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Abstract

The characterisation of incoming background and island-induced mesoscale eddies in the Cape Verde Archipelago is
discussed herein. Special attention is given to the interaction of background eddies with the islands topography and
orographic winds, along with the interaction and potential impacts on the generation of island-induced eddies. Some
examples of the local biological response to background and island-induced eddies are given. This is achieved by combin-
ing remote-sensing satellite observations for wind, Sea Surface Height and Chlorophyll a (Chla) surface concentrations.
Results show that the interaction between incoming background eddies and the archipelago is a recurrent phenomenon,
which results in eddy deflection, splitting, merging, intensification and termination. Local island-induced disturbances
are also significant, mainly due to atmospheric effects. Such processes result in the generation of island-induced eddies
and in wind-mediated eddy intensification and confinement, more often observed in the leeward group. It is strongly sug-
gested that many of the local island-induced eddies are a direct product or a by-product of the interaction of background
eddies with the archipelago. In respect to the biological realm, background eddies are often associated with enhanced
Chla. However, nutrient-injection by a (background related) island-induced cyclonic eddy is observed to originate a
pronounced phytoplankton bloom in the vicinity of the tallest island. Such observations challenge the idea that local
biological productivity in deep oceanic islands are exclusively driven by island-induced mechanisms.

Keywords: Eddy-island interactions, Island-induced eddies, Wind-mediated eddy intensification and Confinement,
Island Wake, Island mass effect

1. Introduction

It has been well established that oceanic eddies are ubiq-
uitous features in the world’s oceans. In simple terms, an
eddy is defined as a self-rotating coherent body of wa-
ter which propagates through the ocean mostly from self-5

advection and planetary vorticity effects (Cushman-Roisin
et al., 1990; Chelton et al., 2011), though several other fac-
tors can influence their propagation (e.g. Simmons & Nof,
2000; Cenedese, 2005; Andres & Cenedese, 2013; Sangrà
et al., 2009; Holland & Mitchum, 2001). Reported to10

be the dominant source of kinetic energy in the oceans
(Chelton et al., 2011), eddies can trap and transport wa-
ter with distinct properties in their cores for long distances
(Alpers et al., 2013; Romero et al., 2016), being even able
to go across fronts (Barton, 1987). In that sense, ed-15

dies generated in upwelling regions can be characterised
by nutrient-rich waters, that under favourable conditions
enhance biological productivity even in presumably olig-
otrophic regions (Löscher et al., 2015; Romero et al., 2016)
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and are thus potentially favourable for fish larval survival,20

acting as a medium for transportation and colonization
(Condie & Condie, 2016). On the other hand, eddies
can be characterised by oxygen-depleted waters that cre-
ate “dead-zones” in the middle of the ocean (Karstensen
et al., 2015; Hauss et al., 2016; Schütte et al., 2016b).25

Apart from the horizontal advection, vertical motion in
the interior of eddies lead to upwelling/downwelling in cy-
clonic/anticyclonic eddies due to the divergent/convergent
movement of water at the surface, which uplifts/deepens
the thermocline and thus enhances/decreases nutrient avail-30

ability through self-induced Ekman suction/pumping mech-
anisms. For cyclonic eddies, this mechanism is an impor-
tant source of cold, nutrient-rich water to the euphotic
zone (Hasegawa et al., 2009), which in turn benefits pri-
mary productivity and drives the local increase of Chloro-35

phyll a (Chla) at the surface (Andrade et al., 2014; Alpers
et al., 2013; Romero et al., 2016). Anticyclonic eddies do
exactly the opposite, as they converge and inject water
from surface to deeper layers. However, this simplistic
view of anticyclonic eddies has been challenged in recent40

years (e.g. Dufois et al., 2016; Martin & Richards, 2001;
McGillicuddy et al., 2007; Gaube et al., 2015; Brannigan,
2016).
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Eddy generation can be driven by various physical mech-
anisms acting in the ocean, such as: topography effects45

(Pattiaratchi et al., 1987; Heywood et al., 1990); current
shear (Chelton et al., 2011; Schütte et al., 2016a); atmosphere-
ocean interaction (Alpers et al., 2013; Ioannou et al., 2017;
Wilson, 2016; Xu et al., 2016); eddy-eddy interactions
(Sangrà et al., 2009; Chelton et al., 2011); among oth-50

ers. In this study we focus specifically on eddy generation
through island-induced processes, which result from the
complex interaction of several mechanisms. Barkley (1972)
introduced the first empirical case study of an island-induced
eddy through observations of fishing gear drift and sur-55

face currents measurements at Johnston Atoll. From the
oceanographic point of view, the blocking effect induced by
an island (or group of islands) generates a wake flanked by
a turbulent area in the opposite side of the impinging flow
(Stegner, 2014; Tomczak, 1988; Spedding, 2014) that can60

extend several island diameters downstream and is often
associated with the generation of eddies (Hasegawa et al.,
2009; Caldeira et al., 2005; Heywood et al., 1990; Barton,
2001). The scale of the eddies at their initial phase is nor-
mally not far from the diameter of the island which pro-65

voked it (Aŕıstegui et al., 1994; Dong et al., 2007; Sangrà
et al., 2009).

Oceanic islands can in the same manner disrupt the at-
mospheric flow, generating one of the most remarkable and
distinct island-induced features in the adjacent environ-70

ment – a Von Kaman Vortex Street (Fig. 1). This occurs
when the incident winds are forced to contour the islands,
creating sheltered regions and a vortex-like train of clouds
(Chopra & Hubert, 1964; Caldeira et al., 2002; Couvelard
et al., 2012; Spedding, 2014). This wind wake normally75

extends a few thousand kilometres from the island in the
prevailing wind direction (leeward). The local oceanic re-
sponse may be superficial, with the development of a di-
urnal thermocline in the sheltered region (Barton et al.,
2000; Caldeira et al., 2002, 2005). In the case of persistent80

steady winds, sharp horizontal wind shear lines may form
at the edges of the wake, resulting in rapid variations in the
Ekman transport (Barton, 2001; Yoshida et al., 2010). As
a consequence, the upwelling of deeper waters must com-
pensate the wind-driven surface divergence at the western85

boundary of the lee – elevating the pycnocline – while at
the eastern boundary, sinking of surface water through
Ekman pumping occurs as a product of the wind-driven
surface convergence – deepening the pycnocline (Chavanne
et al., 2002; Basterretxea et al., 2002). Ultimately, these90

mechanisms lead to the formation of both cold-core, cy-
clonic and warm-core, anticyclonic mesoscale features in
the lee of the islands (Nencioli et al., 2008; Dong et al.,
2009; Jia et al., 2011).

For islands with high mountains where the prevailing95

wind is parallel to the dominant ocean current, it is diffi-
cult to access the nature of the eddies that are generated
downstream, i.e. from current or wind induced processes
(Barton, 2001). In Hawaii, Dickey et al. (2008) concluded

Figure 1: Atmospheric Von Karman Vortex Streets induced by the
Cape Verde Archipelago on April 26, 2004. Data Source: MODIS
Rapid Response Team, NASA/GSFC.

that the impinging flow was too weak for the generation100

of the sampled eddies, attributing the main cause to the
local strong trade winds blowing through a narrow channel
between the two tallest islands of the archipelago. In Ca-
nary Islands, Aŕıstegui et al. (1994) noticed the presence of
cyclonic and anticyclonic eddies downstream of Gran Ca-105

naria and suggested that these were most likely provoked
by the island’s blocking effect on the oceanic flow, since
eddies are recurrent even during periods of low wind inten-
sity. Although the latter was further confirmed by Jiménez
et al. (2008), one must consider the possibility that wind110

and current island-induced disturbances can act as cou-
pled mechanisms and thus can enhance or suppress the
production of eddies in such systems (Sangrà et al., 2007),
especially when the two are not capable of acting alone
(Barton et al., 2000; Basterretxea et al., 2002; Piedeleu115

et al., 2009).

Naturally, such island-induced physical mechanisms must
be reflected in the biological realm. Island Mass Effect
(IME) was first introduced by Doty & Oguri (1956) as an
increase in Chla in the waters surrounding the Hawaiian120

Archipelago. This concept was later generalized to include
bathymetry-induced island effects on the local oceanogra-
phy (Hamner & Hauri, 1981) and is now associated with
island-induced eddies that bring nutrients to the euphotic
zone and consequently enhance local primary productiv-125

ity (e.g. Aŕıstegui et al., 1994; Caldeira et al., 2014, 2002;
Hasegawa et al., 2009; Andrade et al., 2014; Coutis & Mid-
dleton, 2002). IME can still be fuelled by several land-
born factors such as the input of macro and micronutri-
ents from island runoff (Dandonneau & Charpy, 1985; Bell,130

1992) and groundwater discharges (Hwang et al., 2005;
Tait et al., 2014; Gove et al., 2016) or contributions from
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benthic processes (Doty & Oguri, 1956; Dandonneau &
Charpy, 1985). For this reason, it is very important to
clarify the nature of the driving mechanisms, but more135

importantly, one should not neglect the regional oceano-
graphic/atmospheric context to which an island is exposed
to.

Eddy intensification, deflection, splitting and termina-
tion have been reported to occur when interacting with140

islands or seamounts (e.g. Cenedese, 2002, 2005; Andres
& Cenedese, 2013; Simmons & Nof, 2000; Chang et al.,
2012; Yang et al., 2017). Nevertheless, background eddy-
island interaction has seldom been considered when as-
sessing island-induced eddy generation mechanisms. The145

implications of such features in near-field processes remain
poorly documented and, as Dong et al. (2007) suggested,
further studies should be conducted to better understand
the physical processes occurring in a real oceanic island
wake.150

Hence, two key questions are proposed: do background
incoming eddies have considerable interactions with oceanic
islands which have been neglected to present date? And
if so, to what extend can islands impact the structure
and propagation of such features? Our study aims to155

fill this gap and thus better comprehend the relation be-
tween background and island-induced eddies in the Cape
Verde Archipelago between the years 2003–2014. Special
attention is given to the archipelago’s exposure to back-
ground incoming eddies, the interaction of such features160

with the islands, consequent implications in the genera-
tion of island-induced eddies, and the influence of island-
induced atmospheric effects in the propagation of both
background and island-induced eddies. Background ed-
dies are defined as those which are generated outside but165

intersect the delimited near-field area (CV area), set be-
tween 22.5–26.5°W and 13.5–17.5°N (doted black area in
Fig. 3), whilst island-induced eddies are the ones gener-
ated within CV area. As a complementary investigation,
some examples representative of the biological response170

to these eddies are discussed. This paper is organized as
follows: a brief review concerning the regional setting is
presented in Section 2; the data being used, along with
the processing methods follows is discussed in Section 3;
main results and subsequent discussion are presented in175

Section 4; whereas the summary and main conclusions are
addressed in Section 5.

2. Geographic setting

Cape Verde is an archipelago with 10 deep-water islands
located in the northeast Atlantic Ocean, 450–600 km off180

the western African coast. The archipelago is arrayed in
a west-facing horseshoe disposition and can be divided in
two main groups (Fig. 2): the windward (northern) and
the leeward (southern) islands. In terms of geomorphol-
ogy, however, local bathymetry reveals the existence of two185

main structures, characterised by shallow depths between
islands: the northern chain, with a west-east orientation
(from Santo Antão to São Nicolau); and the east-southwest
chain, formed by two detached edifices (from Sal to Santi-
ago and from Fogo to Brava; Ramalho, 2011). The João190

Valente bank, situated between Boa Vista and Maio is-
lands, is characterised by very shallow depths where the
highest summit reaches 14 m depth (Fig. 2; Ramalho,
2011). Such geomorphological disposition may lead the
easternmost islands to act as a single attached edifice, ob-195

structing the westward propagation of incoming eddies.

Figure 2: Bathymetry and topography of the Cape Verde
archipelago, with the identification (black) and grouping (white) of
the islands. Bathymetry isolines have a 500-m interval. The red-
based colormap is used for ≥ 700 m topography, representative of the
maximum typical altitude of the atmospheric inversion layer (Cha-
vanne et al., 2002). Datasource: SRTM 30 m.

The archipelago’s regional context is characterised by
the interaction of large-scale currents and features (Fig.
3), strongly affected by the seasonal meridional migration
of the Intertropical Convergence Zone (ITCZ; Stramma &200

Schott, 1999). The southern limit of the Canary Current
(CC) transports cold water from north to south off the
African coast, turning south-westward near Cape Blanc
to become the North Equatorial Current (NEC Mittel-
staedt, 1983, 1991; Stramma et al., 2005). NEC is char-205

acterised by a 10–15 cm s−1 mean speed with a dominant
west/north-westward direction (Stramma & Siedler, 1988;
Zhang et al., 2003), reaching its maximum speed in sum-
mer and weakening during winter (Fig. 4 bottom pan-
nels; Arnault, 1987). With an eastward mean flow speed210

of ≈42 cm s−1 (Fratantoni, 2001), the North Equatorial
Counter-Current (NECC) is particularly strong during sum-
mer and early fall (Arnault, 1987; Mittelstaedt, 1991),
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when the ITCZ reaches its northernmost position (Lázaro
et al., 2005). It is also during this period that NECC215

is most likely to have an influence in the Cape Verde
Archipelago (Fernandes et al., 2005). The Mauritanian
Current (MC) is the northern branch followed by the in-
terception of NECC with the African coast. It reaches
≈14°N during winter/early spring (Fig. 4e and f) but due220

to the relaxation of the trade winds (Fig. 4c and d) and
consequent northward displacement and strengthening of
NECC, it extends up to ≈20°N during summer/early au-
tumn (Fig. 4g and h), being partly responsible for the
suppression of the regional coastal upwelling (Mittelstaedt,225

1991). Southwest of the archipelago, the Guinea Dome
(GD) is a permanent cyclonic geostrophic feature, asso-
ciated with the NEC, NECC and the North Equatorial
Undercurrent (Siedler et al., 1992). It is defined by a
(cold) dome of the isotherms and low hydrostatic pressure230

(Faye et al., 2015), developed by divergent wind-stress curl
(Richardson, 1983; Siedler et al., 1992).

Additionally, two different water masses near Cape Blanc,
crossing the archipelago and extending the entire length of
the Atlantic Ocean (Emery, W. J., Meincke, 1986; Lozier235

et al., 1995), forming a basin-wide frontal system coined by
Zenk et al. (1991) as the Cape Verde Frontal Zone (CVFZ).
This front is marked by strong thermohaline (Zhang et al.,
2003) and even larger inorganic nutrients and dissolved
oxygen gradients (Pelegŕı & Peña-Izquierdo, 2015), sepa-240

rating the warmer and saltier North Atlantic Central Wa-
ter from the cooler, fresher and richer in nutrients South
Atlantic Central Water (Mittelstaedt, 1983, 1991; Meu-
nier et al., 2012; Pérez-Rodŕıguez et al., 2001). Albeit
the strong gradients (≥ 3°C and 0.9 psu in 10 km; Bar-245

ton, 1987), this front is characterised by strong horizon-
tal exchange of heat by double diffusion and is density-
compensated, thus undetectable in the density field (Zenk
et al., 1991; Pastor et al., 2008).

The northerly trade winds driven by the Azores high250

– equatorial low pressure cell generate large scale diver-
gent Ekman transport along the western African coast
(Fig. 4 upper panels; Mittelstaedt, 1983), leading to one
of the strongest and most productive upwelling systems
in the world – the Canary Current Upwelling System.255

Coastal upwelling is permanent between 20°–25°N, reach-
ing its maximum intensity during spring and autumn (Mit-
telstaedt, 1991; Ould-Dedah et al., 1999). South of 20°N,
this phenomenon only occurs during winter/early spring
(Fig. 4e and f, respectively; Van Camp et al., 1991;260

Nykjær & Van Camp, 1994; Lázaro et al., 2005) and is
strongly associated with the local enhancement of biolog-
ical productivity (Pelegŕı et al., 2006; Lathuilière et al.,
2008; Demarcq & Somoue, 2015), partially driven by the
southward transport of cold, nutrient-rich water from the265

CC (Mittelstaedt, 1991). The strength and seasonal os-
cillation of the coastal upwelling depends mainly on the
alongshore wind-stress seasonal patterns (Fig. 4 upper
panels; Hagen, 2001; Pradhan et al., 2006) and on the

Figure 3: Mean surface ocean currents and features (2003–2014):
CC - Canary Current; NEC - North Equatorial Current; NECC -
North Equatorial Counter-Current; MC - Mauritania Current; GD
- Guinea Dome; CVFZ – Cape Verde Frontal Zone. Doted area
represents the near-field (CV) area. Grey and coloured colormap
(with different scales) represent the exterior and interior of the study
area, respectively. Data: GlobCurrent V2.0 Total 15m.

seasonal variation of the MC extension (Fig. 4g and h;270

Mittelstaedt, 1991; Siedler et al., 1992).

Naturally, the Cape Verde archipelago is under the di-
rect influence ITCZ and subjected to prevailing north-
east trade winds throughout the year, with higher inten-
sity during winter and spring (9.5 m s−1 maximum mean275

speed, Fig. 4a and b; Lázaro et al., 2005; Varela-Lopes
& Molion, 2014). Evidences of a shadow effect induced
by the islands topography was first demonstrated by Cha-
vanne et al. (2002), when a wake of weak winds, flanked
by strong winds, was observed in the lee of all the ma-280

jor islands. Subsequently, Chelton (2004) and Chaigneau
et al. (2009) demonstrated that this effect is still perceiv-
able at a regional scale, with distinct dipoles of positive
and negative wind curl extending several hundred kilome-
tres downwind. It is well established that this mechanism285

can drive the generation of eddies in the island(s) wake
(Calil et al., 2008; Jiménez et al., 2008; Jia et al., 2011;
Couvelard et al., 2012; Yoshida et al., 2010; Caldeira et al.,
2014). Furthermore, some authors argue that these pro-
cesses are enhanced when the steady wind is capped by290

an atmospheric inversion layer (e.g. Barton et al., 2000;
Hafner & Xie, 2003). According to Chavanne et al. (2002)
this condition is well met in the Cape Verde Islands, where
it is possible to find strong and steady winds combined
with high topography (1500–2800 m, Fig. 2), well above295

the typical inversion layer (500–700 m).
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Figure 4: Seasonal mean speed and direction for scatterometer-derived ocean winds (a to d) and currents (e to g) in the region of Cape
Verde, between the years of 2003–2014. Seasons are grouped as follows: Winter (December; January and February); Spring (March; April;
May); Summer (June; July and August); Autumn (September; October; November). Wind data: QuikSCAT and ASCAT; Current data:
GlobCurrent V2.0 Total 15m.

3. Data acquisition and processing

3.1. Eddy detection and tracking

Given the fact that mesoscale eddies have distinctive
characteristics that can be used for this purpose – such300

as Sea Surface Temperature (SST) anomalies (Caldeira
et al., 2002, 2014; Sangrà et al., 2005; Dong et al., 2009),
surface roughness signature (Fu & Holt, 1983; Yamaguchi
& Kawamura, 2009; Karimova, 2012), enhanced levels of
primary productivity (Aŕıstegui et al., 1994; Basterretxea305

et al., 2002; Pullen et al., 2008) and sea surface eleva-
tion/depressions (Holland & Mitchum, 2001; Chaigneau
et al., 2009; Chelton et al., 2011) – one may arrive to the
false assumption that autonomous methods for eddy de-
tection and tracking are easily achieved. The fact is that310

only altimetry can provide a regular and reliable monitor-
ing capability, since it performs well regardless of cloud
cover and oceanic conditions (Robinson, 2010). Nonethe-
less, altimetry-based tools are susceptible to errors since
they depend on: (1) the limited spatio-temporal availabil-315

ity of the satellite tracks (Sangrà et al., 2009; Ioannou
et al., 2017; Le Vu et al., 2018); (2) the coarse resolu-
tion of 1/4° of the currently available gridded products;

(3) the limitation on data interpolation near land (Sangrà
et al., 2009); (4) only surface information (from three-320

dimensional structures) can be retrieved (Faghmous et al.,
2015). Albeit only providing reliable data on mesoscale
features and processes, altimetry-based tools have evolved
in recent years and are now in better agreement with em-
pirical observations.325

In this study we use the the Angular Momentum Eddy
Detection and tracking Algorithm (AMEDA, Le Vu et al.,
2018) which combines the physical parameters and geo-
metrical properties of the velocity field. Due to the lim-
ited resolution of altimetry products, the combination of330

several datasets was reported to improve the capacity for
detecting mesoscale features, especially eddies (Pascual
et al., 2006). Thus, the algorithm is run with the multimis-
sion altimeter satellite gridded maps for Absolute Dynamic
Topography (ADT) and geostrophic velocity fields, pro-335

duced and distributed by the Copernicus Marine and En-
vironment Monitoring Service (CMEMS). Although most
eddy detection methods are based on Sea Level Anomaly
(SLA) fields that represent the variable part of the Sea
Surface Height (SSH), ADT serves a better purpose for it340

incorporates the variable and constant part of the SSH av-
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eraged over a 20-year reference period (Le Vu et al., 2018).
AMEDA’s biggest advantages are related with the depen-
dence on few tunable parameters and, besides providing re-
liable information on the dynamical properties, it provides345

additional information on merging and splitting events, a
recurrent phenomenon in an eddying environment such as
Cape Verde region (Schütte et al., 2016a). The algorithm
identifies an eddy by detecting an extreme of Local Nor-
malized Angular Momentum (LNAM), a dynamical pa-350

rameter which is maximum at the centre of the swirling
motion and thus intrinsic to all eddies, first introduced by
Mkhinini et al. (2014). Their shapes are then computed,
based on the mean velocity for each SSH contour (0.2 cm)
surrounding the LNAM extreme. The velocity profile is355

expected to increase towards the perimeter until a maxi-
mum circum-average geostrophic speed (V max) is reached.
This marks the primary delimitation and radius (Rmax) of
the eddy. Subsequently the velocity profile decreases un-
til the last closed contour (V end and Rend) is reached.360

Throughout this study V max and Rmax are used to quan-
tify the kinematic properties of the eddies. The third step
of the algorithm is the tracking procedure, based on the
“Local Nearest Neighbour” methodology which associates
for each eddy in timestep t0 the nearest eddy of the same365

sign in timestep t+1. The search area is based on the the-
oretical distance an eddy can travel in one day. For this
study a 6.5 km d−1 propagation speed is set, based on the
estimated mean westward propagation speed for eddies in
the latitudes comprising Cape Verde, which in turn is very370

close to the local mean westward phase speeds of long baro-
clinic Rossby waves (Chelton et al., 2011). When several
eddies are detected within the search area a global cost
function is used, taking into account the distance, radius
and the normalised relative vorticity (vortex Rossby num-375

ber) between eddies at t0 and t+1.

AMEDA is also capable of searching for lost tracks for a
user-specified number of time-steps. This is a big advan-
tage when using altimetric data because an eddy may dis-
appear between consecutive maps if the satellite tracks do
not cross the structure for several days (Sangrà et al., 2009;
Schütte et al., 2016a; Chaigneau et al., 2008) and may lead
to the false identification of lost eddies as new. Considering
that the susceptibility to error in associating supposedly
terminated eddies to interpolated tracks increases with the
number of associated time-steps (Faghmous et al., 2015), a
10-day interval is used. Finally, the last step is the identi-
fication of merging and splitting events, a novel approach
in autonomous eddy tracking tools. This is an extremely
valuable information for assessing the dynamical evolution
of eddies and for the determination of water masses within
eddies. Subsequently several eddy parameters are calcu-
lated. To quantify the eddy’s intensity relative to earth’s
rotation rate, the vortex Rossby number (also known as
normalised relative vorticity) is calculated with the equa-
tion:

Ro = ζ/f (1)

where ζ and f represent the vortex relative vorticity and
the local Coriolis parameter, respectively. To assess the
efficiency of an eddy to trap water in its interior the non-
linearity parameter is calculated, in which by the metric:

Nonlinearity = Vmax/c (2)

V max is the maximum circum-average geostrophic current
speed and c is the respective translation speed (Chelton
et al., 2011). For a better visualisation and interpretation
of background and island-induced eddies (Fig. 9 and 13,
respectively), ADT maps were normalized by rescaling the
data:

ADTnorm =
ADT −ADTmin

ADTmax −ADTmin

× [newmax − newmin] + newmin

(3)

where newmin = −20 and newmax = 20.

3.2. Wind

Wind speed and direction is provided by the QuikSCAT
Level 2B V3.1 and ASCAT V2.1 datasets. These prod-
ucts rely on scatterometer-based technology that emits
microwave pulses to measure the ocean surface roughness,
which is highly correlated with the near-surface (10 m)
wind field (Chavanne et al., 2002; Hoffman & Leidner,
2005). The usage of an active sensor implies that data
can be retrieved under all weather and cloud conditions,
despite some limitations associated with rain contamina-
tions and high wind speed measurements. The QuikSCAT
dataset was produced by NASA/Jet Propulsion Labora-
tory and distributed by the NASA Physical Oceanogra-
phy Distributed Active Archive Center (PO.DAAC). The
satellite had a recurrent period of approximately ≈4 days
and collected data on a 1800 km-wide band. The com-
bination of the orbital period (14.25 orbits d−1) and in-
clination (98.62°) resulted in a 90% daily coverage of the
global ice-free ocean (Moroni et al., 2013). Although it ex-
ceeded its operational time expectancy, QuikSCAT data is
only available from July 1999 to November 2009. For the
remaining period of our study, ASCAT data is used. It
was produced by EUMETSAT and reprocessed by the Re-
mote Sensing System organisation. It underwent a repro-
cessing procedure by applying the new C-2015 Geophysi-
cal Model Function (GMF), based on the Ku-2011 GMF
(QuikSCAT) which was subjected to significant improve-
ments, tackling issues such as rain contaminations, sam-
pling limitations and ambiguous direction retrievals (Fore
et al., 2014). Thus, ASCAT is now in better agreement
with QuikSCAT (Ricciardulli, 2016), being the best option
to fulfil the purpose of the current study. Both datasets
are available at a 12.5-km spatial resolution. Data was
projected into a spatially uniform grid and averaged over
8 days prior to the respective day in order to minimize
the gaps created by the satellite tracks. The wind-stress
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(τwind) is calculated based on Gill (1982):

τwind = ρairCDW
2 (4)

where ρair is the density of the air (1.2 kg m−3), CD is the
non-linear wind-drag coefficient – based on Large & Pond
(1981), modified for low wind speeds (Trenberth et al.,
1990) – and W is the wind speed 10-m above sea sur-
face. The wind-stress curl was calculated with the follow-
ing equation:

5× τwind =
∂τv
∂x
− ∂τu

∂y
(5)

where τu and τv are the zonal and meridional wind-stress
components, respectively. With the main purpose of quan-
tifying the island-induced wind disturbances on transiting
background and island-induced eddies, Ekman pumping
velocities (ωEkT ) were calculated following Stern (1965):

ωEkT = ωEkL + ωEkNL (6)

The linear term (ωEkL) estimates the vertical velocity based
on the divergence/convergence of the Ekman transport
provoked by the wind-stress curl:

ωEkL =
1

ρo(f + ζ)

[
∂τv
∂x
− ∂τu

∂y

]
(7)

where ρo = 1026 kg m−3 is the sea water density and ζ
is the relative vorticity given by ζ = ∂xvg − ∂yug, where
vg and ug are the gesotrophic current components. The
nonlinear term (ωEkNL) on the other hand assesses the
advection of surface relative geostrophic vorticity by the
wind-forced Ekman transport in the mixed layer:

ωEkNL =
1

ρo(f + ζ)2

[
τv
∂(ζ + f)

∂x
− τu

∂(ζ + f)

∂y

]
(8)

and depends largely on the net vorticity of the flow (ζ+f)
(Mahadevan et al., 2008). For both linear an nonlinear
terms the wind-stress computation is modified to account
for the eddy-wind interaction:

τu = ρairCD(urel)|urel|
τv = ρairCD(vrel)|vrel|

(9)

in which the relative velocity components urel = uwind−ug
and vrel = vwind − vg, where uwind and vwind are the380

wind speed components. One should note that the effec-
tive wind-stress is larger when the wind and geostrophic
speed components are in opposing directions (Allis, 2015).

3.3. Chlorophyll a

In the interest of determining the biological impact of385

background and island-induced eddies, daily Chla satel-
lite observations with a 4.63-km spatial resolution were re-
trieved from the “OceanColor” website (https://oceandata.

sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/). Chla is the
most important pigment in the respiration process of phy-390

toplankton. It absorbs mostly blue light and reflects the
green, resulting in a ratio that can be used as a proxy
for determining Chla concentrations at the ocean surface
(Robinson, 2010; Andrade et al., 2014; Caldeira et al.,
2002; Andrade et al., 2014). Nevertheless, the presence395

of aerosols/dust load in the atmosphere and suspended
sediments at the ocean surface may lead to Chla overesti-
mation (Helmke et al., 2005; Tilstone et al., 2011). This
dataset was recorded by the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) instrument flying aboard400

NASA’s Aqua satellite. It has a viewing swath width of
≈2330 km in a sun synchronous polar orbit, providing
an almost complete global coverage in 1 day (Savtchenko
et al., 2004). Due to the frequent cloudy conditions pro-
voked by the seasonal positioning of the ITCZ (Fernandes405

et al., 2000; Karstensen et al., 2015), an 8-day centered
moving average was computed to avoid large gaps in data.

4. Results and discussion

The findings of the present study are presented and dis-
cussed below. The spatiotemporal heterogeneity of alti-410

metric swaths can induce spurious eddy detections (Ioan-
nou et al., 2017; Le Vu et al., 2018). Thus, it is very im-
portant to filter the spurious from the most relevant eddies
and still have a sufficiently large population to execute a
robust qualitative and statistical characterisation. Eddies415

with a lifetime <10 days are eliminated from the dataset
but only long-lived eddies – with a lifetime ≥ 60 days –
are considered throughout the study. For the investiga-
tion of seasonal patterns, seasons were grouped as follows:
(a) Winter: December, January and February; (b) Spring:420

March, April and May; (c) Summer: June, July and Au-
gust; (d) Autumn: September, October and November.

4.1. Eddy hotspots and pathways

The identification and characterisation of the predomi-
nant eddy birthplaces and pathways is important for sev-425

eral reasons: (1) it helps to determine the main geographi-
cal patterns and generation mechanisms; (2) gives valuable
information about the average lifetime and propagation
expectancy of eddies being generated at a certain location;
(3) it can give us clues about the possible biogeochemical430

properties of the water being advected within them.

Fig. 5 shows the number of eddies being generated in
every 1° area between the years of 2003–2014, filtered by
minimum lifetime. Coastal areas have been largely associ-
ated with mesoscale variability (Chelton et al., 2011), es-435

pecially when characterised by an upwelling system (Bar-
ton et al., 1998; Chaigneau et al., 2008). Naturally, the
northwest African coast is no exception. Several hotspots
are perceivable when accounting for all eddies (Fig. 5a),
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particularly in Cape Blanc (56–85 per bin), Cape Vert (36–440

47) and in the south-easternmost limit of the study area
(95). Most of the bins within CV area have a record that
range between 21–57 eddy detections, which is significant
but still not far from the surrounding area. As the lifetime
threshold increases to 30, 60 and 90 days (Fig. 5b, c and445

d, respectively), the number of eddies originating within
CV area (in relation with its surroundings) also increases
significantly.

By contrast, the African coast loses much of its signifi-
cance, especially in the southernmost part. Cape Blanc is450

the main eddy hotspot for every threshold. This location
is characterised by intense along-slope flow convergence,
often linked to the generation of giant filaments and ed-
dies that promote the transport of cold, nutrient-rich up-
welled water to offshore (Van Camp et al., 1991; Gabric455

et al., 1993; Pelegŕı et al., 2006; Nieto et al., 2012; Fischer
et al., 2009)). Similarly, Schütte et al. (2016a) detected
the generation of at least 50 eddies (lifetime ≥ 7 days
and 45-km radius) between 1995 and 2013 in Cape Blanc.
Current results further confirm the hypothesis of a small460

eddy corridor first introduced by Sangrà et al. (2009). An-
other hotspots for long-lived eddies are perceivable near
the Mauritanian coast and the Cape Vert headland (Fig.
5c). Considering that eddy propagation is directly propor-
tional to the eddy lifetime, there is a good probability that465

these eddies can intersect Cape Verde islands.

Regarding the island-induced, several eddy hotspots are
well distinct in the lee of the westernmost islands. The
windward group is the dominant hotspot for all lifetime
thresholds, generating approximately 12, 4 and 5 more ed-470

dies than the leeward group for a minimum lifespan of
10, 30 and 90 days, respectively. The location of these
hotspots is very intriguing because they appear in the im-
mediate vicinity of Fogo and Santo Antão islands, the high-
est of the archipelago with 2829 and 1979 meters altitude,475

respectively (Fig. 2). The latter is also in good agree-
ment with Schütte et al. (2016a), who recognized these

areas as the most prominent eddy hotspots away from the
African coast. As previously introduced, deep-ocean is-
lands can trigger the generation of eddies through atmo-480

spheric and oceanic processes. These have been subject of
intense studies in other islands, mainly in the Hawaii (e.g.
Calil et al., 2008; Yoshida et al., 2010; Jia et al., 2011), Ca-
nary Islands (e.g. Aŕıstegui et al., 1994; Sangrà et al., 2007;
Jiménez et al., 2008) and Madeira (e.g. Couvelard et al.,485

2012; Caldeira et al., 2014, 2002). Cape Verde shares re-
markable similarities with these islands, in the sense that
all are characterised by high mountains – well above the
lower atmospheric inversion layer (Chavanne et al., 2002;
Hafner & Xie, 2003; Caldeira & Tomé, 2013; Barton et al.,490

2000) – and are exposed to constant trade winds (Fig. 4
upper panels). Thus, current results are somewhat ex-
pected.

The calculation of the geostrophic Eddy Kinetic Energy
(EKE = 1

2 [u2 + v2]) is a very useful parameter mainly495

because it represents the energy induced by vortices in the
environment. However, only the frequency and intensity
of such features can be traced, being thus unable to dis-
criminate eddy hotspots from pathways. For this reason,
the seasonal number of long-lived eddy origins in combina-500

tion with EKE maps are shown in Fig. 6 upper and lower
panels, respectively. The region of Cape blanc is marked
by high EKE values throughout the year (≈450 cm2 s−2),
which is in perfect agreement with the seasonal long-lived
eddy origins (7–12). The southernmost coastal area be-505

tween 10–13°N is also highlighted all year round, but this
signal is related to the short-lived eddy signals identified
in Fig. 6a and does not appear in the seasonal long-lived
eddy origins (Fig. 6 upper panels). At the African coast
between Cape Vert and Cape Blanc the EKE signal is510

lowest during winter and spring (Fig. 6e and f), concur-
rently to the southernmost extension of the upwelling sys-
tem (Van Camp et al., 1991; Nykjær & Van Camp, 1994;
Lázaro et al., 2005). During summer, EKE increases sig-
nificantly in this region (300–≈350 cm2 s−2), merging the515

Cape Blanc branch at higher latitudes (Fig. 6g). This

Figure 5: Geographical distribution of the number of eddies generated in every 1° bin between 2003–2014, filtered per lifetime threshold.
Black thick lines represent the CV area.

8



Figure 6: Seasonal number of long-lived (≥60 days) eddy origins per 1° bin (a to d) and mean EKE (2003–2014) calculated from ADT-derived
geostrophic current components. Solid black line represents CV area and thin black contour around the islands represents the -2000 m
bathymetry.

happens concurrently to the maximum intensification and
extension of the Mauritanian Current (MC; Mittelstaedt,
1991; Lázaro et al., 2005).

Schütte et al. (2016a) strongly associated MC to the520

formation of eddies that propagate westward in the direc-
tion of Cape Verde. These authors also designated this
season as the period of maximum eddy generation at the
coast and linked the eddy generation mechanisms to the
dynamic instabilities of MC. Nonetheless, the highest num-525

ber of long-lived eddies originating in 1° coastal bin does
not exceed 5 in summer (Fig. 6c), which is possibly re-
lated to the merging with other eddies before the 60-day
minimum lifespan.

An interesting EKE trail starting in the immediate vicin-530

ity of the Cape Vert headland is depicted for all seasons.
It is more pronounced during summer (≈350 cm2 s−2, Fig.
6g) but reaches its highest extension during winter, spring
and autumn (Fig. 6e and h, respectively). Though less
obvious but always perceivable, this area can be defined535

as a hotspot for long-lived eddies (Fig. 5c) that are more
often generated during winter and summer (Fig. 6a and c,
respectively). Schütte et al. (2016a) documented the gen-
eration of a substantial number of eddies near the Cape
Vert, in which cyclonic and anticyclonic eddies dominated540

the areas north and south/southwest of the headland, re-
spectively. Alpers et al. (2013) also documented the forma-
tion and evolution of a sub-mesoscale cyclonic eddy (not
detectable on altimetry sensors) generated in autumn by
the headland’s topographic effects on a sudden increase of545

the trade winds. This eddy transported upwelled nutrient-
rich water through approximately 200-km offshore, caus-
ing a phytoplankton bloom until it disintegrated 31 days
after its generation. From past and current findings it is
therefore reasonable to expect that many far-field eddies550

originated here may reach the archipelago.

Regarding the island-induced, the westernmost leeward
islands are marked by a high EKE signal perfectly depicted
in all seasons, reaching maximum intensity (≈450 cm2 s−2)
and extension during winter and spring, respectively (Fig.555

6e and f). These conspicuous EKE seasonal signals could
be evidence of an eddy generation signature, but this is
contradictory to the long-lived eddy seasonal origins which
show only 10 and 6 detections in this region during winter
and spring, respectively (Fig. 6a and b). Since approx-560

imately half of the eddies generated in the leeward wake
are long-lived (Fig. 5a and c), this unconformity between
eddy origins and EKE may be explained by a long resi-
dence time that prevents the generation of new eddies. In
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fact, Lázaro et al. (2005) linked the presence of high EKE565

values in the lee of Fogo to a nearly permanent anticyclonic
eddy which reached maximum speeds in spring. More re-
cently, Garćıa-Weil et al. (2014) observed a remarkable
16-year average EKE signal in the same location while de-
scribing the mesoscale dynamics in the Canary Islands.570

Nonetheless, the possible island-induced intensification of
transiting background eddies cannot be neglected, consid-
ering the previously referred EKE trail that extends from
the Cape Vert promontory to the archipelago in winter
and spring (Fig. 6e and f, respectively).575

Summer is the season with lowest near-field eddy gen-
eration records (Fig. 6c) but the EKE field is still per-
ceivable, contouring very closely the islands bathymetry
with maximum values of ≈220 cm2 s−2 (Fig. 6g). Au-
tumn is the season with lowest EKE values, reaching a580

maximum of ≈170 cm2 s−2 southwest of Fogo (Fig. 6h).
Nonetheless, this season is marked by the generation of
13 and 11 long-lived eddies in the windward and leeward
islands, respectively (Fig. 6d). The seasonal variation of
the near-field EKE follows a similar behaviour as the wind,585

which reaches highest speeds from December to May and
decreases significantly in the remaining months (Fig. 4
upper panels; DGA, 2004).

4.2. Exposure to background incoming eddies

Coastal-generated eddies are subjected to many pro-590

cesses in their transition to offshore. The hydrographic and
biogeochemical properties of some of these features were
the focus of recent studies (Fischer et al., 2016; Fiedler
et al., 2016; Hauss et al., 2016; Karstensen et al., 2015;
Löscher et al., 2015; Schütte et al., 2016a,b; Romero et al.,595

2016), yet their interaction with the Cape Verde Archipelago
has received no attention to present date. To the best of
our knowledge, most studies concerning eddy-island inter-
action were conducted under laboratory (e.g. Cenedese,
2002; Adduce & Cenedese, 2004; Cenedese, 2005; Tanabe600

& Cenedese, 2008; Andres & Cenedese, 2013) and model
experiments (e.g. Simmons & Nof, 2000, 2002; Stern, 2000).
Empirical case studies are extremely rare (e.g. Chang et al.,
2012) and as Yang et al. (2017) suggested, further investi-
gations must be conducted to systematically describe and605

comprehend such phenomenon.

Long-lived background eddy trajectories and places of
origin are represented in Fig. 7a and b, accounting for
approximately 69% (80/116) and 54% (53/98) of the total
cyclonic and anticyclonic background eddies, respectively.610

From a total of 133, 107 interact directly with the -2000 m
bathymetry and although 29% (38/133) do not intersect
the islands, these can still be influenced by island-induced
processes especially in the southern CV area where the
wind wake extends for ≈ 200km (Fig. 4a and b). All615

background eddies travel westward with some meridional
deflections along the way (Fig. 7a). At latitudes between

15–17°N the archipelago appears to act as an extremely
effective barrier to incoming eddies, creating a shadow ef-
fect west of the islands where very few eddy trajectories620

are observed. This spatial pattern was also observed by
Schütte et al. (2016a), where anticyclonic and cyclonic ed-
dies originated in the coast formed distinct corridors as
they propagated westward, leaving a void in the immedi-
ate vicinity of the Cape Verde Archipelago. As mentioned625

before, the archipelago is constituted by 2 main chains of
islands with relatively shallow depths between them, es-
pecially between Boa Vista and Maio (Fig. 2; Ramalho,
2011). Considering that the vertical structure of local ed-
dies were reported to extend up to ≈1400 m in depth630

(Karstensen et al., 2015), bathymetry effects are very likely
to block and deflect their propagation, or even induce drag
and consequent dissipation of such features. Furthermore,
some background eddies can still undergo through trans-
formation processes, giving rise to new eddies in the op-635

posite side through splitting or merging events.

The easternmost islands are the most impacted by back-
ground eddies, especially anticyclonic (Fig. 7a). The ones
that form closest to the African coast are agglomerated
near the Cape Vert headland (Fig. 7b), previously desig-640

nated as a background eddy hotspot (Fig. 5) and pathway
(Fig. 6). From these eddies, cyclonic tend to intersect
the easternmost islands while anticyclonic are mostly de-
flected southwestard, being partly responsible for the dis-
tinct background anticyclonic eddy corridor observed in645

the lee of the leeward islands. Fogo is the island less af-
fected by background eddies as it seems to be sheltered by
Santiago and Maio islands. The windward group is inter-
sected almost exclusively by cyclonic eddies that contour
very closely the northern chain as they propagate west-650

ward. The majority of these eddies originate between 16–
19°N and around 20°W. A small area with no tracks is also
depicted in the north of Sal (7a and c). This behaviour
is expected to occur in the presence of an obstacle (e.g.
seamount, Yang et al., 2017), but there is no topographic655

structure that can explain this. Only one background eddy
originates near Cape Blanc. Albeit being an eddy hotspot
depicted for all lifetime thresholds (Fig. 5), it is highly
unlikely that eddies created at this location can intersect
the islands, since they need to deflect ≈300km southward660

in a relatively short distance to be considered as such.

From the visual analysis of the sequential ADT maps
and background eddy trajectories it was possible to de-
termine that: 22 managed to propagate through CV area
with no significant implications; 58 were deflected either by665

the islands bathymetry or by the interaction with island-
induced eddies or wind-shear effects; 27 resulted in eddy
splitting induced by the islands bathymetry, giving rise
to new near-field eddies; 39 merged either with their off-
spring or with island-induced eddies; 12 were intensified670

by island-induced wind-shear effects; and 31 were destruc-
ted when interacting with the islands bathymetry or with
island-induced eddies. Is is important to note that many
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Figure 7: Background long-lived (≥60 days) eddy trajectories (a) and points of origin (b). Longest eddy propagates up to ≈ 47°W.

Figure 8: Zonal Hovmöller diagram for ADT along 22.5°W and latitudes from 13 – 18°N. Black contours represent the perimeter of long-lived
incoming eddies intersecting the cross-section. The horizontal axis is inverted to simulate the westward eddy propagation in time.

background eddies experienced multiple outcomes, such as
merging events often provoked by their deflection when in-675

teracting with the islands bathymetry.

For the determination of seasonal patterns in the back-
ground eddy intersection with the archipelago, an ADT-
based Hovmöller diagram is presented in Fig. 8, using a
meridional cross-section set at the eastern CV boundary680

(22.5°W). Although some eddies approach the archipelago
from the north and from the south, most of them come
from the east (Fig. 7), thus the positioning of the cross
section and the orientation of the horizontal axis. After
the determination of a 3.77 mm yr−1 mean linear trend in685

the ADT at the cross-section, which is in good agreement
with Church & White (2011) calculations for the region,
a linear least squares detrending was performed to avoid
biased interpretations. Positive (anticyclonic) and nega-
tive (cyclonic) normalised ADT signals are more frequent690

in the lower and upper half of the Hovmöller, respectively,
following the same pattern depicted in Fig. 7a. Eddies

are well distributed throughout the years, though there
are some periods with higher eddy frequency such as the
years between 2010–2012. The determination of a seasonal695

pattern is hindered by the apparent random distribution
in time. Although current results contradict Schütte et al.
(2016a) – who stated that coastal eddies generated in June
normally intersect the archipelago between boreal winter
and spring – this is somewhat expected since an EKE sig-700

nal with varying shape and intensity is observed to reach
the islands from the east during all seasons (Fig. 6). Fur-
thermore, most of the background eddies intersecting the
archipelago are originated at some distance from the coast.
Despite the general dominance of negative/positive ADT705

values in the initial/final months of all the years, eddy
polarity does not show a seasonal pattern.
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4.2.1. Background eddy-island interactions

The period between 5th September 2006 – 16th March
2007 was selected for the characterisation of 20 eddy tra-710

jectories, represented in Fig. 9. Several other eddies are
perceivable in the ADT maps, but only the most represen-
tative are identified as “An” and “Cn” for anticyclonic and
cyclonic eddies, respectively. To complement this analysis,
the genealogy of the selected eddies is represented in Fig.715

10 for a clear visualisation of the relationships between
them.

Several eddies are observed during their westward prop-
agation in Fig. 9a, being most of them generated in the
vicinity of Cape Vert headland (A1, A2, A3, C2 and C4).720

In this date C2 interacts and merges the newly gener-
ated C3 after being deflected by the easternmost island’s
bathymetry. Albeit merging events between eddies of the
same sign and identical water densities are recurrent and
occur naturally (Nof & Simon, 1987), topographic effects725

on eddies can effectively modify their propagation still at
some distance from the obstacle (Yang et al., 2017). To-
pographic effects can also lead to the weakening and con-
sequent dissipation of eddies (Chang et al., 2012), as it is
the case of the coastal-generated A3 (Fig. 9f).730

A similar but contrasting effect appears to have been in-
duced by the windward islands on C1’s trajectory, contour-
ing the islands until it splits and gives origin to C1.1 (Fig.
9a). It seems rather obvious that the splitting was pro-
voked by the interaction with Santo Antão island, a phe-735

nomenon documented in the past for other islands Yang
et al. (2017); Chang et al. (2012) and that results in the
transfer of energy, momentum, salinity and temperature
to the surrounding environment through small, dissipa-
tive scales Simmons & Nof (2000); Cenedese (2005). After740

propagating in close proximity for ≈1 month (Fig. 9b) the
“parent” C1 and “child” C1.1 merged and became one co-
herent structure. In fact, this merging between ”parents”
and ”offspring” is far from being an isolated case.

Following an identical pattern and ultimately the same745

fate, C3 approximates Santo Antão from the east (Fig. 9c)
and decreases in size and propagation speed when inter-
secting the island (Fig. 9d), followed by the splitting and
generation of another island-induced C3.1 again in the lee
of Santo Antão (Fig. 9e). The “parent” C3 and “child”750

C3.1 merged precisely 1 month after splitting, replicating
with extraordinary similarity the C1–C1.1 (Fig. 9b). The
fact that such identical events occurred in such a short pe-
riod (≈3 months), in combination with the abundance of
cyclonic tracks observed in the northern side of the wind-755

ward islands (Fig. 7), gives us reasons to believe that this
is a recurrent phenomenon and demonstrates that many
island-induced eddies generated in the windward hotspots
(Fig. 5c) may be directly related with background eddies.

The reason why the “parents” C1 and C3 merged with760

their ”offspring” remains unclear. It has been demon-

strated that island-induced wind-shear can effectively drive
the generation and intensification of eddies in the lee of
islands with high topography (e.g. Jiménez et al., 2008;
Dickey et al., 2008; Jia et al., 2011; Caldeira et al., 2014;765

Piedeleu et al., 2009), but only recently these perturba-
tions have been linked to the propagation of such features
(Pullen et al., 2008; Couvelard et al., 2012). In order to
better comprehend how the orographic-perturbed wind in-
fluences the interaction of background eddies with the is-770

lands, the 8-day averaged wind-stress curl is represented
in Fig. 11, superimposed by the shapes and trajectories of
some of the selected background eddies. Contrary to the
C1–C1.1 case, which merge after propagating relatively
close to each other (Fig. 9a and b), C3–C3.1 show a dif-775

ferent behaviour as the “parent” and “child” are distant
when they break but then deflect in the direction of each
other and merge (Fig. 9e, f and g). Interestingly, a positive
wind-stress curl band is depicted in the lee of Santo Antão
when C3 splits (Fig. 11a), which then responds promptly780

to the wind burst and increases in area and intensity (Fig.
11b), driving C3.1 to concurrently increase its radius and
rotational speed by 35.8 km and ≈0.06 m s−1, respectively,
relative to the formation phase. It is possible that the oro-
graphic winds contributed to the meridional deflections of785

C1 and C1.1, favouring their interaction and merging.

Splitting events can still occur in the absence of topo-
graphic effects, as observed in A2 that originates the 370-
day-lived A2.1 at some distance from the nearest islands
(Fig. 9c). Resembling the “parent-children” relationship790

of the previously described C1–C1.1 and C3–C3.1, A2 and
A2.1 merge in the subsequent snapshot (Fig. 9d) and form
a quite impressive “family tree” (Fig. 10), for it involves
two other anticyclonic eddies from very distinct origins.
One of them is the coastal-generated A4 which propagates795

due west and merges A2.1, forcing the latter to invert its
trajectory (Fig. 9f). A2.1 then recovers a westward propa-
gation (Fig. 9g and h) and incorporates the island-induced
A5 in the lee of Fogo (Fig. 9i and Fig. 11c).

Fig. 11a shows that the 73-day-lived island-induced A5800

is most likely generated by the topographic blocking of the
wind which in turn creates a negative wind-stress curl area
in the eastern flank of the wake. This condition sets the
stage for the spin-up of A5 that seems to be trapped by
the presence of an island-induced cyclonic eddy (not iden-805

tified) in the west (Fig. 9d to g and Fig. 11a and b). A5
is intensified under favourable wind-stress curl, reaching
≈0.20 m s−1 rotational speed and 41.6 km radius. Almost
one month later (Fig. 11b) and still under the influence of
favourable atmospheric conditions, A5 remains relatively810

stable with a ≈58.6 km radius and 0.18 m s−1 rotational
speed but at the time it merges with A2.1 (Fig. 9i), A5 is in
an area of unfavourable positive wind-stress curl (Fig. 11c)
– a condition that may well explain the significant decrease
in radius (21.9 km) and rotational speed (0.11 m s−1). This815

case represents an interaction between a background and
an island-induced eddy sustained by island-induced atmo-
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Figure 9: Far-field eddies evolution snapshots from 30th May 2006 to 2nd May 2007, plotted against normalised ADT maps. Blue and red
colours represent cyclonic and anticyclonic eddies, respectively. Green and yellow contours represent splitting and merging events, respectively.
The thin black contour around the islands delimits the -2000 m depth.

spheric processes, being therefore deemed as an indirect
interaction with the islands.

After the merging event, A2.1 takes a south-westward820

trajectory (Fig. 9l), propagating through an area of nega-
tive wind-stress curl (Fig. 11e and f) which can effectively
favour its coherence (Couvelard et al., 2012; Jia et al.,
2011). This behaviour is also observed with A1 (Fig. 9a

and b), although the latter can still benefit from the in-825

teraction with a nearby cyclonic eddy in the lee of Fogo.
Such behaviour is suggested to occur when the interaction
of two eddies of opposite sign results in the weaker one
rotating around the stronger one (Kundu & Cohen, 1990).

The most remarkable example of background eddy-island830

interactions is the case of C4, a coastal-generated eddy
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Figure 10: Eddy genealogy of the background specific eddy cases.
Only those with interactions are represented. Empty circles represent
missing eddy. The labels of each column are associated with the
snapshots in Fig. 9. Green and yellow contours represent splitting
and merging events, respectively.

that forms a highly complex “family tree” composed by 3
generations of island-induced eddies (Fig. 10). After prop-
agating in the direction of the archipelago, C4’s perimeter
interacts with Boa Vista (Fig. 11e) and deflects south-835

ward, increasing its radius from 63.6 to 108 km until it
splits and forms the near-field C4.1 in the opposite side
(Fig. 9f). Coincidently, this is the same location of the
island-induced splitting of A6 (Fig. 9l). As the “par-
ent’s” C4 radius decreases to ≈30 km, it remains station-840

ary between Maio and Boavista while the “child” C4.1
propagates through the northern chain and splits, giving
origin to C4.2 in the south (Fig. 9h). Struggling to go
by the shallow channels between the easternmost islands
(Fig. 9i), a streamer detaches from C4 and flows in a845

counter-clockwise direction along the northern side of the
leeward islands, interacting and merging with its “grand-
child” C4.2 (Fig. 9j).

This kind of streamers are governed by the conservation
of circulation momentum around the islands (Andres &850

Cenedese, 2013), which in turn results in a jet-like current
in the island’s passage and in the generation of other eddies
of the same sign downstream (Cenedese, 2005). Consider-
ing that C4 remained stationary for 39 days while trying
to overcome the islands, it is very likely that its persistence855

contributed to the formation of its “grandchild” C4.2.

Another streamer decouples from the elongated C4.2
and splits it in the following day, originating the 277-
day-lived “great-grandchild” C4.3 southwest of Fogo (Fig.
9m). Topographic effects must be one of the factors trig-860

gering this event, but Fig. 11c and d also reveal a conspic-
uous positive wind-stress curl signal at the western flank of
the Fogo’s wake, potentially favouring the south-westward
growth and splitting of C4.2. This newly-generated A4.3 is

Figure 11: Specific cases of background eddies plotted against the
wind-stress curl (8-day averaged prior to respective date). Blue and
red colours represent cyclonic and anticyclonic eddies, respectively.
Black arrows represent geostrophic current velocities (≥0.8 m s−1)
from CMEMS.

later observed to spin at significantly high speeds (0.43 m s−1),865

very likely driven by the highly favourable island-induced
wind-shear effects in the lee of Fogo (Fig. 11e).

4.3. Island-induced eddies

Besides the remarkable impact on incoming background
eddies, it is expected that the Cape Verde islands can self-870

generate eddies, but the occurrence and generation mecha-
nisms of such lens-shaped features have been seldom docu-
mented (Lázaro et al., 2005; Schütte et al., 2016a). Herein
we focus our attention in the characterisation of long-lived
island-induced eddies, represented in Fig. 12. From this875

selection, only 37% (91/243) and 32% (82/256) of the total
cyclonic and anticyclonic island-induced eddies are being
accounted for.
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Figure 12: Long-lived (≥60 days) island-induced eddy trajectories (main panel) and points of origin (smaller panel). Note the distinct
corridors for cyclonic (blue) and anticyclonic (red) eddies.

The most noticeable pattern is, as for the background
eddies (Fig. 7), the dominant westward propagation marked880

by small meridional deflections. As expected, a consider-
able number of eddies are observed to originate in the lee of
the highest islands (Fogo and Santo Antão). These previ-
ously identified eddy hotspots (Fig. 5) are marked by very
distinct cyclonic and anticyclonic eddy corridors with a885

clear southwestward orientation at the western and east-
ern flank of the islands, respectively. Considering that the
western and eastern flanks are characterised by positive
and negative wind-vorticity, respectively (Chavanne et al.,
2002), it is conceivable that the orographic-disturbed winds890

have a key role in the generation and propagation of near-
field eddies.

The small number of background anticyclonic tracks in-
tersecting the archipelago through the north (Fig. 7a)
increases the likelihood that the anticyclonic eddy corri-895

dor south of the windward islands is primarily created by
island-induced processes. Conversely, the high number of
cyclonic background tracks intersecting these islands in-
dicates that many of the island-induced cyclonic eddies
forming the western corridor are directly related to such900

far-field features, as observed in the island-induced split-
ting episodes of C1 and C3 (Fig. 9a and 9e, respectively).
Background cyclonic eddies squeezing through the narrow
channels can still form ”offspring” of opposite sign in the
lee of the windward islands – mainly at the eastern flank905

– as demonstrated in laboratory (Cenedese, 2005) and
model (Yang et al., 2017) experiments, though ”offspring”
of equal sign occur much more frequently. Near-field ed-
dies are also generated north and east of the archipelago
(Fig. 12), but these are most likely driven by the interac-910

tion of background eddies with the archipelago (Fig. 7a).

Island induced cyclonic tracks propagate further than
anticyclonic, reaching longitudes as far as≈48°W and≈38°W,
respectively. The fact that cyclonic eddies are in higher
number and live longer than anticyclonic eddies contra-915

dicts many past studies (Chaigneau et al., 2009; Sangrà
et al., 2009; Chelton et al., 2011). In a theoretical study,
Cushman-Roisin et al. (1990) argued that anticyclonic ed-
dies lived longer because they were generally more robust
and showed higher tendency to merge, while cyclonic ed-920

dies were prone for self-destruction. As a cautionary note,
one must consider that merging events may lead us to in-
terpret the premature interruption of eddy tracks as real
eddy terminations, when in fact they may still be active
but under a different ID.925

Current results also demonstrate that most cyclonic and
anticyclonic eddies tend to deflect poleward and equator-
ward, respectively, except in the lee of the islands where
most eddies seem to propagate southwestward, in the same
direction of the wind (Fig. 4). This general behaviour has930

been globally (Chelton et al., 2011), regionally (Morrow,
2004; Chaigneau et al., 2009) and locally (Calil et al., 2008;
Sangrà et al., 2009) documented, being strongly associated
with the combination of the β-effect and self-advection by
nonlinearity (Chassignet & Cushman-Roisin, 1991; Chel-935

ton et al., 2011). Still, background currents in which eddies
propagate can have important implications. Sangrà et al.
(2009) suggested that the Canary Current was responsi-
ble for the initial southward propagation of the anticy-
clonic eddies forming the Canary Eddy Corridor, which940

then drifted westward as they became large enough for
self-advection due to the β-effect. It has been also demon-
strated that the westward Pacific North Equatorial Cur-
rent can modify the propagation of eddies generated in the
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lee of Hawaii (Calil et al., 2008), being even able to increase945

their propagation speeds in favourable conditions (Holland
& Mitchum, 2001). Considering that eddies generated or
modified by the Cape Verde Archipelago propagate in the
direction of the Atlantic North Equatorial Current, it is
expected that the latter can also affect their propagation.950

4.3.1. Specific cases of island-induced eddies

The generation and evolution of mesoscale eddies can
still be influenced by many other factors, especially in an
eddying environment such as Cape Verde. To better com-
prehend these processes, the period of 31st January 2005955

– 31st August 2005 was selected for the characterisation of
19 eddy trajectories, represented in Fig. 13.

C1 is one of the island-induced eddies with higher lifes-
pan (358 days) and propagation distance (up to 48°W).
This eddy was formed in the lee of Fogo when the wind-960

stress curl was relatively high (≈5× 10−7 N m−3), yet three
nearby eddies of opposite sign may have contributed to its
formation (not shown). From those that originate near
this location (A1.1, C4 and A5.1: Fig. 13a, c and f, re-
spectively), only C4 seems to be free from the influence965

of other eddies. A5.1 and A1.1 result from the splitting
of the island-induced A5 and background A1, respectively,
though atmospheric effects could have contributed to the
generation of A1.1. The parent A1 was formed in the east
of archipelago and propagated through the leeward island970

channels, until it intersected an area of strong positive
wind-stress curl, changing quite drastically its character-

Figure 13: Island-induced eddies evolution snapshots from 31st January 2006 to 31st August 2005, plotted against normalised ADT maps.
Blue and red colours represent cyclonic and anticyclonic eddies, respectively. Green and yellow contours represent splitting and merging
events, respectively.
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istics before splitting and terminating (discussed later).

The wake of the windward islands is also the birthplace
of many other eddies. Despite not related with island-975

induced processes, the background C2 is formed northeast
of the archipelago (Fig. 13b) and gives origin to the back-
ground C2.1 in its westward propagation (Fig. 13d), a
splitting event which is apparently not related with topo-
graphic effects. It’s “offspring” C2.1 on the other hand980

interacts with Santo Antão and merges the island-induced
C3 in the lee side (Fig. 13c), being intersected by the
background C5 ≈3 months later (Fig. 13i). A5’s family
tree is a another remarkable example of the complex gen-
eration processes behind island-induced eddies, for it is985

generated in the north of Fogo (Fig. 13e) and is responsi-
ble for the generation of 2 other near-field eddies: A5.1 in
the south (Fig. 13f) and A5.2 northwest (Fig. 13g). Then
the younger “offspring” A5.2 merges the island-induced
A6 (Fig. 13h), while the A5.1 propagates westward (Fig.990

13i).

Regarding island-induced eddy propagation characteris-
tics, C3 and C4 deserve special attention. Both eddies are
formed in the wake of the tallest islands of the archipelago
(Fig. 13c), more precisely in the western flank which was995

strongly affected by positive wind-stress curl at that time
(not shown). Previous to their formation, A1.1, A2 and
A4 originate in the lee of the same islands but at the east-
ern flank, conversely affected by negative wind-stress curl.
These anticyclonic eddies propagate southwestward, fol-1000

lowing very closely the negative wind-stress curl bands
(not shown). C3 and C4 follow an identical pattern at
an initial phase as they propagate in close proximity to
A1.1 and A4, respectively (Fig. 12d), contradicting the
typical northwestward direction observed in Fig. 12 and1005

in many other studies. As the anticyclonic eddies propa-
gate further away, however, C3 and C4 deflect westward
(Fig. 13d and e) and subsequently northward (Fig. 13f, g
and h).

Kundu & Cohen (1990) argued that two eddies of op-1010

posite sign but similar strength can propagate in parallel
lines when in close proximity. Such behaviour was also
documented in the Hawaii, where the advection of cyclonic
eddies by nearby anticyclonic eddies was attributed as the
main cause (Dickey et al., 2008; Jia et al., 2011). Con-1015

sidering the general south-westward orientation of many
cyclonic tracks generated in the wake of the highest is-
lands (Fig. 12) – the main near-field eddy hotspots, Fig.
5c) – current results demonstrate that eddy-eddy interac-
tions are a key factor in the propagation of such features,1020

although island-induced wind-shear effects must also be
taken into account.

4.4. Wind-mediated eddy generation, intensification
and confinement

Eddies that are effectively impacted by orographic-induced1025

atmospheric effects should follow an identical seasonal be-
haviour as the wind. The persistent north-easterly trade
winds which affect the archipelago are strong and steady
during winter and spring, whilst weak during summer and
autumn winds (Fig. 3; Varela-Lopes & Molion, 2014; DGA,1030

2004). Naturally, such seasonal variation is reflected in
the wind-stress curl, as dipoles of positive (divergent) and
negative (convergent) wind-stress curl are more intense
and reach highest extension during winter and spring (Fig.
14a/e and b/f, respectively). Tough not reflected in the1035

seasonal long-lived eddy origins (Fig. 6 upper panels),
similar seasonal patterns are also depicted in the EKE
fields (Fig. 6 lower panels) – especially in the leeward
islands where the wind regime is more constant (DGA,
2004). Besides Chavanne et al. (2002), such far-reaching1040

atmospheric effects were documented by Chelton (2004)
when discussing the existence of persistent small-scale fea-
tures at a global scale, arguing that these previously un-
resolved features could have substantial impacts on the
global ocean.1045

Fig. 14 shows that long-lived cyclonic and anticyclonic
eddies form mostly in the positive and negative wind-stress
curl areas, respectively, but this is only evident when the
wind-stress curl is more pronounced (Fig. 14a/e and b/f).
Such pattern is perfectly illustrated in the deep channel be-1050

tween Fogo and Santiago, characterised by positive wind-
shear vorticity and by the general dominance of cyclonic
eddy origins in winter and spring (Fig. 14a). The same
applies for the anticyclonic eddies formed in the negative
wind-stress curl wake of the leeward islands in winter (Fig.1055

14e).

Besides the birth places, cyclonic eddies tend to prop-
agate almost exclusively through the positive (red) wind-
stress curl areas depicted in the western flanks of Santo
Antão’s and Fogo’s wake during winter and spring (Fig.1060

14a and b, respectively), whereas anticyclonic tracks fol-
low very closely the negative (green) wind-stress curl areas
in the opposite flanks (Fig. 14e and f). In contrast, eddy
trajectories appear to be much more disorganized and are
more westward-oriented during summer and autumn (Fig.1065

14c/g and d/h, respectively). One should note that eddy
trajectories are split according to the season in which they
are active. This means that all anticyclonic eddies propa-
gating in the wake of the leeward islands during spring and
summer (Fig. 14f and g, respectively) were first detected1070

in winter (Fig. 14e).

Albeit not represented in Fig. 14, such far-reaching
atmospheric effects may also explain the south-westward
orientation of the anticyclonic background eddy trajecto-
ries previously observed in the wake of the leeward islands1075

(Fig. 7a). This cluster of background and island-induced
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Figure 14: Seasonal mean wind-stress curl in Cape Verde Archipelago, overlapped by long-lived (≥60 days) island-induced cyclonic (blue) and
anticyclonic (red) eddy tracks. Only eddies (139) generated within the wind-stress curl bands are represented. Circled points and left-pointing
triangles represent the place of origin and the resumption of the trajectory interrupted in the previous season.

anticyclonic eddy tracks resembles with great detail the
Canary Eddy Corridor described by Sangrà et al. (2009).
These authors presented strong evidences that the wind-
shadow effect induced by the Canary Islands plays a key1080

role in the generation of long-lived eddies, which initially
propagate south and then tend to deflect south-westward.
The authors also suggested that similar long-lived eddy
corridors could be present in other oceanic regions, re-
ferring to the Hawaiian Archipelago as an example (Calil1085

et al., 2008). Schütte et al. (2016a) also reported sim-
ilar findings, as a significant number of anticyclonic ed-
dies formed a distinct south-westward pathway in the lee
of Fogo. Furthermore, Couvelard et al. (2012) presented
strong theoretical evidences that eddies generated by wind1090

shear in the lee of Madeira Island were “trapped” in the
wind-wake region, as the cyclonic and anticyclonic eddies
propagated through the positive and negative wind-stress
curl bands, respectively. Apart from having strong rea-
sons to believe that this anticyclonic eddy pathway rep-1095

resents another important long-lived eddy corridor in the
Atlantic Ocean, current results also demonstrate that the
orographic-disturbed winds may be an important contrib-
utor to the containment of both incoming background and
island-induced eddies.1100

4.4.1. Ekman pumping velocities

Eddy-wind interaction can also give rise to ageostrophic
circulations and consequent vertical transports of water
within eddies, a process generally known as Ekman pump-
ing (ωEk; Stern, 1965; Niiler, 1969). It is thus reasonable1105

to use the absolute ωEk velocities as a proxy to deter-
mine the impact of the island-disturbed winds on tran-
siting background and island-induced eddies. The linear
term (e.q. 7) is directly related to the effect of the wind-
stress on eddy-driven surface currents. Assuming a uni-1110

form wind-stress applied to a radially symmetric eddy,
wind-stress is higher/lower on the flanks of the eddy where
the current is in the opposite/same direction of the wind
(McGillicuddy, 2016). This divergence in wind-stress in-
duces upwelling/downwelling in the interior of a Northern1115

hemisphere anticyclonic/cyclonic eddy (Martin & Richards,
2001; Gaube et al., 2013). The nonlinear-term (e.q. 8)
on the other hand is associated with the advection of the
interior relative vorticity (ζ) by the wind-stress. Conse-
quent fine-scale lateral gradients in ζ result in the conver-1120

gence/divergence of the Ekman transport which in turn
induces vertical motions within the eddy, often forming a
dipole consisting of a downwelling and a upwelling cell in
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Figure 15: Average (a) linear and (b) nonlinear absolute Ekman
pumping velocities within long-lived eddies which centroid passes by
each 1/4° bin. Note the different scales, used to emphasize spatial
patterns.

each side (McGillicuddy et al., 2008; Mahadevan et al.,
2008). Given the highly irregular and strong wind vortic-1125

ity in the lee of the islands, however, we should not expect
such idealized mechanisms to occur but instead much more
complex patterns. Furthermore, nonlinear ωEk velocities
are likely to be underestimated due to the coarse resolution
of altimetry-derived geostrophic currents, insufficient to1130

capture submesoscale processes (Mahadevan et al., 2008).

Nevertheless, vertical velocities resultant from gradients
in wind-stress are more pronounced in the lee of the wind-
ward and leeward islands, where highest linear |ωEk| reach
on average 0.6 and 0.7 m d−1, respectively (Fig. 15a). Sev-1135

eral bins with high linear |ωEk| velocities are scattered be-
tween 9–12°N, but these are most likely provoked by the
small number of long-lived eddies passing by (Fig. 17d)
and should be neglected. Nonlinear |ωEk| velocities are
lower in magnitude but follow a similar pattern as the lin-1140

ear component (Fig. 15b). Nonetheless, nonlinear veloc-
ities are more significant in the lee of the leeward islands
(0.45 m d−1) where they form a south to south-westward
corridor identical to the anticyclonic eddy corridor de-
picted in Fig. 7 and 14. In fact, the nonlinear component1145

of ωEk is expected to be larger for anticyclonic eddies be-
cause negative vorticity opposing the planetary rotation
decreases the eddy’s net rotation (ζ + f) and stimulates a
greater response in vertical velocities, whilst the opposite
occurs when the net rotation increases by the same amount1150

(Mahadevan et al., 2008). Although this mechanism is less
significant in the lee of the windward islands – probably
due to the fact that anticyclonic eddies are less-energetic
(Fig. 17f) – we have strong reasons to believe that such
distinct nonlinear |ωEk| velocities are directly related the1155

formation of the anticyclonic eddy corridor.

Average |ωEk| velocities within long-lived eddies inter-
secting the areas of strong wind-stress curl (Fig. 14) are
quantified in Table 1, where a distinction is made be-

tween when these eddies are outside and inside the is-1160

land wakes. The linear component is dominant inside and
outside the wakes, demonstrating that gradients in the
horizontal Ekman transport are the primary contributor
for the vertical transport of water in the interior of ed-
dies. Nevertheless, the nonlinear component has a greater1165

role when eddies are outside, accounting for 34% instead
of 30% of the total |ωEk|. Highest linear and nonlinear
average |ωEk| occur when eddies are under the influence
of orographic-perturbed winds, being their combination
0.20 m d−1 greater than when outside the influence of the1170

islands. Furthermore, anticyclonic eddies are the ones with
greater linear and nonlinear vertical velocities inside and
outside the wake.

Table 1: Average linear, nonlinear and total absolute Ekman pump-
ing velocities within all long-lived eddies before/after intersecting
(”Open Ocean”) and when inside (”Wake”) the island wakes. High-
est values between both groups are highlighted in bold.

|ωEk| Wake Open Ocean

(m.d−1) Cyclonic Anticyc. Cyclonic Anticyc.

Linear 0.38 0.51 0.23 0.36
0.44 (70%) 0.29 (66%)

Nonlinear 0.14 0.25 0.11 0.21
0.19 (30%) 0.15 (34%)

Total 0.52 0.75 0.33 0.57
0.64 0.44

In order to determine how rotational velocities (Vmax),
radius (Rmax) and linear and nonlinear |ωEk| velocities re-1175

spond as eddies interact with orographic-perturbed winds,
the dynamic evolution of three eddies previously repre-
sented in Fig. 13 is presented in Fig. 16. The influ-
ence of favourable positive wind-stress curl acting upon
the perimeter of C1 is quite evident (Fig. 16a), as Vmax1180

intensifies according to the wind-stress curl and reaches
0.58 m s−1 maximum velocity. When the wind-stress curl
is no longer significant, Vmax decreases until it stabilizes
at ≈0.37 m s−1. Linear |ωEk| velocities are generally dom-
inant over nonlinear but do not exceed 0.52 m d−1.1185

A1 one the other hand presents much more pronounced
vertical transports (Fig. 16b). Linear |ωEk| velocities rise
as A1 propagates through the islands channel into the lee
of Fogo in mid December, being subsequently followed
by Vmax and then by nonlinear |ωEk| velocities – most1190

likely as a feedback mechanism driven by the increase in
Vmax. Similarly to C1, Vmax in A1 stabilizes and decreases
when under the influence of unfavourable (positive) wind-
stress curl. Linear and nonlinear |ωEk| reach maximum
velocities of ≈ 1.42 and 0.63 m d−1, respectively, when1195

Vmax > 0.2 m s−1 but then decrease concurrently to Vmax.
Oscillations in A1’s Rmax are probably due to bathymet-
ric effects, with the exception of the sudden decrease in
the final days of January when A1 intersects strong posi-
tive wind-stress curl. Such unfavourable conditions could1200

19



Figure 16: Evolution of (a) C1, (b) A1 and (c) A1.1 represented
in Fig. 13. Background colours represent the mean 8-day averaged
wind-stress curl within the eddy’s perimeter. Black vertical lines
mark the snapshots from Fig. 13. Horizontal axis is oriented from
right to left.

have contributed to a drastic decrease in Rmax (from 60 to
20 km) and Vmax (from 0.15 to 0.04 m s−1), splitting and
giving rise to A1.1 before dissipating a few days later.

The ”child” A1.1 (Fig. 16c) is generated under favourable
(negative) wind-stress curl and presents significant domi-1205

nant nonlinear |ωEk| velocities that reach 1.4 m d−1 in the
lee of Fogo (Fig. 13a). Likewise C1 and A1, the evolu-
tion of A1.1’s Vmax follows the favourable wind-stress curl
acting upon its perimeter, showing an opposite behaviour
as C1’s Vmax which is on the other hand influenced by1210

unfavourable curl from February onwards.

4.5. Eddy statistics and kinematic properties

The long-lived background and island-induced mean eddy
properties are presented in Table 2, together with maps il-
lustrating mean properties of the long-lived eddy field in1215

Fig. 17. From the 142 eddies that reach Cape Verde, 82
are cyclonic and 60 are anticyclonic, whereas 91 cyclonic
and 82 anticyclonic of a total of 173 eddies are generated
inside CV (Table 2). Nonetheless, the number of long-
lived island-induced eddies is likely underestimated due1220

to the probability of splitting or merging when interact-
ing with other eddies. Cyclonic are dominant over anti-
cyclonic eddies for both background and island-induced

groups, with a minor difference of 1–2 eddy yr−1. As the
lifetime threshold increases the cyclonic supremacy accen-1225

tuates, especially for island-induced eddies (not shown).

Table 2: Mean properties of the island-induced and background cy-
clonic and anticyclonic long-lived eddies. Highest values between
both grups are in bold.

Island-induced Background
Cyclonic Anticyc. Cyclonic Anticyc.

Detected eddies 91 82 82 60
(8 yr−1) (7 yr−1) (7 yr−1) (5 yr−1)

Lifetime (days) 150.57 163.71
157.23 143.91 169.93 157.48

max 403 430 638 370

Travel distance 852.27 892.45
(km) 842.81 761.73 915.43 869.46
max 2698.89 2477.91 3245.15 2300.33

Propa. speed 5.31 5.50
(kmd−1) 5.33 5.29 5.54 5.46

Radius (km) 51.59 52.35
52.72 50.45 53.55 51.14

max 192.93 193.35 172.03 136.52

Rotational speed 0.14 0.12
(m s−1) 0.14 0.13 0.11 0.12
max 0.57 0.45 0.37 0.39

EKE (cm2 s−2) 118.09 80.09
126.72 109.46 71.66 88.52

max 1625.02 1005.56 695.18 751.97

Vortex rossby 0.15 0.12
number 0.15 0.15 0.11 0.13
max 0.62 0.45 0.38 0.52

Nonlinearity (U/c) 3.84 3.49
3.97 3.70 3.47 3.50

max 86.17 129.73 117.10 0.52

Background eddies have on average slightly higher life-
time expectancy than island-induced eddies (≈164 and
151 days, respectively; Table 2), likely because the former
need to propagate longer distances and thus be active for1230

longer periods to be considered as such. Naturally, back-
ground eddies propagate on average longer distances which
is somewhat expected, considering the high correlation be-
tween these two variables (R2 = 0.91). Current eddy lifes-
pan exceeds quite significantly the ones from Schütte et al.1235

(2016a), who reported an average of 28 days and a max-
imum of 280/180 days for anticyclonic/cyclonic eddies in
the region. This can be explained by the different thresh-
olds applied (>7 days and >45 km radius) and to the the
smaller study area and consequent restriction on eddy tra-1240

jectories.

Eddy splitting is observed more frequently in the inte-
rior of the archipelago, mainly in the lee of Santo Antão –
as it was the case of previously observed C1 and C3 (Fig.
9b and e) – and in the north and south of Fogo (Fig. 17a) –1245
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as it was the case of A1 and A5 (Fig. 13a and f) – meaning
that island-induced eddies can likewise contribute to the
formation of local ”offspring”. On the other hand, merg-
ing events are more concentrated in the north-easternmost
islands (Fig. 17b), likely associated with the interaction1250

of incoming background eddies with the islands.

It is in the eastern and northern side of the archipelago
where eddies remain for longer periods (≥ 16 days, Fig.
17c), most likely due to the topographic obstruction of in-
coming background eddies by the islands. High residence1255

periods are also depicted in the south of the leewards is-
lands, coinciding with the background and island-induced
anticyclonic eddy corridor (Fig. 7a and 12, respectively).
In fact, the lower-than-expected number of eddy origins in
this region in Spring (Fig. 6b) is very likely related with1260

such high residence periods. Background eddies generated
near the Mauritanian coast and Cape Vert headland spend
on average ≈2 weeks at each 1/2° bin before propagating
offshore.

Regarding the near-field, long-lived eddies were more1265

frequently detected in the lee of the windward islands (≥
25, Fig. 17), though the leeward islands also recorded at
least 20 different eddies. High values are still depicted in
the north of the windward islands – likely related to the
high number of background cyclonic eddy tracks observed1270

in Fig. 7a – and in the leeward islands – representative
of the background and island-induced anticyclonic eddy
corridor.

Island-induced eddies propagate on average at a lower
speed than background eddies (5.31 and 5.50 km d−1, re-1275

spectively; Table 2), likely due to topographic-induced
drag and eddy-eddy interactions within CV area. Be-
sides being active for longer periods and propagating for
longer distances, cyclones propagate (on average) at higher
speeds than anticyclones. The westward propagation speed1280

for long-lived eddies is remarkably close to the phase speeds
of nondispersive baroclinic Rossby waves (Chaigneau et al.,
2009; Chelton et al., 2011), which in turn increase towards
the equator as a function of the planetary vorticity gra-
dient effect (β, Cushman-Roisin et al., 1990; Van Camp1285

et al., 1991). In fact, Polito & Sato (2015) demonstrated
that eddies often propagate on crests and troughs of plan-
etary Rossby waves, mostly in lower latitudes. Current
eddy propagation speeds are ≈2 km d−1 higher than the
ones reported by Schütte et al. (2016a), but still within1290

the range of the zonally averaged westward phase speed
of Rossby waves (varies from ≈5.5–17.2 km d−1 between
22°–9°N, respectively) and close to the values reported by
Chelton et al. (2011) for this region.

The influence of the local planetary rotation rate (f) on1295

the propagation of an eddy is also directly proportional to
the eddy’s diameter (Cushman-Roisin et al., 1990; Sangrà
et al., 2009). Hence, the higher the eddy’s size, the higher
the β-effect. Island-induced eddies have in general slightly
lower Rmax than background eddies (51.59 and 52.35 km,1300

respectively; Table 2). Such pattern is reflected in the Fig.
17e and is likely related to the topographic constrain and
consequent squeezing of eddies passing by the narrow is-
land channels. Nonetheless, the maximum value for Rmax

is observed in an island-induced anticyclonic eddy (193.931305

km, Table 2). Average Rmax increases from ≈40 to 80 km
between 22°–9°N, respectively (Fig. 17d), being directly
related to the local Rossby radius of deformation (Rd)
that increases torwards the equator and is found to be very
close to Rmax at these latitudes (Chelton et al., 1998). One1310

should note that the eddy’s scale is highly dependent on
the coarse altimetry spatial resolution (1/4°, or ≈28 km).
Le Vu et al. (2018) warned that the AMEDA algorithm
could only accurately detect eddies with Rmax ≥ Rd and
may not provide valid information for eddies with Rmax <1315

50 km when using a 1/4° gridded dataset. Considering
that the local Rd ≈ 40–80 km, current results should be
regarded with caution. Nonetheless, we assume that spu-
rious eddy signals are effectively removed when applying
a 60-day lifetime threshold.1320

Average and maximum V max are 0.02 and 0.18 m s−1

greater for island-induced eddies than for background ed-
dies (Table 2). Naturally, EKE values follow the same
pattern, being on average 48 cm2 s−2 greater for island-
induced eddies. Such behaviour is reflected in Fig. 17f,1325

where distinct areas of high V max are easily depicted in
the lee of the windward and leeward islands, being more
pronounced in the south and southwest of the leeward is-
lands where V max reaches on average ≈0.27 m s−1. Nev-
ertheless, it is important to note that geostrophic surface1330

velocities computed from altimetry products tend to be
underestimated due to the coarse resolution and conse-
quent smoothing of vortices with a Rmax close to the ADT
resolution (Caldeira et al., 2014; Mkhinini et al., 2014).

The vortex Rossby number (Ro) quantifies the relative1335

vorticity normalized by earth’s rotation rate. Hence, an
eddy is highly nonlinear and centrifugal instability is likely
to occur when Ro > 1, whereas Ro < 1 indicates a strong
influence of the planetary rotation and eddy currents dom-
inated by the cyclogeostrophic balance between the pres-1340

sure gradient force and the Coriolis acceleration (Steg-
ner, 2014; Chelton et al., 2011; Mkhinini et al., 2014).
Background and island-induced eddies are characterized
by moderate average Ro of 0.12 and 0.15, respectively, al-
though maximum can reach values in the order of 0.521345

and 0.62 (Table 2). Highest mean Ro are found in the
lee of the leeward islands (Fig. 12g) where distinct bands
of positive/negative Ro at the western/eastern flanks in-
dicate the dominance of cyclonic/anticyclonic eddies. The
fact that this Ro dipole coincides quite remarkably with1350

the ones depicted in the seasonal-averaged wind-stress curl
(Fig. 14) further supports the hypothesis that the island-
induced wind-shear is a key factor for eddy generation,
propagation and intensification. Two other conspicuous
cyclonic and anticyclonic eddy ”pathways” are perceiv-1355

able in the northern/western and in the southern/eastern
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Figure 17: Geographic distribution for: number of (a) merging and (b) splitting events for every 1° pixel; (c) mean eddy residence time
for every 1/2° pixel; and mean eddy (d) frequency ; (e) radius (Rmax), f) rotational speed (V max); (g) vortex Rossby number and (h)
nonlinearity for every 1/4° pixel. From (c) to( h) each pixel represents the average values of the eddy whose centroid passes within the bin.
Black thick lines represent the CV area.

side of the windward islands, respectively, being in perfect
agreement with the long-lived background (Fig. 7a) and
island-induced eddy trajectories (Fig. 12).

Another valuable metric for nonlinearity goes by the ra-1360

tio between V max and eddy translation speed (c). For
Vmax/c > 1, fluid is effectively advected within the eddy
(Chelton et al., 2011) and the exchange of water with
the surrounding environment is reduced (Schütte et al.,
2016a). As expected, both background and island-induced1365

are nonlinear by definition, with average values that reach

3.49 and 3.84, respectively (Table 2). In conformity with
current results, Chelton et al. (2011) determined that al-
most 90% of the long-lived eddies (lifetime ≥ 112 days)
within the tropical band (20°S – 20°N) were nonlinear,1370

and all eddies outside this band were highly nonlinear.
Furthermore, Schütte et al. (2016a) determined that all
eddies detected in the Cape Verde region were nonlinear,
with 60% and 4% having Vmax/c > 5 and 10, respectively.
Naturally, spatial patterns of nonlinearity (Fig. 17h) mir-1375

ror the ones observed for V max and Ro (Fig. 17f and g,
respectively). They also indicate that background eddies
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generated in the African coast (mainly near Cape-Vert)
are prone to transport water with distinct characteristics
to the Cape Verde Archipelago.1380

4.6. Biological impacts

The enhancement of primary production is largely asso-
ciated with the supply of nutrients into the euphotic zone
(Aŕıstegui et al., 1997; Basterretxea et al., 2002). Accord-
ing to past studies, such nutrient availability in the region1385

of Cape Verde is mostly regulated by 3 mechanisms:

(i) The seasonal coastal upwelling in the western African
coast stimulates phytoplankton growth (Demarcq &
Somoue, 2015), which sometimes reaches the Cape
Verde Archipelago through ocean current or filament1390

advection (Fernandes et al., 2005; Lathuilière et al.,
2008). In fact, it has been estimated that half of the
total upwelled water between 17–23°N flows across
the upwelling front through filaments (Kostianoy &
Zatsepin, 1996).1395

(ii) Atmospheric deposition of iron-rich Saharan dust can
intensify phytoplankton growth, though with less pro-
nounced implications (Pradhan et al., 2006; Fischer
et al., 2016; Ohde & Siegel, 2010).

(iii) Nutrient injection induced by cyclonic and anticy-1400

clonic coastal-generated eddies can sustain enhanced
levels of Chla at their core, transporting such unique
environments (Alpers et al., 2013; Fischer et al., 2016;
Löscher et al., 2015; Karstensen et al., 2015) and pos-
sibly impacting the archipelago in their transition to1405

offshore waters.

All these mechanisms have one thing in common – the
place of origin. Hence, their implication to the archipelago
can be regarded as remote biological enrichment. The rep-
resentation of surface Chla concentration from 6th of Oc-1410

tober 2009 – 14th of March 2010 further illustrates this
(Fig. 18). A1 is first detected at some distance from the
Mauritanian coast carrying a phytoplankton bloom and
leaving a trail of high Chla in its wake (Fig. 18a). Chla
levels within the eddy increase gradually for two consec-1415

utive months (Fig. 18b and c) as A1 remains relatively
stationary and highly nonlinear. On the 18th of Novem-
ber (Fig. 18b), A1 spins at 0.15 m s−1 while under the
influence of positive wind-stress curl and upward ωEk ve-
locities reaching a modest ≈1 m d−1 (not shown). Then,1420

V max decreases to 0.09 m s−1 concurrently to the increase
of ωEk velocities and Chla concentrations until it splits
and forms A1.1 (Fig. 18d). Following the splitting event,
ωEk velocities become negative and Chla concentrations
are no longer significant, but 18 days later positive ωEk1425

velocities and high Chla concentrations re-emerge in the
interior of A1.1 (Fig. 18e), increasing progressively in the
north of Sal (Fig. 18f) until the phytoplankton bloom
vanishes once again after a northward deflection in the

eddy’s trajectory (Fig. 18g). A1 and A1.1 were stud-1430

ied by Karstensen et al. (2015) and Fischer et al. (2016),
who assumed the splitting of A1 as an interruption in the
eddy track and considered both eddies as one single an-
ticyclonic mode-water (or intrathermocline) eddy. These
authors also detected a phytoplankton bloom within the1435

eddy perimeter but referred to it as a continuous single
bloom, when in fact there are two separate blooms, prior
and following the splitting event.

Intrathermocline eddies are defined by an homogeneous
volume of water that creates a subsurface lens-like struc-1440

ture, depicted by the dooming/dipping of the isopycnals
torwards the eddy core above/below a subsurface swirl ve-
locity maximum (Caldeira et al., 2014; Karstensen et al.,
2015). This kind of eddies often promote the vertical trans-
port of cold, nutrient-rich water into the euphotic layer1445

through linear and nonlinear Ekman pumping mechanisms
still not fully understood and under strong debate (Gaube
et al., 2014; Schütte et al., 2016b; McGillicuddy et al.,
2008; Mahadevan et al., 2008; McGillicuddy et al., 2007).
Naturally, such processes favour the occurrence of phyto-1450

plankton blooms in surface waters (Karstensen et al., 2017;
Gaube et al., 2014) and only through enhanced levels of
Chla and negative SST anomalies can the distinction be-
tween normal and mode-water anticyclonic eddies be made
with remote sensing techniques (Schütte et al., 2016b).1455

Karstensen et al. (2015) documented severe hypoxic con-
ditions (Dissolved Oxygen (DO) < 2 µmol kg−1) at 42-m
depth when A1.1 intersected the Cape Verde Ocean Ob-
servatory mooring, north of São Vicente. These conditions
were found within the 50-m thick subsurface mode water1460

lens, centered at ≈70-m depth. Below this cap, A1.1’s
vertical structure resembled a normal anticyclonic eddy
with downward-bent isopycnals that extended up to 1400
m depth, a fact that can easily explain the topographic-
induced northward deflection in the eddy’s trajectory. Such1465

DO depleted eddies are now thought to be recurrent in the
region and are directly related with the high primary pro-
ductivity at the surface and subsequent oxygen consump-
tion induced by the sinking of organic matter, which in
combination with the isolation of the upper layers against1470

exchanges with surrounding waters creates ”dead-zones”
in the open ocean (Karstensen et al., 2015, 2017; Fischer
et al., 2016; Hauss et al., 2016; Schütte et al., 2016b).

Two other background anticyclonic mode-water eddies
are depicted amid this period. A3 arises far from the Mau-1475

ritanian coast with high levels of Chla (Fig. 18b and c),
but the bloom is left behind as the eddy propagates west-
ward and terminates without intersecting the archipelago
(Fig. 18d, e and f). On the other hand, A2 is gener-
ated near the Cape-Vert headland in the 28th of July and1480

is observed to propagate towards the archipelago with no
significant levels of Chla (Fig. 18a and b). At the time it
intersects the easternmost islands moderate Chla concen-
trations (≈0.50 mg m−3) emerge within the eddy, leaving
the phytoplankton patch in the vicinity of the islands af-1485
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Figure 18: Surface Chla concentration snapshots (8-day centered moving average), overlapped by anticyclonic (red) and cyclonic (light blue)
eddy shapes and trajectories. Black contour around the islands represents the -2000 m depth.

ter terminating (Fig. 18d). It has been documented that
anticyclonic eddies have the potential to retain and sup-
port planktonic communities over many generations, being
thus able to enhance larval survival for many invertebrate
and fish species (Condie & Condie, 2016). Besides the ob-1490

served capability of self-promoting primary productivity
and considering the fact that most eddies generated in the
African coast are highly nonlinear (Fig. 17h), such findings
imply that background eddies represent a great medium
for biological advection, connecting the archipelago to the1495

western African coast.

Notwithstanding, a new driving mechanism which to
present date has only been hypothesized in the region
(Chavanne et al., 2002) is presented: the island-induced
biological enhancement through eddy-induced injection of1500

deep nutrient-rich water to surface layers, a mechanism of-
ten linked to IME (e.g. Basterretxea et al., 2002; Caldeira
et al., 2002). As C1 approaches the windward islands from
southeast (Fig. 18c) and intersects an island-induced an-
ticyclonic eddy (not identified) in the south of Fogo (Fig.1505

18d), it splits and gives origin to C1.1. Although related
with a background eddy, orographic-disturbed winds are
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likely to have contributed to C1.1’s formation, since this
feature is generated in an area strongly characterised by
positive wind-stress curl and by the frequent formation of1510

cyclonic eddies (Fig. 14 upper pannels). The ”offspring”
C1.1 then incorporates its ”parent” C1 and remains sta-
tionary in the western flank of Fogo’s wake for over a
month (Fig. 18e, f and g), giving rise to a very pronounced
Chla signal that exceeds ≈5 mg m−3. We have strong rea-1515

sons to believe that island-induced wind shear effects are
the driving mechanism for the occurrence of this phyto-
plankton bloom, manifested in the ωEk upward velocities
exceeding 2 m d−1 (not shown).

Such phenomenon has been documented in the lee of1520

Hawaii when Calil et al. (2008) observed the weakening
and intensification of a cyclonic eddy as a causative ef-
fect of the wind. Further, Hasegawa et al. (2009) inves-
tigated the development of phytoplankton blooms in the
wake of an island though modelling efforts and found that1525

the upwelling of nutrients – especially nitrate – provoked
by island-induced cyclonic eddies was the driving mecha-
nism. Similar findings have also been extensively reported
in other Macaronesian islands. Using remote sensing tools
and historical data, Caldeira et al. (2002) documented sev-1530

eral episodes of sub-mesoscale cyclonic eddies generated
in the western flank of Madeira Island, accompanied by
enhanced levels of Chla. In Canary Islands, Hernández-
León (1991) first documented the accumulation of meso-
zooplankton as a response to IME, but only until later were1535

the enhanced Chla surface concentrations associated with
nutrient-enrichment driven by island-induced cyclonic ed-
dies (Aŕıstegui et al., 1997; Basterretxea et al., 2002). In
the Azores, however, Caldeira & Reis (2017) suggested
that the ability of the islands to retain the incoming prop-1540

erties from the impinging flow was the main cause for the
observed nutrient and biological enrichment.

IME has often been regarded as an isolated phenomenon,
exclusively induced by the islands in the local environment
(Gove et al., 2016). Current findings challenge this idea,1545

as the combination of both remote and island-induced pro-
cesses often hinders the distinction between them, being
therefore deemed as the main drivers for the primary pro-
ductivity in the Cape Verde Archipelago.

5. Conclusion1550

Our study focused on the characterisation of the in-
coming and localy-generated eddies in the Cape Verde
Archipelago between 2003–2014, giving especial attention
to the highly complex interaction between background ed-
dies with the islands and consequent implications on the1555

generation and evolution of island-induced eddies. Al-
though many studies have investigated the mechanisms
and implications associated with eddy generation in the
lee of high-topography deep-water islands, very few have

considered the implications of incoming background fea-1560

tures in such island-induced processes.

Pronounced long-lived eddy hotspots were detected in
the interior of the delimited near-field CV area – mainly
the lee of the tallest islands (Fig. 5) – originating a to-
tal number of 173 island-induced eddies. Nevertheless,1565

it was also demonstrated that the archipelago is exposed
to a remarkable number of incoming background eddies
(142) that interact with the islands and consequent island-
induced transformations (Fig. 7), leading to the: i) the
blocking and deflection of 58 background eddies; ii) 271570

eddy splitting and consequent generation of island-induced
eddies; iii) 39 merging events with island-induced eddies or
even with their offspring; iv) 12 island-induced wind-shear
eddy intensifications; v) and 31 eddy terminations. Most
incoming background eddies are generated off the west-1575

ern African coast, mostly near the Cape-Vert headland
and between 19°W and the archipelago (Fig. 7a). Still,
a small number are generated close to the Mauritanian
coast, being associated with the seasonal intensification of
the southerly along-shore Mauritanian Current (Schütte1580

et al., 2016a). Nonetheless, no significant seasonal pattern
is detected in the intersection of background eddies with
the archipelago, as their occurrence is ubiquitous through-
out the year (Fig. 8). Considering the substantial amount
of evidences that support the systematic background eddy-1585

island interactions, one may conclude that many island-
induced eddies are a direct product or by-product of such
interaction. For this reason, it is very difficult to determine
the nature of the eddies being generated in the archipelago,
i.e. from island-induced mechanisms, background eddy-1590

island interaction or even the interaction between back-
ground and island-eddies. Therefore, the combination of
background eddy-splitting and island-induced wind-shear
effects are the main causes for the generation and intensi-
fication of local mesoscale eddies.1595

Besides being a key factor in the generation and intensi-
fication of eddies, current results also suggest that island-
induced wind-shear effects may contribute to the contain-
ment of cyclonic and anticyclonic eddies in the lee of the
mountainous islands of the archipelago (Fig. 14 and 17g).1600

The trajectory cluster formed by deflected background and
island-induced anticyclonic eddies in the lee of the leeward
islands is the most explicit evidence, as it is characterised
by a very distinct south-westward orientation that follows
very closely the negative wind-stress curl area. To the best1605

of our knowledge, this is the first time that such mech-
anism is confirmed by a long record of empirical obser-
vations. High values of absolute Ekman pumping veloc-
ities (Fig. 15a and b, respectively) also emerge at this
location as a result of the interaction between eddies and1610

orographic-disturbed winds. The disparity between the
main characteristics of background and island-induced ed-
dies further reflects the influence of orographic-disturbed
winds on eddies, mainly for the rotational speeds and asso-
ciated properties (Table 2 and Fig. 17f, g and h). Island-1615
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induced topographic effects were also manifested in the
mean eddy residence period – higher at the periphery –
and mean eddy radius – smaller in the immediate vicinity
of the archipelago (Fig. 17c and e).

Incoming background eddies were demonstrated to have1620

important implications in the local biological realm. Sev-
eral anticyclonic eddies (October 2009 – March 2010, Fig.
18) were observed transporting Chla-rich water in the di-
rection of Cape Verde, enhancing Chla concentrations in
its vicinity. Nevertheless, island-induced processes can1625

also favour local biological productivity, as it was the case
of a remarkable Chla signal west of Fogo (Fig. 18e to g)
strongly associated with the self-induced nutrient injection
provoked by the interaction of an island-induced C1.1 with
strong wind vorticity. The fact that C1.1 is related with a1630

background eddy C1 further reinforces the idea that both
fields are intertwined in such a way that hinders the dis-
tinction and quantification of individual mechanisms. It
also challenges the idea that IME is a phenomenon exclu-
sively induced by an island (or group of islands), being1635

thus proposed that IME can be developed and sustained
by the combination of local and remote processes.

Finally, we answer the proposed questions of our study:
do background incoming eddies have considerable interac-
tions with oceanic islands which have been neglected to1640

present date? Current results strongly suggest that, de-
spite being at ≈600 km distance from the western African
coast, background eddies can have considerable implica-
tions on island-induced processes occurring in the archipelago.
On the other hand, island-induced topography effects can1645

modify the characteristics of transiting background eddies,
making the Cape Verde Archipelago a perfect location for
the study of such processes. Nonetheless, further studies
– including in-situ observations in combination with satel-
lite data and coupled numerical simulations – are needed1650

in order to effectively address the various mechanisms be-
hind the interaction of background eddies with the islands,
along with the complex island-induced eddy generation
processes in the archipelago.
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servatório Oceânico da Madeira–OOM).

References

Adduce, C., & Cenedese, C. (2004). An experimental study of a1675

mesoscale vortex colliding with topography of varying geometry
in a rotating fluid. Journal of Marine Research, 62 , 611–638.
doi:10.1357/0022240042387583.

Allis, S. (2015). Diapycnal Mixing Processes and Vertical Velocities
within Mesoscale Structures. Ph.D. thesis Universidad de Las1680

Palmas de Gran Canaria.
Alpers, W., Brandt, P., Lazar, A., Dagorne, D., Sow, B., Faye, S.,

Hansen, M. W., Rubino, A., Poulain, P.-M., & Brehmer, P. (2013).
A small-scale oceanic eddy off the coast of West Africa studied by
multi-sensor satellite and surface drifter data. Remote Sensing of1685

Environment , 129 , 132–143. doi:10.1016/j.rse.2012.10.032.
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A., & Fiedler, B. (2016). Dead zone or oasis in the open
ocean? Zooplankton distribution and migration in low-oxygen1955

modewater eddies. Biogeosciences, 13 , 1977–1989. doi:10.5194/
bg-13-1977-2016.

Helmke, P., Romero, O., & Fischer, G. (2005). Northwest African
upwelling and its effect on offshore organic carbon export to the
deep sea. Global Biogeochemical Cycles, 19 , n/a–n/a. doi:10.1960

1029/2004GB002265.
Hernández-León, S. (1991). Accumulation of mesozooplankton in a

wake area as a causative mechanism of the ?island-mass effect?
Marine Biology, 109 , 141–147. doi:10.1007/BF01320241.

Heywood, K. J., Barton, E. D., & Simpson, J. H. (1990). The ef-1965

fects of flow disturbance by an oceanic island. Journal of Marine
Research, 48 , 55–73. doi:10.1357/002224090784984623.

Hoffman, R. N., & Leidner, S. M. (2005). An Introduction to the
Near–Real–Time QuikSCAT Data. Weather and Forecasting, 20 ,
476–493. doi:10.1175/WAF841.1.1970

Holland, C. L., & Mitchum, G. T. (2001). Propagation of Big Island
eddies. Journal of Geophysical Research: Oceans, 106 , 935–944.
doi:10.1029/2000JC000231.

Hwang, D.-W., Lee, Y.-W., & Kim, G. (2005). Large submarine
groundwater discharge and benthic eutrophication in Bangdu Bay1975

on volcanic Jeju Island, Korea. Limnology and Oceanography, 50 ,
1393–1403. doi:10.4319/lo.2005.50.5.1393.

Ioannou, A., Stegner, A., Le Vu, B., Taupier-Letage, I., & Speich,
S. (2017). Dynamical Evolution of Intense Ierapetra Eddies on a
22 Year Long Period. Journal of Geophysical Research: Oceans,1980

122 , 9276–9298. doi:10.1002/2017JC013158.
Jia, Y., Calil, P. H. R., Chassignet, E. P., Metzger, E. J., Potemra,

J. T., Richards, K. J., & Wallcraft, A. J. (2011). Generation of
mesoscale eddies in the lee of the Hawaiian Islands. Journal of
Geophysical Research, 116 , C11009. doi:10.1029/2011JC007305.1985
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P., Vieira, N., & Visbeck, M. (2017). Upwelling and isolation in2000

oxygen-depleted anticyclonic modewater eddies and implications
for nitrate cycling. Biogeosciences, 14 , 2167–2181. doi:10.5194/
bg-14-2167-2017.

Kostianoy, A., & Zatsepin, A. (1996). The West African coastal
upwelling filaments and cross-frontal water exchange conditioned2005

by them. Journal of Marine Systems, 7 , 349–359. doi:10.1016/
0924-7963(95)00029-1.

Kundu, P., & Cohen, L. (1990). Fluid mechanics. In Fluid mechanics
(p. 638). Academic Press, San Diego, Calif.

Large, W. G., & Pond, S. (1981). Open Ocean Momentum Flux2010

Measurements in Moderate to Strong Winds. Journal of Phys-
ical Oceanography, 11 , 324–336. doi:10.1175/1520-0485(1981)
011<0324:OOMFMI>2.0.CO;2.

Lathuilière, C., Echevin, V., & Lévy, M. (2008). Seasonal and in-
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M., Schütte, F., Singh, A., Hauss, H., Karstensen, J., Körtzinger,
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Pelegŕı, J., Marrero-Dı́az, A., & Ratsimandresy, A. (2006). Nutrient
irrigation of the North Atlantic. Progress in Oceanography, 70 ,
366–406. doi:10.1016/j.pocean.2006.03.018.
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Sangrà, P., Pelegŕı, J. L., Hernández-Guerra, A., Arregui, I., Mart́ın,
J. M., Marrero-Dı́az, A., Mart́ınez, A., Ratsimandresy, A. W.,2185
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Schütte, F., Karstensen, J., Krahmann, G., Hauss, H., Fiedler, B.,
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