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Resumen

Debido al creciente interés en el estudio de la circulacién global y su papel en la re-
gulacién del cambio climatico, la frontera occidental del giro subtropical de Atlantico
Norte (NASG, North Atlantic subtropical gyre, en inglés) ha sido extensamente es-
tudiada a lo largo de los anos a causa del su intenso transporte de masa y calor hacia
el norte. No obstante, pocos trabajos ha suscitado la frontera este hasta que recien-
temente se ha reconocido el papel esencial que juegan las corrientes en la Cuenca de
Canarias. En la actualidad, estos estudios han contribuido a mejorar nuestro entendi-
miento y cuantificacién del NASG. En esta tesis, se propone y aplica una metodologia
para evaluar el Sistema de Corrientes de Azores, asi como el transporte promedio de
masa y la variabilidad de la Corriente de Canarias, ambos como parte fundamental
del NASG. Mediante el uso de Perfiladores de Corriente Actsticos Doppler (ADCP,
Acoustic Doppler Current Profiler, en inglés) para calcular velocidades en la capa de
referencia, este procedimiento proporciona un método para las estimaciones de cédlcu-

los geostréficos absolutos.

La metodologia sugerida es aplicada a diversos conjuntos de datos con el fin de
mejorar las estimas de transporte en las regiones de Canarias y Azores. Se ha realizado
una seccién hidrografica zonal al norte de las Islas Canarias en el invierno de diferentes
anos. Un transporte de masa promedio ha sido obtenido de estas medidas mediante la
elaboracion de una seccion promedio, en la cual se aprecia una reduccion del campo
de remolinos de la regién. Los resultados muestran un flujo caracteristico hacia el sur
a través de la termoclina, de una intensidad de 3.5 Sv, lo cual se corresponde con

la magnitud de la Corriente de Canarias. El procedimiento de referenciado mediante

X



datos de ADCP desvela un ensanchamiento horizontal de la circulacién, pasando a
extenderse a lo largo de todo el archipiélago canario. Asimismo se analiza de forma in-
dividual cada una de las secciones anuales, lo cual revela un flujo permanente hacia el
sur para aguas superficiales y la circulacion de diversas masas de agua a profundidades
intermedias. No se aprecian cambios significativos en el transporte de la Corriente de

Canarias para las observaciones realizadas durante los inviernos de 1997, 2006 y 2009.

El origen de la Corriente de Canarias como rama mas oriental del NASG ha causa-
do controvertidas opiniones a lo largo de los anos. En esta tesis, se analiza el Sistema
de Corrientes de Azores, delimitandolo y cuantificando la contribucién de las Co-
rriente y Contracorriente de Azores a través de una secciéon hidrografica meridional
localizada al sur del archipiélago de Azores. Se estima un flujo neto de 7.3 Sv ha-
cia el este, asi como se ubican y describen diferentes estructuras oceanograficas. Se
cree que la Corriente de Azores es fundamental en el origen de la Corriente de Ca-

narias, ya que alimenta la rama que fluye hacia el sur a través del archipiélago canario.

A modo general, esta tesis analiza el Sistema de Corrientes de Azores y contri-
buye a arrojar luz sobre el transporte de masa promedio, la variabilidad y el posible
origen de la Corriente de Canarias. Gracias a la metodologia propuesta, se pueden
aportar nuevas contribuciones al andlisis de la circulacion en la cuenca canaria. No
obstante, seran necesarios estudios adicionales que continien trabajando en la linea
de investigacion de un transporte de masa promedio para la Corriente de Canarias y
su variabilidad. Aun cuando se logran abordar los principales objetivos de esta tesis,
surgen nuevos aspectos que contribuirdn a mejorar nuestro conocimiento de la ocea-

nografia fisica de la cuenca de Canarias.



Summary

Prompted by ongoing interest in the study of the ocean circulation and its role in reg-
ulating the climate change, the western boundary of the North Atlantic subtropical
gyre (NASG) has been widely analyzed over the last few decades due to the strong
northward mass and heat transport that it carries. In contrast, the eastern boundary
has been weakly studied until recently, when the essential role played by the currents
in the Canary Basin was recognized. Today, these studies have helped to improve our
understanding and measuring of the NASG. In this thesis, a methodology is proposed
and applied to study the Azores Current system, as well as the mean circulation and
the variability of the Canary Current, as a fundamental part of the NASG. Using
Acoustic Doppler Current Profiler (ADCP) data to calculate velocities in the refer-

ence layer, this procedure provides a way to perform absolute geostrophic calculations.

The suggested method is applied to several datasets to improve the flow estimates
in the Canary and Azores regions. A zonal hydrographic section north of the Ca-
nary Islands has been occupied in winter for several years. A mean mass transport
is inferred from these measurements, providing an average synthetic section in which
the eddy field in the region is reduced. These results show a characteristic southward
thermocline flow of 3.5 Sv, that corresponds to the Canary Current. The ADCP-
referencing produces a horizontal stretching of the circulation, that spans across the
whole Canary archipelago. Each cruise carried out in a particular year is also stud-
ied separately, revealing the permanent southward flow in the surface and different
water mass circulations at intermediate layers. No significant changes in the Canary

Current transport are found in the observations made in the winter of 1997, 2006 and
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20009.

The main source feeding the Canary Current as the easternmost branch of the
NASG has caused controversial opinions throughout the years. In this thesis, the
Azores Current System is analyzed, delimiting and quantifying the contribution of
the Azores Current and the Azores Countercurrent across a meridional hydrographic
section south of the Azores archipelago. A net eastward mass transport of 7.3 Sv
in the surface layer is estimated and different oceanographic areas are located and
described. The Azores Current is believed to be crucial in forming the branch turning

south and feeding the Canary Current.

Overall, this thesis analyzes the Azores Current System and contributes new
knowledge of the Canary Current mean mass transport, its variability and its possible
source. Despite the new contribution in the flow analysis, owing to the methodol-
ogy developed, additional studies are necessary to further estimate the average mass
transport and variability of the Canary Current. While the main goals of this thesis
are achieved, new aspects arise to improve our knowledge of the physical oceanogra-

phy of the Canary Basin.
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Thesis preview

This thesis entitled The Azores Current System and the Canary Current from CTD
and ADCP data compiles different studies carried out in the frame of the research
projects ORCA (CTM2005-04701-C02-01, financed by the Spanish 'Ministerio de
Ciencia e Innovacién’), RAPROCAN (Instituto Espanol de Oceanografia) and the
Core Strategic Research Programme ‘Ocean Variability and Climate’ at National
Oceanography Centre, Southampton (supported by the United Kingdom Natural and

Environmental Research Council).

Dr. Alonso Herndandez Guerra, Professor at the School of Marine Sciences of the
Universidad de Las Palmas de Gran Canaria, has supervised this thesis. This the-
sis is structured into a general introduction that explains the unique hydrographic
location of the Canary Basin and summarizes the aims of this thesis. Then, the orig-
inal contributions are compiled in manuscript format and are at different stages in
the peer-review publication process. Afterwards, there is general discussion section,
which precedes conclusions. Finally, further research studies on the physical oceanog-

raphy of the region are suggested.

At the end, a summary in Spanish is included, containing more than 50 pages.
This is a requirement from the PhD Thesis Regulations from the Universidad de Las
Palmas de Gran Canaria (BOULPGC Art.2 Chap.1, November 5th 2008). In order
to obtain the Doctor Europeus Mention (BOULPGC, Art.1 Chap.4, November 5th

2008), Summary and Conclusions have been translated into English.
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Chapter 1

GENERAL INTRODUCTION

1.1 Oceanographic setting

The North Atlantic subtropical gyre (NASG) spans from 15° to 45°N and is bounded
to the west by the American continent. To the east, it encounters Europe, the Strait
of Gibraltar (connecting the Atlantic with the Mediterranean Sea) and Africa. Its
importance in the North Atlantic circulation has awakened our interest for decades,
leading to studies of both boundaries. The NASG eastern margin is mostly covered
by the Canary Basin, which extends between 20° to 40°N, a total area of approxi-
mately 7 million km? located from 10° to 40°W.

Due to its large dimensions, different water masses can be found in the Canary
Basin. A water mass is constituted by a water volume that can be identified by its
area of formation. It is known by its characteristic temperature and salinity values.
The water masses are usually formed by the air-sea interaction where they sink. They
stabilize at a depth range determined by their density and then flow along isopycnals.

In the Canary Basin, the following water masses can be found:

North Atlantic Central Water (NACW) is a central water mass located between
the surface and 600-800 m depth. It can be easily identified in ©-S diagrams by a well

1
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defined line between 26.5 and 27.3 kg m—3 (0y). Below the central waters, the inter-
mediate waters are located. In some cases, these are formed at higher latitudes and
therefore characterized by higher densities. In the 700-900 m depth range, Antarctic
Intermediate Water (AAIW) can be located, known for being relatively cooler and
fresher that the surrounding waters. In contrast, Mediterranean Water (MW), also
flowing at intermediate depths, is easily identified by its high temperature and salin-
ity values. At approximately 800-1400 m, isolated MW cores can be found, known as
Meddies (Mediterranean eddies). Below 1500 m depth, North Atlantic Deep Water
(NADW) occupies the largest water mass volume in the Atlantic Ocean, spreading
above the 4500 m depth. NADW also comprises the Labrador Sea Water (LSW),
formed due to deep winter convection in the Labrador Sea. In this basin, diluted
Antarctic Bottom Water (AABW) is also present in the deepest layer.
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Figure 1.1: Geographical location of the area of study. For reference, the main iso-
baths are shown following the Smith-Sandwell database [Smith and Sandwell, 1997].
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Located at the Canary Basin eastern margin, approximately 100 km off the north-
west coast of mainland Africa, are the Canary Islands. This is a Spanish archipelago
situated between 27° and 29°N, and from 18° to 13°W. Near the northern end of
the Canary Basin, the Azores archipelago is located about 1500 km west of the Por-
tuguese coast, extending along a west-northwest to east-southeast orientation in the
range of latitudes from 36.5° to 40°N, and between 31.5° and 24.5°W. The area of
study covered by this thesis extends over the Canary Basin, from the surface current
that flows across the Canary Islands up to the current system located south of the

Azores archipelago (Fig. 1.1).

1.2 The Canary and Azores Currents as part of

the NASG

The prevailing winds north of the tropics consist of the trades (easterlies) and the
mid-latitude westerlies. These create Ekman convergence in the mid-latitude North
Atlantic, where a high pressure zone is located, driving the subtropical gyre. Cir-
culation around a high pressure is clockwise in the northern hemisphere due to the
Coriolis effect. At the NASG western boundary, the Gulf Stream flows polewards
along the American coast before detaching and dividing into several branches. The
most important are the North Atlantic Current, which circulates to the north, and
the Azores Current, that bends to the east forming the northern margin of the NASG.
On the gyre’s eastern margin, the Azores Current diverges into several southward-
flowing branches, feeding the Canary Current when flowing southwards through the
permanent thermocline across the Canary Islands, in line with the African coast.
These branches feed the North Equatorial Current, the southern side of the subtrop-
ical gyre, that closes the gyre.

The existence of the Canary Current was found in the XV century by sailors who
navigated taking advantage of the wind forcing and the oceanic surface circulation.
This current was first mapped when the Challenger (1872-1876) and Meteor (1930’s)
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Figure 1.2: Surface currents of the Atlantic Ocean from Tomczak and Godfrey [1994].

expeditions took place. The classic picture of the surface circulation in the region
assumed that the North Atlantic Current divided into several branches. One of these,
known as the Portugal Current, was believed to feed the Canary Current (Fig. 1.2).
The Azores Current was not considered until several oceanographic cruises were car-
ried out south of the Azores archipelago by Kdise and Siedler [1982]. They suggested
that this current was responsible for feeding the Canary Current, a hypothesis later
supported by Stramma [1984]; Stramma and Siedler [1988al; Stramma and Isemer
[1988]. This new surface circulation scheme omits the Portugal Current as a cause for

the southward flow across the Canary archipelago, presenting the current distribution
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shown in Fig. 1.3.
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Figure 1.3: Surface currents of the North Atlantic Ocean from Schmitz [1996].

1.3 Geostrophic calculations

In order to quantify the flow in the region of study, velocity estimates are needed. To
calculate the vertical shear of geostrophic velocities in the ocean, the thermal wind

equations are applied:

v g Op
9~ pfor (1.1)
ou g Op
9z pof dy 12

where u and v are the zonal and meridional velocity components (m s™1), ¢ is the

gravitational acceleration (m s72), p, is the ocean mean density (1026 kg m~3), p is
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the sea water density (kg m~3) and f is the Coriolis parameter (s7!) given by 22 sin 6,
where 2 is the Earth rotational angular velocity (7.29 1075 s7!) and 6 is the latitude.

The thermal wind equations are essential in physical oceanography. Traditionally,
temperature and salinity in-situ measurements acquired during a cruise are used to
compute density estimates. Consequently, these equations can be applied to hydro-
graphic data in order to estimate geostrophic flows in the oceans. Integrating equa-
tion (A.1) over a zonal section, it is found that the geostrophic velocity is defined
by the addition of two components. The first component varies vertically (baroclinic

velocity), whereas the second depends only upon the chosen reference level:

vg(2) = —

g [* Op
pof/zoadeb (1.3)

where b are called reference level velocities. The first component can be calculated
using density estimates. However, the estimation of velocities at the reference level
is a classical problem in physical oceanography. Having determined the geostrophic
velocities, geostrophic transport estimates can also be calculated. To that end, the
water column is divided into cells, and each velocity estimate is multiplied by the
density and area occupied by a water parcel. Not knowing the value of the reference
level velocity (initially assumed to be zero) produces an imbalance in property trans-
ports, such as mass, salt, heat or nutrients. Several methods have been studied in

order to estimate the velocity in the reference layer.

In the first place, the formulation of inverse models has been widely studied.
This method adds a new consideration to the thermal wind equations, which is to
take into account the mass conservation principle. In these models, the minimum
reference velocity that balances the mass transport is considered the final velocity in
the reference layer. Today, new methodologies are being proposed to compute better
estimates of the reference velocity. Unlike inverse models, these consider any reference
velocity (not necessarily the minimum) by comparing the geostrophic estimates to

in-situ velocity measurements. The latest is the case proposed in this thesis, in
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which Acoustic Doppler Current Profiler (ADCP) data are used to calculate absolute

geostrophic velocities and transports.
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1.4 Aim and thesis outline

The aim of this thesis is to address several questions:

1. What do we already know about the surface circulation in the Canary Basin?

2. How do we achieve a better estimate of mass transports? Can we improve
the methodology to calculate absolute velocity fields by introducing reference level

velocities in the geostrophic calculations?

3. Is it possible to get a mean circulation based on a periodically repeated survey

in this area?

4. Has the Canary Current suffered changes during the last decade?

5. How does the Azores Current contribute to the circulation in the region?

A review of previous studies regarding the Azores and the Canary Currents is
carried out to answer the first question (see Chapters 1, 3 and 4). Most of these
studies deal with mass transport estimates based on geostrophic calculations. Also

the source feeding the flow across the Canaries is discussed.

To address the second question, data from a transatlantic hydrographic cruise are
used in order to establish a valid procedure to estimate absolute mass transports.
To that end, reference level velocities calculated through different combinations of
Acoustic Doppler Current Profiler (ADCP) data are compared and a methodology is
suggested to be followed in this thesis (Chapter 2).

In order to answer the third question, a hydrographic section carried out on a
biannual basis in the framework of the RAPROCAN project is averaged. In this the-

sis (Chapter 3), the mean mass transport of the Canary Current is studied considering
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the four transects carried out in the winter seasons. The flow estimates obtained from

summer cruise data will be assessed in future studies.

To study changes in Canary Current transports, the RAPROCAN hydrographic
section repetitions are analyzed considering winter datasets from 1997, 2006, 2008
and 2009 (Chapter 3). Variability between the measurements carried out in other

seasons are evaluated in further research contributions.

The fifth question is answered through the study of the Azores Current System
net eastward transport using hydrographic data acquired during the ORCA cruise
(Chapter 4). This flow’s behaviour in the Canary Basin motivates this research line
for future studies to confirm the hypothesis that the Azores Current feeds the Canary

Current.



Chapter 2

METHODOLOGY

Referencing geostrophic velocities using ADCP data
at 24.5°N (North Atlantic)

Abstract

Acoustic Doppler Current Profilers (ADCPs) have proven to be a useful oceano-
graphic tool in the study of ocean dynamics. Data from D279, a transatlantic hydro-
graphic cruise carried out in spring 2004 along 24.5°N, were processed, and lowered
ADCP (LADCP) bottom track data were used to assess the choice of reference veloc-
ity for geostrophic calculations. The reference velocities from different combinations
of ADCP data were compared to one another and a reference velocity was chosen
based on the LADCP data. The barotropic tidal component was subtracted to pro-
vide a final reference velocity estimated by LADCP data. The results of the velocity
fields are also shown. Further studies involving inverse solutions will include the ref-

erence velocity calculated here.

Keywords ADCP data, CTD data, reference velocity, geostrophic velocity, ve-

locity correction, North Atlantic Ocean
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I. Comas-Rodriguez, A. Hernandez-Guerra and E.L. McDonagh (2010).
Scientia Marina, 74(2), p. 331-338, d0i:10.3989/scimar.2010.74n2331.
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2.1 Introduction

Velocity observations from Acoustic Doppler Current Profilers (ADCPs) provide an
oceanographic tool for studying many aspects of ocean dynamics. Ship-mounted AD-
CPs (SADCPs) give detailed insights into upper-ocean dynamics to a maximum depth
of approximately 1000 m. Lowered ADCPs (LADCPs) provide velocity profiles over
the full range of depths of standard hydrographic casts.

Direct velocity measurements have already been used to study oceanic circulation.
Direct velocity measurements of the Agulhas Current from an LADCP revealed a very
different vertical structure than that given by the traditional assumption of a zero
velocity surface in a deep and horizontal layer. The total volume transport of the Ag-
ulhas Current was re-estimated, and the presence of a north-eastward undercurrent
was revealed [Beal and Bryden, 1997]. LADCP data have also been used to correct
the initial geostrophic calculations in different oceanographic regions [Joyce et al.,
2001; McDonagh et al., 2008]. In these two cases, the velocity observations were used
to correct the choice of reference velocity for the initial geostrophic field of an inverse
model. The main scientific objective during cruise 279 carried out in spring 2004
onboard the RRS Discovery (D279) was to estimate the circulation across the zonal
section at 24.5°N. This section has been studied previously in 1957 [Fuglister, 1960],
1981 [Roemmich and Wunsch, 1985], 1992 [Parrilla et al., 1994] and 1998 [Baringer
and Molinari, 1999]. Cruise D279 in 2004 included, for the first time for this section,
LADCP profiles that can be used to provide the reference velocity and as constraints

in an inverse study.

Circulation across 24.5°N and its variability has already been studied using cruise
D279 data. These estimates are limited by the uncertainty concerning the reference
velocities, estimated as zero near 1000 db between 80°W and 70°W and near 3000
db for the rest of the section. A uniform reference level velocity has also been added

to force the mid-ocean geostrophic transport to balance the Gulf Stream plus Ekman
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transport [Bryden et al., 2005]. Our study aims to apply a LADCP-referenced depth-
averaged offset to each geostrophic profile. These reference velocities will be used to

correct the geostrophic velocities.

The results of this work will be used in another study which will compare the
circulations from an inverse solution with an initial field prescribed by ADCP data
(reference velocities derived here) and one initialized using a traditional zero refer-
ence velocity. The circulation at 24.5°N and the section property distributions will
provide heat, freshwater and other property fluxes. The size and structure of the
Atlantic Meridional Overturning Circulation (AMOC) will be calculated and com-
pared to results using the transatlantic mooring array deployed in the framework
of the rapid climate change/meridional overturning circulation and heat flux array
(RAPID/MOCHA) experiment Cunningham et al. [2007]; Kanzow et al. [2007].

2.2 Material and methods

2.2.1 Data acquisition

Cruise D279 onboard the RSS Discovery occupied a transatlantic section at a nominal
latitude of 24.5°N (Fig. 2.1). It took place in spring 2004 (4 April to 10 May), and
took full-depth hydrographic, velocity and chemistry measurements from shallow wa-
ters on the eastern seaboard of the USA to shallow waters near Africa [Cunningham,
2005]. During the cruise, 125 full depth CTD (Seabird 911+) stations were carried
out with dual sensors. CTD conductivities were calibrated by comparing them to
bottle conductivities derived from water samples obtained during the CTD upcast.

A slope correction was applied to account for sensor drifts.

Three Lowered Acoustic Doppler Current Profilers (LADCPs) were mounted on
the rosette and deployed at each CTD cast. Continuous observations were made
in the upper 1000 m using a shipboard ADCP (SADCP) installed on the research
vessel’s hull. The LADCPs consisted in one Broadband (BB) 150 kHz running free



2.2. MATERIAL AND METHODS 15

400N | |

) 36°N - Atlantic Ocean 5 I

90°W 72°W 54°W  36°W 18°W 0°
Longitude

Figure 2.1: Station positions for the transatlantic hydrographic section occupied dur-
ing cruise D279. 125 full depth stations were used along a nominal latitude of 24.5°N.

in downward looking mode, with its own battery pack, and two 300 kHz Workhorse
(WH) narrow band units, which were run in master/slave mode, one upward looking
(slave) and one downward looking (master) with a shared battery pack. The SADCP
installed was an Ocean Surveyor 75 kHz with a narrow band phased array with a 30-
degree beam angle. It was configured to take samples at 120 second intervals, with
60 bins of 16 m thickness, and a blank beyond transmit of 8 m. Data were logged
using RDI (Teledyne RD Instruments) data acquisition software and were averaged
into 2 minute and 10 minute averaged files. The former were then used for SADCP

data processing.

2.2.2 LADCP data processing

LADCP data were processed with the Visbeck software, developed in the Columbia
University [Fischer and Visbeck, 1993]. The procedure was carried out using LADCP
data in different combinations in order to determine which full depth profiler took

the best measurements during the cruise.

Three combinations of LADCP data were processed with the Visbeck software:
data from the BB, the WH master, and the WH master/slave pair. A GPS reference
was applied to calculate the absolute velocity. The options in the software for ref-
erencing the bottom-track data or the SADCP data [Visbeck, 2002] were not used;
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rather, we kept the bottom-track ADCP and SADCP data as independent informa-
tion to compare them with the processed LADCP data.
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Figure 2.2: LADCP data processed using the Visbeck method at Station 23 (26.5°N,
75.9°W): a) eastwards velocity component, b) northwards velocity component. BB
and WH master represent data processed individually, while WH master /slave corre-
sponds to the combined data of the down- and up-looking WH running in master/slave
mode. Note that the vertical scale is different for each depth range. Mean profiles
are the average of the upcast and downcast.

Figure 2.2 shows the processed data for each instrument combination at Station
23 (26.5°N, 75.9°W). Bottom track data are also shown for comparison in the depth
range near the sea bottom, and SADCP data are shown in the upper 1000 m. Discrep-
ancies are particularly apparent between the bottom track profiles and the LADCP
measurements near the bottom. According to the processing software, the average
error estimated is 1.8 cm s™! for Station 23 bottom track data. Initially, bottom

track data were considered the best estimate for velocity corrections, and this station
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used as representative of the main transect; however, a statistical study is needed in
order to quantify these differences and determine which instrument performed better
during the cruise. Close to zero differences between the BB and the downlooking
WH bottom track measurements at each station would imply better data quality
(Fig. 2.3a).

20 | 3 110
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£ 20 = 10
i
= -20 ¢ fiﬁ 1-10
> : :
20,%) 110
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Figure 2.3: Statistical analysis carried out for the three different instruments deployed
during the survey: a) mean and standard deviation of the differences between the BB
and WH master bottom track measurements; b) mean and standard deviation of the
differences between each LADCP full depth profile and their bottom track record
in the depth range near the sea bottom; c¢) mean and standard deviation between
each LADCP full depth profile and the SADCP profile in a depth range near the sea
surface.

Each full depth profile was compared to its instrument bottom-track, and the
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downcast, upcast and the mean obtained from both were considered separately. BB,
WH master and the WH master/slave package were processed independently. The
measurements near the bottom were compared to the bottom-track data in the match-
ing depth range (Fig. 2.3b). We assume that LADCP measurements that are close to
the bottom-track data are of better quality, that is, they have closer to zero difference
values. SADCP data were also compared to the profile values near the surface in the
coincident depths (Fig. 2.3c). Means and standard deviations to each offset were
obtained. The instrument that performed better is the one whose mean differences
and deviation are the closest to zero. To determine these differences, the western
boundary and the ocean interior were considered separately due to their different
dynamics. Two values are shown below, the first one corresponds to the western
boundary and the second one to the ocean interior. Averaging each instrument’s per-
formance during the cruise, the difference obtained between the BB and WH master
bottom track measurements is 8.8 + 0.1 / 1.0 + 0.2 cm s~ (Fig. 2.3a). However,
the mean differences between each instrument and its bottom track are -12.5 £+ 0.1
/-0.2 + 0.2 cm s7! for the BB, -3.1 + 0.1 / -0.1 & 0.1 cm s™! for the WH master
processed individually, and -2.6 + 0.0 / -0.7 + 0.1 cm s™! for the WH master /slave
combination (Fig. 2.3b). Finally, the mean differences calculated for each LADCP in
comparison with the SADCP data are -3.7 + 0.1 / 1.3 & 0.3 cm s~! for the BB, 5.9
+ 0.2 /0.4 4+ 0.2 cm s7! for the WH master processed individually and -3.1 4 0.2 /
-1.2 + 0.2 cm s7! for the WH master/slave combination (Fig. 2.3c).

Considering that the mean difference is smaller for the WH master, we have chosen
this instrument for the correction of the geostrophic velocities, processed individually
without the WH slave data. We are assuming here that WH master data are better
quality because the measurements are closer to the bottom-track data and SADCP
data than the other instruments. This is mostly seen in the ocean interior, while
the WH master/slave combination provides better results on the western boundary.
Unfortunately, a study using the WH in master/slave mode is not possible due to the
fact that the uplooking WH (slave) underwent some data reception errors during the

cruise and was therefore not used after Station 81 (24.5°N, 44.9°W) near the eastern
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end of the survey.

Only the velocity component that is perpendicular to the section is considered
further. Thus, a velocity rotation was applied in the non-zonal parts of the section,

near the eastern and western boundaries.

2.2.3 Tidal barotropic component correction

The barotropic tidal component was subtracted from the LADCP, bottom-track and
SADCP velocity measurements. It was calculated using the OSU (Oregon State
University) TOPEX/POSEIDON global tidal model (TPXO) [Egbert et al., 1994;
Egbert and Erofeeva, 2002]. This global model of ocean tides best fits, in a least-
squares sense, the Laplace Tidal Equations and along track averaged data from
TOPEX/POSEIDON and Jason (on TOPEX/POSEIDON tracks since 2002) ob-
tained with OTIS (OSU Tidal Inversion Software). The time considered for the tidal
prediction is the bottom track time, which is half way through the time spent at the

station.

Once calculated, the tidal barotropic component (Fig. 2.4) was subtracted from
the velocity measurements taken by the LADCP, including bottom-track measure-
ments and SADCP profiles.

2.2.4 Reference velocity field

The initial geostrophic velocity field was calculated with a zero-velocity reference layer
at 1000 m at Stations 1-44 (79°W to 69.5°W) and 3000 m at Stations 45-125 (69.1°W
to 13.4°W) following the study carried out by Bryden et al. [2005]. When the deepest
common depth was less than the reference level (e.g. near the eastern boundary),
the bottom was considered as the zero velocity layer. As already mentioned, the
reference velocity was obtained using WH master bottom-track data. Each station
pair has a geostrophic velocity profile and two bottom track data profiles located on

the two stations surrounding it. Therefore, the correction was applied calculating
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Figure 2.4: Tidal barotropic component calculated from the OSU TPXO tide pre-
diction model. This velocity is subtracted from the velocity measurements of the
LADCP and SADCP profiles.

differences between geostrophic and bottom-track profiles at the corresponding depth
range. The differences obtained were averaged and a final mean of the contributions of
the stations on either side was used (Fig. 2.5). Therefore, a comparison can be made
between each station pair’s geostrophic profile and the LADCP data, by considering
this reference velocity derived from the mean of the LADCP measurements from the
stations on either side. In station pairs with LADCP data only available for one

station, this is taken as the whole correction contribution.

2.3 Results

The initial geostrophic velocity profile (referenced to 1000dbar) and those using the
LADCP information were compared as shown in Figure 2.5, which corresponds to the
station pair 22-23 (located at 26.5°N, at 76.1°W and 75.9°W respectively). Individual
plots, as shown in Figure 2.5, were drawn to compare the initial velocity profile at each
station pair with the ADCP-referenced, as well as the bottom track data taken into
account for each correction, corresponding to the data from the previous and following
station. SADCP was also included in these plots in order to check the resemblances

between the available data and the corrections made. A slight disagreement between
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Figure 2.5: Comparison between the initial geostrophic profile and the ADCP-
referenced for station pair 22-23 (located at 26.5°N, at 76.1°W and 75.9°W respec-
tively). The dashed line represents the initial calculation while the solid one is cor-
rected using ADCP data. Stars and circles correspond to bottom track records of
Stations 22 and 23 respectively. Triangles show the SADCP velocity calculated as
the mean of the measurements taken during each cast. Note that the vertical scale is
different for each depth range.

them can be seen due to the fact that measurements at the bottom were used as the
reference in the correction. As this was applied to the whole water column, there are

reasonable differences considering there is high ageostrophic behaviour at the surface.

SADCP data can be included in the study in two ways: firstly, by taking the value
for each station pair as the averaged measurements during each cast, and secondly, by
taking the values obtained while the ship sailed between stations and averaging them.
In both cases, ageostrophic features are included in the data. Thus, the first option
was chosen so as not to include the possible ageostrophic features located between

stations registered while sailing, but those registered on the station’s position.
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Figure 2.6: a) velocity obtained from the depth-averaged offset of each geostrophic
profile, considered as the reference velocity providing the new corrected calculations;
b) final velocity estimated at the sea bottom before (gray line) and after (black line)
the referencing ADCP data contribution was taken into account.

The reference velocity was plotted for each station pair throughout the section
to examine the corrections made (Fig. 2.6a). As already mentioned, the initial ref-
erence velocity was considered to be zero in the geostrophic calculations [Bryden
et al., 2005]. In Figure 2.6a, the reference velocity shown reflects the behaviour of
some oceanographic features. On the western boundary, high positive (northward)
velocities across the section represent the contribution of the Florida Current at ap-
proximately 80°W. Moving eastwards, negative (southward) velocities represent a
recirculation structure and the Deep Western Boundary Current (DWBC) located
near 77°W. Moving further eastwards, some minor structures are present with offsets
of less than 5 cm s~!. The positive and negative velocities switching between adja-

cent groups of stations represent the mesoscale contribution. The LADCP provided
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reference level velocities. To visualize them, final velocity estimations at the sea bot-
tom at each station pair were plotted for the initial case considering zero reference
velocity and for the LADCP-referenced velocity field (Fig. 2.6b). The contribution of
the LADCP data can be clearly seen (black line). Figure 2.7 shows vertical sections
highlighting the structure of the velocity field across the section before and after the
correction. As expected, no qualitative changes are apparent near the surface, where
alternating northward and southward flows are a feature of each velocity field. The
differences between the two velocity fields are most apparent near the original zero
reference velocity level. Almost-barotropic currents are clearly seen along the section
including the northward /southward adjacent currents that represent the eddy oceanic
field. The same final velocity field would be obtained when LADCP-referenced veloc-
ities are obtained, regardless of the initial reference layer proposed for the geostrophic
calculations. The reference velocity provided by the bottom track data would change

in order to adjust the different initial velocity profiles to the LADCP measurements.

i
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Figure 2.7: Velocity fields (cm s™!) contoured a) before and b) after the correction
that applied ADCP referencing.
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2.4 Discussion

Calculating a reference velocity using bottom track LADCP data from cruise D279
along 24.5°N has been described. The results indicate that this methodology is use-
ful for obtaining absolute geostrophic estimations from direct velocity observations
during the hydrographic measurements. The choice of different initial zero velocity
reference levels in the geostrophic calculations modifies the reference velocity obtained
in order to apply the correction shown in this work. However, the LADCP-referenced
velocity field is the same regardless of this choice, because the LADCP data to which

the initial field is referenced is the same.

The most significant advance made in relation to previous works concerning the
D279 cruise data is the statistical analysis carried out in order to determine which
instrument performed best. The final results were not masked by constraints in the
LADCP data processing or the conditioning of the performance of the different de-

vices.

These data will be used further by the Ocean Observation and Climate team
at the National Oceanography Centre, Southampton (NOCS) to study the Atlantic
Meridional Overturning Circulation (AMOC) quantification and dynamics.

In conclusion, the ADCP is a valuable tool for measuring ocean deep velocity
profiles. In this study we demonstrate its usefulness for correcting standard hydro-
graphic measurements and calculations. LADCP data processing can provide inde-
pendent constraints in the study of ocean dynamics through inverse methods. There
are still some deficiencies in the resulting data but continuous improvements are being
made in the performance of the instruments, as well as their processing and further

applications.



Chapter 3

THE CANARY CURRENT

Mean mass transport and variability of the Canary
Current

Abstract

The Canary Current constitutes the major Eastern Boundary Current of the North
Atlantic subtropical gyre, playing an essential role in the large-scale oceanic circu-
lation. Winter mean mass transport across a section north of the Canary Islands
is quantified using four hydrographic cruises carried out during the winter season of
1997, 2006, 2008 and 2009. Variability over these years is also evaluated. Transports
are estimated geostrophically, and both lowered and shipboard Acoustic Doppler Cur-
rent Profiler (ADCP) data are included in referencing these calculations to non-zero
reference level velocities. Results show a characteristic southward thermocline flow
of -3.5 Sv (1 Sv ~ 10° kg s™') in winter, that corresponds to the Canary Current.
The inclusion of ADCP velocities suggests a stretching of the circulation, spanning
across the entire Canary archipelago. The averaged stream function is also shown at
intermediate (-1.1 Sv) and deep (-3.3 Sv) layers, computed by dividing the water col-
umn into layers as a function of neutral density (7,). Variability between the sampled
years is studied at the different depth ranges, revealing a permanent southward flow

in the surface and deep waters, and different water mass circulations at intermediate
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layers. This pattern is not observed in the 2008 data. A comparison between the
methodology applied and the use of inverse models is also carried out. The inverse
model leads to near zero mass transports below the surface layer, whereas the south-
ward flow for thermocline waters obtained by the inverse model is corroborated by
ADCP-referenced transports to the south. The channel between the archipelago and
the African coast is also studied in detail through comparisons between stream func-
tions obtained from CTD and current meter data at surface and intermediate depths.
The ADCP-referenced mean mass transport in the surface layer and that using cur-
rent meter data are -1.4 Sv and -1.3 £ 1.29 Sv, respectively. This study leads to
mass transport values in accordance with our knowledge of the Canary Current and
in good agreement with current meter records at its eastern margin. Additionally, we

offer a new picture of the horizontal extension of the thermocline flow in winter.

Keywords Canary Current, North Atlantic subtropical gyre, ADCP, Mass trans-

port, Inverse model, Eastern Boundary Current

I. Comas-Rodriguez, A. Herndndez-Guerra, P. Vélez-Belchi, E. Fraile-Nuez, A. Martinez-
Marrero, and F. Lépez-Laatzen (2011).
In prep.
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3.1 Introduction

The Canary Current is a surface current that defines the eastern dynamic bound-
ary of the North Atlantic subtropical gyre (NASG). During the 1980s it was mainly
studied using historical data [Stramma, 1984; Stramma and Siedler, 1988a; Stramma
and Isemer, 1988]. From these studies, a clear picture of the eastern NASG has re-
sulted. The Azores Current, which is the northernmost current of the NASG, flows
eastward south of the Azores archipelago and turns southwards in different branches.
The easternmost branch, that flows east of the island of Madeira, feeds the Canary
Current. The lack of extensive hydrographic datasets in this area of interest led to
the development of observational projects in the Canary Basin. At the end of the
1990s, under the auspices of the project CANIGO (Canary Islands Azores Gibral-
tar Observations), newly collected data allowed further study of the Canary Current
north of the Canary Islands [Parrilla et al., 2002]. The intensive observations carried
out during this project improved our knowledge of the water masses and circula-
tion in the region. Herndndez-Guerra et al. [2001], through a CTD section in the
eastern Canary Islands, found a southward mass transport of -2.3 Sv (1 Sv ~ 10°
kg s7!) in the surface layer and 1.1 Sv flowing northwards at intermediate depths.
Herndndez-Guerra et al. [2002], using XBT data, found the bimonthly variation of
mass transport across the eastern side of the Canary archipelago. They found that
the Canary Current flows to the south except in November, when a northward flow is
found near the African coast. Still, a broad picture of the circulation across the whole
archipelago remained unclear. Machin et al. [2006] examined the mean and seasonal
patterns in the Canary region with data from four hydrographic cruises carried out
within the CANIGO project framework and by means of an inverse model. These
authors found no predominant transport at deep water levels, localized southward
flowing Mediterranean Water (MW) far from shore, and northward flowing Antarctic
Intermediate Water (AAIW). The latter was specially noticeable between the island
of Lanzarote (the easternmost of the Canary Islands, see Fig. 3.1) and the African
coast (hereinafter Lanzarote Passage after Herndndez-Guerra et al. [2003]). Regard-

ing the mean thermocline Canary Current, composed of North Atlantic Central Water
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(NACW), Machin et al. [2006] found a southward flow with an open-ocean branch
transporting 3 = 1 Sv and an upwelling-related branch near the continental slope
carrying 1 + 0.3 Sv. The seasonal transport of the current was also described, finding
that it intensifies and shifts offshore from spring to fall, carrying its lowest southward
mass flux in winter. Nonetheless, in order to get the full picture of the mean mass
transport in a specific season, the comparison of data collected on a seasonal basis

during several years is still needed.

In the 2000s, based on the project CORICA (Eastern Boundary Current - Canary
Islands), further studies emerged involving the Canary region. Herndndez-Guerra
et al. [2005] found a net southward mass transport in the surface layers of -4.7 £+ 0.8
Sv in fall and confirmed a northward flow of AAIW at intermediate depths in the
Lanzarote Passage. Detailed descriptions of the southwestward flow of the Canary
Current, forced by the curl of the wind stress, have been carried out by Fraile-Nuez
and Herndndez-Guerra [2006]. However, the study of the variability among several
years along a permanent section was not possible with the available datasets. Due
to the importance of the easternmost branch of the current, the Lanzarote Passage
has also been thoroughly studied [Knoll et al., 2002; Herndndez-Guerra et al., 2002,
2003; Machin and Pelegri, 2009; Machin et al., 2010; Fraile-Nuez et al., 2010]. Pay-
ing attention both to this passage and the whole Canary Basin, the project RAP-
ROCAN (Canary Deep Hydrographic Section) has been developed, providing more
recent datasets to characterize the regional circulation. The repeated sections carried
out provide a valuable tool in the study of the Canary Current mass transport during
a specific season and its variability over time. Benitez-Barrios et al. [2008], using
these collected data, studied the changes in temperature and salinity from 1997 to

2006, observing a statistically significant rise in both properties in the Canary region.

The main aim of the present study is to determine the circulation of the Canary
Current in winter, as well as studying the variability of the mass transport across the
Canary Islands archipelago among several years. To this end, the datasets correspond-
ing to the winter cruises carried out during the CANIGO and RAPROCAN projects
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are used, and an ADCP-referencing procedure in the calculation of geostrophic veloc-
ities is applied following McDonagh et al. [2008] and Comas-Rodriguez et al. [2010],
never used before in previous studies in this region. This paper is structured as fol-
lows. After a brief presentation of the collected hydrographic data in section 3.2, the
methodology is thoroughly described in section 3.3. The winter mass transports and
their variability are presented in section 3.4. Comparison with other reference veloc-
ity obtaining methods, such as inverse models, is shown in section 3.5. A close-up
of the Lanzarote Passage is carried out in section 3.6, where current meter mooring
velocity data are also used for comparison, and our final discussion is given in section
3.7.
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Figure 3.1: Location of the CTD stations carried out in January 1997 (grey dots)
during the CANIGO project. Stations occupied in February 2006, 2008 and 2009
(black dots), in the framework of the RAPROCAN project, are also shown. For
reference, 200, 1000, 2000, 3000 and 4000-m isobaths are shown [Smith and Sandwell,
1997].

3.2 Data

Fig. 3.1 shows the section north of the Canary Islands that has been carried out on
a biannual basis for the project RAPROCAN at a nominal latitude of 29°N (black



30 CHAPTER 3. THE CANARY CURRENT

dots). Since 2006, a maximum of 21 full-depth CTD /rosette stations have been oc-
cupied, repeating the CANIGO Southern section (grey dots) with most of the casts
coincident in all surveys. This study compares each RAPROCAN survey and includes
the January 1997 CANIGO section (Table 3.1). The 21 CTD (Neil Brown in 1997
and SeaBird 911+ during RAPROCAN cruises, with dual sensors of temperature and
conductivity in the 2006 and 2009 cruises) stations, shown in Fig. 3.1, were carried
out with a spatial separation of 20 - 30 nm (~37-55 km) in deep-water stations,
reduced to 5 - 15 nm (~9-28 km) for the shallower stations. By applying a slope cor-
rection to account for sensor drifts, conductivity measurements were calibrated. For
their calibration, salinity measurements were previously compared to bottle salinities
derived from water samples analyzed on a Guildline AUTOSAL 8400B salinometer
with accuracy better that 0.002 for single samples (hereinafter salinity is expressed
in the Practical Salinity Scale). Temperature and pressure sensors were calibrated by

the manufacturers using WOCE standards.

Table 3.1: Summary of cruises.

Cruises Dates Stations CTD SADCP LADCP
Meteor 37 7-20 Jan 1997 20 X X
RAPROCANO0206 23 Feb - 5 Mar 2006 21 X X
RAPROCANO0208 26 Feb - 6 Mar 2008 16 X X
RAPROCANO0209 20-28 Feb 2009 21 X X

The LADCP system employed two 300 kHz Teledyne/RDI Workhorses (WH),
which were mounted on the rosette and deployed at each CTD cast in the 1997, 2006
and 2009 cruises. Both narrow band units were run in master/slave mode, one upward
looking (slave) and one downward looking (master) with a shared battery pack. In
the 1997 cruise no bottom-track data were acquired. In the 2008 cruise, continuous
observations were made in the upper 800 m using a Shipboard ADCP (SADCP), a
75 kHz Ocean Surveyor with a 30-degree beam phase angle. The Ocean Surveyor

was configured to take samples with 60 bins of 16 m thickness. A summary of the
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available data from each cruise is shown in Table 3.1. LADCP data are processed
with Visbeck software developed at Columbia University [Fischer and Visbeck, 1993].
A GPS reference is applied to calculate the absolute velocity. Each LADCP profile is
also referenced to its bottom-track data, assuming the LADCP measurements near
the seafloor to be the best estimate for velocity corrections [Comas-Rodriguez et al.,
2010]. SADCP data are properly processed with CODAS (Common Ocean Data Ac-

cess System) processing toolbox, as well as calibrated and GPS-referenced.

Once potential temperature (0) and salinity (S) are obtained from CTD measure-
ments for each cruise, mean © and S profiles are obtained at each station taking into
account each coincident cast. This gives us an average cruise for the mentioned winter
cruises. Only those stations where there are at least two profiles available are taken
into account in this study (the transect still consists therefore of stations 1-21). For
the 1997 data, only measurements located on those stations coincident with the pre-
vious 21 stations are considered in the averaged values. After the temporal mean of ©
and S is obtained, neutral density (v,) is computed following Jackett and McDougall
[1997]. Hereinafter we refer to each cruise as an individual or yearly realization, and

to the mean one as the built average cruise.

Fig. 3.2 shows a ©-S diagram for the averaged section from the 1997, 2006, 2008
and 2009 cruises. Stations 1-5, located at the Lanzarote Passage, are plotted in grey,
whereas the other stations are shown in black. The four main water masses present
in the Canary Basin [Herndndez-Guerra et al., 2001] are marked as follows: North
Atlantic Central Water (NACW), Antarctic Intermediate Water (AAIW), Mediter-
ranean Water (MW) and North Atlantic Deep Water (NADW). Central waters ex-
tend from the surface to a density level of 7, <27.38 kg m™ (roughly 700 m), and
define the thermocline layers. A slight scattering can be appreciated at the shal-
lowest layer, above the seasonal thermocline, due to small heating and evaporation
in winter. Below this shallowest layer, NACW can be identified following the linear
values proposed by Harvey [1982]. Under the central waters, the intermediate lay-
ers (27.38< 7, <27.922 kg m~3, roughly 700 -1600 m) are composed of two water
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Figure 3.2: Mean O-S diagram. Stations located in the Lanzarote Passage (stations
1-5) are plotted in grey.

masses, fresher (<35.4) Antarctic Intermediate Water and warmer and saltier (>35.5)
Mediterranean Water. Whereas the relatively lower salinity values correspond to sta-
tions located at the Lanzarote Passage (the branch clearly identified in Fig. 3.2 stands
for station 2, the MW influence is revealed in the open-ocean stations (black dots).
Finally, the deep layers, from approximately 1600 m to the ocean bottom (7, >27.922
kg m™?) define the NADW.

The © data in the built average vertical section (Fig. 3.3) range from values
lower than 2°C to higher than 18°C. The temperature distribution is clearly affected
by two cooling events, that occurred in 2006 and 2009, when the winter mixed layer
deepened >30 m more than in 1997, influenced by the atmosphere immediately above
(observed in the 2006 cruise by Benitez-Barrios et al. [2008]). Fig. 3.3 also reveals

the thermocline isotherms sloping towards the sea surface at stations close to the
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Figure 3.3: Mean potential temperature (°C) vertical section. Note that the vertical
scale is different for each depth range.
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African coast. Fig. 3.4 shows the averaged salinity along the section. Values in
the range from 34.90 to almost 37 are revealed. Relatively high values are found
between stations 8 (~14.7°W) and 15 (~17.3°W), corresponding to the Mediterranean
Water contribution. This warm and salty core extends horizontally about 200 km
and vertically from around 900 to 1400 m. Also at intermediate layers, relatively
low values are found in the Lanzarote Passage (stations 1-5, ~13-13.7°W). Those
values around 35.4 can be identified as AAIW, as previously supported by the ©-S
relationships plotted in Fig. 3.2. Apart from this usual presence of AAIW in the
Passage [Knoll et al., 2002; Herndndez-Guerra et al., 2003; Machin et al., 2006], the
contribution of this water mass appears as a low salinity patch near the western end of
Fig. 3.4, between stations 19-21 (~19-20°W). In Fig. 3.5 the computed neutral density
is shown. The isoneutral surfaces allow us to divide the ocean into multiple layers in
terms of the limits between the presence of different water masses. Following the work
of Ganachaud [2003], 14 layers are considered for this region in the North Atlantic
Ocean, as reflected in Fig. 3.5 and shown in Table 3.2. Layers 1-4 cover surface and
thermocline waters, while layers 5-7 are representative of intermediate waters, and
layers 8-14 stand for deep waters. Due to the peculiar cooling that occurred during
two (2006 and 2009) of the four cruises here studied, the average ~,-section does
not show the upper layer (26.44 kg m=3), even though it is considered in velocity and
mass transport calculations for the 1997 and 2008 cruises. The isoneutral distribution
gives us a first glimpse at the transport behaviour across the section. The absence of
steep slopes in Fig. 3.5 suggests a lack of high transport values along the open-ocean
part of the section. The upper panel suggests near-zero transport estimates, except
for stations 1-11 (~13-15.8°W), where sloping isoneutrals are observed. Also, in the
deepest layers a slight incline can be seen, revealing low transports at these depths

too.

3.3 Methodology

Geostrophic velocities are obtained using the thermal wind equation. To integrate

this equation, a reference level (where the velocity should be known) is required.
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The level of no-motion (zero-velocity) has been chosen following Machin et al. [2006],
where a sensitivity analysis was carried out by studying the reference level veloc-
ity uncertainty obtained considering different choices and their results through in-
verse modelling. The chosen values locate the open-ocean stations reference level at
Y,=27.922 kg m~3 (roughly 1600 m) and the shallow-water stations reference level at
¥n=27.38 kg m~3 (roughly 700 m). This last reference level separates layers 4 and 5,
and thus represents the limit between central and intermediate waters. This level of
no-motion has also been used by Fraile-Nuez et al. [2010] at the Lanzarote Passage.
¥n=27.922 kg m~3 is the interface between layers 7 and 8, separating intermediate
and deep waters (Table 3.2). During the calculations, when the deepest common
depth is less than the corresponding reference level, the bottom is considered as the

zero-velocity layer.

Table 3.2: Neutral surface layers (kg m™2).

Layer Lower interface Water masses

1 4, =26.44

2 4, = 2685 NACW

3 4, = 27.162

4, =27.38

5 4, = 27.62

6 7, = 27.82 AATW /MW
7 4y, = 27.922

8 4, =27.975

9 4, = 28.008

10, = 28.044 NADW

11, = 28.072
12, = 28.0986
13 4, = 28.11
14, = 28.1295

In order to solve the problem attached to the unknown value of a reference layer
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in the water column, ADCP (LADCP and SADCP) data are used in order to obtain
a reference velocity. ADCP-referenced geostrophic calculations and their associated
mass transports are also computed separately for the built average transect and for

the four separate yearly cruises.

3.3.1 Average transect ADCP-referencing

Fig. 3.6 shows the initial geostrophic velocity section along the whole transect, ob-
tained using the neutral density computed through the averaged values of potential
temperature and salinity mentioned before. Alternating northward and southward
flows are appreciated throughout the velocity field. Vertical zero-velocity isolines are
distributed separating these northward /southward adjacent currents, which represent
the high eddy mesoscale field [Mason et al., 2011]. Horizontal null values in velocity
are also seen around 700 m depth for the Lanzarote Passage and at 1600 m for the
rest of the section. This corresponds to the no-motion reference velocity location for
the shallow-water and open-ocean stations, respectively. Through the whole section,
a slight southward flow is revealed, corresponding to the Canary Current. Meanwhile,
the northward flow near the bottom in stations 1-5 would represent the AAIW circu-

lation.

In Fig. 3.7 the entire ADCP-referencing process is summarized following Comas-
Rodriguez et al. [2010]. First, processed LADCP data are averaged for the 1997,
2006 and 2009 LADCP measurements, together with the bottom-track data available
for the two last cruises. SADCP data relative to 2008 are not included in the aver-
aging due to their high scatter near the surface. In order to get a mean ensemble
velocity section, LADCP profiles provide a better quantification of the water column
velocities. Only the velocity component that is perpendicular to the section is fur-
ther considered. Thus, a velocity projection is applied in the non-zonal parts of the
transect (stations 1-10, up to ~15.5°W). Fig. 3.7a highlights the change in velocity
performed after adjusting the geostrophic profile to the LADCP profile for station
pair 2-3 (~13.2-13.4°W), located in the Lanzarote Passage. Initial geostrophic and
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Figure 3.6: Mean geostrophic velocity (cm s™!) vertical section. Isolines are drawn as
follows: every 0.1 cm s~ from 0 to 0.5 and every 0.5 cm s™! from 0.5 to 20 (positive
range of velocities); every 1 cm s~ from -20 to -6, every 0.5 cm s™! from -6 to -0.5
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values stand for northward /southward velocities.
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Figure 3.7: ADCP-referencing process summary for the averaged data. a) Comparison
between the initial and the ADCP-referenced geostrophic profiles for station pair 2-
3 (located in the Lanzarote Passage). b) Comparison between the initial and the
ADCP-referenced geostrophic profiles for station pair 8-9. ¢) Mean tidal barotropic
component calculated from the OSU TPXO prediction model. d) Mean velocity at
the reference level for the average cruise. The stars mark the station pairs corrected
with bottom-track data. The dots represent station pairs where the LADCP profile
is used.

ADCP-referenced velocities are shown. Full-depth LADCP measurements, as well as
bottom-track velocities, are plotted for comparison. LADCP profiles have been aver-
aged for each station pair. Fig. 3.7b shows the same comparison for paired stations
8-9 (~14.7-15.1°W). The barotropic tidal component (Fig. 3.7c) is subtracted from
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each LADCP (including its bottom-track) velocity profile. This component is cal-
culated using the OSU (Oregon State University) TOPEX/POSEIDON global tidal
model (TPXO) [Egbert et al., 1994; Egbert and Erofeeva, 2002]. This global model of
ocean tides best fits, in a least-squares sense, the Laplace Tidal Equations and along
track averaged data from TOPEX/POSEIDON and Jason (on TOPEX/POSEIDON
tracks since 2002) obtained with OTIS (OSU Tidal Inversion Software). The time
considered for the tidal prediction at each yearly cruise is the bottom track time,

which is the midpoint of time spent at the station.

Whenever the available data quality permits, referencing is done using bottom-
track data, assuming these to be the best estimate for velocity corrections [Comas-
Rodriguez et al., 2010]. In cases where bottom-track data seem to register some
feature in disagreement with the full-depth profile (e.g., baroclinic component of high
frequency inertial velocities), the full water column depth LADCP measurements are
used. Both the 200 m near the surface and the seafloor are discarded due to their de-
pendence on the atmosphere directly above and the bottom-track data, respectively.
In both cases the LADCP data are averaged for each station pair and differences
are obtained by comparing geostrophic and absolute velocities within the coincident
depth range. A final mean of these differences is obtained which is considered to be
the station pair reference velocity. Fig. 3.7d shows the reference velocity calculated,

which replaces the initial zero-velocity.

Finally, an ADCP-referenced velocity section is shown in Fig. 3.8. As expected, no
qualitative changes are apparent near the surface. Very similar values are apparent in
the adjacent northward/southward fluxes already seen in Fig. 3.6. The differences are
most visible near the original zero-velocity reference level. The eddy oceanic field is
clearly seen along the section, flowing in opposite directions and representing the eddy
oceanic field. Slight changes can be seen in the Lanzarote Passage, where the presence
of a northward current gains importance and reaches to significantly shallower waters
at the western margin. This leads to a better appreciation of the AAITW flow when

using ADCP data to correct geostrophic calculations.
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Figure 3.8: Mean ADCP-referenced geostrophic velocity (cm s™1) vertical section.
Isolines are drawn as follows: every 0.1 cm s~! from 0 to 0.5 and every 0.5 cm s !
from 0.5 to 20 (positive range of velocities); every 1 cm s™! from -20 to -6, every
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velocities). Positive/negative values stand for northward/southward velocities.
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3.3.2 Yearly transects ADCP-referencing

Data from the 1997, 2006, 2008 and 2009 cruises are also treated separately in order
to estimate the variability among these years. The procedure described for the av-
erage transect is also applied to these data to estimate the velocity in the reference
layer. Fig. 3.9 shows vertical velocity contours for each yearly section. Once again,
the initially assumed zero-velocity layer can be clearly recognized. The important
eddy field present in the Canary region is also appreciated considering each year in-
dividually. Some minor changes can be seen in the Lanzarote Passage between the
four cruises. While the presence of AAIW is permanent, its magnitude and horizontal

spreading varies, although is always located in intermediate waters below 700 m depth.

In Fig. 3.10, the correction applied to the initial geostrophic profile from each
cruise in station pair 8-9 (~14.7-15.1°W) can be seen. LADCP full-depth and bottom-
track profiles, when available, are also shown for comparison. The 1997 subplot in
Fig. 3.10 also reveals another velocity estimate for the full water column, computed
from an inverse box model already applied to this dataset by Machin et al. [2006].
In that year, the LADCP system generated some errors, due to the novelty of the
instruments used. Therefore not all the profiles are valid over the full water column;
some are restricted to the surface depth range as shown in the figure. In Fig. 3.10, the
2006 and 2009 subplots use different reference velocities for this station pair. Nev-
ertheless, both LADCP full-depth profiles and their bottom-tracks seem reasonable.
The LADCP dataset is employed in the ADCP-referencing for the same years as in
the built average section. No LADCP was deployed in 2008 (Fig. 3.10, lower subplot
on the left). Thus, SADCP data are used for referencing, discarding the first 200
m and following the previous procedure for obtaining differences and final reference

velocities.

Following the proposed methodology, the barotropic tidal component (Fig. 3.11)
is also subtracted from the LADCP and SADCP velocities. In Fig. 3.12, four refer-

ence velocity plots reveal the correction applied to the initial geostrophic calculations
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as obtained using the ADCP data. Differences between the stations corrected us-
ing bottom-track data (only available in 2006 and 2009) and those corrected using
LADCP or SACDP profiles can also be seen (see caption in Fig. 3.12). The error of
the LADCP-derived velocity estimates is available for 2006 and 2009 cruises. These
have been used to compute errorbars (shown in Fig. 3.12) through the variance of the
mean differences used as reference level velocities for each station pair. The vertical
section of ADCP-referenced velocities is visualized in Fig. 3.13. Once again, adjacent
northward /southward nearly barotropic currents are evident. In the different years,
a predominant southward flow across the section is revealed, as already seen in the
study of the average built section. Specifically, in the Lanzarote Passage some vari-

ations are disclosed regarding the AAIW northward flow. These changes may also
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Figure 3.10: Comparison between the geostrophic and the ADCP-referenced pro-
files for station pair 8-9 (located in the main section at 29°N, 14.7°W and 15.1°W,
respectively) for the four winter cruises.

modify the circulation pattern of central waters in the Passage [Machin et al., 2006;
Fraile-Nuez et al., 2010].

3.4 Mean mass transport and variability

3.4.1 Average section mass transport

Fig. 3.14 shows the integrated mass transport for the built average transect. The
four cruises considered in this section were carried out in the winter season. Three
different groups of layers are considered, corresponding to the surface (layers 2-4, the

first layer is not present in the average calculations due to the 2006 and 2009 data,
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Figure 3.11: Mean tidal barotropic component calculated from the OSU TPXO pre-
diction model. This velocity is subtracted from the velocity measurements obtained
through the ADCPs.

as mentioned before) up to ~700 m, intermediate (layers 5-7) approximately between
700 and 1600 m, and deep layers (layers 8-14) from ~1600 m to the ocean bottom.
Ekman transport, obtained across the section from estimates based on ocean sur-
face wind data from the QuickScat scatterometer, has been added to the shallowest
layer available (layer 2). The period considered is the whole month in which each
cruise took place. For mean calculations, an average of the four individual Ekman
transport estimates is used. The averaged estimate for Ekman transport is -0.06 Sv.
Positive/negative signs correspond to northward/southward flows. A summary of the
mass transport results is presented in Table 3.3. In Fig. 3.14, dashed lines stand for
the initial geostrophic calculations, while solid lines represent the ADCP-referenced

mass transport, that includes the velocity in the reference layer as shown in Fig. 3.7d.
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The main pattern of the geostrophic mass transport for the surface layer (Fig. 3.14a)
is a southward flow up to station 8 (~14.7°W), followed by an almost flat structure un-
til the end of the section. In contrast, the ADCP-referenced mass transport presents
a slanting distribution, continuing the NACW southward flow west of Lanzarote up
to station 17 (~18°W). To the west, the mesoscale contribution does not provide a
net increase of southward transport. In both cases, the saw-like structures shown in
the stream functions are indicative of eddy signals. Initially, the surface layer shows a
southward flow of -2.1 Sv between Lanzarote and the African coast, while the ADCP

contribution corrects this estimate to a value of -1.4 Sv. The averaged net geostrophic
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mass transport of the Canary Current reaches -2.9 Sv and the ADCP-referenced mass
transport reaches -3.5 Sv at station 17 (~18°W). At the end of the section, a not-well
sampled eddy is observed in the ADCP-referenced transport. This mesoscale feature
is present in each layer in a barotropic pattern. At the end of the section, -3.3 Sv

stand for the geostrophic calculations and -4.1 Sv for the corrected velocity estimates.

The intermediate layer shown in Fig. 3.14b presents a weak transport across the
section. Geostrophic mass transports of 1.0 Sv and -0.96 Sv are shown, before and af-

ter applying the ADCP-referencing, respectively. Some of the ~2 Sv difference may be
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explained by the not-well sampled eddy observed at the end of the section. Concern-
ing the Lanzarote Passage, the AAIW undercurrent can be seen flowing northwards
with an initial value of 0.4 Sv, and 0.7 Sv after including the reference velocity. This
flow pattern confirms the presence of AATW proposed earlier (Figs. 3.2 and 3.4). Af-
ter applying the new reference velocities, a slightly southward mass transport of -1.1
Sv is also seen west of Lanzarote, up to station 17 (~18°W), whereas the accumulated

geostrophic transport is nearly zero.

The stream function at the deepest layer (Fig. 3.14c) carrying NADW is rela-
tively weak up to station 11 (~15.8°W). The deep pattern is quite irregular, with
an increasing southward flow while moving westwards from station 7 (~14.4°W) on.
Null mass transports are seen in stations 1-5 because, due to their shallowness, the
casts never get to those layers considered deep. As already mentioned, the presence
of a not-well resolved eddy masks the transport calculations to the west of station
17 (~18°W). The lack of more stations after 20°W hinders a good definition of the
complete eddy structure and its associated flow. If we assume that the transport west
of 18°W is due to an eddy signal, the geostrophic mass transport in the deep layers
is 0.7 Sv, whereas the ADCP velocity contribution raises the southward flow up to
-3.3 Sv.

3.4.2 Variability between the 1997, 2006, 2008 and 2009 cruises

In order to evaluate variability between the cruises, each year’s section is considered
individually. Surface, intermediate and deep layers are shown separately for compar-
ison. Mass transports corresponding to geostrophic and ADCP-referenced sections
are distinguished. A summary of these results is presented in Table 3.3. The errors
estimated in the calculation of reference level velocities (seen in Fig. 3.12) are taken
into account at every depth range. Errorbars are shown for the accumulated mass
transport in 2006 and 2009. Fig. 3.15 shows the accumulated mass transport com-
puted for the thermocline layer for each year. The main pattern observed in waters

down to 7y, <27.38 kg m~3 is a southward flow (except in 2008), as well as important
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mesoscale activity revealed by the saw-like structures exhibited in each year’s panel.

In the 1997 stream function, the southward flow begins in the Lanzarote Passage
(stations 1-5), with higher values in the ADCP-referenced data. However, west of
Lanzarote the initial values show a net zero mass transport distribution, whereas the
corrected estimates suggest a net southward flow up to the end of the section. If we
suppose that transport at the last station pair is due to a not-well resolved eddy and
therefore is excluded in the calculations, the mass transport in 1997 reaches initial
values of -0.4 Sv and a flow of -4.2 Sv is obtained including the reference velocities
acquired from ADCP data. Within the Lanzarote Passage, the mass transport is
-1.9 Sv and -3.7 Sv, before and after the correction, respectively. In 2006, transport
estimates near the African coast change considerably after introducing ADCP refer-
ence velocities. A southward geostrophic flow in the Lanzarote Passage is developed,
followed by a slightly southward net mass transport west of station 6 (~14.1°W). The
corrected estimates present a slightly northward flow east of Lanzarote, which turns
into a southward flow following the descending slope pattern when moving westwards
towards the end of the section. Thus, the stream function in 2006 shows -4.1 Sv
and -2.4 + 1.4 Sv, before and after application of the correction, of which -2.5 Sv
and 0.7 + 0.2 Sv, respectively, flow between Lanzarote and the African coast. As
shown in Fig. 3.15, the 2008 data register a different pattern, with a southward flow
in the Lanzarote Passage followed by zero mass transport for the geostrophic calcula-
tions. Regarding the ADCP-referenced calculations, the increasing slope to the west
of station 6 (~14.1°W) suggests a northward mass transport that counteracts with the
Passage flow, ending in zero net accumulated mass transport at station 16 (~17.6°W).
Mass transport values for the whole section in 2008 are detailed as follows: -1.0 Sv /
-0.05 Sv corresponding to the non-referenced / referenced values through ADCP mea-
surements. As seen in Fig. 3.15, the initial stream function in 1997 is very similar to
that in 2008. However, the stream functions after the ADCP correction are different.
This difference in the main pattern across the section can be attributed to the use
of SADCP data in the geostrophic velocity correction for 2008, instead of LADCP

data (not available for this cruise). Thus, only the first 800 m of the water column
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contribute to the calculation of reference level velocities, not considering the inter-
mediate and deep water behaviour. Therefore, the reference level velocities inferred
from SADCP data alone are probably underestimated. In 2008, the mass transport
across the Lanzarote Passage is estimated as -0.8 Sv / -1.2 Sv before and after the
ADCP correction. Finally, the 2009 data present a strong southward flow through
the thermocline layer in the Lanzarote Passage in both stream functions. Both non-
referenced and ADCP-referenced stream functions show zero net mass transport west
of Lanzarote up to station 16 (~17.6°W). To the west, geostrophic calculations are
flat, whereas the corrected estimates suggest a slight increase in the southward flow.
Geostrophic mass transport values obtained are -5.0 Sv for the whole section, of which
-3.1 Sv passes east of Lanzarote. On the other hand, the ADCP-referenced solution
reveals an integrated mass transport of -6.7 £ 1.6 Sv (-4.0 £ 0.3 Sv across the Pas-
sage). It is appreciated how the ADCP-referenced values follow the already registered
structure obtained of the initial geostrophic calculations. On all four cruises, Ekman
transport has been added to the shallowest layer. The period considered is the whole

month in which each cruise took place.

In Fig. 3.16, mass transport at intermediate layers is displayed. The 1997 and 2008
ADCP-referenced stream function end approximately at the longitude of 17.6°W,
whereas 2006 and 2009 data reach near-zero values around 20°W. However, the most
important role at intermediate layers seems to be played by the flows that take place
within the Lanzarote Passage. Concerning the stream function behaviour, it is ob-
served that 1997 and 2009 data at intermediate layers both follow a pattern of south-
ward flow after the ADCP correction. On the other hand, 2006 and 2008 mass
transports behave in the opposite way, giving importance to a northward flow at in-
termediate depths. In the following, accumulated mass transport values are shown

(geostrophic estimates / ADCP-refererenced calculations) for each individual cruise.

In the first case, a near-zero net mass transport is revealed along the whole section
for 1997. This pattern remains clear for the geostrophic transport, whereas the pres-

ence of mesoscale activity at intermediate depths forces a southward net flow to the
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Figure 3.15: Accumulated mass transport (Sv) in the surface layer (v, <27.38 kg
m~3) for the four winter cruises.

west of station 8 (~14.7°W). In that year, 0.8 Sv / -2.3 Sv flow across the section, out
of which 0.4 Sv / -0.2 Sv correspond to the transect east of Lanzarote. The non-well
sampled eddy near the end of the section probably contributes to the high net accu-
mulated mass transport observed in the figure. Following the similarities mentioned
above, the 2009 plot presents 1.1 Sv / -1.0 4+ 2.2 Sv (stations 1-21, ~13-20°W) and
0.8 Sv /-0.2 £ 0.2 Sv (stations 1-5, ~13-13.7°W). The non-referenced northward flow
is corrected to turn slightly southwards after station 9 (~15.1°W) after the ADCP-
referencing. The transport west of the Passage is marked by the eddy field and the
net contribution is nearly zero. For the second case (2006 and 2008 data), the 2006
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dataset reveals a flat net accumulated mass transport for the geostrophic calcula-
tions. However, the ADCP-referenced stream function shows a northward transport
from the African coast up to station 9 (~15.1°W). Moving westwards a counteracting
southward flow is observed up to station 16 (~17.6°W). Once null transport values are
reached, zero net contribution is observed at stations 16-21 (~17.6-20°W). The values
obtained are 0.7 Sv / 0.6 + 1.8 Sv for the whole section, while the mass transport
between stations 1 and 5 (~13-13.7°W) increases from 0.2 Sv to 2.0 + 0.1 Sv when
applying the reference velocity calculation. Finally, in the 2008 transports shown in
Fig. 3.16, a zero initial net accumulated mass transport can be seen throughout the
section. The rise from the referencing procedure is included (-0.2 Sv becomes 1.4 Sv
for the whole transect, while -0.06 Sv becomes -0.3 Sv between the archipelago and
the African coast). It is shown that mass transport across intermediate layers is not
significant when the error is known (2006 and 2009).

Variability in the deep layers among 1997, 2006, 2008 and 2009 is presented in
Fig. 3.17. As observed in Fig. 3.14 for the average built section, the deep pattern is
quite noisy. No deep waters are found in the Lanzarote Passage due to its shallow
bathymetry. Therefore, no mass transport can be observed near the continental slope,
but a southward current to the west of station 6 (~14.1°W) (except in 2008, that
shows a northward mass transport). This difference may be caused, as stated before,
by the use of SADCP data alone in the referencing process, which seems not to be as

good as LADCP for referencing purposes.

The main transport patterns can be compared up to station 16 (~17.6°W), be-
cause of the lack of further stations in 1997 and 2008. Due to the choice of the
no-motion reference level, no high geostrophic mass transport values are shown in
the deep layers. After applying the ADCP-referencing, both 1997 and 2006 corrected
results show an increase from the initial near-zero accumulated mass transport to a
marked southward transport. The 1997 stream function is modified by the presence
of an eddy from station 9 (~15.1°W) to the end of the section, while the 2006 mass

transport also reflects the mesoscale contribution along the whole section, highlighted
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Figure 3.16: Accumulated mass transport (Sv) in the intermediate layer (27.38<
Y <27.922 kg m~3) for the four winter cruises.

by the presence of an eddy beginning at station 18 (~18.5°W) but not well sampled
at its western margin. Mass transport estimates are shown before / after the ADCP-
referencing. In 1997, 0.6 Sv / -4.7 Sv are registered, while -1.5 Sv / -5.3 + 3.2 Sv
are obtained from the 2006 cruise. These differences are probably due to the not-well
sampled eddy present at the end of the survey. Stream function values corresponding
to 2008 behave differently, showing a northward trend for both non-referenced and
ADCP-referenced solutions, which are 1.4 Sv / 3.5 Sv, respectively. On the contrary,
in 2009 there is a northward current shown up to station 16 (~17.6°W), but after
18°W the flow turns southwards ending in an accumulated mass transport of -3.3 Sv

/ -5.0 + 3.9 Sv across the whole section. The presence of a non-completely sampled
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Figure 3.17: Accumulated mass transport (Sv) in the deep layer (7, >27.922 kg m—3)
for the four winter cruises.

eddy is revealed in both the geostrophic and corrected transports, contributing to the
high values observed. As already mentioned, the high mass transport values obtained
from the ADCP-referencing procedure are also a consequence of the large mass in-
volved in the deep layer range (from 1600 m to the sea bottom). A small error in
the LADCP velocity estimates results in a high error in the deep layer mass trans-
port. This causes the reference velocities calculated to affect the stream function,

magnifying the structures present in the deep layers.
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Table 3.3: Summary of accumulated mass transport results (Sv).

Year
Longitude* Thermocline Intermediate Deep
1997 Geostrophic -0.4 0.8 0.6
17.6°W LADCP-ref. -4.2 -2.3 -4.7
Inverse model 3.7+ 0.8 -0.4 + 1.0 04+ 1.8
LP Geostrophic -1.9 0.4
LADCP-ref. -3.7 -0.2
Inverse model -1.0 £ 0.7 0.8+ 1.1
2006 Geostrophic -4.1 0.7 -1.5
20°W LADCP-ref. 24+ 14 0.6 +1.8 -5.3 £ 3.2
LP Geostrophic -2.5 0.2
LADCP-ref. 0.7+ 0.2 2.0+ 0.1
2008 Geostrophic -1.0 -0.2 1.4
17.6°W SADCP-ref. -0.05 1.4 3.5
LP Geostrophic -0.8 -0.1
SADCP-ref. -1.2 -0.3
2009 Geostrophic -5.0 1.1 -3.3
20°W LADCP-ref. -6.7 £ 1.6 -1.0 + 2.2 -5.0 + 3.9
LP Geostrophic -3.1 0.8
LADCP-ref. -4.0 + 0.3 -0.2+0.2
Averaged  Geostrophic -2.9 0.4 0.7
18°W LADCP-ref. -3.5 -1.1 -3.3
LP Geostrophic -2.1 0.4
LADCP-ref. -14 0.7

*Longitude up to which results are shown. See text for explanation.
LP stands for Lanzarote Passage (up to 13.7°W).
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3.5 LADCP vs. inverse model solution

In the framework of the CANIGO project, an inverse box model was carried out in
order to determine reference-level velocities in the region [Machin et al., 2006]. The
inverse model assumes that the ocean is in hydrostatic and geostrophic balance and
permits the exchange of properties between adjacent layers. The goal of the inverse
box model is to find an optimal but minimum solution for reference-level velocities
that conserves mass transport (and other properties) within a closed volume of water
[ Wunsch, 1996]. Our transect corresponds to the southern section of the closed box
formed by stations occupied during CANIGO. In this section, a comparison between
the mass transport computed using LADCP data and using the reference velocities
from Machin et al. [2006] is carried out. The same comparison is not done for the
RAPROCAN cruises because a closed-box is necessary to carry out a box inverse

model.

Fig. 3.18 shows the stream function corresponding to the inverse box model so-
lution by Machin et al. [2006] (dashed lines) and the ADCP-referenced procedure
(solid lines). Surface (1-4, v, <27.38 kg m™?), intermediate (5-7, 27.38< ~,, <27.922
kg m~3) and deep layers (8-14, v, >27.922 kg m~3) are considered separately. The
January 1997 cruise reached the longitude of 17.6°W (station 16 in this study, see
Fig. 3.1). The inverse model calculations provided accumulated mass transport values
of -3.7 £ 0.8 Sv for thermocline waters, -0.4 + 1.0 Sv for intermediate waters and 0.4
+ 1.8 Sv for deep waters. Thus, only the southward transport in the surface layers is
significantly different than zero. On the other hand, the ADCP-referenced accumu-
lated mass transport provides a different solution. The stream function in this case
reveals values of -4.2 Sv, -2.3 Sv and -4.7 Sv at surface, intermediate and deep layers,
respectively. Both methods here compared provide reference level velocities which
are incorporated into the geostrophic calculations leading to new estimates in the
water column. It has been therefore shown that the results from both methodologies
in shallower waters represent the Canary Current dynamics quite well. It is worth

remembering that the inverse model solution resolves the minimum possible reference
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Figure 3.18: Accumulated mass transport (Sv) in the surface, intermediate and
deep layers (1997). Dashed lines stand for the stream function estimated by the
inverse model and solid lines represent the estimates calculated through our ADPC-
referencing procedure.

velocity that follows the conservation principles imposed, while the ADCP-referencing
provides a reference-level velocity from in-situ absolute velocity measurements. Our
estimates clearly correspond with previous estimates of the Canary Current surface
circulation [Herndndez-Guerra et al., 2005; Machin et al., 2006] and provide new val-
ues for intermediate and deep layers. Once again, the large mass in the deep water
layers causes high errors in transport estimates as a consequence of small errors in
the LADCP-velocity contribution.
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3.6 Discussion and conclusions

The Canary Current has been analyzed from the African coast to 20°W. Our results
agree with the order of magnitude of the geostrophic mass transport across the Ca-
nary archipelago as estimated from previous studies [Herndndez-Guerra et al., 2005;
Machin et al., 2006]. Additionally, the presence of saw-like structures along the hy-
drographic line in the different sections of this study reveals the important eddy field
present in the region [Mason et al., 2011].

This study throws some light upon the behavior of the Canary Current during
the winter season in 1997, 2006, 2008 and 2009. Seasonal changes of the flow have
already been registered [Machin et al., 2006]. However, our results differ from theirs
for winter. Machin et al. [2006] found that during this season, the main southward
transport is only 1.7 + 1.0 Sv, covering just the Lanzarote Passage and the east-
ernmost side of the Canary Islands. We have observed that the Canary Current is
located at the eastern margin of the archipelago in 2006 and 2009. However, the built
section suggests a stretching of the current in the ADCP-referenced averaged mass
transport in the surface layer. In our study, the main southward flow initially covers
from station 1 (~13°W) to 8 (~14.7°W), whereas the ADCP-referencing expands
the current, spanning to station 17 (~18°W). Thus, after introducing the reference
velocities here obtained, our results show that the current flows across the entire
archipelago. The accumulated mass transport at station 8 for geostrophic calcula-
tions reaches -3.0 Sv and the values at station 17 after the ADCP correction reach
to -3.5 Sv. This shows that the ADCP data contribution to the reference level ve-

locity is relevant in the current stretching, instead of contributing to its strengthening.

Considering each year’s results detailed here, variability among the four cruises
can be appreciated in central waters. The stream function shows high variability, even
though all datasets correspond to the winter season. Although the use of LADCP-
referenced velocities (1997, 2006 and 2009) introduces slight modifications to the

flow, the values obtained corroborate the current mass transport across the Canary
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archipelago of previous estimates. Concerning the use of only SADCP data in 2008,
there have been observed differences between the open-ocean and shallow stations.
In the Lanzarote Passage (stations 1-5, ~13-13.7°W), SADCP data reaches near the
sea bottom. However, in the main section (stations 6-21), the restriction in depth
(SADCP measures only the first 800 m of the water column) reduces the range at
which the average of the differences between the direct velocity and the geostrophic
velocity profiles is carried out (to roughly 200-800 m). However, the LADCP reaches
the bottom at open-ocean stations and nearly the entire water column is consid-
ered for the estimation of the reference velocity. This is probably the reason for the
clear distinctions observed in this study between the stream functions in 1997, 2006
and 2009 compared to that in 2008. Nevertheless, the SADCP data quality is not
questioned here, supported by the referenced results in the Lanzarote Passage (see
Table 3.3), where measurements reached almost to the sea floor and the range of
depths averaged in the calculation of the reference velocities span almost the whole
water column. The stations located at the channel margins are also observed with the
SADCP bottom-track, which improves the velocity profiles. In addition, the LADCP
processing procedure considers the option of constraining the surface velocity profile
to the SADCP measurements. The optimal methodology would include the SADCP
and bottom-track data in the LADCP processing. However, the full option is not
carried out here due to the lack of simultaneous data from both instruments (ship-
board and lowered ADCP, see Table 3.1). When available, bottom-track data have

been considered.

As already mentioned, Ekman transport is taken into account in the surface stream
function. Whereas an averaged value is used for the built transect, each year’s sec-
tion comprises an Ekman transport value for the month during which the cruise was
carried out. The Ekman transport values remain negative for three of the four cruises
studied here (-0.22 Sv in 1997, -0.18 Sv in 2006 and -0.07 Sv in 2009). However, the
wind stress data provide positive Ekman transport values in 2008 (0.21 Sv). This
difference, however low, can also be a reason for the discordance observed between

the 2008 stream function at the surface layer and the rest of the winter transects here



62 CHAPTER 3. THE CANARY CURRENT

studied. The wind stress curl has also been considered and has the same sign for
the four cruises, discounting this as a reason for the differences mentioned during the
2008 cruise.

Regarding the Lanzarote Passage, some general conclusions can be drawn with
regards to the validity of the proposed methodology. Recent studies have analyzed
the seasonal variability in the passage from current meter measurements. Fraile-Nuez
et al. [2010] calculated mass transports out of a 9-year mooring time series in the chan-
nel. Concerning the winter season, they obtained -1.3 4 1.29 Sv for the central waters
(NACW). In the present study, considering the averaged built section, initial values
of surface layer averaged mass transport reach -2.1 Sv. This value is corrected to -1.4
Sv after applying the ADCP-referencing procedure. This comparison demonstrates

the usefulness of referencing geostrophic calculations to direct velocity measurements.



Chapter 4

THE AZORES CURRENT
SYSTEM

The Azores Current System from hydrographic data

Abstract

High spatial resolution hydrographic data, including Lowered Acoustic Doppler
Current Profiler (LADCP) measurements, were acquired along a meridional section
at 24.5°W in October 2009. The data are analyzed in detail with the purpose of
definitively defining and quantifying the zonal Azores Current System. The Azores
Current and Azores Countercurrent are delimited, each extending meridionally for
110 km. The Azores Current is located between 33.5° and 34.5°N, flanked to the
north by the Azores Countercurrent (35.25°-36.25°N). Vertically, both currents reach
the 7,=27.975 kg m~2 level (~2000 m depth), their mass transports ranging across
thermocline as well as intermediate layers. The Azores Current transports 14.9 Sv
(1 Sv ~ 10 kg s71) eastwards with its maximum associated with the Azores Front
(33.75°N). The Azores Countercurrent flows below the surface, transporting 6.5 Sv
westwards. This contributes to a net eastward flow of 8.4 Sv across the section. At
intermediate layers, the Azores Countercurrent transports mixed Mediterranean Wa-

ter to the west, and the Azores Current transports mixed Sub-Arctic Intermediate

63
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Water to the east. Shipboard ADCP and satellite-derived geostrophic velocity are
used to confirm the transports revealed by the hydrographic data.

Keywords Azores Current, Azores Countercurrent, ADCP, Hydrography, Mass

transport
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4.1 Introduction

The Azores Current (AzC) is the northernmost current of the North Atlantic subtropi-
cal gyre (NASG). It originates as a branch of the Gulf Stream, heading southeastwards
and crossing the Mid-Atlantic Ridge south of the Azores [Kdse and Siedler, 1982;
Gould, 1985]. The AzC flows eastwards as a zonal jet, associated with the Azores
Front (AzF), and divides into three main branches that turn southwards [Stramma
and Siedler, 1988b; Klein and Siedler, 1989]. The easternmost branch feeds the Ca-
nary Current (CC) that flows across the Canary Islands [Stramma, 1984; Stramma
and Miiller, 1989; New et al., 2001; Machin et al., 2006]. The three branches feed
the North Equatorial Current, that flows to the west closing the NASG [Herndndez-
Guerra et al., 2005].

The eastward mass transport of the AzC has been reported to be about 10-12 Sv
(1 Sv =~ 10° kg s71), mainly through the upper 1000 m of the ocean [Gould, 1985; Sy,
1988; Stramma and Mdller, 1989]. Its formation and variability have been studied
both through historical datasets and circulation models [Paillet and Mercier, 1997;
Pingree et al., 1999; Alves et al., 2002; Pérez et al., 2003]. There are two hypotheses
about the driving mechanism of the AzC. The first one is that the Azores Current
is driven by the wind stress curl [Kdse and Krauss, 1996]. The second AzC forma-
tion mechanism is believed to imply a water mass transformation associated with
the Mediterranean outflow in the Gulf of Céadiz [Jia, 2000; Ozgokmen et al., 2001},
relying on the dynamical concept of G-plumes. A combination of both has also been
considered by Lamas et al. [2010], providing higher transport estimates (16.5 Sv for
the first 1500 m from Argo data). The AzC variability seems to depend mainly on
the magnitude of the exchange through the Strait of Gibraltar.

Some studies have also demonstrated the presence of a recirculation as a west-
ward counterflow adjacent to the AzC, called the Azores Countercurrent (AzCC) as
defined by Onken [1993], who attributes the existence of the AzCC to a feature in

the meridional gradient of the wind stress curl. Cromuwell et al. [1996] used altimetry
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and hydrography data to indicate that such westward flow north of the AzC appears
to be a persistent feature of the circulation in this region. In line with the AzC for-
mation, two mechanisms have been suggested to drive the AzCC. Alves and Colin de
Verdiére [1999] supported an eddy-driven mechanism, which is expected to form two
westward countercurrents, north and south of the AzC due to geostrophic turbulence
rectification. In contrast, the second hypothesis suggests the formation of a single
westward countercurrent to the north of the AzC, due to the aforementioned topo-
graphic -plume [Kida et al., 2008; Volkov and Fu, 2010]. According to these studies,
the resulting principal current flows westwards, transporting 2-7 Sv. Also Fiekas et al.
[1992] observed that the initial eastward-flowing 12 Sv registered in the upper 700 m
were reduced to 7 Sv when considering the adjacent counterflow. However, most of

the literature focuses on modeling or limited sets of data.

Several pending questions about these currents, like the observational verification
of their vertical extension and the horizontal structure, demand further in-situ mea-
suring efforts. To fulfill this objective, an extensive hydrographic dataset that can
be used to verify the conclusions drawn from modeling has been missing. This paper
provides a high spatial resolution synoptic survey expressly designed to measure the
both the AzC and AzCC and resolve the mesoscale. The main aim of the present
study is to delimit (both horizontally and vertically) and quantify the Azores Current
System (ACS) through hydrographic data. We present a quantitative study that con-
stitutes a reference in the hydrographic description of the water column in the region
while providing a new insight into the meridional horizontal structure of the system.
The paper is structured as follows. After presenting the collected hydrographic data
and describing the methodology in section 4.2, the water mass distribution and cir-
culation in the Azores Current System is thoroughly studied in section 4.3. Our final

discussion is given in section 4.4.
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4.2 Data and methods

The ORCA cruise was carried out between 15 October and 11 November 2009 on-
board the BIO Hespérides. The survey comprised three large-scale sections, two zonal
sections at nominal latitudes of 29° and 37°N, joined by a meridional section at the
longitude of 24.5°W. In order to locate the AzC and the AzCC, we will focus on this
meridional section between latitudes 37° and 33°N (stations 39-55, see Fig. 4.1a), as
will be later justified. These 17 SeaBird 911+ CTD stations were carried out with
a spatial separation of 15 nm (~28 km) between 26 October and 1 November 2009.
At each cast, dual sensors of temperature and conductivity acquired data from the
surface down to 15-20 m above the bottom. The temperature and pressure sensors
were calibrated before the cruise at the SeaBird facilities, whereas the conductivity
sensor was calibrated on board with bottle sample salinities (hereinafter salinity is
expressed in the Practical Salinity Scale). Additionally, neutral density (v,) is com-
puted following Jackett and McDougall [1997].

The Lowered Acoustic Doppler Current Profiler (LADCP) system was mounted
on the rosette and deployed at each CTD cast. The LADCP consists of two 300
kHz Teledyne/RDI Workhorses (WH) run in master/slave mode. The data are pro-
cessed using the Visbeck software developed at Columbia University [Fischer and
Visbeck, 1993]. Continuous current measurements were also made in the upper 700
m using a 75 kHz Ocean Surveyor Shipboard ADCP (SADCP). These data are prop-
erly calibrated and GPS-referenced, as well as processed with the CODAS (Common
Ocean Data Access System) processing toolbox. The Visbeck software adjusts the
shallowest LADCP data to the SADCP data and the barotropic tidal component is
removed from the ADCP data. Continuous temperature records were also acquired
using an SBE-21 thermosalinometer and averaged onto a 1/10° grid. The near-real
time merged altimeter product (which uses Jason-1, Envisat, GFO, ERS-1, ERS-2
and Topex/Poseidon data) was produced by Ssalto/Duacs and distributed by Aviso
with support from Cnes. Absolute geostrophic velocities, computed from absolute

dynamic topography, have been acquired on a 1/4° grid along the 24.5°W meridional
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section (averaging the data provided by Aviso at 24.75° and 24.25°W from 26 Octo-
ber to 1 November). Ocean surface wind stress data used to obtain Ekman transport

come from the QuickScat scatterometer.

38°N S e ) O

37°N 7] w e39 -
® 40 25
® 41 1 b S
® 42 . -':. -
36°N 43 - 20} o
® 44
® 45
® 46 %)
35°N ® 47 i I
® 48 D
® 49
® 50 L
34°N ®51 51
®52
® 53 | A ‘ ‘ ‘

® 54 345 35 355 36 365 37
33°N ® 55 r Salinity

320N +——F—FF—F—F—

26°W  25°w  24°w

Figure 4.1: a) Location of the CTD stations occupied at the Azores Current Sys-
tem during the ORCA cruise in the fall of 2010. For reference, 200-, 1000-, 2000-,
3000-, 4000- and 5000-m isobaths are shown [Smith and Sandwell, 1997]. b) ©-S
diagram. NACW, SATW, MW (dark gray, stations 41-43), NADW and LSW (light
gray, stations 39-43) are shown.

Mass transport is calculated by dividing the water column into 14 neutral density
layers, following the criteria proposed by Ganachaud [2003] for the Atlantic Ocean,

but with a slight modification for central waters. Thus, each thermocline layer covers
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roughly a comparable depth range to other layers. Geostrophic relative velocities are
obtained using the thermal wind equation. To integrate this equation, the reference
level of no-motion has been located at v,=28.072 kg m~2 (roughly 3000 m). An
estimation of the absolute velocity is obtained using LADCP data [McDonagh et al.,
2008] following the procedure described by Comas-Rodriguez et al. [2010].

4.3 Results

4.3.1 Water mass distribution

Potential temperature (©) and salinity (S) data obtained during the cruise allow
water mass identification as shown in Fig. 4.1b. In this ©-S diagram, the five main
water masses present at the section are marked. A slight scattering is seen above
the seasonal thermocline, due to heating, precipitation and evaporation that take
place at shallow depths. Fig. 4.2 shows a) O, b) salinity and c) -, vertical sections.
Central waters extend to a density level of v, <27.38 kg m~3 (roughly 700 m), and
define the thermocline layer, occupied by North Atlantic Central Water (NACW).
The AzF is found near station 52 (~33.75°N, marked by a black dot in Figs. 4.2a
and 4.2b), corresponding to the 16.2°C isotherm and 36.2 isohaline at 150 dbar as
suggested by Pérez et al. [2003]. In these vertical sections, temperature and salinity
gradients can be seen where the AzF is located. Therefore, the AzF is associated
with the maximum baroclinic velocities registered in the Azores Current. In contrast,
other frontal zones such as the Cape Verde Frontal Zone (CVFZ), although known
for their characteristic fluctuations of isolines [Martinez-Marrero et al., 2008], are not
associated with maximum velocity values. Below the central waters, at intermediate
layers (27.38< v, <27.922 kg m~3, roughly 700-1600 m), relatively warmer and saltier
(>35.7) Mediterranean Water (MW) is found between stations 41 and 43 (dark gray in
Fig. 4.1b). In Fig. 4.2b, this MW core (36.5°-36°N) is located at approximately 1000
m, whereas values above 35.6 spread horizontally up to station 49 (34.5°N). Between
stations 50 and 53 (34.25°-33.5°N) relatively cooler and fresher (>35.5) mixed Sub-
Arctic Intermediate Water (SAIW) is also found, approximately in the 700-900 m
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range. The upper limit of the SAIW domain is defined by Arhan [1990] at the 27.3
isopycnal, but ‘pure’ SAIW temperature and salinity values are much lower than
those shown here. The deep layers, from approximately 1600 m to the ocean bottom
(Y >27.922 kg m™3), are composed of North Atlantic Deep Water (NADW) and
Labrador Sea Water (LSW). LSW is found from stations 39 to 43 (light gray in
Fig. 4.1b, 37°-36°N in Fig. 4.2). The presence of LSW is evidenced by the rise of
isohalines (Fig. 4.2b) and bending of isoneutrals (Fig. 4.2c) below 2000 m, as well as
© values above 2°C and salinity around 34.9 [van Aken, 2000].

4.3.2 The Azores Current and Countercurrent System

In order to horizontally delimit the AzC and AzCC domains, velocity from the
SADCP is shown in Fig. 4.3. Velocity averaged over nearly the 700-m depth range
reached by the instrument (Fig. 4.3a) and averaged velocity up to 50 m (Fig. 4.3b),
are plotted separately for comparison. Fig. 4.3 clearly reveals a cyclonic recirculation
at the southern part of the section, at latitudes south of 33°N (station 55). This
study only covers stations 39 (located at the northernmost point of the section) to
55 in order to focus on the AzC and AzCC . In the following, the transect is divided
into four different sectors. From station 39 (37°N) and up to station 42 (36.25°N), a
westward velocity is present which, as we will show, belongs to an anticyclonic recir-
culation located north of the section. Between stations 42 and 46 (36.25°-35.25°N)
we find the westward-flowing AzCC at subsurface levels, unnoticeable at the surface,
as shown by the lack of flow in Fig. 4.3b. To the south, enclosed by stations 46
and 49 (35.25°-34.5°N), there is a cyclonic eddy forced by the strong horizontal shear
in this transition area. Finally, the AzC can be identified between stations 49 to 53
(34.5°-33.5°N), flowing eastwards in the surface layer and below (Figs. 4.3a and 4.3b).

Fig. 4.4 shows the reference velocity obtained for the section. Each value, corre-
sponding to a station pair, represents the velocity applied to the geostrophic profile
to match the LADCP data. As described in Comas-Rodriguez et al. [2010], either
bottom-track or LADCP full-depth profiles are used when referencing the geostrophic
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calculations. Reference velocities included in the corrected transport estimates are
quite small (see Fig. 4.4). Fig. 4.5 shows the accumulated mass transport along the
section, considering surface (v, <27.38 kg m™3), intermediate (27.38< 7, <27.922
kg m™3) and deep (v, >27.922 kg m~3) layers separately. Ekman transport has
been added to the shallowest layer. Both geostrophic (dashed lines) and LADCP-
referenced (solid lines) stream functions are shown separately in these calculations.
A large water volume is comprised between ~,=27.922 kg m~3 and the bottom (from
approximately 1600 m to almost 5000 m depth). Thus, the transport in the deep
water layers is slightly different, magnifying the reference velocity contribution. In
the following, we will discuss the flow resulting from the LADCP-referenced mass

transport estimates.
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Figure 4.4: Reference level velocities (cm s™1) obtained from LADCP bottom-track
(stars) and full-depth (dots) profiles.
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Fig. 4.5 presents a quantification of the flow within the AzC and AzCC. The nega-
tive (westward) flow from stations 39 to 42 (37°-36.25°N) is caused by an anticyclonic
recirculation, as will be discussed later. Concerning the AzCC domain, between sta-
tions 42 and 46 (36.25°-35.25°N), a prominent westward flow is noticeable at surface
and intermediate layers. Mass transport at both the surface (-3.4 Sv) and inter-
mediate (-3.1 Sv) layers contributes to the AzCC, with a westward flow of 6.5 Sv.
The cyclonic eddy located south of station 46 (35.25°N) is evident until station 48
(34.25°N), thereafter the mass transport is nearly zero (from surface to 7, =27.922
kg m™?) until station 49 (34.5°N). Between stations 49 and 53 (34.5°-33.5°N), the
AzC transports a total of 14.9 Sv (10.7 Sv carried at thermocline layers and 4.2 Sv
at intermediate depths) eastwards. With the abovementioned results, an eastward
net mass transport of 8.4 Sv flows across the meridional section at 24.5°W. Fig. 4.5
confirms that the widths of the AzC and AzCC are about 110 km each. The max-
imum eastward flow of the AzC is associated with the AzF, located near station 52
(~33.75°N) as seen in Fig. 4.2.

Fig. 4.6 reveals the vertical structure of the AzC and AzCC from SADCP data
(Figs. 4.6a and 4.6b) and the calculated mass transports (Figs. 4.6¢c and 4.6d).
Both the geostrophic (dashed line) and LADCP-referenced (solid line) estimates are
shown (see caption in Fig. 4.6). A very small vertical shear in the westward velocity
corresponding to the AzCC (Fig. 4.6a) is seen between 150 m and 650 m depth, with
a slight maximum registered just below the surface. Integrated mass transport in
this same area (Fig. 4.6¢) show that the highest transport is located roughly between
500 and 700 m (27.162< 7, <27.38 kg m~3). Fig. 4.6b shows a baroclinic eastward
flow corresponding to the AzC, as also seen in Fig. 4.6d. Figs. 4.6c and 4.6d show
significant mass transport up to approximately 2000 m, including the thermocline as
well as intermediate layers (up to 7,=27.975 kg m~3). The eastward flow seen at the
deepest layers in Fig. 4.6¢ is probably associated with the presence of LSW on the
northern margins of the AzCC domain, also observed in Fig. 4.1b, which flows across

the section in the deepest layers.
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Figure 4.5: Accumulated geostrophic mass transport (Sv) for thermocline (red), in-
termediate (green) and deep (blue) layers. Dashed lines show the geostrophic mass
transport, solid lines show the LADCP-referenced stream functions. Positive/negative
values stand for eastward/westward flows.

It can be appreciated in Fig. 4.7 how the SADCP velocity measurements in the
shallowest layer roughly follow the pattern provided by the satellite-derived geostrophic
velocity. The AzC location is clearly observed between stations 49 and 53 (34.5°-
33.5°N) and the AzF remains coincident with the peak located near station 52
(33.75°N), although the altimeter geostrophic velocity presents a shift to northern
latitudes. Whereas the first layer properly reproduces the AzC, the AzCC (stations
42-46, 36.25°-35.25°N) is not shown, as observed by Barbosa Aguiar et al. [2011], due
to the fact that the main AzCC flow takes place at subsurface depths. On the other

hand, temperature records show the anticyclonic eddy signal at the northern part of
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the section, up to station 43 (36°N), followed by a lack of recognizable structures to
the south. The AzF can be associated with the steep slope observed at station pair
52-53 (33.75°-33.5°N).
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Figure 4.7: Surface layer data at 24.5°W. Gray line represents temperature (°C)
recorded by the thermosalinometer. Black lines correspond to the zonal velocity
component (cm s~1) measured by the SADCP (solid) and altimeter (dashed). Note
the different y-scales.

4.4 Discussion and conclusions

In order to identify and quantify the counter-flowing zonal large-scale currents south
of the Azores archipelago, this study analyzes a hydrographic dataset acquired be-
tween 37° and 33°N at 24.5°W during the ORCA cruise. Our results reveal a surface
intensified AzC flanked to the north by the westward counterflow of the AzCC (as
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named by Onken [1993]). The presence of a single counterflow supports the topo-
graphic g-plume formation mechanism suggested in previous studies. We show that
the AzCC spans the intermediate water depths (up to ~2000 m), reaching a greater
depth than those reported by Klein and Siedler [1989] (800 m), Fiekas et al. [1992]
(700 m), Arhan et al. [1994] (700 m) and Paillet and Mercier [1997] (800 m); and
close to the results obtained by Sy [1988] (1500-2000 m) or Tychensky et al. [1998]
(2000 m). We also find a horizontal extension of the AzCC that is similar to the
AzC, both extending for about 110 km. Tychensky et al. [1998] reported the same

horizontal extension for the AzC.

The AzC transports 14.9 Sv to the east, matching that obtained by the above-
mentioned studies in the region. On the other hand, the AzCC carries 6.5 Sv to the
west, reducing the net eastward transport across the section to 8.4 Sv. Recent model
estimates suggest that a westward transport of 6.8 Sv is associated with the AzCC
[Volkov and Fu, 2010], reaffirming the results obtained from the quality dataset used
here. Considering that both currents flow across the section, occupying up to ~2000
m, the observed MW is transported by the AzCC to the west (as found by Peliz et al.
[2007]). In contrast, the SATW that is found above 1000 m depth is transported to
the east by the AzC.

Fig. 4.8 provides an additional view of the flow pattern of the AzC and AzCC. Ac-
cumulated mass transports per station pair are shown as bar diagrams for thermocline
(7, <27.38 kg m~3), intermediate (27.38< ~,, <27.922 kg m—3) and deep (v,, >27.922
kg m~3) waters. The thick solid black line marks the vessel path and we have in-
cluded one extra station pair, which corresponds to the end of the northern ORCA
section. The quasi-barotropic anticyclonic recirculation located north of 36.25°N is
now revealed at each depth range. Southward of 36.25°N, the AzCC flows to the west
(up to 35.25°N) occupying surface and intermediate layers, as seen in Fig. 4.6¢c. The
cyclonic recirculation south of 35.25°N is confirmed in Figs. 4.8a and 4.8b. The AzC

is enclosed between 34.5° and 33.5°N with an eastward mass flow down to ~,,=27.975
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Figure 4.8: Vertically integrated mass transport per station pair for a) thermocline,
b) intermediate and c) deep layers. The thick black line marks the vessel path. At
the surface layer, arrows represent the satellite absolute geostrophic velocity.

kg m~3, as previously suggested in Fig. 4.6d. As expected, the maximum flow is asso-
clated with the AzF, located near 33.75°N. The altimeter geostrophic velocity shown
in the surface layer (Fig. 4.8a) clearly reveals the AzC but not the AzCC because it
flows below the surface [Onken, 1993; Paillet and Mercier, 1997].



Chapter 5

DISCUSSION

5.1 General discussion

The goal of this thesis is to analyze hydrographic data acquired in the eastern North
Atlantic subtropical gyre (NASG) in order to quantify Canary Current transport, its
variability and the source feeding its flow. First of all, a review considering previous
studies of the surface circulation of the NASG and the mechanism producing this
current was done (Chapter 1 and introductions to Chapters 3 and 4). Addressing the
issue of defining a methodology in the estimation of absolute geostrophic velocities,
data from a transatlantic survey along 24.5°N are used to illustrate the procedure
to be followed throughout this thesis (Chapter 2). Deep hydrographic sections car-
ried out in the framework of the RAPROCAN project surveying the Canary Current
provide the dataset to calculate mean mass transport estimates, as well as their vari-
ability between the years in which the measurements took place (Chapter 3). The
Azores Current System is also delimited and its adjacent flows are quantified (Chap-
ter 4). This will lead to conclusions in terms of discerning the source of the surface

southward flow across the Canary archipelago.

An important component of this thesis involves the development of a proper
methodology to estimate absolute velocities obtained when applying the thermal wind

equations. From these equations, the absolute geostrophic velocity is calculated by
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the addition of a baroclinic velocity component (dependent on depth) and a reference
level velocity. The assumption of a no-motion reference level leads to the initial calcu-
lation of mass transports. In this thesis, ADCP (Acoustic Doppler Current Profiler)
data are used to estimate the velocity at the reference layer and, consequently, to
calculate the absolute mass transports. This is a significant advance on this topic in
comparison with previous studies, due to the statistical analysis carried out in order
to determine which instrument provides a better direct velocity measurement. The
dataset acquired along 24.5°N permitted this comparison between Shipboard ADCP
(SADCP) (down to ~700 m), Lowered ADCP (LADCP) bottom track (from ~200
m above the bottom), and full-depth profiles. The LADCP data processing provides
a range of options, allowing the resulting velocity profiles to be constrained by CTD,
GPS, bottom-track or even SADCP measurements. In this thesis, different choices

based on the proposed methodology are taken, considering the quality of each dataset.

Confidence in the estimated reference level velocities depends on the quality of the
employed data. Critically reviewing the acquired ADCP data shown in this thesis,
some deficiencies related to instrument performance should be mentioned. To over-
come these impediments, the use of these data has been carefully studied throughout.
However, it is a fact that continuous improvements are being made in the performance
of the instruments. Their data processing and further application are being improved

thanks to the current studies carried out regarding this topic.

The suggested methodology is applied to four deep hydrographic sections from
the African coast to 20°W to compute absolute mass transport across the Canary Is-
lands. The section was repeatedly occupied during the winter seasons of 1997, 2006,
2008 and 2009. The presence of mesoscale features is evident in the flow estimates
for each yearly realization. An averaged section of these four surveys is built, de-
creasing the eddy field. The use of ADCP-referenced calculations gives a new view
of the Canary Current. The Canary Current transports similar values before (-2.9
Sv) and after (-3.5 Sv) applying the proposed methodology. The transport estimates

are coherent with previous studies in the region. However, a horizontal stretching
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of the Canary Current is seen when the ADCP velocities are used. Therefore, an
important contribution of this study is this redefinition of the Canary Current hori-
zontal extension, that was initially believed to be restricted to the easternmost part
of the Canary Islands (between 13° and 14.7°W), but finally revealed to flow across
the entire archipelago (up to 18°W).

Considering the results obtained for each individual cruise, variability between
1997, 2006, 2008 and 2009 can be appreciated in the central waters. Once again,
the sampled eddies make the inference of a net Canary Current transport from each
yearly cruise difficult. By discarding the unresolved mesoscale features at the end of
each section and paying attention to the trends in the thermocline flow, some patterns
can be seen. According to the results shown, ADCP-referenced transports are -4.2
Sv in 1997, -2.4 Sv+1.4 in 2006 and -6.7£1.6 Sv in 2009. However, the flow in 2008
is nearly zero. These estimates give a first approach to the evaluation of the mass

transport variability in the region.

The study of the Azores Current System sheds some light upon the matter con-
cerning the origins of the Canary Current. In the study shown here, it is demonstrated
that the Azores Current System displaces eastwards a total mass transport of 8.4 Sv
(across thermocline and intermediate layers). Another important advance is made
by locating and quantifying the Azores Countercurrent, essential in the understand-

ing the contribution of this current system to the regional circulation at the eastern
boundary of the NASG.

We have considered the idea that an Azores Current branch turns southwards
and feeds the Canary Current. Taking into account only the thermocline transport,
10.7 Sv are carried eastwards, while -3.4 Sv flow to the west, driven by the Azores
Countercurrent. Hence, the surface net mass transport is 7.3 Sv to the east across
the nominal longitude of 24.5°W. According to previous studies estimating the char-
acteristic mass transport across the Canary Islands, this net value by itself could

feed the southward current flow of the Canary Current. Further studies using a box
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Figure 5.1: Geographical location of the area of study including the sections occupied
during the ORCA (red dots) and RAPROCAN (black dots) cruises.

layout accomplished during the ORCA cruise (Fig. 5.1) would confirm that there is
nearly zero net flow entering the northern section, demonstrating the hypothesis that
the Portugal Current is not a source for the Canary Current. In this thesis a lack
of westward flow south of the Azores Current System through the western section is
also shown. The main part of the flow coming from the Azores Current crosses the
Canary archipelago across the southern section of the ORCA box grid, feeding the

Canary Current.
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5.2 Conclusions

The conclusions that arise from this thesis are:

1. The Canary Current is a fundamental surface current in the North Atlantic
subtropical gyre circulation. Our previous knowledge about its southward flow and
mass transport is confirmed by the values given in the studies carried out within this
thesis. The need for a continuously repeated deep hydrographic section is important

in order to measure its mean flow and its variability.

2. The calculation of reference velocities replacing the no-motion level assumption
provides a new approach to the estimation of flows in the region. The most accurate
data are bottom-track records, but their use is conditioned by coherency with the
behaviour over the water column. The ADCP-referencing method performs better
when applying LADCP full-depth profiles that have been processed by including the

bottom-track and SADCP measurements as constraints.

3. The periodical repetition of a hydrographic section north of the Canary Islands
(29°N) provides the possibility of discerning a mean circulation pattern. The averag-
ing of the data acquired in winter of 1997, 2006, 2008 and 2009 probably helps to erase
the mesoscale interaction over a section which is contaminated by eddies during each
yearly realization. The ADCP-referencing procedure does not significantly vary the
thermocline mass transports estimated in previous studies in the region. However, a

new result concerns the Canary Current horizontal extension.

4. No significant changes are proposed here in the quantification of the mass
transport across the Canary archipelago during the winter season among the four
annual studies (1997, 2006, 2008 and 2009). Although there are some variations in
the estimates, the presence of an important eddy field in the region and the need
for the use of different data sources in the ADCP-referencing makes the reaching of

definite conclusions in terms of the variability of the Canary Current difficult.
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5. It is demonstrated that the Azores Current System plays a fundamental role
in the Canary Basin circulation dynamics. The Azores Countercurrent is confirmed
north of the Azores Current and quantified, reducing the net eastward transport
observed across the section along 24.5°W. Preliminary conclusions can be drawn to
suggest that the main part of this flow may turn southwards and feed the surface flow

across the Canary archipelago.
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5.3 Further research

Results presented in this thesis constitute the basis for future studies of the regional
circulation in the Canary Basin. Undoubtedly, an improvement in velocity-measuring
instrument (ADCP) performance is needed to reduce the error attached to the use of
their data as a reference for geostrophic calculations. The addition of error bars to
the final mass transports in future studies might lead to a better assessment of the

range of uncertainty introduced by the calculated reference velocities.

This thesis demonstrates the possibility of studying the net flow pattern, avoiding
the introduction of unresolved mesoscale features. Nonetheless, the evaluation of the
mesoscale contribution needs revision, so that no eddies would affect the estimated

flow.

Future research will be focused on applying the presented methodology to al-
ternative datasets. This includes the study of measurements carried out along the
RAPROCAN section during the summer season. This will lead to the possibility of
inferring seasonal changes as well as examining the variability affecting the Canary

Current between the surveyed years.

To confirm the Azores Current as a main source for the Canary Current, a study
is being carried out considering the full ORCA station grid. Transport will be as-
sessed across the box layout, based on an inverse model, that support the preliminary

conclusions obtained in this thesis regarding the origins of the Canary Current.



Appendix A

Resumen en espanol / Spanish

suminary

A.1 INTRODUCCION GENERAL

A.1.1 Localizacién oceanografica

El giro subtropical de Atlantico Norte (NASG, North Atlantic subtropical gyre, en
inglés) se extiende desde 15° hasta 45°N, encontrandose el continente americano en
su margen occidental. Por el este, estd limitado por Europa, el estrecho de Gibraltar
(que conecta el Atldntico con el mar Mediterraneo) y Africa. Su importancia en la
circulacién del Atlantico Norte ha despertado nuestro interés durante décadas, dan-
do lugar a estudios en ambas fronteras del giro. En el margen oriental del NASG se
encuentra la Cuenca de Canarias, la cual se extiende entre 20° y 40°N, con un &rea
total de 7 millones de km?, localizada desde 10° hasta 40°W.

Debido a su grandes dimensiones, pueden encontrarse diferentes masas de agua
en la Cuenca de Canarias. Una masa de agua esta formada por un volumen de agua
que puede ser identificado por su lugar de formacién y se diferencia por sus valores

caracteristicos de temperatura y salinidad. Generalmente, las masas de agua se ven
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afectadas por la interaccion atmoésfera-océano en el lugar de su hundimiento, se esta-
blecen en un rango de profundidades dependiendo de su densidad y fluyen a lo largo
de las isopicnas. En la Cuenca de Canarias podemos encontrar las siguientes masas

de agua:

El Agua Central del Atlantico Norte (NACW, North Atlantic Central Water, en
inglés) es una masa de agua central localizada entre la superficie y los 600-800 me-
tros de profundidad. Puede ser sencillamente identificada en un diagrama ©-S por
una linea bien definida entre los 26.5 y 27.3 kg m™ (0y). Por debajo de las aguas
centrales se encuentran las aguas intermedias. En algunos casos, éstas se forman a
altas latitudes y, por lo tanto, se caracterizan por su alta densidad. En el rango de los
700-900 metros, podemos encontrar Agua Antértica Intermedia (AAITW, Antarctic
Intermediate Water, en inglés), la cual es reconocida por ser relativamente mas fria
y menos salina que las aguas que la rodean. Por el contrario, el Agua Mediterranea
(MW, Mediterranean Water, en inglés) es facilmente identificada por sus altos valores
de temperatura y salinidad. Aproximadamente entre los 800-1400 metros, se localizan
ntcleos aislados de MW, conocidos como Meddies (remolinos de agua mediterranea,
o Mediterranean eddies, en inglés). Por debajo de los 1500 metros, el Agua Profunda
del Atlantico Norte (NADW, North Atlantic Deep Water, en inglés) ocupa el mayor
volumen de agua en el Océano Atlantico, extendiéndose por encima de los 4500 me-
tros de profundidad. La NADW incluye ademas el Agua del Mar del Labrador (LSW,
Labrador Sea Water, en inglés), la cual se forma durante el invierno por conveccién
profunda en el Mar del Labrador. En la capa méas profunda de esta cuenca, también
se encuentra Agua Antértica de Fondo (AABW, Antarctic Bottom Water, en inglés)
diluida.

Localizadas en el margen oriental de la cuenca canaria, aproximadamente a 100
kilémetros de la costa de Africa, se encuentran las Islas Canarias. Son un archipiélago
espanol situado entre 27° y 29°N, desde 18° hasta 13°W. En el norte de la Cuenca de
Canarias, se encuentra el archipiélago de Azores, a unos 1500 kilémetros al oeste de

la costa portuguesa. Con una orientacién de oeste-noroeste a este-sureste, se extiende
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Figura A.1: Localizacion geografica del area de estudio. Las principales is6baras se
muestran como referencia segin la base de datos de Smith-Sandwell [Smith and Sand-
well, 1997].

en el rango de latitudes de 36.5° a 40°N, entre los 31.5° y 24.5°W. El area de estudio
cubierta por esta tesis se ubica en la Cuenca de Canarias, desde la corriente superficial
que fluye a través de las Islas Canarias hasta el sistema de corrientes que se localiza

al sur del archipiélago de Azores (Fig. A.1).
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A.1.2 Las Corrientes de Canarias y Azores como parte del

giro subtropical del Atlantico Norte

Figura A.2: Las corrientes superficiales del Océano Atlantico segun Tomczak and
Godfrey [1994].

Los vientos predominantes al norte de los trépicos son los alisios (vientos del este)
y los vientos del oeste a latitudes medias. Estos crean convergencia de Ekman en el
Atlantico Norte, localizando un centro de altas presiones (anticiclénico) a latitudes
medias, el cual provoca el giro subtropical. La circulacion alrededor de un anticiclén

es horaria en el Hemisferio Norte debido al efecto de Coriolis. En el margen occidental
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del NASG, se encuentra la Corriente del Golfo, que fluye hacia el polo a lo largo de
la costa americana hasta que se separa de ella, dividiéndose en varias ramas. Las mas
importantes son la Corriente Noratlantica, que circula hacia el norte, y la Corriente
de Azores, que tuerce hacia el este y forma el limite norte del NASG. En el margen
oriental del giro, la Corriente de Azores diverge en varias ramas que fluyen hacia el
sur, paralelamente a la costa africana. Estas alimentan la Corriente Norecuatorial

que, como limite sur del NASG, completa el giro subtropical.

60°

40°

20°

80°

Figura A.3: Las corrientes superficiales del Océano Atldntico segin Schmitz [1996].

La existencia de la Corriente de Canarias fue descubierta en el siglo XV por los na-
vegantes que aprovechaban el impulso del viento y la circulacion ocednica superficial.
Esta corriente fue trazada por primera vez cuando tuvieron lugar las expediciones del
Challenger (1872-1876) y el Meteor (1930’s). El mapa clasico de la circulacion super-
ficial en esta region consideraba que la Corriente Noratlantica se dividia en diversas

ramas y se creia que una de ellas, conocida como la Corriente de Portugal, alimentaba
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la Corriente de Canarias (Fig. A.2). La Corriente de Azores no fue tomada en cuen-
ta hasta que Kdse and Siedler [1982] realizaron diferentes campanas oceanograficas
al sur del archipiélago de Azores, sugiriendo que esta corriente era la responsable
del origen de la Corriente de Canarias. Esta hipdtesis fue posteriormente apoyada
por Stramma [1984]; Stramma and Siedler [1988al; Stramma and Isemer [1988]. Este
nuevo esquema de circulacién superficial deja de considerar la Corriente de Portugal
como causa del flujo hacia el sur que atraviesa el archipiélago canario, presentando la

distribucién de corrientes mostrada en la Fig. A.3.
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A.1.3 Calculos geostroéficos

Para poder cuantificar el flujo en la regién de estudio se necesitan estimaciones de
velocidad. Para calcular la cizalla vertical de la velocidad geostrofica en el océano,

aplicamos las ecuaciones de viento térmico:

ov g@

2~ pofos (A1)
du g Op
9z pof Oy (4-2)

donde u y v son las componentes zonal y meridional de la velocidad (m s7!), g es
la aceleracién de la gravedad (m s72), p, es la densidad media del océano (1026 kg
m~3), p es la densidad del agua de mar (kg m™3) y f es el pardametro de Coriolis (s71)
dado por 2Qsin @, donde Q es la velocidad de rotacién angular terrestre (7.29 107°

s7H) v 0 es la latitud.

Las ecuaciones de viento térmico son esenciales en la oceanografia fisica. Las me-
didas de temperatura y salinidad adquiridas durante una campana oceanografica son
comunmente usadas para el calculo de densidades. De este modo, estas ecuaciones
pueden aplicarse a datos hidrograficos para el calculo de flujos geostréficos en los
océanos. Integrando la ecuacién (A.1) para una seccién zonal, se obtiene que la veloci-
dad geostrofica estd definida por la suma de dos componentes. La primera componente
varia verticalmente (velocidad baroclinica), mientras que la segunda sélo depende del

nivel de referencia elegido:

vg(2) = —

g [*0p
pof/zoazdz+b (A.3)

donde b son llamadas velocidades en el nivel de referencia. La primera componente
puede calcularse mediante valores de densidad. Sin embargo, la estimacién de velo-

cidades en el nivel de referencia es un problema clésico en oceanografia fisica. Una
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vez determinadas las velocidades geostréficas, podemos obtener valores de transporte
geostrofico. Para ello, se divide la columna de agua en celdas y cada velocidad es
multiplicada por la densidad y area ocupada por cada parcela de agua. El desconoci-
miento del valor de la velocidad en el nivel de referencia (asumido inicialmente como
cero) produce un desequilibrio en los transportes de propiedades como la masa, la
sal, el calor o los nutrientes. Diversos métodos han sido estudiados para estimar esta

velocidad.

En primer lugar, se ha estudiado ampliamente la formulacién de modelos inversos.
Este método anade una nueva condicién a las ecuaciones de viento térmico, teniendo
en cuenta que se debe cumplir el principio de conservacién de masa. En estos modelos,
se considera como velocidad final en el nivel de referencia a la minima velocidad de
referencia que cumpla el balance del transporte de masa. En la actualidad, se pro-
ponen nuevas metodologias para la obtenciéon de mejores estimaciones de velocidades
en el nivel de referencia. Al contrario que en el caso de los modelos inversos, éstos
consideran cualquier velocidad de referencia (no necesariamente la minima) median-
te la comparacion de los calculos geostréficos con medidas absolutas de velocidad.
Este tultimo caso es propuesto en esta tesis, en la que datos de Perfiladores de Co-
rriente Actsticos Doppler (ADCP, Acoustic Doppler Current Profiler, en inglés) son

utilizados en la obtencion de velocidades y transportes geostroficos absolutos.
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A.1.4 Objetivos y estructura de la tesis

El objetivo de esta tesis es responder a las siguientes preguntas:
1. {Cuanto sabemos ya sobre la circulacion superficial en la Cuenca de Canarias?

2. ;Cémo podemos obtener mejores estimaciones de transporte de masa? ;Cuél
es la metodologia apropiada para calcular campos de velocidades absolutas mediante

la introduccién de velocidades en el nivel de referencia en los calculos geostréficos?

3. {Es posible obtener una circulacion media basandose en un muestreo periédico

en esta zona?
4. jHa sufrido cambios la Corriente de Canarias durante la tltima década?
5. Como contribuye la Corriente de Azores a la circulacion en esta region?

Para responder la primera pregunta, se lleva a cabo un repaso de estudios previos
referentes a las corrientes de Azores y de Canarias (Apartado A.1, A.3 y A4). La
mayoria de estos trabajos mostraban estimaciones de transporte de masa basandose
en calculos geostroficos. Asimismo se discute el posible origen del flujo a través de las

Islas Canarias.

En lo referente a la segunda pregunta, se emplean datos de una campana hi-
drografica transatlantica con el fin de establecer un procedimiento vélido para la
estimacion de transporte de masa absolutos. Para ello, se comparan velocidades en el
nivel de referencia obtenidas mediante diferentes combinaciones de datos de ADCP,

y se propone una metodologia a aplicar a lo largo de esta tesis (Apartado A.2).

La seccion hidrografica muestreada dos veces al afio en el marco del proyecto RA-
PROCAN es promediada con el fin de responder la tercera pregunta. En esta tesis

(Apartado A.3) se estudia el transporte de masa medio de la Corriente de Canarias
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de cuatro transectos llevados a cabo en invierno. Las estimaciones del flujo obtenidas

para las campanas realizadas en verano seran tratadas en estudios futuros.

Para estudiar los cambios en el transporte de la Corriente de Canarias, las dife-
rentes repeticiones del transecto de RAPROCAN, realizadas en el invierno de 1997,
2006, 2008 y 2009, son analizadas (Apartado A.3). La variabilidad entre las medidas

tomadas en otras estaciones se evalian en préximos trabajos de investigacién.

La quinta pregunta se responde mediante el uso de datos hidrograficos del proyecto
ORCA para estudio del flujo neto al este que resulta del Sistema de Corrientes de Azo-
res (Apartado A.4). El comportamiento del flujo en la Cuenca de Canarias motiva la
continuacién de futuros trabajos en esta linea de investigacion, con el fin de confirmar

la hipotesis de que es la Corriente de Azores la que alimenta la Corriente de Canarias.
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A.2 METODOLOGIA

Las observaciones de la velocidad mediante ADCP proporcionan una herramienta
oceanografica para el estudio de muchos aspectos de la dindmica de los océanos.
Los ADCP instalado en el casco del barco (SADCP, Shipboard ADCP, en inglés)
dan una detallada comprension de la dindmica de la parte superior del océano hasta
una profundidad maxima de aproximadamente 1000 metros. Los ADCP instalados
en la roseta hidrografica (LADCP, Lowered ADCP, en inglés) proporcionan perfiles

de velocidad en todo el rango de profundidades de una estacion hidrografica estandar.

Las medidas directas de velocidad ya se han utilizado para estudiar la circulacion
oceanica. Por ejemplo, datos de LADCP en la Corriente de Agulhas revelaron una
estructura vertical muy diferente a la dada por la idea tradicional de nivel de no-
movimiento en una capa profunda. El volumen total de transporte de la Corriente de
Agulhas fue recalculada, revelando la presencia de una corriente hacia el noreste [Beal
and Bryden, 1997]. Los datos de LADCP también han sido utilizado para corregir
los célculos geostroficos iniciales en diferentes regiones oceanogréficas [Joyce et al.,
2001; McDonagh et al., 2008]. En estos dos casos, las observaciones de velocidad se
utilizaron para estimar la velocidad en el nivel de referencia como condicion inicial

para un modelo inverso.

Para ilustrar el uso de la metodologia propuesta en esta tesis, se emplearan los
datos de la campana D279, llevada a cabo en la primavera de 2004 a bordo del RRS
Discovery. El principal objetivo de este muestreo fue estimar la circulacion a través
de la seccion zonal a 24.5°N. Esta seccién ya ha sido estudiada previamente en 1957
[Fuglister, 1960], 1981 [Roemmich and Wunsch, 1985], 1992 [Parrilla et al., 1994] y
1998 [Baringer and Molinari, 1999]. La campana D279 incluyé, por primera vez para
esta seccion, perfiles de LADCP que se pueden utilizar para estimar velocidades de

referencia.

La circulacion a través del paralelo de 24.5°N, asi como su variabilidad, ya han



100 APPENDIX A. RESUMEN EN ESPANOL / SPANISH SUMMARY

sido estudiadas con anterioridad empleando datos de la campana D279. Estos calculos
se encontraban limitados por la incertidumbre asociada a la obtencién de velocidades
de referencia, consideradas nulas en torno a los 1000 decibares entre 80°W y 70°W
y a los 3000 decibares para el resto de la seccién. Asimismo se anadié una velocidad
de referencia uniforme con el fin de forzar el transporte geostréfico ya conocido para
la Corriente del Golfo [Bryden et al., 2005]. Mediante la metodologia propuesta en
esta tesis [Comas-Rodriguez et al., 2010], se aplicara un desplazamiento a los perfiles
geostroficos basandonos en las medidas promediadas en profundidad de LADCP, co-

rrigiendo las velocidades iniciales y dando lugar a estimaciones absolutas.
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A.2.1 Adquisicion de datos

El transecto transatlantico realizado por la campana D279 a lo largo de 24.5°N se
muestra en la Fig. A.4. Esta tuvo lugar en primavera de 2004 (del 4 de abril al 10
de mayo) y se tomaron medidas hidrograficas, de velocidad y bioquimicas de toda la
columna de agua, desde las aguas someras de la costa oriental de los Estados Uni-
dos de América hasta las del oeste de Africa [Cunningham, 2005]. Se realizaron 125
estaciones hidrogréficas hasta el fondo, con un CTD (Seabird 911+) con sensores du-
plicados de temperatura y salinidad. Las conductividades medidas por el CTD fueron
calibradas comparandolas a los valores obtenidos a partir de muestras de agua to-
madas durante el tramo de subida de la roseta hidrografica. Para tener en cuenta la

deriva de los sensores, se corrigio su pendiente.

400N | |

) 36°N - Atlantic Ocean 5 I

90°W 72°W 54°W  36°W 18°W 0°
Longitude

Figura A.4: Posiciéon de las estaciones durante la seccién hidrografica transatlantica
llevada a cabo durante la campana D279. Se realizaron 125 estaciones a lo largo de
la latitud de 24.5°N.

Tres cabezales de LADCP fueron instalados en la roseta utilizada para las es-
taciones. Ademds, medidas continuas de velocidad fueron recogidas en los primeros
1000 metros mediante un SADCP instalado en el casco del buque oceanografico. Los
LADCP consistian en un Broadband (BB) individual a 150 kHz con el cabezal apun-
tando al fondo marino (con sus propias baterias) y dos Workhorse (WH) a 300 kHz,
empleados en modo maestro/esclavo, con uno apuntando a la superficie del océano

(esclavo; slave, en inglés) y otro hacia el fondo (maestro; master, en inglés). Estos dos



102 APPENDIX A. RESUMEN EN ESPANOL / SPANISH SUMMARY

compartian un paquete de baterias. E1 SADCP instalado fue un Ocean Surveyor a 75
kHz con un angulo de haz de 30°. Fue configurado para tomar medidas a intervalos
de 120 segundos, con 60 celdas de 16 metros de grosor. Los datos se almacenaron em-
pleando el software de adquisicién de RDI (Teledyne RD Instruments), siendo luego

promediados a 2 y 10 minutos.
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A.2.2 Procesado de datos de LADCP

Los datos de LADCP se procesaron empleando el software de Visbeck, desarrollado
en la Universidad de Columbia [Fischer and Visbeck, 1993]. El procedimiento fue
aplicado a diferentes combinaciones de datos con el fin de determinar cudl de los ca-
bezales tomé mejores medidas durante la campana. Para ello, se procesaron los datos
siguiendo tres distintas combinaciones de los datos: datos del BB, del WH “master”
y del acoplamiento “master/slave” del WH. Ademés, se referenciaron los datos me-
diante medidas de GPS para obtener velocidades absolutas. Las opciones del software
para restringir el procesado de LADCP a las medidas cerca del fondo (bottom-track,
en inglés) o al SADCP [Visbeck, 2002] no fueron utilizados en este caso. En su lugar,
mantuvimos ambos tipos de datos independientes del resultado del procesamiento

para poder compararlos con los perfiles de LADCP.

La Fig. A.5 muestra los datos procesados para cada combinacion de instrumentos
en la estacién 23 (26.5°N, 75.9°W). Ademds se muestran los datos de “bottom-track”
en el rango cercano al fondo y de SADCP en los primeros 1000 metros de la columna
de agua. Pueden apreciarse notables diferencias entre las medidas del “bottom-track”
y el perfil de velocidades. De acuerdo al software de procesado, el error promedio
estimado es de 1.8 cm s~! para los datos de “bottom-track” en la estaciéon 23. De
manera preliminar, se asume que es preferible emplear los datos de “bottom-track”
para el calculo de velocidades de referencia; no obstante, serd necesario un estudio
estadistico que cuantifique estas diferencias y determine qué instrumento obtuvo me-
jores medidas durante la campana. Para ello, unas diferencias muy pequenas (casi
nulas) entre los “bottom-track” del BB y del WH “master” implicardn una mejor
calidad en los datos (Fig. A.6a).

Cada perfil de LADCP fue comparado con su “bottom-track”. Ademds, el tra-
mo de descenso de la roseta, asi como el de ascenso y el promedio de ambos, fueron
considerados por separado. Asimismo, los datos de los cabezales BB, WH “master”
y el par WH “master/slave” se estudiaron de manera independiente. Las medidas en

el rango del fondo se compararon con el “bottom-track” (Fig. A.6b). Se ha asumido
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Figura A.5: Datos de LADCP procesados mediante el método Visbeck en la estacion
23 (26.5°N, 75.9°W): a) componente zonal de la velocidad, b) componente meridional
de la velocidad. BB y WH “master” (maestro) representan los datos procesados de
manera individual, mientras que WH “master/slave” (maestro/esclavo) corresponde
con los datos combinados de los cabezales orientados en sentidos inversos del descen-
so de la roseta. Debe apreciarse que la escala vertical de los ejes es diferente para
los distintos rangos de profundidades. Los perfiles medios (mean, en inglés) son el
promedio entre el recorrido de descenso y de ascenso de la roseta.

que las medidas del perfil de LADCP que se aproximan a las del “bottom-track”
tienen mejor calidad (la diferencia entre estas medidas es, por tanto, mas cercana a
cero). Ademds se compararon los datos de SADCP con los perfiles de LADCP en el
rango cerca de la superficie (Fig. A.6¢). Para todas estas diferencias se obtuvo una
media y su desviacién estandar. Consideramos que el instrumento cuyas medidas son
mejores son aquellas cuya diferencia media y desviacién estdn maés préximas a ce-
ro. A la hora de obtener las mencionadas diferencias entre las velocidades medidas,

la frontera oeste y el océano interior han sido considerados separadamente debido a
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Figura A.6: Anélisis estadistico para los diferentes instrumentos empleados: a) media
y desviacion estandar de la diferencia entre las medidas de “bottom-track” del BB y
del WH “master”; b) media y desviacién esténdar de las diferencias entre cada perfil
de LADCP y su “bottom-track”; c¢) media y desviacién estandar de cada perfil de
LADCP y las medidas de SADCP en la zona superficial de la columna de agua.

las diferentes dinamicas que implican. A continuacién, se muestran dos valores por
instrumento, correspondiendo el primero a la frontera oeste de la seccién (cerca del
continente americano) y el segundo al océano interior. Las diferencias obtenidas entre
las medidas de “bottom-track” del BB y del WH “master” son 8.8 +£ 0.1 / 1.0 £+
0.2 cm s~! (Fig. A.6a). Por otro lado, la diferencia promedia entre el perfil de cada
instrumento y su “bottom-track” serfa-12.5 4+ 0.1 /-0.2 + 0.2 cm s~! para el BB, -3.1
+ 0.1 /-0.1 £0.1 cm s! para el WH “master” de manera individual, y -2.6 &+ 0.0 /
-0.7 £ 0.1 cm s™! para el acoplamiento WH “master/slave” (Fig. A.6b). Finalmente,
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las diferencias medias obtenidas entre cada perfil de LADCP y el SADCP son -3.7 +
0.1 /1.34+03cms ! parael BB,59+0.2 /044 0.2 cm s™! para el WH “master”
de manera individual, y -3.1 + 0.2 / -1.2 4+ 0.2 cm s™! para el acoplamiento WH
“master /slave” (Fig. A.6c).

Teniendo en cuenta que la diferencia media es menor para el WH “master”, es-
cogemos este instrumento para obtener velocidades en el nivel de referencia con que
corregir los célculos geostréficos iniciales, sin tener en consideracion al WH “slave”.
Asumimos que estos datos son los de mejor calidad porque sus medidas se aproximan
mejor a los datos de “bottom-track” y SADCP que los demas instrumentos. Esta
apreciacion es notable en el océano interior; sin embargo, puede observarse como la
combinacién WH “master /slave” reproduce mejor el comportamiento en la frontera
oeste del transecto. Desafortunadamente, para este conjunto de datos en particular,
debemos descartar la posibilidad de emplear los datos combinados de WH “mas-
ter/slave” ya que el cabezal esclavo sufrié errores en la recepcion de datos durante la

campana y dej6 de ser utilizado después de la estacién 81 (24.5°N, 44.9°W).

Para poder realizar una comparacion entre las velocidades medidas in-situ y las
geostroficas, solo podremos emplear la componente de la velocidad que sea perpendi-
cular al transecto. Por ello, se aplica una rotacién a las medidas en los tramos de la

seccion oblicuos, cerca de las fronteras este y oeste del muestreo.
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A.2.3 Correccion de la componente barotrépica de la marea

La componente barotropica de la marea ha sido eliminada de las medidas de LADCP,
su “bottom-track” y SADCP. Para calcularla se empleé un modelo de marea glo-
bal (TPXO, TOPEX/POSEIDON global tidal model, en inglés) de la Universidad
del Estado de Oregén (OSU, Oregon State University, en inglés) segin Egbert et al.
[1994]; Egbert and Erofeeva [2002]. Este modelo realiza una aproximacién por minimos
cuadrados de las ecuaciones de marea de Laplace, empleando datos de los satélites
TOPEX/POSEIDON y Jason obtenidos mediante el software OTIS (OSU Tidal In-
version Software). El instante de tiempo considerado para la prediccion de la marea
es la hora de llegada al fondo del perfil de la roseta, coincidiendo con la mitad del

tiempo que el buque se detuvo en cada estacion.

Una vez calculada, la componente barotrépica de la marea (Fig. A.7) se elimina de

las medidas de velocidad in-situ tomadas por los diferentes correntimetros acusticos

Doppler.
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Figura A.7: Componente barotrépica de la marea calculada del modelo de prediccion

OSU TPXO. Esta velocidad sera eliminada de las medidas de velocidad obtenidas

por el LADCP y el SADCP.
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A.2.4 Velocidades en el nivel de referencia

-200
-4001
-600
-800

—-1000

-1500 A
—-2000( i a
-2500( > A
-3000F ; Sal ; , i

Depth (m)

—-3500( k A

-4000(

- - - Initial geostrophic velocity \

—4500 — Corrected velocity =

_4600) —— WH master bottom-track st. 022 \
—e— WH master bottom-track st. 023 \

—4700F | —— SADCP velocity — mean st. 022-023 \ b

| | | | | #* | | |
-8 -6 -4 -2 0 2 4 6 8 10 12
Velocity (cm/s)

Figura A.8: Comparacién entre el perfil geostréfico inicial y la velocidad absoluta tras
incluir la velocidad de referencia calculada, para el par de estaciones 22-23 (situado
en 26.5°N, a 76.1°W y 75.9°W respectivamente). La linea discontinua representa los
calculos iniciales mientras que la continua ha sido corregida gracias a los datos de
ADCP. Los asteriscos y los circulos corresponden a las medidas de “bottom-track”
de las estaciones 22 y 23, respectivamente. Los triangulos muestran la velocidad del
SADCP como la media de las medidas tomadas durante el tiempo que el barco perma-
necié en cada estacion. Debe apreciarse que la escala vertical de los ejes es diferente
para los distintos rangos de profundidades.

El campo de velocidades geostroéfico inicial fue calculado suponiendo un nivel de
no-movimiento a 1000 metros para las estaciones 1-44 (79°W a 69.5°W) y a 3000
metros para las estaciones 45-125 (69.1°W a 13.4°W) siguiendo el trabajo de Bryden
et al. [2005]. Cuando la mayor profundidad del par de estaciones es menor que el nivel
de referencia (por ejemplo, cerca de la frontera este de la seccién), el fondo marino
es considerado como la capa de no-movimiento. Como se habia concluido, el cdlculo

de las velocidades de referencia se realiza empleando los datos de “bottom-track” del
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WH “master”.

A cada par de estaciones le corresponde un perfil geostrofico y dos medidas de
LADCP (una por estacién). De modo que el célculo de velocidades absolutas se ha
realizado estimando las diferencias entre el perfil geostréfico y los dos “bottom-track”
en el rango de profundidades en que coinciden. Estas diferencias a distintas profundi-
dades son promediadas y se emplea una media de la contribucién de cada una de las
dos estaciones (Fig. A.8). En aquellos pares de estaciones donde, por motivos técnicos,
solo se pudo recabar datos en una de las estaciones, es ésta aportacion la que conside-
raremos para el cdlculo de la velocidad en el nivel de referencia. Los datos de SADCP
se muestran también en la Fig. A.8 a fin de compararlos con el perfil resultante de
velocidad geostréfica absoluta obtenida tras la correccién. Aun cuando se aprecia una
ligera diferencia entre ellos, la concordancia es notable considerando que el perfil final
no ha sido afectado en modo alguno por los datos de SADCP (tridngulos), sino por
el promedio entre las medidas de “bottom-track” de las estaciones 22 y 23 (asteriscos
y circulos, respectivamente). Ademéds debe considerarse que las medidas directas de
velocidad en el rango superficial registran un comportamiento altamente ageostréfico
en comparacion con los calculos que hemos derivado de la estructura de densidad de
la seccion hidrogréafica. EI SADCP registra datos de manera continua, de modo que
hay dos posibles maneras de estimar estas medidas para un par de estaciones. En
primer lugar, considerando el perfil de un par de estaciones como la media entre el
perfil asociado a cada una de las dos estaciones, el cual considera las medidas duran-
te todo el tiempo que durd la maniobra de la estacién. En segundo lugar, podemos
promediar los valores registrados mientras el buque navegaba de una estacién a otra.
En este caso, escogemos la primera opcién para evitar introducir comportamientos
ageostroficos que pudieron localizarse entre las estaciones y no necesariamente en al-

guna de ellas.

La velocidad en el nivel de referencia obtenida para el ejemplo de la seccion a lo
largo de 24.5°N se muestra en la Fig. A.9a. Mientras que para los calculos geostroficos

iniciales la velocidad de referencia era considerada nula (nivel de no-movimiento), la
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Figura A.9: a) Velocidades obtenidas mediante la comparacién de los perfiles geostrofi-
cos y los datos de LADCP, son consideradas las nuevas velocidades en el nivel de re-
ferencia; b) velocidad geostréfica en el fondo antes (Iinea gris) y después (linea negra)
de aplicar la introduccion de las velocidades de referencia.

nueva contribucién calculada mediante los datos de LADCP revela variaciones que
pueden asociarse a algunas estructuras oceanograficas conocidas. Por ejemplo, cer-
ca de la frontera oeste de la seccién, se observan altas velocidades positivas (hacia
el norte), que se corresponde con la presencia de la Corriente de Florida a aproxi-
madamente 80°W. Al oeste de la misma, se aprecian velocidades negativas (hacia el
sur), mostrando una recirculacién, asi como la Corriente Profunda de Frontera Oeste
(DWBC, Deep Western Boundary Current, en inglés) situada cerca de los 77°W. En
direccion al oeste se encuentran pequenas estructuras con velocidades menores a los
5 cm s~ 1. La alternancia de valores positivos y negativos entre grupos de estaciones
adyacentes representa la contribucién de la mesoescala. Como ejemplo de las velocida-
des geostréficas absolutas obtenidas tras aplicar la correccion propuesta, se muestran

las velocidades cerca del fondo (en la capa més profunda) en la Fig. A.9b. Se puede
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apreciar claramente (linea negra) qué parte de esta velocidad es dada a la aportacién
realizada por las velocidades de referencia calculadas y anadidas a las estimaciones

geostroficas iniciales.

=70 -60 -50 -40 -30 -20
Longitude (°E)

Figura A.10: Secciones de velocidad geostréfica (cm s™!) a) inicial, y b) absoluta, tras
incluirse las velocidades de referencia calculadas.

Por tltimo, con el fin de ilustrar cémo esta aportacion modifica el campo de velo-
cidades geostroficas, se muestran las secciones verticales de velocidad antes y después
del procedimiento de inclusién de velocidades obtenidas mediante LADCP (Fig. A.10).
Como era de esperar, no se aprecian verdaderos cambios cualitativos cerca de la su-
perficie. No obstante, se aprecian los cambios de manera notable al aproximarnos a la
profundidad donde se localiza el nivel de referencia (con velocidades iniciales nulas).
A lo largo de todo el transecto se aprecia la presencia de corrientes casi barotrépicas
que se desplazan de manera adyacente entre si, dejando vislumbrar la interferencia de
remolinos. Independientemente de la profundidad de referencia propuesta como capa

de no-movimiento inicial, los calculos se realizan comparando el perfil geostrofico con
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el resultante de las medidas de LADCP. Es por ello que el campo de velocidades final
no variaria, pero si se obtendrian otros valores de velocidades en el nivel de referencia

diferentes.

En conclusion, tras haber aplicado la metodologia propuesta a la campana D279
a lo largo de 24.5°N mediante el calculo de velocidades en el nivel de referencia
a partir de medidas de “bottom-track” de LADCP, queda comprobada la utilidad
del método propuesto en esta tesis. Otro aporte de este capitulo, en comparacién a
estudios previos con datos de ADCP, es la inclusién de un analisis detallado con el
fin de estimar el instrumento que nos proporciona una mejor estima de la velocidad
de referencia. Al realizar el estudio de cada instrumento de manera independiente,
nos aseguramos de que no existan enmascaramientos entre los diferentes conjuntos
de datos disponibles. Otra manera de incluir las velocidades aqui calculadas seria
mediante su introduccién como condicion de entrada en el uso de modelos inversos,
labor que estd siendo realizada por el grupo de investigacién “Ocean Observation and
Climate” del “National Oceanography Centre, Southampton” (NOCS).
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A.3 RESULTADOS

A.3.1 La Corriente de Canarias
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Figura A.11: Posicion de las estaciones hidrogréaficas realizadas en febrero de 2006,
2008 y 2009 en el marco del proyecto RAPROCAN (circulos negros). También se
muestran las realizadas en enero de 1997 para el proyecto CANIGO (circulos grises).
Como referencia, se muestran las isobaras de 200, 1000, 2000, 3000 y 4000 metros de
profundidad [Smith and Sandwell, 1997].

Para el estudio de la Corriente de Canarias de emplearon los datos de diversas
campanas del proyecto RAPROCAN, cuya seccién al norte de las Islas Canarias, a
lo largo de 29°N se ha repetido semestralmente desde 2006. La Fig. A.11 muestra las
21 estaciones hidrograficas realizadas (circulos negros), ademés de las llevadas a cabo
en las mismas posiciones durante el proyecto CANIGO (circulos grises) en enero de
1997. Este estudio comparara los conjuntos de datos mostrados en el Cuadro A.1.
Las estaciones se realizaron con una separacién de 20 - 30 millas nauticas (~37-55
kilémetros) para aguas profundas y de 5 - 15 millas nauticas (~9-28 kilémetros) para

las estaciones maéas someras.

El sistema de LADCP empleado consistié en dos cabezales Workhorse de RDI a

300 kHz, montados en la roseta en modo “master/slave” para las campanas de 1997,
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Cuadro A.1: Resumen de las campanas.

Campanas Fechas estaciones CTD SADCP LADCP
Meteor 37 7-20 Ene 1997 20 X X
RAPROCAN0206 23 Feb-5 Mar 2006 21 X X
RAPROCANO0208 26 Feb-6 Mar 2008 16 X X
RAPROCAN0209 20-28 Feb 2009 21 X X

2006 y 2009. En 1997 no se adquirieron datos de “bottom-track”. En la campana
de 2008, los primeros 800 metros de la columna de agua se muestrearon de manera
continua mediante un SADCP Ocean Surveyor a 75 kHz. Estos datos se procesaron
mediante el software de Visbeck, para LADCP, y CODAS (Common Ocean Data
Access System), para SADCP. Para los anos en que disponemos de “bottom-track”,
se restringe el procesado de los perfiles de LADCP a los mismos con el fin de mejorar
el resultado. Asimismo se les sustrajo a las estimaciones de velocidad de ambos ins-

trumentos la componente barotrépica de la marea segin lo descrito en la metodologia.

Los datos de temperatura potencial () y salinidad (S, expresada de ahora en
adelante en la Escala Préctica de Salinidad) obtenidos durante cada campafa fueron
empleados en la construccién de una seccion promedio de las cuatro campanas que
se muestran en el Cuadro A.1. En este estudio, analizaremos por separado la seccion

promedio y cada transecto individual.

La Fig. A.12 muestra el diagrama ©-S para la seccion promedio. Las estaciones
1-5, situadas en el Pasaje de Lanzarote (el canal localizado entre la isla mas orien-
tal del archipiélago canario, Lanzarote, y la costa africana; segun Herndndez-Guerra
et al. [2003]) se muestran en gris. Se sefialan las cuatro masas de agua principales
presentes en esta zona de la Cuenca de Canarias: NACW, AATW, MW y NADW.
Por encima de la termoclina estacional se observa una ligera dispersiéon de los datos,
debida al calentamiento, la precipitacion y la evaporacién que tiene lugar en las aguas

m4s superficiales. Las aguas centrales se extienden hasta el nivel de v, <27.38 kg m~®
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Figura A.12: Diagrama ©-S promedio. Las estaciones situadas en el Pasaje de Lan-
zarote (estaciones 1-5) se muestran en gris.

(aproximadamente 700 metros), donde encontramos la NACW, claramente identifi-
cada por los valores propuestos por Harvey [1982]. Por debajo de las aguas centrales,
encontramos las capas intermedias (27.38< 7, <27.922 kg m~3, aproximadamente en-
tre los 700-1600 metros), compuestas por AATW, relativamente menos salina (<35.4)
y MW, relativamente més cédlida y salina (>35.5). E1 AATW se encuentra mayormente
en la regién del Pasaje de Lanzarote (la rama senalada en la Fig. A.12 se correspon-
de con la estacién 2), mientras que el MW se halla en estaciones en océano abierto.
Por tltimo, en capas profundas, desde aproximadamente 1600 metros hasta el fondo

ocednico (7, >27.922 kg m~3), encontramos NADW.

A partir de las medidas de © y S, la densidad neutral (v,) fue calculada segin
Jackett and McDougall [1997]. De este modo, podemos dividir la columna de agua

en diferentes capas. Siguiendo el criterio propuesto por Ganachaud [2003] para el
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Océano Atléntico, hemos considerado 14 capas de densidad neutral (Tabla A.2). Las
capas 1-4 abarcan aguas superficiales y la termoclina, de la 5 a la 7 representan a
las aguas intermedias y el rango 8-14 son aguas profundas. Siguiendo el trabajo de
Machin et al. [2006], el nivel de referencia se establecié a ~,=27.922 kg m™3 (aproxi-
madamente 1600 metros) para las estaciones profundas (6-21) y a ~,=27.38 kg m—3

(en torno a 700 metros) para las mas someras, las del Pasaje de Lanzarote.

Cuadro A.2: Capas segtin densidad neutral (kg m=3).

Capa Limite inferior Masa de agua

1 v, = 26.44

2 4, =26.85 NACW

3 4, =27.162

4 oy, =27.38

5 4, = 27.62

6 v, =27.82 AATW /MW
Ty, = 27.922

8 4, = 27.975

9, = 28.008

10, = 28.044 NADW

11 4, = 28.072
12 7, = 28.0986
13 4, =28.11
14, = 28.1295




A.3. RESULTADOS 117

Seccién promedio

De las estimaciones de densidad neutral calculadas para la seccion promedia, se ob-
tienen velocidades geostréficas. Asimismo, se calculan perfiles de LADCP promedios
para cada estacién teniendo en cuenta los datos de 1997, 2006 y 2009; asi como sus
medidas de “bottom-track”. A continuacién, se aplica el procedimiento propuesto en
esta tesis. Siempre que sea posible, se emplean los datos de “bottom-track” para el
calculo de las velocidades en el nivel de referencia. Cuando se elige utilizar el perfil
completo de LADCP, se descartan los 200 primeros y tltimos metros por su depen-

dencia con la atmésfera y los datos de “bottom-track”, respectivamente.

La Fig. A.13 muestra el transporte de masa acumulado para la seccién promedio.
Se consideran por separado los tres grupos de capas, atendiendo a la separacion por
densidades especificada anteriormente. Ademas se anade el transporte de Ekman, cal-
culado mediante datos de QuickScat, a la primera capa. Se emplea un valor promedio
de los transportes de Ekman individuales, obtenidos para los datos de viento del mes
en que tuvo lugar cada campana. En la Fig. A.13, las lineas discontinuas muestran el
transporte geostrofico inicial y las lineas continuas, el transporte absoluto, incluyen-
do las velocidades de referencia calculadas. Ademas, en el Cuadro A.3 se facilita un
resumen general de los valores de transporte obtenidos para este estudio, teniendo en
consideracién la extension hasta donde podemos discernir la corriente, descartando
las estructuras mesosescalares no resueltas al final del transecto. El transporte de

muestra en Sverdrups (Sv, donde 1 Sv ~ 10° kg s71).

El patrén general del transporte inicial en la seccion promedio para capas super-
ficiales (Fig. A.13a) es un flujo hacia el sur hasta la estacién 8 (~14.7°W), seguido
por una estructura practicamente plana hasta el final del transecto. En cambio, las
estimaciones de transporte absoluto presentan una mayor pendiente a lo largo de la
seccion, observandose el flujo negativo de la NACW desde el oeste de Lanzarote (es-
tacién 6) hasta aproximadamente 18°W (estacion 17). Al oeste de esta longitud, se
observa una estructura mesoescalar que no contribuye al incremento del transporte

neto de la corriente. La forma de dientes de sierra caracteristica de las funciones de
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Figura A.13: Transporte de masa acumulado (Sv) para la seccién promedio.
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corriente en esta seccién se corresponden con la senal de remolinos presentes en el

area de estudio.

Por otro lado, las capas intermedias mostradas en la Fig. A.13b presentan un
transporte inicial muy débil a través de la seccion. Cerca del margen oriental del
transecto se aprecia una notable diferencia en las estimaciones una vez incluimos las
velocidades en el nivel de referencia, lo que parece deberse a la presencia de un remo-
lino que no ha sido bien resuelto durante el muestreo. El hecho de que en el Pasaje
de Lanzarote se obtenga un transporte hacia el norte se explica mediante la presencia

de AAIW, que fluye en dicha direccién.

En lo que respecta a las aguas profundas (Fig. A.13c), el transporte de NADW es
relativamente débil hasta la estacién 11 (~15.8°W). Ademas, el patrén de circulacién
es bastante irregular, desvelando un aumento del flujo hacia el sur al oeste de la
estacion 7 (~14.4°W). Podemos asumir que el transporte al oeste de los 18°W se debe
a la presencia de un remolino, que no fue muestreado en su totalidad al terminar la

seccion a 20°W.

Secciones anuales

Los datos hidrograficos de las cuatro campanas (1997, 2006, 2008 y 2009) han sido
ademas estudiados por separado con el fin de discernir una posible variabilidad entre
el comportamiento de la corriente en la estacion de invierno de estos cuatro anos.
De nuevo, la metodologia sugerida es aplicada a cada conjunto de datos, esta vez
de manera individual e independiente. Mientras que en 2006 y 2009 se emplean los
registros de “bottom-track” siempre que sea posible, para 1997 sélo disponemos del
perfil de LADCP de la columna de agua para la estimacién de velocidades en el nivel
de referencia. Ademds, en 200, las tnicas medidas de velocidad directa disponibles
proceden del SADCP, y seran las empleadas en la estimacién de velocidades en el
nivel de referencia, descartando los 200 metros de datos mas cercanos a la superficie

ocedanica.
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La Fig. A.14 muestra la componente barotrépica de la marea, que es calculada
mediante el modelo y restada de todas las medidas de velocidad de su correspon-
diente seccién anual. Ademds, en la Fig. A.15 podemos ver la velocidad calculada
en el nivel de referencia para cada uno de los casos. Los circulos marcan los pares
de estaciones para los que se estimé dicha velocidad mediante el perfil completo de
LADCP (o SADCP para 2008), mientras que los asteriscos marcan aquellas compa-
raciones realizadas entre los datos de “bottom-track” y el rango de velocidades del
perfil geostréfico coincidente a esas profundidades. Para los datos de LADCP de 2006
y 2009, disponemos de una estimacién del error en el computo de velocidades, el cual
empleamos para la elaboracion de las mostradas barras de error, como la varianza

de las diferencias medias consideradas velocidades de referencia para cada par de

estaciones.
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Figura A.14: Componente barotrépica de la marea calculada a partir del modelo de
prediccién OSU TPXO para cada campana.
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Figura A.15: Velocidad en el nivel de referencia estimado para cada una de las cua-
tro campanas. Los asteriscos representan las velocidades obtenidas mediante datos
de “bottom-track”. Los circulos marcan aquellas velocidades calculadas a partir de
perfiles de LADCP o SADCP (para 2008). Se muestran las barras de error calculadas
para estas estimaciones.

A continuacién, se evalian los transporte de masa acumulados para cada ano y
cada rango de profundidades. Para las campanas de 2006 y 2009, puede derivarse una
estimacion del error en el transporte a partir del error mostrado en la obtencion de
las velocidades de referencia (Fig. A.15). La Fig. A.16 muestra los resultados para
las capas superficiales, observdndose un patrén general hasta v, <27.38 kg m™ de
un flujo hacia el sur (excepto en 2008), asi como la importante actividad mesoescalar

presente en la seccién (por las estructuras de dientes de sierra).

En la funcion de corriente de 1997, el flujo hacia el sur comienza en el Pasaje de
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Figura A.16: Transporte de masa acumulado (Sv) en capas superficiales (7, <27.38
kg m~3) para las cuatro campafas.

Lanzarote (estaciones 1-5), con valores mas altos en las estimas derivadas del LADCP.
Sin embargo, al oeste de Lanzarote, los valores iniciales muestran un transporte neto
de masa nulo, mientras que las estimaciones corregidas muestran un flujo hacia el sur
hasta el final de la seccion. En 2006, las estimaciones de transporte cerca de la costa
africana cambian considerablemente después de la introduccion de las velocidades en
el nivel de referencia. Un flujo geostréfico hacia el sur en el Pasaje de Lanzarote se
desarrolla, seguido de un transporte de masa neto hacia el sur al oeste de la estacion 6
(~14.1°W). Las estimaciones corregidas presentan un pequeno flujo hacia el norte al
este de Lanzarote, que se convierte en un flujo hacia el sur hacia el final de la seccién.

Como se muestra en la Fig. A.16, los datos de 2008 registran un patrén diferente,
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con un flujo hacia el sur en el Pasaje de Lanzarote seguido por transporte de masa
cero para los calculos geostrofico. En cuanto a los cédlculos absolutos, la pendiente
aumenta al oeste de la estacién 6 (~14.1°W), sugiriendo un transporte hacia el norte
que contrarresta el flujo en el Pasaje, concluyendo en un transporte acumulado de
masa nulo en la estacién 16 (~17.6°W). Como se observa en la Fig. A.16, la funcién
de corriente inicial en 1997 es muy similar a la de 2008. Sin embargo, los valores
de transporte después de la introduccién de medidas de ADCP son diferentes. Esta
diferencia se puede atribuir al uso de los datos de SADCP en la correccién de la
velocidad geostréfica para el ano 2008, en lugar de datos de LADCP (no disponibles
para esta campana). Por lo tanto, s6lo los primeros 800 metros de la columna de
agua contribuyen al calculo de las velocidades de nivel de referencia, sin considerar el
comportamiento de aguas intermedias y profundas. Por lo tanto, las velocidades de
nivel de referencia inferidas a partir de inicamente datos de SADCP probablemente
estan siendo subestimadas. Por tltimo, los datos de 2009 presentan un fuerte flujo
hacia el sur a través de capas superficiales en el Pasaje de Lanzarote en ambos trans-
portes, que ademas presentan transporte de masa cero al oeste de Lanzarote, hasta
la estacién 16 (~17.6°W). Al oeste, los célculos geostréficos muestran una estructura
plana, mientras que las estimaciones corregidas sugieren un ligero aumento en el flujo
hacia el sur. Se aprecia como los valores corregidos siguen los patrones ya registrados

mediante los calculos geostroficos iniciales.

En la Fig. A.17 se muestra el transporte de masa en las capas intermedias. El
1997 vy 2008 se dispone de datos hasta aproximadamente 17.6°W, mientras que 2006
y 2009 se aproximan a valores nulos en torno a 20°W. No obstante, el papel més
importante en las capas intermedias parece ser jugado por los flujos que tienen lugar
en el Pasaje de Lanzarote. En cuanto al comportamiento de la funcién corriente, se
observa que en 1997 y 2009 los datos en capas intermedias siguen un patron de flujo
hacia el sur después de la estimacion de velocidades absolutas mediante LADCP. Por
otra parte, el transporte de masa en 2006 y 2008 se comporta de la manera opuesta,

dando importancia a un flujo hacia el norte a profundidades intermedias.
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Figura A.17: Transporte de masa acumulado (Sv) en capas intermedias (27.38<
Y <27.922 kg m~3) para las cuatro campanas.

En el primer caso, un transporte de masa neto casi nulo se pone de manifiesto a lo
largo de toda la seccion para el ano 1997. Este patron queda claro para el transporte
geostrofico, mientras que la presencia de estructuras mesoescalares en profundidades
intermedias fuerza un flujo hacia el sur al oeste de la estacién 8 (~14.7°W). A raiz de
las similitudes mencionadas anteriormente, la figura para 2009 presenta que el flujo
hacia el norte es corregido, virando a un leve transporte hacia el sur después de la
estacién 9 (~15.1°W). El transporte al oeste del pasaje estd marcado por el campo
de remolinos y la contribucién neta es casi cero. Para el segundo caso (datos de 2006
y 2008), el conjunto de datos de 2006 muestra un transporte de masa inicial préactica-

mente plano. Sin embargo, una vez referenciados, los calculos muestran un transporte
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hacia el norte desde la costa africana hasta la estacion 9 (~15.1°W). Al oeste de la
misma, se observa un flujo hacia el sur que la contrarresta, observado hasta la estacion
16 (~17.6°W). Una vez que se alcanzan valores de transporte nulos, la contribucién
neta es cero entra las estaciones de 16 y 21 (~17.6-20°W). Por ultimo, el transporte
para 2008 revela un transporte acumulado inicial en torno a cero y un aumento de
estos valores con la introduccién de la velocidad de referencia estimada. Se demuestra
ademas que el transporte de masa a través de las capas intermedias no es significati-

vo para aquellas campanas en que disponemos de estimaciones del error (2006 y 2009).

La variabilidad en las capas profundas durante los anos 1997, 2006, 2008 y 2009 se
presenta en la Fig. A.18. Como se observé en la Fig. A.13 en lo referente a la seccion
promedio, el transporte profundo muestra bastante ruido. No se encuentran aguas
profundas en el Pasaje de Lanzarote debido a su poca profundidad. Por lo tanto, no
hay transporte de masa cerca del talud continental, pero si una corriente hacia el
sur al oeste de la estacién 6 (~14.1°W, excepto en 2008 que muestra un transporte
hacia el norte. Esta diferencia puede deberse, como ya se ha comentado, al uso de
unicamente datos de SADCP durante el referenciado, que parecen no ser tan buenos
como los de LADCP para este fin.

Los patrones observados en el transporte pueden compararse hasta la estaciéon 16
(~17.6°W), hasta la que llegé el muestreo en 1997 y 2008. Debido a la eleccién del
nivel de referencia de no-movimiento, no se muestran grandes valores de transporte
geostrofico inicial para aguas profundas. Después de aplicar el método propuesto,
tanto de los resultados de 1997 como los de 2006 muestran un aumento hacia un
marcado transporte hacia el sur de transporte. La funcion de corriente de 1997 sufre
la interferencia de un remolino a partir de la estaciéon 9 (~15.1°W), mientras que
el transporte de masa en 2006 se ve influenciado por el inicio de un remolino (no
resuelto) a partir de la estaciéon 18 (~18.5°W). En lo referente a los datos de 2008, se
comportan de manera diferente, mostrando una tendencia hacia el norte para ambos
transportes calculados. Por el contrario, en 2009 hay una corriente hacia el norte hasta

la estacion 16 (~17.6°W), pero este flujo se vuelve hacia el sur después de 18°W. La
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Figura A.18: Transporte de masa acumulado (Sv) en capas profundas (v, >27.922 kg
m~3) para las cuatro campanas.

presencia de un una estructura mesoescalar incompleta se pone de manifiesto tanto
en el transporte geostréfico cono en el corregido, lo que contribuye a los elevados
valores observados. Como ya se ha mencionado, los altos valores de transporte son
también una consecuencia del gran volumen de agua que ocupa el rango de la capa
profunda (desde 1600 metros hasta el fondo del mar). Por ello, un pequeno error
en las estimaciones de velocidad de LADCP conllevarian grandes variaciones en los

transportes para aguas profundas, magnificando las estructuras detectadas a lo largo

de la seccion.
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Cuadro A.3: Resumen de los resultados de transporte de masa acumulado (Sv).

Ano
Longitud* Superficial Intermedio Profundo
1997 Geostrofico -04 0.8 0.6
17.6°W con LADCP -4.2 -2.3 -4.7
LP Geostrofico -1.9 0.4
con LADCP -3.7 -0.2
2006 Geostrofico -4.1 0.7 -1.5
20°W con LADCP -24+14 06 £ 1.8 -5.3+ 3.2
LP Geostrofico -2.5 0.2
con LADCP 0.7 +£0.2 2.0+ 0.1
2008 Geostrofico -1.0 -0.2 1.4
17.6°W con SADCP -0.05 1.4 3.5
LP Geostrofico -0.8 -0.1
con SADCP -1.2 -0.3
2009 Geostrofico -5.0 1.1 -3.3
20°W con LADCP -6.7+£1.6 -1.0 £ 2.2 -5.0 &+ 3.9
LP Geostrofico -3.1 0.8
con LADCP -4.0+£ 0.3 -0.2 +0.2
Promedio Geostréfico -2.9 0.4 0.7
18°W con LADCP -3.5 -1.1 -3.3
LP Geostrofico 2.1 0.4
con LADCP -14 0.7

*Longitud hasta la que se estima el transporte de la corriente. Ver texto.

LP significa Pasaje de Lanzarote (Lanzarote Passage, en inglés) (hasta 13.7°W).
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A.3.2 El Sistema de Corrientes de Azores

Para estudiar el Sistema de Corrientes de Azores se emplearon los datos de la campana
ORCA. Esta tuvo lugar entre el 15 de octubre y el 11 de noviembre de 2009 a bordo
del BIO Hespérides y estuvo compuesta por dos secciones zonales a las latitudes de
29° y 37°N, unidas por un transecto meridional a lo largo de 24.5°W. Con el objetivo
de localizar la Corriente de Azores (AzC, Azores Current, en inglés) y la Contraco-
rriente de Azores (AzCC, Azores Countercurrent, en inglés), nos centraremos en este
ultimo transecto meridional, entre las latitudes de 37° y 33°N (estaciones hidrograficas
39-55, ver Fig. A.19a). Las 17 estaciones estudiadas se realizaron empleando un CTD
SeaBird 911+ con una separacién espacial de 15 millas nauticas (~28 kilémetros)
entre el 26 de octubre y el 1 de noviembre de 2009. El sistema de LADCP empleado
consistié en dos cabezales Workhorse de RDI a 300 kHz en modo “master/slave”.
Los primeros 700 metros de la columna de agua también se muestrearon de manera
continua mediante un SADCP Ocean Surveyor a 75 kHz. Estos datos se procesaron
mediante el software de Visbeck y CODAS, respectivamente. Asimismo se les sustra-

jo a ambos la componente barotrépica de la marea segtn lo descrito en la metodologia.

Se sigui6 el procedimiento propuesto, con la diferencia de que los datos de LADCP
se procesaron ajustandolos a los de SADCP en superficie para mejorar el resultado,
siguiendo las pautas de [Fischer and Visbeck, 1993; Visbeck, 2002]. Para el cémputo
de velocidades geostroéficas y, consecuentemente, del transporte de masa, se dividié la
columna de agua en 14 capas de densidad neutral (7, ), siguiendo el criterio propuesto
por Ganachaud [2003] para el Océano Atléntico, con una ligera modificacién para las
aguas centrales. De este modo, cada una de estas capas cubre un rango de profun-
didades similar, siendo comparables entre si. El nivel de referencia se establecié a
7,=28.072 kg m™? (aproximadamente 3000 metros). La densidad neutral (7,) fue
calculada segtin Jackett and McDougall [1997].
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Figura A.19: a) Localizacién de las estaciones hidrogréficas en la regién del sistema
de Corrientes de Azores durante la campana ORCA en el otono de 2009. Se muestran
las is6baras de 200, 1000, 2000, 3000, 4000 y 5000 metros de profundidad [Smith and
Sandwell, 1997]. b) Diagrama ©-S. Se identifican las masas de agua: NACW, SAIW,
MW (gris oscuro, estaciones 41-43), NADW y LSW (gris claro, estaciones 39-43).

Masas de agua

Los datos de temperatura potencial (©) y salinidad (S) obtenidos durante la campana
permiten la identificacién de las masas de agua tal y como se muestra en la Fig. A.19b.
En este diagrama ©O-S, se senalan las cinco masas de agua principales presentes en la
seccion. Por encima de la termoclina estacional se observa una ligera dispersion de

los datos, debida al calentamiento, la precipitacién y la evaporacion que tienen lugar
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profundidades. Los circulos negros marcan la localizacién del Frente de Azores segiin
Pérez et al. [2003].
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en las aguas mds superficiales. La Fig. A.20 muestra las secciones verticales de a) ©,
b) salinidad and c) ~,. Las aguas centrales se extienden hasta el nivel de 7, <27.38
kg m™ (aproximadamente 700 metros), donde encontramos la NACW. El Frente de
Azores (AzF, Azores Front, en inglés) se localiza cerca de la estacién 52 (~33.75°N,
localizada en las Figs. A.20a y A.20b con un circulo negro), marcada por la posi-
cién de la isoterma de 16.2°C y de la isohalina de 36.2 a los 150 decibares [Pérez
et al., 2003]. Pueden apreciarse los gradientes de temperatura y salinidad en la zona
del AzF, estando éste, por lo tanto, asociado a las méaximas velocidades baroclinicas

registradas en la AzC.

Por debajo de las aguas centrales, en las capas intermedias (27.38< =, <27.922
kg m~3, aproximadamente entre los 700-1600 metros), se encuentra MW entre las
estaciones 42 y 43 (gris oscuro en la Fig. A.19b). En la Fig. A.20b, observamos ese
ntcleo de MW (36.5°-36°N) a una profundidad aproximada de 1000 metros. Adems4s,
valores relativamente salinos (superiores a 35.6) se extienden horizontalmente hasta
la estacién 49 (34.5°N). Por el contrario, entre las estaciones 50 y 53 (34.25°-33.5°N)
se encuentran valores relativamente mds frios y menos salinos (>35.5), debidos a la
presencia de Agua Sub-Artica Intermedia mezclada (SAIW, Sub-Arctic Intermediate
Water, en inglés) en el rango de 700 a 900 metros de profundidad. Aunque los la tem-
peratura y la salinidad para la SAITW “pura” son mucho menores de los encontrados
en esta seccion, estos valores diluidos entran dentro del limite superior del dominio

de esta masa de agua segun lo definido por Arhan [1990].

En capas profundas, desde aproximadamente 1600 metros hasta el fondo oceanico
(7 >27.922 kg m~3), se hallan NADW y LSW. La segunda se encuentra entre las
estaciones 39 y 43 (gris claro en la Fig. A.19b, 37°-36°N en la Fig. A.20). Su presencia
se aprecia ademds en el ascenso de las isohalinas (Fig. A.20b) y la pendiente de las
isoneutras (Fig. A.20c) por debajo de los 2000 metros, asi como los valores de O

ligeramente superiores a 2°C y de salinidad en torno a 34.9 [van Aken, 2000].
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Figura A.21: Velocidades promedio de SADCP en a) todo el rango de alcance del
instrumento (~700 metros), y b) la capa mas superficial (hasta 50 metros). Como
referencia se muestran la posicién de las estaciones hidrogréaficas y las principales

isébaras.
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Velocidades y transportes del Sistema de Corrientes de Azores

La Fig. A.21 muestra las velocidades obtenidas mediante SADCP con el fin de deli-
mitar la extensién horizontal de la AzC y la AzCC. En ella, se puede comprobar la
presencia de una recirculacion ciclénica en el sur de la seccién, a latitudes inferiores a
33°N (estacién 55). Por ello, este estudio se ha realizado considerando las estaciones
entre la 39 (localizada en el punto mds al norte del transecto) y la 55, con el fin de
centrarnos en la caracterizacion de las AzC y AzCC. Para ello, dividiremos en tran-
secto en cuatro regiones diferenciadas. Entre las estaciones 39 (37°N) y 42 (36.25°N),
se observa una velocidad hacia el oeste que pertenece a un remolino anticiclonico loca-
lizado al norte de la seccién hidrografica. Entre la estaciones 42 y 46 (36.25°-35.25°N)
se localiza la AzCC fluyendo hacia el oeste a profundidades subsuperficiales, por lo
que no es apreciable en la capa mas superficial (Fig. A.21b, donde se promedian los
primeros 50 metros de datos). Al sur de la misma, flanqueado por las estaciones 46
y 49 (35.25°-34.5°N), hay un remolino ciclénico creado a partir de la fuerte cizalla
horizontal presente en este drea de transicién. Por tltimo, se encuentra la AzC entre
las estaciones 49 y 53 (34.5°-33.5°N), fluyendo hacia el este desde la superficie hasta,
al menos, los 700 metros (Figs. A.2lay A.21b).

En la Fig. A.22 se revela la velocidad calculada en el nivel de referencia segun la
metodologia propuesta. Cada valor corresponde a un par de estaciones, resultante de
la comparacién de los cdlculos geostréficos con los datos de LADCP. Dependiendo de
cada caso, se emplean las medidas de “bottom-track”, o el perfil de toda la columna
de agua (con restricciones) del LADCP cuando no existan concordancia entre ambos,

a fin de evitar sobreestimaciones debidas a la presencia de estructuras aisladas cerca
del fondo.

La Fig. A.23 muestra el transporte de masa acumulado inicial (lineas disconti-
nuas) y tras la inclusién de las velocidades de referencia (lineas continuas) para los
diferentes rangos de profundidades: aguas superficiales (7, <27.38 kg m™2), inter-
medias (27.38< 7, <27.922 kg m~3) y profundas (7, >27.922 kg m™3). Ademés se

anade el transporte de Ekman, calculado mediante datos de QuickScat, a la primera
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Figura A.22: Velocidades en el nivel de referencia (cm s™!) obtenidas mediante datos
de “bottom-track” (asteriscos) y perfiles completos (circulos) de LADCP.

capa. Puede apreciarse como el transporte en capas profundas varia notablemente con
respecto al flujo inicial. Esto se debe al gran volumen de agua presente en el rango
profundo, entre v,=27.922 kg m~2 y el fondo (aproximadamente de 1600 a 5000 me-
tros de profundidad), lo que provoca que la contribucién de la velocidad introducida
en el nivel de referencia se vea magnificada. De nuevo, dividiremos la seccion en cua-
tro regiones, basandonos en este caso en los resultados del transporte acumulado. El
flujo negativo (hacia el oeste) entre las estaciones 39 y 42 (37°-36.25°N) se deben al
remolino anticiclonico localizado al norte del transecto. La AzCC se localiza entre las
estaciones 42 y 46 (36.25°-35.25°N) como un flujo notable tanto en aguas superficiales
(-3.4 Sv) como en capas intermedias (-3.1 Sv), con un total de 6.5 Sv hacia el oeste.
A continuacién encontramos el remolino localizado entre la estacién 46 (35.25°N)y la
48 (34.25°N), dando paso a un transporte nulo (desde la superficie hasta ~,=27.922
kg m~3) hasta la estacién 49 (34.5°N). El transporte de la AzC se aprecia para el
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rango desde la estacion 49 hasta la 53 (34.5°-33.5°N), alcanzando los 14.9 Sv hacia
el este (10.7 Sv transportados por aguas superficiales y 4.2 Sv a través de capas in-
termedias). De este modo, se obtiene un transporte neto de 8.4 Sv en direccién este
a través de la secciéon meridional. La extension horizontal de ambas corrientes es de
aproximadamente 110 kilémetros y, como cabia esperar, el flujo maximo de la AzC
se encuentra asociado al AzF, cerca de la estacién 52 (~33.75°N), como ya se habia

observado en la Fig. A.20 .
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Figura A.23: Transporte de masa acumulado (Sv) para capas superficiales (rojo), in-
termedias (verde) y profundas (azul). Las lineas discontinuas muestran el transporte
geostrofico inicial y las lineas continuas, el transporte absoluto incluyendo las veloci-
dades de referencia calculadas. Los valores positivos y negativos se corresponden con
flujos en direccion al este y al oeste, respectivamente.
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Figura A.24: Velocidades de SADCP promediadas (cm s™1) parala a) AzCC y b) AzC.
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muestran el transporte geostréfico inicial y las lineas continuas, el transporte absoluto,
incluyendo las velocidades de referencia calculadas.
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En la Fig. A.24 podemos analizar la estructura vertical de ambas corrientes me-
diante datos de SADCP (Figs. A.24ay A.24b) y a través de los datos de transpor-
te obtenidos (Figs. A.24c y A.24d). En estas tltimas, se muestran las estimaciones
geostroficas iniciales (en discontinuas) y las corregidas (en continuas). En la Fig. A.24a
se observa una pequena cizalla vertical de la velocidad de la AzCC en direccion oeste
(entre aproximadamente los 150 y 650 metros), con un maximo subsuperficial. Pa-
ra el transporte de masa (Figs. A.24c), el flujo maximo se encuentra en torno a los
500-700 metros (27.162< 7, <27.38 kg m~3). Para el caso de la AzC, se muestra una
velocidad baroclinica hacia el este tanto para la Fig. A.24b como para la Fig. A.24d.

Una importante contribucién de este trabajo es que tanto la AzCC como la
AzC muestras transportes significativos hasta casi los 2000 metros de profundidad
(Figs. A.24c y A.24d), lo que demuestra que el flujo en este sistema no abarca sélo
aguas centrales, sino que se extiende a lo largo del rango de profundidades intermedias
(hasta ~,=27.975 kg m~3). El transporte en direccién este observado en profundidad
en la Fig. A.24c esta probablemente asociado al transporte de LSW, como ya se habia
observado en la Fig. A.19b.

Por ultimo, la Fig. A.25 proporciona una vision adicional del sistema de Corrientes
de Azores. Se muestra en un diagrama de barras el transporte de masa acumulado
para cada par de estaciones para los rangos de aguas superficiales (v, <27.38 kg
m~3), intermedias (27.38< 7,, <27.922 kg m~3) y profundas (y, >27.922 kg m~3). La
linea negra gruesa marca la trayectoria del buque. Para poder apreciar correctamente
el remolino anticiclonico en el norte de la seccion, se ha incluido ademaés el ultimo
par de estaciones de la seccién norte de la campana ORCA. Se corroboran tanto la
extension horizontal como vertical propuestas para ambas corrientes analizadas. La
velocidad geostréfica mostrada como campo de vectores en la Fig. A.25a fue obtenida
mediante datos de altimetria de Ssalto/Duacs, distribuidos por Aviso. Esta muestra
claramente la presencia en superficie de la AzC, mientras que la AzCC no se registra

ya que fluye subsuperficialmente [Onken, 1993; Paillet and Mercier, 1997].
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Figura A.25: Transporte de masa integrado por pares de estaciones para aguas a)
superficiales, b) intermedias y ¢) profundas. La gruesa linea negra marca la trayectoria
del buque. En la capa superficial, las flechas muestran la velocidad geostréfica absoluta
mediante altimetria.
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A.4 DISCUSION

A.4.1 Discusién general

La finalidad de esta tesis es analizar los datos hidrograficos tomados en el margen
oriental del NASG con el fin de cuantificar el transporte de la Corriente de Canarias,
su variabilidad y la fuente que la alimenta. En primer lugar, se ha realizado una revi-
sion de la circulacion superficial del NASG y el mecanismo que produce esta corriente,
teniendo en cuenta estudios anteriores (Apartado A.1 e introducciones a Apartados
A3y A.4). Se aborda la definicién de una metodologia para la estimacién de veloci-
dades geostréficas absolutas mediante los datos de una campana transatlantica a lo
largo de 24.5°N, mostrando el procedimiento sugerido a seguir en esta tesis (Apar-
tado A.2). Las secciones hidrograficas profundas realizadas en el marco del proyecto
RAPROCAN para examinar la Corriente de Canarias, ofrecen el conjunto de datos
para calcular estimaciones promedio del transporte de masa, asi como su variabilidad
entre los diferentes afios en los que las mediciones se llevaron a cabo (Apartado A.3).
El Sistema de Corrientes de Azores también es delimitado y se cuantifican sus flujos
adyacentes (Apartado A.4). Esto conducird a conclusiones en términos de discernir la

fuente de la corriente superficial hacia el sur que fluye a través del archipiélago canario.

Una componente importante de esta tesis consiste en el desarrollo de una meto-
dologia adecuada para estimar las velocidades absolutas obtenidas una vez aplicadas
las ecuaciones de viento térmico. A partir de estas ecuaciones, la velocidad geostréfica
absoluta se calcula mediante la adicién de un componente baroclinica (dependiente
de la profundidad) y una velocidad en el nivel de referencia. La asuncién de un nivel
de referencia de no-movimiento conduce al calculo inicial de los transportes de masa.
En esta tesis, datos de ADCP se utilizan para estimar la velocidad en la capa de
referencia y, en consecuencia, para calcular el transporte de masa absoluta. Este es
un avance significativo en este tema, a pesar de otros estudios anteriores, debido al
analisis estadistico llevado a cabo con el fin de determinar qué instrumento propor-

ciona una mejor medida directa de la velocidad. El conjunto de datos adquiridos a
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lo largo de 24.5°N permite la comparacion entre el ADCP instalado en el casco del
barco (SADCP) (hasta ~700 metros) y el ADCP instalado en la roseta hidrogréfica
(LADCP), tanto sus medidas cerca del fondo (bottom-track) (desde ~200 metros so-
bre el fondo) y como perfiles de toda la columna de agua. El tratamiento de datos
de LADCP permite una amplia gama de opciones, permitiendo que los perfiles de
velocidad resultantes estén restringidos por medidas de CTD, GPS, “bottom-track”,
o incluso SADCP. En esta tesis, se aplican diferentes opciones segtin la metodologia

propuesta, teniendo en cuenta la calidad de cada conjunto de datos.

La confianza en las velocidades estimadas en el nivel de referencia depende de la
calidad de los datos empleados. Analizando de manera critica los datos de ADCP
mostrados en esta tesis, deben tenerse en cuenta algunas deficiencias en cuanto al
rendimiento de los instrumentos. Para resolver estos impedimentos se ha realizado
un minucioso estudio de los datos empleados, que nos permite su seleccion. Sin em-
bargo, es un hecho que se estan realizando mejoras continuas en el rendimiento de
estos instrumentos. El procesado de los datos y sus aplicaciones futuras también estan
gozando de mejoras, gracias a los estudios que se llevan a cabo en la actualidad en lo

concerniente a este tema.

La metodologia propuesta se aplica a cuatro secciones hidrograficas profundas
realizadas entre la costa africana y 20°W para calcular el transporte absoluto de ma-
sa a través de las Islas Canarias. La seccion fue repetida en varias ocasiones, en los
inviernos de 1997, 2006, 2008 y 2009. La presencia de estructuras mesoescalares es
evidente en las estimaciones de flujo para cada caso. Se obtiene una seccién promedio
de estas cuatro campanas, lo cual contribuye a disminuir el campo de remolinos. El
uso de datos de ADCP a la hora de referenciar los calculos geostréficos da una nueva
perspectiva de la Corriente de Canarias. Esta transporta valores similares antes (-2.9
Sv) y después (-3.5 Sv) de aplicar la metodologia propuesta, siendo estas estimacio-
nes de transporte coherentes con estudios anteriores en la region. Sin embargo, se
aprecia una expansion horizontal de la Corriente de Canarias tras tener en cuenta la

contribucién de las velocidades de ADCP. De este modo, una de las contribuciones
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principales de este estudio es esta redefinicion de la extension horizontal de la Co-
rriente de Canarias, considerada inicialmente restringida a la parte mas oriental de
las Islas Canarias (entre 13° y 14.7°W), pero que finalmente revela su flujo a través
de todo el archipiélago (hasta 18°W).

Teniendo en cuenta los resultados obtenidos para cada campana de manera inde-
pendiente, se puede estudiar la variabilidad entre 1997, 2006, 2008 y 2009 en aguas
centrales. Una vez mas, los remolinos complican la obtenciéon de un transporte neto
para la Corriente de Canarias para cada transecto. Pueden apreciarse algunos patro-
nes en el flujo tratando de descartar las estructuras mesoescalares no resueltas al final
de las secciones y centrandonos en las tendencias del transporte. De acuerdo con los
resultados mostrados, los transportes de masa absolutos son -4.2 Sv en 1997, -2.441.4
Sv en 2006 y -6.7£1.6 Sv en 2009; mientras que el flujo en 2008 es practicamente nulo.
Estas estimaciones dan una primera aproximacion a la evaluacién de la variabilidad

de transporte de masa en la region.

El estudio del Sistema de Corrientes de Azores arroja algo de luz sobre el asunto
relativo a los origenes de la Corriente de Canarias. En el estudio mostrado, se demues-
tra que el Sistema de Corrientes de Azores desplaza hacia el este un transporte de
masa total de 8.4 Sv (a través de las capas superficiales e intermedias). Otro avance
importante se realiza mediante la localizacién y cuantificacion de la Contracorriente
de Azores, esenciales en la comprensién de la contribucion del sistema de corrientes

a la circulacién regional en el limite oriental del NASG.

Se ha considerado la posibilidad de que una rama de la Corriente de Azores podria
estar girando hacia el sur y alimentando la Corriente de Canarias. Considerando sélo
el transporte en la termoclina, 10.7 Sv se desplazan hacia el este, mientras que -3.4
Sv fluyen hacia el oeste debido a la Contracorriente de Azores. De este modo, el
transporte de masa neto superficial es de 7.3 Sv hacia el este a través de la longitud
de 24.5°W. De acuerdo estimaciones previas del transporte de masa caracteristico a

través de las Islas Canarias, este valor neto de por si podria alimentar el flujo hacia el
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Figura A.26: Localizacion geografica del area de estudio, incluyendo los transectos
realizados durante las campanas ORCA (puntos rojos) y RAPROCAN (puntos ne-

gros).

sur de la Corriente de Canarias. Otros estudios teniendo en cuenta la caja compuesta
por la malla de estaciones realizadas durante la campana ORCA (Fig. A.26) deben
confirmar que el flujo entrante a través de la seccién norte es practicamente cero.
Esto demostraria la hipdtesis que descarta la Corriente de Portugal como origen de
la Corriente de Canarias. En esta tesis también se muestra la ausencia de un flujo
hacia el oeste (saliendo de a caja a través de la seccién oeste) al sur del Sistema
de Corrientes de Azores; de modo que la mayor parte del flujo proveniente de este
sistema deberia cruzar el archipiélago canario a través de la seccién sur de la campana

ORCA, alimentando la Corriente de Canarias.
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A.4.2 Conclusiones

Las conclusiones que se obtienen de esta tesis son:

1. La Corriente de Canarias es una corriente superficial fundamental en la circu-
lacién del giro subtropical del Atlantico Norte. Nuestros conocimientos previos sobre
su flujo hacia el sur y la magnitud de su transporte de masa se confirman mediante
los valores mostrados por los estudios realizados dentro de esta tesis. Es notable la
necesidad de un muestreo periédico de la seccién hidrografica profunda para discernir

su transporte medio y su variabilidad.

2. El célculo de las velocidades en el nivel de referencia que permitan reemplazar
la asuncién inicial de un nivel de no-movimiento ofrece una nueva visién en la esti-
macién de los flujos en la regién. Los datos méas precisos son los registrados por el
“bottom-track”, pero su uso esta condicionado a que resulten coherentes con el com-
portamiento de toda la columna de agua. El método de aplicar velocidades de ADCP
en el calculo de velocidades geostréficas absolutas proporciona mejores resultados
empleando perfiles de LADCP de toda la columna de agua que han sido restringi-
dos durante el procesamiento, teniendo en cuenta su “bottom-track” y medidas de
SADCP.

3. La repeticion periddica de una seccion hidrografica al norte de las Islas Canarias
(29°N) ofrece la posibilidad de discernir una circulacién media. El promediar los datos
adquiridos en los inviernos de 1997, 2006, 2008 y 2009 probablemente contribuye a
disminuir la interacciéon de la mesoescala en una seccién obviamente contaminada por
remolinos. La estimacion de velocidades geostroéficas absolutas no modifican signifi-
cativamente el transporte de masa a través de la termoclina segin las estimaciones
de estudios previos en la region. No obstante, puede mostrarse una nueva perspectiva

en lo concerniente a la extensién horizontal de la Corriente de Canarias.
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4. No se proponen cambios significativos en la cuantificacion del transporte de
masa a través del archipiélago canario durante el invierno entre los cuatro anos de
estudio (1997, 2006, 2008 y 2009). Aunque hay algunas variaciones en las estimacio-
nes, la presencia de un importante campo de remolinos en la regién y la necesidad de
utilizar diferentes fuentes de datos de ADCP en el cédlculo de velocidades absolutas,
dificultan la extracciéon de conclusiones definitivas en cuanto a la variabilidad de la

Corriente de Canarias.

5. Se demuestra que el Sistema de Corrientes de Azores juega un papel fundamen-
tal en la circulacion de la Cuenca de Canarias. Se confirma y cuantifica la Contraco-
rriente de Azores al norte de la Corriente de Azores, reduciendo el transporte neto
hacia el este observado a través de la seccion a 24.5°W. Se pueden extraer conclusiones
preliminares teniendo en cuenta que la mayor parte del flujo podria estar doblando
hacia el sur y alimentando la corriente superficial que fluye a través del archipiélago

canario.
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A.4.3 Trabajos futuros

Los resultados presentados en esta tesis constituyen la base para futuros estudios
sobre la circulacion regional en la Cuenca de Canarias. Sin duda, la mejora en el
rendimiento de los instrumentos de medicién de velocidad (ADCP) es fundamental
para reducir el error asociado al uso de estas medidas en los calculos de de velocida-
des geostréficas absolutas. La adicién de barras de error a los transportes de masa
final podrian conducir a una mejor evaluacion de la incertidumbre introducida por

las velocidades obtenidas para el nivel de referencia.

Esta tesis empieza a hacer frente a la perspectiva de estudiar el patrén de flujo
neto, evitando la contribucién de las estructuras mesoescalares no resueltas. Sin em-
bargo, la contribucion de esta mesoescala necesita seguir siendo estudiada para que

la presencia de remolinos no interfiriera en la estimacién de los transportes.

Futuras investigaciones se centraran en la aplicacién de la metodologia propuesta
a otros conjuntos de datos, incluyendo el estudio de las mediciones realizadas a lo
largo de la secciéon de RAPROCAN durante la temporada de verano. Esto dard lugar
a la posibilidad de deducir los cambios estacionales, asi como examinar la variabilidad

que afecta a la Corriente de Canarias entre los anos en que se realizaron los transectos.

Para confirmar la Corriente de Azores como principal fuente de la Corriente de
Canarias, se llevard a cabo un estudio teniendo en cuenta la malla de estaciones al
completo de la campana ORCA. El transporte sera evaluado teniendo en cuenta el
diseno de caja a partir de un modelo inverso, apoyando las conclusiones preliminares

obtenidas en esta tesis sobre el origen de la Corriente de Canarias.
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Prompted by ongoing interest in the study of the ocean circulation and its role in
regulating the climate change, the western boundary of the North Atlantic subtropical
gyre (NASG) has been widely analyzed over the last few decades due to the strong
northward mass and heat transport that it carries. In contrast, the eastern boundary
has been weakly studied until recently, when the essential role played by the currents
in the Canary Basin was recognized. Today, these studies have helped to improve our
understanding and measuring of the NASG. In this thesis, a methodology is proposed
and applied to study the Azores Current system, as well as the mean circulation and
the variability of the Canary Current, as a fundamental part of the NASG. Using
Acoustic Doppler Current Profiler (ADCP) data to calculate velocities in the reference
layer, this procedure provides a way to perform absolute geostrophic calculations.

The suggested method is applied to several datasets to improve the flow estimates in
the Canary and Azores regions. A zonal hydrographic section north of the Canary
Islands has been occupied in winter for several years. A mean mass transport is
inferred from these measurements, providing an average synthetic section in which
the eddy field in the region is reduced. These results show a characteristic southward
thermocline flow of 3.5 Sy, that corresponds to the Canary Current. The ADCP-
referencing produces a horizontal stretching of the circulation, that spans across the
whole Canary archipelago. Each cruise carried out in a particular year is also studied
separately, revealing the permanent southward flow in the surface and different water
mass circulations at intermediate layers. No significant changes in the Canary Current
transport are found in the observations made in the winter of 1997, 2006 and 2009.

The main source feeding the Canary Current as the easternmost branch of the NASG
has caused controversial opinions throughout the years. In this thesis, the Azores
Current System is analyzed, delimiting and quantifying the contribution of the Azores
Current and the Azores Countercurrent across a meridional hydrographic section
south of the Azores archipelago. Anet eastward mass transport of 7.3 Sv in the surface
layer is estimated and different oceanographic areas are located and described. The
Azores Current is believed to be crucial in forming the branch turning south and
feeding the Canary Current.

Overall, this thesis analyzes the Azores Current System and contributes new
knowledge of the Canary Current mean mass transport, its variability and its possible
source. Despite the new contribution in the flow analysis, owing to the methodology
developed, additional studies are necessary to further estimate the average mass
transport and variability of the Canary Current. While the main goals of this thesis are
achieved, new aspects arise to improve our knowledge of the physical oceanography
of the Canary Basin.
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RESUMEN

Debido al creciente interés en el estudio de la circulacién global y su papel en la regulacidon del cambio
climdtico, la frontera occidental del giro subtropical de Atlantico Norte (NASG, North Atlantic subtropical
gyre, en inglés) ha sido extensamente estudiada a lo largo de los afios a causa del su intenso transporte de
masa y calor hacia el norte. No obstante, pocos trabajos ha suscitado la frontera este hasta que
recientemente se ha reconocido el papel esencial que juegan las corrientes en la Cuenca de Canarias. En la
actualidad, estos estudios han contribuido a mejorar nuestro entendimiento y cuantificacién del NASG. En
esta tesis, se propone y aplica una metodologia para evaluar el Sistema de Corrientes de Azores, asi como el
transporte promedio de masa y la variabilidad de la Corriente de Canarias, ambos como parte fundamental
del NASG. Mediante el uso de Perfiladores de Corriente Acusticos Doppler (ADCP, Acoustic Doppler Current
Profiler, en inglés) para calcular velocidades en la capa de referencia, este procedimiento proporciona un
método para la estimacioén de calculos geostroéficos absolutos.

La metodologia sugerida es aplicada a diversos conjuntos de datos con el fin de mejorar las estimas de
transporte en las regiones de Canarias y Azores. Se ha realizado una seccién hidrografica zonal al norte de las
Islas Canarias en el invierno de diferentes afios. Un transporte de masa promedio ha sido obtenido de estas
medidas mediante la elaboracion de una seccién promedio, en la cual se aprecia una reduccién del campo
de remolinos de la regidn. Los resultados muestran un flujo caracteristico hacia el sur a través de la
termoclina, de una intensidad de 3.5 Sv (1 Sv = 10° kg s™), lo cual se corresponde con la magnitud de la
Corriente de Canarias. El procedimiento de referenciado mediante datos de ADCP desvela un
ensanchamiento horizontal de la circulacidn, pasando a extenderse a lo largo de todo el archipiélago canario.
Asimismo se analiza de forma individual cada una de las secciones anuales, lo cual revela el flujo permanente
hacia el sur para aguas superficiales y la circulacién de diversas masas de agua a profundidades intermedias.
No se aprecian cambios significativos en el transporte de la Corriente de Canarias para las observaciones
realizadas durante los inviernos de 1997, 2006 y 2009.

El origen de la Corriente de Canarias como rama mas oriental del NASG ha causado controvertidas opiniones
a lo largo de los afios. En esta tesis, se analiza el Sistema de Corrientes de Azores, delimitandolo y
cuantificando la contribucion de las Corriente y Contracorriente de Azores a través de una seccidn
hidrografica meridional localizada al sur del archipiélago de Azores. Se estima un flujo neto de 7.3 Sv hacia el
este, asi como se ubican y describen diferentes dreas oceanograéficas. Se cree que la Corriente de Azores es
fundamental en el origen de la Corriente de Canarias, ya que alimenta la rama que fluye hacia el sur a través
del archipiélago canario.

A modo general, esta tesis analiza el Sistema de Corrientes de Azores y contribuye a arrojar luz sobre el
transporte de masa promedio, la variabilidad y el posible origen de la Corriente de Canarias. Gracias a la
metodologia propuesta, se pueden aportar nuevas contribuciones al andlisis de la circulacién en la cuenca
canaria. No obstante, seran necesarios estudios adicionales que continden trabajando en la linea de
investigacion de un transporte de masa promedio para la Corriente de Canarias y su variabilidad. Aun
cuando se logran abordar los principales objetivos de esta tesis, surgen nuevos aspectos que contribuiran a
mejorar nuestro conocimiento de la oceanografia fisica de la Cuenca de Canarias.



	portada_A4
	contraportada_A4

