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Western boundary currents are  the locus of intense nutrient transport, or nutrient 
streams. The largest fraction of this transport takes place in the upper-thermocline 
layers, between the surface layers (where speed reaches a maximum) and the 
nutrient bearing strata of the subtropical gyres (where nutrient concentration is 
maximum). The core of the nutrient stream of the North Atlantic subtropical gyre 
is located slightly offshore the Gulf Stream, its density coordinate centered on the 
26.5-27.30rband, approximately constant along the axis of the stream. During 
!ate spring 2nd wmmer the n~frient  stresim reaches fhe surfare rearnnal mixed 
layer a t  the outcropping of this isopycnal band. We argue that this must be a 
principal factor sustaining the seasonal high productivity of the subpolar North 
Atlantic Ocean. Additionally, we investigate the possibility of intermittent shear- 
induced diapycnal mixing in the upper-thermocline layers of the Gulf Stream, 
i n d ~ c e d  by frmtegenesis t u b g  p!ae during scme phase ~f ?he memderc. Uere 
we illustrate that diapycnal mixing has a maximum a t  the location of the nutrient 
stream, being associated to observed nutrient anomalies. We suggest that diapycnal 
mixing associated to the passage of steep meanders brings nutrients from the 
nutrient stream to the shallow photic layers, and sustains intermittent (day-to- 
week) patchy (10-100 km) productivity over the stream itself. 

l. Introduction 
The first substantial effort to model the thermocline distribution of oxygen and nutrients in 

the Atlantic Ocean is due to Riley (195 1). He employeda simple diffusive-advective type model 
(ailowing for "vologi~al m e s  of chaiig~j, which üsed :he geostropkic themodine circ~!utim 
pattern as deduced from the salinity and temperature data available at that time. His early, and 
rather correct, view was that the observed distributions are the result of advective-diffusive 
physical processes combined with biological processes such as oxygen consumption, and 
nutrient uptake and regeneration. According to Reid (1981), if it had not been that Riley's 
anaiysis Carne jusi afcr  Murik's (1956) wui-k üii westem "v~iinaly mlíeíiis, "ii might haue 
estimulated a more thorough investigation, even with those limited data, of the variation of flow 
pattems with depth that might have been carried out concurrently with the studies of total 
transport". The fact is that this type of approach did not get restarted until last decade, with the 
works of Bolin et al. (1983), Schlitzer (1988, 1989) and Thiele and Sarmiento (1990). 

Riley's (1951) insight went to the extent of showing his results interpolated on isopycnal 
surfaces. This was on the line of Montgomery's (1937, 1938) isopycnic view of circulatiün 
which, however, was not followed by the scientific community until the mid sixties (Kirwan, 
1963; Reid, 1965; Tsuchiya, 1968). One of the most striking features arising from Riley's study 
is the presence of nutrient-rich and oxygen-poor layers in the mid-thermocline, approximately - 



between the isopycnals o, = 26.8 and 27.5. These layers have been called the "nutrient bearing 
stratum" of the North Atlantic by Csanady (1990) and Pelegri and Csanady (199 1) .  Recent data 
reveal the extent and pernlanence of the nutrient bearing stratum. For example, the transatlantic 
sections in Roemmich and Wunsch (1985) and Rintoul and Wunsch (1991) show how this 
stratum extends zonally over the whole North Atlantic Ocean. Its meridional extent, as seen in 
Kawase and Sarmiento (1985) and Reid (1994) isopycnal maps, is also large. 

In the late 1970s enough empirical knowledge was available to describe the pattern of 
thermocline circulation (e.g. Worthington, 1976; Reid, 198 1 ). The relation between thermocline 
circulation and the outcropping ofthe isopycnal surfaces became clear in Sarmiento etal.'s (1 982) 
isopycnic analysis ofthe North Atlantic tritium distribution. The upper-thermocline layers show 
large southwest-northeast gradients, which reflect the input of high tritium concentration waters 
at the outcropping regions, where Ekman pumping velocities are negative (Leetma and Bunker, 
1978). Kawase and Sarmiento (1 985) presented nutrient isopycnic maps with opposite gradients, 
suggesting that the thermocline waters of the subtropical gyre are enriched in nutrients during 
their southward and westward trip. Sarmiento (1983) and Jenkins (1987) also showed that 
downward Ekman pumping was far too small to account for the water flux along the thermocline 
layers. They suggested that other exchange processes at the outcrop regions, such as mixing and 
convective overturning, should be dominant. Simultaneous with this developing observational 
picture, came also a better understanding of the physical mechanisms that cause it. Stommel 
(1979) was the first to combine Sverdrup dynamics with Montgomery's (1937) isopycnic 
approach, with thermocline waters originating in regions of negative Ekman pumping. Recent 
modeling efforts, based on Luyten et al. (1983) and Rhines and Young (1982) works, have 
incorporated other effects such as diabatic coolinglheating (e.g. Luyten and Stommel, 1986; 
Veronis, 1988; Nurser and Marshall, 199 1). 

Despite the improved understanding of the thermocline problem, the western end of these 
theories remains unclear. Circulation maps for the North Atlantic close the water transport 
balance through western boundary currents at al1 isopycnal surfaces, but do not indicate how this 
takes place. Rossby (1936) pioneered the idea of epipycnal water input into western boundary 
currents, based on the continuity of oxygen and nutrient distributions. In the Slope Sea and at the 
edge of the continental shelf the nutrient bearing stratum approaches the sea surface and mixing 
is enhanced. As Redfield (1936) originally suggested, this is the source ofnutrients forthe highly 
nrndiictive - - .. . . - . . cnntinental - - -. . . -. - . . . . . . shelf - . . - . . of the - 1 - Jn i t~d  - - - S t a t ~ s  - - - - - - (Yefitsch, 1974; Y ~ d e r  et ~ 1 . ,  1983; Rr~yxrn et 
al., 1984; Atkinson et al., 1987). The layers involved in this epipycnal cross-stream exchange 
correspond to the upper thermocline (26.8 < o0 < 27.3 j, at depths of about 800 m in the Sargasso 
Sea and rising some 600 m under the Gulf Stream to occupy the top few hundred meters in the 
Slope Sea (Csanady and Hamilton, 1988). 
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to the northern North Atlantic, being capable of balancing the nitrate budget for the North 
Atlantic. Pelegrí and Csanady (1991) showed the existence of a stream of nutrients associated to 
the Gulf Stream, centered at depths slightly shallower than the nutrient bearing stratum. As the 
stream moves northwards these layers approach the sea surface, and it is natural to hypothesize 
that at higher latitudes they can provide an input of nutrients to the seasonal surface mixed-layer. 
This will clearly depend on the details of the circulation pattern in this region, specifically on the 
epipycnal penetration of the upper thermocline flow into the northern North Atlantic. In this 
paper we collect previous results and provide new evidence that this is the case. One of our 
conclusions is that an appropriate closure of the water and nutrient balances by the Gulf Stream 
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system requires calculation of epipycnal, rather than constant depth, transports. 
The proposed principal role of the Gulf Stream in the nutrient budget and productivity 

enhancement of the northern North Atlantic, is accompanied by smaller scale (10-100 km) 
effects in sustaining local production. Newton ( 1978) suggested a similar behaviour between 
Gulf Stream meanders and jet stream waves: divergence and upward movements between a 
trough and the subsequent crest, with the opposite situation between the crest and the next trough. 
These vertical movements have been recently confirmed by Bower (1989) and Bower and 
Rossby (1989). Nutrient-rich waters approaching the photic region near the crest of meanders, 
must have important biological consequences in terms of primary and secondary production. 
Subsequent works have examined these ideas and shown the existence of periodic enhanced 
productivity associated with the meanders (Arnone et al., 1990; Flierl and Davis, 1993; Hitchcock 
et al., 1993; Lohrenz et al., 1993; Ashjian, 1993; Ashjian et al., 1994). 

Another physical mechanism that may be responsible for localized supply of nutrients to the 
surface layers is diapycnal mixing. Pelegrí and Csanady (1 991) have shown evidence of mixing 
between upper thennocline and surface layers, while Pelegrí and Csanady (1994) have argued 
that diapycnal mixing may be associated to frontogenetical, dynamically unstable, regions 
assuciaied io itle passage of iiiearidei-s. Frrr-her suppori io ihe exis&nce of Uiapycnai mixing in 

western boundary currents comes from the analysis oftritium distributions by Jenkins (1 980) and 
Sarmiento et al. (1982). They observed large upper thermocline tritium concentrations in the 
northwest portion of the subtropical gyre, which can only be due to enhanced mixing between 
the surface and upper thennocline layers. 

In this paper we wiii examine two mechanisms capable of draining nutrients transported by 
the Gulf Stream towards the photic layers. First (Section 2), we will consider the epipycnal 
irrigation of nutrients into the subpolar North Atlantic (basin-wide process). We will show how 
a nutrient stream flows centered on the 26.5-27.300-band on its way to the northern North 
Atlantic, and how the nutrient transport in its upper layers gets depleted as they outcrop. And 
second (Section 3), we will consider the much smaller spatial(10-100 km) intermittent (day-to- 
week) diapycnal transfer ofnutrients within the Gulf Stream. We will show that diapycnal mixing 
takes place at the location of a nutrient stream, suggesting that its overall result is two-way 
exchange between nutrient-rich upper-thermocline and nutrient-poor surface layers of the Gulf 
Stream, with an upward net transfer of nutrients towards the photic zone. In this study we have 
used previous calculations (ours and of other authors) done in both ot and 00 coordinates. This 
poses no difficulty because depth differences between O, and 00 isolines are small in the upper 
1000 m, never exceeding 1 O m. Hence, the corresponding differences in nutrient transport would 
also be small, tending to zero when the nutrient stream approaches the surface mixed layer. 

2. The Nutrient Gulf Stream 

2.1 Gulf Stream epipycnal nutrient transport 
Brewer and Dyrssen (1 987) obtained gross estimates for the nitrate and phosphate transports 

through the Florida Straits and suggested that the Gulf Stream is a principal source of nutrients 
for the North Atlantic. Rintoul and Wunsch (1991) have shown the existence of net poleward 
transport of some 119 km01 s l of nitrate through 36"N. They have indicated that most of this 
export is due to advection by the Gulf Stream in the 26.4 < OQ < 27.3 band. Pelegrí and Csanady 
(1991), using the same data set, have shown that (alongstream) nutrient transport by the Gulf 
Stream approximately triples between the Florida Straits and 36"N (referenced to 2000 m), 
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Fig. 1. Distribution of severa1 properties in the Atlantic Ocean, reproduced from Reid (1994). (a) 
Outcrnpping i f  se!ected isipycna!~. (h) Depth cintiiirs (cnits i f  m) f ~ r  the cro= 26.75 isopycna!. 
(c) Nitrate concentration (pmol kg-l) at a depth of 100 m. (d) Nitrate concentration (pmol kg ' )  on the 
00 = 26.75 isopycnal. 
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that the Gulf Stream advects 863 kmol s 1  of nitrate beyond 36"N, of which 486 km01 S ' (56%) 
are in the 26.5 < o, < 27.3 band. Pelegri and Csanady (1991) also calculated the total transport 
further downstream and showed that some portion recirculates but a significant fraction goes into 
the northern North Atlantic: 376 km01 S-' of nitrate at 35OW. 

Rintoul and Wunsch (1991) have suggested that the nitrate imbalance is compensated by 
epipycnal recirculation of organic material, which is oxidated and provides the source of 
regenerared nitrate. This is consistent with Martin et ul. (1987) and Sarmiento et al. (1990) ideas 
for the subtropical gyres of the North Pacific and North Atlantic, respectively, which suggest that 
differences in oxygen utilization rates are due to lateral (epipycnal) advection and decomposition 
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Fig. 1. (continued). 
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cycle basically consisting on nitrate irrigation of its northern waters by the Gulf Stream system 
(Pelegrí and Csanady, 1991 ; Rintoul and Wunsch, 199 1 ), high productivity and biomass 
production in this region (as observed in the CZCS satellite iinages of Esaias et d., l986), and 
subduction/recirculation along the upper-themocline layers of the subtropical gyre (with the 
nitrate imbalance being accounted for by dissolved or particulate organic nitrogen). 

In Fig. 1 we have reproduced some recent maps for the Atlantic Ocean by Reid (1 994), using 
data fromall seasons. Figure l(a) shows the outcropping of isopycnals, which are not substantially 
different to the wintertime outcropping maps of Levitus (1982). Figure l(b) shows the depth 
contours ofthe o0= 26.75 isopycnal, with the dashed line indicating its outcropping. The shoaling 
in the western North Atlantic corresponds to the location ofthe Gulf Stream system, and suggests 
that its entrance into the northern North Atlantic takes place at about 45"W. Figures 1 (c) and 1 (d) 
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Fig. 1. (continued). 

show the nitrate concentration at a depth of 100 m and on the 00 = 26.75 isopycnal, respectively. 
Figure 1 (d) also shows the near surface concentration poleward from its outcropping position, 
W ~ K P  fnmt hydrngruphic dutu wuv taken during the summer seusen (J. L. !?riU, pers~na! 
communication, 1994). 

There are some important differences in the nitrate distributions at 100 m and on the o0 = 

26.75 isopycnal over the North Atlantic. The distribution at 100 m shows rather homogeneously 
small values over the whole subtropical gyre, while the isopycnal distribution presents strong 
northeast-southwest gradients. The poleward nutrient transport is clear on this isopycnal through 
the large values in the northwestern margin of the gyre. Poleward of its outcropping position, the 
near surface (summer) nutrient concentrations are representative of the seasonal surface mixed 
layer, hence Fig. l(d) suggests that the core of the nutrient stream flows deep into the northern 
North Atlantic along the surface mixed layer. 



The North Atlantic Nutrient Stream 

Fig. 1. (continued). 

2.2 Estimates of nutvient irrigation 
T n  nrrlortn rl;crlicc t h ~  lnr~tinn n f t h ~  n ~ ~ t r i ~ n t  ~ t r ~ a r n  nfth~Nnrth Atlnntir nr "Niitri~nt Giilf 
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Stream", we have used four summer hydrographic sections from Pelegrí and Csanady (1 99 1). 
These will be identified by the latitude or longitude at which they approximately crossed the 
current: 36"N (June 1981), 64"W (April 1985), 53"W (May 1983), and 35"W (August 1983); 
their approximate location is shown in Fig. 1 of Pelegrí and Csanady (1991). We have also 
analyzed a short hydrographic section north of Cape Hatteras, but about 100 km southwest of 
section 36"N, taken between September 6 and 9, 1985. 

In Fig. 2 we present the combined o, and nitrate flux distributions for al1 four Pelegrí and 
Csanady's (1991) hydrographic sections (the nitrate flux distributions were already shown in 
their Figs. 3 and 6; in this and the following figures the small crosses indicate the location of 
nutrient data). The (alongstream) nitrate flux, or nitrate transport per unit area, is simply 
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Fig. 2. Nitrate flux (mmol m-2s-') and density (ot) contours for sections (a) 36"N, (b) 64"W, (c) 53"W, 
and (d) 35"W. Please note the change in contour interval for Fig. 2(d). 
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Fig. 2. (continued). 
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Fig. 3. (a) Oceanographic thermal analysis map for September 9, 1985, and location of hydrographic 
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(dashed lines, mmol m-2s-') and density (q, solid lines) contours for the southernmost cross-shore 
section in Fig. 3(a). 

calculated as velocity times nitrate concentration. The velocity is obtained assuming geostrophy, 
with 2000 m as the zero velocity reference leve], and the nitrate concentration is interpolated at 
the velocity positions using a smooth bivariate interpolant. These distributions illustrate that 
most of the nitrate flux is comprised in the 26.5-27.30,-band. In section 35"W, however, the 
o, = 26.8 surface has already outcroped (it coincides with the base of the seasonal mixed layer) 
and there is only very little nitrate flux above it. Notice that the North Atlantic Current appears 
to cross this hydrographic section several times: this is suggested by the similar amounts of water 
and nutrient transports in each crossing, consistent with a meandering of the same current rather 
than with its partition on different branches. Analogous behaviour in al1 sections can be found 
for phosphate and silicate. 
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Fig. 3. (continued). 

Figure 3(a) illustrates the location of the relatively short hydrographic section near Cape 
Hatteras together with the corresponding thermal analysis map, and shows that the Gulf Stream 
w2s !nc~ted c!nse te the cezst (repredwed frem R ~ Q W I I  et d., 1987). Thir r~gger t r  that thir 
section, despite its shortness, possibly comprises most ofthe Gulf Stream. Figure 3(b) shows the 
combined o, and nitrate flux distributions (the velocity field is again calculated referred to 2000 
m, assuming zero bottom velocity for shallower regions). This last figure resembles Fig. 2(a) 
(section 36"N) but because of its proximity to the coast it also shows the southward nitrate flux 
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Gulf Stream across this section is 530 km01 s l, smaller than (but ofthe same order of) the nitrate 
transport across section 36"N (863 km01 S '), the difference being consistent with the fact that 
this section does not include the whole Gulf Stream. The southwestward coastal nitrate transport, 
however, is only a small fraction of this value: less than 20 km01 s l. 

Table 1 summarizes the water transport (Sv), and nitrate, phosphate and silicate transports 
(km01 S-') across sections 36"N, 64"W, 53"W, and 35"W, for six selected isopycnal layers. 
(Notice that when the isopycnals get very close to each other it becomes difficult to estimate 
epipycnal water and nutrient transports from standard nutrient and hydrographic data. For this 
reason we have simply indicated when the water, nitrate, silicate and phosphate transports fa11 
below 2 Sv, and 10, 5 and 1 km01 ssl, respectively.) The numbers in Table 1 show significant 



Table 1. Water (Sv) and nutrient (kmol ssl) transports along six isopycnal layers of the Nutrient Gulf 
Stream, across sections 36"N, 64"W, 53"W, and 35"W. Foreach layerandsection we show four values, 
which correspond to water (top value), nitrate (second value), silicate (third value) and phosphate 
(bottom value) transports; values falling under 2 Sv, and 10, 5 and 1 km01 S ', respectively, are in- 
dicated with a dash. 

Layer 36"N 64"W 53"W 35"W Layer 36"N 64"W 53"W 35"W 

25.6--26.2 6.6 5.5 8.7 - 26.8-27.1 11.7 10.1 8.3 12.0 
44 - 15 - 219 168 125 138 

2 1 - 6 - 116 78 60 75 
2.6 - 1.5 - 13.7 10.4 7.9 9.1 

inputs near the surface between 64"W and 53"W, and deeper between 53"W and 35"W, which 
may be associated either with southward flowing coastal Labrador water or with recirculation 
within the western extreme of the subpolar gyre (Talley and McCartney, 1982; Csanady and 
Hamilton, 1988; see also Fig. 3(b)). The most striking feature, however, is that al1 nutrient 
transport above the o, = 26.8 layer practically disappears beyond section 53"W, due to the 
outcropping of this layer. Some of it may recirculate into the subtropical gyre but it is likely that 
most of it goes into the surface mixed layer of the northern North Atlantic (recall that our 
hydrographic sections were taken during summer, when a surface mixed layer covers very 
extense regions). Hence, the amount of nitrate going into the surface layer is of order 200 km01 
S-', which clearly could account for the 1 19 km01 S ' ofpoleward net export found by Rintoul and 
Wunsch (1991). 

One is easily tempted to make rough estimates for the importance ofthis input to the northern 
North Atlantic. Over a volume with area of about 5 x 1 O6 km2 and depth of 100 m, such a nitrate 
source acting during four months (December through March) would account for an average input 
of4 pmol 1-l. This is ofthe right order of magnitude for the differences in concentrations between 
winter and post bloom values (e.g. Garside and Garside, 1993; Marra and Ho, 1993). Further- 
more, we can expect that this input will still take place during the spring bloom, helping to 
maintain it for longer periods (this is because the North Atlantic Current velocities at these levels 
are of order 0.2-0.4 m S-[, faster than the northward advance of the pycnocline during stratifi- 
cation). We do not intend to pursue this problem here, but only to point out at its importance. For 
example, this input should be taken into account when modelling the bloom in order to not 
underestimate new production. 

In Fig. 4 we present the nitrate flux across section 36"N in isopycnic coordinates. In this case 
the CTD data (available as averaged values over 2 m depth intervals) were smoothed using a 
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Fig. 4. Nitrate flux (mmol m 2s ') in isopycnic coordinates for section 36"N, defining the location of the 
lower portion of the Nutrient Gulf Stream. 

running filter to 16 m averages, and subsequently interpolated to 00-surfaces separated by 0.01 
intervals using cubic splines. Notice that the interpolation has not been extended above the o 0  = 

26.5 isopycnal because of the large stratification there, which yields too few data points to make 
this procedure accurate. The velocity field was then obtained in isopycnic coordinates, with the 
00 = 27.8 as the reference isopycnal surface (see Pelegrí and Csanady, 1994, for the details). The 
much more sparse nitrate data was finally interpolated to the locations of the velocity field, using 
a smooth bivariate interpolant, in order to obtain the nitrate flux field. This figure emphasizes the 
bounded character of the Nutrient Gulf Stream: values greater than 10 mmol m 2s ' occur in the 
26.6 < 0627 .2  range, withmaximum values close to 15 mmolm 2s ' nearthe DO= 26.8 isopycnal. 
Another smaller maximum; located in the 26.2 < m < 26.55 range (see Fig. 2(a)), only exhibits 
its deepest portion in this figure. 

The penetration of the surface North Atlantic Current into the subpolar gyre is clear from 
geostrophic calculations (Levitus, 1982; Reid, 1994), drifting buoy trajectories (Richardson, 
1983), and model results (e.g. Smith et al., 1990). The prominent tongue of nitrate that irrigates 
the surface waters of the northwestern North Atlantic (Fig. l(d)) is further evidence of its origin 
from Gulf Stream waters. Our results suggest that its origin is not the surface Gulf Stream waters, 
but the Nutrient Gulf Stream flowing along the upper thermocline isopycnal layers ofthe western 
boundary current. This epipycnal irrigation of the northern North Atlantic surface waters is 
indeed consistent with the presence of positive Ekman pumping velocities in this region (Leetma 
and Bunker, 1978). 



3. Shear-lnduced Mixing and Enhanced Productivity in Gulf Stream Meanders 

3.1 Fornzer evidence qfdiap,vcnal nzixing 
As discussed in the lntroduction, there are several processes associated to Gulf Stream 

meanders that may enhance local productivity. We turn now into one of such processes, its 
peculiarity being that it brings nutrient-rich waters towards the surface layers through diapycnal 
transfer rather than by epipycnal movements. This is intermittent shear-induced mixing, taking 
place in some layers of the Gulf Stream, probably intensified during some frontogenetic phase 
of meanders. Its spatial and temporal scales are very different from those of the epipycnal 
irrigation of the northern North Atlantic, day-to-week versus seasonal and 10-100 km versus 
basin-wide. 

Hitchcock et al. (1993) have indicated that the main physical mechanisms controlling the 
pigment distribution are (1) the outcropping of the nutrient bearing strata during spring, (2) 
meander-induced nutrient upwelling, and (3) Gulf Stream-ring interactions. The importante of 
these upwellingÍdownwelling movements appears in concordance with the productivity model 
1- vi. - ~I -.. J n-- :- , T  nn?, TI-- 1 -  1--. r -1 - 1  , l  nnq\ L F~ ..---m 4- : - l l . ,  oy riieri arlu vavis  ( L Y Y J ) .  I IK W U I K  uy L U I I I G I I L  E L  U L .  (1773), I I U W C V C I ,  S U ~ ~ G S L S  2 p u i c l l r l a l i y  

important role ofmixing-induced nutrient injection, taking place downstream of a meander crest. 
Ashjian et al. (1994) also report elevated zooplankton biomass in such a region, although they 
ascribe it to flow convergence and entrainment of slopewater. Hitchcock et al. (1 993) isopycnal 
maps of pigment concentrations also show several maxima taking place beyond a meander's 
crest, although they think that it is unlikely that these maxima are maintained by diapycnal mixing 
processes. Ishizaka et al. (1 992) used ocean color and thermal infrared images, as well as in situ 
chlorophyll and temperature data, to study the phytoplankton distribution around the Izu 
Peninsula of Japan. They found high pigment concentrations at the crest of a Kuroshio ~neander, 
and suggested that it may be the result of either upwelling or mixing. 

Pelegrí and Csanady (1 99 1, 1994) have discussed the possibility of intermittent shear- 
induced diapycnal mixing in the upper-thermocline layers ofthe Gulf Stream, taking place during 
frontogenetical phases ofmeanders. Pelegrí and Csanady (1 99 1) found that the o ~ =  26.8 isopycnal 
approximately separates positive nutrient anomalies in the surface layers from negative nutrient 
anomalies in the upper-thermocline layers. They used a two-box model to show that this is 
consistent with upward entrainment and two-way exchange between the upper-thermocline and 
surface layers. More recently, Pelegrí and Csanady (1994) have shown that anomalies in both 
potential vorticity and vertical distance between isopycnals are indicative of regions with 
dominant diapycnal convergence. They suggested that diapycnal mixing is triggered when the 
isopycnais approach each oiher whiie ihe Uiapycnai gradieni of iiie aloiig-sireaiii velocity- (3vÍdpj 
remains constant or increases, causing subcritical gradient Richardson numbers. This is likely to 
occur between the crest and following trough of Gulf Stream meanders, when frontogenesis 
probably develops in analogy to what happens in atmospheric jet stream waves. 

Evidence for diapycnal mixing within the Gulf Stream, however, may come from early 
works by Richards and Redfield (1955) and Stefánsson and Atkinson (1971). Richards and 
Redfield (1955) studied the evolution of oxygen anomalies, as compared with Sargasso Sea 
waters, along the course of the Gulf Stream. They reported relatively large and patchy negative 
oxygen anomalies, mostly in the 26-26.50,-range but extending down to o, = 27, which they 
related to the low oxygen content of water arriving through the Florida Straits. They explained 
the negative surface oxygen anomalies in the Gulf Stream by arguirig that the surface stratum 
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Fig. 5 .  (a) Nitrate and (b) phosphate concentrations (pmol 1 ' )  as a function of density (o,). Circles and 
triangles represent observations taken in the Sargasso Sea and the Gulf Stream, respectively. 
Reproduced from Stefánsson and Atkinson (1 971). 
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(26.0 < o, < 26.5) corresponds to the swiftest flowing waters, and speculated that the patchiness 
in the oxygen anomalies may be due to the Gulf Stream having severa1 branches. This idea, iftrue, 
could provide an explanation for the positive surface nutrient anomalies, but not so for the 
negative upper-thermocline anomalies. 

Stefánsson and Atkinson (197 1) studied the distribution of nitrate and phosphate anomalies 
in several sections across the Gulf Stream, off the North Carolina coast, again as compared with 
Sargasso Sea waters. Figure 5, reproduced from their work, shows large positive anomalies in 
the 25.0-26.60,-band and smaller, but significant, negative anomalies in the 27.0-27.50,-band. 
Stefánsson and Atkinson suggested that the positive anomalies are caused by waters of Caribbean 
origin, in accordance with Richards and Redfield (1955) earlier interpretation arising from 
opposite oxygen anomalies. However, this explanation cannot justify the negative nutrient 
anomalies, because of high nutrient concentrations in Caribbean therrnocline waters. Densities 
in the Florida Straits do get at least as large as O,= 27.3, and one would expect that these waters 
would carry positive nutrient anomalies in the thermocline. A complementary explanation forthe 
patchy nutrient (and oxygen) anomalies, positive (negative) in the surface layers and negative 
(positive) in the upper thermocline, is intermittent two-way exchange. Positive nutrient anoma- 

o 10 20 30 

DISTANCE (km) 

Fig. 6. Temperature distribution (dashed lines; solid lines correspond to T= 15 and 18°C) and regions with 
high phytoplankton concentration (shaded areas) for two nearby transects across the Gulf Stream 
(adapted from Arnone et al., 1990). The transect in (a) was taken slightly before a meander's trough 
while the transect in (b) was taken slightly before the subsequent crest. 
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lies at the surface and negative anomalies below (and the opposite for oxygen) simply mean 
reduced gradients, consistent with the idea of diapycnal mixing. 

The distribution of phytoplankton may also be used as an indicator of mixing processes in 
meanders. Figure 6, adapted from the work by Arnone et al. (1990), shows the temperature 
distribution (dashed lines; solid lines are for T = 15 and 18°C) and the regions of enhanced 
phytoplankton, zooplankton and small animal concentration (shaded regions), for two transects 
across the Gulf Stream. The top illustration corresponds to a transect taken slightly before the 
trough of a meander, the frontogenetical stage being illustrated by the presence of rather strong 
horizontal temperature gradients. The bottom figure comes from a transect taken slightly before 
the crest of the next meander. Arnone et al. (1990) pointed out that the downward and upward 
movements of phytoplankton (used as a tracer) show shrinking (convergence) and stretching 
(divergence) of the isopycnal layers, in agreement with Bower's (1989) calculations of con- 
vergence-divergence from the movement of isopycnal floats. The transects, however, also show 
the spread of phytoplankton across isotherrnal layers, which may be used as an indicative of 
diapycnal mixing. Reference to the isotherms T = 15 and 18°C shows that the isothermal ex- 
tension ofphytoplankton is noticeably larger in the transect taken near the trough, suggesting that 
the Ernntigenetica! stage may he fe!!~wec! hy diipycni! ?r,ixinn e. 

3.2 Diapycnal mixing and the nutrient stream 
In Pelegrí and Csanady (1994) we introduced the concept of density tendency w, as the material 

change of density on relatively long time scales (as compared with the time scale over which 
-:-.:-e +-l---  - l - - - \ .  
I I I I A I I I ~  iancs place). 

--- 
where F -= (u 'p ' ,  v'p', w'p ')  is the density flux vector. Tilded quantities refer to average values 
over the long time scales, while primed qiiantities refer to short-time fluctuations which are 
responsible for the resulting mixing: p = p + p', u = zl + u', etc. In isopycnic coordinates w, is 
the natural quantity to consider when studying diapycnal mixing, to be estimated from 

..,L,,, 7 -  212' - * A  V ' *L - A A . .  ---.c.. A : r C C C C ^ ' . . : .  ... L:-L :- _i-r îii-Li-:- îl -- : ---- w i i u b  J - V L , V ~ ,  aiiu 11 i S  iiie ~ u u y  dciis;iy uiiiuslvi~y wiiiui i a  paidiiietGiILcu as a11 IIlV~Ibe 

function of the gradient Richardson number Ri. 
Our results in Pelegrí and Csanady (1994) showed severa1 regions with relatively small Ri 

and Jvalues in the26.5-27.1 opband, which cause wbpeaks ofalternatingsign. Wehypothesized 
there that spatially and temporally recurrent positive and negative w, values, intensified during 
frontogenetical unstable phases in Gulf Stream meanders, would induce the two-way mean 
diapycnal mass transfer observed in Pelegrí and Csanady (1 99 1). In the previous section we have 
seen (Fig. 4) that this isopycnai band precisely corresponds to the core of the Nutrient Gulf 
Stream, where nutrients are constantly replenished by alongstream and cross-stream epipycnal 
flow. The natural consequence, to be discussed next, is that diapycnal mixing will also be 
responsible for mean upward nutrient transport. 



Fig. 7. (a) Density tendency, w,, within the Nutrient Gulf Stream in section 36"N, as a function of density 
(00) and offshore distance. Solid and dashed lines refer to positive and negative values, respectively, 
each unit corresponding to 2.6 x 10-lOot, s ' (adapted from Pelegrí and Csanady, 1994). (b) Nitrate 
concentration (pmol kg l )  in section 36"N as a function ofdensity (00) and cross-stream distance. The 
shaded regions corresvond to the above w, field. 

Figure 7(a) shows the distribution of w, in a portion of section 36"N, as a function of o0 and 
offshore distance (adapted from Pelegrí and Csanady, 1994). This figure shows that diapycnal 
-....-m -- i :--- -- . :A:--  L L -  - -I:... I - - - -  ~- -r~j.. n - - l r o L ~ - -  - -  
M & I I ~  h a b  s s v u a l  111am111a WILIIIII  LIK upptx LIIGIIIIUGIII~~:  iayers ui ~rie u u i ~  aLrearri, in ihe core 
of the Nutrient Gulf Stream. The details of this figure depend on the smoothing done to the 
original data (necessary to eliminate al1 density inversions when using isopycnic coordinates), 
as well as on the chosen function for K = K(Ri). Its irnportance, however, lies on its alternating 
negative-positive character, which implies upward-downward transfer of water between adja- 
cent isopycnal layers. It is convenient to recall that section 36"N was taken shortly after the crest 
of a meander, where frontogenesis takes place and produces the unstable conditions leading to 
diapycnal mixing. 

Figure 7(b) shows the nitrate distribution for section 36"N as a function of 00 and offshore 
distance. The nitrate concentration is roughly constant along the isopycnals in the lower layers, 
up to about the 27.300-surface. Above these, the concentration isopleths depart from the hori- 
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Fig. 7. (continued). 

zontal, showing nutrient excess in the upper layers. We may also notice that the anomalies change 
considerably from one isopycnal to another, suggesting that they are produced by some vertically 
uneven mechanism. Over this figure we have overlayed the density tendency field (shaded 
regions). The w, distribution shows remarkable good agreement with the location of the nutrient 
anomalies. The inference is that negative density tendencies bring nutrient-rich waters to the 
shallow layers, while positive density tendencies bring nutrient-poor waters to deeper layers. 

It should be noted, however, that downward transfer (i.e. negative anomalies) is not visible 
in Fig. 7(b), although it is suggested by the uneven character ofthe anomalies. There is no obvious 
answer for this. We believe, however, that the negative anomalies could be concealed by large 
nutrient-rich epipycnal taking place just before section 36"N was done. The idea of this inflow 
is based on Bower and Rossby 'S (1 989) measurements of isopycnic trajectories between a trough 
and subsequent crest of a meander (away from the interior regime), combined with Csanady's 
(1 989) idea of large correlation between layer depth and cross-stream velocity during this phase. 

Still another hint pointing at the existence of significant diapycnal mixing during meanders 
comes from Coastal Zone Color Scanner (CZCS) images. Plate 1 consists of three CZCS images 
showing near-surface phytoplankton pigment concentrations (clorophyll a + pheotphytin a) in 
mg m-3, for the southeastern U.S. continental shelf. The CZCS data were processed at the Center 



PIate 1. CZCS-derfvd nem!-aurface pigment concentrations foir the southeastern Ud. wntmentai sheK 
February 25,1981 (bfi), Febniarg 27, 1981 (cerrter), anid Octobet 7,1979 (right). 
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for Coastal Physical Oceanography, Old Dominion University, using an interactive satellite data 
analysis software package (PC-SEAPAK and Unix-SEAPAK) developed by NASAIGSFC 
(Darzi et al., 1989; Firestone et al., 1989). The pigment images were remapped to a standard 
Mercator projection, occupying a region from 26 to 36ON and from 75 to 8 1.5"W, and registered 
to the coastline. The projection consisted of 512 by 512 pixels, the pixel resolution being 2 km 
x 2 km. 

For al1 images the same color palette is used. The pigment interval ranges are chosen such 
that the regions of intermediate pigment concentration (higher than Sargasso Sea waters but 
lower than the inner and middle shelf regions) are emphasized. The red color indicates pigment 
concentrations between 0.66 and 44.1 mg m 3, which take place in the inner, middle and part of 
the outer shelf regions of the southeastern U.S. continental shelf. CZCS-derived pigment 
distributions in the Gulf Stream region show average concentrations between 0.05 and 0.2 mg 
m-3 (blue tones), with maximum values of about 0.6 mg m ' represented by the yellow color. 
Comparisons with in situ data have shown that the CZCS-derived patterns are correct, although 
the calculated values usually underestimate severa1 times the real pigment concentrations 
(Martins et al., 1995; see also lshizaka et al., 1992). -. rne ieft and centrai images, corresponding to February 25 and 27 of i98i ,  show an 
anomalous situation in the pigment distribution, characterized by the presence of numerous 
scattered areas of relatively large biomass concentration (about 0.6 mg m 3, in the central region 
of the Gulf Stream, its source unlikely related to shelf waters. This situation corresponds to the 
Gulf Stream distorted by steep meanders. The left image shows small, but rather steep meanders, 
in the region just north of the Straits of Florida, while the sequence from the left to the central 
image shows the growth of a large meander upstream of Charleston bump (note the very large 
offshore excursion from the crest to the trough of this meander). The extent of relatively large 
pigment concentrations in the central region of the Gulf Stream is rather abundant in the left 
image but it is even more impressive in the central image, particularly in the Gulf Stream region 
associated to the meander south of Charleston Bump. The right image, corresponding to October 
7 of 1979, shows a typical situation of the Gulf Stream in the southeastern U.S. continental shelf, 
with less pronounced meanders and low pigment concentrations in its central waters. 

One possible interpretation of these images comes from our discussion on the origin of 
diapycnal mixing in western boundary currents: in the event of steep meanders, nutrient-rich 
upper-thermocline waters may reach the shallow waters through a rapid succession of mixing 
events taking place in severa1 isopycnal layers. Each mixing event would probably occur at 
relatively small horizontal and vertical scales, and would transfer relatively small amounts of 
water andnutrients towards the surface. However, a sequence ofthese events would be important 
enough to transfer significant water mass and nutrients from the Nutrient Guif Stream to the 
surface layers. These ideas are consistent with Pelegrí and Csanady (1991) results on two-way 
exchange between upper-thermocline and surface layers ofthe Gulf Stream. Pelegrí and Csanady 
(1991) found two-way mean exchange of 2.4 Sv between the Florida Straits and section 36"N, 
which wouldproduce anupwardnet transfer of some 37 km01 S l ofnitrate. Such quantities would 
be large enough to maintain patchy productivity within the relatively sterile surface waters of the 
Gulf Stream. 

4. Conclusions 
The nutrient stream of the North Atlantic subtropical gyre, or Nutrient Gulf Stream, is 

responsible for the epipycnal transport of large amounts of nutrients to the northern North 



Atlantic. The Nutrient Gulf Stream has a prominent core on the 26.5-27.3o~band of the Gulf 
Stream system. In the northem regions, where the upper layers of this band outcrop (into the 
surface mixed-layer during summer), the core of the Nutrient Gulf Stream approaches the surface 
and its isopycnal extent is reduced to the lower portion of this band. The outcropping of these 
layers appears as the path through which the Nutrient Gulf Stream injects the nutrients necessary 
to maintain the spring bloom of the northern North Atlantic. 

We may expect that westem boundary currents of al1 oceans are the locus ofnutrient streams. 
The reasons why other such regions show relatively little productivity, as compared with the 
North Atlantic, are probably of very diverse nature. Among the physical reasons we may suggest 
large surface stratification which prevents the outcrop of the nutrient stream layers (as in the 
North Pacific, e.g. Gargett, 1991), or the existence of currents which inhibit the poleward 
penetration of the nutrient stream (as the Antarctic Circumpolar Current in the Southern 
Atlantic). We believe that the ideas endorsed in this paper should only be a starting point for a 
much broader analysis of the importance of nutrient transport in westem boundary currents, both 
in sustaining basin-wide productivity and in closing the global nutrient budget. 

We have also endorsed the idea that diapycnal mixing in the Nutrient Gulf Stream is a likely 
mechanism for water exchange between nutrient-rich upper thermocline and nutrient-depleted 
surface layers, resulting in net mean nutrient transport towards the surface photic layers. We 
suggest that this is an intermittent process, related to shear-induced instabilities triggered during 
frontogenetical phases of the meanders, whose temporal and spatial repetition leads to two-way 
exchange between the upper thermocline and surface layers. This is likely to be a mechanism of 
p-iEr impoeuncr in sustaining trmp~ru!!y und sputiu!!y putchy produ&xvritx~ J \--J !e- 
100 km) within the Gulf Stream itself. 
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