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Abstract Glider measurements acquired along four transects between Cap-Vert Peninsula and the
Cape Verde archipelago in the eastern tropical North Atlantic during March–April 2014 were used to
investigate fine-scale stirring in an anticyclonic eddy. The anticyclone was formed near 12°N off the
continental shelf and propagated northwest toward the Cape Verde islands. At depth, between 100 and
–400 m, the isolated anticyclone core contained relatively oxygenated, low-salinity South Atlantic Central
Water, while the surrounding water masses were saltier and poorly oxygenated. The dynamical and
thermohaline subsurface environment favored the generation of fine-scale horizontal and vertical
temperature and salinity structures in and around the core of the anticyclone. These features exhibited
horizontal scales of O(10–30 km) relatively small with respect to the eddy radius of O(150 km). The
vertical scales of O(5–100 m) were associated to density-compensated gradient. Spectra of salinity and
oxygen along isopycnals revealed a slope of around k�2 in the 10- to 100-km horizontal scale range.
Further analyses suggest that the fine-scale structures are likely related to tracer stirring processes. Such
mesoscale anticyclonic eddies and the embedded fine-scale tracers in and around them could play a
major role in the transport of South Atlantic Central Water masses and ventilation of the North Atlantic
Oxygen Minimum Zone.

1. Introduction

The Eastern Tropical North Atlantic (ETNA) holds a nearly stagnant, unventilated, so-called shadow zone
(e.g., Luyten et al., 1983; Wyrtki, 1962), which is characterized by old water masses with low dissolved oxygen
concentrations (i.e., an oxygenminimum zone [OMZ]) found at shallow and intermediate depths (100–800 m;
Brandt et al., 2015; Karstensen et al., 2008). This OMZ, with minimum dissolved oxygen concentration around
40 μmol/kg, is primarily controlled by a sluggish ventilation along the respective isopycnals (Luyten et al.,
1983; Wyrtki, 1962) and extends from the eastern boundary into the open ocean, bounded by the more
energetic circulation of the subtropical gyre to the north, and the energetic equatorial current regime in
the south (Brandt et al., 2015; Karstensen et al., 2008; Luyten et al., 1983). In a larger context, the upper
ETNA is characterized by a permanent, large-scale, seasonally varying anticyclonic gyre, the Guinea Gyre
(Jiang et al., 2008), associated with the open ocean Dome of Guinea, centered on 10°N–23°W (Siedler et al.,
1992; Yamagata & Iisuka, 1995). In the south, the ETNA is bounded by the termination of the North
Equatorial Counter Current, and the North Equatorial Current (Stramma et al., 2008) and at the eastern
boundary by the Senegal-Mauritanian Upwelling System (SMUS) (Capet et al., 2017). The SMUS, located along
the western African coast, is mainly active during boreal winter–spring (January–April; Aristegui et al., 2009;
Ndoye et al., 2014). During this season, the intensification of equatorward winds enhances the upwelling of
cool, fresh, nutrient-rich and low oxygenated South Atlantic Central Water (SACW), which contrasts with the
warmer, saltier, nutrient-depleted and oxygenated offshore waters, namely, the surface tropical water and
the subsurface North Atlantic Central Water (NACW).

Ubiquitous surface and subsurface cyclonic and anticyclonic eddies of various origin and nature act as a
major transport agent between the coastal waters and the open ocean (e.g., Chelton et al., 2007, 2009;
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Alpers et al., 2013, Schütte et al., 2016; Karstensen et al., 2015, Pietri & Karstensen, 2018). They can trap near
coastal SACW in their cores and transport the water mass westward to the deep ocean, where it is mixed with
the surrounding warmer and saltier NACW (Schütte, Brandt, & Karstensen, 2016). Therefore, the ETNA eddies
often exhibit subsurface (within 0- to 500-m depth) thermohaline and dissolved oxygen anomalies
(Karstensen et al., 2015; Pietri & Karstensen, 2018; Schütte, Karstensen, et al., 2016; Schütte, Brandt, &
Karstensen, 2016). The ETNA eddies are generally characterized by horizontal scales of 50–100 km
(Chaigneau et al., 2009), and in spite of the difficulties to consistently track them from satellite observations,
their lifetimes are estimated to be between 35 and 200 days (Chelton et al., 2007; Chaigneau et al., 2009).
Using altimeter sea level anomaly (SLA), satellite sea surface temperature (SST), and in situ data to derive
ETNA eddy statistics, Schütte, Brandt, & Karstensen, 2016, Schütte, Karstensen, et al., 2016 reported the occur-
rence of three different types of eddies: anticyclonic (AC), cyclonic (CE), and anticyclonic mode water eddies
(ACME). ACMEs are particularly efficient in transporting isolated water mass anomalies over large distances of
several hundreds to thousands of kilometers (Karstensen et al., 2015; Schütte, Brandt, & Karstensen, 2016). In
particular, negative oxygen anomalies were found in both CEs and ACMEs (Karstensen et al., 2015; Karstensen
et al., 2017; Schütte, Karstensen, et al., 2016). Averaged over the ETNA region, a reduction of the oxygen con-
centration by ~7 μmol/kg in the 50- to 100-m depth range could be associated to the enhanced biological
consumption along the CE and ACME pathways (Schütte, Karstensen, et al., 2016). Overall, the oxygen loss
due to the propagation of oxygen poor waters trapped in CEs and ACMEs may be partly compensated by
an oxygen input associated with ACs (Pietri & Karstensen, 2018; Schütte, Karstensen, et al., 2016). Although
mode water eddies (ACME) have been studied in some details (Karstensen et al., 2017; Pietri & Karstensen,
2018; Schütte, Brandt, & Karstensen, 2016), studies of normal ACs and associated small-scale features in
the ETNA have not been reported.

The role of eddies in ventilation processes of the deep OMZ (between 150- and 600-m depth, Brandt et al.,
2015) is not fully understood. The dissolved oxygen supply for the deep OMZ is supposed to be maintained
by zonal advection from the oxygenated tropical jets of water masses from subtropical origin, eddy fluxes,
local subduction, and mixing (e.g., Tsuchiya et al., 1992; Schott et al., 1995, Schott et al., 1998; Brandt et al.,
2010; Banyte et al., 2013; Fischer et al., 2013; Duteil et al., 2014). In particular, the ventilation operated by eddy
transport and associated processes of stirring and mixing is not well documented, although eddies are esti-
mated to contribute to 60% of the deep OMZ ventilation (Brandt et al., 2015).

In the ETNA, mesoscale eddies trap and transport westward water mass properties that contrast with the
surrounding water masses, dispersing associated gradients and fronts. Temperature, salinity, or dissolved
oxygen gradients are stretched and folded several times by mesoscale and submesoscale currents. This
process generates smaller spatial scales until the cascade ends at scales where molecular mixing occurs.
Various processes leading to tracer filamentation and layering have been reported in the literature. Among
them, double diffusion (also known as diffusive convection or salt fingering) creates vertical layers in the
tracer field (e.g., May & Kelley, 1997; Ruddick, 1992). Moreover, layering has also been explained by instability
and turbulent processes associated with dynamically active tracers such as vorticity (Hua et al., 2013). The
stirring of passive tracers in a variety of frontal and eddy regimes has been studied numerically
(e.g., Haynes & Anglade, 1997; Klein et al., 1998; Smith & Ferrari, 2009; Meunier et al., 2015), as direct
observations of filamentation and layering processes in the ocean are relatively scarce (Cole & Rudnick,
2012; Hua et al., 2013; Ruddick, 1992; Smith & Ferrari, 2009). In the last decades, the development of
autonomous observing platforms, such as underwater gliders, has allowed us to observe and study these
processes in greater details.

In this study, subsurface thermohaline and dissolved oxygen fine-scale structures observed within an
ETNA anticyclonic eddy are characterized for the first time using high-resolution glider observations along
a cross-shore transect between Dakar (Senegal) and Cape Verde Archipelago along 14.7°N (Figure 1). As
the minimum horizontal resolution of our glider’s measurements reached about 3–5 km, fine-scale
filaments (O(10–30 km)) observed between 100–400 m depth are resolved. Resolving the fine-scale
structure of the eddy allows us to analyze the processes that contributed to mixing and stirring of water
masses. The article is organized as follows. The data and methods are presented in section 2. The
large-scale oceanic context around the AC, the water masses in and around the AC, and the fine-scale
filaments observed in and around its core are characterized in section 3. Results are summarized and
discussed in section 4.
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2. Data and Methods
2.1. Data
2.1.1. Hydrological Profiles
Gliders were deployed to enhance the observational database in the still
poorly sampled ETNA and SMUS off Senegal. The experiment aimed to
conduct a detailed survey of the large as well as fine-scale thermohaline
and biogeochemical tracer structure along the 14.7°N latitudinal transect
between Cap-Vert peninsula (Senegal) and Cape Verde Islands (Figure 1)
in order to better document the circulation and water masses structure
in this region. Two gliders were deployed: a French glider CAMPE on the
deployement GLISEN (Gliders off Senegal) off Cap-Vert Peninsula (http://
www.ego-network.org/dokuwiki/doku.php?glider=Campe,GLISEN) and a
second German glider “DEEPY/IFM02” (hereafter IFM02) on the
deployment “DEPL21” (http://www.ego-network.org/dokuwiki/doku.php?
glider=ifm02-deepy,DEPL21). Both gliders are so-called deep (i.e., able to
dive to 1,000-m depth) G1 Slocum electric gliders (Rudnick et al., 2004;
Testor et al., 2010), and both operated between 12 March 2014 and 13
May 2014.

The GLISEN glider was deployed off Dakar at 14.7°N–17.65°W on 12 March
(Figure 1, blue thick dot). It carried out 412 profiles from the surface to a
maximum depth of 1,000 m along four repeated sections. The first (C1;
Figure 1) and second (C2; Figure 1) sections extended up to 330 km
(20.73°W) off the Cap-Vert peninsula. The third and fourth sections
extended only up to 170 km (19.19°W) off Cap-Vert peninsula and were
not analyzed in this study. As only the descending profiles of GLISEN were
recorded, the spatial resolution of the GLISEN glider profiles is around
3.4 ± 0.8 km westward of 18°W, the upper bound being 4.8 km. The glider
IFM02 was deployed at 15.8°N–20.38°W and carried out 552 profiles from
the surface to 900-m depth. Two sections were sampled: first, a southeast-
ward 132-km-long section (D0; Figure 1), which reached the 14.7°N
meridional transect at 19.92°W, and second, a westward 493-km-long
transect at 14.7°N up to the Cape Verde archipelago at 24.5°W (D1;
Figure 1). Both ascending and descending profiles were recorded during
IFM02/DEPL21. The median horizontal resolution at 450-m depth (i.e., the
middepth of the profiles) is about 1.6 ± 0.4 km, the upper bound being
2.6 km. For comparison and quality control purposes, an 87-km-long
overlapping section along 14.7°N between 19.92°W and 20.73°W was
performed by both gliders.

Temperature and salinity were measured by an unpumped Sea-Bird
conductivity-temperature-depth (CTD; SBE-41CP) mounted on the glider’s
side. The CTD sensors had a temporal resolution of 0.5 Hz. With fall/climb
rates of about 0.2 m/s, the typical vertical resolution is around 0.5 dbar. For
processing purpose, the data were interpolated on a 1 dbar vertical grid.
On the GLISEN salinity measurements, a 0.03 pss (practical salinity scale,

PSS-78) offset correction was applied (Figure S1 in the supporting information). This correction was necessary
to adjust the mean salinity values (between 200- and 300-m depth) from colocated GLISEN and CTD casts at
14.71°N–17.65°W that were carried out during the AWA survey (Ecosystem Approach to the management of
fisheries and the marine environment in West African waters), on board the French RV Thalassa (Ifremer), car-
ried out the day of the GLISEN glider deployment. Differences linked to thermal inertia of the sensors were
also observed in the salinity data between neighboring ascending and descending profiles (ascending and
descending profiles were available for GLISEN only west of 18°W). These differences were corrected using
thermal and time lag corrections applied to the conductivity, which minimized (in the least square sense)
the difference between two successive ascending and descending θ-S profiles (Garau et al., 2011;

Figure 1. MODIS SST (in °C, shading) and AVISO geostrophic surface currents
(in cm/s, gray arrows) on (a) 18 March and (b) 26 March, and (c) 3 April 2014.
The [�500; �1,000; �2,000; �3,000; �4,000; �5,000] m depth bathymetric
contours are also plotted (thin solid black). AC indicates the anticyclone
position on Figure 1a. The GLISEN (thick solid black) and DPL21 (thick solid
gray) trajectories between March and May 2014, the actual position of
GLISEN (black triangle) and DPL21 (gray triangle) gliders at the date indicated
in the title of each subfigures are plotted. The blue circle at 14.71°N–17.65°W
indicates the position of both the AWA CTD cast used for the salinity offset
correction, and the GLISEN deployment. GLISEN = Gliders off Senegal;
SST = sea surface temperature; CTD = conductivity-temperature-depth;
AWA = Ecosystem Approach to the management of fisheries and the marine
environment in West African waters; MODIS = Moderate-resolution Imaging
Spectroradiometer.
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Pietri et al., 2013). The IFM02 temperature and salinity measurements were compared to a CTD cast during
the deployment on RV Meteor M105 cruises (see Figure S2 in the supporting information). The temperature
did not show any significant offset while salinity was corrected from a small offset (�0.011 pss). The salinity
error due to thermal inertia was corrected based on the method of Garau et al. (2011) and was improved by
using a more accurate estimate of the glider dive and climb velocity (Thomsen et al., 2016). The comparison
of GLISEN and IFM02 θ-S profiles along the overlapping section did not reveal any significant differences
(Figure S3 in the supporting information).

Both GLISEN and IFM02 dissolved oxygen measurements were made with an Aanderaa Optode 3835
mounted on the rear of the gliders. The IFM02 Optode was corrected for time response delays of the sensors
and an in situ comparison with CTD-O2 casts performed during the deployment (Hahn et al., 2014; Figure S2
in the supporting information) and was corrected from �3 μmol/kg offset. The IFM02 dissolved oxygen data
were thus used as a reference to correct the GLISEN oxygen profiles. The GLISEN dissolved oxygen data were
first computed from raw phase measurements. An average time response delay of the sensor was estimated
by comparing raw phase measurements acquired during consecutive ascending and descending profiles at
the beginning of the transect and then used to correct the raw phase data. The dissolved oxygen data were
then recomputed using (i) these corrected phase measurements, (ii) temperature measurements from the
CTD instead of the temperature measurements from the Optode (as recommended by Thierry et al. (2016)
for the specific type of Optode sensor used on GLISEN), and (iii) the calibration parameters provided by
the manufacturer. Last, the recomputed data were calibrated using the IFM02 dissolved oxygen data for
the overlapping section. The adjustment of the GLISEN data to the IFM02 data on the overlapping section
was performed following the Takashita et al. (2013) method, used for Argo dissolved oxygen correction, using
a linear regression. This correction provided a reasonable agreement between both data sets (Figure S3 in the
supporting information).
2.1.2. AVISO SLA and Surface Currents
To depict the regional geostrophic sea surface circulation, we used weekly maps of absolute dynamic topo-
graphy and associated surface geostrophic currents as provided by Collecte Localisation Satellite-Space
Oceanography Division of Toulouse, France. This delayed-time AVISO product, which merged various satellite
altimeters, is distributed onto a 0.25° × 0.25° spatial grid. To determine the origin of the studied AC and its
trajectory, an automatic eddy detection and tracking algorithm was applied to SLA maps (Chaigneau et al.,
2008; Pegliasco et al., 2015) that better depicts the mesoscale field for this purpose. These maps, also
delivered by AVISO, have the same spatiotemporal resolution than the maps of absolute dynamic
topography product.
2.1.3. ISAS Product
To describe the large-scale distribution of shallow water masses in the ETNA, monthly fields of in situ
temperature and salinity produced by ISAS (In Situ Analysis System, Gaillard et al., 2016) were used. The
ISAS tool was mainly designed to map Argo profiles on standard 152 z levels using optimal interpolation
algorithm. Two typical interpolation scales were used to map the data; the first one is 300 km, corresponding
to the nominal sampling target of the Argo network; the second corresponds to 4 times the local radius of
deformation. In this study, the last release of ISAS products named ISAS15 (Kolodziejczyk et al., 2017)
including delayed mode quality controlled Argo data was used.

2.2. Methods

The local first baroclinic mode Rossby radius of deformation is around 50 km in the ETNA (Chelton et al.,
1998); therefore, the glider’s density profiles were averaged every 1.5 days in the horizontal direction, gener-
ating a reduced number of averaged profiles typically spaced by ~20–30 km. Density was computed from
temperature and salinity using McDougall and Ruddick (1992). The horizontally averaged profiles were used
then to compute the geostrophic horizontal current perpendicular to the glider section using the thermal
wind balance. Estimates of the vertically integrated horizontal velocities or depth-average currents (between
the surface and the maximum depth of the dive) provided by the glider drift between two dives was
projected in the direction perpendicular to the section. The vertically averaged velocities was also averaged
every 1.5 days in order to filter out the barotropic tide currents (~0.05 m/s) during cruises. Then, it was used as
reference, assuming that the vertically integrated velocity was mainly geostrophic due to a negligible
contribution of near-surface Ekman velocity (Pietri et al., 2013).
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To study the spatial distribution of fine-scale tracer features along the glider sections, the unbalancedmotion,
such as gravity waves, had to be filtered out (Cole & Rudnick, 2012). The procedure was the following: first, the
isopycnal salinity and dissolved oxygen fields from sections D0, C1, C2, and D1 were reinterpolated on a 1-km
resolution regular grid. Second, to compute the ratio of the vertical and horizontal gradient of small scale
features, the isopycnal salinity and dissolved oxygen were 30 km high-pass filtered (HPF) with a
Butterworth filter. Eventually, the HPF tracer fields were projected back in z coordinate using a 30-km low-
pass filtered density field.

To further investigate the horizontal distribution of the tracer scales between 100- and 400-m depth, density
spectra were computed for isopycnal salinity and dissolved oxygen in three isopycnal layers, namely,
25.5–26.6, 26.6–26.8 and 26.8–27.0 kg/m3, respectively (see black lines in Figure 2). Given the irregular
sampling in the four different glider sections, ranging from 1 to 5 km, the minimum resolution retained
was ~5 km; thus, the effective Nyquist scale was 10 km. To smooth the spectra and reduce its uncertainty,
a spectral averaging procedure based on Welch algorithm using independent segments from C1, C2, D0,
and D1 hydrological sections was used. In each isopycnal layer, three (eight) segments were extracted from
the gliders sections (in a space domain) and windowed with a Hamming window. Based on the length of the
section and the glider resolution, the corresponding spectra were averaged within the 100- to 33-km (33- to

Figure 2. (a–d) AVISO absolute dynamic topography (in meters, confidence interval of 0.05 m; maximum is 0.35 m) in March 2014; trajectory (thick line) and glider
depth averaged velocity (arrows) for (a) D0, (b) C1, (c) C2, and (d) C2 glider sections. Red cross indicate the center of the eddy as located along the 14.7°W glider
sections (0m/smean velocity). (e–h) Potential temperature, (i–l) salinity, and (m–p) dissolved oxygen sections as a function of pressure (0–500 dbar) corresponding to
each glider sections. Black contours mark potential density (in kg/m3). White contours mark the cross-section geostrophic velocity deduced from hydrology (in m/s).
Transversal distance (in km) along the section is referenced from the zero vertical-averaged velocity, that is, the center of the AC (20.64°W–14.76°N).
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10-km) wavelength range. This led to a degree of freedom of 3 (8), for salinity and dissolved oxygen. The
confidence interval at 95% for the density spectra was estimated assuming a χ2 distribution.

3. Results
3.1. The Anticyclonic Glider Survey

The AC was centered near 14.7°N–21.6°W in late March/early April 2014. Satellite data revealed surface
geostrophic velocities of 0.2–0.3 m/s at the periphery of the AC and surface temperatures of 21–22 °C
(Figures 1a–1c) at its center. The AC was located on the western side of a surface thermal front, which was
positioned around 20°W (north-south oriented) with a magnitude of ~0.02 °C/km (equivalent to 2 °C over a
100-km zonal distance). To the south, the eddy was separated from its surroundings by relatively cool water
(20–21 °C; Figures 1a–1c) of coastal origin, which is advected around the eddy and offshore.

Figure 2 presents the location of the four sections, the depth averaged velocity along the sections, and the
SLA associated with the AC (Figures 2a–2d). Section D0 was oriented north-south and sliced partially the
northeastern part of the AC, while sections C1, D1, and C2 were oriented east-west, sampled the center of
the AC, and provided a complete transversal section that crossed the eddy very near its center. The distance
in D0, C1, C2, and D1 sections where referenced to the center of AC (0 km) and positive distances were
eastward/northward. The center of the AC is referenced as the zero horizontal velocity measured by the
glider drift along the section C1, C2, and D1 (20,74°W/14.7°N; Figure 2–2d, red cross; in Figure 2a, the 0-km
reference along the meridional transect is taken to ~14.7°N). The isopycnal surfaces (black contours;
Figures 2e–2p) deepened toward the center of the eddy suggesting a vertical shear of the horizontal
cross-section currents. This was consistent with geostrophic velocity derived from the hydrological data
(white contours; Figures 2e–2p) that revealed the circulation associated with the AC. A surface-intensified
anticyclonic velocity of ~0.3 m/s can be observed, in agreement with the surface geostrophic circulation as
seen by altimetry. The joined surface altimetry maps and the four sections indicate that the AC was nonlinear
(U/c > 1, where U ~ 0.3 m/s is the maximum orbital velocity and c is the translation velocity near equal to 0),
with an isolated eddy core located between the surface and about 600-m depth. A shallow thermocline
halocline and oxycline (above 100 depth) were observed separating warm (>20 °C; Figures 2e and 2f), salty
(>35.8 pss; Figures 2i–2l) and oxygenated (>100 μmol/kg; Figures 2m–2p) surface water, from cooler, fresher,
and low oxygenated subsurface water. On the horizontal scale, the surface (upper 100-m depth of the AC)
salinity and temperature signature of the AC were located between �150 and 100 km from the center of
the AC (Figures 2j–2l and 2f–2h). While the surface salinity anomaly represented a distinct maximum, the
surface temperature anomaly associated to the AC was less clear. The water in the core of the AC was warmer
than the near-shore water (further than 150 km from the AC center) but cooler than the western offshore
water (further than �150 km from the center of the AC).

In all temperature, salinity and dissolved oxygen sections, between 100- and 400-m depth and �150 and
100 km from the center of the AC, the most striking features were the fine-scale sloped striations observed
both in the salinity and dissolved oxygen sections (Figures 2i–2p), and to a lesser extent in temperature
sections (Figures 2e and 2f). These salinity and dissolved oxygen fine-scale features exhibited horizontal
scales of O(10–30 km), smaller than those of themesoscale eddy, that is, O(150 km), and smaller than the local
deformation radius, that is, ~50 km (Chelton et al., 1998). The vertical scales of these features were
O(5–100 m) with an amplitude of ~0.2 and ~40 μmol/kg for salinity and dissolved oxygen, respectively
(Figures 2i–2p). Moreover, at the AC center between 150- and 350-m depth, a warm and saline U-shaped
feature of ~100-m thickness and of ~100-km width was observed (Figures 2g–2k). Note that the fine-scale
striations cross the isopycnals between 26.5 and 27.0 kg/m3 (Figure 2). Before investigating these fine-scale
contrasts of water masses, we first characterize in the next section the mesoscale structure of the AC, the
origin of the water masses in its core, and the distribution of water masses in the region to better understand
the origin of the water masses involved in such fine-scale features.

3.2. The Mesoscale Structure

To better infer the mesoscale context of the AC, the cross-section velocities, temperature, salinity, and dis-
solved oxygen were reconstructed using C1 and D1 sections (Figure 3). The cross sections of geostrophic
velocities from surface to 900-m depth revealed an east-west asymmetry (Figure 3a). The eastern part of
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the AC, presented amoderate depth extension, showing southward velocities of only 0.1 m/s at 400-m depth.
In contrast, the western part of the eddy exhibited a more barotropic structure, with northward velocities of
0.20 m/s at the surface and larger than 0.10 m/s at 900-m depth. Assuming an AC radius, being the distance
from the center at which maximum orbital velocities can be observed, of around 100 km (Figures 3a–3d), the
Rossby number defined as Ro = Umax/fR (where Umax is the maximum swirl velocity, f the Coriolis parameter
and R the eddy radius) was ~0.08 and the Burger number defined as Bu = (Rd/R)

2 (where Rd = 60 km is the first
baroclinic Rossby radius of deformation; Chelton et al., 1998) was ~0.4. These values (Ro ~ 0.08 and Bu ~ 0.4)
are thus characteristic of a quasi-geostrophic (QG) regime at the eddy scale.

Between the surface and 100-m depth, the vertical distribution of temperature and salinity showed a
relatively warm and salty eddy core between 19.7°W and 22°W (above 15 °C and 35.5 pss along

Figure 3. (a) Composite geostrophic meridional velocities (in m/s�) computed between 0 and 900 dbar and 23–18°W;
(b) composite potential temperature (in °C); (c) composite salinity (in psu); (d) composite dissolved oxygen (in μmol/kg)
between 0 and 550 dbar and 23°W–18°W reconstructed from D1 and C1. Parameter σθ = 25.5; 26.5; 26.8; 27 kg/m3 contours
are superimposed (solid thin black).
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σθ = 26.5 kg/m3; between �100 and 100 km in Figures 3b and 3c). In contrast, below the thermocline,
between 100- and 300-m depth and between �100 and 100 km within the core of the AC, salinity (and
temperature to a lesser extent) was lower than near the edge of the AC. More precisely, east of the AC
center, the southward current transported saltier water masses, while west of the AC center, the
northward current transported a fresher water mass. The dissolved oxygen section (Figure 3d) exhibited
two layers of low (<50 μmol/kg) dissolved oxygen concentration: a thin layer located around 100-m depth
and a thicker one below ~300-m depth. They were separated by a relatively oxygenated core
(>80 μmol/kg) located in the layer σθ = 26.5–26.8 kg/m3 (Brandt et al., 2015). In this density layer, between
�100 and 100 km, fine-scale dissolved oxygen features, characterized by positive anomalies of
~20–40 μmol/kg with respect to their surroundings, are associated with cooler and fresher fine-scale
structures, while relatively warmer, saltier and less oxygenated features can be found somewhat deeper
(Figures 3b–3d). The general picture suggests that the relatively warm, salty, and low-oxygenated smaller
scale structures are embedded within the cooler, fresher, and oxygenated core of the anticyclone.

3.3. Water Masses in and Around the AC

To characterize the large-scale distribution of water masses surrounding the AC as well as the origin of the
waters in the AC core, an eddy tracking algorithm was used to infer the eddy trajectory from altimetry. In
Figure 4, the eddy position is plotted along with monthly ISAS salinity properties at 260-m depth. Each
map of the Figure 4 panels corresponds to the monthly fields with Argo profiles available in January
(Figure 4a), February (Figure 4b), and March 2014 (Figure 4c), respectively. In January, the AC originated
southeast of the glider sections, near the African coast (10°N–13°N). In this region, south of 15°N, SACW
characteristics can be found. The SACW is a central water mass, with lower salinity than the northern
NACW (Figure 4). The variations of large-scale salinity meridional gradients associated with the SACW and
NACW, which form the Cape Verde Frontal zone (Zenk et al., 1991), were well captured at 260-m depth with
the ISAS product. The AC was first found near-shore around 10°N–13°N in early January as a meridionally
stretched anticyclonic structure. It was located in a low salinity region at 260-m depth (around 35.3 pss;

Figure 4. Salinity (in psu) at 260 m depth from ISAS monthly fields in (a) January 2014, (b) February 2014 and (c) March
2014. The positions of Argo float used for the analyses are superimposed (circles). Dissolved oxygen (in μmol/kg3) from
WOD09 during climatological (d) January, (e) February, and (f) March. Red curve indicates the trajectory of the anticyclonic
(AC) (black contours) as tracked by an eddy tracking method using AVISO altimetry (see text). The dates corresponding to
the position of the AC are indicated in the title of each subfigure. In subfigure (c) and (f) the Gliders off Senegal (GLISEN;
thick solid black) and DPL21 (thick solid gray) trajectories between March and May 2014 are plotted, and the actual posi-
tions of GLISEN (black triangle) and DPL21 (gray triangle) gliders on 29 March 2014 are marked.
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Figure 4a) and in a more oxygenated region at 200-m depth (90 μmol/kg3; Figure 4d). Then, it moved
northwestward and reached the location (14.6°N–21°W) where it was sampled by the gliders in February
(Figure 4b). After February, it did not progress northward anymore and remained between the Cap-Vert
peninsula and the Cape Verde islands (Figure 4c), in the region of strong meridional salinity gradient and
above the topographic ridge between the Cape Verde Islands and the West African continent (Emery &
Meincke, 1986). Fortunately, several Argo floats were present at the location of the AC during March 2014
(Figures 4a–4c). Thus, at 260-m depth, the March 2014 ISAS field displayed a salinity decrease around
14°N–22°W (Figure 4c), which can be explained by the northward migration of the salinity front on the
western part of the AC, due to float sampling the eddy itself. The large-scale distribution of World Ocean
Atlas 2013 climatological oxygen at 200-m depth (where the dissolved fine scale were found; Figure 3d)
suggests that the eddy has been formed in a water mass of higher dissolved oxygen concentration than
the NACW it encountered further north (Figures 4d–4f).

To get more insight in the water mass change due to the AC arrival in this region, the Argo float WMO
4901046 profiles were inspected (Figure 5a). They illustrated a water mass change after the arrival of the
AC at around 14.7°N/21°W. Within the isopycnal layer 26.6–27.0 kg/m3 (corresponding to ~260-m depth), sali-
nity decreased between January (Figure 5b, blue), February (Figure 5b, green), and March 2014 (Figure 5b,
red), suggesting that the western AC northward velocities transported the SACW northward. Interestingly,
in spite of relatively crude vertical resolution of the Argo profile (20 m between 200- and 400-m depth),
between 26.65 and 27.0 kg/m3, the Argo θ-S profile shows small vertical scale layering aligned with isopycnal
contours (Figure 5b, red). This feature is generally related to density-compensated thermohaline small layers.

Two θ-S profiles glider measurements and associated dissolved oxygen properties within the AC core
(Figure 5c) confirmed also the presence of fine-scale layers aligned with isopycnal surfaces, in the layer
26.65–27.0 kg/m3. Indeed, the glider profiles had a higher vertical resolution (about 1 m), which allowed it
to resolve vertical scales that were not visible in the coarser vertical resolution of Argo profiles (~20 m).
The layers thickness ranged from a few meters to several tens of meters and the glider profiles revealed that
low (high) temperature/salinity features correspond to high (low) dissolved oxygen features. Several water
masses were observed: the relatively fresh, cool and oxygenated SACW (at 20°W; 12 °C, 35.2 psu and
90 μmol/kg3; Figure 5c, see also Figure 3) and the saltier, warmer, and less oxygenated NACW (at 21°W;
12.5 °C, 35.4 psu and 50 μmol/kg3, Figure 6). The contrasted water mass properties were associated with
smaller-scale interleaving observed within the AC core (Figures 3 and 5).

To conclude this section, our in situ and satellite observations suggest that the AC transported low salinity,
oxygenated SACW northward into the Cape Verde frontal zone (~15°N) where NACW is found. At this
location, at ~250-m depth, the AC velocity field is likely to have contributed to stir the meridional large-scale
salinity and dissolved oxygen gradients. In addition, subsurface fine-scale interleaving, visible in both Argo
and glider profiles, was observed and carried the water masses properties of both SACW/NACW. The
subsurface fine-scale layering is investigated in more detail in the next section.

Figure 5. (a) Positions of Argo float WMO 4901046 (circles) and anticyclonic (contours) as deduced from altimetry on 22 January 2014 (blue), 1 February 2014 (green),
3 March 2014 (red). (b) Corresponding θ-S profiles from the Argo float. (c) Selected θ-S profiles within the anticyclonic at 14.7°N–20°W (circles) and 14.7°N–21°W (star).
The location of these profiles is indicated by black triangles in Figure 3. Dissolved oxygen concentrations are indicated in color (in μmol/kg).
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3.4. Fine-Scale Structure
3.4.1. Tracer Layering
The isopycnal interpolation of the glider salinity and dissolved oxygen observations revealed a richness of
fine-scale sloped striations (Figure 6). We estimated the slopes of the 30 km HPF sections as follows: the
vertical and horizontal gradient are computed between 100 and 400 km, then a probability density function
(PDF) was constructed for each section. The slope of the striations corresponded to the median of the PDFs.
The median slopes of the fine-scale salinity features were 5.4 × 10�3, 6.1 × 10�3, 5.8 × 10�3, and 5.6 × 10�3

from sections D0, C1, C2, and D1, respectively (Table 1). For dissolved oxygen, the median slopes were 6.2
10�3, 8.1 10�3, 7.5 10�3, and 5.5 10�3 from sections D0, C1, C2, and D1, respectively (Table 1).
Interestingly, the observed slopes of fine-scale striation are relatively close to the theoretical rescaled aspect
ratio μf/N of the QG flow (dotted line, Figure 6; see section 3.4.3; Smith & Ferrari, 2009). The mechanisms that
could explain the creation of such layers are investigated in the following sections.
3.4.2. Double-Diffusion
Here we investigate the structure of two vertical profiles close to the center of the AC (approximately 0 km,
100- to 600-m depth range, Figures 3 and 8). The T and S 200-m HPF profiles (Figure 7) were multiplied (adi-
mensionalized) by the thermal expansion (α) and haline contraction (β) coefficients, respectively, to relate their
variations to density variations. The vertical profiles of temperature, salinity, and dissolved oxygen displayed
layers with thickness of O(5–100m) (Figures 7a–7d). The salinity and temperature profiles are highly correlated
vertically (Figures 7a and 7b), resulting in a low vertical variability of the density field (Figure 7c), whereas the
dissolved oxygen profiles illustrates they are anticorrelated with the salinity and temperature profiles.

The temperature and salinity contribution to the stratification was computed as follows:

� g
ρ0

∂σ
∂z

¼ gα
∂θ
∂z

� gβ
∂S
∂z

(1)

where g is the acceleration of gravity and ρ0 = 1,026 kg/m3, respectively. The left-hand side of (1) is the Brunt-
Väisälä frequency (N2), the first term of the right-hand side (rhs) is the contribution of the temperature vertical

Figure 6. Isopycnal salinity for section (a) D0, (b) C1, (c) C2, and (d) D1 and isopycnal dissolved oxygen for section (e) D0,
(f) C1, (g) C2, and (h) D1. Values are shown between 100- and 400-m depth. Dotted lines indicate the theoretical μN/f slope
within the AC core (see text).

10.1029/2018JC014135Journal of Geophysical Research: Oceans

KOLODZIEJCZYK ET AL. 6321



gradient to the stratification (NT
2), and the second term of the rhs is the contribution of the salinity vertical

gradient to the stratification (NS
2). Before computing Brunt-Väisälä frequency, the density, temperature,

and salinity profiles have been smoothed with a Butterworth 10 m-low-pass filtered. The contribution of
these gradients to stratification confirmed the density compensation (Figures 7e–7g).

The salinity had mainly a destabilizing effect (NS
2 < 0) against the stabilizing temperature vertical gradient

(NT
2 > 0), except below salted filaments (e.g., ~260-m depth just above the salinity U-shaped feature;

Figure 7b and 7c) where salinity had a stabilizing effect (Figure 7f) and temperature a destabilizing effect
(Figure 7e). The Turner angle (Tu) is another index to quantify the contribution of temperature and salinity
vertical gradient to the stable vertical stratification (Ruddick, 1992):

Table 1
Estimated ∣∂xΦ ∣ / ∣ ∂zΦ∣ From 30-km HPF Isopycnal Salinity and Oxygen Sections D0, C1, C2, and D1 (See Figure 6)

f/N ~ 9 10�3 D0 C1 C2 D1

Salinity median slope 5.4 × 10�3 6.5 × 10�3 5.8 × 10�3 5.6 × 10�3

Salinity slope 68th percentile 2.9 × 10�3 3.5 × 10�3 3.4 × 10�3 3.1 × 10�3

Salinity slope 32nd percentile 1.0 × 10�2 1.2 × 10�2 1.0 × 10�2 1.0 × 10�2

Oxygen median slope 6.2 × 10�3 8.1 × 10�3 7.5 × 10�3 5.5 × 10�3

Oxygen slope 68th percentile 3.3 × 10�3 4.4 × 10�3 4.3 × 10�3 3.0 × 10�3

Oxygen slope 32nd percentile 1.1 × 10�2 1.5 × 10�2 1.3 × 10�2 1.0 × 10�2

Note. The theroretical f/N ratio is indicated in the left upper corner.

Figure 7. Vertical profiles from Gliders off Senegal (black) and DEPL21 (red) of 200-m high-pass filter adimensionalized temperature (a), salinity (b), and density (c)
within the anticyclonic (at 20.7°W–14.7°N). The adimensionalization is done bymultiplying θ by α the thermal expansion coefficient, and S by β the haline contraction
coefficient, and scaling by ρ0 = 1,026 kg/m3, respectively. (d) Vertical profiles of 200-m high-pass filter dissolved oxygen concentration (in μmol/kg). Contributions of
temperature (e) and salinity (f) to the Brunt-Vaisala frequency (in s�2). (g) Brunt-Vaisala frequency (in s�2). (h) Turner angle (in degrees).
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Tu ¼ artan
αθz þ βSz
αθz � βSz

� �
(2)

If �45° < Tu < 45°, both temperature and salinity vertical gradients are
stabilizing; if Tu > 45° (Tu < �45°), the temperature vertical gradient is
stabilizing (destabilizing) while the salinity vertical gradient is
destabilizing (stabilizing). Furthermore, a Turner angle greater (less) than
72° (�72°) is a necessary condition for double diffusive salt fingering
(double diffusive convection). In the AC profiles,|Tu| was larger than
50° over the major part of the water column (Figure 7h), indicating
possible double diffusion. Tu was generally positive and typical of the
possibility of double diffusive salt fingering salinity except around
260-m depth where, the Tu angle was strongly negative
(Tu ~ �70°–80°), indicative of a possible double diffusive-convective
regime (St Laurent & Schmitt, 1999, You, 2002; Ruddick, 1992).

As pointed out by May and Kelley (1997), the high absolute values of the Turner angle are not a sufficient
condition for double diffusion, especially in baroclinic eddies where vertical shear can enhance or suppress
double diffusion. Linear analysis from May and Kelley (1997) indicated that the criterion for double diffusive
instability is actually satisfied if

s <
ϵzSx=Sz þ ρx=ρz

ϵz þ 1ð Þ (3)

where s is the slope for double diffusive layering, that is, the slope of the tracers (salinity or dissolved oxygen)
layering along a AC transversal section, and Єz is an nondimensional quantity depending on density ratio, Rρ,
and a double diffusive flux parameter, γf: ϵz ≡ (1 � γf)/(Rρ � 1); chosen to be γf ~ 0.7 (McDougall & Ruddick,
1992). The critical slope, s, is also the most likely observable tracer slope given a background tracer gradient
and velocity shear. To compute the background salinity and temperature gradients, the salinity (S) and den-
sity (ρ) background profiles were computed by averaging the profiles over three regions (see Figure 3): the
western part of the AC within �250 and 100 km, the AC core within the �100 and 100 km, and the eastern
part of the AC within 100 and 250 km. These three averaged profiles are assumed to be representative of the
mean background profile of salinity and density. These averaged profiles are used to compute the vertical
and horizontal derivative in rhs of equation (3). Between 100- and 400-m depth, the median value of the cri-
tical slope (s) for western and eastern part of the AC were�1.1 × 10�4 and 2 × 10�4, respectively (Figure 8b).
The signs of these slopes were similar to the signs of slopes on both western and eastern side of the AC
(Figure 8a), but the magnitudes of the slopes were significantly smaller than the observed salinity and dis-
solved oxygen slopes (Figure 7 and Table 1), which ranged between 5.5 × 10�3 and 8.1 × 10�3 in absolute
value. Therefore, double diffusion is unlikely to explain the generation of striations wrapped around the AC
core between 100- and 400-m depth. However, right at the center of the AC around 300-m depth, in the cen-
ter of U-shaped thermohaline structure, a nearly flat slope is observed (~0 km; Figure 3c). This is the only loca-

tion where the nearly flat slope of a thermohaline fine-scale feature might
be compatible with the critical slope value of double diffusion.
3.4.3. Stirring
To get more insight into the horizontal distribution of fine-scale tracers
between 100- and 400-m depth, the density spectra of isopycnal salinity
and dissolved oxygen were computed for sections D0, C1, C2, and D1
(Figure 9). The isopycnal salinity and dissolved oxygen have relatively simi-
lar spectral characteristics reflecting that salinity and dissolved oxygen can
be considered as quasi-conserved quantities at depths greater than 200 m
and at time scales of a few days (Karstensen et al., 2008). The spectra slopes
(kα) were estimated following two different methods: (i) a linear fitting on
the spectrum was computed over the 10- to 100-km length scale range
and (ii) following the methodology from Itoh and Rudnick (2017). The
results were consistent and the uncertainty could be estimated. For the

Figure 8. (a) Vertical structure of the critical slopes for double-diffusion
derived from the mean θ-S profiles within the western (blue) and eastern
(red) parts of the anticyclonic (AC). (b) Histogram of the critical slopes for
double-diffusion within the western (blue) and eastern (red) part of the AC
between 100- and 400-m depth and �100 and 100 km from the center
of AC.

Figure 9. Density power spectra of isopycnal salinity (a) and odissolved
oxygen (b) between 18°W and 23°W (C1, C2, D1 sections) within the
σθ = 25.5–26.6 (red), 26.6–26.8 (green), and 26.8–27 (blue) kg/m3 isopycnal
layers. The k�1, k�5/3, and k�2 slopes are superimposed (dashed lines). The
95% confidence interval is indicated by gray solid lines.
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layer 26.6–26.8 kg/m3 (where fine-scale features are located), the spectra linear fit led to values of �2.0 ± 0.4
and �1.7 ± 0.3 (with a confidence level at 99%) for salinity and oxygen, respectively, while using spectral
ratios, the median values for spectral bands within [100–10] km were around �1.9 and �2.1 ± 3.4 (with a
confidence level at 90%). Considering the uncertainty due to the limited number of sections across the AC,
the spectral slopes are compatible with two different regimes: the stirring of tracers by mesoscale eddies,
leading to spectral slopes of k�2 (Ferrari & Polzin, 2005) in a QG regime, and the geometric distribution of
tracers due to spiral advection, leading to k�5/3 in a vortex lens (Gilbert, 1988; Hua et al., 2013).

In the absence of heat flux, freshwater flux, and mixing, potential vorticity conservation suggests that the
vertical scales may be linked to the horizontal scales of the tracer field because of the stirring by the
mesoscale eddy velocity field. In QG dynamics, passive tracers (such as assumed here isopycnal salinity
and dissolved oxygen) are sheared and strained by the mesoscale velocity field, leading to an aspect ratio
(i.e., ratio of vertical to horizontal scales) close to f/N (Smith & Ferrari, 2009). A joint PDF for vertical and
horizontal gradients of salinity and dissolved oxygen between 100- and 400-m depth was computed from
D0, C1, C2, and D1 sections (Figures 10a and 10b, shading and blue dashed line) and compared with the
theoretical slope (f/N), computed from the mean stratification within the AC between 100- and 400-m

Figure 10. Joint PDFs of the zonal and vertical gradients of isopycnal salinity (a) and odissolved oxygen (b) computed from the 30-km HPF D0, C1, C2, and D1 section
shown in Figure 6. Lines mark the theoretical aspect ratios: The N/f ratio (red dashed), the rescaled N/f ratio (see equation (2); red solid) and estimated local
median ratio of tracers vertical and horizontal gradients (blue dashed). Dotted gray lines represent the 5th, 25th, 32th, 68th, 75th, and 95th percentiles of slope
distribution. (c) Salinity (in psu) and (d) dissolved oxygen (in μmol/kg) mean profiles (thick red) and deviations from themean profiles (thin black) at 14.7°N–21°W. The
mean profiles were obtained by (i) averaging over the composite section shown in Figure 3 and (ii) by removing the vertical average of the mean profile.
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depth (f/N ~ 9 × 10�3, Figures 10a and 10b, red dashed line). The slope derived from the salinity and dissolved
oxygen gradients was close to the theoretical slope f/N but did not match it exactly. This could be explained
by the dispersion of the individual slope observed values and by the trajectory of the glider, which likely did
not cross the small scale filaments always perpendicularly, which may lead to an underestimation of the
slopes. Moreover, the conditions of the observed AC differed from the observations and numerical
experiments presented in Smith and Ferrari (2009). In regions where tracers have a rich vertical structure,
as in the case of a fine-scale tracer vertical gradient superimposed to a large-scale background tracer
vertical gradient, it is difficult to evaluate precisely the slope of filaments. In our case, fine-scale features
were located within a surface intensified AC in which a substantial background vertical gradient of the
tracers (halocline and oxycline) was found (Figure 3). In this context, Smith and Ferrari (2009) suggested
that the tracers aspect ratio should be rescaled as follows:

μ ¼ ∣1þ hfilament=hbackground∣ (4)

where hfilament and hbackground are scalings for the thickness of a fine-scale
filament and of the background tracer gradient, respectively. The hfilament

and hbackground scales were estimated using average values of Φ ∂z
∂Φ

� �
and,

Γ ∂z
∂Γ

� �
, respectively (Smith & Ferrari, 2009), where Φ is the tracer fields

distribution in the presence of the background vertical tracer gradient
and Γ is the vertical background distribution of tracer. In the presence of
background tracer structure (μ > 1) the aspect ratio is in fact larger than
when no background vertical tracer gradient is present. In the present
case, values of μ were estimated using the mean salinity and dissolved
oxygen profiles (averaged in the AC between 19°W–22°W; Figures 10c
and 10d). On average between 100- and 300-m depth and within the AC
core, we found hbackground ~ O(150) m (~O(100) m) and
hfilament ~ O(20) m (~O(20) m) for salinity (dissolved oxygen). This leads
to a factor μ around 1.13 ± 0.05 (1.2 ± 0.82) for salinity (dissolved oxygen)
tracer. The rescaled theoretical rations (f/μN) were equal to 8.1 × 10�3 and

Figure 12. Variance preserving spectra computed for vertical scales of
(a) salinity and (b) dissolved oxygen from C1 (black; ~28 March 2014) and C2
(red; ~5 April 2014) sections within 25- to 100-km and 100- to 400-m depth
for the 30-km hih-pass filter tracers fields. Dotted curves mark the 95%
confidence interval.

Figure 11. (a and b) Isopycnal salinity (in psu) and (c and d) dissolved oxygen (in μmol/kg) for C1 (a and c) and C2 (b and d)
Gliders off Senegal sections within 25- to 100-km and 100- to 500-m depth. Black contours are (a and b) cross-section
geostrophic velocity (in m/s). Red contours (d and c) are the cross section current vertical shear (in 10�4/s). The dashed
vertical line marks the position of the glider at the date indicated in the title of the subfigures.

10.1029/2018JC014135Journal of Geophysical Research: Oceans

KOLODZIEJCZYK ET AL. 6325



7.5 × 10�3 (Figures 10a and 10b, red line) for salinity and dissolved oxygen respectively, thus in slightly better
agreement with the observed ratios. However, this effect was small and did not fully explain the deviation of
the observed slope from the theoretical slope f/N.

Another explanation for the observed slope discrepancies could be that the glider did not cross the fine-scale
features with a trajectory parallel to that of the maximum slope. Indeed, the front direction and the vertically
integrated velocity made an angle of ~30° with the direction perpendicular to the glider section
(Figures 2a–2d). Therefore, if we speculate that the glider crossed the fine-scale structure with an angle of
~30°, the horizontal tracer gradient would be underestimated by a factor of cos(30°) (~87%) leading to under-
estimated aspect ratios. This would imply that observed values for the slope of 5.4–6.5 × 10�3 for salinity (and
5.5–8.1 × 10�3 for dissolved oxygen) would be in reality ~6.2–7.5 × 10�3 for salinity (~6.3–9.5 × 10�3 for
dissolved oxygen), which seems more in agreement with the theoretical values of 8.1 × 10�3 (7.5 × 10�3

for dissolved oxygen). This suggests that a significant part of the discrepancies between the observed values
and the theory could be due to that effect.

Another source of discrepancy is that the filaments elongation by stirring may evolve in time as suggested by
the numerical simulations of Meunier et al. (2015). More precisely, the vertical layer thickness could diminish
as a function of time. In our observations, the eastern side of the AC (i.e., east of 20.5°W) was sampled twice at
different dates (C1 and C2 sections, and there were 8 days between the two passages at 20.1°W/55 km from
the center; dotted line in Figures 11a–11d), which allowed to observe the time evolution of some of the
observed structures. The two sections revealed a surface intensified southward velocity (Figures 11a and
11c, black contours), that is, a significant vertical shear of the southward velocities around 20.1°W/55 km from
the center (Figures 11b and 11d, red contours). Between 100- and 300-m depth and around 56 km from the
center of the eddy, the salinity and dissolved oxygen fine-scale features located on the eastern side of AC
intensified (Figures 11a–11d). The sloping fine-scale features were embedded in an intensified vertical shear
of the horizontal velocity between 28 March and 5 April. The evolution of maximum values of spectral
estimates of vertical scales (Figure 12) showed a decrease of the vertical scales from ~250 (~170) m to
~130 (~100) m (Figure 12) for salinity (dissolved oxygen), possibly induced by the strong vertical shear of
the horizontal flow (Meunier et al., 2015). The reduction of the vertical scale with time is thus likely to reduce
the slope of the fine-scale tracer striations as observed between C1 and C2 salinity (6.5 × 10�3 to 5.8 × 10�3;
Table 1) and dissolved oxygen sections (8.1 × 10�3 to 7.5 × 10�3; Table 1).

4. Discussion and Conclusions

Glider measurements provide unprecedented high-resolution insight into the processes involved in
thermohaline and dissolved oxygen layering and stirring, induced by mesoscale eddies. A 300-km-wide
AC was sampled off Cap-Verde peninsula by two gliders during March–April 2014. It was tracked back
close to the coast in the southeastern region of the ETNA few months before. After its generation near
the coast the oxygenated isolated eddy moved poleward, transporting water masses of Southern
Hemisphere origin (SACW) in its core. At the time it was sampled, the AC was located in the meridional
large-scale thermohaline gradient associated with the Cape Verde Front and within the upper (10- to
300-m depth) OMZ (Brandt et al., 2015; Karstensen et al., 2008). Mesoscale advection, stirring, layering,
and vertical shear of the azimuthal velocity within the AC core are found to have partially created
fine-scale features of temperature, salinity, and dissolved oxygen, favoring a cascade toward fine-scale
mixing and diffusion. These observed stirred features provide important knowledge that are especially
useful to evaluate the realism of fine-scale processes in numerical models and improve
their parameterizations.

Considering the irregular horizontal sampling of the gliders, which ranged between 1 km and 5 km, the fine
scales within this range were poorly resolved. Thus, we chose to disregard scales smaller than 5 km and focus
on the subsurface fine-scale features with scales around 10–30 km located below the thermocline between
100- and 400-m depth. This length scale can be considered as submesoscale since it is smaller than the local
Rossby radius (~50 km). Indeed, the 5-km sampling scale prevented us to fully resolve the mixed layer
submesoscale dynamics, which may be less than 1 km in the mixed layer (Rudnick & Martin, 2002).
Furthermore, in spite of corrections (see section 2.1.1), the measurement around the thermocline (~100-m
depth) may be less accurate. In any case, the study of submesoscale mechanisms in the surface mixed

10.1029/2018JC014135Journal of Geophysical Research: Oceans

KOLODZIEJCZYK ET AL. 6326



layer are at the limits of the experiment sampling (e.g., Brannigan, 2016; Du Plessis et al., 2017; Mahadevan
et al., 2012; Thompson et al., 2016) and thus beyond the scope of this work.

The present study is in line with several previous studies in ETNA and other ocean basins about water mass
structures in eddy cores (e.g., Cole & Rudnick, 2012; Pietri et al., 2013; Pietri & Karstensen, 2018). Various
interleaving structures at different locations and depths were described in these works. Along isopycnal
layers in the interior central North Pacific subtropical ocean, Cole and Rudnick (2012) found isopycnal salinity
spectral slope of the order of k�2 in the permanent thermocline (Cole et al., 2010). Callies and Ferrari (2013)
also found a spectral slope of k�2 in the northeastern subtropical Pacific region but outside of eddies. In con-
trast, stirring of tracer fields in an isolated, stratified eddy may result in typical k�5/3 and k�2 spectral slopes in
QG theory, corresponding to a spiral advection of tracer (Gilbert, 1988; Hua et al., 2013). In the present study,
the isolated AC may exhibit some characteristics of this latter dynamical regime: a small Rossby number com-
patible with QG framework and isopycnal tracer spectra slope around k�1.9. The fine-scale structures below
the thermocline could thus be explained by the stirring of relatively salty NACW by the mesoscale current
associated with an AC in the vicinity of the Cape Verde front.

Using observations and numerical experiments, Meunier et al. (2015) simulated the evolution of a passive
tracer field stirred by an idealized azimuthal, vertically sheared velocity field associated with a mesoscale
eddy. As noted in Smith and Ferrari (2009) andMeunier et al. (2015), a critical ingredient for mesoscale stirring
and layering is the presence of vertical shear of the eddy orbital velocity, which was particularly strong in the
eastern part of our studied AC. Indeed, in glider section C1 and C2 (Figure 11), the velocity field exhibited ver-
tical shear, and an aspect ratio of fine-scale layering, which are consistent with the QG stirring theory (Smith &
Ferrari, 2009). In contrast, on the western side of the AC where the horizontal currents were more barotropic
(section D1, Figures 2 and 3), the layers seem slightly less oriented along f/N slopes, thus less consistent with
stirring theory (Figures 6c and 6g). Besides, the different background vertical gradients for dissolved oxygen
and salinity may partly explain the slight difference of aspect ratio observed between the dissolved oxygen
and salinity tracers. On the other hand, it is suggested that the inviscid QG theory may not explain the whole
story of the fine-scale stirring and layering within an eddy, as it is difficult to match exactly the slope of fine-
scale striations with those predicted from QG theory. Mixing and diffusive processes may also impact the
slope scales. A better description of the 3-D velocity and tracer field is needed to further quantify themechan-
isms at stake, which cannot be fully explored from only two gliders operating at the same time.

Finally, this study confirms that glider technology may enable an efficient monitoring of regions of the ocean
characterized by strong variability at scales less than the mesoscale but that are nevertheless very important
at global scale. As outlined in Liblik et al. (2016) underwater glider fill an important time/space sampling seg-
ment in ocean observing systems. To better understand regional ocean dynamics, observations are required
at a higher spatial and temporal resolution than those typical of the Global Ocean Observing System, such as
the Argo array (300 km; 10 days, Gould et al., 2004). A complementary glider deployment strategy may be
especially relevant in marginal seas, in coastal as well as boundary current regions.
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