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Abstract The warm sea surface temperatures (SSTs) of the eastern subpolar gyre (ESG) in the North Atlantic
have been widely linked to the climate and climate variability of Great Britain and northwestern Europe. The
source of the ESG waters, and its heat, has long been identified as surface subtropical waters that flow into the
subpolar gyre as part of the upper limb of the Meridional Overturning Circulation. Recent studies, however,
have cast doubt on that identification. Here we use synthetic floats launched in a high-resolution ocean general
circulation model to identify the supply waters to the ESG and to determine the influence of those pathways on
SSTs in that climatically important region. The synthetic floats reveal two pathways: a dominant subsurface
subtropical to subpolar pathway and a less traveled surface pathway carrying recirculated waters eastward
from the western subpolar gyre. The former pathway supplies anomalously warm water to the region; the
latter pathway supplies anomalously cool water.

1. Introduction

Connectivity between the North Atlantic subtropical and subpolar gyres, via the upper limb of the Meridional
Overturning Circulation, has strong implications for poleward heat transport and its variability in this basin.
The overturning circulation in the subtropical basin carries 88% of that basin’s total poleward heat transport
[Johns et al., 2011]. An open question is the extent to which anomalous heat associated with anomalous
overturning in the subtropical basin [McCarthy et al., 2012] is transmitted to the subpolar basin. Traditionally,
this transmission has been assumed to occur via the surface throughput that connects the subtropical to the
subpolar waters, specifically through surface advection of heat anomalies along the Gulf Stream (GS)/North
Atlantic Current (NAC) pathway into the eastern subpolar gyre (ESG) [Sutton and Allen, 1997]. Seemingly, a
major piece of evidence for this surface advective pathway is the stark zonal asymmetry in North Atlantic
subpolar SSTs: SSTs in the east exceed those in the west by ~10°C (Figure 1). The traditional explanation for
this asymmetry is the connectivity between the subtropical and subpolar gyres: warm subtropical surface
waters, headed northward to replenish regions of deep convection [Stommel, 1958; Gordon, 1986], are
transported to the ESG via the GS and NAC. In the past two decades, this connectivity has been established by
Eulerian estimates of the surface velocity field derived from a bin averaging of surface drifter velocities
(including Fratantoni [2001, Plate 6] and Brambilla and Talley [2006, Figure 2]). However, two recent studies
have raised questions regarding the degree to which surface waters of subtropical origin supply the ESG.

Using synthetic float data from an ocean general circulation model (OGCM), Burkholder and Lozier [2011a]
examined Lagrangian transport pathways connecting the GS region to high latitudes in the North Atlantic.
Though previous estimates had suggested that 20-25% of GS waters enter the subpolar gyre [Brambilla and
Talley, 2006], <5% of Burkholder and Lozier [2011a] synthetic floats launched at 15 m within the GS were able to
do so within 4 years. This lack of surface water connectivity also appears in the Lagrangian observational
record: in Brambilla and Talley's [2006] study of 273 surface drifters passing through the GS region between
1990 and 2002, only one drifter reached the subpolar gyre within its unusually long lifetime of 495 days.
Though a follow-on study using a data set with a greater temporal range noted interannual variability in surface
throughput, at most just 3% of surface drifters that passed through the Gulf Stream reached 53°N; only 7%
reached 50°N [Hdkkinen and Rhines, 2009]. As noted in Brambilla and Talley [2006], the relatively short lifetimes
of the surface drifters within the observational record (271 + 260 days for the drifters analyzed in their
study) are likely insufficient to allow for a true estimate of the near-surface subtropical to subpolar transport.

BURKHOLDER AND LOZIER

©2014. American Geophysical Union. All Rights Reserved. 4254


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2014GL060226
http://dx.doi.org/10.1002/2014GL060226

@AG U Geophysical Research Letters 10.1002/2014GL060226

70 - e | 19 However, model examinations of longer-
; I lasting Lagrangian drifters [Brambilla
and Talley, 2006; Burkholder and Lozier,
2011a] indicate that regardless of
lifetime, the intergyre exchange falls
short of the expected 20-25% subtropical
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Prior studies have suggested alternate
pathways: In Burkholder and Lozier
[2011a], which examined synthetic floats
Figure 1. Climatologically averaged temperatures at 50 m in FLAME. Black launched in the GS region at various
box indicates the launch positions of ESG floats. Bathymetry <200 m is depths (15-1300 m), the ability of floats
shown in gray. to reach high latitudes was maximized

by floats launched at 700 m, suggesting
a strong subsurface subtropical to subpolar Lagrangian pathway. However, the arrival depth of Burkholder
and Lozier [2011a] 700 m floats in the ESG was ~350 m, leaving the influence of these deeper trajectories on
the surface waters of the ESG unclear. A second potential source of waters to the ESG is recirculated
subpolar water. Brambilla and Talley's [2006] surface drifter analysis indicated that drifters entering the
Icelandic basin originated primarily within the subpolar gyre. While Brambilla and Talley [2006] acknowledged
that the 2-D drifters that they analyzed were likely limited in their ability to track true Lagrangian pathways,
the study suggested that recirculated subpolar surface waters likely played a role in supplying the ESG.
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The main goals of this study are to identify the Lagrangian pathways to the ESG, determine the relative
dominance of those pathways, and characterize the roles of those pathways in supplying heat to the
region. By addressing these issues, we aim to improve the understanding of how SSTs in this important
region are set.

2. Identifying the Pathways That Supply the ESG

This study utilizes 15 years (1990-2004, 3 day temporal resolution) of output from a realization of the FLAME
(Family of Linked Atlantic Model Experiments) OGCM [Béning et al., 2006; Biastoch et al., 2008] to simulate
water parcel pathways. FLAME is a z coordinate model of the North Atlantic with 1/12° horizontal resolution
and 45 vertical levels spaced 10 m apart near the surface and 250 m apart at depth, with a gradual transition
between the two spacings with depth. Following a 10 year spin-up, the FLAME realization utilized for
this study was forced at the surface with monthly averaged National Centers for Environmental Prediction
and National Center for Atmospheric Research anomalies superposed on European Center for Medium-
Range Weather Forecasts monthly climatologies. Heat fluxes in the model were computed following the
linearized bulk formulation of Eden and Willebrand [2001]. This model realization was previously used in
other studies of North Atlantic Lagrangian pathways, including Bower et al. [2009], Gary et al. [2011], and
Burkholder and Lozier [2011a, 2011b].

In the present study, FLAME velocity fields were used to produce synthetic back trajectories: from launch
positions within the ESG, prior positions were established by integrating the 3-D velocity field backward,
rather than forward, in time. The horizontal velocities used for this computation were stored as outputs from
the initial model run. The vertical velocities were calculated at each model grid point from the vertical integral
of the horizontal divergence, beginning at the surface and progressing downward through the water
column. Floats were seeded within a 1/2° x 1/2° grid over a domain stretching from 25 to 15°W and 53 to 58°N
(Figure 1, black box). For consistency with Burkholder and Lozier [2011a], and to allow sufficient time for
the float pathways to reveal their source regions, floats were released in batches every 30 days for 11 years
and run for 4 years. Floats were launched from 50 m and 100 m in order to highlight the contribution of
Lagrangian pathways to waters that are located near the base of the Ekman layer (50 m) and below the
Ekman layer (100 m) in the ESG [Rio and Hernandez, 2003]. Both depths are believed to have a direct influence
on the SSTs of the ESG, where mixed layers extend well beyond 100 m for much of the year [de Boyer
Montégut et al., 2004]. In total, 61,446 synthetic floats were generated and analyzed: 100 randomly selected
trajectories from the launches are plotted in Figure 2.
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Figure 2. Trajectories of 100 randomly selected floats advected backward in time for 4 years from the ESG (black box) when
launched at (a) 50 m and (b) 100 m. Subtropical, subpolar, and other floats are shown in red, blue, and yellow, respectively.
Mean percentages of floats arriving from each pathway are shown in the gray box. Green lines indicate the 32°N and 60°N
boundaries used to qualify floats as following the subtropical and subpolar pathways, respectively. Bathymetry <200 m is
shown in gray.

The trajectories in Figure 2 are separated into three groups: those that originated in the western subtropical
gyre (“subtropical floats,” red), those that originated in the western subpolar gyre (“subpolar floats,” blue),
and those that had no clear launch origin over the 4 years (“other floats,” yellow). Subtropical floats are
considered to be floats that reached latitudes south of 32°N during their lifetime, a definition chosen to
ensure that subpolar floats caught in the recirculation gyre north of the Gulf Stream [Hogg et al., 1986] were
excluded. Subpolar floats are defined as those that originated north of 60°N and west of 45°W. Other floats
did not meet either of these definitions. With these delineations, >80% of the floats are classified as either
subtropical or subpolar when launched from either 50 or 100 m.

3. Float Transformations Along Lagrangian Pathways

Regardless of launch depth, the vast majority of floats (=75%) reaching the ESG originated in the subtropics
(Figure 2). In contrast, <7% of floats were carried to the ESG by the subpolar pathway, validating Brambilla and
Talley's [2006] conjecture that the preponderance of surface drifters with a subpolar origin passing through
the eastern part of the gyre was an artifact of the drifters’ restriction to the 2-D surface flow field. Interesting
differences in the pathways are revealed from an investigation of the vertical distribution of the floats and the
property changes along the pathways (Figure 3 for the 100 m floats; changes along the 50 m pathways are
qualitatively similar.) Floats of subpolar origin move southward as part of the Labrador Current on their way
to the ESG (Figures 3a and 3c). After rounding the Grand Banks, the floats intersect subtropical waters
southeast of Newfoundland. At this intersection with the GS/NAC waters, the floats generally become much
warmer (Figure 3c), slightly deeper (Figure 3a), saltier, and less dense. From an inspection of property changes
along the subpolar trajectories’ length, it is apparent that the largest property changes are due to the strong
mixing in the region of the Grand Banks. Changes in the depth of the simulated floats are decidedly less
pronounced than the changes in temperature: floats reaching 50 and 100 m in the ESG had mean depths
of 65+ 63 and 72 + 63 m, respectively, when they crossed 60°N in the western subpolar gyre (Figure 3a).
Essentially, they start and end as surface waters.

Contrary to the simulated floats of subpolar origin, floats launched at 50 and 100 m in the ESG that originate in
the subtropical gyre have mean depths of 235+ 153 and 273 + 167 m, respectively, at 32°N (Figure 3b for the
100 m floats). Interestingly, only 6.7% (5.0%) of the floats launched at 50 (100) m in the subpolar gyre that followed
the subtropical pathway had depths of <50 m at 32°N. Thus, as in the Burkholder and Lozier [2011a] study, there is
little evidence that surface waters are involved in any significant way in the intergyre exchange process.

Predictably, as the subtropical floats are transported between the subtropical and subpolar gyres, they lose heat,
arriving in the subpolar gyre with mean temperatures that are significantly cooler (Figure 3d) than when they
exited the subtropical gyre. This change in temperature is accompanied by a freshening, a shoaling (Figure 3b),
and densification along the subtropical pathway. However, unlike the property transition in the subpolar floats,
the transition in float temperatures, densities, and depths along the subtropical pathway is gradual, with no
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Figure 3. (3, b) Float depths and (c, d) temperature anomalies of 50 randomly selected floats launched at 100 m in the ESG
and run backward in time to their origin in the western subpolar gyre in Figures 3a and 3c and western subtropical gyre in
Figures 3b and 3d. Colors in Figures 3c and 3d indicate the difference in the temperature of the floats at a particular time and
their temperature at the time of their launch in the ESG. Floats originating in the subtropical gyre had mean launch temperatures
of 10.99 + 1.24°C and 10.51 £0.97°C at 50 and 100 m respectively in the ESG. Floats originating in the subpolar gyre had mean
launch temperatures of 10.83 + 1.32°C and 10.22 +1.14°C at 50 and 100 m, respectively. Bathymetry <200 m is shown in gray.

particular location accounting for a significant loss of heat along the path. Thus, the property changes recorded
by the subtropical floats likely result from the mixing of subtropical waters with denser waters along the path of
the GS and NAC and, as the floats become shallower, loss of heat to the atmosphere [McCartney and Talley, 1982].

Importantly, the view of subtropical to subpolar Lagrangian transport presented in this study (Figure 4b)
fundamentally differs from the traditional view of North Atlantic circulation, in which the GS carries surface
waters to high latitudes in the subpolar region (Figure 4a). This traditional view has been bolstered by
trajectories of surface drifters, but in regions of the ocean, such as the GS/NAC system, where strong air-sea
fluxes lead to convective overturning of surface waters, the restriction of drifters to the surface precludes
their use as tracers of ocean pathways over any appreciable distance. Thus, surface drifters cannot be expected
to trace the overturning throughput from the subtropical to the subpolar gyre. Even using short segments of
surface drifter tracks to reconstruct the surface velocity field can be problematic: as noted in Rypina et al. [2011],

Latitude (°N)

Longitude (°W)

Figure 4. Schematics of the (a) traditional and (b) present view of North Atlantic circulation features supplying the ESG.
Green (blue) arrows indicate surface (subsurface) water pathways. FLAME bathymetry <200 m is shown in gray. The schematic
in Figure 4a is based on surface circulation schematics presented in Fratantoni [2001].
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Table 1. Average and Standard Deviation of ESG Launch Temperature Anomalies (°C) for Floats That Reached the ESG via
the Subtropical and Subpolar Pathways Shown in Figure 22

Depth in Subpolar Gyre (m) Subtropical Pathway (°C) Subpolar Pathway (°C)
50 0.04+£1.13 —0.08+1.24
100 0.04+£0.83 —0.16£1.01

a . . N
Anomalies are relative to the average float launch temperature for each launch location.

the traditional method of deriving surface velocity fields from the averaged velocities of individual surface
drifters within some spatial grid (as in Fratantoni [2001], Flatau et al. [2003], and Brambilla and Talley [2006]) can
create a false impression of the continuity of the GS surface transport [Rypina et al., 2011]. Averaging velocities
within spatial grids where there are strong density and/or potential vorticity gradients ignores the dynamical
constraints that would prevent surface drifters from crossing those gradients. Past studies have illustrated
the strong potential vorticity gradient located along the axis of the shallow GS [McDowell et al., 1982] and
modeling work has linked this gradient to reduced cross-gyre transport [Lozier and Riser, 1990] in the near-
surface waters. Essentially, the warmest (and least dense) waters of the subtropical gyre, the surface waters,
are recirculated within the gyre and not exported to the subpolar gyre. Climatological maps of the surface
density field in this basin have long confirmed that these light waters are not found in the subpolar gyre.

The subsurface subtropical pathway presented here is consistent with prior studies: both modeling [Burkholder
and Lozier, 2011a] and observational evidence [Bower and Lozier, 1994] suggest that increased subtropical to
subpolar particle exchange occurs below the surface where the potential vorticity gradient is weaker.
Interestingly, the average depth of the waters in the subtropical gyre that are destined for the ESG is the
approximate depth of the Subtropical Mode Water in the North Atlantic. These mode waters are produced via
wintertime convection in the region south of the GS. Thus, it is proposed that these mode waters provide
the connection between the surface throughput from the tropics to the subtropics [Palter and Lozier, 2008]
and the subsurface throughput from the subtropical to the subpolar gyres: surface waters, imported from the
tropics through the Florida Straits, enter the GS region and are involved in the wintertime production of
mode waters. It is suggested that these mode waters, on average a thick 200-300 m wedge centered at 300 m
[Talley and Raymer, 1982; Kwon and Riser, 2004; Fratantoni et al., 2013] in the western subtropical North Atlantic,
are the source waters to the surface ESG. Essentially, mode water production takes subtropical surface waters
and makes, in effect, subpolar surface water via densification. Thus, rather than a surface connectivity (as in
Figure 4a), the connectivity that is proposed is a surface to subsurface to surface spiral (as in Figure 4b).

Supporting evidence for the involvement of the mode waters in this connectivity comes from both observational
[The CLIMODE Group, 2009; Fratantoni et al., 2013] and model [Gary et al,, 2014] studies. As part of the CLIVAR
Mode Water Dynamic Experiment (CLIMODE) field campaign, floats were launched into Subtropical Mode Water
[The CLIMODE Group, 2009; Fratantoni et al., 2013]. Those floats (which bobbed between the isotherms

that define the mode water) exported from the subtropical to the subpolar gyre ascend in the water column,
moving from the subsurface to the near-surface waters [Fratantoni et al., 2010]. Additionally, a recent study
of the Subtropical Mode Water in FLAME tracked synthetic floats launched in recently formed mode water.
Trajectory analyses revealed a clear export of these mode waters to the subpolar gyre.

4. Supply of Heat to the ESG

We next examine the temperatures and temperature anomalies of floats within the ESG at the time and
location of their launch. As expected, the 50 and 100 m floats arriving in the ESG via the subtropical pathway
are warmer on average than floats arriving from the western subpolar region: floats originating in the
subtropical gyre had mean launch temperatures of 10.99 +1.24°C and 10.51+0.97°C at 50 and 100 m
respectively in the ESG, while floats originating in the subpolar gyre had mean launch temperatures of
10.83 £ 1.32°C and 10.22 + 1.14°C at 50 and 100 m, respectively. To avoid the possibility that float position
within the launch box biases these mean temperatures (as would occur, for example, if floats of subtropical
origin preferentially occupied locations with greater mean temperatures), the temperature anomalies of
the floats, relative to the average float temperature at each launch location, were calculated. The resultant
anomalies (negative for the subpolar pathway, positive for the subtropical pathway, Table 1) confirm that
floats of subtropical origin supply heat to the ESG, whereas floats that recirculate within the subpolar gyre
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bring anomalously cool waters across the basin. The difference in the magnitude of the anomalies (the subpolar
pathways have stronger anomalies than the accompanying subtropical pathways) is likely a function of
the larger influence of the subtropical waters in this region. However, more interesting than the (expected)
difference in these temperatures is their remarkable similarity: despite the fact that the pathways of origin
differ by nearly 10°C, the subtropical and subpolar waters differ by just tenths or hundredths of a degree by
the time they reach the ESG, a sign of strong mixing and air-sea exchange along the pathways.

Finally, in order to investigate whether anomalies in the subtropics or western subpolar gyre could be transported
along the Lagrangian pathways to the ESG, we analyze the relationship between temperature anomalies
within the ESG and the temperature anomalies at the upstream locations of subtropical (subpolar) floats as
they crossed 32°N (60°N). Essentially, we ask whether floats that bring anomalously cold or warm water to the
ESG were anomalously cold or warm at their site of origin. In other words, is there a throughput for thermal
anomalies? We found none: no correlations between upstream and downstream anomalies regardless of
pathway or launch depth were significant. Thus, though changes in the relative contributions of the two
pathways to the ESG over time may result in changes to the ESG SSTs, any temperature variability in the
source regions is unlikely to be directly advected along the pathways that lead to the ESG. Instead, it is
suggested that temperature variability in the source regions is communicated to the ESG indirectly via mixing
processes or advective pathways that are not continuous between the two regions.

5. Summary and Conclusions

For decades, the warm SSTs of the ESG have been attributed to the transport of warm-surface waters from the
subtropics by the GS/NAC system. Here we demonstrate that subsurface subtropical waters are the major
source of the near-surface waters in the ESG. We speculate that these subsurface waters have their origin
as subtropical mode water, an origin that has implications for the export of not only heat but also of nutrients
to the subpolar gyre. The ESG is also supplied, though to a lesser extent, with surface waters from the western
subpolar gyre, which on average supply cooler and fresher water to the ESG than the subtropical waters.
The three-dimensional nature of the pathways from the subtropical to subpolar gyre highlights the inadequacy
of surface drifters as markers of fluid pathways at this gyre/gyre boundary.

This study has implications for how, and on what time scales, heat anomalies from the subtropical gyre are
transmitted to the subpolar gyre. Though a clear advective pathway for subsurface subtropical waters to
enter the subpolar gyre has been identified, there is no such direct advective pathway for the subtropical
heat anomalies. Thus, it seems likely that the time scale for the transmission of the observed subtropical heat
anomalies is much longer than the advective time scale for the subtropical to subpolar pathway. While
further study is needed to quantify that time scale within a Lagrangian framework, this analysis suggests that
SST variability in the ESG would be only weakly linked to subtropical overturning variability on interannual
time scales.

References

Biastoch, A., C. W. Béning, J. Getzlaff, J. Molines, and G. Madec (2008), Causes of interannual-decadal variability in the Meridional Overturning
Circulation of the midlatitude North Atlantic Ocean, J. Clim., 21, 6599-6615, doi:10.1175/2008JCLI2404.1.

Boning, C. W., M. Scheinert, J. Dengg, A. Biastoch, and A. Funk (2006), Decadal variability of subpolar gyre transport and its reverberation in
the North Atlantic overturning, Geophys. Res. Lett., 33, L21501, doi:10.1029/2006GL026906.

Bower, A. S., and M. S. Lozier (1994), A closer look at particle exchange in the Gulf Stream, J. Phys. Oceanogr., 24, 1399-1418.

Bower, A.S., M. S. Lozier, S. F. Gary, and C. Boning (2009), Interior pathways of the Atlantic Meridional Overturning Circulation, Nature, 39, 1800-1817.

Brambilla, E., and L. D. Talley (2006), Surface drifter exchange between the North Atlantic subtropical and subpolar gyres, J. Geophys. Res., 111,
C07026, doi:10.1029/2005JC003146.

Burkholder, K. C,, and M. S. Lozier (2011a), Subtropical to subpolar pathways in the North Atlantic: Deductions from Lagrangian trajectories,
J. Geophys. Res., 116, C07017, doi:10.1029/2010JC006697.

Burkholder, K. C., and M. S. Lozier (2011b), Mid-depth Lagrangian pathways in the North Atlantic and their impact on the salinity of the
eastern subpolar gyre, Deep Sea Res., Part I, 58(12), 11961204, doi:10.1016/j.dsr.2011.08.007.

de Boyer Montégut, C., G. Maldec, A.S. Fischer, A. Lazar, and D. ludicone (2004), Mixed layer depth over the global ocean: An examination of
profile data and a profile-based climatology, J. Geophys. Res., 109, C12003, doi:10.1029/2004JC002378.

Eden, C, and J. Willebrand (2001), Mechanisms of interannual to decadal variability of the North Atlantic circulation, J. Clim., 14, 2266-2280,
doi:10.1175/1520-0442(2001)014,2266:MOITDV.2.0.CO;2.

Flatau, M. K, L. Talley, and P. P. Niiler (2003), The North Atlantic oscillation, surface current velocities and SST changes in the subpolar North
Atlantic, J. Clim., 16(14), 2355-2369, doi:10.1175/2787.1.

Fratantoni, D. M. (2001), North Atlantic surface circulation during the 1990s observed with satellite-tracked drifters, J. Geophys. Res., 106(C10),
22,067-22,093, doi:10.1029/2000JC000730.

BURKHOLDER AND LOZIER

©2014. American Geophysical Union. All Rights Reserved. 4259


http://dx.doi.org/10.1175/2008JCLI2404.1
http://dx.doi.org/10.1029/2006GL026906
http://dx.doi.org/10.1029/2005JC003146
http://dx.doi.org/10.1029/2010JC006697
http://dx.doi.org/10.1016/j.dsr.2011.08.007
http://dx.doi.org/10.1029/2004JC002378
http://dx.doi.org/10.1175/1520-0442(2001)014,2266:MOITDV.2.0.CO;2
http://dx.doi.org/10.1175/2787.1
http://dx.doi.org/10.1029/2000JC000730

@AG U Geophysical Research Letters 10.1002/2014GL060226

Fratantoni, D. M., T. K. McKee, B. A. Hodges, H. H. Furey, and J. M. Lund (2010), CLIMODE bobber data report: July 2005- May 2009, Woods
Hole Oceanographic Institution technical report, Woods Hole, Mass., doi:10.1575/1912/3641.

Fratantoni, D. M., Y.-O. Kwon, and B. A. Hodges (2013), Direct observation of subtropical mode water circulation in the western North Atlantic
Ocean, Deep Sea Res., Part Il, 91, 35-56.

Gary, S.F., M. S. Lozier, C. W. Boning, and A. Biastoch (2011), Deciphering the pathways for the deep limb of the Meridional Overturning Circulation,
Deep Sea Res., Part I, 58, 1781-1797.

Gary, S. F., M. S. Lozier, Y.-O. Kwon, and J. J. Park (2014), The fate of North Atlantic Subtropical Mode Water in the FLAME Model, J. Phys.
Oceanogr., 44, 1354-1371, doi:10.1175/JPO-D-13-0202.1.

Gordon, A. L. (1986), Interocean exchange of thermocline water, J. Geophys. Res., 91(C4), 5037-5046, doi:10.1029/JC091iC04p05037.

Hakkinen, S., and P. B. Rhines (2009), Shifting surface currents in the northern North Atlantic Ocean, J. Geophys. Res., 114, C04005, doi:10.1029/
2008JC004883.

Hogg, N. G, R. S. Pickart, R. M. Hendry, and W. J. Smethie Jr. (1986), The northern recirculation gyre of the Gulf Stream, Deep Sea Res. Part A
Oceanogr. Res. Pap., 33(9), 1139-1165.

Johns, W. E,, et al. (2011), Continuous, array-based estimates of Atlantic Ocean heat transport at 26.5°N, J. Clim., 24, 2429-2449, doi:10.1175/
2010JCLI3997.1.

Kwon, Y. O, and S. C. Riser (2004), North Atlantic subtropical mode water: A history of ocean-atmosphere interaction 1961-2000, Geophys.
Res. Lett., 31, L19307, doi:10.1029/2004GL021116.

Lozier, M. S., and S. C. Riser (1990), Potential vorticity sources and sinks in a quasi-geostrophic ocean: Beyond western boundary currents,
J. Phys. Oceanogr., 20(10), 1608-1627, doi:10.1175/1520-0485(1990)020< 1608:PVSASI>2.0CO;2.

McCarthy, G,, E. Frajka-Williams, W. E. Johns, M. O. Baringer, C. S. Meinen, H. L. Bryden, D. Rayner, A. Duchez, C. Roberts, and S. A. Cunningham
(2012), Observed interannual variability of the Atlantic meridional overturning circulation at 26.5°N, Geophys. Res. Lett., 39, L19609,
doi:10.1029/2012GL052933.

McCartney, M., and L. Talley (1982), The Subpolar Mode Water of the North Atlantic Ocean, J. Phys. Oceanogr., 12(11), 1169-1188.

McDowell, S., P. B. Rhines, and T. Keffer (1982), North Atlantic potential vorticity and its relation to the general circulation, J. Phys. Oceanogr.,
12, 1417-1436.

Palter, J. B, and M. S. Lozier (2008), On the source of Gulf Stream nutrients, J. Geophys. Res., 113, C06018, doi:10.1029/2007JC004611.

Rio, M. H., and F. Hernandez (2003), High-frequency response of wind-driven currents measured by drifting buoys and altimetry over the
world ocean, J. Geophys. Res., 108(C8), 3283, doi:10.1029/2002JC001655.

Rypina, I. I, L. J. Pratt, and M. S. Lozier (2011), Near-surface transport pathways in the North Atlantic Ocean: Looking for throughput from the
subtropical to the subpolar gyre, J. Phys. Oceanogr., 41, 911-925.

Stommel, H. (1958), The abyssal circulation, Deep Sea Res., 5, 80-82, doi:10.1016/50146-6291(58)80014-4.

Sutton, R. T,, and M. R. Allen (1997), Decadal predictability of the North Atlantic sea surface temperature and climate, Nature, 388, 563-567.

Talley, L. D., and M. E. Raymer (1982), Eighteen degree water variability, J. Mar. Res., 40, 757-775.

The CLIMODE Group (2009), The Climode field campaign: Observing the cycle of convection and restratification over the Gulf Stream, Bull.
Am. Meteorol. Soc., 90, 1337-1350, doi:10.1175/2009BAMS2706.1.

BURKHOLDER AND LOZIER

©2014. American Geophysical Union. All Rights Reserved. 4260


http://dx.doi.org/10.1575/1912/3641
http://dx.doi.org/10.1175/JPO-D-13-0202.1
http://dx.doi.org/10.1029/JC09liC04p05037
http://dx.doi.org/10.1029/2008JC004883
http://dx.doi.org/10.1029/2008JC004883
http://dx.doi.org/10.1175/2010JCLI3997.1
http://dx.doi.org/10.1175/2010JCLI3997.1
http://dx.doi.org/10.1029/2004GL021116
http://dx.doi.org/10.1175/1520-0485(1990)020&lt;1608:PVSASI&gt;2.0CO;2
http://dx.doi.org/10.1175/1520-0485(1990)020&lt;1608:PVSASI&gt;2.0CO;2
http://dx.doi.org/10.1175/1520-0485(1990)020&lt;1608:PVSASI&gt;2.0CO;2
http://dx.doi.org/10.1029/2012GL052933
http://dx.doi.org/10.1029/2007JC004611
http://dx.doi.org/10.1029/2002JC001655
http://dx.doi.org/10.1016/S0146-6291(58)80014-4
http://dx.doi.org/10.1175/2009BAMS2706.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


