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Abstract A shallow mesoscale anticyclonic eddy, observed south of the Canary Islands with satellite

altimetry, has been intensively studied with multiparametric sampling. Hydrographic data from a CTD

installed on an undulating Nu-shuttle platform reveal the presence of a mesoscale anticyclonic eddy of

�125 km diameter. The difference in sea level anomaly (SLA) between the interior and the edge of the

eddy, as determined from altimetry, is �15 cm, which compares well with the maximum dynamic height

differences as inferred using a very shallow reference level (130 m). Further, the associated surface

geostrophic velocities, of about 35 cm s21 in the northeast and southwest edges of the eddy, are in good

agreement with direct velocity measurements from the ship. Deep rosette-CTD casts confirm that the

structure is a shallow eddy extending no deeper than 250 m before the fusion with another anticyclone.

The SLA-tendency (temporal rate of change of sea surface height) indicates a clear northwestward

migration during the two first weeks of November 2008. Applying an eddy SSH-based tracker, the eddy’s

velocity propagation is estimated as 4 km d21. Use of the QG-Omega equation diagnoses maximum

downward/upward velocities of about 62 m d21. The instability of the Canary coastal jet appears to be the

mechanism responsible for the generation of the shallow anticyclonic eddy.

1. Introduction

Intensive research on the mesoscale ocean circulation south of the Canary Islands, in the coastal transi-

tion zone off Northwest Africa, began in the early 1990s. A number of synoptic cruises revealed different

aspects of the dynamics of the mesoscale eddies generated topographically as the Canary Current flows

around the Canary Islands [Ar�ıstegui et al., 1994, 1997; Barton, 1998; Barton et al., 1998, 2004; Sangr�a et al.,
2005, 2007]. These eddies interact strongly with filaments generated either at the coastal upwelling

region, through baroclinic instability processes [Barton, 1998; Barton et al., 1998, 2004], or downstream of

the tallest islands, through wind sheltering [Barton et al., 2000]. The ubiquitous presence of these topo-

graphic eddies in sea surface temperature (SST) imagery [Hern�andez-Guerra et al., 1993; Hern�andez-Guerra
and Nykjaer, 1997; Barton et al., 1998; Pacheco and Hern�andez-Guerra, 1999; Borges et al., 2004] and their

relevance to biogeochemical processes [Ar�ıstegui et al., 1997; Basterretxea and Ar�ıstegui, 2000; Garc�ıa-
Mu~noz et al., 2005; Pelegr�ı et al., 2005, 2006; Gonz�alez-D�avila et al., 2006; Piedeleu et al., 2009; Brochier
et al., 2011] drew so much attention that little was said about the possibility that some of these eddies

had a different origin. The only other proposed generation mechanism was Ekman pumping induced by

the horizontal shear in the wind field as it flows past the islands [Barton et al., 2000; Jim�enez et al., 2008;

Piedeleu et al., 2009].

More recently, Sangr�a et al. [2009] raised the possibility that some westward propagating eddies, which begin

their journey from the lee of the Canary Islands, may have formed through instability processes in the coastal

upwelling region. This hypothesis has been explored by Ben�ıtez-Barrios et al. [2011] by examining the distribu-

tion of properties, including vertical velocities, in a single eddy-resolving cruise that stretched from the conti-

nental shelf to south of the central and eastern islands. These authors found pairs of eddies of opposite sign

(dipoles) with quite different characteristics, in terms of the thermal structure and the intensity of the vertical

flow. They ascribed the relatively deep and intense dipoles to topographic origin and suggested the shal-

lower and weaker ones to be produced through instability of the coastal upwelling jet. The analysis, however,

was limited by the lack of observations of the time evolution of the property fields.
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In relation to the topographically generated eddies, an important open question has been their role in

bringing nutrients to the euphotic layers. In particular, based on the surface distribution of chlorophyll, it

has been proposed that upwelling and downwelling motions take place near the core of cyclonic and anti-

cyclonic eddies [Ar�ıstegui et al., 1997; Barton, 1998; Basterretxea and Ar�ıstegui, 2000]. While this is true dur-

ing the generation process, when the entire upper thermocline rises or sinks as it seeks geostrophic

adjustment, this does not need to remain true shortly after the eddy has developed. At these later times

we may expect that upwelling and downwelling movements will respond to the eddy’s temporal evolu-

tion, associated with changes in the density distribution resulting from horizontal variations in the geostro-

phic current, the so-called convergence or divergence of the Q-vector [Gomis et al., 2001].

Ben�ıtez-Barrios et al. [2011] carried out what, to our knowledge, is the only quantitative study of the vertical

velocity field associated with mesoscale structures south of the Canary Islands. By solving the Q-vector for-

mulation of the Omega equation, they found the region to be characterized by patches of positive and

negative vertical velocities, apparently associated with different azimuthal regions of the eddy. The maxi-

mum vertical velocities, in the range between 212 and 18 m d21, were observed around deep topographic

eddies, while values typically several times smaller were linked to the shallower eddies located close to the

coastal upwelling front. Only a deep anticyclonic eddy, attached south of the island of Fuerteventura, dis-

played substantial downwelling near its core.

The work presented here aims at providing further insight into the origin and evolution of eddies found

south of the Canary Islands. Our objective is to use in situ and remote sensing data to characterize the three-

dimensional circulation (geostrophic and ageostrophic) of a shallow mesoscale anticyclonic eddy off Cape

Bojador. The eddy was tracked during the cruise, shortly after its formation, with real-time altimetry data but

here we make use of the more accurate delayed-mode altimetry data to identify its initial evolution. The

eddy was carefully sampled before its fusion with an offshore anticyclonic eddy, and sampled again immedi-

ately afterward. Here we look at the three-dimensional distribution of different properties prior to and after

the fusion. In particular, we examine the horizontal and vertical velocity fields of the initial eddy. Horizontal

velocities are determined through Vessel-Mounted Acoustic Doppler Current Profiler (VM-ADCP) measure-

ments, the trajectory of a subsurface drogged drifter, and both hydrographic and altimetry data. The quasi-

geostrophic vertical velocity field is calculated solving the Q-vector form of the Omega equation.

The article is organized as follows. Section 2 describes the multiparametric in situ data set and the methods

used in their analysis. Section 3 presents the results obtained through the data analysis, both in terms of

vertical velocities and the origin and temporal evolution of the eddy. Section 4 summarizes our findings

and discusses those mechanisms that may lead to the generation of shallow eddies; this section ends with

several concluding remarks.

2. Data and Methods

The CANOA-08B cruise took place on board the R/V Sarmiento de Gamboa from 2 to 29 November 2008. The

campaign involved multiparametric in situ sampling in the region off NW Africa, from Cadiz to Cape Verde

and from the shelf break to the deep ocean: the measurements included hydrographic stations with

Conductivity-Temperature-Depth (CTD) casts and water samples from a 24 Niskin-bottle rosette; continuous

velocity data down to about 600 m depth with the VM-ADCP; CTD sampling with an undulating Nu-Shuttle

platform; and the deployment of drifters drogued at about 100 m depth. These measurements were comple-

mented with remote sensing data (SST and altimetry) for the whole NW Africa region. Some results, related

to the large-scale distribution of water properties, have been presented by Pastor et al. [2012] and Pe~na-
Izquierdo et al. [2012]. In this study, we focus on data collected south of the Canary Islands (Figure 1).

2.1. Hydrography and VM-ADCP Data
Between 9 and 11 November 2008, hydrographic observations were gathered south of the Canary Islands using

a Nu-Shuttle, an undulating towed vehicle equipped with sensors. The Nu-shuttle survey consisted of four par-

allel northeast-southwest transects within a box�35 km wide and�150 km long (Figure 1). The towed instru-

ment recorded CTD data following a saw-tooth trajectory between 30 and 130 m depth; the ship’s velocity

during the sampling was about 8 knots. Data processing steps include spike removal, thermal lag correction,

and vertical averaging every 5 m. The final horizontal resolution along each transect is�2 km. Additional details

of the Nu-shuttle data processing are available in the technical report prepared by Emelianov et al. [2009].
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On 11 November 2008, just after

completing the Nu-shuttle sam-

pling, four CTD casts were per-

formed using a SeaBird 911 Plus

probe. The stations were carried

out along a North-South radial

section, from the periphery

toward the center of the eddy

(Figure 1, CTDs 1–4), at roughly

30 km spacing and reaching

either 500 or 1000 m depth. Two

weeks later, on 28 November

2008, the vessel revisited the

area, sampling five additional

deep stations (CTD casts 5–9,

down to 1500 m), at about 40

km intervals. All CTD stations

were positioned (Figure 1) so as

to cross the eddy, following near

real-time altimetry data delivered

by AVISO with a 6 day delay. The

original vertical resolution of all

CTD casts is 1 m but, to be con-

sistent with the Nu-shuttle obser-

vations, the CTD data were

averaged into 5 m bins. More

details on the standard CTD data

processing are also available in

Emelianov et al. [2009].

A 75 kHz VM-ADCP was used to

collect velocity data. On 2

November, just after starting the

cruise, the instrument was cali-

brated in shallow waters, using

bottom tracking acquisition and

following the methodology

described by Griffiths [1994] and

Ruiz et al. [2002]. A misalignment

angle of 46.22� and scale factor

of 1.005 were obtained and con-

sidered in the configuration file for the instrument. Final velocity profiles, time averaged every 5 min, have

vertical resolution of 8 m [Emelianov et al., 2009].

2.2. Surface Drifters
One subsurface drifter was deployed on 12 November 2008 in the center of the area sampled by the Nu-

shuttle platform (Figure 1). The drifter consists of a surface buoy and a subsurface drogue at about 100 m

depth that minimizes wind drift or other ageostrophic motions in the surface mixed layer. Inside the sur-

face buoy a transmitter (ARGOS system) sends periodic latitude and longitude positioning for the tracking

of surface ocean trajectories. Unfortunately, the communication with the drifter was lost after eight days so

only a short, but valuable, data series is available for analysis.

2.3. Satellite Altimetry
There is considerable literature on the use and quality of altimeter data for the study of mesoscale variabili-

ty in the world ocean [Le Traon et al., 1998; Brachet et al., 2004; Pascual et al., 2006]. During the CANOA-08B

Figure 1. (top) Study area south of the Canary Island (Northeast Atlantic Ocean). White

dashed line corresponds to Nu-Shuttle transects ((i)–(iv)), ordered in time and crossing

the eddy initially through its edge (transect (i)) and finally near its core (transect (iv)).

Black dots correspond to deep CTD-rosette casts performed on 11 November 2008 (sta-

tions 1–4), just a few hours after completing the Nu-Shuttle survey, and on 28 November

2008 (stations 5–9), 2 weeks later. Blue asterisk indicates the launch position of a surface

drifter buoy. Background color corresponds to altimetry SLA for 10 November 2008. (bot-

tom) Bathymetry of the study area.
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cruise, standard daily altimetric

maps of Absolute Dynamic

Topography (ADT) and Sea Level

Anomaly (SLA), as provided by

AVISO, were received in near real-

time (6 day delay) on board the

R/V Sarmiento de Gamboa. For

the altimetric analysis described

in section 3, the delayed-mode

‘‘up-to-date’’ product has been

used. This product is better in

quality because it is based on the

best sampling available in time

through the merging of data

from all available satellites

[SSALTO/DUACS User Handbook,

2013]. The interpolated gridded

fields are the outcome of com-

bining data from two different

satellites (Jason-1 and Envisat at

the time of the CANOA-08B cruise) through an optimal interpolation scheme that uses a 125 km correlation

scale at the latitudes of the cruise [Le Traon et al., 2003]. The resolution of the interpolated products is 0.25�

on a Mercator grid. The mean error of the altimetry maps for the study area is about 10% of the total signal

(not shown), which confirms the reliability of this product for the discussion of the characterization and tem-

poral evolution of the eddy. The ADT field is obtained by adding a Mean Dynamic Topography (MDT) to the

SLA [Rio and Hernandez, 2004]. Finally, from the horizontal gradients of the ADT fields, it is possible to esti-

mate geostrophic velocities, see Pascual et al. [2009] for further details.

2.4. Optimal Statistical Interpolation
The hydrographic data set and VM-ADCP measurements are interpolated onto a regular grid through an

Optimal Statistical Interpolation (OSI) scheme that has been widely and successfully applied to oceanogra-

phy, including the estimation of observed and derived variables [Gomis et al., 2001; Allen et al., 2001]. The

scheme analyzes observation increments, i.e., the difference between the observations and the background

field. The background, or first guess, field is estimated using a local polynomial fit to the observations

[Thi�ebaux and Pedder, 1987].

A simple Gaussian function for the correlation model between observations is set up with a correlation

length scale of 30 km, inferred from actual data (Figure 2). The aliasing problem may be significant when

mesoscale phenomena are studied with a limited number of observations in time and space. To avoid this

problem, an additional low-pass filter with a cut-off length scale of 40 km is applied to select those scales

well resolved by the sampling. For an exhaustive description and performance of the scheme, including

the sensitivity of the estimated field to the analysis parameters, see Gomis et al. [2001].

2.5. Quasi-Geostrophic Vertical Velocity
Since vertical velocities cannot yet be directly measured in the oceans with sufficient accuracy, indirect

methods have been developed to estimate this variable. A common approach to determine the vertical

velocity, w, is based on the quasi-geostrophic (QG) Omega equation, here presented in the vector Q formu-

lation [Hoskins et al., 1978]:
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Figure 2. Spatial correlation for dynamic height as derived from hydrographic data at

65 m depth.
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and (u,v) are the horizontal geostrophic velocity components in the west-east and south-north directions

(x,y), and z is the (positive upward) vertical coordinate; f is the Coriolis parameter and N is the buoyancy fre-

quency. In this particular study, the upper and lower boundaries have been set as w 5 0, while Neumann

conditions are used at the lateral boundaries. For a detailed study on the use of the Omega equation to

diagnose vertical motions in the ocean, see Pinot et al. [1996].

3. Results

3.1. Surface Variability From Altimetry
Interpolated altimetry data from the beginning of October (1 month before in situ sampling) to the end of

November 2008 (after in situ sampling) complement the hydrographic records and provide a description of

the temporal evolution of the surface circulation. The images from 1 and 8 October 2008 show three large

mesoscale features in the area south of the Canary Islands: an elongated structure formed by two anticy-

clones and a weaker cyclone to the east. In this study, we focus on the anticyclonic eddy (hereinafter AE-

Mioko) sampled near the African coast (Figure 3a). On 15 October, the �125 km diameter AE-Mioko eddy

was centered at about (16�W, 26�N), with maximum SLA of 16 cm at the eddy center (Figure 3c).

From mid-October until 2 November 2008 (Figure 3d), the structure moved toward the east-southeast with

a mean velocity of �2 km d21. The core of the eddy approached the continental slope and the original

near-circular shape of the structure took on an elongated shape. The SLA maximum values in the core of

the eddy reached 20 cm, the SLA radial gradients increased accordingly and the geostrophic velocity

reached a maximum value of 32 cm s21. On 2 November AE-Mioko started a new migration, now toward

the northwest with twice the October velocity (� 4 km d21), and in mid-November, it merged with another

anticyclone (Figures 3e and 3f). As shown in Figures 1 and 3e, on 9–11 November AE-Mioko had an elon-

gated shape with a southeast-northwest axis and maximum geostrophic velocities of about 34 cm s21; at

this time, the eastern half of the eddy was sampled with the Nu-shuttle. During the ship sampling, the

eddy was approximately centered at the same position as when initially detected in mid-October, but with

clear evidence of deformation after having interacted with the surrounding structures (Figure 1).

The November eddy migration is confirmed by the temporal rate of change of SLA (hereinafter SLA tend-

ency). Flexas et al. [2006] use a similar approach to investigate the displacement and deformation of an

eddy in the Western Mediterranean. The SLA tendency is computed here as the difference between SLA

maps for two dates (5 and 15 November 2008) divided by the lag time. Maximum and minimum values of

SLA tendency are not collocated in the center of AE-Mioko but on the edges (Figure 4). This indicates that

the eddy is not amplifying or decaying but propagating, see Pascual et al. [2004] and Gomis et al. [2005] for

more details on this interpretation. In this case, the regions of negative/positive SLA tendency are found at

the southeastern/northwestern part of AE-Mioko, respectively, which is consistent with a northwestward

migration during the 10 day period, given it is an anticyclonic eddy. This journey is confirmed by an alter-

native method based on a new SSH-based eddy tracker (E. Mason et al., A new sea surface height based

code for oceanic mesoscale eddy tracking, submitted to Journal of Atmospheric and Oceanic Technology,

2014). For the period between 29 October and 12 November, which includes the in situ sampling, the eddy

tracker estimates a mean eddy’s propagation velocity and direction of 4.1 km d21 and 290.1�, respectively.

3.2. Horizontal and Vertical Structure
Figure 5 shows the spatial distribution of temperature, salinity and density at three depths (30, 65, and

100 m), as estimated after the OSI of the Nu-Shuttle observations. AE-Mioko has a slightly tilted warm core of

22.4�C. The salinity fields show a more heterogeneous spatial pattern: a dipole structure appears at 30 and

65 m depth with salinity values of 37.10 in the northern part and 36.9 in the southern part. However, at 100

m, the salinity field is more uniform than in the upper levels with a core of 37.0. The density maps, with values

of about 25.7 kg m23 at all three depths, are dominated by the temperature field. AE-Mioko is surrounded by

denser waters (�26.0 kg m23) to the north, associated with the cyclonic eddy observed in the altimetry maps

(Figure 1).

The near-surface (down to 130 m) hydrographic vertical structure of the eddy is summarized in Figure 6;

the four transects crossing the eastern half of the eddy through its eastern edge (transect (i)) or its center

(transect (iv)) (Figure 1). At the eastern end, transect (i) does not provide clear evidence of a dense core,

showing instead a homogeneous horizontal layer in temperature and a very weak horizontal density
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gradient; this transect may be considered as representative of the hydrographic conditions outside of the

eddy. Transect (ii) represents a transition zone where the horizontal temperature and density gradients

increase, and the warm core of AE-Mioko becomes visible. Relatively low density values (25.8 kg m23)

Figure 3. Maps of SLA (cm) and associated geostrophic velocity anomaly (cm s21). From left to right and top to bottom: 1, 8, 15, and 29

October and 12 and 26 November 2008. Black dots correspond to CTD casts performed on 12 and 28 November 2008.
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appear in transect (ii), but only reach down to �75 m and are horizontally deformed (there are two troughs

related to the temperature and salinity distributions at that depth, see Figure 5). Transects (iii) and (iv) are

representative of the properties in the eddy center, where the 26.1 kg m23 isopycnal reaches more than

120 m depth.

The CTD data, gathered shortly after the Nu-Shuttle sampling, confirm that AE-Mioko was a shallow eddy

(Figure 7) extending no deeper than 250 m. The T/S diagram (not shown) using both CTD and Nu-shuttle

data reveals that the top 250 m of the study area are dominated by North Atlantic Central Waters (NACW),

with salinity values between 36.8 and 37.1 and temperatures between 21.5�C and 22.3�C.

3.3. Geostrophic and Ageostrophic Circulation
The dynamic height (DH) is calculated from the Nu-shuttle optimally interpolated density fields setting 130

m as the reference level. The DH and geostrophic velocity fields illustrate that the Nu-shuttle sampled the

core and the southeastern portion of the eddy (Figure 5). At 30 m, the difference in DH between the eddy

core and its edge is 13 cm, very similar to the differences calculated at the sea surface through altimetry.

This result gives us confidence in the use of such a shallow reference level for the geostrophic calculations;

comparison with the ADCP (see below) also justifies this choice.

At 30 m, the maximum DH gradients, and associated geostrophic velocities (�35 cm s21), are found at the

northeast and southwest edges of AE-Mioko, between transects (ii) and (iii) (Figure 5). At 100 m, the DH

gradient is significantly reduced and the geostrophic velocities are everywhere less than 5 cm s21. The

outer end of the eddy is located between transects (i) and (ii), where the geostrophic velocity reverses

direction. The existence of such a transition zone is also evidenced by hydrographic data, mainly tempera-

ture. Along transect (i) we can identify the edge of another independent structure, apparently located

between AE-Mioko and the African coast. Unfortunately, no additional in situ data closer to the coast are

available to investigate this interaction.

A comparison of the velocity fields in the uppermost layer (0–30 m), estimated either from the altimetry or

OSI density fields, with the actual VM-ADCP velocity measurements and the drifter’s trajectory also gives

good agreement and grants further confidence in the 130 m reference level (Figure 8a). The geostrophic

velocity derived from the Nu-shuttle hydrographic data and the VM-ADCP measurements are coherent,

both showing the presence of the anticyclonic structure. Some differences in the direction are found, par-

ticularly at the eastern boundary of the domain. Regarding magnitude, the VM-ADCP produces slightly

higher velocities, as expected. The relatively small differences between geostrophic and actual velocities

may be related to the shallowness of the reference level, but may also indicate the presence of cyclo-

strophic acceleration. To assess the importance of any cyclostrophic acceleration, a simple scale analysis is

Figure 4. Difference between SLA maps (background color field) for 5 and 15 November 2008 divided by time lag (units are cm d21). The

isolines correspond to SLA (cm) for 10 November 2008.
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conducted by considering the

ratio of cyclostrophic accelera-

tion to the Coriolis acceleration.

Using mean characteristic length

and velocity values for the study

area, this ratio is smaller than 0.1,

suggesting that the cyclostrophic

acceleration associated with the

anticyclonic eddy is not domi-

nant. Other authors have found

super-geostrophic eddies (up to

20% difference between actual

and geostrophic velocities) in

very energetic areas such the

Alboran Sea [Gomis et al., 2001].

To better characterize the transi-

tion zone between transects, the

relative geostrophic vorticity has

been computed. Figure 8b shows

a horizontal field of relative vor-

ticity at 65 m computed from the

in situ data. Negative values are

observed over most of the struc-

ture, reaching minima of about

24 3 1025 s21; however, the

vorticity changes to positive val-

ues (�2 3 1025 s21) along the

southeastern boundary of the

domain, specifically between

transects (i) and (ii). These values

are of the same order as the local

planetary vorticity, which is

about 6 3 1025 s21.

Figure 8b also shows the vertical

velocity field at 65 m computed

using the Omega equation

(equation (1)). Downward (nega-

tive) and upward (positive) veloc-

ities are diagnosed, respectively,

in the northern and southern

part of the eddy, of the order of

2 m d21. Additionally, a dipole of

positive/negative values is found

in the southwestern corner of

the domain. The center of AE-

Mioko is inactive, characterized

by near-zero values of vertical

motion.

3.4. Fusion of Two Anticyclones
Satellite altimetry images from 16 to 26 November (we show only 26 November, Figure 3f) reveal a fusion

of AE-Mioko with another anticyclonic eddy located further northwest. We may examine the changes in

the vertical structure of the eddy from the hydrographic data collected before and after the fusion. During

Figure 5. Interpolated maps of temperature in �C (solid line and labels inside squares)

and salinity (dashed lines) at 30, 65, and 100 m (from top to bottom, respectively). Next

page: (left) Interpolated density (kg m23); (right) dynamic height (cm) and associated

geostrophic velocity (cm s21) at 30, 65, and 100 m (from top to bottom, respectively).

The reference level (motionless) for the geostrophic velocity calculation is 130 m.
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the fusion, the eddy was conditioned by the presence of a relatively intense and small cyclone to the north-

east (Figures 1 and 3), with CTD station 1 actually located inside this cyclone (Figure 3e). Therefore, in order

to assess the temporal evolution of the vertical structure of the eddy interior, we ignore the horizontal tem-

perature gradients between stations 1 and 2 (Figure 7a) and consider only those stations pertaining to the

edge and interior of the anticyclonic eddy as clearly illustrated in Figures 3e and 3f, i.e., stations 2, 3, and 4

(before the fusion) and 6, 7, and 8 (after the fusion).

Figure 5. (continued)
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The thermal structure of the eddy displays some substantial temporal changes (Figures 7a and 7b). A com-

parison between the eddy stations before and after the fusion reveals maximum differences in density of

0.3 kg m23 around 100 m (not shown) and up to 1�C in temperature not only at 100 m, but also between

300 and 400 m depth (Figure 7b). To better determine the vertical extent of the eddy before and after the

fusion, we may look at its depth structure in isothermal coordinates (Figures 7c and 7d). In this coordinate

system, the depth of the isotherms, z, turns into the dependent variable and their slope is given by @z/@x.

In order to assess whether the isotherms are or are not affected by the antiocyclonic eddy, we have defined

a threshold slope of 0.4 3 1023 between the eddy interior and its edge, i.e., vertical differences of at least

Figure 6. Vertical sections of temperature (�C) and density (kg m23) from Nu-shuttle data. From top to bottom: transects (i), (ii), (iii), and (iv).
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20 m in 50 km horizontal distance; when the slope of an isotherm exceeds this value we will consider it to

be part of the eddy. Based on this criterion, AE-Mioko was a relatively shallow feature before its fusion,

reaching only down to about 250 m deep (Figure 7c). In contrast, after the fusion all isotherms represented

in Figure 7d (down to at least 500 m) met the criterion to be considered as part of the eddy, clearly point-

ing to the presence of a much deeper structure. This result sustains the idea that the northwestern anticy-

clonic eddy was originally quite deep, generated through the barotropic interaction of the Canary Current

with the islands, so that it dominated the fused eddy. A detailed numerical study of the merging process

has been reported by Rodr�ıguez-Marroyo [2011], who analyzes the factors controlling the fusion of two anti-

cyclones under the influence of a cyclone.

4. Summary and Concluding Remarks

The eastern-boundary Canary Current system is the loci of numerous locally generated mesoscale struc-

tures, of either barotropic or baroclinic origin, which experience substantial interactions. This work has

focused on the dynamics of AE-Mioko, a shallow mesoscale anticyclonic eddy. The horizontal and vertical

structure of this eddy and its temporal displacement/deformation have been described using multipara-

metric sampling and remote sensing data, and the geostrophic and ageostrophic circulation have been

diagnosed based on the geostrophic balance and the QG-Omega equation.

AE-Mioko was a warm-core shallow (�250 m depth) anticyclonic eddy located south of the Canary Islands.

This eddy moved within a relatively small region until it eventually merged with another eddy. Altimetry

and in situ data clearly show that the eddy was not isolated, being surrounded by many other structures.

Figure 7. (a, b) Vertical sections of temperature (�C) as function of depth (db). (c, d) depth (db) as function of temperature (�C) as obtained from the ship CTD data: (top) stations 1–4

moving north to south, before the fusion, (bottom) stations 5–9 moving south to north, after the fusion. Black solid lines in Figure 7b represent the difference in temperature between

pairs of stations from the edge to the interior of the eddy (st. 2–st.6; st.3–st.7; st. 4–st.8). Blue/red lines in the Figures 7c and 7d correspond to isolines that meet/not meet the slope cri-

terion (slope higher than 0.4 3 1023).
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The interaction and long-distance

migration of similar mesoscale

structures has recently been stud-

ied by Sangr�a et al. [2009]. These

authors reported the existence of

a Canary Eddy Corridor, where

long-lived eddies (2 months or

longer) such as AE-Mioko, origi-

nate south of the Canary Islands

and propagate to the west, con-

tributing to the export of organic

matter from nutrient-rich areas

near the African coast to the inte-

rior ocean. In our particular case,

the motion of AE-Mioko was con-

strained by interactions with adja-

cent structures. Indeed, the in situ

sampling occurred when the

structure was beginning to merge

with another anticyclonic eddy

[Rodr�ıguez-Marroyo et al., 2011].

This merging process was tracked

by a subsurface drifter (drogued

at about 100 m) deployed in the

center of AE-Mioko (Figures 3 and

8a).

The distributions of the different

properties within AE-Mioko con-

firm that, before the fusion, it was

a shallow anticyclonic eddy. The

density field was controlled by

the temperature distribution,

which was substantially altered

only down to about 250 m (Figure 7). The geostrophic surface velocity is in good agreement with the sur-

face geostrophic velocity inferred from altimetry measurements. Moreover, the horizontal velocity field, as

measured by the VM-ADCP, coincides with the geostrophic velocity field calculated from the Nu-shuttle

density field with a no-motion reference level at 130 m. The small differences observed (actual velocities

are slightly higher than geostrophic) could be explained by the shallowness of the reference level. These

results confirm that AE-Mioko was most likely generated at the coastal upwelling frontal zone.

The horizontal velocity field shows that AE-Mioko had relatively high surface velocities, with maximum val-

ues exceeding 30 cm s21; the relatively small differences between the observed and geostrophic velocities

also confirm that AE-Mioko was in near-geostrophic balance. Maximum QG vertical velocities (62 m d21)

are located along the northern and southern boundaries of the shallow eddy. Recently, Ben�ıtez-Barrios
et al. [2011] also examined the horizontal and vertical transport associated with mesoscale eddies south of

the Canary Islands and found that the vertical velocities reached substantially larger maximum values, up

to 218/112 m d21. In their case, they sampled a relatively deep anticyclonic eddy (�500 m), situated to

the north of our study area.

There have been several observational and numerical studies that have contributed to improve our under-

standing of the mechanisms for eddy generation in the Canary region [Piedeleu et al., 2009; Jim�enez et al.,
2008; Mason et al., 2011, 2012]. These studies, based on the typical speed of the Canary Current and the

overlying northeasterly winds, estimate that about 10 eddies are generated every year at Gran Canaria

through either topographic or wind-shear effects. These eddies, however, are much deeper (500–1000 m)

and significantly smaller (diameter 50 km) than the eddy reported here. Our results sustain the hypothesis

Figure 8. (a) Velocity (cm s21) vectors at 30 m as determined by the VM-ADCP 75KHz

(blue), geostrophic approximation from hydrographic data (red) and altimetry (black).

Green line corresponds to the drifter’s trajectory from 12 to 20 November 2008 with tick

marks indicating the daily positions. (b) Relative geostrophic vorticity (background color

with solid line, units are 1025 s21) and quasi-geostrophic vertical velocity (dashed line,

units are m d21) at 65 m depth.
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that many eddies such as AE-Mioko may be generated through a different mechanism, namely the baro-

clinic instability of the coastal upwelling jet. Such a mechanism would lead to relatively shallow (no deeper

than the frontal upwelling system itself, or about 200–300 m) and large (radius >100 km) eddies [Ben�ıtez-
Barrios et al., 2011]. A similar mechanism has been proposed in the California upwelling system to explain

the high levels of mesoscale variability [Marchesiello and Estrade, 2009; Marchesiello et al., 2003].

The existence of other mesoscale structures is important for the posterior development of eddies in our

study area. Barton et al. [1998] reported the presence of a quasi-permanent cyclonic eddy situated between

Canary Islands and the African coast such as happened in autumn 2008, during the sampling of AE-Mioko.

The interaction of this cyclonic eddy with AE-Mioko has been studied numerically by Rodr�ıguez-Marroyo
et al. [2011], confirming the static behavior of the cyclonic structure for nearly 2 months.

It is necessary to further improve our understanding of those mechanisms controlling the origin, propa-

gation and interactions of mesoscale coastal structures. Mesoscale eddies such as AE-Mioko play a two-

fold role in the fertilization of the upper interior ocean: (i) their lateral displacement leads to open/

coastal water exchange, responsible for the redistribution of organic carbon and nutrients used by

marine biota, and (ii) the associated vertical motions locally enhance nutrient concentrations in the

upper layers, also favoring photosynthetic activity. In order to understand their dynamics, both field and

numerical studies are necessary. Field experiments require synergetic approaches with the help of multi-

ple sensors. Our study represents a step in this direction, despite sampling limitations in terms of limited

spatial coverage, the lack of repeated measurements, and the low spatial resolution of the altimetry

data. To better evaluate the vertical and horizontal exchanges it would be necessary to improve the sam-

pling resolution in order to capture smaller structures (1–15 km) whose contribution has not been well-

quantified so far, for instance, using a fleet of gliders in combination with CTDs sampling from a ship.

These observational efforts shall go together with increased resolution circulation models, capable of

resolving submesoscale processes.
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