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Abstract :

In the mid 1990’s, the North Atlantic subpolar gyre has shown a dramatic warming event that has been
thoroughly investigated from observations and numerical simulations. Some studies suggest that it is
due to an interannual, wind-driven weakening and shrinking of the gyre that facilitated the penetration of
warm Atlantic Water, the weakening of the gyre being attributed to changes in the North Atlantic
Oscillation (NAO) and the East Atlantic Pattern, which are the two dominant modes of atmospheric
variability in the North Atlantic. However, other studies suggest that the warming event is due to a
decadal, buoyancy-driven strengthening of the meridional overturning circulation and subsequent
intensification of the poleward heat transport, in response to the positive NAO conditions of 1988-1995.
To reconcile this discrepancy, the heat budget in the North Atlantic subpolar gyre is reconstructed from
four ocean hindcast simulations sharing the same modelling platform but using different settings. The
novelty of this work is the decomposition of the subpolar gyre into a western and an eastern subregion,
which is motivated by water mass distribution around Reykjanes Ridge and by the fact that deep
convection only occurs in the western subpolar gyre. In the western subpolar gyre, the 1995 warming
event is the decadal, baroclinic ocean response to positive NAO conditions from 1988 to 1995. The
latter induced increased surface heat loss in the Labrador Sea that intensified deep convection hence
strengthened the meridional overturning circulation and the associated poleward heat transport. In the
eastern subregion, a concomittant warming was induced by an interannual, barotropic adjustment of the
gyre circulation to an abrupt change from positive to negative NAO conditions in the winter 1995-1996.
Indeed, the gyre response to negative NAO conditions is a cyclonic intergyre-gyre which increases
northward volume and heat transports at the southeastern limit of subpolar gyre. Therefore, the
discrepancies found in the literature about the 1995 warming event of North Atlantic subpolar gyre are
reconciled in the present work, which suggests that the atmospheric drivers, the mechanisms at stake
and the associated timescales are different to the east and to the west of Reykjanes Ridge.
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Highlights

» The mechanisms of the 1995 warming of the subpolar gyre are adressed. »Heat budget is
performed in the western and eastern subpolar gyre. »In the western subpolar gyre, the warming is due
to a delayed spin—up of the MOC. »In the eastern subpolar gyre, it is due to a fast change in the gyre
circulation.

Keywords : Heat content, Subpolar gyre, Nordic Seas, Surface heat fluxes, Heat convergence, Heat
transport, Volume transport, North Atlantic Oscillation, Weather regimes, Meridional overturning
circulation, Gyre circulation, Baroclinic adjustment, Barotropic adjustment, 1995 warming
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1. Introduction

The global increase of ocean heat content (e.g. Levitus et al. 2009) is a critical variable for detecting
the effects of the observed increase in greenhouse gases in the Earth’s atmosphere (Bindoff et al. 2007).
Besides, the accumulation of heat by the ocean induces a thermosteric sea-level rise (Cabanes et al. 2001)
that may have disastrous societal impacts (Dasgupta et al. 2009), since it is expected to account for some
70% of the projected sea-level rise in climate change scenarios (Meehl et al. 2007). However, considering only
global heat content and focusing on the warming trends may hide strong regional disparities and temporal
fluctuations. This is especially true in the North Atlantic Ocean, which has warmed in the subtropics and
cooled at subpolar latitudes between the 20 year periods 1950-1970 and 1980-2000 (Lozier et al. 2008, Zhai
and Sheldon 2012). A preliminary step, in order to determine whether these changes-can be attributed
to the increase in anthropogenic greenhouse gases emission, is to have a good -knowledge of the drivers of

natural ocean heat content variability.

In the North Atlantic, a significant part of the variability of the ocean circulation is driven by changes
in the large-scale atmospheric circulation, either inferred from the traditional modes of variability, such as
the North Atlantic Oscillation (Hurrell 1995, NAO hereafter) and the East Atlantic Pattern (Barnston and
Livezey 1987), or from the so-called weather regimes (Cassou et al. 2011). These large-scale atmospheric pat-
terns are associated with surface forcing anomalies that impact the ocean circulation at monthly to decadal
time scales. The resulting changes in ocean heat convergence, in addition to the anomalous surface heat
fluxes associated with these patterns, may cause significant changes in ocean heat content. In particular,
changes in the large-scale atmosphericcireulation have been proposed to explain the unprecedented warming
of the subpolar gyre that occurred'in 1995 and that has been thoroughly examined either using observations
(Bersch 2002, Bersch et al. 2007, Sarafanov et al. 2008), realistic simulations (Marsh et al. 2008, Lohmann
et al. 2009, Grist et al. 2010, Desbruyeres et al. 2014) and decadal prediction experiments (Yeager et al.
2012, Robson et al. 2012, Msadek et al. 2014).

Bersch (2002), Bersch et al. (2007) and Sarafanov et al. (2008) suggest that the abrupt shift in the NAO
index between 1995 (NAO;,ge.==+1.311) and 1996 (NAO;,4e. = —1.39) lead to a wind-driven weakening
and shrinking of the subpolar gyre. This facilitated the northward advection of warm subtropical water into
the subpolar gyre (Hatin et al. 2005), hence inducing the warming. A similar mechanism is proposed by
Hakkinen et al. (2011a,b), except that they do not attribute the weakening of the subpolar gyre to the NAO
but to changes in the East Atlantic Pattern. They suggest that the wind-stress curl anomalies associated

with this particular mode project well on the mean position of the gyres and are thus more likely to modulate

lhttps://climatedataguide.ucar.edu/sites/default/files/climate\_index\_files/nao\_pc\_djfm.txt
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the strength of the horizontal circulation.

Other studies suggest that the warming was due to a delayed, buoyancy-driven ocean response to the
highly positive NAO conditions of 1988-1995. This period was characterised by strong surface heat loss in
the Labrador Sea, which lead to a strengthening of deep convection and in turn to a strengthening of the
meridional overturning circulation (Deshayes and Frankignoul 2008). Using decadal prediction experiments
performed in the scope of the fifth phase of the Coupled Model Intercomparison Project (CMIP5, Taylor
et al. 2012), Yeager et al. (2012), Robson et al. (2012), Msadek et al. (2014) suggest that this stronger
overturning, associated with a stronger northward heat transport, was responsible for the warming of the
subpolar gyre that occurred in 1995, while the surface heat fluxes only played a minor role. Lohmann et al.
(2009), using model sensitivity experiments, suggest a slightly different mechanism: the stronger meridional
overturning circulation lead to an enhanced northward advection of warm subtropical water into the subpo-
lar gyre that counteracted and finally dominated over the local surface heat loss. This ultimately lead to a

weakening and in turn to a shrinking of the subpolar gyre that presumably induced the warming.

Hence, although the general consensus is that the 1995 warming of the subpolar gyre has been caused
by changes in the large-scale atmospheric circulation, strong uncertainties remain. Which large-scale at-
mospheric pattern (NAO or East Atlantic Pattern), which time scales (interannual or decadal) and which
mechanism (wind-driven or buoyancy-driven changes in ocean circulation) have dominated during the warm-
ing of the subpolar gyre? These questions are addressed in the present study using four ocean hindcast
simulations, which can be viewed as an‘ensemble that allows to extract the results that are robust against
the model settings (horizontal and<vertical resolutions, forcings, parameterisations), as done in Deshayes
et al. (2013). For each model simulation, heat budget calculations are performed in the North Atlantic
subpolar gyre. A first novelty of the present work is the decompostion of the subpolar gyre into a west-
ern and an eastern subregion. Such decomposition is presently unique and is motivated by the fact that
deep convection only occurs in the western subpolar gyre (Labrador and Irminger Seas). Furthermore, it
is consistent with the water masses distribution around the Reykjanes Ridge (Thierry et al. 2008). In each
subregion of the subpolar gyre, the variability of ocean heat convergence and surface heat fluxes, which
are the/two main contributors to the ocean heat content variability, is linked to the large-scale atmospheric
variability at interannual and decadal time scales. Another novelty of the present study is the consideration
of the so-called weather regimes as a proxy of the large-scale atmospheric variability, instead of using the
traditional climate indices. This choice is motivated by the NAO asymmetry (Cassou et al. 2004), which is
evidenced by the weather regime framework and which has been shown to be particularly important when

assessing the NAO-driven variability of the gyre circulation (Barrier et al. 2014).
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The paper is organised as follows. In section 2, the ocean hindcast simulations are described. Heat budget
calculations are introduced in section 3 and the atmospheric weather regimes are presented in section 4. In
section 5, the variability of ocean heat convergence and surface heat fluxes is linked to the variability of
the winter weather regimes at interannual (section 5.1) and decadal (section 5.2) time scales. In section 6,
these results are used to understand the causes of the 1995 warming of the subpolar gyre. Conclusion and

discussions are provided in section 7.

2. Description of the model simulations

In this study, all the diagnostics are performed on a suite of four ocean hindcasts, which are issued from
the Drakkar Project? and which share the “Nucleus for European Modelling of the Qcean” modelling frame-
work (NEMO, Madec 2008). The model simulations all cover the global oceans using the ORCA tripolar
grid to avoid the North Pole singularity, as described in Barnier et al. (2006). They are initialized from rest
in 1958, with initial temperature and salinities provided by the Levitus et al. (1998) climatology patched
with the Polar Science Center Hydrographic Climatology dataset for the Arctic regions. The first seven
years of the model simulations are discarded as part of the spin-up, although the deep ocean may not be
completely adjusted yet. Still, adjustement of the deep ocean is not expected to dominate the variability in
ocean heat content. Indeed, changes in ocean heat content calculated over the upper ocean (0-700 m) and

the full water column are very similar (Desbruyeres et-al. 2014).

The “Low-Resolution 1”7 simulation (LR1 hereafter) has for a long time been considered as the Drakkar
reference hindcast. As such, it has been used in a large number of publications (Treguier et al. 2007, Lique
et al. 2010, Desbruyeres et al. 2014 among others). It uses the Drakkar Forcing Set version 3 (DFS3), intro-
duced by Brodeau et al. (2010) and constructed from the ERA-40 reanalysis (Uppala et al. 2005) following
the methodology of Large and Yeager (2009). This forcing dataset extends from 1958 to 2001.

The “Low-Resolution2” (LR2) simulation has been described in Lique and Steele (2013). The major
differences betweenr LR1 and LR2 are the vertical resolution (75 levels in LR2 instead of 46 in LR1), the
salinity restoring (six times weaker in LR2 than in LR1) and the forcing dataset. LR2 uses the Drakkar Forc-
ing Set version 4.3 (DFS4.3), which is constructed from DFS3 by applying a time-dependent recalibration
of ERA-40 surface atmospheric fields in the tropical band, a re-adjustments of Arctic air temperature and
humidity based on the POLES climatology, a global increase of the wind speed based on QuikSCAT values
and zonal adjustments of the downwelling radiation and precipitation, as detailed in Brodeau et al. (2010).

This dataset is extended until 2006 by adding the variability of the “European Centre for Medium-Range

2http://www.drakkar-ocean.eu/
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Weather Forecasts” (ECMWF') operational reanalysis fields to the corrected DFS3 means. A drawback of
this forcing dataset is that the ECMWEF operational reanalysis has a time-evolving resolution and time-

adjusted parameterisations that complicate the construction of homogenous forcing dataset.

The “High Resolution” (HR hereafter) simulation, fully described in Molines et al. (2014), is the first
long-lasting (55 years) high resolution (1/12°) model simulation issued from the Drakkar Project. It is forced
with the Drakkar Forcing Set version 4.4 (DFS4.4), which is identical to DFS4.3 from 1958 to 2001. It is
extended until 2010 by adding the variability of the ERA-interim reanalysis (Dee et al. 2011) to the corrected
DFS3 means. Since ERA-interim is built using a model with constant resolution and parameterisations, it

ensures homogenous forcings for the 2002-2010 period.

The “Low-Resolution 3” (LR3) model simulation has exactly the same settings as the model simula-
tion described in Dussin et al. (2012); it uses the same horizontal resolution as both LR simulations, the
same salinity restoring as LR1 and the same vertical resolution as LR2. The only difference is the forcing
dataset. The model simulation described in Dussin et al. (2012) is forced with DFS4.3 from 1958 to 1988
and switches abruptly to ERA-interim afterward; this results in a noticeable weakening of the meridional
overturning circulation that is not realistic. The LR3 model simulation diagnosed here uses the same forcing
dataset as the HR simulation (DFS4.4); as such, it can be viewed as a low-resolution counterpart of HR.
Note that LR3 is strictly identical to the model simulation of Dussin et al. (2012) for the period 1958-1988,

since the forcing datasets used in both simulations are identical during this period.

As detailed in the above and summarized in table 1, the differences among the model simulations are
mainly the horizontal and vertical resolutions, the forcing datasets and the parameterisations. Considering
these four simulations, which can be viewed as an ensemble, allows to extract the results that are robust

against these settings.

3. Heat budget calculations

In this section, the methodology used for the heat budget calculations is described. Comparisons of the

simulated transports and heat content with observational-based estimates are also provided.

3.1. Domains and sections

Heat budget calculations in the subpolar North Atlantic have already been discussed in Marsh et al.
(2008), Grist et al. (2010) or Desbruyeres et al. (2014), who suggest that the ocean heat content variability

5



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Barrier et al. / Progress in Oceanography 00 (2014) 1-35 6

Table 1. List of the model simulations used in this study. The horizontal resolution is given at the equator and increases with

latitude. Sea-surface salinity (SSS) restoring coefficients are provided in mm/day.

Name Drakkar nomenclature Period considered Forcings Horizontal resolution

LR1 ORCA025.L46-G70 1964-2004 DFS3 1/4°
LR2 ORCA025.L75-G85 1964-2007 DFS4.3 1/4°
LR3  ORCA025.L75-GRDS88 1964-2010 DFS4.4 1/4°
HR ORCA12.L46-MJMS88 1964-2009 DFS4.4 1/12°
Name Vertical levels SSS restoring Reference
LR1 46 167 Treguier et al. (2007)
LR2 75 27 Lique and Steele(2013)
LR3 75 167 Dussin et al. (2012)
HR 46 167 Molines et al. (2014)

is dominated by the ocean heat convergence, with the surface heat fluxes playing only a minor damping
role. However, the domains considered by these three studies either exclude (Marsh et al. 2008, Desbruyeres
et al. 2014) or only partially cover (Grist et al. 2010) the regions where the standard deviation of surface
heat fluxes is the strongest (figure 1), hence where the surface heat fluxes are the most likely to impact

significantly ocean heat content variability.

As an alternative, a new decompositionis proposed in the present study (figure 2): the subpolar gyre is
decomposed into a western and an eastern subregion. The western subregion (hereafter West) is limited in
the northwest by two sections across the Hudson strait and Davis strait, by the Denmark Strait Overflow
section to the north (labelled DSO in the following) and by a section that goes from Iceland to 52.5°N-
35.5°W (point P in figure:2) following the Reykjanes/Mid-Atlantic Ridge (MAR hereafter). The section
that links P and Newfoundland closes the domain to the south (SSW section). This subregion encompasses

the Labrador Sea. and the Irminger Basin, where deep convection occurs.

The eastern subregion (hereafter East) has a volume approximately 1.8 times smaller than the western
subregion and is limited to the northeast by the Iceland-Faroe Overflow and Faroe-Scotland Overflow sec-
tions (IFO and FSO sections, respectively), to the west by the MAR section and to the south by a zonal
section that goes from P to Ireland (SSE section). The southern limits of both subpolar subregions (SSE
and SSW sections) are somehow arbitrary, since they do not rely on any physical barriers. They have

been chosen to avoid the recirculation of the subtropical gyre. Such decomposition of the subpolar gyre is
6
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Figure 1. Standard deviation of winter averaged heat fluxes (latent+sensible-+longwave+shortwave) determined from
NCEP/NCAR reanalysis (Kalnay et al. 1996). Brown and orange hatchings represent the domain considered in Desbruy-
eres et al. (2014) and Marsh et al. (2008), respectively. The domain considered by Grist et al. (2010) is confined between the
two zonal sections (42°N and 63°N) depicted in blue.

presently unique. It preserves the contrast in water mass characteristics in between the two sides of the
Reykjanes Ridge, as discussed by Thierry et-al. (2008). Furthermore, since the variance of surface heat fluxes
is stronger in the western subregion than in the eastern one (figure 1), surface heat fluxes are expected to

contribute differently to the heat content variability of each region.

3.2. Methodology

Since the four model configurations considered here use a linearized free surface approximation (Roullet
and Madec 2000), heat content (h.) within a closed water volume V' (either the western or eastern subpolar

gyre, figure 2) is given by:

he = poCyp ijT dr dy dz + Jj SST n dx dy (1)
\% Sa

with pyp and C), the reference density and heat capacity of sea-water, T the three-dimensional temperature,
S, the surface of the water volume V' that is in contact with the atmosphere, SST and 7 the sea-surface

temperature and sea-surface height.
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Convection area
Il Cold currents
I Warm currents
i[ ] East
[ West

Figure 2. Subregions and sections considered in the present work. Black points indicate the orientation of the sections (trans-
port is counted positive toward the point). Map background shows the 0.5, 1, 2, 3, 4 and 5 km isobaths of the GEBCO
bathymetry. EGC=East Greenland Current, ENAC=Eastern North Atlantic Current, WNAC=Western North Atlantic Cur-
rent, NIIC=North Irminger Icelandic Current, IC=Irminger Current. Adapted from Mercier et al. 2013 and Hansen and
@sterhus 2000.

The heat content variations are linked to the ocean heat convergence and surface heat fluxes through

the heat conservation equation:

Oh.
ot

K ﬂ Qnet dx dy + poC, g’;B[UT] dl dz + ¢ (2)
Sa So

with Qe the net (latent, semsible, shortwave and longwave) surface heat fluxes, S, the outline surface of
volume V and [UT] the ocean heat transport. The first term on the right-hand side of equation 2 represents
the contribution of surface heat fluxes to changes in ocean heat content. In the following, a positive con-
tribution implies that the ocean is warmed by the atmosphere (i.e. surface heat fluxes are, by convention,

positive downward).

The second term represents the contribution of ocean heat convergence, which is the sum of the heat
transports across all the sections that close the water volume V. For each model simulation, this contribu-
tion is computed using the “Physical Analysis of the Gridded Ocean” (PAGO) suite of programs, introduced

in Deshayes et al. (2014)3. It permits the inter-comparison of model outputs along predefined sections with

3See also http://www.whoi.edu/science/P0/pago/
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limited interpolation by connecting two section endpoints as a continuous sequence of grid faces following
a great circle pathway. Current velocities along the section do not undergo any interpolation, while tracer
fields are interpolated at the centre of the grid faces. In the low-resolution simulations (LR1, LR2 and LR3),
monthly heat transports are computed by using PAGO on the monthly means of velocity and temperature.
These monthly transports are then averaged over the winter months (December to March) or over the year
(January to December). This methodology could not be applied to the HR model simulation because of
computational constraints that prevented to use PAGO on its monthly outputs. Instead, PAGO was used
on the winter and yearly averages of the uT and vT fields, with u and v the zonal and meridional current
velocities and T' the temperature. We have verified that using this methodology with the LR runs does not

change the values of the computed heat transports (not shown).

The e term is a residual that includes diffusive diapycnal mixing and numerical errors. To verify that it is
negligible compared to the three other terms of equation 2, it has been computed following the methodology
of Desbruyeres et al. (2014). Yearly means of ocean heat convergence and surface heat fluxes have been
subtracted to the heat content variations between two consecutive- January months. Table 2 shows, for each
LR model simulation, the means and standard-deviations of the four terms in equation 2. Since the residual
term shows a much smaller variance than ocean heat convergence and surface heat fluxes, its impacts on the
heat content variability are minor. Consequently, it will be neglected in the following. Similar calculations
were not performed for the HR simulation since, as discussed in the above, monthly transports were not

available. Nonetheless, we assume that ¢ is-also negligible in this model simulation.

Table 2. Means and standard deviations of the terms in equation 2 (in TW=10'2 W).

Subregion  Simulations Ohe /0t Ocean convergence Surface fluxes Residual
LR1 -1.05 +/- 40.54 170.53 +/- 27.24 -168.77 +/- 31.86  -2.81 +/- 5.88
West LR2 1.05 +/- 39.93 195.05 +/- 24.96 -191.24 +/- 34.40  -2.76 +/- 6.04
LR3 -2.34 4 /- 37.51 170.15 +/- 25.23 -173.15 4 /- 33.67 0.66 +/- 6.09
LR1 -0.36 +/- 23.86 119.55 +/- 23.88 -108.04 +/- 18.18  -11.87 +/- 5.46
East LR2 1.95 +/- 25.16 126.18 +/- 25.20 -115.74 +/- 16.77  -8.49 +/- 5.20
LR3 -1.38 4/- 24.84 107.75 +/- 23.88 -103.69 +/- 16.22  -5.44 4 /- 5.06

3.8. .Comparison with observational based estimates

3.3.1. Heat transports
At 46°N, the LR models compare reasonably well with the observational-based (inverse model) estimates
of Ganachaud and Wunsch (2003), as shown in table 3. The HR simulation, on the other hand, has a heat

transport that is more than 200 TW higher than observations, presumably due to the warm temperature
9
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bias in the North Atlantic Ocean (Molines et al. 2014). At 56°N and across the Greenland-Iceland-Scotland

section, however, all models compare well with the observed estimates of Lumpkin and Speer (2007).

The Atlantic Water (AW in table 3) flowing across the IFO and FSO sections is defined following Ak-
senov et al. (2010) by salinity greater than 35 psu and potential temperature greater than 5°C. Across the
FSO section, the heat transport associated with the Atlantic Water compares well with observations in' LR2
and HR but is overestimated in LR1 and LR3. In the LR simulations, the heat transport across the IFO
section is underestimated by approximately 80 TW, while in the HR simulation it is underestimated by only
40 TW. This is presumably due to a too zonal North Atlantic Current in the LR simulations, a-bias that is

less visible in the HR one.

Table 3. Simulated and observed heat transports (in TW=10!2 W). Section names refer to figure 2. The period during which

the transports are averaged is indicated in the second column.

Section Period LR1 LR2 ©LR3 HR Observations Reference
46°N 1993 648 673 617 853 600 Ganachaud and Wunsch (2003)
56°N 1992 533 512 497 571 540 Lumpkin and Speer (2007)
IFO+FSO+DSO 1995 256 223 233 276 290 Lumpkin and Speer (2007)
AW (S > 35,60 > 5°C), FSO  1999-2001 173 156 189 156 156 Osterhus et al. (2005)
AW (S > 35,0 > 5°C), IFO  1999-2001 61 57 61 92 134 Osterhus et al. (2005)

3.83.2. 0-700 m heat content anomalies
Simulated and observed heat content in the top 700 m of the water column are compared in figure 3.
Observational-based (objective analysis) estimates are extracted from the EN3 (Ingleby and Huddleston

2007) and “World Ocean Atlas 2009” (WOAO09, Locarnini et al. 2010) datasets.

In the western subpolar gyre, simulated heat content closely follows the WOA09/EN3 observations both
in amplitude ‘and in the timing of the fluctuations: the correlation between the EN3-WOA90 mean heat
content/ (black curve in figure 3) and the simulated heat content is 0.94 for LR1 and LR2, 0.89 for LR3 and
0.86.for HR. The strong warming of 1995 is especially well captured by all simulations.

In the eastern subpolar gyre, simulated heat content anomalies are also consistent with observations,
although correlations are slightly weaker than for the western subpolar gyre. The correlation between the
EN3-WOA90 mean and the simulated heat content is 0.80 for LR1, 0.81 for LR2, 0.91 for LR3 and 0.7 for

HR. The 1995 warming of the eastern subpolar gyre occurs at the same time as in the western subpolar gyre
10
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Figure 3. Yearly heat content anomalies (computed by removing the 1966-2006 mean, in 7J=1021 J) of the upper 700 m of the
water column integrated over the western (upper panel) and eastern (lower panel) subpolar gyre in EN3-WOAO09 observations
(black line for the ensemble mean, gray shading for the enveloppe), LR simulations (blue line for the ensemble mean, blue

shading for the enveloppe) and HR simulations (brown line).

and is also well captured by all simulations.

4. Atmospheric weather regimes

In order to determine how changes in the large-scale atmospheric circulation may have triggered the 1995
warming of the subpolar gyre, it is necessary to understand how they affect the variability of ocean heat con-
vergence and surface heat fluxes, which are the two main contributors to the ocean heat content variability.
In this study, the atmospheric variability is assessed using the so-called weather regimes as an alterna-
tive to the traditional climate indices. The weather regimes are large-scale, recurrent and quasi-stationary
atmospheric patterns computed from daily winter sea-level pressure anomalies (computed by removing a
smoothed seasonal cycle, for which two harmonics have been retained). The regimes are determined for the

1958-2010 period using the k—mean clustering algorithm of Michelangi et al. (1995), which relies on the
11
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recurrence property of the regimes. The aim of this method, a complete description of which is provided in
Barrier et al. (2013), is to gather up days that share some ressemblance according to an Euclidian criteria.
One limitation of the k-mean algorithm is the assumption that the number of regimes is a priori known.
Michelangi et al. (1995) determined that the number of clusters that allows classificability and reproducibil-
ity is 4, which is the value determined using other methods (Vautard 1990). In the following, four winter

weather regimes are thus considered.

Figure 4 (left panels) shows the weather regime composites of wind and air-temperature anomalies
(computed by removing a smoothed seasonal cycle, for which two harmonics have been retained). These
composites are computed by averaging the anomalies over all the winter days that belong to one specific
regime. The “Atlantic Ridge” regime (AR hereafter) is associated with anticyclonic wind-anomalies centered
in the subpolar gyre (figure 4a). The “Blocking” regime (BLK hereafter) is associated with northward wind
anomalies in the eastern subpolar gyre, cooler temperature in the Labrador Sea and warmer temperature
in the Nordic Seas (figure 4b). The NAO™ regime, which is related to the negative phase of the NAO, is
associated with reduced westerly winds and warm temperature anomalies in the Labrador Sea (figure 4c).
The NAO™ regime, which is related to the positive phase of the NAO, is associated with anomalies that
are, to first order, opposite in sign to those associated with the NAO~ (figure 4d).

The winter occurrences of the weather regimes, which we define as the number of days per winter that
belong to each weather regime, depict stronginterannual variability with abrupt year-to-year changes (figure
4, right panels, coloured histograms). For instance, between 1995 and 1996, the number of NAOT winter
occurrences dropped by approximately 50 days. The time series also show decadal variability (black lines),
especially for the two NAO-related regimes: before 1985, the atmospheric circulation is dominated by the
NAO™ regime and shows few NAOT days, and conversely after 1985.

Using the weather regime framework allows to get rid off orthogonality constraints and symmetry as-
sumptions, which are peculiar to the traditional climate indices. The symmetry has been shown to be
partially inadequate for the NAO, as discussed in Cassou et al. (2004). This is clearly visible in figure 4,
where the wind anomalies associated with the NAO™ regime are more zonally oriented than their NAO™
counterparts. This asymmetry has been shown to be particularly critical when assessing the NAO-driven
variability of the gyre circulation. Using realistic and idealised model simulations, Barrier et al. (2014) have
investigated the impacts of the weather regimes on the ocean circulation at interannual and decadal time
scales. They suggest that the gyre response to persistent NAO™ conditions is a strengthening of both gyres,
while the gyre response to persistent NAO™ is a cyclonic intergyre-gyre. Consequently, this asymmetry is

expected to have an impact on the ocean heat convergence to the subpolar gyre. Furthermore, a winter
12
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Figure 4. Composites of wind and air-temperature anomalies associated with each weather regime (left panels) and winter

regime occurrence anomalies (right panels, in days, computed by removing the mean winter occurrences). Raw time series are

shown in colors, while low-pass filtered time series (Lanczos filter, cut-off period of 10 years, 11 weights) are shown in black.

of strongly positive NAO index does not necessarily imply a lot of NAO™ days. For instance, the 1992

winter is characterised by a NAO index of +1.80 but contains only 30% of days that belong to the NAOT

13
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regime. The strongly positive winter NAO index of 1992 is in fact due to the very few NAO~ days (only
4%). Henceforth, we believe that the weather regimes better capture the true nature of the North Atlantic

atmospheric variability.

5. Impacts of the weather regimes on ocean heat convergence and surface heat fluxes

In this section, the impacts of the weather regimes on the variability of ocean heat convergence and

surface heat fluxes are assessed at interannual and decadal time scales.

5.1. Interannual time scales

During the winter season (December to March), the variance of surface forcings (wind and surface heat
fluxes) is greater than in other seasons. Hence, changes in the large-scale atmospheric circulation are the
most likely to impact the ocean circulation. Furthermore, Cassou et al. (2011) have shown that it is in
winter that the relationships between the weather regimes and the surface forcings are the strongest. There-
fore, to examine variability on interannual time scales, correlations between the winter-averaged ocean heat
convergence/surface heat fluxes and the winter regime occurrences (figure 4, coloured histograms) are com-
puted for each model simulation and for all the sections and subregions of figure 2. This winter averaging

is expected to lay emphasis on the barotropic component of ocean heat convergence.

The significance of the correlations is assessed by a Student t-test. The number of degrees of freedom,

df, is given by:

(3)

with N the number of observations, to which 6 is substracted since the time series are detrended and

= (N —6) [l—axb}

14+axb

normalised prior to computing the correlations. The fraction term is a correction factor that takes into
account the 1-lag autocorrelation of the two time series (a and b in equation 3), as proposed by Bretherton
et al. (1999, theirequation 31). The correlations between the winter regime occurrences and the volume /heat
transports on the one hand, and with surface heat fluxes/ocean heat convergence on the other hand, are
shown in figures 5 and 6, respectively. The correlations that are significant at the 95% level of confidence
(bright colors in figures 5 and 6) for all simulations are summarised in figure 7 and discussed separately for

each regime.

5.1.1. Impacts of the “Atlantic Ridge” regime
The negative correlations between the AR winter occurrences and the volume transport across SSE, SSW

and MAR (figure 5) confirm that this regime is associated with a fast, wind-driven barotropic weakening

14
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represents one model simulation. Significant correlations (Student’s t-test at the 95% level of confidence, see text for details)
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of the gyre circulation, as already proposed by Hékkinen et al. (2011a), Langehaug et al. (2012), Ruprich-
Robert and Cassou (2013), Barrier et al. (2013) and Barrier et al. (2014). However, this weakening is not
associated with an increased heat convergence in the subpolar gyre, as suggested by Hékkinen et al. (2011a).
On the contrary, ocean heat convergence in the western subpolar gyre is reduced under AR conditions for
each model simulation (figure 6). This is mostly due to the reduced heat transport across MAR that results
from the reduced volume transport. The correlations between the AR winter occurrences and the surface
heat fluxes in both subpolar regions are not significant. This is consistent with Barrier et al. (2014), who

suggest that the impacts of the AR regime on the ocean circulation are mostly wind-driven.

5.1.2. Impacts of the “Scandinavian Blocking” regime

Correlations in figure 5 suggest that the BLK regime is associated with increased northward volume and
heat transports across IFO. This is consistent with Nilsen et al. (2003) and; to some extent, Medhaug et al.
(2012). The latter study suggests that the wind anomalies associated with the BLK regime have both a
direct and an indirect impact on the heat transport across the Greenland-Scotland Ridge. The direct effect
is induced by eastward Ekman transport anomalies that induce along-ridge gradients of sea-surface height
and in turn a northward geostrophic flow. The indirect effect is due to a barotropic adjustment of the
Nordic Seas, leading to a weaker Norwegian Atlantic Current and consequently to a weaker northward heat
transport. The correlations shown in figure 5 are consistent with the direct effect discussed by Medhaug
et al. (2012). This is not surprising since both the winter averaging and the in-phase correlations ultimately
amplify the fast, direct influence of winds on volume and heat transports. The BLK regime is also associated
with reduced surface heat loss in the eastern subpolar gyre (figure 6), but the correlations are weak (less

than 0.4, albeit significant).

5.1.8. Impacts of the- NAOT regime

In all LR simulations; NAO ™ conditions are associated with increased westward volume and heat trans-
ports across MAR and in turn to increased heat convergence in the western subpolar gyre (figure 6). This
is the signature of a cyclonic intergyre-gyre driven by the wind-anomalies through topographic Sverdrup
balance, as discussed in Marshall et al. (2001), Eden and Willebrand (2001), Herbaut and Houssais (2009)
and Barrier et al. (2014). Note that the correlations between the transports across MARand the NAO™
winter occurrences are weak and therefore not significant in the HR simulation. This is due to strong nega-
tive anomalies of volume and heat transports that occurred in 1996 in this simulation, which did not occur
in the LR simulations (not shown). If this year is removed prior to computing the correlations between

the transports across MAR and the NAO™ occurrences, these correlations become significant in HR. The
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increased volume and heat transports across MAR is associated with increased northward volume and heat
transports across DSO by the North Icelandic Irminger Current. The NAO™ regime is also associated with
southward volume and heat transport anomalies across IFO and FSO. These anomalies are in the same
direction as the wind anomalies in this region; hence, as for the BLK regime, they are presumably due
to the direct, Ekman-driven impact of wind-anomalies on the transports, as described in Medhaug et al.
(2012). The NAO~ regime is also associated with reduced heat loss in the western and eastern subpolar

gyres (correlations of 0.6 and 0.3, respectively, figure 6).

5.1.4. Impacts of the NAOT regime

The NAOT regime is associated with decreased ocean heat convergence in the eastern subpolar gyre
(figure 6), primarily due to northward volume and heat transport anomalies across FSO, consistently with
Mauritzen et al. (2006) and Frankignoul et al. (2009). These transport<anomalies are again in the same
direction as the wind anomalies associated with the NAOT and are thus consistent with the Ekman-driven
mechanism discussed for the BLK and NAO™ regimes. The NAO™ regime also induces southward volume
and heat transport anomalies across DSO. These anomalies are due to both a strengthening of the south-
ward East Greenland Current and a weakening of the northward North Icelandic Irminger Current. The
NAOT regime is also associated with a strong increase in surface heat loss in the two subpolar subregions
(correlations of -0.6 in both regions). The strong heat loss in the eastern subpolar gyre is consistent with
the eastward extension of the negative air-temperature anomalies associated with the NAO™ regime (figure
4), which tend to extract heat from the ocean. Note that the correlations between the NAO~/NAO™ oc-
currences and the volume/heat transports, summarised in figure 7, are not strictly opposite to one another.
This emphasizes the importance of the NAO asymmetry when considering the interannual variability of the
barotropic component of ocean volume and heat tranports, and therefore the use of the weather regime

framework.

17
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NAO- NAO+

Figure 7. Correlations between the winter regime occurrences and surface heat fluxes (filled circles, positive correlations in
red, negative correlations in blue), volume (single arrows) and heat transports (double arrows). Only the correlations that are
significant at the 95% level of confidence for all model simulations are shown. The red arrows indicate that the correlation is of
the same sign as the mean (i.e. that the transport is reinforced), conversely for the blue arrows. “Div.” indicates a divergence

of heat out of the subregion, while “Con.” indicates a convergence of heat into the subregion.
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5.2. Decadal time scales

The impacts of the weather regimes on ocean heat convergence and surface heat fluxes in each region
are now investigated on decadal time scales. This is achieved by computing the lagged cross-correlations
between the low-pass filtered winter regime occurrences (figure 4, black lines) and the low-pass filtered yearly
averaged ocean heat convergence/surface heat fluxes. All time-series have been detrended prior to filtering
and to computing the correlations. The filter that has been used is a Lanczos filter with a cut-off period of 10
years and 11 weights. Because of the strong autocorrelation of the time-series and the small number of years,
the number of degrees of freedom is weak and the significance of the correlations cannot be determined as
done in the previous section. As an alternative, correlations are considered as robust when they are similar

among all model simulations, an admittedly subjective methodology.

5.2.1. Western subpolar gyre

Ocean heat convergence and surface heat fluxes in the western subpolar gyre show the strongest correla-
tions with NAO~ and NAO™T winter occurrences. Surface heat fluxes are positively correlated with NAO~
winter occurrences at 0-lag (figure 8b), while ocean heat convergence is negatively correlated with a lag
of approximately 2-3 years (NAO~ occurrences leading). Therefore, NAO~ conditions are associated with
reduced surface heat loss in the western subpolar gyre. After 2-years, this heat gained by the ocean is
compensated for by reduced ocean heat convergence. This is further confirmed by the lagged correlations
between low-pass filtered surface heat fluxes and ocean heat convergence in the western subpolar gyre, which

suggest that surface heat fluxes drive ocean heat convergence with a lag of 2 to 4 years (not shown).

The negative correlations between NAO™ occurrences and ocean heat convergence in the western subpo-
lar gyre are due to the baroclinic spin-down of the meridional overturning circulation, as discussed in Barrier
et al. (2014). Reduced ocean heat loss through surface heat fluxes reduces deep convection in the Labrador
Sea, which in turn induces a large-scale weakening of the meridional overturning circulation (Deshayes and
Frankignoul 2008). As a consequence, the poleward heat transport is reduced, inducing a divergence of heat
out of the western subpolar gyre, as discussed for instance in decadal prediction experiments (Yeager et al.

2012, Robson et al. 2012, Msadek et al. 2014) and in Lohmann et al. (2009).

Note that contrary to the correlations at interannual time scales, the correlations depicted in figure 8
for the NAO™ regime mirror those for NAO™, which suggests that the NAO™ regime is associated with
increased surface heat loss that is balanced with an increased heat convergence associated with a large-
scale strengthening of the meridional overturning circulation. This is expected from Barrier et al. (2014)

who suggest that the response of the meridional overturning circulation to persistent NAO™ and NAO™
19
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Figure 8. Correlations between the low-pass filtered winter regime occurrences and the low pass filtered ocean heat convergence
(solid lines) and surface heat fluxes (dashed lines) in the western (left panels) and eastern (right panels) subpolar gyre. The
regime occurrences lead. The time series have been filtered with a Lanczos filter of 11 weights and a cut-off period of 10 years.

Each color represents one model simulation.
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atmospheric conditions are opposite to each other.

5.2.2. Eastern subpolar gyre

In the eastern subpolar gyre, the correlations between ocean heat convergence and winter regime oc-
currences are less clear than in the western subpolar gyre. In this region, heat convergence increases 3 to
6 years after NAO™T conditions and decreases 3 to 6 years after AR conditions. At these time scales; the
dominant response of the ocean circulation to the AR regime is a wind-driven reduction of both subpolar and
subtropical gyres, with a limited reduction of the meridional overturning circulation (Barrierdet al. 2014).
On the other hand, the decadal ocean response to the NAO™ regime is a wind-driven strengthening of the
subtropical gyre and a buoyancy-driven strengthening of the subpolar gyre and of the meridional overturning
circulation (Barrier et al. 2014). Since these two regimes have a different impact on the meridional overturn-
ing circulation, only the anomalous gyre circulation can explain the similarity of the correlations between
the AR and NAO™ occurrences on the one hand, and the ocean heat convergence in the eastern subpolar
gyre on the other hand. As a consequence, we suggest that during NAO™ conditions, the strengthening of
the subtropical gyre leads to an increased heat transport by the North Atlantic Current, mainly through
increased heat transport across the SSE section, with a reduced positive contribution by the meridional
overturning circulation. Conversely, the AR regime would induce a weakening of the subtropical gyre and,

as a consequence, a decrease in heat transport by the North Atlantic Current.

The correlations between the NAO™ occurrences and ocean heat convergence in the eastern subpolar
gyre are weaker than for the AR and NAO™T regimes. As shown in Barrier et al. (2014), the baroclinic
response of the gyre circulation to persistent NAO™ conditions is a cyclonic intergyre-gyre centred at 45°N.
Its southern branch would be associated with increased heat transport into the eastern subpolar gyre by the
North Atlantic Current, while its northern branch would advect warm water from the eastern subpolar gyre
to Newfoundland. As a consequence, both contributions compensate each other and the decadal variability
of the NAO™ regime has a limited impact on the decadal variability of ocean heat convergence in the eastern
subpolar gyre. Using the traditional NAO index, Herbaut and Houssais (2009) suggest that positive NAO
conditions are associated with an anticyclonic intergyre-gyre. Its southern branch would be associated with
reduced heat transport by the North Atlantic Current, while its northern branch would advect cold water
from Newfoundland to the eastern subpolar gyre. Hence, its two branches would contribute to cooling the
eastern subpolar gyre. However, taking into account the NAO spatial asymmetry suggests that the gyre
response to persistent NAO™T conditions is not an anticyclonic intergyre-gyre (Barrier et al. 2014). There-
fore, the mechanism of Herbaut and Houssais (2009) may not hold here. This highlights the importance of
considering the NAO asymmetry and further motivates using the weather regimes instead of the traditional

climate indices.
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The correlations between the AR and NAO™ occurrences on the one hand and surface heat fluxes on
the other hand mirror, to some extent, the correlations with ocean heat convergence. This likely reflects the
ocean influence on the surface heat flux at these time scales in this region, as proposed by Grist et al. (2010)
and Desbruyeres et al. (2014). For these two regimes, the air-temperature anomalies are very small over the
eastern subpolar gyre (figure 4). As a consequence, surface heat fluxes at these time scales are dominated
by changes in ocean sea-surface temperature rather than by changes in surface air-temperature. Hence,
when ocean heat convergence increases, the ocean becomes warmer and ultimately warms the atmosphere,
as suggested in figures 8d and 8e. This is partly confirmed by the lead-lag correlations between the low-
pass filtered heat convergence and surface heat flux in the eastern subpolar gyre, which shows a maximum
correlation when convergence leads by 0 to 2 years, except for the LR3 simulation, in which the correlation is
maximum when the surface fluxes lead by 1 year. For the NAO™ regime, the correlations with surface heat
fluxes are unclear, which we fail to explain. It may reflect the negative influence of a reduced stratification

on the ocean feedback on surface heat fluxes.

6. Heat content anomalies and the warming event of 1995

This section is devoted to understand the causes of the 1995 warming event by assessing the respective
contributions of ocean heat convergence and surface heat fluxes on the ocean heat content. This is achieved

by integrating equation 2 over time, assuming that the residual € is neglibible (as justified in section 3):

t t t
Oh.
= he(t) — helto) = / [ Quer dz dy| ax+ / poCyp (PIUTin] dl dz| (4)
to 8t to to
Sa So
Using the results of the previous section, the 1995 warming event is then related to changes in the

large-scale atmospheric circulation using the weather regime framework.

6.1. Western subpolar gyre

In the western subpolar gyre, heat content anomalies show similar behaviour among all model simu-
lations (figure 9a). Still, differences are visible when surface heat fluxes and ocean heat convergence are
taken separately (figures 9b and 9c). While the time series of both components are very similar among LR
simulations, they show larger amplitudes in HR (15 ZJ against 5 ZJ for the maximum of all LR simula-

tions) because of linear trends in ocean heat convergence and surface heat fluxes that compensate each other.

Between 1992 and 2000, ocean heat convergence shows large positive anomalies (figure 10, blue curve)
that are balanced by strong surface heat loss prior to 1992 (negative anomalies, red line in figure 10). How-

ever, between 1992 and 1994, this surface heat loss weakens and is ultimately dominated by ocean heat
22
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convergence. Consequently, the net heat input anomalies become positive from 1994 to 1998, which explains

the 1995 warming event of the western subpolar gyre.

The strong ocean heat convergence in the western subpolar gyre between 1992 and 2000 is due to the
buoyancy-driven spin-up of the meridional overturning circulation following the NAO™ conditions of 1988-
1995. Indeed, as shown in figure 8, a decadal increase in the NAO™T winter occurrences is associated ‘with
an in-phase increase in surface ocean heat loss, as evidenced in figures 9b and 10. This causes anomalously
strong deep convection in the western subpolar gyre, as observed by Yashayaev (2007), and in turn induces
a lagged (2-3 years) increase in ocean heat convergence via a large-scale strengthening of the meridional
overturning circulation. When the decadal NAOT episode stops, surface ocean heat loss is reduced, as evi-
denced here, but the meridional overturning circulation and the associated ocean heat convergence remain

strong for at least 2-3 years, hence ultimately dominating the ocean heat loss.

This is consistent with the description of heat content variability in the Labrador Sea provided by Lazier
et al. (2002) for the period 1992-2000 and with the decadal prediction experiments of Robson et al. (2012),
Yeager et al. (2012) and Msadek et al. (2014), who suggest-that the warming of the subpolar gyre can be
predicted only if the ocean is initialised with a strong meridional overturning circulation resulting from the

1988-1995 NAO™ conditions.

6.2. Eastern subpolar gyre

In the eastern subpolar gyre, all simulations show strikingly similar fluctuations in all 3 terms (figure
11). The amplitude of heat content anomalies is much weaker than the amplitude of its two components
(ocean heat convergence and surface heat flux). Indeed, since decadal changes in ocean heat convergence
drive opposite changes in surface heat fluxes, as discussed in section 5.2, these two components tend to

cancel each other.

In the eastern subpolar gyre, the warming event of 1995 seems mostly due to a sharp increase in ocean
heat convergence during this year (figure 12, blue curve). Afterward, ocean heat convergence either remains
steady (in LR1 and LR2) or decreases (in LR3 and HR). At the same time, surface heat loss is reduced,
hence sustaining the positive net heat input anomalies until 1997 and ultimately leading to an increase
in ocean heat content. The 1995 increase in ocean heat convergence is mainly due to the increased heat
convergence that occurred in November and December, when the atmospheric circulation is dominated by
the NAO™ regime (figure 13), and is dominated by the increased northward heat transport across the SSE
section (figure 14). This is consistent with the correlations shown in figure 6 (although the correlation is

not significant in the HR simulation) and reflects the wind-driven cyclonic intergyre-gyre that is triggered
23
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Figure 9. Ocean heat content (top), time-integrated surface heat fluxes (middle) and time-integrated ocean heat convergence

(bottom)in the western subpolar gyre (cf. equation 4). Each color represents a model simulation.

when the atmosphere switches from NAO' to NAO™ conditions.

7. Conclusion and discussions

This study aimed at understanding the causes of the unprecedented warming of the North Atlantic

subpolar gyre that occurred in 1995. This warming event has been thoroughly studied in the literature,
24
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Figure 10. Anomalies of surface heat fluxes (red lines, in TW), ocean heat convergence (blue lines, in TW), net heat input
(sum of the two contributions, black lines in TW) and ocean heat content (indigo lines, in ZJ) in the western subpolar gyre

and in each model simulation. The anomalies are computed by removing the yearly means.

and despite the general agreement about the atmospheric triggering of this warming, strong uncertainties
remain concerning the large scale atmospheric pattern (North Atlantic Oscillation or East Atlantic Pattern),
the time scales (interannual or decadal) and the physical mechanisms involved. In order to address these
questions, heat budget calculations are performed in the subpolar North Atlantic using four global ocean
hindcasts sharing the same modelling framework but using different atmospheric forcings, resolutions and
parameterisations. A novelty of the present work is the further decomposition of the subpolar gyre into
a western and an eastern subregion that are separated by the Reykjanes and Mid-Atlantic Ridges. Such
decomposition is presently unique and is consistent with the water masses distribution around the Reykjanes

Ridge, as discussed by Thierry et al. (2008).

In the two subregions, ocean heat convergence and surface heat fluxes, which are the two main contrib-
utors to-ocean heat content variability, are linked to changes in the atmospheric circulation at interannual
and decadal time scales. Another novelty of the present work is the use of the weather regimes to describe
the large-scale atmospheric variability, instead of using the traditional climate indices such as the North
Atlantic Oscillation (NAQO). This choice is motivated by the NAO spatial asymmetry (Cassou et al. 2004),

which is paramount when investigating the NAO-driven variability of the gyre circulation (Barrier et al.

25



514

515

516

517

518

Barrier et al. / Progress in Oceanography 00 (2014) 1-35 26

Ocean heat content (ZJ)

Time-integrated
surface heat flux (ZJ)

w== |R2 === HR |

Time-integrated
ocean heat convergence (ZJ)

U FAR N s S A B
¥ A A\ " s
OO (IO (O G0 (o8 (o (g o

SN

Figure 11. Ocean heat content (top), time-integrated surface heat fluxes (middle) and time-integrated ocean heat convergence

(bottom)in the eastern subpolar gyre (cf. equation 4). Each color represents a model simulation.

2014);

As a first step, the relationships between the winter average (December to March) surface heat fluxes/ocean
heat convergence and atmospheric weather regimes are determined using correlation analysis. At these time

scales, the heat exchange between the eastern and western subpolar regions are governed by the Sverdrupian
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Figure 12. Anomalies of surface heat fluxes (red lines, in TW), ocean heat convergence (blue lines, in TW), net heat input
(sum of the two contributions, black lines in TW) and ocean heat content (indigo lines, in ZJ) in the eastern subpolar gyre

and in each model simulation. The anomalies are computed by removing the yearly means.

gyre response to the wind anomalies associated with the weather regimes (Barrier et al. 2014), while the
heat transports across the Iceland-Faroe and Faroe-Scotland sills are driven by Ekman-induced geostrophic
flows, which are in the same direction as the wind-anomalies, consistent with the "direct effet” described
in Medhaug et al. (2012). The interannual variability of surface heat fluxes is dominated by the two NAO-
related weather regimes, consistently with the strong air-temperature anomalies in the subpolar gyre that

are associated with these two regimes.

As a second step, thelinks between the weather regimes and ocean heat convergence and surface heat
fluxes are analysed on decadal time scales. In the western subpolar gyre, the variability of surface heat fluxes
is dominated by the NAO-related regimes, with ocean heat convergence playing a compensating role via
the meridional overturning circulation. In the eastern subpolar gyre, ocean heat convergence is dominated
by the baroclinic adjustment of the gyre circulation and shows an increase following NAO™ conditions and
a decrease following AR conditions. The impacts of the NAO™ regime are weaker, since the northern and
southern branches of the wind-driven cyclonic intergyre-gyre associated with the NAO™ regime compensate

each other.
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These results are then used to interpret the 1995 warming event in the two subpolar subregions. In the
western subregion, the warming is due to the strong NAO™ conditions that occurred during 1988-1995, which
have induced large heat loss through surface heat fluxes. This has induced anomalously strong convection
(Yashayaev 2007) and in turn a stronger meridional overturning circulation and ocean heat convergence
in this subregion. The contributions of surface heat fluxes and ocean heat convergence balance each other
until 1992, when surface ocean heat loss is reduced and finally dominated by ocean heat convergence in
1995, hence leading to the warming. This is consistent with the description of heat content variability in
the Labrador Sea provided by Lazier et al. (2002) for the period 1992-2000 and with the decadal prediction
experiments of Robson et al. (2012), Yeager et al. (2012) and Msadek et al. (2014). In the eastern subpolar
gyre, the warming originates from an abrupt change in the ocean heat convergence, which is due to an abrupt
switch from NAO™ to NAO™ conditions between 1995 and 1996. The wind anomalies associated with the
NAO™ regime induce a barotropic cyclonic intergyre-gyre that carries more heat across the southern limits

of the eastern subpolar gyre, hence inducing the warming.

Using hydrographic data, Skagseth and Mork (2012) suggest-that heat content variability in the Nor-
wegian Sea derives mainly from the advection of warm Atlantic Water, with little impact of surface heat
fluxes. In order to determine if the 1995 warming event of the North Atlantic subpolar gyre extended to
the Nordic Seas, similar heat budget calculations have been performed in this region. The domain consid-
ered was limited to the southwest by the Denmark-Scotland sills, to the southeast by a section extending
across the North Sea and to the north by a section across Fram Strait and a section across the Barents Sea.
Evaluation of equation 4 in this domain suggests that the 1995 warming event of the subpolar gyre barely
extends to the Nordic Seas. Furthermore, the relative contributions of time-integrated surface heat fluxes
and time-integrated ocean heat convergence are very different among the four model simulations analysed
here, despite their commonmodelling framework. It is also in the Nordic Seas where simulated heat content
anomalies in the top 700 m diverge the most from observations. This emphasizes the strong modelling efforts
that remain to be accomplished in this region, in order to reproduce the complex regional processes (Drange
et al. 2005). A-better understanding of this misrepresentation of ocean heat content variability in the Nordic
Seas might be provided by considering the Norwegian Sea, the Iceland Plateau, the Lofoten Basin and the
Greenland Basin separately, as proposed by Di Iorio and Sloan (2009).

Since the focus was laid on the variability of ocean heat content, all correlations have been performed
on detrended time series. However, global average sea-surface and land temperature observations show a
sharp warming trend from 1970 onward (Trenberth et al. 2007). To assess whether this global warming
has an impact on the heat budget calculations performed in the present work, the linear trends in surface

heat fluxes have been computed for the 1970-2010 period in the two subpolar subregions. The trends are
28
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weak and therefore not significant in all model simulations but LR3, which shows a significant trend of 1.72
TW /year in the western subpolar gyre . We conclude that the global warming trend is unlikely to impact
the heat budget calculations performed in this study.

Consistently with decadal prediction experiments (Robson et al. 2012, Yeager et al. 2012 and Msadek
et al. 2014), the present work confirms that in the western subpolar gyre, strong natural warming and cooling
events may be predicted by monitoring surface heat fluxes in this region. A strong surface heat loss is likely
to cause a delayed warming (as in 1995), and conversely for a strong surface heat gain. However, in the
eastern subpolar gyre where the decadal fluctuations of ocean heat convergence drive surface heat fluxes, we
expect a smaller prediction skill. As discussed above, the 1995 warming event of the eastern subpolar gyre

is due to an abrupt change in ocean heat convergence that is potentially more difficult to predict.

29



Barrier et al. / Progress in Oceanography 00 (2014) 1-35 30

LR1

I 1 ] ] ] |)”
§ ............................................... =
= o =
> .
e =
= 8
(1] +—
g L TIRAT T B
1 T T . T >
g e®s BLK  e®e AR P {40 &
s 150,00 NAO+  eee NAO-| I >
3 s
< E
> :
5 =
. 3
(1] —
2 5
= -20 £
= IS TS SO SN SRUNNE S S >
£ : : : : : s o—40 'S
L e R e >

A S T T T B0

LR3

T T T T T 60
< E
> .
& =
= 3
[ —
£ g
) >
= S
2 150 =

VD > H o H QN ®
SHES RS IRG RS NG N

Figure 13. Monthly (black lines, left y-scale) and yearly (gray bar, right y-scale) ocean heat convergence in the eastern subpolar
gyre for the three LR simulations. For each winter month, the dominant weather regime is represented by a coloured point.

HR is not shown here since monthly data for this model simulation were not available.
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