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Nutrient Transport and Mixing in the Gulf Stream

Old Dominion University, Norfolk, Virginia

The distribution of nutrient flux (geostrophic velocity times concentration)in five sections across the
Gulf Stream-North Atlantic Current (from the Florida Straits to 3S0W) is characterized by an intense
core, centered at the depth of the 26.8 u*iso ycnal surface (typically 500 m). This "nutrient stream"
carries nutrient transports of the urder of 10P kmol S - ' of nitrate and proportional amounts of oiher
nutrients. Between the Florida Straits and the Mid-Atlantic Bight, water transport doubles, but
nutrient transport trebles, because along-isopycnalinflow from the subtropical gyre is concentrated in
the layers of the upper thermocline. which are rich in nutrients. Beyond the Mid-Atlantic Bight, both
water and nutrient transports decline slowly. Water mass and nutrient balances of nine isopycnal
layers reveal significant upward entrainment and rnixing of thermocline waters in the sector of the
stream between the Florida Straits and the Mid-Atlantic Bight. A two-box model of the nutrientdepleted surface layers (u, < 26.8) and the nutrient-rich thermocline layers (26.8 < u, < 27.5) shows
an upward cntrainment rate of about 1.6 m* S - ' per unit length of the stream, o r a diapycnal velocity
of 2 X
m S - ' over the 80-km width of the siream. In addition, there is two-way diapycnai mass
exchange at approximately the same rate. The rate of inflow from the surface layers of the Sargasso
Sea is about 12 x lo6 m3 S - ' , from the thermocline layers 15 x lo6 m' s
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In a seminal paper, Rosshy [1936] discussed the continuity
of properties on isopycnal surfaces under the Gulf Stream
between the Sargasso Sea and the continental margin. He
inferred cross-stream advection along these surfaces and
attempted to account for it theoretically. l'he layers involved
were primarily those of the upper thermocline, known to be
rich in nutrients [Redjield, 19361. Although the irnportant
idea of analyzing circulation along isopycnal surfaces was
soon taken up and applied to the equatorial North Atlantic
by Monlgomrry [1938], western boundary current behavior
was nct examined agui:: :i thls m a x e r f ~ ar!ong time.
The concept of a western boundary current originates
from ocean circulation models of Stommel [1948] and Munk
[1950], according to which a dynamically active deep surface
layer is driven by the wind, causing inflow frorn a Sverdrup
interior into a western boundary current, and equal recirculation. If one includes the upper thermocline in the active
layer, inflow into the boundary current, and recirculation, is
to be expected also in this layer. A different recent idea
y irii
;703j is ihai ifie ihcrnioc~irle cii-cüiaii"n
originates from the convergence of Ekman transport at the
outcropping of the isopycnal surfaces. From there the subducted water mass makes its way again to the western
boundary current. It is not d e a r how this circulation loop is
to be closed. Riley [1951] had a conceptual model similar to
that of Luyten et al. in mind in cxamining the behavior of
nutnents in the upper thermocline, and he also ended with
the nutrients going into the western boundary current.
liowever, a tracer anaiysis of rne Nonn Árianric tnermociine
layers by Sarmiento [1983] showed gross discrepancies
between Ekman convergence at subduction and what actually flows along upper thermocline layers. In the stratum
carrving most of the nutrients (between cr: = 26.7 and 27.31
Copyright 1991 by the American Geophysical Union.

Sarmiento found westward drift of 11 x lo6 m 3 s , versus
Ekman convergence of O k 1 x lo6 m3 S - ' .
On account of the importante of nutrient transport to the
global biogeochemical cycle, it is clearly desirable to establish from obcervation just what the mass balance of the
nutrient bcaring stratum is, and how large a nutrient transport the western boundary current actually carries. Brewer
nnd Dyrssm [1987] obtained first-order estimates for the
nitrate and phosphate transport across the Florida Straits
and suggested that the Gulf Stream is a principal source of
nutrients for the North Atlantic. Here we trace this transport
further and show that it increases greatly as the stream flows
~lnno
tL.. h
r~n n t i n e n t ~ lmgrnin
nf
Nnrth 1A m e v i r o
I
.LLU'&ll.
V.

U'""b

I"..L...'L.LU.

I.V.L.1

I L l l I 1 1 " U .

In addition to estimating total nutrient transport, we also
examine the questions of how the transport of water mass
and nutrients is distributed over the different isopycnal
layers, what the downstream increase of the transport implies for the circulation of the nutrient-beanng stratum in the
ocean interior, and what the changing profile of nutrient
transport reveals about processes within the boundary current itself. Specifically, we examine what support there is in
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boundary upwelling" [Csanady, 19891.

Tur EATALTsm
The tracks of the Gulf Stream-North Atlantic Current
hydrographic sections used in our study are shown in Figure
l . They will be identified by the latitude or longitude
:
36W, MoW,
approximately hllnwrd during the c r i i s ~?@N,
53"W, and 35"W. The dates of the sections were September
5, 1981, June 12-14, 1981, April 23-28, 1985, May 14-17,
1983, and July 28 to August 9, 1983, respectively.
Al1 sections were taken in late spring to surnmer, and two
consecutive section pairs (24"N-36"N and 53"W-3S0W) were
taken in the same year, with a time lapse of only about two
and a half munthb.
The data were kindly made available to us in processed
a n r l werifieCI
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Fig. 3. (a) Velocity and ( h ) nitrate flux density distributions in
section 36"N.

Gulf Stream. This suggests mixing between the upper thermocline and surface waters, a transfer of nutrients from the
nutrient-rich thermocline waters into the nutrient-depleted
surface layers. It is important to note that a considerable
number of data points show the nutrient maximum in the
light layers of the Gulf Stream. However, variations shoreward from this maximum (c.g., near x = 150 km) are mostly
artifacts of the contouring scheine and should be ignored.
The nutrient stream is identifiable in the other four sections (see Figure 6 for the nitrate llux distributions), although
downstram gf ?hON it hzs sever,?! h!.gn&~, ~ n d 35'W
also reverse transport of significant magnitude. Flux intensity is greatest in the Florida Straits and declines monotonically downstream. The total nutrient transport peaks at the
36"N section (see Figure 7).
m L - ,L I I G 1dyer.s üf ihe &¡l@hb~
Sea theiiiio~iiiiebeiwecii iiie
26.8 and 27.7 q isopycnal sudaces contain a rich lode of
nutrients and may legitimately be called the nutrient bearing
stratum OS the North Atlantic. Various properties of this
stratum wcre discussed by Riley [1951]. The nutrient strearn,
os band of high nutrient flux associated with the Gulf Strearn
system, Bows along the western and northern edge of the
nutrient bearing stratum. Figure 1 indicsites the pasition of
the nutrient stream, estimated Srom the five sections used
here. The contours of the nutrient stream in the figure
correspond to flanking nutrient flux density values of (2.5,
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Fig. 4. (a) Phosphate and ( h ) silicate flux density distributions in
scction 36"N.
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Fig. 5. Nitrate concentralion in section 36"N as a function of u,
and cross-stream distance.
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recirculates, a large fraction of it undoubtedly reaclies the
subpolar gyre.
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Iii addition to the total transports, from tlie geostrophic
vclocities and the nutrierit fiux densities, we have also
calculated the transport of water mass and of nutrients in a
succession of overlying layers, between the sea surface and
the U, = 25.6 isopycnal surface, and then between pairs of
the isopycnals, o; = 25.6, 26.2. 26.5, 26.8, 27.1, 27.3, 27.5,
27.7, and 27.8. The isopyciial U, = 27.8 approximately
coincides with the 2000-m assurned leve1 of no motion. The
isopycnals chosen divide the cross section of the Gulf
Stream into strips of roughly equal depth. T h e top three
strips are in what W o r t h i ~ i g ~[1976j
o ~ ~ called warm water, the
next two upper thermocline water, the two below that
mid-thermocline water, and the Iasi two lower thermocline
water. Down to the mid-thermocline, the layers considered
by Scrrrniento et d.[1982J were nearly the same as ours,
although their choice was based on equal surface outcropping areas in winter.
Between an isopycnal layer at depth :,(.Y) and another at
ci+ { A ) , iiie waier mass anci nurrient transports were determined from

where s = O and s = Id were chosen so as t o include al1
significant baroclinic transport by the Gulf Strcam. The
conceniration in each layer was taken to be the arithnletic
average of the observations between the same limits on A- and
x lis V and T,,. This average c,, diEered little from T J V . Units
used are svcrdrups (10%' S-') and km01 s - ' .
Table 1 contains V and T,, for nitrate, phosphate, and
silicate in al1 the isopycnal Iayers mentioned, for the two
sections 24"N and 36"N. As is well known, the baroclinic
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betwecn these two sections. Nutrient transports, however,
are seen lo treble. For the discussion here the distribution oí'
the increase over the different isopycnnl layers is of prime
interest. The increases are generally of the same order a s the
"upstream" rransport at section ¿4"N, 2nd therelore dwarf
any errors in the transport estimates.
Expressed as a fraction of the upstream water transport,
the increases in V in the various layers range from zero to
20O%, with a pronounced broad maximiim between the cr, =
26.5 and 27.3 isopycnal curfaces (excluding thc bottom two
layers, which are vestigial upstream). The increases in mass
transport wili be attributed to along-isopycnal inflow from
the Sargasso Sea, with qualifications to be developed later.
As may be seen in Figure 8, the layer to layer data scatter a
bit but show that most of tlie niass transport increase occurs
in tlie upper therrnocline layers. Because these are che layers
constituting the nutrient bearing stratum, the much greater
than proportionate increase of nutrient transport is at once
-C..-
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Fip. 6 . Nitiate flux density distributicins for sections ( c i ) 24"N,
(h) 64"W, (c) 53"W, and ((1) 35"W. Note lhat the scales in the s
direction are unequal, in a ratio 4:1:1:0.5. Also note the change in
tlie contour intcrval for scctioii 3S0W.
0.2, 1) rnrnol of (NO3, PO4, SiO?) m - 2 S-', which roughly
coincide with velocity contours of 0.2 m S - ' . Although it
may be conjectured from the nutrierit and water mass
transport data in Figure 7 that much of the nutrient transport

1.1.

Fig. 7.

Variation of total water mass and nutrient transports with along-stream distance. The three scales in the right
margin correspond to nitrate, phosphate, and silicate transport, respectively.

explained by the predominance of the inflow from that
stratum.
Although this explanation is borne out in a general way by
an examination of the nutrient transport changes, there are
some important discrepancies. Let an "advective" concentration be defined by
e,,

Tnl
=

-

Tni

(2)

V? - VI

where the numeric subscripts refer to the upstream and
downstream sections. If inflow took place strictly along
isopycnals, the advective concentration would equal some
weighted mean of the concentrations e,,, and cn2(which only
differ by about 10'76, s o that cn2 is a reasonable approximation to the concentration in the inflow). As long as the
increases in both mass transport and nutrient transport in a

given layer are of the order of the upstream transports, any
major differences between e, and cn2 are significant and
require an explanation. An advective concentration much
larger than layer concentration implies excess nutrient supply, the opposite difference a deficiency.
Excluding the uppermost layer and the two bottom layers
from consideration (because the AVIV ratio is too small o r
too large for this argument), significant excess nutrient
supply is found in the layers above the u, = 26.8 isopycnal,
deficiency below. Combining al1 the layers above this isopycnal into a single "surface" stratum, and al1 those down to
u, = 27.5 into a "thermocline" stratum, one finds a weighted
average c, about twice cn2 in the surface stratum, a 15%
deficiency in the thermocline stratum. Expressed in terms of
total nitrate transports, the increase in the surface stratum is
160 kmol S - ' , only half of which is explained by the

TABLE 1. Water Mass (Sverdrups) and Nutrient Transports (kmol
NO3

125.6
25.6-26.2
26.2-26.5
26.5-26.8
26.8-27.1
27.1-27.3
27.3-27.5
27.5-27.7
27.7-27.8
All
(26.8
26.8-27.5
27.5-27.8

S-')

and Concentrations (pmol L - ' ) in Sections 24"N and 36"N
PO4

sio,

AV, = u ,iW
AT, = c,U,

+ Wc, + E(cI- c.$)
(3)
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Fig. 8. Relative increase between sections 24ON and 36"N ofwater

rnass transport in isopycnal layers.

isopycnal inflow. In the thermocline, the increase is 230
km01 S-', in place of 265 km01 S-' if the inflow were
isoyycnü!. Slmi!ar Uiferrnces o c c x with the other ni'trirnts
(see Table 1). As may be expected, the exact amount of the
srnaller discrepancy in the thermocline scatters more, its
average over the three nutrients being 17%.

The "excess" nutrient transport observed in the surface
stratum, and the concentration anomalies over the nutrient
stream (Figure 5) suggest rnixing (two-way exchange) and
possibly entrainment (one-way mass transfer) of thermocline
waters into the surface stratum. A two-box model of the Gulf
Stream between the two sections 24"N and 36"N (Figure 9)
can be used to estimate the rates of these diapycnal transfer
processes. Given the large nutrient transport increases,
nutrient utilization is legitimately ignored in the mass balances (see discussion below). The large water mass transports, and the large increase in these transports, makes it
realistic to suppose steady state (ignore "storage" of water
between sections) and to neglect any exchange with the
continental margin. The water mass and nutrient balances
for the surface and thermocline strata are then

= c,U, -

Wc:- E(c, - c,)

where (he A V are increases in water mass transport, the AT
increases in niitrient transport, U, and U t are inflows fi-orn
the surface and thermocline strata, W is the entrüinment
rate, and E is the exchange rate. These equations are readily
solved for the four unknowns U , , U,, W, and E.
The negleci of nutrient utilizalion is readily justified by
empirical data obtained in the South Atlantic Bight. Yodcr et
al. [1983] quote new production rates al the edge of the
continental shelf, implying nitrate utilization at the rate of
d - ' , similar to rates used by Walsh er
km01
2.2 x
al. 119881, 3-5 x lo-' k m 1 m-"-',
in a numerical model
of production in the Mid-Atlantic Bight. Supposing a iltilization rate of 3 x lo-' km01 m-' d - ' over a 100-km-wide
sirip between sections 24"N and 36"N (1500 km apart) gives
a nitrate transport loss of 5 kmol S-', or 3% of the calculated
increase in transport in the surface layer, which is certainly
at !he ~ i s !eye!.
e
To u!I!ize htindrebr, nf km01 S - ' al the
empirical utilization rates would take an area the size of a
subtropical gyre. 'l'herefore utilization 1s important for the
balance of nutrients between whole transoceanic sections (as
discussed by Brewer and Dyrssen for such a section at
24"N), but not between sections of an intense nutrient
stream.
Equations (3) niay be applied separately to the nitrate,
phosphate, and silicate transports, yieiding three sets of
estirnates for inilow and rnixing rates. These are shown iii
Table 2. While the cslimntes scatter somewhat (especially
for the entrainment rate W), they al1 show similar inflow
rates into the surface and therrnocline strata, ~ipwardentrainment, and significant two-way exchange. RealisEc mean
rates, with error bars, are as follows (al1 in sverdrups):
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The along-stream distance betweeri the two sections is about
1500 km, so that the entrainment and exchange rates per unitlength OS the stream are 1.6 m2 S-', with fairlp wide error
bars. Distributed over the 80-km width of the stream the
entrainrnent and mass transfer coeficients are both about 2
x lo-' m S - ' . An upwelling velocity of similar mílgnitude
ch:.ructenzes equrtoria! rpwe!!lng [wyrlki, !?S !1,

TABLE 2. Estimates for Inflow and Mixing Water Mass
Transports (Sverdrups) Between Seclions 24"N and 3V-I

Obtained From the Two-Box Model

Nutrient

Fig. 9. Schematic representation of the main elements for the
two-box model of the Gulf Stream between sections 24"N and 36"N.
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TARLE 3. Water Mass Transports (Sverdrups) and Nitrate
Transports (km01 S - ' ) in the Surface s (e,< 26.8), Thermocline
t (26.8 < a, < 27.5), and Deep Strata d (27.5 < a, < 27.8)
of + Five Sections
Section
24"N

36"N

64"W

53"W

35"W

Water mass and nitrate transports in different strata of al1
five sections are shown in Table 3 (with u, < 25.6 included
in the surface stratum). Transports of other nutrients behave
similarly t o nitrate. Between sections 3VN-64"W and 64"WF 7 " W there is !ittle inficw c r ei??P,cta; frcm 53"W t e 35"W
there is large outflow from the surface stratum and inflow
into the thermocline. Application of the above box model to
these section pairs cannot be justified because the AVIV
requirement is not met, and indeed it leads to erratic results.

Our estimate for entrainment plus exchange from the
thermocline to the surface layers, 3.2 m2 S-', is similar to
the estimate of western boundary upwelling, about 4 m2 s ,
obtained by C s a n a d y u n d H u m i l t o n [1988]. The source for
this upward transfer is undoubtedly the along-isopycnal
inflow from the upper thermocline, at the rate of some 10 m 2
S-'. Although upward entrainment is not the same as
upward advection along isopycnal surfaces, the two are
undoubedly connected: upward entrainment takes place
where an isopycnal surface approaches the sea surface and is
supplied from below by isopycnal advection. Upward entrainment is presumably due t o episodic high shear between
isopycnal layers, occumng in meanders.
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CONCLUSION
The results here reinforce and flesh out the idea of B r e w e r
arm'Dycisen 119871 that the Gulf Stream is a major source of
nutrients for the North Atlantic. A nutrient stream flows
under the Gulf Stream and the North Atlantic Current, with
its core at only 500-m depth and carries a very large supply
of nutrients northeastward. Only about a third of the supply
comes ihrough rhe Fiorida Straits, the rest from ihe Sargasso
Sea thermocline, arriving between the straits and the MidAtlantic Bight. The water transport from the subtropical
gyre into the western boundary current is dominated by
inflow from the thermocline. Because the upper thermocline
is the principal nutrient-bearing stratum, the inflow from
there into the nutrient stream is responsible for the large
increase in nutrient transport.
The proximity of the nutrient stream to the surface already
suggests the likelihood of nutrients reaching the surface
layers. The mass balance of individual isopycnal layers
shows clear evidence not only for thermocline-surface mass
exchange, but also net diapycnal mass transfer. The intensity of this "western boundary upwelling" is high enough to
rival the most intense upwelling observable in the ocean:
equatorial upwelling.
The ideas underlying the concept of western boundary
upwelling are that energy dissipation in oceanic gyres is
concentrated in western boundary currents, and that the first
phase of dissipation is the release of potential energy to the
"primary" eddies and meanders growing on the current.
This first phase involves the upward movement of relatively
light fluid along isopycnals, across the direction of the mean
current, in accordance with the baroclinic instability mechanism. The eddy energy is eventually transmitted to the
environment and dissipated (for examplc, through the radiation of topographic waves). The dissipation makes the rise
of ihe iighí ñuid permanení.
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