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[1] The origin and formation of the Subpolar Mode Water (SPMW) located over the
Reykjanes Ridge in the North-Atlantic Ocean and the variability of its properties over the
period 1966–2004 are investigated through the use of a global eddy-permitting (1/4�)
ocean/sea-ice model and a Lagrangian analysis tool. The SPMW is fed by subtropical and
subpolar waters advected by the branches of the North-Atlantic Current. The SPMW
acquires its properties when its source waters enter the winter mixed layer in the Iceland
Basin. The SPMW temperature variability is mainly explained by variations of the relative
contributions of the subtropical and subpolar water transports to the total transport.
Compared to the 1966–2004 mean, lower (higher) subtropical water relative transport
contribution leads to colder (warmer) SPMW in the early 1990s (in the late 1960s and late
1990s). The intensity of the winter convection in the Iceland basin also influences the
SPMW temperature through the amount of relatively cold intermediate waters of
subtropical origin integrated in the SPMW layer. Strong convection partly explains the cold
SPMW of the early 1990s. The large increase in the SPMW temperature in the late
1990s is due to both a decrease in the winter convection and an increase in the relative
transport of the subtropical waters.

Citation: de Boisséson, E., V. Thierry, H. Mercier, G. Caniaux, and D. Desbruyères (2012), Origin, formation and variability of
the Subpolar Mode Water located over the Reykjanes Ridge, J. Geophys. Res., 117, C12005, doi:10.1029/2011JC007519.

1. Introduction

[2] The eastern subpolar gyre of the North Atlantic hosts
waters from subpolar and subtropical origins that are
advected by branches of the North Atlantic Current (NAC)
(Figures 1 and 2). Among the upper waters of the eastern
subpolar gyre, the Subpolar Mode Water (SPMW), formed
in deep winter mixed layers, is identified by its nearly uni-
form thermohaline properties in the vertical direction near
the top of the permanent pycnocline [Hanawa and Talley,
2001]. According to Schmitz and McCartney [1993] and
McCartney and Talley [1982], the SPMW in the eastern
subpolar gyre is expected to be advected toward the Labra-
dor Sea and the Nordic Seas where it contributes to the
formation of the deep waters of the overturning circulation.
Various studies have shown that water masses of the eastern

subpolar gyre in the depth range of the SPMW were subject
to large interannual to decadal variability. The most recent
prominent signal observed after the mid-1990s was a
warming and a salinity increase that first occurred at the
upper and intermediate levels [Holliday et al., 2000; Bersch,
2002; Holliday, 2003; Johnson and Gruber, 2007; Thierry
et al., 2008; Sarafanov et al., 2008; Holliday et al., 2008].
This signal was then rapidly transferred to depths and might
have influenced the intensity of the overturning circulation
[Sarafanov, 2009; Sarafanov et al., 2010].
[3] The origins of the upper ocean variability in the

Northeast Atlantic have been the subject of numerous studies
over the last 20 years. [Reverdin et al., 1997] suggested that
the decadal variability of the upper subpolar North Atlantic
over the period 1948–1990 partly originated in the Labrador
Sea from where temperature and salinity anomalies are
advected to the eastern subpolar gyre by the NAC. By
focusing on the Great Salinity Anomaly (GSA) events in
the 1970s and 1980s, Belkin et al. [1998] also reported the
propagation of temperature and salinity anomalies along
the path of the NAC and secondary branches. Holliday et al.
[2000] and Holliday [2003] invoked changes in the regional
circulation as the main contribution to the warming and
salinity increase of the upper waters of the Rockall Trough
observed in the 1990s. Using an Ocean General Circulation
Model (OGCM) based on the Miami Isopycnal Coordinate
Ocean Model (MICOM), Hàtùn et al. [2005] found that
changes in the local air-sea interactions and in the properties
of the source waters were not responsible for the 1990s
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anomalously high salinities observed in the Rockall Trough,
and in the Faroe and Irminger Currents. They showed that
those salinity anomalies were mainly accounted for by the
dynamics of the subpolar gyre circulation and its effects on
the location, intensity, and composition of the NAC in the
northeastern Atlantic. Focusing on the SPMW observed
along 20�W [Johnson and Gruber, 2007] and over the
eastern flank of the Reykjanes Ridge [Thierry et al., 2008],
Johnson and Gruber [2007] and Thierry et al. [2008] sim-
ilarly suggested modifications in the relative contribution of
subpolar (cold and fresh) and subtropical (warm and salty)
water masses in the Iceland Basin as the most likely origin
of the SPMW warming and salinity increase observed after
the winter 1995/1996.According to Johnson and Gruber
[2007] and Sarafanov [2009], this variability is related to
the NAO (North-Atlantic Oscillation), the dominant mode
of atmospheric variability in winter (December through
March) in the North-Atlantic sector [Hurrell, 1995].
[4] Through the use of a global eddy-permitting ocean/

sea-ice model at 1/4� resolution, the present study inves-
tigates the variability of the SPMW located over the
Reykjanes Ridge, in a central position along the path of the
subpolar gyre and where exchanges between the eastern and
western parts of the gyre occur. This study complements
Thierry et al.’s [2008] work that spanned the 1990s and
early 2000s in providing a model description of the SPMW
variability for the period 1966–2004. While the above-
mentioned studies were conducted within an Eulerian
framework, our investigation takes a Lagrangian point of
view based on a backward tracking of SPMW particles
advected by the model velocity field. The Lagrangian
analysis [Blanke and Raynaud, 1997] is based on a
numerical tool that was successfully used with different
simulations by Blanke et al. [2002], Lique et al. [2010] and
Koch-Larrouy et al. [2009] to quantify the water transports
in various ocean basins. The Lagrangian analysis of SPMW
particles in the model grid allows us to precisely determine
their origins and their trajectories. By applying this method
to the SPMW over the Reykjanes Ridge for the period

1966–2004, we expect to identify the mechanisms that play
a key role in the variability of the SPMW properties.
[5] In the following, Section 2 describes the numerical

simulation and the Lagrangian method. Section 3 evaluates
the representation of the upper-ocean circulation and of the
SPMW located over the Reykjanes Ridge in the model
against observations. Section 4 describes the Lagrangian
experiments performed for this study and investigates the
origin and formation scheme of this SPMW. Section 5
depicts the SPMW variability and investigates the origin of
this variability. Section 6 draws the conclusions of this
study.

2. Numerical Simulation and Lagrangian
Analysis Tool

2.1. The Numerical Experiment

[6] The numerical simulation used in this study is the
ORCA025-G70 experiment performed in the framework of
the Drakkar project [Barnier et al., 2007]. The global
ORCA025 model configuration at 1/4� resolution [Barnier
et al., 2006] is based on the NEMO (Nucleus for European
Modeling of the Ocean) modeling framework [Madec,
2008]. The ORCA025-G70 experiment, fully described by
Treguier et al. [2007] and Molines et al. [2006], was run
from 1958 to 2004 with no prior spin up. The 5-day aver-
aged model outputs provided a numerical ocean database.
The initial condition was the Levitus 1998 climatology
[Levitus et al., 1998] for the low and mid latitude regions
and the Polar Science Center Hydrographic Climatology
(PHC) [Steele et al., 2001] for the high latitude regions. The
simulation used a global three-pole grid with 1442 � 1024
grid points and 46 vertical levels. The vertical grid spacing
was finer near the surface (6 m) and increased with depth.
The horizontal grid was isotropic and the resolution (1/4�)
was 27.75 km at the Equator and 13.8 km at 60�N. Para-
meterizations included a Laplacian mixing of temperature
and salinity along isopycnals, a horizontal biharmonic vis-
cosity, and a turbulence closure scheme for vertical mixing

Figure 1. Map and bathymetry of the North-Atlantic Ocean. The gray lines are the 1000 and 2000 m iso-
baths. The black and colored thick lines are the initial and interception sections of the two Lagrangian
experiments described in Section 4.1.
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that is based on a prognostic equation for the turbulent
kinetic energy and a closure assumption for the turbulent
length scales [Blanke and Delecluse, 1993]. The surface
forcing data set was a blend of data from various origins and
at different time resolutions [Brodeau, 2007]. Precipitation
and radiation were from the CORE (Common Ocean-ice
Reference Experiments) data set [Large and Yeager, 2004]

at monthly and daily frequency, respectively. Air tempera-
ture, humidity and wind speed were six-hour fields from the
ECMWF (European Centre for Medium-Range Weather
Forecasts) reanalysis ERA40 for the years 1958–2001 and
from the ECMWF analysis for years 2002–2004. The tur-
bulent fluxes (wind stress, latent and sensible heat fluxes)
were estimated by application of the CORE bulk formulae

Figure 2. (a) The 1993–1998 mean circulation from Lagrangian floats (reprinted from Flatau et al.
[2003]). (b) The 1993–1998 mean 16-m circulation in ORCA025-G70. GS, SF, LC, NAC and IC stand
for Gulf Stream, Subarctic Front, Labrador Current, North Atlantic Current and Irminger Current, respec-
tively. In the two panels, red arrows indicate velocities higher than 10 cm s�1.
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[Large and Yeager, 2004]. To prevent uncontrolled drift in
salinity as a response to inaccurate precipitation [Griffies
et al., 2009], a relaxation to the Levitus/PHC climatology
of sea surface salinity (SSS) was applied. The SSS restoring
term is converted into an equivalent freshwater flux through
a relaxation coefficient that was set to 0.17 meter per day.
Considering the salinity evolution in the first vertical grid
cell (6 m), the relaxation coefficient corresponded to a
decay time of 36 days [Molines et al., 2006] and led to a
freshwater flux of similar amplitude as the one calculated
from the forcing fields. There was also an extra restoring at
the exit of the Red Sea and Mediterranean Sea to better
represent their overflows.

2.2. The Lagrangian Analysis Tool ARIANE

[7] The Lagrangian analysis tool ARIANE (http://www.
univbrest.fr/lpo/ariane/) is based on the algorithm developed
by Blanke and Raynaud [1997]. Its initial purpose is to cal-
culate trajectories of particles for a given three-dimensional
(3D) stationary velocity field generated in averaging the
time-varying velocity field of an ocean numerical model.
The divergence is discretized on the model grid and allows
the calculation of 3D streamlines within each box of the 3D
mesh. For a stationary field, such streamlines are exact tra-
jectories of particles in the model. This technique has been
successfully extended to time-dependent velocity fields by
assuming the velocity is stationary over successive periods
equal to the available sampling [Blanke and Raynaud,
1997]. The present study uses 5-day averaged velocity
field from the ORCA025-G70 simulation to advect particles
over successive 5-day period.
[8] The resulting 3D trajectories represent the pathways

followed by water parcels from an initial section of the
ORCA025-G70 grid to several final interception sections.
The small transport assigned to each particle at the initial
section is conserved along the 3D trajectories. At each time
step of their trajectories, the particles acquire the properties
of the Eulerian ORCA025-G70 fields interpolated at the
particle positions on the grid. Between two time steps, the
particle properties are thus implicitly transformed through
the influence of the atmospheric fluxes and the parameter-
ized lateral and vertical mixing. Our experiments involved
about 500000 particles seeded on one initial vertical section.
The particle trajectories were then integrated backward in
time to intersected sections to describe the upper subpolar
North Atlantic circulation. The initial section was also an
interception section. The particles were not uniformly dis-
tributed on the initial section. They are grouped in regions
where the velocity is the highest ensuring that the particles
carry the same transport. The methods for positioning the
particles in the model grid and determining their transports
are described in more details by Blanke and Raynaud [1997].
The maximum transport carried by a particle was set to
0.5 mSv, leading to a maximum error of 0.1 Sv on the
transports computed at the intersected sections (1 Sv is
defined as 1 � 106 m3 s�1). The vertical integration of the
particle transports at each grid cell of the area enclosed by
the sections provided a mean stream function describing the
trajectory of the flow. Moreover, the vertical average of the
particle properties at each grid cell provided an average

view of the evolution of the particle properties along the
mean trajectory of the flow (see Section 4).

3. SPMW in the Eastern Subpolar Gyre
in ORCA025-G70

[9] This section describes the circulation in the model as
well as the location and thermohaline properties of the
SPMW in the eastern subpolar gyre as modeled by
ORCA025-G70. The representation of the circulation and
the SPMW in the model are evaluated against observa-
tions. This evaluation complements the one carried by de
Boisséson et al. [2010] who used the ORCA025-G70 sim-
ulation to estimate a mixed layer heat budget in the Iceland
Basin. They showed that despite an underestimated winter
mixed layer depth, this simulation reproduced correctly the
pattern and magnitude of the mean seasonal cycle of the heat
content variation as estimated from Argo data.

3.1. Upper-Ocean Circulation

[10] The ORCA025-G70 circulation was averaged over
the years 1993–1998 at 16 m depth (Figure 2) and over the
years 1993–2001 on the 27.5 isopycnal (not shown) so as to
be comparable with the 15-m circulation derived from drifter
data [Flatau et al., 2003] and with the circulation on the
27.5 isopycnal deduced from subsurface float data [Bower
et al., 2002]. The mean circulation highlights the flow of
the NAC that is fed by the subpolar and subtropical gyres
through the Labrador Current and the Gulf Stream, respec-
tively. As in other realistic numerical models [Smith et al.,
2000; Treguier et al., 2005], the NAC does not flow north-
ward past Newfoundland before turning right and flowing
eastward toward the Mid-Atlantic Ridge (MAR), along the
Northwest Corner. Instead, it reaches the MAR and the
Charlie Gibbs Fracture Zone through a more southerly path.
The NAC then crosses the MAR and feeds the eastern sub-
polar gyre where it separates into three main branches
(Figure 2) that flow through the Rockall Trough toward the
Nordic Seas, along the western flank of the Rockall Plateau
and through the central Iceland Basin, respectively. The last
two branches partly feed the Nordic Seas and partly recir-
culate along the Reykjanes Ridge. A southwestward circu-
lation along the eastern side of the Reykjanes Ridge is
present in the model at 16-m depth and on the 27.5 isopycnal
in agreement with floats-derived circulation at the same
levels as reported by Flatau et al. [2003] (Figure 2) and
Bower et al. [2002, Figure 3], and with ADCP measure-
ments near 60�N [Lherminier et al., 2007]. The southwest-
ward flow recirculates around the Reykjanes Ridge and
feeds the Irminger Current on the western side of the
Reykjanes Ridge. In agreement with Bower et al. [2002], a
small fraction of the NAC feeds the Irminger Current
without flowing in the Iceland Basin.
[11] To evaluate the ability of ORCA025-G70 at simu-

lating the amplitude and the timing of the variability of
the North-Atlantic circulation, we calculated, following
Häkkinen and Rhines [2004], the first empirical orthogonal
function (EOF) of the sea surface height (Figure 3). The
horizontal pattern and the principal component of this first
EOF are in good agreement with those deduced from altim-
etry data over the satellite period [Häkkinen and Rhines,
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2004]. The correlation between the detrended time-series is
0.7 (significant at the 95% level) and the model is able to
represent the high gyre index values observed in the early-
1990s, the sharp decrease after the 1995–1996 winter and the
continuous decreasing trend until the mid-2000s (Figure 3b).
Moreover the long-term pattern of the gyre index estimated
from ORCA025-G70 is comparable to that estimated by
Hàtùn et al. [2005] from the MICOM simulation.

3.2. SPMW

3.2.1. Definition and Spatial Distribution
[12] In the following, the SPMW layer refers to the nearly-

homogeneous water mass (excluding the Labrador Sea
Water) bounded by the seasonal and the permanent ther-
mocline. It is identified by a minimum of potential vorticity,
ignoring relative vorticity [Talley, 1999; Johnson and
Gruber, 2007; Thierry et al., 2008; Brambilla and Talley,
2008]. As in Johnson and Gruber [2007] and in Thierry
et al. [2008], the SPMW layer is defined by a potential
vorticity lower than 6� 10�11 m�1 s�1, a salinity higher than
34.98 and a potential density lower than 27.7 kg m�3. The
core properties of the SPMW are the properties in the SPMW
layer at the level where the potential vorticity is minimum.

SPMW properties are estimated every year over the summer
period (June to September) when mode waters are isolated
from the atmosphere and their properties remain relatively
stable. Each yearly estimate of the SPMW properties is
referred to as a SPMW vintage in the following.
[13] The spatial distribution of the modeled SPMW and its

density for June 1990 and June 2004 are shown on Figure 4.
As in the observations [Thierry et al., 2008; Brambilla and
Talley, 2008], the SPMW in ORCA025-G70 are mainly
found in the Rockall Trough, over the Rockall Plateau, in
the East and the North of the Iceland Basin and over the
Reykjanes Ridge. In the Iceland Basin, the main patches of
SPMW are found on the warm sides of the three main
branches of the NAC. Over the Reykjanes Ridge, the patch
of SPMW is delimited by the southwestward and north-
eastward currents flowing along the eastern and western
sides of the ridge (Figure 2). In 1990, the SPMW densities

Figure 4. Potential density (in kg m�3) in the core of the
SPMW layer in (a) June 1990 and (b) June 2004 from the
ORCA025-G70 outputs. The black box indicates the area
where the average SPMW properties are plotted in
Figure 5. The gray lines are the 1000 and 2000 m isobaths.

Figure 3. (a) First EOF of the sea surface height in
ORCA025-G70 (24% of the variance). Contours of SSH
anomalies have no units. The gray lines are the 1000 and
2000 m isobaths. (b) Temporal evolution of the corre-
sponding principal component from ORCA025-G70 over
1966–2004 (blue curve) and from altimetry over 1993–
2006 (red curve).
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increases northward from 27.0–27.1 to 27.4–27.5 kg m�3 in
the Iceland Basin and the Rockall Through. Over the Rey-
kjanes Ridge, the SPMW density is about 27.5 kg m�3.
Those values are in agreement with the 1900–2003 averaged
values from Brambilla and Talley [2008]. In 2004, the
SPMW densities are lower (by about 0.1 kg m�3) and the
spatial distribution of the SPMW is reduced compared to
1990, except in the Irminger Sea where the SPMW layer
extends more to the west. A similar westward extension of
the SPMW layer toward the eastern Irminger Basin was
noticed by Thierry et al. [2008] when comparing 1992 and
2004 CTD data.
3.2.2. Variability
[14] Using in situ data, Thierry et al. [2008] described the

variability over 1990–2006 of the SPMW properties in the
57.5–59.5�N/28.5–30.5�W box located on the eastern flank
of the Reykjanes Ridge. The model-derived SPMW prop-
erties are averaged on a yearly basis over the same box for
the period 1966–2004 (Figure 5). From the mid 1990s to the
early 2000s, the temperature and the salinity of the SPMW
in the model increased by about +1.5�C and +0.15 while
the density decreased by 0.2 kg m�3. This recent signal

compares well with the warming of 1.4�C, the salinity
increase of 0.11 and the decrease in density of 0.1 kg m�3

reported in Thierry et al. [2008]. From 1966 to 1975. the
modeled SPMW cooled (�2�C) and freshened (�0.21).
Then there was no clear trend until the early 1990s. Due to a
lack of observations, it is not possible to directly evaluate the
SPMW variability in the model over the 1966–1990 period.
Instead, the ORCA025-G70 upper-layer (0–700 m) heat-
content variability over 1966–2004 is compared to that from
the World Ocean Database 2005 [Boyer et al., 2006] in the
Subpolar Gyre (51–66�N/65-5�W) (Figure 6). Despite the
cold bias in the model at the beginning of the time-series,
the model simulated the observed cooling of the upper-
ocean from the mid-1960s to mid-1970s, the observed
warming from the mid-1990s to the 2000s and the observed
cold period in-between. The correlation between the two
curves is 0.9. In this case and in the rest of the paper,
detrended annual time series are considered and the corre-
lation coefficients are only given when the correlation is
significant at the 95% confidence level (p-value less than
0.05). The p-value is computed by transforming the corre-
lation to create a t statistic following a t-Student distribution
with N-2 degrees of freedom, where N is the number of
points in the time series.
[15] The evaluation of the model against observations

showed that the main characteristics of the SPMW (ther-
mohaline properties, spatial distribution and variability) in
the model are in reasonable agreement with the data. This
suggests that the main mechanisms involved in the SPMW
variability are represented in the model and justifies further
investigation of the origin of the variability of the SPMW
located over the Reykjanes Ridge. As the SPMW tempera-
ture variations are highly correlated with the SPMW salinity
variations (correlation of 0.85) and anti-correlated with the
SPMW potential density variations (correlation of �0.91)

Figure 5. Anomalies of the core properties of the SPMW
over the Reykjanes Ridge (located in the black box of
Figure 4) in ORCA025-G70 for 1966–2004 period (gray
line) and from observations for 1990–2006 (black squares)
[Thierry et al., 2008]. (a) Potential density, (b) potential tem-
perature and (c) salinity. The mean properties calculated
from the observations and ORCA025-G70 are 27.51 and
27.48 kg m�3 for density, 7.03 and 7.02�C for temperature,
35.12 and 35.09 for salinity, respectively.

Figure 6. Yearly averaged upper ocean (0–700 m) heat
content anomalies (in Joules) from ORCA025-G70 (plain
line) over 1966–2004 and from the World Ocean Database
2005 over 1966–2003 (dashed line) in the Subpolar Gyre
(51–66�N/65-5�W).
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(Figure 5), we decided to focus the rest of the study on the
SPMW temperature variability.
3.2.3. Role of the Surface Heat Fluxes
[16] Following Holliday [2003] and Thierry et al. [2008],

local surface heat fluxes are compared to the heat content
variations of the upper (0–600 m) south Iceland area in
ORCA025-G70 (Figure 7). The correlation over the entire
time-series between the heat content variations and the air-
sea heat flux is not significant. While the annual regional air-
sea heat flux contributed to the simulated changes of heat
content in the 1980s, it cannot explain the variations that
occurred before 1980 and after 1990 (Figure 7). Note that
the freshwater flux cannot explain the variations of the

freshwater content either (not shown). This suggests, as
already hypothesized by other authors [e.g., Hàtùn et al.,
2005; Johnson and Gruber, 2007; Thierry et al., 2008; de
Boisséson et al., 2010], that advection is a key mechanism
to explain the variability of the water masses in the Iceland
Basin. It justifies the use of a Lagrangian tool to investigate
the variability of the SPMW over the Reykjanes Ridge, in
particular through a better understanding of its origin and
formation scheme.

4. Origin and Formation of the SPMW

4.1. Origin

[17] The Lagrangian experiments performed in this study
were aimed to determine the origin of the SPMW located
over the Reykjanes Ridge in summer (June to September).
Two sets of experiments were performed in order to deter-
mine if the SPMW particles over the RR in the model
originated in the Iceland Basin as suggested by the circula-
tion scheme or if some contribution from west of the ridge
exists. In both cases, the initial section, referred to as RR on
Figure 1, was set along the top of the Reykjanes Ridge.
[18] The first experiment tracked SPMW particles flowing

northwestward across the Reykjanes Ridge toward the
Irminger Basin. Such particles were integrated backward in
time until they reached one of the following sections: the RR
section itself, the SPG section at the exit of the Labrador Sea,
the STG section that crosses the Atlantic Ocean around
38�N, the EC section across the English Channel or the IS
section along the Iceland-Scotland Ridge (Figure 1). The
junction between the RR and SPG sections was chosen south
of the region were the SPMW is found. In the following, the
transports will be counted as positive towards the Irminger
Basin across the RR section, northward across the STG
section and southward across the SPG section. The integra-
tion was done over 8 years which ensured that at least 95%
of the particles had reached one of the interception sections.
This experiment was performed for SPMW vintages lying
over the RR section every other summer from 1966 to 2004.
The 8-year backward integration excluded the possibility of
studying the SPMW vintages from the summer 1958 to
1965. Actually, 99% of the northwestward flowing SPMW
particles had a subtropical or subpolar origin as they came
either from the STG section or from the SPG section.
[19] The second experiment tracked SPMW particles

flowing southeastward across the Reykjanes Ridge toward
the Iceland Basin. The particles were integrated backward in
time until they reached one of the following sections: the
RR section itself, the SPG section, the GI section between
Greenland and Iceland and the GC section across the
Labrador Sea (Figure 1). The integration settings are the
same as in the first experiment. The integration revealed that
no particle originating from the SPG section, the Labrador
Sea or the Nordic Seas feeds the SPMW layer on the
Reykjanes Ridge. In fact, all the southeastward flowing
particles originates from the southern part of the RR section
and their transport is less than 0.1 Sv. Compared to the
contribution of the northwestward flowing particles that
varies between 2 and more than 6 Sv in the first experiment
(Figure 8a), the southeastward flowing particles contribution
to the SPMW layer is negligible and will not be taken into
account in the rest of the study.

Figure 7. (a) Annual heat content anomalies in the 0–
600 m layer in the Iceland Basin (between 54–63�N) (plain
line) compared to changes in heat content due to air-sea
fluxes (dashed line). (b) Winter mixed layer depth anomalies
(in m, plain line) and winter heat flux anomalies (in W m�2,
dashed line) averaged in the Iceland Basin (between 54–
63�N). The 1966–2004 mean was removed to the time-series
and the winter NAO index is superimposed (gray bars)
[Hurrell, 1995].
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[20] The Lagrangian experiments showed that, in
ORCA025-G70, the SPMW over the Reykjanes Ridge was
fed by the southwestward flow on the eastern flank of the
ridge. Due to the relative coarse resolution of the model, the
role of the Irminger Current through eddy mixing is not
explicitly resolved and the influence of this term on the
SPMW variability will not be assessed. However, we hypoth-
esize that this mechanism is not of primary importance to
explain the SPMW variability because of the good agreement
between the observed and simulated SPMW variations. In
addition, as the cyclonic subpolar gyre induces an overall
westward circulation pattern in the Irminger Basin, the
Irminger Current instabilities will preferentially influence,
through eddy shedding, the Irminger Basin rather than the

water masses on the Reykjanes Ridge [see Bower et al.,
2002, Figure 1].
[21] In the rest of the study, only particles crossing the

Reykjanes Ridge toward the Irminger Basin and originating
from either the STG or the SPG sections are considered. On
average over 1966–2004, the mean northwestward transport
of the SPMW particles across the RR section amounted to
3.9 Sv with 44.1% and 55.9% of the source particles coming
from subpolar (section SPG) and subtropical (section STG)
origins, respectively (Figures 8a and 8b). The SPMW
transport decreased from the 1966 to the early 1970s and
then increased to a maximum in 1990. It stayed high until
the mid-1990s and then decreased, reaching its minimum
in 2004.

Figure 8. (a) Transport (in Sv) of SPMW particles across RR section during 1966–2004 (black curve).
The transport of particles originating from the STG (TrSTG) and SPG (TrSPG) sections are in red and blue,
respectively. (b) Relative contribution (RSTG) of particles coming from the STG section to the total trans-
port of SPMW particles across the RR section in 1966–2004 (red line) and winter NAO index (gray bars)
[Hurrell, 1995]. (c) Averaged depth of the particles coming from the STG (in red) and SPG (in blue)
sections. On Figures 8a and 8c, the dashed lines represent the mean values over 1966–2004 of each plotted
variables.
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[22] Influenced by the air-sea fluxes and the lateral and
vertical mixing along their trajectories, the subpolar particles
generally gain heat from the SPG section to the RR section
while the subtropical particles generally lose heat from the
STG section to the RR section (not shown). The heat loss is
larger than the heat gain and, on average over 1966–2004,
the STG and SPG particles all considered are cooled by
0.8�C during their transit from the STG and SPG sections to
the RR section. Indeed, the mean particle temperature,
computed as indicated in Section 5.1, is 7.9 and 8.7�C at the
RR and STG+SPG sections, respectively (not shown).

4.2. Formation

[23] The scheme of formation of SPMW located over the
Reykjanes Ridge is now detailed. It is illustrated by the 1990
SPMW vintage because the mean stream functions followed
by the source particles of the other SPMW vintages show
very similar circulation patterns (not shown). According to
the mean stream function provided by the Lagrangian
experiment (Figure 9), two flows originating in the Labrador
Current and the Gulf Stream merge off Newfoundland, cross
the MAR between 48 and 52�N and enter the Iceland Basin
where they feed the SPMW layer over the Reykjanes Ridge.
The SPMW particles come from the STG and SPG sections
on the west side of the MAR and follow a cyclonic pathway
in the Iceland Basin (Figure 9). The travel time from the
STG or SPG section to the RR section ranges from 2 to
4 years, the SPG-to-RR travel time being generally a few
months shorter than the STG-to-RR travel time.
[24] In Figure 10, the 1990 mean stream function was

superimposed on the mean potential vorticity of the particles
after separating them in three temperature classes for a better
visualization. This gives insight into position and time at
which the particles enter the winter mixed layer before
forming the SPMW layer at section RR. We consider that the
particles are included either in the mixed layer or in the mode
water layer when the mean potential vorticity is lower than
the previously defined SPMW threshold 6 � 10�11 m�1 s�1.
Upstream of the Reykjanes Ridge, the particles reach this
value in winter 1989/1990 while they are included in the deep
mixed layers of the Iceland Basin (Figure 10). These weakly
stratified waters are then advected toward the Reykjanes

Ridge. It can be shown that the faster a particle flows, the
further away from the Reykjanes Ridge it is included in the
winter mixed layer. To conclude, the SPMW vintages are
formed in the ocean mixed layer of the Iceland Basin from
water parcels advected by the cyclonic circulation of the
eastern subpolar gyre the winter before their summer transit
above the Reykjanes Ridge.
[25] Despite the limitations of the model in representing

some features of the regional horizontal circulation (see
Section 3.1), the model-based scheme of origin and for-
mation of the SPMW over the Reykjanes Ridge is con-
sistent with the complementary observation-based studies of
Brambilla et al. [2008] and Thierry et al. [2008]. Brambilla
et al. [2008] showed that the source/product chain for
SPMW formation in the eastern North-Atlantic is associated
with the main branches of the NAC along which the SPMW
is present and demonstrated that most of the diapycnal flux
that creates the SPMW occurs in winter. Thierry et al. [2008]
suggested a cyclonic circulation of the source waters in the
Iceland Basin and a formation in the winter mixed layer close
to the Reykjanes Ridge.

5. Variability of the SPMW

5.1. Variability at the RR and STG+SPG Sections

[26] Since the particle temperatures were known for a
given Lagrangian experiment and because all particles had
comparable transports (0.1 � 0.04 mSv), we determined for
each experiment, the mean temperature of the SPMW at the
RR section (TRR) as the arithmetic mean of the particle
temperatures. We verified that TRR is not different from the
estimate using the weighted mean of the particle temperatures,
the weights being the particle transports, which would be
the exact formulation (Figure 11). Similarly, considering the
STG and SPG sections together (referred to as the STG+SPG
section in the following) and using the arithmetic mean
temperatures of the particles in the STG (TSTG) and SPG
(TSPG) sections, the mean temperature of the STG+SPG
section (TSTG+SPG, Figure 11) was computed as:

TSTGþSPG ¼ TSTG:
TrSTG

TrSTG þ TrSPG
þ TSPG:

TrSPG
TrSTG þ TrSPG

ð1Þ

Figure 9. Mean stream function (in Sv) estimated by the Lagrangian tool ARIANE from the trajectories
of particles that come from the STG and SPG sections and that feed the SPMW located over the Reykjanes
Ridge during the summer 1990. The gray lines are the 1000 and 2000 m isobaths.
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TrSTG and TrSPG are the transports of the particles originating
from the STG and SPG sections, respectively (Figure 8a).
[27] Time series of the SPMW temperature averaged over

the entire RR section showed a slow decrease of the SPMW
temperature from the mid-1960s to the first half of the 1990s
(�1.4�C) followed by a rapid increase (+1.7�C) until the
mid-2000s (Figure 11). To help understand the origin of this
variability, we compared the properties of the SPMW par-
ticles in the RR section with the properties of the same
particles at their source in the STG+SPG section (Figure 11).

In Figure 11, TSTG+SPG was referenced to the year of particle
seeding on the RR section and not to the year the particles
were found on the STG or SPG sections because each indi-
vidual particles had its own transit time between the two
sections. Accordingly, despite the 2 to 4 years transit time
between the STG or SPG sections and the RR section, there
was no lag between TRR and TSTG+SPG.
[28] Over 1966–2004, the averaged temperature in the

STG+SPG section and in the RR section exhibited similar
interannual to interdecadal variabilities. In particular, a

Figure 10. Mean potential vorticity along the trajectories of the particles that feed the SPMW located
over the Reykjanes Ridge during the summer of 1990 for three temperature classes: (a) temperature greater
than 7.5�C; (b) temperature comprised between 6 and 7.5�C; (c) temperature less than 6�C. The
corresponding mean stream functions are superimposed. The gray lines are the 1000 and 2000 m isobaths.
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similar abrupt increase of more than 1�C from the mid-1990s
to the mid-2000s occurred at both sections. The correlation
coefficients between the time-series of the particle tempera-
ture in the RR section and in the STG+SPG section was
0.80, which suggests that most of the signal in section RR
was carried by the thermohaline properties of the particles
originating from the STG and SPG sections. The amplitude
of the variations was slightly smaller in the RR section
compared to that in the STG+SPG section suggesting that
the mixing and the air-sea fluxes tended to smooth the
variability.

5.2. Terms Controlling the Variability

[29] Owing to equation (1), it was then possible to
understand the variability carried by the STG and SPG par-
ticles. Each temperature term (TSTG and TSPG) was decom-
posed as a mean value T over 1996–2004 and an anomaly T′.
Similarly, the STG transport ratio RSTG = TrSTG/
(TrSTG + TrSPG) was decomposed in a mean value RSTG over
1996–2004 and an anomaly RSTG. The SPG transport ratio
RSPG = TrSPG/(TrSTG + TrSPG) equaled RSPG = 1 � RSTG.
Equation (1) then became after some algebra:

TSTGþSPG ¼ TSTG′ :RSTG þ TSPG′ :RSPG þ TSTG � TSPG
� �

:RSTG′

þ TSTG′ � TSPG′ð Þ:RSTG′ þ constant ð2Þ

[30] The first two terms on the right hand side of equation (2)
represent the influence of the varying temperature at the
STG and SPG sections respectively in considering that the
relative contributions of the STG and SPG transports to
the total transport are constant and equal to 0.56 and 0.44
respectively (Figures 12a and 12b). The third term of

equation (2) represents the influence of the varying contri-
bution of the STG transport (and thus of the SPG transport) to
the total transport (Figure 8b). The fourth term of equation (2)
will not be considered in the rest of the study since it has
negligible variations (cross terms curves on Figure 12c).
[31] The three main terms contributing to the temperature

variations in the STG+SPG section varied on an interannual
to interdecadal time scales. As seen on Figure 12c, the STG
+SPG temperature variability was mainly controlled by the
varying STG transport ratio with the noticeable exception of
the early 1990s and early 2000s. In the early 1990s, the cold
anomaly in TSTG+SPG due to the reduced STG transport ratio
was amplified by colder than usual STG particles
(Figures 12a and 12c). At the beginning of the 2000s, the
contribution of the STG transport ratio was not significant
and the warm anomaly was explained by warmer than usual
STG and SPG particles. TSTG+SPG being strongly correlated
with TRR (0.80), those successive cold and warm anomalies
led to the large SPMW temperature increase that occurred
after 1994 (Figure 11).

5.3. Influence of the STG Particle Depth

[32] Over 1966–2004, the STG particle temperature var-
iations around the temporal mean were less than 0.5�C
except during 1990–1994 and in 2002, when a negative
anomaly of about 0.5�C and a positive anomaly of about 1�C
occurred, respectively (Figure 12). The STG temperature
anomaly of the early 1990s is due to a larger contribution
of deeper STG particles in 1990–1994 compared to the rest
of the time series (Figure 8c). Indeed, these temperature
anomalies disappeared when only particles at depths shal-
lower than 350 m were considered in the STG section
(TSTGup′ curve on Figure 12). To illustrate this mechanism,

Figure 11. Anomalies of the mean particle temperature in the RR section (TRR, black lines) and in the
STG+SPG section (TSPG+STG, red lines) over 1966–2004. The dashed lines represent the mean particle
temperature computed in weighting the particle temperatures by the particle transports. The plain lines rep-
resent the approximate value of TSPG+STG and TRR computed without taking into account the individual
transport of each particles (see text for details).
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the 1970, 1990 and 1998 SPMW vintages were compared.
The transport in depth bins of the particles in the STG
section revealed that a larger number of particles from
intermediate depths (350–800 m) contributed to the SPMW
vintage in 1990 compared to 1970 and 1998 (Figure 13).
Consequently, intermediate depth transport across the STG
section of particles in the temperature range 5–10�C was
higher in 1990 than in 1970 and 1998 (not shown) making
the subtropical contribution to the SPMW cooler in 1990
than in 1970 and 1998 (Figure 12).
[33] To explain the changes in the averaged depth of the

particles that fed the SPMW layer, we considered the time
series of the winter mixed layer and winter heat flux aver-
aged in the south Iceland area over 1966–2004 (Figure 7b).
Over 1989–1995 (a prolonged positive NAO period), the
winter heat loss was larger than its mean value and the
winter mixed layer and the averaged particle depth in the
STG section were deeper than their mean values (Figure 8c).
The large heat loss of the early 1990s led to the

intensification of the winter convection in the North-Iceland
Basin and to the integration in the mixed layer - and thus in
the future SPMW layer - of anomalously cold subtropical
waters reflected by the extreme deep averaged particle depth
in the STG section (Figure 8c). This also led to the formation
of a larger volume of SPMW (not shown) and to an increase
in STG particle transport (Figure 8a).
[34] Note that the mixed layer deepening in the Iceland

Basin also influenced the SPG particles depth (Figure 8c)
with however no significant signal in T ′

SPG (Figure 12b)
because of the relatively homogeneous vertical temperature
profile at the SPG section.

6. Conclusion

[35] This study was aimed at investigating the origin and
the formation of the SPMW lying over the Reykjanes Ridge
and the mechanisms driving the variability of its properties
in the ORCA025-G70 model. By tracking the SPMW par-
ticles back to their origin with the Lagrangian analysis tool
ARIANE, we showed that the SPMW layer consisted of
subpolar and subtropical water particles flowing with the
NAC to the eastern subpolar gyre. On average, 44.1% and
55.9% of the particles originated from the Labrador Current
(subpolar origin) and the Gulf Stream (subtropical origin),
respectively (Figure 8). The SPMW located over the ridge
acquired its properties a few months earlier in the Iceland
Basin when its source waters entered the mixed layer during
the winter convection (Figure 10). Those weakly stratified
waters were then advected by the cyclonic circulation of the
Iceland Basin toward the Reykjanes Ridge (Figure 9).
[36] In ORCA025-G70, the transport of SPMW particles

across the Reykjanes Ridge increased from the early 1970s
to the mid 1990s coinciding with a SPMW temperature
decrease (Figures 8 and 11). The trends then reversed until
the early 2000s. Most of the variability of the SPMW tem-
perature over the Reykjanes Ridge was tracked back to the
subtropical (STG) and subpolar (SPG) sections in terms of
both particle temperature and transport variability. The var-
iability of the SPMW temperature in the RR section was
mainly due to the variations of the relative contribution of
the STG and SPG particle transports to the total transport but
occasionally variations of the particle temperature in the
STG section (TSTG) also contribute to the total variability
(early 1990s and 2000s) (Figure 12). The superimposition of
both signals led to the variations of the SPMW temperature
in the model. Particularly, the successive cold and warm
anomalies of the SPMW temperature in the 1990s and 2000s
induced an abrupt increase in the SPMW temperature of
about 2.5�C that was also seen in the observations over
1990–2006 [Thierry et al., 2008].
[37] Changes in the temperature of STG particles depen-

ded on the intensity of the winter convection in the Iceland
Basin because it conditioned the respective volume of sur-
face and intermediate waters that were integrated in the
mixed layer and thus in the corresponding SPMW layer. In
the early 1990s, when the mixed layer was deeper than
during the early 1970s or the late 1990s, the strong winter
convection integrated a larger amount of relatively cold
intermediate waters in the SPMW layer and contributed to
the cold STG particle anomaly occurring over that period
(Figures 7, 8, and 13).

Figure 12. The anomaly of the averaged temperature of the
future SPMW particles in the STG+SPG section (black plain
line on all panels) is decomposed in four terms (see text for
details) representing the contribution of (1) the varying prop-
erties of the STG particles (TSTG, red plain line on Fig-
ure 12a) or the varying properties of the STG particles
when considering only particles shallower than 350 m in
the STG section (TSTGup, red dashed lines on Figure 12a),
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[38] The varying STG transport ratio RSTG, the main term
controlling the SPMW variability, exhibited interannual to
interdecadal variability (Figure 8b) that have some similari-
ties with the interannual variations of the winter NAO index
(the correlation coefficient is �0.52). For instance, RSTG was
lower than its mean value during NAO-positive periods
(1972–1976, 1982–1984 and 1988–1994). Although this is
beyond the scope of this study, it is worth mentioning that
understanding the relationship between RSTG and the NAO is
challenging since the STG and SPG particle transports co-
varied on the long term. Indeed, the STG and SPG particle
transports are respectively influenced by the intensity of the
co-varying subtropical and subpolar gyre transports [Curry
and McCartney, 2001] and by the mixed layer deepening
in the Iceland Basin.
[39] Results of the present study have potential implica-

tions for better understanding the causes of thermohaline
changes at deeper levels in the subpolar gyre. First, the mode
waters (and hence their properties) described in this paper
are transported from the Northeast Atlantic to the Labrador
Sea [McCartney and Talley, 1982], where wintertime con-
vection overturns upper-ocean waters to depths down to
�2000 m [Lazier et al., 2002]. Second, signals of tempera-
ture and variability in the northwestern Iceland Basin are
directly transferred from the upper and intermediate levels to
the deep ocean through entrainment of the Atlantic waters by
the Iceland-Scotland Overflow Water [Sarafanov, 2009].
Sarafanov et al. [2010] found such transfer as the main
cause of the rapid warming and salinity increase of the Ice-
land-Scotland Overflow Water since the mid-1990s. The
question to what extent the mechanisms of the upper-ocean
variability highlighted in the present study are involved in

the deep-water thermohaline variability is thus a topic for
future research.
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