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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 Politécnica de Cata-
lunya. 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
Luis Pelegri Llopart, who is an investigator from the Institut de Cieéncies del Mar - Consejo Superior de
Investigaciones Cientificas, supported through an FPI predoctoral grant (BES-2009-021691) in the frame
of the research project entitled “Ocean Climate Memory: mechanisms and paths of surface water forma-
tion in the Equatorial Atlantic” (MOC2-Ecuatorial, ref. CTM2008-06438-C02-01/MAR).

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
core of the dissertation, each of them is presented as a scientific article. While writing this thesis, the first
of these articles has been published in Scientia Marina. The second and third chapters have been submit-
ted 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
abroad (USA and Australia), has participated in seven symposia, has coauthored two other published
peer-review papers, has been the coauthor of two chapter of a book, has attended two international train-

ing schools and has participated in three research cruises.






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
minimum zones (OMZs). The last decades of observations have revealed that OMZs are in general
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
North Atlantic OMZ (naOMZ) — this being the less intense OMZ of the world ocean but the one that
has experienced the largest expansion. A comprehensive description of the North Atlantic shadow zone
circulation is presented from novel (CANOAOS cruise) and historic observations, including numerical

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 6,=26.8 kg m™. In the upper layer, within the upper Central
Water (uCW), the circulation is governed by the cyclonic regime of the subtropical cell. This stratum
is characterized by relatively high oxygenation, with a predominance of South Atlantic Central Water
(SACW). The lower layer, within the lower Central Water (ICW), presents a drastic decrease in the
oxygen content due to its sluggish circulation; in contrast with the uCW, a mean anticyclonic circulation
leads to a marked increase of North Atlantic Central Water (NACW). This result implies an equatorward



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
NACW is 50%. Such a mixture of SACW and NACW, with very low oxygen levels, is defined as the regional
water mass of the naOMZ, the Cape Verde SACW (SACWcv).

A broad band of eastward flows is located between 10°N and 20°N, just south of the westward flowing
North Equatorial Current. These flows, here referred as the Cape Verde Current system, emerge as the major
contributor in the water mass supply to the naOMZ. Lagrangian simulation reveals that while in the uCW,
most of the water supply occurs south of 10°N, in the ICW, more than two thirds of the total water supply
takes place north of 10°N, through the Cape Verde Current system with a high contribution of water directly
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
goodness of the ECCO?2 velocity field.

The uCW and ICW 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 ICW
presents a broad downwelling pattern. We propose the existence of an inverse subtropical cell within the
ICW 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
and the first known evidence of the permanent thermocline. The explanation for the permanent thermocline
did not appear, however, until much later with the classical scheme of the water mass formation proposed
by Iselin [1939]. Iselin’s idea is based on the remarkable similarity of the temperature and salinity of the
surface waters along a meridional section with the ones observed in a vertical profile at lower latitudes
[Figure 1]. Thermocline water, also called Central Water, originates at the sea surface by subduction
through Ekman pumping along the subtropical convergence. Once isolated from the atmosphere after
the spring time restratification, the water mass propagates with the prevailing current at depth, along
the corresponding surface of constant density (isopycnal), to finally compose the observed vertical

hydrographic profile at lower latitudes, the permanent thermocline.

Iselin’s conceptual model, however, only considers meridional motions, thus neglecting the zonal
movement related with the gyre-scale circulation within a basin. It was four decades later when Stommel
[1979] and Luyten et al. [1983] combined Iselin’s meridional water mass formation scheme with the
wind-driven theory of circulation [Sverdrup, 1947], originally proposed for a homogeneous ocean, in the
first three-dimensional analytical model of the thermocline ventilation. The existence of the permanent
thermocline is therefore a direct consequence of the Sverdrup circulation, thereby also referred as the

thermocline circulation.

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
through the wind-driven circulation, and the “shadow zone”, a thermocline region in the eastern tropical

ocean isolated from this ventilation. This shadow zone appears from the condition that subducted water
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Figure 1. Schemtaic representation of water mass formation due to water sinking along isopycnal surfaces (Iselin [1939], reproduced from
Huang [2010])

parcels have to conserve their potential vorticity (PV) along their trajectories [Figure 2]. The PV is
quite uniform in the subtropical gyre thermocline [Rhines and Young, 1982], thus meridional and zonal
motions are allowed within this region. The marked gradient of PV along the boundary with the tropical
ocean [Figure 2] implies a strong restriction for subsurface trajectories from the subtropics towards the
tropics. Below the surface layer, the shadow zone presents a stagnant circulation and an extremely poorly

ventilated thermocline.

The existence of these two large-scale circulation domains can also be clearly distinguished by the
presence of large contrasts in the subsurface fields of dissolved oxygen and other properties such as
inorganic nutrients and tracers [Sarmiento et al., 1982; Kawase et al., 1985] [Figure 2]. In particular, the
oxygen content of a water parcel is set up when it is formed at the ocean surface, thus in contact with the
atmosphere. Once the water parcel subducts, its oxygen content decreases continuously due to biological
activity. This implies that the isolated thermocline shadow zones should present extremely low oxygen
content and thus they are also identified as Oxygen Minimum Zones (OMZ) [Karstensen et al., 2008].

All OMZs present hypoxic conditions under which most marine species cannot survive [ Vaquer-Sunyer
and Duarte, 2008]. Moreover, oxygen also plays a major role in biogeochemical processes, such as in
the nitrogen and carbon cycles [Bopp et al., 2002; Lam and Kuypers, 2011; Paulmier et al., 2011], with
a direct impact on climate dynamics. Several decades of observations have revealed that the world ocean
OMZs are, on average, growing and reducing their oxygen content [ Garcia et al., 1998; Joos et al., 2003;
Stramma et al., 2008a, 2009]. However, the exact way the OMZs deoxygenize is yet to be deciphered,
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.,
2011]. The key role of the oxygen content for the marine ecosystem endorses the crucial need for further

research on the OMZs dynamics.

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. Mean oxygen content (color, umol kg!) and contours of Potential Vorticity (black lines, PV~={/H) for the thermocline layer
defined between density levels 66=26.3 and 66=27.15 kg m>. Note how the strong PV gradient delimits the minimal oxygen values.
Climatological data from [Gouretski and Kolterman, 2004]

North Atlantic shadow zone thermocline, and thus of the North Atlantic OMZ (naOMZ). Using new and
historic hydrographic and velocity datasets, together with numerical simulations, a novel description of
the water mass pathways to the shadow zone is presented. Our results reveal a substantial water exchange
between the shadow zone and the subtropical region, with important implications for the understanding
of the OMZs dynamics.

1.2. Circulation

Although the simplified model of 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
dynamic systems presented below.

1.2.1. The subtropical gyre

The wind-driven circulation of the ocean is a mirror of the atmospheric circulation. In the subtropical
Atlantic region, the wind pattern depicts an anticyclonic circulation around the Azores High pressure
system with easterly/westerly winds along the southern/northern boundary. Wind starts to drag surface
water downwind but, due to the Coriolis force, the movement is deflected to the right in the northern
hemisphere. As a net result, surface water is forced to converge, pile up and sink in the center of the
subtropical region [Figure 3a]. This creates an oceanic high-pressure system equivalent to the atmospheric
Azores High, which deforms the whole thermocline and leads to the deepening of the isopycnals in the
subtropical region. Below the sea surface, away from the direct effect of the wind stress, the predominant
low-period forces are the pressure gradient and the Coriolis force: any water movement in the direction

of down-pressure gradients is deflected by the Coriolis force until the geostrophic balance is finally
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Figure 3. (a) Climatological density field at 250m depth [Gouretski and Kolterman, 2004]. The subtropical (tropical) gyre is depicted by
the deepening (outcroping) of the isopycnals, i.e. lower (higher) values. (b) Scheme of the North Atlantic thermocline circulation. Orange
line depicts the frontal zone between the subtropical and the tropical gyres. The main currents are: Gulf Stream (GS), North Atlantic Current
(NAC), Azores Current (AC), Canary Current (CC), North Equatorial Current (NEC), Guidean Dome (GD), North Equatorial CounterCur-
rent (NECC), Equatorial UnderCurrent (EUC), North Brazil Current (NBC) and South Equatorial Current (SEC).

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

subtropical gyre [Figure 3b].

In the North Atlantic Subtropical Gyre, the Canary Current (CC) is the eastern boundary current [ Figure3b].
The CC, fed by the Azores Current (at 35°N), flows southwards in a broad band along the North West
African margin and through the Canary Islands [Machin et al., 2006]. When the CC reaches Cape Blanc
(at 20°N), it encounters the so-called Cape Verde Frontal Zone (CVFZ) [Zenk et al., 1991] and flows
offshore. Hence, the CVFZ acts as the effective barrier to the large-scale subtropical flow, restraining
the direct supply of recently subducted northern subtropical waters to the southeastern stagnant shadow
zone [Luyten et al., 1983]. The CC then becomes the North Equatorial Current (NEC), which crosses the
Atlantic basin westward to feed the Gulf Stream (GS), the western boundary current of the subtropical
gyre. The Gulf Stream flows northwestward along the American margin to ultimately flow into the Azores

Current, closing the subtropical gyre circulation.

1.2.2. The tropical gyre

The NEC is therefore considered to flow along the southern boundary of the subtropical gyre, and also
along the northern boundary of the tropical gyre. Easterly winds weaken south of the NEC flow, implying
ameridional divergence in the surface northward Ekman transport that is balanced by the upward pumping
of subsurface waters [Figure 3a]. Therefore, contrary to what happens in the subtropical gyre, in the
tropical region the wind field leads to the development of an oceanic low-pressure system that drives a
broad cyclonic gyre [Figure 3b]. The tropical gyre presents notable differences with the subtropical gyre,
exhibiting a much shallower and zonal circulation with strong seasonality [Stramma and Schott, 1999,
Lazaro 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
of eastward flow between 5°N and 10°N [Sverdrup, 1947; Stramma and Schott, 1999]. In contrast with
the permanent flow of the NEC, the NECC is a surface current (top 100m) with a marked seasonality
linked to the meridional migration of the easterly winds [Rosell-Fieschi et al., 2015]. In winter, with the
arrival of the northeasterly winds, the NECC disappears or even reverses. In summer, the absence of wind
favours the development of the NECC. At subsurface levels, the eastward flow is weaker and presents a
reduced seasonality. The main two contributors are the North Equatorial UnderCurrent (NEUC) at 5°N,
reaching 300 m, and the deeper NECC, usually referred as the northern NECC (nNECC), centred at 9°N
and flowing in the top 800 m of the water column [Stramma et al., 2005, 2008b; Brandt et al., 2010].

A fraction of these eastward flows (NECC, NEUC and nNECC) recirculates northward near the eastern
margin, particularly clear in late summer and fall. Near the surface, induced by the enhanced positive
Ekman pumping [Siedler et al., 1992], a localized cyclonic structure develops centred at 10°N and 22°W,
the so-called Guinea Dome. At the subsurface levels, this northward recirculation is much broader,
extending between 30°W and the African continent and covering the top 300 m [Elmoussaoui et al., 2005].
The northward flow is especially enhanced at surface and subsurface layers along the African continent,
by the development of the Mauritanian Current (MC) at the surface [Mittelstaedt, 1991; Ldzaro et al.,
2005] and the Poleward UnderCurrent at the subsurface, linked to the coastal upwelling system [Barton,
1989; Mittelstaedt, 1991]. At Cape Blanc, these northward flows meet the southward CC and most of the

flow is forced to retroflect westward into the NEC.

While the tropical gyre is reduced to the seasonal Guinea Dome near the sea surface, in subsurface layers
the cyclonic circulation comprises the whole Atlantic basin, with a southward branch at the western
margin that is usually referred as the Guyana UnderCurrent [Schott and Boning, 1991]. Moreover, in
addition to the horizontal scheme of circulation, the tropical gyre also includes a complex and shallow
overturning circulation: The continuous upwelling of subsurface waters near the equator and the later
poleward Ekman transport along the surface tropical branch is compensated by the southward flow of
subtropical waters subducted along the NEC path [Liu and Philander, 1994; Zhang et al., 2003; Schott
et al., 2004]. This three dimensional description of the tropical gyre is also referred as the Subtropical
Cell (STC) [Liu and Philander, 1994], establishing a connection between the tropics and the subtropics
[Figure 4]. However, this circulation cell is quite shallow, typically below the density level sigma0 26.8
(roughly 300 m) [Elmoussaoui et al., 2005]. Below the tropical gyre, the mean flow is extremely weak,

dominated by mesoscale eddy diffusion [Stramma et al., 2008b].

South of the tropical gyre (south of 5°N) another important dynamic system appears: the equatorial system
of zonal jets. Its proximity to the equator causes the Coriolis force to be very small, so the primary forces
are the pressure gradients, the wind stress and the subsurface friction. This system is primary governed

by the Equatorial Undercurrent (EUC), an eastward jet at the equator with its core found at depths of
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Figure 4. Circulation scheme of the two
subtropical cell circulation in the tropical
Atlantic. Predominant upwelling takes place
in the eastern margins (highlighted in green)
around the Guinea and the Angola Domes
(GD and AD respectively). Subduction oc-
curs along the subtropical branch; the North
and South Equatorial Currents (highlighted
in blue). Schott et al., [2004]

50-100 m, driven by the zonal pressure gradient created by the easterly winds [Brandt et al., 2014]. The
EUC is surrounded by two slightly deeper jets, with their core found near 200 m, the North and South
Equatorial Undercurrents. At intermediate depths we find other subsurface eastward jets: the Equatorial
Intermediate Current (EIC) just at the equator and the South and North Intermediate Countercurrents
(SICC and NICC) as close as 2° from the equator [Brandt et al., 2008; Rosell-Fieschi et al., 2015].

The final component of the complex tropical North Atlantic circulation is the upper limb of the meridional
overturning circulation [Broecker, 1991]. As part of the global conveyor belt, about 15 Sv of southern
hemisphere thermocline waters are transported to the northern hemisphere to compensate the formation
and southward export of North Atlantic Deep Water. This interhemispheric northward transfer of southern
waters occurs via the North Brazil Current (NBC) along the American continent [Johns et al., 1998].
North of the equator, typically at 2°N and 7°N, the NBC retroflects east to feed both the EUC, and its
northern and southern branches, and the NECC. About half of the northward 15 Sv retroflects into the
tropics to finally flow in to the subtropical North Atlantic through the ocean interior via Ekman dynamics
[Fratantoni et al., 2000]; the other half reaches the subtropics along the American margin via huge
mesoscale eddies shed by the NBC [Garzoli et al., 2004]. As a result of this meridional transfer, the
thermocline of the tropical North Atlantic is predominantly made up with southern origin waters [Poole
and Tomczak, 1999] with a weak import of northern subtropical waters via the STC [Fratantoni et al.,
2000].

1.2.3. The eastern boundary coastal upwelling system

The other major dynamic element in the northeastern tropical Atlantic is the North West Africa coastal

— 18



upwelling system. The along-shore component of the large-scale winds encircling the Azores High
induces offshore Ekman transport along the African coastline, leading to upwelling over the continental
shelf that is compensated through subsurface shoreward flow [Figure 5]. The outcropping into the photic
zone of subsurface nutrient-rich waters fuels an intense primary productivity along the coast sustaining
very rich pelagic fisheries [Aristegui et al., 2009]. The seasonal migration of the Azores High leads to the
distinction of two different upwelling domains. Seasonal upwelling develops between Cape Verde (15°N)
and Cape Blanc (20°N) in winter/spring and north of the Canary Islands (25°N) in summer [Nykjaer and
Camp, 1994]. Permanent upwelling occurs all year long between Cape Blanc (20°N) and the Canary
Islands (25°N),

In addition to this cross-shore (zonal) circulation cell, an along-shore (meridional) system of currents is
also associated to the coastal upwelling [Figure 5]. This system comprises the Canary Upwelling Current
(CUC) near the sea surface [Pelegri et al., 2005] and the Poleward Undercurrent (PUC) at subsurface
layers [Barton, 1989; Mittelstaedt, 1991]. The CUC is a narrow (50 km) geostrophic southward flow,
highly linked to the blowing wind, appearing when the upwelling is strong enough to cause the cross-
shore uplift of the density levels outside the shelf. The PUC instead is typically found between 100 and
300 m of depth, leaning on the continental slope. The PUC is driven by the along-shore pressure gradient,
established by the equatorward component of the wind [ Tomczak and Godfrey, 1994], being decoupled
from the direct wind forcing. North of Cape Blanc the northward flow of the PUC has to overcome the
southward CC; hence, the PUC tends to become weaker and deeper, even reaching intermediate depths
[Barton, 1989].

The coastal upwelling system also plays the role of an important along-shore conveyor, capable of
occasionally breaking the large-scale barrier of the CVFZ [Pelegri et al., 2005]. The southward CUC, in

Northern
Hemisphere

O
"

Figure 5. Scheme of the coastal
upwelling system. Offshore Ekman
transport at the surface drives on-

East shore transport below. The outcrop-
ing of the isopycnals along the coast
sustained an equatorward baroclinic
jet, the CUC. The along-shore pres-
sure gradiente gradient promote the
development of the PUC typically at
200m depth. [Talley, 2011].




addition to assure the along-shore coherence of the coastal upwelling [Benazzouz et al., 2014], advects
northern subtropical waters beyond Cape Blanc into the tropical domain in winter and spring [Ldzaro et
al., 2005]. In contrast, the northward PUC injects tropical waters into the subtropical domain as north as

25°N, typically during the fall season.

1.3. Thermocline water masses

A water mass is defined as a large volume of water with a common formation history [7Tomczak, 1999].
The formation of a water mass typically refers to the moment when part of the surface waters becomes
isolated from direct atmospheric forcing through wind-driven subduction or deep convection. After that
moment, the physical properties (temperature and salinity, thus density) of the water mass are preserved
and they only slowly change through mixing with other subsurface water masses. Non-conservative
properties, mainly biochemical properties like inorganic nutrients and oxygen, are subject to change in
time due to biological activity. These “preformed” properties, set under the specific atmospheric and

biochemical conditions at the formation region, are the fingerprint of each water mass.

Hence, the identification of the different water masses from hydrographic observations allows the
analysis of how they spread within the ocean interior, thus providing a complementary description of
the mean large-scale circulation especially under the scarcity of direct velocity observations. In this
sense, the water mass analysis can be specifically useful in regions with stagnant circulation like the
abyssal ocean [ Warren, 1983] or in the subtropical shadow zones (chapters II and III). For these sluggish
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

modelled water mass pathways (chapter IV).

As discussed before, the permanent thermocline of the ocean is formed as a consequence of the three-
dimensional circulation of the subtropical gyres [Luyten et al., 1983]. Only waters subducting during
late winter and early spring are able to escape from the surface mixed layer and join the thermocline
circulation [Stommel, 1979]. These waters are formed in the central and high latitude regions of the
subtropical gyre, being called Central Waters. They form the permanent thermocline of the subtropical
gyre, extending vertically between the lowest and highest winter density values observed within the

subtropical gyre, typically between o, 26.3 and 27.15.

In the North Atlantic basin, both the North Atlantic and South Atlantic Central Water (NACW and SACW,
respectively) are located along the returning path of the meridional overturning circulation, with the
SACW forming most of the tropical Atlantic thermocline [Poole and Tomczak, 1999]. However, despite
the identical formation process, the hydrographic properties of the NACW and SACW are quite different.
NACW is warmer and saltier than SACW as a result of the distinct supply of fresh water (evaporation/
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precipitation, rivers, Mediterranean Outflow) within each basin. Moreover, the long pathway SACW
has to follow a long path to reach the tropical North Atlantic from its formation regions in the southern
hemisphere, leading to a marked decrease/increase on its oxygen/inorganic nutrient content due to the
along-path organic matter decomposition. The SACW that fills the tropical thermocline is therefore much
older than the recently ventilated NACW, the latter presenting much higher oxygen lower inorganic
nutrient contents. As a result, the frontal zone between SACW and NACW depicts a drastic change in
hydrographic properties especially in eastern margin where the dynamic barrier between the tropics and
subtropics is stronger, the CVFZ [Figure 6] [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
Water (AAIW) and the Mediterranean Water (MW). A salinity minimum clearly identifies the AAIW,
centered at about 800 m depth slightly above the MW. The AAIW is formed in the Subantarctic Front
and transported with the South Atlantic subtropical gyre towards the tropics [Suga and Talley, 1995].
Most of the AAIW reaches the subtropics along the western margin via the NBC [Kawase et al., 1985;
Kirchner et al., 2009]. However, the northward penetration of AAIW has also been described to occur
along the African coastline, reaching the Canary Islands with a maximum flow in the fall season [Machin
et al., 2010]. MW, on the other hand, is the outcome of the Mediterranean waters entering the Atlantic
through the Strait of Gibraltar. These waters are very salty and, therefore, dense, but undergo intense
mixing shortly after they leave the Strait [Gasser et al., 2011]. Contrary to the AAIW, the MW is very
a salty water mass with salinities above 37 in the Gulf of Cadiz. This supply of salt plays a major role
in the salinification of the North Atlantic and thus in the formation of deep water mass, with a direct
impact on the strength of the meridional overturning circulation and on the global climate. There are two
main spread pathways of the MW [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. Distribution of water masses aong the North West Africa coast [Pastor et al., 2012]. The water masses are South Atlantic Central
Water (SACW), North Atlantic Central Water (NACW), Mediterranean Water (MW), Antarctic Intermediate Water (AAIW) and North
Atlantic Deep Water (NADW).
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southward route taking place in the form of lateral advection and mixing into the intermediate layers (600

to 1200 m) found under the subtropical gyre.

1.4 The North Atlantic Oxygen Minimum Zone

The best evidence of the poor ventilation of the shadow zone thermocline is the development of Oxygen
Minimum Zones (OMZs) in the eastern margin of all tropical oceans, at depths between about 200
and 700 m [Karstensen et al., 2008][Figure 7a]. OMZs have recently gain especial attention due to the
potentially major consequence that global warming may have on the evolution of the oxygen content in
the world’s ocean [Matear and Hirst, 2003; Stramma et al., 2011].

Oxygen is a key component of the marine ecosystem. Asides being essential for the sustainability of
marine life, oxygen plays a direct role in the biogeochemical cycling of carbon, nitrogen and many other
elements (P, Fe, Mn, etc.) with a clear impact on the climate system [Bopp et al., 2002; Keeling et al.,
2010]. Atmospheric oxygen dissolves on the ocean surface waters depending mostly on their temperature
— the colder the water the more oxygen is dissolved. Hence, the deoxigenation of the global ocean has
been diagnosed as a likely direct impact of the global warming [Sarmiento et al., 1998]. Moreover, the
predicted enhancement of the stratification may additionally reduce the supply of oxygen to the deep
ocean, and increased temperatures may also enhance the microbial respiration rate, thus further reducing

the oxygen dissolved in the subsurface ocean.

Decades of observations are revealing that such a deoxygenation trend is especially consistent at
higher latitudes, like the North Pacific [ 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
of dissolved oxygen, so the observed deoxygenation implies a minor impact on the marine ecosystem.
At low latitudes, the expansion of the OMZs has also been observed during last decades [Stramma et al.,
2008a], although exhibiting a weaker and patchier pattern [Figure 7] [Stramma et al., 2010]. However,
since the hypoxic conditions of the present OMZs (oxygen concentration below 60umol/kg) are already
detrimental for most organisms [ Vaquer-Sunyer and Duarte, 2008], the expansion of the OMZs would

have a clear impact on the surrounding highly productive tropical waters [Stramma et al., 2010, 2011].

Besides the expected changes in the physical supply of oxygen, the changes in the biological consumption
of oxygen are expected to be equally important for the evolution of the OMZs. For example, under a
global warming scenario, the supply of oxygen to the OMZs is expected to get reduced as a result of both
an enhanced stratification and a weakened tropical circulation [Matear and Hirst, 2003]. However, the
same scenario also leads to a reduction in the oxygen consumption at subsurface layers due to the decline
in primary productivity via reduced upwelling, even counteracting the effect of the former physical

decrease in the oxygen supply [Ridder and England, 2014]. A deep understanding of both physical and
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Figure 7. Climatologi-
cal dissolved oxygen
(DO) mean at 200dbar,
as well as changes be-
tween 1960-1974 and
1990-2008 of (b) dis-
solved oxygen (DDO)
at 200 dbar, (c) appar-
ent oxygen utilization
(DAOU) at 200 dbar
and (d) DDO verti-
cally- averaged over
200-700dbar. In (b)-
(d) increases are red
and decreases blue,
and areas with differ-
ences below the 95%
confidence interval are
shaded by black hori-
zontal lines. [Stramma
etal., 2010]

<95% confidence interval
295% confidence interval

umol/kg

60°W o° 60°E 120°E 180°W 120°w 60°W

biochemical systems is required to correctly assess the future evolution of the OMZs

The North Atlantic OMZ (naOMZ) is located east of 25°W, between 10°N and 15°N of latitude, with
minimal oxygen values found between 400 and 500 m [Karstensen et al., 2008]. The ventilation of the
(naOMZ) is traditionally attributed to the eastward flowing jets, which advect oxygen-rich water from the
western margin while westward flows tend to drain the oxygen-poor water from the naOMZs [Stramma
et al., 2008] [Figure 8]. The main oxygen suppliers to the naOMZ are therefore the NEUC and the

nNECC through northward branching in the eastern margin. However, this tropical cyclonic circulation

Oxygen trend  Temperature trend

Ocean areas (Fig. 1) (umol kg™ year™) (°C year™)

North Atlantic —0.34 £ 0.13 +0.009 + 0.008 )

Equatorial Atlantic —0.19 + 0.12 +0.005 =+ 0.008 Table 1. Linear trends of temperature and oxygen

South. Atlanti _0'17 = 0'11 +0'002 + 0.011 with 95% confidence intervals since 1960 in a
PSR Seante > ; 7 . 300m to 700m layer for select ocean areas, and

Edstern e —0.13 £ 0.32 —0.001 = 0.009 integrated oxygen loss, assuming a nominal den-

:‘"‘:" 'I’::"‘ :g-;; * :-;‘1’ ‘g-g;g * :-:g: sity of 1027.2 kg m—3. [Stramma et al. 2008a]
astern an 8 + 0. +U. = U,

N. Pacific, 100 —0.39 to —0.70 +0.005 to +0.012

to 400 m depth (11)
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only covers the top 300 m [Elmoussaoui et al., 2005]; further below, at the core of the naOMZ, the
pathways to the naOMZ are much more diffuse and the ventilation is supposed to be mainly carried out
by eddy and diapycnal diffusion [Fischer et al., 2013; Hahn et al., 2014].

The naOMZ is the smallest in extension and presents the highest oxygen content of the world OMZs
[Karstensen et al., 2008]. While the minimal oxygen content in the North Pacific OMZ is around 0.1
umol/kg, the smallest values within the naOMZ are about 40 umol/kg. Even in the South Atlantic OMZ
the minimal oxygen content is half that in the naOMZ, also occupying a volume twice larger. The better
oxygenation of the naOMZ has been explained both by the shorter zonal extension of the tropical north
Atlantic basin and by the enhanced supply of thermocline waters into the tropics due to the meridional
overturning circulation [Karstensen et al., 2008]. However the naOMZ is shoaling and reducing its
oxygen content at least twice as fast as the other OMZs [Stramma et al., 2008a][Table 1.]. The loss
of habitat for pelagic fish in the tropical eastern North Atlantic during the 1960-2010 period has been
recently estimated at 15% [Stramma et al., 2011], threatening the sustainability of the valuable pelagic

fisheries and marine ecosystems.

1.5. Objetives and thesis outline

With this thesis we aim at investigating the predominant patterns of circulation in the shadow zone of the
North Atlantic permanent thermocline. We will do so using historical and novel hydrographic data, both
from cruises and the Argo program, and by examining numerical outputs from ocean circulation models.
In chapter II we will focus on the along-slope current system, emphasizing the transfer of properties
across the CVFZ by the poleward undercurrent. In chapters III and IV we will explore the patterns of
ventilation associated to the system of equatorial zonal jets and the possible contribution of cross-frontal
exchange. We close in chapter V with the conclusions and a description of undergoing and proposed
future research.
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Chapter 11

The continental slope current system between
Cape Verde and the Canary Islands

This chapter has been published as Pefia-Izquierdo, J., J.L. Pelegri, 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
slope north of Cape Blanc, between 22 and 23°N, but we find that southern waters are predominant over
the slope as far north as 24°N. South of Cape Blanc (21.25°N) 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 near-
slope northward path to the PUC; nevertheless, the northward PUC transport decreases from 2.8 Sv
at 18°N to 1.7 Sv at 24°N. South of the CVFZ there is an abrupt thermohaline transition at s  =26.85
kg m*, 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 16°N 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 , <27.1 layer, we measure up to 0.8 Sv
of SACWecv being transported south. The results strongly endorse the idea that the slope current system

plays a remarkable role in tropical-subtropical water mass exchange.



2.1. Introduction

The principal physical oceanographic importance of continental slopes is due to the fact that many major
ocean currents, known as boundary currents, flow over them. The continental slopes underlie a relatively
minor fraction of the world’s oceans but yet they are the actual boundaries of the permanent upper-
thermocline waters. The East and West slopes of all continents break the dominant zonal circulation in
this upper ocean, forcing the flow to recirculate meridionally, often along isobaths as relatively narrow

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
becoming largely modified after a long journey in the tropical regions (Fig. 1a). [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.

The NACW flows southwards as the Canary Current (CC) until reaching the CVFZ where it departs offshore
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
to be an effective barrier to the large scale flow, between NACW and southern waters, although several
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 4°N and the North Equatorial Counter Current
(NECC) approximately along 8°N, intensify and feed the southern portion of a relatively large summer
GD [Siedler et al., 1992; Lazaro 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]. Since the GD is forced by the wind field it follows the seasonal ITCZ displacements,

hence moving southeast from summer to winter [Nykjaer and Camp, 1994]. As a result the northward
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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

along-slope flow between Cape Verde and Cape Blanc, some times named the Mauritania Current (MC)
[Mittelstaedt, 1991; Lazaro et al., 2005], intensifies in summer and weakens in winter [Mittelstaedt,
1991].

Over the continental African slope there is yet another frontal system, the wind-induced coastal upwelling
system. This is a relatively shallow system which occupies the depth of direct wind influence, typically
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 near-
slope southward Canary Upwelling Current (CUC) [Pelegri 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,
(i1) subsurface compensating eastward (onshore) flow which upwells over the slope due to the coastal
constraint, and (iii) southward (along-slope) baroclinic flow linked to the frontal system. The southward
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 near-
surface 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 [Machin et
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al., 2006]). The PUC is normally observed as a narrow jet (about 50 km wide) leaning on the continental
slope and centered between 100 and 300 m; the poleward flow is sometimes observed to extend much
deeper, to intermediate waters [Barton, 1989; Machin et al., 2006; Machin and Pelegri, 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 27°N). 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
collected data set and the sea-surface wind fields during the cruise. This is followed by a brief review of
a recent water-mass composition analysis carried out by [Pastor et al., 2012], to be used in this work. The
subsequent sections are the heart of this paper, where we explore the velocity field and the distribution
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 CANOAOS 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.
1b). Except for the first nine northeastern-most stations, which were done between 9 and 12" November,
all stations were carried out between 20 and 29" November with the vessel travelling from South to
North. A total of eight cross-slope sections were completed, typically with five stations each, separated
by about 1.25° 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 near-
shore 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 24°N, 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 (O,) sensor. The CTD-O, 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
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was determined by the Winkler titration method. The relation between the oxygen determined by the
electrode in the CTD and the Winkler method was signifficant (r>>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 1.

The velocity of the upper ocean currents was measured with a 75 kHz shipboard Ocean Surveyor
Acoustic Doppler Current Profiler (OS-ADCP) which samples the top 600 m of the water column with
a good signal-to-noise ratio. The OS-ADCP was configured to produce five-minute average velocity
profiles and collected single-ping data with a vertical resolution of 8 m at 75 kHz. The ADCP was
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 was detected and the velocity field was
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
stations. Nevertheless, a comparison between the available LADCP profiles and the corrected on-station
ADCP data shows good agreement (not shown) and gives us confidence on the good quality of this ADCP
data set. Therefore, in this study a velocity profile is calculated at each station through averaging all

ADCEP data collected while the vessel was on that position.

The surface wind field, prior and during the execution of the experiment, has been extracted from the
QuikSCAT data set (Fig. 2). We may appreciate a predominance of north-easterly winds during the cruise
over the whole study area. During the first week of measurements the wind was quite intense north of

Cape Blanc; during the second and third weeks it respectively weakened and intensified north and south
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of Cape Blanc. For the time period of the cruise the Sea Surface Temperature (SST) field was available
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

An Optimum Multi-Parameter (OMP) method aims at finding the contribution of different predefined
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
with mass conservation, and a total of six water types are specified. The analysis is applied to data in the
density range 26.46<s A <27.82, specifically excluding near-surface data (down to about 100 or 150 m)
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?).

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
mass of southern origin was defined by [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
we refer to the regional variety as Cape Verde South Atlantic Central Water (SACWcv), defined in
the OMP analysis by the contribution of two water types (upper and lower Cape Verde South Atlantic
Central Water, SACWcv-u and SACWecv-I 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, NACW,). 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.

The most remarkable feature of the hydrographic field is the clear distinction between northern and southern
central waters (Fig. 3a). At the southernmost part of the region, for s , <26.85, we may distinguish the
presence of the fresher and more oxygenated SACW, the further south the more oxygen we find at these
upper levels. In contrast, on the northern end we find only NACW; on a same isopycnal surface, NACW
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 , =% .8 kg m?, an
abrupt salinity, and even temperature, inversion at depth. This salinity minimum matches with the point

of SACW definition and it is also found just a little deeper than the subsurface oxygen maximum (Fig.
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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 [°N]
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
have explored its significance [Voituriez and Chuchla, 1978] early proposed that this salinity minimum
represents a boundary between northward flow of SACW in upper layers and a southward flow of NACW
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 , =% .8 kg m™. 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
velocity fields so that, despite the existence of high spatial variability, we may identify mean flow
patterns. The meridional velocity component presents a similar depth transition, in agreement with
Voituriez and Chuchla 1978. All the way until 22.5°N, those layers with s  <26.85 kg m® move
predominantly northwards, with speeds up to 0.3 m s, carrying oxygen with SACW characteristics.
This northward flow reaches significantly north of Cape Blanc, i.e. past the traditional interjection of
the CVFZ with the continental slope. At 24°N the flow is approximately null and further north it appears
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 , <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

=P .85 kg m? and weak divergence below.

According to the above observations, and following [Elmoussaoui et al., 2005], we may distinguish
between Surface Waters (SW; s ,<26.46, down to about 100 m), upper Central Waters (uCW; 26.46
s, <26.85, between some 100 and 300 m) and lower Central Waters (ICW; 26.85[]s , <27.1,
between about 300 and 500 m). We set the interface between uCW and ICW slightly deeper than in
[Elmoussaoui et al., 2005], i.e. s , =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



sections at nominal latitudes of 16.25, 17.5 18.75, 20.0, 21.25, 22.5, 24.0 and 26.5°N (Figs. 4 and 5).
Trade winds were present during the whole cruise, leading to intense upwelling oftf NW Africa region as
illustrated by the SST image in Figure 2. South of Cape Blanc upwelling is the result of the predominant
local winds, but yet the uCW and SW layers display a remarkable northward along-slope flow which
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
allow the propagation of the PUC, manifested as a northward flow within SW and uCW layers, well
beyond Cape Blanc. Figure 4 indeed shows a well-defined northward flow attached to the continental
slope, with maximum values in all sections above 0.2 m s, extending from the surface down to 300
m in the southern sections and shoaling towards the north. In this figure it is difficult to distinguish the
near-surface MC from the subsurface PUC; therefore, our measurements reflect the late summer and
autumn conditions south of Cape Blanc, when the MC is strengthened [Mittelstaedt, 1991] and northward
transport is maximum [Elmoussaoui et al., 2005].

The SW layer is highly influenced by the upwelling system. Within this layer the contours of all properties
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),
denoting the location of the CVFZ. The surface flow has a predominant northward direction in all cross-
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
Blanc, the offshore extreme of these 100-km wide sections flows south (Fig. 4), likely related with the
far offshore location of the coastal upwelling jet during the intense upwelling season (Fig. 3). At 26.5°N,
south of the Canary Islands, the flow is dominated by intense mesoscalar activity. The near-slope high
salinity and oxygen values at 22.5°N, north of Cape Blanc, suggest that the flow direction at the CVFZ
is intermittent, being northward during the cruise but having possibly changed direction at previous
times. It is therefore possible that the 22.5°N latitude corresponds to a mean northern limit of the MC, in

agreement with the results of [Lazaro et al., 2005].

The uCW layer is characterized by the presence of the PUC in all sections except 26.5°N (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 20°N the uCW layer appears as an oxygen maximum stratum, with values as large as
2.12 ml I'" (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
the slope, with decreasing oxygen content. Mixing with salty NACW is responsible for the significant
salinity increase near Cape Blanc but, despite NACW is higher in oxygen than SACWcyv, the near-slope
oxygen content is notably reduced. Near the Cape Blanc filament the near-slope subsurface oxygen level

is further exhausted, with values as low as 1.14 ml I! (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 colour-
coded according to the right-hand-side colour bar, with positive values denoting northward flow; contours are drawn every 0.1 m s-1 inter-
vals. 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 SACWecv 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.

more oxygenated. This suggests that the CVFZ prevents some of the southern waters to flow north of
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 SACWecv 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
with the presence of a weak southward flow (Figs. 4a, b). Therefore, it appears that most of the SACW
inflow may recirculate meridionally between the continent and the Cape verde Islands and that the PUC
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Figure 5. Distributions of oxygen content ([ml 1-1], coloured) and salinity (black contours) on eight cross-shore sections. Three selected
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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 24.0°N 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. Se, f, g).
The ICW 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 I, Fig. 5), similar to those
found in the GD oxygen minimum zone [Stramma et al., 2005], and increases towards the north under

the influence of NACW. North of Cape Blanc the minimum oxygen values are found near the slope,
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indicative of the presence of SACWocv (Figs. 5 and 6c¢, g). However, a divergent flow is observed along
the continental slope, with moderate (maximum 0.15 m s') southward flow at latitudes less than 22°N
and the presence of substantial variability further north. The existence of southward flow is counter-
intuitive with the presence of waters of southern origin (SACWcv) and raises the possibility that the

direction of the flow may seasonally reverse, we will come back to this issue in next section.

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 [Rodriguez-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).

The velocity field along the African slope shows that SW and uCW, composed by the surface MC and a
relatively shallow PUC down to 300 m depth, converge towards about 22°N. The underlying ICW layers
flow towards the equator at latitudes less than 20°N and do not have a clear predominant direction at

northern latitudes (Figs. 4 and 6). As already pointed out, the southern sections only have limited NACW
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Figure 6. Left panels: distributions of oxygen content ([ml 1-1], 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), SACWecv (red contours) and NACW (blue contours). Three selected isopyc-
nals (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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influence within the ICW layers, mostly in the form of water patches (Fig. 6f), while there is much more
significant SACWcv presence beyond 24°N (Fig. 6e, f, g). This suggests that an enhanced and deep
PUC could have developed before our observations, resembling the characteristic winter flow conditions
proposed by [Mittelstaedt, 1991].

The presence of ICW areas with NACW influence south of Cape Blanc may be related to meanders
detaching from the CVFZ but its ubiquity along the slope suggests that they are caused by the deep
flow reversals, in instances such as proposed by [Voituriez and Chuchla, 1978]. The existence of an
along-slope southward flow within ICW, bringing NACW south of Cape Blanc, would help explain our
observations of NACW in this region, as well as related observation of slong-slope high-salinity waters
in [Elmoussaoui et al., 2005] simulations. Such a flow, however, is not endorsed by our observations,
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
ICW, consisting almost exclusively of SACWecy, 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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the PUC deepens and the connection with the zonal jets probably weakens; at this time the PUC would

transport both regional southern water varieties.

The meridional mass fluxes, integrated through the cross-shore sections, are shown in Figure 7. The
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
section where the flow is controlled by mesoscale variability (Fig. 7b). In the southernmost section
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 (22°N) this southern water mass turns into the
predominant NACW, although as far as 24°N there still is a northward flow of 0.7 Sv as a mixed water
mass which includes 40% of SACWcv. Taking into account both SW and uCW layers, the maximum
poleward flow reaches 2.7 Sv at 18°N and decreases to 1.7 Sv at 24°N, north of the CVFZ.

In the ICW the integrated along-slope mass transport is rather variable. South of Cape Blanc, there is a
southward transport of SACWecy, 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 22°N) where NACW becomes the dominating water
mass, particularly in the offshore stations where there is only a weak northward flow (Figs. 6a, e and 7c,

e); the situation is different in the nearshore stations, where substantial SACWcv is found despite the
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predominance of a southward flow (Figs. 6¢, g and 7c, e). This reinforces the idea of seasonal reversals
in the deep along-slope current, as found in numerical simulations by [Elmoussaoui et al., 2005] and
reported by [Machin et al., 2010] for the underlying intermediate waters.

Within an upwelling region we are used to think of the cross-shore flow as resembling an idealized
vertical cell, with offshore Ekman flow in the surface layers and a compensating onshore subsurface flow.
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
patterns. This is confirmed by the presence of substantial offshore flow in these two water strata, between
about 19 and 21°N (Fig. 8). The existence of water export is confirmed by the trajectories of three drifters
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
at the time was located as far north as 22 to 23°N (Fig. 9). Within SW the flow pattern is more complex,
probably as the result of coastal filaments and the associated recirculation patterns (Fig. 8). Finally,
within the ICW layer, we find that waters south of 20°N recirculate onshore between 19 and 20°N and find
their way south along the slope (Figs. 7c, €) . In this lower stratum there appears to be a good connection
between the slope current and the interior GD ocean which gives rise to the observed southward flow of
the SACWcv variety. North of 20°N another recirculation may be occurring, with onshore flow between
22.5 and 23.5°N and offshore export between 20 and 21°N.



2.4. Discussion and conclusions

The comprehensive data set acquired during the CANOAOS 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 (22-23°N). 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
a situation when maximum northward flow takes place [Mittelstaedt, 1991; Elmoussaoui et al., 2005],
thanks to an enhanced MC (up to 1.8 Sv) within Surface Waters (SW; s , <26.46, down to about 100 m)
and through a well-defined but relatively shallow along-slope PUC (1 Sv) within upper Central Waters
(uCW; 26.46[]s , <26.85, between some 100 and 300 m). Poleward along-slope transport reaches until
at least 24°N, where we still find 1.7 Sv of SW and uCW, favoured by the far offshore position of the

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 4°N and seasonally also by the North Equatorial Counter
Current (NECC) at about 7-8°N, 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 (ICW; 26.85[]s , <
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
found only within uCW. This water type fits well the characteristics of the upper thermocline waters at
7.5°N [Arhan et al., 1998], therefore confirming that they represent tropical waters advected eastwards
by the shallow NEUC and NECC jets. These jets do not appear to feed the continental slope currents
through some specific location, as the core with highest SACW content appears offshore from the PUC
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 ICW layers appear as
connected to the interior ocean through an anticyclonic gyre, possibly the eastern limb of a more closed-

like system that would favour perpetuate the old SACWecv as the regnant water variety in the shadow
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Just north of Cape Verde, at 16°N, 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
productivity in the along-slope upwelling region and the Cape Blanc giant filament [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 21°N) and likely recirculate south; however, an important fraction of southern
waters, already transformed as SACWcyv, follows north along-slope, with as much as 0.7 Sv reaching at
least 24°N. 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 ICW level also show that, at latitudes higher than Cape Blanc, there is a substantial
amount of SACWcv which flows south. This raises the possibility of seasonal current reversals in this
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 SACWev north along the slope, and
a shallow summer-fall phase as observed during our cruise. During this shallow phase the reversal would
not necessarily bring SACWecv back south, our results rather suggest that a significant fraction of the

southward flow feeds from the interior ocean, possibly in some sort of basin-wide anticyclonic gyre, so
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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; Pelegri 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
these major constraints. The slope system does play a significant role both in cross-CVFZ transfer and in
the ventilation of the GD region, therefore being a significant pathway of water mass exchange between

tropical and subtropical gyres.
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Chapter 111

The circulation of the North Atlantic OMZ

This chapter is the first part of the work Pefia-Izquierdo J., E. van Sebille, J.L. Pelegri, J. Sprintall, E. Mason, P.J.
Llanillo and F. Machin. Water mass pathways to the North Atlantic OMZ. Under review, JGR

Abstract

The circulation in the North Atlantic Oxygen Minimum Zone (naOMZ) is traditionally sketched as being
isolated from the northern subtropical gyre and embedded within the cyclonic tropical gyre, predominantly
made up with South Atlantic Central Water (SACW). However, historical hydrographic observations

in the northeastern tropical Atlantic usually show an abrupt thermohaline transition at the potential
density level of 6,= 26.8 kg m” (626.8, approximately 300 m depth), within the Central Water stratum.

Saltier and warmer water is found below 626.8, suggesting the presence of North Atlantic Central Water
(NACW) and thus pointing out a connection with the northern subtropical gyre. We perform a water

mass analysis of all available temperature and salinity observations to discern the exact contribution of

NACW and SACW within the naOMZ. Our results show that above 626.8 the SACW predominates but
below this level the proportion of NACW increases abruptly, contributing with up to 50% at the core of
the naOMZ and thus representing a major previously unaccounted supply of oxygen. In agreement with

this contrasting water mass distribution, the velocity field from the ECCO2 numerical model also depicts

marked different dynamic regimes above and below 626.8. In the upper layer, a prevailing cyclonic
circulation assures the supply of SACW through the northward branching from the eastward flow of the
northern North Equatorial CounterCurrent (nNECC). In contrast, this northward supply is reduced in the
lower layer though a mean anticyclonic pattern that instead enhances the contribution of NACW from a

previously unreported band of eastward flow near the Cape Verde Islands.



3.1. Introduction

The classical theory on thermocline ventilation [Luyten et al., 1983] postulates the existence of ocean
regions isolated from the wind-driven subtropical circulation in the eastern margins. A sluggish circulation
characterizes these so-called shadow zones, located between the well-ventilated subtropical gyres and the
tropical system of zonal jets. The combination of weak ventilation and enhanced microbial respiration
of organic matter, from the nearby highly productive coastal upwelling system, leads to the development
of Oxygen Minimum Zones (OMZs), located between 200 and 700 m depths, thus within Central and

Intermediate Waters strata [Karstensen et al., 2008].

In this study we focus on the characteristics and renewal patterns for the North Atlantic OMZ (naOMZ).
Earlier studies have assumed that most of the water supply to the naOMZ comes from the south, through
the cyclonic tropical circulation pattern [Stramma et al., 2005, 2008b; Brandt et al., 2010, 2014]; this
agrees with the idea that the southeastern corner of the North Atlantic, which geographically belongs to
the subtropical gyre, is actually a shadow zone to waters of northern origin [Luyten et al., 1983], with the
Cape Verde frontal region acting as the barrier between the subtropical and the tropical gyres [Zenk et al.,
1991]. The existence of an inter-hemispheric northward transfer of mass linked to the upper limb of the
Atlantic Meridional Overturning Circulation, further leads to the predominance of southern origin waters
in the whole tropical thermocline [Kirchner et al., 2009]. South Atlantic Central Water (SACW) and
Antarctic Intermediate Water (AAIW) cross the equator mostly along the western margin via the North

Brazil Current (NBC) and partly retroflect east to feed the tropical system of jets [Figure 1].

The considered major pathways to the naOMZ are subsurface eastward jets located south of 10°N:
the North Equatorial UnderCurrent (NEUC) at 4°N and the northern branch of the North Equatorial
CounterCurrent (nNECC) at 8-9°N [Stramma et al., 2005; Karstensen et al., 2008; Brandt et al., 2010].
Nevertheless, the core of the naOMZ lies further north. The link between these jets and the naOMZ is
therefore explained by the cyclonic circulation around the Guinea Dome, a general uplift of the isopycnals
within the surface and subsurface levels driven by the local cyclonic wind-stress [Siedler et al., 1992;
Lazaro et al., 2005]. Moreover, this northward branching to the naOMZ is enhanced along the African
continent by the seasonal Mauritanian Current at the surface and by the ubiquitous subsurface along-
slope Poleward UnderCurrent [ Barton, 1989; Mittelstaedt, 1991; Peria-Izquierdo et al., 2012].

In this sense, while direct velocity observations and Lagrangian drifters show a clear connection between
the NEUC/nNECC and the naOMZ at depths above 300 m [Stramma et al., 2005, 2008b; Brandt et al.,
2010], neither observations nor numerical simulations [ E/moussaoui et al., 2005] give evidence for such
a link at deeper levels. We may, therefore, wonder what is the maximum depth reached by this circulation

scheme and what are the responsible dynamics further below.

Some hints to a vertical limit in the connection between the NEUC/nNECC and the naOMZ come



L] L] L] L) F 200
North Atlantic Oxygen Minimum Zone - *

Latitude [N]
Oxygen Content [umol/kg]

-5 —
-60 -50 -40 -30 -20 -10 0

Longitude [E]

Figure 1. Schematic circulation pattern in the tropical Atlantic Ocean as derived from previous studies, overlying the climatological oxygen
content of the 200 to 500 m layer. The frontal zone between SACW and NACW is shown as a white dashed line; C.V.I. refers to the Cape
Verde Islands. Main currents: North Brazil Current (NBC), Equatorial UnderCurrent (EUC), North Equatorial UnderCurrent (NEUC),
North Intermediate Countercurrent (NICC), northern branch of the North Equatorial CounterCurrent (nNECC), Mauritanian Current (MC),
Poleward UnderCurrent (PUC), Guinea Dome (GD) and North Equatorial Current (NEC).

from historical temperature and salinity profiles in the eastern tropical North Atlantic. A salinity and

temperature inversion is usually observed at 6, = 26.8 kg m™ (626.8), located at about 300 m within the
Central Water stratum [Fraga F., 1974; Voituriez and Chuchla, 1978; Poole and Tomczak, 1999; Pastor
et al., 2012; Pernia-Izquierdo et al., 2012]. Fresher and colder waters are found only above this level,

indicative of SACW, while an enhanced influence of saltier and warmer North Atlantic Central Water

(NACW) is present below. Voituriez and Chuchla [1978] earlier proposed that the 626.8 thermohaline
transition corresponds to a mean northward penetration of SACW in the overlying layer and a southward
inflow of NACW in the underlying layer. Nevertheless, the circulation pattern leading to such a transition

has not yet been properly addressed.

The numerical simulation of E/moussaoui et al. [2005] shows that 626.8 roughly matches with the lowest
vertical extent of the northward branch of the nNECC towards the naOMZ. Their results suggest there
is no direct water supply associated with the NEUC/nNECC below this level — implying a reduction in
the proportion of SACW. Indeed, oxygen concentrations decrease rapidly in the naOMZ below 026.8
[Fischer et al., 2013], pointing to weaker ventilation and longer residence times. The appearance of a
signal of NACW in this deep layer is especially relevant because (1) it points to a new pathway and
source of oxygen for the naOMZ not previously taken into account and (2) it also reveals a vertical limit

to the constraint for mass transfer from the subtropical gyre to the shadow zone [Luyten et al., 1983].

In this study we first characterize the exact contribution of northern and southern origin water masses



within the Central Water stratum of the Tropical Atlantic. To do so we perform a water mass analysis
with a high-density temperature and salinity dataset comprising all available historic observations. The
calculated water mass distributions are later compared with the circulation patterns as deduced from an
assimilative numerical model. The large-scale pattern of the velocity field reveals, in agreement with the
hydrographic analysis, a markedly different dynamics within the upper and lower Central Water strata of
the naOMZ.

3.2. Data and methods

3.2.1 Dataset of T/S profiles

This work focuses on the naOMZ, here defined by the region located east of 22°W between 9°N and 17°N
comprising the lowest oxygen content values [Fischer et al. 2013]. However, to gain a broader insight
in to the water mass distribution we extend the area of study to the entire North Atlantic tropical Ocean
(from 60°W to 0°) and from the southern hemisphere to beyond the southern edge of the North Atlantic
Subtropical Gyre (from 5°S to 30°N). A dataset of observed temperature and salinity (77/S) profiles
has been used, instead of a climatological database, to avoid the loss of variability after climatologic
averaging. This dataset has been created with CTD profiles obtained from the National Oceanographic
Data Center (http://www.nodc.noaa.gov) together with Argo profiles downloaded from the European
Argo Data Center (http://www.coriolis.eu.org). While the set of CTD profiles used here spans a longer
period of time (since 1971), their number is smaller than the number of available Argo profiles, which
has been growing fast since 2005. Both Argo real time and delayed mode profiles have been examined
in this dataset. The initial data set includes 21,242 CTD casts and 39,919 Argo profiles, comprising data
from 1971 to 2011.

Although the data centers perform an automatic quality control on the data, an additional procedure has
been followed to ensure we have a high quality set of data: (1) For the CTD dataset, only profiles with
an “accepted” NODC quality flag are used; (2) for the Argo dataset, only data with a “good” quality flag
are selected; (3) profilers included in the grey list provided by the Argo Data Centers are removed; (4) all
profiles are required to span the entire depth range between 100 m and 1000 m to ensure the sampling of
the upper thermocline, with a minimum vertical resolution of 10 m for the whole profile; (5) all profiles

with density inversions greater than 0.01 kg m~ are removed.

After this initial selection, we retain a total of 9,607 CTD’s and 30,136 Argo 7/S profiles. The 7/S values
are then linearly interpolated to selected potential density levels, in average separated by about 10 m.
These interpolated profiles are then sorted geographically in bins of 3.5° x 5° degrees of latitude and
longitude for a final statistical test. The average 7" and S values at each density level are computed for

each bin so that any profile with data beyond three standard deviations from the mean is removed. The
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SACW and NACW water types definition
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Figure 2. T/S diagrams for all available profiles inside each 10° latitude % 7° longitude bin. Each box shows the definition of SACW/NACW
(red/blue lines), the isopycnal limits of the central water stratum (626.3 to 627.15, green lines) and the number of observational profiles.

final (77S) dataset includes 30,485 profiles on o, coordinates.

We also use the ocean oxygen content field from the annual WOCE atlas [Gouretski, V. and Koltermann,
2004] with 0.5° horizontal resolution and 45 vertical levels. An advantageous feature of this climatology
is the isopycnal data averaging, instead of the more common isobaric computation. This method mimics
the preferential along-isopycnal mixing that occurs in the real ocean and therefore preserves the water
mass identities. For this same reason, throughout the whole manuscript we will use potential density
instead of depth coordinates.

3.2.2. Water mass analysis

A water mass analysis is carried out to distinguish the contribution of water masses with southern and
northern origin to the naOMZ thermocline. We focus on the Central Water stratum where the upper part
of the naOMZ is found; therefore, only the contributions of Atlantic central waters, NACW and SACW
are calculated. We define these two water types as the mean 7/S profile between latitudes 5°S and 0°S for
SACW and 25°N and 30°N for NACW, after averaging on isopycnal surfaces. The averaged profiles are
computed within the Central Water stratum, defined in the tropical Atlantic Ocean for o, between 26.3
and 27.15 kg m? [Kirchner et al., 2009]. Following previous studies in the tropical Atlantic [Elmoussaoui
et al., 2005; Rhein et al., 2005; Kirchner et al., 2009; Pefa-1zquierdo et al., 2012] we will refer to waters
with 60 between 26.3 and 26.8 kg m™ as the upper Central Water (uCW) and to waters with 60 between
26.8 and 27.15 kg m™ as the lower Central Water (ICW). Figure 2 shows how these definitions of SACW

and NACW correctly confine the variability of central waters within the tropical Atlantic.
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The analysis implemented here is a simplified isopycnal version of the Optimum Multiparameter
Analysis [Mackas et al., 1987; Tomczak and Large, 1989]. The method aims at finding the contribution
of predefined water types in each data point determined as the best linear mixing combination in a multi-
variable space. In our case we only use two hydrographic variables (temperature and salinity) together

with the mass conservation constraint.

For every data point, each modeled variable Vo4 (i.e. 7/S and mass) is calculated from a combination
of SACW and NACW proportions (Xsacw and Xyacw):

VMoa,i = xSACWVSACW,E + Xnacw Vvacw,i

where Vgyew i and Va0, denote the values of the normalized variable i for the SACW and NACW
water types at the density of the observation. For the conservation of mass (i=mass), the above equation

becomes simply Viodmass = Xsacw + Xnacw - -

The best combination is obtained minimizing, in a non-negative least squares sense, the total residual R,

defined as
R = z Wt = Z wi (Vmoa,i — Vobs.i)

i=T,S,mass i=T,S,mass

= Z Wi [(xSACWVSACW.i + xNACWVNACW,i) - Vobs,i]

i=T,S,mass

This total residual represents the weighed summation of the residuals of all three variables (1), each
one calculated as the difference between the modeled (Vaqq ;) and observed (Vops,:) values. While T and
S residuals are weighted equally (w, = ws = 1), mass conservation is enforced through a much a greater
weight (Wyqss = 10) therefore ensuring that the water sample is almost totally made from the combination

of the predefined water types. Note that Vgpg mass = 1.
3.2.3 The velocity field

The numerical simulation used in this study is the open access product from the ECCO2 project
(Estimating the Circulation and Climate of the Ocean, phase II, http://ecco2.jpl.nasa.gov). The ECCO2
project synthesizes data obtained by least-squares fit of a global full-depth-ocean and sea-ice configuration
of the Massachusetts Institute of Technology Ocean General Circulation Model [Marshall et al., 1997].
It uses both satellite and in situ available data, including the CTD casts and Argo profiles described
above. The simulation is an eddy-permitting solution with a 1/4° horizontal resolution and 50 vertical
levels, spanning 20 years from 1992 to 2011. A comparison between satellite altimeter and the ECCO2

velocity fields [Fu, 2009] shows good agreement in the latitudinal variation of surface zonal velocities, a
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reflection of the tropical system of zonal jets.

3.3. Water mass of the naOMZ

Hydrographic observations in the northeastern tropical Atlantic Ocean show an abrupt thermohaline

transition usually centered at 626.8 [Voituriez and Chuchla, 1978]. This transition can be easily detected
in a 7/S diagram within the Central Water stratum as a marked salinity depth inversion, sometimes also
presenting temperature and even density inversions, indicative of a change in the water mass composition.
A relatively fresh and cold water mass indicates the presence of SACW in the uCW while the salty
and warm water suggests a greater influence of NACW in the ICW. Figure 3 shows this transition as
characteristic for the whole northeastern tropical Atlantic, being clearly present as far west as 40°W and as
far south as 7°N. In general, the salinity inversion becomes stronger and shallower moving northeastward
in the tropical North Atlantic.

This transition is also found in the model climatological mean, with a similar geographic pattern and at the
same levels as in the observations (Figures 3a and b). The main difference is observed near Africa at 20°N

where observations show a region with 7/S transition profiles at density levels shallower than observed
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Figure 3. Top panels: Location of the T/S profiles with a marked thermohaline transition, defined as a change in the slope of the T/S profiles
greater of 0.1 °C per salinity unit with respect to the NACW and SACW pre-defined slopes. The density level where the transition is found
is plotted in grey colors. Middle panels: T/S diagrams of those profiles located within the regions shown in the top left plot; regions B and
C include 135 and 109 profiles, respectively. Bottom panel: Mean profiles of NACW proportion and oxygen content for regions B and C;
the dashed lines denote one standard deviation. The left panels are for the observational data set, while the right panels are for the ECCO2
model output. Note that the ECCO2 model does not include the oxygen field.
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in the model. This difference is likely due to temporary water mass interleaving in the frontal zone
between NACW and SACW [Tomczak, 1981], not properly represented by the model climatology which
only includes permanent features. Therefore, this ubiquitous hydrographic footprint suggests a distinct
and permanent circulation pattern between the uCW and the ICW. Moreover, the vertical distribution of
fresher and colder SACW above saltier and warmer NACW avoids the development of salt fingering thus

favouring the permanence of this feature in time.

A simple explanation for the formation of the thermohaline transition arises from the spatial distribution
of the 7/S diagrams (Figure 3). Zone A corresponds to the NEUC and nNECC region. The 7/S diagrams
in the naOMZ (zones B and C) indicate the presence within the uCW of pure southern waters advected

by these jets, thus revealing a direct connection with zone A. However, the lack of these southern waters

suggests this connection disappears below 626.8 particularly in the northern portion (zone C).

The water mass analysis helps us understand the exact contribution of southern and northern water masses

in the renewal of the tropical North Atlantic upper thermocline (Figure 4 and 5). The distributions of
NACW and SACW exhibit opposite patterns above and below 626.8. In the uCW, SACW stretches north
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Figure 4. Distribution of central water masses in the tropical Atlantic Ocean. Left panels: Proportion of NACW as deduced from the water
mass analysis at (top panel) 626.5 and (bottom panel) 627.1. These density levels match with the minimum content of oxygen in the uCW
and ICW layers. Black contours show the climatological oxygen field at the respective density levels. Right panels: Standard deviation
of the NACW proportion within bins of 2.5° latitude x 5° longitude; all bins include more than 50 observations. Black contours show the
smoothed distribution of NACW after a gridding scheme algorithm. Note that SACW proportion always equals the complementary part of
the NACW contribution (i.e. SACW + NACW = 1).
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along the eastern margin while NACW penetrates into the tropical Atlantic from the western margin. This
pattern is in agreement with the Subtropical cell circulation scheme [Schott et al. 2004], with an intense
northward flow along the eastern margin Elmoussaui et al. [2005], especially in autumn. In the ICW
instead, SACW is advected along the American continent towards the Caribbean Sea while NACW spans
southwards along the African coast. A similar result was obtained by Poole et al. 1999 before the start of
the Argo program thus with a much reduced horizontal resolution. Hence, the naOMZ is dominated by
SACW in the uCW while an equally split mixture of NACW and SACW is found in the ICW.

The presence of a large fraction of NACW in the ICW is very relevant for the oxygen supply to the
naOMZ since NACW is more recently ventilated than SACW, thus having a higher oxygen content.

Nevertheless, the mean profile for the naOMZ (Figure 6) shows that the oxygen concentration decreases
just below 626.8 where the NACW proportion notably increases. Moreover, the absolute oxygen

minimum is found at 627.1, exactly where the NACW fraction is largest (50%). Further, in the ICW
the proportion of NACW is quite homogeneous within the naOMZ, as shown by the local minimum in
the standard deviation of this fraction (Fig. 4d). The presence in this region of a well-mixed water mass
and a notable contribution of NACW but with minimal oxygen content can be explained by a marked
reduction in the water supply within this layer. This supply is slow enough to allow, on the one hand, the
predominance of biological consumption of oxygen over ventilation, and on the other, mixing over water
mass renewal. These results agree with the idea of a regional water mass variety for the naOMZ (the Cape
Verde SACW, i.e. SACWcv) proposed by Peria-Izquierdo et al. [2012]. The existence of such a regional
water mass would explain the presence of the two bands of relatively high standard deviations, south of
10°N and north of 15°N in the eastern Atlantic, both suggesting two different mixing fronts: SACW with
SACWcv and SACWcv with NACW respectively (Fig. 4d). Therefore, in the ICW, SACW and NACW
both reach the naOMZ slowly mixing with SACWcv while reducing its oxygen content.

The mean oxygen profile also shows the existence of two oxygen minima in the CW strata: The absolute
minimum is found in the ICW at 6, = 27.1 kg m™ and a secondary minimum is located within the u~CW

at o, = 26.5 kg m” (Figure 6). This feature also suggests the existence of different regimes in the u~CW
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and ICW layers. In the absence of biological activity, the oxygen content would increase with decreasing
temperature, i.e. with increasing depth. Further, biological oxygen consumption is enhanced in the upper
levels, where the rain of organic products from the surface is largest, so the oxygen gets reduced toward
the sea surface (up to below the mixed layer). These effects may be counteracted by advective and
diffusive processes, leading to water mass renewal and oxygen supply; both advection and diffusion are
usually most intense at shallow depths so the oxygen minimum is commonly found deeper in the water

column.

In steady state respiration and ventilation should balance out. Therefore, a vertical minimum in an
oxygen profile will occur as a result of either intense respiration or weak ventilation, or both. In our case
the dominance of pure SACW in the uCW suggests there is moderate ventilation linked to the NEUC
and nNECC, with the oxygen minimum mainly driven by enhanced respiration. There is possibly some
range of oxygen concentrations where the two processes interplay — an increase/decrease in ventilation
leads to an increase in oxygen consumption. In the ICW, in contrast, the biological oxygen consumption
is reduced and the local minimum in oxygen concentration is likely related to a drastic decrease in
the ventilation rate. In this stratum the minimum oxygen concentration is likely set by the activity of

advection and, largely, diffusion.

3.4. The thermocline circulation in the ECCO2 model.

3.4.1. The northeastern tropical Atlantic

We may now connect the features that have emerged from the water mass analysis with those that arise
from the general circulation of the northeastern Tropical Atlantic as seen in the ECCO2 model. We

start by investigating the layer-averaged velocity fields. In the uCW, the model shows a broad cyclonic

pattern dominating the annual mean circulation (Fig. 7a). The mean eastward flow south of the Cape



Verde Islands carries SACW from the tropical to the subtropical regions through a marked northward
flow between 30°W and the African continent. This flow is especially enhanced along the continental
slope by the PUC, associated with the coastal upwelling system [Barton, 1989; Mittelstaedt, 1991; Peria-
Izquierdo et al., 2012]. Similar results arise from the numerical simulation of Elmoussaoui et al. [2005],
with a maximum northward transport (including now the uCW and the surface layer) of 4Sv during the
Fall season. After joining the westward flow of the subtropical gyre, some of this water recirculates south
towards the tropics and then eastwards again via the nNECC and NEUC [Fratantoni et al., 2000].

The cyclonic tropical path forms part of a complex basin-wide recirculation scheme that also includes
upwelling along the eastern tropical edge and subduction along the western subtropical boundary, the so
called subtropical cell (STC) [Zhang et al., 2003; Schott et al., 2004; Hazeleger and Drijfhout, 2006].
Further evidence of this pattern can be found in the mean vertical velocity (Figure 7¢). The uCW of the
naOMZ is influenced by upwelling, largely enhanced near the continental slope likely due to the coastal
upwelling system. North of the Cape Verde Islands, a predominant downward velocity is found related to
the subtropical gyre subduction. It is also important to distinguish the Guinea Dome from the STC, the
former being a much smaller-scale system acting at shallower levels, located further south and directly

driven by the regional cyclonic wind stress [Siedler et al., 1992; Lazaro et al., 2005].

In the ICW, the mean velocity field is relatively weak, with less well-defined circulation patterns than in
the uCW (Fig. 7b), yet two main structures can be detected. The first one is an anticyclonic gyre located
south of the Cape Verde Islands, made up of a well-defined eastward flow at 14°N, flowing from at
least 35°W all the way to the African continent, and a southwestward recirculation reaching as far south
as 10°N. This pattern therefore weakens the direct penetration to the naOMZ of water from the south.

A similar anticyclonic circulation was proposed, from geostrophic calculations by Reid [1994] for the

AAIW layer, located below 627.15. The southward extension of the contour with 20% content of NACW
(Fig. 7b) corroborates that this gyre reaches the Central Water stratum. Furthermore, the existence of a
relatively closed anticyclonic circulation also agrees with the observed standard deviation minimum in

NACW proportion (Fig 4d), indicating the presence of a well mixed water mass, the previously mentioned
SACWecyv [Pena-Izquierdo et al., 2012].

The second ICW structure is the cyclonic recirculation of part of the subtropical waters (with high
proportion of NACW) via a predominant eastward flow centred at 18°N. Part of the water recirculates
northward but some joins the southern anticyclonic gyre through a southward flow along the slope, south
of 18°N. Recent velocity observations during the fall season along the African continental margin [ Peria-
Izquierdo et al., 2012] have observed a similar circulation pattern for the uCW and ICW layers. They
suggest a convergent meridional flow at 22°N in the uCW and divergent at 18°N in the ICW. Thus, south
of 18°N the continental slope current system is made up by an intense PUC in the uCW and an enhanced
southward flow in the ICW, in agreement with the model velocity field. The mean vertical velocity within

the ICW (Fig.7d) also displays a contrasted pattern with respect to the uCW: predominant downwelling/
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Figure 7. Flow patterns in the northeastern tropical Atlantic Ocean as deduced from the climatological ECCO2 annual-mean flow field.
Vertically-averaged zonal velocity (in color) for (a) the uCW and (b) the ICW strata; positive values denote eastward flow. Black contours
denote the Eulerian stream function with 0.1 Sv increments. Green contours represent the averaged NACW proportion within the corre-

sponding layer. (c and d) Analogous plots but for the vertical velocity, with the positive values denoting upward flow. (e and f) Simplified
schemes of the 3D circulation in both layers.

upwelling taking place south/north of the Cape Verde Islands.

The opposite horizontal and vertical patterns in the uCW and ICW strata resemble the stacked meridional
overturning cells scheme proposed by Wang [2005] for both sides of the equator. The upper cell, the so
called tropical cell [Lu et al., 1998] occupies the upper 100 m and is made up by the equatorial Ekman-
driven upwelling, surface poleward flow up to the downwelling band at 3°-4° of latitude, and equatorward
flow in the subsurface. The lower cell, named the sub-thermocline tropical cell [Wang, 2005], has a
weak circulation between 100 and 300m, with a pattern opposite to the tropical cell. Analogously, we
propose for the northern part of the tropical Atlantic, and for larger spatial and temporal scales, a very
simplified arrangement of stacked meridional overturning cells within the uCW and ICW. The upper cell
(Fig. 7e) would correspond to the subtropical cell while the lower one (Fig. 7f) would respond to a lower
subtropical cell with reversed flow direction. No direct observations of the whole system are available,
yet the simplified layered circulation model discussed by Fratantoni et al., [2000] also appears to capture

the opposing vertical velocity fields corresponding to the opposing cells (their Figure 15).

While a detailed understanding of the processes that lead to such a complex three-dimensional circulation
is beyond the scope of this work, we may look for some hints in the structure of the thermocline. The
distributions of the depth and thickness of the uCW and ICW (Fig. 8) suggest the existence of a baroclinic

mode of circulation: those regions with a relatively thick uCW layer have a correspondingly thin ICW
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layer and vice versa. The similarity between the observed circulation patterns and the bottom depth of
each layer suggests that the flow might be approximately represented with a 3.5 layer geostrophic model
(three active layers and a quiescent fourth layer; see e.g. section 4.1 in Xuang, [2010]). The surface layer
would correspond to the layer directly driven by Ekman pumping. The second and third layers would
correspond to the uCW and ICW layers and the fourth layer, formed by deeper waters, would be passive.
Let us call z and z, the depths where we find the bottom of the uCW and ICW layers. According to this
simple geostrophic layered model, the stream function ICW would roughly match with the contours of
constant z, (Figure 7b and 8b). And similarly, the streamlines for the second layer would follow contours
of constant z _ z; since the horizontal gradients of z are substantially larger than those for z, , this means
that the stream lines in the second layer will approximately follow the contours of constant z (Figs. 7a
and 8a). Therefore, the circulation patterns in the uCW and ICW layers display opposite directions, as
expected for a baroclinic mode of oscillation in a layered ocean.

A complementary explanation for these distinct patterns may come from requirements of conservation
of potential vorticity (PV) by water parcels (Figs. 8¢ and 8f). The predominant widening of the uCW
in the naOMZ region limits the transfer of water from the subtropical gyre; In order to preserve the PV,
a southward displacement of a water parcel, thus a stretching, should be balanced by an increase in its

planetary vorticity, i.e. a northward displacement. This is the principle for the existence of the shadow
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Figure 8. Annual-mean depth of the (a) 626.8 and (b) 627.15 density levels, respectively located at the base of the uCW and ICW layers;
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(contours intervals of 5 m). (e and f) Planetary component of the potential vorticity for both the uCW and ICW strata, respectively; green
contours represent the average proportion of NACW.
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zone in the classical theory of the thermocline ventilation [Luyten et al., 1983]. However, the opposite
situation occurs in the ICW; The thinning of this stratum favours the existence of a southward flow,
manifested by the southward deformation of the PV contours and revealing a water transfer from the

subtropical gyre within the ICW.

3.4.2 The Cape Verde Current System

As mentioned before, most of the water supply to the naOMZ is traditionally attributed to the NEUC and
nNECC, both flowing south of 10°N [Stramma et al., 2005, 2008b; Brandt et al., 2010]. While this is
clearly observed in the vertically averaged uCW velocity field (Figure 7a), in the ICW these southern jets
appears not directly connected with the naOMZ. Instead, further north of 10°N, Figure 7b reveals a band
of eastward flow extending as north as 18°N and with a high content of NACW. These flows appear as
major contributors in the ICW supply to the naOMZ, which have not been taken into account in previous
studies.

We may examine these northern flows in further detail by looking at the ECCO2 velocity field across
a meridional section along 25°W (Fig. 9) and comparing it with previous studies. The most notable of
these flows is found at 14°N, clearly visible down to 800 m (Fig. 9a) and extending from 35°W to the
African continent. In the smoothed annual-mean ECCO2 velocity field this current, with velocities of a
few cm s™!, appears as the most pronounced eastward flow north of 5°N. In agreement with the circulation
pattern presented in the previous section, this current at 14°N is predominantly fed in the uCW from
the south with SACW and from the north with a mixture of SACW and NACW in the (Fig. 9b). The
reproduction of this modelled current at 14°N agrees with the averaged velocity field as determined from
several observational studies for the Central Water stratum in this area. Acoustic Doppler Current Profiler
(ADCP) observations along 23°W in July 2006 [Stramma et al., 2008b] show an intense eastward current
at 14°N, reaching 20 cm/s in the uCW and 10 cm/s in the ICW. In the same study, the time-averaged zonal
velocity field deduced from trajectories of autonomous floats drifting at 200 m depth (i.e. in the uCW)
shows peak eastward flow of 5 cm/s again at 14°N. Furthermore, the average zonal flow computed from
several meridional sections, carried out during different seasons between 1999 and 2008 and between
28°W and 23°W [Brandt et al., 2010], displays an intense eastward mean flow at 14°N, exceeding 10
cm/s in the whole CW stratum. Brandt et al. [2010] suggested this current was a recirculation around the
Cape Verde Islands but our results show that it flows all the way from the western Atlantic margin to the

African continent, although it also includes water recirculating from the south.

ECCO?2 also reproduces an eastward current centred at 12°N but only in the uCW and notably linked to
the nNECC flow, thus fed with SACW [Figure 12a]. In this region, between 10°N and 13°N, observations
[Stramma et al., 2005, 2008b; Brandt et al., 2010; Hahn et al., 2014] suggest more flow variability,
yet with preferential westward/eastward paths south/north of 12°N and similar to the ECCO2 mean
field (Figure 9a). North of the Cape Verde Islands, eastward flows are mainly found in the ICW with a



Zonal velocity [cm-s™ ]

26(?/\

Figure 9. Annual-mean (a) zonal
and (b) meridional velocity compo-
nents along 25°W as deduced from
the ECCO2 model. Positive values
denote eastward and northward
flow; contours of 0.02 m s-1 are

Depth [m]

e

-800
0

1 2 3 7 9 10 11 12 13 14 15 16 17 18 19 20 shown with black lines. Thick grey
Latitude [N] . .

lines represent the density levels

Meridional velocity [cm-s ] that confine the uCW and ICW lay-

0 ; ———— 5 ers. The observed NACW propor-

tion is denoted with green contours.
The grey shade corresponds to one

-200
— of the Cape Verde Islands.
E
-.CEL—400 0
@£
o
-600
_800012345 7891011121314151617181920A5

Latitude [N]

high contribution of NACW. In this region there are very few velocity observations. A Lowered ADCP
(LADCP) section along 28°W in summer 2003 displayed a dominant mean eastward flow between 12°N
and 18°N only for the 300-600 m layer (i.e. roughly the ICW stratum) with velocities at 14°N and 17°N
above 5 cm/s [Stramma et al., 2008b], again in agreement with the ECCO?2 results.

The existence of prevailing eastward geostrophic undercurrents far from the equator (north of 10°N), as
calculated using the Argo program 77/S profiles, has been recently reported for the North Pacific Ocean
by Qiu et al., [2013a, 2013b]. These authors mainly found eastward jets below the westward flow of the
subtropical gyre located respectively at 9°N, 13°N and 18°N in the western Pacific margin. The vertical

extension of these jets may reach down to 1000 m, with the upper limit typically varying between 626.0

and 627.0 and shoaling eastwards. These «NEUC jetsy», as Qiu et al., [2013a, 2013b] dubbed them, seem
to be good candidates for the eastward currents observed north of 10°N in the Atlantic ECCO2 field,
though with several significant differences. They almost surface south of the Cape Verde Islands likely
due to the northern location of the Trade Wind Convergence Zone in the eastern Atlantic, as compared
with the eastern Pacific. On the other hand, several current cores with small meridional separation are
found in the eastern Atlantic (25°W), probably related to the presence of the Cape Verde Islands. Since
the NEUC is traditionally used in the Atlantic to refer to the undercurrent at 4°N [Stramma and Schott,
1999], we will refer to all these eastward jets north of 10°N as the Cape Verde Current (CVC) system
and comprised of three defined branches; southern (sCVC) at 12°N, central (CVC) at 14°N and northern
(nCVC) at 18°N.



South of 10°N, the nNECC is also realistically reproduced in the model, located between 8°N and 10°N
and covering most of the thermocline. However, further south, important discrepancies with observations
appear. The most notable is the absence of the Equatorial Intermediate Current within the ICW. The
NEUC is reproduced slightly further south than observed, connecting at 2°N with the North Intermediate
CounterCurrent, that does not seem to occur in the real ocean [Brandt et al., 2010]. These issues are
likely due to the limited horizontal resolution of ECCO2, as high resolution appears necessary to properly
model the intermediate depth equatorial circulation [Duteil et al., 2014]. Nevertheless, Figure 7 and
8 show that the ICW of the naOMZ is weakly linked to this equatorial region so we expect that the

significance of these differences to be likely small.

3.5. Discussion and conclusions

The analysis of a comprehensive 7/ dataset confirms the existence of a permanent abrupt thermohaline
transition at 626.8 (about 300 m depth) in the eastern tropical North Atlantic Ocean. A water mass
analysis reveals the predominance of SACW in the uCW (626.8 to 626.3) and an abrupt increase in the
contribution of NACW when entering the ICW (626.8 to 627.15). The maximum proportion of NACW

(50%) is reached at the core of the naOMZ (at 627.1), where minimal oxygen content is found. Such a
markedly different water mass composition suggests that distinct circulation patterns rule the uCW and
1CW, with a potentially important role of previously unreported water transfer from the well-ventilated

northern subtropical gyre into the naOMZ core.

The vertically averaged velocity field of ECCO?2 in the eastern margin of the Tropical Atlantic is in broad
agreement with the distributions of SACW and NACW. The circulation in the uCW appears embedded
within a broad cyclonic pattern, with the eastward NEUC-nNECC flowing as the southern limb and the
westward NEC as the northern arm of the gyre (Figure 10a), assuring the direct supply of SACW to the
naOMZ. Previous studies have always related this scheme to the local and shallow wind-driven Guinea
Dome [Stramma et al., 2005, 2008b; Brandt et al., 2010]. However, the relatively deep (reaching 300
m) vertical extension of the prevailing cyclonic circulation in the uCW, together with the horizontal
distribution of the ECCO2 vertical velocities, suggest that the water supply in this layer is driven by the
large-scale subtropical cell [Zhang et al., 2003; Schott et al., 2004].

The circulation in the ICW is markedly different from that of the uCW (Figure 10b). On the one hand,
the ICW presents predominant eastward flows around the Cape Verde Islands and westward currents
further south. This pattern sketches a broad anticyclonic circulation in the naOMZ, in agreement with the
predominance of an inner well-mixed water mass variety (SACWcv) [Peria-Izquierdo et al., 2012] and
two distinguishable frontal zones in the southern (SACW-SACWc¢v) and northern boundaries (SACWcv-
NACW) (Fig. 4d). On the other hand, the horizontal distributions in vertical velocities and layer thickness
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Figure 10. Scheme of the average circulation in the northeastern tropical Atlantic in the uCW (left) and ICW (right) layers. The distribution
of the observed proportion of NACW is shown with blue-contours. Major pathways to the naOMZ are highlighted in red.

are also approximately antisymmetric in both layers. All these features have led us to hypothesize the
existence of a lower subtropical cell within the ICW, with an inverse but weaker circulation scheme
compared to the uCW, analogous to the equatorial stacked tropical cells proposed by Wang [2005]. We
suggest that both CW strata may interact through a normal baroclinic mode of circulation that leads to
opposite circulation patterns.

One of the key features in the ECCO?2 circulation system is the existence of a band of subsurface eastward
flows between 10°N and 18°N. These currents, here referred as the Cape Verde Current system, should
also play an important yet unreported role in the water supply to the naOMZ, especially in the supply of
NACW. The existence of such subsurface eastward jets, north of 10°N and below the westward flow of
the subtropical gyre, have also been recently pointed out for the North Pacific Ocean [Qiu et al., 2013a]
and can be identified in earlier velocity observations [Brandt, 2014].

The existence of the proposed inverted cells emerges as a suggestive approach for the study of world
OMZs. The substantial interannual and decadal variability of these cells [Schott et al., 2008] emerges as
one of the major causes of the observed oxygen anomalies during the last decades in the world OMZs
[Deutsch et al., 2014, Ridder and England, 2014].






Chapter IV

A Lagrangian point of view

This chapter is the second part of the work Pefia-Izquierdo J., E. van Sebille, J.L. Pelegri, J. Sprintall, E. Mason,
P.J. Llanillo and F. Machin. 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
prevailing upward/downward vertical flux of particles within the faster/slower upper/lower layer, leading
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 10°N in this layer, mainly via both the Cape Verde
Current (along 14°N, 30%) and flows recirculated from the northern subtropical gyre (30%).



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 I1I has presented a rather novel description of the naOMZ circulation with two markedly distinct
vertical dynamic domains: the upper and the lower Central Water (uUCW and ICW respectively). The
uCW (between density levels 6,=26.3 kg m™ and 6,=26.8 kg m”) exhibits a strong connection with the
tropical system of jets south of 10°N and thus a predominant contribution of SACW. The ICW (between
density levels 6,=26.8 kg m” and 6,=27.15 kg m”) 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].

The large-scale circulation based on Eulerian time-averaged fields, as presented in Chapter III, is a

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
626.5 (upper) and o©27.1 (bottom).
This levels present the lowest oxygen
content of the naOMZ within the u~CW
and the ICW respectively. Contours of
30%, 50% and 80% are shown with
black lines. Climatological oxygen
content [umol kg' ] from the annual
WOCE atlas [Gouretski, V. and Kolt-
ermann, 2004] is shown in white con-
tours. 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. [2013] found that diapycnal fluxes supply
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
addition to the mean flow, the seasonal variability, the mesoscale eddy field and the diapycnal diffusion;
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
II1, and the water mass composition as deduced from the Lagrangian pathways, shall provide a consistent
validation of the results.

4.2. Data and methods
4.2.1 The velocity field

The numerical velocity field to run the Lagrangian experiment is the ECCO2 assimilative product already
used in Chapter III. The horizontal resolution of the simulation is a 1/4 of degree, with 50 vertical levels,

spanning 20 years from 1992 to 2011 with a temporal resolution of 3 days. Two different velocity fields will

be used to describe the processes that lead to the thermohaline transition at 6,=26.8 kg m” (626.8). On a
first and simplified case, we will use a fully isopycnal two-dimensional (2D) field computed by vertically
averaging the original ECCO2 horizontal velocities over 0.05 kg m™ density layers. The Lagrangian
advection within this 2D field will always follow isopycnal surfaces and the vertical velocity is therefore
solely related to the isopycnals’ slope. Second, we will use the original three-dimensional (3D) ECCO2
velocity field. The comparison between outcomes from both velocity fields allows distinction between
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
fluxes in OMZs, as it has been argued that they may account for up to one-third of the total oxygen supply
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



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
lead to an artificial diapycnal flux [Griffies et al., 2000].

On the other hand, the eddy-permitting, but not fully-resolving, ECCO2 velocity field may underestimate
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
small-scale dispersion, sub-grid diffusion will be artificially added in the computation of the Lagrangian

trajectories as proposed by Déos et al. [2011] and briefly summarized below.

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
package is that it allows adding of artificial eddy diffusivity to simulate dynamics with a smaller spatial
scale than the model grid resolution. This artificial turbulence is here parameterized by adding a stochastic
impulse (/) each time-step particles are advected. As in Doéds et al. [2011], this impulse consists of
an extra horizontal velocity parameterized according to , where K is the horizontal eddy diffusivity
coefficient, df is the time step, and 7 is a random number between -1 and 1 from a Gaussian distribution.
In our case, with a 1/4° horizontal resolution model, we tested 0, 50, 100 and 1000 m? s”!, and the best
fit to observations (section 4.3.1) corresponded to m? s for the original 3D velocity field. This value is
in agreement with Ddés et al., [2011] who obtained m? s as the best fit between the dispersion of real
ocean surface drifters and virtual particles within a 1/4° 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
complexity, corresponding to the 2D and 3D velocity fields with and without a subgrid scale diffusion
of m?s™. Specifically, we will compare the outcomes from the following four simulations: 2D isopycnal
velocity field without subgrid-scale diffusion (ISO-KO0); 2D isopycnal velocity field adding subgrid-scale
diffusion (ISO-K100); original ECCO2 3D velocity field with no diffusion (3D-KO0); and the 3D velocity
field with added subgrid-scale diffusion (3D-K100). In particular, the contribution of the diapycnal fluxes
to the water supply will be assessed by comparing the ISO-K100 and 3D-K 100 simulations.

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,



the available 20-year numerical simulation is therefore looped in the same way as in van Sebille et al.
[2012, 2013]. The release region for the virtual particles, hereafter defined as the naOMZ box, is located
between 9°N and 17°N and east of 22°W (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 60°W to 0°) and from the southern
hemisphere to beyond the southern edge of the North Atlantic Subtropical Gyre (from 5°S to 30°N). In
each experiment, a total of 170,000 virtual particles are randomly seeded every 15 days during the first
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.
Specifically, the analysis of the origin of all particles ending in the naOMZ should be comparable with
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

model velocity fields from which they are derived.

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
(LSF). Analogous to the standard (Eulerian) stream function, which accounts for the flux between
neighbouring points at any given time, the LSF accounts for the net number of particles (or trajectories)
that flow between two grid points throughout the entire simulation. However, it is important to note
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.

To compute a stream function, the flow should always be non-divergent. In the case of a LSF, this means
that trajectories should start and end out of the domain. The summation of the latitudinally flowing
particles is carried out along parallels, moving east from the western boundary and considering as
positive (negative) counts those particles that move north (south), i.e. particles always flow with larger
LSF values to the right. We have also taken the zero LSF reference value at the south-western grid point

of the domain. These definitions means that the sign of the LSF is related to the origin of the trajectories;



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
a specific pathway. For further details about the LSF computation, the reader is referred to Blanke et al.,
[1999] or Doés et al., [2008].

In chapter III we have shown that the thermohaline transition observed at 626.8 is a permanent feature
of the northeastern Tropical Atlantic. Such a marked and persistent hydrographic footprint requires a
continuous generating mechanism. We suggest that the u~CW and ICW 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
developing and erasing processes, we use three of the Lagrangian simulations: isopycnal velocity field
and no added subgrid-scale diffusion (ISO-KO0), 3D velocities but no added subgrid-scale diffusion (3D-
K0), and 3D velocities together added subgrid-diffusion (3D-K100) (see section 4.2.2).

Figure 2 compares, for all three simulations, the mean vertical profile of the observed proportion of
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 5°S and 30°N. This implies that particles of southern and northern origin respectively
come from south of 5°S and north of 30°N. This criterion is potentially too restrictive, as SACW/NACW
presents a contribution above 80% south/north of 6°N/20°N (Fig. 4 in chapter III). Therefore, we could
alternatively assign a SACW/NACW fingerprint to those particles arriving to the naOMZ from south/
north of 6°N/20°N. Hereafter, we will distinguish between particles arriving from south/north of 6°N/20°N
and the more restrictive definition of particles of southern/northern (5°S/30°N) origin. Notice that, with
the less restrictive definition (6°N/20°N), a trajectory starting south of 5°S but flowing between 20°N and
3°0N within the northern subtropical gyre before entering into the naOMZ will be considered as a 20°N
particle despite its southern origin. For comparison, Figure 2 shows the profiles following both criteria
in each simulation. The two profiles agree in general although, as expected, the 6°N/20°N is closer to the

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 626.8 for all simulations,
in agreement with observations. However, the transition in the vertical profile is especially abrupt in the

isopycnal simulation (ISO-KO, Fig.2a), with a roughly constant 10% contribution of 20°N particles all

above 626.8 but a marked increase just below, reaching 63% at 627.1. This unrealistic abrupt transition
between the uCW and ICW is likely due to the neglect of diapycnal fluxes. Nevertheless this also points

to the markedly distinct dynamics that rule the isopycnal circulation in each layer.

The LSF clearly shows different patterns between the uCW and ICW for the ISO-KO case (Figure 3a
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Figure 2. Comparison between the mean observed vertical profile of NACW within the naOMZ box (black line) with the one
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 dur-
ing 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
along the American continent via the North Brazil Current and then retroflect east to feed the EUC at 0°N
and the NEUC at 4°N. East of 40°W, northward branching of these jets joins the nNECC flow at 8°N.
In the same manner, the nNECC also branches successively northward to enter into the naOMZ mostly
within a broad latitudinal band between 10°N 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
in the western margin, retroflecting east from the southwestward subtropical gyre flow, in agreement
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.

For the ICW, the LSF computed from the ISO-KO0 simulation (Fig 3b) displays three main differences in
comparison with the uCW. The first one, as previously shown in Figure 2a, is the notable contribution of
northern origin particles. They retroflect eastwards south of 20°N in to the north branch of the Cape Verde
Current (nCVC), just north of the Cape Verde Islands, from the main southwestward flow of the eastern
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
origin particles. They enter into the tropical North Atlantic also via the NBC and retroflect to directly
feed the nNECC at about 8°N. Virtually all southern origin particles leave the nNECC before 30°W,
branching north into a progressively narrowing band of eastward flow. This occurs just south of 15°N in
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 ICW 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 ICW (bottom
panel). Simulations are from the ISO-KO (left panels), 3D-K0 (middle panels) and 3D-K100 (right panels) runs. The LSF is
normalized by the total number of particles per layer, i.e. increments between contours refer to the proportion of particles that
flow in between, with LSF values increasing to the right of the flow. The zero reference LSF is selected in the south-western
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 30°W and south of 10°N.

Finally, the third difference between the uCW and ICW 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
enter in to the tropical North Atlantic, via the NBC across the equator and via the southwestward flow of
the NEC between 20°N and 25°N 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 ICW. The isopycnal simulation
suggests that the time scales is 3-4 times longer in the ICW than in the uCW. The advection times show
a notable disconnection within the ICW, between the naOMZ and the region lying just south, with transit

times over 50 years for a distance shorter than 3° of latitude (Fig. 4b).

4.3.3 Water mass pathways: 3D-K0

When Lagrangian particles are allowed to change their density level along their trajectory (3D-KO0), the
abrupt vertical transition between the uCW and the ICW 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.
Part of the particles originally in less dense levels, thus with a predominant southern origin, will finally
end within the naOMZ at more dense levels, explaining the reduction of northern influenced particles in
the ICW. This feature is also noticeable in the LSF of the ICW layer (Fig. 3d): the pathways followed by
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Figure 4. Density of particles (in color) found within 0.5°x0.5° horizontal bins during the whole duration of each simulation
for the uCW (top panel) and the ICW (bottom panel) strata. Simulations are from the ISO-KO (left panels), 3D-KO0 (middle
panels) and 3D-K100 (right panels) runs. The advection times to the naOMZ box (white-edged box) are displayed with blue
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 ICW of the naOMZ now resemble those followed by the uCW particles. In this
simulation roughly 30% of all ICW particles reach the naOMZ directly from the nNECC (south of 10°N)
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 ICW 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 u~CW are only slightly
modified with respect to the ISO-KO simulation. This asymmetry in the vertical transfer of particles

between the two layers will be described in detail in section 4.3.5.

On the other hand, the diapycnal diffusion in the 3D-K0 simulation underestimates the contribution of
northern particles, especially in the ICW. 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
adding horizontal subgrid-scale diffusion to the model trajectories (3D-K100 simulation, see Methods).
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Figure 5. Water supply
across the naOMZ control
section in the 3D-K100 sim-
ulation. (a) The normalized
density of inwards particles
(colored) is compared to the
along-section proportion of
observed NACW (blue con-
tours). (b) The normalized
local (solid lines) and along-
section cumulative (dashed
lines) inflow of all particles
is represented in different
color for different levels and
layers (see inset legend);
similarly (c) for 30N parti-
cles. (d) Average advection
times (in years) between
the time particles cross the
naOMZ control section and
the time they reach their
seeding location; for com-
parison, the contour of 0.05
units of the density of in-
wards particles (displayed in
a) is shown with black line.
The control section is dis-
played in Figure 3.

The added diffusion enhances the proportion of northern particles, and is remarkably similar to the

observational profile (Fig. 2¢). The added horizontal diffusion has two main effects. First, it leads to

a substantial increase in the water transfer from the northern subtropical gyre across the frontal zone,

particularly in the ICW where the main flow is sluggish. The added diffusion increases the number of

northern origin particles leaving the subtropical gyre and entering the naOMZ via the eastward flow of
the nCVC just south of 20°N (Fig. 3f), as also seen in the ISO-KO0 simulation. The second effect is to

Table 1. Contribution (%) of the different flows to the water mass supply (WM) of upper Central Water (uCW) and lower
Central Water (ICW) to the naOMZ across the control section* (see section 4.4)

NEUC/  yNECC 12°N 14°N 16°N 18°N 20°N
NICC
— uCW | 32(43) 24(31) 22(16) 17(18) OL(00) 01(00) 03 (02)
ICW | 18(27)  09(14)  14(10) 29(16) 10(08) 09(11)  11(14)
R uCW | 00(00) 00(00) 01(01) 03(02) 00(00) 00(00) 03 (02)
t ICW | 00(00) 01(02)  03(04) 10(09) 05(05) 08(09) 11(14)

* Respective contributions within the uCW and ICW (the values in parenthesis correspond to the 626.5 and 627.1 levels).
nWM refers to the proportion of the total flow formed by northern origin particles (Fig. 5¢). Bold numbers emphasize those
flows with the highest contributions.



strengthen the northward transfer from the NEUC and nNECC, contrary to that of the ISO-KO case. As a
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

regions (Fig. 1) and thus a more efficient ventilation of the naOMZ.

A more detailed vertical description on how the water supply to the naOMZ takes place is presented in
Figure 5. It shows, for the 3D-K100 simulation, the inflow of particles across a control section located
3° 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
3D-K100 simulation may also be used to calculate the fraction of NACW that enters the naOMZ box at
different levels. This supply is calculated as the observational proportion of NACW at the location where
each particle enters the box, and then summing these contributions from all arriving particles. The profile
of this NACW supply (green line in Fig. 2) fits the observations remarkably well in all simulations,
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
location where the particles enter the box, permits further confidence in the model velocity field, i.e. if
the entry pathways were incorrect then the NACW supply would differ from the proportion of NACW
observed within the naOMZ box.

Several inflows are clearly distinguished in Figure 5a and their contribution to the total supply is
summarized in Table 1. Within the uCW, the shallow northward branch from the NEUC and the direct
inflow of the nNECC are the major contributors (56%), with only a minor inflow arriving north of the
Cape Verde Islands (5%). For the ICW, the water supply is more northerly: the combined contribution
of the NEUC and nNECC is halved (28%), a pronounced maximum inflow occurs via the CVC at 14°N
(29%), and the inflow north of the Cape Verde Islands (30%) mainly via the nCVC. At the core of the

naOMZ (627.1), a major contributor (27%) is the northward flow arriving from south of 6°N; since the
ISO-KO0 simulation shows a negligible inflow south of 6°N, the conclusion is that this inflow is primarily
driven by diapycnal fluxes and enhanced eddy diffusion. Nevertheless, the zonal flow north of the Islands
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
that the contribution of 20°N particles reaches up to a 45% at 627.1 (Fig.2c¢), in comparison with the 50%
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.



Figure 6. (a) Potential density dis-
tribution for five sets of particles
(each set corresponds to a different
color) as observed 1 and 10 years
(dashed and solid lines, respective-
ly) before they reached the naOMZ.
Particles within each set end their
trajectory in the one selected den-
sity level (626.3, ©26.5, 626.7,
626.9 and 627.1). (b) Cumulative
distributions with circles high-
lighting the proportion of particles
with densities smaller than the final
density level. Note that more (less)
than 50% of the particles ending at
573 273 a specific density levels above (be-
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4.3.5 Diapycnal component

The changes in the pathways for the ISO-K0 and 3D-K0 simulations indicate a remarkable role of the
diapycnal motions in the renewal and vertical redistribution of the naOMZ water mass, especially within
the ICW. 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,

however, there are significant net upward or downward deformations (Fig. 6a). Particles ending in the
upper levels of the naOMZ, above 626.7, come mainly from higher densities thus pointing to upward

diapycnal velocities (Fig. 6b). And conversely, below 626.7, particles mostly have a lighter density
origin, i.e. downward diapycnal velocities. This contrasting behaviour within the uCW and ICW 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
time of the average density of a subset of particles that end in a specific density level (Fig. 6b). We may
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 +4.1x10!° kg m™ s! in the upper levels and -1.8x10
10 kg m? s! 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 626.9 was determined to be +1.5+2.7x10° kg m™ s’!, slightly smaller but of the same
order of magnitude as our estimates. This result suggests that the net diapycnal supply deduced from the

Lagrangian simulation is not grossly biased by spurious diapycnal mixing. Therefore, this diapycnal flux
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Figure 7. Results from the ISO-K 100 and 3D-K 100 simulations (blue and red lines, respectively). (a) Temporal increase in the
proportion of particles as they fill the naOMZ control section (shown in Figure 6) for three different final density levels; when
the proportion of particles reaches 100% the naOMZ is assumed to be completely renewed. (b) Number of years required to
fill the control section at the 30, 50 and 70% levels, as a function of the final density level. (¢c) Mean vertical profile (solid line)
of the diapycnal flux contribution to the renewal of the naOMZ (fdia, see text); positive/negative values represent enhanced/
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.

The exchange of particles between distinct density levels (Fig. 6) points out that diapycnal fluxes should
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
by comparing the Lagrangian simulations with and without diapycnal fluxes (3D-K100 and ISO-K100).
The only difference between the two outcomes will respond to the diapycnal fluxes. A first step is
computing the function, n(z), 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 ICW (blue lines in Figure 7b).

The inflow of particles towards the naOMZ is given by the change of n(?) in time, F(t)=dn/dt. We
may then compute the purely isopycnal inflow, F, (1), obtained from the ISO-K100 simulation and the
isopycnal+diapycnal inflow, F, (?), from the 3D-K100 experiment. The effect of diapycnal fluxes in the
water mass renewal of the naOMZ is quantified as f, = F, /F, = (F, -F _)/F, .

Figure 7c shows the average vertical profile of f, . Below 626.7, f, is positive because a large

proportion of particles ending in these levels come originally from lighter and swifter levels (Fig. 6b). As



a consequence of this prevailing downwelling, the water supply to the naOMZ is enhanced about 10-20%
within the ICW. 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 ICW with renewal times two to three times smaller. This is attained
through the more efficient water supply ascribed to the Subtropical Cell [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 ICW 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 10°N through the Cape Verde Current system, the
main contributions being the CVC at 14°N (29%) and the further north flows related with the nCVC fed

with waters recirculating from the northern subtropical gyre (30%).

In contrast with previous Eulerian studies, the Lagrangian description simultaneously incorporates
the seasonal variability, the diapycnal exchange, and the mesoscale eddy-field. Thus, the comparison
of different Lagrangian simulations of increased complexity allows isolating the contribution of the
isopycnal/diapycnal fluxes and the model subgrid-scale eddy diffusion to the water supply. While the
markedly distinct isopycnal circulation patterns of the uCW and ICW lead to the abrupt thermohaline

transition at 626.8, the diapycnal fluxes smooth this transition through the interlayer exchange of particles.
Furthermore, the Lagrangian simulations reveal prevailing diapycnal velocities of opposite sign within
each layer. This fact is especially relevant within the sluggish ICW, where downwelling (from shallower
and faster to deeper and slower density levels) prevails along the trajectories, enhancing the water supply
by up to 20%. This result points to the significant role that diapycnal fluxes play in the water renewal of
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
field. In our case, the non-fully eddy resolving ECCO?2 field is unable to correctly reproduce the water
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
profiles. A major consequence of this added diffusion is the reduction of the water renewal times (by
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.



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 626.8, i.e. in the u~CW
stratum. In contrast, within the ICW a weak but significant southward pathway exists from the subtropical

North Atlantic to its shadow zone, with major implications for the oxygen supply to the naOMZ.






Chapter V

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 observa-
tions 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
when the northward flow is maximum and, thus, the ventilation of the naOMZ is more intense, occur-
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

order to discern the exchange between the tropical and subtropical regimes.

In chapter 111, the picture presented in the previous chapter is extended to the annual climatological mean
for the whole naOMZ. This is attained, firstly, through the generation of a new dataset with historic tem-
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 analy-
sis. Secondly, a numerical model is used to unveil the circulation pattern that leads to this water masses
distribution. A good agreement is observed between both the observational and numerical velocity fields

provided in chapters II and III.



The water mass pathways to the naOMZ are computed in chapter IV through several Lagrangian simu-
lations that include the long spatio-temporal scales dynamics described in the previous chapters. Four
distinct simulations of distinct complexity are performed in order to describe and quantify the role played
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 ve-
locity field through the comparison between the observational and the trajectory-inferred water mass
composition of the naOMZ.

The main scientific contributions arising from this dissertation follow:

* The origin of the remarkable vertical thermohaline transition at sigma0 26.85 (roughly 300 m depth) is
confirmed with direct velocity observations: A predominant northward flow of SACW is observed above
sigma0 26.85 while a southward current transporting NACW influenced waters is detected below this
density level.

* The northward flow above sigma26.85 is comprised by the Mauritanian Current (MC) at the surface
layer (sigma<26.46) and the Poleward UnderCurrent (PUC) at subsurface (26.46<sigma<26.85). Direct
velocity (ADCP) measurements give a maximum total transport of 2.7 Sv for the MC+PUC system (1.7
Sv + 1 Sv) south of the Cape Verde Frontal Zone off Cape Blanc. A northward flow of 1.7 Sv (1 Sv+ 0.7
Sv) is still observed at 24°N, well beyond the frontal zone, highlighting the role of the MC and the PUC

in the large-scale return flow of the Meridional Overturning Circulation.

* In contrast, a southward transport of 0.8 Sv is observed below sigma 26.85 south of Cape Blanc with
an important signal of NACW. Although a southward flow of 0.5 Sv is still observed at 24°N, this current
does not appear to continuously extend along the continental slope directly linking the subtropical gyre
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
(SACWcv), a mixture of SACW and NACW but with oxygen exhausted after the long residence time
characteristic of the naOMZ.

* The analysis of the historic temperature-salinity dataset shows that the vertical thermohaline transition
extends over the whole North Atlantic shadow zone, pointing to different water dynamics above and
below sigma 26.8.

* The water mass analysis for the eastern tropical North Atlantic shows that the frontal zone between
SACW and NACW is well-defined and northward tilted in the uCW (26.3<sigma26.8<26.8) while it is



tilted southward in the ICW (26.8<sigma0<27.15), unfolding into two branches associated with the en-
countering of pure SACW with SACWcv at 10°N and of pure NACW with SACWcv at 20°N.

* The shadow zone thermocline is completely made up of SACW within the uCW while there is a 50%
contribution of NACW within the ICW, at the core of the naOMZ (at sigma 27.1), where minimal oxygen
content is observed. This result implies a remarkable link between the subtropical gyre and the shadow

zone at the ICW and thus a relevant, previously unaccounted, supply of oxygen to the naOMZ.

* The annual mean velocity fields deduced from the ECCO2 numerical circulation model show a mark-
edly different circulation for the uCW and the ICW of the shadow zone. The flow within the uCW is gov-
erned by the broad cyclonic circulation of the subtropical cell (STC) that includes substantial along-path
upwelling. Below sigma0 26.8, the modelled velocity field suggests the existence of a lower subtropical
cell within the ICW with an inverse but weaker circulation as compared to the uCW, i.e. an anticyclonic
flow pattern and predominant downwelling. This contrasted scheme of circulation ensures the supply of
pure SACW to the uCW while an increased contribution of NACW in the ICW, in agreement with the

previously presented observational velocity fields and water mass distributions.

* 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., 2007, Deutsch et al., 2014],
highlights the importance of our results for an improved understanding of the temporal evolution of the
naOMZ.

* One key element in this model-inferred shadow zone circulation is the existence of a broad band of
eastward flows located between 10°N and 20°N, at latitudes just below the westward flowing NEC, as
also reported in the Pacific Ocean from observational studies (Qiu et al. 2013a, 2013b). These flows, here

referred as the Cape Verde Current system, appear to be the major water supplier to the shadow zone.

* 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
velocity field.

* The Lagrangian simulations also allow computing the exact contribution of each pathway to the naOMZ.
In the uCW, most of the water supply (56%) occurs south of 10°N, directly linked to the northward
branching of the NEUC and to the nNECC, with a predominant contribution of southern origin particles.
In contrast, in the ICW, more than two thirds of the total water supply takes place north of 10°N, mainly
via the Cape Verde Current at 14°N (29%) and via the direct recirculation of waters from the subtropical
gyre, north of the Cape Verde Islands (30%).

* Both the observational data and the numerical model confirm the transfer of mass from the subtropical



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 ICW 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
a 10% weakening of water supply to the naOMZ; in contrast, the prevailing downwelling within the ICW
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 contribu-
tion 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

the subtropical gyre and the northward flux from the equatorial region.



Conclusions and future research
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Appendix



Omptimum Multiparameter analisis

The Optimum Miltiparameter analysis (OMP) used in Pastor et al. [2012] aims to solve the following
inex == eabs +R6

inSi = Sabs + RS

i
in(P04)f = (P04)obs+RPo4

obs + RS:'O4

Sx,(Si0,), = (Si0y)
3x(0,); = (03) 4+ Ro,

in:l

i
linear system of mixing equations for each water sample:

where 0;, Sj, (PO4);, (SiO4);, and (O7); are the values for each source water mass and 0, pg, Spps, (PO4)
obs> (5i04) s, and (02),ps 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 (W) are calculated following Tomczak
and Large [1989]:

where o is the standard deviation of the water type matrix for variable j, a measure for the ability of
variable j to resolve differences in water mass content; and 8;ax is a measure of the environmental
variability of the variable j that characterizes the water type, here estimated as the largest variance in
variable j for the definition of any water type. Weights are then normalized to temperature, i.e., a weight
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.

An essential component of OMP is the definition of the water type matrix. We follow the approach of
defining values in the vicinity of the study region rather than in the remote areas of water mass formation.
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
we expect to minimize these remineralization effects. We will nevertheless have to check 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
og = 27.14, is dominated by the central water masses of northern (NACW) and southern origin (SACW).
Here we have used the 6-S characteristics that Tomczak (1981) defined using hydrographic data from the
region 20 to 26°N. Due to their formation process, the 0-S relationship for central waters is defined by
a straight line (Mamayev 1975). Therefore, in order to characterize a central water mass in the cg range
26.46-27.14, we require two source water types; i.e., for each water mass we need upper (U) and lower



0 (°C) s PO, (umol L) 8i0, (umol L) 0,(mL LY

NACWy, 18.65 36.76 0.25 0.36 4.60
NACW 11.00 35.47 1.05 5.65 3.66
SACWy 15.25 35.70 1.41 6.92 1.08
SACW,_ 9.70 35.18 1.94 14.08 1.20
SACW* 12.08 35.27 1.62 9.31 1.44
AATW 6.50 34.90 202 22.55 221
MW 11.74 36.50 0.67 7.20 4.42
NADW 2.50 34.94 1.40 34.80 5.71
Weight 1.00 0.86 0.21 0.14 0.15

Table 1. Source water mass values used in the optimum multiparameter analysis for potential temperature (0), salinity (S), phosphate (PO4),
silicate (SiO4), and dissolved oxygen (O2). NACW: North Atlantic Coastal Water; SACW: South Atlantic Central Water; SACW*: South
Atlantic Central Water of tropical origin; AAIW: Antarctic Intermediate Water; MW: Mediterranean Water; The upper (U) and lower (L)
end members are indicated

(L) end members (NACWyj, NACWT,, SACWyj, SACWY).

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
minimum and oxygen maximum. This variety, here named SACW*, has been previously identified as
a regional SACW variety from the tropical region [Fraga F., 1974; Voituriez and Chuchla, 1978]. The
0-S characteristics for SACW* have been defined using those southern stations that display a salinity
minimum in the central water mass layer.

Two water masses are found at intermediate layers: MW and AAIW. The 0-S values for MW have been
derived from the World Ocean Circulation Experiment (WOCE) Hydrographic Climatology [ 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 49°N and from the coast
to 1500 km offshore. For the AAIW we used a modified type defined by Fraga et al. [1985] at about
20°N, a variety that was also employed by Perez et al. [2001] to study the regional water masses.

Having assigned the 0-S characteristics of the source water types, we determined their nutrient and
dissolved oxygen characteristics using stations in our data set that closely match each source water type
0-S definition. The same data from the WOCE climatology has been used for the MW.

Hence, seven source water types are identified in the study domain: NACWyj, NACW7,, SACWyy,
SACW[, SACW*, MW, AAIW. However, from the available variables a maximum of six source water
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 21°N, 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
NACWy, NACW[, SACWy, SACW[, SACW*, and MW, to conclude that the 21°N latitude sets a
clear boundary between SACW* and MW in the upper part of the water column; i.e., neither MW is
found south of this latitude nor SACW* north of it.



Appendix

Group 1 Group 2
Latitudes >21°N <21°N
Ty 26.46-27.32 26.46-27.32
Water types NACW,, NACW, NACW,, NACW,
SACWy SACW, SACW,, SACW,
AATW MW SACW=* AATW

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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