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Motivated by previous observational and modeling studies that demonstrate interior pathways for the

export of Labrador Sea Water (LSW) into the subtropical North Atlantic, we analyze whether the deeper,

denser overflow water (OW) pathways are similarly distributed in the basin. For this study, we rely on

the simulation of OW pathways in the context of an ocean general circulation model. From our analysis,

we suggest that OW in the North Atlantic is not restricted to the DWBC in its equatorward transport.

Thus, a measure of OW transport variability within the DWBC downstream of the subpolar gyre cannot

be safely equated to transport variability of the lower limb of the AMOC. Since this study of OW export

pathways relies solely on simulated pathways, the applicability of our results to the North Atlantic rests

on the representativeness of the model’s deep flow field.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction and background

The deep limb of the ocean’s meridional overturning circula-
tion in the Atlantic (AMOC) is considered to be a conduit for heat,
freshwater and carbon acquired at the sea surface and carried to
depth via water mass formation at high latitudes in the subpolar
gyre and within the Nordic Seas. The export of these deep waters
from high to low latitudes in the North Atlantic has traditionally
been assumed to occur via the Deep Western Boundary Current
(DWBC). As such, the transport and property variability of the
DWBC in the North Atlantic have been assumed to be the primary
indicators of variability in the deep limb of the AMOC. Recent
observational and modeling work, however, has cast doubt on
that supposition for the shallower DWBC component, namely the
Labrador Sea Water (LSW).

In a recent observational program (ExPath) focused on the
pathways by which LSW is exported to the subtropics as part of
the AMOC lower limb, 76 RAFOS floats were seeded within the
southward-flowing DWBC near 501N from 2003 to 2006. Three
floats at 700 m and three others at 1500 m were released
approximately every 3 months during this time period: all were
acoustically tracked for 2 yrs. As detailed by Bower et al. (2009,
2011), the resultant float pathways revealed that (1) most of the
floats recirculated within the subpolar gyre, (2) of those that
entered the subtropical gyre, most did so via interior pathways,
ll rights reserved.
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and (3) floats preferentially left the DWBC at topographic choke
points, most notably the southeastern corner of Flemish Cap and
the Tail of the Grand Banks. A follow-on study (Gary et al., 2011)
that simulated float pathways using the velocity fields from an
eddy-resolving general circulation model attributed the interior
pathways to the presence of a large-scale eddy-driven recircula-
tion in the vicinity of the Gulf Stream/North Atlantic Current, an
attribution previously based on the homogenization of observed
potential vorticity fields (Lozier et al., 1995, 1997).

Based on the pathways of the RAFOS floats and their simulated
counterparts, it was suggested (Bower et al., 2009) that the DWBC is
not the sole conduit for the equatorward transport of Labrador Sea
Water and, more importantly, that the interior subtropical basin
has equatorward flow. These results are at odds with Stommel’s
1958 study in which he theorized that recently ventilated waters of
high latitude origin must be transported equatorward at depth
along western-intensified boundary currents (Stommel, 1958) and
that interior waters must move poleward. In Stommel’s formulation
of steady potential vorticity dynamics, the poleward interior flow at
depth is needed to balance the stretching of the water column, the
latter a consequence of the uniform basin-wide upwelling imposed
to balance sources of dense water at high latitudes. These LSW
trajectories raise the question as to whether the overflow waters
(OW) formed via convective activity in the Nordic Seas and
delivered to the North Atlantic across the Greenland–Scotland
Ridge, also have interior pathways or if they would instead be
transported equatorward via the DWBC. The pathways for these
overflow waters, which fill the abyss of the North Atlantic, are the
focus of this study.
s of the overflow waters in the North Atlantic: Subpolar to
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Knowledge of the abyssal ocean’s flow field remains poor, even
in the North Atlantic, where observations are the most plentiful of
all ocean basins. Direct measures of velocity have largely been
limited to boundary currents and these have generally been few
and intermittent. Direct measures of the interior flow are largely
absent. However, as mentioned above, a prior investigation of
historical hydrographic data (Lozier et al., 1995) revealed the
signature of eddy-driven gyres below the thermocline: contours
of pressure on deep isopycnals trace large-scale anticyclonic
recirculations adjacent to the Gulf Stream/North Atlantic Current
system. These anticyclonic recirculations create interior pathways
in the subtropical region that allow for the equatorward move-
ment of recently ventilated waters outside of the DWBC. Previous
modeling work (Holland and Rhines, 1980; Lozier and Riser, 1989,
1990) has demonstrated that instabilities of western boundary
currents and their seaward extensions drive these eddy-driven
recirculations, and that these recirculations dominate the flow
field below the main thermocline. In the absence of potential
vorticity sources or sinks, these recirculations act to homogenize
potential vorticity (Rhines and Young, 1982). Climatological fields
of potential vorticity reveal such homogenization within the
confines of the deep recirculation traced by the pressure fields
(Lozier, 1997). This recirculation is maximized near 2000 m,
diminishes in extent and magnitude at deeper depths, but is still
evident at the depths of the overflow waters in the subtropical
basin, suggesting an alternative equatorward route to the DWBC
for the overflow waters.

Given this suggestion and the behavior of the observed and
modeled RAFOS floats at the level of the LSW, it is supposed that
the overflow pathways are not confined to the DWBC. To test this
supposition, we turn to the simulation of float pathways using an
ocean general circulation model that was found to successfully
reproduce the observed RAFOS pathways at the level of the LSW.
While observational floats would obviously be preferable, there
have been to date no floats released at the depth of the overflow
waters that can reveal the export pathways from subpolar to the
subtropical gyre.

In summary, the goal of this paper is to investigate the
pathways by which overflow waters of subpolar origin are
exported to the subtropics. In the next section, we discuss the
methods used for this study. In Section 3 we present the results of
the study and follow that with a summary in Section 4.
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2. Data and methods

2.1. Description of the OGCM: FLAME

The model used in this analysis is the highest resolution member
of the Family of Linked Atlantic Modeling Experiments (FLAME)
(Biastoch et al., 2008; Böning et al., 2006). This model uses a primitive
equation, z-coordinate framework (Pacanowski, 1996) that includes
isopycnal mixing, biharmonic friction and a bottom boundary layer
(Beckmann and Döscher, 1997). In the vertical, the model domain is
divided into 45 levels whose spacing increases from 10 m at the
surface to a maximum of 250 m in the deepest levels. This regional
model spans 18 1S to 70 1N on a Mercator grid with a resolution of
1/121 x 1/121 cos y, where y is latitude. The initial temperature and
salinity fields of the model are specified by the superposition of
monthly mean anomalies (Levitus et al., 1994a,b) and annual means
(Boyer and Levitus, 1997). During the simulation, sea surface salinity
was restored to the monthly climatology with a 15-day time scale. At
the open boundaries of the model, temperature and salinity were
maintained at climatological values. Flow through the southern
boundary was specified by the Sverdrup relation while the northern
boundary transport was based on output from a regional Arctic Ocean
model (Brauch and Gerdes, 2005). The model was spun up from rest
with 10 yrs of ECMWF climatological forcing. The model was then
forced with a superposition of the 1990–2004 monthly anomalies of
the NCEP/NCAR reanalysis data (Kalnay et al., 1996) and the clima-
tological forcing applied during the spin up. Model temperature,
salinity, and velocity fields were stored with snapshots once every
3 days during the 1990–2004 ‘‘hindcast’’ period.
2.2. Comparison of FLAME and historical hydrographic fields

at the OW level

The use of FLAME for the study of the North Atlantic has been
validated in a number of recent studies (Boning et al., 2006;
Biastoch et al., 2008; Burkholder and Lozier, 2011). The studies
most relevant to the work herein are those of Bower et al. (2009,
2011) and Gary et al. (2011), where FLAME property fields at the
depth of LSW have been compared with North Atlantic historical
hydrographic data from the World Ocean Database 2009
(WOD09) and trajectories simulated from FLAME’s velocity fields
FLAME
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(see next section) have been favorably compared to RAFOS trajec-
tories from the ExPath observational program.

To understand the ability of FLAME to simulate the flow fields
at the OW depth in the subpolar and subtropical North Atlantic,
we compare climatological fields of pressure (from WOD09) on a
deep isopycnal with those same fields generated from FLAME
model output. Details on the construction of the climatological
fields can be found in Gary et al. (2011) and Lozier et al. (1995). As
seen in Fig. 1, the signature of a large-scale recirculation, to the
south and east of the Gulf Stream/North Atlantic Current system,
is evident from the closed isobars in the observed pressure field.
With a deep level of no motion, the circulation is anticyclonic,
such that the gyre’s northern boundary is coincident with the
eastward/northeastward flow of the Gulf Stream and North
Atlantic Current and its southern branch flows to the south/
southwest along approximately 30 1N. The signature of deep
eddy-driven recirculation gyres is remarkably reproduced in the
density structure of the FLAME model. Similar to the climatology
constructed from observations, closed isobars on a deep isopycnal
in FLAME are present to the south and east of the Gulf Stream/
North Atlantic Current. This signature of deep recirculation gyres
in the simulation has approximately the same depth and hor-
izontal extent as in the observations.

In a previous study (Getzlaff et al., 2006), mean velocity cross-
sections of the DWBC using FLAME model output were favorably
compared to observations of the same at 43 1N (Schott et al., 2004)
and 53 1N (Fischer et al., 2004). In that work, the authors concluded
that the FLAME velocity field ‘‘captures the salient features of the
observed DWBC structure and transports obtained from current–
meter sections at 53 1N and 43 1N’’. More details of this comparison
can be found in Getzlaff et al. (2006). Additional images of the mean
velocity cross-sections of the DWBC using FLAME output can be
found in Bower et al. (2009) and Gary et al. (2011).

2.3. Simulation and analysis of trajectories from FLAME

The trajectories of Lagrangian particles are simulated by
integrating the FLAME three-dimensional velocity field (Getzlaff
et al., 2006; Hüttl-Kabus and Böning, 2008). More information
about the trajectory calculation algorithm is documented in Gary
et al. (2011). In order to capture the variability of the Lagrangian
pathways, particles are launched from an array of launch loca-
tions at 30-day intervals. In order to extend the length of particle
trajectories beyond the duration of 15 yrs of model output, the
1990–2004 fields are recycled during the simulation with a single
discontinuity between December 31, 2004 and January 1, 1990.
This temporal discontinuity is bridged with linear interpolation,
as are all transitions between the successive 3-day velocity field
snapshots. Since vertical velocity information was not stored to
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conserve space, the vertical integral of the horizontal velocity
divergence is used to determine the vertical velocity at each
time step.

The thousands of simulated particle trajectories are efficiently
visualized with particle position probability maps. These maps
are constructed by counting the number of times (including
repetitions) that each particle trajectory is located in each of the
0.251 x 0.251 grid boxes over the North Atlantic domain. The
counts are normalized by the total number of particle positions;
thus, the map represents the probability that a particle occupies a
particular box over the duration of the simulation. The map is
similar to the concentration of Lagrangian particles.

2.4. Comparison of FLAME floats with BOUNCE floats

As mentioned earlier, no observational floats have been launched
at the depth of the OW in the subpolar North Atlantic, hence the
ability of simulated floats to capture subpolar to subtropical path-
ways cannot be directly evaluated. However, we can compare
simulated deep float pathways in the subtropical North Atlantic
with RAFOS floats launched as part of the BOUNCE program (Bower
and Hunt, 2000a,b). From one deployment in 1994 and another in
1995, 30 total RAFOS floats were released within the DWBC
between the Grand Banks and Cape Hatteras and tracked acousti-
cally for 2 yrs. Of these 30 floats, 14 successfully tracked the
pathways of the OW in the Gulf Stream region and 12 tracked
upper LSW: the remaining four did not return data. Our focus here is
on those 14 pathways tracked by isobaric RAFOS floats ballasted to
3000 m. As discussed thoroughly in Bower and Hunt (2000a,b) of
the 11 floats that completed full missions (2 yrs in duration), nine
had a final destination to the south of the Gulf Stream. Of those nine,
nearly half remained close to the continental shelf, while the other
half were in the ocean interior.

Simulated trajectories were produced from the FLAME output
using the deep BOUNCE launch positions. Additionally, launch
positions that differed from the BOUNCE launch location by
7100 m in depth and by 71/121 in the zonal and meridional
directions were used. Since there were 14 deep BOUNCE floats, this
launch strategy initialized 98 simulated floats for every 30 days over
the 15 yrs of the FLAME model output, resulting in a total of 17,640
trajectories. Floats were simulated for 15 yrs and their positions
were recorded daily, as in the observations. Trajectories of observed
and simulated floats are shown in Fig. 2(A), where BOUNCE float
pathways (black) are superposed on FLAME e-float pathways (red).
The visual comparison is favorable: the simulated pathways show
evidence of offshore detrainment upstream of Cape Hatteras on a
spatial scale comparable to the observed pathways. Also, the along-
DWBC pathways simulated by the floats are a fair match to those
observed.
 years Deep 10 years
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A more quantitative comparison between the observed and
simulated trajectories is made by applying the Kolmogorov–
Smirnov statistical test specifically designed for Lagrangian data
by van Sebille et al. (2009). The time-varying test statistic, Dn, is the
instantaneous maximum difference between cumulative probabil-
ity distributions computed for the scatter of observed and simu-
lated floats at each time step. If the trajectories in both ensembles
are identical, Dn¼0: the maximum value of Dn is 1. The power of
the van Sebille et al. (2009) test is quantified by performing Monte
Carlo iterations to determine the confidence level, alpha, around
the test statistic. If alphao0.05, we reject the null hypothesis that
the trajectory ensembles come from the same spatial distribution.
Applying this test to the 14 BOUNCE floats and 17,640 particles in
FLAME, the time average value of Dn¼0.26 þ/�0.05 with a
confidence level of alpha¼0.92þ/�0.08. Therefore, the spatial
distributions of BOUNCE and FLAME trajectories are statistically
indistinguishable. This result is consistent with the application of
the same statistical test comparing RAFOS floats in the Labrador
and Newfoundland basins and the corresponding simulated
trajectories from the FLAME model (Gary et al., 2011).

Recognizing that the deep BOUNCE floats were isobaric, we are
also interested in whether the e-floats, which follow the full three-
dimensional velocity field, exhibit significant depth variability.
If so, we cannot be sure that the BOUNCE floats and the e-floats,
despite similar spatial distributions, are measuring the same waters.
Please cite this article as: Lozier, M.S., et al., Simulated pathway
subtropical export. Deep-Sea Res. II (2012), http://dx.doi.org/10.101
Using the 17,640 deep e-floats, the average vertical displacement
from the initial launch depth is calculated to be 19 þ/�136 m over
the first 654 days. The largest displacements occur at the end of the
654 days, where the displacements are �þ/�200 m. Given the
relatively large vertical scales at the depth of the BOUNCE floats
(3000 m), we conclude that the e-floats are sampling approximately
the same waters as the BOUNCE floats did (overlooking the fact that
the e-floats are in modeled water).

An obvious advantage of the simulated floats is that they are not
restricted in number or in lifetime. Thus, to evaluate whether the
simulated pathways follow the expected route of the overflow
waters, the trajectory simulation was extended to 5 yrs (Fig. 2B)
and then to 10 yrs (Fig. 2C). The float pathways show general
movement equatorward, though any expectation of this movement
occurring principally along the narrow DWBC corridor is not sup-
ported. The simulated floats, all launched within the DWBC, progress
equatorward in a relatively broad swath along the western boundary.
The degree to which the floats do or do not follow the DWBC in their
equatorward transit is addressed in the following section.
3. Results

In this section, we examine the distribution of simulated floats
from their launch in the DWBC at 53 1N in the western subpolar
s of the overflow waters in the North Atlantic: Subpolar to
6/j.dsr2.2012.07.037
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North Atlantic. This launch site was selected because the floats in
the ExPath observational program were deployed in the vicinity
of this location. Furthermore, detailed measurements of the
velocity in the DWBC have been made at 53 1N (Fischer et al.,
2010), thus facilitating a comparison between the model and
observations. Finally, previous model simulations of LSW path-
ways used this launch site. Since our study of the OW pathways is
in large part a comparative study with the LSW pathways, we opt
to use the same launch site for the exploration of subpolar to
subtropical pathways. Furthermore, to facilitate the comparison,
all pathway simulations and subsequent analyses are conducted
for both OW and LSW.

3.1. All LSW and OW pathways

To establish probable pathways for water parcels within the
subpolar DWBC, sequential launches of floats are released at
53 1N and tracked for 50 yrs. Float launch sites are superposed
on the model’s mean velocity field in Fig. 3(A). Waters between
3 and 4.5 1C at the time of launch were tagged as LSW parcels
(marked in red in Fig. 3A), while waters o2.3 1C were tagged as
OW parcels (marked as blue in Fig. 3A). All releases were
dynamic: a release was made only if the grid box containing the
float was within the correct temperature range and if there was
southward flow. From the collection of floats, probability maps
Please cite this article as: Lozier, M.S., et al., Simulated pathway
subtropical export. Deep-Sea Res. II (2012), http://dx.doi.org/10.101
(described in Section 2) were produced for each water mass.
The LSW probability map, similar to that presented in Bower et al.
(2009), shows the relatively broad reach of the pathways: there is
some recirculation back into the Labrador Sea, but that is mostly
overshadowed by the equatorward progression of the parcels.
Though the DWBC is indicated as a highly probable equatorward
pathway just downstream of the launch site, it loses its prefer-
ential status before the Tail of the Grand Banks. Instead, the
equatorward progression fills the basin from the western bound-
ary to the Mid-Atlantic Ridge. The region mapped out by these
parcels coincides with the large eddy-driven recirculation, as
discussed above, and also bears a remarkable similarity to the
map of CFC-11 inventory for Classical Labrador Sea Water
produced from WOCE data collected from 1996 to 1998 (LeBel
et al., 2008).

The probability map for the OW has some notable contrasts
with the LSW map: there is no appreciable recirculation of these
parcels back into the Labrador Sea; the concentration of the
parcels to the west of the Mid-Atlantic Ridge is nearly complete;
and the equatorward progress is much greater. The similarity
between the two maps is also of note: as with LSW, the south-
ward progression of OW is not bound to the DWBC, but is instead
distributed throughout the western basin of the North Atlantic.
The preference for the DWBC as a conduit for this deep water
mass is quickly lost downstream. As noted above for LSW, the OW
s of the overflow waters in the North Atlantic: Subpolar to
6/j.dsr2.2012.07.037
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probability map produced from the FLAME trajectories compares
favorably with the CFC-11 inventory maps for Iceland Scotland
Overflow Waters and for Denmark Straits Overflow Water (LeBel
et al., 2008).
3.2. LSW and OW pathways that reach 251N

Since the focus of our paper is on the export of water masses
out of the subpolar gyre as part of the large-scale overturning, we
restrict our attention in this section to a subset of those parcels
that are launched in the DWBC at 53 1N: plotted in Fig. 4(A), (B) is
the probability distributions for those LSW and OW parcels
shown in Fig. 3(B), (C) that reach 25 1N in 50 yrs. Approximately
79% and 45% of the OW and LSW trajectories, respectively, reach
25 1N within 50 yrs. With this restriction, the distributions
become more similar as fewer pathways lead to the Labrador
Sea for the LSW parcels. Again, the OW parcels are more restricted
to the western basin and they show a larger concentration at
points further south along the western boundary compared to the
LSW parcels. In both maps, however, the probability of finding an
LSW or OW parcel in the interior of the subtropical basin is as
large as finding it in the DWBC, despite the fact that all floats were
released upstream in the DWBC.

Maps of the distribution of all of those parcels in Fig. 3(B),
(C) that have been excluded in Fig. 4(A),(B) (in other words, all
those parcels that did not make it to 25 1N in 50 yrs) are shown in
Fig. 4(C), (D). For LSW, parcels that do not reach 25 1N after 50 yrs
are found predominantly in the subpolar basin and, to a lesser
extent, in the eastern subtropical basin. In contrast, the OW floats
that do not reach 25 1N are located in the recirculation gyre of the
subtropical basin. Apparently, these parcels are southward-
bound, but the time scale for their transit exceeds 50 yrs. Thus,
from these simulations, it appears that a significant fraction of
LSW in the subpolar DWBC recirculates in the subpolar basin,
whereas most, if not all, of the OW in the subpolar DWBC is
exported equatorward.
Please cite this article as: Lozier, M.S., et al., Simulated pathway
subtropical export. Deep-Sea Res. II (2012), http://dx.doi.org/10.101
3.3. LSW and OW age distributions

To quantify the differences in the export of LSW and OW
within the context of FLAME, the ages of the simulated floats once
they cross 25 1N was computed. Age was computed as time since
launch. The distribution of these ages (Fig. 5) reveals that the OW
are, in general, younger than LSW at this latitude, with the
average age of 22711 yrs for the former and 30711 yrs for the
latter. The younger ages for OW are attributable to faster path-
ways since the two water masses were tagged at the same release
location. The later arrival of LSW, compared to OW, is attributable
to (1) more recirculation within the Labrador Sea that delays the
time until export and (2) larger-scale recirculation gyres adjacent
to the Gulf Stream/North Atlantic Current that create longer
(and hence slower) pathways. This result is consistent with water
mass ages inferred from tritium/He3 measurements in the DWBC
of the North Atlantic (Doney and Jenkins, 1994): ages at inter-
mediate depths in the North Atlantic are greater than those in the
deepest waters of the boundary current. Lozier (1999) showed
that the oldest waters reside at the depth where the recirculation
gyres are their largest in extent. Hence, the age difference is
dominated by circulation differences rather than by upstream
source water changes. We note here that topographic constraints
also play a role in the age difference between LSW and OW:
pathways at the OW level are restricted to the western basin by
the presence of the Mid-Atlantic Ridge, a restriction that does not
apply to LSW pathways.
4. Summary

This analysis of the export pathways of deep water from the
subpolar gyre to the subtropics in the North Atlantic has focused
on OW pathways. Motivated by previous observational and
modeling studies that demonstrated interior pathways for LSW,
here, in the absence of relevant Lagrangian observations, we rely
on the simulation of OW pathways in the context of an ocean
general circulation model.
s of the overflow waters in the North Atlantic: Subpolar to
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From this analysis of simulated OW pathways, and their
comparison with observed and simulated LSW pathways, we
suggest that OW in the North Atlantic, like LSW, is not restricted
to the DWBC in its equatorward transport. Recirculations allow
for interior pathways that substantially contribute to the export.
Thus, a measure of DWBC transport variability cannot be safely
equated to transport variability of the lower limb of the AMOC.

From this analysis, we also suggest that the spread of OW
pathways contrasts with the spread of LSW pathways in the
North Atlantic: OW export from the subpolar gyre is primarily
equatorward, its pathways are restricted to the western basin and
its mean time of arrival at 25N is �22 yrs. LSW pathways reveal a
strong recirculation within the Labrador Sea as well as equator-
ward progression, they spread throughout the entire North
Atlantic and their arrival at 25-N takes on average�30 yrs.

Finally, we note that our summary is purposely couched as
suggestions rather than conclusions since this study of OW export
pathways relies solely on simulated pathways. Observational
pathways may differ from the simulated pathways presented
herein if the model’s mean and time-varying flow are sufficiently
different than that observed. Though the model–observation
comparisons that have been made are favorable, because of the
sparse observational database for the deep North Atlantic, those
comparisons are restricted to just a few locales. In addition to the
rather general caution about a mismatch between the modeled
and actual deep North Atlantic circulation, a more specific caution
is added: the OW pathways traced here were based on fluid
particles released in the southward-flowing subpolar DWBC
within waters with temperatures that matched observed OW
temperatures. However, upstream conditions for the modeled
OW that differ significantly from observed OW conditions may
considerably impact their downstream pathways. Thus, until
there is an opportunity to test this set of simulated floats with
observations, the characteristics of OW pathways revealed in this
study should be placed in the context of these cautions.
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