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A mi padres

Some of us think holding on makes us strong;
but sometimes it is letting go
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Preface
This dissertation, entitled ON THE CIRCULATION OF THE NORTH ATLANTIC SHADOW ZONE, is
presented as a partial requirement to obtain the Doctoral degree from the Universitat Politècnica de Catalunya. This investigation is the compilation of three studies aimed at describing the circulation within
the North Atlantic shadow zone an its role on the ventilation of the North Atlantic Oxygen Minimum
Zone. This thesis investigation was conducted between 2009 and 2014 under the guidance of Dr. José
Luís Pelegrí Llopart, who is an investigator from the Institut de Ciències del Mar - Consejo Superior de
of the research project entitled “Ocean Climate Memory: mechanisms and paths of surface water forma-

This doctoral dissertation is structured with an introductory chapter which describes the main dynamic
systems that interplay in the circulation of the shadow zone. The following three chapters constitute the
of these articles has been published in Scientia Marina. The second and third chapters have been submitted to Journal of Geophysical Research as one sole article and it is currently under revision. The thesis
concludes with a discussion of the main results from this work. Asides the above-mentioned articles,
along this period of research the author of this thesis has engaged in two collaborative research stays
peer-review papers, has been the coauthor of two chapter of a book, has attended two international training schools and has participated in three research cruises.
7
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Summary
Regions isolated from the wind-driven circulation are found in the eastern margins of the world’s tropical
oceans. The weak and stagnant circulation of these so-called ‘shadow zones’, in combination with the
intense respiration of organic matter provided by the overlying highly productive waters, promotes the
existence of large oceanic volumes with very low dissolved oxygen. These volumes are known as oxygen
expanding, and thus potentially threatening the surrounding rich marine ecosystems. However, it is not
clear whether this change is based on natural variability or it has an anthropogenic origin. Furthermore,
under a global warming scenario, the future evolution of the OMZs is uncertain due to the complex
interaction between the physical and biochemical processes that interplay in the OMZs dynamics.
This dissertation seeks to unravel the key elements of the circulation in the North Atlantic shadow zone,
aiming to provide a deeper understanding of the physical components that rule the dynamics of the
has experienced the largest expansion. A comprehensive description of the North Atlantic shadow zone
outputs from the assimilative ECCO2 circulation model.
The main outcome of our work is that two markedly distinct regimes of circulation exist in the thermocline
layers of the naOMZ, above and below
. In the upper layer, within the upper Central
is characterized by relatively high oxygenation, with a predominance of South Atlantic Central Water
oxygen content due to its sluggish circulation; in contrast with the uCW, a mean anticyclonic circulation

9

transfer of mass from the subtropical gyre to the shadow zone, providing a previously unaccounted supply of
oxygen from the well-ventilated subtropical thermocline. In fact, at the core of the naOMZ, the contribution of

contributor in the water mass supply to the naOMZ. Lagrangian simulation reveals that while in the uCW,

recirculated from the subtropical gyre. The accurate numerical reproduction of the water mass composition
within the naOMZ thermocline, as directly deduced from particle-track Lagrangian simulations, supports the

The uCW and lCW strata not only exhibit opposite circulation patterns, they also present opposite large-scale
vertical motions with predominant upwelling in the uCW as part of the subtropical cell regime while the lCW
presents a broad downwelling pattern. We propose the existence of an inverse subtropical cell within the
lCW dynamically coupled to the uCW regime. The major role these cells play in the circulation of the North
Atlantic shadow zone, together with their substantial natural interannual and decadal variability, makes them
major players on the oxygen anomalies observed during the last decades in the world OMZs.
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Chapter I
Introduction
1.1 Background
The discovery in 1751 by captain Henry Ellis that deep water in the subtropical Atlantic was cold despite
the warm temperature at the surface may seem obvious to us today but it was a great surprise at that time
did not appear, however, until much later with the classical scheme of the water mass formation proposed
by Iselin

Stommel
[1979] and Luyten et al.
wind-driven theory of circulation [Sverdrup, 1947], originally proposed for a homogeneous ocean, in the
thermocline is therefore a direct consequence of the Sverdrup circulation, thereby also referred as the

A major outcome from the Luyten et al. [1983] model is the distinction of two main dynamics regions: the
“ventilated thermocline” (the subtropical gyre itself), where subsurface layers are continuously renewed

Chapter I

Figure 1.
Huang [2010])

Iselin [1939], reproduced from

quite uniform in the subtropical gyre thermocline [Rhines and Young
ocean [Figure 2] implies a strong restriction for subsurface trajectories from the subtropics towards the

inorganic nutrients and tracers [Sarmiento et al., 1982; Kawase et al.

Karstensen et al.
Vaquer-Sunyer
and Duarte
the nitrogen and carbon cycles [Bopp et al., 2002; Lam and Kuypers, 2011; Paulmier et al., 2011], with
Garcia et al., 1998; Joos et al., 2003;
Stramma et al.
with some studies relating the observed trends to global warming [Matear and Hirst, 2003; Oschlies et
al., 2008] while others point at natural decadal variability [Gnanadesikan et al., 2007; Deutsch et al.,

In this thesis we study the circulation and the main processes involved in the water mass renewal of the
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Figure 2.

-1
-3

historic hydrographic and velocity datasets, together with numerical simulations, a novel description of

1.2. Circulation
Luyten et al. [1983] captures the main features of the thermocline
circulation, the circulation in the eastern tropical North Atlantic is made up by the interplay of different

1.2.1. The subtropical gyre

low-period forces are the pressure gradient and the Coriolis force: any water movement in the direction
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Figure 3.
-

achieved; the outcome is the anticyclonic circulation in the upper 1000 m of the ocean, the North Atlantic

African margin and through the Canary Islands [Machín et al.
[Zenk et al., 1991]
the direct supply of recently subducted northern subtropical waters to the southeastern stagnant shadow
[Luyten et al., 1983]
Atlantic basin westward to feed the Gulf Stream (GS), the western boundary current of the subtropical

1.2.2. The tropical gyre

[Stramma and Schott, 1999;
Lázaro et al., 2005; Rosell-Fieschi et al., 2015]
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The southern boundary of the tropical gyre is the North Equatorial CounterCurrent (NECC), a broad band
[Sverdrup, 1947; Stramma and Schott, 1999]
[Rosell-Fieschi et al., 2015]

[Stramma et al., 2005, 2008b; Brandt et al., 2010]

[Siedler et al., 1992]
[Elmoussaoui et al., 2005]

2005]
1989; Mittelstaedt, 1991]

[Mittelstaedt, 1991; Lázaro et al.,
[Barton,

the cyclonic circulation comprises the whole Atlantic basin, with a southward branch at the western
[Schott and Böning, 1991]
overturning circulation: The continuous upwelling of subsurface waters near the equator and the later
subtropical waters subducted along the NEC path [Liu and Philander, 1994; Zhang et al., 2003; Schott
et al., 2004]
Cell (STC) [Liu and Philander, 1994], establishing a connection between the tropics and the subtropics
(roughly 300 m) [Elmoussaoui et al., 2005]
dominated by mesoscale eddy diffusion [Stramma et al., 2008b]

17
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Figure 4. Circulation scheme of the two
subtropical cell circulation in the tropical
in the eastern margins (highlighted in green)
curs along the subtropical branch; the North
and South Equatorial Currents (highlighted
Schott et al., [2004]

[Brandt et al., 2014]

Intermediate Current (EIC) just at the equator and the South and North Intermediate Countercurrents
[Brandt et al., 2008; Rosell-Fieschi et al., 2015]

overturning circulation [Broecker, 1991]
hemisphere thermocline waters are transported to the northern hemisphere to compensate the formation
[Johns et al., 1998]

[Fratantoni et al., 2000]; the other half reaches the subtropics along the American margin via huge
[Garzoli et al., 2004]
thermocline of the tropical North Atlantic is predominantly made up with southern origin waters [Poole
and Tomczak, 1999]
[Fratantoni et al.,
2000]
1.2.3. The eastern boundary coastal upwelling system

18
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[Arístegui et al., 2009]
[Nykjaer and
Camp, 1994]

[Pelegrí et al., 2005]
layers [Barton, 1989; Mittelstaedt, 1991]

established by the equatorward component of the wind [Tomczak and Godfrey, 1994], being decoupled

[Barton, 1989]
The coastal upwelling system also plays the role of an important along-shore conveyor, capable of
[Pelegrí et al., 2005]

Figure 5. Scheme of the coastal
transport at the surface drives oning of the isopycnals along the coast
sustained an equatorward baroclinic
sure gradiente gradient promote the
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addition to assure the along-shore coherence of the coastal upwelling [Benazzouz et al., 2014], advects
[Lázaro et
al., 2005]

1.3. Thermocline water masses
[Tomczak, 1999]
The formation of a water mass typically refers to the moment when part of the surface waters becomes
moment, the physical properties (temperature and salinity, thus density) of the water mass are preserved

analysis of how they spread within the ocean interior, thus providing a complementary description of

abyssal ocean [Warren, 1983]
regions, the detailed description provided by numerical circulation models can also be validated through
the comparison between the observational water mass composition and the content deduced from the

As discussed before, the permanent thermocline of the ocean is formed as a consequence of the threedimensional circulation of the subtropical gyres [Luyten et al., 1983]
circulation [Stommel, 1979]

respectively) are located along the returning path of the meridional overturning circulation, with the
[Poole and Tomczak, 1999]

20
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has to follow a long path to reach the tropical North Atlantic from its formation regions in the southern

hydrographic properties especially in eastern margin where the dynamic barrier between the tropics and
[Kawase et al., 1985]
At intermediate depths, between 700 and 1500 m, two other water masses of northern and southern origin
meet in the subtropical/tropical front, although in a much more diffuse pattern: the Antarctic Intermediate

and transported with the South Atlantic subtropical gyre towards the tropics [Suga and Talley, 1995]
[Kawase et al., 1985;
Kirchner et al., 2009]
[Machín
et al., 2010]
Gasser et al.,

[Bozec et al., 2011; Burkholder and Lozier, 2011]: a northward route
along the continental slope of the Iberian Peninsula, reaching as far as the northern North Atlantic, and a

Figure 6.
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1.4 The North Atlantic Oxygen Minimum Zone

and 700 m [Karstensen et al., 2008]
[Matear and Hirst, 2003; Stramma et al., 2011]

elements (
2010]

with a clear impact on the climate system [Bopp et al., 2002; Keeling et al.,

[Sarmiento et al., 1998]
ocean, and increased temperatures may also enhance the microbial respiration rate, thus further reducing

[Whitney et al., 2007] or the southern ocean [Helm et al., 2011]
However, the low temperature of these regions ensures the maintenance of relatively high concentration

2008a]

[Stramma et al.,
[Stramma et al., 2010]

detrimental for most organisms [Vaquer-Sunyer and Duarte, 2008]
have a clear impact on the surrounding highly productive tropical waters [Stramma et al., 2010, 2011]

[Matear and Hirst, 2003]
in primary productivity via reduced upwelling, even counteracting the effect of the former physical
[Ridder and England, 2014]
22
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Figure 7. Climatologias well as changes be1990–2008 of (b) disat 200 dbar, (c) apparcally- averaged over
(d) increases are red
and decreases blue,
and areas with differences below the 95%
-

[Karstensen et al., 2008]
[Stramma
et al., 2008] [Figure 8]

Table 1.
300m to 700m layer for select ocean areas, and
Stramma et al. 2008a]
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Figure 8. Scheme of the main currents in the
gen mean for the layer between 300m to 500m is
Brandt et al. 2010]

only covers the top 300 m [Elmoussaoui et al., 2005]
by eddy and diapycnal diffusion [Fischer et al., 2013; Hahn et al., 2014]

[Karstensen et al., 2008]

Atlantic basin and by the enhanced supply of thermocline waters into the tropics due to the meridional
overturning circulation [Karstensen et al., 2008]
[Stramma et al.
recently estimated at 15% [Stramma et al., 2011], threatening the sustainability of the valuable pelagic

1.5. Objetives and thesis outline

24
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Chapter II
The continental slope current system between
Cape Verde and the Canary Islands
This chapter has been published as Peña-Izquierdo, J., J.L. Pelegrí, M.V. Pastor, P. Castellanos, M. Emelianov,
M. Gasser, J. Salvador, and E. Vazquez-Dominguez (2012), The continental slope current system between Cape
Verde and the Canary Islands, Sci. Mar., 76, 65–78

Abstract
We use hydrographic, velocity and drifter data from a cruise carried out in November 2008, to describe
the continental slope current system in the upper thermocline (down to 600 m) between Cape Verde and
the Canary Islands. The major feature in the region is the Cape Verde Frontal Zone (CVFZ), separating
waters from tropical (southern) and subtropical (northern) origin. The CVFZ is found to intersect the
the slope as far north as 24ºN. South of Cape Blanc (21.25ºN) the Poleward Undercurrent (PUC) is a
prominent northward jet (50 km wide), reaching down to 300 m and indistinguishable from the surface
Mauritanian Current. North of Cape Blanc the upwelling front is found far offshore which opens a nearslope northward path to the PUC; nevertheless, the northward PUC transport decreases from 2.8 Sv
at 18ºN to 1.7 Sv at 24ºN. South of the CVFZ there is an abrupt thermohaline transition at s q =26.85
kg m-3, which points at the lower limit of the relatively pure (low salt and high oxygen content) South
Atlantic Central Water (SACW) variety that coexists with the dominant locally-diluted (salinity increased
through mixing with NACW but oxygen diminishes because of enhanced remineralization) Cape Verde
(SACWcv) variety; at 16ºN about 70% of the PUC transport corresponds to the SACW variety but over
1 Sv recirculate offshore just south of Cape Blanc, in agreement with the trajectory of subsurface drifters.
However, between Cape Verde and Cape Blanc and in the 26.85< s q <27.1 layer, we measure up to 0.8 Sv
of SACWcv being transported south. The results strongly endorse the idea that the slope current system
plays a remarkable role in tropical-subtropical water mass exchange.

Chapter II
2.1. Introduction
The principal physical oceanographic importance of continental slopes is due to the fact that many major
minor fraction of the world’s oceans but yet they are the actual boundaries of the permanent upperthermocline waters. The East and West slopes of all continents break the dominant zonal circulation in
jets.
The upper thermocline along the continental slope off NW Africa is particularly complex as it runs
from subtropical to tropical regions. It spans the top 600 m of the water column, occupied by waters
formed in central regions of subtropical gyres, or central waters. The major water contrast takes place
at the Cape Verde Frontal Zone (CVFZ) which approximately stretches from the Cape Verde Islands to
about Cape Blanc [Kawase et al., 1985; Zenk et al., 1991; Pastor et al., 2012]. North of the CVFZ there
is a dominance of North Atlantic Central Water (NACW), of northern subtropical origin; south of the
front the waters have a much farther origin, originally coming from the subtropical South Atlantic but
[Pastor et al., 2012] have
recently emphasized that the top 300 m south of the CVFZ have characteristics close to equatorial waters,
therefore being even more distinct from NACW.

as the North Equatorial Current (NEC). South of the CVFZ the upper thermocline is meteorologically
driven by seasonal changes in the Intertropical Convergence Zone (ITCZ). The cyclonic winds cause
positive Ekman pumping which drives offshore upwelling, the outcome being the Guinea Dome (GD)
and the associated cyclonic circulation [Siedler et al., 1992]. In idealized classical thermocline theories
the region south of the CVFZ has been named shadow zone [Luyten et al., 1983; Kawase et al., 1985], as
sudbucting waters in the subtropical gyre cannot reach this region; the CVFZ, therefore, has been thought
studies have shown the presence of substantial interleaving and intermittent eddy mixing [Barton, 1987;
Zenk et al., 1991].
During summer the ITZC moves north and the wind regime follows it. Two transatlantic eastward zonal
jets, the North Equatorial Undercurrent (NEUC) at about 4ºN and the North Equatorial Counter Current
(NECC) approximately along 8ºN, intensify and feed the southern portion of a relatively large summer
GD [Siedler et al., 1992; Lázaro et al., 2005; Stramma et al., 2005]. During winter the ITZC moves
south and the NECC weakens [Stramma and Schott, 1999; Lankhorst et al., 2009]. South of the CVFZ,
the cyclonic winds remain intense but move southeast, its centre being located near-shore [Nykjaer and
Camp, 1994]
hence moving southeast from summer to winter [Nykjaer and Camp, 1994]. As a result the northward
28
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Figure 1. Left panel: Schematic pattern of the circulation showing the main currents and dynamic features: Canary Current (CC), North
Equatorial Current (NEC), North Equatorial Counter Current (NECC), North Equatorial Under Current (NEUC), Poleward Undercurrent
(PUC), Mauritania Current (MC), Guinea Undercurrent (GUC), Guinea Dome (GD) and Cape Verde Frontal Zone (CVFZ). Right panel:
Map of the study area showing the hydrographic stations and the cross and along slope sections used in this work. Contours of 500, 1000,
2000 and 4000 m isobaths are grey coloured. The nearshore and central meridional sections approximately follow the 1000 and 2000 m
isobaths

[Mittelstaedt, 1991; Lázaro et al., 2005]
1991].

[Mittelstaedt,

Over the continental African slope there is yet another frontal system, the wind-induced coastal upwelling
no more than 200 or 250 m depth. The region between Cape Blanc and the Canary Islands, dominated by
NACW, is characterized by year-long intense upwelling [Van Camp et al., 1991] and the associated nearslope southward Canary Upwelling Current (CUC) [Pelegrí et al., 2005, 2006; Mason et al., 2011]. South
of the CVFZ, upwelling is present only in winter, when the ITCZ migrates south. The essential elements
of the upwelling system are (i) westward (offshore) Ekman transport of the surface mixed-layer waters,

winds are also responsible for (iv) building a large-scale pressure gradient which induces an along-slope
subsurface current, known as the poleward undercurrent (PUC) [Barton, 1989]. In winter the southward
winds intensify the PUC south of Cape Verde, effectively becoming the winter counterpart of the nearsurface MC.
Along-slope poleward undercurrents are ubiquitous features in all major eastern boundary current system.
The Northeastern Atlantic PUC was studied mostly during the 70’s and 80’s when an intense international
research effort took place to understand the NW Africa upwelling system (for a review see [Machín et
29
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al., 2006]). The PUC is normally observed as a narrow jet (about 50 km wide) leaning on the continental
deeper, to intermediate waters [Barton, 1989; Machín et al., 2006; Machín and Pelegrí, 2009]. The PUC
appears as a natural extension of the westward Guinea Undercurrent (GUC) and the summer MC, but
it also incorporates water recirculating around the GD. The PUC has been traditionally linked to the
advection of pure SACW, even beyond Cape Blanc where it encounters the CC and is usually found
deeper, centred at some 500 m depth [Mittelstaedt, 1983, 1991; Hagen, 2000].
In this study we aim at providing a detailed description of the complex system of currents over the
continental slope in the eastern margin of the North Atlantic Ocean, from Cape Verde to the Canary
Islands (about 16 to 27ºN). We will do so through a set of measurements taken during November 2008,
with eight high-resolution cross-slope transects and several along-slope sections. First, we present the
a recent water-mass composition analysis carried out by [Pastor et al., 2012], to be used in this work. The
of water properties over the continental slope. The purpose is to draw a picture of the circulation patterns
over the continental slope and their role on the propagation of water masses of southern and northern
origin.

2.2. Data and methods
2.2.1 Data set
The CANOA08 cruise was carried out in November 2008 onboard R/V Sarmiento de Gamboa. A total
of 55 stations were occupied along the NW Africa coast from Cape Verde to the Canary Islands (Fig.
th
November,
all stations were carried out between 20 and 29th November with the vessel travelling from South to
by about 1.25º of latitude; an additional station was taken between sections approximately over the
2000 m isobath. The resolution in the cross-slope direction increased from 30 km offshore to 5 km nearshore while the resolution in the along-slope direction was about 60 km over the 2000 m isobath; two
additional along-slope sections, with half this resolution, may be constructed offshore and over the 1000
m isobath as far north as 24ºN, as shown in Figure 1. Additionally to the hydrographic measurements,
several subsurface buoys, dragged at 100 m depth, were launched.
The stations were sampled using SeaBird 911plus Conductivity-Temperature-Depth (CTD) sensors and a
SBE-43 dissolved oxygen (O2) sensor. The CTD-O2 probe was mounted on a 24 Niskin bottles rosette that
collected water samples at standard depths. These waters were analysed for dissolved oxygen onboard
and samples were frozen for a posterior analysis of inorganic nutrients. Oxygen from the bottle samples
30
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Figure 2. Top panels: Weekly[N m-2] for three consecutive
weeks, starting on 10, 17 and
24th November 2008. Bottom
left panel: Temporal series of
the surface wind stress vector at
three different latitudes over the
slope (asterisks in top panels).
The shaded area, the top brackets and the tick mark respectively indicate the duration of
the cruise, the average intervals
day of the SST image (source:
QuikSCAT). Bottom right panel: SST [ºC] on 23th November
2008, as obtained from OSTIA.

was determined by the Winkler titration method. The relation between the oxygen determined by the
2
>0.96, p<0.01, n>12), and the average
difference between the oxygen from the CTD and the Winkler method was -0.63 ml l-1.
The velocity of the upper ocean currents was measured with a 75 kHz shipboard Ocean Surveyor

initially calibrated over the continental shelf through bottom tracking so that the alignment angle and
scale factor were determined; later, from the comparison of consecutive repeated sections in a region of
high horizontal shear, a meridional velocity offset of 0.02 m s-1
corrected. A Lowered ADCP (LADCP) system, consisting of two RDI 300 kHz Workhorse Monitor used
in synchronized master-slave mode, was also mounted on the rosette but it did not work properly on all

ADCP data collected while the vessel was on that position.

QuikSCAT data set (Fig. 2). We may appreciate a predominance of north-easterly winds during the cruise
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on near-real time through the Operational SST and Sea Ice Analysis (OSTIA) product 3 [Stark et al.,
2007].
2.2.2. Optimum Multi-Parameter analysis

source water types in a water sample. These contributions are determined as a linear mixing combination
in a multi-parameter space [Mackas et al., 1987; Tomczak and Large, 1989]. Each parameter is given a
different weight according to its accuracy and natural variability. In this study we follow the application
of the OMP for the NW Africa region as presented in [Pastor et al., 2012] and explained in the appendix.
Five independent variables (potential temperature, salinity, oxygen, phosphate and silicate) are combined
density range 26.46< s q
in order to avoid atmospheric and biogeochemical processes (hereafter we use sigma-theta or potential
density anomaly, equal to potential density less 1000, in units of kg m-3).
One relevant contribution of [Pastor et al., 2012] has been the distinction of two different varieties of
southern waters, predominantly found in the region south of CVFZ. While the regional central water
[Tomczak, 1981], a fresher and colder variety, therefore with
purer South Atlantic characteristics, may also be detected from historical observations in the southeastern
North Atlantic [Voituriez and Chuchla, 1978]. The distinction between the two varieties allows us to
discern the different contribution of both water masses on the slope undercurrent. Therefore, hereafter
the OMP analysis by the contribution of two water types (upper and lower Cape Verde South Atlantic
Central Water, SACWcv-u and SACWcv-l respectively); in contrast, the purer variety is simply named
South Atlantic Central Water (SACW), being solely represented by one point in the multi-parameter
space (one water type) due to its shallowness, as we discuss in next sections. The contribution of North
Atlantic Central Water (NACW) is assessed again through the combination of two points, the upper and
lower North Atlantic Central Water (NACWu, NACWl). Figure 3a shows the location of these northern
and southern central waters in a temperature-salinity diagram. Additionally, the presence of Antarctic
Intermediate Water (AAIW) was also introduced in the analysis to properly describe the water masses
distribution at the bottom of the thermocline, however we will not use it in this work.
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2.3. Results
2.3.1 Penetration of SACW characteristics
In this section we examine the latitudinal dependence of mean water properties with the help of scattered
plots, where the spatial variability is smoothed out through a reduced Data Interpolating Variational
Analysis (DIVA, http://modb.oce.ulg.ac.be/viewsvn/) technique (Figs. 3b, c). These plots do not aim at
examining the detailed distribution of water properties but are rather used to view the gross latitudinal
property patterns.

central waters (Fig. 3a). At the southernmost part of the region, for s q <26.85, we may distinguish the

is a much saltier, colder and oxygen richer water mass than the southern water masses. However, the most
common water in the shadow zone is the regional SACWcv variety, substantially saltier than SACW.
Further, the SACWcv presents the minimum oxygen concentrations of the three central water masses
(Fig. 3b). This suggests that the SACWcv water mass represents an old SACW variety that has lost most
of its oxygen content while also mixing slowly with the nearby salty NACW. The SACW variety thus
represents a relatively young water mass that renovates the upper layers of the shadow zone through
direct advection of the tropical eastward zonal jets, the NEUC and NECC [Elmoussaoui et al., 2005].
Another prominent characteristic is the vertical salinity minimum observed at s q 26 .8 kg m-3, an
abrupt salinity, and even temperature, inversion at depth. This salinity minimum matches with the point

Figure 3. Left panel. Potential temperature - salinity diagram as obtained using the whole data set. Void diamonds indicates the water types
used in the OMP analysis of Pastor et al. (2011). Central and right panels: Smoothed scatter plots, again obtained using the whole data set,
of dissolved oxygen and meridional velocity (in [m s-1], positive northwards) as a function of potential density. In all plots the latitude [ºN]
is colour-coded according to the right-hand-side colour bar.
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3). These features may be detected in salinity distributions presented by several authors for the region
south of the CVFZ [Tomczak, 1972; Fraga F., 1974; Hughes and Barton, 1974] but yet few studies
[Voituriez and Chuchla, 1978] early proposed that this salinity minimum
deeper. More recently, [Elmoussaoui et al., 2005] have used a high-resolution model to highlight the
existence of a thermohaline transition (smoothed in their numerical solution) at s q 26 .8 kg m-3. The
numerical output suggests that the NEUC and NECC merge southwest of the GD from where they reach
towards the African slope and recirculate north towards the CVFZ. However, these relatively shallow jets
may only ventilate the shadow zone down to some 300 m, i.e. the lower portion of the upper thermocline
is not renewed so that its waters have long residence time which leads to high remineralization rates and
low oxygen concentrations [Stramma et al., 2005, 2008; Karstensen et al., 2008].
A scattered plot of the meridional velocity interpolated as a function of density illustrates the predominant
propagating directions of southern and northern waters (Fig. 3c); the interpolation smoothes out the
patterns. The meridional velocity component presents a similar depth transition, in agreement with
Voituriez and Chuchla 1978. All the way until 22.5ºN, those layers with s q <26.85 kg m-3 move
predominantly northwards, with speeds up to 0.3 m s-1, carrying oxygen with SACW characteristics.

to reverse but obscured because of the mesoscalar variability south of the Canary Islands. Contrarily, at
latitudes less than Cape Blanc the deeper layers (26.85 s q 27.1) predominantly move southwards,
carrying SACWcv characteristics. North of Cape Blanc, these deep layers do not display a predominant
propagation pattern. Hence, near the CVFZ there is substantial convergence on layers shallower than s q
26 .8 5 kg m-3 and weak divergence below.
According to the above observations, and following [Elmoussaoui et al., 2005], we may distinguish
between Surface Waters (SW; s q <26.46, down to about 100 m), upper Central Waters (uCW; 26.46
s q 26.85, between some 100 and 300 m) and lower Central Waters (lCW; 26.85 s q 27.1,
between about 300 and 500 m). We set the interface between uCW and lCW slightly deeper than in
[Elmoussaoui et al., 2005], i.e. s q =26.85 rather than 26.8, in order to better match the observed abrupt
vertical transition in southern water characteristics and to include the full low-salinity SACW signal
within the uCW.
2.3.2 Cross-slope sections
Despite the general smoothed picture arising from Figure 3c, the slope current system does present high
spatial variability. In order to appreciate this variability and to identify the propagating paths we examine
the distributions of salinity, oxygen, meridional velocity and water-mass composition in eight cross-slope
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sections at nominal latitudes of 16.25, 17.5 18.75, 20.0, 21.25, 22.5, 24.0 and 26.5ºN (Figs. 4 and 5).
Trade winds were present during the whole cruise, leading to intense upwelling off NW Africa region as
illustrated by the SST image in Figure 2. South of Cape Blanc upwelling is the result of the predominant
may be interpreted as a late expression of the summer MC on top of the PUC. North of Cape Blanc
upwelling is very intense and located far offshore, probably arising from the build up of wind impulses
during the summer-long upwelling season [Csanady, 1977]. The combination of both features should

slope, with maximum values in all sections above 0.2 m s-1, extending from the surface down to 300

autumn conditions south of Cape Blanc, when the MC is strengthened [Mittelstaedt, 1991] and northward
transport is maximum [Elmoussaoui et al., 2005].

uplift towards the slope, except for the presence of relatively low oxygen content as a sign of high
productivity (Fig. 5). A marked change in properties is observed just north of Cape Blanc (Fig. 5f),
slope sections (Fig. 4), typically wider than about 50 km; in the southern sections this could be interpreted
as the MC while beyond Cape Blanc it would be the surface manifestation of the PUC. North of Cape
far offshore location of the coastal upwelling jet during the intense upwelling season (Fig. 3). At 26.5ºN,

is intermittent, being northward during the cruise but having possibly changed direction at previous
times. It is therefore possible that the 22.5ºN latitude corresponds to a mean northern limit of the MC, in
agreement with the results of [Lázaro et al., 2005].
The uCW layer is characterized by the presence of the PUC in all sections except 26.5ºN (Fig. 4). In this
layer and south of the CVFZ, the slope current appears as a northward jet with a width of several tens of
kilometres, which reaches down to over 200 m and is hardly distinguishable from a slightly wider surface
MC. South of about 20ºN the uCW layer appears as an oxygen maximum stratum, with values as large as
2.12 ml l-1 (Fig. 5). This relative high content of oxygen is related to the predominance of SACW which
is present only in this layer. The presence of SACW is progressively reduced as we move north along
salinity increase near Cape Blanc but, despite NACW is higher in oxygen than SACWcv, the near-slope
is further exhausted, with values as low as 1.14 ml l-1 (Fig. 5e), and the offshore waters appear slightly
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Figure 4. Distribution of water properties on eight different cross-shore sections (Fig. 1). The meridional velocity (in [m s-1]) is colourvals. The black lines show either the fraction of SACW south of Cape Blanc (top panels) or the fraction of SACWcv north of Cape Blanc
(bottom panels); in the upper panels the remaining water mass contribution is only SACWcv while in the lower panels it is NACW. Three
selected isopycnals (26.46, 26.85 and 27.1 kg m-3) are drawn in yellow. The map insets indicate the location of the corresponding section.

Cape Blanc, this becoming an area where SACWcv is formed through mixing of SACW with NACW
and enhanced oxygen consumption of SACW (because of remineralization taking place under the highly
productive upwelled waters). Despite the blockage of the CVFZ, some of this oxygen-poor and relatively
salty SACWcv is transported along the slope by the PUC (Figs. 4f and 5f) and released as far north as
Cape Bojador (Fig. 4g).
The northeastward extension of the NEUC slowly advects SACW to the northern part of the GD during
summer, but only a fraction of this relatively pure SACW is eventually incorporated by the relatively
shallow PUC (which occupies the uCW). The core of SACW is located seawards from the PUC core,
in agreement with observations by [Hughes and Barton, 1974], in some cross-slope sections coinciding
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Figure 5. Distributions of oxygen content ([ml l-1], coloured) and salinity (black contours) on eight cross-shore sections. Three selected
isopycnals (26.46, 26.85 and 27.1 kg m-3) are shown as dashed white lines. The map insets indicate the location of the corresponding section.

is not always directly fed by SACW, hence validating [Elmoussaoui et al., 2005] numerical results. In
most sections the dominant water mass advected by the PUC is the recirculating SACWcv (Figs. 4 and 5),
although it has an important SACW contribution that arises from the extension of the tropical zonal jets
and, possibly, also from the low-latitude along-slope Guinea Undercurrent [Mittelstaedt, 1991]. North of
Cape Blanc the southern central waters, already fully transformed into SACWcv, penetrate northwards
through the along-slope PUC [Fraga F., 1974; Hughes and Barton, 1974; Hagen, 2000]. The salinity
distributions for the cross-shore sections between 21.25 and 24.0ºN show that this intrusion occupies
a 50-100 km wide near-slope meridional band. Such a PUC penetration is likely favoured by the high
intensity of upwelling during the previous weeks or months (Fig. 3), so that the distant offshore position
of the upwelling front is coupled to the propagation of relatively fresh and cold SACWcv (Figs. 5e, f, g).
The lCW and uCW layers display quite opposite distributions south of Cape Blanc. In the lower layer
the oxygen content reaches minimum values in the southern sections (1.27 ml l-1, Fig. 5), similar to those
found in the GD oxygen minimum zone [Stramma et al., 2005], and increases towards the north under
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the continental slope, with moderate (maximum 0.15 m s-1
intuitive with the presence of waters of southern origin (SACWcv) and raises the possibility that the

2.3.3 Along-slope sections
The high cross-shore variability in the distribution of water properties is accompanied by substantial
along-slope coherence (Fig. 6). This coherence is the result of the system of meridional along-slope
currents, although it breaks at the PUC-CC convergence region north of Cape Blanc, as well as off Cape
Bojador because of intense mesoscalar activity [Rodríguez-Marroyo et al., 2011]. The minimum oxygen
distribution depicts a vertically-tilted CVFZ which separates northern from southern central waters, with
the transformation of SACW into SACWcv near the slope and interleaving of SACWcv and NACW
further offshore (Fig. 6).

relatively shallow PUC down to 300 m depth, converge towards about 22ºN. The underlying lCW layers
northern latitudes (Figs. 4 and 6). As already pointed out, the southern sections only have limited NACW

Figure 6. Left panels: distributions of oxygen content ([ml l-1], colour-coded according to the right-hand-side colour bar) and meridional
velocity ([m s-1], black lines, positive northward). Right panels: contribution of three different water masses along the same sections;
SACW (blue colours following the right-hand-side colour bar), SACWcv (red contours) and NACW (blue contours). Three selected isopycnals (26.46, 26.85 and 27.1 kg m-3) are indicated with white (grey) dotted lines in the left (right) panel. The top, central and bottom panels
respectively correspond to the along-slope sections located offshore and over the 2000 and 1000 m isobaths (Fig. 1).
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h Figure 7. Top panels: Latitudinal change in meridional mass transport (positive northward [Sv]) for three different layers. The transports
are calculated through the eight cross-shore sections, with the accumulated transports (increasing seawards from the shelf break) represented by curves of increased darkness. Bottom panels: Average SACW, SACWcv and NACW fractions in each cross-shore section interpolated
every 10 km; the increased darkness again represents the increasing seaward distance from the shelf break. Notice that no OMP solution is
available for SW, also note the different vertical scale for the left panel.

proposed by [Mittelstaedt, 1991].

detaching from the CVFZ but its ubiquity along the slope suggests that they are caused by the deep
[Voituriez and Chuchla, 1978]. The existence of an
observations of NACW in this region, as well as related observation of slong-slope high-salinity waters
in [Elmoussaoui et al., 2005]
therefore it would have an intermittent, probably seasonal, character.
The abrupt vertical transition between the uCW, dominated by the low-salinity SACW, and the underlying
lCW, consisting almost exclusively of SACWcv, is located at about 300 m depth. This is also the depth
reached by the summer-autumn PUC and by the eastward tropical jets (recall the NECC only develops
in summer-autumn), therefore suggesting that the enhanced ventilation of the uCW is related to the
seasonal atmospheric forcing and the consequent regional circulation pattern. The location of the high
SACW core, slightly offshore from the PUC (Figs. 4a, b), suggests that the connection between the zonal
tropical jets and the PUC may not be direct, taking place through some recirculation loops. During winter
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Figure 8. Bottom panel:
Distribution of zonal velocity on the 2000-m
isobath along-slope section (Fig. 1) (in [m s-1],
contours are drawn every
0.05 m s-1; positive valwestward velocities are
shaded in grey). The grey
thick lines show the three
selected isopycnals (26.46,
26.85 and 27.1 kg m-3).
Top panel: Corresponding
zonal transports per water
stratum as calculated between each pair of stations
located along the 2000-m
isobath section; SW (dotted line), uCW (solid black
line), lCW (dashed black
line) and the total (gray
line); positive values denote eastward transport.

the PUC deepens and the connection with the zonal jets probably weakens; at this time the PUC would
transport both regional southern water varieties.

SW follow north through all sections, reaching up to 1.8 Sv south of the CVFZ (Fig. 7a). The uCW also
move north through all sections, as a narrow jet along the continental slope, except at the northernmost
this jet transports 1 Sv with a 70% average contribution of SACW (30% of SACWcv). This transport,
and the pure SACW contribution, decreases steadily northwards, turning into the SACWcv variety as
it approaches the CVFZ (Fig. 7d). The maximum presence of this oxygen-poor variety is reached near
Cape Blanc (80% in average). North of Cape Blanc (22ºN) this southern water mass turns into the
mass which includes 40% of SACWcv. Taking into account both SW and uCW layers, the maximum

In the lCW the integrated along-slope mass transport is rather variable. South of Cape Blanc, there is a
southward transport of SACWcv, its contribution reaching more than 90% and up to a maximum of 0.8
Sv (Figs. 7c, e); this water must come from the interior as near-zero along-slope transport takes place at
the frontal zone. It is north of Cape Blanc (beyond 22ºN) where NACW becomes the dominating water
e); the situation is different in the nearshore stations, where substantial SACWcv is found despite the
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Figure 9. Trajectories of three buoys dragged at 100 m
and deployed near Cape Blanc during the cruise. The
black circles indicate the deployment positions; the
black trajectory corresponds to 9 days, the dark-gray
trajectory to 22 days and the light-gray trajectory to
170 days. The tick marks in the light-gray and darkgray trajectories indicate the position every week. The
thick dotted line indicates the approximate position of
the CVFZ as inferred from the location of the 36.0
isohaline at 100 m (Zenk el at., 1991).

in the deep along-slope current, as found in numerical simulations by [Elmoussaoui et al., 2005] and
reported by [Machín et al., 2010] for the underlying intermediate waters.

However, the previous results illustrate the existence of substantial along-slope water convergence within
both SW and uCW (Fig. 6), in our case this being the main responsible for the cross-shore circulation

dragged at 100 m (Fig. 9). All three drifters initially followed north along the slope and at least two of
them (the third one stopped transmission) departed offshore south of the position of the CVFZ, which

their way south along the slope (Figs. 7c, e) . In this lower stratum there appears to be a good connection

22.5 and 23.5ºN and offshore export between 20 and 21ºN.
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2.4. Discussion and conclusions
The comprehensive data set acquired during the CANOA08 cruise provides a good picture of what
probably is the characteristic late-summer and autumn circulation of surface and central waters along
the continental slope between Cape Verde and the Canary Islands (Fig. 10). Two quite different dynamic
regions may be distinguished, separated by the Cape Verde Frontal Zone (CVFZ) which crossed the
slope at a position north of Cape Blanc (22-23ºN). North of this frontal zone, the circulation pattern
is highly variable as a result of the interaction between coastal upwelling, the Poleward Undercurrent
(PUC) and the intense mesoscalar activity in the region south of the Canary Islands. South of Cape Blanc
the dynamics is dominated by the along-slope PUC and the surface northward branch of the cyclonic
circulation around the Guinea Dome (GD), the Mauritanian Current (MC). Our dataset corresponds to
[Mittelstaedt, 1991; Elmoussaoui et al., 2005],
thanks to an enhanced MC (up to 1.8 Sv) within Surface Waters (SW; s q <26.46, down to about 100 m)
(uCW; 26.46 s

q

26.85, between some 100 and 300 m). Poleward along-slope transport reaches until

coastal upwelling front.
The upper-thermocline circulation in the GD region has been traditionally thought as having long
residence times [Kawase et al., 1985; Zenk et al., 1991]. Tropical water feeds the GD through the North
Equatorial Undercurrent (NEUC) at about 4ºN and seasonally also by the North Equatorial Counter
Current (NECC) at about 7-8ºN, but this only occurs in the relatively shallow uCW layers [Elmoussaoui
et al., 2005; Stramma et al., 2008]. Further deep, within the lower Central Waters (lCW; 26.85 s q
27.1, between about 300 and 500 m), the GD waters have much longer residence times [Kawase et al.,
1985; Zenk et al., 1991].
How much of the NEUC and NECC connects with the PUC and how much crosses the CVFZ? The
distinction of two varieties of southern central waters (relatively pure SACW and the more diluted,
regional, SACWcv) has allowed us to better understand the complex processes that characterize the
CVFZ. The SACW variety, characterized by a salinity minimum and relatively high oxygen content, is
7.5ºN [Arhan et al., 1998]
by the shallow NEUC and NECC jets. These jets do not appear to feed the continental slope currents
and the proportion of SACW increases progressively equatorwards, but rather the connection spreads all
the way between Cape Blanc and Cape Verde and even further south. Similarly, the lCW layers appear as
connected to the interior ocean through an anticyclonic gyre, possibly the eastern limb of a more closedlike system that would favour perpetuate the old SACWcv as the regnant water variety in the shadow
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Figure 10. Circulation patterns and mass
lCW (gray line) during CANOA08. The
thick dashed line illustrates the position of
the CVFZ.

zone.
Just north of Cape Verde, at 16ºN, about 70% of the water transported by the PUC is pure SACW. On
one hand, incorporation of NACW across the CVFZ results in a salinity increase; on the other hand, high
[Gabric et al., 1993]
leads to sinking of organic particles and enhanced oxygen consumption. Both processes cause the full
transformation of SACW into the SACWcv variety. Some SACW is exported offshore near Cape Blanc
(between about 20 and 21ºN) and likely recirculate south; however, an important fraction of southern
waters, already transformed as SACWcv, follows north along-slope, with as much as 0.7 Sv reaching at
least 24ºN. The waters located off Cape Blanc, during our cruise found just south of the CVFZ, appear
to be the site of substantial mesoscale recirculations which would enhance the exchange of southern and
northern waters (Fig. 10).
Our observations at the lCW level also show that, at latitudes higher than Cape Blanc, there is a substantial
deep water stratum, in agreement with numerical simulations by [Elmoussaoui et al., 2005]. These
reversals would occur between a deep PUC phase, which would take SACWcv north along the slope, and
a shallow summer-fall phase as observed during our cruise. During this shallow phase the reversal would
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that this process would lead to the permanent transfer of southern waters into the subtropical gyre. This
agrees with the predominant one-way entrainment of southern waters into the subtropical gyre found by
[Klein and Tomczak, 1994].
In this study we have presented a rather novel perspective of the current system over the continental
slope off NW Africa. Many previous studies have emphasized the importance of the equatorward and
offshore transport of properties by the subtropical eastern boundary system [Mittelstaedt, 1983, 1991;
Barton, 1989; Van Camp et al., 1991; Pelegrí et al., 2005, 2006]. Other works stressed the importance of
the CVFZ as a barrier between waters of northern and southern origin and a region of water convergence
and export [Barton, 1987; Zenk et al., 1991; Gabric et al., 1993]. However, here we have shown that the
continental slope current system, between the sea surface and least 500 m, may indeed break most of

tropical and subtropical gyres.
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The circulation of the North Atlantic OMZ
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Chapter IV
A Lagrangian point of view
This chapter is the second part of the work Peña-Izquierdo J., E. van Sebille, J.L. Pelegrí, J. Sprintall, E. Mason,
P.J. Llanillo and F. Machín. Water mass pathways to the North Atlantic OMZ. Under review, JGR

Abstract
Chapter III has highlighted the existence of a previously unreported subtropical advective pathway in the
eastern tropical North Atlantic Ocean, from the well-ventilated northern subtropical gyre to the North
Atlantic Oxygen Minimum Zone (naOMZ). However, advection is only part of the story: recent studies
have shown the major role that mesoscale eddy and diapycnal diffusion play a very important role in
the ventilation of a stagnant naOMZ. In this study we perform numerical Lagrangian simulations to
include both the advective and diffusive components as part of a comprehensive description of water
mass renewal in the naOMZ. A purely isopycnal simulation shows that marked different pathways within
the upper and lower Central Water (CW) layers lead to the abrupt water mass vertical transition observed
within the naOMZ. The along-trajectory diapycnal diffusion greatly smoothes this transition through a
to a maximum 20% decrease/increase in the water supply rate within each layer. Mesoscale eddy diffusion
further increases the mass exchange across the frontal zone between the tropical and subtropical gyres,
enhancing the water renewal rate of the naOMZ by up to 25%. The joint effect of all these three elements
(isopycnal advection, diapycnal and eddy mesoscale diffusion) accurately reproduces the observed
vertical changes in water mass composition within the naOMZ. In the upper CW, the supply of water
mainly comes from the south (56%) via the North Equatorial UnderCurrent (NEUC) and the northern
North Equatorial CounterCurrent (nNECC) with an 85% contribution of southern origin particles. In the
lower CW, this tropical pathway is drastically weakened in favor of a subtropical pathway - more than
two thirds of the total supply takes place north of 10ºN in this layer, mainly via both the Cape Verde

Chapter IV
4.1. Introduction
The observed expansion of the world OMZs [Stramma et al., 2008a; Brandt et al., 2010] and the
remarkable impact it may have on the marine ecosystem [Stramma et al., 2010, 2011; Wright et al.,
2012] has led to a growing interest in the study of the circulation within the ocean shadow zones, aiming
at a deeper understanding of the OMZs dynamics. A case of special interest is the North Atlantic OMZ
(naOMZ), being the smallest in extension and highest in oxygen content among all OMZs [Karstensen
et al., 2008] but, in contrast, having a deoxygenation rate at least twice larger than in the others regions.
Chapter III has presented a rather novel description of the naOMZ circulation with two markedly distinct
vertical dynamic domains: the upper and the lower Central Water (uCW and lCW respectively). The
uCW (between density levels =26.3 kg m-3 and =26.8 kg m-3) exhibits a strong connection with the
tropical system of jets south of 10ºN and thus a predominant contribution of SACW. The lCW (between
density levels =26.8 kg m-3 and =27.15 kg m-3) displays a more diffuse circulation pattern and shows
that the core of the naOMZ is made up with a 50% mixture of SACW and NACW; this result implies a
transfer of mass from the northern subtropical gyre and thus a previously unaccounted supply of oxygen
to the core of the naOMZ [Figure 1].

principal factor settling the development of the naOMZ. Nevertheless, it does not take into account the

Figure 1. Observational distribution
of the NACW content (percentage, in
color) obtained from the water mass
analysis performed in chapter III at
This levels present the lowest oxygen
content of the naOMZ within the uCW
and the lCW respectively. Contours of
30%, 50% and 80% are shown with
black lines. Climatological oxygen
content [umol kg-1 ] from the annual
WOCE atlas [Gouretski, V. and Koltermann, 2004] is shown in white contours. The naOMZ box where particle
are released is represented with a dotted
black box.
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role played by mesoscale eddies and diapycnal diffusion in the local renewal of the naOMZ thermocline.
By applying the Osborn–Cox model to a set of repeated observations along meridional sections crossing
the naOMZ, Hahn et al. [2014] obtained that the eddy-driven meridional oxygen supply contributes
more than 50% of the total oxygen demand, and Fischer et al.
at least one third of the oxygen consumed at the core of the naOMZ. Hence, the complete description
of the oxygen supply to the naOMZ should include a complex three-dimensional pathway of large-scale
circulation and local mixing [Brandt et al., 2014; Duteil et al., 2014].
In this work we extend the description in Chapter III by using a Lagrangian approach that includes, in
the advantage of the Lagrangian perspective is that provides for the joint effect of these different
processes, which have only been considered separately in earlier Eulerian studies [Elmoussaoui et al.,
2005; Stramma et al., 2005; Brandt et al., 2010; Fischer et al., 2013; Hahn et al., 2014]. We actually
perform several numerical Lagrangian simulations of increased complexity with the purpose of isolating
the contribution of each of these different processes (turbulent and diapycnal diffusion) to the water
renewal in the naOMZ. Moreover, the comparison with the water mass distribution obtained in Chapter
III, and the water mass composition as deduced from the Lagrangian pathways, shall provide a consistent
validation of the results.

4.2. Data and methods

used in Chapter III. The horizontal resolution of the simulation is a 1/4 of degree, with 50 vertical levels,
be used to describe the processes that lead to the thermohaline transition at

=26.8 kg m-3 ( 26.8). On a

averaging the original ECCO2 horizontal velocities over 0.05 kg m-3 density layers. The Lagrangian

the isopycnal and diapycnal components in the ECCO2 product.
The isopycnal/diapycnal analysis will be used to obtain an order-of-magnitude estimate for the diapycnal
in these regions [Fischer et al., 2013]. Nonetheless, we will take special caution when interpreting these
results because the vertical velocity in ECCO2 is computed as a residual from the mass conservation
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condition in the horizontal plane. ECCO2, as a depth-coordinate model, may have a preferential advection
along z-constant surfaces. Hence, in regions where the isopycnals are notably tilted, these models may
, 2000].

the strength of the tropical system of jets and the horizontal turbulent diffusion. Duteil et al. [2014] have
shown that the model horizontal resolution, i.e. the model ability to resolve mesocale structures, plays a
major role in reproducing the thermocline oxygen content of the tropical Atlantic. Although we focus on
the water mass distribution rather than oxygen content, in order to compensate for this underestimation of
trajectories as proposed by Döös et al.
4.2.2 The Lagrangian experiment
Lagrangian trajectories are computed using the Connectivity Modeling System version 1.1 (CMS) [Paris
et al., 2013] that tracks virtual particles within a numerical circulation model. An advantage of the CMS

impulse (I) each time-step particles are advected. As in Döös et al. [2011], this impulse consists of
an extra horizontal velocity parameterized according to , where K is the horizontal eddy diffusivity
dt is the time step, and r is a random number between -1 and 1 from a Gaussian distribution.
In our case, with a 1/4º horizontal resolution model, we tested 0, 50, 100 and 1000 m2 s-1, and the best
2 -1
s
in agreement with Döös et al., [2011] who obtained m2 s-1
ocean surface drifters and virtual particles within a 1/4º resolution model. The focus on subsurface levels
in our study likely explains the smaller values we use for K.
In order to discern the role that diapycnal mixing and the horizontal subgrid-scale diffusion play in
the water mass renewal of the naOMZ, we will use four different Lagrangian simulations of increased
of m2 s-1

As we are interested in the source of the naOMZ waters, we release particles within the naOMZ and
advect them backwards in time for up to 100 years. This means that we are computing all trajectories that
end up in the naOMZ in a realistic forward time simulation. In order to attain a time series 100 years long,
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the available 20-year numerical simulation is therefore looped in the same way as in van Sebille et al.
between 9ºN and 17ºN and east of 22ºW (Figure 1). This box roughly comprises the region where most
of the lowest oxygen values have been recently located [Fischer et al., 2013] at the core of the naOMZ.
The area of study spans the entire North Atlantic tropical Ocean (from 60ºW to 0º) and from the southern
hemisphere to beyond the southern edge of the North Atlantic Subtropical Gyre (from 5ºS to 30ºN). In
5 years of the simulation. For simplicity, although the Lagrangian simulation is computed backwards in
time from the naOMZ box, in the manuscript we will always describe particles trajectories in a realistic
forward time, always ending in the naOMZ.

4.3. Lagrangian simulations
The contribution of the different water masses that make up certain regions of the ocean can also be
inferred from the trajectories of the water parcels, or Lagrangian particles, that end up in that region.
the observational water mass analysis carried out in chapter III. Both analyses should independently lead
to similar water mass contributions to the naOMZ. Therefore, a good agreement among them should be
considered as a consistent validation of the modelled Lagrangian trajectories and the numerical ocean

4.3.1 Lagrangian stream function
One way to reveal the average pattern of a set of trajectories is to compute a Lagrangian stream function
neighbouring points at any given time, the LSF accounts for the net number of particles (or trajectories)
that the LSF does not show the average circulation within a region, as the Eulerian stream function
does. Instead, it represents the average pathways followed by a selected set of particles, in what can be
referred to as conditional pathways. Thus, the LSF only shows a subset of the circulation, in our case, the
pathways to the naOMZ.

particles is carried out along parallels, moving east from the western boundary and considering as
LSF values to the right. We have also taken the zero LSF reference value at the south-western grid point
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positive (negative) values are related with southern (northern) origin particles. Finally, the LSF values
are normalized by the total number of particles, so they represent the proportion of particles that follow
Blanke et al.,
[1999] or Döös et al., [2008].

of the northeastern Tropical Atlantic. Such a marked and persistent hydrographic footprint requires a
continuous generating mechanism. We suggest that the uCW and lCW should be governed by different
dynamics leading to a continuous supply of distinct water masses in each layer. However, diffusive
processes, especially diapycnal mixing, should counteract this differentiation. To distinguish between

NACW within the naOMZ (black line) with the proportion of particles having a northern origin (coloured
lines). Note that in order to show the Lagrangian pathways within the tropical Atlantic, the LSF is
computed between 5ºS and 30ºN. This implies that particles of southern and northern origin respectively
come from south of 5ºS and north of 30ºN. This criterion is potentially too restrictive, as SACW/NACW
presents a contribution above 80% south/north of 6ºN/20ºN (Fig. 4 in chapter III). Therefore, we could
north of 6ºN/20ºN. Hereafter, we will distinguish between particles arriving from south/north of 6ºN/20ºN

3º0N within the northern subtropical gyre before entering into the naOMZ will be considered as a 20ºN

observations for all simulations.
4.3.2 Water mass pathways: ISO-K0
A marked depth increase in the contribution of northern particles is evident near 26.8 for all simulations,

above 26.8 but a marked increase just below, reaching 63% at 27.1. This unrealistic abrupt transition
to the markedly distinct dynamics that rule the isopycnal circulation in each layer.
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Figure 2.
deduced from the number of particles entering the naOMZ with different origins (red/blue line, particles arriving from north
of 20N/30N). The green line is calculated as the contribution of NACW particles that cross into the naOMZ box. The dashed
line shows one standard deviation from the mean. Grey line denotes the fraction of particles that do not leave the domain during the whole 100 year simulation.

and b). For the uCW, the major (above 80%) contribution of southern origin particles (red contours) is
displayed via a continuous and successive northward branching from the tropical system of jets toward
the naOMZ and throughout the whole zonal basin extension. Most of these particles cross the equator

In the same manner, the nNECC also branches successively northward to enter into the naOMZ mostly
within a broad latitudinal band between 10ºN and the Cape Verde Islands, the Cape Verde current system
(see chapter III). Northern origin particles (blue contours) within this layer enter the tropics mostly
with observational studies [Kirchner et al., 2009]. Note however that the contribution of northern origin
particles is overestimated in this simulation (Figure 2a) likely due to the inability of the isopycnal
simulation to reproduce the enhanced vertical mixing of the upper levels near their outcropping region,
north of 20N.

boundary current and eventually reach the naOMZ, directly from this zonal current or after recirculating
southward along the continental slope. The second difference is the pathways followed by southern
feed the nNECC at about 8ºN. Virtually all southern origin particles leave the nNECC before 30ºW,
what appears to be the main conduit of southern origin particles to the naOMZ in this lower layer, the
Cape Verde Current (CVC). The simulation reveals that, within the lCW and in contrast with the uCW,
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Figure 3. Lagrangian pathways to the naOMZ for the three experiments within the uCW (top panel) and the lCW (bottom
normalized by the total number of particles per layer, i.e. increments between contours refer to the proportion of particles that
corner of the domain, so positive (negative) values of the LSF are related to southern (northern) origin pathways. The control
section used in Figure 5 is displayed with a black dashed line.

there is essentially no pathway from the tropics to the naOMZ east of 30ºW and south of 10ºN.
Finally, the third difference between the uCW and lCW pathways relates to their time scales. Figure
4a,b (blue lines) display the average time required by particles to reach the naOMZ box from any point
of the domain. For example, we can compare the regions where southern and northern origin particles
the NEC between 20ºN and 25ºN respectively. No matter the origin, the times are similar within a layer:
between 10 and 15 years for the uCW and between 40 and 50 years for the lCW. The isopycnal simulation
suggests that the time scales is 3-4 times longer in the lCW than in the uCW. The advection times show
a notable disconnection within the lCW, between the naOMZ and the region lying just south, with transit
times over 50 years for a distance shorter than 3º of latitude (Fig. 4b).
4.3.3 Water mass pathways: 3D-K0

abrupt vertical transition between the uCW and the lCW is greatly smoothed (Fig. 2b). The exchange of
particles from different density levels leads to a homogenization in the water mass supply of the naOMZ.

the lCW. This feature is also noticeable in the LSF of the lCW layer (Fig. 3d): the pathways followed by
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Figure 4.
contours. For each bin, the advection time is estimated as the median value of the travelling-time distribution for particles at
that location to reach their seeding location.

the particles ending in the lCW of the naOMZ now resemble those followed by the uCW particles. In this
simulation roughly 30% of all lCW particles reach the naOMZ directly from the nNECC (south of 10ºN)
or from even further south, in comparison with the isopycnal simulation (Fig. 3b) where this pathway is
totally absent. Also, the advection times within the lCW are reduced by about 25% (Fig. 4d). In contrast,
the contribution to the uCW of northern particles is still minimal, i.e. no transfer from deeper levels is
observed. Consistently, the general scheme of the LSF and the advection times for uCW are only slightly
between the two layers will be described in detail in section 4.3.5.

northern particles, especially in the lCW. This suggests there may be other processes playing an important
role in the water mass renewal of the naOMZ. The next section addresses this question.
4.3.4 Water mass pathways: 3D-K100
Mesoscale dynamics may play a major role in the renewal of the OMZ thermocline [Duteil et al., 2014;
Hahn et al., 2014]. Since the eddy-permitting ECCO2 model does not fully resolve those processes
responsible for the generation of mesoscale eddies, the ventilation of the naOMZ may be underestimated
(Fig. 2b). For this reason, in our Lagrangian approach, the effect of the unresolved eddies is simulated by
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Figure 5. Water supply
across the naOMZ control
ulation. (a) The normalized
density of inwards particles
(colored) is compared to the
along-section proportion of
observed NACW (blue contours). (b) The normalized
local (solid lines) and alongsection cumulative (dashed
is represented in different
color for different levels and
layers (see inset legend);
similarly (c) for 30N particles. (d) Average advection
times (in years) between
the time particles cross the
naOMZ control section and
the time they reach their
seeding location; for comparison, the contour of 0.05
units of the density of inwards particles (displayed in
a) is shown with black line.
The control section is displayed in Figure 3.

The added diffusion enhances the proportion of northern particles, and is remarkably similar to the
a substantial increase in the water transfer from the northern subtropical gyre across the frontal zone,

Table 1.
Central Water (lCW) to the naOMZ across the control section* (see section 4.4)
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consequence, the advection times (Figs. 4e and 4f) from the subtropical gyre and the north equatorial jets
into the naOMZ are reduced (20-30%) compared with the two previous simulations. This is especially
relevant for the supply of oxygen, as it implies an enhanced connection from these more oxygenated

A more detailed vertical description on how the water supply to the naOMZ takes place is presented in
3º outside the naOMZ box, where particles were released; this allows distinction of the preferential
pathways entering the naOMZ. Since particles may cross this control section several times, we only
show where and when they cross it for the last time before reaching the naOMZ box. The results of the
different levels. This supply is calculated as the observational proportion of NACW at the location where

although becomes progressively better as we introduce diapycnal motions and added diffusion. The
goodness of this agreement, which depends on both the particle pathways and the NACW content at the
the entry pathways were incorrect then the NACW supply would differ from the proportion of NACW
observed within the naOMZ box.

summarized in Table 1. Within the uCW, the shallow northward branch from the NEUC and the direct
Cape Verde Islands (5%). For the lCW, the water supply is more northerly: the combined contribution

naOMZ (

contributes one third of the total supply, in remarkable contrast with the importance traditionally assigned
to the southern pathways (NICC and nNECC) in the water mass renewal of the naOMZ. Morover, notice
observed fraction of NACW (Fig.6 in chapter III), thus the supply from the northern subtropical gyre
is still underestimated in this simulation at this level. Additionally, the mean advection times for arrival
from the control section to the naOMZ box (Fig. 5d) are much shorter for the northern pathways than for
the southern ones.
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Figure 6. (a) Potential density dis(each set corresponds to a different
color) as observed 1 and 10 years
(dashed and solid lines, respectively) before they reached the naOMZ.
Particles within each set end their
trajectory in the one selected dendistributions with circles highlighting the proportion of particles
density level. Note that more (less)
than 50% of the particles ending at
(smaller) densities.

4.3.5 Diapycnal component

diapycnal motions in the renewal and vertical redistribution of the naOMZ water mass, especially within
the lCW. To understand why this occurs, we look at the evolution of the density distribution of particles
ending at several density levels within the naOMZ (Fig. 6). As expected, the density distributions are
Gaussian-like, approximately centered around the ending density level. For some destination levels,
upper levels of the naOMZ, above 26.7, come mainly from higher densities thus pointing to upward
diapycnal velocities (Fig. 6b). And conversely, below 26.7, particles mostly have a lighter density
origin, i.e. downward diapycnal velocities. This contrasting behaviour within the uCW and lCW is added
to the distinct horizontal patterns already shown in the previous sections for the two layers.
However, these results should be taken with caution since, as noted earlier in section 2, z-coordinate
models as ECCO2 may induce spurious diapycnal mixing especially in those levels where the isopycnals
are more vertically slanted, such as in the upper levels. In order to verify if the diapycnal processes leading
to the distributions are within realistic values, we estimate the mean diapycnal velocity as the change in
assign this average density to the median of the density distribution at a given time. The mean diapycnal
velocities calculated in this way range between +4.1 10-10 kg m-3 s-1 in the upper levels and -1.8 10kg m-3 s-1 in the lower levels. These values may be compared with the average diapycnal velocity
as obtained from the GUTRE tracer experiment [Banyte et al., 2012] carried out in this same region;
the velocity at 26.9 was determined to be +1.5±2.7 10-10 kg m-3 s-1, slightly smaller but of the same
order of magnitude as our estimates. This result suggests that the net diapycnal supply deduced from the
10
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Figure 7.
the proportion of particles reaches 100% the naOMZ is assumed to be completely renewed. (b) Number of years required to
reduced diapycnal water supply. fdia is computed for different times of the simulation. One standard deviation from the mean
is plotted with dashed lines.

can be attributed to a real large-scale process that is reasonably well reproduced in the ECCO2 model.

have an impact on the naOMZ renewal times, as different levels have different advection times (Fig.4).
We can quantify the contribution of this diapycnal component in the renewal of the naOMZ water mass

computing the function, n(t), that counts the amount of particles within naOMZ as a function of time,
thereby identifying the time scales of water mass renewal (Fig. 7a). When this function reaches 100%,
the naOMZ is completely renewed, full of particles; this moment corresponds to the beginning of the
backward simulation. From this function, inferring the renewal times, i.e. the required time to renew a
certain percentage of the whole naOMZ water mass, is straightforward (Fig. 7b). Renewal times in the
uCW are typically two to three times shorter thant in the lCW (blue lines in Figure 7b).
n(t) in time, F(t)=dn/dt. We
Fiso(t)
F3D(t)
fdia= Fdia/F3D= (F3D-Fiso)/F3D .
fdia. Below 26.7, fdia is positive because a large
proportion of particles ending in these levels come originally from lighter and swifter levels (Fig. 6b). As
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a consequence of this prevailing downwelling, the water supply to the naOMZ is enhanced about 10-20%
within the lCW. On the other hand and within most of the uCW, the predominant upwelling leads to a
10% weakening of the water mass renewal.

4.4. Discussion and conclusions
The water mass supply to the naOMZ has been studied through four Lagrangian numerical simulations.
The simulations reveal distinct dynamics and pathways in the upper and lower CW layers. The uCW
presents stronger ventilation than the lCW with renewal times two to three times smaller. This is attained
Schott et al., 2004] and thus
mainly (56%) carried out by the nNECC and the northward branching of the NEUC, with a predominant
contribution of southern origin particles. However, within the lCW these jets markedly reduce their
contribution in accordance with an enhancement in the supply of jets located further north, simultaneous
with an abrupt increase in the proportion of northern origin particles. In fact, more than two thirds of
the total water supply within this layer occurs north of 10ºN through the Cape Verde Current system, the
with waters recirculating from the northern subtropical gyre (30%).
In contrast with previous Eulerian studies, the Lagrangian description simultaneously incorporates
of different Lagrangian simulations of increased complexity allows isolating the contribution of the
markedly distinct isopycnal circulation patterns of the uCW and lCW lead to the abrupt thermohaline
transition at
Furthermore, the Lagrangian simulations reveal prevailing diapycnal velocities of opposite sign within
each layer. This fact is especially relevant within the sluggish lCW, where downwelling (from shallower
and faster to deeper and slower density levels) prevails along the trajectories, enhancing the water supply
the naOMZ, in agreement with the results of Fischer et al. [2013].
Another remarkable element in the water supply to the naOMZ is the relevance of meridional eddy stirring,
as recently shown by Hahn et al. [2014] through the analysis of the latitudinal variability in the oxygen
mass composition of the naOMZ. Nevertheless, the addition of parameterized subgrid-scale diffusion
in the computation of trajectories leads to the accurate simulation of the observational hydrographic
25%) due to an enhanced water transfer from the meridional boundaries of the naOMZ, i.e. the NEUC/
nNECC region at the south and the subtropical gyre at the north.
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Our results imply that the traditionally constraint for the OMZ ventilation from the subtropical gyre
[Luyten et al., 1983] is limited, at least in the North Atlantic, to those layers above 26.8, i.e. in the uCW
North Atlantic to its shadow zone, with major implications for the oxygen supply to the naOMZ.
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General conclusions
In this dissertation we have presented a consistent and comprehensive description of the circulation in the
North Atlantic shadow zone through the analysis of both hydrographic and velocity data from observations and numerical models. The present results provide a valuable contribution to better understand the
role of circulation and diffusion in the ventilation of the naOMZ.
Chapter II provides novel estimates of the transport associated with the continental slope current system
off NW Africa during the fall season, as deduced from direct observations taken during the CANOA
2008 cruise. The description characterizes the circulation in the slope region of the shadow zone at a time
ring through the seasonal development of the Mauritanian Current and the Poleward UnderCurrent. This
dynamical description is complemented with a water mass analysis within the Central Water stratum in

perature and salinity observations within the tropical North Atlantic. The temperature-salinity dataset is
used to compute the content of NACW and SACW through the implementation of a water mass analysis. Secondly, a numerical model is used to unveil the circulation pattern that leads to this water masses
provided in chapters II and III.

Chapter V

The water mass pathways to the naOMZ are computed in chapter IV through several Lagrangian simulations that include the long spatio-temporal scales dynamics described in the previous chapters. Four
by diapycnal and eddy diffusion, in addition to isopycnal advection, in the water mass renewal of the
naOMZ. The simulated Lagrangian pathways provide an alternative way of validating the ECCO2 vecomposition of the naOMZ.

* The origin of the remarkable vertical thermohaline transition at sigma0 26.85 (roughly 300 m depth) is

density level.

layer (sigma<26.46) and the Poleward UnderCurrent (PUC) at subsurface (26.46<sigma<26.85). Direct

Sv) is still observed at 24ºN, well beyond the frontal zone, highlighting the role of the MC and the PUC

with the tropical gyre. Instead, it appears to be fed mostly from the ocean interior in some basin-wide
anticyclonic gyre.
* A regional water mass variety is proposed for the naOMZ thermocline. This is the Cape Verde SACW
characteristic of the naOMZ.
* The analysis of the historic temperature-salinity dataset shows that the vertical thermohaline transition
below sigma 26.8.
* The water mass analysis for the eastern tropical North Atlantic shows that the frontal zone between
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* The shadow zone thermocline is completely made up of SACW within the uCW while there is a 50%
content is observed. This result implies a remarkable link between the subtropical gyre and the shadow

erned by the broad cyclonic circulation of the subtropical cell (STC) that includes substantial along-path
cell within the lCW with an inverse but weaker circulation as compared to the uCW, i.e. an anticyclonic
pure SACW to the uCW while an increased contribution of NACW in the lCW, in agreement with the

* The essential role played by the upper and lower STCs in the circulation of the shadow zone, together
with their substantial interannual and interdecadal variability [Schott et al
Deutsch et al.,
highlights the importance of our results for an improved understanding of the temporal evolution of the
naOMZ.

Qiu et al.

* The accurate numerical reproduction of the water mass composition within the naOMZ thermocline,
as directly deduced from particle-track Lagrangian simulations, supports the goodness of the ECCO2

branching of the NEUC and to the nNECC, with a predominant contribution of southern origin particles.

gyre, north of the Cape Verde Islands (30%).
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gyre to the shadow zone, emerging as an essential component of the ventilation of the naOMZ.
* In addition to the very different ventilation pathways for the uCW and lCW strata, the renewal times
within the shadow zone are two to three times smaller in the upper layer.
* Due to the typical long residence times within the shadow zone, diapycnal diffusion appears to play a
notable role in the thermocline ventilation. The predominant upwelling within the uCW stratum leads to
stratum leads to a 20% strengthening of water input to the naOMZ.
* Eddy diffusion remarkably enhances the water supply to the stagnant shadow zone. The contribution of
the subgrid-scale eddies has been estimated through along-pathway parameterization. The sole contribution of these smaller eddies (less than 25 km) leads to a 25% reduction in the renewal times, particularly
enhancing the transfer of mass across the boundaries of the shadow zone – the southward transfer from
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Omptimum Multiparameter analisis
The Optimum Miltiparameter analysis (OMP) used in Pastor et al. [2012] aims to solve the following

linear system of mixing equations for each water sample:
i, Si, (PO4)i, (SiO4)i, and (O2)i
obs, Sobs, (PO4)
obs, (SiO4)obs, and (O2)obs are the observed values, the last equation being for mass conservation.
Before resolving the system, the water type matrix is normalized to commensurate the different variables,

and different weights are applied to each variable. The weights (Wj) are calculated following Tomczak
and Large [1989]:
j, a measure for the ability of
variable j
is
a
measure
of the environmental
jmax
variability of the variable j that characterizes the water type, here estimated as the largest variance in
variable j
of one is given to temperature and values less than one to the other variables, and a weight of 10 is
assigned to equation 6 in order to emphasize mass conservation.

The values used are given in table 1. Subsurface inorganic nutrients may be affected by the sinking and
remineralization of organic matter (e.g. Llanillo et al. [2012]); however, by using the local water types
a posteriori
the implicit underlying assumption behind the OMP classic analysis; i.e., that phosphates, silicates, and
oxygen are approximately independent and conservative.
Six source water masses may be discerned in the study area. The upper part of the water column, down to
range
26.46–27.14, we require two source water types; i.e., for each water mass we need upper (U) and lower
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Table 1.
end members are indicated

U

L

U

L).

An additional water type of southern origin is detected in the southernmost part of the study region, at
stations along the continental slope above 200 m depth, in waters having a relative salinity and temperature
Fraga F., 1974; Voituriez and Chuchla, 1978]. The
minimum in the central water mass layer.
Gouretski,
V. and Koltermann, 2004], by searching the temperature and salinity values that correspond to the salinity
maximum in an intermediate layer within a region bounded by latitudes 12 and 49ºN and from the coast
Fraga et al. [1985] at about
20ºN, a variety that was also employed by Perez et al. [2001] to study the regional water masses.
dissolved oxygen characteristics using stations in our data set that closely match each source water type

U

L

U,

L
types may be resolved as contributing to any observed water mixture. Therefore, we have followed a
procedure where the data set has been divided into two groups, north or south of 21ºN, so that at any
location only six water types contribute to the water mixture (table 2).
This grouping is not arbitrary. The central and intermediate layers were analyzed considering only
U
L
U
L
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Table 2. Bounding latitudes and densities, and water types used to group the data in three subsets for the optimum multiparameter
analysis.
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