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Abstract Using Argo floats, we show that a major deep convective activity occurred simultaneously in the
Labrador Sea (LAB), south of Cape Farewell (SCF), and the Irminger Sea (IRM) during winter 2014–2015.
Convection was driven by exceptional heat loss to the atmosphere (up to 50% higher than the climatological
mean). This is the first observation of deep convection over such a widespread area. Mixed layer depths
exceptionally reached 1700m in SCF and 1400m in IRM. The deep thermocline density gradient limited the
mixed layer deepening in the Labrador Sea to 1800m. Potential densities of deep waters were similar in the
three basins (27.73–27.74 kgm�3) but warmer by 0.3°C and saltier by 0.04 in IRM than in LAB and SCF,
meaning that each basin formed locally its own deep water. The cold anomaly that developed recently in the
North Atlantic Ocean favored and was enhanced by this exceptional convection.

1. Introduction

Deep convection is a key oceanic process that ventilates the lower limb of the Meridional Overturning
Circulation (MOC), thus contributing to the storage of heat, anthropogenic carbon and oxygen in the deep
ocean [Pérez et al., 2013]. Monitoring and understanding variability in volumes and properties of the water
masses produced by deep convection is required to better model and predict future changes in deep con-
vection in a warming world. It would also allow a better assessment of the link between deep convection
and the MOC intensity measured at mid-latitudes [Cunningham et al., 2007] and subpolar latitudes [Mercier
et al., 2015].

The Labrador Sea Water (LSW) is formed by deep convection in the western North Atlantic Ocean subpolar
gyre. In the last decades several sites of LSW production were identified, each site showing large interannual
to decadal variability in convection strength. In the Labrador Sea, the deepest winter mixed layers were
observed between the late 1980s and the mid-1990s [Yashayaev, 2007] due to the recurrence of severe win-
ters during this high North Atlantic Oscillation (NAO) index period [Hurrell, 1995]. They reached 2300–2400m
in 1993–1995 [Kieke and Yashayaev, 2015]. Since the mid-1990s, the convection was shallower due to milder
winters and the maximum mixed layer depths (MLDs) ranged from 500 to 1500m, except in 2008 and 2014
when they reached 1850 and 1700m, respectively [Våge et al., 2009; Yashayaev and Loder, 2009; Kieke and
Yashayaev, 2015]. Based on hydrographic data collected over the period 1900–2000, Pickart et al. [2003a]
showed that the core of the deep convection area is localized west of 52°W and south of 59°N. The deep con-
vection area extended to 48°W and 60°N during the deep convective years of the early 1990s [Pickart et al.,
2003a] and retreated westward in the early 2000s [Våge et al., 2009].

In the last decade, the Irminger Sea was also recognized as a deep convection site forming LSW under favor-
able conditions such as positive NAO index, preconditioning of the water column, and strong heat loss to the
atmosphere due to high wind speed events occurring east of Cape Farewell (the so-called Greenland Tip Jets)
[Bacon et al., 2003; Pickart et al., 2003b; Våge et al., 2009; de Jong et al., 2012; Piron et al., 2016]. The end of
winter MLDs in the Irminger Sea reached 1000m in 2008 and 2012 [de Jong et al., 2012; Piron et al., 2016]
and 1400m in 2015 [de Jong and de Steur, 2016; Fröb et al., 2016], which are the deepest mixed layers
observed in that region. Based on a one-dimensional (1-D) mixed layer model, Våge et al. [2008] and
Pickart et al. [2003a] suggested that convection might have reached 1500–2000m in 1994 and 1995.

South of Cape Farewell, Bacon et al. [2003] and Piron et al. [2016] observed MLDs of 900–1000m in 1997 and
2012, respectively. While this region was considered in some studies as part of the Irminger Sea [Piron et al.,
2016; Bacon et al., 2003], it could be a third distinct deep convection site. Indeed, using the minimum
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potential vorticity at 1000m as a footprint of the deep convective activity, Pickart et al. [2003a] showed that
during the 1989–1997 period there was a separate area of minimum potential vorticity south of Cape
Farewell. In this latter area, a near-surface stratified layer capping a homogenous layer down to 1800m in
1991 and 1600m in 2008 was observed by Pickart et al. [2003a] and Våge et al. [2009], respectively. Those
results suggest that MLDs could extend deeper than 1000m south of Cape Farewell.

Våge et al. [2009] described the deep convection at the subpolar gyre scale for the winter 2007–2008 (winter
(N� 1)–N will be referred to as WinterN) owing to Argo data. The sampling in the Irminger Sea and south of
Cape Farewell was, however, insufficient to allow comparison of the deep convection properties (depth,
spatial extent, and thermohaline properties) in the different convection sites and to relate them to the

Figure 1. (a) Positions of Argo profiles available over January–April 2015. Black dots: MLD< 700m; colored dots:
MLD> 700m. Superimposed are the 1000m isobath (thin black line) and the Absolute Dynamic Topography (cm) aver-
aged over January–April 2015 (gray contours). (b) Positions of the late winter (March–April) MLD> 1000m in the LAB (blue
dots), SCF (green dots), and IRM (red dots) boxes. Black dots: the deepest mixed layer in each box (1790, 1700, and 1400m,
respectively). Yellow dots: profiles with MLD> 1000m outside the boxes. Black circles: profiles with oxygen data shown in
Figure 3. Black contours: winter (“”DJFM) anomalies (in %) of air-sea heat fluxes relative to the 1979–2015 climatological
value. Positive numbers indicate stronger than average air-sea heat loss to the atmosphere.
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atmospheric forcing and oceanic preconditioning. This is now possible for Winter15 because of an adequate
Argo sampling of the subpolar gyre. The number of profiles available in the three convection sites during
winter (DJFM) was 2 to 3 times larger in Winter15 than in Winter08 (183 profiles against 80). Winter15 was
characterized by deep mixed layers [Fröb et al., 2016] and a NAO index close to 2 corresponding to the
highest value observed since the early 1990s suggesting a strong atmospheric forcing. This motivated the
investigation of deep convection in the subpolar gyre for Winter15.

2. Data and Methods

Argo data were used to describe the mixed layers for Winter15. We selected Argo temperature, salinity, and
oxygen profiles available in the subpolar gyre of the North Atlantic Ocean (52–66°N; 30°W–66°W) between 1
September 2014 and 30 April 2015 [Argo, 2015]. Oxygen data were corrected as suggested by Takeshita et al.
[2013] by using as a reference either the oxygen profile collected at float deployment if available or the World
Ocean Atlas 2009 [Garcia et al., 2010]. As in Piron et al. [2016], MLDs were calculated for each profile by com-
paring the split-and-merge [Thomson and Fine, 2003] and threshold [de Boyer Montégut et al., 2004] methods
and a visual control. Mixed layers isolated from the surface [Pickart et al., 2002] are not considered here to
guarantee that the estimated MLDs correspond to mixed layers formed locally.

We used the surface wind stress, air-sea heat flux, and sea surface temperature (SST) provided by the ERA-
Interim reanalysis [Dee et al., 2011]. We used the Absolute Dynamic Topography (ADT) data provided by
AVISO, and Sea Ice data from the National Snow and Ice Data Center (NSIC) [Fetterer et al., 2016].

3. The 2014–2015 Deep Convection

To characterize the deep convection of Winter15, we considered Argo profiles with MLD exceeding 700m
(MLD> 700m) because it is the minimum depth to be reached for LSW renewal [Yashayaev, 2007;

Figure 2. (a–c) Late winter (March–April) profiles with MLD> 1000m in the LAB (Figure 2a), SCF (Figure 2b), and IRM
(Figure 2c) boxes. Thick lines: potential density (kgm�3). Thin dashed lines: oxygen saturation (%). Black line: profiles
with the deepest mixed layers. Yellow line: profile located outside the boxes. MLD is indicated with dots on the density
profiles. (d) Properties of the late winter profiles with MLD> 1000m in LAB (blue dots), SCF (green dots), and IRM (red dots).
The black circles identify properties of the deepest mixed layers. The yellow dots identify profiles located outside the boxes.
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Piron et al., 2016]. Those profiles were obtained between 24 January and 22 April 2015. They cover a
continuous wide area extending from the interior of the Labrador Sea (east of 55.4°W) to the Irminger Sea
(west of 32.2°W) (Figure 1a) and are all located within the cyclonic circulation surrounding the Labrador

Figure 3. (a–c) Time series of the mixed layer heat content (HC) and associated error (gray shading) and of the cumulative
sum from 1 September 2015 of the heat fluxes in LAB (Figure 3a), SCF (Figure 3b), and IRM (Figure 3c). Qtot is the sum of the
radiative fluxes (Qrad), latent (Qlat), sensible (Qsen), and Ekman transport heat fluxes (QEk). (d) Positions of the late summer
profiles used to calculate a mean late summer potential temperature profile in each box. (e) Quantity of heat to extract from
each box (HCext) to homogenize this late summer profile down to depth Z.
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and Irminger Seas as identified by the ADT contour �55 cm [Våge et al., 2011; Piron et al., 2016]. The spatial
coverage is relatively homogeneous, and the 88 profiles with MLD> 700m represented 23% of the profiles
located within this ADT contour during January–April 2015.

In the Irminger Sea (east of 42°W), most of the MLDs varied between 1000 and 1400m. The deepest MLDs
(1400m) were observed on 17 March and 16 April. In the Labrador Sea and south of Cape Farewell, the
MLDs were deeper than in the Irminger Sea and many profiles had MLDs deeper than 1400m. The deepest
MLDs observed in the Labrador Sea and south of Cape Farewell were 1790m (18 March) and 1700m (15 and
29 March), respectively. To go further in the description of the convection, we considered late winter
MLD> 700m (March–April) and calculated median (Me), first (Q1), and third (Q3) quartiles for the three boxes
defined in Figure 1b and referred to as LAB (Labrador Sea), SCF (south of Cape Farewell), and IRM (Irminger
Sea). Fifty percent of the MLD> 700m were deeper than 1400m in LAB (Me= 1399m), and 25% of them
exceeded 1500m (Q3= 1502m). The maximumMLD reached in LAB is similar to the deepest MLDs observed
in the last decade in this area. Similar statistics were obtained for SCF (Me= 1468m, Q3= 1603m) where the
maximumMLD observed (1700m) is deeper than past observations. For IRM, 75% of the MLDs> 700m were
deeper than the deepest MLD ever observed in that area (1000m) and 25% of the profiles even exceeded
1300m (Q1= 995m, Q3 = 1316m).

Potential density and oxygen of the vertical profiles with the deepest (MLD> 1000m) late winter MLDs were
homogeneous from the surface to the base of the mixed layer (Figures 2a–2c). As argued in Piron et al. [2016],
this testifies that the deep convection occurred locally. For those profiles, the mixed layer properties (poten-
tial temperature, salinity, and potential density) were determined at the potential vorticity minimum [Piron
et al., 2016]. The potential density ranged between 27.73 and 27.75 kgm�3 in the three boxes (Figure 2d).
The range is reduced to 27.73–27.74 kgm�3 for the deepest MLDs. In IRM, the MLDs> 1000m were warmer
and saltier than in the Labrador Sea and south of Cape Farewell (3.55–3.70°C against 3.2–3.4°C; 34.88–34.90
against 34.84–34.86). The mixed layers in LAB were also slightly colder (~0.1°C) and fresher (~0.01) than those
located in SCF.

To relate the formation of the deep mixed layers to the atmospheric forcing, we compared the temporal evo-
lution of the mixed layer heat content (HC) and of the cumulative heat flux Qtot split into the shortwave and
longwave (Qrad), latent (Qlat), and sensible (Qsens) heat fluxes and horizontal Ekman transport heat fluxes from
September 2014 to April 2015 in the three boxes (Figures 3a–3c). de Boisséson et al. [2010] and Piron et al.
[2016] showed the suitability of ERA-Interim data for such comparison in the subpolar gyre of the North
Atlantic Ocean. The Ekman heat flux is induced by the horizontal Ekman advection acting on horizontal tem-
perature gradients, which are computed, following Piron et al. [2016], from SST data. For convenience, all
terms were initialized at 0 in September. The Ekman component represented at most 10% of the total heat
loss. The latent heat loss dominated in IRM and SCF and represented about 60% of the total heat loss. In LAB,
the latent and sensible heat fluxes represented about half of the total heat flux each. HC was estimated from
the calculation of the mixed layer heat content variation (HCV) between two consecutive months in consid-
ering a MLD equal to the maximum MLD value observed over the 2months. The procedure is similar to that
used by de Boisséson et al. [2010] along floats trajectories.

The temporal evolution of the mixed layer heat content is explained at first order by the sum of the air-sea
and Ekman transport heat fluxes (Figures 3a–3c). The agreement between HC and Qtot is striking in LAB. In
IRM, the total heat loss to the atmosphere was stronger than the mixed layer heat content variations. The dif-
ferences may be due to biases on the air-sea forcing and to other processes that were not taken into account
like entrainment into mixed layer of water from below [Lilly et al., 1999] or horizontal advection of the warm
Atlantic waters from the boundary current [Lazier et al., 2002]. This latter mechanism possibly explains the
mixed layer warming observed in November 2014.

4. Discussion

In agreement with the high NAO index characterizing Winter15, the oceanic air-sea heat loss over the subpo-
lar gyre during Winter15 was 20% to 50% larger than the 1979–2015 climatology (Figure 1b) and 20 to 40%
higher over the three convection sites. Anomalies were not due to anomalously cold (and dry) air tempera-
ture and large sea ice extent (Figure S1 in the supporting information) as in 2007–2008 [Våge et al., 2009] but
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resulted from positive wind speed
anomalies in the 53–63°N latitude
band associated with an intensifica-
tion of the meridional surface pres-
sure gradient [Duchez et al., 2016].
Winter15 atmospheric conditions for
the three deep convection sites are
further characterized by determining
the number of strong wind events
(Figure 4). A strong wind event was
defined by a wind stress larger than
3 times the wind stress standard
deviation estimated over the period
1990–2015 between 1 September
and the date when the net air-sea
heat flux to the ocean starts to be
positive. The calculation was done in
LAB, SCF, and IRM and for all winters
since 1991. Note that in the Irminger
Sea strong wind events correspond
generally but not only to the westerly
Greenland Tip Jets [Pickart et al.,
2003b].

Compared to the other winters of the
period 1990–2015, Winter15 was
exceptional in terms of winter heat
loss and strong wind event occur-
rences (Figure 4). For the three boxes,
Winter15 is the second winter after
Winter93 in terms of strong heat loss
anomaly. It was also among the top
threewinters in termsof largenumber
of strong wind events. Those excep-
tional atmospheric conditions caused
the formation of exceptionally deep
MLDs south of Cape Farewell and in
the Irminger Sea and explain the fact
that deep convection occurred over

an incomparably wide region in the subpolar North Atlantic as already noted by Fröb et al. [2016].

However, the atmospheric conditions alone cannot explain why the late winter MLDs were shallower in the
Irminger Sea than in the Labrador Sea and south of Cape Farewell despite similar winter heat loss amplitudes
in the three boxes (3 × 109 J; Figures 3a–3c); why the MLD deepening stopped at 800–1000m in 2007–2008
[Våge et al., 2008; de Jong et al., 2012] while Winter08 was as exceptional as Winter15 in terms of heat loss and
number of strong wind events (Figure 4); and why the exceptional air-sea forcing did not lead to exception-
ally deep MLDs in the Labrador Sea. To address those questions, we assessed the role of the preconditioning
of the water column for each box by computing the amount of heat that should be extracted (HCext) from an
end of summer profile to homogenize it down to a given depth (Figures 3d and 3e). The computation was
carried out using mean potential temperature profiles calculated from all profiles available in September
2014 in LAB and IRM and in August 2014 in SCF because no profiles were available in this box in
September (Figures 3d and 3e). This supposes that the mixed layer deepening is mainly a one-dimensional
process governed by winter heat loss. This is true at first order for Winter15 (Figures 3a–3c), and this was
proven to be true for other winters in the Labrador Sea [Lilly et al., 1999; Yashayaev and Loder, 2009] and in
the Irminger Sea [Våge et al., 2008].

Figure 4. Number of strong wind events as a function of total heat flux
anomalies cumulated from 1 September to the date when the net air-sea
heat flux to the ocean starts to be positive. The total heat flux is the sum of
air-sea and Ekman heat fluxes. Anomalies were computed relative to the
climatological value estimated over 1979–2015 and equal to�2.6,�2.4, and
�2.7 × 09 J in (a) LAB, (b) SCF, and (c) IRM, respectively. Years indicated in
Figures 4a–4c correspond to the year of the end of winter.
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In IRM, the HCext curve predicts a MLD of 1400m that matches the observed maximum MLD when consider-
ing the observed Winter15 heat loss (Figure 3e). The predicted MLD corresponds also to the top of the deep
thermocline that acts as a barrier for a further deepening of the MLD. A heat loss almost twice as large as the
one observed during Winter15 would have been necessary to reach a MLD in the Irminger Sea as deep as
those observed in the Labrador Sea (1800m). Considering the already exceptional character of Winter15,
1400m is obviously the deepest MLD that can be reached with the current preconditioning. By contrast,
the barrier effect due to the deep thermocline was not the limiting factor for the further deepening of the
mixed layers in Winter08 because, as argued by de Jong et al. [2012], the density gradient at the base of
the end of winter mixed layers was weak. The exceptional heat loss of Winter08 in IRM (Figure 4c) removed
the strong initial temperature stratification induced by the mild winters of the early 2000s. The surface cool-
ing ceased or weakened sufficiently in March for restratification by advection of warmer waters from
surrounding boundary currents to take place, and no further deepening of the mixed layers was observed
[de Jong et al., 2012]. In LAB and SCF, the maximum Winter15 MLDs were shallower by about 150m than
the predicted MLD (Figure 3e) but matched the depth of the deep thermocline. In addition, late winter deep
mixed layers that reached 1700–1800m in those boxes were colder than the water mass found at the same
levels in August–September 2014 by about 0.15°C. The heat extracted from the ocean in those two boxes
during the whole winter was used to deepen the mixed layers down to the top of the deep thermocline
and to cool it.

A cooling of the upper part of the water column is observed between September 2014 and September 2015
in the three basins (Figure S2). It is consistent with the cold SST anomaly computed compared to the period
2000–2015 that was present in June 2015 over the whole subpolar gyre and that was attributed to the strong
atmospheric forcing that prevailed during Winter15 [Duchez et al., 2016; de Jong and de Steur, 2016].
Interestingly, a cold SST anomaly of about 1–2°C was already present in the subpolar gyre in November
2014 [Duchez et al., 2016] and has likely favored the positive NAO phase observed in Winter15 as such SST
anomaly was proven to influence the phase of the NAO [Hurrell and Deser, 2009; Scaife et al., 2014]. This cold
anomaly was considered as a reemergence of subsurface anomaly from the preceding winter and was
present down to 700m (Figure S2; Duchez et al., 2016). Being not salinity compensated, it caused a density
increase in the upper 700m between September 2013 and September 2014 (not shown) and acted as a
preconditioning of the water column for deep convection, especially in IRM. Indeed, HCext computed from
2013 summer conditions but with a heat loss of 3 × 109 J as that observed in Winter15 suggests that MLDs
would have only reached 800m without the preconditioning by the cold anomaly (Figure 3e). The cold
anomaly that developed recently in the subpolar gyre of the North Atlantic Ocean favored the intense
Winter15 deep convection, which in turn enhanced this cold anomaly.

Despite the exceptional character of Winter15, which was similar in terms of atmospheric conditions to those
of the early 1990s, deep convection in LAB was shallower during Winter15 than during the early 1990s
winters when it reached 2400m. To understand this difference, we computed HCext from summer profiles
collected in 1993 and 1994 along the AR7W line in LAB [Yashayaev, 2007] (not shown). We found that, with
similar air-sea heat loss, the vertical extent of the deep convection could be much larger in the early 1990s
than in Winter15 because the deep thermocline lay at 2300–2400m during this period. In addition, the heat
loss required to deepen the mixed layers down to the deep thermocline depth in the early 1990s (about
1 × 109 J) was much less than the observed heat loss (more than 3× 109 J) (Figure 4a). This would explain
the LSW cooling trend observed in the early 1990s [Yashayaev, 2007].

5. Conclusions

During winter 2014–2015, a major deep convective activity forced by exceptional turbulent air-sea fluxes
occurred over an area extending from the interior of the Labrador Sea to the Irminger Sea. It was favored
by and enhanced the cold anomaly that developed recently in the subpolar gyre of the North Atlantic
Ocean. The MLDs reached 1800m in the Labrador Sea, which is similar to the deepest MLDs observed since
the mid-1990s but shallower than those observed in the early 1990s. The MLDs reached 1700m and 1400m
south of Cape Farewell and in the Irminger Sea, respectively, which are the deepest MLD directly
observed in those two regions. The three basins formed LSW of same density but with different tempera-
tures and salinities. In the Irminger Sea, the MLDs extended down to the base of the LSW pool (1400m)
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[Daniault et al., 2016] so that the convective patches contributed to the renewal of the LSW over its full depth
range. The mixed layer deepening in the Labrador Sea was limited by the deep thermocline density gradient,
and a significant cooling of the LSW compared to previous year was observed. By contrast, theMLDs observed
south of Cape Farewell and in the Irminger Sea nearly correspond to the MLDs predicted by applying surface
fluxes to the end of summer heat content. We cannot exclude that such exceptional widespread deep
convection occurred before, most likely in the early 1990s when winters were as exceptional as winter
2014–2015 and when convection intensity was at a maximum in the Labrador Sea [Yashayaev, 2007], but
sparse observations prevent to confirm it. One may also wonder whether this enhanced LSW production
was associated with an intensification of the MOC [Rahmstorf et al., 2015].

If harsh winters regularly occur in the future as observed since 2008, we can expect that the deep thermocline
will continue to be eroded and cooled and that a new dense and cold LSW variety will be formed. Those
changes in the strength of deep convection and on the properties of the LSW are not surprising in the
subpolar gyre of the North Atlantic, which is known to have exhibited significant variability over the past five
decades [Yashayaev, 2007]. However, we might also expect that reduced winter oceanic heat loss and
increased inflow of freshwater from Greenland and the Nordic Seas in a warming world could modify the
natural deep convection cycle [Yang et al., 2016; Brodeau and Koenigk, 2016] and impact the MOC
[Rahmstorf et al., 2015]. Some climate model simulations even predicted the complete extinction of deep
convection in the Labrador Seas after the 2020s [Brodeau and Koenigk, 2016]. In this context, using models
with the Argo observations of deep convection as benchmarks could lead to better understanding of the role
of the various parameters involved in deep convection, which is more than ever required to improve their
representation in climate models.
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