal. For tdayrthreshold, however,
the geographic patterns start to shift. The Cape Blanc area is still the mahoesjuyt with ~110
neweddies, whilst the southernmost coaataeh loses most of its significance. The CV area retains
most of the eddies seen in the previous threshold, becoming more highl\ged.applying a
30-day threshold the result is even maedent The area near Cape Blanc is close to the
background vales, with the generation of only ~2@dges. Thevestern Africarcoast, especially
near Cape Vertshowssomesignals of longived eddies generation (17 24). The CV area,
however, presents a considerable number of eddies generated in the lee of &m{e-30) and
Fogo (~27) islands. Finally, the @lay threshold reduces signifitdy the number of eddy origins

as most of the background signal weakens. The most distinctive areas identified in thedhynd 7
thresholds are lost, while the areas indbenwindregions south of Santo Antdo and Fogo islands
become even morpronounced The area between Cape Vert a@hpe Timirisalso show

evidences of longjved eddy generation, though not so evidenhasV area.

@ Eddies Origin (®)
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Figure4.47 Geographical distribution of threumber of eddies generated in every 1® box, filtered per lifetime threshold.
Black thick lines represent thigV area
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Regarding theddyoriginsseasonal patterna brief characterisation is further presentalling
only into accountmediumand longlived eddies.The most obvious pattermsesented ifFigure
4.5 are located in the lee of the two highest islah@anto Antdo and Fog&pring seems to be
the most homogeneous seasgorspeciallyin CV areai with values between 5 and 9 evenly
distributed in the area around the islands. Dustigimey however, the signal is concentrated in
the lee of Santo Antdand Santiagdslands, while at the Mauritanian coast the signal expands
meridionally in 3°. A similar pattern is present in Autumn, but the area southwest ofdraogb
becomes the dominarggioni with the generation oflleddiesi, while the area south of Santo
Antdo remainsunchanged and the area between the windward and leeward groups reaches its
maximum recorded valuetastly inwinter, the area near Cape Ve@ape Blan@and south of

Fogolslandhave the highest number of eddies generatithrese bein@, 9and 12, respectively.

@) Eddies Origin (> 30 days): Seasonality (b)
12

&
N° of Eddies

9°N
32°%  28°w  24°%  20°W  18°W  32°w  28°W  24°W  20°W  16°W

Figure4.51 Geographical distribution of the numberroédium and londived eddies O30 days lifetime) generated in every 1°
x 1° box, filtered per boreal seasons. Black thick lines represent tleee@Eddy generation distributed along the boreal
seasons.
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4.2.1. Eddy Kinematic Properties

Thestudy of the eddkinematicpropertiess essentialn orderto understand thienature and
behaviour As such the geographical distributioof the main eddy parametessrepresented in
Figure4.6, in which every box represents the average valudl @ddies generated ther&long
with the chaacterisation of the latter, the eddy parameter descriptaistics(Table 4.2) and
respective graphical representatians also introducedt is important tanotethatthe geographical
representation of such propertedy includes eddies thahave a minimum lifetime a30 dayq7
and 60day representation inAnnex E), but the descriptiveand graphical statistical

characteriation includes all eddies, regardless of the lifetime.
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Figure4.6 i Geographical distribution of the mean eddy kinematipprties considering mediurand longlived © 30 days)
eddiesgenerated in every ¥1° box.
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Table4.21 Descriptive statisticef the eldy kinematic propertie€V and Outside Eddies

CV Eddies Outside Eddies
Cyclonic Anticyclonic | Cyclonic Anticyclonic
Number of Eddies 1118 1164 6289 6251
o Max 243 210 365 340
Lifetime Min 5 5 5 5
(days)
Mean 19.36 19.88 15.21 15.16
Travel Max 1599.33 1091.59 1717.51 1394.15
Distance  Min 0.34 0.1 0.04 0.23
(km) Mean 93.85 96.11 80.44 77.96
Translation Max 14.23 14.83 29.82 31.16
Speed Min 0.2 0.05 0.02 0.13
(cm.s?) Mean 5.46 5.55 6.35 6.34
Max 190.24 174.95 221.56 255.64
Radius .
(km) Min 30.52 30.5 30.09 30.09
Mean 53.84 52.95 56.31 55.6
_ Max 9.71 6.97 24.23 31.29
(Acrr';‘;"t“de Min 0.03 0.3 0.02 0.02
Mean 0.89 0.81 1.17 1.13

For thetravelled distancéFigure4.6a), there is no obvious pattern at first sighiis can be
explained by the fact that some boxes have a very low numleeidigs with lifetimeO30 days
(Figure4.4), which leads the average travel distance to be disproportional in some cases, being
ultimately misleadingThe latter is reinforceth AnnexE.1, where eddies with lifetim®7 days
are consideredConsidering that the travel distance is directly proportional to the eddy lifétime
with a considerabled.9 linear correlation Figure 4.7) i, one may assume that the mean
geographical and statistical distributifor the eddy travel distan@nd lifetime are verglosely
related A similar statisticalrepresentatiomas the one generated for the eddy lifetiffigre4.3)
was conducted for thieavelled distancebut due to the striking similarity i$ provided inAnnex
G.1. Most eddies of both aregCV and outside) have a short travel distarae approximately
60% of the total population do not exceed thé&b0distanc€AnnexG.1). Some eddies can travel
for long distances (>1000 km), though the mean value is &dcartd79 km for CV and outside

eddies, respectively.
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Figure4.77 Scatter plot antinear @rrelation between eddy lifetime and travel dista@mourscale represents datansity.Red
circle represents tHengest eddyrajectory (C1) identified inFigure4.23.

The number of eddy terminations ngpresented irrigure 4.6b. In this subplot, eaclvox
accounts only the number of eddies that terminateetfidre pattern seems to be randgm
distributed since the boxes with higher numlaeedispersedround the study area. The objective
here was to verify if the fdield eddies intersection with the archipelago could leavet@eable

signature, but this is not the case.

Regarding theddy polarity distributiornthe ratio between anticyclonic angctonic eddies is
represented ifrigure4.6¢c. The latter was lag transformedor the purpose of normalization. As
such, positive (reddnd negativellue)values indicat¢thedominance of anticyclonic and cyclonic
eddies, respectivel while empty boxes indicate aquilibrium between the two polaritiel
general, this figure is in perfect agreement witible 4.1, as a vast number of white boxes is
observed and the number of red and blue boxes seem to be counterbalanced. Nevertheless, some
areas appear to have a predominant polarityiciclonic eddies are prevalent in the coastal zone
and on most boxes inside the CV area, particularly the ones that have a higher than average number
of eddy originsi in the lee of Santo Ant&mnd Fogo islandd={gure4.4). However cyclonic eddies
are scattetaround the study area and do not shaks@nctivepattern. Several boxes have a very
strong signa(l or-1), indicating that only cyclonic or anticlonic eddies were generated there.
This result is biased by tleenall numbenof eddies originated in the respective areas and should be

neglected.
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The average translation spepedr box is represented ifrigure 4.6d. A distinctive spatial

patternis presentas higler speed eddie€7 cm.st) seem to originate south and west of the CV

area In fact, CV area appedsact asanimpedimento eddy prpagation since the boxes between

the archipelago and the coastal area, as well as the ones within the delimited area, have predominant

low translation speedBrom the statistical graphical representatiéigire4.8), this pattern is also

perceivableCV eddies travel at a mean speed of approximately 5.54'¢ 28 km.d"), while
outside eddies travel at a mean speed of approximately 6.35 8 km.d') (Table4.2). The

difference in maximum values is even more impressive, since outside eddies can reach a mean

maximum translation speed approximately 30 cm(25.92 km.d), while CV eddies do not
exceed ~14 cmi’s(12.1 km.d") (Table4.2). The latter is further reinforced by th@xplots in

Figure4.8, where thenumberof outliers is significantly higher for outside eddi€kis parameter

is the only one that follows a gaussian cufveneaning thathe population is symmetrically

distributed, with a higher concentration of valisggproximatelyat the centre of the distribution
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Figure4.81 Translation speedtatistical distribution. From left to rightlistogramsrepresenting the number of edd{gso left
panel3; uppertail cumulative histogramsepresenting the percentage of observat{thied pane); and boxplotsforth pane).

The average radiugeographical disibution is represented iRigure 4.6e, along with the

respective statistical representatiorFigure4.9. Considering that the eddies radius is calculated
as a function of the area (Equationit is reasonable to expect that the area associated with such

featuredollows the samalistributionof theeddiesadius(AnnexG.2) i as the correlation between
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these two parametersggsiite significant (0.93Annex G.3). Furthermorethe scale of an eddy is

highly dependent on the altimetry spatial resolutitsading the detectableddiesto have a
minimum radius ofipproximately30 km (Table4.2). The most evident pattern in this subplot is

very similar to the one described in the previous subplot, in the sense that higher vdacegete

in lower latitudes. An interesting signal can be found in the lee of Fbgod an area that was
identified in the previouBigure4.4 as ahotspot for medium and loAyed eddies. Here, the mean

radius reaches an approximate 105 km length, which is quite significant since the average for the
CV and outsideeddiesis about 53 and 56 km, respectivélyable 4.2). Like the eddydistance
(Figure4.6a) andpolarity ratio(Figure4.6c), some boxes with very high values are identified in

the map, but are biased from the small number of eddies being accounted for the mean and should
be neglected. From the boxplots it is possible to observe that eddies generated outside CV have a
slightly higher radius than the CV eddies. However, therlatte be explainebly the fact the mean

eddy radii tend to increase with lower latitudes, which in turn are mostly located outside CV area.
The upper tail cumul ative histograms confirm
distribution very clgely, as an exponential distribution is easily observed. From the analysis of the
geographical and the descriptive statistical distribution, one may conclude tizagheVerde
Archipelagodoes not have a major influence on the eddy radius, being tlagiomin latitude the

principal factor
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Figure4.9 - Radius statistical distribution. From left to rightistogramsrepresenting the number of eddies (two left panepg)er
tail cumulative histogramsepresenting the percentage of observations (third panel); and boxplots (forth panel).
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Lastly, the eddies amplitude is further characteriZéxds parameter represents the difference
in SSH from the higher (lower) extreme to the lower (higher) SSH combthe cyclonic
(anticyclonic) eddyThe geographical distribution figure4.6f indicates that, in generaddies
generated in the coastal areavé ahigheramplitude (from 2 to 3 cip comparison with theest
of thestudy areaThemeanvalues for CV and outside eddies areund 0.86 and 1.15 cffable
4.2), respectivelyNevertheless, the most remarkable sigarédes once agaimom the medium
and longlived eddy hotspat in the lee of Fogdslandi exceeding a significant 5 cm amplitude
From the normal and the upptail cumulative histograms idrigure 4.10, an exponential
distribution is evident, as most of the population is skewed to the low valueBaréze CV area
cyclonic eddies appear to have a slightly higher amplitude than anticyclonic eddiedlas time
(cyclonic) in the uppettail cumulative histogramsetiaches from the red lin@nticyclonic) at
around 4 cm amplitude. The latteralsoconfirmedby the mean values, which @39 and 0.81

cm for cyclonic and anticyclonic eddjegspectively(Table4.2).
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Figure4.107 Amplitude statistical distribution. From left to rigltistogramsrepresenting the number of eddies (two left panels);
uppertail cumulative histogramsepresenting the percentage of observations (third panel); and boxplots (forth panel).
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4 .3.Far-field Eddies

After a first statistical analysis, a more detailed characterisation is preséhtedarfield
eddies are defined as eddies that are originated outside CV area but pass by or terminate inside the
delimited areaThe main objective here is to characteasd assess the impacttbése eddiesn
the archipelagoand viceversg, as well asts nature andehaviour Only long-lived eddie©60
days lifetime)are accounted from this point onwardspresenting approximate®s % and34 %
of the total cyclonic and anticyclonic fafield eddies, respectivelyAgnex H.1). From this
selection eddiesthat are not relevant for the current analysiBose that are created nélae CV
area and trespass the delimitation, even if they do not pose a significant impact on the archipelago

i aresuccessfully eliminatedavithout jeopardising the eddies of interéshnex C).

Farfield eddies trajectorieand points of origirarepresentedn Figure4.11. All eddies travel
westward, with some meridional deflections along the wianficyclonic eddieseean to be the
dominant polarity as most trajectorieand points of origirare represented in red. At latitudes
comprising the archipelago (15L7°N) it seembvious that the incoming eddieannot advance
further than the island3 hus, a shadow effect is created with #inehipelagaacting as a barrier.

This effect is even more noticeable at higher latitudes, where the eddy trajectories do not intersect

theislands and are thus able to continue their path, reaching longésid@sass0°W.
Far-Field Eddies: Lifetime >60 days
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Figure4.11i Farfield longlived (060 days) eddy trajectories (left panel) and points of origin (right panel). Blue and red colours
represent cyclonic and anticyclonic eddies, respectively.
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The easternmost islands of the archipelagoumdoubtedly thenost impacted byncoming
eddies speciallySal, Boa \sta, Maio and Santiagobecause most fdield eddies are generated
between those latitudes and, as they travel west, éhdyup interacting with the islandBhe
windward group (Santo Antdo, Sao Vicente, Santa Luzia and Sao Wji€odmre 2.1) receives
eddiesmostlywith asouthwestward direction, although there are some exceptionsthe east
The leeward group, however, only receives eddies that origgaateof CV with some exceptian
coming from southeastn fact,Fogo is the onlyslandthat is not reached by any loiiged far
field eddy, as it seems to lshelteredby the Santiago and Mio islands Regarding thesddy
origins, anticyclonic eddies are predominant near Cape Vert and Cape\@tartbe appearance
of somecyclonic eddies near the Mauritanian coast. Many of thé&dht eddies are created north

of the archipelago, whereaery few of them are creatéua the south

As farfield eddies need to travel loagdistances to be considered as subby kinematic
propertiefAnnexH.1) aregenerallyhigherthanthe ones created insidad outsid€V area(Table
4.2). Thus, it is reasonable to assume that the incoming eddies are, in general, more robust than

most ofthe others.

All eddies show evidences wieridional deflectionsThese variations are ggented irFigure
4.12, as a function of longitudinal propagatidn the left paneldpnglived eddy trajectories are
plotted from a common point of origin by subtracting the initial posiftmordinatesfrom the
trajectory The right panels show the histograms oferidional variatiorbetween the final and
the initial position ofeacheddy. The histogramsare skewed poleward for the cyclones and
equatorward for anticyclones, with a meaximuthof 0.2° poleward and 0.28° equatorward,
respectively. The difference the dominant meridionasignis quite significant, as 60 % of the
cyclonic eddes have a predominapbleward deflection, while the anticyclonic have an almost
identical resul{57 %)in the opposite directiortsome of these patternan bedentified inFigure
4.11, as red trajectories seem to have a predominant -sagtward directiori mainly those
created at higher latitudes (> 17°N), and blue trajectories sepropagatanostlyin the north
westward directiori especially those created at lower latitudes (< 19°dthermore, anticyclonic
eddiesappeatto travel longer distances than the cyclones. Howéwanex H.1 shows thatong-
lived cyclonic eddies®60 days) travel, on averagell km more than anticyclonic eddies, though
the latterhave higher maximurdistances which in turnis associatewith thoseeddies that are
generated atigher latitudesintersect CV area bidil to interact withthe islandgFigure4.11).
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Figure4.12 - Meridional deflections of the cyclonic (upper panels) and anticyclonic (lower péoreddjved (O60 days)ar-field
eddies The leftpanels show the changes in longitude and latitude relative to the initial location of each eddy. The right panels
show histograms of the average azimuth of each eddy trajectory

Time-latitudeplots Hovmollerdiagrams) were computesing a meridional crossectionset
in the eastern CV boundary (21°Vénd betweerthe latitudes from 127 19°N Although some
eddiesapproach the archipelago from north and sautbstof them come from easfigure4.11),
thus the positioning of the cross sectidime main objectivéhereis to identify far-field eddy
signatures and to assess its frequengpace and timeAs such,wo variables are represented in
Figure4.13, with the SLA (computed from the ADT and the-i€ar MDT) in the upper panel, and
the EKE in the middle panélhe usage of these two different (but intrinsically connected) datasets
is based on the fact that botlariablescomplement each othein the sese thateddyinduced
signals areasilydetectable in the EKE pand&lut the SLApanel holdsnformationregardingheir
polarity. The latitudinal average for both variables is represented in the lower panel, where the
anomaly(red for positive, blue foregative)and thelight-blue linear plot represent the SLA and
EKE datasetsrespectivelylt should be noted thatsall eddies travel westward, thexis(which
represents timegrientationwas shifted from left to right to facilitate the interpretatidloreover,
a SLA linear tend(~3.77 mm.yY) was found in themeridional crossection Annex|.1), and

considering that the latt@ould bias positive and negative sign#te dataset was detrended.
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Thefinal months of althe years areharacterised by positive SLA, whereas firg months
aremarked by negative valu¢Bigure4.13). Some punctual and localised posit(eaticyclonic)
and negativécyclonic) SLA signals are identified, though the positive seem to be megeent
than the negative which isin agreementvith Figure4.11. The EKE panek markel byidentical
signals, which validates the relationship between both dat&3gtbonic eddiesseem to occur
mostlyduringlate spring and summeXevertheless, anticyclonic eddigealso found during that
period, as it is the case of the year 2D0@@hen 4 anticyclones are evident in the SLA paNkist
of thestrongesEKE signature$~1000 cr.s?) arefound between 1216°Nard are normally seen
from late Autumn tespring For example:n Decembe003(1471 16°N)andNovember 2005 (12
i 14°N)it is possible to identifpnecyclonic(C0) andanotheranticycloniceddy(A0), respectively
(circled in black) Those signals extend 2° in latitude, indicating that the diameters of such features
were~222 km lengthNevertheless, there are soreenarkale eventoccurring all year roundas
it is the case of the years between 2008 and 2012. This periodnegsijvocally the one with the
highest number of fdlield eddies entering the CV area. It was also the one in which the eddy
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signaturesveremore dstributed in space and time
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Figure4.1371 ZonalHovmodllerdiagrams for SLA (uppegpanel) and EKE (middle panel) aloBd°W and the latitudes frod® i
19°N(eastern CV boundaig Figure4.11). Identified signals represent speciie-field eddy casesdn the lower panel, the latitude
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As aseeminglyseasonal signal was identified for both varialles seasonalitgf the SLA and
EKE farfield zonal signature were computed where each dayfrom January to December
representtheaverageof the all respective days between theygarstudy periodFigure4.14). In
the SLA panel aeasongbatternis evident. Minimum SLA valueg--4.5 cm)are reached in May,
while maximum valueg~6.2 cm)are observed between October and Deceniliee. strong
seasonal signaldmpers the identification @ddysignals In the EKE panel, however, aas®nal
pattern seems to exist the months of January and Augustough withlow maximum values
(~300 cnt.s?). Nevertheless, all thether months show evidencesrefatively high EKE values
(1507 200 cnt.s?), which leads to the conclusion that them® no obviousseasonakddy

signaturesn this crosssection.
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4.3.1. Specific case

Farfield eddies are subjectedrianyprocesses in their transition to offshagepecially when
interacting with the archipelago of Cape Ver@lee main objective in this analysis is to assess the
outcames of such interactiols such, heperiodof 19" March 2006 2" May 2007wasselected
for the characterisation of 9 eddy trajectories. The latter is divided in twq pgptesented in
Figure4.15 andFigure4.16. Many eddies are present in the seletiestepsbut only the ones
most representative of the processis focus are identified and characterised. sequential
characterisatiofollows, in whicheachparagraph isledicated t@achtimestep

First in 19" of March 2006 Figure4.15a), three anticyclonic eddies arise at distinct locations:
Al is created west of Cape Vert, very close to the CV delimitation; A2 is created west of Mauritania

coast; and A3 is creatsduthwet of Cape Blanc.

After almost 4 month=2(“ July 2006 Figure4.15b), A1 and A3showa significantsouthward
meridional deflectia in their westward translatio@onsequentlyAl avoids a direct interaction
with the leeward group of islandshile the intersection of A3 with the windward group becomes
more likely to happen A2 continuesat approximatelythe same latitude, with sommainor
meridional deflections along the way.

Fifteendays later(17"" July 2006,Figure 4.15c), Al gets farther from the archipelago and
continues prpagating souttwestward, while A3propagates steadily inweestwardorientation
A2, on the other hand, intersects the westernmost islands of the windward groupAi8anto
S&o Vicente, Santa Luzia and Séo Nicpkigure2.1). At the same time thdhis eddy is under
transformation anthe outer perimeter extends in longitude, anotidely of the same polari{p4)
originatessouthwest of SantéAntdo. This eddy, however, seems to be part of the same SLA body
asthe A3. Still in the same data,dipole SLA signal appeam®rth ofCape Vert, giving origin to
acyclonic (C1) ananticyclonic (A5) eddy.

Tendays later 27" July 2006 Figure4.15d), Al gets even farther away from the archipelago,
while A3 keeps its westward propagatiavithout any significant changeA2 however, is
considered terminated by the eddy tracking algorithm, although some of its SLA signal remains
visible. On the opposite side of the windward islankig,increases in amplitude and initiates a
westward propagatioio offshorethoughit outer déimitation isstill attached to the remainingRA
SLA body. At the coast, the newly generated C1 and A5 eddies seem to be entangled, as the

anticyclonicand cyclonic eddiesioved northwestwardand soutkeastward, respectively
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Another 10 days latte6{' August 2006Figure4.15¢), Al loses its southward component and
propagategxclusivelyto west, while A3ncreases in area acdntinues its westward translation.
A4 getsmore robust while propagating westwardnhcreasing in area and amplitudeand the
outer peripherypecomes moreompact At the coast, C1 and A5 appear to contirumangled

though the former increases significanttyamplitude, while the latter almost disappears

Almost 2 months laters{"” October 2006Figure4.15f), Al is considerederminatedafter a
short squential southward and northward deflectibat some of its SLA signal remavisible.
A3 deflects significantly to the south, entering in a collidiae with the windwardslandsand
extending its outer peripheryhe A4 suffers a slightly southwadgflection while propagating
westward. An interesting behaviour is seetha coastwhenC1 and A5 detach from each other.
At this moment, C1 inverts itdirection from east to west, while the A5 ceases its northward
direction and propagatedmostexclusively westward.

Ten days later 16" October 2006,Figure 4.159), A3 is given as terminated aftés
southernmost area interse&anto Antadsland, though its SLA body keeps propagating seuth
westward (doted contour). A4 keeps its translation withoutnatgble changewhile C1 and A5

suffer a minor southward deflection at approximately the same instant.

Finalising the Part | of the selecteeriod (4" November 2006Figure 4.15f), the new A6
arises from the terminated A3 SLA body, west of Satho. The A4 continues propagating wes
aspreviously observed.he A5 propagates souttestward, getting further away from the islands,
while the C1 moves westward in the direction of the easternmost group of islands (Sal, Boa Vista
and Maio,Figure2.1).

In the continuation of the previous sequences, Part Il is represerfglig4.16. In 19" of
November 2006Higure4.16a), A4 and A6 continue their translation westwaatbng with C1
without any significant change. A5, howevercansidered terminated as most of the SLA signal

seems talissipate.

Almost 1 month later (2December 200&igure4.16b), A4 and A6 are given asrminated,
as their SLA signal seents have dissipated complete(yoncurrently C1lincreasess amplitude
(from-1 to-4 cm), becoming more robust acldser to the eastern islandsth the outer perimeter
intersecting Boa Vistésland
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Approximatelyone month and a haliiiter (2 February 2007Figure4.16c), C1 intersects in
its entirety the eastern group of islands. Consequehttyeddy seem® be deflectedoutheast,

while the eastern branch gets elongated and extends zonally until it reachésl&atjo

Only five days later (7 February 2007Figure4.16d), a new eddy aris¢€2) in the northern
side of Fogo, in what it seems to be patthef previously described elongated branch ofAZihe
same time,C1 loses some of its amplitude and remainsr@pmately at the same location,

continuing interacting witfBoa Vista and Maio Islands.

Twelve days later (F9February 2007Figure4.16e), a secondddy (C3) is created southwest
of Fogo, in what seems to be another elongated branch of C1 and G&ré&#kes in area and
remains at approximately same location, while C1 gets weaker and moves slightly to the west in

the direction of Maidsland

In the 4" of March 2007 Figure4.16f), C1 is considered terminated, as all of its SLA signal
is lostwhen intersecting MaioC2 and C3 detach from treommonSLA body, significantly
increasing their amplitude by >10 and 8 cm, respectively. Both eddies appear to have a similar

propagation direction with a strong nosilestward component.

Ten days later (4March 2007 Figure4.16g), C2 is terminated as most of its SLA body

seems to merge with C3. Consequently, the latter increases in amplitude and in size.

In the last sequence "(2May 2007, Figure 4.16h), C3 i considered terminated after
propagating northwestward, but most of its signal persists in the SLA field, though significantly
more ebngated than before. In fact, after a cautious analysis of the supplementary material, it was
observed that this eddy continues propagating westwdildt vanishes completely from the SLA
field at around 40°W, betweef and 18' of November 2007 (6 rmths later).
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Figure4.157 Farfield eddiesevolution from 19 March 2006 to # November 2006plotted against SLA mag®art ). Black
square represents CV ar@&lue and reccolours representyclonic and anticyclonic eddies, respectivddptedand solidlines
represent activand terminated eddy tracks, respectiyvblack solid anddotedcontours represettie active andhetrangormed
eddy delimitation{2 to 2 cm amplitude)espectively.
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