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ABSTRACT

Motivated by discrepancies between Eulerian transport estimates and the behavior of Lagrangian surface
drifters, near-surface transport pathways and processes in the North Atlantic are studied using a combination
of data, altimetric surface heights, statistical analysis of trajectories, and dynamical systems techniques.
Particular attention is paid to the issue of the subtropical-to-subpolar intergyre fluid exchange. The velocity
field used in this study is composed of a steady drifter-derived background flow, upon which a time-dependent
altimeter-based perturbation is superimposed. This analysis suggests that most of the fluid entering the
subpolar gyre from the subtropical gyre within two years comes from a narrow region lying inshore of the Gulf
Stream core, whereas fluid on the offshore side of the Gulf Stream is largely prevented from doing so by the
Gulf Stream core, which acts as a strong transport barrier, in agreement with past studies. The transport
barrier near the Gulf Stream core is robust and persistent from 1992 until 2008. The qualitative behavior is
found to be largely independent of the Ekman drift.
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1. Introduction

In educating the public on the role of the ocean cir-
culation in climate, the global circulation is often sim-
plified and presented as a branching ‘“‘conveyor belt.”
Transport pathways in this picture are represented in
terms of continuous currents, even though it is known
that the actual movement of water may take place in
eddies and over paths that are intermittent. However,
even in the North Atlantic, the most densely sampled
major basin in the global ocean, it is difficult to move
beyond the conveyor belt model since transport pathways
in the upper and lower limbs of the meridional over-
turning circulation (MOC) are still so poorly understood.

The traditional view (Stommel and Arons 1960) that
recently ventilated waters from the subpolar North At-
lantic flow southward in a deep western boundary cur-
rent (DWBC) has recently been contradicted by a study
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of deep floats (Bower et al. 2009), which shows that the
primary southward pathway for these waters lies well
offshore. Similarly, the general expectation that waters
constituting the upper limb of the MOC are carried
continuously into the subpolar gyre via the Gulf Stream/
North Atlantic Current has come under some recent
suspicion. Prior studies have shown that the Gulf Stream
transports approximately 65 Sv (Sv = 10° m®s™!) at
Cape Hatteras (e.g., Johns et al. 1995) and that about
20 Sv of this flow makes its way northward into the
subpolar gyre via the North Atlantic Current. However,
recent studies based on surface drifters show very little
intergyre exchange in the North Atlantic, leaving open
the question of how, where, or when the waters of the
MOC upper limb enter the subpolar gyre to eventually
return to their deep-water formation sites. Clearly, our
understanding of how water parcels move as part of the
North Atlantic MOC remains unclear. The main thrust
of the present paper is to clarify this picture using a
combination of data, models, trajectory statistics, and
methodology from dynamical systems theory.
Observations of surface drifters in the North At-
lantic show surprisingly small connectivity between
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the subtropical and subpolar gyres. Of the drifters
deployed south of 45°N from 1990 to 2002, only one
reached the subpolar gyre (Brambilla and Talley 2006).
At first glance, these observations suggest that the two
gyres are completely separated from each other at the
surface by a transport barrier. However, because of the
limitations of the drifter dataset, it is also possible that
surface exchange between the gyres is limited to certain
areas or times that were poorly sampled by drifters and/
or occurs on time scales longer than the typical drifter
lifetime.

Brambilla and Talley (2006) investigated the possi-
bility that sampling bias (due to short drifter lifetime) or
Ekman drift could have led to the surprisingly small
number of drifter crossings. They quantified the per-
centage of actual and simulated drifters, deployed in the
rectangular domain (referred to as the Gulf Stream box)
from 35° to 47°N, 78° to 48°W, that crossed into the sub-
polar gyre. Simulated drifters were advected through the
drifter-derived mean field with and without the Ekman
component and through the mean field with a stochastic
perturbation (representing turbulent eddies) superim-
posed. The authors found that the sampling bias and the
Ekman velocity limit the connectivity between the gyres,
whereas the stochastic perturbation increases the con-
nectivity. Contributions from the Ekman and turbulent
components were estimated to be of the same order and
account for only about 5%—-6% decrease or increase,
respectively, in drifter crossings. The authors were also
able to create a set of trajectories with an average life
span of 600 days by compositing shorter trajectories,
which led to a modest 4% increase in drifters moving
from the Gulf Stream box to the subpolar gyre. Note,
however, that these specific numbers apply only to their
rectangular launch site and may not be representative of
other regions. Even with a 10% increase in the number
of drifters that make it to the subpolar gyre, it is difficult
to account for the 20 Sv (of 65 Sv at Hatteras) estimated
to do so.

According to Bingham et al. (2007), another indica-
tion of limited connectivity between the gyres is the loss
of meridional coherence of MOC anomalies at about
40°N, which corresponds roughly to the intergyre bound-
ary. In their modeling study, these authors demonstrated
that the loss of coherence could be attributed to the
dominance of decadal variability for the zonally aver-
aged northward transport anomalies north of 40°N, in
the subpolar region, compared to the dominance of an-
nual and higher-frequency variability in the subtropical
region.

The impact of interannual variability in the North At-
lantic surface currents on intergyre exchange was further
investigated by Hakkinen and Rhines (2009) using nearly
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the same drifter dataset as in Brambilla and Talley (2006).
These authors separated the observed drifter tracks into
three intervals (1991-95, 1996-2000, and 2001-05) and
counted the number of drifters moving from the Bram-
billa and Talley Gulf Stream box to the subpolar gyre
during each interval. Their analysis indicated an increase
in the intergyre connectivity after 2001, from which they
inferred a change in surface currents that opened new
pathways from the western subtropical gyre to the sub-
polar latitudes. Although this conclusion is plausible and
supported by observational evidence of an abrupt in-
crease in salinities since 2002 in the Faroe—Shetland
Channel and in the Rockall Trough (Holliday et al.
2008), the increased number of crossings into subpolar
latitudes since 2001 could also be explained by differ-
ences in drifter launch locations before and after 2001.
We will elaborate on this point in the next section after
presenting our analysis.

Though the interpretation of a mean transport across
a fixed section is straightforward, the same is not true for
the passage of drifters across that same section. Thus,
a reconciliation of Eulerian volume transport estimates
with fluid particle trajectories would be required to fully
address the conundrum described above. Here, we focus
primarily on the Lagrangian view of the subtropical to
subpolar exchange in an effort to shed light on these
recent observations and leave such reconciliation to a
later study. In our study of the near-surface subtropical-
to-subpolar fluid exchange in the North Atlantic, a
time-dependent near-surface velocity field has been
constructed by combining a drifter-derived mean field
(similar to that of Brambilla and Talley) with a meso-
scale perturbation based on satellite altimetry. The re-
sulting field, which approximates surface velocities
over 1992-2008, is described in section 2. Also in sec-
tion 2, we show results of several simulated drifter re-
lease experiments that shed light on the near-surface
transport pathways by which subtropical waters flow
into the subpolar region. Recent advances in the theory
and application of dynamical systems (DS) have been
extensively used over the last two decades to clarify the
Lagrangian picture of fluid stirring and exchange pro-
cesses. These methods will be explored in section 3 to
complement more traditional analysis based on tra-
jectory statistics. The results also provide some insights
into the horizontal diffusivity, including the failure of
traditional parameterizations to capture the barrier ef-
fect of the Gulf Stream. Because of the complicated
time dependence of the flow, transport pathways and
processes may vary significantly with time. This issue is
addressed in section 4, where we ask whether the nat-
ural variability of surface currents in the North Atlantic
can trigger some qualitative changes in the geometry of



MAY 2011
RS |
u‘- - S 1.5
60N AR T
' “ Z
e 1
50N -
05 8
oG
40N i é
30N —0.5
-1
20N
20W g

100W 80W 60W 40W

FIG. 1. The steady drifter-based streamfunction (A, 0) that
describes the mean surface circulation of the North Atlantic. The
magenta curve extending across the North Atlantic is the sepa-
rating streamline.

transport pathways and barriers. Section 5 concen-
trates on the influence of Ekman drift on the exchange
processes. A summary of our studies and conclusions is
given in section 6.

2. Near-surface transport pathways in the North
Atlantic: Looking for the subtropical-to-
subpolar gyre throughput

The observation-based model that we have used to
study near-surface fluid exchange in the North Atlantic
consists of a drifter-derived steady background flow
(similar to that of Brambilla and Talley 2006) subject to
an altimetry-based (i.e., surface height anomaly) per-
turbation. This approach was first employed by Rypina
et al. (2009) in the Adriatic Sea. Throughout our work
we have assumed that the flow is two dimensional and
that the streamfunction takes the form

P(0,A,1) = Py (0,1) + 9, (0,4, 1), 1)

where (6, A) are latitude and longitude and the sub-
scripts 0 and 1 denote the steady and the time-dependent
part of the streamfunction, respectively. The fluid par-
ticle trajectories are given by
A\ —apla6

dt  Rcosf’

o _ aylar
dt  Rcosf’

)

where R is the earth’s radius.

The background streamfunction i((f, A) was con-
structed from time averages of spatially binned (1° X 1°
bins) near-surface drifter velocities iy, and vy, by writing
a finite difference approximation to the equations

Wy _

81!/0
29 Uy oY = v, cosf, 3)
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FIG. 2. The streamfunction i5(A, 0) field that takes into account
a small near-surface outflow from the North Atlantic into the
Arctic.

followed by a least squares fitting procedure. The no-
normal flow condition was imposed at the boundary by
setting )y = const everywhere on land. The resulting
streamfunction in Fig. 1 shows two well-defined main
gyres, a smaller subpolar and a larger subtropical gyre.
The two are separated by a dividing streamline (black
curve) that extends from the hyperbolic (saddle type)
stagnation point at about 36°N, 76°W to the hyperbolic
stagnation point at about 55°N, 10°W. Because this
separating streamline prevents throughflow from the
subtropical into the subpolar gyre in the mean velocity
field, any throughflow that results in the time-dependent
field is due entirely to the eddy field. An important prop-
erty is that the Gulf Stream lies inside the subtropical gyre
to the southeast of this separating streamline. (The mean
Gulf Stream core was defined as the streamline that has
locally the largest average velocity between 25° and 42°N,
80° and 45°W.)

A slightly different geometrical configuration (Fig. 2)
arises if one accounts for a small near-surface flow from
the North Atlantic into the Arctic, which brings warm
water poleward where it cools and sinks. However, since
the two geometrical configurations give similar results in
terms of percentage of trajectories that cross from the
subtropical to the subpolar gyre, we focus here only on
the geometry described above.

To construct an unsteady mesoscale surface velocity
field in the North Atlantic, we have superimposed an
altimetry-based perturbation ¢, = (g/f)h(0, A, t) on ¢ as
described by Eq. (1). Here £ is an altimetric sea level
anomaly, g the gravitational acceleration, and f(6) the
Coriolis parameter. The corresponding sea level fields
cover the time interval from 1992 to 2008 with At = 7
days. A plot (Fig. 3) of the 16-yr average kinetic energy
for this field suggests that the most energetic eddies
occur near the Gulf Stream extension. Although our
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FIG. 3. Square root of the time-averaged eddy kinetic energy
computed from altimetric sea surface heights.

observation-based velocity field is entirely based on
data, it has some rather obvious shortcomings as a model
of the North Atlantic near-surface circulation. These
shortcomings include the sparse resolution of both back-
ground flow and perturbation in space and time, neglect of
transport through various straits, errors in ug, and vg, due
to the limitations of the drifter dataset, and neglect of the
nongeostrophic component in ;. Despite these limita-
tions, the observation-based model describes fairly well
the near-surface mesoscale velocity field of the North
Atlantic and its variability. Results of numerical simu-
lations performed using these observation-based veloc-
ities are presented in Figs. 4-8, and 11.

To study intergyre exchange, 90 drifters were released
once per month during the 12 months starting in October
1992 within a zonal band straddling the Gulf Stream near
34°N and tracked for two years (Fig. 4). As explained later
in the text we have conducted this analysis for all years in
our temporal domain. Here October 1992-September 1993
is shown as a representative year. Also, we chose two year
integrations since two years corresponds approximately to
the average drifter lifetime and because it matches the in-
tegration time previously used by Brambilla and Talley
(2006). We have shaded black any trajectory that crosses
55°N and taken this as a crude criterion for entering the
subpolar gyre. It can be seen that only a few of the trajec-
tories launched in the eastern part of this zonal segment
were able to cross 55°N. This suggests that, at least at the
surface, a transport barrier exists that prevents trajectories
originating on its offshore side from entering the subpolar
gyre. We argue that this barrier may be associated with the
instantaneous position of the Gulf Stream core. Because
the Gulf Stream shifts in time, its instantaneous core os-
cillates about its mean position (green curve). Such oscil-
lation may explain the existence of some black launch
locations that lie offshore from the green curve in Fig. 4.
Our inference about the Gulf Stream core as a transport

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 41

65N
60N [
55N
50N
45N
40N
35N

4
i
30N (

e L b X il
90W 80W TOW 60W 50W 40W 30W 20W 10W 0

33.T5N O SO |

8W  T6W  T4W

FIG. 4. Two-year simulated drifter tracks in the observation-based
system. Drifters were released once per month during the 12 months
starting in October 1992 within a zonal band straddling the Gulf
Stream near 34°N. Tracks and release sites are color coded: black for
tracks that crossed 55°N and gray for tracks that did not. The blue
curve is the separating streamline; the green curve approximates the
Gulf Stream velocity core of the background flow (dashed where the
core is no longer well defined); and red is a zonal line at 55°N. Color-
coded launch locations are also shown in the small subplot below.

barrier agrees with the observations of Bower et al. (1985)
showing limited surface exchange across the Gulf Stream
and also with the presence of a strong potential vorticity
gradient across the Gulf Stream.

Figure 5 shows regions of the subtropical gyre that
participate in the exchange with the subpolar gyre. For
a simulated drifter launched at a particular location, this
figure shows the probability that the drifter will cross
a zonal line at 55°N within 2 yr. Most of the subtropical
gyre is characterized by virtually zero probabilities (white
area), meaning that drifters launched there do not make it
into the subpolar gyre within 2 yr. Drifters that do reach
the subpolar gyre must be launched inside the gray and
black funnel-shaped region located onshore of the in-
stantaneous position of the Gulf Stream core. Note that
this region is quite narrow to the south of approximately
40°N and can easily be missed by a random seeding of
drifters. This result suggests an alternative interpretation
of the main result of Hakkinen and Rhines (2009): the
increased number of drifters crossing from the subtrop-
ical to the subpolar region since 2001 may simply indicate
that more drifters were deployed inside the funnel-
shaped area after 2001 than before 2001. Indeed, a visual
comparison between the distribution of launch locations
before and after 2001 [Fig. 2a in Hakkinen and Rhines
(2009)] and the black and gray funnel-shaped region in
Fig. 5 suggests this may be the case.
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FIG. 5. Probability that a drifter crosses a zonal line at 55°N within
2 yr as a function of its launch location in the observationally based
model. Simulated drifters were released once per month during the
12 months starting in October 1992 at each model grid point south of
55°N. The red curve indicates the separating streamline of the back-
ground flow; the green curve approximates the Gulf Stream core of
the background flow; and the red line indicates a zonal line at 55°N.

In the previous figure, we launched simulated drifters
once per month during the 12 months starting in October
1992. To check that the results would not change for other
years, we have done a more extensive calculation, where
simulated drifters were launched in a subdomain of
the North Atlantic (25°-46°N, 83°-40°W) once per month
during 14 years (1992-2006). The resulting probability
map is shown in Fig. 6a. As in Fig. 5, drifters that reach
subpolar latitudes within 2 yr are launched mostly inside
the funnel-shaped region onshore of the Gulf Stream
core. However, some very small but nonzero probabilities
(darkest blue) occur in the interior of the subtropical
gyre. Trajectories of simulated drifters corresponding to
the nonzero probabilities offshore from the Gulf Stream
core in Fig. 6a are illustrated in Fig. 6b. Many of these
trajectories recirculate clockwise, enter the Gulf Stream
near the Straits of Florida, and then flow through the
funnel into the subpolar gyre. Others are entrained into
the Gulf Stream along its seaward extension, a sign of
a vigorous eddy field.

In the previous figures, we have used a rather re-
strictive criterion, a zonal line at 55°N, for the intergyre
boundary. An alternative way to define the intergyre
boundary is to use the separating streamline of the steady
flow. This criterion is less restrictive because some tra-
jectories may cross this separatrix briefly at some location
but then cross back into the subtropical gyre at some later
time, staying always to the south from 55°N. Note also
that the northernmost point of the separating streamline
reaches 55°N—the latitude used as a crude criterion
for entering the subpolar gyre in Figs. 4 and 5. A map
showing probability for a simulated drifter launched at
a particular location to cross the separating streamline
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FIG. 6. (a) As in Fig. 4 but for simulated trajectories launched
during 14 years (1992-2006). (b) Trajectories of drifters corre-
sponding to the nonzero probabilities offshore from the Gulf
Stream core in Fig. 5a.

within 2 yr is plotted in Fig. 7. As in Fig. 5, most drifters
that cross the separating streamline are launched in the
narrow dark region located inshore of the Gulf Stream
core. However, more launch locations inside the sub-
tropical gyre are characterized by small but nonzero
probabilities in Fig. 7 than in Fig. 5. These correspond to
drifters that briefly cross the separating streamline but
than cross back and recirculate in the subtropical gyre,
staying always to the south from 55°N.

Figures 4-7 show results with 2-yr integration times;
results with longer integration times are shown in Fig. 8.
This figure shows an estimate of the ““cross time” Tc;oss,
the time needed for a simulated drifter launched at a
particular location to cross a zonal line at 55°N. Values
of T¢.oss are color coded from blue to red (small to large
Teross); black indicates launch locations of drifters that
did not cross 55°N by the end of 2008 (i.e., Teross >
16 yr). Several interesting conclusions can be drawn
from this figure: first, the blue funnel-shaped region with
cross times 7055 = 2 yr generally resembles the nonzero-
probability region shown in the top panel of Fig. 5. The
nozzle of the blue funnel in Fig. 8, however, does not
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FIG. 7. Probability that the drifter crosses a separating streamline
(red curve) within 2 yr as a function of drifter’s launch location in the
observationally based system. Simulated drifters were released once
per month during the 12 months starting in October 1992. The green
curve approximates the Gulf Stream core of the background flow.

show up as clearly as in the probability map because we
have only launched trajectories once to produce Fig. 8
rather than repeatedly releasing trajectories as in Fig. 5.
Second, most of the interior of the subtropical gyre is
characterized by very long T¢..ss > 16 yr. Third, the re-
gion centered at about 41°N, 70°W, between the North
American coast and the Gulf Stream, has intermediate
values of T ~ 9 yr. Simulated drifters recirculate in
this area several times before they are eventually en-
trained into the western edge of the Gulf Stream and then
rapidly transported to the northeast. Lagrangian flow pat-
terns in this region have been studied by Gawarkiewicz
and Linder (2006) using near-surface drifters. They ob-
served the same qualitative behavior that was described
above (several recirculations followed by the entrain-
ment) in the 15% of drifters used in their studies.

To compare the results obtained from analyzing sim-
ulated drifters in the observation-based model against
real drifters, we have performed statistical analysis of
satellite-tracked surface drifting buoy trajectories from
the Global Drifter Program (GDP) (http://www.aoml.
noaa.gov/phod/dac/index.php). A spaghetti diagram
showing all available drifter tracks in the North Atlantic
from 1992 until 2009 is shown in Fig. 9a. Figure 9b shows
drifter tracks that start below and end above the sepa-
rating streamline (magenta curve). Although the GDP
dataset is very rich, it is still insufficient to produce
probability maps akin to Fig. 5 or 7. It is possible, how-
ever, to divide the domain into 1° X 1° bins and for each
bin compute a probability that a drifter, which is de-
ployed below the separating streamline and which passes
through that bin, will end above the separating stream-
line. The resulting map is shown in Fig. 9c. This figure
bears a qualitative resemblance to Fig. 7 in that most of
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FIG. 8. Time for a simulated drifter to cross a zonal line at 55°N as
a function of drifter launch location in the observationally based
system. Black corresponds to times longer than 16 yr. The dashed
red line shows a zonal line at 55°N.

the subtropical gyre interior is white, indicating that none
of the GDS drifters passing through this region ended up
above the separating streamline. GDP drifters that did
end up above the separating streamline flowed through
the colored region. The agreement with Fig. 7 is espe-
cially good in the southwestern part of the subtropical
gyre where the eastern boundary of the blue region co-
incides almost exactly with the mean position of the Gulf
Stream core (green curve), forming the nozzle of the funnel
as in Fig. 7. The agreement is less clear in the Gulf Stream
extension region where the blue region of Fig. 9c extends
farther offshore from the Gulf Stream core compared to
the gray nonzero-probability region in Fig. 7.

3. The dynamical systems view on near-surface
intergyre exchange in the North Atlantic

An alternative means of identifying transport path-
ways and mechanisms for exchange between two gyres,
quantifying the exchange, and mapping out barriers to
exchange is provided by the dynamical systems (DS)
analysis. Much has been written about these techniques,
and the reader is referred to the introductions in Deese
et al. (2002) and Rypina et al. (2010), both aimed at an
oceanographic audience. More rigorous discussions are
provided in Mancho et al. (2006) and Samelson and
Wiggins (2006). Other publications that have good in-
troductory material and explore exchange processes be-
tween oceanic gyres or across jets include Rogerson et al.
(1999) and Rypina et al. (2009). Here we provide a lim-
ited review that should allow the new reader to un-
derstand the specifics of our results.

Consider an idealized, steady, divergence-free, hori-
zontal velocity field consisting of a subtropical and a
subpolar gyre (Fig. 10a) between two slippery bound-
aries. We will assume that there is no exchange between
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FIG. 9. (a) Trajectories of drifters from the Global Drifter Pro-
gram (GDP) array. Black dots show launch positions and positions
where drifters entered the domain. (b) Trajectories of drifters that
start below and end above the separating streamline (magenta
curve); the mean Gulf Stream core is shown by the dark green
curve. Launch positions and ending positions are shown by red and
green asterisks, respectively. (c) For each bin, the color indicates
the probability that a drifter, which is deployed below the sepa-
rating streamline and passes through that bin, will end above the
separating streamline.
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F1G. 10. Schematic diagram illustrating hyperbolic trajectories,
stable and unstable manifolds, and regular regions in a time-
dependent two-gyre system.

the gyres and that the two are separated by a streamline
that connects to the bounding continents. Hyperbolic
(saddle type) stagnation points S; and S, exist where the
streamline contacts the slippery boundaries. The flow
converges in the alongshore direction and diverges in
the offshore direction about Sy; the opposite is true at S.
This picture serves as a cartoon for the more complex
mean streamfunction map of Fig. 1.

DS analysis can be used to describe the picture that
arises if a time-dependent perturbation such as an eddy
or wave field, or simply a large scale oscillation of the
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gyres, is added to the steady flow. In particular, it can be
shown that material exchange between the gyres will gen-
erally occur and that the volumetric exchange rate, which
can be thought of as an eddy flux, can be quantified. Key
to this picture are several material objects: hyperbolic
trajectories, their stable and unstable manifolds, and
Kolmogorov—Arnold-Moser (KAM) tori. Loosely speak-
ing, hyperbolic trajectories refer to distinguished fluid
parcels (or parcel trajectories) about which exponential
convergence and divergence occur, much the same as for
hyperbolic stagnation points. In the time-varying version of
the flow (Fig. 10b) the hyperbolic trajectories H; and H,
would often move back and forth along the slippery
boundary but remain in the vicinity of the original stagna-
tion points. They would approach S; and S, if the time-
dependent perturbation were gradually quenched.

If one introduced a small patch of red nondiffusive dye
at about Hy, the patch would contract in the alongshore
direction and stretch in the offshore direction. Eventually
the patch would become stretched into the thin filament
extending offshore from H; and penetrate far into the
interior of the flow. If the size of the initial patch were
shrunk, this filament would narrow down to take the form
of a material contour containing fluid that diverges from
H;. This moving contour is the unstable manifold of H;
and is depicted by the red curve in Fig. 10b. The unstable
manifold is similar to the separating streamline of the
steady flow (Fig. 10a), but unlike the separating stream-
line, it generally does not transect the basin and contact
the eastern boundary but instead wiggles and wraps
endlessly about the interior.

At the eastern boundary, the motion is toward the
hyperbolic trajectory H, from offshore so that dye in-
troduced in the vicinity of H, would simply spread along
the slippery boundaries. However, if blue dye was in-
troduced and time was reversed, the dye would move
offshore from H, and form a filament approximating the
stable manifold of H, (blue curve in Fig. 9b). The stable
manifold consists of all the material that approaches
H, asymptotically in time. This manifold typically in-
tersects with the unstable manifold of H; at numerous,
and sometimes infinitely many, points. The fluid con-
tained in the lobes that are formed between the inter-
sections, bounded by segments of the stable and unstable
manifolds, is participating in exchange between the sub-
tropical and subpolar gyres. For example, lobe L; in Fig.
10b carries fluid from the subpolar into the subtropical
gyre, whereas lobe L, returns fluid to the subpolar gyre.
For this reason, the objects in question are often referred
to as turnstile lobes (Samelson and Wiggins 2006). If an in-
dividual lobe is followed, that lobe will become stretched
into a thin filament that will eventually be folded and
stretched again. It can also be shown that the fluid

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 41

trajectories within the turnstile lobes are chaotic and
that they experience separation from each other at a rate
that is exponential in time.

The exponential stretching and folding, as well as the
fluid transport and exchange described above, will act
over regions that are covered by the intersecting mani-
folds. However, these regions need not cover the entire
fluid domain. Certain trajectories of the steady circula-
tion may remain regular (nonchaotic) in the presence of
the time-dependent perturbation. They can be thought
of as barriers to chaotic transport. The celebrated KAM
theorem (Sevryuk 2007) predicts the presence in the
time-dependent flow of material contours composed
of fluid whose trajectories are regular. In the example
shown, these KAM tori would typically consist of closed
contours lying within the recirculations. The blue patches
of Fig. 10b represent regions of regular Lagrangian mo-
tion and are separated from the surrounding chaotic re-
gions by KAM tori. As the time-dependent perturbation
increases in amplitude, the blue regions may shrink and
eventually disappear. A particularly strong type of bar-
rier is expected to occur near the shearless trajectory of
the background flow, that is, near the trajectory of the
fluid parcel that moves, in some average sense, at the
same speed as parcels slightly to the sides. Material con-
tours near the core of a meandering jet, where the shear
is zero, can be examples of such strong KAM stability
(Rypina et al. 2007). The Gulf Stream core is an obvious
candidate as it contains trajectories that are shearless, at
least over a finite length.

The formal analysis leading to the definition and ex-
istence of hyperbolic trajectories, stable and unstable
manifolds, and KAM tori is strictly valid under a number
of conditions, including weak perturbation strength,
two-dimensional, divergence-free velocity fields, and ex-
istence of the velocity field over infinite time. In geo-
physical fluid dynamics, these ideas are commonly applied
to observed and modeled velocity fields that are divergent,
contain large perturbations about a mean, and are known
only over finite time. Despite these formal violations, it
is possible to find within certain flow fields “effective
manifolds”—material contours that resemble or approxi-
mate the manifolds described in textbook examples. They
can provide similar insights into transport, exchange, and
stirring processes. This type of analysis is most straight-
forward and useful when the underlying geometry of the
flow persists over a time scale long compared to the tra-
jectory time scale. In more formal terms, one would like
the Lagrangian time scale 71, of motion (here the typical
winding time of a fluid parcel about the gyres) to be much
shorter than the Eulerian time scale T (here the time over
which distinct gyres exist). A more formal discussion is
provided by Haller and Poje (1998).
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FIG. 11. Forward-time FTLEs on 6 Jan 1993 with a 2-yr integration time. Yellow/red colors indicate chaotic regions, and blue colors
indicate more regular regions. The black curve indicates the separating streamline of the background flow; the white curve approximates

the Gulf Stream core of the background flow.

Nearly all past oceanographic applications of La-
grangian DS analysis have been to idealized models or to
realistic circulations of limited scale, such as Monterey
Bay (Coulliette et al. 2007; Shadden et al. 2009), the
Philippine Archipelago (Rypina et al. 2010), the Medi-
terranean Sea (d’Ovidio et al. 2004; d’Ovidio et al. 2009),
the Gulf of Mexico (Olascoaga et al. 2006; Kuznetsov
et al.2002), and the Adriatic Sea (Rypina et al. 2009). The
validity of the approximation 71/7Tg < 1 is rarely dis-
cussed in these studies, though some involve analysis of
coherent gyres or eddies whose basic geometry remains
intact for lengthy periods. Our study of the subpolar and
subtropical gyres differs markedly from earlier work in
both scale and in spatial and temporal complexity. Al-
though the major gyres themselves persist over time
scales that can be considered infinite for all practical
purposes, the mesoscale eddy field has its own set of hy-
perbolic trajectories and attendant manifolds. The eddies
may merge or break up on time scales much less than the
gyre winding time and, perhaps, even less that the winding
time for an eddy. Therefore, one should not expect to
see a picture of exchange as clean as what is described in
Fig. 10, nor is it clear whether manifolds computed by
conventional methods have any meaning. Another

factor that complicates our analysis is the complexity of
the unperturbed flow (Fig. 1), where one can see nu-
merous small gyres or eddies, as well as associated hy-
perbolic stagnation points, within the subtropical and
subpolar gyres. So, underlying geometry is considerably
more complex than what Fig. 10a suggests.

Despite these difficulties, we have made a formal cal-
culation of manifold structures to determine what useful
information, if any, the resulting pictures might yield. In
this respect, out analysis is a test to determine whether
DS analyses are of any use whatsoever on the scale of
major ocean gyres. The most common means of finding
stable and unstable manifolds in a numerically specified
flow field is through the use of finite time Lyapunov ex-
ponents (FTLEs) (Haller 2001a,b, 2002; Shadden et al.
2005; Lekien and Ross 2010). The FTLE is a measure of
the maximum separation rate between a trajectory and
its close neighbors, averaged over a finite time [see Eq.
(12) in Shadden et al. (2005)]. The separation is measured
beginning at a particular time and extending forward in
time a certain period: 2 yr in our case. The maximum
average rate of exponential separation between a trajec-
tory beginning at position (6, A) at ¢ = f,, and the neigh-
boring trajectories is then computed over a fine grid of
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initial positions. The resulting separation rate (FTLE)
field for ¢t = #, can then be contoured or color shaded (e.g.,
Fig. 11). Under the conditions stated above, including the
time scale separation 71/Tg < 1, stable manifolds will
present themselves as ridges representing maximum
values of this plot. (A similar procedure, implemented
with the backward time integration from ¢, gives un-
stable manifolds.)

Plots of stable and/or unstable manifolds based on
smaller scale, coherent ocean features, often show long,
smooth manifold structures. Examples include Figs. 3
and 9 in Rypina et al. (2010). Our Fig. 11, which is based
on a 2-yr, forward-time integration beginning on 6 Jan-
uary 1993 is markedly different. The regions to the north
and south of the Gulf Stream between 80° and 50°W,
which include the Gulf Stream recirculations, have high
but grainy distributions of FTLE. It is difficult to dis-
tinguish individual manifolds or turnstile lobes within
these areas. High, grainy distributions also exist in the
general areas of the Gulf Stream extension and North
Atlantic Current, and along the coastal boundaries. All
of these areas are marked by high rates of trajectory
separation, implying enhanced stirring, and by a lack of
the type of organization present in smaller scale exam-
ples. The interiors of the subtropical and subpolar gyres
are marked by low values of the FTLE (dark blue),
which is characteristic of more regular (less chaotic)
regions in simpler examples. Even more striking is the
meandering, dark blue ribbon apparently corresponding
to the Gulf Stream position on 6 January 1993. (The
white curve indicates the position of the Gulf Stream
core, or velocity maximum, for the steady background
flow.) So, although the Gulf Stream edges contain ap-
preciable horizontal velocity shear, the FTLE values are
low, as they would be for a KAM tori—more particu-
larly for a KAM tori composed of shearless trajectories.
Thus, Fig. 11 strongly suggests that the Gulf Stream acts
as a strong, persistent barrier separating regions of rapid
stirring. This barrier is most prominent in the western
portion of the North Atlantic.

The chaotic region (area of high but grainy distribu-
tions of FTLEs) that spans the subtropical/subpolar gyre
boundary (black curve in Fig. 11) can be connected to
the probability map in Fig. 7. Within this chaotic zone,
drifters are free to wonder and possibly move between
the gyres, so some drifters launched within this chaotic
zone to the south of the black curve will make it into the
subpolar gyre. A glance at the probability distributions
in Fig. 7 supports this interpretation and shows some
nonzero probability values in this area. However, one-
to-one correspondence between the chaotic regions and
the nonzero-probability region should not be expected
because 1) the FTLE field shows a snapshot for a
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FI1G. 12. Deformation rate D on 6 Jan 1993. The black curve
indicates the separating streamline of the background flow; the

green curve approximates the Gulf Stream core of the background
flow.

particular date whereas the probability map was com-
puted using 12 monthly drifter releases and 2) drifters
launched within the chaotic zone may but not necessarily
need to cross the intergyre boundary, so the corre-
sponding launch location may, but not necessarily, need
to correspond to a nonzero probability in the proba-
bility plot.

Although individual manifolds and turnstile lobes
are difficult to distinguish in Fig. 11, the overall picture
of two gyres with weakly stirred interiors and rapidly
stirred outer regions, separated by a strong meandering
barrier, seems to hold. It is noteworthy that this picture
is quite generic and can be found in many investigations
of chaotic transport between two gyres (e.g., Poje and
Haller 1999). So, although the theory is applied well
beyond its formal range of validity, the general picture
that emerges follows the textbook examples. Quantita-
tive results, such as turnstile lobe fluxes, are out of the
question.

The thin, dark blue ribbon of flow that meanders
through the rapidly stirred region between 80° and S0°W
is striking, and at odds with commonly used measures
of eddy diffusivity. For example, Visbeck et al. (1997)
assumes that the diffusion of passive tracers can be pa-
rameterized by a transfer coefficient that is propor-
tional to the eddy velocity multiplied by the eddy length
scale, k * uUeqqyl. The eddy kinetic energy distribution
(Fig. 3), which suggests a maximum u.qqy near the
Gulf Stream extension, together with the observation
that the largest eddies tend to occur in this region, sug-
gest that « is largest in this region. The Smagorinsky
(1963) parameterization, commonly used in GCMs (e.g.
Spall et al. 2008), makes the horizontal eddy viscosity
proportional to the norm of the deformation tensor,
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FIG. 13. Mean Ekman velocities.

D o \/ (0u—0w)* +(dv+au)’. The spatial distribu-
tion of D on 6 January 1993 shows maximum values
near the Gulf Stream region (Fig. 12). Thus, both pa-
rameterizations miss the effect of the transport barrier
near the Gulf Stream core and result in spuriously
large momentum and/or tracer transfer rates in this
area.

4. How robust are the near-surface exchange
pathways and barriers in the North Atlantic?

All simulations described above (except those de-
scribed in Fig. 6) used perturbation fields from 1992 to
1994. To test whether during other years the eddy field
can get sufficiently energetic to break the transport
barrier associated with the Gulf Stream core, we have
repeated simulated drifter releases for years 1993-2006
and computed probability maps akin to Fig. 5. All of the
resulting maps (not shown) are qualitatively similar: the
region onshore from the Gulf Stream core is gray and
black, whereas most of the subtropical gyre is pre-
dominantly white. This suggests that the barrier near the
Gulf Stream core holds persistently from 1993 until
2006.

To quantify the critical perturbation strength required
to break the barrier at the Gulf Stream core, we have
artificially elevated the level of the kinetic energy asso-
ciated with the altimetric eddy field by multiplying (6,
A, ) in Eq. (1) by &. Here ¢ = 1 corresponds to the true
(real) altimetric eddy field, while & > 1 corresponds to
the artificially enhanced eddy field. [Since the ratio of
the time-averaged integrated kinetic energy associated
with ¢ to the integrated kinetic energy associated with
g is of order O(1), & can be interpreted as a square root
of the ratio of the time-averaged integrated eddy kinetic
energy to the integrated mean kinetic energy.] Analysis
of simulated trajectories suggest that the barrier near the
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FIG. 14. The streamfunction ¢,(A, 6) field: (top) Ekman inclusive
(as in Fig. 2) and (bottom) Ekman removed.

Gulf Stream core breaks down at e, =~ 2.3; that is, for
€ > 2.3 there is no spatial gradient near the Gulf Stream
core in the corresponding probability maps. The critical
value of the perturbation strength is sufficiently larger
than the interval of & € [0.91, 1.26] associated with the
natural variability in the North Atlantic, suggesting once
again that the transport barrier near the Gulf Stream core
should hold under commonly encountered conditions.

5. Effect of the Ekman velocities

In this section, we explore the influence of the Ekman
velocities on the near-surface subtropical to subpolar
fluid exchange in the North Atlantic. The steady back-
ground streamfunction ¢, which has been used in the
previous sections, was derived from drifter velocities ug;
and vg,. In this section, we construct the new Ekman-
removed background streamfunction 42;0 by subtracting
the mean Ekman velocity ugy and vgy from ug, and vg,
before applying the least squares procedure. The mean
Ekman velocity field (Fig. 13) was estimated using
Quick Scatterometer (QuickSCAT) wind stresses and
the Ralph and Niiler (1999) formula
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where 7 is the wind stress at 10 m, p = 1027 kg m > is
the water density, f'is the Coriolis parameter, § = 55° is
the rotation angle of the Ekman current, and 8 =
0.065 s~ is a dimensional constant.

The resulting Ekman-removed streamfunction on
in Fig. 14 (bottom) looks qualitatively similar to the
Ekman-inclusive streamfunction i in Fig. 14 (top): both
show that the subpolar and subtropical gyres are sepa-
rated by a dividing streamline (black curve) that extends
from the hyperbolic (saddle type) stagnation point at
North America to the hyperbolic stagnation point at
Eurasia. The Gulf Stream lies inside the subtropical gyre
and to the southeast from the separating streamline in
both configurations. The main differences between the
two streamfunctions occur in the eastern part of the
subtropical gyre, where the circulation slows signifi-
cantly when the Ekman component is removed, and in
the equatorial region. These differences change the shape
of the subtropical gyre such that there is a slight southwest
shift of its center. The Ekman-removed streamfunction
is consistent with results of Maximenko et al. (2009) and

Upy + g =
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with the latest estimate of mean dynamic topography
from the Archiving, Validation, and Interpretation of
Satellite Oceanographic data (AVISO) Web site (http://
www.aviso.oceanobs.com/en/home/index.html).

The behavior of the Ekman-removed system with per-
turbations added is illustrated in Fig. 15. The top subplot of
this figure shows 90 simulated trajectories that were re-
leased once per month during the 12 months starting in
October 1992 within a zonal band straddling the Gulf
Stream near 34°N and tracked for 2 yr; trajectories that
crossed 55°N are shaded black. Similar to Fig. 3, trajecto-
ries released in the easternmost part of the zonal band at
34°N are gray. This suggests that at the surface, similar to
the Ekman-inclusive system, a transport barrier exists in
the Ekman-removed system that prevents fluid originating
on its offshore side from entering the subpolar gyre. The
main difference between Fig. 4 and the top panel of Fig. 15
occurs in the northeastern part of the subtropical gyre,
which is covered less densely by trajectories in the
Ekman-removed system.

The bottom panel of Fig. 15 presents a probability
map, analogous to that shown in Fig. 5, but constructed
for the Ekman-removed system. As before, it shows
probabilities that a drifter launched at a particular lo-
cation will cross a zonal line at 55°N within 2 yr. Similar
to Fig. 5, the spatial gradient in the probability map
near the Gulf Stream core is large, suggesting that the
Gulf Stream core still acts as a transport barrier in the
Ekman-removed system. A further comparison between
Fig. 5 and the bottom panel of Fig. 15 reveals that in the
Ekman-removed system the gray region extends slightly
farther south between 40° and 20°W, allowing drifters that
are launched farther inside the subtropical gyre to par-
ticipate in the exchange with the subpolar gyre.

To summarize, the Ekman velocities serve to slightly
suppress the subtropical-to-subpolar fluid exchange (con-
sistent with Brambilla and Talley 2006). However, this
should be considered a minor effect since both Ekman-
removed and Ekman-inclusive systems have a qualita-
tively similar behavior. In both cases, the transport barrier
near the Gulf Stream core is present, which limits the
exchange to the funnel-shaped area located inshore of the
Gulf Stream core.

6. Summary and discussion

Motivated by the surprisingly small near-surface
drifter exchange from the subtropical to the subpolar
gyres in the North Atlantic, we have studied this process
using a combination of drifter data, altimetry, statistical
analysis, and dynamical systems techniques. Our work
builds upon, and is a natural continuation of, prior
studies by Brambilla and Talley (2006) and Hakkinen
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and Rhines (2009). However, unlike those papers, we
have not confined ourselves to analyzing drifters passing
through a particular region of the North Atlantic (such
as the Gulf Stream box). Also, we made use of the
altimetry-derived mesoscale perturbation velocities rather
than the stochastic perturbation, and we have explored
both the conventional (statistical) and the more novel
dynamical systems (DS) approach.

Our analysis of simulated trajectories in the observation-
based system suggests that, over the 2-yr time scale, most
of the fluid entering the subpolar gyre can be traced back
to a narrow region lying inshore of the Gulf Stream near
Cape Hatteras (Figs. 4, 5). (We note here, however, that
this conclusion is likely to change if much longer time
scales are considered.) Surface fluid on the offshore side
of the Gulf Stream is largely prevented from doing so by
the Gulf Stream core, which acts as a barrier over much of
the eastern North Atlantic. Random seeding of drifters
could easily miss the crucial inshore region and lead to
a picture with very little exchange between the sub-
tropical and subpolar gyres. The increased number of
drifter launches inshore from the Gulf Stream core af-
ter 2001 may serve as an explanation for the increased
number of drifter crossings after 2001. Our analysis in-
dicates that the transport barrier associated with the
Gulf Stream core is robust and holds persistently from
1992 to 2008 during both low and high phases of the
North Atlantic Oscillation. The role of Ekman velocities
has been investigated, and it was found that the qualita-
tive picture of the major near-surface transport path-
ways and barriers is largely independent of Ekman drift.
The Gulf Stream core in the Ekman-removed system
still acts as a barrier and the major pathway leading from
the subtropical to the subpolar gyre lies inshore of the
Gulf Stream core.

That said, the percentage of our simulated drifters
making their way into the subpolar gyre is apparently
too small to account for the observed 20 Sv of northward
transport. As a crude guide (recognizing the inequality
between drifter exchange and Eulerian transport), the
roughly 65 Sv of Gulf Stream transport near Cape Hat-
teras (Johns et al. 1995), multiplied by approximately
10% of drifters that cross, gives only 6.5 Sv. Thus, our
work suggests that the bulk of poleward transport should
occur at depth. This inference agrees with Brambilla and
Talley (2006), who mentioned the necessity of investi-
gating the 3D circulation in the North Atlantic. The en-
hancement of exchange processes with depth is not a
surprising result, because the Gulf Stream weakens with
depth, so the associated transport barrier is expected to
break down at some level. At that depth, one expects the
exchange to increase. This conclusion agrees with the
observational studies of Bower and Rossby (1989) and
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Bower and Lozier (1994), the modeling work of Lozier
and Riser (1990), and the theoretical work of Pratt et al.
(1995) and Rogerson et al. (1999), who argue that the
Gulf Stream barrier should weaken with depth due to
a weakening of its potential vorticity gradient. Modeling
results suggest that a level of enhanced exchange occurs
where critical lines associated with typical meanders
overlap (Yuan et al. 2002; 2004; Lozier and Bercovici
1992). The enhanced exchange at depth was also pre-
dicted by the theoretical and modeling studies of Spall
(1992), where it is attributed to the cooling in a western
boundary current that leads to a counterclockwise rota-
tion of the velocity vector with depth.

Additional insight into the North Atlantic surface
fluid exchange, as well as the consistency check for our
observation-based model, has been gained from ana-
lyzing the GDP surface drifter dataset. In qualitative
agreement with the simulated drifters, GDP drifters
indicate that the major pathway leading from the sub-
tropical to subpolar gyre goes through a nearshore re-
gion in the western part of the North Atlantic, while
none of the drifters deployed farther in the interior of
the subtropical gyre were able to cross into the subpolar
region within their limited lifetimes. We note here,
however, that these observational drifters are limited in
their ability to mimic fluid movement of the ocean’s
surface waters since they are restricted to flow in a hor-
izontal plane. Fluid parcels at the surface on the North
Atlantic Ocean have no such restriction, and it is likely
that vertical movement (subduction) could play a role
in enhancing the cross-gyre exchange, as suggested by
Brambilla and Talley. Here, in our attempt to explain
the observed drifters and in our reconstruction of the
observationally based velocity field, our study also nec-
essarily restricts the Lagrangian pathways to the hori-
zontal. A test of the likelihood that three-dimensional
motion of subtropical surface waters enhances cross-
gyre exchange awaits a future study.

Analysis of simulated trajectories with longer in-
tegration times indicates that the near-surface fluid ex-
change between the interior of the subtropical gyre and
the subpolar gyre generally occurs on time scales longer
than 16 yr and reveals a recirculation region located
between Cape Hatteras and Georges Banks that ex-
changes fluid with subpolar latitudes on the time scale of
several years. Trajectories in this region recirculate sev-
eral times before eventually becoming entrained into the
western edge of the Gulf Stream and then rapidly trans-
ported to the northeast.

The transport barrier near the GS core has important
implications for parameterizing eddy diffusivity and vis-
cosity. It was shown that the two commonly used pa-
rameterization techniques, the Visbeck parameterization
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and the Smagorinsky parameterization, result in spuri-
ously large transfer rates in this area.

Our statistical results are complemented by a dy-
namical systems analysis that supports the overall con-
clusions. An early goal of the DS approach was to assess
its usefulness when applied to a velocity field that con-
tains both large-scale ocean gyres and a mesoscale eddy
field. The primary concern is the lack of separation
between Eulerian and Lagrangian time scales, a feature
desired for the clear identification of hyperbolic tra-
jectories, stable and unstable manifolds, and the like.
Despite this formal violation of underlying assump-
tions, our results yield useful information. The maps
of trajectory separation rates (FTLEs) are grainy but
clearly show relatively regular motion in the interiors of
the subpolar and subtropical gyres, a meandering ribbon
forming a barrier corresponding to the instantaneous po-
sition of the Gulf Stream, and enhanced stirring around the
edges of the Gulf Stream and gyres. The overall geometry
is consistent with textbook examples of chaotic advection,
and the existence of the barrier at the Gulf Stream core is
consistent with, and predicted by, the strong KAM stability
argument.

We have focused in this paper on investigating near-
surface transport pathways by which warm and salty
water is transported poleward into the subpolar gyre. A
complementary problem of finding southward pathways
for fresh and cold water would be a natural extension of
the work described here.
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