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ABSTRACT: Recently introduced in oceanography to interpret the near-surface circulation, transition path theory (TPT)
is a methodology that rigorously characterizes ensembles of trajectory pieces flowing out from a source last and into a tar-
get next, i.e., those that most productively contribute to transport. Here we use TPT to frame, in a statistically more robust
fashion than earlier analysis, equatorward routes of North Atlantic Deep Water (NADW) in the subpolar North Atlantic.
TPT is applied on all available RAFOS and Argo floats in the area by means of a discretization of the Lagrangian dynamics
described by their trajectories. By considering floats at different depths, we investigate transition paths of NADW in its up-
per (UNADW) and lower (LNADW) layers. We find that the majority of UNADW transition paths sourced in the Labra-
dor and southwestern Irminger Seas reach the western side of a target arranged zonally along the southern edge of the
subpolar North Atlantic domain visited by the floats. This is accomplished in the form of a well-organized deep boundary
current (DBC). LNADW transition paths sourced west of the Reykjanes Ridge reveal a similar pattern, while those
sourced east of the ridge are found to hit the western side of the target via a DBC and also several other places along it in a
less organized fashion, indicating southward flow along the eastern and western flanks of the Mid-Atlantic Ridge. Naked-
eye inspection of trajectories suggest generally more diffused equatorward NADW routes. A source-independent dynami-
cal decomposition of the flow domain into analogous backward-time basins of attraction, beyond the reach of direct inspec-
tion of trajectories, reveals a much wider influence of the western side of the target for UNADW than for LNADW. For
UNADW, the average expected duration of the pathways from the Labrador and Irminger Seas was found to be of 2–3 years.
For LNADW, the duration was found to be influenced by the Reykjanes Ridge, being as long as 8 years from the western
side of the ridge and of about 3 years on average from its eastern side.
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1. Introduction

The North Atlantic Deep Water (NADW) formed in the
Labrador and Nordic Seas has historically been depicted as
flowing equatorward, out of the subpolar North Atlantic in
the form of a well-defined deep western boundary current
(WDBC) (Stommel 1958). This WDBC constitutes the deep
limb of the Atlantic meridional overturning circulation, a con-
duit for carbon, heat, and freshwater, acquired at the sea sur-
face (Sabine and Tanhua 2010). This traditional view of the
deep circulation has been challenged by Lagrangian observa-
tions and simulations (Lozier et al. 2013; Bower et al. 2019).
The paths of NADW in its upper layer (UNADW) (Lavender
et al. 2000, 2005; Fischer and Schott 2002; Bower et al. 2009,
2019; Lozier et al. 2013) and, particularly, in its lower layer
(LNADW) (Zou et al. 2020, 2017) appear to exhibit more dis-
persion than originally believed.

This paper aims to scrutinize the spread of NADW more
deeply than precedent analyses via the application of transi-
tion path theory (TPT) (Weinan and Vanden-Eijnden 2006;
Vanden-Eijnden 2006; Metzner et al. 2006; Weinan and
Vanden-Eijnden 2010), a methodology that has been very re-
cently brought to oceanography, for the interpretation of near
surface circulation (Miron et al. 2021; Drouin et al. 2012). We
will specifically apply TPT on all available satellite-tracked

profiling Argo float data and acoustically tracked RAFOS
float data, including those collected during the Overturning in
the Subpolar North Atlantic Program (OSNAP) (Lozier et al.
2017). TPT will allow us to make several quantitative assess-
ments of the spread of NADW, which lie beyond the reach of,
or are difficult to frame using, conventional Lagrangian ocean
analysis tools. These include

1) quantifying the extent by which UNADW and LNADW
flow equatorward in the form of WDBCs,

2) estimating the averaged time taken by UNADW and
LNADW to exit the subpolar North Atlantic from any lo-
cation within, and

3) dynamically decomposing the flow domain into analogous
backward-time basins of attraction for UNADW and
LNADW.

This is all possible because TPT seeks to frame the tracer
trajectories that statistically most effectively contribute to the
transport from one region of the flow domain, or source, to
another region, or target. Such transition paths are formed by
trajectory pieces that connect source and target in such a way
that each trajectory piece comes out of the source last and goes
to the target next. In other words, TPT unveils from typically
highly convoluted trajectories those portions that most pro-
ductively contribute to transport. More specifically, TPT pro-
vides rigorous means for expressing various statistics of the
ensemble of transition pathways. These includeCorresponding author: F. J. Beron-Vera, fberon@miami.edu
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1) the bottlenecks during the transitions,
2) the most likely transition channels,
3) the rate of reactive trajectories leaving a source or enter-

ing a target, and
4) the mean duration of reactive trajectories.

The modeling framework for TPT analysis is provided by an
autonomous, discrete-time Markov chain (Brémaud and Norris
1975), which has been successfully used to investigate long-time
asymptotics in Lagrangian ocean dynamics (Maximenko et al.
2012; Froyland et al. 2014; Miron et al. 2017; Olascoaga et al.
2018; Beron-Vera et al. 2020; Miron et al. 2019a,b, 2021; Drouin
et al. 2012). By combining available short-run trajectories
pieces, time-homogeneous Markov chain modeling is particu-
larly useful when dealing with observed trajectory records,
which are of finite-time nature. In the present case, in particular,
a limited amount of float trajectories connect the various source
and target sets considered to attempt a direct assessment of pro-
ductive transport.

The rest of this paper is organized as follows. We begin in
section 2a with the mathematical setup for Markov chain
modeling, followed by a self-contained exposition of the main
results of TPT. In section 2b we describe the construction of
the Markov chain models proposed for the evolution of the
UNADW and LNADW components of NADW using observed
float data at appropriate depths. The choice of source and target
sets for TPT analysis is rationalized in section 2c. The results
from the TPT analysis are presented in section 3. These are dis-
cussed in light of results from other analyses in section 4. Finally,
section 5 offers a summary and the conclusions.

2. Methods

a. Transition path theory

Let xn denote random position at discrete time nT $ 0,
n ∈Z1

0 , on a closed two-dimensional flow domain D covered
by nonoverlapping boxes (b1, … , bN). Given prob(xn ∈ bi),
we assume prob(xn11 ∈ bj)5 SiPijprob(xn ∈ bj), where

Pij :� prob(x1 ∈ bj x0 ∈ bi)
∣∣ (1)

is the one-step conditional probability of transitioning be-
tween bi and bj. Note that SjPij 5 1, so P5 (Pij) ∈RN3N ,
called a transition matrix, is (row) stochastic. Let x(t) repre-
sent a very long float trajectory visiting every box of the cov-
ering of D many times. In practice, there are many finite-
length float trajectories that sample D well. Let x(t) and
x(t 1 T) at any t . 0 provide observations for x0 and x1, re-
spectively. These are used to approximate Pij via transition
counting, viz.,

Pij ≈ Cij∑
kCik

, Cij :� # x(t) ∈ bi, x(t 1 T) ∈ bj, t : any
{ }

: (2)

In other words, the float motion is envisioned as that of ran-
dom walkers along an autonomous, discrete-time Markov
chain (cf., e.g., Brémaud and Norris 1975). At the continuous
level, the Lagrangian dynamics as described by the float

trajectories are assumed to obey a time-homogeneous sto-
chastic (i.e., steady-advection–diffusion) process. The chain
will be assumed to be ergodic (i.e., such that all its states
(boxes of the covering of D) communicate irrespective of the
starting state) and mixing (i.e., such that none of its states is
revisited cyclically). In these conditions, eigenvalue one of P
is both maximal and simple. The corresponding left eigenvec-
tor, p5 (pi) ∈R13N , can be chosen componentwise positive,
and is both invariant and limiting, i.e., p5 pP5 limn↑‘fPn

for any f ∈R13N . Normalized to a probability vector (i.e., so
Sipi 5 1), p represents a stationary distribution, which will be
assumed to set the long-time asymptotics of {xn}, namely,
prob(xn ∈ bi) 5 pi. This will allow us to investigate generic as-
pects of the float motion in statistical stationarity, rather than
particular aspects bound to initial conditions.

The TPT of Weinan and Vanden-Eijnden (2006) provides a
rigorous approach to study transitions from a set A ⊂ D to an-
other, disjoint set B ⊂ D. The pieces of trajectories running
from A, referred to as source, to B, referred to as target, with-
out going back to A or going through B in between, are the
main focus and known as reactive trajectories (Fig. 1). This
uses traditional jargon that identifies source set A with the re-
actant of a chemical transformation and target set B with its
product. Reactive trajectories are also known as transition
paths; we will use this terminology or similar to refer to them
here too. Most importantly, they describe pathways that con-
tribute most effectively to the transport from A to B. For the
problem of interest, transition float paths from a set A within
the subpolar gyre to a set B located at its southern edge will
highlight the most effective export paths of the deep water
masses sampled by the floats.

The main objects of TPT are the forward, q1 5 (q1i ) ∈R13N ,
and backward, q2 5 (q2i ) ∈R13N , committor probabilities. These

FIG. 1. Schematic representation of a piece of a hypothetical infi-
nitely long float trajectory (black) that densely, albeit not necessar-
ily uniformly, fills a closed flow domain D, partitioned into boxes
(black). Indicated in gray and red, respectively, are source (A) and
target (B) sets. Highlighted by the thick (black) lines are two mem-
bers of an ensemble of reactive trajectories. These are the trajec-
tory subpieces that connect the boundary of A with the boundary
of B in direct transition from A to B, i.e., without returning back to
A or going through B in between.
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give the probability of a random walker initially in bi to
first enter B and last exit A, respectively. Namely, q6i :�
prob(t6B , t6A x0 ∈ bi)

∣∣ , where t6S :5 inf nT : x6n ∈ S
{ }

with the
plus (minus) sign denoting first entrance (last exit) time of a
set S ⊂ D. The committors are fully computable from P and
p, since prob(xn ∈ bi) 5 pi, according to

q6i 5
∑
j

P6
ij q

6
j , i ∈ A ∪ B, q6i∈A 5 d171,2, q6i∈B 5 d161,2:

(3)

Here, P1 5 P, P2
ij :� prob(x0 5 j x1 5 i)5 (pj=pi) Pji

∣∣ are the
entries of the time-reversed transition matrix, i.e., for the origi-
nal chain traversed in backward time, {x-n}; the overbar means
complement; and the short-hand notation i ∈ S for i: bi ⊂ S is
herein used.

The committor probabilities are used to express several sta-
tistics of the ensemble of reactive trajectories as follows (e.g.,
Metzner et al. 2006; Helfmann et al. 2020).

1) The distribution of reactive trajectories, lAB 5 (mAB
i ) ∈R13N ,

where mAB
i is defined as the joint probability that a trajectory

is in box bi while transitioning from A to B and is comput-
able as

mAB
i 5 q2i piq1i : (4)

These describe the bottlenecks during the transitions, i.e.,
where reactive trajectories spend most of their time.
Clearly, mAB

i∈A∪B ≡ 0.
2) The effective current of reactive trajectories, f1 5 ( f1i,j ) ∈RN3N ,

where f1i,j gives the net flux of trajectories going through bi
at time nT and bj at time (n 1 1)T on their way from A to
B, indicates the most likely transition channels. This is com-
putable according to

f1ij 5max fAB
ij 2 fAB

ji , 0
{ }

, fAB
ij 5 (12 dij)q2i pjPijq1j : (5)

To visualize reactive trajectories, one can proceed in two
different but complementary ways, as we do here.
(i) On one hand, one can simply depict the magnitude

and the direction of the effective reactive current f1

out of each box bi of the flow domain covering. This
is done by attaching to each bi the two-dimensional
vector on the “plane” SjÞif1ij eij, where eij ∈R231 is
the unit vector pointing from the center of box bi to the
center of bj (Helfmann et al. 2020; Miron et al. 2021).

(ii) On the other hand, one can depict dominant transition
paths, which maximize the minimal effective current
along the reactive trajectories (Metzner et al. 2009).
The larger the minimal effective current along a reac-
tive trajectory, the more current it conducts from A
to B. In practice one applies a flow decomposition al-
gorithm that seeks to concatenate “bottlenecks” in as-
sociated f1-weighted directed graphs, i.e., edges with
minimal effective current [cf. Metzner et al. (2009) for
details]. Dominant transition float paths between ap-
propriately chosen source and target sets will unveil

the major deep water mass parcel pathways connect-
ing them most productively.

3) The rate of reactive trajectories leaving A or entering
B̃MB, defined, respectively, as the probability per time
step of a reactive trajectory to leave A or enter B̃MB, are
computed, respectively, as

kA→ 5
∑
i∈A, j

fAB
ij , kB̃← 5

∑
i, j∈B̃

fAB
ij , (6)

and can be interpreted in various ways. One is as the pro-
portion of reactive trajectories leaving A or entering
B̃MB. If divided by T, the other possible interpretation is
as the frequency at which a reactive trajectory leaves A or
enters B̃MB. In particular, kA→ ≡ kB←. Moreover, in a
fully three-dimensional calculation, with three-dimensional
boxes rather than “tiles” as considered in the present two-
dimensional analysis constrained by the data availability,
reactive rates can be interpreted as volumetric flow rates.
More specifically, upon dividing kA→ or kB̃← by T and
multiplying the result by the volume spanned by the box
covering of D, one would get the volumetric flow rate out
of A or into B̃, respectively.

4) Finally, the expected duration t AB of a transition from A
to B is obtained by dividing the probability of being reac-
tive by the transition rate interpreted as a frequency, viz.,

t AB 5

∑
j∈A∪B

mAB
j

kAB : (7)

When D represents an open flow domain, i.e., with trajecto-
ries flowing out and returning back in as is the case of this
work, P is no longer stochastic, which requires an adaptation
of TPT (Miron et al. 2021). This involves augmenting the
Markov chain defined by P by a stochastic transition matrix
P̃ ∈R(N11)3(N11) defined by

P̃ :� P pD→v

pD←v 0

( )
, (8)

where v is the state, called a two-way nirvana state,
used to augment the chain. In Eq. (8), vector
pD→v :� (12Sj∈DPij)T ∈RN31 gives the outflow from D and
the probability vector pD←v ∈R13N gives the inflow. When
possible, this is estimated from the trajectory data. Other
possibilities exist, for instance, when there are not enough
trajectory observations or their limited length prevents
them from capturing the return flow, as is for example the
case with the deepest floats analyzed in this study. One such
possibility is redistributing any imbalance like the quasi-sta-
tionary distribution p, normalized by Sipi, or uniformly
along the chain. However, the TPT results of this paper
were not found sensitive to any of these choices. The expec-
tation is that the dynamics produced by the restriction of P̃
to D, P̃ D| , is consistent with the original dynamics, i.e., pro-
duced by P, under the assumption of well-mixedness be-
tween exit from D and reentry into it. TPT is adapted in
Miron et al. (2021) such that transitions between A and B
are constrained to take place within D, i.e., they avoid v.
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This is accomplished by replacing p in the TPT formulas
above by p̃ D| , where p̃ is the stationary distribution of P̃.

We finalize this section by noting that, theoretically, by er-
godicity of a Markov chain, the TPT statistics can be com-
puted by “counting” transition events of an infinitely long,
p-distributed trajectory (Vanden-Eijnden 2006; Helfmann
et al. 2020). For instance, the forward committor q1i is equal
to the fraction of all visits paid by such a trajectory to box bi
after having directly transitioned to B without hitting A first.
One may then wonder why all the TPT sophistication is really
necessary when one could simply do an approximation by
counting. The answer is in the nature of the trajectory data:
sufficiently many trajectories that are sufficiently long and ap-
propriately distributed would be needed to resolve the transi-
tion statistics. None of these conditions are satisfied in
practice, not even if the trajectory data are generated numeri-
cally, and the best available option is to combine all available
trajectory information into a Markov chain.

b. Construction of the Markov chain model(s)

The Markov chain is constructed using trajectories from
Argo and RAFOS floats deployed in, or traveling through,
the subpolar North Atlantic above 408N. In this region, the in-
clusion of Argo floats is critical to the analysis of the NADW
circulation due to the insufficient density of RAFOS floats,
which drift at a constant depth. Given the nature of Argo
floats, which surface from their parking depth every 10 days,
we note that surface currents account on average for 15% of
Argo float displacement. Since 2013, the majority of Argo
floats use the Iridium telecommunications service, which al-
lows for faster transmission, decreasing the time period at the
surface, as well as the influence of surface currents on the float
trajectory. On the other hand, in Miron et al. (2019a) it was
shown that the vertical excursions of the Argo floats do not
substantively affect the description of the Lagrangian motion
at their parking depth. Thus we proceed with confidence and
consider Argo and RAFOS floats together in the analysis.

The Argo floats deployed in the Labrador Sea during
the World Ocean Circulation Experiment and the Deep

Convection Experiment in the 1990s, and elsewhere since the
1980s, encompass most (1513 of a total of 2339 floats) of
the data record (Fig. 2). The OSNAP program contributes to
the data record over the period 2014–17 with 134 RAFOS
floats, deployed in various locations of the subpolar North At-
lantic. There are 1745 floats sampling depths between 750 and
1500 m, and 302 floats between 1800 and 3500 m. Observa-
tional trajectories in these two depth ranges are here used to
construct two independent Markov chains, describing the evo-
lution of the UNADW and LNADW components of NADW,
respectively. The construction of the two Markov chains first
involves covering each regionD sampled by each set of trajec-
tories, with a grid of 0.68 3 0.68 boxes. Henceforth, we differ-
entiate between the shallow Markov chain, describing the
circulation of UNADW (Fig. 3, left panel) and the deep
Markov chain, describing the circulation of LNADW (Fig. 3,
right panel). The area of the boxes is not uniform due to
Earth’s sphericity, but this is of no consequence if the discreti-
zation of the Lagrangian dynamics is carried out appropri-
ately; cf. Miron et al. (2019a). To compute the transition matrix
P of each Markov chain, we use the float positions at any time t
and T 5 10 days later to provide observations of random posi-
tions x0 and x1. The transition time (T 5 10 days) is sufficiently
long to guarantee negligible memory into the past (we have esti-
mated a Lagrangian decorrelation time of about 5 days) so the
Markov assumption can be expected to approximately hold. This
T choice also guarantees sufficient communication among boxes,
while still maximizing sampling. The results presented below,
however, are insensitive to T choices between 5 and 20 days.
Similar results were found earlier by Miron et al. (2019a) using
RAFOS and Argo float data in the Gulf of Mexico.

An important cautionary note is that UNADW and LNADW
are usually defined by their (mass) density signature rather
than depth ranges. Commonly considered sigma-potential den-
sity ranges are 27.66–27.8 and 27.8–27.88 kg m23, respectively
(Lozier et al. 2019). These respectively lie, typically, within the
depth ranges 750–1500 and 1800–3500 m (discarding data be-
tween 1500 and 1800 m near their interface) here used to dif-
ferentiate between the two water masses in question. Their

FIG. 2. (left) Independent of horizontal position or time, depth reached by each RAFOS or Argo float deployed in,
or traversing the, subpolar North Atlantic (Fig. 3) since the 1980s. The broken red lines indicate the limits of the depth
ranges chosen to construct the Markov chains that represent the motion of the UNADW (750–1500 m) and LNADW
(1800–3500 m) components. (right) Histogram of the raw data density within boxes of the domain (above 508N) with
the broken gray line indicating the average value of 95 data points per box.
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choice had the above observation in mind, but it was also con-
strained by the data availability. Thus our NADW flow de-
scription admittedly is an approximation.

c. Source and target sets for TPT analysis

Two source sets, A1 and A2, and a single target set B, given
by the union of nearly contiguous boxes, are defined for each of
the two Markov chains (Fig. 3). For the UNADW chain (Fig. 3,
top panel), sets A1, positioned in the middle of the Labrador
Sea, and A2, located in the southwestern Irminger Sea off the
southern tip of Greenland. For the LNADW chain (Fig. 3, bot-
tom panel), sets A1 and A2 straddle the Reykjanes Ridge. The
UNADW sources in the Labrador Sea and the southwestern Ir-
minger Sea lie in regions of presumed deep water formation
(Pickart et al. 2003). The southwestern Irminger Sea and the
LNADW sources overlap with the location of an OSNAP
mooring array or coincide with the release sites of RAFOS
floats (Ramsey et al. 2020). In particular, the LNADW source
east of the Reykjanes Ridge can be expected to intersect

Iceland–Scotland Overflow Water. Constrained by the availabil-
ity of data and the depth of the water masses across the North
Atlantic, the target set B is taken to represent the southern edge
of the subpolar North Atlantic, so the TPT analysis enables as-
sessing pathways of NADW out of it (Fig. 3). For the UNADW
chain, which has a higher density of float data, this crosses the
domain at a latitude of 508N. For the LNADW chain, for which
the float coverage is poorer, it is positioned approximately along
518N. Note that each set B includes a meridional set of boxes
along 358N extending out to the Charlie–Gibbs Fracture Zone
(CGFZ), at about 538N. This set of target boxes is included to
assess internal pathways in the subpolar North Atlantic.

3. Results

a. Transition pathways of UNADW

We begin by discussing the structure of the UNADW for-
ward (q1) and backward (q2) committor probabilities; cf.
Eq. (3). These are shown in the left and right panels of Fig. 4,

FIG. 3. Box (gray) of the subpolar North Atlantic regions defining the (left) UNADW and (right) LNADWMarkov
chain models, constructed using float data within 750–1500 m and 1800–3500 m, respectively. Source and target sets
for TPT analysis are indicated in black and red, respectively. Isobaths 1000, 2000, and 3000 m are shown in this and in
all subsequent figures for reference.

FIG. 4. (top) For the UNADWMarkov chain model with the source in the Labrador Sea, probability of trajectories
to commit to (left) the target (red boxes) in forward time and (right) the source (black/white boxes) in backward
time. (bottom) As in the top panels, but with the source in the Irminger Sea.
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with the source placed in the Labrador Sea (top) and south-
western Irminger Sea (bottom). The probability of the trajec-
tories to commit to the target in forward time increases
toward the target. Similarly, their probability to commit in
backward time to the source increases toward the source. By
construction, the forward committor vanishes at the source
and is maximal at the target, and vice versa for the backward
committor. Clearly, there is no reactive current inside the
source and the target, where q1i 5 0 and q2i 5 0 for each box
bi covering these sets, respectively, and it will be small in re-
gions covered by boxes where q1i ≈ 0 or q2i ≈ 0. This takes
place in most of the eastern subpolar North Atlantic (Fig. 5).

More specifically, in the left and right panels of Fig. 5 the
resulting effective reactive currents of UNADW are depicted
alongside their associated dominant transition paths, with the
top and bottom rows corresponding to the Labrador and
Irminger Sea sources, respectively. The dominant transition
paths are colored according to the minimal effective reactive
current along their path.

As expected from the analysis of the committors, most of
the reactive transitions of UNADW take place in the western
subpolar North Atlantic. From both sources, the majority of
the transition pathways reach the target at its western edge
along a well-defined DBC, seemingly consistent with f/h con-
servation, where f is the Coriolis frequency and h is depth
(LaCasce and Bower 2000).

For UNADW emerging from the source centered in the
Labrador Sea (Fig. 5, top), a sizeable amount of reactive cur-
rent is initially directed eastward, into the Irminger Sea,
where it reaches the East Greenland Current and flow around
Greenland. Dominant pathways (top-right panel, accounting
for 90% of the probability flux of reactive trajectories) emerg-
ing from the Labrador Sea show some degree of isotropicity,

consistent with f/h conservation in a region where the bot-
tom topography is relatively flat. The majority of dominant
paths eventually join to form a WDBC, and swiftly reach
the southwestern edge of the domain. In addition, some in-
terior transition paths are seen to connect the Labrador Sea
source with the meridional of boxes of the target at 358W,
indicating possible transition pathways of UNADW con-
necting the western and eastern subpolar North Atlantic
through the CGFZ, previously identified by Lavender et al.
(2000, 2005) and more recently quantified by Gonçalves
Neto et al. (2020). From the Labrador Sea, such internal
paths represent a small percentage, not exceeding 10%, of
the total amount of transitions between the Labrador Sea
source and the target.

For UNADW emerging from the southwestern Irminger
Sea source (Fig. 5, bottom), the DBC is restricted between
the 1000- and 3000-m isobaths as it progress northwestward
bordering western Greenland. At about 618N where the 2000-
and 3000-m isobaths separate from one another, the reactive
current splits into two branches, one roughly following the
3000-m isobath and another one following the 2000-m isobath
very closely. The two branches eventually merge, roughly off
the northeastern end of the Labrador Peninsula, where the
2000- and 3000-m isobaths get closer again, into a single-
branch DBC that flows out of the subpolar North Atlantic.
The two UNADW paths inferred by the TPT analysis are
hard to reveal from the inspection of individual float trajecto-
ries. The two DBC branches unveiled by TPT provide obser-
vational support to inferences made from the analysis of
simulated float trajectories (de Jong et al. 2016) as well as ro-
bust statistical confirmation of earlier inferences made from
the inspection of a subset of the float data considered here
(Cuny et al. 2016).

FIG. 5. (top) For the UNADW chain with the source in the Labrador Sea, (left) effective reactive currents and
(right) dominant transition paths accounting for 90% of the probability flux of reactive trajectories. (bottom) As in
the top panels, but with the source in the Irminger Sea.
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b. Transition pathways of LNADW

The left and right panels of Fig. 6 show q1 and q2, respec-
tively, with the source of the LNADW chain placed west
(top) and east (bottom) of the Reykjanes Ridge. Similarly to
the UNADW chain, q2i ≈ 0 in boxes covering most of the
eastern and the interior of the subpolar North Atlantic when
the source is placed west of the Reykjanes Ridge. LNADW
transition currents out of that source will necessary be small.
When the source is placed east of the Reykjanes Ridge,

q2i ≈ 0 everywhere in the subpolar North Atlantic domain, ex-
cept in the West European Basin, where reactive currents can
be expected to concentrate in.

The reactive currents (Fig. 7, top-left panel) and dominant
transition paths (Fig. 7, top-right panel) of LNADW out of
the source west of the Reykjanes Ridge, reveal a well-defined
western DBC, in a manner akin to UNADW reactive currents
and dominant transition paths out of the Irminger Sea source.
The most notable difference is that TPT-inferred DBC in the
Labrador Sea is composed of a single strongly defined branch,

FIG. 6. (top) For the LNADW Markov chain model with the source placed west of the Reykjanes Ridge, probabil-
ity of trajectories to commit to (left) the target (red boxes) in forward time and (right) the source (black/white boxes)
in backward time. Reactive trajectories (of UNADW) are necessarily small where the forward or backward commit-
tor probabilities are small. (bottom) As in the top panels, but with the source placed east of the Reykjanes Ridge.

FIG. 7. (top) For the LNADW chain with the source west of the Reykjanes Ridge, (left) effective reactive currents
and (right) dominant transition paths accounting for 90% of the probability flux of reactive trajectories. (bottom) As
in the top panels, but with the source east of the Reykjanes Ridge.
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which roughly follows the 3000-m isobath in the Labrador Ba-
sin, consistent with f/h conservation. Note that UNADW tran-
sition paths reveal two branches even if the source is placed in
the same location west of the Reykjanes Ridge used for the
TPT analysis of the LNADW chain.

The TPT-inferred path from east of the Reykjanes Ridge,
which are taken to roughly represent the spreading of
Iceland–Scotland OW (Fig. 7, bottom panels), differ from the
transition pathways of LNADW sourced west of the Rey-
kjanes Ridge in both direction and intensity as determined by
the probability of reaching the target, which is smaller. About
70% of the reactive currents are directed southward. Nearly
30% of this portion of the reactive paths flow toward the
northward extension of the target at 358W and the balance
reaches boxes east of it toward the West European Basin, as
anticipated by the analysis of the forward committor probabil-
ity (Fig. 6, right panels). Some low-probability transition paths
take a westward direction just before reaching the target
around CGFZ and cross the subpolar North Atlantic interior
to cross into the Labrador Sea and rejoin the DBC in that ba-
sin (Fig. 7, bottom panels). From the eastern to the western
side of the Reykjanes Ridge, the magnitude of reactive cur-
rents decreases significantly, indicating that very few transi-
tions connect one side of the ridge with the other. The results
just described are not affected by the meridional portion of
the target.

We note that transition paths for LNADW resemble those
for UNADW when the TPT analysis of LNADW uses
UNADW sources. The only difference if that a two-branch
DBC is not so well revealed, likely because of insufficient
data coverage. Transition paths for UNADW with LNADW
sources reveal much more organization, with the development
of a quite well-defined DBC around the Reykjanes Ridge,
and eventually a DBC with the separation into two branches
and the subsequent merging as described above.

c. Mean circulation

It is valid to ask if the simple analysis of the mean Eulerian
flow field, could reveal the same characteristics of the NADW
paths. Figure 8 shows the mean velocity fields obtained by
averaging the float velocities in the UNADW (left) and
LNADW (right) layers within each box of the corresponding
domain. Deducing the pathways previously identified by TPT
seems hard, particularly the interior pathways since the mean

Eulerian velocities away from the western boundary are negli-
gibly small. This is consistent with the assessment by Miron
et al. (2019a), who analyzed the possibility that the assump-
tion of time homogeneity of the statistics involved in con-
structing their deep-flow Markov chain model, similar to
those underlying the TPT analysis here, could be thought to
be represented simply by advection by the mean circulation
with the addition of (eddy) diffusion. Substantial differences
were found, mainly because their Markov chain model, while
time homogeneous, was derived from trajectories sustained
by time-varying deep-ocean currents and represent, in a statis-
tical sense, the advection–diffusion dynamics of such a time-
dependent flow. Here we add that even if the velocity data
were known with infinite resolution, the TPT trajectories can
never be expected to resemble flow trajectories, because they
actually highlight the most effective of all such trajectories
connecting predefined source and target locations, i.e., they
do not account for unproductive detours.

d. Reactive rates of UNADW and LNADW

To further quantify the distribution of transition pathways
along the target, Fig. 9 presents reactive rates entering each tar-
get box from the various source, i.e., kbi← for each bi ⊂ B, nor-
malized by the total reactive rate into it, i.e., kB← 5

∑
i∈Bk

bi←,
for UNADW and LNADW from the various sources consid-
ered. The results are shown as a function of longitude along the
zonal piece of the target (left panel) and of latitude along its
meridional piece at 358N (right panel).

The reactive rates into the latitudinal boxes of the target re-
veal a jetlike structure west of 458W, for UNADW and
LNADW irrespective of the source. In fact, about 79% (82%)
of the reactive currents of UNADW out of the source in the
Labrador (Irminger) Sea reach the target west of 458W. For
the LNADW, roughly 94% and 19% of the currents reach the
target west of 458W, respectively, for the LNADW chain sour-
ces east and west of the Reykjanes Ridge.

The reactive rates of UNADW (Labrador and Irminger
Seas) present, respectively, 11% and 10% of interior path-
ways between 358 and 458W. For the LNADW with the
source west of the Reykjanes Ridge, internal pathways ac-
count for a mere 5% of the direct connections. The story is
quite different for LNADW with the source east of the Rey-
kjanes Ridge, for which more than 70% of the pathways to
the target materialize outside of the western boundary current

FIG. 8. Mean Eulerian velocities obtained by averaging float velocities in (left) UNADW and (right) LNADW layers
within each box of the domain.

J OURNAL OF ATMOS PHER I C AND OCEAN I C TECHNOLOGY VOLUME 39966

Brought to you by UNIVERSITY OF MIAMI (RSMAS) | Unauthenticated | Downloaded 08/31/22 04:11 PM UTC



with a large peak around 258W along with smaller peaks in
several location west of it.

Furthermore, a nonnegligible amount of UNADW reactive
rate, about 10% from the Labrador Sea source and 8.5%
from the southwestern Irminger Sea source, reach the meridi-
onal set of boxes of the target concentrated at 528N. This is
consistent with inferences of zonal transport of the UNADW
by Gonçalves Neto et al. (2020). For LNADWwith the source
east of the Reykjanes Ridge, nearly 30% reach the meridional
target with a maximum around 52.58N. This maximum is most
likely due to pathways reaching the area around the CGFZ
but we do not expect important westward crossing through
the fracture zone since eastward transport was shown in
Bower and von Appen (2008) and more recently in Gonçalves
Neto et al. (2020). Nonetheless, Bower and von Appen (2008)
pointed out that westbound crossings occur north of the
CGFZ at 538N and more frequently between 558 and 588N.

These reactive rate calculations are consistent with the re-
sults from the inspection of the reactive currents and domi-
nant paths that the route of NADW out the subpolar North
Atlantic is predominantly in the form of a well-defined DBC.
The UNADW reactive rates into the meridional target, albeit
small, indicate transition paths from the western to the east-
ern subpolar North Atlantic through the CGFZ.

e. Dynamical decomposition of the domain

The flow domain decomposition in Fig. 10, called a forward-
committor-based dynamical geography (Miron et al. 2021), offers
further insight into the NADW Lagrangian dynamics. This is
accomplished as follows.

First, we place the source in the virtual two-way nirvana set
(v) used to close the system (8), in this case in such a way that
probability imbalance is sent back to the chain uniformly.
Since the reactive trajectories emerging from v will necessar-
ily have to travel through the boxes of the domain on their
way to the target (B), TPT will unveil transition paths into B
in the southern edge of the flow domain D without the restric-
tion of emerging from preset source sets. Second, we split the
target B at the southern edge of the domain into four subsets,
three of them composed of zonal boxes along it, spanning
nearly equally long longitudinal bands, and the fourth one
composed of its meridional boxes. Finally, the domain boxes
are divided into four groups according to the maximum prob-
ability of each box to forward committing to each of the four
subtargets defined above, i.e., according to whichever target is
most likely to be reached from a particular grid box. Each
group is colored according to the color assigned to the subtar-
get to which it most probably forward commits. The dynamical
geography so constructed is formed by provinces analogous to
backward-time basins of attraction (Miron et al. 2017, 2019a),
which constrain the transport of UNADW and LNADW into
the corresponding (sub)target.

More precisely, for UNADW (Fig. 10, left panel) reactive
pathways from almost all boxes of the domain converge
toward the westernmost subtarget (blue). The remaining sub-
targets (cyan, red, and magenta) are reached by transition
channels emerging from regions in their close vicinity. Unlike
the UNADW, which roughly shows a single dynamical prov-
ince, the LNADW geography (Fig. 10, right panel) includes
two large provinces (blue and magenta) separated by the
Reykjanes Ridge. The red and cyan subtargets are seen to

FIG. 9. Reactive rates into each (left) latitudinal and (right) meridional box of the target(s) normalized by total reac-
tive rate for UNADW and LNADWwith the source location as indicated in parenthesis.

FIG. 10. Decomposition of the flow domain according to the maximal probability of reactive trajectories sourced
from a virtual box outside the flow domain to forward committing to each of the four subtargets into which the target
in the previous figures has been split, both for the (left) UNADW and (right) LNADW chains.
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present an even smaller influence on the LNADW reactive flow
dynamics than similarly located targets on that of UNADW.
For both UNADW and LNADW, interior easterly reactive tra-
jectories reach the red and cyan targets, from regions located
west of the Mid-Atlantic Ridge.

f. Expected durations of reactive NADW pathways

Finally, Fig. 11 presents expected duration tbiB of travel of
reactive trajectories [cf. Eq. (7)] out of each box bi to the tar-
get B at the southern edge of the subpolar North Atlantic. As
in the sections prior to the last one, we consider the southern
border of the subpolar North Atlantic as a single target, and
transitions are restricted to happen within the physical flow
domain. For UNADW (Fig. 11, left panel), tbiB is minimized
along the western boundary of the domain (2–3 years), and
clearly very close to the target, where it vanishes. Toward
the east–northeast past the Reykjanes Ridge, tbiB increases,
reaching around 8 years. This is suggestive of cyclonic recircu-
lation and longer direct pathways exiting the subpolar North
Atlantic. For LNADW (Fig. 11, right panel), the Reykjanes
Ridge has a larger impact on the circulation. From the Iceland
Basin, east of the Reykjanes Ridge, the pathways reach the
target about 3–5 years faster than from the Irminger Basin,
west of the ridge. This is consistent with direct visualization of
multiple paths of RAFOS floats at the southern end of the
Reykjanes Ridge (Zou et al. 2017). Similarly to UNADW, the
expected transition time from the Labrador Sea to the target
is estimated between 2 and 3 years along the western bound-
ary. These results are consistent with previous pCFC-11 age
estimates in the North Atlantic as computed from observa-
tions of CFCs in the North Atlantic (Fine 2011).

4. Discussion

A discussion of the present results in connection with ear-
lier (Talley and McCartney 1982) and more recent (Lozier
et al. 2019; Zou et al. 2020; Georgiou et al. 2021; Koelling et al.
2022) results follows.

Using potential vorticity as a tracer, Talley and McCartney
(1982) have concluded that the advection of UNADW
(Labrador Seawater) is accomplished along three main direc-
tions: northeastward into the Irminger Sea, southeastward
across the North Atlantic, and southward along the Labrador
Current. We observed an important recirculation toward the

Irminger Basin as well as a dominant southward advection
along a DBC. The northeastward transport of the UNADW
is not so well captured by the TPT analysis, but this may be
explained by two main differences with the analysis of Talley
and McCartney (1982). First, here we considered observations
in the range 750–1500 m to represent UNADW, while Talley
and McCartney (1982) considered depths between 500 and
2000 m. At shallower depths, between 100 and 1000 m, inspec-
tion of RAFOS floats by Bower and von Appen (2008) sug-
gested an eastward flow between 458 and 538N. Second, the
target of our TPT analysis is positioned north of the location
where Talley and McCartney (1982) observed transport ex-
tending to the east toward the Mid-Atlantic Ridge, which is
influenced by the meandering of the northeastward Gulf
Stream Extension/North Atlantic Current.

Our expected duration estimates appear to overestimate the
transit time of deep water in the North Atlantic compared to
transit time estimates by other authors. For example, Pickart
et al. (2003) estimated a transit time out of the subpolar region
from the Labrador Sea of about 1 year. On the other hand,
Georgiou et al. (2021) estimated that transit times between 0.5
and 2 years from the Cape Farewell to 538N from Lagrangian
particle tracking using global circulation model output. Since
the expected duration represents an average transit time of re-
active trajectories (direct connections between source and tar-
get), the noted differences are not unexpected. Indeed, the
expected duration along the DBC can be anticipated to be
shorter, but interior pathways have been suggested to last
within the region for over 6 years (Georgiou et al. 2021). As
pointed out by these authors, the internal pathways contribute
to the variability of the Atlantic meridional overturning circu-
lation. Quantify their effects is beyond the scope of the TPT
analysis in its current setting. A recent extension thereof,
which introduces an explicit probability flow decomposition
into direct transitions and loops supported on cycles, may pro-
vide means for doing it (Banisch et al. 2015; Helfmann et al.
2021).

The seasonal and interannual variabilities suggested by the
measurements taken during the OSNAP Program (Lozier
et al. 2019) cannot be quantified by the present analysis, which
relies on a time homogeneity assumption. The extracted path-
ways of the LNADW show a higher connection outside of the
WBC, as observed by Koelling et al. (2022). This might ex-
plain the disconnection pointed out by Lozier et al. (2019)

FIG. 11. Mean duration of the pathways calculated from boxes of the domain to the target (red boxes) located at
508–518N for the (left) UNADW and (right) LNADW.
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between water formation from deep water sources and export
outside of the subpolar region. In accordance with the results
presented here, Koelling et al. (2022) also indicate a longer
residence time of internal pathways and a rapid export of
UNADW through the WDBC.

In turn, from the analysis of a subset of the RAFOS trajec-
tories considered here and the aid of simulated trajectories,
Zou et al. (2020) redrew the pathways of LNADW coming
from the CGFZ. Rather than turning northward along the
western flank of the Reykjanes Ridge, most of the LANDW
was inferred to follow a west-northwestward path or travel
equatorward along the western flank of the Mid-Atlantic
Ridge. A similar picture was drew by Johns et al. (2021) from
the compilation of earlier results by others from float data
and simulations, and from the analysis of moored current me-
ter observations. The main difference was that they inferred a
southward flows along the eastern flank of the Mid-Atlantic
Ridge. These inferences are only partially in agreement with
our results. The main agreement regards the west-northwest-
ward, which TPT confirms. The major discrepancies are two.
First, TPT does not discard a turning northward along the west-
ern flank of the Reykjanes Ridge [Johns et al. (2021) does not
excludes this path; actually, they suggest one through the Bight
Fracture Zone, which TPT also highlights]. Second, TPT unveils
several equatorward routes. These include a nonnegligible WDBC
(produced by the turning northward along the western flank
of the Reykjanes Ridge), several southward routes west of the
Mid-Atlantic Ridge, and a prominent southward path along
the eastern flank of the Mid-Atlantic Ridge (Fig. 9).

5. Summary and conclusions

Several aspects of the circulation of North Atlantic Deep
Water (NADW) have been quantified by applying a recent ad-
aptation to open dynamical systems of transition path theory
(TPT) on available RAFOS and Argo float trajectories. TPT
was developed to statistically characterize ensembles of so-called
reactive trajectories. Such trajectories transition directly from a
source to a target, i.e., they do not include trajectory detours
that unproductively contribute to transport. We used this char-
acteristic of reactive trajectories to unveil most effective equa-
torward routes for NADW within the subpolar North Atlantic.
The modeling framework of TPT analysis is given by a Markov
chain, under the assumption of advection–diffusion dynamics.

Two Markov chain models were constructed by discretizing
the Lagrangian dynamics as described by the float trajectories.
One chain involved floats at parking depths in the 750–1500-m
range to represent the upper layer of NADW (UNADW),
mainly composed of Labrador water. The other chain used
floats with parking depth ranging between 1800 and 3500 m,
representative of the lower layer of NADW (LNADW) mainly
composed of overflow water. Preset sources of UNADW in the
Labrador and southwestern Irminger Seas, and of LNADWwest
and east of the Reykjanes Ridge were considered in the TPT
analysis. The target was located along 508N, taken to represent
the southern edge of the subpolar North Atlantic to within the
limits imposed by the availability of data and the depth of the wa-
ter masses.

The UNADW component of the TPT-inferred DBC was
found to flow between the 2000- and 3000-m isobaths, while
showing two branches in the Labrador Sea where those iso-
baths diverge. Each branch followed each of these isobaths
closely. Interior paths of UNADW through the Charlie–
Gibbs Zone were also unveiled, but amounting to a reduced
fraction, not exceeding 20%, of the total UNADW transi-
tions. The majority of the LNADW transition paths (95%)
tracked out of a source west of the Reykjanes Ridge were
found to form a DBC, well organized roughly along the
3000-m isobath. LNADW tracked out from a source east of
the Reykjanes Ridge revealed a lesser degree of organization.
About 20% of the transitions organized along a DBC, while
nearly 30% converged east of the Mid-Atlantic Ridge on
the target at the southern edge of the domain. The rest
of the transitions hit the target in several places distributed
along thereof, indicating southward flow along the western
flank of the Mid-Atlantic Ridge as well. A source-independent
dynamical decomposition of the flow domain into analogous
backward-time basins of attraction consistently revealed
a much wider influence of the western side of the target for
UNADW than for LNADW. The former spanned nearly the
entire subpolar North Atlantic, while the latter was confined
to the Labrador and Irminger Seas. For UNADW, the average
expected duration of the pathways from the Labrador and
Irminger Seas was found to range between 2 and 3 years. For
LNADW, the expected duration of the pathways was largely in-
fluenced by the Reykjanes Ridge. This was found to be as long
as 8 years for paths sourced on the western side of the ridge,
while of about 3 years on average for those on its eastern side.

Future work should aim to expand spatiotemporal coverage
and consider isopycnal ranges, which, unlike fixed depth ranges,
most naturally constrain UNADW and LNADW. Clearly, both
are beyond reach of existing observational platforms, so one
will necessarily have to resort to numerical simulation. At a
much more fundamental level lies the question of the extent to
which float motion represents fluid motion, which can be stud-
ied using recent results on the dynamics of inertial (i.e., buoy-
ant, finite-size) particles (Beron-Vera et al. 2015). Addressing
these questions is left for the future.
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Brémaud, P., and J. R. Norris, 1975: Markov Chains: Gibbs Fields,
Monte Carlo Simulation, and Queues. Texts in Applied Math-
ematics, Vol. 19, Cambridge University Press, 91–121.

Cuny, J., P. B. Rhines, P. P. Niiler, and S. Bacon, 2016: Labrador
Sea boundary currents and the fate of the Irminger Sea Wa-
ter. J. Phys. Oceanogr., 32, 627–647, https://doi.org/10.1175/
1520-0485(2002)032,0627:LSBCAT.2.0.CO;2.

de Jong, M. J., A. S. Bower, and H. H. Furey, 2016: Seasonal and
interannual variations of Irminger ring formation and boun-
dary–interior heat exchange in FLAME. J. Phys. Oceanogr.,
46, 1717–1734, https://doi.org/10.1175/JPO-D-15-0124.1.

Drouin, K. L., M. S. Lozier, F. J. Beron-Vera, P. Miron, and M. J.
Olascoaga, 2012: Surface pathways connecting the South and
North Atlantic Oceans. Geophys. Res. Lett., 49, e2021GL096646,
https://doi.org/10.1029/2021GL096646.

Fine, R. A., 2011: Observations of CFCs and SF6 as ocean tracers.
Annu. Rev. Mar. Sci., 3, 173–195, https://doi.org/10.1146/annurev.
marine.010908.163933.

Fischer, J., and F. A. Schott, 2002: Labrador Sea Water tracked
by profiling floats}From the boundary current into the open
North Atlantic. J. Phys. Oceanogr., 32, 573–584, https://doi.
org/10.1175/1520-0485(2002)032,0573:LSWTBP.2.0.CO;2.

Froyland, G., P. K. Pollett, and R. M. Stuart, 2014: A closing
scheme for finding almost-invariant sets in open dynamical
systems. J. Comput. Dyn., 1, 135–162, https://doi.org/10.3934/
jcd.2014.1.135.

Georgiou, S., S. L. Ypma, N. Brüggemann, J.-M. Sayol, C. G. van
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