Pelegrí JL, Vallès-Casanova I, Orúe-Echeverría O, 2019. The Gulf Nutrient Stream. In Kuroshio Current: Physical, Biogeochemical
and Ecosystem Dynamics, Eds. T. Nagai, H. Saito, K. Suzuki, M. Takahashi. AGU-Wiley, GMS 243, 23-50, ISBN 9781119428343.

The Gulf Nutrient Stream
J. L. Pelegrí1, I. Vallès-Casanova1, and D. Orúe-Echevarria1
1

Institut de Ciències del Mar, CSIC, Barcelona

Corresponding author: Josep L. Pelegrí (pelegri@icm.csic.es)
Key Points:


We present the historical development of the nutrient stream concept, from its
origin to current studies on the Atlantic Ocean.



We analyze the local structure and behavior of the Gulf Nutrient Stream, the
circuitry within the North Atlantic subtropical gyre and the extra-gyre
connections.



We conclude with some thoughts on nutrient streams as the key connectors
within and between the different subsystems of the living planet.

Abstract
We present the historical development of the nutrient stream concept, from the
initial ideas on the nutrient bearing stratum and the transport of inorganic nutrients by
the Gulf Stream to the large-scale inorganic and organic connections in the entire
Atlantic Ocean. We mostly analyze and discuss available literature but also present
some novel calculations using cruise data and the velocity fields from numerical
reanalysis data. We first examine and discuss the structure of the Nutrient Gulf Stream,
the significance of boundary exchange and the importance of epipycnal and diapycnal
processes. We then move to explore the subtropical and remote pathways into the
Nutrient Gulf Stream, including the effect of the returning limb of the global
overturning circulation, and end up reviewing the concept of nutrient irrigation of the
subpolar gyre and its relevance in the spring-fall maintenance of the spring bloom. We
close this chapter with some thoughts on the role of streams in the Earth system, as the
key conduit for recycling properties within any ocean subsystem while simultaneously
connecting the different subsystems, hence bringing about the complexity of the living
planet.
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1 The nutrient bearing stratum
Nowadays we are very much aware of the mean spatial patterns of physical and
biogeochemical properties in the oceans. There are several databases that provide
electronic atlases and hydrographic data (Koltermann et al., 2017; CCHDO, 2018;
NODC-NOAA, 2018; WOCE-ATLAS, 2018). User-friendly applications facilitate the
handling and processing of data, which can be represented in many different ways,
including horizontal and vertical views in depth, isopycnal and isoneutral coordinates
(Schlitzer, 2015; SOCAT-NOAA, 2018). Simultaneous with these improvements, the
amount of sea-surface data grew exponentially since the mid-1970s with the advent of
remote sensing and the routine collection of subsurface data experienced a major
advance in the early 2000s with the worldwide Argo float program
(www.argo.ucsd.edu). Currently, the volume of data permits resolving the seasonal
cycles in most regions of the upper ocean and has allowed identifying the global
patterns associated with inter-annual and decadal variability. A new turnover is foreseen
with the progressive incorporation of biogeochemical floats, which will clarify the
spatial patterns and temporal changes of these biogeochemical properties
(http://biogeochemical-argo.org/).
All these data and products have brought many oceanographers a sense of
familiarity with the spatial patterns of inorganic nutrients, dissolved oxygen (DO),
dissolved inorganic carbon (DIC), and dissolved organic matter (DOM), a perception
that was almost completely absent until the 1980s (hereafter, except when indicated, by
nutrients we will implicitly refer to inorganic nutrients). However, our knowledge on
hydrographic and biogeochemical fields arose quite differently. The first records of
surface velocity date back to the 16th century, and the subsurface measurements of
temperature (after the arrival of the reverse thermometers in the late 19th century) and
salinity, together with the recognition that open-ocean velocities could be inferred from
the density fields, led to the initial descriptions of subsurface currents in the early 20th
century. In contrast, the first studies of the distributions of oxygen, nitrate and
phosphate in the Atlantic Ocean did not arrive until the second half of the 20th century.
Riley (1951) explored the interaction of DO and nutrients with the velocity field
for the Atlantic Ocean. Despite he obtained the velocity fields in a depth-coordinate
system, his intuition brought him to represent the results over isopycnals. Gordon
Riley’s work coincided with ongoing developments on wind-driven ocean circulation
and western boundary intensification (Stommel, 1948; Munk, 1950) and was apparently
somewhat forgotten (Reid, 1981). The truth is that such a quantitative approximation to
the distribution of biogeochemical properties did not get restarted until the 1980s with
the works by Bolin et al. (1983), Schiltzer (1988, 1989) and Thiele and Sarmiento
(1990).
Riley’s isopycnal approach was undoubtedly influenced by the emphasis CarlGustav Rossby, Columbus Iselin and Raymond Montgomery placed on the constraint
that water parcels must flow along isopycnals while moving in the ocean (Rossby,
1936; Montgomery, 1937, 1938; Iselin, 1939). Montgomery (1937) proposed a method
to calculate geostrophic motions in isopycnic coordinates, this being the most
appropriate reference frame because “the major sources for the water on each surface of
constant potential density are to be found along its intersection with the sea surface in
higher latitudes”.
All the conceptual bricks were already established but progress was rather slow,
taking several decades before the ideas were put together and isopycnal thinking
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became a reality (for a review see Reid, 1981). Crystallization started in the late 1970s
and early 1980s, during the last years of the International Decade of Ocean Exploration
(1971-1980) and with the onset of the World Climate Research Programme (1980) that
led to field programs such as the World Ocean Circulation Experiment (1990-1998).
Leetma et al. (1977) and Leetma and Bunker (1978) calculated the Ekman pumping
velocities and inferred the geostrophic circulation in the North Atlantic subtropical gyre,
Stommel (1979) realized how and when the surface waters could subduct into the upper
thermocline, and the dominant dynamics of the mean thermocline circulation emerged
in the Rhines and Young (1982a,b) and Luyten et al. (1983) studies.
Simultaneous with the ongoing dynamic descriptions,came a better appreciation
of the fate of the biogeochemical properties of water masses within the upper
thermocline. Sarmiento et al.’s (1982) used the isopycnic distribution of salinity, tritium
and potential vorticity to infer the preferential pathways of water parcels in the Atlantic
thermocline, and the illuminating maps of Kawase and Sarmiento (1985) showed how
DOM was remineralized as it escaped from the surface mixed layer and followed these
thermocline pathways. The density-conserving perspective had finally taken its
prominent role, and the distribution of physical (Schmitz and McCartney, 1993; Lozier
et al., 1995) and biogeochemical properties (Reid, 1994) was equally displayed in depth
and isopycnic coordinates.
One major outcome of Kawase and Sarmiento’s (1985) work was the perception
of the main mechanism leading to the high concentrations of nutrients in the subsurface
layers of the North Atlantic upper thermocline, what Gabriel Csanady named the
nutrient bearing stratum (NBS) (Csanady, 1990a) (Figure 1). Surface waters in the
northern edge of the subtropical gyre get enriched in organic matter as a result of the
high primary production that starts as early as March (the spring bloom) and often
extends as much as late fall. After winter subduction of these water parcels into the
subtropical thermocline, they stay away from the sea surface progressing along
isopycnals and the DOM becomes progressively remineralized, leading to a DO
decrease and inorganic-nutrient increase along its pathway. Slow water parcels in the
deepest ventilated layers are the ones that have the longest pathways, hence spending
the longest times and experiencing the highest remineralization during the gyre’s
thermocline recirculation.
The NBS includes all layers ventilated by negative Ekman pumping velocities,
with substantially enhanced nutrient concentrations starting as shallow as along the 26.5
st isopycnal but with peak values commonly found in the 26.8-27.5 st range. The
isopycnal distributions illustrate the decrease (increase) of DO (nutrients) along
clockwise pathways beginning at the outcrop location. In these ocean-interior regions
the velocities are relatively small so the normal-distance between equally-spaced
contours reflects both the travel times and the remineralization rates. However, as the
water parcels reach the western boundary upwelling region, most of them will speed up
and follow the track of the Gulf Stream, which will now appear as a wedge of high
(low) nutrients (DO). The reason for this is simply that the interior waters entering the
Gulf Stream through its southern boundary will be the ones that have traced a longer
recirculating pathway, and hence will have the highest (lowest) nutrient (DO)
concentrations. The principal source of the NBS becomes clear: the physical properties
of the upper thermocline are partly reset at the North Atlantic high latitudes through
atmospheric forcing but the biogeochemical properties continuously change through the
remineralization processes acting along the sluggish thermocline circuit.
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Figure 1. Distribution of nutrients on depth and isoneutral levels. (Top panels) From left
to right, neutral density (kg m-3), nitrate concentration (mM kg-1) and dissolved oxygen
concentration (mM kg-1) at a depth of 200 m. (Middle panels) From left to right, depth
(m), nitrate concentration (mM kg-1) and dissolved oxygen concentration (mM kg-1) at
the neutral surface 26.20 kg m-3. (Bottom panels) From left to right, depth (m), nitrate
concentration (mM kg-1) and dissolved oxygen concentration (mM kg-1) at the neutral
surface 27.22 kg m-3. Reproduced from the WOCE Atlantic Ocean Atlas (Koltermann et
al., 2017).
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The NBS distribution of inorganic and organic nutrients (DOM, for simplicity)
may be imagined as the outcome of an eight-like circuit that encompasses the
subtropical and subpolar gyres. It is an epipycnal (along-isopycnal) circuit that causes
an asymmetric exchange of DOM and nutrients: DOM from surface-subpolar to
subsurface-subtropical waters and nutrients in the opposite direction. The distributions
are also affected by other processes, such as upwelling along its eastern and tropical
boundaries: the nutrient-rich subsurface waters sustain high (eastern and tropical)
boundary primary production and lead to a significant lateral input of nutrients and
DOM into the subtropical gyre, the latter with longer lifetimes and therefore reaching
further away from the boundaries (Williams and Follows, 2003; Pelegrí et al., 2006;
Letscher et al, 2016; Romera-Castillo et al., 2016).
The origin and relevance of the NBS was largely set in the 1980s, and the next
step became identifying the large-scale connections. This started with the Pelegrí and
Csanady’s (1991) nutrient stream paper and is still well under development, we have
learnt many things but there are still many aspects that remain to be discovered. We will
dedicate next section to review some ideas related to the NBS waters within the Gulf
Stream, such that a minor but significant fraction of nutrients reaches and sustains the
productivity within the Stream and nearby slope-shelf waters, and then turn for the
remainder of the chapter to discuss the way the NBS waters reach the surface layers of
the North Atlantic subpolar gyre to maintain one of the most spectacular phenomena in
nature: the spring bloom of the North Atlantic Ocean.
2 Upwelling and diapycnal mixing
The entire NBS rises several hundred meters across the Gulf Stream – some 600
m off Cape Hatteras – bringing nutrients close to the surface slope and shelf waters.
Rossby (1936) used temperature-salinity-oxygen correlations to connect the subtropical
gyre and Stream waters. Alfred Redfield promptly commented on the ecological
implications of such epipycnal cross-stream transfer (Redfield, 1936), and many
posterior studies described how biological coastal production is influenced by Gulf
Stream forcing (e.g. Yentsch, 1974; Yoder et al., 1983; Atkinson et al., 1987; Csanady
and Hamilton, 1988; Csanady, 1990a; Martins and Pelegrí, 2006).
Csanady (1990a), from observations on the seasonal creation and decline of the
Slope Sea pycnostad, estimated an input of about 1.5 m2 s-1 per unit length from the
Gulf Stream to the shelf, coming mostly from the NBS. Csanady (1989, 1990a) argued
that cross-stream transport relies on the energy stored within the boundary current,
resulting from the work done by the surface winds over the entire subtropical gyre.
Some of this energy is released via the instability of the boundary current, as either
lateral meandering or epipycnal pumping, making the rise of the fluid permanent.
Considering mean NBS concentrations, the cross-stream water transport roughly
accounts for 10% of the along-stream nutrient transport off Cape Hatteras (see next
section), or about 50 kmol s-1 of nitrate and proportional quantities of other nutrients.
Over the South Atlantic Bight (SAB), this transfer would go directly to the shelf but
past Cape Hatteras, in the Mid-Atlantic Bight (MAB), it first empties on the Slope Sea.
Hence, in order to reach the MAB shelf, it must still cross the shelf-edge front: this can
happen all year long via frontal instabilities and, during summer and fall, through the
stratified surface isopycnals stretching onto the shelf (Houghton et al., 1988; Csanady,
1990b).
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Another possible way for energy release is via diapycnal (cross-isopycnal)
mixing – kinetic energy is transformed into potential energy – in the core of the Gulf
Stream. Such turbulent diapycnal transfer in the locus of the NBS would bring nutrients
to the overlying shallower layers. Henry Stommel was the first to propose that the Gulf
Stream experiences diapycnal mixing. In his monograph on the Gulf Stream, he stated
that “the real Gulf Stream approaches critical internal Froude flow, and it is quite
conceivable that as a result there are internal hydraulic jumps and other interesting
small-scale phenomena, such as oblique shock fronts, along the left-hand, inshore edge
of the Stream” (Stommel, 1965, p. 115).
There are indeed a number of pieces of evidence that endorse Stommel’s
intuition that the Gulf Stream should display diapycnal mixing. The first one comes
from the observation of DO and nutrient concentrations. Stefánsson and Atkinson
(1971) observed positive nutrient anomalies in the 25.0-26.6 st stratum and negative
anomalies in the 26.0-27.0 st range; the former could be attributed to nutrient-rich
waters of tropical origin but a similar explanation does not hold for the later (Figure 2).
Jenkins (1980) and Sarmiento et al. (1982) also observed positive tritium anomalies in
these deep isopycnals of the northwest subtropical gyre, which suggest the penetration
of high-tritium surface waters down to isopycnals beyond the local reach of the winter
mixed layer.

Figure 2. (Left) Phosphate as a function of sigma-t along a section crossing the Gulf
Stream between 34±N and 35±N, or about 100 km south of Cape Hatteras; reproduced
from Stefánsson and Atkinson (1971). (Right) Nitrate concentration (mmol m-3) as a
function of sigma-theta and cross-stream distance for section 36±N, with the shaded
areas denoting relatively high diapycnal velocities; reproduced from Pelegrí et al.
(1996).
Pelegrí and Csanady (1991) applied a simple two-layer box model for two
hydrographic sections crossing the Gulf Stream, one at the Florida Straits and the other
about 200 km north of Cape Hatteras, hereafter to be referred as section 36±N. The
upper layer corresponded to the relatively shallow and nutrient-depleted isopycnals (<
26.8 st) while the lower layer corresponded to the NBS (26.8-27.5 st range). The
equations considered epipycnal advection as well as diapycnal exchange in the form of
two-way exchange and one-way entrainment. The two-way exchange represents
standard property diffusion in the downgradient direction with no net mass exchange,
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while the one-way entrainment corresponds to a situation where turbulence is larger in
one of the layers (Turner, 1989; Csanady, 1990b; Pelegrí and Csanady, 1994).
This simple box model indicates that water flows from the subtropical gyre into
the western boundary at a speed of order 10-2 m s-1, and that there is significant upward
entrainment and two-way exchange between the two layers, both with values of about 2
× 10-5 m s-1. These numbers appeared rather robust, independent of the nutrient used in
the calculations, and were supported by further scrutiny of the 36±N section. High
diapycnal velocity and diapycnal convergence occurred in well-stratified and highlysheared Gulf Stream layers, where the gradient Richardson number Ri reached
subcritical values (supercritical internal Froude numbers) (Pelegrí and Csanady, 1994)
and the nutrients were much higher than on the onshore and offshore values (Pelegrí et
al., 1996) (Figure 2). Pelegrí et al. (2006) extended their calculations between Cape
Hatteras and the Grand Banks and found that upward entrainment increased in this area,
supplying nutrients and sustaining enhanced productivity in the surface layers.
Subcritical Ri values have also been observed in Gulf Stream meanders (Miller
and Evans, 1985; Schmitt et al., 1986), possibly associated to the increased vertical
shear and packing of the isopycnals (frontogenesis) between a crest and the subsequent
trough (Rodríguez-Santana et al., 1999). These results are indicative but not conclusive
of instability, because of the high dependence of Ri on the vertical interval used for the
calculations (Miller and Evans, 1985; Van Gastel and Pelegrí, 2004). However, a
relatively small number of microstructure measurements has confirmed the presence of
patches of enhanced vertical diffusivity in the core layers of the Gulf Stream, with
values of 10-4 m2 s-1 (Lozovatsky et al., 2017) and 10-2 m2 s-1 (Inoue et al., 2010). Zhang
et al. (2017) have recently estimated, for the Florida Straits, diapycnal upward nitrate
fluxes similar as those inferred by Pelegrí and Csanady for the 1500 km between the
Straits and Cape Hatteras.
Palter and Lozier (2008) explored the source of the Gulf Stream nutrients with
an extensive dataset of temperature, salinity and nutrients, focusing on whether the
anomalies at the Stream core are of subtropical or tropical origin (Figure 3). Using an
oxygen-corrected phosphate tracer, they observed that the surface (< 26.0 sq) and deep
(27.0 < sq < 27.5) layers are mostly of tropical origin (80% or more), the former
through the Florida Current and the latter directly along a path east of the Antilles,
while the major contribution in the intermediate layer (26.0 < sq < 27.0) is from
subtropical waters (85%); these results are in good agreement with earlier findings by
Schmitz and Richardson (1991), based entirely on hydrographic data. Palter and Lozier
(2008) also produced high-resolution maps of DO and phosphate on intermediate
isopycnals, which show how waters recirculating through the southern limb of the
subtropical gyre produce a wedge of high nutrients associated to the Gulf Stream path
(Figure 3).
Palter and Lozier (2008) also found that phosphate decreases at any density level
along the western boundary – though much less in layers 26.0 < sq < 26.5 than further
deep (with standard deviations actually larger than mean values) – which they
interpreted as indicative of no significant diapycnal flux. However, there are alternative
biological and physical mechanisms for these observations. The biological mechanism
controlling the along-stream gradients is nutrient utilization in the shallowest layers
(Rintoul and Wunsch, 1991; Pelegrí et al., 1996, 2006). As the surface Gulf Stream
layers outcrop, their nutrients become available to the photic layer: winter outcrop maps
show the 24.5 isopycnal outcropping in the Florida Strait while the 26.0 isopycnal does
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so off Cape Hatteras (Stanley et al., 2012). Hence, even if the surface layers were
experiencing a nutrient input through diapycnal mixing, there is no reason to expect that
this will be reflected by an along-stream increase in the concentration of near-surface
nutrients.

Figure 3. (Top-left) Locations with temperature, salinity and phosphate measurements
used to assess the source of the Gulf Stream waters, and (b) corresponding temperaturesalinity diagram; in both plots the points are colored according to location, with the
western boundary current (WBC) and subtropical gyre (STG) waters in red and blue,
respectively, and the tropical waters in gray. (Right) Distributions of DO and phosphate
on three isopycnals within the NBS. Reproduced from Palter and Lozier (2008).
Furthermore, the major physical factor controlling the along-stream nutrient
gradients is the clockwise recirculation pattern of subtropical gyres: waters enter the
western boundary current bringing nutrient concentrations that decrease with latitude,
i.e. the further south the richer in nutrients because of longer remineralization pathways.
The oxygen and phosphate distributions in Figure 3 indeed suggests a connection of the
Nutrient Stream with the subtropical gyre via a wide recirculation that takes place along
the eastern margin of the Eastern Antilles. If it wasn’t for this principal effect, the
downstream gradient should be positive as a result of the continuous remineralization of
organic matter, with the deepest (slowest) layers showing the largest positive
downstream nutrient gradients. However, Palter and Lozier’s (2008) results show
precisely the opposite: all gradients are negative and, even if we normalize the gradients
with the mean-layer concentration (about 0.4-1.3 and 1.6-2.1 mmol m-3 for the
intermediate and deep layers, respectively), the absolute values are larger in the 27.0 <
sq < 27.5 (130-140 km-1) than in the 26.0 < sq < 26.5 (15-90 km-1) strata. This suggests
that Gulf Stream waters, along their path, progressively encounter and mix with lessrich nutrient waters that enter the boundary current after a shorter recirculation pathway.
The important point here is that the relatively small absolute gradients in the surface
strata imply that these layers experience some other significant factor beyond lateral
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dilution and, in no way, can be understood as the consequence of insignificant diapycnal
mixing.
The meandering of the Gulf Stream also leads to upward motions as water
parcels approach a meander crest and downward motions as the water parcels reach
towards the subsequent trough (Bower and Rossby, 1989). The upward phase is
associated to convergence in the anticyclonic side of the Stream (divergence in the
cyclonic side) and the downward phase to divergence in the anticyclonic side
(convergence in the cyclonic side) (Bower, 1989). An important question is whether
these cross-stream motions may be correlated with the thickness of isopycnal layers,
creating a peristaltic pumping mechanism (Csanady, 1989) that could induce net crossstream water and nutrient transports. The analysis of temperature and velocity data from
20 sections of Pegasus profilers (dropped east of Cape Hatteras every 25 km, between
35±N and 37±N, from January 1982 to February 1983, sampling temperature and
velocity; hereafter Pegasus section) indeed shows high cross-stream onshore transport
in the anticyclonic (offshore) side of the stream and weak cross-stream offshore
transports in the cyclonic (nearshore) side (Pelegrí et al., 2006).
The secondary-circulation processes associated to meanders – diapycnal
entrainment and epipycnal pumping – can produce net water and nutrient transport
towards the photic layers. They are the likely responsible for the intermittent-local
enhancement of primary production observed to occur associated to Gulf Stream
meandering (Arnone et al., 1990; Flierl and Davis, 1993; Hitchcock et al., 1993;
Lohrenz et al., 1993) (Figure 4).

Figure 4. (Left) Absolute dynamic topography (m) in the northwest Atlantic, from about
Cape Hatteras to south of the Grand Banks, with a meandering Gulf Stream and eddies
of both signs (data gathered by Collecte Localisation Satellites and plotted through the
Aviso website, http://www.aviso.oceanobs.com/en/data/product-information/duacs/).
(Right) Sea-surface color image as obtained from MODIS-Aqua, approximately
covering the trapezoid area in the left panel, with streaks of high pigment concentration
that draw the contours of mesoscale and submesoscale features (NASA image by
Norman Kuring, NASA Ocean Color, https://oceancolor.gsfc.nasa.gov/). Both images
correspond to 14 May 2015.
3 Nutrient streams
Velocity is no more than volume flux per unit area and, similarly, the product of
velocity and property concentration turns to be property flux per unit area; when
integrated over area these quantities become water and nutrient transports. The first
calculations of nutrient transport were done with transatlantic sections (Wunsch et al.,
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1983; Brewer and Dryssen, 1987; Rintoul and Wunsch, 1991). Brewer and Dryssen
(1987) combined chemical and water transport data, from the Florida Straits and a
transatlantic section along 25±N, to infer a net southward transport of nutrients for the
entire section. Rintoul and Wunsch (1991), applying an inverse model to transatlantic
sections along 24±N and 36±N, observed a net loss of nutrients within the subtropical
gyre, which they ascribed to primary production in the subpolar gyre and
remineralization of organic matter during the southward thermocline recirculation:
nutrients transported north of 36±N are transformed into organic matter, so that the
southward flow through 36±N has less nutrient concentrations than the northward flow
through 36±N or the southward flow through 24±N. Later on, Ganachaud and Wunsch
(2002) observed that the nitrate differences are proportionally greater than the
phosphate ones, suggesting that a significant fraction of the nitrate southward transport
at 24±N may result from nitrogen fixation (Michaels et al., 1996; Gruber and Sarmiento,
1997).
The transatlantic calculations, however, did not inspect the way nutrients are
transported by the boundary currents. This was first done by Pelegrí and Csanady
(1991), leading to the notion of nutrient streams as intense subsurface jets carrying large
amounts of nutrients. Off the SAB, the core of these nutrient jets is located in the 26.527.5 st band but, as the jet moves north, the core progressively shifts to denser layers
(from 26.8-27.1 at 24±N and 36±N to 26.8-27.3 at 35±W) (Pelegrí et al., 1996) (Figure
5). Hereafter, we will refer to the nutrient stream flowing associated to the Gulf Stream
as the Gulf Nutrient Stream (GNS). This term is more precise than North Atlantic
Nutrient Stream, which would strictly apply to the Gulf Stream extension into the North
Atlantic (Pelegrí et al., 1996); it is also consistent with the usage of Kuroshio Nutrient
Stream throughout this book.
Pelegrí and Csanady (1991) examined the fluxes and transports through the
Florida Straits and section 36±N. They found that the water transport doubled – from
33.7 to 68.6 Sv – but the nutrient transport tripled between these two sections – nitrate,
phosphate and silicate respectively increased from 309 to 863, 17.4 to 54.7, and 187 to
508 kmol s-1. This disproportional rise in nutrient transport occurred mainly because
most of the subtropical gyre water was incorporated by the Gulf Stream along the NBS
stratum (26.8-27.5 st range). Pelegrí et al. (2006) calculated the water and nutrient
transports using the temperature and velocity data from the Pegasus section, with
salinity and nutrient concentrations estimated from historical salinity-temperature and
nutrient-temperature relations. The water transport was 62.2 ± 13.0 Sv and the nitrate
transport was 683 ± 145 kmol s-1, with minimum and maximum nitrate transports of 552
and 995 kmol s-1. Williams et al. (2011), using actual velocity and nutrient
measurements for a section very close to 36±N, found even larger nitrate transports:
1271 kmol s-1 for sq < 27.5 and 789 kmol s-1 for the deeper layers, for a total of 2070
kmol s-1.
The analysis of the Pegasus velocity data also allowed exploring the mean
structure of the along-stream and cross-stream fluxes north of Cape Hatteras. Both the
Gulf Stream and GNS appear vertically titled when plotted in depth coordinates (Figure
6) but align well in the vertical when represented in isopycnic coordinates (Figure 7)
(Ratsimandresy and Pelegrí, 2005). The peak mean nitrate flux reaches 17 mmol m-2 s-1,
similar to the peak value Pelegrí and Csanady (1991) calculated from one single
realization. The depth-distance representations show that the cross-stream velocity and
nitrate fluxes (per unit length) converge towards the Stream core at all depths, with
nearshore and offshore peak values about 0.05 m s-1 and 1 mmol m-2 s-1 (Figure 6). In
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contrast, the density-distance representation emphasizes that the peak along-stream and
cross-stream nitrate fluxes are located at the 27.1 isopycnal (Figure 7). The onshore
fluxes from the ocean interior clearly reflect the recirculation of the interior waters
towards the boundary current, while the offshore flow from the coast appeared as a
confined feature related to the discharge of Slope water near Cape Hatteras.

Figure 5. Cross-stream distributions at section 36°N. (Top panel) Nitrate flux (mmol m-2
s-1) in isopycnal coordinates. (Bottom panel) Nitrate flux (mmol m-2 s-1) and potential
density (kg m-3) in depth coordinates; the inset shows a schematic track of the GNS and
the sections used in the original study. Reproduced from Pelegrí and Csanady (1991)
and Pelegrí et al. (1996).
Pelegrí et al. (1996, 2006) extended the calculations of nutrient transport beyond
53±W and concluded that about 221 kmol s-1 of nitrate, and proportional amounts of the
other major nutrients, reach the euphotic layers as the 26.8 isopycnal outcrops between
53±W and 35±W (north of 36±N). An additional 138 kmol s-1 raise to the surface as the
26.8-27.1 isopycnal band outcrops beyond 35±W. These epipycnal transports represent a
large irrigation of nutrients to the surface mixed layer during the winter months, hence
justifying the winter-summer differences (before and after the spring bloom) of about 57 mol m-2 (Lounachi and Najjar, 2001), which remain active and extend over large
regions of the subpolar gyre as the isopycnals stretch north during the stratified season
(Pelegrí et al., 2006). This load of nutrients is transformed into DOM during the North
Atlantic spring-fall bloom, fully accounting for the net poleward nutrient transport (199
kmol s-1 of nitrate) across the 36±N transatlantic section (Rintoul and Wunsch, 1991).
11
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Figure 6. Mean distributions along the Pegasus section: (left) along-stream and (right)
cross-stream (top) velocity (m s-1) and (bottom) nitrate flux (mmol m-2 s-1), as a function
of depth and cross-stream distance. Positive values indicate northward and eastward
flow, negative values are shaded in gray. Reproduced from Pelegrí et al. (2006).
The above works on the GNS progressively led to other studies examining the
pathways and transformations of nutrients carried by western boundary currents,
including how these nutrients help sustain primary production and how the organic
matter is transformed back to inorganic. We will finish this section reviewing some
additional ideas on nutrient streams in the North Atlantic subtropical gyre, and dedicate
the next two sections to examine the origin and fate of the GNS.
Palter et al. (2005) found that the seasonal formation of subtropical mode water
introduces low-nutrient anomalies to the North Atlantic upper thermocline, influencing
those waters recirculating back onto the Gulf Stream. Jenkins and Doney (2003)
proposed that the NBS could be sustained through a single loop – what they termed the
subtropical nutrient spiral – in contrast to the eight-like subtropical-subpolar circuit. In
this alternative conceptual scheme, epipycnal remineralization along the subtropical
thermocline is followed by upward diapycnal nutrient transfer in the western boundary,
12
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enhanced primary production in the seasonal thermocline of the northwestern
subtropical gyre and downward transfer of DOM back to the NBS thermocline layers
via wintertime convection and eddy heaving.

Figure 7. Mean distributions along the Pegasus section: (left) along-stream and (right)
cross-stream nitrate flux (mmol m-2 s-1), as a function of temperature and cross-stream
distance; an approximate sigma-theta axis has been included for reference. Positive
values indicate northward and/or eastward fluxes, and negative values are shaded in
gray. Reproduced from Pelegrí et al. (2006).
As a natural extension of the western boundary nutrient stream idea, Pelegrí et
al. (2006) turned to explore the flux and transport of nutrients in eastern boundary
upwelling regions. The coastal upwelling system is the site of an along-slope baroclinic
jet, which develops within a frontal system that raises nutrient-rich subsurface layers.
Once again, the product of velocity and nutrient concentration leads to a nutrient stream
with a subsurface core though in this case, because upwelling brings nutrients right to
the sea surface, the surface values are not null. In the eastern boundary of the
subtropical gyre we find the Canary coastal upwelling region, with the equatorward
Canary Upwelling Current carrying nutrients along the slope until the Cape Verde
frontal system where a permanent giant filament irrigates the nutrient-depleted surface
layers of the interior subtropical gyre with both inorganic and organic matter (Gabric et
al., 1993; Pelegrí et al., 2005, 2006; Pastor et al., 2008, 2013).
The along-slope coastal upwelling velocities are about 0.2-0.3 m s-1, roughly
one-third the velocities at the NBS core in the western boundary current, so the peak
nutrient fluxes are also three times weaker or about 5 mmol m-2 s-1. The nutrient
transport, however, depends on the width and thickness of the frontal system, which are
substantially smaller than for the Gulf Stream, so it turns out to be some 50 times
smaller, of order 10 kmol s-1 of nitrate and proportional amounts of other nutrients.
Despite the intermittency of the local wind pulses, the oceanic memory (in the form of
alongshore advection of alongshore momentum) is large enough for the entire eastern
boundary to always remains connected through the coastal upwelling jet and its

13

Pelegrí JL, Vallès-Casanova I, Orúe-Echeverría O, 2019. The Gulf Nutrient Stream. In Kuroshio Current: Physical, Biogeochemical
and Ecosystem Dynamics, Eds. T. Nagai, H. Saito, K. Suzuki, M. Takahashi. AGU-Wiley, GMS 243, 23-50, ISBN 9781119428343.

associated nutrient stream, hence constituting the skeleton of the high regional fisheries
(Benazzouz et al., 2014).
As a natural extension of the studies on inorganic nutrients, and motivated by the
increased interest on the carbon cycle in the ocean, during the last decade there have
appeared several studies on fluxes and transports of organic nutrients and carbon (e.g.
Torres-Valdes et al., 2009; Williams et al., 2011). The most intense organic-nutrient
streams are again delimited by the major boundary currents, though there may locally be
high DOM export from shelf regions through mesoscale eddies and filaments (Pelegrí et
al., 2005). In contrast to inorganic nutrients, the major western-boundary organicnutrient streams peak near the sea surface simply because this is the locus of maximum
velocity and organic-nutrient concentrations. Observations near section 36±N show that
the sea-surface nitrate concentrations reach about 5-6 mmol m-3 so the associate fluxes
are 6-8 mmol m-2 s-1, or about half the peak subsurface inorganic nutrient fluxes
(Williams et al., 2011). The corresponding transport was 220 kmol s-1 for layers with sq
< 27.5 and 190 kmol s-1 for the denser layers, totaling about 410 kmol s-1; this is a large
value yet substantially less than the total nitrate transports estimated for this same
section (ranging between about 1000 and 2000 kmol s-1).
4 Remote sources of the Nutrient Gulf Stream
The essential mechanism of the GNS is the existence of the NBS in the western
boundary upwelling region. Water and nutrients recirculate in the subtropical gyre in
similar fashions, with the important difference that there are transformations forth and
back between the inorganic and organic nutrient forms, respectively through primary
production and remineralization. This is not a completely closed track but we have seen
that it accounts for 85% of the water and nutrients recirculating in the bulk of the upper
thermocline (26.0 < sq < 27.0 stratum) (Schmitz and Richardson, 1991; Palter and
Lozier, 2008). In any case, the upper-thermocline nutrient circuit is independent on
whether the recirculation is a subtropical-subpolar eight-like circuit (Williams and
Follows, 2003), a sole subtropical spiral (Jenkins and Doney, 2003), or a combination.
Again similar to what happens with water mass, the GNS has remote nutrient
sources associated to the returning limb of the global overturning circulation (GOC)
(Talley, 2013). This is necessary because of the significant sink of both inorganic and
(mostly) organic nutrients during the formation of North Atlantic Deep Waters, which
would deplete the NBS in decades, e.g. a sinking phosphate rate of about 3 Tmol yr-1
(Dunne et al., 2007) would deplete the phosphate in the NBS of all oceans (150 Tmol;
Conkright et al., 2001) in only 50 years. The returning path of the GOC must hence be
capable of bringing back these nutrients to the NBS of the North Atlantic Ocean.
Most of these remote waters arrive to the Gulf Stream in isopycnal layers lighter
than 26.0 or denser than 27.0 sq, after transiting through the tropical Atlantic Ocean
(Schmitz and Richardson, 1991; Palter et al., 2008). Their origin, however, is from
much further south, from the near-surface waters in the Atlantic sector of the Southern
Ocean. Jorge Sarmiento and collaborators have shown that the main water mass
ventilating the tropical Atlantic is the SubAntarctic Mode Water (SAMW), formed
between the polar and subantarctic fronts from the eastern Pacific to the western Indian
Oceans (Sarmiento et al., 2004; Marinov et al., 2006; Palter et al., 2010). This is an
iron-limited region where primary production is largely inhibited, except for diatoms, so
that nitrate and phosphate remain high but silicate lowers. Sarmiento et al. (2004) used a
tracer with minimum values in the SAMW formation region, defined as the difference
between the silicate and nitrate concentrations, in order to track this water mass along
14
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its core isopycnal (sq = 26.8). They found that SAMW indeed penetrates to the entire
tropical Atlantic Ocean, where it reaches quite shallow waters (less than 200 m) and
becomes exposed to the system of zonal tropical and equatorial jets. In this way, these
waters are eventually brought to the western boundary system from where they can
proceed northwards into the North Atlantic subtropical gyre and ultimately to the deepwater formation regions in the subpolar gyre.
Palter et al. (2010) ran a number of global numerical experiments, changing the
relative importance of low-latitude diapycnal mixing and wind-induced upwelling in the
Southern Ocean, to assess the pathways of nutrient supply through the returning limb of
the GOC. They found SAMW to always be the predominant water mass reaching the
Atlantic’s upper thermocline (sq < 26.8), although the fraction ranged between 45% for
high-diapycnal diffusion conditions to 68% for the case of intense upwelling winds in
the Southern Ocean. The other water masses with significant contributions are North
Pacific (14-24%) and deep low-latitude waters (the latter only for the case of high
diapycnal diffusion). In particular, the SAMW turned out to be the major source of
inorganic nutrients to the tropical ocean, with one-third supply due to its high nutrients
at formation and two-thirds input associated with the along-path remineralization.
One important point is that subantarctic waters may retain some of their
nutrients at origin, such as phosphate and nitrate for SAMW, or these nutrients may be
modified through either primary production or remineralization along its pathway.
Holzer and Primeau (2013) found that subantarctic waters indeed represent a major
fraction of those waters of remote origin arriving to the tropical and subtropical North
Atlantic but argued that, by the time these waters reach the tropics, their source nutrients
have already been utilized, so that they only sustain about 10% of the low-latitude
production. Williams et al. (2011) used an Atlantic model (extending from 35±S to
65±N) to assess the size of these transformations and their effect on the zonallyintegrated transatlantic transport of organic and inorganic nutrients (Figure 8). They
found that the transports, for layers above and within the NBS, are always northwards.
At layers sq < 26.8, the organic-nutrient transport increases largely over the tropical
Atlantic, at the expense of a decrease in the inorganic transport. In contrast, for the
layers 26.8 < sq < 27.5, the northward transport of inorganic nutrients doubles within
the tropical Atlantic and thereafter remains fairly steady until the northern edge of the
North Atlantic subtropical gyre, where it rapidly decreases to small values.
The above studies indicate that tropical primary production is directly (with
source-water nutrients) or indirectly (with nutrients remineralized during its South
Atlantic journey) sustained by waters of subantarctic origin. These waters will typically
spend several cycles of remineralization and production in the tropical ocean before
following to the North Atlantic along the western boundary. The large increase of
northward nutrient transport in the 26.8-27.5 isopycnal stratum of the tropical Atlantic
(Figure 8) indeed reflects the incorporation of new and mostly recycled SAMW
nutrients. Once these waters reach the North Atlantic they will contribute in different
proportions to the subtropical NBS, less than 15% above sq = 27.0 but much more (up
to 80%) further deep. It is in this subtropical gyre that diapycnal mixing, with highly
enhanced values in the western boundary, could spiral-up the NBS nutrients into the
uppermost thermocline layers, suitable to eventually reach the euphotic ocean.
One corollary of these studies is that we may use the velocity fields from the
26.8 < sq < 27.5 stratum to identify the subtropical and remote sources of the NBS. For
this purpose, we apply the Connectivity Modeling System code v2.0 (CMS) (Paris et al.,
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2013) on the GLORYS2V4 reanalysis velocity fields (Copernicus, 2018). GLORYS2V4
is a global assimilative reanalysis, forced by the ERA-Interim atmospheric fields, that
provides daily mean velocity values (among other parameters) on a 0.25±grid with 75
vertical levels for the period from 1993 to 2015. We have used the entire data for the
Atlantic Ocean to produce a climatological velocity time-series at 5-day intervals, which
is then run for 30 years. Particles are dropped every 20 days at selected release locations
and then tracked (back or forth) in time with the CMS software, computing the mean
depth of all particles passing through any grid element and the mean time they take
between that grid element and the release point. Further, the number of particles initially
released is set proportionate to the transport at that location; in this manner, each
particle carries the same water transport and the Lagrangian streamlines are simply
calculated by counting particles.

Figure 8. (a, b) Transports of nitrate and dissolved organic nitrogen (kmol s-1) at sq <
26.8, and (c) transport of nitrate (kmol s-1) at 26.8 < sq < 27.5; transports are computed
over 0.23° grid elements. The right panels show the transoceanic, zonally-integrated,
volume and nutrient transports. (d) Schematics of nutrient pathways in the Atlantic
Ocean; the black and green lines denote the thermocline and intermediate patterns,
respectively. SAMW follows north into the Atlantic, upwells in equatorial regions and
continues to the North Atlantic subtropical and subpolar gyres as western boundary
currents. Some high-latitude surface waters are transferred back to the subtropics via
sea-surface Ekman transport (dashed arrows). Reproduced from Williams et al. (2006,
2011).
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Figure 9. Backward simulated trajectories for water particles reaching the Gulf Stream past the Florida Straits. Particles are released along 28ºN,
approximately between 80.5ºW and 79.0ºW, at depths spanning the 26.5-27.3 sq band. We consider the particles travelling through all
0.25±×0.25± grid elements in order to calculate (left) the fraction and (right) the mean depth of water particles travelling through each grid
element (the density-fraction color bar is saturated at 30%), and (center) the mean time taken by the water particles between the grid element and
the 28ºN section.
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A backward simulation starting off the SAB (depths spanning the 26.5 < sq <
27.5 stratum, i.e. encompassing the entire NBS plus some slightly shallower isopycnals)
shows the existence of four main pathways (Figure 9). The first one is a relatively small
and closed gyre in the northwestern corner of the subtropical gyre. The second one is a
subtropical pathway that encompasses the entire subtropical gyre, tracing the North
Equatorial Current (NEC) west until the eastern side of the Antilles, from where it
returns north to the SAB. The third one is the flow through the Florida Strait and the
Caribbean Sea, at least back until the North Brazil Current (NBC). The final one is the
northward flow east of the Antilles, also connecting south to the NBC. These last two
pathways join back first as the NBC, followed by a well-defined jet crossing the South
Atlantic Ocean along the border of the subtropical and tropical gyres, and finally back
west along the southern rim of the South Atlantic subtropical gyre.
The back trajectories in Figure 9 reinforce the view that the NGS receives waters
from remote sources as well as waters recirculating in the North Atlantic subtropical
gyre. The remote origin relies on the connection between the two subtropical gyres, as
well as between the North Atlantic subtropical gyre and subtropical cell; the North
Atlantic subtropical cell appears fairly well ventilated but, in contrast, the subtropical
cell of the South Atlantic remains much more isolated. The trajectories also show that
the upper-thermocline of the North Atlantic subtropical gyre holds both wide and
narrow circuits. The wide circuit spans the entire gyre, stretching as far as the eastern
boundary and following along the border with the tropical gyre (NEC) at depths 300400 m; the connection with the 28ºN release section is fairly straight-forward so the
mean transit time is about 10-15 years. In contrast, the narrow circuit takes place north
of the release section and near the western boundary, with mean depths of 500-600 m;
the mean transit time to 28ºN is 20-25 years, indicating that the average particles
recirculate several times in this short circuit before reaching the release section. The
subtropical gyre also extends into the subpolar gyre, but this is barely visible in the
26.5-27.3 sq stratum. We will see next that this forward pathway, connecting the
subtropical and subpolar gyres, is indeed relevant but only for shallower layers.
5 The fate of the Nutrient Gulf Stream
One of the most spectacular phenomena on Earth is the spring bloom of the
North Atlantic Ocean. The surface mixed layer deepens during winter and brings
nutrients to the photic region; because of the lack of insolation, these nutrients are not
used and accumulate, hence setting the proper scenario for the majestic spring bloom in
the subpolar gyre. All this, however, would not be possible without the NGS, as the
essential mechanism that brings nutrient-rich subsurface waters to this region. The NGS
indeed keeps irrigating the western margin of the subpolar gyre all year long: the winter
fluxes reset the subsurface layers to those nutrient levels previous to the vertical winter
mixing, and the continuous nutrient supply along the northward- stretching isopycnals
allows for sustained production during summer and fall (Rintoul and Wunsch, 1991;
Pelegrí et al., 1996, 2006) (Figure 10).
The satellite color imagery shows the seasonal cycle of primary production in
the North Atlantic, identifying the low production subtropical gyre and the high
production regions along its boundaries, remarkably intense in the subpolar gyre during
spring (Figure 10). The winter outcrop position of the 26.5 isopycnal helps identify the
boundary between the subtropical and subpolar gyres. High pigment concentrations
extend to the northern portion of the subtropical gyre all year long, either because of
local production or as a result of southward sea-surface Ekman drift caused by the
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westerlies, or both. The spring pattern of primary production is somewhat delineated by
the North Atlantic Current, as the extension of the Gulf Stream into the subpolar gyre.
The level of primary production remains high during the entire summer and fall,
pointing at the relevance of a continuous supply of nutrients by the GNS.

Figure 10. Seasonal surface phytoplankton pattern during 2003 as obtained from the
Seawifs sensor (http://seawifs.gsfc.nasa.gov). Winter: winter outcrop lines of selected
isopycnal surfaces. Spring: outcrop lines for  = 26.75 and 27.1 in the subpolar gyre,
and nearby nitrate concentration (mmol m-3, south of the 26.75 outcrop line the
concentrations are over this surface and north of the outcrop line they are near-surface
values); outcrop line (dashed) for  = 26.25 offshore of Cape Vert and nearby depths
(m, dotted lines), and nitrate concentration (mmol m-3, solid lines) at 100 m depth.
Summer: streamlines (m2 s-1) over  = 26.5. Fall: outcrop lines (dashed) for  = 26.25,
26.75 and 27.1 and contours of zero and positive (upward) Ekman pumping velocity
(10-6 m s-1, solid lines). Reproduced from Pelegrí et al. (2006).
The mechanism for annual-mean transfer of nutrients from the NBS into the
subpolar gyre has been discussed by Williams and Follows (1998, 2003) and Williams
et al. (2006). The northwestern side of the subtropical gyre is characterized by positive
Ekman pumping velocities, though they are much smaller than the actual velocity into
the mixed layer, what Williams and Follows (2003) named the inductive velocity. This
inductive velocity can be split into a vertical contribution – which includes the Ekman
pumping velocity (defined in the f-plane) plus a vertical contribution that arises from
the latitudinal variations in the Coriolis parameter (beta effect) – and a horizontal
contribution related to the spatial variations in the depth of the mixed layer (Figure 11).
The sum of the Ekman pumping and inductive contributions has been named obduction
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(Woods, 1985; Qiu and Huang, 1995), as the process opposite to the classical
subduction processes in thermocline ventilation theory. In the obductive (high-latitude)
areas of the North Atlantic, the Ekman velocity is relatively small compared with the
other two terms, with the horizontal contribution being the largest one everywhere and
the beta-effect vertical contribution being substantial southeast of the Grand Banks.
Pelegrí et al. (2006) were interested on the role the GNS plays in sustaining high
levels of primary production in subpolar regions during the summer and fall months,
what they termed nutrient irrigation of the subpolar North Atlantic. They found that the
spring and early summer evolution of the depth of the surface mixed layer is consistent
with northward epipycnal water mass advection. They concluded that nutrient-rich
epipycnal flow is the main factor controlling the early re-stratification of the mixed
layer while winter convection essentially exports no nutrients, an annual epipycnal
pumping cycle that sustains the high seasonal productivity of the subpolar gyre.

Figure 11. Nitrate fluxes per unit area (mM m yr-1) into the surface winter mixed layer:
(a) Ekman nitrate flux, (b) induction nitrate flux, (c) vertical component of the induction
nitrate flux, and (d) horizontal contribution to the induction nitrate flux. Reproduced
from Williams et al. (2006).
We may again use the GLORYS2V4 reanalysis to explore with more detail how
this irrigation proceeds. In this case we run a forward simulation starting southwest of
the Grand Banks within the 26.2 <  < 27.3 stratum (Figure 12). We find that the
parcels follow two principal paths: the closed anticyclonic path in the northwestern
subtropical gyre (with a minor diversion of a limited number of particles following
along the wide-circuit anticyclonic subtropical gyre) and a northward departure that
penetrates well into the subpolar gyre, turning north after the Grand Banks as the North
Atlantic Current and then continuing northeast.
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Figure 12. Forward simulated trajectories of water particles along the Gulf Stream west
of Newfoundland. As for Figure 9 but with water particles released along 68ºW,
approximately between 36.0ºN and 42.0ºN, at depths spanning the 26.2-27.3 sq band.
We consider the particles travelling through all 0.25±×0.25± grid elements in order to
calculate (top) the fraction and (bottom) the mean depth of water particles travelling
through the grid element (the density-fraction color bar is saturated at 30%), and
(middle) the mean time taken by the water particles between the 68ºW section and the
grid element.
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Particles in the northwestern pathway take 2-5 years to complete the narrow
western gyre. These forward trails may be compared with backward trajectories
(analogous to those described in last section, not shown) showing that an average
particle recirculates some 15-20 years in this narrow gyre before reaching the 28ºN
release section. Similar computations at other isopycnals indicate that the difference
between the average residence time and the transit time increases as we deepen in the
upper thermocline, the conclusion being that an average water parcel recirculates 5-20
times before departing the subtropical gyre – a figure consistent with Holzer and
Primeau’s (2013) results. This result is consistent with the observations that the
thermocline transport in the North Atlantic subtropical gyre (and possibly in most
world’s gyres) is much larger than the transport associated with subduction from the sea
surface, helping place into perspective the ventilated and unventilated views of the
thermocline circulation (Luyten et al., 1093; Rhines and Young, 1982a,b).
Particles along the second, northern, pathway move swiftly with a northeastern
direction, crossing the ocean in 2-3 years while progressively shallowing (into depths
less than 200-300 m). These water parcels are the ones that effectively escape from the
subtropical thermocline recirculation, becoming permanently transferred to the surface
layers of the subpolar gyre. Their nutrient load will arise after a complex combination of
nutrients at origin (remote and local sources, the latter diluted every winter with the
surface waters) and DOM remineralization during the repeated subtropical swirls.
An important site in the irrigation of the North Atlantic subpolar gyre is just east
of the Flemish Cap, at the easternmost end of the Grand Banks, where the Gulf Stream
diverts north as the North Atlantic Current. There have been numerous studies of this
region (e.g. Clarke et al., 1980; Krauss, 1986; Rossby, 1996; Carr and Rossby, 2001;
Reverdin et al., 2003; Breckenfelder et al., 2017) and it is not our objective to describe
it. Nevertheless, given its relevance as a major outcropping site, we will use a singular
historical dataset for this region that, to our knowledge, has not been previously
examined. The dataset includes hydrographic and nutrient data for two cruises carried
out southeast of the Grand Banks, on April-May 1995 and October-November 1994
(Hudson 1994, 1995), i.e. at the start and end of the spring bloom (a map with the
location of the cruises is shown in Figure 13). The first cruise consisted of five
hydrographic sections; in the second cruise all these sections, except the northeasternmost, were repeated.
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Figure 13. Nitrate concentration (black contours, mmol m-3) and normal geostrophic
velocity (2000-m reference level; colored with gray contours, m s-1) for five
hydrographic sections sampled in October-November 1994 spanning the obduction
region past Newfoundland Rise; positive values refer to eastward and/or northward
flow. The sections are labeled according to panel (c), with the location of the stations
shown as bold circles. The data comes from the Hudson 94030 cruise in the WOCE
control volume AR13 (Hudson, 1994).
We use the cruise hydrographic data to calculate the geostrophic velocities
referenced to 2000 m (or the sea floor for shallower waters), and combine the velocity
and nitrate concentrations to obtain the nitrate fluxes. Figures 13 and 14 show the
results for fall 1994 and Figures 15 and 16 show them for spring 1995. Figures 13 and
15 present the nitrate concentration on top the velocity field while Figures 14 and 16
show the nitrate flux in relation with the density field.

Figure 14. As in Figure 13 but showing the potential density (black contours, kg m-3)
and nitrate flux (colored with gray contours, mmol m-2 s-1). See Figure 13c for the
location of each section.
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Figure 15. Nitrate concentration (black contours, mmol m-3) and normal geostrophic
velocity (2000-m reference level; colored with gray contours, m s-1) for four
hydrographic sections sampled in April-May 1995 spanning the obduction region past
Newfoundland Rise; positive values refer to eastward and/or northward flow. The
sections are labeled according to Figure 13c, with the location of the stations shown as
empty squares. The data comes from the Hudson 95003 cruise in the WOCE control
volume AR13 (Hudson, 1995).

Figure 16. As in Figure 15 but showing the potential density (black contours, kg m-3)
and nitrate flux (colored with gray contours, mmol m-2 s-1). See Figure 13c for the
location of each section.
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During both cruises the nutrient distributions closely reflect the density structure.
In fall, the seasonal thermocline shows up more clear and the surface nutrients, while
not fully depleted, are substantially smaller. The presence of a variable-depth surface
mixed-layer causes the baroclinic jet to be less intense in fall, with peak velocities
below the seasonal thermocline in the stratified side of the front. The nutrient stream is
present during both the spring and fall seasons, although the spring fluxes are
substantially larger. These distributions are suggestive of an intense spring stream,
flowing north rather freely as it irrigates the surface layers, as compared with a
somewhat arrested fall stream that encounters the more stratified waters.
The above results show only two moments in the seasonal development of a
relatively small region where the shallow NBS layers (sq § 26.8) approach the sea
surface. We are missing the entire transition from fall to spring conditions in the eastern
Great Banks, largely conditioned by the rapid deepening of the winter mixed layer, but
these snapshots help us anticipate what the evolution will be. In late summer and early
fall there is no instantaneous obduction, as the wind-stress curl is positive (the Azores
High pressure center moves north) and the mixed layer is very shallow. Between late
fall and winter, the Azores High moves south and the region experiences both positive
Ekman pumping and induction (the depth of the mixed layer increases with latitude);
this is indeed the time of the year when obduction leads to the permanent transfer of
water and nutrients into the surface layers (Woods, 1985; Qiu and Huang, 1995; Liu and
Huang, 2012; Toyama et al., 2017). The above fall GNS structure will accentuate during
winter, so that the entire flux of nutrients in the upper and intermediate layers will reach
the surface ocean, effectively turning the GNS into the principal nutrient-irrigation
mechanism for the northernmost Atlantic Ocean (Pelegrí et al., 2006).
6 Nutrient streams and the living ocean
In 1990 during a seminar at the Brookhaven National Laboratory, Josep Pelegrí
presented the first plot ever of a nutrient stream with a caption saying “The Nutrient
Stream, artery of Gaia, the living planet”. We owe this early image to Gabriel Csanady,
who conceived that major conduits of nutrients in our oceans have a fundamental role in
the Earth’s homeostatic equilibrium, behaving as the main arteries of our living planet.
Although about half the primary production of the Earth takes place in the
continents (Field et al., 1998), their sustainment relies on fluxes from the oceans, for
example water evaporated from the oceans provides 34% of precipitation on land
(UCAR, 2017). Indeed, the ocean is by far the major (active) reservoir of any property
necessary to sustain life on Earth – from water and energy to carbon and nutrients – and
has the capacity of efficiently distributing these properties – for example, the ocean is
responsible for about half the latitudinal transport of the excess insolation that arrives to
the tropical regions (Wunsch, 2005).
As for any living system, the ocean optimizes the spreading of properties through
tree-like patterns (e.g. Bejan and Lorente, 2010). All properties that sustain life are
circulated through eddies of all sizes, from global gyres to the Kolmogorov scale. In this
abundance of structures, the fundamental conduits, like any main artery in a vertebrate
being, are the western boundary currents. They connect the major regions of the ocean,
each of them with specific characteristics and tasks, behaving like subsystems in the
complexity of a living system.
A related concept is the existence of oceanic circuits – a major one for each
subsystem – that remain fairly independent and operate through asymmetric pulsating
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rhythms (such as epipycnal pumping). Each circuit has opposite phases so that after
each loop the conditions return to the initial ones. The connection between different
circuits, though relatively small, is fundamental for the complexity of the entire system.
We may imagine that there are feedbacks between the subsystems, apparently small but
sufficient to cause the entire system to switch between different “metabolic” states. To a
large extent inspired by the nutrient stream idea, Pelegrí (2008) and Pelegrí et al. (2013)
have proposed that all complex systems share similar spatial and temporal patterns, and
have used a simple physiological model to discuss the significance of the glacialinterglacial periods as phases of rest-exercise in global primary production (Figure 17).

Figure 17. (a) Schematics of some of the principal pathways and transformations for
nutrients and carbon, drawn on a meridional Atlantic section, compare with the plan
view in Figure 8d. (b) We may imagine the circulatory branches of the living ocean as
sharing characteristics of both open and closed cardiovascular systems in living beings.
Reproduced from Pelegrí (2008).
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In this chapter we have reviewed how the nutrient stream concept arose in
oceanography, from some local descriptions to a globally connected perspective. The
two extremes are complementary and necessary: we must always keep in mind the
large-scale networks, the connectors that transfer properties between the global
subsystems, but we need to continue our research at the regional and smaller scales,
from the mesoscale to the submesoscale and beyond, until reaching the microplanktonic universe, where the oceanic primary production does take place.
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