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Abstract

An interdisciplinary survey of a subtropical intrathermocline eddy was conducted within the
Canary Eddy Corridor in September 2014. The anatomy of the eddy is investigated using
near submesoscale fine resolution two-dimensional data and coarser resolution three-
dimensional data. The eddy was four months old, with a vertical extension of 500 m and 46
km radius. It may be viewed as a propagating negative anomaly of potential vorticity (PV),
95% below ambient PV. We observed two cores of low PV, one in the upper layers centered
at 85 m, and another broader anomaly located between 175 m and the maximum sampled
depth in the three-dimensional dataset (325 m). The upper core was where the maximum
absolute values of normalized relative vorticity (or Rossby number), |Ro|] = 0.6, and
azimuthal velocity, U = 0.5 m s, were reached and was defined as the eddy dynamical core.
The typical biconvex isopleth shape for intrathermocline eddies induces a decrease of static
stability, which causes the low PV of the upper core. The deeper low PV core was related to
the occurrence of a pycnostad layer of subtropical mode water that was embedded within the
eddy. The eddy core, of 30 km radius, was in solid body rotation with period of 4 days. It was

encircled by a thin outer ring that was rotating more slowly. The kinetic energy (KE) content



exceeded that of available potential energy (APE), KE/APE = 1.58; this was associated with a
low aspect ratio and a relatively intense rate of spin as indicated by the relatively high value
of Ro. Inferred available heat and salt content anomalies were AHA = 2.9 x 10*®J and ASA =
14.3 x 10" kg, respectively. The eddy AHA and ASA contents per unit volume largely
exceed those corresponding to Pacific Ocean intrathermocline eddies. This suggests that
intrathermocline eddies may play a significant role in the zonal conduit of heat and salt along
the Canary Eddy Corridor.
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1. Introduction

Intrathermocline eddies are a particular type of subsurface intensified anticyclonic
eddy (Dugan et al., 1982; McWilliams, 1985; Kostianoy and Belkin, 1989). Their imprint in
hydrographic fields is characterized by dome-shaped isopleths in the upper layers and a bowl-
shape in the lower layers, sometimes with a homogeneous pycnostad layer embedded within.
As a consequence of the decrease of static stability at the eddy core, a large negative anomaly
of potential vorticity develops (Gordon et al., 2002; Pidcock et al., 2013). Intrathermocline
eddies are relatively frequent and, in some regions such as in the eastern boundary upwelling
systems (EBUS), they may represent 30-55% of the anticyclonic eddy population (Pegliasco
etal., 2015).

There is a great variety of intrathermocline eddies with different origins. Those
generated by the poleward undercurrents in the EBUS (Hormazabal et al., 2013; Pelland et
al., 2013; Pegliasco et al., 2015) have a typical radius between 20 km (California EBUS) and
60 km (Peru-Chile EBUS) and a vertical extent of ca. 500 m. They generally do not contain a
homogeneous core (or pycnostad layer) but they are characterized by a minimum in oxygen
(Hormazabal et al., 2013; Stramma et al., 2013). A particular type of these eddies are
swoddies, or Slope Water Oceanic eddies, generated by destabilization of the highly
baroclinic poleward slope current off the Iberian Peninsula, also known as Iberian Poleward
Current, in winter (Pingree and Le Cann, 19923, b; Garcia-Soto et al., 2002; Sanchez and Gil,
2004; Carton et al., 2013). In summer, the seasonal thermocline is restored capping the
feature (Sanchez and Gil, 2004). They usually have radius of 40-60 km, contain a
homogeneous core of slope water (~20-30 km radius and ~200 m thickness) with maximum
azimuthal velocities at 100 m depth, and drift mostly westwards at 2 cm s™. On the other



hand, Mediterranean water eddies, or meddies, generated from instabilities of the
Mediterranean Undercurrent, have also been observed in the Iberian and Canary Basins
(Hebert et al., 1990; Schultz Tokos and Rossby, 1991; Shapiro et al., 1995, Carton et al.,
2010; L’Hégaret et al., 2014, Bashmachnikov et al., 2015). They are salty and warm deep
lenses usually centered at 1000 m depth that may drift, mainly southwestwards, during 1-3
years. They usually have 20-75 km radius, 500-1000 m thickness and maximum azimuthal
velocities of 0.2-0.5 m s™. In the Subarctic region large intrathermocline eddies of 60 km
radius and ca. 1300 m vertical extent have been observed that have deep cores (600 m) of
homogeneous water (Martin and Richards, 2001; Pidcock et al., 2013). In contrast, those
described for the Japan Sea or for the Southern Indian Ocean regions are shallow flat
homogeneous water lenses with 50 km radius, vertical extents of only 100 m to 150 m, and
oxygen-rich cores (Gordon et al., 2002; Hogan and Hurlburt, 2006; Nauw et al., 2006). In the
subtropical northeast Atlantic Ocean, Pingree (1996) gave the first description of an
intrathermocline eddy inside the Canary Eddy Corridor (Sangra et al., 2009). The eddy had a
radius of 60 km and a vertical extent of 600 m. It was 18 months old at the time of the eddy
sampling and was located ca. 1800 km west of the Canary Islands. Recently, Caldeira et al.
(2014) sampled an intrathermocline eddy generated in the lee of Madeira Island as an ocean
response to wind-forcing. The sampled eddy had a radius of 26 km and it was surveyed at the

generation region.

Amongst the population of intrathermocline eddies there is a particular type whose
core is composed of homogeneous oxygen-rich mode water (Oka, 2009; Caldeira et al.,
2014). Mode water is the name given to a layer of nearly vertically homogeneous water found
over a relatively large geographical area, and which is identifiable through the contrast in
stratification with the pycnocline waters (Hanawa and Talley, 2001). Mode waters have their
origins in the deep mixed layers formed by winter convection. It has been observed recently
that intrathermocline eddies originated in western boundary systems play a crucial role in

mode water transport and subduction into the main thermocline (Xu et al., 2016).

Apart from those eddies that are locally generated by poleward undercurrents (eg.
Pelland et al., 2013; Pegliasco et al., 2015), or in the Subarctic region (eg. Pidcock et al.,
2013), the origin of intrathermocline eddies is still under discussion. Thomas (2008) proposed
that a source for intrathermocline eddies is the reduction of potential vorticity in frontal

regions with winds blowing in the direction of the frontal jet. As indicated above,



intrathermocline eddy cores contain negative anomalies of potential vorticity. Wind-front
interactions subduct low potential vorticity waters that are the source for intrathermocline
eddies. Hogan and Hurlburt (2006) investigated numerically the origin of intrathermocline
eddies in the Japan Sea. They conclude that there are three different mechanisms that affect
the formation of intrathermocline eddies: 1) advection of stratified water that caps a pre-
existing anticyclone; 2) restratification of the upper layers in a pre-existing anticyclone due to
solar heating and; 3) frontal convergence and subduction of winter surface mixed layer water.
This latter mechanism has also been proposed for Southern Indian Ocean intrathermocline
eddies (Nauw et al., 2006). Recently McGillicuddy (2015) proposed eddy-wind interaction
(Martin and Richards, 2001; McGillicuddy et al., 2007) as a new generation mechanism of
intrathermocline eddies, which would drive an upwelling strong enough to induce the doming
of the near surface isopycnals of an anticyclonic eddy.

A distinctive feature of the Canary EBUS is the presence of the Canary Island
archipelago that acts as barrier to the prevailing currents and winds and is thus a continuous
source for mesoscale eddy generation (Aristegui et al., 1994; Barton et al., 2000; Jiménez, et
al., 2008; Piedeleu et al., 2009; Sangra et al., 2005, 2007, 2009). These eddies contribute to
the Canary Eddy Corridor which is the main pathway for long-lived eddies in the subtropical
northeast Atlantic, making it a suitable region for the observation of mesoscale eddies
(Sangra et al., 2009). Long-lived anticyclonic eddies are much more frequent than cyclones.
With the aim to study the oceanic vertical pump (Klein and Lapeyre, 2009) inside an
anticyclonic eddy, we conducted an interdisciplinary survey of an intrathermocline eddy
inside the Canary Eddy Corridor in September 2014. As detailed in Section 2, we intensively
sampled the eddy obtaining fine resolution two-dimensional (2D) data and coarser resolution
three-dimensional (3D) data. To the best of our knowledge, such intensive sampling has not
been performed in previous studies of intrathermocline eddies. In this study we describe in
detail the anatomy of an intrathermocline eddy. This paper will provide the hydrographic
background to a series of other studies, currently in preparation, based on the survey data set,
such as those dealing with inference of ageostrophic secondary circulation or with the

impacts of the eddy on biogeochemical fluxes and plankton community structure and activity.

2. The PUMP survey
For the five months before the eddy survey, conducted aboard the R/V Hespérides, we

monitored on a daily basis the signature of anticyclonic eddies generated by the Canary



Islands in the sea level anomaly (SLA) field. Daily SLA maps (Capet et al., 2014) were
obtained from gridded data provided by AVISO (http://www.aviso.altimetry.fr). In May 2014
an anticyclone was shed by the island of Tenerife. The eddy was tracked until September
2014, when it was 550 km to the southwest (Figure 1). As we knew its origin and its
signature in the SLA field was robust, we selected this 4 months old eddy to be the target for
our study. We named the eddy “PUMP” as it was surveyed in the framework of the PUMP
(Study of the Vertical Oceanic Pump in mesoscale eddies) project.
SLA [cm]
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Figure 1: Map of the Eddy Canary Corridor. Colors show sea level anomaly (SLA) from
AVISO on 3 September 2014. Green and cyan lines represent Phase 1 of the PUMP cruise,
taken to locate the eddy center. Black lines and dots mark the grid of the 3D eddy sample
with SeaSoar continuous tows and rosette system discrete casts, respectively (Phase 2). White
stars indicate high-resolution CTD stations in Le Tourmalet section (Phase 3). The trajectory
of the eddy center from its formation to the beginning of the cruise is depicted by blue dots
(the time interval between dots is 1 day). The eddy translated westwards with a speed of 4 km
d™ (0.046 m s™) during the eddy sampling.

The eddy survey was organized into 3 phases (Figure 1). Guided by the eddy signal in
the SLA field, we first crossed the eddy with two transects (Figure 1, green and cyan lines)
sampled with continuous tows of a Conductivity Temperature Depth (CTD) probe on an
undulating vehicle (SeaSoar) during the days 3-5 September 2014. The objective was to
locate the eddy center and to make a first estimate of its radius and depth. Next, in order to



obtain 3D fields of hydrographic and dynamical variables, we sampled a grid centered on the
eddy center. The grid consisted of 6 SeaSoar (Figure 1, black lines) and 3 rosette (the
SeaSoar CTD was attached to a rosette system after failure of the SeaSoar; Figure 1, black
dots) zonal transects of length 166.68 km. Transects were 18.52 km apart, as were the rosette
stations. The resulting 3D grid, combining rosette casts at discrete stations with SeaSoar
tows, had a size of 166.68x166.68 km with 18.52x18.52 km resolution. In most profiles, the
SeaSoar measurements extend from 10 m down to 325 m. Rosette casts were made to a
nominal depth of 400 m. The 3D survey was accomplished in five days (6-11 September
2014). In the third and final phase, we crossed the eddy center meridionally with a 222.24 km
transect (that we named Le Tourmalet) consisted of 24 CTD stations spaced approximately
9.26 km apart (Figure 1, white stars). In addition, microstructure measurements and water
samples for biogeochemical studies were taken along this transect. CTD casts were made to a
nominal depth of 1000 m and the transect was sampled over 3 days (12-15 September).

The undulating vehicle we used was a SeaSoar Mk Il with an onboard CTD SB911+
additionally equipped with a Seapoint Chlorophyll Fluorometer, dual SBE43 oxygen sensors,
and a Seapoint Turbidity Meter. On average, the profiles were separated by 4 km with an
effective vertical resolution of 72 cm. Rosette casts were also made using the CTD SB911+
instrument additionally equipped with a Seapoint Chlorophyll Fluorometer, dual SBE43
oxygen sensors, Wetlabs C-Star Transmissometer (25 cm 660 nm), Seapoint Turbidity Meter,
and Biospherical Remote Photoradiometer sensors attached to the rosette system of 24
oceanographic 12 | Niskin bottles. Raw data files were processed with Sea-Bird SEASOFT
software (http://www.seabird.com/software/softrev.htm) and vertically averaged into 1 m
bins. We use the TEOS-10 algorithms to calculate absolute salinity, Sa, and conservative
temperature, ®, and all derived variables (Feistel, 2003, 2008).

Current velocities were measured continuously in all three phases using a hull-
mounted 75 kHz RDI Acoustic Doppler Current Profiler (ADCP). The ADCP provided raw
data with 5-min ensembles from the surface to ~800 m and a bin size of 8 m. The raw data
were quality controlled, corrected for heading misalignment and edited with the Common
Oceanographic Data Access System (CODAS, Firing et al., 1995). On average, the processed
profiles provide good quality data from 30 to 700 m depth.



3. PUMP eddy signature

The purpose of the SeaSoar transects on Phase 1 (Figure 1, green and cyan lines) was
to sample the in situ signal of the SLA tracked eddy seen in Figure 1, in the context of its
immediate environment. Figure 2 shows a vertical section of the potential density anomaly,
Ge, along the east-west transect sampled on Phase 1 (Figure 1, green line) superposed on the
cross-transect velocity as obtained from the ship-mounted ADCP. At 280 km distance the
upper seasonal pycnocline is dome-shaped, whereas the permanent pycnocline located below
is bowl-shaped leading to a biconvex shape of the isopycnals. Furthermore, between the
depths of the 26.5 kg m™ and 26.6 kg m™ isopycnals a layer of almost uniform potential
density anomaly typical of Madeira Mode Water is evident (Kése et al., 1985; Siedler et al.,
1987; Weller et al., 2004). The eddy shows a deep intensified anticyclonic circulation with
maximum (minimum) velocity values of 0.38 (-0.35) m s™ at 81 (97) m. This subsurface
intensified anticyclonic flow implies a vertical shear that is consistent with the biconvex
isopycnal shape through thermal wind balance. Above (below) this subsurface speed
maximum a negative (positive) vertical shear of the horizontal velocity will adjust with a
negative (positive) radial gradient of density leading to shoaling (deepening) of the
isopycnals. Hereinafter we will sometimes refer to the domed upper layers as the eddy cap.
As evident in Figure 1, this transect also partially crossed two cyclonic eddies located one at
each end of the transect. The combined vertical section of e and cross-transect ADCP
velocity clearly shows the signal of these eddies through the shoaling of the isopycnals and a
cyclonic circulation (Figure 2). Notice, however, that both structures are well separated from
the PUMP eddy, so that the intrathermocline PUMP eddy may be considered as an isolated

structure.
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Figure 2: Vertical section along the east-west transect in Phase 1 (3-5 September 2014;
Figure 1, green line) of the cross-transect ADCP velocity with superimposed contours of
potential density anomaly, ce. Thick contours are oo = 25.5 kg m™ and o = 26.6 kg m™

(contour interval is 0.1 kg m ™).

To describe the vertical structure of the PUMP eddy we have selected the Le
Tourmalet transect (Figure 1, white stars) as it crossed the eddy center and reached 1000 m
depth. Figure 3 shows a combined vertical section of ce and cross-transect (zonal) ADCP
velocity along Le Tourmalet transect. The PUMP eddy is centered at station 51, and its signal
is noticeable in both fields to at least ca. 500 m depth. Property anomalies (Figure 4a-c) were
calculated by subtracting at each depth the corresponding average of the reference stations
(39, 40 and 62, 63) located at both ends of the transect. A vertical section of the cg anomaly
(Figure 4a) indicates that the eddy extends between stations 46 and 56, thus having a 92 km
diameter. The corresponding eddy radius, 46 km, is of the order of the climatological first
baroclinic Rossby radius of deformation for the region (Chelton et al., 1998).
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Figure 3: Vertical section of the cross-transect (zonal) ADCP velocity (positive values
indicate eastward velocity and negative values indicate westward velocity) along the Le
Tourmalet meridional transect (12-15 September 2014; Figure 1, white stars) with
superimposed contours of potential density anomaly, ce. Thick contours indicate ce = 25.5
kg m™ and 6 = 26.6 kg m™ (contour interval is 0.1 kg m™3). Vertical dotted lines show the

CTD station positions, only odd station numbers are included for clarity.
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Vertical dotted lines show the CTD station positions, only odd station numbers are included

for clarity.

In order to detail the vertical structure of the PUMP eddy, in Figure 4d-f we zoom in
on the upper 500 m of the water column. Vertical sections of conservative temperature and its
anomaly (Figure 4e, b) show that the eddy is characterized by a narrow cold cap located at 30
m depth between stations 48 and 55 that is associated with seasonal thermocline shoaling,
and by a deep warm core associated with deepening of the main thermocline which
introduces a conservative temperature anomaly of ca. +2.4 °C. This warm core region is
clearly recognizable in the conservative temperature anomaly section as the maximum
anomaly located between stations 48 and 54; this region is 55 km wide and ranges from 200
to 500 m depth (Figure 4b). The signature of the deep eddy core is also evident in the vertical
sections of cg and absolute salinity anomalies (Figures 4a, ¢) indicating that it is warmer,
lighter and saltier than the surrounding waters. Therefore the vertical structure of the PUMP
eddy shows a central deep core with sharp gradients of properties embraced by a peripheral
region where the property gradients vary smoothly. We will refer to this deep region as the
eddy hydrographic core.

A thermostad layer is also evident in the conservative temperature vertical section,
trapped between the 18°C and 19°C isotherms (Figure 4e). This nearly homogeneous interior
layer is also evident in the vertical distributions of cg and absolute salinity as the pycnostad
and halostad, respectively (Figures 4d, f). In Figure 4d the Brunt-Véisélad frequency N
(defined as N2 = —(g/p,) 8,00, Where g is gravity and p,=1026 kg m™ is the mean density)
section shows the minimum in static stability introduced by this nearly homogeneous layer.
The anomaly maxima introduced by the eddy reach the lower limit of the eddy hydrographic
core region located at 500 m, which may be considered as the eddy base or eddy depth
(Figures 4a-c). Therefore, we may state that although the PUMP eddy has a vertical extension
of ~500 m depth, it perturbs the water column to at least the maximum sampled depth (1000

m).

The PUMP eddy also has a particular signature in the dissolved oxygen (DO) field. A
vertical section of DO across the eddy center (Figure 5a) shows the eddy has maximum

values at the seasonal pycnocline. In particular, at the eddy hydrographic core, where the



deeper part of the pycnostad is located, there is a well oxygenated column stretching from the
seasonal pycnocline to the deeper layers accompanying the isopycnal deepening. We also
derive the apparent oxygen utilization (AOU), which is the difference between saturated and
observed DO concentrations (Figure 5b). Therefore, a negative AOU indicates a DO excess
in the water column, while a positive AOU indicates deficiency. According with the DO
maximum at the seasonal pycnocline, there is a band of negative AOU which may be
explained by in situ phytoplankton production. At the pycnostad there is a column of low
AOU with respect to the surrounding waters. These low local values are well below the
euphotic layer, thus being suggestive of subduction of rich DO negative AOU waters from

the upper layers at the eddy center.
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Figure 5: Vertical sections of (a) Dissolved oxygen (DO) and (b) apparent oxygen utilization
(AOU) along the Le Tourmalet transect (Figure 1, white stars). Contours represent potential
density anomaly, ce. Thick contours are the 25.5 kg m2 and 26.6 kg m > isopycnals (contour

interval is 0.1 kg m3).



4. 3D fields and dynamical variables

As explained in Section 2, after sampling the eddy with two SeaSoar transects (Phase
1), from where the eddy center was located and the radius estimated, a 166.68x166.68 km
grid of 18.52x18.52 km resolution was sampled combining rosette casts at discrete stations
with SeaSoar tows (Phase 2). 3D fields were obtained by objectively interpolating the CTD
and ADCP data onto a regular grid of 11x11 km horizontal resolution and with a vertical
resolution of 8 m (Bretherton et al., 1976; Le Traon, 1990). The data covariance was fitted
with a 2D Gaussian function with semimajor and semiminor axes of Lx = Ly = 40 km (~eddy
radius). The mean fields were assumed to be planar for density and constant for ADCP
velocity (Rudnick, 1996). The uncorrelated noise applied for the computation is 3% of the
signal energy. The resulting interpolated fields provide a smoothed picture of the eddy when
compared to the Le Tourmalet near submesoscale resolution transect. Figure 6 shows
horizontal maps of ce at selected depths with the ADCP velocity vectors superposed. A
horizontal map at the depth of the cold cap (Figure 6a) shows the eddy signature at the center
of the grid, with a density maximum at its center corresponding to the doming of the seasonal
pycnocline. The eddy is delimited by the 25.5 kg m™ isopycnal and has an elliptical shape
with its major axis oriented NW-SE and an aspect ratio (ar) of ar =155 km / 89 km=1.7. This
density distribution resembles Figure 6 of Viudez and Dritschel (2003) that shows a
filamented numerical eddy. In this regard, both vertices of the elliptic PUMP eddy show
elongated structures which may be the roots of corresponding filaments. The corresponding
velocity field for the cap section clearly shows asymmetry, with minimum speeds in the
northern part of the eddy.
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Figure 6: Objectively mapped ADCP velocity vectors with ce contours at different depths.
Correlation scales used in the objectively interpolation are Ly = L, = 40 km and the
uncorrelated noise applied is 3%.

As shown in Figure 6 the eccentricity of the eddy decreases with depth. Its center is
displaced first westward (Figure 6¢) and then southward (Figure 6d) with increasing depth,
indicating that the eddy is vertically tilted. This tilting is clearly recognizable in the zonal
section of ce (Figure 7a), where the main pycnocline is displaced westward from the surface
cap. Figure 7b shows the meridional component of the geostrophic flow computed through
the thermal wind balance relations applying the ADCP data at the reference level (325 m
depth). This smoothed section with respect to the Le Tourmalet section allows us to clearly
see that the geostrophic velocity subsurface maximum coincides with the limiting region
between the seasonal pycnocline doming and the permanent pycnocline deepening. Figure 7a



also shows the meridional component of the ADCP velocity. The departure from geostrophy
depicted in Figure 7c is greater in the upper 100 m depth where the eddy-wind interaction is

intensified. The dominance of an overall anticyclonic circulation indicates that |u| > |u€|.
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Figure 7: Vertical distributions of the meridional components of the (a) objectively mapped
ADCP velocity, v, (b) geostrophic velocity, v¢, and (c) ageostrophic velocity, v® = v - V¢,

along 26.1°N. Black contours correspond to the objectively mapped potential density

anomaly (ce, With a contour interval of 0.1 kg m ™). Thick contours are the 25.5 kg m > and
26.6 kg m 2 isopycnals. Note different color scale in (c).



Figure 8a shows the horizontal distribution of the ADCP velocity magnitude at 85 m
depth. Maximum values higher than 0.3 m s™ are located around the eddy center except at the
northern edge of the eddy where the ADCP velocity diminishes. As the ADCP velocity is
anticyclonic in all the sampled domain we can refer the ADCP velocity magnitude as speed
under the influence of the eddy, or eddy speed. A vertical profile of the horizontally averaged
ADCP velocity magnitude is shown in Figure 8b. A subsurface maximum is located between
80 and 100 m depth, from this depth the speed decreases to the maximum available ADCP
depth (625 m). This subsurface maximum region will be referred to as the eddy dynamical
core. Recall that the eddy base depth as derived from the anomaly fields is 500 m, below
which the horizontally averaged eddy speed is still significant indicating that the eddy
influences the water column well below its base. If the eddy swirl velocity is faster than the
translation speed, the eddy is non-linear (Flierl, 1981; Chelton et al., 2007). This is an
important property because, in this case, water parcels will remain trapped inside the eddy
and the surrounding water will be prevented from entering the eddy. Therefore, in a non-
linear eddy the transported property anomalies will be maintained inside the eddy. In the case
of the PUMP eddy the horizontally averaged eddy speed exceeds the translation speed over
the full depth range, thus suggesting strong nonlinearity. The eddy translation speed of 4 km
day™ westwards (0.046 m s™, dashed line in Figure 8b) was derived from the eddy center
displacement between the north-south SeaSoar transect in Phase 1 (Figure 1, cyan line) and
the Le Tourmalet transect (Figure 1, white stars).
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The vertical component of the relative vorticity field, ¢, scaled by the planetary
vorticity, f, (or Rossby number, Ro = ({ff) is presented in Figure 9 and clearly shows the
signature of the eddy as a well defined region of negative relative vorticity. A minimum
relative vorticity value of -0.6f is attained at the eddy dynamical core, increasing rapidly
towards its periphery. The zonal vertical section crossing the eddy center (Figure 9b) shows,
as for the velocity field, that the relative vorticity minimum values are just below the eddy

cap (at the eddy dynamical core) with increasing values both above and below.
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Details of the radial variability of the relative vorticity or related eddy rotation rate
may be inferred from the high resolution Le Tourmalet transect. With this purpose we have
plotted in Figure 10 the corresponding radial profiles of the absolute azimuthal velocity and
the period at the depth of maximum horizontal velocity, which is attained at the eddy
dynamical core. The period is derived from the angular velocity, which is approximated by
the azimuthal velocity divided by the radial distance. Azimuthal velocity shows a rapid linear
increase from minimum values at the eddy center to maximum value at 30 km. From this
radial limit, the velocity drops rapidly at first then more slowly. Our approximation of the
radial period indicates that the inner region is in near solid body rotation, with an

approximate rotation period of 4 days. We will refer to this inner region as the eddy core.



Beyond the eddy core edge (eddy core radius R, = 30 km) the rotation rate rapidly decreases.
Therefore the PUMP eddy is composed of an inner core region in fast solid body rotation and
a thin outer ring that rotates much more slowly. We may also derive the rotation rate and
scaled relative vorticity (Rossby number) at the eddy center from the local slope of the
azimuthal velocity profile at the origin, as done by Caldeira et al. (2014) (solid line Figure
10a). The rotation period at the eddy center is 3.7 days, and the absolute value of the scaled
relative vorticity |Ro|=0.61 which agrees with the value computed from the coarser resolution
3D data.
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Figure 10: Radial sections of absolute azimuthal velocity, uy, (a) and orbital period (b) for the
Le Tourmalet transect (Figure 1, white stars). Sections are taken at the depth of maximum
azimuthal velocity (97 m for the Le Tourmalet transect). Solid line in (a) shows the linear fit
Up= wo I, With wo = 1.96 - 10™ s (angular velocity). (b) Represents the radial distribution of
the orbital period computed as 2nr/ugs. Red and blue dots represent uy and T positions north

and south of the eddy center, respectively.

A mesoscale eddy can be described as a potential vorticity anomaly relative to its

surrounding waters (Allen et al., 2012). Ertel’s potential vorticity (PV) can be expressed as:

(—0,v,0,u) *Vyog (§+ f)0,09
Po Po

PV =

where p,=1026 kg m is the mean density. The first term on the right hand side is named the
tilting term while the second is the stretching term, which involves the vertical gradient of the

potential density anomaly, cg. For the PUMP eddy the tilting term is two orders of magnitude



smaller than the stretching term (not shown). Hence, the stretching term, and, in consequence,
the vertical gradient of density (stratification or static stability), dominates the PV
distribution. Therefore, it is expected that intrathermocline eddies will contain negative
anomalies of PV as they lower the background static stability. A PV zonal section crossing
the eddy center (Figure 11) indicates that, overall, the eddy signal lowers the PV, introducing
a negative anomaly, and also there is some vertical variability that merits examination. In the
near surface layer, between the surface and ca. 30 m, the strong stratification introduced by
the isopycnal doming increases PV, introducing a positive anomaly (Figure 11b). Then, the
PV decreases reaching a first local minimum between 75 and 110 m, where the bending of
the isopycnals generates a local minimum of the static stability (Figure 11a). This minimum
PV region coincides with the location of the eddy dynamical core and, in consequence, with
the location of the maximum subsurface ADCP velocity and relative vorticity. This first layer
of low PV is reflected in the vertical section of the PV anomaly as a region of strong negative
PV anomaly and ranges from 30 to 110 m (Figure 11b). Below, in the pycnostad layer
between 175 and 325 m, we observe a second much broader region of minimum PV (Figure
11a) which introduces lower negative anomalies in comparison with the upper minimum
(Figure 10b). Between both the dynamical and hydrographical core regions of minimum PV
there is a relatively narrow layer of PV that is higher than the surrounding waters, ranging
from 110 to 175 m (Figure 11a).
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Figure 11: (a) Potential vorticity and (b) potential vorticity anomaly zonal sections along
26.1°N. The potential vorticity anomaly is computed with respect to the averaged external
grid values for each depth layer. Black contours indicate the objectively mapped ce, with a
contour interval of 0.1 kg m™> Thick contours are the 25.5 kg m™® and 26.6 kg m™®

isopycnals.

5. Energetics

To infer the eddy content of available potential energy (APE) and kinetic energy
(KE), we selected CTD and ADCP data from the Le Tourmalet meridional transect and
followed the methodology proposed by Schultz et al. (1991). From Hebert (1988) and
assuming that the eddy has a circular shape, APE is estimated using the integral:

0

R
APE = 0.5 p, j f N?Z 6% (2nr)drdz
-50070

500

where p, and N, are the density and the Brunt-Vaisala frequency of the reference state, and §
is the vertical displacement of the isopycnals within the eddy from the reference state. The
reference state is the mean field as estimated from all CTD stations located at least 70 km
from the eddy center. The integration is performed from the surface to the base of the eddy,

located at 500 m, and from the eddy center to its radius, R= 46 km.

The total KE contained by the eddy is estimated using the integral:

0 (R
KE = 0.5 p, J f u? (2nr)drdz
~500J0

where u is the horizontal velocity as obtained from the ADCP. The resulting APE and KE for
the PUMP eddy are APE = 5.64 x 10 J and KE = 8.88 x 10" J. These quantities are two
orders of magnitude smaller than those corresponding to large eddies such as Gulf Stream or
Aghulas rings (Olson et al., 1985; Clement and Gordon, 1995). However, if they are
compared with corresponding eddies of similar size they are of the same order of magnitude
(Table 1).

The PUMP eddy contains more KE than APE, with the energy Burger number
(D’Asaro, 1988) greater than unity, Be = KE/APE = 1.58. As shown in Table 1 this higher



content of KE than APE is a particularity of the PUMP eddy when compared with other
eddies of similar size. The obtained Bg value is intermediate between those reported for large
eddies, where the APE content exceeds the KE content leading to values of Bg<1 (Schmid et
al., 1995; Clement and Gordon, 1995), and those reported for small submesoscale vortices
where Bg >1 (D’Asaro, 1988). Prater and Sanford (1994) derived a relationship between Bg
and the length-scale Burger number (B, = N?*H%*/*L?) and Rossby number, Ro:

KE B,
APE ~ (1 + Ro)?

BE=

Using the background N, the eddy diameter L = 92 x 10° m and the eddy depth H = 500 m,
the eddy length-scale Burger number is B = 0.20. With the eddy Rossby number based on
the 3D data (Figure 9) as Ro = -0.6, Bg is 1.25, which is very close to the value calculated
above from the ratio KE/APE = 1.58. This scaling analysis of Bg suggests that Bg>1 is due
both to a small aspect ratio, indicated by small B., and a relatively intense spin rate as
indicated by a relatively large Ro. In this regard, notice that the eddies compared in Table 1
have similar aspect ratios but smaller Ro than the PUMP eddy, which has a consistently

smaller Bg.

Table 1: Energetics. Kinetic energy (KE) and available potential energy (APE) contents. R is
the eddy radius, H is the eddy thickness and L is the eddy diameter.

Author, description, PUMP Schmid et al. (1995), Hebert et al. (1990) and Schultz

location Anticyclone Vitdria eddy, Tokos and Rossby (1991),
Brazil Current Meddy, NE Atlantic

KE (x10%J) 8.88 9.6 7.9

APE (x10%)) 5.64 19 75

KE/APE 1.58 0.51 11

Eddy radius, R (km) 46 50 65

Eddy thickness, H (m) 500 400 900

H/L (x 107%) 0.5 0.4 0.7

Ro 0.6 0.20-0.28 0.3

6. Available heat and salt content anomalies



Available heat and salt content anomalies, AHA and ASA respectively, for the PUMP
eddy were derived following the methodology of Chaigneau et al. (2011),

0 (R
AHA = f f pC,0" (2nr)drdz
—-500+Y0

0 (R
ASA = 0.001[ f pS' (2nr)drdz
—-500+Y0

where C, is the specific heat capacity (4000 J kg™t K™, p the density, and the conservative
temperature and absolute salinity anomalies (0’ and S') are integrated over the area of the
eddy core (assuming a circular shape) and then vertically integrated over the vertical
extension of the eddy. To estimate these quantities we use the Le Tourmalet transect data as
they reach the eddy base at 500 m depth. Temperature and salinity anomalies are computed
with respect to the averaged value of the external casts (39, 40, 62 and 63) at each depth. We
integrate radially from the eddy center to the eddy core radius (R; = 30 km, Section 3).
Vertical profiles of available heat and salt anomalies integrated only over the eddy core area
(Figure 12) show maximum (minimum) available contents of 0.014 x 10" J m™ (-0.018 x
10*® J m™) and 0.065 x 10" kg m™ (-0.020 x 10" kg m™) at 300 m (35 m) depth,
respectively. Although these available anomalies have opposite signs in the vertical, positive
anomalies are broader and the vertically integrated AHA and ASA contents of the PUMP
eddy are 2.9 x 10™ J and 14.3 x 10'® kg, respectively. The AHA and ASA contents are
characteristics of the changing background along the eddy path, as well as of variation of
eddy core properties with time due to exchange through eddy boundaries (e.g. Hebert et al.,
1990).

Comparing the above values with those corresponding to intrathermocline eddies in
other EBUS (Table 2), we notice that AHA and ASA contents are closely associated with the
sizes of the eddies. The volume of trapped water transported by the PUMP eddy is 1.4 x 10*
m?®, while intrathermocline eddies generated in the Peru-Chile Current System (PCCS) have a
mean volume of 5.5 x 10" m* (Chaigneau et al., 2011). Hence, these eddies contain higher
available heat and salt anomalies than the PUMP eddy. On the other hand, intrathermocline
eddies generated by the California Undercurrent (Cuddies, Pelland et al., 2013) are smaller
with an estimated volume of 0.56 x 10*2 m®. Furthermore, if we compare the relative contents

of available heat and salt anomalies per unit volume it turns out that the PUMP eddy



transports warmer and saltier water than intrathermocline eddies of the PCCS and California
EBUS. The PUMP eddy has an AHA per unit of volume almost double that of PCCS
intrathermocline eddies, and more than three times that of Cuddies. On the other hand, ASA
per unit volume in the PUMP eddy is more than two times higher than in PCCS eddies, and
more than four times that of Cuddies. Therefore, in terms of units per volume the PUMP eddy

ASA and AHA contents exceed those corresponding to the eddies analyzed here.
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Figure 12: Vertical profiles of the available heat (a) and salt (b) content anomalies transported

by the eddy core. Horizontal dashed lines represent the eddy base.

Table 2: Radius and vertical extent of the eddy core defined as the inner eddy region that is

in solid body rotation. Volume, available heat anomaly (AHA), and available salt anomaly
(ASA) trapped and transported by the eddy core. PCCS refers to Peru-Chile Current System
while Cuddies are generated in the California EBUS. AHA* and ASA* are available heat and

salt anomalies per unit volume, respectively.

PUMP PCCS Cuddies
Chaigneau et al. Pelland et al.
(2011) (2013)
Radius (km) 30 57.6 20.4
Vertical extent (m) 500 540 429
Volume (X 10" m?) 1.4 5.5 0.56

AHA (X 10 J)/AHA*(X 10° J m®) 2.9/2.1 8.7/1.6 0.36/0.6



ASA (X 10" kg)/ASA*(x 10" kg m™) 14.3/10 23.8/4 1.58/2

7. Discussion
7.1 Negative potential vorticity anomaly and eddy structure

The PUMP eddy is characterized by a biconvex isopycnal shape with an embedded
pycnostad layer. The biconvex shape, which occurs in the near surface layers, is associated
with the vertical shear induced by the subsurface maximum of ADCP velocity in accordance
with thermal wind balance. This vertical structure of the density field introduces a decrease of
the static stability which induces a subsurface PV minimum and, hence, a negative PV
anomaly (Figure 11). This subsurface region of negative PV anomaly, maximum absolute
relative vorticity, and maximum ADCP velocity may be thought of as the eddy dynamical
core. It is limited radially by the maximum azimuthal velocity and is in solid body rotation
(Figure 10). Negative PV anomaly within the eddy and a central core rotating in solid body
rotation surrounded by a more slowly rotating outer ring are defining properties of
intrathermocline eddies (Schultz Tokos and Rossby, 1991; Gordon et al., 2002; Hansen et al.,
2010).

Another common feature of intrathermocline eddies is the occurrence of a pycnostad,
which is a homogenous density layer embedded within the eddy. In the case of the PUMP
eddy the pycnostad is trapped between the 26.5 kg m™ and 26.6 kg m™ isopycnals and the
corresponding thermostad between the 18°C and 19°C isotherms (Figure 4). As shown in
Figure 6 of Aristegui et al. (1994) in May, the month of the PUMP eddy generation, the upper
part of the water column in the eddy generation area (Canary Islands) shows a nearly
vertically homogeneous subsurface water layer trapped between the 18 °C and 19 °C
isotherms and capped by the seasonal thermocline. This layer has characteristics of
subtropical mode water and is formed by winter convection that sets up a deep mixed layer
which is subsequently capped by the seasonal thermocline (Aristegui et al., 1994; Hanawa
and Talley, 2001). Therefore, the pycnostad embedded within the PUMP eddy contains mode
water that may have been trapped inside the eddy during the eddy generation process. As
already mentioned, Caldeira et al. (2014) describe an intrathermocline eddy generated by
Madeira, which is located north of the Canaries. They also observed, at its early stage of
formation, a pycnostad within the eddy core composed of Madeira Mode Water trapped

within the 17 °C — 18 °C isotherms, thus being slightly cooler than the mode water trapped by



the PUMP eddy at the Canaries, 200 nautical miles to the south. This adds evidence to the
hypothesis that the pycnostad embedded within the PUMP eddy is generated early in the eddy
birth process as a consequence of trapping of subtropical mode water. Indeed, the trapping of
well-mixed water during the eddy generation process is already observed in swoddies,
generated in the northwestern coast of the Iberian Peninsula. Swoddies, although generated
1000 nautical miles to the north of the Canaries, usually have similar sizes as the PUMP eddy
(see Introduction section). Moreover, they usually have a similar |Ro| of 0.4-0.5, a rotation
rate of the eddy center of 3-3.5 days and a saltier, warmer and lighter core than the

surrounding waters (Pingree and Le Cann, 1992a, b; Sanchez and Gil, 2004).

Mode waters have clear signatures in PV fields as negative anomalies due to the local
decrease of static stability which is conserved, and thus constitute reservoirs of low PV
(Hanawa and Talley, 2001; Sato and Polito, 2014). This is reflected in our vertical section of
PV where low static stability values at the pycnostad, the eddy hydrographic core, are
associated with a second region of minimum PV (centered between 175 and 325 m depth).
This deeper PV minimum is much broader than the upper PV minimum located at the
dynamical core (Figure 1l1a). The negative PV anomaly that is introduced is, however,

smaller than the upper layer PV anomaly (Figure 11b).

7.2 Intrathermocline eddies in the Canary Eddy Corridor

Pingree (1996) gave the first description of an intrathermocline eddy inside the
Canary Eddy Corridor. The eddy was first detected by the trajectory of a drogued Argos buoy
near 23°W and 26°N in February 1993 close to the location of the PUMP eddy (20°W, 26°N).
The similar location of both eddies in the Canary Eddy Corridor suggests that Pingree’s
(1996) eddy was also generated by the Canary lIslands. The drogued buoy tracked the
westward movement of the eddy for at least 20 months and the eddy was sampled in
December 1993 at 33°W, 1000 km west of the location of the first observation. In the
intervening period the seasonal thermocline had been replaced by a deep, 100 m, mixed layer
due to winter convection. The eddy was formed by a subsurface warm water lens located just
below the mixed layer. Pingree (1996) named this structure the ‘“shallow subtropical

subducting westward propagating eddy” or Swesty.

In Table 3 we compare the characteristics of PUMP and Swesty eddies. At the time of

the survey the ca. 18 months old Swesty was located ca. 1800 km from the Canary Islands



and migrating westward displacement at ca. 100 km month™. The PUMP eddy was younger,
4 months old, which may explain its shorter rotation period, greater central vorticity and
stronger azimuthal current maximum when compared with Swesty values (Table 3). The
PUMP eddy dynamical core was at 85 m depth whereas the Swesty dynamical core was at
190 m. As they have probably the same origin, the deeper Swesty core may support Pingree’s
(1996) suggestion on core subduction as Swesties self-propagate westward along inclined
isopycnals. Pingree estimated a subduction velocity of ca. 40 m y*, while the difference in
the eddy core depths and their age provides an estimate of twice that figure. Like the PUMP
eddy, the Swesty showed biconvex shape of the isopycnals associated with an anomaly of
potential vorticity 91% below ambient potential vorticity (Table 3). It is expected that due to
winter convection, subduction and lateral mixing the PUMP eddy may evolve towards
Swesty characteristics as it propagates westwards.

Table 3: Swesty (Pingree, 1996) and PUMP eddy characteristics.

Property (units) PUMP Swesty
Distance from the Canaries (km) 550 1887
Age (month) 4 18
Radius (km) 46 60
Vertical extent (m) 500 600
Mixed layer above the core (m) 10 100
Westward self propagation (km d™) 4 3.3
Dynamical core depth (m) 85 190
Temperature anomaly (°C) +3 +15
Core rotation period (d) 4 8
Central vorticity, {/f -0.6 -0.3
Anomaly of potential vorticity below ambient (%) 95 92
Maximum azimuthal current velocity (m s™) 0.5 0.16
Radius of maximum azimuthal current velocity (km) 30 30

Pegliasco et al. (2015) recently investigated and compared the vertical structure of the
eddy field in the four eastern boundary upwelling system (EBUS) from altimetry and Argo
buoy data. They observed that 40% of anticyclonic eddies in the Canary EBUS are
intrathermocline eddies. Most of those eddies are generated inside the Canary Eddy Corridor
south of the Canary Islands, as was the PUMP eddy. The composite vertical structure of those

eddies shows subsurface intensified temperature and salinity anomalies similar to the PUMP



and Swesty eddies. When comparing the composite vertical structures of subsurface eddies in
other EBUS systems, one striking feature is that the Canary Eddy Corridor subsurface eddies
have weaker anomalies and are shallower. This may be a response to their different origins.
Cuddies of the California EBUS and subsurface eddies of the Peru-Chile EBUS have their
origins in the poleward undercurrents of their respective upwelling systems (e.g., Pelland et
al., 2013; Hormazabal et al., 2013). These are deeper structures than the PUMP eddy with
maximum current velocity at depths of several hundred meters and minimum oxygen
anomalies instead of maximum oxygen anomalies. Shallower anomalies in the Canary EBUS
and the observations of the PUMP and the Swesty eddies are consistent with the Canary
Islands being the main source of intrathermocline eddies for the Canary Eddy Corridor, and
with the domination of this shallower eddy type over deeper, low oxygen intrathermocline
type eddies originating in the poleward undercurrent at the African coastal margin. South of
the Canary Eddy Corridor the percentage of subsurface eddies decreases dramatically to 9%

and are deeper subsurface intensified type (Schiitte et al., 2015).

8. Summary and conclusions

The Canary Eddy Corridor is the main pathway of long-lived eddies for the
northeastern subtropical Atlantic (Sangra et al., 2009). As most of these long-lived eddies are
anticyclones, it is a suitable region for their study. Our survey of an anticyclonic eddy inside
the Canary Eddy Corridor provided for the first time an intensive sampling of one of these
long-lived intrathermocline anticyclones. During the interdisciplinary cruise, we carried out
near submesoscale 2D sampling as well as mesoscale 3D sampling of the eddy structure.
With the data set obtained in the cruise, several works will be published in order to detail the
eddy submesoscale structure, ageostrophic secondary circulation, near-inertial wave trapping
and physical-biological interactions. The analysis presented here will serve as hydrographic
background to the other PUMP studies.

In this study we examined in detail the anatomy of an intrathermocline eddy whose
structure is characterized by a biconvex shape of the isopycnals and by a homogeneous layer
of subtropical mode water embedded within. Our observations highlight that this structure of
an intrathermocline eddy is associated with both a shallow and a deep minimum of PV. The
decrease in static stability induced by the biconvex shape of the isopycnals gives rise to the
shallower PV minimum located at 85 m depth. We call this region the eddy dynamical core



as it is associated with a subsurface maximum in horizontal velocity and also a maximum of
absolute relative vorticity. Below this, centered at 225 m depth, there is a second broad PV
minimum generated by the presence of the pycnostad layer composed of subtropical mode
water. The occurrence of a subsurface maximum of the velocity field and vertical shear is

associated with the biconvex shape of the isopycnals through thermal wind balance.

The eddy studied was 92 km in diameter and 500 m in depth, although it was found to
influence the hydrographic field down to at least 1000 m. Above the dynamical core, the
doming of the seasonal thermocline and pycnocline leads to a narrow cold region in the
surface layers introducing a conservative temperature anomaly of -3 °C. Below the dynamical
core, the deepening of the permanent thermocline, halocline and pycnocline leads to a broad,
warmer and saltier region located between 200 and 500 m, where the conservative
temperature anomaly attains ca. +2.4 °C. We call this region the eddy hydrographic core. We
also observe a relative maximum of DO in this region and a negative AOU, that may be
interpreted as a sign of subduction during the eddy generation process due to the initial
deepening of the isopycnals. The eddy has an elliptical shape with signs of shallow filaments
at the vertices of the ellipse. It has a central core of 30 km radius in solid body rotation with a
period of ca. 4 days surrounded by a narrow outer ring of 16 km width that rotates much
more slowly. The corresponding Rossby number at the eddy center (ca. Ro = -0.6) is quite
high when compared to other subsurface eddies and is reflected in a larger content of KE than
APE. The eddy introduces available heat and salt content anomalies of 2.9 x 10'® J and 14.3 x
10'° kg, respectively. These values are larger than those associated with intrathermocline
eddies of the California EBUS, and on the same order of magnitude as intrathermocline
eddies of the Peru-Chile EBUS.
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