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ABSTRACT

Inorganic nutrients increase with depth as a result of the enhanced remineralization of organic matter with
aging waters (the time since they were last near the sea surface), and the opposite happens with dissolved
oxygen (except within the saturated surface mixed layer). In the Canary Current Large Marine Ecosystem
there is also a marked latitudinal gradient, with the Cape Verde Front separating relatively nutrient-poor
and oxygen-rich subtropical waters from the nutrient-rich and oxygen-poor tropical waters. Along a
latitudinal band off North-West Africa, coastal upwelling brings the subsurface waters towards the sea
surface, locally raising the inorganic nutrient levels. This becomes an important lateral source to both gyres,
especially to the nutrient-poor subtropical one, taking place through lateral mixing (mainly as a result of the
instability of the coastal-upwelling baroclinic jet) and localized coastal filaments (in those regions, typically
capes, where the coastal flow converges and offshore advection takes place). In the southernmost portion
of our domain, within tropical waters, there is also high (wind-induced) offshore primary production. This,
together with the slow ventilation of the subsurface waters, leads to much enhanced remineralization,
producing a region with very low oxygen and high inorganic nutrient levels, the oxygen minimum zone of
the North Atlantic Ocean.

Keywords: Cape Verde Front * Inorganic nutrient supply * Biogeochemical processes * Spatial distributions *
Oxygen minimum zone * Canary Current Large Marine Ecosystem * Northwest Africa
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4.1.1. INTRODUCTION

The temporal and spatial distribution of inorganic nutrients (IN) and dissolved oxygen (DO) in the ocean
responds to the combined effect of physical and biogeochemical processes. Within the surface euphotic
layer, primary production (PP) is limited by the availability of sunlight and IN — if the irradiance exceeds
some minimum threshold, the higher the flux of IN the higher the PP, hence restraining the maximum IN
concentration. The surface waters are typically DO-saturated, as a result of the equilibrium in the partial
pressures of oxygen across the air-sea interface — the greater the water temperature, the larger the
saturated DO concentration. Within surface waters, as a result of high PP, the concentration of DO may
exceed its saturation value.

Below the euphotic depth — in practice meaning below the surface mixed layer and the seasonal
thermocline — respiration generally exceeds PP. As a result, organic matter produced at the sea surface gets
remineralized in the subsurface layers, along the trajectory of water parcels, and the concentration of IN
and DO arises from the interplay between the rate of water supply (bringing upstream concentrations of
IN, DO and organic matter) and the local rate of remineralization (which depends largely on water
temperature). Therefore, the concentration of IN and DO in subsurface waters reflects both
biogeochemical (original IN and DO concentrations at the surface formation regions, the amount of organic
materials in these surface waters, and the remineralization processes along the water path) and
hydrodynamic (the way the subsurface layers connect to the surface ocean, and the patterns of circulation
within the subsurface layers) processes (Fig. 4.1.1).

We begin this article by briefly reviewing how the dynamics of the Canary Current Large Marine Ecosystem
(CCLME), together with air-sea exchange and biogeochemical processes, influences the distribution of IN
and DO. Afterwards, we continue with a description of the IN and DO spatial distributions, both as
horizontal and vertical maps and property-property diagrams, and end up briefly discussing the relevance
of the different physical and biogeochemical processes within the CCLME.

4.1.2. PHYSICAL AND BIOGEOCHEMICAL DOMAINS

The CCLME has three well differentiated hydrographic regions: the North Atlantic subtropical gyre (NASG),
the north-eastern extension of the North Atlantic tropical gyre (NATG), and the upwelling region off North-
west Africa (NWA) (Pelegri and Pefia-lzquierdo, 3.3 this book). The dynamic differences among these
regions set distinct biogeochemical domains.
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Figure 4.1.1. Schematics of the main processes affecting the distributions of IN and DO in the CCLME, with
the isopycnals (black lines) and the main fluxes (advective, solid arrows; diffusive, dashed arrows); the
horizontal yellow lines emphasize the role of stratification to inhibit the vertical fluxes.

The NASG is an anticyclonic (clockwise) gyre, constituted by upper-thermocline North Atlantic Central
Waters (NACW), with a very intense western boundary current (Gulf Stream) and a much weaker eastern
boundary flow (Canary Current system). The anticyclonic flow causes the isopycnals to sink towards the
central-western part of the gyre, restricting the connection between the subsurface layers and the
euphotic zone; the gyre reaches down to about 600-700 m in the eastern margin and 1000 m in the
western margin. Most important, the gyre is a region of water subduction: the sea-surface winds change
from intense easterlies at low latitudes to intense westerlies at high latitudes, causing the surface Ekman
transport to be convergent and the surface waters to penetrate (subduct) into the subsurface layers
(Stommel, 1979; Luyten et al., 1983). The subsurface waters are brought back to the sea surface along the
western limb of the gyre, associated with the Gulf Stream and its northern extension (North Atlantic
Current), or through relatively slow vertical mixing and boundary upwelling processes. This has two major
consequences. First, the surface NASG is an oligotrophic zone. The interior of the gyre is a very low PP
region, with shallow subsurface waters having very low nutrient levels except intermittently, near its
boundaries, because of lateral inputs through mesoscale activity and thermohaline intrusions. Second, the
deeper subsurface layers of the gyre are connected to the sea surface at its margins; in particular, surface
to subsurface advection takes place at high latitudes of the northern North Atlantic Ocean, in regions with
very high seasonal PP (the spring bloom of the North Atlantic). These surface waters are loaded with
organic matter which, after subduction, becomes progressively remineralized and lead to the North Atlantic
nutrient- bearing stratum. The deeper the subsurface layer, the higher the nutrient level, up to a maximum
located in those layers that outcrop near the loci of maximum westerly winds (approximately defined by
the 10°C isothermal); further north the surface waters do not subduct (Sarmiento et al., 1982; Kawase and
Sarmiento, 1985).
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At latitudes less than Cape Blanc, we find a poorly ventilated upper-thermocline: the shadow zone of the
NASG (Luyten et al., 1983), a shallow upper-thermocline (down to about 500 m) which is not directly
reached by waters of subtropical origin. As a consequence, this region becomes a north-eastern extension
of the NATG, occupied by relatively old South Atlantic Central Water (SACW); the boundary between the
NACW and SACW constitutes the Cape Verde Front (CVF) (Zenk et al.,, 1991), stretching approximately
between Cape Blanc and the Cape Verde Islands (15°N-17°N). Because of their old age and the influence of
intermediate waters originating in the southern ocean, SACW is distinguished by relatively high IN and low
DO concentrations. Additionally, during summer the southern part of this region (between about 8°N and
13°N) experiences wind-induced surface divergence which leads to offshore upwelling. The result is the
Guinea Dome, the main supplier of nutrients to the euphotic zone (Pastor et al., 2013). During boreal
winter the dome weakens but is accompanied by a narrow band (typically less than 100 km) of shallow
(down to about 100 m) coastal upwelling (Pelegri and Benazzouz, 3.4 this book). The high levels of PP in the
Guinea Dome and coastal upwelling regions, together with their low ventilation rate, cause high rates of
remineralization and accentuate the characteristics of the SACW, leading to the appearance of a DO
minimum and IN maximum zone (Karstensen et al., 2008; Stramma et al., 2008).

The upwelling region off NWA is the result of the year-long northeasterly winds (Pelegri and Benazzouz, 3.4
this book). These winds induce offshore surface transport which, together with the coastal constraint,
brings nutrient-rich subsurface waters to the euphotic zone and gives rise to a coastal band of enhanced PP
— the coastal transition zone, typically extending about 2-4° offshore from the continental slope (Barton et
al.,, 1998). Other consequences are the rising of the isopycnals towards the sea surface, leading to the
coastal upwelling front with its associated alongshore current (Canary Upwelling Current, CUC), and the
creation of alongshore pressure gradients, which sustain the Poleward Undercurrent (PUC) between the
frontal system and the slope (Barton, 1989). The CUC and PUC are the true eastern boundary currents of
both NASG and NATG, behaving as alongshore water and nutrient conveyors between the Gulf of Cadiz and
Cape Vert and providing high spatial and temporal coherence to the whole CTZ (Pelegri et al., 2005, 2006;
Pefia-lzquierdo et al., 2012; Benazzouz et al., 2014; Pelegri and Pefia-lzquierdo, 3.3 this book).

The presence of three dynamic regions results in substantial differences in DO and IN within the CCLME
(Fig. 4.1.1). The DO concentration is set at the sea surface through gas exchange with the atmosphere and
by PP. Cooling of surface waters reduces the partial pressure of oxygen, hence capturing it from the
atmosphere (physical pump); enhanced high PP may cause the surface waters to become oversaturated in
DO. Both factors lead to a decrease of DO in warm and nutrient-poor offshore surface waters, and a DO
increase in the cold and nutrient-rich coastal upwelling band. Sea surface warming further increases
vertical stratification, inhibiting vertical diffusion of IN and DO. In subsurface waters, the enhanced
remineralization of organic matter is the main cause for a decrease in DO concentrations and an increase in
IN. In highly productive and poorly ventilated areas, such as in the Guinea Dome, the sinking of organic
matter and the enhanced water-residence times may lead to a substantial decrease in DO concentration
and an increase in IN, resulting in the development of an oxygen minimum zone (OMZ).

4.1.3. SPATIAL DISTRIBUTIONS

In this section we use the temperature, IN and DO fields from the World Ocean Atlas 2013 database (WOA-
13, 2013), with a 1° latitude-longitude resolution. We use phosphate to illustrate the spatial IN
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distributions (Figs. 4.1.2 to 4.1.4), and silicate in the property-property scattered plots (Figs. 4.1.5 and
4.1.6).
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Figure 4.1.2. Annual-mean distributions of phosphate (top) and DO (bottom) concentrations (ml I™}) at 100
m (left) and 400 m (right), with temperature (°C) superimposed as solid contours.

The transition between the tropical and subtropical gyres is clear in the mean annual temperature, IN and
DO distributions along a section parallel to the African slope (Fig. 4.1.3). The depth of the upper
thermocline (down to 10°C) doubles from the NATG to the NASG. The CVF is evident in the temperature
field but the latitudinal IN and DO gradients are even sharper due to the high remineralization in the
eastern tropical region (latitudes less than 22°N) and the increased ventilation with latitude along the
eastern NASG. The DO distributions show the existence of a local maximum at low latitudes (10-12°N) and
shallow depths (200-300 m); this reflects the different regimes in the upper (down to 300 m) and lower
(300-500 m) SACW, with the upper layer being oxygenated by the equatorial system of zonal jets and the
lower layer subject to very reduced ventilation (Pefia-lzquierdo et al., 2015).

The differences between the subtropical and tropical regions are also clear in the annual-mean
temperature, IN and DO distributions along zonal sections at different latitudes (Fig. 4.1.4). Those sections
in the NASG (30°N and 24°N in Fig. 4.1.4) show a deep thermocline (reaching 800 m at 30°N), with
relatively low IN and high DO concentrations, indicative of recently ventilated waters. The CTZ is
characterized by the uplifting of isothermals and IN contours; the rise of DO contours is not evident
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because of the increased air-sea exchange within the cooler coastal waters. Within the NATG (18°N and
12°N in Fig. 4.1.4), the thermocline only extends to about 500 m, with a subsurface IN maximum and DO
minimum evidencing much older water masses. The intensity and offshore extent of the IN/DO
concentrations increases/decreases with decreasing latitude, with DO reaching below 1.5 ml It near the
coast at 12°N, as part of the North Atlantic OMZ (Karstensen et al., 2008; Stramma et al., 2008).

Phosphate [miA]

Depth [m]

15 20 25 30 35
Latitude [M]

Figure 4.1.3. Annual-mean distributions of phosphate (top) and DO (bottom) concentrations (ml I'*) along
the meridional section in the top-left panel of Fig. 4.1.2, with temperature (°C) superimposed as solid
contours.

Since we present the mean annual fields, and coastal upwelling develops in the NATG only during boreal
winter, the upwelling band is visible only in the NASG, extending about 2-3° from the continental slope. It is
interesting to note the deeper location of the IN maximum (700-800 m) as compared with the DO minimum
(400-500 m), reflecting the along-slope northward propagation of nutrient-rich intermediate waters
(Machin et al., 2006; Machin and Pelegri, 2009).

Several decades of observations (Stramma et al., 2008; Brandt et al., 2010) have revealed an expansion and
deoxygenation of the world OMZs, with dramatic implications for the highly productive eastern boundary
marine ecosystems — all OMZs present hypoxic conditions, with lethal DO concentrations for half of the
marine species (Vaquer-Sunyer and Duarte, 2008). The North Atlantic OMZ is the least hypoxic of all the
OMZs but its rate of oxygen decline is at least twice faster than any other OMZ (Stramma et al., 2008). This
growth in the loss of habitat is threatening the sustainability of the valuable pelagic fisheries and marine
ecosystems in the region (Aristegui et al., 2006; Stramma et al., 2012).
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Figure 4.1.4. Annual-mean distributions of phosphate (left) and DO (right) concentrations (ml I*) along
zonal sections (30°N, 24°N, 18°N, 12°N; from top to bottom), with temperature (°C) drawn as solid
contours.

4.1.4. NUTRIENT AND OXYGEN RELATIONSHIPS

The differences in IN and DO between NACW and SACW can be identified using scatter plots (or property-
property diagrams) (Figs. 4.1.5 and 4.1.6). The meridional transect along the continental slope sharply
illustrates that SACW has higher IN and lower DO concentrations than NACW. This is true not only for any
given depth but also for the whole water mass, as shown by the shift in data points representative of these
two water masses (Fig. 4.1.5). The shift takes place rather abruptly across the CVF. Within the NATG there
is @ maximum in DO at 200-300 m (see also Fig. 4.1.3), which reflects enhanced ventilation of the upper
thermocline by the along-slope PUC (Pefia-lzquierdo et al., 2012, 2015).
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Figure 4.1.5. Scatter plots of silicate-phosphate (left) and DO-phosphate (right) (ml I'*) along the meridional
section depicted in the top-left panel of Fig. 4.1.2. The reddish/bluish colours correspond to data points at
latitudes less/more than 20°N, with the colour code representing depth (m).
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Figure 4.1.6. Scatter plots of silicate-phosphate (left) and DO-phosphate (right) (ml I™') along the zonal
sections in Fig. 4.1.4. The reddish/bluish colours correspond to data points at longitudes east/west of 15°W
(30°N), 22°W (24°N), 21°W (18°N), 21°W (12°N); the colour code represents depth (m).
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The longitudinal changes at different latitudes show relatively minor differences, visible as small
displacements in the scatter plots. The shoreward change in the depth of the isothermals (rising in the
NASG and dropping for the NATG) affects the location of any particular set of IN-DO values but does not
cause a large shift in the cloud of points. The most significant displacement for the NASG occurs in the DO-
phosphate plot, where DO in the cold upwelled waters is relatively high compared with the warm and
stratified offshore waters. Regarding the NATG, there is a general increase in DO when moving from 12°N
to 18°N, resulting from the transfer of NACW through the CVF (Pefa-lzquierdo et al., 2015); an exception
occurs at depths between 200 m and 300 m, where the ventilation appears to be related to the northward
PUC (Fig. 4.1.3; see Pelegri and Pefia-lzquierdo, 3.3 this book).

4.1.5. CONCLUSIONS

In this article we have described the annual-mean distributions of IN and DO within the surface layers and
the permanent thermocline of the CCLME. We have neither discussed their temporal variability nor their
relevance on ocean processes such as PP and biodiversity, as these topics are addressed in other articles.
Instead, we have focused on those physical and biochemical processes that control the IN and DO
distributions, as summarized below (see also Fig. 4.1.1).

4.1.5.1. Physical processes

The physical supply of water mass and associated properties includes both lateral and vertical transports.
These arise from processes that range from the regional scale to the small-scale. Becasuse of their spatial
and temporal scale, regional patterns are usually considered to be advective processes while mesoscale
and small-scale phenomena are commonly thought in terms of mixing processes; the difference, however,
resides solely in our skill, and interest, to study the variability acting at certain spatial and temporal scales.

Lateral advection by localized currents, for instance the CUC, leads to the appearance of convergent
regions which may undergo water upwelling. One remarkable example is the confluence of the CUC and
the Mauritanian Current at the CVF (Pelegri and Pefa-lzquierdo, 3.3 this book); as a result, high PP takes
place in this region and surface waters, loaded with organic matter and IN, are exported to the NASG
through the Cape Blanc giant filament (Pelegri and Benazzouz, 3.4 this book). The fronts, however, act not
only as a barrier to advection but also as a source of horizontal mixing through the generation of lateral
instabilities. The CCLME has two distinctive fronts: the CVF, characterized by double-diffusive intrusions
that enhance mixing between the nutrient-rich SACW and the nutrient-poor NACW (Pastor et al., 2008);
and the coastal upwelling front, where upwelling filaments and mesoscale eddies lead to offshore transfer
of inorganic and organic matter (Garcia-Mufioz et al., 2005; Benitez-Barrios et al., 2011; Ruiz et al., 2014).

Vertical supply takes place as a result of both advection and mixing. Vertical mixing is induced through
double diffusion, mainly within the NASG, and localized shear, associated with either frontal jets, mesoscale
features or internal waves (Martinez-Marrero et al., 2008); however, the greater the vertical stratification,
the greater the vertical shear required to induce mixing. Upward vertical advection, or upwelling, is a
widespread and ubiquitous feature along NWA (until Cape Blanc, reaching as far south as Cape Vert only
during boreal winter) (Benazzouz et al., 2014). Upwelling also takes place in the Dome of Guinea and
within mesoscale features, such as eddies generated south of the Canary Islands or along the coastal
upwelling front (Benitez-Barrios et al., 2011; Pastor et al., 2013).
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4.1.5.2. Biogeochemical processes

The main biogeochemical supply of IN occurs in subsurface waters through the remineralization of organic
matter in poorly ventilated areas, i.e. where waters have long residence times. Within the CCLME, this
takes place in both the subtropical and tropical gyres but in very different ways. The upper-thermocline
waters of the NASG originate at the high-latitude sea-surface, in regions of water subduction (Pelegri and
Pefia-lzquierdo, 3.3 this book); these subducted waters carry relatively high DO concentrations (the higher
the latitude the colder the water and the larger the DO concentration) and a high load of organic matter
produced during the North Atlantic spring bloom. The path of these surface waters to the subsurface
eastern boundary of the NASG is relatively short, so there is not enough time for the organic matter to be
fully remineralized. As a consequence, these waters reach the CCLME with relatively high DO and moderate
IN concentrations, with IN increasing and DO decreasing with depth within the permanent thermocline.

The waters arriving to the tropical ocean have high IN and low DO concentrations because of sustained
remineralization on route from the South Atlantic (and even the Southern Ocean). These IN and DO
concentrations are further increased or reduced as a result of low ventilation (equivalent to high residence
times) and the local supply of organic matter (arising from enhanced upwelling and PP in the coastal band
and the Dome of Guinea). The outcome is the OMZ, with the highest IN and lowest DO concentrations in
the entire North Atlantic Ocean.

The sea surface is saturated in DO because of air-sea exchange; the partial pressure of oxygen within the
water decreases with temperature, hence the concentration of sea-surface DO is larger in the coastal
upwelling region off NWA than further offshore. This shows up not only at the sea surface but, as a result of
intense vertical mixing within the coastal transition zone, also in the subsurface layers. Other IN sources
(e.g. coastal, either natural or anthropogenic, or through atmospheric deposition of nitrogen) are generally
much smaller and have been neglected (however, see Gelado-Caballero, 2.3 this book, on dust inputs).

4.1.5.3. A complex, hence difficult, forecast

The IN and DO distributions are the outcome of multiple drivers, with important feedbacks between
different variables. For example, Stramma et al. (2009, 2012) have presented a scenario with worldwide
expansion of the OMZs, possibly as a result of weakened tropical circulation and enhanced stratification
(Matear and Hirst, 2003). However, Pastor et al. (2013) have shown that vertical supply in the CCLME is not
dominated by vertical mixing but rather by upwelling in the coastal region and, particularly, in the Dome of
Guinea. Hence, the warming of surface waters may not significantly reduce the ventilation of the upper-
ocean layers. On the contrary, the changes in DO concentration are likely to depend on the long-term
variability of the ventilation pathways (Pena-lzquierdo et al.,, 2015). The answer probably lies in the
behaviour of the tropical system of zonal jets (Rosell-Fieschi et al., 2015) and the evolution of the surface
winds and their effect on coastal and offshore upwelling (Benazzouz et al., 6.3 this book). A good example
is the reported trend of increased trade winds that, non-intuitively, is accompanied by the warming of the
coastal upwelled waters: the answer lies on the intensification of the upstream input of interior-ocean
waters that have heated up as a result of climate change (Pelegri and Benazzouz, 3.4.2 this book).

Also relevant is how remineralization may be influenced by climate change, with many possible feedbacks.
For example, Llanillo et al. (2013) show that an increase in ventilation leads to a proportionally higher rate
of respiration (for the OMZ in the South Pacific), causing a decrease in DO concentration; and Ridder and
England (2014) propose that, as a result of global warming, nutrient supply and PP are reduced in the
tropics, leading to a decrease in respiration and a contraction of the OMZ. Pelegri et al. (2006) and Torres-

141


http://hdl.handle.net/1834/9183

Pelegri, J. L. and Pefia-lzquierdo, J. Inorganic nutrients and oxygen in the CCLME

Valdés et al. (2009) have emphasized the important role of export of nutrients and organic matter from the
eastern upwelling region in order to maintain the levels observed within the NASG. In particular, Torres-
Valdés et al. (2009) observed significant differences in nitrate and phosphate within the NASG - the former
is more abundant (above the Redfield ratio) possibly as a result of nitrogen fixation (Benavides et al.,
2013) — probably causing phytoplankton to respire better dissolved organic phosphorus than nitrogen.

The relevance of the distributions of IN and DO on the trophic chain in the CCLME is unquestionable. The
high complexity of the CCLME, i.e. variety of processes controlling the IN and DO distributions, may signify
high resilience to anthropogenic perturbations (e.g. MacArthur, 1955); nevertheless, an improved
understanding of the physical and biogeochemical processes, and their interactions, is still necessary for
predicting how anthropogenic climate change will affect the CCLME future evolution.
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