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The subpolar North Atlantic represents a key region for global climate, butmost numericalmodels still havewell-
described limitations in correctly simulating the local circulation patterns. Here, we present the analysis of a 30-
year run with a global eddy-resolving (1/12°) version of the NEMO ocean model. Compared to the 1° and 1/4°
equivalent versions, this simulation more realistically represents the shape of the Subpolar Gyre, the position
of the North Atlantic Current, and the Gulf Stream separation. Other key improvements are found in the
representation of boundary currents, multi-year variability of temperature and depth of winter mixing in the
Labrador Sea, and the transport of overflows at the Greenland–Scotland Ridge. However, the salinity,
stratification and mean depth of winter mixing in the Labrador Sea, and the density and depth of overflow
water south of the sill, still present challenges to the model. This simulation also provides further insight into
the spatio-temporal development of the warming event observed in the Subpolar Gyre in the mid 1990s,
which appears to coincide with a phase of increased eddy activity in the southernmost part of the gyre. This
may have provided a gateway through which heat would have propagated into the gyre's interior.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC-BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

The subpolar North Atlantic is one of the climatically relevant
regions of the global ocean (Rhein et al., 2011). This is the first deep-
ocean location where water mass transformation actively determines
the shape of the Atlantic Meridional Overturning Circulation (AMOC).
The subpolar North Atlantic is also a crucial region for the modulation
of the temperate climate of north-western Europe, and the dynamics
of the Subpolar Gyre (SPG) determine the rate of deep-water formation
(Katsman et al., 2004). These newly formed, or significantly modified,
water masses constitute the cold lower limb of the AMOC, and varia-
tions induced by climate change are most likely to arise in this area.

The SPG is a dominant large-scale feature of the surface circulation of
the northwest Atlantic (Higginson et al., 2011) and is characterised by cy-
clonic rotation. It spans from45°N to about 65°N (Rhein et al., 2011) and it
includes the area of the sills betweenGreenland, Iceland, the Faroe Islands
and Scotland. Waters of tropical and subtropical origin form the warm
and salty upper branch of the AMOC; through the Gulf Stream, North At-
lantic Current (NAC), and Irminger Current, the AMOC transports these
warm and salty waters to the subpolar North Atlantic (Higginson et al.,
ciences, University of Bristol,
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2011; Käse andKrauss, 1996). Here, theNAC and the Irminger Current re-
lease heat to the atmosphere, and the subsequent buoyancy loss leads to
the formation of deep and intermediate water throughout the subpolar
gyre and notably in the Labrador Sea, from where it is exported as
North Atlantic Deep Water (Rhein et al., 2011). The return cold and
fresh stream flows along the shelf at the western edge of the basin. This
comprises the East Greenland Current and the West Greenland Current,
which carry sea-ice and low salinity water from the Arctic and runoff
fromNorth America and the Greenland ice cap (Dickson et al., 2007), pro-
viding a pathway for the export of fresh water from high latitudes
(Higginson et al., 2011). TheWest Greenland Current flows into the Lab-
rador Current, which exits the Labrador Sea on thewestern boundary and
travels south past Newfoundland. The formation of deep and intermedi-
ate waters in the Labrador Sea is one of the major connections between
the warm upper branch of the AMOC and its cold lower one, and a
crucial process for the intensity of this link is the energy exchange
between the atmosphere and the ocean surface (Rhein et al., 2011).

The dense, cold overflows from the Nordic Seas constitute the main
source of the southwardflowof NorthAtlantic DeepWater,maintaining
the deepbranchof theNorthAtlantic thermohaline circulation (Dickson
and Brown, 1994; Eldevik et al., 2009; Hansen and Østerhus, 2000). The
greatest volume exchange between the Nordic Seas and the rest of the
world ocean occurs across the Greenland–Scotland ridge (Bacon,
2002), which separates these basins from the Atlantic Ocean. This
the CC-BY license (http://creativecommons.org/licenses/by/3.0/).
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ridge system between Greenland, Iceland, Faroe Islands and Scotland
acts as a sill, damming up the deep-waters from the Nordic Seas, but
allowing the exchange of surface and intermediate waters; some of
these exchanges occur as overflows, when dense, cold waters from
the Nordic Seas pass over the top of the sill and flow downstream at
depth (Bacon, 2002). These processes have a fundamental impact on
the circulation in the Labrador and Irminger Seas, which are active
sites of deep-water formation. In these regions, wintertime cooling
can trigger deep convection down to depths of 1000–2400 m,
which results in the formation of an important intermediate water
mass, the Labrador Sea Water (LSW). This watermass contributes
to the lower limb of the global thermohaline circulation, which is a
key process for the transport of heat, freshwater and carbon dioxide
in the coupled atmosphere–ocean climate system (Haine et al., 2008;
Yashayaev, 2007).

Modelling studies can be particularly useful given that most of
the oceanic observational records in the subpolar North Atlantic are
quite short and sparse. Estimates of the mean circulation based on
such samplingmay therefore be seasonally biased, significantly aliasing
the low-frequency variability (Higginson et al., 2011). Numerical
models represent therefore an invaluable tool to study the dynamics
of these regions and to determine the causes of the observed variability,
but they first need to be able to realistically simulate the base state of
the regional circulation and hydrography (Rhein et al., 2011). Although
many studies have shown that high-resolution eddy-permittingmodels
can adequately reproduce the salient features of the circulation in the
subpolar region (Tréguier et al., 2005) there are still questions with
respect to hydrography and water masses formation (Rattan et al.,
2010). For instance, numerical models tend to simulate an unrealistic
salinification of the Labrador Sea, which can trigger too-deep convec-
tion, and cause an excessive deepening of the mixed layer in this area
(Rattan et al., 2010; Treguier et al., 2005). The use of higher resolution,
eddy-resolving models (i.e. able to resolve mesoscale eddies) could
potentially overcome some of these biases, allowing a more realistic
representation of the circulation.

Themain limitations of running such high-resolutionmodels are the
computational and storage costs. However, state-of-the-art computing
facilities allow the performance of relatively long runs with this kind
of models, and therefore produce analysis of ocean processes at inter-
annual to multi-decadal timescales. In this study we use a new version
of the eddy-resolving ocean general circulation model (OGCM) NEMO
(Nucleus for European Modelling of the Ocean) at a resolution of
1/12°, which is being run in its global configuration (ORCA12) by the
Marine SystemsModelling group at the National Oceanography Centre,
Southampton (NOCS), within the DRAKKAR Consortium (DRAKKAR
Group, 2007). We investigate its performance in the North Atlantic sub-
polar regions, and present a 30-year (1978–2007) global simulation,
which represents the longest available for this version of the model
with a vertical resolution of 75 levels. The global ocean model configu-
ration and the observational datasets are described in Section 2. In
Section 3, we evaluate the representation of the circulation in the sub-
polar North Atlantic where key processes are analysed in specific
areas of interest. Discussion, summary and conclusions are presented
in Sections 4 and 5.

2. Methods and data

2.1. Ocean model configuration

The simulation analysed in this study was performed using a
refined eddy-resolving OGCM at a resolution of 1/12°, which is part
of the NEMO framework of Ocean/Sea-Ice general circulation models
(Madec, 2008). NEMO is based on version 9.1 of the OPA primitive
equation, free surface ocean general circulation model coupled to
the Louvain la Neuve (LIM2) sea ice model (Fichefet and Maqueda,
1997), which is a dynamic–thermodynamic sea ice model with
three layers and a viscous-plastic rheology (Renner et al., 2009).
This simulation was started using version 3.2 of the model code,
which was subsequently updated throughout the run (from model-
year 1989 onwards) to version 3.3.1. NEMO uses the quasi-
isotropic tripolar ORCA grid (Madec and Imbard, 1996), which be-
comes finer with increasing latitudes. In the case of ORCA12, the ef-
fective horizontal resolution of the common grid ranges between
9.25 km at the Equator, 7 km at Cape Hatteras (mid-latitudes), and
1.8 km in the Ross and Weddell Seas. The standard eddy-resolving
ORCA12 configuration has been setup within the DRAKKAR group
(e.g. Treguier et al., 2014; Duchez et al., 2014; Deshayes et al.,
2013). This ORCA12 global configuration is run with some specific
features at NOCS, such as a non-linear free surface to compute the
sea surface height (SSH), DFS4.1 surface forcing (Brodeau et al.,
2010), and 75 vertical levels. This vertical grid is refined at the sur-
face (1 m for the first level), and has 22 levels in the first 100 m,
smoothly increasing to a maximum layer thickness of 250 m at the
bottom, with partial steps representing the bottom topography.
The bathymetry used in ORCA12 is based on the combination of
two databases, GEBCO (IOC, IHO and BODC, 2003) on the continental
shelves, and ETOPO2 (U.S. Department of Commerce, 2006) in the
open ocean. A free-slip lateral friction condition is applied at the
lateral boundaries. A total variance diminishing advection scheme
is used for the tracers (Cravatte et al., 2007; Lévy et al., 2001), and
the mixing scheme is a turbulent closure model implemented by
Blanke and Delecluse (1993).

The run was started from rest in 1978, and initialized from the
World Ocean Atlas (WOA) 2005 climatological fields (Antonov et al.,
2006; Locarnini et al., 2006). The ocean time step is 200 s and the sea
ice model is called at every time step; the simulation is forced by 6-
hourly winds, daily heat fluxes, and monthly precipitation fields, with
a moderate relaxation of the surface salinity, which is restored to
WOA 2005 with a 180-day timescale. The first three years of simulation
were run without any constraint on the freshwater budget, but the
resulting decrease in global SSH of 20 cmper yearwas considered unac-
ceptable. This parameterization has therefore been modified, with the
freshwater budget being instantly checked and restored when a deficit
is found, but the restoring is only applied to areas where there is pre-
cipitation. An additional year (2008) has been run at the end of the
initial simulation, to allow a more accurate comparison to available
hydrographic measurements in the Labrador Sea (as outlined in
Section 3.4.3, Fig. 11). This year was run using an updated version of
the surface forcing (DFS5.1.1), and it is not included in the general anal-
ysis of themodel's performance, which only considers the first 30 years
of simulation. Model outputs are stored as successive 5-day means
throughout the whole integration, and in this study we only consider
the North Atlantic region, extracted from the global model output,
with a domain spanning from about 90°W to 10°E, and 25°N to 75°N
(Fig. 1).
2.2. Volume transport calculation

Full depth volume transport is calculated across five sections cover-
ing the main open boundaries of the analysed North Atlantic domain
(Fig. 1b). Volume transport time series were produced for the whole
duration of the simulation.

The volume transport of the overflows from the Nordic Seas is cal-
culated in temperature classes, both in the Denmark Strait and in the
Faroe Bank Channel, where two specific sections have been selected
across the two channels, allowing comparison to observations. Tem-
perature classes have been defined as described in Section 3.2, and a
mask has been applied to select only the areas characterised by the
selected temperature ranges. The volume transport is calculated as
the velocity field (its meridional component in the Denmark Strait,
and its zonal component in the Faroe Bank Channel) multiplied by



Fig. 1. Model's North Atlantic domain analysed in this study. (a) Main circulation patterns in this area. Deeper currents are in blue, shallower ones in orange/yellow. (b) Shaded is the
bathymetry of the region. Red numbered lines indicate the five sections where the volume transport has been calculated. Number 1 represents a basin-wide section at 37°N, 2 is Davis
Strait, 3 Denmark Strait, 4 crosses the Iceland-Faroe Ridge, and 5 spans between Faroe Islands and Scotland. The additional red line indicates the position of the section taken across
the Labrador Sea and part of the Irminger Sea (60°N).
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the grid area, and vertically integrated over the selected surface
(determined by the aforementioned mask).

2.3. Observational datasets

Modelled sea surface temperature (SST) and sea surface salinity
(SSS) fields are compared to the UK Met Office Hadley Centre observa-
tional dataset ENSEMBLES version 2a (EN3), an update of EN2 (Ingleby
andHuddleston, 2007). The EN3 product consists of griddedmean fields
for eachmonth, derived from quality-controlled profiles of temperature
and salinity, which are output in a model-independent monthly ob-
jective analysis. EN3 has a coarser horizontal resolution (1.25°) than
the model, only 40 vertical levels, and the top layer is 10 m whereas in
ORCA12 it is 1 m, but we have verified that this does not bias the com-
parison (not shown). This dataset represents a good basis for com-
parison, providing observations for an overlapping time frame which
allowed us to compute the same climatologies between 1983 and 2007
both for the model output and the EN3 observational data. Modelled
SST fields are also compared to the observed ones from the NOAA Opti-
mum Interpolation (OI) SST V2 monthly time series (Reynolds and
Smith, 1994; Reynolds et al., 2002).

To assess the realism of large scale surface current patterns we
compare model output with absolute geostrophic velocities derived
from satellite altimetry. The altimeter products were produced by
Ssalto/Duacs and distributed by Aviso, with support from Cnes
(http://www.aviso.oceanobs.com/duacs).

In the Labrador and Irminger Seas subsurface velocities are com-
pared to observational data collected in August–September 2008 on-
board the UK cruise Discovery 332 (Bacon, 2010). The data from this
cruise are used because it was the first time that the Labrador Sea and
Irminger Sea sections had been measured synoptically and with direct
current measurements. Velocities normal to the hydrographic sections
across the Labrador and Irminger Seas were derived as defined in
Holliday et al. (2009). The locations of the hydrographic sections across
the Labrador and Irminger Seas can be found in Bacon (2010) and Fig. 1b
shows where the section was taken in the model.

The modelled volume transport for the overflows from the Nordic
Seas is compared to two sets of continuous observational datasets. An
updatedmooring time series for the Denmark Strait Overflow is provid-
ed by Jochumsen et al. (2012), with measurements collected between
October 2007 and July 2010, integrating and confirming the results ob-
tained byMacrander et al. (2005) between 1999 and 2003, through the
combination of in situ and modelled data. Measurements for the Faroe
Bank Channel Overflow consist of data collected between 1995 and
2005 using a combination of ADCP and CTD measurements (Hansen
and Østerhus, 2007), integrated with new estimates obtained between
2005 and 2010, providing an updated mean value for this time series
(Bogi Hansen, personal communication).

3. Results

3.1. Model validation in the North Atlantic

The first step of the validation of ORCA12 in the subpolar North At-
lantic consists of a comparison of surface variables from the numerical
model output with observations, and an analysis of the overall structure
of the circulation, to assess whether the main currents are resolved by
the model and follow realistic pathways. This analysis is performed
over a wider domain, comprising both the SPG and part of the Subtrop-
ical Gyre, to also monitor the Gulf Stream pathway and its separation,
and the spread of waters of subpolar origin towards lower latitudes.
Subsequently, local key features will be further investigated in specific
regions of interest, such as the overflows from the Nordic Seas in the
Denmark Strait and in the Faroe Bank Channel, and the mixed layer
depth (MLD) and the Deep Western Boundary Current (DWBC) in the
Labrador Sea. The main bathymetric features of the analysed North
Atlantic domain are realistically represented in the model, such as the
shape of the Mid-Atlantic Ridge, Reykjanes Ridge south of Iceland, and
the Charlie-Gibbs fracture zone (Fig. 1).

During the initial phase of the run (spin-up), the model is subject to
an initial drift due to the adjustment of the simulation from the initial
WOA conditions towards the new state imposed by the surface forcing.
There will also be an element of drift due to parameter choices, and
a further element which arises from structural biases in the model
where due to limitations such as the grid resolution or parame-
terisations the model is not able to correctly represent the dynamics
of the real ocean. Strong initial drifts can persist for several years of
simulation (Rattan et al., 2010), and weaker ones can affect a run for
centuries, particularly in the deep ocean. ORCA12 is initialised with
the WOA 2005 climatology, which has a much coarser resolution (1°)
than the model and does not include fine scale details like the narrow
boundary currents on the shelf regions andmore generally close to con-
tinental boundaries. Nevertheless, after the initial adjustment phase,
modelled surface properties such as SST and SSS can be tested against
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observations. To assess the state of the simulation after 30 years of run,
we compute climatologies of themonths of January and July for the last
25 years of the run, and compare them with the corresponding data
from the EN3 dataset (Figs. 2 and 3).

SST fields show the spread of warmer surface waters from the
Atlantic into the subpolar regions (Fig. 2) and colder temperatures
(below −1 °C in January) in areas that are mostly or partially ice cov-
ered, such as Hudson Strait, north of Davis Strait and north of Iceland.
Modelled and observed values generally exhibit a matching distribu-
tion, especially in January, apart from the Labrador Sea, which is
characterised by higher values in the model (up to 2 °C warmer in the
northernmost part) than in the observations. In addition, thewarm sub-
tropical front (temperatures above 22 °C) is expanding further north in
the observations, showing coldermodelled SST values (up to 5 °C differ-
ence) between 30 and 40°N, especially in July. This could mean that the
model does not stratify enough during the summer months, mixing
down heat too easily. Hudson Strait and part of Hudson Bay also gener-
ally exhibitwarmer temperatures in the observations than in themodel,
both in January and July.

The exchange of Atlantic waters with the Nordic Seas across the
Greenland–Scotland Ridge can also be seen in the SSS maps (Fig. 3),
and the pathway of the East Greenland Current flowing towards the
Labrador Sea is also clearly visible. SSS values in the model generally
show a good agreement with the EN3 observational dataset; however,
the areas of the Labrador and Irminger Seas exhibit higher salinities in the
model, both in January and July, with differences up to 1 g kg−1 in the
northern part of the Labrador basin. It is important to note that for both
SST and SSS fields some of the discrepancies are due to the higher resolu-
tion of the numerical model, which is able to resolve smaller scale features
Fig. 2. Panels on the left (a, c, e) represent sea surface temperature values, and those on the
right sea surface salinities (b, d, f) for the month of January, from a climatology of the last
25 years of the analysed run (1983–2007). Top panels portray ORCA12 output (a, b), mid
panels the EN3 observational dataset (c, d), and bottom panels are the difference between
ORCA12 output and the EN3 dataset (e, f).

Fig. 3. Panels on the left (a, c, e) represent sea surface temperature values, those on the
right sea surface salinities (b, d, f) for the month of July, from a climatology of the last
25 years of the analysed run (1983–2007). Top panels portray ORCA12 output (a, b),
mid panels the EN3 observational dataset (c, d), and bottom panels are the difference
between ORCA12 output and the EN3 dataset (e, f).
and currents (i.e. boundary currents or the tight fronts of the Gulf Stream)
that are not present in the EN3 dataset. In addition, some biases in the ob-
servational dataset are due to a lack ofmeasurements on the shelf and shal-
low areas in the north-western part of the domain (Grist et al., 2011).

SST fields in ORCA12 for the last year of the run (2007) have also
been compared to the Reynolds SST dataset (Reynolds and Smith,
1994; Reynolds et al., 2002). To better assess the impact of model reso-
lution we also consider ORCA1 and ORCA025 which are lower resolu-
tion (1° and 1/4°, respectively) versions of ORCA12 (Fig. 4a,b). Both
ORCA1 and ORCA025 are run for the same time period (1978 to 2007)
using the same surface forcing as ORCA12 (DFS 4.1). In the lower reso-
lution runs themost striking difference is a cold bias compared to obser-
vations off Newfoundland, around Flemish Cap, and the Northwest
Corner (between 47 and 52°N). This is most pronounced in ORCA1,
with much colder temperatures (5°C or more) over that region and
with the cold anomaly extending eastward to 20°W. This cold bias is
also present in ORCA025, but is less severe and more spatially confined
(eastward extent only to about 25°W). The warm bias found east of
Iceland inORCA1 disappears in ORCA025where it is replaced by slightly
colder than observed temperatures. All simulations show a similar bias
towards colder modelled temperatures in the regions north of Iceland
(up to 7.5 °C colder). Both ORCA1 and ORCA025 exhibit a warm bias
along the US coast between 35 and 45°N, whereas in ORCA12 the cold
and warm SST biases off Newfoundland and along the US coast largely
disappear (Fig. 4c). The main remaining differences between ORCA12
and the observational dataset are confined to the boundary regions
(e.g. along the US coast north of Cape Hatteras). However, rather than
being amodel bias, this could also reflect themodel's ability to simulate
fine scale features of the circulation (such as boundary currents and
sharp SST fronts) that are absent from the Reynolds dataset.



Fig. 4.Differences betweenmodelled SSTs and the Reynolds observational dataset in 2007
(annual mean). The convention is model minus observations. a) ORCA1, b) ORCA025,
c) ORCA12.

130 A. Marzocchi et al. / Journal of Marine Systems 142 (2015) 126–143
To further analyse the performance of the model in the North
Atlantic we have taken five sections at the boundaries of this region
(Fig. 1b) and calculated the full-depth volume transport across each
section to obtain a volume budget for the analysed domain. The net
transports through the English Channel and the Hudson Strait are
not taken into account due to their minor contribution of ~0.1 Sv
(Prandle et al., 1996; Straneo and Saucier, 2008), and also because
they compensate each other (outflow and inflow, respectively). Trans-
port time series have been produced for the whole duration of the run
(Fig. 5) and mean values for the 30 years of run have been calculated
for each section (Table 1). No clear trend or substantial variations can
be identified in the time series, apart from the transport across Davis
Strait, which stabilises only in the last 10 years of the run, but still
shows an increasing trend. The transports through the Davis Strait,
Iceland–Scotland Ridge, Denmark Strait, and 37°N largely balance. The
net southward transport at 37°N reflects a Bering Strait transport of
~1.3 Sv, as well as a gain of freshwater over the Arctic Ocean. An over-
estimation of the transport at Bering Strait is also found in NEMO 1/4°,
where the model inflow is 42% higher than that of the observations
(Popova et al., 2010), suggesting values of ~0.8–0.9 Sv (Roach et al.,
1995; Woodgate et al., 2005).

3.2. Overflows from the Nordic Seas

At the Greenland–Scotland Ridge it is also important to determine
the strength of the transport occurring as overflows in the deepest
parts of the sills. The two main cores of cold, dense waters from the
Nordic Seas flow through the two deepest passages across the Green-
land–Scotland Ridge, the Denmark Strait and the Faroe Bank Channel
(Quadfasel and Käse, 2007); there is also a shallow overflow between
Iceland and the Faroe Islands, but it has a relatively weak outlet
(Hansen and Østerhus, 2000). The even weaker overflow across the
Wyville–Thompson Ridge is not assessed in this study.

To assess whether themodel is capable of simulating these key pro-
cesses, surface (not shown) and bottom current velocities (Fig. 6) have
been analysed both in the Denmark Strait and in the Faroe Bank Chan-
nel. Model results exhibit the presence of a barotropic flow passing
through the sill in the Denmark Strait, as found in previous studies
that described the barotropic structure of the current in this area, and
found little shear (therefore little turbulence) between the overflow
plume and the water masses above (Voet and Quadfasel, 2010). In the
Faroe Bank Channel the flow does not show the same highly barotropic
structure, with surface velocities dominated by the Atlantic inflow
reaching the Nordic Seas. In the Denmark Strait a vigorous current
with velocities reaching 0.6 m s−1 can also be seen at the bottom, and
in the Faroe Bank Channel there is still a weaker streampassing through
the sill, despite the intricate bathymetry of the area; in both cases the
flow at the bottom realistically follows the bathymetric constraints of
the sills (Fig. 6).

To estimate the strength of the overflows, the corresponding volume
transport has been calculated both in the Denmark Strait and in the
Faroe Bank Channel, across specific sections (as indicated in Fig. 6),
using temperature classes (Fig. 7). The calculation of the transports de-
pends on the determination of what part of the water column is consti-
tuted by waters of Arctic origins and is flowing as overflows. Here, the
selected isotherms (5.5 °C in the Denmark Strait, and 7 °C in the Faroe
Bank Channel) represent the fronts between the cold overflows and
the warm Atlantic waters in the model (Fig. 7a, b), and correspond to
the blue lines in the time series (Fig. 7c, d). To calculate the overflow
transport we use these isotherms rather than those of isopycnals sug-
gested by Voet and Quadfasel (2010) and Saunders (1990), because a
bias in the simulated propertiesmeans that the data-derived definitions
capture less than half of the model overflow water.

The mean transport calculated in model temperature classes for
30 years of simulation has been compared to in situ measurements
from similar sections. The volume transport through Denmark Strait
shows little variation, with only a slightly weakening trend (in terms
of absolute value of the transport) in the first 10 years of simulation.
Themean transport is 3.2 Sv,which favourablymatches observed values
(Jochumsen et al., 2012; Macrander et al., 2005). There is no clear sea-
sonal cycle, as observed in other studies on the exchanges across the
Greenland–Scotland Ridge, which also report a small seasonal variabili-
ty of 1 Sv at the most (e.g. Hansen and Østerhus, 2007). In the Faroe



Fig. 5. Time series of volume transport calculated through thewholewater column across the five sections indicated in Fig. 1 (see corresponding numbers, 1–5). Here the sign indicates the
real direction of the flow, where positive values represent northward transport, and negative ones correspond to a southward flow.

Table 1
Volume transport budget for the North Atlantic. Volume transport is calculated
through the whole water column across the five sections at the boundaries of
the analysed North Atlantic domain (indicated in Fig. 1), and a mean value is
taken for each section. Here the sign of the transport indicates whether the di-
rection of the flow is into (+) the domain or out (−) of it.

Basin-wide at 37°N −1.76 Sv
Davis Strait 2.12 Sv
Denmark Strait 3.82 Sv
Iceland–Faroe −2.56 Sv
Iceland–Scotland −1.75 Sv
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Bank Channel the volume transport is weaker, with a mean value of
1.5 Sv, which is lower than the observed values of 2–2.1 Sv (Hansen
and Østerhus, 2007; Bogi Hansen, personal communication). Also in
this case, there is neither a clear seasonal cycle nor an evident trend,
apart from a slight weakening until 1984, and the volume transport ap-
pears to be as steady as the one described by Hansen and Østerhus
(2007), but ~0.5 Sv weaker. When calculated using the observed tem-
perature classes (Fig. 7c, d; red lines), the mean values are 0.02 Sv for
the Denmark Strait overflow and 0.2 Sv for the Faroe Bank Channel,
since only a small part of the overflow is actually picked up using
these temperature ranges. The abrupt oscillations between zero and
some slightly higher values shown by the red lines in both time series



Fig. 6. Areas of the overflows from the Nordic Seas: Denmark Strait (a) and Faroe Bank
Channel (b). Shaded is the bathymetry, and arrows represent bottom current velocities.
The reference arrow size is 0.8 m s−1 and every second arrow is plotted. Magenta lines
indicate the sections chosen for the calculation of the overflow volume transport shown
in Fig. 7.
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arise from an artefact created by the temperature classes used to define
the water mass and the small number of model grid boxes concerned.
Themodel does not create enough cold water, so there are times during
which there is no water colder than 2.5–3 °C passing through the
straits. However, the velocities associated with the overflow transports
never vanish and are always southward (Denmark Strait) or
westward (FBC). This means that at the times when the temperature
still manages to fall below the threshold values (2.5–3 °C) the overflow
transports will jump to a non-zero value set by the pre-existing velocity
field, which gives the transports the artificial look seen in Fig. 7d (red
line).

3.3. The subpolar circulation in ORCA12

ORCA12 shows a significant improvement in the pathways of North
Atlantic currents compared to ORCA025 (Fig. 8e,f) even if at first sight
the changes seen in ORCA12 appear less striking than when moving
from ORCA1 (non eddying, Fig. 8a,b) to ORCA025 (eddy-permitting,
Fig. 8c,d). Features such as eddies and sharp boundary currents are pres-
ent in both ORCA025 and ORCA12. However, muchmoremesoscale ac-
tivity can be seen in ORCA12 with ocean eddies being simulated not
only in the vicinity of the Gulf Stream and its extension (Fig. 8d) but
also in the basin interior, including the centre of the gyres (Fig. 8f). In-
creasing the model's resolution leads to an overall increase of the abso-
lute velocities (up to 0.5m s−1, ormore), not only forwestern boundary
currents but also for the entire domain, as shown by the comparison of
average surface velocities for year 2007 in ORCA1, ORCA025, and
ORCA12 (Fig. 8a–f). In ORCA025 the average velocities are weaker
than those inferred from satellite altimetry (Fig. 8c,g). The comparison
with satellite-based geostrophic velocities also illustrates the significant
improvements in the representation of current pathways in ORCA12
(Fig. 8e–h). In ORCA12 the separation of the Gulf Stream from the US
coast occurs at Cape Hatteras at 35°N, as seen in the satellite data. In
ORCA025 the Gulf Stream overshoots Cape Hatteras and separates too
far north (Fig. 8c,d). We note that the Gulf Stream also overshoots at
the beginning of the ORCA12 simulation, and it is only after about 1–
1.5 years that the separation point moves south of Cape Hatteras
where it then remains for the rest of the simulation (not shown). The
Azores Current realistically develops from the Gulf Stream at 36°N
and reaches the Straits of Gibraltar exhibiting maximum velocities of
0.5 m s−1, which matches favourably with ADCP measurements
(Cromwell et al., 1996) and the satellite observations (Fig. 8e,f). Of cru-
cial importance for studies of the SPG is the pathway of the Gulf Stream
extension after its separation from the US coast and in particular its
retroflection after the Northwest Corner off Newfoundland (50°N–
50°W). As seen in the satellite observations the flow in ORCA12 hugs
the NorthWest Corner before swerving eastward into the open Atlantic
(Fig. 8e–h). This is a key improvement compared toORCA025where the
North Atlantic Current steers out into the basin interior too far south
(Fig. 8e,f). The pathway followed by the North Atlantic Current in
ORCA12 appears realistic compared to observations, despite taking a
slightly more northward route east of about 30°W.

The Labrador Current is clearly visible in ORCA12, extending well
south of Flemish Cap (Fig. 8e,f). This same southward extension of the
Labrador Current along the US coast is not found in satellite observa-
tions (Fig. 8g,h) but has been observed in hydrographic surveys
(Fratantoni and McCartney, 2010). Limitations of satellite altimetry
over shelf regions as well as a lower resolution (1/4°) may explain the
absence of this feature in Fig. 8g,h. Around Greenland and the Labrador
Sea the boundary currents are more pronounced in ORCA12 than in the
observations and in the Labrador Sea the current forms a loop whereas
altimetry data suggest it should break up along West Greenland before
reforming along the Canadian coast (Fig. 8e–h). This suggests that the
West Greenland Current is too stable and no eddies are formed along
its pathway. This could be caused by an inaccurate representation of
the complex topography in this area (west of 53°W), since in reality
these topographic constraints give rise to destabilisation and eddy for-
mation when the continental slope becomes less steep (Belkin et al.,
2009). In ORCA12 a break of the West Greenland Current could also
be forced by locally modifying the lateral boundary conditions to either
no-slip or partial-slip rather than the free-slip ones that are currently
being used (Quartly et al., 2013).

We note here that altimetry data has limitations in its ability to
resolve mesoscale features in the SPG region, since the resolution is
coarser than the Rossby radius at these latitudes (about 10 km). Never-
theless, the comparison with altimetry suggests that ORCA12 generally
shows a realistic shape of the SPG and south of Greenland, and it also
exhibits a reduced circulation around Reykjanes Ridge, which is more
realistic than the excessively pronounced one found in ORCA025. The
more realistic pathway of the North Atlantic Current in ORCA12 largely
explains the reduction of the cold temperature bias seen in ORCA025 off
Newfoundland (Fig. 4).

This state of the circulation is reached within the first 10 years of
simulation.

3.4. Labrador Sea

Labrador Sea (LS) dynamics play a central role in the climate system,
being one of the main areas of deep-water formation in the global ocean.
Several global climate models develop erroneous salinity patterns across
the subpolar region, affecting other properties such as the MLD, which
tends to show an unrealistic deepening in the LS for most of these simula-
tions (Rattan et al., 2010; Treguier et al., 2005).We therefore analyse the LS
and the adjacent regions inORCA12, to assess the capability of themodel to
represent their main hydrographic features.

3.4.1. Mixed layer depth
The ocean mixed layer plays a central role in climate variability,

modulating atmosphere–ocean interactions (Carton et al., 2008). Across



Fig. 7. Top panels: sections from Fig. 6 across the Denmark Strait (a) and the Faroe Bank Channel (b). Shaded are temperature values, used to apply a mask for the calculation of the
overflow transport in temperature classes. The horizontal axis is in model indices, representing the width of the section (which is zonal in the Denmark Strait, and meridional in the
Faroe Bank Channel). Bottom panels: time series of the overflow volume transport for the whole run, calculated across the sections in the Denmark Strait (c) and Faroe Bank Channel
(d). Blue lines correspond to the model temperature classes (5.5 and 7 °C isotherms) from the top panels, red ones to those suggested by observed values (2.5 and 3 °C isotherms). Neg-
ative values denote a southward flow across an east–west section in the Denmark Strait and a westward flow across a north–south section in the Faroe Bank Channel.
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the analysed North Atlantic domain, the mixed layer is generally repre-
sented quite realistically by ORCA12. The spatial pattern of winter MLD,
and the absolute values are consistentwith observation-based climatol-
ogies (de Boyer Montégut et al., 2004). In the LS the spatial pattern is as
expected (Fig. 9a); shallower in the boundary currents and areas of
deeper mixing (up to 1600–2300 m) in the centre of the Labrador and
Irminger Sea gyres (Haine et al., 2008; Yashayaev, 2007). The area of
maximum deepening in the simulated LS is shifted slightly northward
(around 60°N) and is too deep compared to observations (de Boyer
Montégut et al., 2004). In some years the winter mixing almost reaches
the seafloor causing excessive and unrealistic mixing of the water col-
umn (Fig. 9b). This excessive deepening also characterised the 1/4° res-
olution version of themodel (Rattan et al., 2010), and is a recurrent bias
for numerical models in this area (Treguier et al., 2005). Especially
during the second part of the simulation, the extent of the area subject-
ed to excessively deep convection in ORCA12 is reduced compared to
ORCA025, exhibiting a DWBC that circulates around the regions of
deep mixing rather than being part of it. Despite this improvement,
convection is still generally too deep and extends too far north in the LS.

ORCA12 shows significant improvements from ORCA025, exhibiting
a significant reduction in the extent of the area subjected to excessively
deep convection, and a DWBC that circulates around the areas of deep
mixing rather than being part of it.

The section taken at 60°N (Fig. 9b) showshow the excessive deepen-
ing of the mixed layer is confined to certain years, reaching its maxi-
mum depth between 1992 and 1993. The timing of these periods is
consistent with observations, which show a period of exceptionally in-
tense convection in the 1990s (e.g. Lazier et al., 2002). During this
event there was mixing down to 2300 m in the central part of the
basin, triggering the formation of the densest, deepest, and most volu-
minous LSW ever recorded (Yashayaev, 2007). In the model this period
is followed by about five years of restratification, and between 2000 and
2004 there is another episode of intense deepmixing, which is also con-
sistentwith observations (Yashayaev, 2007). Fig. 8 of Yashayaev (2007),
which analyses data from the AR7W hydrographic section, shows the
thickness of two LSW vintages. The data exhibit deep MLD in the early
1990s (peak of 2100m in 1994), as does themodel, followedby a period
of shallower MLD, before renewed deeper mixing in 2000–2001 (peaks
of 800–900m); themodel is characterised by a similar pattern (Fig. 9b),
but the maximum mixing is higher in each case (3400 and 2600 m, re-
spectively). The AR7W hydrographic section extends diagonally across
the basin, from the Labrador Peninsula to the western coast of Green-
land. This crosses the model 60°N section obliquely, passing through a
region where model mixing reaches on average 1200–1600 m (green
and yellow colours in Fig. 9a, which is closer to observed values. How-
ever, the mapping of LSW thickness in Yashayaev (2007) also shows
that there is no equivalent region of greater LSW thickness northwest
of the AR7W section. Finally, the simulated convection in the Labrador
and Irminger Seas is in phase only at certain times (especially between
1985 and 1995), and generally exhibits lower values in the Irminger Sea
(Fig. 9b).
3.4.2. Hydrographic structure
A further common inaccuracy in globalmodels is excessivewarming

and salinification of the Irminger and Labrador Seas (Rattan et al., 2010;
Treguier et al., 2005). We explore this behaviour in ORCA12, by
analysing the evolution of temperature and salinity across the section



Fig. 8. Surface velocity in ORCA1 (a,b), ORCA025 (c,d), ORCA12 (d,e) and geostrophic velocities inferred from satellite altimetry (g,h). Units arem s−1. The left column shows annualmean
values for 2007 (last year of the model simulations). The right columns show a 5-day average for the three model resolutions and a weekly average for the satellite based geostrophic
velocities.
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at 60°N both in the central LS (57°W), and in the core of the West
Greenland boundary current (47°W).

The bottom of the LS is characterised by waters originating in the
Nordic Seas, below 1.8 °C and 34.9 g kg−1 (Yashayaev, 2007), and the
model LS does exhibit these values at the beginning of the run. How-
ever, by the end of it, both temperatures and salinities below 200 m
show significantly higher values (Fig. 10). Deep waters and intermedi-
ate to shallow waters evolve differently. In the central LS, deep waters
(below ~2500m) show a slow but constant increase from initial condi-
tions in temperature and salinity (after initial cooling). By the end of the
simulation they have increased by ~1 °C and almost 0.1 g kg−1, respec-
tively. Intermediate to shallow waters exhibit increasing temperature
values after 1997, following initial moderate cooling (Fig. 10a). Salinity
values are characterised by a constant increase throughout the whole
run, which is somewhat accelerated after 1995 (Fig. 10b).

The West Greenland boundary current (BC) also exhibits an initial
cooling until 1995 in the top 1000 m (Irminger Water), followed by a
period of warming. The deeper layers (Nordic Sea overflow water)
show a slow but constant increase throughout the simulation, after
slight cooling during the first year (Fig. 10c). In the depth range 200–
1500 m the increase in salinity values is slow but constant across the
whole water column, with an acceleration after 1995 (Fig. 10d). The
model's BC is therefore too warm and saline, which suggests that it
does not contain sufficient cold fresh Arctic-origin water. The warming
of bottom waters is faster in the central LS than in the BC, suggesting
that the BC is not entering the LS at the correct rate. Observations
show an increase in temperature at 200–1500 m depth after 1995
(Yashayaev, 2007), but the model's rate of change (and the mean) is
higher.

The temporal changes in the central LS are similar to those in the BC
(Fig. 10e and f). Temperatures consistently increase throughout the
simulation both in the BC and in the central LS; there is an increase of
this temperature difference after 1990 just prior to the onset of the LS
and BC warming described earlier. This covariance at the two locations
suggests that temperature and salinity variability in the central LS may
originate in the BC. Salinities exhibit an almost monotonic increase
both in the central LS and in the BC, which gradually plateaus towards
the end of the run at both locations. It is likely that this long-term salin-
ity trend reflects a model drift rather than a real signal, and may result
from insufficient input of fresh water from the shallow Arctic outflows.
The salinification drives excessive convection and masks the real inter-
annual variability (Rattan et al., 2010). Insights on the possible sources
and potential consequences will follow in the discussion. The inter-
annual variability simulated for the temperature evolution in the central
LS and BC is more likely to be representative of documented changes in
theNorth Atlantic SPG. Previous studies have shown that themid 1990s
coincide with the warming of the whole subpolar region (Robson et al.,
2012a; Stein, 2005), and Fig. 10 provides some insight about the possi-
ble timing of this warming event in the LS.

3.4.3. Boundary currents
The capability of the model to resolve boundary currents has been

assessed by comparing the modelled meridional velocity field of a sec-
tion across the Labrador and Irminger Seas with observations (Fig. 11).
The observed data (Fig. 11a) have been collected during a cruise in
August–September 2008, and the parameter shown is velocity normal
to the section (geostrophic velocities corrected with LADCP). The
model data for the same period (August–September 2008) is shown in
(Fig. 11b). The simulated western boundary currents are continuously
present in the Labrador and Irminger Seas, in the same locations, of sim-
ilar width, and characterised by velocities generally close to obser-
vations. In the Irminger Sea, the depth reached by the boundary
current is very close to observations (down to ~2000 dbar), but below
1000 dbar the velocities are higher in the model. The modelled West
Greenland Current appears too shallow in the eastern LS, with the
main core of the current only reaching down to ~1500 dbar, instead of



Fig. 9. (a) Winter mixed layer depth climatology in the Labrador Sea and part of the
Irminger Sea, averaged over the last 25 years of run, for the months of March and April.
(b) Hovmöller diagram of the mixed layer depth evolution throughout the simulation,
across the section indicated by the black line in panel a, for the March–April period.
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the observed 2800 dbar (but there is still weak northward flow to the
bottom). This is typical of z-levelmodels (with prescribed depth levels),
which tend to have too shallow representation of the circulation
(Pacanowski and Gnanadesikan, 1998). In the Irminger Sea, the depth
reached by the boundary current is very close to observations (down
to ~2000 m), but below 1000 m the velocities are higher in the model.
The shallow western boundary current in the model is too wide
(~150 km in the model compared to ~50 km in the data), especially in
the Labrador Sea, and while high velocities extend too deep, the veloci-
ties at water depth 1500–3000 dbar are realistic.

With the presence of significant spatial and temporal variability it
is important to understand whether these 60-day segments are
representative of the mean circulation. There is only one example
of long-term, full depth observations available across the full width
of LS (Hall et al., 2013). Both these 6-year LADCP measurements
and the 2008 hydrographic section presented here portray the high-
ly barotropic structure of the flow along the section, similar circula-
tion patterns, and velocity values. The August–September 2008
velocity field is also entirely consistent in structure and velocity
(±0.02 m s−1) with the Irminger Sea multi-year mean velocity
field shown in Våge et al. (2011). The August–September 2008
model velocity field is also consistent with the annual mean from
the same year in the model (Fig. 11c); the boundary currents are
very similar in location, width, depth and velocity. The biggest differ-
ence is in the recirculation adjacent to the West Greenland Current.
From this we assert that although the observations are from a synop-
tic survey, the comparison with the model is valid and useful.
3.5. Barotropic and meridional overturning stream function

The combination of the barotropic and meridional stream functions
provides an invaluable tool to analyse the dynamics and evolution of
ocean circulation in numerical models. First we calculated the baro-
tropic stream function (ΨB) for the last 25 years of the run (Fig. 12a)
to better assess how the model simulates the main features of the
SPG. This defines the depth-averaged flow v (where v is the meridional
velocity component) and is calculated as:

ΨB x; yð Þ ¼
Z x

xw

dx
Z 0

−H
dz v x; y; zð Þ;

where xw is the starting point of the integration (on land),H is the ocean
depth and x and y are the longitudinal and latitudinal directions of the
model grid.

The circulation in the North Atlantic consists of two gyres, the anti-
clockwise SPG to the north (corresponding to negative stream function
values) and, partially visible to the south of the analysed domain, the
Subtropical Gyre (Fig. 12a) with clockwise rotation (positive stream
function values). Several other large scale features typical of this region
can be easily identified, such as the pathway of the Gulf Stream, along
which the highest values of northward transport (over 25 Sv) can be
found, and the full shape of the SPG, showing transports of up to 45 Sv
in the LS. The mean transport in the Florida Strait is slightly under-
estimated by ORCA12 compared to observations (as discussed by
Blaker et al., 2014). Observed values for the transport in the LS are not
available for comparison, apart from a single transport estimate in
2008 across the LS, measuring a maximum of 40 Sv (Hall et al., 2013).
Model results can also be compared to measurements of the transport
in the western boundary current in the Irminger Sea provided by Våge
et al. (2011) (32 ± 4 Sv). In both cases, these are not directly compara-
ble to the model mean but show lower transport values.

The structure of the circulation in the North Atlantic can also be
analysed through the overturning stream function (Ψ), which is calcu-
lated as:

Ψ y; zð Þ ¼
Z xe

xw

dx
Z 0

z
dz0 v x; y; z0

� �
;

where z is the ocean depth (the surface is at z = 0), and xw and xe
represent the starting points of the integration (both on land). In this
case the integration is carried out across the Atlantic.

The AMOC consists of a northward surface flow in the top 1000 m,
sinking between 45 and 65°N, and a southward return flow mainly oc-
curring between depths of ~1000 and 3000 m, with some southward
flow related to the Antarctic Bottom Water found down to depths of
4500 m (Fig. 12b). The maximum AMOC values of 18 Sv are found at
~900 m depth (around 35°N) and they compare favourably with the
observed time series inferred from the RAPID/MOCHA array at 26.5°N
between 2004 and 2008, which exhibit an annual maximum over-
turning transport of 18.7 Sv (Cunningham et al., 2007; Kanzow et al.,
2010; McCarthy et al., 2012; Rayner et al., 2011). The evolution of the
AMOC at 26°N exhibits an initial strengthening of the cell (picking up
in the first 10 years of the run), but also a clear weakening after 1995
which is in broad agreement with the observed decline since 2004
(Smeed et al., 2013), with maximum values decreasing from 21 Sv
(reached in 1986, 1988, and 1994) to 16 Sv, centred at a depth of
~800 m (Fig. 13a). The highest values of southward transport (absolute
values) are reached between 4000 and 4800 m, with a peak in 1997–
1998 (7 Sv). The strength of the AMOC at 26°N has also been calculated
both at the beginning and at the end of the simulation (Fig. 13b) for
a clearer comparison. The northward transport between 500 and
1500 m is clearly weakening throughout the run, while the southward
transport at greater depths is strengthening, with differences up to
2 Sv in both cases. A recent study by Duchez et al. (2014) also shows



Fig. 10. Top andmiddle panels: Hovmöller diagrams of temperature (a,b) and salinity (c,d) anomalies (from the first month of simulation) in the central Labrador Sea (60°N, 57°W, a and
c) and in theWest Greenland boundary current (60°N, 47°W, c and d). Bottompanels: evolution of temperature (e) and salinity (f) values throughout the run. Black lines represent central
Labrador Sea Water, and red ones correspond to the core of the West Greenland boundary current (in both cases, values are averaged between 200 and 1500 m).

Fig. 11. Sections across the Labrador Sea and part of the Irminger Sea, showing the structure of the boundary currents. Comparison between measurements of geostrophic velocities
corrected with LADCP in August–September 2008 (top panels) and ORCA12 meridional velocities in 2008, averaged over the same time period (middle panel) and an annual mean for
2008 (bottom panel). The exact locations of the hydrographic sections across the Labrador and Irminger Seas can be found in Bacon (2010) and Fig. 1 shows where the section was
taken in the model.
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Fig. 12.Barotropic (a) andmeridional overturning (b) stream function values shownby shading and contours. Themeridional overturning stream function is a zonal integral of theAtlantic
basin, and the barotropic one is shown for the whole analysed domain; in both cases, a mean of the last 25 years of the run is shown. Values are expressed in Sverdrups, where: 1 Sv=
106 m3 s−1.
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that ORCA12 represents the observed seasonal cycle in the AMOC very
realistically.

3.6. Evolution of the North Atlantic subpolar gyre

In a numerical model the best way to obtain a SPG index is to use the
barotropic stream function (BSF), given that it represents the volume
transport between any two points in the ocean. We therefore define
our SPG index by calculating the minimum BSF at 60°N, to analyse the
evolution of the SPG in the run (Fig. 14a). To better compare this with
previous studies, we also compute the meridional overturning stream
function at 26°N (Fig. 14b) to show the evolution of the AMOC during
the simulation. Both stream functions have an increasing trend (in
terms of absolute values) in the first eight years of the simulation
which is followed by different oscillations until 1995. After this year,
both the SPG and AMOC indices exhibit a pronounced decreasing
trend until 2005, when they start increasing again. This is consistent
with previous studies that showed the same weakening trend during
the mid to late 1990s (Gao and Yu, 2008; Häkkinen and Rhines, 2004;
Hátún et al., 2005). Themaximum strength of the BSF is reached around
1985 and 1994, with values ranging between 76 and 78 Sv. The highest
values of the AMOC are ~20 Sv, and they are reached during three main
peaks between 1985–1986, 1988–1989, and 1994–1995.

Both stream functions exhibit minimum absolute values (~53 Sv
for the BSF, and 15 Sv for the AMOC) at the beginning of the simulation
and again around 2005, following the consistent weakening from 1995
onwards. Theweakening trend in the subpolar circulation has also been
found in previous studies (Hátún et al., 2005) and coincides with a pe-
riod of rapid warming that characterised the SPG in the mid 1990s
ig. 13. Left panel: Hovmöller diagram of the AMOC at 26°N (a) for the whole simulation. An annual filter is applied. Right panel: annual means of AMOC values at 26°N (b). The red line is
e first year of the run (1978), and the black line is the last year of the analysed simulation (2007).
F
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(Robson et al., 2012a; Stein, 2005), duringwhich this regionwarmed by
more than 1 °C. The possible causes of this warming as well as its
predictability have been the subject of recent studies that suggest that
changes in the ocean circulation played a major role (Robson et al.,
2012a,b). The current view is that the SPGwarming eventwas preceded
by a prolonged positive phase of the North Atlantic Oscillation (NAO)
that led to an anomalously strong AMOC and therefore to a strong
oceanic meridional heat transport (MHT). ORCA12 can provide further
insight into the spatio-temporal development of the SPG warming
event (Fig. 15).

The comparison between the evolution of SSTs in ORCA12 and in ob-
servations (NOAA optimal interpolation dataset, Reynolds et al. (2002))
reveals a characteristic pattern for the SPG warming. The warming
starts in the southernmost part of the SPG in 1994 and within two
years (1996) the warm anomaly spreads into the eastern part of the
SPG. After about 4 years (1998) the warm anomaly reaches its maxi-
mum amplitude and encompasses the whole SPG, including the LS. By
2000 the amplitude of the SPG warm anomaly rapidly reduces and the
anomalously warm waters are exported along the Canadian and U.S.
east coast. There is remarkable agreement between the modelled and
observed evolution of the SPG warming (Fig. 15). This is not an obvious
result, given that as previouslymentioned thewarming event cannot be
explained by air–sea interactions alone.

4. Discussion

The comparison between ORCA12, ORCA025 and ORCA1 demon-
strates the improvements provided by the increase in resolution.
Using the FLAME (Family of Linked Atlantic Model Experiments)



Fig. 14. Minimum barotropic stream function, representing the North Atlantic Subpolar Gyre Index (a), and maximum AMOC at 26°N (b) calculated for ORCA12.
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model Eden and Böning (2002) also demonstrated remarkable
advancements in the simulation of circulation patterns in the SPG
when considering eddy resolving versions. However, in contrast to our
study, the FLAME configurations are regional (20°S to 70°N) and strong
restoring towards climatological values is applied for temperatures and
salinities at the northern and southern boundaries of the domain. Even
in the state-of-the-art versions, the representation of some of the
key features of the SPG remains challenging for most OGCMs, as
Fig. 15.Warming of the Subpolar Gyre inORCA12 (left panels) and in the NOAA optimal interpo
0.4 °C are contoured.
demonstrated by some local erroneous features and on-going drifts
still found in ORCA12.

The drifts associated with bottom water properties in the LS are
likely linked to the simulation of the overflow waters (Danabasoglu
et al., 2010; Zhang et al., 2011). Whereas the overflow strength in the
model compares rather well with observations, the overflow waters in
ORCA12 are too warm and saline. To correct this bias it might be neces-
sary to apply a physical parameterization for the Nordic Seas overflows.
lation SST dataset (right). Units are °C and only positive temperature anomalies larger than



Fig. 16. a) Snapshot of eddy kinetic energy (EKE) in ORCA12; the green box denotes the area over which the kinetic energy is zonally averaged (see panels c and d). b) Zonal (blue)
and meridional (red) wind stress anomalies (with respect to 1989 to 2001) averaged over the region delimited by the green box shown in panel a. Units for wind stress are N/m2.
Units are cm2/s2. c) Zonally averaged kinetic energy in ORCA12 (cm2/s2). The mean for the 1985 to 2007 period has been subtracted. d) Zonally averaged kinetic energy obtained from
AVISO geostrophic velocity anomalies (cm2/s2). The mean for the 1993 to 2007 period has been subtracted.
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In particular, the dense overflow in theDenmark Strait, directly south of
the sills, tends to mix rapidly with lighter ambient waters, leading to an
underestimation of the maximum density found in the Irminger Basin
(Beismann and Barnier, 2004; Willebrand et al., 2001). This behaviour
is common for many ocean models, especially for those using a step-
wise representation of the bottom topography (Beismann and Barnier,
2004; Willebrand et al., 2001), which is also used in ORCA12.

Parameterising the overflows from the Nordic Seas is not the only
suggested way to achieve a more realistic hydrographic structure in
the LS. Here eddies are a prominentmesoscale feature of the circulation,
being crucially important in the restratification of the interior of the
basin after deep convection and modulating the temporal variability of
deep-water formation (Gelderloos et al., 2011). In the real ocean these
eddies are of three types (Gelderloos et al., 2011) and particularly the
West Greenland Current eddies that shed off Cape Desolation appear
critical for preconditioning LS convection, as they contribute to the
restratification of the water column in the summer months, limiting
deep convection the following winter (Chanut et al., 2008). ORCA12 is
able to reproducemost of the eddy activity and recirculation in the Lab-
rador and Irminger Seas, but it cannot simulate enough local eddies in
the LS (see Fig. 8). This problem could be solved by locally changing
the lateral boundary conditions from free-slip to no-slip. No-slip condi-
tions have been shown to increase eddy formation by destabilising
boundary currents (Quartly et al., 2013). Ultimately, an adequate repre-
sentation of local eddies could correct the overestimation of the winter
MLD in the Labrador Sea area (Talandier et al., 2014).

LS dynamics and deep-water formation directly determine the
strength of the AMOC (Döscher and Redler, 1997), which reacts with a
delayed enhancement (with a time lag of 2–3 years) to anomalous
deep convection in the LS (Eden and Willebrand, 2001; Gulev et al.,
2003). The instantaneous response to fluctuations in the wind-stress
forcing and the delayed reaction to changes in the wind-stress field re-
sults in an enhancement of both the STG and SPG circulation (Beismann
and Barnier, 2004; Eden andWillebrand, 2001; Gulev et al., 2003). This
might explain why AMOC values in ORCA12 are sometimes slightly
higher than the observations, as a response to the excessively deep
convective events in the LS, which can be observed in the first part of
the run (first 10–12 years), when convection in the Labrador and
Irminger basins is particularly intense. In the second part of the simula-
tion the strength of the AMOC is gradually decreasing and so is the
intensity of the convection in the LS.

Years exhibiting the deepest mixing in the LS generally correspond
to those characterised by intense convection also in the real ocean
(even if values tend to be higher in themodel), which reflects a good re-
sponse of themodel to the surface forcing. This is also shown by the SPG
index calculated for ORCA12 (Fig. 14a), which exhibits very similar
trends between 1980 and 2007 compared to other SPG indexes based
on altimetry and modelled data (Hughes et al. (2012), extended after
Hátún et al. (2005), Fig. 2b). Significant changes occurring in most of
the analysed fields from 1995 onwards are also a result of the realistic
response of the model to the forcing, which reflects the period of
warming experienced by theNorth Atlantic during the 1990s, triggering
changes in the circulation and a weakening of the SPG. This is shown by
the decreasing trend in the index after 1995, and the subpolar circula-
tion seems to be regaining strength only after 2005, marked by the re-
turn of an increasing trend in the SPG index, in accordance with the
observed deep convection in the subpolar North Atlantic in winter
2007–2008 (Vå̊ge et al., 2009). Interestingly, after 1995 the same trends
can be tracked in the AMOC at 26°N.

In ORCA12 the western boundary currents are clearly present in the
Labrador and Irminger Seas and characterised by velocities generally
close to observations (Figs. 8 and 11). The shape of the SPG is more



Fig. 17.Wind stress anomalies averaged across the area indicated by the green box, over the periods 1989–1995 (top) and 1995–2001 (bottom). Anomalies are computedwith respect to
the period from 1985 to 2007 and shading indicates the amplitude of the wind stress anomaly in N/m2. Arrows indicate the pattern of the anomalous wind field.
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realistic in ORCA12 than in ORCA025 and ORCA1, with a marked im-
provement off Newfoundland where the Gulf Stream extension now
follows the Northwest Corner rather than steering out into the open
ocean too far south as seen in ORCA025 (Fig. 8). The improvement in
the simulation of the Gulf Stream and the NAC when going from eddy
permitting to eddy resolving (1/10°) models was first documented by
Smith et al. (2000) and a better representation of the pathway of
these currents with increased resolution was also found in a regional
version of the model, NATL12 (Treguier et al., 2012).

Of particular interest, is the ability of ORCA12 to reproduce the
spatio-temporal structure of the SPG warming observed in the mid
1990s (Fig. 15). This eventwas due to both air–seafluxes and to changes
in ocean circulation (Robson et al., 2012a) and the good agreement of
the SST evolution in both model and observations suggests that the
contribution of ocean dynamics to the SPG warming is realistic in
ORCA12. In particular, the model can provide additional insight into
how the ocean transports heat into the interior of the SPG. An increase
in AMOC (MHT) across a given longitude–depth section is consistent
with an increased ocean heat content (OHC) north of that section (e.g.
Bryden et al., 2014; Sonnewald et al., 2013). However, an increase in
the AMOC (and MHT) to the south of the SPG does not explain how
the excess of heat can reach the interior of the SPG. Rather than war-
ming the SPG it is also conceivable that the increased MHT would heat
the region east of the SPG instead. Furthermore, the fraction of the
total ocean MHT that is due to the AMOC decreases with increasing lat-
itude and north of about 50°N the largest fraction of theMHT is actually
linked to the horizontal circulation rather than with the AMOC (e.g.
Marsh et al., 2009; Gulev et al., 2003). One could therefore expect the
warm anomaly to first follow the NAC and the East andWest Greenland
Currents before gradually spreading into the interior of the SPG. How-
ever, this is unlikely to be the case, since the temperature anomalies
along Greenland are smaller than in the interior SPG (Fig. 15, years
1996 and 1998).

One process that contributed to the warming of the SPG interior is
variability in eddy activity at the intergyre boundary between the STG
and the SPG (Häkkinen et al., 2013). The eddy kinetic energy (EKE =
u−uð Þ2 þ v−vð Þ2

� �
=2, where ū and v are the time mean) in ORCA12 sug-

gests that the SPG warming was preceded by a phase of increased eddy
activity at the southern tip of the SPG from the late 1980s to about 1995
(Fig. 16). This increase is most clearly seen between 1990 and 1996 be-
tween 47°N and 53°N and tails off towards the late 1990s. The increased
eddy activity that happened before and during the early stages of the
SPG warming is consistent with an enhanced mixing of warmer waters
into the SPG interior. No observations of the ocean mesoscale eddy ac-
tivity are available prior to 1993 so we cannot determine if the increase
in activity from the late 1980s onwards that we see in ORCA12 is a real-
istic feature. However, from 1993 onwards we can use geostrophic ve-
locities derived from satellite altimetry to estimate the EKE in the real
ocean. The observations suggest a decline in eddy activity between
47°N and 53°N that is comparable to that seen in ORCA12. Despite dif-
ferences between ORCA12 and the satellite derived observations for
the 1993 to 2007 period, the temporal evolution is generally similar in
both datasets. This gives us some confidence that the increase in eddy
activity simulated in ORCA12 prior to the SPG warming could be repre-
sentative of the behaviour of the real ocean.

Zonal wind stress anomalies (with respect to 1989 to 2001) aver-
aged over the southern SPG box (Figs. 16 and 17) show that the increase
in mesoscale eddy activity simulated between the late 1980s to mid-
1990s coincides with a strengthening of the westerly wind component
over the southern part of the SPG. The zonal wind stress averaged
over the southern SPG box (Fig. 16) shows maximum values during
the period of maximum EKE at the intergyre boundary. Minimal change
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in the strength of the meridional wind component occurred during the
same period, but an abrupt decrease in the zonal wind stress occurs in
the mid 1990s, and thereafter the zonal wind stress varies around a
lowermean. The period from1989 to 1995 is characterised by a positive
wind stress anomaly (with respect to 1989–2001) overmost of the SPG,
which extends further eastwards towards Europe (Fig. 17). This reflects
the positive state of the NAO during these years and the stronger than
average westerlies over the North Atlantic. Between 1995–2001 the
wind stress anomaly is mainly negative between 45°N and 65°N. The
spatial pattern is not purely amirror image of the pattern seen between
1989 and 1995, and the largest (negative) anomalies are concentrated
in a narrow band oriented SW to NE starting at the southern SPG tip
off Newfoundland. We note that 1995 coincided with the end of a
prolonged period of increasingly positive NAO values that started in
the 1980s. Since 1995 the NAO has been a succession of shorter positive
andnegative phaseswithnopreferred state over longer (i.e. interannual
and longer) periods.

Variability of the mesoscale eddy activity on seasonal to interannual
timescales in response towind forcinghas previously been suggested by
other authors (Biri, 2013; Chelton and Xie, 2010; Garnier and Schopp,
1999; Penduff et al., 2004; Stammer and Wunsch, 1999; Stammer
et al., 2006). Bower and von Appen (2008) also suggested a possible
link between the North Atlantic Oscillation (NAO) and single or double
branch modes of the North Atlantic Current at the southern tip of the
SPG. Penduff et al. (2004) linked the variability of the NAO to changes
in the EKE in the STG and SPG. These authors showed a reduction in
the EKE difference between STG and the SPG in themid 1990s, followed
by a recovery in the late 1990s. Especially during periods of large EKE
fluctuation the results suggested a link between the state of the NAO
and EKE, supporting an earlier hypothesis by Stammer and Wunsch
(1999). A more general link between atmospheric modes of variability
and oceanic EKE was recently described by Biri (2013). However, the
precise mechanisms through which wind variability can affect the
ocean mesoscale eddy activity such as the one observed at the STG/
SPG boundary are not yet fully understood. On seasonal timescales
Garnier and Schopp (1999) suggest that EKE changes are induced by
changing Sverdrup transports and Penduff et al. (2004) argue that on in-
terannual timescales thewind energy input into the ocean (in particular
the difference in energy input between the STG and SPG) is a determin-
ing factor through which the wind affects the EKE variability.

Quantifying the impact of the increased eddy activity on the SPG
warming in our model run would require a heat budget analysis of the
SPG with a breakdown of the heat exchange into air–sea fluxes, advec-
tive, eddy and diffusive ocean heat transports to conclusively establish
the relative contribution of each component. This is beyond the scope
of the present paper where the main goal it is to show the performance
of ORCA12 in the SPG region. A full budget analysis of this regionwill be
part of a future study and could be directly compared to the results of
Desbruyères et al. (2014). Nevertheless, based on the EKE analysis we
can hypothesise that an increased eddy activity in the southernmost
part of the SPG provided a gateway through which the SPG warmed.
To our knowledge such a mechanism has not been described before,
but both ORCA12 and the observations suggest that it could have con-
tributed to the SPG warming event in the mid 1990s.

During this event the strong meridional temperature gradient be-
tween the cold SPG interior and the northern branch of the Subtropical
Gyre was reduced. This likely had repercussions on the atmospheric cir-
culation. Asmentioned earlier, the SPGwarmingwas preceded by a long
phase of sustained positive NAO, which ended in the second half of the
1990s. The NAO has since been more variable, exhibiting positive and
negative years; therefore, the reduction found in the meridional SST
gradient between mid and high latitudes of the western North Atlantic
that coincided with the SPG warming likely led to a reduction in the
baroclinicity for the atmospheric circulation and to a weakening of the
North Atlantic Storm Track (Brayshaw et al., 2011; Buchan et al.,
2014). Therefore, the increased eddy activity in the southern part of
the gyre in the early 1990s and the subsequent SPG warming might
have been a contributor to the increased occurrence of negative NAO
phases experienced since the mid 1990s.

5. Summary and conclusions

We have presented an overview of the performance of a global
eddy-permitting (1/12°) version of NEMO in the subpolar North
Atlantic. We have carried out both quantitative and process-oriented
validations in this area, and the comparison of model outputs with
observations and other modelling studies has allowed us to assess the
capability of ORCA12 to simulate realistic conditions in this region.
The analysis of thefirst 30 years of run has highlighted several improve-
ments from the equivalent lower resolution versions of the model,
ORCA025 and ORCA1. However, the representation of some key pro-
cesses in the North Atlantic subpolar regions still presents challenges
for global ocean models. We can therefore conclude that, compared to
lower resolution versions, ORCA12 exhibits:

• Improvements in the general structure of the circulation in the North
Atlantic, especially at the surface, with currents simulated in the
correct locations, and following realistic pathways. In particular, the
more realistic path of the NAC leads to a more realistic shape of the
SPG which coincides with a marked reduction in the SST bias off
Newfoundland.

• The volume transport of the Denmark Strait and Faroe Bank Channel
overflows is comparable to the observed values. However, the
modelled overflow waters are still too warm and too saline.

• Instances of deeper convection in themodelled Labrador and Irminger
Seas correspond to years when deeper convection was observed in
the real ocean. This suggests that the model is responding well to
interannual variability in forcing, despite the fact that the base of the
mixed layer is still too deep on average.

• Formation of Labrador SeaWaterwith realistic features at shallow and
intermediate depths, matching favourably with observations, but still
showing temperature and salinity biases in the bottom layers with
waters getting too warm and too salty.

• A good representation of boundary currents, even if observations
suggest that the flow should be more barotropic. A tendency for
currents to be too shallow is a typical feature of z-level models like
the one we used in this study.

• Good potential for its application in the design of monitoring
strategies in the North Atlantic, where ORCA12 could effectively
be used to test hypotheses, and analyse key processes for future
predictions. For instance, ORCA12 can be used to provide insight
into the spatio-temporal development of the warming of the SPG
in the mid 1990s.
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