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Abstract
For decades, oceanographers have hypothesized that the Deep Western Boundary
Current (DWBC) is the dominant export pathway for the deep limb of the Atlantic
Meridional Overturning Circulation (AMOC). However, more recent observations
and theoretical work lend evidence for the existence of a second, interior, pathway
for the AMOC deep limb. In order to assess the impact of the interior pathway relative to the DWBC pathway, this work seeks to quantify the AMOC deep limb pathways in ocean circulation models, compare the pathway signatures of these models
to observations, and identify a mechanism driving the interior pathway. The partitioning of the AMOC deep limb into interior and DWBC pathways is observed in
several ocean models. Furthermore, there is a good agreement between the structure
of the export pathways in models and observations. Both Eulerian and Lagrangian
techniques, in models and observations, are used to identify the DWBC and interior
pathways and these two perspectives are shown to be compatible with one another.
Finally, deep, eddy-driven, recirculation gyres are shown to be a mechanism driving
the interior pathway and the existence of the interior pathway is consistent with the
vorticity balance at depth. The interior pathway makes a significant contribution
to the total transport of the deep limb of the AMOC. Since the interior pathway
is much broader and slower than the DWBC pathway, the large-scale transport of
climate signals, heat, and anthropogenic CO2 associated with the AMOC are slower
and mixed more broadly throughout the ocean than once thought.
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Introduction
The surface layer of the world ocean absorbs a tremendous amount of heat from the
Sun while the deep waters are much colder. This simple observation prompted Count
Rumford to propose that the ocean is composed of giant convection cells; warm waters from the tropics are transported to the poles where they cool, sink, and return to
the equator to be upwelled and heated again. Despite more than a hundred years of
study, there are still many open questions about this meridional overturning circulation. This dissertation is focused on the observational, theoretical, and model-based
evidence for the existence of an interior pathway for the deep limb of the Atlantic
Meridional Overturning Circulation (AMOC). Quantifying the strength of the interior pathway, relative to the better known and traditionally accepted Deep Western
Boundary Current (DWBC) pathway is important because these two pathways operate on very different time and length scales and are driven by different forcing. If
we are to understand the deep limb of the AMOC and its associated transport of
global climate signals, including anthropogenic CO2 , we must take a close look at
the interior pathway.
The first chapter compares observational evidence of the interior pathway of the
AMOC with the pathways of the deep limb of the AMOC in an ocean model. This
chapter also provides a detailed explanation and validation of the Lagrangian methods used in all chapters.
Chapter 2 is an assessment of the role of eddies in driving a system of deep
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recirculation gyres spanning almost the whole width of the North Atlantic at midlatitudes. It is shown that these deep recirculation gyres are a plausible mechanism
for enabling the existence of an interior pathway of the deep limb of the AMOC in
observations and in at least two different ocean models.
The final chapter of this dissertation is a synthesis of Lagrangian observations,
which highlight the interior pathway with float trajectories, and Eulerian observations of tracers dissolved in ocean waters, which emphasize the Deep Western Boundary Current pathway for the deep limb of the AMOC. Although these two data sets
appear contradictory, it is shown that they are commensurate with one another when
the effects of an interior pathway are considered. Furthermore, the existence of the
interior pathway is shown to be consistent with the large-scale vorticity balance at
mid-depths. Although tracer observations emphasize the DWBC pathway, the interior pathway exists and transports a significant amount of the deep limb of the
AMOC.
In summary, this thesis explains the novel Lagrangian analysis techniques used
to shed light on export pathways, provides evidence for a mechanism supporting the
existence of the interior pathway, and shows that Lagrangian and Eulerian observations of the interior and Deep Western Boundary Current pathways are consistent
with one another. The slower and wider interior pathway has a significant impact
on the deep limb of the AMOC, which for the last 50 years has been thought to be
dominated by the faster and narrower Deep Western Boundary Current pathway.

2

1
Charting the pathways of the deep limb of the
Atlantic Meridional Overturning Circulation

1.1 Introduction
In oceanography, and fluid mechanics in general, there is a fundamental distinction
between Eulerian and Lagrangian data. Eulerian data are collected at a fixed point
while Lagrangian data are collected along the path of a fluid parcel. Because of
the difference in the reference frames of Eulerian and Lagrangian data, one of these
two types of data may be better suited for a specific analysis than the other type.
One of the synthesizing concepts in this dissertation is to compare results from both
Eulerian and Lagrangian perspectives.
Modern day oceanographic instruments are capable of collecting either type of
data. Eulerian data are collected by moorings and geostationary satellites because
these instruments measure properties at constant locations. Lagrangian data are
collected by automated surface drifters or subsurface floats which report observations
as they are advected by the currents. Similarly, the distinction between Eulerian and
Lagrangian data is possible in ocean general circulation models. The grid nodes in
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the model domain contain Eulerian data. In most ocean models, the trajectory of a
Lagrangian particle must be calculated from the model velocity field.
The difficulty with Lagrangian data, both observed and simulated, is that it is
important to assess whether or not floats are actually following the true flow field.
The behavior of real floats is affected by a variety of factors; they may be isobaric
or they may be programmed to surface from time to time thus causing them to
diverge from the path of a true water parcel. In a simulation, the calculation of
Lagrangian trajectories is dependent on the accuracy and stability of the numerical
techniques used to construct a path determined by the model velocity field vectors.
This chapter will focus on the calculation and validation of simulated Lagrangian
trajectories. These trajectories will then be used to chart the export pathways of the
deep limb of the AMOC in an ocean model.
It has been generally accepted by the oceanographic community that a major
export pathway for the deep limb of the AMOC from high latitudes to the equator
is the DWBC. Stommel [63] used a simple vorticity balance model to show that at
depth only DWBC waters can move equatorward because the abyssal waters in the
interior must move poleward. Stommel and Arons [64] [65] expanded this simple
model to spherical geometry and Stommel et al. [66] demonstrated the validity of
this simple vorticity balance in rotating tank experiments. Additional observations,
verifying the existence and stability of the DWBC [56] [57] [71], have added weight
to the hypothesis that the DWBC is the principal export pathway for deep waters.
Figure 1.1 is a schematic showing the DWBC and the interior flow.
More recent Lagrangian observations, however, have brought to light the existence
of another export pathway for the deep limb of the AMOC: an interior pathway. In
particular, floats released in the DWBC in the subpolar gyre did not stay in the
DWBC. Instead, these floats left the DWBC and moved equatorward through the
basin interior [10] [17] [35]. While these Lagrangian observations begin to trace out
4
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Figure 1.1: Schematic of the DWBC and interior pathways. Only flows deeper
than about 1000 m are shown. The blue line is the equatorward flow in the Deep
Western Boundary Current. The broad red line sweeping though the basin interior
is the interior pathway. The region north of these lines is where surface waters are
brought to depth by deep convection. The traditional model [63] hypothesizes that
the flow in the interior pathway is poleward and only the DWBC transports North
Atlantic Deep Water to the south. In this work, however, it is proposed that the
flow in the interior is equatorward, allowing for the export of deep water in both the
interior and the DWBC. Bathymetry is shaded with 4 gray intervals representing
depths less than 500 m, between 500 and 1000 m, between 1000 and 2000 m, and
2000 and 3000 m, going from dark to light. The black line is the 4000 m isobath and
an approximation for the offshore edge of the DWBC.

the interior pathway, the limited lifespan of the floats (2 years) and limited number of
deployments (∼70) hinder our ability to sample the whole of the interior or DWBC
pathways.

1.2 Simulating Lagrangian particles
For the results discussed in this chapter, output from the highest-resolution member
of the Family of Linked Atlantic Modeling Experiments (FLAME) ocean general cir5

culation model is used [3] [7] to simulate Lagrangian particles. Information about this
eddy-resolving ocean general circulation model is provided in Section 2.2.1. Given
snapshots of the model velocity fields, particle trajectories are calculated offline (after
the ocean model output is generated) by integrating the differential equation:
dx(t, p)
= u(x(t, p), t)
dt

(1.1)

where x(t, p) is the position of float p at time t and u is the model velocity field. Here,
as done by Böning and Cox [6], Getzlaff et al. [21], and Hüttl-Kabus and Böning [27],
an Euler scheme is used to evaluate the time derivative with an adaptive time step:
x(t + ∆t, p) = u(x(t, p), t)∆t.

(1.2)

The time step, ∆t, is the instantaneous minimum of four adaptive time steps:
∆t1 =

∆x
n max(|u|, |v|)

(1.3)

∆z
n|w|

(1.4)

∆t2 =

∆t3 = tclock − t
∆t4 =

∆tstep
n

(1.5)
(1.6)

where ∆x and ∆z are the zonal and vertical grid spacings at the instantaneous
location of the particle, respectively, (u, v, w) is the instantaneous velocity at the
location of the particle, ∆t3 is the time elapsed since the last update to the velocity
field, ∆tstep is a parameter set to 1 day, and n is an integer representing the minimum
number of integrations per grid box. After the calculation of the new position of
a float, each time step is recomputed before the next position calculation. The
instantaneous velocity at each float position is computed by linear interpolation of
the velocity field in both time and space.
6

The horizontal and vertical time steps, ∆t1 and ∆t2 , are almost always the smallest time increments. Therefore, the integration is potentially sensitive to the choice
of n. In a 0.4o zonal × 1/3o meridional × 18 levels primitive equation model,
Böning and Cox [6] show that individual trajectories converge to the same result
for n = O(100) over about 180 days. We ran tests with n = 25, 100, 200, 400, 800,
and 1600 with the FLAME model output (n = 25 on a 1/12o grid is approximately
n = 100 on a 1/3o grid). Floats launched at the same location and time with the
different values of n all started following the same path for about 6-8 months, even
in the highly energetic region of the DWBC off the Flemish Cap. However, the accumulation of small errors along each trajectory and the strong spatial and temporal
variability of the velocity field caused individual floats to diverge substantially over
time scales of years. A float-by-float stability comparison after several years fails due
to the highly non-linear behavior of long duration trajectories. Despite the divergence, over the long term, of direct, individual float comparisons, it will be shown,
with a statistical test described in Section 1.3.2, that the the collective spreading of
FLAME trajectory ensembles are not very sensitive to the choice of n for n ≥ 25.

1.3 Comparing simulated Lagrangian particles to observed float trajectories
Bower et al. [9] [10] describe the displacements of 59 floats that were launched near
Orphan Knoll, at about 50o N, in the DWBC in the Labrador Sea as part of the
ExPath program. These floats were isobaric instruments that followed the currents
at either about 700 m (32 floats) or 1500 m (27 floats) and logged their positions
and temperatures every day. Each float stayed under water for the whole two-year
duration of its operating lifetime and only surfaced at the end of its mission to
upload its stored data to satellites. It was possible to determine the positions of
the floats while at depth by comparing the arrival times of sound pulses from the
7

known positions of moored sound sources scattered throughout the Labrador and
Newfoundland Basins [19]. Although 59 floats reported their surfacing locations,
only 55 floats were able to log enough data to determine their positions as they
drifted. This data set will be used as a reference point from which to validate the
trajectories of simulated particles in the FLAME model.
In order to compare observed trajectories with simulated trajectories, 27,144
simulated floats were initialized at the locations of the observed floats. The launch
locations of the simulated floats are at the locations of 58 of the observed floats as
well as ±100 m above and below each observed float launch location for a total of
174 launch points. 58 of the 59 original observed launch locations are used instead
of 59 because data from the last float had not yet been processed at the time of the
simulations. In order to sample the mesoscale variability of the model velocity fields,
simulated floats are initialized at each of the 174 launch points once every 30 days
over the course of 13 years (1992-2004) of model output for a total of 156 “bursts”
or initializations of floats. The floats are simulated for two years with the only
discontinuity in the velocity fields being the jump from December 2004 to January
1992 if the floats are launched after December 2002.
The 2-year trajectories of the 55 observed floats are superimposed over the trajectories of 55 simulated floats randomly selected from the 27,144 float ensemble in
Figure 1.2. The launch locations of the floats are also shown with respect to the mean
structure of the DWBC in the model. The observed and simulated floats spread out
from their launch locations at roughly the same rate and spatial scale. Plotting all
27,144 simulated floats, however, would obscure the plot. Therefore, it is important
to develop methods to compare the behavior of the floats as ensembles rather than
individual floats. Two methods will be explored here: comparing the rates at which
floats exit the DWBC and a statistical test of whether the observed and simulated
trajectories come from the same probability distribution.
8
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Figure 1.2: Observed and simulated float spaghetti plot and launch locations.
(Top) Trajectories of 55 RAFOS floats(red) are plotted on top of 55 trajectories of
randomly selected simulated floats (black) from a pool of 27,144 simulated floats
launched at similar locations as the observed floats. Green dots on the map are the
launch locations of the floats. All trajectories are plotted using daily position updates
of the floats. (Bottom) Vertical section of the 1992-2004 mean velocity at 50o N in the
FLAME model. Thin black contour lines are isotachs at 5 cm/s intervals. Black dots
are the launch locations of the simulated floats while red dots are the observed float
launch locations. The simulated floats are initialized at the observed float launch
locations and ±100 m.
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1.3.1

The behavior of trajectories exiting the DWBC

One of the fundamental questions motivating the work of Bower et al. [9] [10] is
whether or not the observed floats would exit the DWBC. Previous Lagrangian
studies of the DWBC at this location [17] [35] show that floats exited the DWBC
almost immediately, but this result was surprising given the convention that the
DWBC was the dominant export pathway for the deep limb of the AMOC. The
debate in the oceanographic community turned to whether or not the profiling floats
used in these studies, which came to the surface about once every 10 days, were
able to reliably track the Lagrangian pathways of true water parcels. Therefore, the
use of floats that stayed at depth in the experiment by Bower et al. [9] [10] was a
deliberate choice to answer this remaining question. Testing the degree to which
the simulated floats exit the DWBC relative to the observed floats not only helps
validate the trajectory calculations, but also provides a way to assess whether the
model is able to approximate the dynamics of the DWBC.
Since direct velocity measurements of the DWBC are very sparse and the DWBC
is generally constrained by the 4000 m isobath, this isobath is used as the dividing line
between whether floats are in or out of the DWBC. Any observed or simulated floats
that are inshore of this line are considered in the DWBC and any floats offshore of
this line are classified as out of the DWBC. Any float that exited and then returned to
inshore of the 4000 m isobath is ignored after its first point of exit since the focus is on
the trajectories that remain exclusively in the DWBC. The percentages of observed
and simulated floats remaining exclusively inshore of the 4000 m isobath are used as
a way to quantify the number of floats remaining in the DWBC (Figure 1.3).
There are relatively few observed floats so the removal of a single observed trajectory may have a significant impact on the percentages of floats remaining in the
DWBC. To assess the uncertainty due to the small sample size, float loss curves
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Figure 1.3: Percentage of floats remaining continuously in the DWBC. The 4000 m
isobath is used as the dividing line between in and out of the DWBC. The along
boundary axis starts at the launch location of the floats near 50o N and follows the
western boundary. The float loss curve of the 55 observed floats (black) is shown
with the float loss curves of 27,144 three-dimensional (unconstrained, red) and 27,144
two-dimensional (constrained, blue) simulated floats. The 1000 iteration bootstrapping envelope around the observed float loss curve is shaded in light gray. Similar
envelopes were constructed from the simulated trajectories, but they are on the order
of the thickness of the lines and are omitted for clarity. Darker gray shading indicates
where the floats pass by the major geographic features of Flemish Cap and the Tail
of the Grand Banks.
were recalculated with 1000 randomly-sized and selected subsets of the 55 RAFOS
floats. The standard deviation of these 1000 curves is presented as an estimate of
the envelope of uncertainty around the observed float loss curve. Similar results are
obtained with only 100 iterations, so these envelopes are not especially sensitive to
the number of iterations. It is also possible to calculate uncertainty envelopes for the
27,144 simulated trajectories, but since there are so many more trajectories, their
uncertainty envelopes are much smaller than the envelopes around the observed float
11

loss curves.
Except at the very beginning of the trajectories, there is extremely good agreement between the rates of the loss of floats from the DWBC in observations and
the FLAME model. In particular, almost half of both the observed and simulated
trajectories exit the DWBC while going around Flemish Cap. Flemish Cap is precisely where the DWBC and North Atlantic Current are close to each other. It is
not surprising that many floats exit the DWBC at this particularly energetic location [9] [10]. After rounding Flemish Cap, the floats that remain in the DWBC are
more gradually, but still consistently, fluxed into the basin interior. This consistent
loss of floats from the DWBC is evidence that the DWBC is not the single, continuous
pathway for export of intermediate-depth waters from the subpolar to subtropical
North Atlantic.
The observed floats presented in this experiment are isobaric, which means that
their depth is nearly constant. Therefore, they are constrained to a two-dimensional
velocity field and are not able to follow the rise and fall of isopycnals as true water
parcels. To assess the impact of a two-dimensional constraint on floats, the 27,144
simulated floats are run in two different simulations: one where they are allowed to
follow the full three-dimensional flow field, and another where the floats are forced
to stay at a constant depth level. Figure 1.3 shows that the loss of floats from the
DWBC is nearly identical for both the three-dimensional and two-dimensional cases.
Although a previous study using this model shows significant differences between
two-dimensional and three-dimensional floats integrated in the mean flow field [21],
here it is clear that the extra variability imparted by a time-varying velocity field is
sufficient to blur the difference between two and three-dimensional trajectories.
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1.3.2

A statistical test of similarity of trajectory ensembles

Although tracking the loss of floats from the DWBC is a useful metric to evaluate
the behavior of simulated particles relative to observed floats in the DWBC, it does
not provide a large-scale, basin-wide comparison of trajectory ensembles. Here, we
employ the statistical test of van Sebille et al. [69] which results in a metric for the
similarity of two trajectory ensembles, as well as the confidence one may have in deciding that the two trajectory ensembles are samples from two different populations.
This test is useful for both comparing observed and simulated trajectories as well
as for assessing the sensitivity of the trajectory calculation process itself to various
parameters.
The null hypothesis of the test is that the scatter of points, at each time step,
from the two trajectory ensembles come from the same distribution. Since this
test is a two-dimensional, two-sample Kolmogorov-Smirnov (KS2D) test, the test
statistic, Dn , is the time-varying maximum difference between the two-dimensional
cumulative probability distributions of the scatter of instantaneous float positions
from the two different trajectory ensembles. Identical trajectory ensembles result in
a constant value of Dn = 0 for the lifetime of the particles. When testing different
trajectory ensembles, the maximum possible value of the test statistic is Dn = 1.
The confidence level of the test, α, is determined by estimating the distribution of
Dn by executing several Monte-Carlo iterations of the test between random subsets
of each trajectory ensemble. The probability that we are correct in rejecting the null
hypothesis is 1 − α. The results of this statistical test are not especially sensitive
to either the number of Monte-Carlo iterations or the resolution of the probability
maps. Here, 1000 iterations and a 0.25o × 0.25o grid are used for each test. Finally,
it is important to note that this particular test is not sensitive to the number of
trajectories in each ensemble. It is therefore ideal for comparing tens of observed
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float trajectories to tens of thousands of simulated floats.
When the observed trajectories are compared to the ensemble of the 27,144 simulated trajectories launched at the same locations, the result is a test statistic, Dn ,
and a confidence level, α at each daily time step over the two year trajectories (Figure 1.4, black line). Over the two year simulation, the average magnitude of the
test statistic comparing the observed and simulated floats is Dn = 0.3 ± 0.1 and the
confidence that we reject the null hypothesis is 0.25 ± 0.09. The result of this test is
that we do not reject the null hypothesis that the observed and simulated trajectories
come from different distributions; i.e the model has some skill.
The advantage to being able to plot time series of Dn is that we can see when the
observed and simulated trajectory ensembles are more or less similar to each other.
Although we cannot apply any statistical confidence levels to our interpretation of
these time series, they do provide a qualitative description of the progression of the
ensembles. Dn starts at zero because all the trajectories are launched at the same
spot. However, it quickly grows since the initial conditions are different between
the observed and simulated floats. In particular, the speed of the DWBC in the
Labrador Sea in FLAME is slightly less than observations [57] [14]. However, after
about 100 days, Dn begins to decrease suggesting that the impact of the initial
conditions is weaker as time passes.
The van Sebille et al. [69] statistical test can be used to verify the stability of the
float simulation with respect to parameters within the calculation. In Section 1.2, it
was noted that the choice of the number of integration steps per grid box, n, may
have an effect on the end result of the calculation. The 27,144 trajectories that were
simulated from the observed float locations were computed with both n = 25 and
n = 100. The statistical test cannot reject the hypothesis that the locations of particles from the two ensembles at each time step are drawn from the same distribution.
Thus, the ensembles of trajectories computed with n = 25 and n = 100 are statis14

tically indistinguishable. Furthermore, the test statistic representing the difference
between the two ensembles is much smaller than other ensemble comparisons presented here with a value of 0.006 ± 0.002 (Figure 1.4, red line). Due to the increasing
computational intensity of the calculations as n is increased, additional, but smaller,
test runs were executed with n = 200, 400, 800, and 1600, yielding similar results.
Therefore, we conclude that the large-scale collective movement of long duration trajectory ensembles computed with the above algorithm from FLAME velocity fields
is stable and n ≥ 25 is a reasonable choice for the minimum number of integrations
per grid box.
Finally, there is the question of whether using the 3-daily time step of the FLAME
velocity field snapshots is sufficiently short to accurately calculate particle trajectories in the model velocity field. As in the previous sensitivity studies, particles are
initialized at the observed float launch sites, but they are integrated over one year
of daily velocity fields that were from the last year of the FLAME spin-up. Trajectory ensembles are then recalculated using 3-daily, 6-daily, 15-daily, and 30-daily
velocity field subsets of the 1-daily data set. All of these trajectory ensembles are
statistically indistinguishable from each other at 95% confidence. Furthermore, the
differences between the ensembles, Dn = 0.01 to 0.1, are consistently smaller than
the differences between the simulated floats and the observed floats, Dn ∼ 0.3 (Figure 1.4, gray lines). This result is consistent with observations that show that most
of the ocean’s energy density is in the large-scale flow or the mesoscale, which vary
on time scales of years and 50-150 days, respectively [72]. Therefore, 3-daily time
steps are sufficient for the calculation of Lagrangian trajectories and the calculation
is not very sensitive to the velocity field update timescale provided that it resolves
the mesoscale (∼ 10 days).
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life. While this time scale is sufficient to show that DWBC waters are vigorously
exchanged with the basin interior and that the DWBC is not just a “fast track”
conduit, 2 years only provides a glimpse into the larger-scale structure of the interior pathway and the deep limb of the AMOC in general. On the other hand, the
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advantage to simulated trajectories is that the integrations can be carried out over
longer time scales. Cycling through the same velocity fields several times, simulated
trajectories may even be extended to arbitrarily long durations. Since it has been
shown above that the ensemble spreading of observed and simulated trajectories are
in good agreement, it seems appropriate to create longer simulated trajectories and
view their collective behavior as the envelope of possible Lagrangian export pathways
in the ocean.
To chart the deep limb of the AMOC, it is necessary to evaluate the effect of both
the interior and DWBC pathways. Therefore, the number of simulated particles is
expanded to include particles seeded into both the DWBC and the interior. The
previous discussion focused on floats launched at the intermediate depths of 700 m
and 1500 m. Since deeper layers also play a role in the AMOC, additional floats are
launched at greater depths to see if there are any changes in the structure of the
export pathways at depth. A simple way to distinguish between mid-depth and deep
components of the deep limb of the AMOC is by temperature ranges. At intermediate
depths, Labrador Sea Water (LSW) is roughly in the range 3o C to 4.5o C [71]. In
order to provide some separation between LSW and the deeper layer, the deeper
waters will be defined as waters with temperature below 2.3o C.
The following discussion is focused on two trajectory ensembles: simulated floats
in the LSW temperature range and floats in the deeper layer. Both trajectory ensembles are launched at 53o N from 53o W to 42o W to span the DWBC as well as the
interior. The launch section is moved north slightly so that the floats are initialized
in a region where the topography is more uniform and DWBC is more stable and
clearly defined. Floats are launched every 30 days over the course of the 1990 to 2004
model output fields resulting in 180 separate initializations. Floats are initialized in
grid boxes with instantaneous (i.e. at the time of launch) temperature within the
LSW or deep layer temperature limits and with a southward velocity. All trajecto17

ries are integrated for 50 years by cycling through the FLAME 1990-2004 velocity
fields and particle positions are stored every 3 days. This launch strategy created
100,271 floats in the LSW layer and 27,956 floats in the deeper layer.
1.4.1

Particle position probability and transit time distribution

The large number of simulated particles requires an efficient way to visualize their
transport. Particle position probability maps are created by dividing the North
Atlantic into 0.25o ×0.25o bins and counting the number of times each particle resides
in each bin and then normalizing by the number of particles. Since our interest lies in
the net export of waters in the deep limb of the AMOC, particle position probability
maps are constructed only for the trajectories that reached 25o N within the 50 year
simulation. For the LSW trajectories, 42,172 of 100,271 floats made it to 25o N in
50 years while 22,067 of 27,956 floats in the deeper layer arrived at the “finish line”
at 25o N. The particle position probability maps and launch locations are shown in
Figure 1.5.
In Figure 1.5, the LSW floats are more broadly distributed than the deeper floats
over the course of the 50 year simulation. The floats at mid-depths may spread
out over a wider area in the basin because they are less constrained by topography
than the deeper floats. However, there may be another reason for different spreading
behaviors of the mid-depth and deep trajectory ensembles. Lozier [43] and Chapter 2
in this dissertation show that deep recirculation gyres are especially strong precisely
at intermediate depths. The presence of strong recirculation gyres in the LSW layer is
consistent with the observation that 80% of the deep floats arrive at 25o N in 50 years
while only 42% of the LSW floats are exported to 25o N after 50 years. Probability
maps constructed with the full ensemble, including floats that did not arrive at 25o N,
show that those additional particles are recirculating in the basin interior.
The observations suggesting that the LSW floats may be slower to reach 25o N
18
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Figure 1.5: Particle position probability map for the 42,172 LSW (left) and 22,067
deep (right) floats that arrive at 25o N within 50 years. The launch location is shown
with a thick black line on the probability maps. The 4000 m isobath is overlaid with
a thin black line. (Bottom) Float launch locations at 53o N. Blue dots are the launch
points of the deep floats (T < 2.3o C) and red dots are the launch points of the LSW
floats (3.0o < T < 4.5o ). Isotachs at 5 cm s−1 intervals are plotted with solid and
dashed black lines for northward and southward velocities, respectively.
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than the deeper floats is directly confirmed by transit time distributions (TTD) of
the floats in each layer (Figure 1.6). A TTD is constructed by counting the number
of days it takes each float to arrive at 25o N and creating a histogram of arrival times.
The histogram is then normalized by the total number of floats that arrived at 25o N
in each layer. An estimate for the variability in the shape of the TTD is provided by
drawing 1000 random subsets of trajectories from each ensemble, calculating 1000
different TTD’s, and taking the standard deviation. The deep floats have a high
probability of arriving at 25o N after about 13 years. The transit times for the LSW
floats, however, are much more broadly distributed with most floats tending to arrive
between 20 and 40 years after launch. Despite the difference in the rate of export
between the two layers, in both layers it is clear that the interior pathway plays a
major role transporting particles to the equator.
1.4.2

Lagrangian transport maps

Probability maps and transit time distributions assess where the floats go and how
long it takes them to get there, but they do not quantify transport in the DWBC
or interior pathways. In particular, a float launched in a high-velocity region should
“represent” more water than a float initialized in a quiescent region. Treating all
floats equally as is done with probability maps may lead to the DWBC appearing
weaker than it really is relative to the interior pathway because there are many more
floats launched in the interior than in the DWBC. The solution to this problem is
to weight the trajectories by their transport. At the moment of launch, the velocity
of each float is recorded. Since floats are launched in the center of the model grid
nodes, each float has a representative cross sectional area. The product of the launch
velocity and the area of the float’s grid box is its launch transport. It is assumed
that the representative transport of of each float remains constant over the whole
simulation.
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Figure 1.6: Transit time distributions for LSW and deep floats reaching 25o N. The
black lines are the TTD computed for a layer with the whole ensemble of floats. The
blue (deep) and red (LSW) shading indicates the envelope of uncertainty around the
TTD as determined by the Monte-Carlo iterations described in the text.

In order to assess the relative transport in the DWBC and interior pathways,
transport-weighted trajectories can be combined with the process of tracking whether
floats are in the DWBC or in the interior. As above, the 4000 m isobath is used as
the offshore edge of the DWBC. The number of floats, as well as their transport,
arriving at each location along the DWBC and the basin interior is noted. The
result is a Lagrangian transport map for the LSW floats (Figure 1.7) and the deep
floats (Figure 1.8). These particles are, in general, moving equatorward in both the
DWBC and interior pathways. Along these pathways, the DWBC steadily looses
transport while the interior gains transport until at about 30o N particles begin to
coalesce towards the western boundary and re-enter the DWBC. Transport inshore
of the 4000 m isobath remains small in this location because the topography is
21
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Figure 1.7: Lagrangian transport map for LSW floats that arrived at 25o N within
50 years. Filled curves in the basin interior represent the summed Lagrangian transport of transport-weighted floats that arrive in 1o bins spaced along the constant
lines of latitude. The length of the blue line in the key at the bottom represents
1 Sv of transport in the interior. The diameter of the red dots represents the total
Lagrangian transport arriving at 1o zonal or meridional bins along the boundary and
inshore of the 4000 m isobath (all inshore, or “ai” in the key). The diameter of the
yellow dots represents the Lagrangian transport arriving at the same 1o bins as for
the red dots except that only transports corresponding to floats that stayed exclusively inshore of the 4000 m isobath are included in the transport sum (exclusively
inshore, or “ei” in the key).

extremely steep. Even accounting for the initial transport of the floats, the DWBC
pathway is not a dominant or continuous pathway. Furthermore the DWBC does
not recover all of the transport it looses at the boundary between the subpolar and
subtropical gyres.
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Figure 1.8: Lagrangian transport map for deep floats that arrived at 25o N within
50 years. This map is the same as Figure 1.7 except it was constructed with the deep
floats trajectory ensemble.

1.5 Conclusions
Two different approaches show that the simulation of Lagrangian pathways in the
FLAME ocean general circulation model results in trajectory ensembles that behave
similarly to observed float displacements. In particular, observed and simulated
floats exit the DWBC at the same rates and the large-scale spreading behaviors of
the observed and simulated floats cannot, with 95% confidence, be distinguished from
one another. Additional sensitivity tests show that the calculation of ensembles of
Lagrangian trajectories in FLAME is not dependent on the number of integrations
per grid box, n, a parameter in the algorithm, provided that n ≥ 25. Furthermore,
the temporal resolution of the model velocity fields does not have a significant impact
on the calculation of trajectories as long as the mesoscale flow field is resolved. We
23

conclude that the simulation of Lagrangian particles at mid-depths in FLAME yields
stable results which are consistent with observations.
Over the course of two years, most observed and simulated floats exit the DWBC
and are exported from the subpolar gyre to subtropical gyre through the basin interior. Simulated trajectories suggest that this interior pathway is a significant conduit
for the deep limb of the AMOC on a 50-year time scale as well. We conclude that
in the FLAME model, the interior pathway exists at intermediate and deeper levels
and it makes a critical contribution to the deep limb of the AMOC.
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2
The Interior Pathway and Deep Eddy-Driven
Recirculation Gyres

2.1 Introduction
The Atlantic Meridional Overturning Circulation (AMOC) transports warm, upper
waters poleward and cold, deeper waters equatorward, resulting in a net poleward
heat flux that contributes to the moderation of Earth’s climate. Because of its link
to Earth’s climate, the variability of the AMOC has been of longstanding interest.
Recent work showing the presence of anthropogenic carbon dioxide in the deep North
Atlantic [55] adds further impetus to the study of the AMOC. Since it appears that
anthropogenic CO2 in the deep North Atlantic is transported equatorward by the
lower limb of the AMOC, an assessment of the rate at which anthropogenic CO2 , as
well as heat, is absorbed and stored in the deep ocean hinges on our understanding
of this deep circulation feature.
Traditionally, the major conduit of the lower limb of the AMOC has been considered to be the Deep Western Boundary Current (DWBC), a stable, equatorward
current whose core lies inshore of the 4000 m isobath along the east coast of the
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North American continent [56] [57] [71]. This longstanding assumption is based
on a first-order vorticity balance and tank experiments conducted by Henry Stommel and colleagues 50 years ago [63] [64] [65] [66]. The core result of the Stommel
and Arons [64] [65] theory is that the deep ocean, subject to mass sources at high
latitudes, is characterized by a distributed upwelling that drives all interior flow
poleward. As a result, the equatorward flow of the source waters is confined to
deep western boundary currents, of which the Atlantic DWBC is the prime example.
Interestingly, the acceptance of this abyssal flow theory is rooted in the existence
of the DWBC itself since there are no direct measurements of the distributed upwelling of the deep waters or the interior poleward flow that has been proposed as
the driver of this system [70]. Recent observations, however, have cast doubt on
the assumption that all deep equatorward flow in the ocean basins is contained in
western boundary currents. Although some neutrally buoyant Lagrangian floats of a
variety of designs, mission dates, and cruising depths have been shown to follow the
DWBC for a limited time, the majority of floats placed or entrained in the DWBC
exit this feature and transit the ocean interior in the Labrador Sea [35], the Newfoundland basin [10] [17] [57], and the subtropical basin [8] as they move toward the
equator. Simulated float trajectories from a general circulation model also follow
interior pathways, tending to leave the boundary current in localized, high energy
regions [10] [21].
Over a decade ago, Lozier [42] postulated that deep recirculation gyres in the
North Atlantic allow for the equatorward transport of recently ventilated deep waters
via pathways outside of the DWBC. These recirculations were inferred from North
Atlantic hydrographic data that reveal a 1000 km-wide depression in the deep isopycnal surfaces spanning Cape Hatteras (75o W, 36o N) to Porcupine Bank (15o W, 50o N) [44].
The coincidence of a region of homogenized potential vorticity [53] and this large-scale
trough in the deep isopycnal surfaces led to the hypothesis that these deep recircu26
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Figure 2.1: Schematic of the deep limb of the AMOC. The large shaded area,
bounded by a thin black line, represents the approximate outline of the region of
homogenized potential vorticity on a deep isopycnal. The dark gray dashed lines
trace the time-mean circulation pathways at depth: the DWBC (on the continental
slope), the deep recirculation gyres (in the basin interior), and an equatorward interior pathway. Thin arrows represent locations where water is swept away from the
DWBC into the basin interior. The thin, solid line represents a possible trajectory
of an individual water parcel that does not necessarily follow time-mean pathways.
Bathymetry is shaded with 4 gray intervals representing depths less than 500 m,
between 500 and 1000 m, between 1000 and 2000 m, and 2000 and 3000 m, going
from dark to light.

lation gyres are eddy-driven and their anticyclonic rotation enables the equatorward
transport of deep water through the gyre interior [42] as depicted in Figure 2.1.
Furthermore, these deep recirculation gyres helped explain the observed distribution
of tracers because they coincide, in depth, with low tracer concentrations in the
DWBC [43].
As we assess the extent to which the flow at depth is eddy-driven, we use the
definition of an ”eddy” as any transient departure from the mean state. In our
definition of an eddy, there are no restrictions concerning the upper bound of spatial
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and temporal scales of perturbations or the degree of structural coherence of each
transient. The temporal and spatial scales of all perturbations have a lower bound
set by the resolution of the data in time and space. Finally, an eddy-driven flow is
when eddy fluxes have a significant effect on the structure of the time mean flow [52].
Here we test the hypothesis that deep recirculation gyres in the North Atlantic
are a mechanism for partitioning the deep limb of the AMOC into a fast and narrow
boundary pathway and a relatively slow and broad interior pathway. Toward this end,
we use eddy-resolving, intermediate resolution, and non-eddying models to examine
the effect of resolution, and hence the presence of eddies, on interior pathways at
depth in the North Atlantic. We focus on three central questions: (1) To what
extent are the signatures of the deep recirculation gyres observed in the real ocean
present in each model? (2) What is the overall effect of the deep-recirculation gyres
on the deep limb of the AMOC in the simulations? (3) To what extent does the
presence of eddies modify the Stommel-Arons balance?

2.2 Methods
2.2.1

Model descriptions

FLAME
Model output from the highest resolution member of the Family of Linked Atlantic
Modeling Experiments (FLAME) ensemble is used in this analysis [3] [7]. This
primitive equation, z-coordinate, regional model is based on the Modular Ocean
Model (MOM2.1) [48] with isopycnal mixing and biharmonic friction and the addition
of a bottom boundary layer [2]. There are 45 vertical levels that transition from
10 m vertical spacing at the surface to 250 m at depth. The model domain spans the
North Atlantic from 18o S to 70o N with a Mercator grid whose zonal and meridional
resolutions are 1/12o and 1/12o cos y, respectively, where y is the latitude. The
model was initialized with climatological temperatures and salinities resulting from
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a combination of the monthly mean anomalies from Levitus et al. [40] [38] and
annual means from Boyer and Levitus [11], and spun up from the rest. Sea surface
salinities were restored to monthly climatological values on a 15-day time scale and
climatological temperatures and salinities were maintained at the open boundaries
for the duration of the simulation. The Sverdrup relation was used to define the flow
through the southern boundary and the results from a separate model of the Arctic
Ocean [12] specified transport across the northern boundary. The model was initially
run with 10 years of the European Centre for Medium-Range Weather Forecasts
(ECMWF) climatological forcing and then, for the following 15 years, the model
was forced with a superposition of its original climatological forcing and monthly
anomalies computed from the National Centers for Environmental Prediction and
National Center for Atmospheric Research (NCEP/NCAR) reanalysis data spanning
from 1990 to 2004 [30]. Monthly means of velocity, temperature and salinity during
the whole model run were stored as output. In addition, the last year of the spinup period was archived with daily average output and a snapshot, without any
averaging, of temperature, salinity, and velocity was stored once every 3 days during
the 1990-2004 “hindcast” period.
ORCA025
ORCA025 is an intermediate resolution, or eddy-permitting, configuration of the Nucleus for European Modeling of the Ocean (NEMO) package that combines a primitive equation, z-level ocean model and an ice model [45]. Its partial step bathymetry
and advanced advection scheme have been shown to improve the performance of an
intermediate-resolution model compared to models of similar or greater resolution [1].
The model domain, divided into 46 levels in the vertical, is spanned by a global, tripolar, curvilinear grid with a resolution of 1/4o at the equator [25]. The model was
initialized at rest with climatological temperatures and salinities specified by Levi29

tus et al. [39] in the low to mid-latitudes, Steele et al. [61] in the high latitudes, and
Jourdan et al. [28] in the Mediterranean Sea. The model was subjected to interannual
bulk forcing for 1958-2004 using the methodology developed by Large and Yeager [34],
which builds on a combination of National Centers for Environmental Prediction and
National Center for Atmospheric Research (NCEP/NCAR) reanalysis products with
observational (especially, satellite) data. There was no initial climatological spin-up.
Sea surface salinities were restored to climatological values on a 300-day time scale.
Temperatures and salinities in the Arctic and Southern Oceans, over the whole water
column, were restored with a 180-day time scale. Temperature, salinity, and velocity
averages over each successive 5-day interval were saved for the duration of the 47-year
run from which monthly mean fields were also computed.
ORCA05
The third and final model included in this analysis is ORCA05, a lower resolution
configuration of the NEMO package similar to ORCA025 [3] [25], except that its
resolution at the equator is 1/2o . The two ORCA models used in this analysis were
designed to be as similar as possible within the logistical and technical constraints of
different resolutions. In particular, both ORCA025 and ORCA05 use similar algorithms and the same basic grid structure for momentum advection, tracer advection,
biharmonic viscosity, bottom boundary layer, partial step bathymetry, explicit free
surface with constant volume, mixed layer parametrization, and non-linear bottom
friction. The bathymetry and some of the parameters differ between the two models,
but these are necessary given the different resolutions.
Another difference between ORCA05 and ORCA025 is that the two models were
run with slightly different forcings. ORCA05 was first spun up from rest with 20 years
of climatological forcing and then hindcast from 1958 to 2004. Also, the freshwater
input in ORCA05 was reduced by 15-20% north of 30o N as a means to maintain a
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realistic AMOC, and ORCA05 was run with less restrictive salinity restoring than
ORCA025. Salinities in ORCA05 were restored only at the surface with stronger
restoring at the poles than the lower latitudes. Monthly mean data were saved for
the duration of the run, but averages over 5-day intervals, as for ORCA025, are
available from the simulated years spanning 1968-1978 and 1992-2004.
Subsets of model data used in this analysis
All model output used in this analysis overlaps during the 1992-2004 time period with
either instantaneous snapshots every 3 days (hereafter referred to as 3-daily) of the
model fields (FLAME) or 5-daily average output (ORCA025 and ORCA05). These
coincident 13 years of model output with high temporal resolution is the period over
which Eulerian model climatologies and Lagrangian trajectories are computed. For
the portion of the analysis where we examine the spin-up of each model, we use the
monthly mean output from each model.
2.2.2

Summary of Lagrangian calculations

Trajectory computation
The trajectories of simulated Lagrangian floats are computed offline by integrating the velocity fields from FLAME [21] [27] and computing the three-dimensional
streamfunction field from ORCA05 and ORCA025 and incrementally moving particles along streamlines [5] as implemented in the Ariane software [4]. Since the
FLAME trajectory calculation code is less widely used than Ariane, technical information about this computation is included in Chapter 1. We chose not to use
Ariane to compute trajectories from FLAME output because Ariane requires input
on a C-grid while FLAME output is on a B-grid. In all cases, the highest temporal
resolution for updates of the model velocity fields (3 days for FLAME and 5 days for
ORCA05 and ORCA025) is used when computing trajectories.
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Trajectories are launched every 30 days in the 1992-2004 model velocity fields.
Launching floats every 30 days allows us to sample the model velocity field at the
launch site on mesoscale time intervals. To be consistent with the Eulerian analysis
in this work, which uses isopycnal surfaces, the launch location of the floats varies
in time to ensure that Lagrangian particles are initialized only in grid boxes that
have densities within ±0.01 σ2 units of the isopycnals of interest. In order to extend
the lifetime of trajectories beyond the 13-year duration of each model run, the 19922004 fields are recycled with the only discontinuity at the jump from December
31, 2004, to January 1, 1992. Linear interpolation is used to bridge the temporal
discontinuity and the transition between successive velocity field updates. Although
the ORCA models output retained vertical velocity information, FLAME vertical
velocities were computed assuming mass conservation; thus the vertical integral of
the horizontal divergence was used to determine the vertical velocity. The vertical
velocity at the surface of the model is zero because FLAME was run under a rigid lid
approximation. All simulated Lagrangian trajectories were allowed to move in three
dimensions according to the model velocity fields. In addition to forward trajectories,
backward trajectories are also calculated. In the backwards case, the velocity field is
updated in reverse temporal order and particles are moved in the opposite direction
of the local velocity. While forward trajectories show the downstream path of a fluid
parcel, a backward trajectory shows its upstream path. The positions of simulated
trajectories were stored every day for the short (∼2 years) simulations and every 3
days for the long (∼50 years) simulations.
Trajectory visualization
The analysis of Lagrangian data is aided by the construction of two-dimensional
probability maps of drifter positions. These maps are constructed by subdividing
the North Atlantic into 0.25o × 0.25o bins and then counting the number of time
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steps each particle is present in each bin, including repetitions. We did not observe
any significant changes in the spatial structure of histograms with bins ranging in size
from 1/12o to 1o . For trajectories with daily position updates, this method would be
equivalent to counting the number of float days in each bin. The result is essentially
a concentration map of the Lagrangian particles over the simulation. More precisely,
when the values in the map are normalized by the total number of float positions, the
normalized two-dimensional particle position histogram represents the probability
that a particle would occupy a single bin over the duration of the simulation. If a
trajectory simulation is sufficiently long that all the particles have left the domain,
such a probability map would highlight the most likely Lagrangian pathways taken
by particles.
Trajectory Validation
Probability maps are useful both in visualizing the Lagrangian pathways of a trajectory ensemble and comparing different ensembles to one another. In addition
to constructing Lagrangian pathway probability maps as explained above, it is also
possible to construct instantaneous probability maps from the scatter of positions
of a trajectory ensemble at a single time step. One may then conduct a systematic
time step-by-step comparison of the spreading of floats from two different ensembles.
This comparison is the essence of the two-dimensional Kolmogorov-Smirnov statistical test (KS2D) for trajectory ensembles designed by van Sebille et al. [69] and
described in greater detail in Section 1.3.2.
In order to provide a measure for how similar simulated floats are to real floats,
we use the method of van Sebille et al. [69] to compare the 55 trajectories of isobaric
RAFOS floats launched in the DWBC near 50o N from the ExPath program [10] and
trajectories computed from FLAME, ORCA025, and ORCA05. We launched 27,144
floats at monthly intervals in the 1992-2004 model velocity fields at the ExPath floats
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ExPath floats vs. simulated floats

KS2D test statistic

1.0
0.8
0.6
0.4
0.2
0.0
0

100 200 300 400 500 600 700 800 900
Time [days since launch]

Figure 2.2: Test statistic showing differences between observed trajectories and
trajectories simulated in FLAME, ORCA025, and ORCA05. The evolution of Dn ,
at each time step, is shown for the 27,144 floats in FLAME (black), ORCA025 (gray),
ORCA05 (light gray) each compared to the 55 observed trajectories from the ExPath
program with the method of van Sebille et al. [69]. Simulated floats were initialized
at the same locations as the observed float launch locations near 50o N as well as
±100 m in depth and computed with the 1992-2004 velocity fields from each model.

launch locations and at ±100 m offsets. The simulation was run for 2 years, the real
floats lifetime. Trajectory positions were stored daily, at the same sampling interval
as the observations. All three models trajectories are, to 95% confidence, statistically
indistinguishable from the ExPath floats for the full 2 years. However, the mean
and standard deviation of the time varying test statistics from each test show that
FLAME and ORCA025, with Dn = 0.3 ± 0.1 and Dn = 0.24 ± 0.09, respectively, are
closer to the observed trajectories than ORCA05 with Dn = 0.5 ± 0.1 (Figure 2.2).
The average confidence that the null hypothesis may be rejected, 1 − α, over all the
daily time steps during the 2-year simulation, is 0.25±0.09, 0.2±0.1, and 0.37±0.07,
for FLAME, ORCA025, and ORCA05, respectively.
Finally, we can use the statistical test to estimate the sensitivity of the trajectories
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to various approximations made during the simulation. In particular, trajectories are
computed from 3-daily snapshot (FLAME) or 5-daily average (ORCA) updates of
the velocity field, which were archived as the model ran. These archives are a subset
of the true model velocity field that had several time steps per day. Every time
step could not be archived due to storage limitations. We expect that cutting out
(FLAME) or averaging over (ORCA) the higher frequency velocity information would
have a small effect on trajectory calculation because most of the energy density in
the ocean is in the large-scale flow, varying on the order of years, or in the mesoscale,
in the range of 50-150 days. Higher frequency oscillations have orders of magnitude
in smaller contributions to the total energy density of the flow [72]. In agreement
with this hypothesis, van Sebille et al. [68] show very small changes in the spreading
of trajectories computed with Ariane from 1-daily averages and 5-daily averages of
the velocity field in a 1/10o ocean model. A similar test, showing that the 3-daily
snapshots from the FLAME model are sufficient for accurate Lagrangian calculations,
is described in Section 1.3.2.
2.2.3

Creating a climatology from hydrographic data

Hydrographic data from the World Ocean Database 2009 hosted by the National
Oceanographic Data Center was used to construct updated climatological fields of
pressure and potential vorticity on isopycnal surfaces. We started with 358,374
stations in the North Atlantic in waters deeper than 200 m and obtained via bottle
casts, conductivity temperature depth measurements, moored buoys, or gliders. This
database, which contains 13,526,411 salinity, temperature, and depth triplets, was
quality controlled using the method of Lozier et al. [44] as implemented in the Hydrobase2 software package [13]. Data points were removed if they fell outside of statistical envelopes surrounding the average, local temperature profile, salinity profile,
or temperature-salinity relationship. The resulting quality-controlled database con35

tains 12,401,423 salinity, temperature, and depth triplets distributed across 319,930
stations. The vast majority of these observations date from 1960 to the present,
but some earlier profiles survived the statistical filters. A three-dimensional, gridded climatology was then constructed from the database by averaging the data in
1o × 1o bins along isopycnal surfaces. Any missing values were interpolated using a
continuous curvature spline in tension [60] built into a Hydrobase2 module [13].
2.2.4

Description of isopycnal computations

Computations using the output of each model took into account the staggered grid
structure of both the FLAME and ORCA models. The location of isopycnal surfaces
in each model was determined by computing potential density profiles, with respect
to 2000 dbar reference pressure, from the potential temperature and salinity, both
variables on the same grid (T-grid). Isopycnal depth was then linearly interpolated in
the horizontal to the surrounding staggered grid nodes containing horizontal velocity
information. Velocities could then be interpolated to the depth of the isopycnal
while residing on a staggered grid. All further calculations involving differentiation
(divergence, gradient, or curl) and fluxes could take advantage of the staggered grid
to use centered difference schemes with all output on the T-grid. The other advantage
to this approach is that the density field is smoother than the velocity field so we
expect fewer interpolation errors when interpolating isopycnal depth to the velocity
grids compared to interpolating the velocities to the T-grid.

2.3 Theory
2.3.1

A modification to the Stommel-Arons balance

We recast the Stommel and Arons [64] [65] balance to isopycnal coordinates and
include eddy flux terms in order to test the effect of eddies on the vorticity balance
at depth. Stommel [63] proposed that all abyssal waters in the basin interior are
36

advancing poleward based on the first order vorticity balance between planetary
vorticity and column stretching:
βv = −f ∇H · u = f

∂w
∂z

(2.1)

where β is the meridional gradient of the Coriolis parameter, f , z is the vertical
coordinate, v is the meridional velocity, w is the vertical component of velocity,
u is the velocity vector (u, v, w), and the H subscript designates the horizontal
divergence operator. In this formulation, weak upwelling is distributed uniformly
over the basin in order to balance the production and sinking of deep water into
the basin. This upwelling causes columnar stretching, the convergence of horizontal
velocity, resulting in poleward flow in the interior. Stommel and Arons [64] [65]
applied this balance to a spherical coordinate system in order to model the global
ocean abyssal circulation.
The Stommel-Arons balance is ultimately rooted in the three-dimensional vorticity equation:
D
∇ρ + ∇P
+F +∆
(ζ + f ) = −(ζ + f )∇H · u +
Dt
ρ2

(2.2)

where z is the local vorticity, ρ is the density, P is the pressure, and F + ∆ represents
the net effect of external forcing and dissipation. We recover the Stommel-Arons balance, Equation 2.1, by neglecting local vorticity with respect to planetary vorticity,
assuming that baroclinic effects, forcing, and dissipation are negligible at depth, and
assuming steady state. The vorticity equation for an incompressible flow can be
rewritten in isopycnal coordinates as
D
(ζ + f ) = −(ζ + f )∇ρ · u + F + ∆
Dt
where ∇ρ is the horizontal divergence operator in isopycnal coordinates.
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(2.3)

When the local vorticity and velocity fields are decomposed into mean and fluctuating components, u = u + u0 and ζ = ζ + ζ 0 , the time mean vorticity balance now
includes eddy fluxes of local vorticity:
u · ∇ρ (ζ + f ) = −(ζ + f )∇ρ · u − ∇ρ · (u0 ζ 0 ) + F + ∆.

(2.4)

The Reynolds decomposition of velocity and vorticity performed above is consistent
with our definition of an eddy as any perturbation from the mean state. Therefore,
a flow driven by transient eddies is a regime in which the divergence of eddy fluxes,
of which ∇ · (u0 ζ 0 ) is an example, makes a significant contribution to the time-mean
flow.
Neglecting eddy fluxes, forcing, and dissipation, Equation 2.4 reduces to
u · ∇ρ (ζ + f ) = −(ζ + f )∇ρ · u.

(2.5)

Further neglecting the average local vorticity, ζ, with respect to the planetary vorticity, f , we recover an isopycnal version of the Stommel-Arons balance:
βv = −f ∇ρ · u

(2.6)

In Section 2.4.4, we will test how the inclusion of local vorticity and eddy fluxes
affects the vorticity balance on an isopycnal at depth.
2.3.2

Isopycnal enstrophy and Lagrangian diffusion

To test whether eddies are a sustained feature in the flow fields, we consider the
enstrophy balance. If enstrophy, the time mean of q 02 is maintained, then fluctuations
of potential vorticity, q, remain important in that location. The three-dimensional
enstrophy balance equation is [52]
1 D 02
q = −u0 q 0 · ∇q − F 0 q 0 − ∆0 q 0 .
2 Dt
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(2.7)

The enstrophy balance on an isopycnal, based on isopycnal conservation of potential
vorticity and obtained via a similar derivation as in the three-dimensional case, is
1 D 02
q = −u0 q 0 · ∇ρ q − F 0 q 0 − ∆0 q 0 .
2 Dt

(2.8)

For the deep ocean, the correlation between forcing and potential vorticity, −F 0 q 0 ,
is negligible and only in very rare cases is the correlation of dissipation and potential
vorticity, −∆0 q 0 , a source of enstrophy [52]. Therefore, down gradient eddy fluxes
of potential vorticity are the principal source of enstrophy and are necessary for the
sustained presence of eddies in a flow.
Holland and Rhines [26] define the potential vorticity Austausch (exchange) coefficient:
Aq =

−u0 q 0 · ∇ρ q
|∇ρ q|2

(2.9)

and use maps of this quantity in the layers of a quasi-geostrophic model to diagnose
locations of eddy growth and decay, based on the sign of Aq . For Aq > 0, eddy
fluxes are down the mean gradient, eddies are growing, and there is a source of
enstrophy. Rhines and Holland [52] explore the relationship between eddy fluxes of
potential vorticity and Lagrangian diffusivity. For the case of mean potential vorticity
changing on much larger spatial scales than the particle displacement length scales:
∂q
u0i q 0 = −κij
+ u0i
∂xj

Z

t

(F − ∆)dt0

(2.10)

0

where κij is the mean Lagrangian diffusivity of a particle with respect to its “rest
latitude,” defined as the position where the particle’s perturbation potential vorticity,
q 0 , is equal to zero. If the net, integrated effect of forcing and dissipation is negligible
compared to the eddy fluxes, then Aq represents a mean Lagrangian diffusivity.
Böning and Cox [6] show that Lagrangian and Eulerian diffusivities can be related
under the condition of steady, homogeneous turbulence. They also show that the deep
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flow in a numerical ocean model is not homogeneous turbulence and one may not,
in general, infer the Eulerian diffusivity from the Lagrangian diffusivity. Therefore,
we interpret Aq as a mean Lagrangian diffusivity, which is valid in the gyre interior
and far from sources and sinks of potential vorticity.

2.4 Results and Discussion
2.4.1

Eulerian signatures of deep recirculation gyres

A first step in assessing the extent to which the signatures of recirculation gyres in observations are reproduced in the three models was to select an isopycnal in each model
that exhibits the maximum extent of the region of homogenized potential vorticity.
Based on climatological mean meridional and zonal sections of potential vorticity
across the subtropical basin, Lozier [42] choose σ2 = 36.95, and later, σ2 = 36.98 [43]
as the isopycnal with the largest recirculation extent. In the updated climatology
constructed from hydrographic data presented in Figures 2.3 and 2.4, the maximum
extent of the region of homogenized potential vorticity lies along the σ2 = 36.95 isopycnal. Comparable time-mean cross sections from FLAME, ORCA025, and ORCA05
for the time period 1992-2004 are also shown in Figures 2.3 and 2.4. Visual inspections of the superposition of isopycnal depth on potential vorticity sections lead to
the selection of σ2 = 36.98, σ2 = 36.99, and σ2 = 36.88 for FLAME, ORCA025, and
ORCA05, respectively, as the isopycnals with maximum horizontal extent of potential vorticity homogenization. Results presented below do not change significantly
for isopycnals within ±0.02 σ2 of the selected isopycnals.
The time-mean potential vorticity fields of FLAME and ORCA025 are in good
agreement with the magnitude of potential vorticity from hydrographic data at depth.
In both higher resolution models and in the observations, there are weak gradients
in the potential vorticity field centered near 2000 m depth, extending in the horizontal by several thousand kilometers and in the vertical by nearly 1000 m. The
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Figure 2.3: Meridional sections of the potential vorticity field, q, in the subtropical
gyre at 60o W in hydrographic data, ORCA05, FLAME, and ORCA025. Dashed
contour lines at depth span 0-20 × 10−12 m−1 s−1 with 1 × 10−12 m−1 s−1 contour
intervals, solid contour lines span 20-200×10−12 m−1 s−1 with 20×10−12 m−1 s−1 contour intervals, and the dashed contour lines near the surface go from 400 to
1000 × 10−12 m−1 s−1 with 200 × 10−12 m−1 s−1 contour intervals. The solid gray
lines mark the mean depths of the σ2 = 36.88, 36.95, 36.98, and 36.99 for ORCA05,
hydrography, FLAME, and ORCA025, respectively.

potential vorticity field of the lowest resolution model, ORCA05, contains a thinner,
smaller, and shallower region of weak gradients of potential vorticity compared to
the observations and the higher resolution models.
The mean pressure on each selected isopycnal is shown in Figure 2.5. As in hydrographic observations, output from both FLAME and ORCA025 exhibits a 1000 km
wide trough in the deep isopycnal that runs roughly from Cape Hatteras to Porcupine
Bank. The isopycnal with the maximum extent of potential vorticity homogenization
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Figure 2.4: Zonal sections of the potential vorticity field, q in the subtropical gyre
at 38o N in hydrographic data, ORCA05, FLAME, and ORCA025. Dashed contour
lines at depth span 0-20×10−12 m−1 s−1 with 1×10−12 m−1 s−1 contour intervals, solid
contour lines span 20-200 × 10−12 m−1 s−1 with 20 × 10−12 m−1 s−1 contour intervals,
and the dashed contour lines near the surface go from 400 to 1000×10−12 m−1 s−1 with
200 × 10−12 m−1 s−1 contour intervals. The solid gray lines mark the mean depths
of the σ2 = 36.88, 36.95, 36.98, and 36.99 for ORCA05, hydrography, FLAME, and
ORCA025, respectively.

in ORCA025 is significantly deeper in the Newfoundland Basin than in FLAME or
in the hydrographic data. Despite this difference, traces of closed contours and recirculation gyres are evident along the center of the trough for hydrographic, FLAME,
and ORCA025 data. However, model output from ORCA05 does not reveal such
a trough. Though the σ2 = 36.88 isopycnal in ORCA05 consistently deepens with
latitude, there is no rise in the northern portion of the subtropical basin to produce
a trough in the subtropical basin. However, ORCA05 does exhibit a local depression
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Figure 2.5: Map of mean pressure on an isopycnal in the North Atlantic for
ORCA05 σ2 = 36.88, hydrographic data σ2 = 36.95, FLAME σ2 = 36.98, and
ORCA025 σ2 = 36.99; colorbar units are in dbar. For FLAME, ORCA05, and
ORCA025, the time-mean streamfunction on the isopycnal, calculated from the
isopycnal velocities using the method of Li et al. [41], is overlaid with contour lines
at 1000 m2 s−1 intervals. Thick black lines are positive values and thinner gray
lines are negative values. The black lines on the pressure map from the hydrographic
climatology are contours of pressure on the σ2 = 36.95 isopycnal at 50 dbar intervals.
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in the Newfoundland Basin. The higher resolution models, FLAME and ORCA025,
give the most accurate representation of the deep gyres.
To confirm that local depressions in the isopycnals correspond to deep recirculation gyres, the streamfunction, computed from the horizontal velocities interpolated
to the depth of each isopycnal, is overlaid on top of the maps of isopycnal pressure.
As seen in Figure 2.5, mean pressure contours on each isopycnal are good approximations to mean isopycnal streamlines. Moreover, the flow is anticyclonic around
the depressions in the isopycnals with northeastward flow along the northern slope of
the trough and a broad, southwestward current south of the center line of the trough.
The streamfunction computed from the time-mean isopycnal velocities represents the
mean Eulerian pathways for the flow on each isopycnal. All models exhibit a DWBC,
as indicated by negative values of the streamfunction immediately adjacent to the
western boundary and positive values further offshore. ORCA05 has a very strong
front between the subpolar and the subtropical gyres with flow from the Labrador
Sea reaching the eastern boundary, retroflecting, crossing the basin, and then joining the DWBC just past the Tail of the Grand Banks. The DWBC in ORCA05
appears to be a continuous, time-mean pathway within the subpolar and subtropical
gyres. This pathway, however, is diverted away from the western boundary by a
recirculation in the Newfoundland Basin. This recirculation, and the resulting interruption of transport between the subpolar and the subtropical gyres, is surprising
and unique to ORCA05. The hydrographic climatology, FLAME, and ORCA025
all show strong interaction between the subpolar and the subtropical gyres in the
Newfoundland Basin. Although the streamlines extending west of the Mid-Atlantic
Ridge in ORCA05 may hint at an interior pathway, only FLAME and ORCA025
exhibit a clear signal of both the DWBC and the interior export pathways from the
subpolar to the subtropical gyres.
An indication that the deep recirculation gyres are eddy-driven is their coinci44
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immediately below each corresponding subpanel, are different.
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dence with a pool of laterally homogenized potential vorticity [53]. Figure 2.6 shows
potential vorticity and eddy kinetic energy density (EKE) fields on each selected
isopycnal. In the subtropical and subpolar regions, contours of potential vorticity
deviate from the purely zonal pattern that holds in the tropics, where planetary
vorticity dominates and is the expected scenario for abyssal waters isolated from
forcing [52]. Similar to observations in hydrographic data [42], output from FLAME
and ORCA025 models exhibits regions of nearly uniform potential vorticity. The locations of these areas of homogenization coincide closely with the recirculation gyres
noted earlier in the hydrographic data, in FLAME and in ORCA025. The highest
resolution model, FLAME, exhibits a greater extent of potential vorticity homogenization than ORCA025. There is almost no large-scale, contiguous homogenization
in the lowest resolution model, ORCA05. This pattern is consistent with the observation, from the pressure map on the ORCA05 σ2 = 36.88 isopycnal, that there are
no deep recirculation gyres in its subtropical basin and possibly only a very weak
recirculation in the center of its Newfoundland Basin.
In agreement with the hypothesis that these are eddy-driven gyres, we see elevated
EKE where there is homogenized potential vorticity in FLAME and ORCA025. The
structures of the EKE distributions in FLAME and ORCA025 compare favorably
to deep EKE maps constructed from 1500 and 2000 m float observations [47]. The
magnitude of the EKE in FLAME is approximately double that of the observations
and in ORCA025 EKE is about half of the magnitude of the observations. It is
not surprising that FLAME has higher EKE than ORCA025 since it is generally
accepted that the magnitude of EKE is dependent on model resolution and EKE
increases as resolution increases. The isopycnal EKE in ORCA05 is at least an order
of magnitude smaller than in the higher resolution models, confirming that ORCA05
does not resolve mesoscale eddies.

46

2.4.2

Lagrangian signatures of deep recirculation gyres

Up to this point, we have considered only the time-mean, Eulerian signatures of
recirculation gyres. Although the net effect of the deep, eddy-driven recirculation
gyres seems consistent with an interior pathway, the only way to determine the
path taken by a fluid parcel is with a Lagrangian analysis. In particular, both
observations and models contain a stable, persistent DWBC. Despite this stability,
many Lagrangian drifters, in FLAME or in the ocean, do not remain in that current
and there is significant exchange with the gyre interior [10]. A Lagrangian analysis is
performed here in order to explore the effect of dispersion and the possible pathways
of the deep limb of the AMOC in each of the three models.
As described in Section 2.2.2, three-dimensional particle trajectories were computed over the 1992-2004 period in FLAME, ORCA025, and ORCA05. The synthetic
trajectory launch points were at the instantaneous depths of the isopycnals presented
in the Eulerian analysis, north of Orphan Knoll between 52 and 54o N, and extending
from the western boundary, through the basin interior, to the Mid-Atlantic Ridge.
This particular launch location was selected because it is a region where the DWBC
is strong and easily identified, and also where eddy kinetic energy (EKE) is relatively
low. The launch points were similar for all models with slight variations because of
the different structures of the model grids, model bathymetries, and the depth and
thickness of the isopycnals in each model. In order to sample the mesoscale variability, about 100 simulated particles were launched every 30 days over the 13 years
of model velocity fields, resulting in ensembles of 14 × 103 , 11 × 103 , and 15 × 103
trajectories in FLAME, ORCA025, and ORCA05, respectively. The movement of
the particles was extended to a 50-year simulation by recycling the 1992-2004 model
velocity fields as described in Section 2.2.2. In order to highlight the export pathways from the subpolar to the subtropical gyres, trajectories that were not able to
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Figure 2.7: Two-dimensional probability maps of Lagrangian drifter positions
for 50-year trajectories computed from the 1992-2004 velocity fields of FLAME,
ORCA025, and ORCA05. These maps were constructed from the 4.3×103 , 2.7×103 ,
and 1.9 × 103 trajectories that did reach 15o N after at least 50 years for FLAME,
ORCA025, and ORCA05, respectively. Drifters were launched between 52 and 54o N
from the western boundary to the MAR (thick black line) and integrated forward in
time. The potential vorticity on the σ2 = 36.98 (FLAME), σ2 = 36.99 (ORCA025),
and σ2 = 36.88 (ORCA05) isopycnals is overlaid with thin black lines as in Figure 2.6. Potential vorticity contour lines are drawn at 1 × 10−12 m−1 s−1 intervals.
The bottom panels are zonal sections of the time-mean meridional velocity field at
53o N contoured at 2 cm s−1 intervals. Dashed lines are negative (southward) velocities while solid lines are positive (northward) velocities. Red dots are the launch
locations of the trajectories in each model. The launch locations are slightly different in each model because floats were initialized in grid boxes with densities falling
within ±0.01 σ2 units of the isopycnal of interest in each model. Differences in the
grid resolution, as well as the depth and spacing of isopycnals in each model, will
affect the launch locations of trajectories. The time-mean transport in the DWBC
in each model at this location is 44.9, 22.4, and 25.75 Sv for FLAME, ORCA025,
and ORCA05, respectively.
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reach 15o N within 50 years after their launch date were discarded. The Lagrangian
pathway probability map, Figure 2.7 was constructed from the 4.3 × 103 , 2.7 × 103 ,
and 1.9 × 103 trajectories that did reach 15o N after at least 50 years for FLAME,
ORCA025, and ORCA05, respectively. These maps do not represent the net Lagrangian export of particles from the subpolar to subtropical gyres because not all
particles have exited the domain and the recirculation of points is counted. However, Figure 2.7 does show the probability that a float will reside along a Lagrangian
pathway. Including the trajectories that did not reach 15o N in the construction of
pathway probability maps results in maps similar to Figure 2.7 except that the slower
floats significantly increase the probability of residing in the basin interior because
they are caught in recirculations.
A similar float position probability map was constructed from backward trajectories launched at the depth of the isopycnal in each model in the core of the DWBC
between 14 and 16o N just to the east of the island of Dominica (Figure 2.8). The
backward trajectory launch location was selected because it is a location where the
DWBC in each model is clearly defined, situated south of any deep recirculation
gyres, and based on Figure 2.7, represents a location where all equatorward flow on
the isopycnal converges into a single boundary current. No trajectories were removed
from the backwards ensembles because in Figure 2.8 we want to highlight the source
regions of the DWBC at 15o N instead of the export pathways. As expected, there
is a high probability that Lagrangian drifters will be found close to the launch locations of the particles. In FLAME and ORCA025, trajectories tend to reside in the
interior of the subtropical and Newfoundland Basins (Figures 2.7 and 2.8). In both
the forward and backward trajectories from FLAME and ORCA025, there is a plume
of slightly elevated probability along the western boundary, indicating advection of
particles by the DWBC. However, the overall effect of the thin region of elevated
probability in the DWBC is outweighed by the probability that a float will reside in
49

FLAME

ORCA05

11
10

60˚N

ORCA025

12

11

18

10

8

9

12

1110

40˚N

5

9

20˚N

19
17
16 15
14

0˚
80˚W 60˚W 40˚W 20˚W

0

80˚W 60˚W 40˚W 20˚W

1.6e−05 2.4e−05 3.2e−05

2
0

4e−05

0˚

80˚W 60˚W 40˚W 20˚W

4.8e−05 5.6e−05 6.4e−05 7.2e−05

0

2

−8

−4

−4

−6

−60

−55
Longitude

0

−2

−4

−2

8e−05

−2

2
−1 −10

−8

0˚

2

0

0

0
2

−6

0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500

8e−06

0˚

0

−60

−55
Longitude

−60

−55
Longitude

Figure 2.8: Two-dimensional probability maps of Lagrangian drifter positions
for 50-year backward trajectories computed from the 2004-1992 velocity fields of
FLAME, ORCA025, and ORCA05. There were 18 × 103 , 5.8 × 103 , and 1.5 × 103
floats launched at 14-16o N in the core of the DWBC near the western boundary and
integrated backward in time for FLAME, ORCA025, and ORCA05, respectively.
The potential vorticity on the σ2 = 36.98 (FLAME), σ2 = 36.99 (ORCA025), and
σ2 = 36.88 (ORCA05) isopycnals is overlaid with black lines as in Figure 2.6. Potential vorticity contour lines are drawn at 1 × 10−12 m−1 s−1 intervals. The bottom
panels are zonal sections of the time-mean velocity field of each model at 15o N contoured at 2 cm s−1 intervals. Red dots are the launch locations of the simulated
floats. The launch locations are slightly different in each model because floats were
initialized in grid boxes with densities falling within ±0.01 σ2 units of the isopycnal
of interest in each model. Differences in the grid resolution, as well as the depth and
spacing of isopycnals in each model, will affect the launch locations of trajectories.
The time-mean transport in the DWBC in each model at this location is 15.8, 23.71,
and 13.1 Sv for FLAME, ORCA025, and ORCA05, respectively.

50

the basin interior. It is more likely that a float will reside in the gyre interior, which
suggests that the offshore recirculation gyres have a significant effect on the deep
AMOC pathway. Furthermore, there is a good correspondence between the region of
high drifter probability, the region of nearly homogeneous potential vorticity (Figures 2.7 and 2.8), elevated EKE on the isopycnals (Figure 2.6), and the location of
the deep recirculation gyres (Figure 2.5). Therefore, in FLAME and ORCA025, the
Eulerian signatures of the deep eddy-driven recirculation gyres are commensurate
with the pathways of Lagrangian particles.
As observed by Bower et al. [10], the Lagrangian pathways in FLAME suggest
that a direct, boundary current, export pathway for the deep waters from the subpolar to the subtropical gyres is weaker than an interior pathway. In particular, very
few simulated floats are able to follow the whole length of the DWBC as they are
exported from the Labrador Sea in forward trajectories (Figure 2.7) or as they are
stepped backward in time from the DWBC at 15o N (Figure 2.8), a location that appears to be where much of the throughput of the deep limb of the AMOC is gathered.
Figure 2.8 is also useful when comparing the spreading behavior of Lagrangian particles in boundary current regimes, from 15o N to 23o N, to locations where a boundary
current interacts with deep recirculations, from 23o N to 42o N. Where recirculation
gyres interact with the boundary current, particles are carried much farther away
from the boundary than where there is only a boundary current.
The Lagrangian pathways in ORCA025 are similar to FLAME, but there is a key
difference evident at the very center of the recirculation gyres. While the ExPath
floats [10] and simulated particles in FLAME cross through the center of the deep
recirculation gyres, particles in ORCA025 tend to be advected around the edges of
the recirculations (Figure 2.7). This observation also holds if all trajectories in the
FLAME and ORCA025 ensembles are used to construct probability maps instead of
just the trajectories that reached 15o N (as shown in Figure 2.7). The signatures of
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eddy-driven flow are stronger in FLAME so we expect more dispersion of particles in
the deep recirculation gyres in FLAME compared to ORCA025. Although we cannot
conclude with statistical rigor whether the trajectories in FLAME or ORCA025 are
closer to the observations (Section 2.2.2), it appears that the interior pathway in
FLAME, which is the one most strongly affected by eddies, may be a more accurate
representation of the exchange between the subpolar and subtropical gyres.
The Lagrangian pathways in ORCA05 are similar to an intensification of the
patterns observed in ORCA025. Forward trajectories follow the DWBC for a short
distance before being pulled away from the boundary at Flemish Cap, near 48o N, to
join a strong, eastward pathway that crosses the North Atlantic and retroflects at the
eastern boundary, in agreement with the mean streamfunction (Figures 2.5 and 2.7).
Compared to the two-dimensional drifter position probability maps constructed from
FLAME and ORCA025, the particles in ORCA05 tend to spread out less and are
instead concentrated along a single, dominant pathway (Figures 2.7 and 2.8). Instead of crossing through deep recirculation gyres, dispersing, and filling in the basin
interior as in FLAME, Lagrangian particles in ORCA05 tend to skirt the edges of
the recirculations in the Newfoundland Basin and stay together. The probability
of finding floats inside the closed contours of a recirculation gyre is much lower in
ORCA05 than in ORCA025. This observation is consistent with the lower resolution
of ORCA05, which does not permit as much eddy activity as the other models.
We originally hypothesized that the low eddy activity of ORCA05 would allow
the Stommel-Arons balance to dominate the vorticity balance at depth, resulting
in a dominant DWBC pathway compared to the higher resolution models. The
Lagrangian pathways in Figures 2.7 and 2.8 show that this hypothesis is complicated by the presence of a strong front between the subpolar and the subtropical
gyres in ORCA05. However, the time-mean stream functions in Figure 2.5 indicate
that the DWBC should still be a relatively strong pathway in ORCA05 compared
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Figure 2.9: Two-dimensional probability maps of Lagrangian drifter positions
for 50-year trajectories computed from the 1992-2004 velocity fields of FLAME,
ORCA025, and ORCA05. There were 4.4 × 103 , 1.9 × 103 , and 1.0 × 103 floats
launched at 51-50o W and 42-44o N in the core of the DWBC at the Tail of the Grand
Banks and integrated forward in time for FLAME, ORCA025, and ORCA05, respectively. The potential vorticity on the σ2 = 36.98 (FLAME), σ2 = 36.99 (ORCA025),
andσ2 = 36.88 (ORCA05) isopycnals is overlaid with black lines as in Figure 2.6.
Potential vorticity contour lines are drawn at 1 × 10−12 m−1 s−1 intervals. The panels at the bottom show probability difference maps between FLAME and ORCA025
(left) and ORCA05 and ORCA025 (right).
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to ORCA025 and FLAME. To isolate the interaction between the DWBC and the
subtropical gyre in each model, we launched floats at the Tail of the Grand Banks
(TGB) on the isopycnals of each model and constructed a probability map from all
the trajectories of each TGB ensemble (Figure 2.9). In order to highlight differences
in spreading of particles in each model, we also computed probability difference maps
relative to ORCA025. ORCA05 retains more floats for longer distances in its DWBC
than ORCA025 and FLAME. In fact, floats in the highest resolution model, FLAME,
disperse the most from the DWBC, which results in the lowest probabilities in the
DWBC. Therefore, the higher resolution models with deep recirculation gyres exhibit greater interaction between the DWBC and the basin interior than the lowest
resolution model.
2.4.3

Sustaining the deep recirculation gyres

In the previous sections, we examined the Eulerian and Lagrangian signatures of
the deep recirculation gyres within the model simulations. In this section, we are
interested in verifying that these signatures are the result of eddy dynamics in the
model. Toward that end, we first assess whether these gyres are stable features in
each model and not simply a remnant of the initial conditions of the simulations.
The effect of initial conditions and the stability of a model are often assessed
by examining the energy within the model over time. Since we are concerned with
just the recirculation gyres, and not the spin-up of the whole model domain, we
computed the monthly and area-averaged kinetic energy density on an isopycnal
from each model in the region from 65o W to 45o W and 35o N to 40o N. The isopycnals
used for calculations in the previous sections are used here as well. The recirculation
gyre energy in the models gradually grows with time and appears to reach a stable
state well before 1992 in each model (not shown). During the 1992-2004 hindcast
period, the time mean area-averaged kinetic energy density on the isopycnal of each
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Figure 2.10: Map of the potential vorticity Austausch (exchange) coefficient, Aq ,
computed over the 13 years of model output 1992-2004. Positive values indicate
regions of eddy growth, and negative values are regions of eddy decay. The units
on the colorbar are m2 s−1 . The potential vorticity on the σ2 = 36.98 (FLAME),
σ2 = 36.99 (ORCA025), and σ2 = 36.88 (ORCA05) isopycnals is overlaid with
black lines as in Figure 2.6. Potential vorticity contour lines are drawn at 1 ×
10−12 m−1 s−1 intervals.
model is 2.1±0.4×103 , 0.6±0.2×103 , and 5±1×105 m2 s−2 for FLAME, ORCA025,
and ORCA05, respectively. According to the time progression of the kinetic energy
density on each isopycnal, it appears that the 1992-2004 hindcast portion of each
model output is in a steady state.
Since the regions of homogenized potential vorticity in hydrographic data, FLAME,
and ORCA025 are signatures of eddy-driven recirculation gyres [42] [53], the extent
of homogenization on the deep isopycnal in each model is a metric for the size of
the recirculation gyres. In examining the potential vorticity distribution on isopycnals at discrete times during and after model spin-up, we observe that the extent
of homogenization is maintained in FLAME and ORCA025 despite different initial
conditions in each model.
Further evidence that the deep recirculation gyres in FLAME and ORCA025 are
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the result of sustained eddy activity is that the eddy fluxes of potential vorticity are
down the mean potential vorticity gradient in the vicinity of the gyres (Figure 2.10).
Figure 2.10 is a map of the potential vorticity Austausch coefficient, Aq , on an
isopycnal for each model, a measure of down gradient eddy fluxes and regions of
growth or destruction of eddies. Positive values of Aq indicate that eddy fluxes of
potential vorticity are consistently down the mean gradient and there is a source of
enstrophy. The highest values of Aq in FLAME and ORCA025 coincide with the
deep recirculation gyres, homogenized potential vorticity, and high EKE. ORCA05
has only very weak sources of enstrophy as compared to the higher resolution models.
The potential vorticity exchange coefficient, Aq , can also be interpreted as a timemean Lagrangian diffusivity. This interpretation of Aq is fully consistent with the
Eulerian and Lagrangian observations made thus far. In particular, the consistently
high levels of Aq in FLAME in the Newfoundland Basin matches the observation
that Lagrangian pathways tend to go through the center of the deep recirculation
gyres rather than around their edges as in ORCA025 and ORCA05. The elevated
levels of Lagrangian diffusivity in ORCA025 and FLAME act to spread floats out
much more in the basin interior than in ORCA05 (Figures 2.7 and 2.9).
2.4.4

Deep eddy-driven recirculation gyres and the Stommel-Arons balance

Finally, we seek to quantify the contribution of eddies to the deep flow field. Toward
this end, we investigate the role of eddies in the vorticity balance on an isopycnal
(Equations 2.4, 2.5, and 2.6) by computing the correlation coefficient between the
sum of the terms on the left and the right hand sides of each equation, ignoring forcing and dissipation, at each grid point in 2o × 2o bins. This scale was set to preserve
information at small spatial scales, while still allowing for an assessment of the equations on the basin scale. The resulting correlation maps, Figures 2.11 and 2.12, show
where the left and the right sides of Equations 2.4, 2.5, and 2.6 are well or poorly
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balanced. Spatial correlation maps for ORCA05 are not included because there are
only very small, isolated regions of significant correlations. In general, the StommelArons balance (Equation 2.6) is better correlated in ORCA025 (Figure 2.12) than in
FLAME (Figure 2.11). Although there are regions of significant correlations in both
FLAME and ORCA025, the Stommel-Arons balance does not completely explain
the flow on the isopycnals considered here. Adding local vorticity to the balance
(Equation 2.5) produces only a slight increase in correlation in both FLAME and
ORCA025. It is when the divergence of eddy fluxes of local vorticity is added to the
isopycnal vorticity budget (the second term on the right hand side in Equation 2.4)
in FLAME that we begin to see very large correlations over broad areas, especially
in the regions of the recirculation gyres and the western Atlantic. ORCA025, on the
other hand, experiences only a slight increase in correlation when eddy fluxes are included. Thus, it appears that the inclusion of eddies is very important in maintaining
the vorticity balance in FLAME, but less so in ORCA025.
Even with the modified Stommel-Arons balance (Equation 2.4), there are regions
of poor correlation. This mismatch can be partially explained by recalling that all of
the vorticity budget equations discussed here, including the Stommel-Arons balance,
are complete only if vorticity sources and sinks are negligible. The Labrador Sea is
a source of low potential vorticity due to the deep convection in that region. The
Mediterranean waters are a source of especially high potential vorticity in FLAME
(Figure 2.6), leading to consistently low correlations in the eastern Atlantic basin
from about 25o N to 40o N. Finally, there is dissipation in the vicinity of the MidAtlantic Ridge (MAR), so we see lower or insignificant correlations on the isopycnal
in locations close to the MAR. However, there are some regions where we expect the
modified Stommel-Arons balance to hold, but we still get low correlations in those
locations. In particular, FLAME has low correlations in the zonal band between the
equator and 10o N. Interestingly, ORCA025 shows good correlation in the same place.
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Figure 2.11: Correlation map of the left hand side (LHS) and right hand side
(RHS) of the classical, isopycnal Stommel-Arons balance (Equation 2.6), the inclusion of local vorticity in the isopycnal Stommel-Arons balance (Equation 2.5), and
the inclusion of local vorticity and eddy fluxes in the vorticity budget (Equation 2.4)
for the σ2 = 36.98 isopycnal in FLAME. Correlations between terms were determined
by computing the linear regression among all the grid points in each 2o × 2o square.
The value of the dimensionless correlation coefficient, R, is shaded in color. All colored squares have correlations significant to at least 95% confidence and any blank
squares failed the significance test. Contours of the mean potential vorticity field on
the same isopycnal are overlaid at 1 × 10−12 m−1 s−1 intervals, as in Figure 2.6.

2.5 Conclusions
In this chapter, we have demonstrated that recirculation gyres, possibly associated
with the Gulf Stream/North Atlantic Current, are simulated in ocean general circulation models and are responsible for creating interior pathways for the deep limb of
the AMOC. All models in this study reveal interior pathways to some extent; however only the eddy-resolving and eddy-permitting models reproduce the observed
pressure and potential vorticity fields from which eddy-driven recirculations have
been inferred. Importantly, the model signatures of the deep gyres are shown to
be sustained by model dynamics rather than the result of the models initial con-
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Figure 2.12: Correlation map for ORCA025. This figure was constructed in the
same way as Figure 2.11 but on the σ2 = 36.99 isopycnal in ORCA025.
ditions. Compared to the two lower resolution models, output from the highest
resolution model, FLAME, exhibits deep recirculation gyres that most closely match
the structure and potential vorticity homogenization of the observed deep recirculation gyres. Lagrangian trajectories in both FLAME and ORCA025 show that most
of the subpolar to subtropical export of the deep limb of the AMOC flows at depth
in a broad, equatorward interior pathway rather than the DWBC. These interior
pathways coalesce near the western boundary to the south of the deep recirculations,
where the eddy energy subsides. In contrast, the lowest resolution model, ORCA05,
has no deep recirculation gyres in the subtropics, and, as a result, the equatorward
export of deep water to the subtropics follows a pathway largely constrained by the
subtropical-subpolar gyre front.
To assess the validity of the traditional model for the abyssal circulation, namely
the Stommel-Arons balance, the vorticity balance in these models was examined. Although the two terms of the classical Stommel-Arons balance (Equation 2.6) loosely
correlate over most of the domain in FLAME and ORCA025, including local vorticity
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(Equation 2.5) and eddy fluxes of local vorticity (Equation 2.4) improved the correlations. In particular, eddies contribute most significantly to the vorticity budget of
FLAME, as expected, since this model largely resolves their features.
We conclude that the eddy-permitting and eddy-resolving models used in this
study are able to reproduce realistic signatures of the deep recirculation gyres. While
there are too many differences in parametrizations, bathymetry, and forcing between
the models used here to conclude that model resolution is the single critical factor
enabling deep recirculation gyres, there is a consistent relationship between high levels of eddy activity and the presence of deep recirculations. Within these models,
the deep recirculation gyres have an impact on the pathway of the deep limb of the
AMOC. A significant fraction of the waters in the vicinity of the deep recirculations
in the subtropical gyre moves equatorward through the basin interior, counter to the
traditional model of all equatorward flow being constrained to a narrow Deep Western Boundary Current. These conclusions, based on ocean model output, match
inferences about an interior pathway for the deep limb of the AMOC made from
hydrographic data [42], the flux of Lagrangian drifters from the DWBC to the interior [10] [8] [17] [35] [57], and elevated passive tracer concentrations in the gyre
interior [15] [32] [43] [49] [51] [59]. Thus, it appears that the export of deep waters
from the subpolar to subtropical gyres at mid-depths in the North Atlantic is shaped
by deep recirculations in the subtropical basin. Since there is still an active debate
concerning the relative effects of wind and buoyancy forcing on the AMOC [3], it
remains to be seen to what extent variability in the forcing affects the variability of
the deep recirculations and the attendant pathways of the AMOC.
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3
Reconciling tracer and float observations of the
export pathways of Labrador Sea Water

3.1 Introduction
It has been generally accepted by oceanographers that the Deep Western Boundary
Current (DWBC) is the principal conduit of recently-convected Labrador Sea Water
(LSW) exported from the high-latitude North Atlantic to the equator [63]. Observations that contribute to this supposition are that the waters of the DWBC have consistently greater equatorward velocities [14] [18] [37] [57] [71], higher concentrations
of passive tracers, and are younger compared to the ocean interior [15] [58] [59]. However, observations and simulations of floats launched in the DWBC in the Labrador
Sea show that most particles are quickly ejected from the DWBC and follow an
interior pathway to the subtropics [9] [10] [17] [35]. Here, we show that there is
no contradiction between tracer and float observations: tracer observations from
the last three decades are compatible with the existence of both DWBC and basininterior export pathways. In observations and a model, we find that equatorward
transport in the basin interior is consistent with the large-scale vorticity balance at
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mid-depth. Furthermore, in a model we show that despite higher, localized concentrations of tracer and Lagrangian particle trajectories in the DWBC, the interior
pathway makes the dominant contribution to LSW export. The interior pathway of
LSW is therefore a critical component of the deep limb of the Atlantic Meridional
Overturning Circulation (AMOC), which carries global climate signals.
Because gases from the atmosphere are mixed into high-latitude waters at the
surface and then brought to depth by convection [55] [59], the deep ocean represents
a sink of anthropogenic CO2 and chlorofluorocarbons (CFCs). Since CO2 and CFCs
are greenhouse gases and dissolved CO2 contributes to ocean acidification, an understanding of tracer movement at depth is of interest. The central question of this
chapter is focused on the apparent contradiction of tracer and float observations:
Does the DWBC pathway, exemplified by high CFC concentrations, coexist with an
interior pathway as suggested by float observations?

3.2 Tracer spreading in observations and a model
We obtained CFC-11 observations from the CArbon dioxide IN the Atlantic (CARINA) V1.0 database [24] and the GLobal Ocean Data Analysis Project (GLODAP) V1.0 database [31] because these compilations of data used expert experience to quality control CFC-11 data. Here, we study only CFC-11 because it
is the most measured type of CFC in the North Atlantic. For our region of interest, the western North Atlantic, no corrections were applied to these CFC-11
observations. We downloaded all North Atlantic CFC data in the World Ocean
Database 2009 hosted by the National Oceanographic Data Center. Any cruises not
already in the CARINA and GLODAP databases were included in our database. Finally, we incorporated data from the Transient Tracers in the Ocean North Atlantic
Study (TTO-NAS) leg 7 database (J. Bullister and T. Tanhua, personal communication) and the Woods Hole Oceanographic Institute (WHOI) Line W Program [29]
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(http://www.whoi.edu/science/PO/linew/ ) into our database.
A typical section of CFC concentration is presented in Figure 3.1 a. High concentrations near the surface lie above a separate local maximum centered at about
1000 m. This mid-depth local maximum in the CFC concentration is associated
with LSW that was brought to depth in the Labrador Sea during winter convection [58] [59]. A smaller, deeper, local maximum of CFC is centered at about 3000 m
and is attributed to dense overflow waters originating in the Norwegian and Greenland Seas [58] [59]. The highest CFC concentration below the surface layer (green
star in Figure 3.1) is against the continental slope and resides in the upper portion
of the DWBC. There is also a significant amount of tracer in the basin interior in
addition to the DWBC.
The mid-depth, high CFC concentration core in the DWBC is reproduced in a
CFC simulation in an eddy-permitting ocean general circulation model, ORCA025 [1]
(Figure 3.1 b). More information about ORCA025 is provided in Section 2.2.1. It
is important to note that the online CFC-11 simulation was computed during the
ORCA025 model integrations and not offline. The calculation of advection and
diffusion of CFC-11 used the model velocity and diffusivity fields at every 24 minute
integration time step. The operators used to calculate the advection and diffusion
of CFC-11 are the same as for the model temperature and salinity. No CFC-11 was
applied during the first year of the model run, 1958, to allow the model to reach an
initial geostrophic balance after the shock from the initial conditions. For 1959-2004,
the ocean surface took up CFC-11 [33] and the resulting three-dimensional monthly
mean passive tracer distributions were saved over the 47-year duration of the model
run.
As in observations, the model exhibits elevated levels of CFC in the basin interior.
Also, ORCA025 has a DWBC with similar strength and variability as the observed
DWBC (Figures 3.2 and 3.3). The lower CFC concentrations in ORCA025 reflect
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Figure 3.1: Comparison of observed and modeled CFC-11 distributions and particle position probability at approximately 66o W. (a) Section of CFC-11 concentration
measured during R/V Knorr cruise 316 from October 24, 2003 to November 12, 2003.
(b) November 2003 monthly mean CFC-11 concentration from the ORCA025 model.
Green stars at about 1000 m depth and 40o N indicate the instantaneous location
of the DWBC CFC-11 core as defined in the text. (c) Lagrangian particle position
probability computed from 609,055 simulated particles launched in ORCA025 surface
grid boxes in the Labrador Sea. All monthly positions in each 50-year trajectory were
used to create a probability volume whose section is displayed here (Section 3.3.2).
Thick gray lines are the average location of the σθ = 27.74 kg m−3 isopycnal constructed from the hydrographic climatology (a) or from the average location of the
σθ = 27.74 kg m−3 isopycnal in the model from 1980 to 2004 (b and c). Inset maps
show the location of each section with a red line.
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the fact that CFC-11 was added to the simulation after January 1, 1959, while
the real ocean has been taking up small amounts of CFCs since the 1930s. One
feature of the observed CFC distribution that is not reproduced by the model is
the weaker, deeper core of CFC concentrations associated with the dense overflow
waters. ORCA025 uses both partial step representation of bathymetry and a bottom
boundary layer parametrization. This combination, while generally advantageous
for a model, may not always resolve overflow plumes, causing additional mixing
which erases the overflow waters’ tracer signal [23]. However, CFC in LSW is not
significantly altered by this effect because LSW resides at intermediate depths.
We define the DWBC CFC core as the highest CFC-11 concentration below 500 m
and inshore of the 4000 m isobath. The 4000 m isobath is an estimate of the offshore
edge of the DWBC since absolute velocity observations are not always available.
For each DWBC section, a maximum value of the DWBC CFC core was found and
sorted according to distance along the western boundary and date. In observations
(Figure 3.4 a), the DWBC tracer core appears to extend equatorward continuously.
In contrast, the tracer signal in the model DWBC exhibits a discontinuity near the
Tail of the Grand Banks (TGB) (Figure 3.4 b). However, when the model CFC
fields are subsampled at the approximate location and date of each observation, the
discontinuity at TGB is no longer resolved (Figure 3.4 c). Therefore, the continuity
of the tracer signal path is likely an artifact of limited observations.
The discontinuity of the tracer signal at TGB in the model corresponds to the
approximate location of the boundary between the subpolar and subtropical gyres
where observations and simulations in ORCA025 and other models [9] [10] [20] show
that Lagrangian particles are ejected from the DWBC. Despite the discontinuity
at TGB, advective pulses of CFC in the mid to late 1990s, present in the model
(Figure 3.4 b) and suggested in observations (Figure 3.4 a), may reflect the intense
LSW production in the early 1990s. However, these pulses, limited to a few thou65
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Figure 3.2: Map of section locations to determine DWBC strength in ORCA025.
The average extents of zonal and meridional sections where the strength of the
DWBC is computed in ORCA025 are shown with black lines. For each section,
the equatorward flow inshore of the 0 cm s−1 isotach at each time step is detected
as the DWBC. Red (zonal sections) and green (meridional sections) dots show the
positions of the cross-section area-weighted centroid of the equatorward flow of the
DWBC at each section. Gray shading indicates bottom depths in the ranges of less
than 500 m, between 500 and 1000 m, 1000 and 2000 m, and 2000 and 3000 m, from
dark to light.

66

Volume Transport [Sv = 1x106 m3 s−1]

40

h

i

g
30

a
a
b

20
d

e
f

c
c
10

0
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Distance along western boundary [km]
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one standard deviation envelope in the transport at each position along the boundary. Large black dots are observational estimates of the DWBC volume transport,
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(d) Schott et al. [56], (e) Pickart and Smethie [50], (f) Joyce et al. [29], (g) Leaman and Harris [36], (h) Meinen et al. [46], (i) Lee et al. [37]. All transport observations cited here are similar in that they estimate equatorward transport in the
DWBC and do not factor in recirculations adjacent to the DWBC. Blue bars at each
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Observations that were taken at the same locations are offset slightly from their
original positions for readability.
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Figure 3.4: Spreading rates of the CFC-11 signal in DWBC. (a) Magnitude of the
DWBC CFC core at each observed section of the DWBC. The shaded and contoured
field is interpolated [60] between observations (black dots) onto a 200 km by 6 month
resolution grid. Each dot is a CFC-11 maximum in the DWBC; one of these is the
green star in Figure 3.1 a. (b) Magnitude of the DWBC CFC core in ORCA025
tracer fields. Locations of model data are not shown since they are too numerous and
obscure the plot. Black contour lines represent a smoothed version of the color shaded
background at the same resolution as the interpolation in panel a. (c) Magnitude
of the DWBC CFC core in ORCA025 output which has been subsampled (black
dots) at only the approximate time and place of each observation in panel a. The
surrounding values are determined by interpolation by the same method as in panel
a. The distance along the boundary starts at 0 km at 55o N on the western boundary
of the Labrador Sea and geographic features are indicated by FC (Flemish Cap),
TGB (Tail of the Grand Banks), CC (Cape Cod), CH (Cape Hatteras), A (Abaco),
H (Haiti), and BC (Brazil Coast). The thick, solid gray line slanting through each
panel represents a slope of 1 cm/s. The thick, dashed gray lines indicate the end of
the model run; values beyond this line are extrapolated.

sand kilometers along the boundary, are subsumed by the slower, larger-scale tracer
signal. Furthermore, the exchange of mass between the DWBC and the interior is
not limited to the area around TGB. Exchange between the DWBC and the interior
along the whole western boundary is consistent with the well-known discrepancy between observed tracer signal spreading rates (∼1 cm s−1 ) and observations of pure
advection in the DWBC (∼10 cm s−1 ) [8] [58] [62].
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3.3 The spreading of Lagrangian particles in a model
In ORCA025, the tracer field is changed by both advection by the model velocity
field and a parametrized sub-grid scale diffusion. Lagrangian particle trajectories
calculated from the ORCA025 velocity field, however, provide a purely advective view
of the export pathways of LSW. Thus, Lagrangian results are less dependent on the
choice of tracer diffusivity parameters. We directly compare tracer and Lagrangian
simulations by computing trajectories of 6.1 × 105 particles launched at the surface
of the Labrador Sea in ORCA025 and constructing a particle position probability
volume using this trajectory ensemble.
3.3.1

Lagrangian particle launch strategy

Particle trajectories were computed offline with the Ariane trajectory calculation
program [4] using the archived 5-day average velocity fields from ORCA025. Particles
were launched in the surface grid nodes of the ORCA025 Labrador Sea between 62o W
to 48o W and 53o N to 65o N that had temperatures between 3.0o C and 4.0o C at a single
time step. This launch strategy resulted in about 660 floats launched at the surface
every ten days from 1980 to 2004, generating a total of 609,055 trajectories. The
trajectories of these floats were simulated forward in time for 50 years using the
recycled 1980 to 2004 velocity fields with a temporal discontinuity at Dec 31, 2004
to Jan 1, 1980. All float positions were logged every 30 days. The simulated floats
were allowed full three-dimensional movement according to the model velocity field.
3.3.2

Particle position probability volumes

Three-dimensional probability volumes are constructed by subdividing the North
Atlantic into 0.25o longitude by 0.25o latitude by 200 m deep boxes and counting
the number of times particles are present in each box, including repetitions. A range
of bin sizes has been tried (1o to 0.1o in the horizontal and 500 m to 50 m in the
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vertical) with no significant effect on the results. When the counting is complete,
the value in each box is divided by the total number of particle positions in the
trajectory ensemble resulting in a three-dimensional probability map showing where
floats tend to reside over the course of a 50-year simulation. Since we are computing
the probability volume using the full length of all trajectories instead of the particle
positions at a single instant in time, this probability reflects the integrated effect of
the passage of particles over the whole length of the simulation in much the same way
that CFC-11 has accumulated in recently ventilated waters over the years. Therefore,
the probability volumes constructed from Lagrangian particles are comparable to
CFC-11 concentrations about 50 years after CFC-11 input to the ocean became
significant.
The particle position probability volume is similar to the observed and modeled
tracer fields (Figure 3.1 c). In particular, the greatest particle probabilities are in
the DWBC, coincident with the highest tracer concentrations. The relatively high
particle probabilities at 19o N are consistent with the fact that Lagrangian particles
are not affected by sub-grid scale, parametrized diffusion as they are advected by
the DWBC. However, purely advective particles are subject to the eddy diffusivity
of the mesoscale velocity field. Therefore, although there is a strong particle position
probability signal near the boundary, many particles reside in the basin interior.
3.3.3

Lagrangian comparison of the DWBC and interior pathways

In order to quantify the relative importance of the DWBC and interior export pathways, the inventory of simulated particles in the basin interior and in the DWBC was
computed. As above, we defined the boundary between the interior and the DWBC
as the 4000 m isobath. Since we chose to focus on the export of LSW, the domain of
the particle inventory was constrained to a box spanning the width of the Atlantic
between 25 and 53o N and only the trajectories of the 1.2 × 105 particles that crossed
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25o N within 50 years were used. Averaged over the whole simulation, particles have
an 86% probability of transiting the basin interior and a 14% probability of residing
in the DWBC.
Lagrangian data also allow for the quantification of particle spreading time scales.
We calculate Lagrangian age by averaging the particle transit times reaching each
position in the North Atlantic. A particle age volume is therefore constructed in a
similar way as a particle position probability volume. Instead of counting the number
of floats that pass through each grid box, the instantaneous run time, or age, of each
float is noted. The average age of the particles that are in each grid box is computed.
Similarly, the variance in the age in each grid box is also obtained.
The age maps constructed from our simulations of LSW (Figure 3.5) are consistent with age maps computed from tracer observations at the depth of LSW [59] [16].
The DWBC is clearly the fastest LSW export pathway to the subtropics (Figure 3.5).
However, the DWBC exhibits the greatest variability in age, evidence that it carries
more than just the signal of the fastest export pathway.

3.4 The vorticity balance at depth and the interior pathway
Finally, we test if equatorward movement of LSW in the basin interior is consistent
with large-scale dynamical theory. The first order vorticity balance between water
column stretching and planetary vorticity is:
βv = f

∂w
∂z

(3.1)

where f is the Coriolis parameter, v is meridional velocity, w is vertical velocity, and
β = ∂f /∂y. This balance applies to deep waters isolated from forcing or dissipation.
Classical abyssal flow theory starts from the supposition that localized, intense deep
convection at high latitudes is balanced by distributed upwelling throughout the
rest of the ocean from the abyssal layer into the thermocline. In that case, interior
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Figure 3.5: Lagrangian age and age variability of simulated LSW. (a) Average
Lagrangian age of particles launched in the surface of the Labrador Sea that reach
each 0.25o × 0.25o × 200 m box at 1500 m depth. (b) Vertical section of the average
age volume at 66o W. (c) Standard deviation of the Lagrangian age of particles at
1500 m. (d) Section of the standard deviation of Lagrangian age of particles at
66o W. Blank regions were visited by less than 3 particles. Thick red lines on the
maps indicate the location of each section. Thick gray lines on the sections mark
the average location of the σθ = 27.74 kg m−3 isopycnal in the ORCA025 model
from 1980 to 2004. Black contour lines on maps are smoothed (200 km boxcar filter)
versions of the color-shaded field to highlight large-scale patterns. No smoothing is
applied to sections.
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Hydrographic Climatology
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Figure 3.6: Maps of buoyancy frequency on isopycnal surfaces. (a) Average
buoyancy frequency on σθ = 27.74 kg m−3 constructed from the hydrographic
climatology
described in Section 2.2.3. Here, buoyancy frequency is defined as
p
N = g(σθ + 1000)−1 ∂σθ /∂z where g is the acceleration due to gravity, σθ is the
potential density referenced to the surface, and z is the vertical coordinate. (b) Average buoyancy frequency on σθ = 27.74 kg m−3 in the ORCA025 model from 1980
θ
.
to 2004. On a constant density surface, N is a function of only the stratification, ∂σ
∂z
∂σθ
High values of ∂z indicate that density surfaces are closely spaced and low values
correspond to relatively thicker layers.

flow is poleward because water columns are stretching in the interior. This balance
would not apply to DWBC waters because they are subject to the effects of friction.
Therefore, this theory predicts that the DWBC is the only possible equatorward
conduit of abyssal waters [63].
However, this theory has never been tested because neither distributed upwelling
nor poleward interior flow at depth have been observed. Also, it is unclear to what
extent the abyssal vorticity balance affects intermediate depth water (e.g. LSW).
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At intermediate depths, equatorward flow in the interior has been observed [9] [10].
Further support for equatorward flow in the interior is found in climatologies constructed from hydrographic observations (the same quality controlled database as in
Section 2.2.3) and ORCA025. In both observations and the model, layer thickness
at the LSW level decreases equatorward (Figure 3.6). Thus, equatorward flow in
the interior is consistent with Equation 3.1 because layers at the depth of LSW are
thinning toward the equator.

3.5 Conclusions
We have shown that ocean tracer, density, and Lagrangian observations are consistent with each other when an interior, equatorward, pathway for the export of LSW
is taken into consideration in addition to the traditionally accepted DWBC pathway.
Our simulation results agree with observations that the fastest part of the tracer
signal is concentrated in the DWBC. However, the same simulation shows that the
DWBC holds the greatest variability in Lagrangian age. Furthermore, in the simulation, this interior pathway is the dominant LSW export pathway. These conclusions
are consistent with previous work [42] [43] and Chapter 2 that show that eddy-driven
deep recirculation gyres are a plausible mechanism for the existence of an interior
pathway and these large-scale, interior-basin flow patterns shape the spreading of
tracer and Lagrangian export pathways. We are left with a new question: if there is
no interior poleward flow at intermediate depths, why is there a DWBC?
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