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Abstract

Mesoscale oceanic structures have a key role on the oceanic global circulation
through the enhancement of large-scale fluxes of heat, salt, momentum, and biogeo-
chemical tracers. Moreover, mesoscale vertical motions may have an important con-
tribution on the nutrient replenishment of the euphotic layer, and, hence, on marine
ecosystems. Furthermore, mesoscale coherent features, or eddies, have the capac-
ity to trap fluid of their formation regions within their cores and propagate offshore
over long distances. However, despite their importance, the mechanisms through
which mesoscale structures, as mesoscale eddies, influence marine ecosystems are
still under discussion. In this dissertation we aim to shed some light on the ther-
mohaline and dynamical structure, including ageostrophic secondary circulation,
of mesoscale features through remote sensing observations and in situ data, pay-
ing special attention to mesoscale eddies and induced vertical motions. To achieve
this goal, the thesis is developed in four chapters self-contained, three of them are
already published. First, we demonstrate the importance of mesoscale vertical mo-
tions on nutrient distribution in an oligotrophic region of the global ocean through
synthetic observation-based data. Vertical motions may account for local increases
of nitrate uptake rates of up to 30% in regions with mesoscale activity. Then, we
take advantage of the high-resolution in situ data obtained from the intensively sam-
pling of a mesoscale eddy within the Canary Eddy Corridor, the main pathway for
long-lived eddies in the northeast Atlantic which constitutes a natural laboratory for
the study of these structures. With these data we analyze in detail the anatomy of
the eddy, revealing its main hydrographic and dynamic characteristics. Thirdly, as
the eddy is moderately ageostrophic, we estimate and analyze its ageostrophic sec-
ondary circulation, revealing for the first time the distribution of the vertical velocity
field within a mesoscale eddy through high-resolution in situ data. Finally, we per-
form a comparison of the synthetic observation-based product with the in situ data
obtained from the cruise, evaluating the capacity of the synthetic fields to reproduce

the eddy hydrodynamic structure.
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General introduction

Mesoscale dynamics and vertical motion

Mesoscale oceanic structures, such as fronts and eddies, have an important role
on the oceanic global circulation through the enhancement of large-scale fluxes of
heat, salt, momentum, and biogeochemical tracers (Danabasoglu et al., 2012, 2008;
Jochum et al., 2008; Griffies, 2004). Moreover, these structures drive strong horizon-
tal and vertical motions that have an important influence on biological processes
(McGillicuddy, 2016; Rodriguez et al., 2001; Mahadevan and Archer, 2000). Coastal
upwelling (Figure 1) and frontal areas are examples of mesoscale structures with
intense vertical velocities that may contribute to the nutrient enrichment of the eu-
photic layer (Mahadevan, 2014). This nutrient replenishment may, in turn, enhance
phytoplankton growth and impact on marine ecosystems.

A particular type of mesoscale structures are eddies, coherent features of the or-
der of 100 km that trap fluid of their formation regions within their cores (e.g. Chel-
ton et al., 2011b). Mesoscale eddies can move offshore during months, or even years,
with a tangential velocity higher than the translation speed. Accordingly, eddies can
transport heat, mass, and biogeochemical tracers within their cores over long dis-
tances and, hence, they may have an important contribution on the thermohaline
general circulation, water mass distribution, and ocean biology (McWilliams, 2008).
Moreover, vertical velocities within mesoscale eddies may have an important role on
the vertical exchange of heat, salinity, and biogeochemical tracers between the deep
ocean and the upper layers (McGillicuddy, 2016). However, a high uncertainty still
exists in our understanding of the mechanism through which mesoscale structures,
as mesoscale eddies, influence marine ecosystems.

Several hypotheses have been proposed to explain the mechanisms through
which mesoscale eddies affect ocean ecosystems (McGillicuddy, 2016; Klein and
Lapeyre, 2009). Simple conceptual models such as eddy pumping (McGillicuddy
et al., 1998; Siegel et al., 1999; Mahadevan et al., 2012), eddy-wind interaction (Mar-
tin and Richards, 2001; McGillicuddy et al., 2007; Benitez-Barrios et al., 2011; Gaube
et al., 2013), and eddy stirring (Siegel et al., 2008; Chelton et al., 2011a) have been

widely discussed. However, more detailed analyses based on both modeling and
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FIGURE 1: Eastern ocean margin with upwelling due to the equator-

ward along-shore winds in the southern hemisphere. Ekman trans-

port causes divergence and upwelling, which brings colder, denser

and nutrient-rich deep water to the surface. The developed coastal

current is unstable and generates filaments and eddies. (Mahadevan,
2014)

observational approaches suggest that these simplified models are not able to pro-
vide an accurate picture of the 3D velocity field at mesoscale, highlighting the fun-
damental role played by quasi-geostrophic (QG) and semi-geostrophic (5G) dynam-
ics (e.g. Tintoré et al., 1991; Pollard and Regier, 1992; Naveira Garabato et al., 2001;
Pidcock et al., 2013). These advanced analyses also propose new mechanisms that
may modulate vertical exchanges inside mesoscale oceanic eddies, such as subme-
soscale pumping (e.g. Lévy et al., 2001; Calil and Richards, 2010) and the occurrence
of vortex Rossby waves (Koszalka et al., 2009, 2010; Cardona and Bracco, 2012; Buon-
giorno Nardelli, 2013).

Although mesoscale vertical motions induce important vertical exchanges, they
are usually four orders of magnitude smaller than horizontal currents W~ (1073-
104 U~10 m d—'. Because of this, direct measurements of vertical velocities in the
ocean are difficult to obtain and they are generally determined indirectly through
analyses of hydrographic and dynamic observations and assuming balance condi-

tions for the flow. The most widely used technique to infer vertical velocity is based



on QG dynamics in the form of the QG omega equation (e.g. Tintoré et al., 1991;
Allen and Smeed, 1996; Gomis et al., 2001; Buongiorno Nardelli et al., 2001; Ro-
driguez et al., 2001; Pascual et al., 2004; Benitez-Barrios et al., 2011; Pidcock et al.,
2013; Ruiz et al., 2014). Besides the application of this methodology to data from
individual field campaigns, it has also been applied to different observation-based
3D products (Ruiz et al., 2009; Buongiorno Nardelli et al., 2012; Pascual et al., 2015).
Another methodology used to derive vertical velocities is based on the integration
of the SG omega equation, which includes the ageostrophic advection of geostrophic
velocity (Hoskins and Draghici, 1977; Pedder and Thorpe, 1999; Badin, 2012; Buon-
giorno Nardelli, 2013). Both formulations of the omega equation allow the inference
of the vertical velocity field from only density measurements. On the other hand,
Vitdez et al. (1996) propose another version of the omega equation valid for high
Rossby numbers that requires both density and current measurements. This gen-
eralized omega equation is more accurate than the other two versions (Vitidez and
Dritschel, 2004) and allows the diagnosis of mesoscale vertical velocities in highly
ageostrophic conditions. Other formulations of the generalized omega equation
have also been proposed (e.g. Davies-Jones, 1991; Xu, 1992; Giordani et al., 2006).
Figure 2 shows some illustrative examples of different proposed/estimated ver-
tical velocity distributions inside mesoscale eddies. In accordance with eddy-wind
interaction theory, the vertical velocity induced within anticyclones and intrather-
mocline eddies is upwards, while within cyclones is downwards (Figure 2a) (Martin
and Richards, 2001; McGillicuddy et al., 2007; Gaube et al., 2013, 2014). On the other
hand, if both linear and nonlinear contributions are taken into account, the resulting
total Ekman pumping is characterized by a dipolar distribution aligned across the
wind direction (Figure 2b) (McGillicuddy et al., 2008; Gaube et al., 2015). A hori-
zontal section of the vertical velocity field within an Aghulas cyclonic eddy inferred
by integrating the SG omega equation is shown in Figure 2c. The vertical velocity
distribution is characterized by a dipolar pattern within the eddy core and by an oc-
topolar pattern along the eddy periphery. Buongiorno Nardelli (2013) suggests the
relation of these patterns with modulation by vortex Rossby waves. Finally, Figure
2d shows the vertical velocity quadripolar distribution obtained theoretically within

an elliptical anticyclonic eddy (or potential vorticity ball) by Viddez and Dritschel
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FIGURE 2: (a) Scheme of the vertical velocity induced by eddy-wind
interaction associated with different types of mesoscale eddies. Ar-
rows represent the sense of the vertical velocity: upward in anticy-
clones and intrathermocline (or mode water) eddies, and downward
in cyclones. (McGillicuddy et al., 2007) (b) Total Ekman pumping
within an intrathermocline eddy including both linear and nonlinear
components. (McGillicuddy et al., 2008) (c) Horizontal section of the
vertical velocity field at 100 m depth estimated by integrating the SG
omega equation using observation-based data within a cyclonic eddy.
(Buongiorno Nardelli, 2013) (d) Quadripolar horizontal distribution
of vertical velocity (thick lines) within a non-forced and in an f-plane
numerical elliptical anticyclonic potential vorticity ball. (Vitdez and
Dritschel, 2003)

(2003).

Oceanic mesoscale eddies generated at the Canary Islands

The Canary archipelago is a zonal chain formed by seven islands situated off north-
west Africa (Figure 3). All the islands except Fuerteventura and Lanzarote are
mountainous with peaks exceeding 1000 m. The Canary Islands are located at the
transition zone between the open ocean and the coastal upwelling off the north-
west African coast, in the path of the Canary Current and the Trade winds (Barton

et al., 1998; Barton and Aristegui, 2004; Pelegri et al., 2005). The Canary Current is a
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FIGURE 3: Canary Islands off northwest Africa. Atmospheric vortex

street extending south from Gran Canaria observed from the MODIS

sensor aboard the Terra satellite on 4 June 2000. The trail of atmo-

spheric vortices is generated due to perturbation of Trade winds by

the mountainous island. (Chopra, 1973; La Violette, 1974; Aristegui
et al., 1994)

southward recirculation of the eastward Azores Current (Klein and Seidler, 1989;
Mittelstaedt, 1991) whose strength, direction, and timing determine the complex
mesoscale variability associated with the islands (Mason et al., 2011). The northeast-
erly alongshore Trade winds are originated by the steep pressure gradients between
the high-pressure Azores system and the lower pressure over northwest African
landmass. The Trades pass through the passages between islands resulting in the
formation of intensified wind jets. The resulting curls induced by the wind jets are
a source of oceanic eddies (Barton, 2001; Chavanne et al., 2002; Jiménez et al., 2008).
Hence, the Canary archipelago acts as barrier to the prevailing Canary Current and
Trade winds and is a continuous source of 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).

Mesoscale eddies generated by the Canary Islands contribute to the Canary Eddy
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westward trajectories of the long-lived eddies tracked by the Okubo-

Weiss technique using 14 years (1992-2006) of altimetry data. (Sangra
et al., 2009)

Corridor (CEC, Figure 4), a zonal mesoscale eddy corridor located between 22°N-
29°N and from the Canaries to the west that constitutes the main pathway for long-
lived (> 3 months) eddies in the subtropical northeast Atlantic (Sangra et al., 2009).
It represents an important source of eddy kinetic energy in the northeastern Atlantic
ocean. Moreover, the westward flux of mass associated with the CEC may be one-
fourth of the southward mass transport of the Canary Current. It also has important
implications on the offshore transport of biogeochemical properties from the Ca-
naries/Northwest Africa upwelling systems.

Both types of eddies, cyclones and anticyclones, are generated by the Canary Is-
lands: anticyclones are shed mainly from Tenerife and Gran Canaria, while cyclones
are detached from La Palma, La Gomera, El Hierro, and Gran Canaria (Pacheco
and Hernandez-Guerra, 1999; Sangra et al., 2005, 2009). One mechanism that in-

duces island eddies is related to the perturbation of the oceanic flow by the island



west WAKE east

N e

upwelling

\ 26.2 isopycnal

downwelling

---------------- — — —MmOost INtense = == = = = = = = = = = R o ] =

projected return to DFM 1% surface PAR
steady state
[oV]
cyclonic anticyclonic
(divergent) (convergent)
boundary boundary
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of Trade winds. The interaction of the mountainous island with the
atmospheric flow induces wind shear fronts at both sides of the is-
land. The wind shear fronts extend beyond the island with a shel-
tered area between them (the lee of the island wake). Ekman pump-
ing generated beneath the shear zones induces opposite vertical dis-
placements of the thermocline either side of the lee, being a mecha-
nism for eddy production. On the lee boundaries, vertical velocities
induced by an observed horizontal wind shear of 15 m s™* in 2 km
may be as strong as in the African coastal upwelling (~50 m d1).
(Basterretxea et al., 2002)

topography (Sangra et al., 2007; Jiménez et al., 2008; Piedeleu et al., 2009). If the
impinging oceanic flow is sufficiently energetic, the boundary layer around the is-
land detaches, alternating between flanks and giving rise to the sequential spin off
of cyclonic and anticyclonic eddies. Another mechanism is related to Ekman trans-
port convergence/divergence over the island wake and the corresponding Ekman
pumping of downward/upward velocities related to strong anticyclonic/cyclonic
wind curl cells (Figure 5). This mechanism is particularly important for low inten-
sities of the Canary Current and strong intensities of the Trade winds (Barton et al.,
2000; Basterretxea et al., 2002; Piedeleu et al., 2009; Caldeira et al., 2014).

The particular geographic and topographic characteristics of the Canary Islands,
i.e., mountainous islands in the path of intense atmospheric and oceanic flows, and
the presence of the Canary Eddy Corridor make the Canary region a natural labora-
tory for the study of mesoscale eddies. During the past decades several authors have

investigated mesoscale oceanic eddies generated at the Canaries (e.g. Aristegui etal.,
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tories of three buoys released within an anticyclonic eddy generated

at Gran Canaria. The different stages are indicated: young (YS), ma-
ture (MS) and decay (DS) stages. (Sangra et al., 2005)

1994; Sangra et al., 2007). The first investigation revealing the presence of mesoscale
oceanic structures in the Canary region was based on satellite and aircraft observa-
tions (La Violette, 1974). Afterwards, other studies have also taken advantage of re-
mote sensing observations to analyze mesoscale eddies and the associated biological
activity near La Palma, Tenerife, and Gran Canaria islands (e.g. Hernandez-Guerra
et al., 1993; Pacheco and Herndndez-Guerra, 1999). Aristegui et al. (1994) performed
the first hydrographic analysis of cyclonic and anticyclonic eddies associated with
Gran Canaria from in situ observations (airborne expendable bathythermographs
and Conductivity-Temperature-Depth (CTD)). After this characterization, several

works have been focused on the analysis of the biological effects of mesoscale eddies
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generated at the Gran Canaria island (e.g. Aristegui et al., 1997; Barton et al., 1998;
Alonso-Gonzélez et al., 2013; Lasternas et al., 2013). As previous field observations
were carried out at the initial stages of the eddy life, other works have been focused
on the dynamics, evolution, and regional implications of the eddies observed at the
Canary region (Sangra et al., 2005, 2007, 2009). Lastly, as previously mentioned,
other authors have centered on the study of the eddy generation processes at the
Canaries (Barton et al., 2000; Basterretxea et al., 2002; Jiménez et al., 2008; Piedeleu
et al., 2009; Caldeira et al., 2014).

Canary eddies are commonly generated in spring and summer with a spin up
time of 10 days (Piedeleu et al., 2009). These eddies have similar diameter to the
island width and usually extends up to 300-700 m depth (e.g. Aristegui et al., 1994;
Sangra et al., 2007). The eddy life evolution (Figure 6) consists on an early stage
in which the eddy core, that is in near solid body rotation following a Rankine
profile, occupies all the eddy; a mature stage where the core is surrounded by a
slowly revolving outer ring, and a decay stage in which the eddy dissipates (Sangra
et al., 2005, 2007). These eddies can maintain their coherent structures during sev-
eral months (Sangra et al., 2005, 2007). The analysis with buoys reveal that mature
eddies may be characterized by elliptical shapes (Sangra et al., 2005, 2007), however,
both elliptical and circular eddies have been observed in the Canary region (Pacheco

and Herndndez-Guerra, 1999).
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Objectives

The general objective of this dissertation is to shed some light on the thermohaline
and dynamical structure, including ageostrophic secondary circulation, of mesoscale
structures based on remote sensing observations and in situ data, paying special at-
tention to mesoscale eddies and induced vertical motions. To achieve this we take
advantage of an observation-based product, named ARMOR3D, which merges re-
mote sensing observations (sea level anomaly and sea surface temperature) with the
available in situ vertical profiles of temperature and salinity (mainly from ARGO)
to provide a three-dimensional (3D) global ocean state estimate. Moreover, we ana-
lyze high-resolution data obtained from the interdisciplinary sampling of a subtrop-
ical intrathermocline eddy within the Canary Eddy Corridor in the northeastern At-
lantic. Both datasets are used to solve different versions of the omega equation to
diagnose the mesoscale vertical velocity and study its contribution on nutrient dis-
tribution, as well as to reveal for the first time with high-resolution in situ data the
3D structure of the secondary ageostrophic circulation within a mesoscale intrather-
mocline eddy.

The Canary Eddy Corridor has been demonstrated to be the main pathway for
long-lived eddies in the subtropical northeast Atlantic (Sangra et al., 2009). The
high mesoscale activity characteristic of this region makes it suitable to locate and
investigate mesoscale eddies. The interdisciplinary eddy sampling carried out in
September 2014 had the main objective to study the oceanic vertical pump inside
an anticyclonic eddy (Klein and Lapeyre, 2009). The anticyclonic intrathermocline
eddy (named PUMP eddy) was identified using altimetry and intensively sampled
using CTD, Acoustic Doppler Current Profiler (ADCP), microstructure turbulence
profiler, water samples, and drifters. Here we aim to perform a detailed analysis of
the hydrodynamic structure of the PUMP eddy. We provide the hydrographic back-
ground for the understanding of the dynamical processes that are at work within
the PUMP eddy, namely, near-inertial wave trapping, ageostrophic secondary circu-
lation (Barcel6-Llull et al., 2017a), vertical mixing, and physical-biological interac-

tions.
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Although high-resolution in situ sampling of mesoscale structures is fundamen-
tal to describe in detail a particular hydrographic view and oceanic processes, it
only covers a short period of time and reduced region of the global ocean. Because
of this, other approaches are developed to analyze the temporal and spatial variabil-
ity of mesoscale structures. Within these approaches we have used the ARMOR3D
product, which provides global 3D datasets of temperature, salinity, and geostrophic
velocities on a 1/4°x1/4° Mercator horizontal grid (the latest version; the older ver-
sion used in Chapter 1 is 1/3°x1/3°) with weekly temporal resolution. ARMOR3D
product is validated here using the independent in situ data derived from the eddy
sampling in order to prove the skills of the ARMORS3D product to detect mesoscale

eddies and reproduce their hydrodynamic 3D structure.

Thesis outline

This thesis has been organized as a compilation of three published works and an-
other in preparation. The structure of the thesis is as follows. In Part I we present
a general introduction including the objectives and thematic unity of the research
carried out within the framework of the thesis. The articles published are presented
in Part II as self-contained chapters, together with the work currently in preparation.
In Part III we summarize the main findings and results, as well as some comments
on future work. Finally, in Part IV we present a summary written in Spanish as a

requirement of the ULPGC regulation.

List of publications included in the thesis

e Chapter 1:
Barcel6-L1ull, B., Mason, E., Capet, A., and Pascual, A. (2016). Impact of ver-
tical and horizontal advection on nutrient distribution in the southeast Pacific.

Ocean Sci. 12,1003-1011, doi: 10.5194/0s-12-1003-2016

e Chapter 2:
Barcel6-Llull, B., Sangra, P, Pallas-Sanz, E., Barton, E. D., Estrada-Allis, S. N.,


10.5194/os-12-1003-2016
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Martinez-Marrero, A., Aguiar-Gonzélez, B., Grisolia, D., Gordo, C., Rodriguez-
Santana, A., Marrero-Diaz, A., and Aristegui, J. (2017). Anatomy of a subtrop-
ical intrathermocline eddy. Deep-Sea Res. I, doi: http://dx.doi.org/10.

1016/3.dsr.2017.03.012,1in press.

e Chapter 3:
Barcel6-Llull, B., Pallas-Sanz, E., Sangra, P, Martinez-Marrero, A., Estrada-
Allis, S. N., and Aristegui, J. (2017). Ageostrophic secondary circulation in a
subtropical intrathermocline eddy. J. Phys. Oceanogr. 47 (5), 1107-1123, doi:

10.1175/JP0-D-16-0235.1

e Chapter 4:
Barcel6-Llull, B., Pascual, A., Mason, E., and Mulet, S. Validation of a multi-

variate global ocean state estimate with high-resolution in situ data. In prep.

Thematic unity of the thesis

The general topic of this thesis is the analysis of mesoscale dynamics using remote
sensing observations and in situ data, paying special attention to mesoscale eddies
and induced vertical motions. In the work Impact of vertical and horizontal advec-
tion on nutrient distribution in the southeast Pacific (Chapter 1) we aim to quantify the
contribution of horizontal and vertical mesoscale motions on nutrient redistribution
within mesoscale structures. In this chapter it is highlighted the importance of ver-
tical motions associated with mesoscale dynamics (as meanders and eddies) on the
injection of nutrients into the euphotic layer in the southeast Pacific, as an exam-
ple of an oligotrophic region of the world ocean. We use the ARMORS3D dataset
to infer the 3D vertical velocity field in this region through the integration of the
QG omega equation, as only the density field is available and the Rossby number
of mesoscale eddies in this regions is generally less than 0.1 (Chelton et al., 2011b).
The Canary region constitutes a natural laboratory for the analysis of mesoscale ed-
dies due to the presence of the Canary Eddy Corridor. Hence, it is a suitable re-
gion for the study of the hydrography and dynamics of these features, including

the ageostrophic secondary circulation and its impact on marine ecosystems. With


http://dx.doi.org/10.1016/j.dsr.2017.03.012
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this objective was carried out the PUMP eddy sampling. In Chapter 2, Anatomy of
a subtropical intrathermocline eddy, we describe the sampling strategy conducted to
intensively sample the PUMP eddy to obtain fine resolution two-dimensional (2D)
data and coarser resolution 3D data. With these high-resolution data we analyze in
detail the anatomy of the PUMP eddy. Then, the work Ageostrophic secondary circula-
tion in a subtropical intrathermocline eddy presented in Chapter 3 uses the 3D density
and horizontal velocity observed fields to infer the 3D vertical velocity field within
the eddy through a generalized omega equation valid for the high Rossby regime,
as the PUMP eddy is moderately ageostrophic. The horizontal ageostrophic velocity
is inferred from momentum equations and, directly, by removing the geostrophic
current to the horizontal ADCP velocity. This dissertation aims to understand the
ageostrophic secondary circulation distribution and forcing mechanisms within the
PUMP eddy. The currently in preparation work Validation of a multivariate global
ocean state estimate with high-resolution in situ data presented in Chapter 4 closes this
thesis with a comparison of the observation-based product used in Chapter 1 with
the in situ data collected during the eddy sampling (Chapter 2). With this work we
highlight the importance of validating the new products developed in operational
oceanography with high-resolution in situ data to provide high-quality data man-
agement procedures. Ultimately we aim to evaluate the ability of the ARMOR3D

product to detect mesoscale eddies and reproduce their hydrodynamic 3D structure.
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Chapter 1

Impact of vertical and horizontal
advection on nutrient distribution

in the southeast Pacific

Barcel6-Llull, B., Mason, E., Capet, A., and Pascual, A. (2016). Impact of vertical
and horizontal advection on nutrient distribution in the southeast Pacific. Ocean Sci.

12,1003-1011, doi: 10.5194/0s-12-1003-2016

Abstract

Aninnovative approach is used to analyse the impact of vertical velocities associated
with quasi-geostrophic (QG) dynamics on the redistribution and uptake of nitrate in
the southeast Pacific (SEP). Twelve years of vertical and horizontal currents are de-
rived from an observation-based estimate of the ocean state. Horizontal velocities
are obtained through application of thermal wind balance to weekly temperature
and salinity fields. Vertical velocities are estimated by integration of the QG Omega
equation. Seasonal variability of the synthetic vertical velocity and kinetic energy
associated with the horizontal currents is coincident, with peaks in austral summer
(November-December) in accord with published observations. The impact of verti-
cal velocity on SEP nitrate uptake rates is assessed by using two Lagrangian particle
tracking experiments that differ according to vertical forcing (w = wgg versus w =
0). From identical initial distributions of nitrate-tagged particles, the Lagrangian

results show that vertical motions induce local increases in nitrate uptake reaching
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up to 30%. Such increases occur in low uptake regions with high mesoscale activ-
ity. Despite being weaker than horizontal currents by a factor of up to 10~*, vertical
velocity associated with mesoscale activity is demonstrated to make an important

contribution to nitrate uptake, hence productivity, in low uptake regions.

1.1 Introduction

Mesoscale dynamics make an important contribution to biogeochemical cycles
through the redistribution of nutrients and passive marine organisms by both hor-
izontal advection and vertical exchange. Vertical motion plays a key role in the ex-
change of heat, salt and biogeochemical tracers between the surface and deep ocean.
In coastal upwellings, frontal areas and mesoscale eddies, the vertical velocity has
fundamental importance and can significantly contribute to nutrient supply in the
euphotic zone (Mahadevan, 2014).

Previous remote sensing studies (Chelton et al.,, 2011a) have revealed that
chlorophyll-a distributions within mesoscale eddies are characterized by dipole-
like patterns, with extreme values found at the eddy peripheries. Chelton et al.
(2011a) proposed that eddy horizontal advection could explain these distributions.
On the other hand, the importance of vertical exchange for phytoplankton growth
and chlorophyll-a distributions in mesoscale oceanic eddies has been attributed to
various mechanisms such as eddy pumping, eddy-induced Ekman pumping or vor-
tex Rossby waves (McGillicuddy et al., 1998; Siegel et al., 1999; Mahadevan et al.,
2012; Martin and Richards, 2001; McGillicuddy et al., 2007; Benitez-Barrios et al.,
2011; Buongiorno Nardelli, 2013; Gaube et al., 2013, 2015).

In this context, we aim to estimate the importance of horizontal and verti-
cal mesoscale motions on nutrient redistribution through the application of quasi-
geostrophic (QG) theory to an observation-based product (Buongiorno Nardelli
et al., 2012; Pascual et al., 2015). In particular, we aim to investigate the influence
of derived horizontal and vertical velocities on ocean nitrate uptake in the southeast
Pacific (SEP) through the use of a Lagrangian particle-tracking code.

The remote southeast Pacific is the least sampled oceanic region in the world

ocean, in terms of both hydrography and biogeochemical structure (Ras et al., 2008).
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FIGURE 1.1: Map of the southeast Pacific. Colours show annual mean
eddy kinetic energy (EKE) computed from daily AVISO (DT14, Capet
et al. (2014a)) sea level anomaly data for the period 1993-2013. The
white box shows the limits of the area of study. Key: SEC, South
Equatorial Current; SECC, South Equatorial Countercurrent; STCC,
Subtropical Countercurrent; PC, Peru Current. Green dashed line is
the coastal upwelling. The small arrow indicates the poleward extent
of the subsurface component of the SEC as observed by Qiu and Chen
(2004) between 12-30°S at 170°E.

Synoptic observations from satellites provide crucial knowledge about such regions,
despite their limitation to surface fields (Ducet et al., 2000; Dibarboure et al., 2011).
The now mature Argo program is a source of supplementary subsurface hydro-
graphic data (temperature and salinity) in the form of discrete vertical profiles over
a global, but sparse, grid. The ARMOR3D estimate of the ocean state (Guinehut
et al., 2012) is an innovative product where remote sensing observations (sea sur-
face temperature and sea level anomalies) are merged with in situ Argo temperature
and salinity profiles. The resulting multivariate observation-based dataset is freely
available (see Section 1.3).

The southeast Pacific has a variety of different trophic regimes (Ras et al., 2008)
such as the upwelling zone near the Peru-Chile coast that is rich in nutrients and
has high chlorophyll-a concentrations, and the area associated with the central part
of the South Pacific Gyre, which is the most oligotrophic area in the global ocean
(Morel et al., 2010). Mesoscale effects on chlorophyll-a production can be consid-
ered to differ between regions with different dynamical characteristics. Lathuiliere
et al. (2011) demonstrate that, while mesoscale activity in upwelling regions leads
primarily to offshore export of phytoplankton, in the oligotrophic gyres mesoscale

processes promote vertical advection of nutrients into the euphotic layer, thereby
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stimulating primary production. The present work is focused on the same area anal-
ysed by Chelton et al. (2011a), the offshore southeast Pacific (white box in Fig. 1.1),
where nutrient input by mesoscale vertical exchange is considered to play a lead role
in primary production (Lathuiliere et al., 2011).

Fig. 1.1 shows the time averaged eddy kinetic energy (EKE) at the surface com-
puted from daily AVISO (DT14, Capet et al. (2014a)) sea level anomalies. The EKE
in the South Pacific Gyre has lower values in comparison with more active regions
such as the Gulf Stream or Agulhas Current (Pascual et al., 2006; Imawaki et al.,
2013). However, this gyre also includes a region with relatively high EKE values
corresponding to the midwest South Pacific. Qiu and Chen (2004) and Qiu et al.
(2008) attribute the high EKE values found in this region to baroclinic instability of
the eastward-flowing surface Subtropical Countercurrent (STCC) and the westward-
flowing South Equatorial Current (SEC). Although the SEC is a surface current near
the equator, it has a subsurface component that Qiu and Chen (2004) observed to as
far south as 30°S, where it underlies the STCC (see Fig. 3 of Qiu and Chen (2004)).
Moreover, they also find that in this region seasonal EKE modulation is related to the
seasonal intensification/decay of the STCC-SEC baroclinic instability, with a maxi-
mum in November-December. In the same way, the gyre has another region with
relatively high EKE values at its northwest corner. In contrast to the STCC-SEC
system, Qiu and Chen (2004) attribute these high values to barotropic instabilities
between the eastward South Equatorial Countercurrent (SECC) and its bordering
westward SEC. The SECC-SEC system also presents seasonal EKE modulation, but
with maxima in April because the SECC-SEC horizontal shear seasonality is domi-
nated by seasonal changes in the strength of the SECC. The two systems analysed
by Qiu and Chen (2004) additionally show interannual EKE variability.

Figure 1.1 shows high EKE values off the Peru-Chile coast which is characterized
by an important coastal upwelling and the consequent generation of mesoscale ed-
dies and filaments (Brown et al., 2008; Brink and Robinson, 2005; Strub et al., 2013).
The region of study (white box in Fig. 1.1) is characterized by relatively low EKE,
with higher EKE values in the southwest corner that are related to the STCC-SEC
system and, in the eastern section, to coastal upwelling eddy generation. However,

the SEP has important eddy activity due, in part, to eddy formation in the Peru-Chile
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coastal upwelling (Chelton et al., 2011a) .

A brief description of the synthetic temperature and salinity fields and biogeo-
chemical data is given in Section 1.2. Section 1.3 describes the methodology used
to diagnose the quasi-geostrophic vertical velocity, together with a description of
the Lagrangian particle-tracking code utilised for the nitrate uptake simulation. In
Section 1.4 the results of the vertical velocity and kinetic energy analysis as well as
the results of the Lagrangian simulations are discussed. Section 1.5 summarizes and

concludes the results.

1.2 Data

We use the ARMOR3D observation-based product which is based on the merging
of gridded satellite sea level anomaly (SLA) and sea surface temperature (SST) re-
mote sensing observations with in situ vertical profiles of temperature and salinity
to provide a global 3D dataset of temperature and salinity (Guinehut et al., 2012).
The data are computed on a 1/3° Mercator horizontal grid with weekly temporal
resolution covering the period 1998-2009, over 24 vertical levels from the surface to
1500 m depth. A validation of ARMOR3D is presented by Mulet et al. (2012) who
use a consistent dataset from a model reanalysis.

Auxiliary data are used to evaluate the impact of vertical and horizontal ve-
locities on SEP nitrate uptake rates. Here we use climatological nitrate data from
WOAPISCES (Penven et al., 2008). Nitrate data are chosen because their large verti-
cal gradient over the mixed layer (Figs. 1.2b and 1.2c) highlights the contribution of
vertical velocity which is characterized by smaller values than horizontal currents,
but is expected to play an important role in the introduction of nutrients into the
euphotic layer. Figure 1.2a shows the horizontal nitrate distribution at 200 m depth
from WOAPISCES. High nitrate values near the Peru-Chile coast are associated with
the coastal upwelling. In the zonal section (Fig. 1.2b) the uplift of the nitracline due
to the coastal upwelling off the Peru-Chile coast is evident. In the meridional section
(Fig. 1.2c) nitrate concentrations increase northward.

Light conditions are used in Section 1.4.2 to assess the relevance of the La-

grangian nitrate transport estimates. Surface Photosynthetically Active Radiation
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FIGURE 1.2: Climatological January nitrate from WOAPISCES in the

southeast Pacific. (a) Horizontal section at 200 m depth, (b) vertical

section at 20.5°S, and (c) vertical section at 105.5°W. Dashed black

lines in (b) and (c) indicate the 2 umol 17! isoline. White dots are a

random sample of the simulated water parcels at their initial posi-
tions.

(Ep) and attenuation coefficient at 490 nm (k) are obtained from the MERIS monthly
climatology (http://oceandata.sci.gsfc.nasa.gov/MERIS/Mapped/

Monthly_ Climatology/Skm/par/,http://oceandata.sci.gsfc.nasa.

gov/MERIS/Mapped/Monthly_Climatology/9km/Kd/).

1.3 Methodology

1.3.1 Computation of 3D velocity

Horizontal geostrophic velocities are computed at all depths z; through the thermal

wind equations:

A
pf J. Oy

0
vg(2i) = vg(0) + %/_ %dz, (1.1b)

ug(2:) = ug(0) dz (1.1a)
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with the density, p, calculated from ARMOR3D temperature and salinity profiles. f
is the Coriolis parameter and g is gravity.

Vertical velocity is estimated using the quasi-geostrophic approximation by inte-
grating the QG omega equation, presented here in its Q-vector formulation (Hoskins

et al., 1978; Tintoré et al., 1991; Buongiorno Nardelli et al., 2012; Pascual et al., 2015):

22 252“)
where
Q-2 (50"9 vy, 38"9 : fo> : (1.2b)
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where v is the geostrophic velocity vector, p’ is the departure from the mean density
profile, N? the Brunt-Viisila frequency and f the Coriolis parameter. In this imple-
mentation, N2 only depends on depth. The Rossby number for mesoscale eddies in
the SEP is generally less than 0.1 (Chelton et al., 2011b), hence we assume QG theory
to be a good approximation for computing the vertical velocity in this region.

Following (1.2), vertical velocity is estimated from density stratification and the
geostrophic velocity field. The computational code is derived following the QG
vorticity and thermodynamic equations (Buongiorno Nardelli et al., 2012). Lateral
boundaries are placed within the limits 68.4-141.3°W and 13.4-26.4°S. Boundary con-
ditions are constructed by considering zero vertical velocity at the upper, lower and
lateral boundaries.

A sensitivity analysis was carried out in order to evaluate the influence of ref-
erence level choice on the vertical velocity estimation. The choice of reference level
is influential over the first hundred meters above the bottom due to the imposed
boundary condition; away from the bottom the same patterns were seen for differ-
ent choices of reference level (500 m and 1000 m). Testing the 500 m reference level,
the vertical velocity patterns pointed to a maximum decrease in magnitude of 50%.
Hence, a reference level of 1000 m depth was chosen. Dirichlet and Neumann condi-

tions at the lateral boundaries were tested for which we found no significant impacts
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on results a few points away from the boundaries.

1.3.2 Lagrangian simulations

In order to make an estimate of the potential biological impacts of the horizontal
and vertical velocity components on the distribution of a limiting nutrient, in Sec-
tion 1.4.2 a Lagrangian particle-tracking code is used to simulate water parcel trajec-
tories forced by the derived ARMOR3D velocity fields. The tracking code is ROMS
Offline (Roff, e.g. Capet et al., 2008; Carr et al., 2008; Mason et al., 2012). Two sets
of year-long simulations were carried out for the year 2009: the first set was forced
with geostrophic horizontal velocities and QG vertical velocity (UVW); for the sec-
ond set the same geostrophic horizontal velocity was applied but vertical velocity
was set to zero (UV'). 1000 passive floats were released each week over a period of
364 days (initial date 31/12/2008) at random positions within a release area deter-
mined by the nitrate depletion depth (Fig. 1.2). This depth was estimated for each
week following Omand and Mahadevan (2015), by selecting the depth at which ni-
trate content is 2 ymol 17! from temporally and vertically interpolated climatological
nitrate fields (WOAPISCES). Boundaries to the north, south and west are open; the
eastern boundary is closed (see white box in Fig. 1.1). Float positions were stored
every day as output of the Lagrangian simulation.

The initial nitrate concentrations for each float, N(r(¢p),to) with r(t) =
(x(t),y(t), 2(t)), are interpolated in time and space from the monthly WOAPISCES
climatology. In this way, the particles in each weekly release are initialized with lo-
cal nutrient concentrations. The evolution of the nitrate content is then estimated
along the Lagrangian tracks by considering an uptake term, U, and a remineralisa-

tion term, R:

ON

— = —-U+R 1.3

5 + (1.3)
N E

U= U yrme B R (1.4)
No— N

R = maw(O,Ci). (1.5)
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The maximum uptake rate, Uy (umol 1=! d1), is modulated by two Michaelis-
Menten functions representing nitrate and light limitations, respectively (Maclsaac
and Dugdale, 1972). The light conditions E(r(t),t) = Fo((x(t),y(t),0),t) - e *=®)
are derived along each track by interpolation in time and space from the MERIS
monthly climatology of surface Photosynthetically Active Radiation (Ejp) and atten-
uation coefficient at 490 nm (k) (Marra et al., 2014). The values tested for the light half
saturation parameter, K = 0.5, 1 and 5 uE m~2 s71, are taken in the range 1-10% of
the typical surface PAR intensity (Maclsaac and Dugdale, 1972). The half saturation
constant for nitrate limitation is taken as K = 0.2 umol 1-! which is characteristic
for oligotrophic marine regions (Eppley et al., 1969).

Remineralization is represented by a relaxation toward climatological nitrate val-
ues whenever the actual float NV content falls below N¢, the climatological nitrate
field (WOAPISCES). r is a characteristic relaxation time scale (days). We considered

the values r= 5 and 10 days.

1.4 Results

1.41 QG vertical velocity and kinetic energy from observation-based

product

A comparison between vertical velocity (w) and kinetic energy (KE) computed from
the ARMOR3D derived geostrophic velocities is carried out in order to evaluate
their relationship. An energetic region with high vertical velocities and mesoscale
eddy activity is located in the southwest of the SEP, in both the vertical velocity
(Fig. 1.3a) and kinetic energy (Fig. 1.3c) maps. This high eddy energy is related to
baroclinic instabilities associated with the eastward surface Subtropical Countercur-
rent (STCC) and the westward underlying South Equatorial Current (SEC) system
(Qiu and Chen, 2004; Qiu et al., 2008). Figure 1.3c shows other regions with elevated
mesoscale activity that are associated with less intense vertical velocity values. These
regions are the coastal upwelling and the SECC-SEC system explained in Section 1.1.

Vertical velocity in the energetic region in the southwest is highlighted in the

zoom in Fig. 1.3b. Intense vertical motions of order 2-3 m d—! with alternating signs
g g 518
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FIGURE 1.3: (a) Vertical velocity on 7 January 2009 at 200 m depth.

Black box delimits the region of high mesoscale eddy activity. (b)

Zoom of vertical velocity and horizontal geostrophic currents over

the high mesoscale eddy activity region in (a). (c) Kinetic energy on 7
January 2009 at 200 m depth.

are located along meanders and inside eddies. The mesoscale eddies are charac-
terized by dipole-like patterns with upwelling and downwelling cells at the eddy
peripheries (e.g., 126-128°W and 23-25°S). Vertical velocity around anticyclonic me-
anders (e.g., 136-139°W and 24-26°S or 120-122°W and 24-26°S) shows the expected
upwellings in the upstream and downwellings in the downstream portions of the
meander crests (Woods, 1988; Bower, 1991; Pollard and Regier, 1992; Pascual et al.,
2015). Similarly, downwellings and upwellings in cyclonic meanders (e.g., 137-
140°W and 24.5-26°S) are located upstream and downstream of the crest, respec-
tively.

In order to analyse the variability of w, the standard deviation over the period
7 January 1998 to 30 December 2009 is computed and shown in Fig. 1.4a; Fig. 1.4b
shows the standard deviation of the KE. The active region in the southwest of the
SEP presents high temporal variability in both fields. The correlation coefficient be-

tween both fields in this region reaches 0.85. Considering the whole area of study,
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FIGURE 1.4: (a) Standard deviation of vertical velocity and (b) kinetic
energy over the period 7 January 1998 to 30 December 2009 at 200 m
depth. The discontinuous line delimits the region of high mesoscale
variability.
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FIGURE 1.5: Time series of vertical velocity magnitude (red line) and
kinetic energy (blue line) averaged over the area of study. The corre-
lation coefficient between vertical velocity and kinetic energy is 0.84.

the correlation coefficient is 0.79. It should be noted that this high correlation be-
tween the two variables could not be anticipated a priori as the relationship is not
linear (see equations 1.2).

Time series of spatial averages of vertical velocity magnitude and kinetic energy
are shown in Fig. 1.5. There is clear seasonal variability in both variables, with max-
imums in austral summer and minimums in austral winter related to the seasonal
intensification/decay of the STCC-SEC vertical shear and, in consequence, with the
increase/decrease of baroclinic instability (Qiu et al., 2008). Interannual variabil-
ity and weak variability of high frequency are also shown in these figures. When
averaging over only the highly energetic region in the southwest (not shown) the

tendency is similar but the magnitude is double.
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1.4.2 Lagrangian simulations

In order to evaluate the potential biological impacts of the vertical velocities, we
analysed the nitrate uptake rates along the Lagrangian tracks resulting from succes-
sive weekly particle releases within the nitrate depletion depth (see Section 1.3.2).
To compare nitrate uptake rates in the simulations with (UVW) and without (UV)
vertical motions, we computed the median of the nitrate uptake terms in bins of
0.5° x 0.5° over the full annual simulations. The deeper particle tracks, for which
uptake terms were lower than 0.001 (umol 1-! d~1), were disregarded in these com-
putations. As expected, nitrate uptake rates (Fig. 1.6) are higher in the northeastern
upwelling region. Intermediate uptake values can also be seen in the region of high
mesoscale activity (ca. 120-140°W and 22-26°S). While the restricted resolved ver-
tical velocities leave the overall pattern of nitrate uptake unchanged, local nitrate
uptake increases reach up to 30% in the region characterized by low uptake rates
and high mesoscale activity (Fig. 1.6c).

The simplified nutrient model considered here is not suitable for a detailed study
of the dynamics of nitrate, in particular as it does not consider planktonic biomass
and diversity. However, we tested the sensitivity of the results to the Uy, r and
KFE parameters. In Fig. 1.7 we show that spatially-averaged increases in uptake
rates over the region of high mesoscale activity vary between 0.4 and 11.6%, with an
average of 6.5% for the considered range of parameter values. Larger increases are

observed in the cases with high maximum uptake rates and strong light limitation.

1.5 Discussion and Conclusions

This paper analyses vertical velocities associated with QG dynamics as derived
through an innovative approach that uses the ARMOR3D global observation-based
product. Weekly horizontal geostrophic velocity and QG vertical velocity are com-
puted from ARMOR3D temperature and salinity in the southeast Pacific. We analyse
the QG vertical velocity in order to understand its distribution. The southwest of the
SEP has relatively high mesoscale activity with vertical velocities exceeding2m d !,
which is on the order of 10~ times the horizontal velocity. Vertical velocity and ki-

netic energy in the SEP have similar and intense seasonal variability with maximums
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FIGURE 1.6: Nitrate uptake rates considering (a) both QG verti-

cal velocity and geostrophic horizontal velocity (UVW); (b) only

geostrophic horizontal velocity (UV); (c) Relative increase of nitrate

uptake rates when including vertical velocity. These fields were ob-

tained for r =10d, Uy = 0.1 pmol 17 d~ !, K =1 uEm~—2 s~ ! and

Ky =02 pmol 171,

in austral summer (November-December), which suggests that these quantities are
mostly influenced by the seasonal modulation of STCC-SEC vertical shear (Qiu and
Chen, 2004; Qiu et al., 2008).

Despite their relatively small magnitudes, vertical motions may have an impor-
tant impact on the introduction of nutrients into the euphotic layer in areas with pre-
existing vertical gradients of nutrients and, hence, can be considered influential on
marine ecosystem variability. Two year-long Lagrangian simulations are forced with
3D velocity fields. The first is forced by 3D geostrophic velocities and QG vertical
velocity in order to evaluate their combined contribution to rates of nitrate uptake
along the tracks. The second is forced with the same 3D geostrophic velocities and

zero vertical velocity in order to evaluate the horizontal velocity contribution to the

nitrate uptake. The Lagrangian experiments enable an examination of nitrate uptake
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FIGURE 1.7: Average increase of nitrate uptake rates in the region of
high mesoscale eddy activity (ca. 120-140°W and 22-26°S) for differ-
ent values of the uptake coefficient Uy, and relaxation time scale r.

rates under varying light conditions within the euphotic layer. This analysis reveals
that, in regions with low rates of nitrate uptake, vertical motions associated with
high mesoscale activity may be responsible for local increases in these uptake rates
of up to 30%. We caution that the nitrate model used is simple and that the outcomes
are sensitive to the chosen values of maximum nitrogen uptake rate (Up) and light
half-saturation parameter (K g). Nevertheless, these results are indicative of the im-
portance that mesoscale vertical motions have on sustaining primary productivity
in the oligotrophic regions of ocean interiors.

Although we only analyse the (large) mesoscale vertical velocity, the importance
of submesoscale features on vertical tracer dispersion has been shown by Klein and
Lapeyre (2009). Accordingly, the vertical velocity contribution estimated here can be
considered an underestimation of the real vertical velocity contribution. Fine resolu-
tion satellite observations can help to better evaluate the impact of vertical motions
on nutrient redistribution. The wide-swath SWOT altimeter will allow unique ob-
servations in the 15-100 km range of wavelength scales when it comes online in the

next decade (Fu and Ferrari, 2008).
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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 propagat-
ing negative anomaly of potential vorticity (PV), 95% below ambient PV. We ob-
served 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 ab-
solute values of normalized relative vorticity (or Rossby number), |Ro! = 0.6, and

!, were reached and was defined as the eddy dynam-

azimuthal velocity, U=0.5m s~
ical 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
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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
near 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
10'8 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.

2.1 Introduction

Intrathermocline eddies are a particular type of subsurface intensified anticyclonic
eddy (Dugan et al., 1982; McWilliams, 1985; Kloosterziel and van Heijst, 1991). Their
imprint in hydrographic fields is characterized by dome-shaped isopleths in the up-
per layers and a bowl-shape in the lower layers, sometimes with a homogeneous py-
cnostad 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 et al., 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; Pel-
land et al., 2013; Pegliasco et al., 2015) have a typical radius between 20 km (Cal-
ifornia 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 ed-

dies, generated by destabilization of the highly baroclinic poleward slope current
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off the Iberian Peninsula, also known as Iberian Poleward Current, in winter (Pin-
gree and Le Cann, 1992b,a; Garcia-Soto et al., 2002; Sdnchez 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 homoge-
neous 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 instabili-
ties 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 re-
gion 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 ho-
mogeneous water found over a relatively large geographical area, and which is iden-
tifiable through the contrast in stratification with the pycnocline waters (Hanawa

and Talley, 2001). Mode waters have their origins in the deep mixed layers formed
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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
(e.g. Pelland et al., 2013; Pegliasco et al., 2015), or in the Subarctic region (e.g. 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 poten-
tial vorticity in frontal regions with winds blowing in the direction of the frontal jet.
As indicated above, intrathermocline eddy cores contain negative anomalies of po-
tential 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 intrathermo-
cline 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 heat-
ing and; 3) frontal convergence and subduction of winter surface mixed layer water.
This latter mechanism has also been proposed for Southern Indian Ocean intrather-
mocline 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., 2009, 2007, 2005).
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 ver-

tical pump (Klein and Lapeyre, 2009) inside an anticyclonic eddy, we conducted an
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interdisciplinary survey of an intrathermocline eddy inside the Canary Eddy Corri-
dor in September 2014. As detailed in Section 2.2, 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 provides the
hydrographic background to a series of other studies based on the survey data set,
such as those dealing with inference of ageostrophic secondary circulation (Barcels-
Llull et al., 2017a) or with the impacts of the eddy on biogeochemical fluxes and

plankton community structure and activity (in preparation).

2.2 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., 2014b) 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 (Fig. 2.1). 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.

The eddy survey was organized into 3 phases (Fig. 2.1). Guided by the eddy
signal in the SLA field, we first crossed the eddy with two transects (Fig. 2.1, 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 vari-
ables, we sampled a grid centered on the eddy center. The grid consisted of 6 Sea-
Soar (Fig. 2.1, black lines) and 3 rosette (the SeaSoar CTD was attached to a rosette

system after failure of the SeaSoar; Fig. 2.1, black dots) zonal transects of length
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FIGURE 2.1: Map of the Canary Eddy 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 sam-

ple with SeaSoar continuous tows and rosette system discrete casts,

respectively (Phase 2). White stars indicate high-resolution CTD sta-

tions 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 trans-

lated westwards with a speed of 4 km d~! (0.046 m s™!) during the

eddy sampling.

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 nom-
inal 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 (Fig. 2.1, white stars). In addition, microstruc-
ture 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 II with an onboard CTD

SB911+ additionally equipped with a Seapoint Chlorophyll Fluorometer, dual SBE43
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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 Re-
mote Photoradiometer sensors attached to the rosette system of 24 oceanographic
12 1 Niskin bottles. Raw data files were processed with Sea-Bird SEASOFT soft-
ware (http://www.seabird.com/software/softrev.htm)and vertically av-
eraged into 1 m bins. We use the TEOS-10 algorithms to calculate absolute salinity,
S4, 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 pro-
vided 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 (CODAS, Firing et al.,
1995). On average, the processed profiles provide good quality data from 30 to 700
m depth.

2.3 PUMP eddy signature

The purpose of the SeaSoar transects on Phase 1 (Fig. 2.1, green and cyan lines) was
to sample the in situ signal of the SLA tracked eddy seen in Fig. 2.1, in the context of
its immediate environment. Figure 2.2 shows a vertical section of the potential den-
sity anomaly, 0, along the east-west transect sampled on Phase 1 (Fig. 2.1, 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~3 and 26.6
kg m~2 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
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FIGURE 2.2: Vertical section along the east-west transect in Phase 1

(3-5 September 2014; Fig. 2.1, green line) of the cross-transect ADCP

velocity with superimposed contours of potential density anomaly,

oe. Thick contours are oo = 25.5 kg m 2 and 0g = 26.6 kg m 3 (con-
tour interval is 0.1 kg m™3).

(minimum) velocity values of 0.38 (-0.35) m s~! at 81 (97) m. This subsurface in-
tensified anticyclonic flow implies a vertical shear that is consistent with the bicon-
vex 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 (deep-
ening) of the isopycnals. Hereinafter we will sometimes refer to the domed upper
layers as the eddy cap. As evident in Fig. 2.1, this transect also partially crossed two
cyclonic eddies located one at each end of the transect. The combined vertical sec-
tion of o and cross-transect ADCP velocity clearly shows the signal of these eddies
through the shoaling of the isopycnals and a cyclonic circulation (Fig. 2.2). 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.

To describe the vertical structure of the PUMP eddy we have selected the Le
Tourmalet transect (Fig. 2.1, white stars) as it crossed the eddy center and reached

1000 m depth. Figure 2.3 shows a combined vertical section of og and cross-transect
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FIGURE 2.3: Vertical section of the cross-transect (zonal) ADCP ve-
locity (positive values indicate eastward velocity and negative values
indicate westward velocity) along the Le Tourmalet meridional tran-
sect (12-15 September 2014; Fig. 2.1, white stars) with superimposed
contours of potential density anomaly, og. Thick contours indicate
oo =255 kg m™ and og = 26.6 kg m~? (contour interval is 0.1 kg
m~?). Vertical dotted lines show the CTD station positions, only odd
station numbers are included for clarity.

(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 (Figs. 2.4a-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 0g anomaly (Fig. 2.4a) 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).

In order to detail the vertical structure of the PUMP eddy, in Figs. 2.4d-f we zoom
in on the upper 500 m of the water column. Vertical sections of conservative temper-

ature and its anomaly (Figs. 2.4e, b) show that the eddy is characterized by a narrow
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FIGURE 2.4: Vertical sections along the Le Tourmalet transect (Fig.
2.1, white stars) of the anomalies of (a) potential density anomaly, oe,
(b) conservative temperature and (c) absolute salinity, computed with
respect to the averaged value of the external casts (39, 40, 62 and 63)
at each depth. Vertical sections of the (d) Brunt-Viisala frequency, N,
(e) conservative temperature and (f) absolute salinity. Black contours
in (d) represent og. Thick black contours indicate oo = 25.5 kg m~3
and og=26.6 kg m~3 (contour interval is 0.1 kg m~3). Vertical dotted
lines show the CTD station positions, only odd station numbers are
included for clarity.

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
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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 tem-
perature 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 (Fig. 2.4b). The
signature of the deep eddy core is also evident in the vertical sections of og and
absolute salinity anomalies (Figs. 2.4a, c) 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 sec-
tion, trapped between the 18°C and 19°C isotherms (Fig. 2.4e). This nearly homo-
geneous interior layer is also evident in the vertical distributions of o and absolute
salinity as the pycnostad and halostad, respectively (Figs. 2.4d, f). In Fig. 2.4d the
Brunt-Viisila frequency N (defined as N? = —(g/po)d.00, where g is gravity and
p0=1026 kg m~3 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 (Figs. 2.4a-c). There-
fore, 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 (Fig. 2.5a) 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 (Fig.
2.5b). 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 sea-

sonal pycnocline, there is a band of negative AOU which may be explained by in situ
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FIGURE 2.5: Vertical sections of (a) Dissolved oxygen (DO) and (b)

apparent oxygen utilization (AOU) along the Le Tourmalet transect

(Fig. 2.1, white stars). Contours represent potential density anomaly,

oe. Thick contours are the 25.5 kg m~3 and 26.6 kg m~2 isopycnals
(contour interval is 0.1 kg m™3).

phytoplankton production. At the pycnostad there is a column of low AOU with re-
spect 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.

24 3D fields and dynamical variables

As explained in Section 2.2, 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 ob-
jectively 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;
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FIGURE 2.6: Objectively mapped ADCP velocity vectors with og con-

tours at different depths. Correlation scales used in the objectively

interpolation are Lx = Ly = 40 km and the uncorrelated noise applied
is 3%.

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 en-
ergy. The resulting interpolated fields provide a smoothed picture of the eddy when
compared to the Le Tourmalet near submesoscale resolution transect. Figure 2.6
shows horizontal maps of og at selected depths with the ADCP velocity vectors su-
perposed. A horizontal map at the depth of the cold cap (Fig. 2.6a) shows the eddy
signature at the center of the grid, with a density maximum at its center correspond-

ing to the doming of the seasonal pycnocline. The eddy is delimited by the 25.5 kg
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FIGURE 2.7: Vertical distributions of the meridional components of

the (a) objectively mapped ADCP velocity, v, (b) geostrophic veloc-

ity, v9, and (c) ageostrophic velocity, v* = v — v9, along 26.1°N.

Black contours correspond to the objectively mapped potential den-

sity anomaly (cg, with a contour interval of 0.1 kg m~2). Thick con-

tours are the 25.5 kg m 2 and 26.6 kg m~—3 isopycnals. Note different
color scale in (c).

m~3 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 Fig.
6 of Vitdez and Dritschel (2003) that shows a filamented numerical eddy. In this re-
gard, 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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As shown in Fig. 2.6 the eccentricity of the eddy decreases with depth. Its center
is displaced first westward (Fig. 2.6c) and then southward (Fig. 2.6d) with increas-
ing depth, indicating that the eddy is vertically tilted. This tilting is clearly recog-
nizable in the zonal section of og (Fig. 2.7a), where the main pycnocline is displaced
westward from the surface cap. Figure 2.7b 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 pyc-
nocline doming and the permanent pycnocline deepening. Figure 2.7a also shows
the meridional component of the ADCP velocity. The departure from geostrophy
depicted in Fig. 2.7c is greater in the upper 100 m depth where the eddy-wind inter-
action is intensified. The dominance of an overall anticyclonic circulation indicates
that [u| > |uf|.

Figure 2.8a 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
ADCEP 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 Fig. 2.8b. 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. Re-
call 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 nonlinear (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 nonlinear 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
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FIGURE 2.8: (a) ADCP velocity magnitude at 85 m depth. Black ar-
rows represent ADCP velocity vectors whereas magenta arrows cor-
respond to geostrophic velocity vectors. (b) Vertical profile of the hor-
izontally averaged ADCP velocity magnitude (thick black line) with
the standard deviation represented by thin black lines. Dashed line
indicates the mean translation speed (0.046 m s™1).

strong nonlinearity. The eddy translation speed of 4 km d ! westwards (0.046 ms™?,

dashed line in Fig. 2.8b) was derived from the eddy center displacement between
the north-south SeaSoar transect in Phase 1 (Fig. 2.1, cyan line) and the Le Tourmalet
transect (Fig. 2.1, white stars).

The vertical relative vorticity field, ¢, scaled by the planetary vorticity, f, (or
Rossby number, Ro = (/ f) is presented in Fig. 2.9 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 (Fig. 2.9b)
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FIGURE 2.9: (a) Rossby number, Ro, horizontal distribution at 85 m

depth. (b) Ro zonal section along 26.1°N. Black contours indicate the

objectively mapped o, with a contour interval of 0.1 kg m~3. Thick
contours are the 25.5 kg m 3 and 26.6 kg m 3 isopycnals.

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.

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 pur-

pose we have plotted in Fig. 2.10 the corresponding radial profiles of the absolute az-

imuthal 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 veloc-

ity, 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
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FIGURE 2.10: Radial sections of absolute azimuthal velocity, ug, (a)
and orbital period (b) for the Le Tourmalet transect (Fig. 2.1, white
stars). Sections are taken at the depth of maximum azimuthal veloc-
ity (97 m for the Le Tourmalet transect). Solid line in (a) shows the
linear fit up = wor, with wy = 1.96x107° s~! (angular velocity). (b)
Represents the radial distribution of the orbital period computed as
27r /up. Red and blue dots represent uy and T positions north and
south of the eddy center, respectively.

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 Fig. 2.10a). The rotation period at the eddy center is 3.7 days, and the ab-
solute value of the scaled relative vorticity |Rol=0.61 which agrees with the value
computed from the coarser resolution 3D data.

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) - Vhoe  ((+ f)0:00
Po po

PV = (2.1)

where pp=1026 kg m~3 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
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FIGURE 2.11: (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 og, with

a contour interval of 0.1 kg m~3. Thick contours are the 25.5 kg m ™3
and 26.6 kg m ™2 isopycnals.

vertical gradient of the potential density anomaly, og. For the PUMP eddy the tilt-
ing 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 ex-
pected that intrathermocline eddies will contain negative anomalies of PV as they
lower the background static stability. A PV zonal section crossing the eddy center
(Fig. 2.11) indicates that, overall, the eddy signal lowers the PV, introducing a neg-
ative 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
(Fig. 2.11b). 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 (Fig. 2.11a). This minimum PV region coincides with the location of the
eddy dynamical core and, in consequence, with the location of the maximum sub-
surface 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
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and ranges from 30 to 110 m (Fig. 2.11b). Below, in the pycnostad layer between 175
and 325 m, we observe a second much broader region of minimum PV (Fig. 2.11a)
which introduces lower negative anomalies in comparison with the upper minimum
(Fig. 2.10b). Between both the dynamical and hydrographical core regions of mini-
mum PV there is a relatively narrow layer of PV that is higher than the surrounding

waters, ranging from 110 to 175 m (Fig. 2.11a).

2.5 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 Tokos and Rossby (1991). From
Hebert (1988) and assuming that the eddy has a circular shape, APE is estimated

using the integral:

0

R
APE = 0.5,0T/ / N26%(27r)drdz, (2.2)
0

—500

where p, and N, are the density and the Brunt-Viisilad 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 sta-
tions 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 = O.5pr/ / u?(2nr)drdz, (2.3)
—500 Jo

where u is the horizontal velocity as obtained from the ADCP. The resulting APE and
KE for the PUMP eddy are APE = 5.64x10'3 ] and KE = 8.88x10'? 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 2.1).
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Author, PUMP Schmid et al. (1995), Hebert et al. (1990);
description, Anticyclone Vitéria  Schultz Tokos and
location eddy, Brazil Current Rossby (1991),
Meddy, NE Atlantic

KE (x10%3]) 8.88 9.6 7.9

APE (x103]) 5.64 19 7.5

KE/APE 1.58 0.51 1.1

Eddy radius, R (km) 46 50 65

Eddy thickness, H (m) 500 400 900

H/L (x1072) 0.5 0.4 0.7

Ro 0.6 0.20-0.28 0.3

TABLE 2.1: 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.

The PUMP eddy contains more KE than APE, with the energy Burger number
(D’Asaro, 1988) greater than unity, By = KE/APE = 1.58. As shown in Table 2.1 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 lead-
ing 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 num-
ber (B, = N?H?/f2L?) and Rossby number, Ro:

_KE _ B
" APE " (1+ Ro)%

Bg (2.4)

Using the background N 2 the eddy diameter L = 92x 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 (Fig. 2.9) 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 B, suggests that Bg>1 is due both to a small aspect ratio, indicated by small By,
and a relatively intense spin rate as indicated by a relatively large Ro. In this regard,

notice that the eddies compared in Table 2.1 have similar aspect ratios but smaller
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Ro than the PUMP eddy, which has a consistently smaller Bg.

2.6 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 Re
AHA = / / pCpO' (27r)drdz (2.5)
—500 J0

0 R
ASA = 0.001/ / pS' (27r)drdz, (2.6)
—500 0

where C,, is the specific heat capacity (4000 ] kg=! K1), p the density, and the con-
servative temperature and absolute salinity anomalies (0" and S”) are integrated
over the area of the eddy core (assuming a circular shape) and then vertically inte-
grated 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. Tem-
perature 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 2.4). Vertical profiles of
available heat and salt anomalies integrated only over the eddy core area (Fig. 2.12)
show maximum (minimum) available contents of 0.014x10'® J m~! (-0.018x10'® J
m~!) and 0.065x10%° kg m~! (-0.020x10'° kg m~1) at 300 m (35 m) depth, respec-
tively. Although these available anomalies have opposite signs in the vertical, posi-
tive anomalies are broader and the vertically integrated AHA and ASA contents of
the PUMP eddy are 2.9x10'8 J and 14.3x10' 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 ed-
dies in other EBUS (Table 2.2), 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 1.4x10'? m3, while intrathermocline eddies generated in the
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FIGURE 2.12: Vertical profiles of the available heat (a) and salt (b)
content anomalies transported by the eddy core. Horizontal dashed
lines represent the eddy base.
PUMP PCCS Cuddies
(Chaigneau  (Pelland
etal., 2011) etal., 2013)
Radius (km) 30 57.6 20.4
Vertical extent (m) 500 540 429
Volume (x10'2 m?) 14 5.5 0.56
AHA (x10' J)/ AHA*(x10% T m—3) 29/2.1 8.7/1.6 0.36/0.6
ASA (x101° kg)/ASA*(x10~t kg m~3)  14.3/10 23.8/4 1.58/2

TABLE 2.2: Radius and vertical extent of the eddy core defined as the

inner eddy region that is in near solid body rotation. Volume, avail-

able 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, re-
spectively.

Peru-Chile Current System (PCCS) have a mean volume of 5.5x10? 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 esti-

mated volume of 0.56x10'2 m?. Furthermore, if we compare the relative contents of

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

2.7 Discussion

2.7.1 Negative potential vorticity anomaly and eddy structure

The PUMP eddy is characterized by a biconvex isopycnal shape with an embed-
ded 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 den-
sity field introduces a decrease of the static stability which induces a subsurface PV
minimum and, hence, a negative PV anomaly (Fig. 2.11). 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 near solid body rotation (Fig. 2.10). Negative
PV anomaly within the eddy and a central core rotating in near solid body rotation
surrounded by a more slowly rotating outer ring are defining properties of intrather-
mocline 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 py-
cnostad, 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~3 and 26.6
kg m~3 isopycnals and the corresponding thermostad between the 18°C and 19°C
isotherms (Fig. 2.4). As shown in Fig. 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 genera-
tion 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
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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). There-
fore, the pycnostad embedded within the PUMP eddy contains mode water that
may have been trapped inside the eddy during the eddy generation process. As al-
ready 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 dur-
ing 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 Section 2.1). Moreover, they usually have a similar |Ro| of 0.4-0.5, a rota-
tion 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; Sdnchez 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 ver-
tical section of PV where low static stability values at the pycnostad 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 (Fig. 2.11a). The negative PV anomaly that is introduced is, however,

smaller than the upper layer PV anomaly (Fig. 2.11b).
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2.7.2 Intrathermocline eddies in the Canary Eddy Corridor

Pingree (1996) gave the first description of an intrathermocline eddy inside the Ca-
nary Eddy Corridor. The eddy was first detected by the trajectory of a drogued Ar-
gos 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 Corri-
dor suggests that the eddy analyzed by Pingree (1996) was also generated by the
Canary Islands. 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 sea-
sonal 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 be-
low the mixed layer. Pingree (1996) named this structure the “shallow subtropical
subducting westward propagating eddy” or Swesty.

In Table 2.3 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 pe-
riod, greater central vorticity and stronger azimuthal current maximum when com-
pared with Swesty values (Table 2.3). 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 the suggestion of Pingree (1996)
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 2.3). It
is expected that due to winter convection, subduction and lateral mixing the PUMP
eddy may evolve towards Swesty characteristics as it propagates westwards.

Pegliasco et al. (2015) recently investigated and compared the vertical structure
of the eddy field in the four eastern boundary upwelling system (EBUS) from al-

timetry and Argo buoy data. They observed that 40% of anticyclonic eddies in



2.7. Discussion

59

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—1) 4 3.3
Dynamical core depth (m) 85 190
Temperature anomaly (°C) +3 +1.5
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

TABLE 2.3: Swesty (Pingree, 1996) and PUMP eddy characteristics

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 sys-
tems, 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 ori-
gins. Cuddies of the California EBUS and subsurface eddies of the Peru-Chile EBUS
have their origins in the poleward undercurrents of their respective upwelling sys-
tems (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
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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).

2.8 Summary and conclusions

The Canary Eddy Corridor is the main pathway of long-lived eddies for the north-
eastern 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 sam-
pling of one of these long-lived intrathermocline anticyclones. During the interdisci-
plinary 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, sev-
eral works will be published in order to detail the eddy submesoscale structure,
ageostrophic secondary circulation (Barcel6-Llull et al., 2017a), 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
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found to influence the hydrographic field down to at least 1000 m. Above the dy-
namical 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 thermo-
cline, halocline and pycnocline leads to a broad, warmer, saltier and lighter region
located between 200 and 500 m, where the conservative temperature anomaly at-
tains 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 inter-
preted 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 near
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 (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 2.9x10'® J and 14.3x10'° kg, respectively. These
values are larger than those associated with intrathermocline eddies of the Califor-
nia EBUS, and on the same order of magnitude as intrathermocline eddies of the

Peru-Chile EBUS.
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Ageostrophic secondary circulation

in a subtropical intrathermocline

eddy

Barcel6-Llull, B., Pallas-Sanz, E., Sangra, P, Martinez-Marrero, A., Estrada-Allis,
S. N., and Aristegui, J. (2017). Ageostrophic secondary circulation in a subtrop-
ical intrathermocline eddy. J. Phys. Oceanogr. 47 (5), 1107-1123, doi: 10.1175/

JPO-D-16-0235.1

Abstract

Vertical motions play a key role in the enhancement of primary production within
mesoscale eddies through the introduction of nutrients into the euphotic layer. How-
ever, the details of the vertical velocity field (w) driving these enhancements remain
under discussion. For the first time the mesoscale w associated with an intrathermo-
cline eddy is computed and analyzed using in situ high-resolution three-dimensional
(3D) fields of density and horizontal velocity by resolving a generalized omega equa-
tion valid for high Rossby numbers. In the seasonal pycnocline the diagnosed w
reveals a multipolar structure with upwelling and downwelling cells located at the

eddy periphery. In the main pycnocline w is characterized by a dipolar structure
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with downwelling velocities upstream of the propagation path and upwelling ve-
locities downstream. Maximum values of w reach 6.4 m d~!. An observed enhance-
ment of chlorophyll-a at the eddy periphery coincides with the location of the up-
welling and downwelling cells. Analysis of the forcing terms of the generalized
omega equation indicates that the mechanisms behind the dipolar structure of the
w field are a combination of horizontal deformation and advection of vertical rel-
ative vorticity by ageostrophic vertical shear. The wind during the eddy sampling

was rather constant and uniform with a speed of 5 m s~ 1.

Diagnosed nonlinear
Ekman pumping leads to a dipolar pattern that mirrors the inferred w. Horizon-
tal ageostrophic secondary circulation is dominated by centripetal acceleration and

closes the dipole w structure. Vertical fluxes act to maintain the intrathermocline

eddy structure.

3.1 Introduction

Mesoscale eddies are ubiquitous features of the world ocean and are associated with
important biogeochemical activity due to both their horizontal and vertical motions
(McGillicuddy, 2016). There are two types of eddies depending on their sense of
rotation: anticyclonic eddies, which have negative (positive) vertical relative vor-
ticity, and cyclonic eddies, which are characterized by positive (negative) vertical
relative vorticity in the north (south) hemisphere. A particular type of anticyclones
are intrathermocline eddies which are subsurface intensified eddies also rotating an-
ticyclonically but with dome-shaped (bowl-shaped) isopycnals in the upper (lower)
layers (McGillicuddy et al., 2007).

Ageostrophic secondary circulation (ASC), which includes the ageostrophic hor-
izontal velocity and the vertical velocity, has an important role within mesoscale
structures through the restoring of thermal wind balance. The vertical velocities as-
sociated with ASC play an important role in the oceanic vertical pump (Klein and
Lapeyre, 2009), which has been defined as those physical processes, mainly at the
submesoscale range [spatial scales below the first baroclinic Rossby deformation
radius, 0.1-10 km (Shcherbina et al., 2015)], that drive intense nutrient fluxes into

the euphotic layer, changing plankton community structure and enhancing primary
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production and, hence, having a major impact on the marine carbon cycle. Mea-
suring vertical velocities in the ocean is challenging because of their small order of
magnitude when compared with horizontal velocities, W~(103, 10~*)U~10 m d !
for the mesoscale, and W~(10"2)U~100 m d~! for the submesoscale (Mahadevan
and Tandon, 2006). Attempts to measure vertical velocities in the ocean include
tracer release experiments and Lagrangian isopycnal drifter measurements (Hansen
and Paul, 1987; Schultz Tokos et al., 1994; Lindstrom and Watts, 1994; McGillicuddy
et al., 2007; Harcourt et al., 2002; D’Asaro et al., 2011). Although these attempts have
provided an estimate of vertical velocities, they have not been able to give details of
the corresponding fields and, thus, details of the forcing mechanisms. As detailed
next, with this purpose different approaches were envisaged through the inference
of the vertical velocity field from the sampled density and horizontal velocity fields
using distinct forms of the so-called omega equation or inverse methods (Viadez
et al., 1996; Thomas et al., 2010).

Methods to infer vertical velocity from diagnostic equations in geophysical flows
were first derived for the atmosphere. Hoskins et al. (1978) used quasi-geostrophic
theory (QG) to diagnose vertical motion in the atmosphere by implementing the Q
vector form of the omega equation that is valid for the low Rossby number (Ro)
regime. In their formulation, QG vertical velocity results from the adjustment pro-
cess that takes place when thermal wind balance is destroyed by the geostrophic
deformation field (Durran and Snellman, 1987). Tintoré et al. (1991) and Pollard and
Regier (1992) reformulated the QG omega equation for the ocean in order to estimate
vertical velocities in oceanic mesoscale frontal regions. Since these earlier studies,
the QG omega equation has been widely applied to infer vertical velocities in oceanic
mesoscale features, taking advantage of the fact that only the measured density field
and related variables are needed (Shearman et al., 2000; Martin and Richards, 2001;
Rodriguez et al., 2001; Benitez-Barrios et al., 2011; Pascual et al., 2015; Barcel6-Llull
et al., 2016). Further developments of the omega equation in order to provide more
accuracy in the diagnosis of vertical velocity include the ageostrophic advection of
geostrophic velocity leading to the so-called semigeostrophic (5G) omega equation
(Hoskins and Draghici, 1977). This ageostrophic advection becomes relevant where

there are significant horizontal variations in static stability and potential vorticity,
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such as in sharp fronts, leading to high Ro and thus invalidating the QG form (Ped-
der and Thorpe, 1999; Badin, 2012). As for the QG form, the SG form allows, in prac-
tice, the computation of vertical velocity from geostrophic flow as obtained from
density measurements only (Pinot et al., 1996).

Prior to the reformulation by Hoskins et al. (1978) into the Q vector form, the
tirst formulation of the omega equation presented an undesirable cancellation of the
forcing terms that made determination of their relative strengths extremely difficult
(Trenberth, 1978). To solve this difficulty, Vitidez et al. (1996) proposed a generalized
form of the omega equation for the ocean in terms of the material rate of change
of the differential ageostrophic vertical relative vorticity, instead of the local rate
of change of the differential geostrophic vertical relative vorticity. Using primitive
equation numerical experiments, Vitidez and Dritschel (2004) tested the accuracy of
the three cited forms of the omega equation, concluding that the generalized form
was the most accurate in the diagnosis of vertical velocities. Therefore, the general-
ized omega equation of Vitdez et al. (1996) is both less restrictive and more accurate
than the Q vector based QG and SG forms and, in addition, it allows vertical ve-
locity diagnoses in highly ageostrophic environments. However, as it is primitive
equation based, one disadvantage of this form is that it requires measurements of
both the density and horizontal velocity fields. As in this study we have accurately
measured both these fields, we will apply the generalized omega equation form de-
rived by Vitdez et al. (1996) for the diagnosis of vertical velocities and the related
ASC in our sampled subtropical intrathermocline eddy.

As the along-front flow may be considered linear, vertical velocity in mesoscale
frontal regions can only be diagnosed from cross-front vertical sections of density
(QG and SG omega equation forms) or from both cross-front vertical sections of den-
sity and horizontal velocity (generalized omega equation form). Two-dimensional
and three-dimensional diagnoses have contributed to a better understanding of
ASCs and the associated processes in these regions (Pollard and Regier, 1992; Allen
and Smeed, 1996; Naveira Garabato et al., 2001; Pallas-Sanz et al., 2010a,b). How-
ever, in the case of mesoscale eddies, as the flow is nonlinear, a three-dimensional
(3D) quasi-synoptic grid of the above fields is needed to diagnose vertical velocity

with a generalized omega equation. For this reason, studies of ASCs in mesoscale
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eddies are notable more scarce than they are in frontal regions. Allen and Smeed
(1996) diagnose the vertical velocity at the Iceland-Faerces Front and the related eddy
field using the QG omega equation from density data obtained from SeaSoar tracks.
Their Fig. 11 shows a dipolar structure for the vertical velocity related with a cy-
clonic eddy, with an upwelling cell on one side and a downwelling cell on the other.
However, due to the low resolution between SeaSoar tracks (50 km), it is difficult to
well establish the details of such variability. They relate this dipolar pattern to vor-
tex stretching. Martin and Richards (2001) also diagnose the vertical velocity field in
an intrathermocline eddy using the QG omega equation, obtaining a multipolar ver-
tical velocity distribution that may be consistent with an azimuthal perturbation of
the eddy shape. However, the inferred vertical velocity field shows significant errors
that arise from the necessary compromise between the spatial resolution and the syn-
opticity of the eddy sampling (Klein and Lapeyre, 2009). Benitez-Barrios et al. (2011)
estimate the QG vertical velocity in an intrathermocline eddy in the NW African
coastal transition zone. Their low resolution data also suggest a dipolar structure
for the QG vertical velocity field with a downwelling (upwelling) cell in the western
(eastern) side. Buongiorno Nardelli et al. (2001) infer the QG vertical velocity in a
cyclonic eddy in the Atlantic-Ionian stream, finding also a dipolar distribution of
QG vertical velocity. More recently, Buongiorno Nardelli (2013) estimated the verti-
cal velocity in a cyclonic Aghulas ring using the SG omega equation from combined
satellite-in situ synthetic reconstructed data. His results show that the vertical veloc-
ity field is organized in a dipolar pattern within the eddy core and in an octopolar
pattern along the eddy periphery consisting of alternating upwelling and down-
welling cells. He suggests that these patterns could be related with vortex Rossby
waves (McWilliams et al., 2003). Barcel6-Llull et al. (2016) also diagnose the QG
vertical velocity field in the southeast Pacific from a similar synthetic observation-
based product combining satellite and in situ data. With this low resolution data
(1/3°) they find dipolar distributions of vertical velocity within mesoscale eddies.
Related with the difficulty of obtaining 3D quasi-synoptic fields with enough res-

olution, most of the studies of ASC in mesoscale eddies have been oriented toward
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the particular process of the self-induced Ekman pumping, paying particular atten-
tion to its effects on chlorophyll-a distribution (Gaube et al., 2014, 2015). Three mech-
anisms have been identified that are linked with this process (Gaube et al., 2015).
The first mechanism results from the wind stress curl induced by the differences
between surface winds and ocean velocities that give rise to an Ekman upwelling
(downwelling) at the cores of anticyclones (cyclones) (Martin and Richards, 2001;
McGillicuddy et al., 2007; Gaube et al., 2015). As formulated by Stern (1965), the sec-
ond mechanism arises from the interaction of the surface wind stress with the surface
geostrophic vertical vorticity gradient, and results in mesoscale dipoles of Ekman
upwelling and downwelling (McGillicuddy et al., 2008; Gaube et al., 2015). When
the eddy periphery contains a submesoscale frontal region, it has been proposed
that this second mechanism also leads to Ekman dipoles, but only at the periph-
ery and at the submesoscale range (Mahadevan et al., 2008). The third mechanism
is secondary and it is associated with the wind stress curl induced by sea surface
temperature gradients (Chelton and Xie, 2010; Gaube et al., 2015). The first mecha-
nism is named linear Ekman pumping and the second nonlinear Ekman pumping
(McGillicuddy et al., 2008; Gaube et al., 2015).

There is growing evidence to indicate that anticyclonic eddies may be as produc-
tive as cyclonic ones in the enhancement of primary production [see recent review
of McGillicuddy (2016)]. However, the details and mechanisms responsible for such
enhancement are still under discussion. McGillicuddy et al. (2007) observed an ex-
traordinary phytoplankton bloom at the core of a subtropical intrathermocline eddy
and proposed that linear Ekmam pumping was the mechanism responsible. Alter-
natively Mahadevan et al. (2008), using numerical modelling, proposed that phyto-
plankton enhancement occurs at the eddy periphery at the submesoscale range due
to the nonlinear Ekman mechanism and is then advected toward its core. Compos-
ite averages of chlorophyll-a and linear Ekman pumping as obtained from satellite
data support the enhancement of chlorophyll-a at anticyclonic eddy cores due to
linear Ekman pumping (Gaube et al., 2013, 2014). However, as shown in Fig. 3 of
Calil and Richards (2010), instantaneous fields of altimetry and chlorophyll-a indi-
cate that this enhancement occurs at the eddy periphery instead of at the eddy core,

nonlinear Ekman pumping being a plausible candidate for such enhancement.
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As already mentioned, there are few studies of ASC in mesoscale eddies due
to the difficulty in obtaining quasi-synoptic 3D fields with high resolution. On the
other hand, most of the attempts to investigate the influence of mesoscale eddies on
chlorophyll-a distributions are based on remote sensing observations, due also to the
difficulty in obtaining 3D in situ fields. Furthermore, these studies focused only on
the self-induced Ekman pumping process without diagnosing the vertical velocity
field as a result of all processes causing vertical motions as formulated by the gen-
eralized omega equation. To fill this gap, in September 2014 we conducted an inter-
disciplinary survey of a subtropical intrathermocline eddy in the framework of the
Study of the Vertical Oceanic Pump in mesoscale eddies (PUMP) project. A detailed
description of the eddy structure and dynamics may be found in Barcel6-Llull et al.
(2017b). Here we describe and discuss the eddy ASC and its role in chlorophyll-a

enhancement using high-resolution quasi-synoptic 3D in situ fields.

3.2 Data and methods

3.2.1 Dataset and optimal interpolation

The PUMP interdisciplinary survey of a subtropical intrathermocline eddy was car-
ried out from 3 to 20 September 2014 aboard the R/V BIO Hespérides. The PUMP
eddy was generated 4 months earlier at the island of Tenerife in the Canary Islands.
The Canary Islands continuously spin off mesoscale eddies that form the so-called
Canary Eddy Corridor which is the main pathway for long-lived eddies in the sub-
tropical northeast Atlantic (Sangra et al., 2009). Guided by its signal in altimetric Sea
Level Anomaly (SLA) fields, we first crossed the eddy with two transects sampled
with continuous tows of a conductivity-temperature-depth (CTD) probe on an un-
dulating vehicle (SeaSoar MK II) during the days 3-5 September 2014 (Fig. 3.1, black
dashed lines) to locate the eddy center and determine its size. Then, in order to ob-
tain the 3D fields for the diagnosis of vertical velocities, we sampled a grid centered
on the eddy center. The grid consisted of six SeaSoar (Fig. 3.1, grey lines) and three
discrete CTD (the SeaSoar CTD was attached to a CTD-rosette system after a failure
of the SeaSoar; Fig. 3.1, grey dots) zonal transects of length 90 nautical miles; the

distance between the transects was 10 nautical miles. The rosette stations were also
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FIGURE 3.1: Map of the PUMP eddy sea level anomaly, SLA (cm),

signal from AVISO on 6 September 2014 (grey thin contours). Black

dashed lines represent the SeaSoar transects to detect the eddy center.

Thick grey lines and dots show the grid for the 3D eddy sampling

with SeaSoar continuous tows and CTD casts, respectively. Black
crosses represent the interpolation grid.

10 nautical miles apart, while the SeaSoar undulating vehicle provided profiles sep-
arated by 4 km with an effective vertical resolution of 72 cm. The rosette transects
were completed in ~16 h, while the long (short) SeaSoar transects were completed
in ~12 h (9 h) with a ship speed of 8 knots. The time of navigation between transect
was ~1.5 h. The 3D survey was accomplished in 5 days (6-11 September 2014). With
this sampling strategy we tried to reach a compromise between the spatial resolu-
tion and the synopticity of the eddy sampling (Martin and Richards, 2001). Allen
et al. (2001) study the implications on vertical velocity estimations of the errors as-
sociated with the sampling strategy. They analyze a sampling strategy similar to the
PUMP survey to sample mesoscale structures consisting of transects separated by
~23 km and with an along-track resolution of ~5 km, considering a ship speed of
~8 knots, and with a total sampling duration of ~4.5 days. They find that the verti-
cal velocity distribution remains unaltered, while its magnitude is reduced because
of the smoothing introduced by the sampling resolution, without alterations due to
the lack of synopticity. Hence, we may conclude that the PUMP survey followed a
sampling strategy well compromised to estimate vertical motions.

The SeaSoar MK II measurements extended from 10 m down to 325 m, while
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discrete CTD casts were made to a nominal depth of 400 m. Both the SeaSoar
MK II and CTD-rosette systems were equipped with CTD SB911+ probes, addi-
tionally equipped with a Seapoint Chlorophyll Fluorometer sensor which provided
fluorescence measurements. Raw data files were processed with Sea-Bird SEA-
SOFT software (http://www.seabird.com/software/softrev.htm) and vertically av-
eraged into 8-m bins. TEOS-10 algorithms to calculate absolute salinity, S4, and
conservative temperature, ©, and all derived variables were used (Feistel, 2003,
2008). Chlorophyll-a concentrations were estimated from the in situ fluorescence
provided by the fluorometer sensor previously calibrated with 256 samples of ex-
tracted chlorophyll-a according to Holm-Hansen et al. (1965). The relationship be-
tween the readings of the fluorometer (F') and the chlorophyll-a concentration ex-
tracted from seawater samples (CHL) is CHL (mg m~3) = 0.5078F - 0.005; R? =
0.5773; this was used to transform in situ fluorescence to actual chlorophyll-a.

In addition, current velocities were observed continuously through a hull-
mounted RDI acoustic Doppler current profiler (ADCP) Ocean Surveyor, working
at 75 kHz. The ADCP gave raw data with 5-min ensembles from the surface to 800
m depth and a bin size of 8 m. The raw data were quality controlled with the Com-
mon Oceanographic Data Access System (CODAS; Firing et al., 1995). On average,
the controlled profiles provide good data from 21 to 625 m depth. The velocities
were calibrated for transducer misalignment, adjusted from ship relative currents
to absolute currents using GPS position measurements and spatially averaged each
0.09°.

The density and horizontal velocity data were objectively interpolated onto a
regular grid (Fig. 3.1, crosses) with a horizontal resolution of 0.1° x 0.1° (~ half
the original resolution of 10 nm) and a vertical resolution of 8 m (Bretherton et al.,
1976). The data covariance was fitted with a 2D Gaussian function with semima-
jor and semiminor axes of Lx = Ly = 40 km. These correlation scales (Lx and Ly)
were selected by analyzing the autocorrelation matrix of the observed fields and are
of the order of the eddy radius. With this interpolation, wavelengths smaller than
the correlation lengths of the covariance function are filtered (Le Traon, 1990). This
smoothing is important for solving the omega equation as it requires computing

second-order spatial derivatives of the interpolated fields (Pallas-Sanz et al., 2010a).
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The mean fields were assumed to be planar for density and constant for horizontal
velocity (Rudnick, 1996). The uncorrelated noise is set to 3% of the signal energy
(Rudnick, 1996; Pallas-Sanz et al., 2010a). From chlorophyll-a data we estimated the
deep chlorophyll-a maximum (DCM) which was objectively interpolated onto a hor-
izontal grid of 0.1° x 0.1° with the above Gaussian function and considering planar

mean field.

3.2.2 Inference of the geostrophic flow and the generalized omega equa-

tion

The geostrophic flow is estimated from the observed density field through thermal
wind balance, imposing the ADCP velocity at the deeper depth of the density dataset
(325 m). Then, we estimate the ageostrophic horizontal velocity as the difference
between the total (ADCP) horizontal velocity and the geostrophic velocity, uj =
u;, — u9, where the superscript g denotes geostrophy, a denotes ageostrophy, and uy,
is the total horizontal velocity (Thomas et al., 2010).

The adiabatic generalized omega equation used in this study is the Q vector form

(Pallas-Sanz and Vitdez, 2005)

N2V%Lw +f(f +Quw.. =2V - Qi+ f ;h : V}%llh, (3.1)
—_——
Sper Sapv

where f = 2Qsin ¢ is the Coriolis parameter (considered constant and computed at
the mean latitude ), with Q2 representing the Earth’s angular velocity (f = 6.4 x 107°
s71); N2 = —gagp. is the Brunt-Viisala frequency where ag = p; ' is the mean spe-
cific volume, g is gravity, p is the density, and subscript = indicates a vertical deriva-
tive. Vertical relative vorticity is estimated as ¢ = v, — u,, where u and v are the
zonal and meridional currents and x and y subscripts represent partial derivatives
in the eastward and northward directions. The horizontal pseudovorticity vector is
an anticlockwise rotation of the vertical shear, (,, = (—vz, u;), while (J, = (—vZ, uf)
is the ageostrophic horizontal pseudovorticity vector. (;;, can be viewed as the anti-

clockwise rotation of the thermal wind imbalance as TWI = (fu?, fv?) and, hence,

fén =k x TWI (Giordani et al., 2006). The Q vector represents the deformation of
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the horizontal density gradient by the total horizontal velocity field, Q = Vjuy,-Vb,
where b = pgay is the buoyancy.

The forcing terms of the generalized omega equation are on the right-hand side
(rhs) of (3.1). Spgr is related to the total deformation field and can be decomposed
into its geostrophic and ageostrophic components (Sprr = Sperc +SpEFa). Sapv
is related to the vertical shear of the ageostrophic horizontal current through (.
Giordani et al. (2006) relate S4py with the stretching and reorientation of the pre-
existing (), by the total horizontal current field. On the left hand side (lhs) of (3.1)
an elliptic operator (if f 4+ ¢ > 0) is applied to the vertical velocity (w). The resulting
elliptic equation is solved with an iterative relaxation method and constrained by
Dirichlet boundary conditions, that is, w=0.

In order to analyze the accuracy of the derived geostrophic field including the
ADCP velocity at the reference level (325 m depth), we alternatively estimated the
geostrophic field by using the method proposed by Rudnick (1996) based on the im-
position of constraints such as the horizontally nondivergence of the velocity field.
The derived ageostrophic horizontal velocity obtained subtracting the constrained
geostrophic velocity to the ADCP velocity showed the same vertical shear as the
field estimated through the thermal wind balance, being the magnitude smaller. The
slight difference in magnitude between the estimated fields with each methodology

only affects the Sprrg and Sprra forcing terms.

3.2.3 Wind-induced vertical velocities

Wind-induced vertical motions arise from the force of the surface wind stress,
T = (7%,7Y,0) (superscripts « and y denote eastward and northward components),
through Ekman pumping. The wind speed field during the PUMP cruise is obtained
from the Weather Research and Forecasting (WRF) Model (Skamarock et al., 2008).
The surface wind stress, considering eddy-wind interaction, is estimated from the
bulk formula:

T = paCDurel |u7"el |a (32)

where p,=1.3 kg m~3 is the air density, and Cp = 1.14 x 103 is a drag coefficient

considered constant with wind velocities between 4 and 10 m s~! (Large, 1979). The
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relative wind speed is represented by u,.; = u, —ug, where u, is the surface wind at
10 m above the mean sea level, and uy is the surface ocean velocity. Ekman transport

due to eddy-wind interaction can be written as (Stern, 1965):

k x T

Tp~—8k——, 3.3
T no(f+ ) 3
and the associated Ekman pumping is:
k kxT
wpp =V - Tp=—""—<-Vpx7+ Vi(f+G), (B4

po(f + o) po(f + ¢o)?

where pj is the mean density (1026.4 kg m~3) and (; is the geostrophic vertical rela-
tive vorticity at the sea surface. The first term on the rhs of (3.4) is the linear Ekman
pumping and it is related to the wind stress curl. The second term on the rhs of (3.4)
is the nonlinear Ekman pumping which is proportional to the advection of absolute

vorticity by the Ekman transport.

3.3 Results

3.3.1 Intrathermocline eddy structure

The PUMP eddy is an anticyclonic intrathermocline eddy characterized by a bicon-
vex shape of the isopycnals with a doming (depression) of the upper (deeper) layers
corresponding to the seasonal (main) pycnocline. At the time of the survey, the
PUMP eddy was 4 months old with a vertical extension of 500 m and 46 km radius.
The eddy had a subsurface dynamical core embedded between the seasonal and
main pycnoclines (centered at 85 m depth) with maximum horizontal velocities of
0.5 m s~ 1. The subsurface horizontal velocity maximum is consistent with the typ-
ical biconvex intrathermocline eddy shape through thermal wind balance. Within
the dynamical core the extreme Rossby number, Ro=(/f, reaches -0.6. Hence, the
PUMP eddy is moderately ageostrophic and the application of the QG approxima-
tion would neglect an important contribution of the ageostrophic horizontal mo-
tions, otherwise considered in the generalized omega equation used in this study.

On the other hand, the eddy hydrographic core was located between 200 and 500 m
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FIGURE 3.2: Horizontal distribution of the deformation field, o (10~°

s~ 1), in grey contours at (a) 45 m and (b) 165 m depth. Solid contours

represent diffluent flow (o > 0) and dashed contours confluent flow
(e < 0). Vectors indicate the ADCP velocity.

depth and was characterized by warmer, saltier and lighter anomalies of tempera-
ture, salinity and density, respectively. A detailed description of the PUMP eddy is
given by Barcel6-Llull et al. (2017Db).

Figure 3.2 shows the horizontal distribution of the deformation field (o = u, —vy)
at 45 m (domed seasonal pycnocline) and 165 m (depressed main pycnocline) with
the ADCP velocity vectors superimposed. Alternating cells with confluent (o < 0)
and diffluent flows (o« > 0) are localized at the eddy periphery with maximum ab-
solute values of ~0.26 f. Confluent/diffluent flow creates propitious conditions for
thermal wind imbalance (TWI) and, in consequence, ASC (Hoskins and Bretherton,
1972; Hoskins et al., 1978; Spall, 1997). From the horizontal distribution of o we

expect ASC to arise at the eddy periphery.

3.3.2 Vertical velocity distribution and chlorophyll-a signature

Horizontal sections at different depths of the estimated vertical velocity within the
PUMP eddy are shown in Fig. 3.3. In the upper layers, the vertical velocity distribu-
tion is characterized by small and weak upwelling (w > 0) and downwelling (w < 0)

cells localized at the eddy periphery (Fig. 3.3a). Below 85 m depth, the horizontal
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FIGURE 3.3: Mesoscale vertical velocity, w (m d ), in thick black con-

tours (with a contour interval of 1 m d~!) estimated from the gener-

alized omega equation at different depths: (a) 45 m, (b) 101 m, (c) 165

m and (d) 253 m. Thin grey contours represent the potential density
anomaly, og (kg m—3), for reference.

distribution of w changes gradually to a dipolar pattern (Figs. 3.3b-d) with a down-
welling (upwelling) cell on the western (eastern) edge of the anticyclonic eddy. At
165 m depth (Fig. 3.3c) the dipolar distribution of w reaches maxima of -6.3 m d~!
and 3.3 m d~!. Figure 3.4 shows a vertical section of the vertical velocity along
26.1°N. At this zonal section the dipolar distribution of w extends from the surface
to the deepest available data depth (325 m). The downwelling cell is broader and it
is approximately two times larger than the upwelling cell. Maxima of w are located
between 160 and 185 m depth .

Within the PUMP eddy, the vertical velocity extrema are located along the eddy
periphery over the whole water column, while in the eddy center the vertical mo-
tions are negligible. In order to validate this result, Fig. 3.5 shows the DCM distri-
bution. Along the eddy periphery the DCM has maximum values ranging from 0.36

to 0.41 mg m~3, while at the eddy center the minima reach 0.30 mg m~3 and are
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FIGURE 3.4: (a) Vertical section along 26.1°N of the mesoscale vertical

velocity, w (m d~1), in thick black contours (with a contour interval of

1m d~!) estimated from the generalized omega equation. Thin grey

contours represent the potential density anomaly, o¢, with a contour
interval of 0.1 kg m ™~ for reference.

similar to the minima of the outer region. Hence, the DCM distribution is annular

with relative minima at the eddy center and outside the eddy.

3.3.3 Sources of vertical velocity

A detailed analysis of the sources of vertical velocity within the PUMP eddy is
performed through the integration of equation (3.1) with each individual forcing
term (Pallas-Sanz et al., 2010b). With this procedure we obtain the contribution of
the deformation field, wpgr, the contribution of the pseudovorticity term, wapy
and, with the decomposition of the deformation Q vector in its geostrophic and
ageostrophic counterparts, we obtain wprre and wprra, respectively. Conse-
quently, w = wpgr +wapy and wpgr = WpErg + WpEFA.

Figure 3.6 shows the horizontal average of the absolute value of the total vertical
velocity, (|w|) g (thick black line), (|lwprr|)r and ((wapy|) g (thin black lines), and
(lwperc|)r and (lwperal)m (thin grey lines). (|w|)x has a subsurface maximum
located at 85 m depth corresponding to the eddy dynamical core, and a deeper max-

imum located at 150 m depth corresponding to the upper boundary of the eddy
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FIGURE 3.5: Deep chlorophyll maximum (DCM) objectively interpo-
lated with a correlation scale of 40 km. Black contours represent the
potential density anomaly, o¢, at 101 m depth for reference.

hydrographic core. These local maxima are related to maxima in the vertical shear
of the ageostrophic horizontal velocity (Barcel6-Llull et al., 2017b) and, in conse-
quence, they are related to the Spy forcing term through the ageostrophic hori-
zontal pseudovorticity vector. The deformation and pseudovorticity contributions
are, however, similarly important throughout the water column, with a slight domi-
nance of wapy (wpgr) in the upper (below) 200 m depth. On the other hand, wpgr
is mainly driven by its geostrophic component wpgrq, while the ageostrophic com-
ponent wpgrra has its maximum at the base of the Ekman layer (6 = 32 m, see
Section 3.3d) and is almost constant throughout the water column.

Horizontal sections of the contributions of vertical velocity are shown in Figs.
3.7 and 3.8. The contributions wpgr and wapy at 45 m depth (seasonal pycnocline)
have similar magnitudes but different horizontal distributions (Figs. 3.6, 3.7a and b).
While wpgr is characterized by small alternating upwelling and downwelling cells
located at the eddy periphery, w4py has a dipolar distribution with a downwelling
(upwelling) cell at the northwestern (eastern) edge of the PUMP eddy. Both wpgr
and w4py contributions give rise to the total vertical velocity distribution at 45 m
depth (Fig. 3.3a). At 165 m depth (main pycnocline), wpgr and wapy have slightly

different orders of magnitude (Figs. 3.6, 3.8a and b). Maxima wpgp of 22 m d~!
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FIGURE 3.6: Horizontal average of the absolute value of the vertical
velocity estimated with each individual forcing term in equation (3.1),
with the sum SDEF + SADV, and with SDEFG and SDEFA'

and 2.5 m d~! occur at the downwelling /upwelling cells located along the eddy pe-
riphery, while w4 py extremum of -4.1 m d~! is located at the western downwelling
cell; the weaker eastern upwelling cell has maximum of 2.1 m d~!. The wp g contri-
bution is characterized by a quadripolar distribution, while w4py is characterized
by an asymmetric dipolar pattern. Both vertical velocities contribute to the total
vertical velocity distribution (Fig. 3.3c) characterized by a dipolar pattern with an
intensified western downwelling cell and a broader eastern upwelling cell.
Although wpgr and wapy have similar magnitudes over the whole water col-
umn and make similar contributions to the w distribution, wpgr is mainly forced
by its geostrophic component, wprreg, as can be seen in Figs. 3.6, 3.7, and 3.8. The
wpera contribution estimated with the constrained geostrophic velocity obtained
using the Rudnick (1996) method shows the same multipolar and quadripolar distri-
butions with a negligible difference in shape and the same magnitude (not shown).
Hence, the w distribution within the PUMP eddy is mainly driven by both wprrg

and WADV -
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FIGURE 3.7: Mesoscale vertical velocity, w (m d~!), in thick black

contours (with a contour interval of 0.5 m d~!) estimated with each

individual forcing term in equation (3.1) at 45 m depth. Grey contours
represent the potential density anomaly, oy, for reference.

3.3.4 Ekman pumping

Eddy-wind induced Ekman pumping is derived following Stern (1965), and the
wind stress is parameterized considering the eddy surface currents (Section 3.2.3).
The wind stress computed from the bulk formula (3.2) has a spatially averaged value
of 2.8 x 1072 N m~2. Using this value, the Ekman layer depth is §p ~ 0.4u*/f = 32
m, where the frictional velocity is obtained from u* = \/|7[/pp =5 x 1073 m s~}
(Pallas-Sanz et al., 2010a). Figure 3.9a shows the spatial distribution of the (scaled)
geostrophic vertical relative vorticity at 21 m depth ((o/f), which is the shallowest
depth available, with the wind stress superimposed. (y has minimum values at the
eddy center of -0.34f and a positive vorticity (o > 0) belt surrounding it. The direc-
tion of the wind stress is defined by the direction of the Trade winds. The resulting
Ekman transport is directed 90° clockwise to the wind stress direction.

The total Ekman pumping (wgp,) and its linear and nonlinear components are
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FIGURE 3.8: Mesoscale vertical velocity, w (m d~!), in thick black

contours (with a contour interval of 1 m d—!) estimated with each in-

dividual forcing term in equation (3.1) at 165 m depth. Grey contours
represent the potential density anomaly, oy, for reference.

shown in Fig. 3.9. The wind stress curl was small during the sampling of the PUMP
eddy. As a consequence, the linear Ekman pumping in the PUMP eddy (Fig. 3.9¢c)
has small values of 0.1 m d~! at the eddy center, a magnitude smaller than the in-
ferred vertical velocity using the omega equation. On the other hand, nonlinear
Ekman pumping (Fig. 3.9d) has higher maximum values of 0.5 m d~! and a dipolar
distribution centered at the eddy core and oriented along the direction of the Ekman
transport, that is, w < 0 (w > 0) at the western (eastern) edge of the eddy. The re-
sulting (total) Ekman pumping (Fig. 3.9b) has a dipolar distribution driven by the
nonlinear component and reaches values of -0.7 m d~! and 0.5 m d~! at the eddy
periphery.

Ekman model provides an estimate of the vertical velocity at the base of the Ek-
man layer driven by the interaction between wind and ocean surface currents. This

interaction is a diabatic process driven by turbulent momentum fluxes. To compare



82 Chapter 3. ASC in a subtropical intrathermocline eddy

(@) (b)

26.6°N} 26.6°N
26.4°N 26.4°N
26.2°N 26.2°N
26.0°N 26.0°N[_
25.8°N 25.8°N
25.6°N 25.6°N
25.4°N . 25.4°N
205°W 20.0°W 19.5°W
(c) (d)
26.6°N SN 26.6°N
DT e :
26.4°N|, 26.4°N
.. Lom0.1 PPt
26.2°N e/ v 26.2°N
P Pl
26.0°N R A v /1 26.0°N
25.8°N LN s ;o] 25.8°N
25.6°N 25.6°N[~
0 A -
">
25.4°N See ae=n 03 25.4°N ‘
20.5°W 20.0°W 19.5°W 20.5°W 20.0°W 19.5°W

FIGURE 3.9: (a) Scaled geostrophic relative vorticity at the sea surface

(21 m), {o/f, in black contours. Wind stress assuming eddy-wind

interaction, T, is represented by dark grey arrows while light grey

arrows indicate Ekman transport, Tg. (b) Vertical motion (m d~')

due to Ekman pumping, wg,, and due to its linear (c) and nonlinear

(d) components. In (b), (c) and (d) scaled geostrophic relative vorticity
contours are plotted in light grey for reference.

the estimated Ekman pumping with the vertical velocity field derived by resolv-
ing equation (3.1), we have also integrated the diabatic version of the generalized
omega equation proposed by Pallas-Sanz et al. (2010b), in which an additional forc-
ing term related with the parameterized transfer of momentum is included. The
vertical eddy viscosity is parameterized with a mixed layer depth (MLD) profile
(Nagai et al., 2006). The vertical velocity field inferred through the diabatic version
of the generalized omega equation has the same distribution inside the eddy region
than the adiabatically derived vertical velocity, while an enhancement of w is found
outside the eddy periphery where the MLD is deeper (not shown). On the other
hand, the wind effects may also contribute significantly to the ageostrophic vertical

shear used to construct S4py. Hence, a comparison of the Ekman pumping with the
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vertical velocity induced by the S4py forcing term is justified. Indeed, if we com-
pare the total Ekman pumping distribution (Fig. 3.9b) with the w4py distribution
at 45 m depth (Fig. 3.7b) we observe a similar dipolar pattern that is slightly rotated

but with similar magnitude.

3.3.5 Horizontal ageostrophic secondary circulation

Figure 3.10a shows a vertical section along 26.1°N of the ASC zonal and vertical
components (u®, w). In the seasonal pycnocline, ©* is mainly directed westward and
has maximum values of the order of 0.1 m s~! located at the eddy periphery where
the horizontal gradients of oy are larger. In the deeper layers (between 175 and 265
m depth), u® is directed to the east and advects flow from the downwelling cell to
the upwelling cell to conserve mass in incompressible flow. Therefore, a cyclonic cell
of ASC develops within the anticyclonic eddy.

The horizontal flow in the PUMP eddy is, on average, supergeostrophic as
lup| > |uf| (Barcelo-Llull et al., 2017b). Figure 3.10b shows the horizontal distri-
bution of the horizontal ASC, uj, at 165 m depth, which is characterized by an anti-

1

cyclonic circulation reaching maximum values of ~0.07 m s~ at the eddy periphery.

Horizontal ASC can be written using the inviscid horizontal momentum equation,

Duh a
ﬁ—&-kauh:O (35)

as (e.g. Pallas-Sanz and Viadez, 2007):

Du 1 ou ou
kx —" = "kx (6—:+uh-vhuh+w7;). (3.6)

Hence, in accordance with equation (3.6), the horizontal ASC can be interpreted as
an anticlockwise rotation of the material rate of change of the (total) horizontal ve-
locity. With the PUMP eddy dataset, that is, only one realization, we are not able to
estimate the local temporal rate of change of the horizontal velocity. On the other
hand, within the PUMP eddy the horizontal advective acceleration is two orders of
magnitude higher than the vertical advective acceleration (not shown). Figure 3.10c

shows the horizontal distribution of this term scaled by the planetary vorticity, f, at
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FIGURE 3.10: (a) Vertical section along 26.1°N of the ageostrophic

zonal velocity, u%, and w. An arrow unit on the map corresponds

with 0.1 m s~! for the zonal component u® and 1 x 107* m s™! for

the vertical component w. (b) Horizontal map of the horizontal ASC

at 165 m depth. (c) Horizontal distribution of % uy - Vyuy, at 165

m depth. Grey contours represent the potential density anomaly, o,
with a contour interval of 0.1 kg m~3 in (a).
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165 m depth. It points to the eddy center and has orders of magnitude of 0.05 m s~ ..

Hence, its anticlockwise rotation agrees with the direction and magnitude of the hor-
izontal ASC (Fig. 3.10b) within the eddy core. Therefore, the horizontal advective
acceleration within the PUMP eddy, uj, - V,uy, is the most important contribution
to the horizontal ASC.

The horizontal advective acceleration in the (s = u/|up|, n = k x s) reference

frame can be decomposed into two components,

u2

(7)5 + UQIQH, (37)

up - thh = 9

&>

where £ is the streamline curvature and §/ds is the directional derivative along s
(Pallas-Sanz and Vitdez, 2007). The first term on the rhs of (3.7) is the speed acceler-
ation and the second term is the centripetal acceleration. As the horizontal advective
acceleration clearly points to the eddy center (Fig. 3.10c), it is strongly suggested that
the centripetal acceleration dominates the distribution. As a conclusion, horizontal

ASC within the PUMP eddy is mainly driven by the centripetal acceleration.

3.3.6 Interpretation of the sources of ASC

The forcing term Sprr can be decomposed into two components:

Sper =2V - Qn =2V, - (Vauy - Vib) = 2V3uy, - Vib +2Viuy : Vi, (Vib),

and, using the thermal wind balance relation, V;,b = k x u, and the approximation

V%uh ~ k x V;( (Pallas-Sanz and Vitudez, 2005) Spgr can be written as:

Sper = 2f(kx V() (kxul)+2Viuy, : Vi (Vib) =2fud-V,(+2Vpuy, 0 Vi (Vib).

The first term is the horizontal advection of vertical relative vorticity by the
geostrophic vertical shear, and the second term is related to a correlation between
spatial changes of u;, and V,b. A scale analysis of these two components shows
similar orders of magnitude and, hence, both terms contribute to the Spgr forcing

term. On the other hand, Sapy can be approximated as the horizontal advection of
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vertical relative vorticity by the ageostrophic vertical shear,
Sapv = [ - Viwp~ f(kxuf,) - (k x V() ~ fuf, - V(.

A comparison of the magnitudes of Sprr and S4py forcing terms reveals the dom-

inance Of SADV (SDEF/SADV ~ 04:)
ful, V¢ > 2ful - Vil +2Viauy : Vi (Vib).

Hence, the sources of vertical motion are mainly driven by the horizontal advection
of vertical relative vorticity by the ageostrophic vertical shear, fuj, - V(. The im-
portance of including this term in the omega equation was already demonstrated
by Vitdez and Dritschel (2004). Pallas-Sanz and Viadez (2005) found that the most
important forcing term was the horizontal advection of vertical relative vorticity by
the total vertical shear. We demonstrate that, for the PUMP eddy, the advection is
mainly due to ageostrophic vertical shear.

The horizontal ASC within the PUMP eddy is anticyclonic (juy| = |[uf + u9| >
|uf|) and mainly driven by horizontal advective acceleration which, in turn, is dom-
inated by the centripetal acceleration of the flow. The former methodology to es-
timate the horizontal ageostrophic velocity from the residual of the total (ADCP)
horizontal velocity and the geostrophic velocity carries some uncertainty associated
with the computation of the geostrophic velocity using thermal wind balance. For
the PUMP dataset, the anticlockwise rotation of the horizontal advective acceleration
within the PUMP eddy core agrees well with the diagnosed horizontal ASC. Hence,
the results suggest that this method of obtaining the horizontal ASC from centripetal

acceleration is viable but does depend on the quality of the ADCP measurements.

3.3.7 Total vertical fluxes

The vertical heat flux is defined as T'w’, where T’ = T —(T) iy, w’ = w—{(w) g and () g
represents the horizontal average within the eddy core. In the same way, the vertical
potential vorticity (II) flux is expressed as IT'w’. Vertical profiles of the horizontal

averages of both fluxes are shown in Fig. 3.11. The (T"w’) z has negative values
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FIGURE 3.11: Horizontally averaged (a) vertical heat flux, (T"w')u,
and (b) vertical potential vorticity flux, (Il'w')g, as a function of
depth.

between the surface and 100 m depth, indicating that vertical motions act to cool
the upper layers. On the other hand, below 200 m depth the horizontally averaged
vertical heat flux has positive values, indicating that the vertical velocity is warming
the deeper layers. The vertical profile of the horizontal average of the II flux has
negative values in the upper 100 m and is nearly zero below. This indicates a loss
of IT in the upper layers. The intrathermocline eddy temperature anomaly field is

characterized by a cold cap within the seasonal pycnocline and a deeper warm core
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between 200 and 500 m depth, while the IT anomaly field is characterized by negative
values in the seasonal pycnocline (Barcel6-Llull et al., 2017b). These results suggest
that vertical velocity contributes to the maintenance of the typical characteristics of

the intrathermocline eddy.

3.4 Discussion

The vertical velocity distribution within the intrathermocline eddy is mainly char-
acterized by extreme values at the eddy periphery, while at the eddy center vertical
motions are negligible (Figs. 3.3 and 3.4). The DCM distribution reveals higher
concentration of chlorophyll-a at the eddy periphery, while at the eddy center the
concentration is minimum with values similar to those outside the eddy region (Fig.
3.5). Annular ring-shaped patterns of CHL have been observed around anticyclones
in different regions of the global ocean from satellite data (McGillicuddy, 2016): Mi-
zobata et al. (2002) in the Bering Sea, Kahru et al. (2007) in the Southern Ocean,
and José et al. (2014) in the Mozambique Channel. To explain this eddy boundary
enhancement, two mechanisms have been proposed: lateral entrainment and local
enhancement (McGillicuddy, 2016). Our results suggest that the higher chlorophyll-
a concentration around the PUMP eddy may be due to the deeper upwelling cell
(Figs. 3.3c and 3.4) which would introduce nutrients to the euphotic layer, while in
the upper layers the small upwelling cells would redistribute the nutrients within
the euphotic layer. The time expected for biological removal of the introduced nutri-
ents is quicker than that of the vertical velocity supply/subduction (McGillicuddy
etal., 1998; Mahadevan et al., 2008). Hence, the upwelled nutrients would be rapidly
assimilated by phytoplankton around the eddy periphery and distributed by the
horizontal flow that is several orders of magnitude larger than the vertical motions.

Several dynamical mechanisms have been proposed to explain the physical pro-
cesses responsible for creating the observed biological patterns within mesoscale
eddies. According to the eddy pumping mechanism, the doming of the seasonal py-
cnocline would induce an input of nutrients and high chlorophyll-a concentrations
within the cores of intrathermocline eddies. This enhancement has been observed in

the Sargasso Sea (McGillicuddy et al., 1998), but it is not the case for the PUMP eddy
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(Fig. 3.5). On the other hand, linear Ekman pumping, which predicts a monopole
of positive vertical velocities within anticyclonic eddies (Martin and Richards, 2001),
has been computed for the PUMP eddy and is weaker than the nonlinear contribu-
tion to the eddy-wind interaction (Figs. 3.9c, d). The nonlinear Ekman pumping
within the PUMP eddy induces a dipolar distribution of w with maximum values
of £ 0.5 m d~! at the base of the Ekman layer, located at 32 m. Hence, the non-
linear Ekman pumping has to be compared with the horizontal distribution of the
diagnosed w in the upper layers (Fig. 3.3a). Its multipolar structure differs from
the nonlinear Ekman pumping dipolar pattern; nevertheless, the w4py contribu-
tion within the seasonal pycnocline (Fig. 3.7b) is also characterized by a dipolar
pattern with similar maximum values. Hence, the w distribution in the upper lay-
ers may be partly explained by nonlinear Ekman pumping. On the other hand, the
wpgr contribution in the upper layers (Fig. 3.7a) is characterized by an octopolar
pattern with alternating upwelling/downwelling cells. Buongiorno Nardelli (2013)
proposed vortex Rossby waves as a possible mechanism for modulating the verti-
cal velocity field within mesoscale eddies. Although this hypothesis is difficult to
demonstrate, wpgr shows an azimuthal wavelike distribution with a wavenumber
of 4.

The wapy contribution within the depressed main pycnocline has a dipolar
structure (Fig. 3.8b) with a broader and intenser downwelling cell in the west and
a weaker upwelling cell in the east. The nonnegligible ageostrophic horizontal ve-
locity over the whole water column (Fig. 3.10) suggests the possibility of deep wind
influence. On the other hand, wpgr has a quadripolar structure (Fig. 3.8a) already
predicted by Viadez and Dritschel (2003) with a primitive equation model. The w
dipolar structure within an intrathermocline eddy was first seen south of Fuerteven-

tura by Benitez-Barrios et al. (2011) from low-resolution in situ data.
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3.5 Conclusions

For the first time we have estimated the ASC within an anticyclonic intrathermocline
eddy from high-resolution quasi-synoptical 3D observational data. The intrathermo-
cline eddy is characterized by two different horizontal distributions of w. In the sea-
sonal pycnocline, the w distribution is characterized by alternating upwelling and
downwelling cells located at the eddy periphery. Below 85 m depth (main pycno-
cline) the w distribution changes gradually in depth toward a dipolar pattern with a
downwelling cell on the western edge of the eddy and an upwelling cell on the east-
ern edge of the eddy. Maximum values of w of -6.4 m d ! and 3.4 m d~! are located
between 160 and 185 m depth. A similar w magnitude was found by Benitez-Barrios
et al. (2011) within an intrathermocline eddy south of Fuerteventura island. In the
upper layers, the w multipolar distribution may be the result of a combination of
nonlinear Ekman pumping with modulation by vortex Rossby waves, although the
latter is difficult to demonstrate with the available data (Buongiorno Nardelli, 2013).
The deeper w dipolar distribution suggests the possibility of a deep wind influence
through relatively intense ageostrophic vertical shear. The wpgr contribution in the
deeper layers has a quadripolar distribution already predicted by theoretical models
(Viadez and Dritschel, 2003). The interaction of both contributions, wpgr and wapy,
gives rise the final w dipolar distribution already detected from low-resolution data
by Benitez-Barrios et al. (2011) in the region of study. The wpgr contribution in the
whole water column is mainly dominated by its geostrophic counterpart; hence, the
w distribution within the PUMP eddy is mainly driven by both wprrg and wapy.
These contributions can be interpreted respectively as the horizontal deformation of
the density field by the geostrophic velocity and the advection of vertical relative
vorticity by the ageostrophic vertical shear.

Our observations from in situ data reveal that a typical intrathermocline eddy
under typical atmospheric forcing enhances chlorophyll-a concentration, and this
enhancement occurs at the eddy periphery instead of at the eddy center. This co-
incides with the occurrence of upwelling cells along the eddy periphery that may
bring nutrients to the euphotic layer. Our analysis suggests that part of these cells

may be result of eddy-wind interaction through nonlinear Ekman pumping, but also
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other processes may be at work, such as the plausible occurrence of vortex Rossby
waves.

The horizontal ageostrophic velocity acts to close the dipolar vertical velocity
distribution within the intrathermocline eddy. The anticyclonic horizontal ASC is
proportional to the anticlockwise rotation of the horizontal advective acceleration,
which is mainly dominated by the centripetal acceleration. Vertical velocities main-
tain the intrathermocline eddy structure through fluxes of heat and potential vortic-
ity. The vertical velocity acts to cool the upper layers and warm the deeper layers,
while contributing to a loss of potential vorticity in the seasonal pycnocline.

Though more experimental studies are needed to corroborate the generality of
these results, we conclude that the dipolar distribution of mesoscale vertical veloc-
ity in the PUMP eddy is robust and may be ubiquitous in wind-forced and ellipti-
cally shaped anticyclonic intrathermocline eddies in the Canary Eddy Corridor. This
result contrasts with the quadripolar distribution of w expected in an f-plane and
non-forced numerical elliptical anticyclone (Vitddez and Dritschel, 2003). The rea-
sons for this difference between theory and observations are expected to be a source

of future work.
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Chapter 4

Validation of a multivariate global
ocean state estimate with

high-resolution in situ data

Barcelo6-Llull, B., Pascual, A., Mason, E., and Mulet, S. Validation of a multivariate

global ocean state estimate with high-resolution in situ data, in prep.

Abstract

Validation of the new products developed in operational oceanography is of funda-
mental importance in order to provide high quality data management procedures. A
multivariate global ocean state estimate (ARMOR3D), which merges remote sensing
observations with in situ vertical profiles of temperature and salinity, is validated
here with independent high-resolution in situ observations. Apart from the valida-
tion of the hydrography, it is performed a validation of derived variables such as
the quasi-geostrophic (QG) vertical velocity. The final objective of this study is to
assess the ability of the reanalysis technique to describe the three-dimensional (3D)
hydrography and dynamics of mesoscale eddies. In situ CTD and horizontal current
observations are obtained from an oceanographic cruise near the Canary Islands
in the northeast Atlantic ocean. An anticyclonic intrathermocline eddy was inten-
sively sampled using CTDs, acoustic Doppler current profiler (ADCP), microstruc-
ture turbulence profiler, water samples and buoys. Comparison between these data

and contemporaneous ARMOR3D data is done over (i) a high-resolution meridional
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transect crossing the eddy center and (ii) a 3D grid centered on the eddy center and
covering the eddy region. The ARMOR3D product is able to reproduce the hydro-
graphic vertical structure of the independently sampled eddy below the upper sea-
sonal thermocline. ARMOR3D density fields also show the observed elliptical eddy
shape, with the major axis oriented NW-SE, and a deceleration of the flow at the
northern edge of the eddy. The ARMOR3D geostrophic flow is surface intensified
and underestimated by a factor of 2, which implies an underestimation of the Rossby
number by a factor of 3. High correlation coefficients are obtained for the density,
geostrophic velocity and Rossby number fields within the eddy region. Despite the
underestimation, inferred quasi-geostrophic (QG) vertical velocity patterns have the
same multipolar distribution observed in the in situ-derived QG vertical velocity.
The QG vertical velocity is characterized by an octopolar pattern with the magni-

tude underestimated by a factor of 3 to 4.

41 Introduction

Advancement in our knowledge of the ocean depends profoundly on high quality
three-dimensional (3D) observations of the global ocean. However, in situ oceano-
graphic sampling strategies only cover specific regions of the ocean during short
periods of time, providing knowledge of specific oceanographic features. Moreover,
synopticity is a key factor in the in situ sampling of the ocean, partly solved by satel-
lites which are able to sample the globe in a short period of time. Despite the global
coverage of the remote sensing observations, they only provide a surface view of
the ocean. In order to complement satellite observations, the ARGO project yields
real-time in situ vertical profiles of temperature and salinity in a global, but sparse,
grid.

In order to take advantage of the global coverage of remote sensing observations
and the available in situ vertical profiles of temperature and salinity, Guinehut et al.
(2012) achieved the first attempt to merge remote sensing observations (sea level
anomaly, SLA, and sea surface temperature, SST) with in situ temperature and salin-

ity vertical profiles (XBTs, CTDs, moorings and ARGO profiles) to empirically infer
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3D upper-ocean structure. This multivariate observation-based product, named AR-
MOR3D, provides global 3D data sets of temperature and salinity on a 1/4° Mercator
horizontal grid with weekly temporal resolution. The period available is from 1998
to 2009 and the product is freely available.

Several studies have taken advantage of the ability of this innovative product
to analyze mesoscale dynamics. Buongiorno Nardelli et al. (2012) carried out the
first attempt to apply the quasi-geostrophic (QG) approximation to the observation-
based product in order to map 3D mesoscale dynamics. Pascual et al. (2015) and
Barcelo-Llull et al. (2016) derive the QG mesoscale vertical velocity from the AR-
MOR3D fields in order to analyze its distribution in different regions of the global
ocean as well as its contribution to nutrient advection and phytoplankton growth.
On the other hand, Mason et al. (2017) construct eddy-centric composites of tracers,
geostrophic currents and QG vertical velocity diagnosed from ARMOR3D in the en-
ergetic Brazil-Malvinas Confluence region. Through subregional composites they
are able to reveal and analyze mesoscale eddy heterogeneity.

Besides the growing capacities of the new products developed in operational
oceanography (Schiller and Brassington, 2011; Bell et al., 2015; Chakraborty et al.,
2015; Le Traon et al., 2015; Hernandez et al., 2015; Kaurkin et al., 2016; Sotillo et al.,
2016), the validation of these products with high-resolution in situ data is of funda-
mental importance in order to provide high quality data management procedures.
The objective of the present study is to validate the innovative ARMOR3D prod-
uct with high-resolution in situ CTD and horizontal current observations obtained
from the intensively sampling of an anticyclonic intrathermocline eddy inside the
Canary Eddy Corridor in the northeast Atlantic (Sangra et al., 2009; Barcel6-Llull
et al.,, 2017b). Apart from the validation of the hydrographic structure, we also val-
idate derived variables such as the QG vertical velocity that has previously been
computed and analyzed from ARMOR3D fields but has not yet been validated with
in situ data. The last objective is to prove the capability of the ARMOR3D product to
detect mesoscale eddies and reproduce their hydrographic and dynamic 3D struc-
ture. In Section 4.2 we describe the data set used for the validation, in Section 4.3 we
expose the results from the comparison, and in Section 4.4 we summarize the main

conclusions.
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4.2 Data and methods

4.2.1 Temperature, salinity and geostrophic currents from ARMOR3D

The ARMORS3D product is a multivariate global ocean state estimation which pro-
vides weekly 3D synthetic temperature and salinity fields in a 1/4° horizontal Mer-
cator grid with 33 unevenly spaced layers between the surface and 5500 m depth
(Guinehut et al., 2012). The observation-based product combines remote sensing ob-
servations (SLA and SST) with in situ vertical profiles of temperature and salinity
(mainly from Argo) using statistical methods. From the resulting global 3D data set
of temperature and salinity, the geostrophic currents are estimated through the ther-
mal wind relation considering the reference level at the surface, where geostrophic
currents are derived from altimetry (Mulet et al., 2012). Mulet et al. (2012) also per-
form a validation of the ARMOR3D product by comparison with model reanalysis
and in-situ observations (ANDRO current velocities from Argo floats displacements
and velocity measurements from the RAPID-MOCHA current meter array). The
multivariate ocean state data set is freely available for the Copernicus Marine Envi-
ronment Monitoring Service (CMEMS) users. The version used here is the near-real-
time ARMORS3D L4 analysis (the product available at the time of the study) which
uses near-real-time altimetry maps that benefit from the same improvements done
for DT14 altimetry reprocessing (Capet et al., 2014a; Pujol et al., 2016). However, a
consistent ARMOR3D 1993-2016 reprocessing is also available. The date used for the
comparison is 10 September 2014, although for the QG vertical velocity estimation
we have also used the fields for 3 September 2014. In order to compare with the
in situ data set, we used TEOS-10 algorithms to compute conservative temperature,
©, absolute salinity, S, and potential density anomaly, og, from the ARMOR3D

temperature and practical salinity (Feistel, 2003, 2008).

4.2.2 High-resolution in situ data set

High-resolution in situ data are obtained from the interdisciplinary sampling of the
subtropical intrathermocline eddy PUMP (Barceld-Llull et al., 2017b). The eddy was
shed by the island of Tenerife in May 2014, and the survey took place 4 months later

in a region 550 km to the southwest (Fig. 4.1). The sampling strategy included a
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meridional transect crossing the eddy center consisted of 24 CTD stations 5 nautical
miles apart and to a nominal depth of 1000 m (named the Le Tourmalet transect), and
a 3D grid centered on the eddy center consisted of six SeaSoar and three discrete
CTD zonal transects 90 nautical miles long. The SeaSoar provided vertical profiles
from 10 m down to 325 m separated by 4 km, while the rosette stations were 10 nauti-
cal miles apart with a nominal depth of 400 m. The 3D survey was conducted over 5
days (6-11 September) and the Le Tourmalet transect was sampled over 3 days (12-15
September). The 3D sampling was centered at (20.1°W, 26.1°N) while the Le Tour-
malet transect crossed the eddy center at 20.3°W as the eddy moved westward with
a translation speed of 4 km d~!. Raw data files were processed with Sea-Bird SEA-
SOFT (http://www.seabird.com/software/softrev.htm). We used TEOS-
10 algorithms to compute conservative temperature, ©, absolute salinity, S4, and
potential density anomaly, og (Feistel, 2003, 2008).

In all phases, current velocities were measured continuously using a hull-
mounted acoustic Doppler current profiler (ADCP) working at 75 kHz. The potential
density anomaly and horizontal velocity fields obtained from the 3D sampling were
objectively interpolated onto a regular grid with a horizontal resolution of 0.1° (Lx =
Ly = 40 km) and a vertical resolution of 8 m. Geostrophic velocities were diagnosed
from the 3D potential density anomaly through thermal wind balance, imposing the
ADCEP velocity at the reference level (325 m depth). See Barcelé-Llull et al. (2017b,a)

for detailed description of the sampling strategy and data processing.

4.2.3 QG vertical velocity

Vertical velocity is inferred by integrating the QG omega equation (Hoskins et al.,
1978) using the geostrophic velocity and density fields from the ARMOR3D product,

obtaining wggar, and from the in situ data, obtaining wgais:

N2V2w + f(f + (Dw.. = 2V, - QY, (4.1)

where f = 6.4 x 107° s7! is the Coriolis parameter (considered constant and com-

uted at the mean latitude); N? = —gagp. is the Brunt-Viisild frequency, where
p p q Y
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ap = py ' is the mean specific volume, g is gravity, p is density and subscript z indi-
cates a vertical derivative; (9 = v — uj is the geostrophic vertical relative vorticity,
where x and y subscripts represent partial derivatives in the eastward and north-
ward directions; and the QY vector is defined as QY = thz - Vb, where b = pgayg
is the buoyancy. Vertical velocity is set to zero at the boundaries of the domain.
Previous studies have demonstrated w¢¢ to be largely independent to the choice of

boundary conditions a few grid points away from the boundary (e.g. Pascual et al.,

2004).

4.3 Results

Five months before the cruise, Barcel6-Llull et al. (2017b) periodically monitored the
signature of the eddies generated by the Canary Islands in SLA maps provided by
AVISO in order to select an anticyclonic eddy with a robust signature to be the tar-
get for their study. In the first stage of the eddy survey, with the aim to precisely
detect the eddy center with perpendicular Seasoar transects, they realized that the
real eddy size was smaller than was expected from the SLA maps. The overestima-
tion of the eddy size in the SLA maps may be due to their lower resolution (1/4°)
and the correlation scales used to construct the product. As the ARMOR3D dynamic
height (dh) is derived from altimetry, this characteristic is also reflected in its signa-
ture as can be seen in Fig. 4.1, where the magenta box delimits the eddy region
considering an in situ-derived radius of 46 km (Barceld-Llull et al., 2017b), while the
cyan box highlights the eddy region from the dh signal.

The in situ meridional transect performed from 12 to 15 September 2014 allows
comparison of the hydrography and dynamics of the eddy from the surface to 1000
m depth. Vertical sections of conservative temperature and absolute salinity anoma-
lies (computed with respect the averaged value for each depth layer) for the in situ
2D transect and the ARMORS3D product are represented in Fig. 4.2. The PUMP eddy
is characterized by a narrow cold and fresher upper layer located at 30 m depth
and by an eddy hydrographic core centered between 200 and 500 m depth that is
warmer and saltier than the surrounding waters (Barcel6-Llull et al., 2017b). The AR-

MOR3D conservative temperature anomaly also shows a warm region between 200
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FIGURE 4.1: Absolute Dynamic Topography (ADT) with geostrophic

velocity vectors at the sea surface from the ARMOR3D product (10-

09-2014). Cyan box delimits the eddy region from the ARMOR3D

data. Magenta box delimits the real eddy size from the in situ eddy
data.

and 500 m depth with maximum values of ~+0.7 °C, in agreement with the location
of the eddy hydrographic core. However, the upper layer in the ARMOR3D field
is warmer than the surrounding waters. The ARMOR3D absolute salinity anomaly
also reflects the presence of the PUMP eddy between 200 and 500 m depth, although
the saltier region is slightly vertically tilted to the south. The temperature and salin-
ity anomalies introduced by the eddy in the ARMOR3D fields are smaller than in
the high-resolution in situ fields.

The ARMORS3D density field, mainly dominated by temperature, is well corre-
lated with in situ observations (black contours in Fig. 4.3a). The ARMOR3D field
shows a depression of the isopycnals below 100 m and between 25°N and 27.5°N in
accordance with the presence of an anticyclonic eddy, while the seasonal pycnocline
remains flat. The ARMOR3D isopycnals are smoothed due to the lower resolution
of this field in comparison with the in situ data, however the main pycnocline re-
sembles well the depression depicted in the in situ data. Moreover, the eddy signal
can be observed from 100 m to the maximum sampled depth (1000 m) in both fields.
The upper doming of the seasonal pycnocline observed in the in situ data is the re-
sult of thermal wind balance in accordance with the vertical shear induced by the

subsurface intensified anticyclonic flow (Barcel6-Llull et al., 2017b). On the other
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FIGURE 4.2: Meridional sections of conservative temperature (a) and
absolute salinity (b) anomalies computed with respect the averaged
value for each depth layer from the in situ Le Tourmalet transect (left
panels) and the ARMORS3D product (right panels). The meridional
sections are taken along 20.1°W for the ARMORS3D data and along
20.3°W for the in situ data in order to cross the eddy center in accor-

dance with each data set.
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FIGURE 4.3: (a) u-component of the ADCP (left panel, in situ Le Tour-
malet transect) and geostrophic (right panel, ARMOR3D data) veloc-
ities with superimposed contours of potential density anomaly, oo,
with a contour interval of 0.1 kg m~3. (b) Radial sections of absolute
azimuthal velocity from the in situ Le Tourmalet transect (left) and
ARMORSD (right). Sections are taken at the depth of maximum az-
imuthal velocity: 97 m (surface) for the in situ Le Tourmalet transect
(ARMOR3D).

hand, the ARMOR3D geostrophic velocities have higher values at the surface and,
in accordance with thermal wind balance, the upper pycnocline remains flat.

The horizontal velocity measured with the ADCP during the meridional transect,
which includes geostrophic and ageostrophic motions, has maxima of 0.38 (-0.35) m

s~1 at 81 (97) m, while the ARMOR3D geostrophic velocity has maxima of 0.11 (-0.19)
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m s~ ! at the sea surface (Fig. 4.3a). The anticyclonic circulation in the ARMOR3D
tield extends from ~24.5°N to ~27.5°N in the upper layers with the maximum inten-
sification concentrated in the upper 500 m depth, defined as the eddy base from in
situ observations (Barcel6-Llull et al., 2017b) although eddy influence is apparent at
least until the maximum sampled depth (1000 m). From radial sections of azimuthal
velocity at the depth of maximum intensification of the anticyclonic flow we may
define its distribution as a Rankine profile in both data sets, with a linear increase
of the azimuthal velocity from the eddy center to the eddy core edge (defined as the
inner eddy region that is in near solid body rotation) and a slow decrease outside
the eddy core. With the radial sections represented in Fig. 4.3b we can locate the
eddy core edge at 30 km from the eddy center for the in situ data and 78 km for AR-
MOR3D. With the linear adjustment within the eddy core, we can obtain a period
of rotation and Rossby number, Ro=(/f, at the eddy center of 3.7 days (24.8 days)
and Ro = 0.61 (0.09) with the in situ (ARMOR3D) data. However, these results are
sensitive to the low resolution of the ARMOR3D data.

In order to better compare both data sets and using the in situ 3D fields, we have
taken advantage of a normalization of the axis in accordance with the in situ-derived
eddy radius, r;s = 46 km, and an estimated ARMOR3D radius of 74, = 2r;s = 92 km
(estimated from density and dh fields). Horizontal maps of the density field with su-
perimposed vectors of geostrophic velocity for different depth layers are represented
in Fig. 4.4. The eddy has a similar elliptical shape with the major axis oriented NW-
SE in both data sets. The slight difference in magnitude is due to the shallower
depression of the ARMOR3D isopycnals in comparison with the deeper depressed
in situ isopycnals as can be observed in Fig. 4.5a (black contours). However, in the
main pycnocline both data sets are well correlated with a correlation coefficient of
0.7-0.8 (Fig. 4.5b). The upper anticorrelation within the seasonal pycnocline is due to
the dome-shape of the in situ isopycnals mentioned previously. On the other hand,
in situ geostrophic velocity magnitude is double the ARMOR3D geostrophic velocity
magnitude with a similar deceleration of the flow at the northern part of the eddy
(Fig. 4.4). Correlation coefficients are high over all of the water column (Fig. 4.5b).

The scaled geostrophic vertical relative vorticity, Ro,=¢?/ f, is represented in Fig.
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FIGURE 4.4: Horizontal sections of the potential density anomaly

field, oo, at different depths with superimposed vectors of

geostrophic velocity. Left (right) panel in each subplot represents the

in situ (ARMORS3D) data. The longitude and latitude coordinates of

the eddy are normalized by the eddy radius: 46 (92) km for the in situ
(ARMORSD) data.

4.5a and shows different vertical distributions for each data set related to the subsur-
face intensification of the in situ flow in contrast to the surface intensified ARMOR3D
flow. The ARMORSD field has an extreme value at the eddy center of Ro,=-0.16,
while with the in situ data we obtain a Roy=-0.46, almost three times larger. The cor-
relation coefficient between both fields remains high in all the water column, 0.6-0.7.

QG vertical velocity has been estimated for both data sets. For the ARMOR3D
case, we have derived the wggq, for two consecutive weeks: 03-09-2014 and 10-09-

2014, as the in situ 3D sampling was carried out in the middle of this two dates.
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FIGURE 4.5: (a) Vertical section along 26.1°N of the geostrophic ver-
tical relative vorticity scaled by the planetary vorticity (Ro, = ¢9/f).
Contours represent the potential density anomaly, g, with a contour
interval of 0.1 kg m~3 for reference. Left (right) plot shows the in situ
(ARMOR3D) data. The longitude coordinate is normalized by the
eddy radius: 46 (92) km for the in situ (ARMOR3D) data. (b) Corre-
lation coefficient of the in situ and ARMOR3D fields within the nor-
malized eddy region. Black line is the potential density anomaly cor-
relation coefficient, dark grey lines are the geostrophic velocity corre-
lation coefficients, while light grey is the Ro, correlation coefficient.

Horizontal maps of the inferred QG vertical velocity are represented in Fig. 4.6. The
wQais has two different horizontal distribution in the seasonal and main pycnoclines
(Barcel6-Llull et al., 2017a). A horizontal map of the wgas at 50 m depth (Fig. 4.6a)
shows the multipolar distribution typical for the upper layers, composed by small
cells with alternate signs located along the eddy periphery. At the main pycnocline
(Fig. 4.6¢), the wggis distribution is characterized by a quadripolar pattern. On the
other hand, wggq, is characterized by the same horizontal distribution in all the
water column (Figs. 4.6b and d). Its distribution is also composed of small cells
with alternate signs located along the eddy periphery. More precisely, it shows 8
cells with alternate signs, as is the case for the wggis at 50 m depth (Fig. 4.6a).
In consecutive weeks the location of the cells seems to be slightly rotated. If we
compare the wggq, distribution in 03-09-2014 with wgais at 50 m depth, we observe
that the upwelling and downwelling cells are located at similar azimuthal positions
in both cases. Besides this striking similarity, an underestimation of the magnitude

of wgaar is observed in comparison with wggis, which is 3 to 4 times higher.
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FIGURE 4.6: QG vertical velocity estimated with the in situ data (a
and c) and with the ARMOR3D product (b and d) for two consec-
utive weeks (03-09-2014 and 10-09-2014). Upper (lower) plots show
the QG vertical velocity at ~ 50 (150) m depth. Contours of poten-
tial density anomaly, o, are represented for reference with the same
contour levels as Fig. 4.4. The longitude and latitude coordinates of
the eddy are normalized by the eddy radius: 46 (92) km for the in situ
(ARMORSD) data.

4.4 Concluding remarks

We have presented a validation of the ARMOR3D hydrographic and dynamic fields
with high-resolution in situ observations in order to analyze the ability of the AR-
MOR3D product to describe the 3D structure of mesoscale eddies. ARMOR3D is
capable of reproducing the hydrographic vertical signature of the eddy below the
seasonal pycnocline although it inherits the overestimation of the eddy size by a
factor of 2 from altimetry. The elliptical eddy shape is well characterized by the AR-
MOR3D density field as well as the deceleration of the flow at the northern edge
of the eddy. ARMOR3D resolves a surface intensified eddy with geostrophic cur-

rents underestimated by a factor 2, while the Rossby number is underestimated by
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a factor of 3. Inferred QG vertical velocity resembles well the in situ-derived QG
vertical velocity distribution typical of the upper layers, with a magnitude 3 to 4
times smaller. In conclusion, the ARMOR3D product is capable of describing the
3D signature of the eddy with an underestimation of the geostrophic and QG verti-
cal velocities. Moreover, in addition to the near-real-time ARMOR3D product used
here, a full reprocessing exists and slightly improves the results.

Data from multiplatform experiments such as PUMP can play an important role
in validation of products such as ARMOR3D, and we expect to see more exemplars
in the future as the need for and benefit of these types of experiment become appar-
ent (Shcherbina et al., 2015; Pascual et al., 2017). These approaches are complemen-
tary to the traditional statistical validations such as by, e.g., Guinehut et al. (2012)
and Mulet et al. (2012). The ARMORS3D data used here clearly benefited from the si-
multaneous presence of three Argo floats near/within the sampling area. However,
multiyear subregional eddy composites based on ARMOR3D tracers and velocities
have been shown to be statistically robust at the Brazil-Malvinas Confluence (Mason

et al., 2017), suggesting that ARMORB3D eddies are generally well resolved.
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Part I11

General conclusions and future

perspective
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In this thesis we have analyzed different aspects of mesoscale dynamics with
emphasis on the anatomy of an anticyclonic intrathermocline eddy and mesoscale
vertical motions. In Chapter 1 we demonstrate the importance of vertical motions
on driving nutrient fluxes from the deep ocean to the euphotic zone in regions with
mesoscale activity (as meanders and eddies) and pre-existing vertical gradients of
nutrients. The Lagrangian simulations reveal that vertical motions may account for
local increases of nitrate uptake rates of up to 30% in oligotrophic regions with mod-
erate mesoscale activity.

The high mesoscale activity characteristic of the Canary Eddy Corridor makes
it suitable for the study of the hydrography and dynamics of mesoscale eddies, in-
cluding the ageostrophic secondary circulation and its impact on marine ecosystems.
With this aim it was conduced the interdisciplinary sampling of the PUMP eddy. In
Chapter 2 we describe the sampling strategy, the resulting dataset, and the anatomy
of the eddy. The PUMP eddy was generated at the Tenerife Island in May 2014. The
survey took place in September 2014, when the PUMP eddy was 4 months old, at its
mature stage, 550 km to the southwest of the eddy generation region. The sampling
effort included transects crossing the eddy center with continuous tows of a CTD
probe on an undulating vehicle (SeaSoar), a 3D grid centered on the eddy center
consisting on SeaSoar and rosette zonal transects spaced 10 nm apart, and a near
submesoscale meridional transect crossing the eddy center with 24 CTD stations
spaced 5 nm, microstructure measurements, and water samples for biogeochemical
studies. Current velocities were measured continuously using an ADCP. With these
data we have been able to analyze the 2D eddy signature from the surface to 1000 m
depth, and the 3D eddy structure to a maximum depth of 325 m.

The anatomy of the eddy can be summarized as follows. The PUMP eddy is an
intrathermocline eddy characterized by a biconvex shape of the isopycnals with a
subsurface intensification of the flow located around 85 m depth, which we named
the eddy dynamical core. The eddy has as a particular feature the presence of a
homogeneous layer of subtropical mode water centered at 225 m depth. The bicon-
vex shape of the eddy and the presence of a homogeneous layer are in accordance

with the occurrence of two minimums of PV as the decrease of stratification reduces
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PV through the stretching term. The eddy has a radius of 46 km and a vertical ex-
tension of 500 m, although it influences the water column to at least 1000 m depth.
The doming of the upper layers induces a denser and colder narrow region, while
the deeper depression of the main pycnocline, thermocline, and halocline leads a
lighter, warmer, and saltier region between 200 and 500 m depth that we named the
eddy hydrographic core. This eddy region is also characterized by a relative maxi-
mum of DO. The horizontal density field reveals an elliptical eddy shape. The eddy
has a central core that is in near solid body rotation with a period of ~4 days sur-
rounded by a narrow outer ring that rotates slowly. The maximum Rossby number
within the eddy is 0.6, hence, the eddy is moderately ageostrophic. As a particular
characteristic of the PUMP eddy it has a larger content of kinetic energy than avail-
able potential energy. The eddy has the capacity of trapping fluid within its core
with little mixing with the surrounding waters. The contents of available heat and
salt anomalies within the eddy have been computed. These contents, in terms of
units per volume, are higher than those estimated in other intrathermocline eddies
of the California EBUS and PCCS.

As already mentioned, in Chapter 1 we have added evidences to the impor-
tance of mesoscale vertical motions on sustaining primary production. In particular,
mesoscale eddies are associated with important biogeochemical activity. However,
the details of the vertical velocity field within these features are still under discus-
sion. In Chapter 3 we take advantage of the 3D data obtained during the PUMP
cruise to infer, for the first time, the vertical velocity field within an intrathermo-
cline eddy through the integration of a generalized omega equation valid for the
high Rossby regime. The inferred mesoscale vertical velocity has two different hor-
izontal distributions: in the seasonal pycnocline it is characterized by a multipolar
distribution along the eddy periphery, while in the main pycnocline it has a dipolar
distribution with a downwelling cell on the west and an upwelling cell on the east.
Maximum values of mesoscale vertical velocity are located between 160 and 185 m
depth reaching up to 6.4 m d~!. Our observations indicate that the eddy enhances
cholorophyll-a concentration at the eddy periphery, coinciding with the occurrence
of upwelling cells along the eddy periphery that may bring nutrients into the eu-

photic layer.
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We have also analyzed the forcing mechanisms for the inferred mesoscale ver-
tical velocity. In the upper layers, the dominant forcing may be a combination of
nonlinear Ekman pumping and modulation by vortex Rossby waves. In the deeper
layers, the dipolar distribution of mesoscale vertical velocity suggests the possibil-
ity of a deep wind influence through an enhancement of ageostrophic vertical shear.
This dipolar distribution arises from the interaction of the horizontal deformation
of the density field by the geostrophic velocity and the advection of vertical relative
vorticity by the ageostrophic vertical shear. The horizontal ageostrophic secondary
circulation closes the dipolar vertical velocity distribution inside the intrathermo-
cline eddy and is mainly dominated by the centripetal acceleration.

In Chapter 4, the ARMOR3D product used in Chapter 1 is compared with the
independent in situ data obtained from the PUMP survey. ARMOR3D is able to re-
produce the hydrographic vertical structure of the PUMP eddy below the seasonal
pycnocline, and its horizontal elliptical shape. The ARMOR3D flow is surface in-
tensified and also shows velocity asymmetry, that is, a deceleration in the northern
edge of the eddy. The eddy size in the ARMORS3D fields is overestimated by a factor
of 2, while the geostrophic velocity and the Rossby number are underestimated. The
QG vertical velocity inferred with AMOR3D fields resembles the in situ-derived QG
vertical velocity, showing the same multipolar distribution found with in situ data
in the upper layers.

In this thesis we have quantified the importance of the (large) mesoscale vertical
velocities on the injection of nutrients into the euphotic layer in an oligotrophic re-
gion of the world ocean. This quantification is an underestimation of the real vertical
velocity contribution as the ARMOR3D horizontal resolution used for this analysis
is only 1/3°. The eddy sampling carried out within the Canary Eddy Corridor has
provided the necessary high-resolution data to analyse in detail the eddy anatomy
and the induced mesoscale vertical velocity. The inference of the vertical velocity
field within mesoscale eddies requires quasi-synoptic high-resolution 3D fields. Be-
cause of this, there are few studies of ASC in mesoscale eddies, and these analysis
are based on low-resolution data. Hence, the ASC inferred in this dissertation con-
stitutes the first estimation performed within an anticyclonic intrathermocline eddy

with high-resolution in situ data. Moreover, we have provided a detailed analysis of
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the forcing mechanisms responsible for the inferred ASC field.

Besides the advances on the knowledge of mesoscale dynamics provided by this
thesis, more experimental studies are needed to corroborate the generality of these
results. Moreover, a high uncertainty still exists in our understanding of the role
of submesoscale dynamics on the oceanic vertical pump and, hence, more observa-
tional efforts are required to analyze the small scale dynamics (Klein and Lapeyre,
2009; Mahadevan, 2016). Fine resolution satellite observations from the wide-swath
SWOT altimeter will allow unique observations in the 15-100 km range of wave-
length that will bring insight into this issue (Fu and Ferrari, 2008) .

As specific future work, it remains to understand the reason for the difference
between the predicted quadripolar distribution of mesoscale vertical velocity in an
f-plane and non-forced numerical elliptical anticyclonic PV ball (see Part I), and the
dipolar distribution of mesoscale vertical velocity inferred with in situ data shown in
Chapter 3. Also, taking advantage of the demonstrated capacity of the ARMOR3D
product to reproduce mesoscale eddies, we aim to lead a work based on eddy com-
posites of ARMORSD tracers and velocities in the Canary Eddy Corridor to analyze
the mesoscale eddy structure, evolution, and heterogeneity in this highly dynamical

region.
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Part IV

Resumen en espariiol

(Spanish summary)
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Introduccion

Las estructuras ocednicas de mesoescala, como los frentes o los remolinos, tienen
una funcién importante en la circulacién global ocednica mediante la generacién de
flujos de gran escala de calor, sal, momento y trazadores biogeoquimicos (Danaba-
soglu et al., 2012, 2008; Jochum et al., 2008; Griffies, 2004). Ademads, estas estructuras
inducen fuertes velocidades horizontales y verticales que tienen una influencia im-
portante en los procesos biolégicos (McGillicuddy, 2016; Rodriguez et al., 2001; Ma-
hadevan and Archer, 2000). Los afloramientos costeros o las dreas frontales son ejem-
plos de estructuras mesoescalares con intensas velocidades verticales que pueden
contribuir a la introduccién de nutrientes en la capa fética (Mahadevan, 2014).

Un tipo particular de estructuras de mesoescala son los remolinos, estructuras
coherentes del orden de 100 km que tienen la capacidad de atrapar fluido de las re-
giones de formacién dentro de sus niicleos (e.g. Chelton et al., 2011b). Los remolinos
de mesoescala se pueden alejar de la costa durante meses, o incluso afios, con una
velocidad tangencial mayor que la velocidad de translaciéon. En consecuencia, los re-
molinos transportan calor, masa y trazadores biogeoquimicos dentro de sus nticleos
durante largas distancias y, por lo tanto, tienen una contribucién importante en la
circulacién general termohalina, en la distribucién de masas de agua y en la biologia
ocednica (McWilliams, 2008). Ademads, las velocidades verticales dentro de los re-
molinos de mesoescala pueden tener un papel importante en el intercambio vertical
de calor, sal y trazadores biogeoquimicos entre el océano profundo y las capas super-
ficiales (McGillicuddy, 2016). Sin embargo, existe una gran incertidumbre respecto
a los mecanismos mediante los cuales las estructuras de mesoescala, especialmente
los remolinos, influyen en los ecosistemas marinos (e.g. Martin and Richards, 2001;
McGillicuddy et al., 2007, 2008; Chelton et al., 2011a; Buongiorno Nardelli, 2013).

El archipiélago Canario contituye una cadena zonal formada por siete islas situ-
adas al noroeste de Africa. Todas las islas, excepto Fuerteventura y Lanzarote, son
montafiosas con picos que exceden los 1000 m. Las Islas Canarias estan localizadas
en la zona de transicién entre el océano abierto y el afloramiento costero de la costa
noroeste africana, caracterizada por la presencia de la Corriente Canaria y los vien-

tos alisios (Barton et al., 1998; Barton and Aristegui, 2004; Pelegri et al., 2005). Por lo
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tanto, el archipiélago Canario acttia como obstaculo para la Corriente Canaria y los
vientos alisios siendo, en consecuencia, una fuente de generaciéon de remolinos de
mesoescala (Aristegui et al., 1994; Barton et al., 2000; Jiménez et al., 2008; Piedeleu
et al., 2009; Sangra et al., 2005, 2007, 2009).

Los remolinos de mesoescala generados por las Islas Canarias contribuyen al
Corredor de Remolinos de Canarias (CEC), el cual constituye el camino principal
para los remolinos de larga duraciéon (> 3 meses) del Atlantico noreste subtropi-
cal (Sangra et al., 2009). Las caracteristicas geograficas y topograficas de las Islas
Canarias, asi como la presencia del corredor de remolinos, hacen de la regiéon Ca-
naria un laboratorio natural para el estudio de remolinos mesoescalares. Durante las
pasadas décadas varios autores han investigado remolinos generados en esta zona
(e.g. Aristegui et al., 1994; Sangra et al., 2007). Dichos remolinos se generan prin-
cipalmente en primavera y verano (Piedeleu et al., 2009) con diametros similares a
la dimensién de la isla donde se generan y con una extension vertical de 300-700
m. La evolucién del remolino estéd constituida por tres fases: una etapa temprana,
donde el niicleo del remolino, que rota en sélido rigido siguiendo un perfil de Rank-
ine, ocupa todo el remolino; una etapa madura donde el ntcleo estd rodeado por un
anillo que rota mas lentamente, y una etapa de decaimiento en la cual el remolino se
disipa (Sangra et al., 2005, 2007). Los remolinos maduros pueden caracterizarse por
una forma eliptica asi como también circular (Sangra et al., 2005, 2007; Pacheco and

Hernédndez-Guerra, 1999).

Objetivos

El objetivo general de la tesis es investigar las estructuras termohalina y dindmica,
incluyendo la circulacién secundaria ageostrofica, de estructuras de mesoescala
basdndonos en observaciones remotas e in situ, prestando especial atenciéon a los
remolinos de mesoescala y a las velocidades verticales inducidas. Para conseguir
esto utilizamos una reconstruccion basada en observaciones llamada ARMOR3D, la
cual incorpora observaciones remotas (anomalia del nivel del mar y temperatura de
la superficie del mar) con perfiles verticales de temperatura y salinidad de datos in

situ disponibles (principalmente de Argo) para obtener una estimacion del estado
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del océano global tridimensional (3D). Ademds, analizamos datos de alta resolu-
cién obtenidos del muestreo interdisciplinar de un remolino intratermoclino dentro
del Corredor de Remolinos de Canarias. Con estos conjuntos de datos resolvemos
diferentes versiones de la ecuacién omega para diagnosticar la velocidad vertical
mesoescalar y estudiar su contribucién en la distribucién de nutrientes, asi como
también determinar por primera vez a partir de datos in situ de alta resolucién la
estructura 3D de la circulacion secundaria ageostréfica dentro de un remolino in-
tratermoclino mesoescalar.

El muestreo interdisciplinar que tuvo lugar en Septiembre de 2014 tenia como
objetivo principal estudiar la bomba vertical ocednica dentro de un remolino an-
ticiclénico (Klein and Lapeyre, 2009). El remolino muestreado (llamado remolino
PUMP) fue identificado a partir de altimetria y fue intensivamente muestreado con
CTD, ADCP, perfilador de microturbulencia, muestras de agua y boyas. Aqui pre-
tendemos realizar un andlisis detallado de la estructura hidrografica del remolino
PUMP que aportard el conocimiento hidrogréfico necesario para la comprensién de
los procesos dindmicos acaecidos dentro del remolino, por ejemplo, atrapamiento
de ondas quasi-inerciales, circulacién secundaria ageostréfica (Barcel6-Llull et al.,
2017a), mezcla vertical, etc.

A pesar de que el muestreo in situ con alta resolucién de estructuras
mesoescalares es fundamental para describir en detalle la hidrografia y los proce-
sos ocednicos, éste solo es capaz de cubrir cortos periodos de tiempo y reducidas
regiones del océano global. Por ello, se han desarrollado otras metodologias para
analizar la variabilidad espacial y temporal de las estructuras de mesoescala. Dentro
de estos métodos se sittia el producto ARMORSD, el cual proporciona datos globales
y 3D de temperatura, salinidad y velocidad geostréfica con una resolucién horizon-
tal de 1/4°x1/4° y con una resolucién temporal semanal. Aqui vamos a realizar una
validacion del producto ARMOR3D con los datos in situ independientes obtenidos
del muestreo del remolino PUMDP, con el objetivo de demostrar las capacidades del
producto ARMOR3D para detectar remolinos mesoescalares y reproducir su estruc-

tura hidrografica 3D.
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Resumen y conclusiones

En esta tesis hemos analizado diferentes aspectos de la dindmica mesoescalar con
especial atencion a la estructura y circulacién de un remolino intratermoclino an-
ticiclénico. En el Capitulo 1 hemos demostrado la importancia de las velocidades
verticales en la redistribucién de nutrientes en regiones con moderada actividad
mesoescalar. Los resultados demuestran que las velocidades verticales, aunque ten-
gan una magnitud relativamente pequefia, pueden ser importantes en la introduc-
cién de nutrientes dentro de la capa fética en dreas con gradientes verticales de nu-
trientes. Las simulaciones Lagrangianas revelan que las velocidades verticales in-
ducen un aumento local de la asimilacién de nitratos de hasta el 30% en regiones
oligotroficas.

La alta actividad mesoescalar caracteristica del Corredor de Remolinos de Ca-
narias hace de esta regién un lugar idéneo para el estudio hidrografico y dindmico
de remolinos mesoescalares, incluyendo la circulaciéon secundaria ageostréfica y su
impacto en los ecosistemas marinos. Con este objetivo se realiz6 el muestreo inter-
disciplinar del remolino PUMP. En el Capitulo 2 se describe la estrategia de muestreo
seguida, los datos obtenidos y la anatomia del remolino. El remolino PUMP fue
generado por la Isla de Tenerife en Mayo del 2014. El muestreo se realizé en Sep-
tiembre de 2014, cuando el remolino tenia 4 meses de edad, en su fase madura, 550
km al suroeste de la regién de formacién. El muestreo incluy6 transectos cruzando
el centro del remolino con el arrastre continuo de una sonda CTD en un vehiculo
undulante (SeaSoar), una malla 3D centrada en el centro del remolino consistente en
transectos zonales con SeaSoar y roseta separados 10 millas nduticas, y un transecto
meridional cercano a la submesoescala constituido por 24 estaciones CTD separadas
5 nm, medidas de microestructura y muestras de agua para estudios biogeoquimi-
cos. La velocidad de las corrientes horizontales fue medida en continuo usando un
ADCP. Con estos datos hemos podido analizar la sefial 2D del remolino desde la
superficie hasta 1000 m de profundidad, y la estructura 3D hasta una profundidad
maxima de 325 m.

La anatomia del remolino se puede resumir como sigue. El remolino PUMP es

un remolino intratermoclino caracterizado por una forma biconvexa de las isopicnas
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con una intensificacion subsuperficial del flujo alrededor de los 85 m de profundi-
dad. A esta zona de intensificacién subsuperficial la llamamos nticleo dindmico del
remolino. El remolino tiene como caracteristica particular la presencia de una capa
homogénea de agua modal subtropical centrada en 225 m. La forma biconvexa del
remolino y la presencia de una capa homogénea concuerdan con la presencia de dos
minimos de vorticidad potencial (PV) debido a que la disminucién de la estratifi-
cacion reduce la PV. El remolino tiene un radio de 46 km y una extension vertical de
500 m, aunque influencia la columna de agua hasta al menos los 1000 m. El abom-
bamiento de las capas superiores induce una region estrecha densa y fria, mientras
que la depresion de la picnoclina, la termoclina y la haloclina principales da lu-
gar a una region menos densa, mas calida y més salina situada entre 200 y 500 m
que nosotros llamamos ntcleo hidrografico del remolino. Esta region se caracteriza
también por un méximo relativo de oxigeno disuelto (DO). El campo horizontal de
densidad indica que el remolino tiene forma eliptica. El remolino est4 formado por
un nucleo central que rota en sélido rigido con un periodo de ~4 dias rodeado por
un anillo fino que rota mas lentamente. El nimero de Rossby extremo dentro del re-
molino es de -0.6 y, por lo tanto, el remolino es moderadamente ageostréfico. Como
caracteristica particular del remolino PUMP, éste tiene un valor de energia cinética
mayor que el valor de energia potencial disponible. El remolino tiene la capacidad
de atrapar fluido en su ntcleo con poco intercambio con las aguas de alrededor.
Se han calculado los contenidos de calor y sal disponible dentro del ntcleo del re-
molino. Estos contenidos por unidad de volumen son mayores que las estimaciones
correspondientes a otros remolinos intratermoclinos de los EBUS Californiano y de
Peru-Chile.

En el Capitulo 1 hemos dado evidencias de la importancia de las velocidades
verticales de mesoescala en el sustento de la produccién primaria. En particular los
remolinos de mesoescala estdn asociados a una importante actividad biolégica. Sin
embargo, los detalles del campo de velocidad vertical dentro de estas estructuras
estdn atin en discusién. En el Capitulo 3, a partir de los datos 3D obtenidos en la
campafia PUMP, hemos calculado, por primera vez, el campo de velocidad vertical
dentro de un remolino intratermoclino a partir de la integracién de una ecuacién

omega generalizada vélida para valores altos del nimero de Rossby. La velocidad



120

vertical obtenida tiene dos distribuciones horizontales diferentes: en la picnoclina
estacional estd caracterizada por una distribucion multipolar a lo largo de la periferia
del remolino, mientras que en la picnoclina principal tiene una distribucién dipolar
con una celda de subduccién en el oeste y una celda de afloramiento en el este. Los
valores médximos de velocidad vertical se sittian entre 160 y 185 m y llegan a los 6.4
m d~!. Nuestras observaciones indican que el remolino aumenta la concentracion
de clorofila a lo largo de la periferia del remolino, coincidiendo con la presencia de
celdas de afloramiento que podrian introducir nutrientes en la capa fética.

También hemos analizado los mecanismos de forzamiento de la velocidad verti-
cal calculada. En las capas superiores, el forzamiento dominante podria ser una com-
binacién de Ekman pumping no lineal y de una modulacién por ondas de Rossby
de vortice. En las capas profundas, la distribucién dipolar de velocidad vertical sug-
iere la posibilidad de una influencia profunda del viento a través del aumento de la
cizalla vertical ageostréfica. Esta distribuciéon dipolar surge de la interaccién de la
deformacién horizontal del campo de densidad por parte de la velocidad geostroéfica
y la adveccién de vorticidad vertical relativa por parte de la cizalla vertical ageostr6-
fica. La circulacién secundaria ageostrdfica horizontal cierra la distribucioén dipo-
lar de velocidad vertical dentro del remolino intratermoclino, y estd principalmente
dominada por la aceleraciéon centripeta.

In el Capitulo 4 hemos comparado los campos ARMOR3D con los datos in situ
independientes obtenidos de la campafia PUMP. ARMOR3D es capaz de reproducir
la estructura vertical hidrogréfica del remolino PUMP por debajo de la picnoclina
estacional, asi como también su forma horizontal eliptica. La velocidad geostréfica
de ARMORS3D esta intensificada superficialmente y también muestra asimetria, es
decir, una deceleracién en el borde norte del remolino. El tamafio del remolino en
los campos ARMORS3D estéd sobreestimado por un factor 2, mientras que la veloci-
dad geostroéfica y el namero de Rossby estdn infraestimados. La velocidad vertical
quasi-geostréfica (QG) inferida con los campos ARMORS3D se asemeja a la veloci-
dad vertical QG derivada con los campos in situ, mostrando la misma distribucién
multipolar encontrada con los datos in situ en las capas superiores.

En esta tesis se ha cuantificado la importancia de la velocidad vertical
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mesoescalar en la introduccién de nutrientes en la capa fética en una regién oligotré-
fica del océano global. Esta cuantificacion es una infraestimacion de la contribucién
real de la velocidad vertical ya que la resoluciéon de ARMOR3D utilizada para este
analisis es solamente 1/3°. El muestreo del remolino realizado dentro del Corre-
dor de Remolinos de Canarias ha aportado los datos de alta resolucién necesarios
para analizar en detalle la anatomia del remolino y la velocidad vertical mesoescalar
inducida. La estimacién del campo de velocidad vertical dentro de remolinos de
mesoescala requiere datos 3D, quasi-sindpticos y de alta resolucién. Por ello, se han
realizado pocos estudios de la circulacién secundaria ageostréfica (ASC) en remoli-
nos de mesoescala, y estos estudios se basan en datos de baja resolucién. Por lo
tanto, la ASC calculada en el marco de esta tesis representa la primera estimacion
realizada dentro de un remolino intratermoclino anticiclénico con datos in situ de
alta resolucién. Ademads, hemos realizado un analisis detallado de los forzamientos
responsables del campo de ASC.

A pesar de los avances en el conocimiento de la dindmica mesoescalar aportados
por esta tesis, se necesitan mds estudios experimentales para corroborar la general-
idad de estos resultados. Ademads, atin existe una gran incertidumbre respecto al
papel que tiene la dindmica submesoescalar en la bomba vertical ocednica y, por
lo tanto, se necesitan mas esfuerzos observacionales para analizar las dindmicas
de pequefia escala (Klein and Lapeyre, 2009; Mahadevan, 2016). Las observaciones
satelitarias con resolucién fina obtenidas del altimetro SWOT van a permitir obser-
vaciones tinicas en el rango de longitud de onda de 15-100 km (Fu and Ferrari, 2008).

Como trabajo futuro, atin queda por entender el motivo de la diferencia entre
la distribucién quadrupolar de velocidad vertical predecida numéricamente (vea la
Parte I), y la distribucién de velocidad vertical dipolar obtenida con los datos in
situ. También, aprovechando la demostrada capacidad del producto ARMOR3D de
reproducir los remolinos de mesoescala, tenemos como objetivo realizar un trabajo
basado en reconstrucciones medias de trazadores y velocidades de ARMOR3D den-
tro de remolinos en la zona del Corredor de Remolinos de Canarias para analizar
la estructura de los remolino de mesoescala, su evolucién y heterogeneidad en esta

zona con alta dindmica.
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