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Abstract 

Using a combination of hydrographic data and the trajectories and profiles of 

isobaric floats, this dissertation evaluates the connections between remote regions in the 

North Atlantic. First, I establish that the production and advection of the North Atlantic 

Subtropical Mode Water (STMW) introduces spatial and temporal variability in the 

subsurface nutrient reservoir of the subtropical gyre.  As the mode water is formed, its 

nutrients are depleted by biological utilization.  When the depleted water mass is 

exported to the gyre, it injects a wedge of low-nutrient water into the upper layers of the 

ocean.  Contrary to intuition, cold winters that promote deep convective mixing and 

vigorous mode water formation may diminish downstream primary productivity by 

altering the subsurface delivery of nutrients.   

Next, the source of elevated nutrient concentrations in the Gulf Stream is 

assessed.  The historical hydrographic data suggest that imported water advected into the 

Gulf Stream via the tropics supplies an important source of nutrients to the Gulf Stream.  

Because the high nutrients are likely imported from the tropics, diapycnal mixing need 

not be invoked to explain the Gulf Stream’s high nutrient concentrations, as had been 

previously hypothesized.  Furthermore, nutrients do not increase along the length of the 

Stream, as would be expected with strong diapycnal mixing. 

Finally, profiling float data are used to investigate how the Labrador Sea Water 

enters the Deep Western Boundary Current, one of the primary pathways by which it 

exits the subpolar gyre.  With the trajectories and profiles of an extensive array of P-

ALACE floats I evaluate three processes for their role in the entry of Labrador Sea Water 



 

 v

in the Deep Western Boundary Current (DWBC): 1) LSW is formed directly in the 

DWBC, 2) Eddies flux LSW laterally from the interior Labrador Sea to the DWBC, and 

3) A horizontally divergent mean flow advects LSW from the interior to the DWBC.  

Each of the three processes has the potential to remove heat from the boundary current, 

and both the formation of LSW directly in the boundary current and the eddy heat flux 

are possible sources of interannual variability in the exported LSW product.  
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1. Introduction 

Understanding the memory of the ocean to its upstream conditions has historically 

motivated many questions in physical and biological oceanography.  Indeed, the very first 

observations of the deep, tropical Atlantic revealed that below the warm surface waters 

resides a cold, homogenous water mass that could not have formed locally (Warren 

1981).  This deep water mass eventually came to be understood as a thick winter mixed 

layer advected to low latitudes from the poles.  Such water masses have been aptly named 

“mode waters” because their vertical homogeneity gives rise to a statistical mode of the 

water column property distributions (McCartney 1982).  A mode water does not remain 

in its region of formation; rather, it is advected laterally over a broad domain (McCartney 

1982).  Therefore, mode waters can redistribute the climatic signals and biogeochemical 

characteristics received in the formation region throughout a much larger area.  

Advection in a western-intensified boundary current is an efficient means of bringing 

these upstream conditions to remote locales.  For instance, the Deep Western Boundary 

Current of the North Atlantic is a primary export pathway by which Labrador Sea Water 

leaves the Labrador Sea and eventually the subpolar gyre. In another example, the Florida 

Current provides a pathway for Antarctic Intermediate Water to enter the North Atlantic 

(Schmitz and Richardson 1991; Schmitz et al. 1993). 

This dissertation focuses on the connections between remote regions of the ocean 

brought about by the formation and advection of mode waters and the swift transport of 

climatic and biogeochemical signals in western boundary currents.  The North Atlantic is 

an ideal location to learn about such connections, as it is the most densely sampled basin 
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in the world and hosts various mode waters that have been intensely studied over time.  A 

schematic of the three principal topics of the dissertation is shown in Figure 1. The first 

chapter following this introduction (Chapter 2) delves into the influence of Subtropical 

Mode Water on the nutrient reservoir of the North Atlantic subtropical gyre.  Chapter 3 

investigates the source of the Gulf Stream nutrients and assesses whether the current’s 

nutrient signature is imported from outside the subtropical gyre or created by diapycnal 

mixing along its path.  The final chapter considers the first step in the export of Labrador 

Sea Water from its formation region: entrainment in the Deep Western Boundary 

Current.   

The subject of Chapter 2, the impact of Subtropical Mode Water (STMW) on the 

subtropical nutrient reservoir, demonstrates how a lateral process can help determine 

nutrient supply, which is often thought to be governed primarily by vertical processes. 

Because there exists a strong vertical gradient in nutrients, vertical processes that flux 

nutrients upwards from below are typically considered the principal drivers of nutrient 

supply.  In a one-dimensional paradigm of nutrient supply, all nitrogen lost from the 

surface ocean as export production is returned locally to fuel new production, describing 

a simple loop that neglects all lateral advection of dissolved and particulate matter into or 

out of a region (Sarmiento et al. 2004).  The advection of STMW throughout the 

subtropical North Atlantic is one such lateral process that is shown to be important in 

setting the nutrient reservoir from which all vertical processes draw. 

Using historical hydrographic data, a clear link is established between the 

physical signature of the STMW, its potential vorticity minimum, and its nutrient 
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Figure 1: A schematic of the mean streamlines of the North Atlantic thermocline (thin 
contour lines), approximated from Lozier et al (1995) and the topics addressed in this 
dissertation (numbered according to the chapter in which they appear).  The gray area 
shows the approximate region where STMW resides. 
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signature.  Potential vorticity (PV) is a convenient tracer of mode waters, as it is 

proportional to vertical density gradient and tends to be preserved away from the 

formation region (McCartney 1982).  As will be shown in Chapter 2, there is a noticeable 

rise in nutrient concentrations at the edge of the PV minimum, suggesting that the STMW 

has a much lower nutrient concentration than surrounding water at the same density.  

Therefore, the STMW injects a wedge of low nutrient waters into the nutricline, 

depressing the depth of the high nutrient waters, and impeding all of the vertical 

processes that flux nutrients upwards.  The depleted state of the water mass persists  

approximately 2000km downstream despite the ongoing remineralization of nutrients 

along the water mass’s advective pathway from the formation region, suggesting that the 

lateral advective time scale within this region must be faster than the remineralization 

time scale.  The spatial coincidence of the deepened nutricline with the gyre’s chlorophyll 

minimum suggests that the STMW wedge of low nutrient water acts to limit 

phytoplankton biomass.  This chapter previously appeared as "The effect of advection on 

the nutrient reservoir in the North Atlantic subtropical gyre." in Nature (Palter et al. 

2005).  The authors gratefully acknowledge permission to reprint this material here. 

The publication of this work was completed just as a multi-institutional program 

to study the North Atlantic STMW was ramping up (Marshall et al. 2005).  The project, 

called the CLivar Mode Water Dynamics Experiment (CLIMODE), is aimed at more 

completely understanding the formation, propagation, and destruction of the STMW and 

is still underway at the time of writing.  The results from the first hydrographic 

CLIMODE cruise revealed a thought-provoking feature of Gulf Stream: on isopycnal 
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surfaces, Gulf Stream nutrient concentrations clearly exceed the concentrations to either 

side.  In Chapter 3, the source of these elevated nutrient concentrations is assessed. 

Whereas a majority of the Gulf Stream transport is comprised of recirculating subtropical 

waters, a component of the current’s transport derives from outside the gyre (Schmitz and 

Richardson 1991; Schmitz et al. 1993).  This import flux is advected into the North 

Atlantic in the shallow limb of the Meridional Overturning Circulation (MOC) via the 

tropical Atlanic and compensates for the cross-equatorial export flux of North Atlantic 

Deep Water in the deep limb of the MOC (Schmitz and McCartney 1993).  A general 

circulation model with an idealized, nutrient-like tracer recently suggested that this 

imported water is a source of nutrients to the North Atlantic (Williams et al. 2006).  In 

Chapter 3, I use the observational record to evaluate the impact of the imported water on 

nutrient concentrations in the Western Boundary Current.  CLIMODE data extend the 

analysis to the separated Gulf Stream.  This analysis demonstrates a strong connection 

between the tropical Atlantic and the Gulf Stream, and indicates that the imported water 

has a strong influence on Gulf Stream nutrient concentrations.  Such a connection is 

another example of a lateral process that sets nutrient availability and underscores the 

importance of fully 3-dimensional view of nutrient supply.  

While CLIMODE activities were slowly ramping up, the opportunity to 

investigate the Labrador Sea Water, another climatically important mode water in the 

North Atlantic, presented itself.  The Labrador Sea Water (LSW) comprises a component 

of the deep limb of the MOC and is advected throughout the North and South Atlantic.  A 

connection between variability within the Labrador Sea and its downstream signal is 
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generally accepted.  However, the details of how such variability is propagated 

downstream requires an understanding of the export pathways of the water mass.  As 

deduced by various tracer and modeling studies (Pickart and Smethie 1998; Rhein et al. 

2002; Talley and McCartney 1982), one of the primary routes for the LSW to leave its 

formation region is within the Deep Western Boundary Current (DWBC).  

Chapter 4 seeks an understanding of the mechanisms that govern exchange 

between the DWBC and the interior Labrador Sea, where the majority of LSW is formed.  

To these ends, trajectories and profiles from an extensive array of floats is used to assess 

the role of three mechanisms in fluxing LSW into the DBWC: 1) LSW is formed directly 

in the DWBC, 2) Eddies flux LSW laterally from the interior Labrador Sea to the 

DWBC, and 3) A horizontally divergent mean flow advects LSW from the interior to the 

DWBC.  The float data suggest that each of the three processes has the potential to 

remove heat from the boundary current, and both the formation of LSW directly in the 

boundary current and the eddy heat flux are possible sources of interannual variability in 

the exported LSW product. 

Each of the topics of this dissertation addresses a process by which a climatic or 

biogeochemical signal is propagated to a downstream location and contributes to a more 

complete mechanistic understanding of the pathways by which these signals spread 

throughout the ocean.  Such an understanding aids our ability to assess the ocean’s 

capacity to act as a reservoir for heat and carbon, and how that reservoir may respond to 

interannual and interdecadal variability, as well as long-term ocean warming.  
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2. The impact of Subtropical Mode Water on the nutrient reservoir in the North 

Atlantic subtropical gyre 

2.1 Introduction 

Wind-driven upwelling (Mann and Lazier 1996), diapycnal diffusion (Lewis et al. 

1986), wintertime convection (Gruber et al. 2002; Lewis et al. 1988; Menzel and Ryther 

1961) and, more recently, eddy heaving (McGillicuddy and Robinson 1997; Oschlies and 

Garcon 1998) have all been examined for their contribution to the upward flux of 

nutrients in the global ocean.  It is generally assumed that the variability in these vertical 

processes translates into variability of primary productivity.  This assumption relies on 

the premise that an adequate reservoir of nutrients resides below the euphotic zone, a 

possibility only if the remineralization of organic matter at depth occurs much more 

quickly than the physical processes that flux nutrients upwards.  In this one-dimensional 

view, the downward flux of organic material from the surface ocean is balanced locally 

by the upward flux of nutrients from the thermocline, as discussed in Sarmiento et al. 

(2004).  Though conceptually appealing in its simplicity, this view not only neglects the 

horizontal advection of phytoplankton into or out of a locale, but also neglects the lateral 

processes that deliver nutrients to the subsurface.  The production and advection of 

Subtropical Mode Water (STMW) is one such lateral process that impacts the nutrient 

reservoir of the North Atlantic subtropical gyre. 
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2.2 Methods 

2.2.1 Data sources 

Data used for examining STMW spatial variability are from World Ocean 

Circulation Experiment (WOCE) repeat sections A20 and A22 (Figure 2), occupied in the 

summers of 1997 and 2003.  Time series data from Hydrostation S (32.10°N, 64.30°W) 

and the Bermuda Atlantic Time Series (BATS, 31.92°N, 64.17°W) were both collected 

approximately biweekly.  Hydrostation S nutrient data were collected over the period 

1958 – 1963.  Primary productivity data from Hydrostation S were taken directly from 

Menzel and Rhyther (1961).  Concern about whether 1960s primary productivity 

measurements can be compared with modern measurements is warranted since most 

primary productivity work before the mid-1980s was systematically low due to 

unrecognized trace metal inhibition of phytoplankton productivity (Fitzwater et al. 1982).  

However, a comparison of modern primary productivity measurements made with trace-

metal clean methods with Menzel and Ryther’s primary productivity measurements made 

using a Teflon and Pyrex water sampler indicated that Menzel and Ryther’s method was 

free from trace metal inhibition (Barber et al. 2001).  Thus, we believe the Menzel and 

Ryther (1961) observations can be directly compared with primary productivity 

observations from BATS.   

Satellite chlorophyll data were provided by the SeaWiFS Project, NASA/Goddard 

Space Flight Center.  They are climatological mean values, obtained at 9km resolution 

over the length of the mission at the time of writing: September 1997 – September 2004.  
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Figure 2: Schematic representation of the mean circulation of the warm water (>17°C) 
of the North Atlantic. Black box approximates the BATS and Hydrostation S time series 
location. Vertical lines show the WOCE repeat cruise tracks used for this study.  The 
grey shading shows the approximate location of the STMW formation region. Modified 
from Worthington (1976). 
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The global ocean wind stress climatology used to calculate Ekman vertical velocities is 

based on ECMWF analyses by Trenberth et al. (Trenberth et al. 1989).  Spatial fields of 

eddy kinetic energy were generously provided by Dave Fratantoni and were calculated 

using float trajectories (Fratantoni 2001).  March mixed layer depth climatology for the 

North Atlantic was aqcuired from the Naval Research Laboratory (Kara et al. 2003), with 

a density criterion based on a change in temperature from the surface of 0.8°C.  Basin-

scale hydrographic data were acquired from the National Oceanic Data Center (NODC).  

Following quality control (Lozier et al. 1995), data from 1950-2000 were used to 

construct climatological potential vorticity fields at 1° horizontal resolution. 

2.2.2 Preformed nutrients and remineralization rate 

Nutrient concentrations in the STMW at the time of subduction were estimated by 

assuming the water mass was saturated in oxygen at the time of subduction and that the 

apparent oxygen utilization (AOU) is caused solely by the remineralization of organic 

matter according to the Redfield ratio.  Thus, the nitrate concentration at the time of 

subduction, Ns, can be estimated as: 

Ns = Nm - AOU* R(NO3/O2),    (1.1) 

where Nm is the measured nitrate concentration, AOU is the difference between the 

measured oxygen concentration and the saturation oxygen concentration at the observed 

temperature and salinity, and R(NO3/O2) is the Redfield ratio of nitrate to oxygen 

(Takahashi et al. 1985).  Taking No at the PV minimum of each WOCE station yields an 

estimated nitrate (phosphate) concentration at the time of subduction of 1.4≤0.6mmol m-3 

(0.05≤0.04 mmol m-3).  For comparison, Pelegrí and Csanady (1991) show Gulf Stream 
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nitrate concentrations as high as 15mmol m-3 for similar densities at 36°N.  

Chlorofluorocarbon (CFC) ages have been used to calculate remineralization rates by 

dividing the AOU by the CFC age and multiplying by the appropriate Redfield ratio.  

These CFC ages were inferred by comparing CFC-12 concentrations measured along 

WOCE sections A20 and A22 in 1997 to a time series of atmospheric CFC 

concentrations (Walker et al. 2000), assuming that the surface water was in equilibrium 

with the atmosphere before subduction (Warner and Weiss 1985).   The correlation 

between CFC age and PV for both of these sections was calculated with data at the PV-

minima from 20 - 38°N, where the STMW resides.   

2.2.3 Scale analysis 

To compare advective, diffusive and remineralization time scales, we consider the 

conservation equation for nitrate: 

R
dz

NkNkNu
t
N

vHH +
∂

+∇=∇⋅+
∂
∂

2

2
2    (1.2) 

Where N is the nitrate concentration, u  is the velocity of a fluid parcel, kH and kv 

are the horizontal and vertical diffusivities, and R is the source of nutrients due to 

remineralization.  The Peclet number, UD2/Lkv, is the ratio of the vertical diffusive time 

scale to the horizontal advective time scale.  This ratio is on the order of 103 using a 

vertical diffusivity (kv) of 10-5m2s-1, as calculated in tracer release experiments (Ledwell 

et al. 1993); a horizontal speed of 10cm s-1; and an appropriate length scale (L) and depth 

scale (D) for the depleted nutricline (2000km and 500m, respectively).   This high Peclet 

number reflects the dominance of horizontal advection over diffusion in setting the nitrate 

concentration.  A similar analysis shows that along-isopycnal or horizontal diffusion is 
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also relatively weak.  The ratio of the remineralization time scale to the advective time 

scale, UN /LR, is calculated with the same characteristic horizontal velocity and length 

scale as above, a nitrate concentration of 1mmol m-3, and a remineralization rate of 0.53 – 

1.5mmol m-3 year-1.   We calculated this lower bound on the remineralization rate, as 

explained above.  The upper bound was inferred from a previous study of oxygen 

utilization rates in the North Atlantic (Jenkins 1982).  The resulting remineralization to 

advective time scale ratio ranges from 1 - 5. 

2.3 Results and discussion 

2.3.1 Nutrient depletion of the STMW during formation  

STMW is formed by convection each winter in an east-west band at the northern 

edge of the subtropical gyre, just south of the Gulf Stream (McCartney 1982; Talley and 

Raymer 1982).  As the water mass leaves the formation region, it is capped by warming 

surface waters in the oncoming spring, and then subducted beneath even warmer water as 

it travels to the south, transiting the subtropical gyre (Worthington 1976).  The nutrient 

concentrations in the STMW change rapidly during formation.  Nutrient concentrations in 

the STMW formation region are consistently negligible to the base of the euphotic zone, 

located at roughly 120m, whereas wintertime convective mixing typically reaches 

between 200-400m.  Thus, convective mixing entrains nutricline fluid into the mixed 

layer, where it is combined with zero-nutrient euphotic zone water. The resulting nutrient 

concentrations reflect the properties of both the euphotic zone and the underlying 

nutricline, as well as any ongoing biological utilization.  Such utilization continuously 
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competes with the entrainment flux of nutrients in setting the mixed layer concentrations 

during formation, as made apparent by the timing of the seasonal chlorophyll bloom.  The 

initiation of the seasonal chlorophyll bloom in the region of 30–40°N occurs in January 

(Siegel et al. 2002), with the maximum chlorophyll concentrations occurring in March 

and April.  The coincidence of the winter bloom initiation with the annual solar insolation 

minimum precludes light as the major limiting factor in phytoplankton growth and 

instead points toward nutrient limitation.  The timing of the winter bloom suggests that 

phytoplankton are actively depleting nutrients during convective events that entrain sub-

euphotic zone water into the mixed layer.  The result is that nitrate and phosphate 

concentrations for STMW at the time of subduction are 10-20%  those found in the 

upstream source waters (Pelegrí and Csanady 1991) (see Methods), which may derive in 

part from eroded STMW that has joined the Gulf Stream after transiting the gyre.  

2.3.2 Downstream impact of STMW 

The physical signature of STMW is a subsurface thermostad (a thick layer of 

nearly uniform temperature) centered roughly at 18°C (Figures 3a and c).  From the 

representative hydrographic profiles in the subtropical gyre (Figure 3), it is clear that the 

presence and thickness of the STMW varies in space and time, as does the attendant 

nutrient concentration below the euphotic zone.  Here we use nitrate specifically for 

illustration, though the patterns are identical for phosphate, as the two are highly 

correlated for all data used in this analysis.  For example, near Bermuda, downstream of  
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Figure 3: Nitrate (circles) and temperature (asterisks) as a function of depth for: a) 
Hydrostation S (32.17°N, 64.50°W) in July 1960; b) BATS (31.92°N, 64.17°W) in July 
1989; c) 30.2°N 52.3°W, from WOCE section A20 in July 1997;  d) 16°N 52°W, from 
the same WOCE section A20 in July 1997. 



 

 15

the STMW formation region (Figure 2), the mode water was roughly 400m thick in July 

of 1960, with nitrate concentrations below 2.5mmol m-3 to a depth of 500m (Figure 3a). 

By contrast, in July of 1989 near the same site, no more than 200m of an eroded 

thermostad exists, the concentration of nitrate at 500m is 7.1mmol m-3, and the integrated 

nitrate from the surface to 500m is almost twice that during the same month in 1960 

(Figure 3b).  This linkage between the presence of STMW and low nutrient concentration 

extends to the spatial domain as well, as illustrated by two profiles taken on the same 

World Ocean Circulation Experiment (WOCE) survey in July of 1997.  The presence of 

STMW is clear inside the region of subtropical recirculation (Figure 3c), but not in a 

more southerly profile from outside the realm where STMW resides (Figure 3d, note the 

absence of a thermostad near 18°C).  The change in the nutricline depth across the 

subtropical gyre can be explained by the presence of the wedge of STMW, which is 

thickest near its source and thins southward.  The underlying thermocline and nutricline 

depress to accommodate that wedge.  In addition, the thermostad itself is relatively low in 

nutrients, so above the depressed nutricline the inserted STMW is a low concentration 

"nutristad."  Thus, it appears that in regions and years with a strong STMW signature, 

low nitrate waters reside beneath the euphotic zone.  In regions and years lacking the 

characteristic STMW thermostad, the nutricline, no longer depressed, is a steep and 

nearly linear gradient between the base of the euphotic zone and the remineralized 

nutrients at depth. 
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2.3.3. Spatial variability of the nutrient reservoir 

The impact of the STMW on the subsurface nutrient gradient is more thoroughly 

demonstrated by examining a WOCE meridional section across the subtropical North 

Atlantic (Figure 4).  The STMW is apparent as a wedge of nearly uniform density water 

between the depths of 150 and 400m, to the north of 20°N (Figure 4a).  As evidenced 

from an inspection of the nitrate cross-section, the presence of the STMW coincides with 

the deepening of the nutricline (Figure 4b).  Because mode water is convectively formed, 

it is characterized by a low vertical density gradient and, thus, a local minimum in the 

absolute value of potential vorticity (PV) (Figure 4c) (McCartney 1982).  PV is a 

convenient tracer of the water mass, as it reflects the local density gradient and tends to 

be preserved away from the formation region as it has no internal sources or sinks.  In the 

WOCE nutrient sections, a noticeable front in nitrate at the edge of the PV minima (at 

roughly 20°N) provides evidence that STMW has a much lower nutrient concentration 

than surrounding water at the same density (Figure 4d).  Along a single density surface, 

nitrate concentrations within the STMW are roughly half that outside the zone of STMW 

recirculation.  These richer waters are further from their ventilation sources, and thus 

older.  The low-nutrient signature of the STMW, set during ventilation, can be seen more 

than 2000km to the south of the source region.  This depletion persists despite the 

ongoing remineralization of nutrients at depth that acts to annihilate the low nitrate 

concentration of the water mass.  The depletion also persists in the presence of vertical 

fluxes that act to weaken the nutristad.  To understand these competing processes, the  
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Figure 4: Properties of WOCE section A22 in August 1997. a) Potential density as a 
function of pressure; b) Nitrate as a function of pressure; c) Potential vorticity as a 
function of potential density.  The low PV waters (≤ 1x10-10 m-1s-1 shaded blue) are 
considered the core of the STMW; d) Nitrate as a function of potential density.   The 
white contour lines in d) represent PV = -0.5 x 10 –10  and -1x10-10 m-1s-1.  PV was 
calculated using f/so (∑sq/∑z), where f is the Coriolis parameter, so the reference density, 
and ∑sq /∑z the vertical density gradient.   
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advective, remineralization and diffusive time scales have been estimated from a scale 

analysis of the nitrate conservation equation (see Section 2.2.3).   At the PV minimum, 

we estimate a nitrate remineralization rate of 0.53 ≤ 0.14mmol m-3 year-1, too slow to 

completely restore STMW nitrate to its pre-formation concentration in the time it takes to 

transit the gyre.  Indeed, the ratio of the advective time scale to the remineralization time 

scale is of order one within the subtropical gyre, suggesting an important competition 

between these two processes.  The effect of the persistent remineralization is manifest by 

the vertical nutrient gradient within the low-PV water mass (Figures 4d, 4e).  A uniform 

nutrient concentration within the STMW is expected at formation, yet remineralization 

begins re-establishing a vertical gradient once the water mass is subducted.  Finally, a 

relatively large time scale for turbulent diffusion suggests that this process is minimally 

important in setting the nutrient concentrations within the nutrient reservoir. 

The relationship between STMW and nutrients implied from an inspection of the 

WOCE meridional sections is quantitatively assessed in Figure 5 where PV and its 

corresponding nitrate concentration are plotted.  Here, we are making the explicit 

assumption that PV is a proxy for the age of the water mass.  This is an appropriate 

assumption given that the low PV signature of STMW is slowly eroded over time by 

diffusive processes.  Indeed, PV and CFC age are significantly correlated within the 

STMW (r = 0.74, Figure 6) along the WOCE sections for which CFC age is available.  

Given that PV can be calculated from temperature, salinity, and pressure data alone, and 

is therefore available for the time series data as well as all four WOCE sections, we use 

PV as a proxy of age rather than CFC concentration ratios.  Low PV waters, indicative  
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Figure 5: Nitrate concentration (mM) versus PV (m-1s-1) at the PV minima over the 
density range sq = 26.45-26.55 kg m-3 for the four repeat WOCE sections (black 
symbols) and the BATS (1988 – 2001) (green circles) and Hydrostation S (1958 – 1963) 
(blue circles) time series data. Gulf Stream data from the WOCE sections is excluded.  
The solid (dashed) line is the linear regression of the spatial (temporal) data. 

  



 

 20

 

Figure 6: Nitrate, CFC age, and PV for WOCE sections A20 and A22 in 1997.  Nitrate 
as a function of potential density for a) WOCE section A22 and c) A20. CFC age as a 
function of potential density for b) WOCE section A22 and d) A20. For each cross 
section, the white contour lines represent PV = 0.5 and 1 x 10-10m-1s-1. The low PV 
waters tend to be younger and contain less nitrate. e) CFC age in years (open circles) and 
nitrate concentration in mmol m-3 (closed circles) on the PV minima as a function of PV 
for WOCE sections A20 and A22 from 20°N - 38°N.  Both CFC age and nitrate are 
significantly correlated with PV (r = 0.74 and 0.76 respectively). 
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 of recent ventilation, have lower nitrate concentrations than waters of the same density 

with higher PV.  Using the WOCE data displayed in Figure 5, PV is significantly 

correlated with nitrate (r = 0.86). 

2.3.4. Temporal variability of the nutrient reservoir 

Because properties of the mode water do not reflect just the response to the 

current year's forcing, but the accumulated effects of several years (Joyce et al. 2000; 

Talley 1996), it is expected that extended periods of sustained deep mixing introduce 

interdecadal variability to the STMW nutrient reservoir downstream of the formation 

region.  To test this expectation, two time series of nutrient data collected near Bermuda, 

one during the Hydrostation S program from 1958 – 1963 and another from the BATS 

program from 1988 – present, were compared.  Throughout the years of the Hydrostation 

S observations, the North Atlantic Oscillation (NAO) was in a predominantly negative 

phase and relatively cold conditions in the subtropics produced dense, thick STMW.  In 

contrast, the predominantly positive NAO regime during the BATS era caused sluggish 

mixing and low STMW production (Dickson et al. 1996; Talley 1996).  From our 

analysis, the mean nitrate concentration within the STMW is 25% higher in the positive 

NAO years than in the negative NAO years, a significant difference at the 1% level.   

Importantly, the water column-integrated nitrate, from the surface to the top of the 

permanent pycnocline (nominally 400m) is also slightly higher in the positive NAO 

years.  This is opposite from the expectation that deeper mixing should be associated with 

greater nutrient availability.  Instead, the time series data provide compelling evidence 

that low-nutrient STMW is exported to the subtropical gyre beneath the euphotic zone in 
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periods of cold winters and intense convective mixing.  As a result, the available nutrient 

reservoir is reduced.  The significant correlation between PV and nitrate for the time 

series data (displayed in Figure 5, r = 0.56) indicates that the mode water present at 

Bermuda is most depleted in nitrate when it is most recently formed.  Thus, whatever the 

process that fluxes subsurface water upwards, the delivery of nutrients will be dampened 

in years when low-nutrient STMW occupies the subsurface nutrient reservoir.   

Menzel and Ryther (1961) measured primary productivity from 1958-60  at 

Hydrostation S using simulated in situ 14C incubations, similar to the methods used at 

BATS today.  Mean annual net primary productivity (NPP) from this earlier, negative 

NAO period was half as high as during the BATS period, 1989 – 2001.  Wintertime 

maximum NPP was also slightly lower in the earlier years, never exceeding 800mgCm-

2d-1, while in the BATS era, NPP exceeded that rate in 7 out of 13 winters, and doubled it 

in 1995.  This is especially surprising considering that winter mixed layer depths were 2-

4 times deeper in the early years.  Whereas the depth of winter mixing has been thought 

to dictate the magnitude of the winter primary productivity bloom (Behrenfeld et al. 

2006; Gruber et al. 2002; Lewis et al. 1988), we found no significant correlation in the 

BATS data between NPP and winter mixed layer depth (as chosen by a change in density 

from the surface of 0.125kgm-3), regardless of averaging scheme or lag.  Advective 

changes in the nutrient reservoir may help explain this lack of correlation.  The contrast 

between the two periods studied at Bermuda are consistent with the hypothesis that 

vigorous STMW production creates a low-nutrient nutristad and exports this signal to the 

subtropical gyre, thereby reducing NPP downstream of the STMW formation region. 
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2.3.5. Competing mechanisms for nutrient delivery  

Satellite observations of sea surface chlorophyll, a measure of phytoplankton 

standing stock, provide another means of examining the impact of STMW on the biology 

of the oligotrophic North Atlantic.  Large-scale patterns of surface chlorophyll reveal that 

the subtropical gyre is not uniformly low in chlorophyll.  Rather, annual mean 

chlorophyll constructed from climatology over the length of the SeaWifs mission (1997-

2004) is characterized by a ringed pattern, with the chlorophyll minimum located in the 

western limb of the central gyre (Figure 7a).  The mechanisms that determine this broad 

spatial pattern of surface chlorophyll remain poorly understood.  To shed light on this 

issue, we explore qualitatively five mechanisms that impact the spatial pattern of the 

chlorophyll fields in the subtropical North Atlantic: 1) Ekman downwelling, 2) the 

strength of the eddy field, 3) the depth of winter mixing, 4) supply by turbulent diffusion, 

and 5) nutricline displacement by the advection of STMW.   

The first explanation used to explain the location of the chlorophyll minimum is 

that horizontal convergence of the Ekman transport creates downwelling such that 

nutrient rich, deep water is carried further from the light field (McClain et al. 2004).  This 

hypothesis suggests that the region of maximum downwelling should approximately 

coincide with the chlorophyll minima, however, such coincidence is not apparent from an 

inspection of Figure 7b.  Furthermore, temporal changes in chlorophyll concentration and 

downwelling velocities contradict the idea that downwelling decreases nutrient 

availability: the oligotrophic region of the subtropical gyre (chosen as the fraction of the 

gyre with less than 0.07 mg m-3 chlorophyll) shrinks at times of maximum downwelling 



 

 24

(McClain et al. 2004).   In agreement with this result, we found that chlorophyll 

concentration and vertical velocity are negatively correlated across a broad band of the 

northern subtropical gyre, indicating highest chlorophyll concentrations at times of 

maximum downwelling.  A recent study suggests this negative correlation is explained by 

the lateral Ekman flux of inorganic nutrients across the subpolar/subtropical boundary 

during strong downwelling (Williams and Follows 1998).  While this lateral supply may 

be important just to the south of the Gulf Stream, possibly reflected by the relatively high 

chlorophyll at the northern edge of the gyre, it is much reduced toward the center of the 

gyre (Williams and Follows 1998).   

The second mechanism used to explain nutrient availability and spatial patterns of 

chlorophyll concentration are mesoscale eddy events (McGillicuddy et al. 1998).   A 

passing eddy can heave a subsurface isopycnal into the euphotic zone and, if the 

isopycnal is high in nutrients, a surface biological response would result.  Hence, it is 

expected that a strong eddy field, as indicated by the mean eddy kinetic energy (EKE), 

would correspond with a relatively high phytoplankton standing stock.  The map of 

climatological EKE (Fratantoni 2001) shows a strong meridional gradient that 

corresponds well with the meridional gradient in satellite chlorophyll (Figure 7c).  

However, there is no zonal variation in the eddy kinetic energy field that mimics that of 

the surface chlorophyll field.  To the contrary, EKE tends to be minimized in the eastern 

part of the subtropical gyre, while satellite chlorophyll is minimized to the west.  

Furthermore, a recent study of the relationship between sea level anomalies, used as a 

measure of thermocline depth changes, and surface chlorophyll found that over much of 
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the subtropical North Atlantic these two are not significantly correlated after the seasonal 

cycle was removed (Wilson and Adamec 2002).  The authors suggest that processes other 

than changes in the thermocline depth are responsible for the observed surface 

chlorophyll variability.  To the extent that the spatial (1°) and temporal (8-day) resolution 

of the sea level anomaly field allows for the resolution of mesoscale eddies, this study 

confirms our hypothesis that eddies alone are insufficient in establishing the surface 

chlorophyll field. 

A third mechanism that can flux nutrients to the primary producers is convective 

mixing (Gruber et al. 2002; Lewis et al. 1988).  It is clear from the spatial pattern of 

March mixed layer depth (MLD) that winter mixing is deep enough to penetrate the 

nutricline within the STMW formation region, and perhaps slightly south of the region 

(Figure 7d).   Additionally, the spatial pattern of MLD resembles the surface chlorophyll 

map with regard to the large-scale meridional and zonal gradients (Figure 7d).  However, 

the closed contours of MLD do not resemble those of surface chlorophyll, and, as noted 

earlier, no significant temporal correlation between MLD and primary productivity exists 

in the time series data at Bermuda.  We are left concluding that the pattern of convective 

mixing alone is not sufficient to establish the chlorophyll pattern within the subtropical 

gyre.  
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Figure 7: Properties of the North Atlantic subtropical gyre. a) Annual mean SeaWifs 
chlorophyll, with a log scale for the color axis; b) Vertical transport calculated from the 
annual mean wind stress curl (Trenberth et al. 1989); c) Climatological mean eddy kinetic 
energy (Fratantoni 2001); d) Climatological March mixed layer depth (Kara et al. 2003); 
e) Potential vorticity on the 26.5 isopycnal; f)  Nutricline depth, as defined by the depth 
of the maximum vertical nitrate gradient; g)  Depth of the 26.6 isopycnal, an 
approximation for the base of the STMW;  h) The strength of the nutrient gradient at the 
nutricline, showing the wedge of STMW as a depleted nutristad. 
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Turbulent diapycnal diffusion can also supply nutrients to the euphotic zone (Bahamón et 

al. 2003; Lewis et al. 1986).  A microstructure study conducted south of the Azores, east 

of the region where STMW resides, found vertical diffusion to be an important source of 

nitrate to the euphotic zone (Lewis et al. 1986).  However, a study of data from a North 

Atlantic WOCE section along 24°N showed that upward diffusive nitrate fluxes are much 

reduced in the western region of the transect where the STMW resides (Bahamón et al. 

2003).  Although we lack the data necessary to examine the gyre scale pattern of 

turbulent diapycnal diffusion, we infer that the nutristad characteristic of the STMW 

limits the vertical diffusion of nutrients, as the diffusion must act on a gradient that is 

nearly an order of magnitude weaker within the STMW than within the nutricline. 

Having considered a host of vertical processes, we now examine the displacement 

of the nutricline by STMW as a critical factor in setting the pattern of chlorophyll 

concentration.  The location of the STMW, as indicated by the PV minima on the 26.5 

isopycnal (Figure 7e), coincides with both the region of the deepest nutricline (Figure 7f) 

and the chlorophyll minima (Figure 7a).  Because the nutricline is depressed to 

accommodate the wedge of STMW, its depth is roughly that of the 26.6 isopycnal (Figure 

7f and 7g), nominally the base of the STMW.   Furthermore, because the wedge of 

STMW is depleted in nutrients, the strength of the nutrient gradient above the nutricline 

(Figure 7h) is weakest within the STMW.  The coincidence of this nutristad and the 

deepened nutricline with the chlorophyll minimum bolsters the hypothesis that the 

STMW wedge of low nutrient water in the subtropical gyre acts to limit phytoplankton 

biomass.  Since this subsurface water mass establishes the strength of the nutrient 
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reservoir from which all vertical processes draw, spatial patterns in biomass are best 

explained by a superposition of the vertical delivery mechanisms and the nutrient 

reservoir.   

2.4. Concluding remarks  

Given the role STMW plays in establishing the subsurface nutrient reservoir in 

the subtropical North Atlantic, understanding the spatial and temporal variability of mode 

waters throughout the global ocean (McCartney 1982) could shed light on the interannual 

and decadal changes in global nutrient supply and primary productivity.  Thus, the extent 

to which the mode waters are climatically variable, so too is the subsurface nutrient 

reservoir and, quite possibly, a basin’s primary productivity.  
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3. On the source of Gulf Stream nutrients 

3.1 Introduction 

As demonstrated in the preceding chapter, a combination of vertical and 

horizontal processes sets the availability of nutrients in the North Atlantic subtropical 

euphotic zone.  Horizontal processes may be especially important in locales such as the 

Gulf Stream where lateral property gradients are steep and horizontal velocities swift.  

The Gulf Stream’s flow field extends deep into the water column where nutrient 

concentrations are maximized; therefore, its subsurface along-stream nutrient transport is 

extremely large.  Because biological utilization depletes nutrients in the surface ocean, 

the isolines of nutrient transport are closed and resemble a tube of nutrients that has been 

referred to as a “Nutrient Stream” (Figure 8a-b) (Pelegrí and Csanady 1991).  In addition 

to the striking tube-like characteristic of the Nutrient Stream, evident in cross-stream 

sections of nutrient transport (Figure 8b), nutrient concentrations within the Stream are 

elevated on isopycnal surfaces relative to concentrations to either side (Figure 8c).  

Nitrate concentrations in the Gulf Stream can exceed concentrations to either side by as 

much as 10mmol m-3 (Figure 8c), with correspondingly high levels of the other dissolved 

nutrients, such as phosphate.  As a result of these characteristics, the Gulf Stream’s 

impact on the nutrient distributions of the neighboring gyres has been an active area of 

research.  It is the goal of this study to advance our understanding of the source of the 

Gulf Stream nutrients.   
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Figure 8: The North Atlantic Nutrient Stream.  a) A schematic map of the Nutrient 
Stream from Pelegrí and Csanady (1991), showing the hydrographic sections used in 
their analysis.  b) Nitrate flux (mmol m-2s-1) and density (sq) contours for the section at 
36°N, taken from Pelegrí et al. (1996). c) Nitrate concentration (uM kg-1) in density-
distance space.  The shaded regions depict locales of high vertical density diffusion (2.6 x 
10-10 - 2.6 x 10-9 kg m-3s-1, estimated as kv (∑2s/∑z2), where kv was computed as an inverse 
function of the gradient Richardson number, s is the density, and z is the vertical 
coordinate). 
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It has been argued that the relatively high nutrient concentrations on surface and 

upper thermocline isopycnals within the Gulf Stream are caused by the along-isopycnal 

(epipycnal) advection from the high nutrient water from the tropical and South Atlantic 

(Williams et al. 2006) and/or strong diapycnal mixing along the length of the Stream 

(Pelegrí and Csanady 1991).  The former hypothesis, that epipycnal nutrient fluxes from 

the tropical and South Atlantic contribute to the elevated nutrient concentrations of the 

Stream, has been suggested by a general circulation model with an idealized nutrient-like 

tracer (Williams et al. 2006).  The results of this model are consistent with the inference 

from temperature and salinity data that over 40% of the transport through the Florida 

Straits has its origin in the Southern Hemisphere (Schmitz and McCartney 1993; Schmitz 

et al. 1993).  On several density surfaces in the Florida Straits, the T-S signature 

resembles more closely the T-S signature found south of the equator than in the 

subtropical recirculation gyre.  The water imported to the North Atlantic is thought to be 

balanced by a return flow in the deep limb of the thermohaline circulation.  Indeed, 

estimates of the of the import flux through the Florida Straits matches closely with the 

estimated size of the southward, cross-equatorial export of North Atlantic Deep Water 

(Schmitz and McCartney 1993 and references therein).  However, the role of the Gulf 

Stream as a conduit of imported nutrients to the North Atlantic has not been thoroughly 

evaluated with the observational record.  As such, this analysis seeks to assess the degree 

to which the imported water masses influence Gulf Stream nutrient concentrations, which 

may impact basin-scale nutrient distributions and primary productivity. 
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The alternative hypothesis, that diapycnal mixing augments the Gulf Stream’s 

nutrient concentrations on light isopycnals, was based on the spatial coincidence of the 

Gulf Stream’s enriched nutrients with low gradient Richardson numbers (Figure 8c) 

(Pelegrí et al. 1996), as well as observations of an increase in nutrient transport on light 

isopycnals in the Western Boundary Current (Pelegrí and Csanady 1991).  These analyses 

consequently motivated a conceptual model of gyre-scale nutrient cycling in which 

diapycnal mixing in the Gulf Stream provides a return path of nutrients to the euphotic 

zone of the entire subtropical gyre (Jenkins and Doney 2003).  In this conceptual model, 

the enriched Gulf Stream waters are advected into the gyre interior, injecting nutrients 

into the gyre’s seasonally-accessible layer.  Once in the gyre interior, the nutrients are 

consumed, exported to deep waters by sinking, and eventually swept back into the Gulf 

Stream to close the loop.  In such a loop, strong diapycnal mixing in the Gulf Stream is 

required to restore the nutrients on light isopycnals 

Although diapycnal velocities have been shown to mix nutrients in frontal regions 

and trigger biological responses on submesoscale time and space scales (Lee et al. 2006), 

the overall impact of diapycnal mixing on gyre-scale nutrient distributions remains an 

open question.  The observations that led to the hypothesis of a strong, downstream 

increase in upper-thermocline nutrient transport were primarily from two hydrographic 

sections occupied 2.5 months apart, without direct velocity measurements.  The first 

section, at 24ºN across the Straits of Florida, was occupied in September, 1981.  The 

nutrients measured on that cruise were multiplied by velocities measured on a previous 

mission (Niiler and Richardson 1973) to yield an approximate nutrient transport.  This 
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method implicitly neglects seasonal and mesoscale variability of the volume transport 

through the Straits of Florida, which can be as large as 20% of the mean transport 

(Leaman et al. 1987).  The nutrient transports for the second section, at 36ºN offshore of 

Cape Hatteras, were calculated as the product of the measured nutrient concentrations 

and the geostrophic velocities with an assumed level of no motion at 2000m, though there 

is a known transport beneath this depth (Bower et al. 1985).  It is not clear from the data 

presented if the observed increase in nutrient transport between the sections resulted from 

an increase in the thickness or width of the high nutrient isopycnals, the velocity on these 

layers, and/or the isopycnal nutrient concentrations.  Despite these uncertainties, this 

analysis has formed the general basis of our understanding of the downstream evolution 

of nutrient transport in the Gulf Stream.   

In this study, we present evidence for an imported source of nutrients to the Gulf 

Stream in the historical hydrographic data.  In order to also assess the hypothesis that the 

nutrient signature in the Western Boundary Current is enhanced by diapycnal mixing, we 

evaluate the along-stream, along-isopycnal evolution of nutrient concentrations and 

consider the scale of diapycnal flux of nutrients relative to the other leading terms in the 

nutrient conservation equation.  Throughout this chapter, water masses are described as 

“enriched” or “high in nutrients” when their concentrations exceed the concentrations in 

neighboring water masses, and do not refer to the status of the nutrient concentrations as 

compared to concentrations in distant basins or with respect to the kinetics of biological 

uptake.  We refer to the Western Boundary Current (WBC) as that portion of the Gulf 

Stream between the Straits of Florida and Cape Hatteras, upstream of its separation from 
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the slope.  To our knowledge, there are no contemporaneous nutrient sections across the 

WBC at various along-stream positions.  In the absence of such nutrient sections, we 

assess the along-stream evolution of nutrients in the WBC through a detailed examination 

of historical hydrographic data.  We focus on this region for two primary reasons.  First, 

the WBC is the region where along-stream changes in nutrient concentrations were 

originally inferred (Pelegrí and Csanady 1991; Pelegrí et al. 1996).  Second, it is easiest 

to identify profiles in the Stream where the current’s location is constrained by 

bathymetry.  Finally, the analysis is extended to the separated Gulf Stream with sections 

from the World Ocean Circulation Experiment (WOCE) and four contemporaneous 

nutrient sections occupied as part of the CLIvar MOde water Dynamics Experiment 

(CLIMODE) (Marshall et al. 2005).   

3.2 Methods 

Historical hydrographic data used throughout this analysis were downloaded 

directly from the National Oceanic Data Center (NODC) World Ocean Data Atlas 2005 

for the years 1950 – 2003, and the GLODAP database (Key et al. 2004), which is 

comprised of data resulting from the World Ocean Circulation Experiment, the Joint 

Global Ocean Flux Study and NOAA Ocean Atmosphere Exchange Study.  Nutrient 

measurements in the ocean are far scarcer than temperature (T), salinity (S) or Oxygen 

(O2) measurements (Figure 9).  Because phosphate is the simplest nutrient to measure, 

there are roughly 4 times as many phosphate observations in the North Atlantic in the 

NODC repository as the other nutrients (Figure 9).  Therefore, phosphate is primarily 

used to illustrate patterns in the historical nutrient data, though the analyses are valid for 
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Figure 9: Locations of NODC profiles of a) Salinity b) Oxygen c) Phosphate, d) Nitrate. 
Only observations taken since 1950 that have met our quality control are plotted. 
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the other major nutrients, as phosphate is tightly correlated with both nitrate and silicate.  

Many of the analyses were repeated for nitrate with the same qualitative results, but for 

the sake of brevity, only the results for phosphate are presented. 

Data from NODC were subjected to quality control in which all observations 

outside of three standard deviations from the mean were iteratively removed until the 

mean stabilized.  This process was conducted on the data set as a whole and on subsets of 

the data determined by spatial proximity and density class.  A preponderance of 

phosphate data from the year 1974 was unusually low on dense isopycnals and was far 

outside the average envelope for the oxygen-phosphate relationship.  We suspect the 

cause of the anomalous data for this year was erroneous reporting.  The abundance of 

data from this year caused the standard deviation for phosphate to be sufficiently large 

that the quality control procedure described above did not recognize these data as 

outliers, and they were therefore removed by hand.  After quality control, maps of 

properties on isopycnal surfaces were constructed according to the following process.  

Individual profiles were interpolated onto regularly-spaced potential density surfaces.  

For each density surface, observations were binned into 0.5° latitude-longitude bins that 

overlapped by 0.25°.  The binned data were averaged with a spatial weighting scheme 

that assigned a weight of 1 to the center of the bin and decayed by a cosine function to 

zero at the bin’s edges.   

Following quality control, profiles were grouped according to dynamic regime for 

comparison of properties (Figure 10).  The subtropical gyre (STG) was chosen as a box in 

the interior of the gyre, to avoid inclusion of the boundary currents or upwelling regions.  
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Tropical Atlantic profiles were selected as those within a box bounded by 6ºS and 10ºN 

and the South American continent and 10ºW.  Profiles in the WBC were those found 

between 24ºN and 36ºN, and less than 100km offshore of the 100m isobath.  Profiles 

were only considered to be in the WBC if the temperature of the profile exceeded 15ºC at 

200m, a standard reference point for the north wall of the Gulf Stream (Halkin and 

Rossby 1985).  Based on these criteria, 885 profiles of temperature and salinity and 470 

profiles of phosphate in the WBC were used to compare WBC properties to the other 

oceanographic regions, and to analyze the along-stream evolution of nutrient 

concentrations and temperature.  The along-stream distance of these profiles was 

determined as the distance from 24.7ºN, 80.4ºW along a smoothed 100m isobath, as 

depicted in Figure 11a.    The properties of the separated Gulf Stream were examined 

with WOCE repeat sections A20 and A22, each occupied in 1997 and 2003, and data 

from the CLIMODE 2 cruise (Figure 11b).   

The CLIMODE data were collected aboard the R/V Atlantis between January 18, 

2006 and January 31, 2006 (Marshall et al. 2005).  Velocity data were collected 

continuously along the ship track using a 75 kHz RDI Ocean Surveyor ADCP system, 

which regularly recorded velocities to a depth of 700 - 800m.  Fifty-two stations were 

occupied, constituting 4 full, cross-stream sections (Figure 11b).  To our knowledge, 

these represent the first wintertime nutrient sections across the separated Gulf Stream.  

Nutrient samples were collected from approximately 20 depths over the top 1000m of the 

water column, and nominally analyzed within one to two hours after sample collection.   
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Figure 10: Station locations with phosphate measurements used to compare properties of 
various dynamic regions.  Red: Western Boundary Current (WBC), downloaded from 
NODC.  Blue: Interior Subtropical Gyre (STG), downloaded from NODC.  Gray: 
Tropical Atlantic, downloaded from the GLODAP database (Key et al. 2004).  Black: 
Separated Gulf Stream, from the CLIMODE January 2007 cruise.  Green: repeat WOCE 
sections, also used to study conditions in the separated Gulf Stream. 
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Figure 11: Profile locations in the Western Boundary Current (WBC) and Separated Gulf 
Stream.  a) NODC profiles in the NODC.  The solid contours are the 1000, 2000, and 
3000m isobaths and the dashed contour is the 100m isobath.  Representative distances (in 
km) from 24°N along the 100m isobath are marked in red. b) A map of the CLIMODE 
profile locations with transects numbered in white.  Colors are sea surface temperature 
and vectors are geostrophic velocity, calculated from satellite altimetry on January 27, 
2006 (courtesy of Kathleen Kelly).  Taken from the CLIMODE 2 Cruise report. 
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All nutrient analyses were performed by Ocean Data Facilities personnel, using a 4-

channel Technicon AutoAnalyzer II, modified according to Gordon et al. (1992). 

The four sections covered approximately 400km along the length of the Gulf 

Stream, with each section extending roughly 100km in length from the onshore 

(cyclonic) side of the stream to the offshore (anticyclonic) side of the stream.  The first 

and second sections crossed the upstream and downstream edges of a meander crest, the 

third and fourth sections passed through the center and downstream edge of a meander 

trough (Figure 11b).  On the anticyclonic side of the Stream, mixed layers of 

approximately 200m depth with temperatures of 19ºC were actively formed during the 

cruise. 

All data from these sections were rotated into a stream-wise coordinate system as 

follows (Leif Thomas, unpublished analysis):  ADCP velocities along the ship track were 

binned into 0.05º latitude bins.  The latitude bin in which the binned-average velocity is 

maximized is considered the center of the Stream for each section and is assigned the 

coordinate (xo, yo).  At this center location, the orientation of the bin-averaged velocity 

vector is taken as the along-stream coordinate-axis (x), and the cross-stream coordinate 

(y) is constructed normal to this velocity vector.  

3.3 Results and discussion 

As expected from the work of Pelegrí and Csanady (1991; 1996), maps of nutrient 

concentrations in the North Atlantic reveal the elevated isopycnal concentrations in the 

Gulf Stream relative to the neighboring northern recirculation gyre and subtropical gyre 

(Figure 12a-b).  Although oxygen is not considered a nutrient, its concentration generally 
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has an inverse relationship with nutrient concentrations, and oxygen’s greater spatial 

resolution due to higher data density make it a convenient proxy for the nutrients.  The 

mean climatological phosphate and oxygen concentrations on selected isopycnals show 

the Nutrient Stream tracing a path along the southeast coast of the U.S. (Figure 12a-b).  It 

becomes more difficult to discern the Nutrient Stream within the Gulf Stream after it 

separates from the western boundary in this mean climatological map view.   There are 

two likely reasons for the attenuated signal in the separated Gulf Stream: 1. Averaging 

over its large meander envelope smears its signal with that of the surrounding water, and 

2. Cross-frontal exchange may mix Gulf Stream properties with those of the neighboring 

subtropical and northern recirculation gyres.  Such exchange has been observed in the 

trajectories of isopycnal floats (Bower and Rossby 1989), most vigorously on density 

surfaces where lateral gradients are minimized (Bower and Lozier 1994).  

In both the oxygen and phosphate maps, there is a strong visual connection 

between the WBC and the tropical Atlantic, including the eastern boundary upwelling 

region off of Africa. Using historical hydrographic and nutrient data, we investigate this 

connection in greater detail in the following section. 

3.3.1 An imported source of Gulf Stream nutrients  

Since the early 1990s, it has been recognized that approximately 13 of the 30Sv 

that flow through the Straits of Florida are imported from the tropical and South Atlantic, 

rather than recirculated from the North Atlantic Subtropical Gyre (Schmitz and 

Richardson 1991; Schmitz and McCartney 1993; Schmitz et al. 1993).  From 

hydrographic data, it was deduced that this import flux is not evenly distributed 
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Figure 12: Properties in the Atlantic on various isopycnal surfaces, as marked at the top 
of each panel.  a) Oxygen concentration mmol m-3 (colors) and pressure in decibars 
(contours).  Note that the pressure contour interval varies among plots.  With the thermal 
wind relation, pressure on isopycnal surfaces can be related to the direction of vertical 
shear, and the spacing of the isobars to the intensity of the horizontal flow field, as 
discussed in Lozier et al. (1995). Assuming a level of no-motion, the isobars show the 
direction of the flow.  Isobars have been smoothed with a 2° x 2° boxcar filter.  b) 
(Facing page) Phosphate concentration (mmol m-3).  Isobars have been omitted to 
emphasize patterns in PO4 concentration.  White grid cells denote no areas with no data. 
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throughout the water column; rather, a majority is advected in density layers both above 

and below the thermocline.  In contrast, the thermocline of the Florida Current is 

composed primarily of recirculating subtropical water (Schmitz and Richardson 1991; 

Schmitz et al. 1993).  Througout this chapter, the tropical Atlantic refers to the extra-

subtropical dynamical region that encompasses the cyclonic gyres to the north and south 

of the equator. 

From the T-S relationship on several hydrographic cruises, Schmitz and 

Richardson (1991) inferred the relative proportions of subtropical and imported water 

comprising the Florida Current.  By a similar approach, we use the historical 

hydrographic data to compare the temperature, salinity and nutrient concentration of the 

WBC to surrounding regions.  Figure 13 displays the temperature-salinity relationship in 

the tropical Atlantic, WBC, interior subtropical gyre (STG), and the separated Gulf 

Stream.  Several differences between the WBC and STG are immediately apparent.  As 

expected, the most profound differences are found in the surface (23 ≤ σθ < 26) and deep 

waters (27 ≤ σθ < 27.5).  These density classes correspond roughly to Schmitz and 

Richardson’s (1991) surface temperature class (>24°C) and deep temperature class (7°C - 

12°C), respectively, but in both cases extend to slightly colder, denser water.   

In the densest waters (27 ≤ σθ < 27.5), the WBC is considerably fresher than the 

STG (Figure 13).  This T-S signature cannot be traced to the interior of the gyre, but 

instead appears to be a mixture of tropical and subtropical waters.  In this density class 

over 5 of 6 Sv of the Florida Current has a South Atlantic origin and is in part comprised 

of Antarctic Intermediate Water (AAIW), which is advected into the North Atlantic via 
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the tropics (Schmitz and McCartney 1993; Tomczak and Godfrey 1994).  Similarly, the 

salinity of the WBC’s lightest layers appears to be strongly influenced by the fresh waters 

of the tropical Atlantic (Figure 13).  This freshening is consistent with estimates that 7 of 

9 Sv of the Florida Current’s surface waters are advected from the tropical and South 

Atlantic (Schmitz and Richardson 1991).  On the other hand, the thermocline (26 ≤ σθ < 

27) of the WBC and STG share a common T-S signature, with the WBC being only 

slightly fresher in these layers.  The strong similarity between the T-S signature of the 

WBC and STG thermocline is consistent with the inference that nearly 12 of 13 Sv of the 

Florida Current thermocline is fed by recirculations of subtropical water (Schmitz and 

Richardson 1991).   

The T-S relationship in Figure 13 clearly suggests a strong tropical and South 

Atlantic influence on the T-S signature of the surface and deep WBC, and a strong 

subtropical control on the thermocline. For each of these regions of the T-S curve, Figure 

14 compares the subtropical, tropical, and WBC distributions of salinity and phosphate 

observations, as well as the phosphate-salinity relationship.  For the lightest layers (23 ≤ 

σθ < 26), the histogram confirms that the WBC and tropical Atlantic are much fresher 

than the interior STG.  However, there is a cluster of observations in the WBC that match 

the mean salinity of the interior gyre, suggestive of an entrainment of subtropical waters 

into the WBC (Figure 14a, top panel).  There is no simple S-PO4 relationship for this 

density class (Figure 14a, bottom panel), and none is expected, as this density bin 

primarily occupies the top 200m of the ocean.  In this near-surface layer, the euphotic 

zone frequently extends deeper than the mixed layer in the tropics and subtropical 
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Figure 13: Temperature versus salinity for the STG (red), WBC (blue), the tropics (gray), 
and the CLIMODE data in the separated Gulf Stream (yellow).  Station locations for each 
region are shown in Figure 10.  Contours are potential density (kg m-3).  For clarity, the 
inset shows the T-S envelope for the WBC, STG and tropics (constructed as one standard 
deviation to either side of the mean salinity for each 1°C temperature bin).  The WBC 
(red) appears as an outline to reveal the pattern in the STG data (blue) beneath. 
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Figure 14: Properties of the STG (blue), WBC (red), tropics (gray), and separated Gulf 
Stream (top and middle panels in black and bottom panel in yellow).  For each of three 
potential density classes a) 23 < sq < 26, b) 26 < sq < 27, and c) 27 < sq < 27.5, top and 
middle panels show the distributions (curves) and mean values (vertical lines) of salinity 
and phosphate , respectively.  Bottom panels are the phosphate versus salinity for the 
three regions.  The black lines in the top and middle panels extend to the maximum and 
minimum values for the CLIMODE data, and the vertical hatch shows the average 
CLIMODE value (excluding stations to the north of the Gulf Stream’s North Wall).  In 
the bottom panels, the CLIMODE data is displayed in yellow for clarity. 
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summer.  Under these conditions, phosphate is consumed while salinity is essentially 

conserved.  When in the mixed layer, neither salinity nor phosphate is conserved.   

Despite the lack of a simple relationship between salinity and phosphate, there is a 

striking difference between the phosphate concentration in the WBC and the STG.  The 

mean phosphate concentration for the WBC is nearly 3 times the concentration in the 

STG, and both the tropical and WBC phosphate distributions have a long tail of high 

concentrations.  The mean properties of the CLIMODE data in the separated Gulf Stream 

appear to reflect a mixture of WBC and STG water for these densities (Figure 14a). 

The next density class encompasses a large portion of the thermocline (Figure 

14b).  It is interesting that although the salinity in this density class suggests only a small 

tropical influence on the WBC, the phosphate signature is considerably greater in the 

WBC than STG (Figure 14b).  Assuming that the WBC is a pure mixture of water from 

the tropics and subtropics only, and that properties are conserved, the temperature and 

salinity of the WBC thermocline indicates that roughly 5% is imported from outside of 

the tropics.  However, under the same assumptions, the mean phosphate concentration of 

the WBC thermocline would require approximately 30% imported tropical water.  The 

discrepancy is possibly brought about by the fact that phosphate is not a conservative 

property; remineralization provides a source of PO4 and a sink of O2 during the transit of 

waters from the tropical box to the WBC.  The quasi-conservative tracer PO4* (where 

PO4* = PO4 + O2/4.1, for phosphate and oxygen in units of mmol m-3), removes the effect 

of such remineralization by adding the oxygen that is lost from the water column in 

known proportion to the phosphate created by remineralization (Broeker and Peng 1982).  
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Repeating the mixing analysis with PO4* brings a closer agreement with the fractional 

contributions of gyre water and tropical water as those deduced with T and S.  The 

analysis with PO4* implies the WBC is comprised of 15% imported tropical water, with a 

95% confidence interval that encompasses the lower estimate from T and S.  A possible 

alternative hypothesis to explain the surplus phosphate in the WBC is that the 

neighboring Northern Recirculation Gyre provides an along-isopycnal source of nutrients 

to the WBC.  This hypothesis is unlikely as the Northern Recirculation Gyre is, in 

general, lower in phosphate on density surfaces than either the WBC or STG.   

Finally, at the base of and just below the thermocline (27 ≤ σθ < 27.5), the WBC 

appears to be a mixture of the tropical Atlantic and subtropical gyre waters both in its 

salinity and phosphate content (Figure 14c).  A major component of the tropical Atlantic 

on these density surfaces is the AAIW (Tomczak and Godfrey 1994), which has some of 

the highest nutrient concentrations in the global ocean (Sarmiento et al. 2004).  Phosphate 

concentrations exceeding 2mmol m-3 and salinities less than 35, observed with some 

frequency in the tropical Atlantic and WBC, are conspicuously absent from the entire 

STG data set (Figure 14c).  Again, assuming the WBC is a pure mixture of tropical and 

subtropical water in this density layer, the T and S data indicate that between 20% and 

40% of the WBC is imported from the tropics, much below the 83% deduced by Schmitz 

and Richardson (1991) for the Florida Current.  However, given that the Florida Current 

comprises only 30% of the total WBC volume transport further downstream where 

recirculating gyre water augments the WBC transport, our lower estimate is consistent 

with the earlier analysis.  The discrepancy between the proportion of imported source 
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water deduced from T and S and that from PO4 again arises in this density level, and 

employing PO4* brings the proportion within the error of the estimate from the T and S 

data.  

Deeper than sq = 27.5 (not shown), phosphate concentrations generally decline 

for all regions.  There are very few observations denser than 27.5 in the WBC, as defined 

here.  The reduction in nutrients in this most-dense layer is associated with the North 

Atlantic Deep Water (T < 5ºC, S ~ 34.8) and is indicative of a depleted signature for the 

deep return flow of the meridional overturning circulation.  The presence of this dense, 

depleted water mass suggests that the high nutrient signature of the densest layers of the 

WBC cannot be set by a diapycnal flux from below, and is very likely imported. 

3.3.2 The downstream evolution of nutrients in the WBC 

The previous section treated the WBC as single coherent region and showed that 

its high nutrient concentration can be traced to upstream source waters found in the 

tropical Atlantic.  In this section, we investigate the evolution of the WBC during its 

transit from the Straits of Florida to Cape Hatteras and, to a limited extent, into the 

separated Gulf Stream.  Our goal is to understand the degree to which the nutrient 

concentrations change along the length of the WBC in order to test the hypothesis that 

diapycnal mixing restores nutrients to the Gulf Stream’s light isopycnals. 

Figure 15 displays scatterplots of phosphate versus downstream distance for three 

density bins.  These density bins match those examined in the previous section, with one 

exception: in order to avoid the euphotic zone and the mixed layer, the lightest density 

bin excludes observations at densities lighter than 1025.6 kg m-3 and depths less than 
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150m.  In the lightest bin (25.6 § sq < 26) and densest bin (27 § sq < 27.5), there is a 

downstream decrease in phosphate, while no such relationship is apparent for the 

thermocline layer (26 § sq < 27).   However, as there is a strong cross-stream phosphate 

gradient, any along-stream change in the average cross-stream position of the profiles 

could influence the downstream trend.  Likewise, data distributed unevenly within the 

density bins could also conceal a possible along-stream nutrient trend.  Thus, to isolate 

the impact of the downstream position on the phosphate concentration, we use multiple 

linear regression analysis (Table 1).  This technique allows the examination of the 

relationship between downstream distance and phosphate concentration, while holding 

temperature and density constant.  Because the cross-stream position is closely tied to a 

strong temperature front, removing the temperature dependence should eliminate any bias 

introduced by the cross-stream position of the profiles.  Of course, if the temperature is 

correlated with downstream distance, this approach could underestimate the impact of the 

downstream change in phosphate.  We address this complication by examining separately 

the downstream evolution of temperature with nearly 1000 profiles.  Figure 16 shows 

contours of temperature versus density and downstream distance.  Between 1025.6kg m-3 

and 1026.5kg m-3, along-stream distance explains less than 1% of the variance in 

temperature.  The lack of correlation between temperature and along-stream distance 

justifies our use of the multiple linear regression for these density surfaces.  Below this, 

where there is significant warming with along-stream distance, the influence of cross-

stream position should not be explicitly removed, and the change in phosphate with 

downstream distance is evaluated with a simple linear regression (indicated in Table 1). 
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Figure 15: Phosphate concentration versus along-stream distance in the WBC and 
separated Gulf Stream for 3 density bins, as indicated at the top of each panel.  The 
markers are colored by temperature.  The black line represents the mean phosphate 
concentration in the WBC for each density bin, and is shown as a dashed line in the part 
of the plot that extends to the separated Gulf Stream.  The closed circles are from the 
historical NODC data in the WBC, the open circles are from the WOCE hydrographic 
sections, and the closed circle with an error bar is the mean (and standard deviation) of 
the CLIMODE data.  WOCE profiles are included if they are 70km or less to the south of 
the Gulf Stream’s North Wall, as defined by the location where the 15°C isotherm 
crosses 200m (Halkin and Rossby 1985).  CLIMODE data were excluded if they were 
north of the Gulf Stream’s North Wall or collected at depths shallower than 200m, which 
was within the mixed layer during the CLIMODE 2 cruise.  The downstream distances of 
the WOCE and CLIMODE data are calculated along a straight line drawn from Cape 
Hatteras to the profiles (note the change in length scale after the break in the axis).  The 
CLIMODE data is plotted at the mean distance from Hatteras to the center of all 4 
sections. 
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Figure 16: Properties of the WBC.  a) Temperature plotted as a function of potential 
density and along-stream distance.  To make this plot, 885 profiles in the WBC were 
interpolated to regular densities.  For each density surface, data was averaged into bins of 
30km in the along-stream direction.  To remove mesoscale features, the temperature field 
was smoothed by a boxcar filter with dimensions of 0.09km m-3 by 100km.  b) The 
temperature-phosphate relationship for NODC data in the WBC.  The red data were used 
to construct the regression line with a correlation coefficient of 0.9.  These data avoid the 
euphotic zone, where phosphate and temperature become uncoupled. 
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Table 1: The change in phosphate with along-stream distance in the WBC 

Density class SD
x

PO 24 ±
∂

∂  

 (10-6 mmol m-3 km-1) 

Variance 
explained (and p-value) 

25.5 - 25.75 -30 ± 87 < 0.01 (0.48)  

25.75 - 26 -126 ± 64 0.08 (<0.01)* 
26 - 26.25 -49 ± 52  0.01 (0.10) 
26.25 - 26.5 -8.8  ± 43 <0.01 (0.42) 
26.5 - 26.75 -79 ± 54 † 0.02 (<0.01)*  
26.75 - 27 -117 ± 54† 0.03 (<0.01) *  
27 – 27.25 -222 ± 55† 0.10  (<0.01) *  
27.25 - 27.5 -277 ± 65† 0.18 (<0.01)* 

† simple linear regression (temperature cannot be held constant without removing an 
along-stream warming trend). 
* significant relationship at p = 0.05 
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The results of the regression analysis are summarized in Table 1.  Just above the 

thermocline (25.75 § sq < 26), there is a statistically significant reduction in phosphate 

with along-stream distance, as can be inferred from the scatterplot (Figure 15a).  One 

possible explanation for this along-stream nutrient reduction involves the entrainment of 

additional subtropical waters along the length of the WBC.  From the Straits of Florida to 

Cape Hatteras, the volume transport of the WBC approximately doubles (Pelegrí and 

Csanady 1991).  As subtropical gyre waters, which are warmer, saltier, and lower in 

nutrients than imported waters of the WBC, join the Gulf Stream and augment its volume 

transport, the imported signature may be attenuated and reflected in this downstream 

trend.  However, in the upper thermocline (26 § sq < 26.5), phosphate concentrations 

remain constant along the length of the stream (to within error).  This constancy may 

reflect the greater proportion of the Gulf Stream’s thermocline that is composed of 

recirculating subtropical water.  

Towards the bottom of the thermocline and beneath it (26.5 § sq < 27.5), the 

WBC warms and loses phosphate with along-stream distance (Table 1). The decline in 

phosphate is most dramatic in the very densest layers (Figure 15c), where a mean loss of 

2.5 x 10-4 mmol m-3 km-1 (Table 1) translates to a 50% reduction in nutrients along the 

length of the WBC (approximately 1200km).  The warming and nutrient loss could 

ostensibly be caused by a turbulent diapycnal exchange with lighter layers.  However, in 

the absence of a significant cooling (or nutrient enrichment) of the intermediate layers, a 

more plausible explanation for such loss is along-isopycnal exchange across the WBC.  

In the lighter layers of the Gulf Stream, cross-stream particle exchange is much reduced 
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relative to denser layers (Bower et al. 1985).  On layers denser than 27.1, cross-stream, 

mesoscale exchange essentially homogenizes property gradients and erases the water 

mass boundaries on isopycnal surfaces (Bower et al. 1985).  Such cross-stream, epipycnal 

mixing would reduce the cross-stream property gradients, supply nutrients to the 

neighboring gyres, and reduce nutrient concentrations in the Gulf Stream. 

The scatterplots of phosphate versus along-stream distance have been extended to 

the separated Gulf Stream with CLIMODE and WOCE nutrient sections (Figure 15).  In 

the surface and dense isopycnals, the majority of observations in the separated Gulf 

Stream show phosphate concentrations slightly below the average concentrations in the 

WBC, perhaps suggesting further dilution with recirculating waters and the erosion of the 

high nutrient signature of the Gulf Stream after it separates from the coast (Figure 15a 

and 15c).  Along-isopycnal mixing would be expected to erode the high nutrient 

concentration of the Gulf Stream as it weaves its way between water masses with lower 

nutrient concentrations to either side.  In the thermocline, the phosphate of the separated 

Gulf Stream resembles more closely the upstream WBC, consistent with these layers 

being composed of a greater proportion of recirculating subtropical waters such that 

mixing acts on weaker epipycnal gradients.  

The histograms of Figure 17 offer a second view of the downstream evolution of 

the WBC by comparing the distributions of T, S and phosphate from an upstream section 

of the WBC (approximately from the Straits of Florida to the Charleston Bump) to a 

downstream section (Charleston Bump to Cape Hatteras).  The lightest density bin is not 

represented in these histograms, as there are relatively few observations in this bin at 
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depths greater than 150m and the results are therefore highly sensitive to the chosen 

boundary between the “upstream” and “downstream” sections.  In the thermocline 

(Figure 17a), waters south of the Charleston Bump are slightly cooler, fresher and 

enriched in phosphate relative to the waters further north, a change too small to be 

detected in the phosphate scatterplots (Figure 15b) or temperature contour plot (Figure 

16a).  As discussed above, these changes may be brought about by the entrainment of 

recirculating subtropical water, which is marginally warmer, saltier and more nutrient-

depleted than the WBC.  In the densest layer (Figure 17b), the advective time scale is 

longest due to slower Gulf Stream velocities at depth, there are much stronger along-

stream changes.  The downstream portion of the WBC is significantly warmer, saltier, 

and depleted in phosphate than its upstream counterpart.  As discussed in the context of 

the phosphate scatterplots (Figure 15) and temperature contour plot (Figure 16), these 

along-stream changes in the deep WBC are consistent with along-isopycnal mixing and 

destruction of cross-stream gradients (Bower et al. 1985). 

This analysis of the historical data does not support the hypothesis of an increase 

in nutrient concentrations along the length of the WBC, as inferred from the two nutrient 

sections analyzed by Pelegrí and Csanady (1991).  Without an along-stream enrichment, 

the WBC cannot provide the upward pitch of the hypothesized “subtropical nutrient 

spiral”, a mechanism that hinges on an along-Stream increase in nutrients on light 

isopycnals (Jenkins and Doney 2003).  Therefore, the WBC is unlikely to provide an 

advective return pathway for nutrients lost beneath the seasonal boundary layer of the 

subtropical gyre in this manner. 
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Figure 17: Properties of the upstream WBC from the Straits of Florida to the Charleston 
Bump, 0 - 800km downstream (dashed line), and the downstream WBC from the 
Charleston Bump to Cape Hatteras, 800 - 1400km downstream (solid line). Histograms of  
of T (top panels), S (middle panels), and phosphate (bottom panels) for a) the thermocline 
and b) the densest WBC waters.  Vertical lines show the mean value for the two regions. 
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3.3.3 Estimates of diapycnal and epipycnal mixing 

To this point, we have examined only the concentrations of nutrients, rather than 

their fluxes.  To consider the size of the turbulent diapycnal flux term, it is useful to put it 

in the context of the steady state conservation equation for phosphate, which can be 

formulated as: 

2

2

2

2

2

2

z
PA

y
P

x
PA

y
vP

x
uP

Dt
DP

vh ∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
∂
∂

=
∂
∂

+
∂
∂

≡   (1) 

where 
Dt
DP  is the Lagrangian rate of change in phosphate along the path of the Stream, 

and 
x

uP
∂
∂  and 

y
vP
∂
∂  are the epipycnal, cross-stream and along-stream flux divergence 

terms, respectively.  Because the WBC flows approximately north, the y-coordinate axis 

is set in the along-stream direction.  For all terms, the velocity and phosphate quantities 

are understood to be temporal means.  On the right hand side of the equation are the 

diffusion-like parameterizations of the turbulent exchange terms, which will presently be 

explored in some detail.  In writing this equation, we have neglected the local time rate of 

change of phosphate, molecular diffusion, and all sources and sinks of phosphate.  The 

steady state assumption is predicated on the idea that the local time rate of change in 

phosphate is much slower than the advective flux divergence terms, which are relatively 

large in the Gulf Stream.  The assumption of negligible sources and sinks is justified 

beneath the euphotic zone, as biological remineralization rates are roughly 0.03 - 0.1 

mmol m-3 yr-1 (Jenkins 1982; Palter et al. 2005), providing no more than 0.01 mmol m-3 

of phosphate in the time it takes the WBC to transit from the Straits of Florida to Cape 
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Hatteras (less than 1 month).  Biological utilization in the euphotic zone cannot be 

assumed to be neglibible, as phytoplankton can consume phosphate at a rate between of 

0.1 - 1mmol m-2 day-1 in the presence of sunlight (Wakeham and Lee 1993).  Therefore, 

in Figures 15, 16 and 17, we have presented only along-stream trends for observations 

below the euphotic zone (nominally 150m or sq =25.6, whichever is deeper).  Finally, we 

have neglected the time-mean diapycnal flux convergence of phosphate (
z

wP
∂
∂ ), as this 

term has been shown to be small relative to epipycnal flux convergence terms, even in 

strong fronts when diapycnal perturbation velocities become large (Barth et al. 2004).   

The Gulf Stream’s turbulent diffusivities, estimated from myriad methodologies 

and data sets, are summarized in Table 2.  These estimates span a tremendous range and 

demonstrate that neither epipycnal nor diapycnal mixing can be assumed negligible 

without attention to the spatial and temporal scale of interest.  For instance, at the 

shelfbreak front at the Mid-Atlantic Bight (MAB), Barth et al. (2004) used isopycnal 

floats equipped with vertical current meters to directly measure vertical velocities relative 

to the float (i.e. diapycnal velocities), while simultaneously mapping the hydrographic 

properties with a towed undulating vehicle.  With the ambient temperature field and the 

diapycnal velocities, the authors were able to directly observe diapycnal mixing events 

and compare them to the measured temperature change along the float path.  On very 

small temporal and spatial scales (less than two hours and tens to hundreds of meters), 

diapycnal mixing accounted for large temperature changes and resulted in the some of the 

highest published estimates of diapycnal diffusion found in this region (Table 2).  

However, averaging over time scales of two days or longer reduced the mean diapycnal 
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velocity by two orders of magnitude.  The longer averaging time yields diffusion 

estimates that are more in line with tracer-studies, which tend to integrate the effects of 

mixing over several days and kilometers (Houghton and Visbeck 1998; Ledwell et al. 

1993; Winkel et al. 2002). Likewise, Rajamony et al. (2001) used isopycnal floats and 

hydrographic information to track changes in Lagrangian potential vorticity (PV) and 

temperature in the separated Gulf Stream (not far from the CLIMODE region) on time 

scales of several days and spatial scales of several hundred kilometers.  From these 

observations, the authors estimate diapycnal mixing terms very similar to those deduced 

from tracer studies, and two orders of magnitude smaller than those based on the 

assumption of maximum diapycnal eddy diffusivity (Pelegrí and Csanady 1994).   

The entire range of turbulent diffusion coefficients for time scales longer than 2 

hours yields diapycnal phosphate fluxes ranging from 10-11 to 10-10 mmol m-3 s-1, and 

epipycnal fluxes from 10-14 to 10-7 mmol m-3 s-1 (Table 2).  These low estimates for 

diapycnal mixing mean that even the largest of the diapycnal flux estimates would 

require 1000 days to increase the Lagrangian phosphate concentration of a parcel in the 

stream by only 2%.  Given that an average parcel in the core of the Gulf Stream transits 

from the Straits of Florida to the easternmost WOCE section in fewer than 100 days 

(Fratantoni 2001), this small flux cannot explain the stream’s enhanced phosphate 

concentration, which can be twice as large as concentrations in the recirculation gyres.  In 

other words, the Peclet number for vertical diffusion is far too large (O(104) for a length 

scale of 1000km, depth scale of 1000m, velocity of 1m s-1, and vertical diffusivity of  
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Table 2: Estimates of the coefficients of turbulent diffusion and resultant phosphate 
fluxes in and near the Gulf Stream 
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10-4m2 s-1), for vertical diffusion to appreciably change the strong signal advected into the 

WBC.   

On the other hand, the largest of the epipycnal turbulent diffusion estimates could 

lead to considerable down-gradient (out of the Gulf Stream) nutrient flux.  During a 

parcel’s journey in the Gulf Stream, such an eddy flux could account for a loss of 

phosphate as large as 0.8 mmol m-3, assuming a time scale of 102 days and an epipycnal 

diffusivity of 103 m2s-1, the largest value from Rajamony et al. (2001).  The slight 

reduction in phosphate seen along the length of the WBC (Figures 15 and 17) and 

between Hatteras and the CLIMODE and WOCE sections in the separated Gulf Stream 

(Figure 15) may be a result of such epipycnal eddy exchange. 

3.3.4 A snapshot of nutrients in the separated Gulf Stream: The CLIMODE sections  

From the temperature, salinity and phosphate data (Figure 13 and 14), the 

CLIMODE data show a separated Gulf Stream with intermediate properties between the 

WBC and interior STG.  A closer examination of these CLIMODE sections reveals the 

degree to which the Gulf Stream’s high nutrient bolus is maintained more than 400km 

offshore from Cape Hatteras, and how it changes with along-stream distance.  The 

CLIMODE hydrographic Section 1 (Figure 18a) displays the steeply sloping isopycnals 

of the Gulf Stream.  By visual inspection, the phosphate isolines appear be coincident 

with the isopycnal surfaces (Figure 18b).   However, when viewed as a function of 

density and cross-stream distance (Figure 18c), the phosphate contours again display the 

familiar high nutrient concentrations in the Stream.  This high nutrient feature is likely 

the remnant of the water mass advected from outside the subtropics.  The advected 
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feature is much more noticeable for phosphate than for temperature, which shows a sharp 

water mass boundary at the north edge of the Stream (Figure 18d).  The elevated 

phosphate concentrations and transports are found above the sq = 26.9, slightly 

shoreward of the stream’s center, yet still well within the high velocity isotachs of the 

Stream (Figure 18c).  These CLIMODE sections demonstrate that the imported, high 

nutrient signature of the Gulf Stream is maintained far offshore, despite ongoing lateral 

mixing. 

In Figure 19, data from all four CLIMODE sections trace the phosphate 

concentrations along the center of the Stream on various isopycnal surfaces.  Above the 

26.4 isopycnal no systematic along-stream evolution of nutrient concentrations is 

apparent (Figure 19).  Below this isopycnal, concentrations increase in the center of the 

Gulf Stream. The bottle samples on the cruise were collected to a depth of only 1000m, 

not deep enough to consistently sample beneath the σθ = 27 isopycnal and resolve along-

Stream changes on the dense layers.  Between the 26.4 isopycnal and the 27 isopycnal, 

there is a gain in phosphate concentrations of 0.1mmol m-3.  This increase seems 

incongruent with the along-stream trends in the mean WBC, as illustrated with the 

hydrographic data, and the cause of such an increase is not clear.  Perhaps such increase 

is brought about by submesoscale variation. 

Unfortunately, the CLIMODE sections occupied in January, 2006 cannot resolve 

the degree to which the Gulf Stream nutrients are advected into the subpolar gyre in the 

North Atlantic Current and/or are mixed with the neighboring subtropical and northern 

recirculation gyres.  The size of these fluxes remain an open question that may be crucial  
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Figure 18: Properties from hydrographic Section 1 from CLIMODE January 2006 (for 
station locations see Figure 11b).  a) Potential density and b) phosphate concentration as 
a function of pressure and cross-stream distance.  c) Phosphate concentration (colored 
contours) with isotachs of the eastward velocity in white (0 – 1m s-1, with a contour 
interval of 0.25 m s-1) and d) temperature as a function of potential density and cross-
stream distance. 
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Figure 19: Phosphate concentration as a function of along-stream distance.  Along-stream 
distance is calculated as the distance from the center of each consecutive CLIMODE 
section to the center of CLIMODE section 1.  To compute the concentrations, the data 
from each CLIMODE section was interpolated to a regular cross-stream distance-density 
grid.  The gridded data within 20km of the center of each section is averaged.  The error 
bars are one standard deviation. 
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to understanding the supply of nutrients to the North Atlantic.  On the recent CLIMODE 

4 cruise (February – March 2007), nutrient samples were collected in the eastward 

extension of the Gulf Stream and should add to the growing body of nutrient data that 

will help resolve this issue.  When the nutrient analyses from these sections are complete, 

they may also shed light on the flux of nutrients that results from the advection of the 

nutricline into the winter mixed layer, called an induction flux by Williams et al. (2006). 

3.4. Concluding remarks 

In summary, the Gulf Stream serves as a conduit of nutrients and has aptly been 

named a “Nutrient Stream” (Pelegrí et al. 1996).  Over much of the water column, the 

WBC’s temperature and salinity signature cannot be traced to the recirculating 

subtropical gyre.  Instead, a considerable portion of the WBC is imported from the 

tropical Atlantic, as proposed in the early 1990s.  Although this import has long been 

assumed to balance the cross-equatorial export of NADW in the deep limb of the 

Meridional Overturning Circulation, the possibility that the imported waters act as a 

conduit of nutrients has only recently been explored, primarily in the modeling domain 

(Williams et al. 2006).  Here we have shown that the imported waters are associated with 

nutrient concentrations that are anomalously high relative to the subtropical waters, and 

may provide an important source of inorganic nutrients to the North Atlantic.   

Because the high nutrients are likely imported from the tropics, diapycnal mixing 

need not be invoked to explain the Gulf Stream’s high nutrient concentrations.  In any 

case, the diapycnal flux term is unlikely to be sufficiently large to appreciably alter the 

nutrient concentrations during the WBC’s rapid transit from the Straits of Florida to Cape 
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Hatteras.  Furthermore, nutrients do not increase along the length of the Stream.  Quite 

the contrary, along the length of the Western Boundary Current, nutrient concentrations 

generally decline, especially for the densest isopycnals, as along-isopycnal exchange 

tends to erase lateral gradients.  Such exchange implies that the Gulf Stream may supply 

a source of nutrients to both the Northern Recirculation Gyre and the northern flanks of 

the Subtropical Gyre, while the continued northward advection of the Nutrient Stream in 

the North Atlantic Current may carry a portion of these nutrients to the subpolar North 

Atlantic.  However, the precise fate of the nutrients is still a largely open question, and a 

motivation for further research lies in understanding the proportions of the imported 

nutrients that are mixed with the neighboring gyres and are advected into the subpolar 

gyre in the North Atlantic Current. 

The role of advection from the tropical Atlantic in setting Gulf Stream nutrient 

concentrations again illustrates the importance of a fully three-dimensional view of 

nutrient cycling in the ocean.  The availability of nutrients in the North Atlantic may be 

inextricably linked to upstream processes in the tropics and possibly the Southern 

hemisphere, as well as variability in the volume of imported water and its distribution in 

density space. 
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4. How does Labrador Sea Water enter the Deep Western Boundary Current? 

4.1. Introduction: 

The Labrador Sea is a region where intense air-sea heat exchange creates deep, 

dense ocean mixed layers that are ultimately exported from their formation region to 

ventilate the intermediate depths of the North Atlantic and beyond.  The final product of 

such convective mixing, the Labrador Sea Water (LSW) is a constituent of the meridional 

overturning circulation (MOC).    Because of its climatic importance, LSW has been the 

subject of various studies that have revealed considerable spatial and temporal variability 

associated with the formation and meridional transport of this water mass (eg. Dickson et 

al. 1996; Kieke et al. 2006; Rhein et al. 2002; Stramma et al. 2004).    

Though a connection between convective variability within the Labrador Sea and 

its downstream signal is generally accepted, the spatial and temporal dimensions of this 

connection requires an understanding of the formation of the water mass and its export 

pathways.  Temporal variability in LSW properties and transport has been observed at 

several scales both within the Labrador Sea and far afield.  Stramma et al. (2004) recently 

plotted LSW properties over the past 60 years, using hydrographic data taken within the 

Labrador Sea (reproduced here as Figure 20).  In this time series, interannual and 

interdecadal variability is apparent, with temperature variations in the LSW core of 

nearly 1°C.  Directly downstream of this region, over 1000km to the south of the 

Labrador Sea, interannual temperature variations of roughly 0.5°C at the approximate 

LSW depth, have been recorded by an array of moorings over the past several years  
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Figure 20: Properties in the core of the LSW at the AR7W hydrographic line. a) Potential 
temperature, b) salinity, and c) and potential density. The core of the LSW was identified 
as the thickest density class from the hydrographic stations in water deeper than 3300m. 
The vertical bars in panel a) are the NAO index. Reproduced from Stramma et al., 2004. 
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(Schott et al. 2006).  Finally, temperature changes of nearly 0.3°C at the mid-depths of 

the subtropics, several thousands of kilometers from the Labrador Sea, are thought to be 

linked to upstream changes in LSW (Curry et al. 1998).  However, it is not clear how the 

upstream changes in LSW translate to downstream variability. 

One crucial step linking LSW formation to its downstream signal is its entry into 

the Deep Western Boundary Current, one of the primary pathways by which the LSW 

exits the Labrador Sea and ultimately the subpolar gyre (Pickart and Smethie 1998; Rhein 

et al. 2002; Talley and McCartney 1982).  Therefore, it is our objective to investigate the 

mechanisms that regulate the entry of LSW into the DWBC.  We pose three potential 

mechanisms, as schematized in Figure 21:  1) LSW is formed directly in the DWBC, 2) 

Eddies flux LSW laterally from the interior Labrador Sea to the DWBC, and 3) A 

horizontally divergent mean flow advects LSW from the interior to the DWBC. 

Understanding how these mechanisms influence the entry of LSW into the boundary 

current can shed light on the water mass’s residence time in the Labrador Sea and the 

continuity between climate variability in the formation region and its downstream signal.  

4.2  Background 

As a convectively formed water mass, LSW is characterized by low vertical property 

gradients and can be traced from its formation region by a minimum in potential vorticity 

(PV), which is proportional to the vertical density gradient and tends to be preserved in the 

ocean’s interior (Talley and McCartney 1982).  In the past decade, two types of LSW have 

been described (Pickart et al. 1997; Stramma et al. 2004) distinguished by their densities:  
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Figure 21: The study site, with the trajectories of all floats used in this study (gray 
tracks). The 1000, 2000 and 3000m isobaths, smoothed by a 1/3° filter, are shown in 
black,. The red, green and blue trajectories are highlighted to schematize the three 
potential mechanisms responsible for the presence of LSW in the DWBC. 
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upper LSW (ULSW), bounded by the isopycnals sq = 27.68 and 27.74; and deep or classical 

LSW (CLSW) bounded by sq = 27.74 and 27.80 (Stramma et al. 2004).   

From a myriad of hydrographic and tracer studies, the Deep Western Boundary 

Current (DWBC) is understood to be a major export pathway for recently ventilated LSW 

of both varieties (e.g., Pickart and Smethie 1998; Rhein et al. 2002; Talley and 

McCartney 1982).  Here we define the DWBC to include all southward flow over the 

continental slope. In the Labrador Sea, this includes the main branch of the Labrador 

Current over the upper slope, the Deep Labrador Current (DLC) over the mid-slope, and 

the flow of Nordic Seas Overflow Water over the lower slope (see Lazier and Wright 

1993 for a review).  As it flows westward around the southern tip of Greenland, the 

Irminger Current feeds the surface and intermediate depths of the DWBC.  The Irminger 

Current’s intermediate depths are occupied by Irminger Sea Water, a modified North 

Atlantic Current Water, which is warmer, saltier and more strongly stratified than the 

intermediate waters that exit the Labrador Sea (Lazier et al. 2002; Pickart et al. 2002).  

How the thick pycnostad of cold, fresh LSW enters the intermediate depths of the DWBC 

has been the subject of several studies employing theoretical, modeling, and 

observational approaches.  Such studies have demonstrated that the proximity of the 

convection to the slope and boundary current (Spall and Pickart 2001), eddy-driven 

exchange (Pickart et al. 1997; Straneo 2006a), and lateral advection (Straneo et al. 2003) 

may all play a role in exporting the newly formed LSW.  Our objective is to assess how 

each of these mechanisms contributes to setting the properties and temporal variability of 

the exported LSW.  We build on these previous studies by studying all three processes 
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with data collected contemporaneously by P-ALACE floats between 1996 and 2002 

(Davis et al. 2001), comparing the degree to which each mechanism caused heat loss 

from the DWBC during the float years, and how these processes may contribute to 

interannual variability of the exported LSW.   

4.3. Data and methods 

The data used in this study come from 211 isobaric, subsurface P-ALACE floats 

deployed as part of the World Ocean Circulation Experiment (WOCE) and the Labrador Sea 

Deep Convection Experiment (The Lab Sea Group 1998).  For a detailed description of the 

floats, their launch locations, and spatial coverage, see Lavender et al. (2005).  Briefly, the 

floats, designed to drift at approximate pressures of 400db, 700db or 1500db, were deployed 

throughout the North Atlantic subpolar gyre, with a high number deployed in the western 

Labrador Sea as part of the Deep Convection Experiment (The Lab Sea Group 1998).  Each 

float drifts at its target depth for 3.5 to 20 days, then ascends to the surface in approximately 

4 hours, where it drifts for 12 to 24 hours while communicating with the Argos satellite 

system.  The floats collect temperature and conductivity profiles either during their ascent or 

descent.  The trajectories of the floats are quasi-Lagrangian, as the ascent, descent and 

surface drift can distort the trajectory of the float relative to that of the fluid parcel it initially 

tags, as can the shoaling and deepening of isopycnal surfaces.  To study the export properties 

of LSW, we use those float profiles and displacements in the region between Greenland and 

Canada and north of a southern boundary drawn diagonally from the tip of Greenland to 

Newfoundland, just south of the WOCE AR7W repeat hydrographic line.  A map of all 5122 
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profile locations within that region, and in the surrounding boundary current region, is shown 

in Figure 22 with a smoothed 2500m isobath.   

Because LSW is characterized by a low vertical density gradient, the water mass 

can be identified as the thickest pycnostad within a profile in the Labrador Sea. The 

criterion by which the thickest pycnostad is chosen is based on uniformity in density for 

any profile that extends to 700m or deeper.  After smoothing the salinity profile with a 4-

point boxcar filter, removing all density inversions and discarding profiles in which 

density inversions account for 20% or more of all observations, each profile is examined 

for all layers of uniform density within a threshold of 0.03kg m-3.   The thickest of these 

layers is considered the greatest pycnostad for each profile. The sensitivity of the 

pycnostad thickness to the total depth over which the floats profiled was small, as the vast 

majority of pycnostad bottom depths are found to be shallower than the bottom depth of 

the profile. This approach, which chooses a pycnostad with regard only to vertical 

uniformity, allows the consideration of all thick or low-PV water masses regardless of 

their specific density or depth.  Additionally, handling the data in this way minimizes the 

influence of the conductivity meters that are prone to drift over the lifetime of a float, but 

are expected to be stable for the duration of a single profile.   

A common approach to analyzing the P-ALACE float data is to treat each profile 

and displacement as an independent observation of a CTD and current meter adrift in the 

ocean, then use averaging schemes to place the temperature, salinity and velocities in a 

quasi-Eulerian frame (Lavender et al. 2005; Straneo 2006a).  The array bias, or error in 

the mean velocity field arising from the non-uniform launch locations of the floats, has  
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Figure 22: The locations of all P-ALACE float profiles used in this study. The color 
corresponds to the category in which the profile was placed: dark blue is interior 
Labrador Sea (water deeper than 3000m), green is the “entering boundary current,” and 
red is the “exiting DWBC”. The light blue represents all profiles that are not included in a 
category either because of their location or because they were removed during quality 
control. The black line is the smoothed 2500m isobath used to calculate the distance 
around the Labrador Sea, with several distances marked (in km) as guides. The southern 
boundary used throughout this analysis is also shown in black. 
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been shown to be small relative to the mean velocity field (Straneo et al. 2003) and is 

therefore neglected in this analysis.  Lavender et al. (2005) used an Eulerian averaging 

scheme to calculate a mean velocity field, geostrophically adjusted to 700m depth.  We 

make use of this velocity field to calculate eddy heat fluxes ( ) from the individual 

float displacement and temperature profiles, as schematized in Figure 23a. These 

individual heat fluxes were then averaged within 1° latitude by 0.5° longitude grid 

(~50km square) over time to deduce a mean field of eddy heat fluxes, 

''Tv

''Tv .  To test 

whether these eddy fluxes were correlated with the temperature gradient, as would be 

expected for a down-gradient eddy heat flux, the temperature gradient was rotated into 

coordinate axes aligned with the local mean flow and compared with the mean eddy heat 

fluxes after spatial smoothing.  

For the calculation of the mean flow perpendicular to the isobath bounding the 

Labrador Sea, we use simple Eulerian averages of the velocity in 50km square bins, as 

opposed to the mean velocities calculated by Lavender, et. al (2005).  The objective 

analysis used by Lavender, et. al [2005] assumes a correlation length scale that is greater 

along contours of equal water depth than across them, and such an assumption may 

influence the magnitude of the cross-isobath mean flow.  In practice, however, our simple 

mean velocity fields are qualitatively and quantitatively similar to those obtained by 

objective analysis, with an average velocity difference of about 1% from Lavendar et. al 

(2005).  These mean velocities are used to calculate the local volume flux across the 

3000m isobath, as described in Figure 23b.  The 3000m isobath is determined from the 1-

minute bathymetric data from the British Oceanography Data Center, smoothed  
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Figure 23: Schematics describing calculations of  a)  and  b) the volume flux 
perpendicular to the 3000m isobath.  a) A single float displacement (dashed grey line) is 
used to compute a velocity (U

''Tv

i, black arrow).  The mean velocity (Ū, blue arrow) is 
interpolated from the gridded mean velocity field (Lavender et al. 2005) to the midpoint 
of the float displacement and subtracted from Ui.  The vector difference between Ui and 
Ū (U´, red arrow) is decomposed into along-mean flow (u´) and across-mean flow (v´) 
components (green arrows).  The across-flow component is multiplied by the 
corresponding temperature anomaly to yield ' .  The temperature anomaly is 
calculated as the difference between the 700m temperature at the start point of the 
displacement ( ) and the mean 700m temperature at the endpoint (

'Tv

1T 2T ).  We subtract the 
mean temperature at the endpoint of the displacements in order to consider the advection 
of temperatures that are anomalous to their destination location.  This process is repeated 
for every float displacement in the study area.  b) The 3000m isobath is contoured 
according to a basic contouring algorithm that employs a linear interpolation scheme 
between adjacent points. The mean velocity is interpolated from the simple gridded mean 
velocity field to the midpoints of 2 consecutive vertices on the contour line.  These 
vertices are used to construct a local tangent to the isobath, and the mean flow at the 
midpoint is decomposed into its along-isobath and across-isobath components (green 
arrows).  The across-isobath component is multiplied by the distance between the vertices 
and an assumed thickness in order to calculate a volume flux across the boundary. 
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with a 25-minute boxcar filter and then decimated to every 20th cell. The filter width was 

chosen to be comparable to an estimate of the internal Rossby radius of deformation, as 

discussed in Bower and Hunt (2000).  We adopt a sign convention in which a negative 

flux corresponds to flow entering the interior, and a positive flux to flow entering the 

boundary current region or exiting the southern boundary.  These local fluxes are 

summed over the entire boundary to estimate the total volume flux from the interior 

Labrador Sea.  In order to calculate an uncertainty associated with this total volume flux, 

a Monte Carlo approach is employed.  The Monte Carlo approach draws velocities at 

random from normal distributions with the same mean and standard deviation as our 

calculated mean velocities, and repeats all steps of the process described above until the 

cumulative mean of the calculation stabilizes, which required over 1000 iterations. 

4.4. Results and discussion 

A comparison of the mean properties in the outgoing DWBC to those in the incoming 

Irminger Current reveals a dramatic evolution of the boundary current as it circuits the 

Labrador Sea (Figure 24).  On the LSW isopycnal, the exiting DWBC is significantly 

cooler and fresher than the incoming Irminger Current.  Likewise, the average thickness 

of the LSW is 70m greater in the outgoing DWBC than in the incoming boundary 

current.  Our study focuses on the mechanisms that control this evolution, whether it is 

the result of heat loss directly from the boundary current or the advective/diffusive flux of 

LSW from the interior Labrador Sea.  Understanding these mechanisms may also shed  
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Figure 24: Histograms of LSW properties in the interior Labrador Sea (blue), the entering 
boundary current (green), and the exiting DWBC (red). Outliers (greater than 3 standard 
deviations from the mean) have been removed. a) Temperature (°C) and b) Salinity on 
the 27.74 isopycnal, c) The thickness (m) of the greatest pycnostad,  and d) The potential 
density of the greatest pycnostad. The greatest pycnostad is chosen according to 
uniformity of the density profile (see Section 4.3 for details). The frequency of the 
observation is expressed as a fraction of the total observations in each category. The 
geographic constraints on the profile category are shown in 22.  Vertical lines show the 
mean value for each region. 
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light on a source of interannual variability of the exported LSW properties, as each is 

likely to transform the boundary current at a different rate.  For example, some of the 

dense water formed in the convective interior of the basin apparently never enters the 

boundary current, as evidenced by the slight, but significantly cooler, fresher, and thicker 

LSW in the interior than the exiting DWBC (Figure 24).  Furthermore, Lavender et al. 

(2005) estimate that the 27 floats that operated continuously for more than 200 days spent 

an average of more than 1.5 years in the Labrador Sea before exiting or failing, implying 

a residence time for the basin of more than one year.  Thus, the LSW formed in any given 

winter is not fully exported from the basin, and the mechanisms by which it enters the 

boundary current may impact the rate at which it exits the Labrador Sea and its 

downstream signal. 

4.4.1. Formation of LSW in the boundary current 

The wind-driven, barotropic Deep Labrador Current, which resides over the mid-

slope of the Labrador Sea near the 3000m isobath, may seem an unlikely location for 

LSW formation, as it receives a constant advective source of relatively warm, salty and 

stratified Irminger Sea Water.  Nonetheless, a hydrographic cruise in the winter of 1997 

captured the formation of LSW on the slope in the region of the DWBC (Pickart et al. 

2002).  At the end of that March, mixed layers roughly 1400m deep, with densities as 

high as sq = 27.76, were observed shoreward of the 3000m isobath on the western side of 

the Labrador Sea.  To understand the upstream Lagrangian history and downstream fate 

of the mixed layers in the boundary current, we analyze the pathways and profiles of the 

P-ALACE floats in the boundary current.  
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Almost twenty P-ALACE floats circuited the Labrador Sea in a single year or 

less, moving swiftly in the boundary current shoreward of the 3000m isobath.  A handful 

of these exhibited deep convection during their transit; we have chosen float number 

f0196 as a representative to illustrate the formation of LSW directly in the boundary 

current in the final year of its lifetime, 2001-2002.  This float was released in the 

Irminger Sea in the summer of 1997 and first drifted into the Labrador Sea with the 

Irminger Current that fall.  From there, it entered the eastern corner of the Labrador Sea 

where it remained for almost 2 years, and then looped anticyclonically back towards its 

release location.  In September 2001 the float rounded the southern tip of Greenland once 

more before swiftly tracing a 2200km cyclonic circuit of the Labrador Sea in only eight 

months.  The profiles observed during this final circuit of the Labrador Sea are shown in 

the waterfall plot of Figure 25.  The profile taken as the float first rounds the southern tip 

of Greenland is highly stratified with surface densities as low as sq = 27.5.  At this time, 

the pycnostad bounded by the sq = 27.73 – 27.76 isopycnals is found at a depth of 1000m 

and is only 100m thick (Figure 25). 

The onset of cooling and mixing is apparent in the last two profiles taken in 2001, 

as a shallow mixed layer of approximately 100m, with a density of sq = 27.6, is formed 

(Figure 25b).  As winter progresses and the float continues to travel in the slower, wider 

boundary current on the northern rim of the Labrador Sea, the mixed layer continues to 

deepen, clearly mixing from the top down as the stratification is destroyed over the entire  
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Figure 25: Quasi-langrangian characteristics of float f0196 during its final circuit of the 
Labrador Sea. a) The float’s trajectory from Sept 2001 - May 2002. Red parts of the 
trajectory are the displacements of the float at its drifting depth of approximately 1200m; 
grey lines show the surface drift while the float communicated with the satellite; black 
dots are the profile locations. Contours are bathymetry, as in Figure 21. b) A waterfall 
plot of the density during the float’s final circuit. The red hatches mark the 27.73 and 
27.76 isopycnals; in profiles in which the hatch marks fall at the bottom (top) of the 
profile, there is no density greater than 27.76 (less than 27.73). c) Temperature difference 
between subsequent profiles (previous profile subtracted from current profile) as a 
function of pressure. The dotted black lines show zero temperature change. d) Change 
between subsequent profiles in temperature (left vertical axis) and heat content (right 
vertical axis) integrated over the top 1000m of each profile (blue) and cumulative change 
over the float’s final circuit of the Labrador Sea (red). Because the float’s conductivity 
meter malfunctioned before the float stopped transmitting its position to the ARGOS 
satellite system, the last profile on the waterfall plots is from February, 2002, while the 
last position on the trajectory plot is May 2002. 
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1200m profile.  The most dramatic increase in mixed layer depth occurs in February and 

March when the float completes a small anticyclonic loop, during which it crosses the 

3000m isobath for the first time.  As the column begins to restratify in April, the float’s 

conductivity sensor malfunctions and, by the end of May, the float stopped reporting its 

position to the satellite.  In less than 8 months in the boundary current of the Labrador 

Sea, this float recorded the formation of a 1000m mixed layer as the water column cooled 

1.5°C from its initial average temperature on entering the Labrador Sea (Figure 25d).  

The cumulative heat loss for the water column along the path of the float was 6GJ m-2, 

more than twice the average annual heat content loss in the central Labrador Sea over the 

float years (Straneo 2006a).   

The heat loss in the boundary current, illustrated by the pathway and profiles of a 

single float, can be more thoroughly explored by considering all of the profiles taken 

within the boundary current region, as defined by the 1000m and 3000m isobaths 

(Lavender et al. 2000).  Figure 26 shows the space/time evolution of pycnostads in the 

boundary current. The advection of the floats by the boundary current is apparent in the 

slope of the points, which approximates the mean speed of the boundary current.   Those 

pycnostads found within 50m of the surface (outlined in black) are most likely formed 

locally and recently, as suggested by the minimal surface stratification.  

One of the most salient features of the scatterplot is the rapid decline in pycnostad 

thickness in the boundary current region after the winter of 1997.  Nineteen ninety-seven is 

considered the transition year between the intense convection of the early 1990s and the 

restratification period of the late 1990s (Lazier et al. 2002; Pickart et al. 2002).  Following  
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Figure 26: The date of each profile in the boundary current region versus its distance 
around the Labrador Sea, as calculated for Figure 21 (gray bars correspond to the 
boundary current regions designated as “entering boundary current” or “exiting DWBC,” 
as in Figure 21). The size and color of the markers is proportional to the thickness of the 
profile’s thickest pycnostad. Black circles around the marker indicate a pycnostad within 
50m of the sea surface. Dashed lines indicate the mean speed of the boundary current 
(5.4cm/s). 
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1997, mild winters caused shallow convection and isolation of the deeper CLSW.  The 

shutdown of CLSW formation after 1997 corresponded with an increase in the thickness of 

the less dense ULSW layer, as defined by the depth between two bounding isopycnals (sq = 

27.68 and 27.74), which was then shown to spread along similar pathways as CLSW.  Our 

analysis shows that, following 1997, the thickness of layers with great vertical uniformity is 

much reduced throughout the boundary current region.  This lack of vertical uniformity 

suggests that the ULSW is more stratified than the CLSW of the earlier years.  

A second interesting feature in Figure 26 is the presence of deep mixed layers formed 

in the boundary current region by the southeastern tip of Greenland.  Many of these mixed 

layers are coincident in both space and time with a tip jet convection event that has been 

modeled (Pickart et al. 2003b) and observed in hydrographic surveys in February 1997 

(Pickart et al. 2003a), and are consistent with the hypothesis that some LSW may actually be 

formed in the Irminger Sea (Pickart et al. 2003a).  It is worth noting, however, that the mixed 

layers formed in this tip jet region in the winters of 1997, 1998 and 2001 do not seem to 

penetrate into the Labrador Sea in the boundary current.  A likely fate of these pycnostads is 

entrainment into a localized, cyclonic recirculation cell near the southern tip of Greenland 

that diverts the freshly convected water mass offshore and eastward back to the Irminger 

basin, possibly precluding its direct entrainment into the DWBC (Lavender et al. 2002; 

Lavender et al. 2005; Straneo et al. 2003). 

Finally, it is of interest to consider the floats that have escaped the Labrador Sea in 

1997: those between 2000km and 2500km (the southern boundary of the Labrador Sea and 

Orphan Knoll).  Here the pycnostads, which appear to have been formed at least in part 
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within the boundary current, thin only slightly with distance away from the Labrador Sea, 

maintaining a thickness of more than 1000 km as they exit the Labrador Sea.  A 1000m 

pycnostad of uniform density within a threshold of 0.03kg m-3 translates to a PV of 4x10-12 

m-1s-1, similar to the PV signature traditionally used to trace the water mass from its source 

(Talley and McCartney 1982).  We did not extend this analysis beyond Orphan Knoll as  

observations shoreward of the 3000m isobath and equatorward of Orphan Knoll are relatively 

scarce.  The winter of 1997 illustrates that LSW can be formed in the boundary current, 

exported from the Labrador Sea shortly thereafter, and maintain a thickness in excess of 

1000m as it is advected downstream at least 500km from the southern boundary of the 

Labrador Sea.  Many of the P-ALACE floats eventually re-enter the Labrador Sea and, on the 

whole, do not ultimately support an export pathway from the subpolar gyre into the 

subtropical gyre, possibly as a result of sampling issues and/or temporal variability 

(Lavender et al. 2005).  Nonetheless, this analysis suggests that LSW formed in the boundary 

current appears to be on a fast track to export from the Labrador Sea, a necessary, if not 

sufficient, step for eventual export from the subpolar gyre.  The freshly-convected 

pycnostads formed in the DWBC are advected past the southern boundary of the Sea within 

one to several months (Figure 26).   

4.4.2. Eddy flux of LSW 

The second mechanism, that of an eddy advective flux moving LSW laterally into the 

DWBC, has been explored using numerical models (Katsman et al. 2004; Pickart et al. 1997; 

Straneo 2006b), and observational data (Pickart et al. 1996; Straneo 2006a).  Here we build 

on these studies by using the floats’ velocity and temperature information to first explore 
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spatial and seasonal variability in the eddy exchange in the Labrador Sea, then to quantify the 

eddy exchange of heat between the interior Labrador Sea and the DWBC, and finally to 

compare this flux to the mean advective heat flux and loss directly from the boundary current 

over the float years. Because the wind-driven boundary current that carries relatively warm, 

salty water from the Irminger Sea is found between the 1000m and 3000m isobath (Lavender 

et al. 2005), exchange between the central Labrador Sea and the boundary current can be 

qualitatively explored by examining maps of the float exchange across the 3000m isobath 

(Figure 27).  In this analysis, we use only the float displacements that occur at depth, and 

exclude the surface displacements taken while the floats communicate with the satellite. 

Surprisingly, these maps show relatively even exchange of floats around the 

perimeter of the Labrador Sea, despite a well-known local maximum in eddy kinetic energy 

(EKE) on the eastern side of the gyre (Fratantoni 2001).  On the other hand, the exchange, 

which seems to be fairly symmetrical in space, is less so in time: 50% more crossings of the 

3000m isobath are observed in winter than in summer.  However, caution must be exercised 

in interpreting both the spatial and temporal patterns of float exchange between the boundary 

and central Labrador Sea.  The float launch locations were concentrated in the western part of 

the central Labrador Sea, possibly affecting the spatial patterns of the isobath crossings.  

Additionally, many of the floats had shorter programmed drift times in winter and spring 

than summer and fall, resulting in shorter and more numerous displacements (Fischer and 

Schott 2002).  The impact of the shorter displacements on observed isobath crossings is not 
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Figure 27: Characteristics of float exchange across the 3000m isobath. a) Fraction of all 
float displacements within 100km of the 3000m isobath in a given month that cross the 
isobath that same month versus time of year. b) Fraction of all float displacements within 
100km of a discrete point on the 3000m isobath that cross the isobath between that point 
and the next versus distance around the 3000m isobath. The distance scale on this plot is 
slightly different than the one shown in Figure 22, as necessitated by the use of the 
3000m isobath in this analysis. The broad peak in the ratio of isobath-crossings to total 
float displacements between 500 and 1000km is in the northeast corner of the basin.  c-f ) 
Float exchange across the 3000m isobath and a southern boundary by season and 
direction, according to the labels on each column and row of maps (circles show the 
location at which an individual float crossed the isobath or southern boundary). Grey 
lines show the individual float displacements while the floats are at their target drifting 
depth. Contours are bathymetry, as in Figure 21. 
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clear, but may increase the probability of observing exchange in winter relative to 

summer.  Indeed, the ratio of the number of float displacements that cross the isobath to 

the number of float displacements within 100km of the isobath shows little variation with 

time of year or distance around the Labrador Sea (Figure 27a-b).  However, there is a 

slight suggestion of a higher ratio of crossings to total observations in both in the winter 

(Figure 27a) and in the northeast corner of the basin (Figure 27b), coincident with the 

location of the EKE maximum (Lavender et al. 2005). 

To explore quantitatively the patterns of eddy exchange inferred from Figure 27, 

the eddy heat flux is calculated.  Although an eddy flux of potential vorticity would be 

the clearest indicator of down-gradient flux of LSW, the floats do not sufficiently resolve 

the mean salinity field, and thus the mean density field, for this type of analysis.  

Therefore the analysis here is focused on the eddy exchange of heat, ''Tv .  Cross-stream 

eddy heat fluxes decrease lateral gradients in temperature, and are expected to warm the 

central Labrador Sea and cool the boundary current.   

The mean eddy heat fluxes are plotted as vectors in Figure 28a.  The coordinate 

system used to construct Figure 28 is aligned with the local mean flow, such that the 

cross-stream velocity is positive in a right-handed sense with respect to the mean flow.  

Thus, for most of the domain, in which the flow is predominantly cyclonic, the positive 

cross-stream velocity is pointed towards the interior Labrador Sea, and the negative 

pointed outward towards the boundary current.  The mean temperature field at 700m, 

shown as colors in Figure 28a, suggests a horizontal temperature gradient also pointing 

outwards from the interior Labrador Sea.  Therefore, a down-gradient eddy heat flux,  
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Figure 28: a) The cross-mean flow eddy heat flux, ''Tv , (the vector field). The mean 
temperature at 700m is shown in colors. Contours are bathymetry, as in Figure 21. b) 
Cross-stream eddy heat flux versus the corresponding cross-stream temperature gradient 
(r2 = 0.48), for the area north of the southern boundary used throughout this analysis. 
Both the temperature gradient and the eddy heat flux have been smoothed at roughly 
100km2. 
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''Tv , in this domain should point inwards towards the central Labrador Sea.  Indeed, the 

eddy heat fluxes tend to point towards the interior Labrador Sea, suggesting a net flux of 

cold water to the boundary current and warm water to the interior (Figure 28a).  As 

expected, these eddy fluxes are acting against the temperature gradient and are 

maximized where the temperature gradient is greatest.  This result is confirmed in Figure 

28b, which shows the highly significant negative correlation between the eddy heat 

fluxes and the temperature gradient.   Furthermore, the eddy fluxes are greatest on the 

eastern side of the gyre, where EKE has been shown to be maximized.  It is interesting to 

note that this pattern of intensified eddy exchange emerges in the ''Tv  field despite the 

reasonably symmetrical exchange of floats suggested by Figure 27.  This asymmetry is 

caused by a combination of stronger temperature anomalies and swifter velocity 

anomalies, as the region of high ''Tv  is coincident with both the steepest temperature 

gradient and high perturbation velocities ( 2'v , not shown). 

In the absence of external sources and sinks of heat, the divergence of the eddy 

heat flux would be the sole factor that could change the temperature of a Lagrangian 

parcel in the boundary current, according to the conservation equation: 

''Tv
Dt
DT

•∇=  

A simple scale analysis of this conservation equation sheds light on the size of the 

total eddy heat flux from the boundary current.  An eddy heat flux of 3 x 10-3m ºC s-1, 

which is representative for the boundary current region from this analysis, removes 0.6ºC 

year-1, given an assumed length scale of 100km, approximately the width of the boundary 
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current.  Given that the mean time a water parcel spends in the boundary current is 

roughly one year, this can be considered an estimate of the cooling a parcel of water in 

the boundary current is expected to experience due to eddy exchange alone.  The scale of 

this eddy heat flux is of the same order as the heat gain due to eddies in the central 

Labrador Sea deduced by Straneo (2006a).  For a range of pycnostad thicknesses from 

250 to 1000m over which this eddy flux may act, the total annual heat loss is 0.6 - 2.4GJ 

m-2 due to eddy exchange alone. 

4.4.3. LSW advected with the mean flow into the boundary current 

The third mechanism for export is that a horizontally divergent mean flow advects 

recently formed LSW into the DWBC at depth.  The maps of float exchange between the 

central Labrador Sea and the boundary current (Figure 27) reveal that floats are more 

frequently observed leaving the central Labrador Sea than entering. Over the course of all 

float years, 11% more floats are observed crossing the 3000m isobath as they exit the central 

Labrador Sea than as they enter, and the difference approaches 21% for the winter and spring 

months alone.  The net loss of floats from the interior is consistent with a horizontal mass 

divergence at the mean depth of the floats.  Because the divergence of the mean velocity 

field, , is noisy and difficult to interpret, we instead investigate the divergence of the 

mean flow by calculating the total volume flux from the interior Labrador Sea (see Section 

4.3 for details).  

ur•∇

For consistency, we present the volume flux across the 3000m isobath and the 

southern boundary used throughout this study, though the result is qualitatively similar 
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Figure 29: The mean velocity perpendicular to the 3000m isobath, constructed as 
described in the 23b schematic. 
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regardless of the exact isobath chosen as the boundary.  We also repeated the analysis 

bounding the region with several contours of PV (f/h, where f is the Coriolis parameter and h 

is the total water column depth), with similar results.  The velocity perpendicular to the 

3000m isobath is almost everywhere outward (Figure 29), consistent with the exchange maps 

(Figure 27) that demonstrated a net loss of floats from the interior Labrador Sea across this 

boundary.  Very sluggish flow crossing the southern boundary reflects the presence of a 

weak anticyclonic recirculation there, noted by Lavender et al. (2005).  The strongest cross-

isobath flow is in the northeast, where the steep topography that constrains the flow takes a 

sharp turn and produces a local maximum in EKE (Fratantoni 2001; Lavender et al. 2005).  

The overall pattern is reminiscent of the LSW spreading pathways deduced by Straneo et. al 

(2003) using an advective-diffusive model constrained by the float velocities.  A total volume 

flux for the region shown in Figure 29 is calculated by multiplying the perpendicular 

velocities by a horizontal length scale and again by a vertical distance over which the mean 

flow is assumed to be valid.  For an assumed thickness of 250m, the total volume flux is 

4.3Sv ± 3.8Sv from the interior to the boundary current.  The uncertainty given here is one 

standard deviation, as calculated by a Monte Carlo method.  Though the estimate of this flux 

is only slightly larger than the uncertainty, it does suggest an outward mean flux within the 

range suggested by previous studies (Pickart and Spall in press). This outward volume flux 

implies that LSW transfer from the interior to the boundary current may occur not only as a 

property exchange facilitated by eddies, but also as an advected phenomenon.   

The approximate magnitude of the advective heat flux can be evaluated by 

examining Tu ∇•
r , the cross-isobath flow multiplied by the local temperature gradient.  
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With a mean cross-isobath flow recorded by the floats of only 1.5cm s-1 and a 

temperature gradient of roughly 10-3°C km-1, the advective flux from the interior to the 

boundary current could cool the boundary current by approximately 0.4°C year-1, 

approximately as much as that estimated from the eddy flux.  For the same range of 

pyncostad thickness (250m – 1000m) over which this advective flux may reasonably be 

expected to act, the total annual heat lost from the boundary current is 0.25 – 1.0GJ m-2. 

To balance this outward volume flux, a comparable inward flux is expected, 

presumably of warmer, more stratified water at the surface.  To evaluate such a flux, we 

performed an identical analysis using a mean velocity field calculated from surface drifter 

data (Pazan and Niiler 2004).  The result of this analysis is inconclusive, as the estimate of 

the volume flux for the surface flow was only half as big as the estimate of the error, even 

when using the velocities derived from the entire historical drifter data set (1989 - 2005).  

This is not surprising, given that the drifter-derived mean surface velocities are smaller than 

the standard error of the estimate for much of the Labrador Sea (Fratantoni 2001).  The 

question of divergence of the mean flow at depth, balanced by surface convergence, is thus 

not fully resolved by the available data, but is suggested by this analysis and warrants further 

investigation. 

4.4.4.  Interannual variability of LSW properties 

Each of the three proposed mechanisms examined above has been shown to play a 

role in transforming the properties of the boundary current as it transits the Labrador Sea.  

The estimated magnitudes of the heat fluxes, summarized in Table 3, demonstrate that all 
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mechanisms are of approximately equal importance in setting the mean properties of the 

LSW that exits the region via the DWBC.  A separate question remains, however, as to 

the mechanism that is responsible for the temporal variability of the exported LSW.  To 

address this question, we next consider how these mechanisms vary interannually over 

the float years and how these variations compare with other sources of variability, such as 

heat exchange with the atmosphere and changes in the incoming source water. In other 

words, can the temporal variability of the exported LSW be traced to the temporal 

variability of the source waters from the Greenland Sea, the variability of the eddy heat 

exchange, variability of buoyancy forcing in the interior Labrador Sea, and/or variability 

of buoyancy forcing in the boundary current region? 

 

 

Table 3: Estimated heat losses from the boundary current during its circuit of the 
Labrador Sea. 

Source Heat loss (GJ m-2 year-1) 

Loss directly from boundary current 1 - 2 (ECMWF); 6 (along the path of float f0196) 

Eddy heat flux, 
L
Tv ''  

0.6 – 2.5 

Advective heat flux, Tu ∇⋅  0.2 – 1.0 
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To answer this question, temperature time series on the sq = 27.74 isopycnal were 

constructed for the inflowing waters, the exiting waters and the Labrador Sea interior 

(Figure 30a).  These time series were constructed for several density surfaces in the LSW 

range (not shown), with similar temporal variability in every case.  Over the course of the 

float years, the temperature of LSW is most variable in the exiting DWBC, as compared 

with the interior Labrador Sea and the incoming boundary current (Figure 30a).  Between 

1996 and 1997, the temperature on the 27.74 isopycnal drops 0.4°C in the exiting 

DWBC, while staying nearly constant in the entering boundary current and slightly 

increasing in the interior. The relative stability of the temperature in the incoming 

boundary current and interior Labrador Sea suggests that variability of the incoming 

source waters and interior convection had little effect on the properties of the outgoing 

water mass in 1997, and we are left examining the role of fluxes from the central 

Labrador Sea and atmospheric heat loss directly from the boundary current. 

The exchange between the interior Labrador Sea and the exiting DWBC may vary 

as a result of changes in advective fluxes and/or eddy exchange.  In any given year, the 

float trajectory data do not resolve a mean velocity field with enough certainty to study 

interannual variability of the mean advective heat fluxes.  However, individual eddy heat 

fluxes,  (calculated by differencing the mean velocity and temperature fields from 

individual float displacements, as in the schematic of Figure 23a), can shed light on the 

interannual variability in the strength of eddy heat exchange.  By averaging each  

over the whole domain for each year, we have created an index of the strength of eddy 

exchange (Figure 30b).  Because this index is calculated as an average of the absolute  

''Tv

|''| Tv
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Figure 30: Interannual variability of LSW temperature and heat fluxes. All values are 
calculated from May of the previous year through April of the indicated year, as in 
Straneo (2006a). Error bars are ±1 standard error. a) Annual mean temperature on σθ = 
27.74 in the interior Labrador Sea (blue), entering boundary current (green), and outgoing 
DWBC (red). The categories are determined by the profiles’ geographical locations, as 
shown in Figure 3. b) Annual average | |, over the entire Labrador Sea domain, 
divided by a length scale of 100km. The temperature of the exiting DWBC appears in red 
(right axis). c) Integrated annual ECMWF heat fluxes over the boundary current (dashed) 
and interior Labrador  Sea (solid). ECMWF provides surface flux data on a 2.5° spatial 
grid, providing 7 boxes over the interior Labrador Sea and 9 over the boundary current, 
as defined by the bathymetric criteria. 

''Tv
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value of all the fluxes over the whole domain, it is qualitatively and quantitatively 

different than the eddy heat flux. The time series of this index shows that eddy exchange 

was considerably stronger in 1996 and 1997 (Figure 30b) than during the subsequent 4 

years.  The vigorous exchange in 1996 corresponds with the greatest temperature 

difference between the exiting DWBC and the interior Labrador Sea and should act to 

reduce that gradient. The exchange continues to be strong in 1997, the year that the 

temperature drops in the boundary current.  However, in this year, the LSW isopycnal in 

the exiting DWBC appears to be slightly cooler than the interior (Figure 30a).  Therefore, 

the down-gradient eddy exchange cannot be responsible for this great temperature drop.  

Instead, convection directly from the boundary current is a more likely suspect. 

Convection directly in the boundary current appears to play a lead role in the 

entry of LSW into the DWBC during the float years: the heat loss recorded by a single 

float of 6GJ m-2 in only 8 months during its swift circuit of the Labrador Sea in 2002 is 

greater than the inferred advective or eddy fluxes.  However, it is difficult to evaluate 

how the profiles along the trajectory of a single float translate to the average cooling in 

the DWBC, and what portion of this cooling is due to direct heat loss to the atmosphere 

as opposed to lateral fluxes from the interior.  Therefore, we use ECMWF heat flux 

reanalysis data to evaluate the impact of atmospheric forcing directly on the DWBC 

(Figure 30c).  ECMWF reanalysis was chosen over NCEP reanalysis (Kalnay et al. 1996) 

because of its high fidelity to observations in the Labrador Sea region during the 

Labrador Deep Sea Convection experiment (Renfrew et al. 2002).  Nonetheless, NCEP 

heat fluxes, which are available on a higher resolution grid (1.5° square), show similar 
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temporal variability when analyzed in the same way.  The annually integrated heat fluxes 

over both the boundary current and interior Labrador Sea vary by a factor of six over the 

float years, with the strongest heat loss in 1997.  The interior has slightly stronger heat 

losses than the boundary current in only two of the recorded years; in other years the 

losses are indistinguishable from one another.  Cooling is known to be spatially patchy 

over the Labrador Sea (Pickart et al. 2002), a result substantiated by the large standard 

deviations of the ECMWF heat fluxes, which amount to roughly half of the total 

estimated heat flux in both the boundary current and interior (not shown).  Such spatial 

variability of the atmospheric forcing is expected to give rise to significant temporal 

variability in the outbound LSW.  This appears to be very much the case, as the 

temperature of the 27.74 isopycnal in the boundary current cools considerably in 1997 

(Figure 30a).  As illustrated by the float profiles and trajectories, cooling directly in the 

boundary current creates a fast track for LSW export from the Labrador Sea. 

4.5. Summary and conclusions 

This analysis of P-ALACE float trajectories and profiles establishes the heat loss 

from the DWBC brought about by the direct flux from the boundary current to the 

atmosphere and advective/diffusive exchange between the boundary current and the 

interior Labrador Sea.  Although each mechanism had been implicated in the transfer of 

LSW into the DWBC in previous studies, this analysis is unique in that it compares the 

contribution of three mechanisms directly from one data set, looks at the heat losses in 

the boundary current from a quasi-Lagrangian perspective, and quantifies the cross-mean 

flow eddy heat flux from direct observations.  It is concluded that each mechanism 
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examined here has the potential to play a role in the removal of heat from the boundary 

current.  The flux of LSW from the interior Labrador Sea in a horizontally divergent 

mean flow at depth is the most uncertain of the estimates, as the variability of the mean 

flow is large over the limited number of years during which the floats were operational.  

Moreover, whether there exists a compensating convergent surface flow cannot be 

resolved with the available data.  Both the eddy exchange mechanism and the loss of heat 

directly from the boundary current are shown to be possible sources of interannual 

variability for the exported LSW product. 
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5. Future directions 

The topics presented in this dissertation offer insight into three distinct lateral 

processes that impact the spreading of climatic and biogeochemical signals in the ocean.  

It is interesting to consider the connections between these topics, as they fit together in a 

broader context that may clarify our understanding of nutrient supply in the North 

Atlantic. 

 While Chapter 3 focuses on the source of the Gulf Stream nutrients, their 

ultimate fate is also an intriguing question.  The analysis in Chapter 3 shows that some of 

the imported nutrients are likely lost to the neighboring gyres by along-isopycnal 

exchange.  In the modeling domain, a portion of the nutrients appears to be advected into 

the subpolar gyre via the North Atlantic Current (Williams et al, 2006).  A third possible 

fate for the imported Gulf Stream nutrients is that some portion is “inducted” into the 

STMW during formation, connecting the topics of Chapters 2 and 3.  Induction is the 

process by which thermocline fluid enters the mixed layer, and can be considered the 

reverse of the subduction process (Williams et al. 2006).  Chapter 2 proposes that STMW 

nutrient concentrations are set by a competition between two processes: biological 

utilization and the entrainment flux of nutricline fluid by convective mixing.  Because the 

Gulf Stream is possibly a source water for the STMW, an induction flux from the Gulf 

Stream nutricline into the STMW may provide another source of nutrients during the 

formation of the water mass.  Such a flux would supply an external source of nutrients to 

the subtropical gyre, and is a ripe area for future research.  As it becomes available, 
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CLIMODE data may possibly shed light on this induction flux into the STMW, as well as 

the proportion of Gulf Stream nutrients that is advected into the subpolar gyre.   

Elucidating the path of the imported nutrients from the tropics to the subtropics 

and, eventually, to the subpolar gyre directly motivates another question: how are these 

imported nutrients returned to their source location?  One possible return path for these 

nutrients could be in the deep limb of the Meridional Overturning Circulation.  Thus, a 

more complete understanding of the export pathways of North Atlantic Deep Water, 

including its LSW component, is an important step towards resolving the return route for 

the nutrients.  Although this dissertation looked only at the physical manifestations of 

LSW in the DWBC, a logical extension of the work would include an analysis of the 

biogeochemical fluxes associated with the formation and export of the LSW.   

Put into this context, this dissertation explores three pieces of a larger hypothesis 

of North Atlantic nutrient cycling that may be summarized as follows: nutrients are 

imported to the subtropical gyre in the Gulf Stream; a portion of these nutrients is mixed 

with neighboring gyres; a fraction may be inducted into the STMW; the remainder is 

likely exported to the subpolar gyre; and finally, all nutrients must return in some form to 

the source waters, possibly in an equatorward flux in the deep limb of the MOC.   

Constructing and testing the framework that connects each of these processes has the 

capacity to crucially enhance our understanding of nutrient supply in the North Atlantic.  

To the degree that the ocean’s primary productivity and its capacity to act as a carbon 

sink are governed by the availability of nutrients, such an understanding will continue to 

shed light on these timely issues. 
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