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[1] Decadal changes of the meridional overturning circulation (MOC) at the A25-Ovide
section between Portugal and Greenland are investigated in a numerical simulation forced by
atmospheric reanalysis data for the period 1965–2004. The intensity, composition, and
structure of the upper MOC limb are assessed using a Lagrangian analysis tool. Its mean
transport is fed by water masses of two distinct origins: the subtropics and the Labrador Sea.
Two vertical overturning cells are consequently identified: a subtropical cell connecting low
and high latitudes (12 Sv, 1 Sv= 106 m3 s–1) and a cell internal to the subpolar gyre (4 Sv). The
decadal MOC variability is associated with synchronized transport changes of the subtropical
and subpolar inflow within the North Atlantic Current (NAC). The varying strength of the
MOC is further related to changes in the upper horizontal transport distribution. When the
MOC is in a strong phase (early 1990s), the northern branch of the NAC in the Iceland Basin
is strong while the southern branch at the Rockall Trough entrance is relatively weak. The
inverse situation holds for a persistent weak MOC state (1970s). Contrary to the conclusions
of earlier studies, variability in the strength and shape of the subpolar gyre does not stand as
the main driver of the changing NAC structure, which is largely induced by the horizontal
variability of the subtropical inflow. Additionally, the recently shown intrusion of subtropical
waters into the northeastern Atlantic (late 1960s, early 1980s, and 2000s) are shown to
primarily occur during periods of weak MOC circulation at A25-Ovide.
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1. Introduction

[2] The quantification and understanding of long-term
changes in the redistribution of heat between low and high
latitude regions stand as a major challenge in climate research.
In the North Atlantic Ocean, this meridional heat transport is
mainly carried out by the meridional overturning circulation
(MOC)—a vertical circulation cell depicting a northward
transport of light waters within its upper limb and a return flow
of relatively dense waters at depth. The present study focuses
on the MOC variability at the A25-Ovide section joining
Cape Farewell (Greenland) and Portugal, and particularly
emphasizes decadal changes in the strength, composition,
and structure of the warm water transport carried out by
the North Atlantic Current (NAC).
[3] From a dynamical point of view, two prominent and

permanent pathways of the NAC east of the Mid-Atlantic
Ridge (MAR) are usually described in the literature: a northern

branch, often referred to as the subpolar front, which flows
from the Charlie Gibbs Fracture Zone into the Iceland basin
as part of the cyclonic subpolar gyre circulation, and a south-
ern branch that flows within the Rockall Trough and that
preferentially crosses the Iceland-Scotland Ridge to feed the
Nordic Seas [Bower et al., 2002; Brambilla and Talley,
2006; Bower and von Appen, 2007]. A significant fraction of
those surface waters is progressively transformed through
air-sea interactions into intermediate and deep water masses
during their cyclonic journey around the Iceland and Irminger
basins [Brambilla and Talley, 2008; Brambilla et al., 2008],
and eventually meets the denser overflow waters along the
Greenland continental slope to form the deep limb of the
MOC [Lherminier et al., 2010; Sarafanov et al., 2012]. Vari-
ability in the overflow intensity was found to be relatively
small on decadal timescales [Nilsen et al., 2003; Olsen et al.,
2008], suggesting that the MOC variability on such timescales
reflects the varying rate of light-to-dense water mass conver-
sion south of the Greenland-Iceland-Scotland (GIS) sills.
[4] Observational evidence of interannual to decadal

changes in the strength and structure of the MOC in the
northeastern subpolar Atlantic Ocean is mainly provided
by the analysis of hydrographic sections. The Ovide project
was particularly aimed to describe the circulation and the
water masses in the eastern subpolar gyre, through the anal-
ysis of repeat hydrographic surveys between Portugal and
Greenland in the 2000s (the A25-Ovide line, see Figure 1)
[Lherminier et al., 2007; Lherminier et al., 2010; Daniault

1CNRS, Laboratoire de Physique des Océans, UMR6523, IFREMER,
CNRS, UBO, IRD, Plouzané, France.

2IFREMER, Laboratoire de Physique des Océans, UMR6523,
IFREMER, CNRS, UBO, IRD, Plouzané, France.

Corresponding author: D. Desbruyères, CNRS, Laboratoire de Physique
des Océans, UMR6523, IFREMER, CNRS, UBO, IRD, Plouzané, France.
(damien.desbruyeres@ifremer.fr)

©2012. American Geophysical Union. All Rights Reserved.
2169-9275/13/2012JC008342

462

JOURNAL OF GEOPHYSICAL RESEARCH: OCEANS, VOL. 118, 462–475, doi:10.1029/2012JC008342, 2013



et al., 2011a, 2011b; Gourcuff et al., 2011]. Similar investi-
gations were also carried out at 60�N during the 2000s
[Sarafanov et al., 2012] and across the A1E section between
Greenland and Ireland during the 1990s [Bersh, 2002]. Yet,
while those efforts have largely contributed to the current
understanding of the MOC structure in this particular region,
investigating the decadal oceanic variability from such
spatially and temporally sparse measurements is difficult.
[5] The knowledge of global air-sea fluxes of heat, fresh-

water, and momentum over the last decades has enabled
the MOC variability to be addressed through Ocean General
Circulation Models (OGCMs) experiments. Those tools
have provided crucial information about the North Atlantic
MOC and heat transport variability, particularly with regards
to its spatial coherence [e.g., Marsh et al., 2005; Bingham
et al., 2007;Böning et al., 2006; Zhang, 2010] and its response
to idealized or observed atmospheric conditions. This
response was particularly linked to the dominant mode of
atmospheric variability known as the North Atlantic Oscilla-
tion (NAO) [Hurrell, 1995], which exerts a strong influence
on the spatio-temporal distribution of buoyancy and mechani-
cal fluxes at the air-sea interface [e.g., Häkkinen, 1999; Eden
and Willebrand, 2001; Eden and Jung, 2001; Gulev et al.,
2003; Böning et al., 2006; Deshayes and Frankignoul, 2008;
Biastoch et al., 2008]. Yet, relatively few studies focused on
the local MOC variability in the eastern subpolar gyre.Marsh
et al. [2005] briefly analyzed the MOC and heat transport
variability at A25 in an eddy-permitting model, and related it
to similar analysis performed at two other hydrographic
sections (AR7W and A5-RAPID). Treguier et al. [2006]
focused on the MOC variability across the A25-Ovide line

in the
1

6

�
Clipper model. The link between the MOC and the

large-scale gyre circulation on relatively long timescales is
however still missing.

[6] The upper MOC limb in the eastern subpolar gyre is
primarily composed of subtropical waters from the Gulf
Stream, but is also linked to the cyclonic subpolar gyre
circulation through the eastward extension of the Labrador
Current that joins the NAC past Newfoundland [e.g.,
Rossby, 1996; Bower et al., 2002; Reverdin et al., 2003].
Schmitz and McCartney [1993] showed, from a wide
range of observations, a NAC of 20 Sv that includes a
7 Sv (1 Sv = 106 m3 s–1) component from the Labrador
Sea. In a high-resolution model of the North Atlantic,
Böning et al. [1996] partitioned the NAC transport within
the upper 1000m depth into a subtropical (14.1 Sv) and a
subpolar (7.8 Sv) contribution. The respective signatures
of both gyres on the decadal NAC variability were first
addressed by Hátún et al. [2005]. Using a salinity criterion
to extract the respective inflow of subtropical and subpolar
waters in the NAC, they found opposite decadal changes
in the volume transport of both source waters. Those
changes were correlated with the buoyancy-driven inten-
sity of the subpolar gyre, as depicted in the so-called “gyre
index” [Häkkinen and Rhines, 2004]. The weakening and
westward retreat of the subpolar gyre and the subsequent
increased transport of subtropical waters toward the
Nordic Seas was particularly invoked to explain the sharp
warming and salinization of the eastern subpolar gyre in
the late 1990s and early 2000s [Bersh et al., 2007;
Holliday, 2003; Thierry et al., 2008; Robson, 2010;
Häkkinen et al., 2011; Yeager et al., 2012]. A causal rela-
tionship between the subpolar gyre dynamics and hydro-
graphic changes in the northeastern Atlantic was recently
dismissed by Herbaut and Houssais [2009]. The authors
rather proposed the setup of a NAO-related wind-driven
anomalous circulation in the intergyre region as a potential
driving mechanism [Marshall et al., 2001; Eden and
Willebrand, 2001]. In addition, Häkkinen et al. [2011]
recently showed episodes of increased penetration of Gulf
Stream waters toward the eastern subpolar gyre (late 1960s,
around 1980, and early 2000s), presumably driven by wind-
stress variability. The link with theMOC variability inmiddle-
to high-latitude regions remains obscure though.
[7] The present study aims to investigate the spatio-

temporal variability of the upper MOC limb across the
A25-Ovide section for the period 1965–2004. We will
combine a global eddy-permitting simulation with a La-
grangian analysis tool to address the following points: (a)
provide a description of the mean structure and composition
of the upper MOC limb in the eastern subpolar gyre (ESPG)
and relate its decadal variability to subpolar and subtropical
transport changes, (b) investigate associated changes in the
horizontal structure of the NAC, and (c) examine the link
between the MOC variability and the spatial extent of
subtropical water masses in the ESPG. The ESPG refers
hereafter to the region bounded by the A25-Ovide section
and the Greenland-Scotland sills (and hence encompasses
part of the intergyre region). The study domain and the
different sections discussed in the text are shown in Figure 1.
The tools and methods are presented in section 2. Section 3
describes the mean (1965–2004) structure and composition
of the upper MOC limb across A25-Ovide. Its decadal
variability is assessed in sections 4 and 5, and the link
with the NAO is briefly discussed in section 6. Section 7
summarizes the results.

Figure 1. Bathymetry of the northern North Atlantic (in
meters) and positions of the sections discussed in the text:
the A25-Ovide section (green), the STG transect (red), the
SPG transect (blue), the Davis Strait section (cyan), and
the GIS section (yellow). The main basins and topographic
features mentioned in the text are labeled as: IS (Irminger
Sea), IB (Iceland Basin), RT (Rockall Trough), IAP (Iberian
Abyssal Plain), MAR (Mid-Atlantic Ridge), CGFZ (Charlie
Gibbs Fracture Zone), RR (Reykjanes Ridge). The black
lines stand for a simplified view of the main pathways of
the North Atlantic Current.
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2. Numerical Tools

2.1. The Ocean Model

2.1.1. General Configuration
[8] The study utilizes the ORCA025-G70 simulation from

the global configuration ORCA025 of the Nucleus for
European Modeling of the Ocean [Madec, 2008] coupled
with the Louvain-la-Neuve Ice model version 2 [Fichefet
and Maqueda, 1999]. The ORCA025 numerical characteristics
are fully detailed in Barnier et al. [2006]. The domain is global
and is configured using a tripolar grid with 1442 � 1021 grid
points and a horizontal resolution that increases with lati-
tude (from 27.75 km at equator to 13.8 km at 60�N). The
vertical grid consists of 46 z-levels with vertical spacing that
increases with depth (6m near the surface, 250m at the
bottom). The ORCA025 parameterizations comprise a
Laplacian mixing of temperature and salinity along isopyc-
nals, a horizontal biharmonic viscosity, and a turbulence
closure scheme for vertical mixing.
[9] A complete description of the ORCA025-G70 simula-

tion is provided by Molines et al. [2006] and Treguier et al.
[2007]. It was initialized with the Polar Science Center
Hydrographic T/S Climatology [Steele et al., 2001], which
consists of the Levitus 1998 climatology [Levitus et al.,
1998] everywhere except in the Arctic domain where a
blend of the Arctic Ocean Atlas and additional data from
the Bedford Institute of Oceanography was added to produce
a more realistic Arctic hydrography. The simulation was run
from 1958 to 2004 with no spin-up. The forcing data set
(referenced as DFS3 by Brodeau et al. [2009]) was built
using data from various origins at different frequencies.
Air temperature, wind, and air humidity data originate from
the European Centre for Medium-Range Weather Forecast
ERA40 reanalysis for the period 1958–2001 and from the
European Centre for Medium-Range Weather Forecast
analysis for the period 2002–2004. Daily radiative flux and
monthly precipitation fields came from the Coordinated
Ocean-ice Experiment [Griffies et al., 2009] database and
turbulent fluxes (wind stress, latent, and sensible heat fluxes)
were calculated from the Coordinated Ocean-ice Experiment
bulk formulae [Large and Yeager, 2004]. To minimize the
model drift, a global surface salinity restoring (300 days over
50m) to the Polar Science Center Hydrographic T/S Clima-
tology was incorporated. A surface salinity restoring under
the ice cover was maintained with a five-time enhanced
coefficient (60 days over 50m). An additional restoring
was also applied at the exit of the Red Sea (60 days over
50m) and the Mediterranean Sea (100 days over 50m) for
a better representation of the overflows. Rattan et al.
[2010] showed a strong drift in the freshwater content of
the Labrador Sea during the first decade of integration in
ORCA025-G70. For our present purpose, we believe the
degree of equilibrium achieved by the late 1960s is adequate
and that the subsequent signal presumably relates to the pre-
scribed interannual forcing. Additionally, Huck et al. [2008]
reconstructed a MOC signal in the subpolar North Atlantic
from hydrographic data for the period 1955–1998 and
showed a close correspondence with the ORCA025-G70
variability. We verified that a twin simulation without any
restoring to the surface salinity climatology (ORCA025-
KNMI01) yields a very similar North Atlantic MOC signal.
The tendencies in our transport time series were therefore

not removed. All the results presented are obtained with
monthly model outputs and all time series presented thereaf-
ter are annual averages of the monthly time series. Although
this relatively low temporal sampling could underestimate
the influence of eddies, the use of 5 day model outputs yields
similar results when considering the MOC variability.
Accordingly, Treguier et al. [2006] showed in the Clipper

ATL6 model (
1

6

�
resolution) a small impact of eddy fluxes

on the overturning variability at A25-Ovide.

2.1.2. A First Model Evaluation: the Gyre Index
[10] The model evaluation will be carried out throughout

the paper. We will see that the ORCA025-G70 simulation
reproduces the main characteristics of the circulation in
ESPG, as already demonstrated in de Boisséson et al.
[2012]. A first glimpse of the model ability to simulate the
large-scale variability of the North Atlantic Ocean is
provided by the first empirical orthogonal function of the
sea-surface height and its associated principal component
(Figures 2a and 2b, respectively), referred to as the “gyre
index” in the literature [e.g., Häkkinen and Rhines, 2004;
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Figure 2. (a) Spatial structure of the first empirical orthogo-
nal function of the simulated sea surface height in ORCA025-
G70 (unitless), explaining 18% of the total variance. (b) The
associated principal component (in centimeters) with positive
anomalies referring to a stronger subpolar gyre circulation
and an anticyclonic intergyre gyre. The normalized winter
NAO index, defined from the first principal component of
the winter sea-level pressure is shown with bars (red: positive
NAO years; blue: negative NAO years).
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Hátún et al., 2005]. The horizontal structure of the first mode,
which explains 18% of the total variance in ORCA025-G70,
bears strong resemblance with that obtained from altimetry
measurements and shows a clear tripole pattern between the
subpolar gyre, the Gulf Stream/intergyre region and low
latitudes [Esselborn and Eden, 2001; Häkkinen and Rhines,
2004]. Note however that the structure of this mode in
ORCA025-G70 is more zonal than the one found in observa-
tions, possibly due to the southerly path of the NAC between
Newfoundland and the MAR in eddy-permitting simulations
[e.g., Böning et al., 1996]. Here a positive anomaly in the gyre
index refers to a stronger subpolar gyre circulation and an
anomalous anticyclonic circulation to the south (the so-called
intergyre gyre). The phase and amplitude of the gyre index in
ORCA025-G70 is consistent with the observational index of
Häkkinen and Rhines [2004] and similarly shows the weaken-
ing subpolar gyre and the anomalous cyclonic circulation in
the Gulf Stream/intergyre region since the mid-1990s
(Figure 2b). On longer timescales, the ORCA025-G70
reproduces earlier modeling results with the 1990s gyre
index decline preceded by an increasing trend from the
mid-1960s to the mid-1990s [Hátún et al., 2005; Böning
et al., 2006]. The gyre index variability appears closely
related with the fluctuations of the NAO index (correlation
of 0.55, significant at the 95% level, not shown), which
was also shown in Häkkinen and Rhines [2004]. Note that
all the correlations given in the following sections (symbol-
ized by r hereafter) are calculated for detrended annual time
series and are significant at the 95% level.

2.2. The Lagrangian Analysis Tool: ARIANE

[11] The Lagrangian analysis tool ARIANE was exten-
sively used in this study. Its algorithm, based on an off-line
volume-preserving scheme, is described in Blanke and
Raynaud [1997] and Blanke et al. [1999]. Its main purpose
is to calculate trajectories of numerical particles within a
three-dimensional and time-dependent velocity field of an
OGCM. For such calculation, the velocity field is assumed to
be constant over successive periods equal to the available sam-
pling (monthly averaged velocity field of the ORCA025-G70
simulation will be used). The resulting trajectories are inter-
preted as the pathways followed by small volume-conservative
water parcels advected within the model velocity field from a
given initial section to several final sections.
[12] The particles are distributed along the initial section

according to the archived Eulerian velocity field at each time
step: particles are more numerous in regions where the
incoming transport is the largest. In addition, the number
of particles within each velocity grid cell was calculated in
the present study so that the individual transport attributed
to each particle does not exceed 0.5mSv (we checked that
the use of a smaller value, for improved accuracy, leads to
very similar results). The sum of all particle transports in
each grid cell amounts to the corresponding incoming
Eulerian transport. Here the accuracy in the computation of
the volume transfer between the initial and final sections is
estimated to be 0.1 Sv. Along their paths, particles will
change their hydrographic properties according to the local
Eulerian fields of the ocean model. Between two successive
positions, the temperature and salinity of each particle there-
fore evolve according to the parameterized thermodynamics

of the model. Supplementary information about ARIANE
can be found at http://stockage.univ-brest.fr/grima/Ariane/.

3. The Mean MOCs Across the A25-Ovide
Section: Spatial Structure and Composition

[13] We here focus on the mean structure of the MOC at
A25-Ovide. An Eulerian description of the vertical and
horizontal shape of both MOC limbs is presented first and
compared with available observational estimates. Lagrangian
experiments are then used to detail the mean composition of
the upper MOC limb.

3.1. The Eulerian View

[14] The A25-Ovide hydrographic section was occupied
during summer every other year between 2002 and 2010,
and the subsequent analysis of the circulation represents a
benchmark to validate the mean current structure simulated
in ORCA025-G70. Here the method used to compute the
MOC transport follows that of Lherminier et al. [2010].
Potential density referenced to 1000m (s1) is used instead
of depth as a vertical coordinate to avoid a compensation
effect, which would result from the East Greenland Irminger
Current transporting cold waters at the same depth as the
warm and northward NAC. The plane-normal velocity field
is hence integrated from Greenland to Portugal within
discrete isopycnal layers, before being summed vertically
from the ocean bottom to be consistent with [Lherminier
et al., 2010]. The resulting overturning stream function is
labeled as MOCs hereafter. The density surface associated
with the maximum of MOCs (referred to as sMOC hereafter)
delimits the upper and lower limbs of the overturning
(referred to as MOCUPPER and MOCLOWER hereafter).
Hence, the MOCs intensity corresponds to the integrated
transport of MOCLOWER, which slightly differs from the
integrated transport of MOCUPPER due to a nonzero net
transport across the section, which presumably occurs within
the upper layers (about 1 Sv in Lherminier et al. [2010]).
[15] The mean vertical structure of the simulated MOCs

at A25-Ovide for the period 1965–2004 is plotted in
Figure 3a (solid colored lines). In ORCA025-G70, the max-
imum value amounts to 16 Sv with a mean sMOC positioned
at s1 = 32.09, which is in line with typical overturning
estimates in the northeastern Atlantic from eddy-permitting
models [e.g., Marsh et al., 2005; Treguier et al., 2006]
and observations [Lherminier et al., 2010] (15 � 1 Sv at
s1 = 32.14, dashed line in Figure 3a). The maximumMOCs

in ORCA025-G70 is slightly lighter and stronger than the
observed one, possibly due to the different averaging peri-
ods considered [Treguier et al., 2006] and/or model errors.
The net transport across the section amounts to 1 Sv, which
is consistent with recent estimates of the Arctic mass
balance [Maslowski et al., 2004; Cuny et al., 2005; Serreze
et al., 2006]. Also shown in Figure 3a is the mean vertical
structure of the MOCs at the Greenland-Scotland sills as
seen in ORCA025-G70. The transports of its lower and
upper branches are delimited by s1 = 32.2 and respectively
refer to the intensity of the deep overflows (5 Sv) and of the
net Atlantic inflow toward the Nordic Seas (6 Sv). The
overflows are equally partitioned between the Denmark
Strait (2.5 Sv) and the Iceland-Scotland passage (2.5 Sv).
The Atlantic inflow above the Iceland-Feroe sill and the
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Feroe-Scotland sill amounts to 2 and 4 Sv, respectively. The
model slightly underestimates the water mass exchanges
between the Nordic Seas and the North Atlantic relative to
observations. For instance, Hansen and �sterhus [2000]

and �sterhus et al. [2005] estimated the mean overflow in-
tensity at 6 Sv.
[16] The bathymetry of the A25-Ovide section is shown in

Figure 3b along with the mean horizontal structures of the
simulated and observed MOCs limbs. The model realisti-
cally reproduces the horizontal features of the observed
MOCgma limbs. The upper limb (red lines) presents a simple
horizontal structure. It includes the lightest part of the south-
ward flowing East Greenland Current (labeled as EGC here-
after, 3 Sv west of the 100 km) and the lightest part of the
southward recirculation in the Iberian Abyssal Plain (labeled
as REC hereafter, 3 Sv east of the 2500 km), which surround
a strong northward transport in the Iceland Basin and West
European Basin (23 Sv). This northward component of
MOCUPPER is used as a proxy for the NAC transport hereaf-
ter. An anticyclonic recirculation occurs above Reykjanes
Ridge, as shown in previous observational studies [Bower
et al., 2002; Reverdin et al., 2003; Flatau et al., 2003].
The net transport of MOCUPPER is 17 Sv, out of which
6 Sv cross the Greenland-Scotland sills and reach the Nordic
Seas (Figure 3a). This means that 11 Sv of Atlantic waters
are converted into intermediate and deep water masses in
the Irminger and Iceland basins before leaving the ESPG
within MOCLOWER. These densified water masses merge
with 5 Sv of deep overflow waters and 15 Sv of recirculating
water from the Irminger and Iceland basins to form the
narrow and intense boundary current along the Greenland
continental slope (31 Sv). This quantitative picture of the
basin wide volume transport and water mass transformation
in the ESPG is in line with a recent estimate of the mean
circulation between Cape Farewell and Iceland derived from
hydrography and altimetry data [Sarafanov et al., 2012].

3.2. The Lagrangian Analysis

[17] The use of the Lagrangian analysis tool will enable
quantification of the transport of MOCUPPER according to
the spatial origins of the involved water masses (subtropics
and Labrador Sea). The experiments are performed offline
within a domain bounded by the A25-Ovide section, a sub-
polar transect at the exit of the Labrador Sea (SPG section)
and a subtropical transect at 39�N (STG section) (Figure 1).
Every month between 1965 and 2003, about 300,000 numeri-
cal particles are initially positioned along A25-Ovide and
above the time-dependent position of sMOC. Note that using
a constant sMOC value (s1 = 32.09) yields very similar results.
The numerical particles are advected freely by the three-
dimensional model velocity field (i.e., the density criterion is
only applied along the A25-Ovide section), and their trajecto-
ries are integrated until they leave the domain through one of
the three defined sections (STG, SPG, or A25-Ovide). To fully
reproduce the transport of MOCUPPER, two different runs
are needed: a temporal backward integration to quantify the
northward (positive) flow across A25-Ovide (EXPBACK), and
a temporal forward integration to quantify the southward
(negative) flow (EXPFOR). The combined sum of the individ-
ual particle transports from both runs yields the total transport
of MOCUPPER at A25-Ovide. Annual mean fields are then
constructed from these monthly experiments. In EXPBACK,
the integration is done during a 7 year period to ensure that a
large majority of particles ultimately reach a final section (only
1% of the initial particles stay within the domain, on average).
This maximum travel time is reduced to 1 year for the EXPFOR
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Figure 3. (a) Mean (1965–2004) vertical structure of the
MOCs at A25-Ovide (solid colored line). The mean velocity
field has been integrated in density layers (0.01 kg m–3 resolu-
tion) and accumulated from the bottom (the transport sign has
been inverted for clarity, so that the MOCs intensity stands as
a positive variable). The horizontal line indicates the density of
the MOCs maximum that delimits the MOCs upper (red) and
lower (blue) limbs (sMOC = 32.09). An observational estimate
of the MOCs vertical structure based on five hydrographic
surveys (summer 2002, 2004, 2006, 2008, and 2010) is shown
with a dashed line (Daniault, pers. comm., 2012). The thin black
line is the vertical structure of the MOCs at the Greenland-
Scotland sills, computed in the same manner as for the
A25-Ovide section. (b) The upper panel shows the mean
horizontal structure of the upper (red) and lower (blue)
MOCs limbs at A25-Ovide in ORCA025-G70 (solid lines)
and observations (dashed lines). Transports have been
accumulated from Greenland such that an increasing
(decreasing) transport denotes a northward (southward)
flow. The lower panel shows the coarse bathymetric
features of the section and the two-dimensional position of
sMOC. The four distinct basins discussed in the text are
labeled as: IS (Irminger Sea), IB (Iceland Basin), WEB
(West European Basin) and IAP (Iberian Abyssal Plain).
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experiment due to the much smaller distances travelled by the
forward particles (see below), which on average reach a final
section within one year. Due to the forward integration, the
year 2004 is not considered in the following Lagrangian study.
Two particle classes are then identified. The “local” class
comprises the particles that recirculate back toward A25-
Ovide through local recirculations (around Reykjanes
Ridge for instance) or as part of the mesoscale eddy field.
As seen in section 4.2, this class of particles has a null
signature on the long-term average circulation but might
be involved in the variability. The “remote” class comprises
those particles that crossed either the STG or the SPG trans-
ects and thus refers to the large-scale oceanic flow. The
“remote” versus “local” decomposition of the flow may be
an original means to study eddy fluxes in higher resolution
models. Here, we will only concentrate on the large-scale
component of the circulation.
[18] Four “remote” components are extracted and their

respective mean horizontal stream functions are plotted in
Figure 4. EXPBACK isolates the subtropical (Figure 4a, TSTG
hereafter) and subpolar (Figure 4b, TSPG hereafter) compo-
nents of MOCUPPER from the Gulf Stream and the Labrador
Current, respectively. Their respective mean transports
amount to 15 and 8 Sv and they jointly compose the NAC.
This mean decomposition of the NAC transport is in line
with the synthesized circulation scheme of Schmitz and
McCartney [1993] and Böning et al. [1996]. EXPFOR quan-
tifies the transport of the upper fraction of the East
Greenland Current around Cape Farewell (Figure 4c, TEGC
hereafter) and that of the southward recirculation in the
Iberian Abyssal Plain that feeds the eastern limb of the

subtropical gyre (Figure 4d, TREC hereafter). As already
mentioned in the previous section, their mean transports
amount to 3 Sv each.
[19] The present Lagrangian experiments enable us to

consider the horizontal distribution of the MOCUPPER

components along A25-Ovide, as well as their respective
hydrographic properties at A25-Ovide and in their source
regions. Figure 5a shows the mean transport of the MOCUP-

PER components summed horizontally along the A25-Ovide
line. The most important feature arising from this representa-
tion is the equal contribution of TSTG and TSPG to the NAC
transport north of 49�N. This suggests that the water masses
originating from the subtropical and subpolar sections
have mixed and share similar hydrographic properties at
A25-Ovide. To further illustrate this point, the salinity signa-
tures of the MOCUPPER components at the STG and SPG
sections and at A25-Ovide are displayed in Figures 5b and
5c, respectively. Due to the small distances travelled by the
forward particles, TEGC and TREC do not significantly change
their salinity signature between A25-Ovide and the SPG and
STG sections, respectively. By contrast, the salinity content
of TSTG (TSPG) substantially decrease (increase) as the parti-
cles travelled from the STG (SPG) section to the A25-Ovide
section. While TSTG and TSPG have very distinct salinity
signatures in their source regions (35< S< 36.5 and S< 35,
respectively), they occupy the same salinity range at A25-
Ovide (34.7< S< 36) and form a relatively homogenous
water mass (a similar result is found when using temperature
instead of salinity). This confirms the strong mixing of both
source waters as they flow within the NAC from Flemish
Cap to the ESPG.

(a) (b)

(c) (d)

Figure 4. Mean (1965–2003) horizontal stream function (Sv) of the four “remote” components contrib-
uting to the MOCUPPER transport across A25-Ovide: (a) the subtropical transport (TSTG), (b) the subpolar
transport (TSPG), (c) the EGC transport (TEGC), and (d) the “Recirculation” transport (TREC). Contour in-
terval is 1 Sv in Figures 4a and 4b and 0.5 Sv in Figures 4c and 4d.
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[20] While the subtropical contribution to MOCUPPER

(15 Sv) originates in the Gulf Stream, the subpolar inflow
from the Labrador Current (8 Sv) may have two distinct
origins: the Arctic outflow via Davis Strait and the western
boundary current exiting the Irminger Sea and flowing cy-
clonically around the Labrador Sea. According to Figure 4c,
we already know that the latter comprises 3 Sv of EGC
waters flowing above sMOC at A25-Ovide. To quantify the
origin of the remaining 5 Sv, we conducted an additional
Lagrangian experiment (using the outputs from EXPBACK)
and decomposed TSPG as the sum of three contributions: from
Davis Strait (TDavis

SPG ), from the EGC above sMOC (T egc
SPG), and

from the DWBC off Greenland below sMOC (T dwbc
SPG ). Figure 6

provides a quantification of the transports and a schematic of
the upper and lower circulations deduced from the results
previously described. The meanTDavis

SPG ,T egc
SPG, andT

dwbc
SPG amount

to 1, 3, and 4 Sv, respectively. Importantly, 4 Sv of the dense
waters formed north of A25-Ovide and leaving the ESPG
via MOCLOWER feed back into MOCUPPER via the Labrador
Current instead of being exported toward the subtropics. The
mean MOCs intensity at A25-Ovide (16 Sv) integrates two
distinct patterns of circulation: an overturning cell connecting
the western and eastern subpolar gyres (4 Sv) and a subtropical
overturning connecting low- and high-latitude regions (12 Sv).
The subpolar overturning implies a decrease in density of
dense water masses in the northwestern Atlantic. To investi-
gate in detail the involved mechanisms requires a complete

study of air-sea interaction and mixing along the western
margin of the subpolar gyre, which is beyond the scope of
the present study. We can however infer from our Lagrangian
results the spatial pattern of this dense-to-light conversion
(Figure 7). Density changes along the mean stream function
of T dwbc

SPG show an abrupt decrease in density in the vicinity
of Flemish Cap, which is the region where the cold Labrador
Current meets the warmer subtropical inflow from the Gulf
Stream. Lateral mixing between the two source waters is likely
important, as already noted from Figures 5b and 5c.

4. Variability of MOCs

[21] We here focus on the interannual to decadal variability
of the MOCs at A25-Ovide for the period 1965–2004. The
link between the strength of the MOCs and the horizontal
structure of its upper limb is investigated. An Eulerian analysis
is presented first and is then complemented via the Lagrangian
experiment results.

4.1. The Eulerian View

[22] Transport anomalies of the annual maximum MOCs

relative to the long-term mean (1965–2004) are presented
in Figure 8. The decadal variability is characterized by three
noticeable periods: a weakening of the circulation by 2.5 Sv
between 1965 and 1974, a strong intensification by 4 Sv
between 1974 and 1995, and a sharp decline of 3.6 Sv
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Figure 5. Mean (1965–2003) transport distributions (Sv) of the four “remote” components contributing
to the MOCUPPER transport as a function of (a) latitude at A25-Ovide (accumulated from Greenland), (b)
salinity measured at the STG and SPG sections, and (c) salinity at A25-Ovide. In Figures 5b and 5c, the
particle transports for each components were summed into dS = 0.125 salinity bins.
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between 1995 and 2004. Although such low-frequency
signal in the MOCs strength cannot be easily detected in
observations, it is consistent with the transport index pro-
posed by Curry and McCartney [2001] that describes a
gradual weakening of the NAC during the 1960s followed
by a significant intensification between 1970 and up to
1996 and a rapid slow-down until 2003 [Kieke et al.,
2007]. Those three major trends also appear in line with
similar diagnosis performed in a wide range of OGCM
experiments [e.g., Marsh et al., 2005; Bentsen et al., 2004;
Wunsch and Heimbach, 2006; Biastoch et al., 2008; Huang
et al., 2012]. The decadal variability of the MOCs evaluated
across the Greenland-Scotland sills is relatively small (thin
line in Figure 8), confirming that decadal changes of MOCs

at A25-Ovide reflect the changing rate of water mass transfor-
mation in the ESPG rather than transport changes originating
in the Nordic Seas. This is either atmospherically-driven or
internally-driven via entrainment downstream of the sills.
[23] To investigate the link between the MOCs variability

and the changing horizontal structure of the NAC current
system, we show in Figure 9a the difference in the cumulative
horizontal transport of MOCUPPER between two distinct
periods characterized by opposing MOCs states (see gray
shading in Figure 8): 1987–1997 (strong) minus 1968–1978
(weak). In this representation, an upward (downward) slope
within a given latitudinal range indicates a stronger (weaker)
transport in 1987–1997 than in 1968–1978. Opposite latitudi-
nal changes occurred on each sides of 49�N between the two

periods. Volume transports on each side of 49�N can be inter-
preted as the intensity of the northern and southern NAC
branches that feed the Iceland basin and the Rockall Trough,
respectively (Lherminier et al., 2010). Note that 49�N is also
a noticeable boundary for the mean composition of the NAC
(see Figure 5a). Figure 9a implies that a strong MOCs state
at A25-Ovide is associated with a relatively strong transport
of the cold/fresh northern branch and a relatively weak trans-
port of the warm/salty southern branch, and vice-versa for a
weak MOCs state. Importantly, it is the respective intensities
of the branches rather than a geographical shift in their
positions that changes. In fact, the strongest velocity fronts
in ORCA025-G70 keep a relatively fixed position over time
[De Boisséson, 2010]. In the following section, the variability

Figure 6. Schematic of the upper and lower circulation in
the subpolar gyre deduced from Eulerian and Lagrangian
diagnostics in ORCA025-G70 (in Sv). Red (blue) lines refer
to the flow above (below) the mean sMOC value at A25-Ovide
(s1 = 32.09). The green arrow indicates the net transport
across the section. The bold 16Sv value indicates the mean
MOCs intensity at A25-Ovide. The NAC advects 15Sv of
subtropical waters (TSTG) and 8 Sv of subpolar waters (TSPG)
within the MOCUPPER. Out of these 23 Sv, 6 Sv recirculate
within the upper limb via TREC (3 Sv) and TEGC (3 Sv), while
1 Sv is exported toward the Arctic Ocean. The remaining
16 Sv are densified in the Nordic Seas (5 Sv) and in the ESPG
(11 Sv) and leave the region within MOCLOWER. A fraction
(4Sv) of these dense water masses decreases its density in
the vicinity of Flemish Cape and feeds back into MOCUPPER

at A25-Ovide, while the remaining 12Sv are exported toward
the subtropics.

Figure 7. Mean (1965–2003) stream function (Sv) of
Tdwbc
SPG (white lines, contour intervals of 1 Sv), superimposed

on the associated mean particle density field (kg m–3). The
color bar is centered at s1 = 32.09 that is the mean sMOC

value at A25-Ovide.
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Figure 8. Annual transport anomalies of the MOCs across
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signals previously described are assessed from a Lagrangian
point of view, with a focus on changing transports associated
with the subtropical and subpolar components of the NAC.

4.2. The Lagrangian Analysis

[24] The reconstructed transport anomalies of MOCUPPER

in the Lagrangian framework agrees well with the Eulerian
transport signal (Figure 10a). The small differences between
the transports on interannual timescales result from the
precision of the Lagrangian transport calculation (a small
fraction of the numerical particles do not reach any final
section within the allocated integration time). Note here that
the transport index of MOCUPPER includes the contribution
from the net transport variability, and is hence slightly
different than the actual maximum MOCs signal described
in Figure 8. Figure 10b displays the respective contributions

of the “remote” and the “local” components of the circula-
tion (see section 3.2). Although both signals share a weak
anticorrelation (r = –0.3), most of the decadal signal is
explained by the “remote” component, and hence the “local”
contribution will be neglected hereafter.
[25] Figure 11 shows the respective contributions of TSTG,

TSPG, TREC, and TEGC to the total transport changes of
MOCUPPER. The variability of the southward components of
MOCUPPER (TREC and TEGC, Figures 11a and 11b, respec-
tively) contains no substantial decadal signal. Their respective
transport anomalies cannot be neglected on interannual time-
scales, though. A significant anti-correlation is found between
TREC and TSTG (r= –0.6). This corroborates that the southward
recirculation in the Iberian abyssal plain is closely related to
the interannual variability of subtropical water transport
carried out by the NAC, as proposed in recent observational
and modeling studies [Treguier et al., 2006; Gourcuff, 2008;
Lherminier et al., 2010]. Interestingly, the two components
of the NAC (TSTG and TSPG, Figures 11c and 11d,
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Figure 9. Changes in the latitudinal distribution of
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the weak (1968–1978) MOCs period depicted in Figure 8
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Figure 10. (a) Annual transport anomaly (Sv) of MOCUP-

PER relative to the mean of 1965–2003 for the Eulerian cal-
culation (thin dashed line) and Lagrangian reconstruction
(thick solid line) including the “remote” and the “local”
contributions. (b) The same as Figure 10a, but with the
Lagrangian transport decomposed into its “remote” (solid
red line) and “local” (dashed red line) parts.

DESBRUYÈRES ET AL.: DECADAL VARIABILITY OF MERIDIONAL OVERTURNING CIRCULATION

470



respectively) exhibit similar decadal behaviors with an ampli-
tude corresponding to ~25% of their respective mean trans-
ports. Both components present a decreasing transport in the
1960–1970s followed by a gradual intensification until the
mid-1990s and a decline afterwards. The two components
are strongly correlated on decadal timescales (r = 0.8 when
both signals are 10 year low-pass filtered). As a conse-
quence, the proportion of subpolar and subtropical waters
crossing the section within the NAC remains relatively
constant on decadal timescales. In particular, the strong and
weak MOCs phases of the 1990s and 1970s are characterized
by the same proportion of subtropical (65%) and subpolar
(35%) waters within the NAC. Over the 1965–2004 time
period, the TSTG/(TSTG +TSPG) ratio fluctuates between 60%
and 68% and those fluctuations show no correlation with the
variability of the NAC (not shown).
[26] As highlighted from the Eulerian diagnosis (Figure 9a),

the difference between a weak and a strongMOCs state across
the A25-Ovide section is characterized by opposed changes
north and south of ~49�N. In the Lagrangian experiments
(Figure 9b), the transport changes on either sides of this latitu-
dinal boundary are dominated by changes in the subtropical
transport. Most importantly, TSTG accounts for about 70% of
the total transport change between 49�N and 58�N, that is
within the relatively cold and fresh Iceland Basin. The subpo-
lar contribution cannot be neglected though, and dominates
the transport changes north of 55�N.
[27] In summary, the decadal variability of MOCUPPER is

largely linked to the NAC variability (r = 0.86), which
reflects in-phase changes of the subtropical and subpolar
transports. Additionally, the changing horizontal structure
of the NAC transport between two persistent and opposed
states of the MOCs is associated with opposite variability
of its main branches, primarily induced by subtropical trans-
port changes.

5. On the Link Between the Intensity and the
Spatial Extent of the Subtropical Inflow

[28] In a recent study based on numerical tracer experiments
performed with the Simple Ocean Assimilation System,
Häkkinen et al. [2011] highlighted significant changes in
the spatial extent of subtropical water masses in the north-
eastern Atlantic with potential effect on the salinity content
of the ESPG. Three periods of increased connection be-
tween the Gulf Stream waters and the ESPG were observed:
the late 1960s, the 1980s, and the early 2000s. The authors
suggested an impact of those penetration events on the
composition of the upper MOCs limb in middle- to high-
latitude regions, but the link with the actual strength of the
overturning cell remains obscure.
[29] An additional set of Lagrangian experiments was

conducted to relate our quantitative estimates of the subtrop-
ical contribution to the MOCs variability at A25-Ovide (i.e.,
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Figure 11. Annual transport anomaly (Sv) relative to the
mean of 1965–2003 for the four MOCUPPER components
(colored lines) superimposed on the total MOCUPPER trans-
port anomaly (black). Positive anomalies for the TSTG and
TSPG (TEGC and TREC) refer to an intensified (weakened)
northward (southward) transport across A25-Ovide.
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TSTG) with a qualitative estimate of changes in the spatial
extent of subtropical water masses. Each month between
1965 and 2004, artificial particles were distributed every
0.5� of longitude along the STG transect at several depth
levels between the surface and 1200m depth (a total number
of 1560 particles were released each year at each depth
level). The particles were then allowed to evolve freely
within the model velocity field during 3 years. This particu-
lar advection time ensures that particles have enough time to
reach the ESPG. We show in Figure12a the resulting
subtropical trajectories of particles released at the sea surface
in 2001. One can note that a large majority of particles
recirculated within the subtropical gyre south of 40�N while
a relatively small proportion reached high latitude regions.
This appears consistent with the very weak intergyre
connections captured by observational surface drifters
[Brambilla and Talley, 2006; Häkkinen and Rhines, 2009].
To provide a temporally continuous quantification of inter-
gyre exchanges within the upper water column, the number
of numerical particles located east of the A25-Ovide line
during each year was quantified. The resulting index is
considered as a proxy for the northeastward extent of sub-
tropical water masses, at each depth level (note that this in-
dex is not a volume transport index but a “penetration”
index). It is displayed as a Hovmöller diagram in Figure 12b.

The strongest intergyre connection occurs below the surface
(at 300m depth here) and relatively weak connection is seen
at the surface. This is consistent with the recent study of
Burkholder and Lozier [2011] who combined an eddy-
resolving OGCM and artificial Lagrangian floats to highlight
the strong subsurface signature of intergyre exchanges in the
North Atlantic. The three major periods of increased intru-
sion of subtropical waters toward the ESPG pointed out in
the Simple Ocean Assimilation System by Häkkinen et al.
[2011] are particularly well reproduced: the late 1960s, the
1980s, and the early 2000s. Note also that relatively high
values are observed around 1990. The (normalized) penetra-
tion index averaged within the 0–400m layer is compared in
Figure 12c with the volume transport anomalies of TSTG at
A25-Ovide (see Figure 11c). Both time series, which can
respectively be related to the northeastward extent and the
strength of the subtropical contribution to the NAC/MOCUPPER

transport, are anticorrelated (r = –0.55). This is particularly
evident during the well-documented period of the late
1990s to early 2000s: an intense weakening of the subtropical
transport within the NAC occurred in concomitance with an
enhanced intrusion of subtropical water in the ESPG.
Investigating this causal relationship is beyond the scope
of the present paper, and we here simply conclude that the
northeastward extent of subtropical water masses toward
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Figure 12. (a) Trajectories of 1560 numerical particles launched at the surface in 2001 along the STG
transect and advected within the model velocity field during 3 years. Colors indicate the age of particles
in month and black crosses indicate the particle final positions. (b) Hovmöller diagram of the normalized
index of the northeastward penetration of subtropical waters in the ESPG. The index corresponds to the
number of numerical particles located east of A25-Ovide during each year, as a function of launch depth
from the STG line. (c) Same as Figure 12b but average within the 0–400m layer (black line). The volume
transport anomalies associated with the subtropical component of MOCUPPER (TSTG) are shown in red.
Both time series have been detrended.
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the ESPG describes an out-of-phase relationship with the
actual subtropical volume transport variability, especially
from 1985 onward.

6. Discussion

[30] The described variability of the NAC/MOCs in
ORCA025-G70 is globally consistent with the decadal NAO
signal (see Figure 8). When considering the low-frequency
part of both time series (10 year low-pass filtering), the NAO
leads the MOCs at A25-Ovide by 4–5 years (r=0.7). Interest-
ingly, theMOCs and NAC indexes at A25-Ovide show a clear
correspondence with a baroclinic intergyre transport index
computed from hydrographic data collected at Bermuda and
at station Bravo in the Labrador Sea [Curry and McCartney,
2001; Kieke et al., 2007]. This observational index of the
NAC transport was shown to lag the NAO fluctuations by
2–3 years. The greater lag found at A25-Ovide in the model
is consistent with the mean travel time needed by the numeri-
cal particles to reach the ESPG from the Labrador Sea or the
subtropics (about 2 years). Moreover, Curry and McCartney
[2001] showed that the subtropical and subpolar gyre intensi-
ties fluctuate in phase on decadal timescales, in good agree-
ment with our Lagrangian results (see Figure 11).
[31] Changes in the horizontal shape of the upper layer

transport at A25-Ovide (see Figure 9) might reflect meridio-
nal shifts of the zero wind-stress curl line associated with the
NAO low-frequency signal. Anomalous Ekman pumping is
thought to create an anomalous gyre circulation at midlati-
tudes, often referred to as the intergyre gyre [Marshall
et al., 2001]. It can be identified as the subtropical pole of
variability in the gyre index spatial structure (see Figure 2).
During high NAO conditions, this intergyre gyre is anticy-
clonic, and tends to increase (decrease) the transport of the
northern (southern) NAC branch. Herbaut and Houssais
[2009] pointed out this wind-driven anomalous circulation
as an important contributor to the changing structure of the
NAC and associated changes in the salinity content of the
ESPG. On the other hand, our “penetration” index, reflecting
the northeastward intrusion of warm subtropical waters in
the ESPG, shows no significant correlation with the NAO
index at the 95% level. In fact, Häkkinen et al. [2011]
suggested that those episodes of increased intergyre connec-
tion in the northeastern Atlantic reflect a modulation of the
climatological wind stress curl field, which is only weakly
correlated with the NAO index.

7. Conclusion

[32] Decadal changes of the overturning circulation in the
density space at A25-Ovide have been quantified in the
ORCA025-G70 simulation for the 1965–2004 period. The
mean structure and intensity of the MOCs were in line with
observations and its variability was shown to sustain substan-
tial decadal signals in good agreement with previous observa-
tional and modeling studies. A transport index of the upper
MOCs limb across the A25-Ovide section was constructed
from a set of Lagrangian experiments. The respective impacts
of the subtropical and subpolar inflow variability on the
strength and spatial structure of the NAC were of particular
interest. The variability of the subtropical volume transport

within the NAC was further compared to a qualitative index
of the northward intrusion of subtropical water masses in the
ESPG. Accordingly, we reach the following conclusions:
[33] 1. The time-averaged MOCs across A25-Ovide

(16 Sv) can be decomposed into a subtropical cell connect-
ing low- and high-latitude regions (12 Sv) and a cell internal
to the subpolar gyre (4 Sv). The MOCs decadal variability is
associated with an in-phase relationship between the sub-
tropical and the subpolar components of the NAC.
[34] The NAC forms the main component of the upper

MOCs limb in the ESPG. Its mean transport is composed
of two thirds of subtropical waters from the Gulf Stream
(15 Sv) and one third of subpolar water masses from the
Labrador Current (8 Sv). Half of the subpolar contribution
(4 Sv) is associated with a dense-to-light conversion of deep
western boundary current waters. The Lagrangian experi-
ments indicate that this decrease in density primarily occurs
in the vicinity of Flemish Cap, where subpolar water masses
meet the warm Gulf Stream waters. Strong lateral mixing
was consistently observed in this particular region [e.g.,
Dutkiewicz et al., 2001; Perez-Brunius et al., 2004]. Overall,
the cyclonic subpolar gyre circulation contributes to a quar-
ter of the mean MOCs at A25-Ovide (4 Sv out of 16 Sv).
The remaining 12 Sv are carried out by a subtropical merid-
ional cell advecting Gulf Stream waters in its upper limb.The
maximum MOCs variability evaluated at A25-Ovide
describes a strong positive trend between the mid-1970s
and the mid-1990s followed by a rapid weakening until the
mid-2000s, and presumably relates to NAO-related forcing.
The transport changes in the upper limb are predominantly
related to the intensity of the NAC, which reflects an in-
phase relationship between its subtropical and subpolar
components. This is in line with the study of Curry and
McCartney [2001] that showed coherent changes in the
strength of the subtropical and subpolar gyre on decadal
timescales. The relative proportion of the basin wide
subtropical and subpolar transports within the upper MOCs
limb at A25-Ovide consequently shows no substantial
decadal variations.
[35] 2. Decadal changes in the MOCs strength at A25-

Ovide are associated with horizontal restructuring of the
NAC transport.
[36] Opposed transport changes on each side of ~49�N are

noted. When the MOCs is in a strong phase (1990s), the
cold water transport within the Iceland Basin associated with
the northern NAC branch is strong while the warm water
transport of the southern branch at the Rockall Trough en-
trance is relatively weak (the inverse is true for a weak
MOCs phase as in the 1970s and 2000s). As shown through
Lagrangian experiments, this spatial pattern of variability
primarily reflects a redistribution of subtropical water
masses within the NAC. This differs from the conclusion
of Hátún et al. [2005] suggesting the subpolar gyre dynam-
ics as the main driving mechanism behind the changing
structure and composition of the NAC in the ESPG. This po-
tential contradiction relies on the methods used to separate
the subtropical and subpolar transport signatures within the
NAC. We note here that the mean NAC transport north of
49�N is equally partitioned between waters of subpolar and
subtropical origins (~7 Sv each), and that their respective sig-
natures on the NAC variability can hence not be extracted
hydrographically.
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[37] 3. Periods of expanded subtropical gyre generally oc-
cur during periods of weak subtropical volume transport,
and weak MOCs in the northeastern Atlantic.
[38] Qualitative analysis of subtropical water trajectories

enables us to continuously monitor the spatial extent of the sub-
tropical gyre in the northeastern Atlantic. The three periods of
increased connection between Gulf Stream waters and the
ESPG highlighted inHäkkinen et al. [2011] were satisfactorily
reproduced (late 1960s, around 1980, and early 2000s). The
Lagrangian experiments enable us to link those penetration
events with the intensity of the subtropical overturning cell.
Both indices describe opposed behavior on interannual/
decadal timescales, in agreement with the recent suggestion
of Chaudhuri et al. [2011]. A stronger (weaker) subtropical
volume transport across A25-Ovide is generally associated
with a weaker (stronger) northeastward intrusion of subtropical
water masses in the ESPG.The present description of the
MOCs variability at A25-Ovide now needs to be considered
in a heat/freshwater transport perspective. Heat transport was
particularly shown to drive significant heat content changes
on decadal timescales in the subpolar gyre [Grist et al.,
2010]. A heat budget investigation within the ESPG performed
in a similar Eulerian/Lagrangian framework is part of an ongo-
ing study.
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