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Analysis of Argo data obtained during winter 2011-2012 revealed the presence over the Irminger Basin of an exceptionally large number of profiles (41) with mixed layer depths (MLD) exceeding 700 m, which was deep enough to reach the pool of the intermediate Labrador Sea Water located in the Irminger Sea. Four of these profiles exhibited an MLD of 1000 m, which was the maximum value observed for the winter in question. The Argo sampling in the Irminger Sea during that winter, which was 3 to 4 times greater than for the preceding winters, enabled the different phases of the mixed layer deepening down to 1000 m, together with their spatial extents, to be observed for the first time. Two intense convective periods occurred: in late January south of Cape Farewell and in late February-early March east of Greenland. A final deepening period was observed in mid-March, during which the deepest mixed layers were observed. This long deepening period occurred in large regional areas and was followed by a rapid restratification phase. The temporal evolution of oxygen profiles from one Argo float testifies to the local and rapid ventilation of the mixed layer by the deep convection. A mixed layer heat budget along the trajectories of the 4 floats that sampled the deepest mixed layers showed that heat loss at the air-sea interface was mainly responsible for heat content variations in the mixed layer. Greenland Tip Jets were of primary importance for the development of deep convection in the Irminger Sea in the winter of 2011-2012. They enhanced the winter heat loss and two long (more than 24 hours), intense late events close together in time pushed the mixed layer deepening down to 1000 m. Net air-sea fluxes, the number of Greenland Tip Jets, the stratification of the water column, the NAO index and the Ekman-induced heat flux are pertinent indicators to assess conditions that are favorable for the development of deep convection in the Irminger Sea. By considering each of those indicators, it was concluded that the 2011-2012 event was not significantly different from the three other documented occurrences of deep convection in the Irminger Sea.

Introduction

The Meridional Overturning Cell (MOC) is a key component of Earth's climate as it contributes to the redistribution of heat, salt and carbon within the world ocean. In the North-Atlantic Ocean, the warm and salty water masses of the upper limb of the MOC are progressively cooled and densified by convection. Convection is a mechanism related to the increase in surface density induced by heat loss and evaporation, leading to an increase in the Mixed Layer Depth (MLD) [START_REF] Lazier | Deep convection[END_REF]. In the subpolar gyre of the North-Atlantic Ocean, oceanic deep convection is the final stage of this continuous water-mass transformation process, in which intermediate and deep water masses are formed and feed the lower limb of the MOC. Deep convection not only provides dense water to the MOC but also helps to set the density of its lower limb. Given this relationship, we consider hereafter that convection in the North-Atlantic Ocean can be qualified as "deep" when it reaches the water masses of the MOC lower limb.

The two main sites of deep convection in the North-Atlantic are the Labrador Sea and the Greenland Sea [START_REF] Lazier | Oceanographic conditions at Ocean Weather Ship Bravo, 1964-1974[END_REF][START_REF] Dickson | Long-term coordinated changes in the convective activity of the North-Atlantic[END_REF]. The Irminger Sea was also recognized as a possible site of deep convection by [START_REF] Nansen | Das Bodenwasser und die Abkuhlung des Meeres[END_REF] and [START_REF] Sverdrup | The Oceans: Their Physics, Chemistry, and General Biology[END_REF] but this result was forgotten for decades because of a lack of observations, especially in winter (Pickart et al., 2003b[START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. In addition, under moderate forcing, the MLD in the Irminger Sea typically reaches 400 m [START_REF] Centurioni | Winter conditions in the Irminger Sea observed with profiling floats[END_REF]Gould, 2004, de Jong et al., 2012), which is not deep enough to reach the Labrador Sea Water (LSW) layer, the main intermediate water masses found in the Irminger Sea and belonging to the lower limb of the MOC [START_REF] Lherminier | Transports across the 2002 Greenland-Portugal Ovide section and comparison with 1997[END_REF]. However, a decade ago, Pickart et al. (2003b) demonstrated that the conditions necessary for the development of deep convection are satisfied in the Irminger Sea by the presence of weakly stratified surface water, a closed cyclonic circulation and intense winter air-sea buoyancy fluxes [START_REF] Marshall | Open-ocean convection: observations, theory, and models[END_REF]. Since then, a few observations of deep mixed layers have confirmed that the Irminger Sea is a deep convection site (Figure 1). [START_REF] Bacon | Open-ocean convection in the Irminger Sea[END_REF] published measurements made by a profiling float south of Cape Farewell in March 1997 that showed a homogeneous density profile from the surface to more than 900 m.

More recently, the analysis by [START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF] of the 2002-2010 time series from 2 moorings localized in the center of the Irminger Sea provided direct evidence of deep mixed layers. While the maximum MLD did not exceed 400 m during most winters, it reached 1000 and 800 m in the winters of 2007-2008 and 2008-2009, respectively. Indirect observations of convection with a homogeneous layer below a near-surface stratified layer were also reported.

These profiles, referred to as isolated mixed layer in what follows, were observed in spring or in summer after the development of the shallow seasonal mixed layer. Using profiling floats and hydrographic sections, [START_REF] Bacon | Open-ocean convection in the Irminger Sea[END_REF] and Våge et al. (2009a) reported such profiles southeast of Greenland in August-September 1997 and in the central Irminger Sea in April 2008, respectively. In both cases, the isolated mixed layer was observed down to about 1000 m. In April 1991, Pickart et al. (2003b) reported an isolated mixed layer south of Cape Farewell down to 1800 m, which is deeper than those observed in the 2000s. On the basis of various arguments, including an estimated advection time-scale, Pickart et al. (2003b) additionally concluded that the isolated mixed layers could not result from deep convection outside the Irminger Sea, in the central Labrador Sea for instance. The magnitude of the winter air-sea heat loss and the preconditioning of the water column are essential elements controlling the intensity of the Irminger Sea convection (Pickart et al., 2003b;[START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. The efficiency of the winter air-sea forcing to generate overturning depends on the number of Greenland Tip Jets that are regional-scale atmospheric events of high wind speed taking place to the east of the southern tip of Greenland [START_REF] Doyle | Flow response to large-scale topography: the Greenland tip jet[END_REF]. The Greenland Tip Jets induce intense air-sea heat fluxes and wind-stress curl that act together to trigger intense mixing and deep convection in the Irminger Sea (Pickart et al., 2003a). Pickart et al. (2003a,b) established a relationship between deep convection in the Irminger Sea, the North-Atlantic Oscillation (NAO), which is the dominant mode of atmospheric variability in the North Atlantic sector [START_REF] Hurrell | Decadal Trends in the North Atlantic Oscillation: Regional Temperature and Precipitation[END_REF], and the Greenland Tip Jets. A positive NAO index is expected to favor the occurrence of deep convection in the southwest Irminger Sea because Greenland Tip Jets are more frequent during winters with positive NAO index (Pickart et al., 2003a). However, according to Våge et al. (2009b), there is not a one-to-one correspondence between convection and the NAO index because other factors, such as preconditioning of the water column, are also important for regulating the depth of convection in the Irminger Sea. During the last decade, only a small number of studies have shown that the Irminger Sea is a site for deep convection and investigated the mechanisms that could trigger such an event. Up to now, the description of a given event of deep convection has been limited by the available observations, which, themselves, were limited in space (one location) and time (one profile per year except for the moorings data analyzed by [START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. Accordingly, the question that remains to be addressed is the following: What is the spatial extent of deep convection in the Irminger Sea? Thanks to the Argo program, it is now possible to answer this question. The Argo program provided exceptional sampling of the Irminger Sea in winter 2011-2012 and many of the profiles obtained showed MLDs greater than 700 m, which is the upper limit of the LSW core in the Irminger Sea (Figure 2). Among those profiles, 4 exhibited MLDs down to 1000 m. The sampling in the Irminger Sea in winter 2011-2012 was 3 to 4 times greater than for the preceding winters. For instance, the number of profiles available between January and April in a box where the Greenland Tip Jets are the most intense [START_REF] Våge | Winter Mixed Layer Development in the Central Irminger Sea : The Effect of Strong, Intermittent Wind Events[END_REF](Våge et al., , 2009b)), and referred to in the following as the Tip Jet box (TJ box) (Figure 1), was 36 in 2012, whereas, on average over the period from 2002 to 2010, it was 9. Using atmospheric reanalyses and results of earlier studies, we investigated the forcing terms responsible for this occurrence of deep convection and compared them to those available in documented past occurrences of deep convection.

The paper is organized as follows. Section 2 presents the data used in this study, an evaluation of the air-sea fluxes, the methods of estimation of the MLD and the criterion employed to detect the occurrence of Greenland Tip Jets. The episode of deep convection during winter 2011-2012 in the Irminger Sea is described in detail in Section 3, with a focus on the spatial pattern and onset of the convective activity. Considering the mixed layer heat budget along the trajectories of 4 floats, we assess the main terms of the heat budget responsible for the mixed layer deepening and deep convection. Finally, the 2011-2012 winter is placed in an interannual context. Section 4 concludes the paper.

Data and methods

Argo data

Our study was based on the Argo dataset downloaded from the Coriolis Data Center (http://www.coriolis.eu.org) in October 2012 (no DOI was available at that time). We considered 1118 profiles from 68 Argo floats obtained between 52° and 66°N and between 44°W and the Reykjanes Ridge during the period from September 2011 to September 2012.

The Argo floats provide data every 10 days on temperature (T), salinity (S) and pressure (P) between 0 and 2000 dbar with a typical vertical resolution of 10 db in the upper layers and 25 db at depth. One float (WMO # 5902298) also measured dissolved oxygen concentration (O 2 ).

To obtain a heat budget along the trajectories of the 4 floats (WMO # 4901163, 4901165, 4901166 and 5902298) that detected the deepest MLDs for this winter (Section 3.2), the vertical profiles of the 4 floats were linearly interpolated every 10 m from 5 to 1995 m.

Argo data undergo a careful quality control procedure including (1) real-time automatic test and adjustment to assign a real-time quality flag and to provide real-time adjustment whenever possible (Wong et al., 2014), ( 2) delayed-mode adjustment following [START_REF] Owens | An improved calibration method for the drift of the conductivity sensor on autonomous CTD profiling floats by Ө-S climatology[END_REF], and (3) a final quality check of the basin-scale consistency of the Argo data as part of the Argo Regional Center dataset [START_REF] Gaillard | Quality Control of Large Argo Datasets[END_REF]. Good and probably good (QC flag 1 or 2) Argo data were used in this study. When available, the adjusted field was used. O 2 data from float WMO # 5902298 were corrected with respect to a reference profile collected at float deployment following [START_REF] Takeshita | A climatology-based quality control procedure for profiling float oxygen data[END_REF]. Overall, the accuracy of the data was 0.01°C, 0.02, 5 dbar and 8 μmol kg -1 for T, S, P and O 2 , respectively.

Mixed Layer Depth estimation

The study was based on the determination of MLD from Argo profiles. In order to ensure a robust estimation of the MLDs, three methods were used: the "threshold method" used by de Boyer [START_REF] De Boyer Montégut | Mixed layer depth over the global ocean : An examination of profile data and a profile-based climatology[END_REF], the "split-and-merge method" proposed by [START_REF] Thomson | Estimating Mixed Layer Depth from Oceanic Profile Data[END_REF] and a visual inspection as proposed by [START_REF] Pickart | Hydrography of the Labrador Sea during Active Convection[END_REF]. The threshold method is based on a density difference between the surface and the base of the mixed layer. Simple to implement, this method has been used in many studies. However the density threshold of 0.03 kg m -3 , used by [START_REF] De Boyer Montégut | Mixed layer depth over the global ocean : An examination of profile data and a profile-based climatology[END_REF] in establishing their world climatology, overestimated MLD values in the Irminger and Labrador Seas by up to several hundred meters (Figure 3a). Based on a visual inspection of a subset of the profiles, a new threshold value of 0.01 kg m -3 was determined for those basins. The split-and-merge method is based on the approximation of the profile by a suite of first order polynomials (segments) obtained by minimizing the number of segments while keeping the error ε between the real profile and the approximated profile below a given threshold. The MLD is defined as the base of the first segment. The maximum error ε max that should not be exceeded is the criterion that must be chosen by the user. Using an analysis of variance (ANOVA; [START_REF] Wu | Experiments: planning, analysis, and parameter design optimization[END_REF] that compared the split-and-merge method with the threshold method, we established that the most suitable criterion for MLD estimation with the split-and-merge method in the Labrador and Irminger Seas was ε max = 0.003 kg 2 m -6 .

MLD determination based on a visual inspection of the profiles is the most accurate method, especially in the weakly stratified subpolar gyre of the North-Atlantic Ocean, but it is inappropriate when dealing with a large number of profiles. For this reason, the MLD for each profile of our dataset was first automatically estimated following the threshold and split-andmerge methods. The MLD value was verified by a visual inspection of the corresponding profile when the two estimates differed (Figure 3a), when it was inconsistent with that of nearby profiles or when it was unexpected or exceptionally large. In the following, we consider that an MLD greater than 700 m is the signature of deep convection in the Irminger Sea since it indicates ventilation of the lower limb of the MOC (Section 1). Some of the winter profiles presented a deep homogeneous layer exceeding 700 m below a stratified surface layer. If the comparison with neighboring profiles in space and time indicated that the stratified near-surface layer was recent due, for instance, to recent horizontal intrusion of near surface stratified layers, we considered that the deep homogeneous layer represented a recent mixing event. The MLD was thus set at the base of this deep homogeneous layer. During the restratification phase in spring, some isolated mixed layer profiles also presented a deep homogeneous layer exceeding 700 m (Figure 3b), which will be referred to as a deep isolated mixed layer. Finally, the properties (potential temperature, salinity and potential density) of the deep mixed layers and of the deep isolated mixed layers observed during the restratification phase were calculated in a similar way, at the potential vorticity minimum (Figure 3).

Wind data and Greenland Tip Jet detection

Wind and wind-stress used in this study came from the ERA-Interim reanalysis [START_REF] Dee | The ERA-Interim reanalysis: configuration and performance of data assimilation system[END_REF] from the European Centre for Medium-Range Weather Forecasts (ECMWF). The fields were available every 12 hours at a horizontal resolution of 0.5 ° in longitude and latitude.

According to [START_REF] Renfrew | A comparison of aircraft-based surface-layer observations over Denmark Strait and the Irminger Sea with meteorological analyses and QuikSCAT winds[END_REF], the ability of different atmospheric analyses to reproduce the surface fields associated with high winds such as Greenland Tip Jets depends on various model parameters, such as model resolution, surface flux parameterization or atmospheric surface layer scheme. These authors compared the ability of different data sets, including the ERA-40 atmospheric reanalysis from ECMWF (Uppala et al., 2005) and the NCEP reanalysis, to reproduce the surface fields at the Denmark Strait and in the Irminger Sea. They showed that the ERA-40 reanalysis produced turbulent surface fluxes in reasonable agreement with observations. Since then, the ERA-Interim atmospheric reanalysis has been released [START_REF] Dee | The ERA-Interim reanalysis: configuration and performance of data assimilation system[END_REF]). An improved assimilation scheme and a better horizontal resolution are examples of important improvements made to this reanalysis. 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 We compared ERA-Interim winds with ASCAT (Advanced SCATerometer) wind fields provided by the MetOp satellite [START_REF] Bentamy | Characterization of ASCAT measurements based on buoy and QuikSCAT wind vector observations[END_REF] in the TJ box over the period 1 November 2011 -31 March 2012 (not shown). We did not use ASCAT gridded products (1/4° horizontal resolution) because they are available as a daily mean, which is not sufficient to represent Greenland Tip Jets, whose temporal scale is generally less than 1 day (Våge et al., 2009). We thus used along-track ASCAT data. Note that the 2 datasets are not independent since the ASCAT data are assimilated in ERA-Interim. In agreement with [START_REF] Harden | A Climatology of Wintertime Barrier Winds off Southeast Greenland[END_REF], ERA-Interim wind speed was found to be slightly underestimated compared to ASCAT wind speed (by 1-2 m s -1 ) for moderate wind speed (less than 20 m s -1 ). As with the ERA-40 reanalysis (Våge et al., 2009b), a threshold effect appeared at high wind speed: the ERA-Interim wind speed never exceeded 27 m s -1 while ASCAT wind speed reached values greater than 35 m s -1 . Despite these limitations, agreement between ASCAT data and ERA-INTERIM was good overall. Since the ASCAT data did not have the necessary resolution for Greenland Tip Jet detection, ERA-INTERIM was used for this purpose. The criterion was based on the zonal wind speed averaged in the TJ box and was designed to provide results similar to those obtained by Våge et al. (2009b) for the period 1958-2002. Using 12-hourly ERA-interim winds, the best agreement with Våge et al. (2009b) was given by using a zonal wind speed averaged in the TJ box greater than 19 m s -1 (Figure 4) after 1995 and greater than 18 m s -1 in the early 1990s. As using 18 or 19 m s -1 did not significantly affect our results, we used the criterion that provided the best agreement over the whole common period (1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002), which was 19 m s -1 . The Greenland Tip Jet detection was considered over 1990-2012 in order to put the winter of 2011-2012 in an interannual context.

Air-sea heat fluxes and SST

Net air-sea heat fluxes and sea surface temperatures (SST) were taken from the ERA-Interim reanalysis at the same spatial and temporal resolution as the wind fields (see Section 2.3). ERA-Interim net air-sea heat fluxes were used preferentially in this study as they had been validated against observations in this region before with good results [START_REF] Renfrew | A comparison of aircraft-based surface-layer observations over Denmark Strait and the Irminger Sea with meteorological analyses and QuikSCAT winds[END_REF][START_REF] Harden | A Climatology of Wintertime Barrier Winds off Southeast Greenland[END_REF]. Net air-sea heat fluxes from the numerical weather prediction model ARPEGE (Action de Recherche Petite Echelle Grande Echelle) [START_REF] Déqué | The Arpege/Ifs Atmosphere Model: a Contribution to the French Community Climate Modeling[END_REF] and from NCEP (National Centers for Environmental Prediction) Reanalysis 2 [START_REF] Kanamitsu | NCEP-DOE AMIP-II Reanalysis (R-2)[END_REF] were also used to verify the robustness of our results. Both fields were available at 1/2° horizontal resolution and as a daily mean. The comparison was made in the TJ box (Figure 5).

The mean and rms differences between ERA-Interim data and ARPEGE (or NCEP) data were 22.9 and 36.1 W m -2 , respectively (or -13.8 and 49.7 W m -2 , respectively). Most importantly for our study, the correlation between the time series was remarkably high (more than 98% in both cases), with heat loss peaks detected at the same dates with the 3 products, especially during winter. However some differences affected the amplitudes of the stronger events. For instance, the NCEP model provided more extreme values (positive or negative) than ERA-Interim and ARPEGE.

Absolute Dynamic Topography

Absolute Dynamic Topography (ADT) data provided by AVISO (Archiving Validation

Interpretation Satellites Oceanographic data; http://www.aviso.oceanobs.com/duacs/) were used in this study (Section 3) to visualize the intensity and delimit the location of the Irminger Gyre [START_REF] Våge | The Irminger Gyre : Circulation, convection, and interannual variability[END_REF] and as an indicator of the preconditioning of the water column [START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. ADT fields have been available every 7 days since October 1992 with a horizontal resolution of 1/3°. During February-March 2012, ADT fields were available at the following dates: 22 and 29 February and 7, 14, 21, 28 March 2012. 8). The deep mixed layers were observed over a large area extending from the south of Cape Farewell to the central part of the Irminger Sea and bounded by the -55 cm ADT contour that defines, in agreement with [START_REF] Våge | The Irminger Gyre : Circulation, convection, and interannual variability[END_REF], the Irminger Gyre. They were generally observed within or to the east of the Irminger Gyre core, which is defined by the -65 cm ADT contour. These maps allow the following chronology of the event to be described:

Basin-scale deep convection in the Irminger

1. No profile with a deep mixed layer was observed before 18 January 2012. From 18 January to 3 February 2012, 45% of the profiles located inside the Irminger Gyre had an MLD greater than 700 m (Figure 8a). This ratio increased to 69% (9 out of 13 profiles) when profiles south of 61°N were considered. Most of the deep mixed layer profiles (8 out of 9) were localized south of Cape Farewell in the southern part of the Irminger Gyre, in an area referred to as the south box below (Figure 8). Profiles with the deepest mixed layers observed during this period (800 m) were localized in this box. One profile with a deep isolated mixed layer was also observed east of Greenland in the area referred to as the north box but, because of a lack of data, it was not possible to know whether there was continuity between those two areas or not.

2. From 4 February to 20 February 2012, a similar number of deep mixed layers were observed within the Irminger Gyre (9 profiles) but represented a lower proportion (30% of the profiles) compared to the previous period. Those profiles were located to the east of the core of the Irminger Gyre (Figure 8b), which was narrower than in the previous and following periods. This suggests that, during this period, the deepening slowed down compared to the previous period.

3. From 21 February to 8 March, 46% (11 out of 24) of the profiles localized inside the Irminger Gyre had an MLD greater than 700 m (Figure 8c). Profiles with a deep mixed layer were observed further north than in the first period. Most of them were observed east of Greenland in the north box (Figure 8c,e), except for one that was located south of 58°N.

During this period, the deepest mixed layers reached 850 m east of Greenland. 5. During the next 17 days, no profiles with a deep mixed layer were observed and 58% (14 out of 24) of the profiles were characterized by an isolated mixed layer deeper than 700 m, 5 of which even reached 1000 m (Figure 8f).

Our dataset revealed that the deepening of the mixed layer occurred in large regional areas.

We observed a deepening of the mixed layer south of Cape Farewell down to 800 m in late The deep mixed layers and the deep isolated mixed layers were warmer and saltier in the north box than in the south box (Figure 9). The properties in the north box at the end of the convective period, which ranged between 3.85 and 4.15°C and between 34.91 and 34.95 (Figure 6 and Figure 9), were similar to those found by [START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. In the south box, the properties at the end of the convective period ranged between 3.65 and 4°C and between 34.86 and 34.91. Temperature and salinity differences between the two boxes were density compensated in the early period. The potential density of the deep mixed layers and deep isolated mixed layers was about 27.70 -27.71 kg m -3 in the two boxes. In the north box, the density of those mixed layers increased to 27.72-27-73 kg m -3 at the end of the convective period and during the restratification phase. The few profiles available in the south box suggested that the potential density was between 27.1 and 27.2 kg m -3 . More profiles would be necessary in the south box to confirm the difference between the two boxes, which could be taken as further indirect evidence that the LSW found in the Irminger Sea was not entirely advected from the Labrador Sea, as suggested by [START_REF] Yashayaev | Spreading of the Labrador Sea Water to the Irminger and Iceland basins[END_REF] The salinity time series in the north box, based on Argo salinity profiles, clearly shows the presence of a salinity minimum centered near 1000 m depth and associated with the LSW core. The homogeneous salinity profiles down to nearly 1000 m mark the deep convection event that occurred in early March. Interestingly, the salinity of the LSW between 800 and 1000 m increased during this event and remained high until mid-June. This confirms that the deep convection observed during winter 2011-2012 in the Irminger Sea reached the LSW and partially modified its properties through the vertical redistribution of the salty waters found in the first hundred meters of the water column from September to February (Figure 9). The salinity of the LSW layer decreased after mid-June, which suggests the arrival of LSW from the Labrador Sea. Despite this partial renewal, the LSW found in the north box remained saltier and denser in summer 2012 than in summer 2011 (Figure 9). The temporal evolution of the oxygen profiles from float 5902298 testifies to the local and rapid ventilation of the mixed layer by the deep convection (Figure 6d). Profiles collected between 30 January and 20 March showed oxygen saturation of about 94-96 % in the mixed layer. Such values are typical of deep overturning events [START_REF] Reid | On the use of dissolved oxygen concentration as an indicator of winter convection[END_REF] because the water is cooled and convected away from the sea surface at a much faster rate than oxygen can equilibrate between the surface waters and the atmosphere [START_REF] Clarke | The Formation of Labrador Sea Water. Part III: The Evolution of Oxygen and Nutrient Concentration[END_REF]. The oxygen saturation of the water masses lying below this upper layer was 85-90 %, indicating that the corresponding water masses were formed during preceding winters. From 30 January to 10 March, the depth of the 94-96% saturation layer increased from about 300 m to 1000 m.

In addition, oxygen saturation for profiles collected from 19 February to 20 March was very homogeneous from the surface to 800 or 1000 m, demonstrating the on-going convective activity. After mid-March, the absence of convective activity was characterized by oxygen profiles that were less homogeneous vertically because of lateral intrusion or mixing with adjacent water masses (Körtzinger et al., 2003) and because near-surface restratification resulted in surface water saturation or even supersaturation due to biological activity (Figure 6d). No more profiles were available from float 5902298 after 9 April 2012.

Heat budget

To go further in the description of the deep convection that occurred during the winter of 2011-2012 in the Irminger Sea, a mixed layer heat budget was calculated along the trajectories of the 4 floats described previously, following de [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF]. The heat budget was expressed as follows:

(1) where  0 is the surface-referenced density, Cp is the heat capacity of the sea water, h is the MLD, T is the potential temperature, <T> is the potential temperature averaged over h, Fnet is the net air-sea heat flux, (U E ,V E ) are the eastward and northward components of the Ekman horizontal transport and w ekman is the vertical Ekman velocity. Equation 1 expresses the balance between the heat content variation (HCV, lhs), the net air-sea fluxes (first term on rhs), and the heat flux induced by the horizontal and vertical Ekman advection acting on horizontal and vertical temperature gradients (last two terms on rhs). These terms are referred to as the horizontal and vertical Ekman heat fluxes below. To derive this equation from the one originally proposed by [START_REF] Caniaux | A three-dimensional ocean mesoscale simulation using data from the SEMAPHORE experiment : Mixed layer heat budget[END_REF], a few assumptions were made and are detailed by [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF]. We considered that the contributions to the mixed layer temperature changes by the Ekman and the geostrophic flows were distinct and assumed that the same mixed layer water mass was sampled in two consecutive profiles, which is strictly true only in the absence of vertical shear in the horizontal velocity field. Hence, we did not expect the Argo float, which drifted 1000 m over about 9 days and at the sea surface over a few hours, to follow the mixed layer water mass perfectly. There was thus a geostrophic advection contribution that could not be directly estimated along the trajectory of the Argo float. To minimize the contribution of this unaccounted-for term, we followed the procedure implemented by de [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF], who discarded consecutive Argo profiles that clearly did not sample the same mixed layer water mass, for instance when float 4901163 showed an abrupt decrease in the MLD in February 2012 (Figure 7b). It was also assumed that the Ekman layer was contained in the mixed layer, and SST data were thus used to estimate the horizontal temperature gradients needed for the computation of the horizontal Ekman heat flux. The vertical Ekman heat flux was expected to potentially play a role during the preconditioning period but not during the convective period, as the thickness of the Ekman layer did not exceed about 150 m [START_REF] Wijffels | Direct Observations of the Ekman Balance at 10°N in the Pacific[END_REF]. Finally, as in de [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF], horizontal diffusion and vertical diffusion across the base of the mixed layer were neglected, as was advection of heat by horizontal velocity deviations from the mean.

The mixed layer heat budget was then estimated along the trajectories of the 4 floats from September 2011 to April or July 2012 depending on data availability. For each float, the 4 terms of the budget were calculated along the float trajectory between each profile and the one obtained 10 days later. For each pair of profiles, HCV was computed by considering a layer having a depth chosen as the deepest MLD of the two profiles [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF]. The net air-sea heat fluxes and the SSTs were obtained directly from ERA-Interim while the Ekman horizontal transports and the vertical Ekman advection were derived from ERA-Interim wind fields (see Section 2.3). The net air-sea heat fluxes from NCEP and ARPEGE were also used to check the robustness of our results. Each term on the rhs of equation was interpolated on a daily basis at float profile positions determined assuming a rectilinear drift of the float at the parking pressure [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF].

As observed for the mixed layer deepening, the variations of heat content and the evolution of net air-sea fluxes were synchronous along each float trajectory (not shown). The heat budget terms of the 4 floats could thus be averaged because they were considered to be representative of this non-localized deep convection occurring at least at a regional scale (Figure 10). This averaging procedure smoothed the individual curves and provided more robust estimates of the different terms of the mixed layer heat budget. The three datasets gave similar results. At low frequency, the heat budget was nearly balanced by the HCV and net air-sea heat flux terms. From September to Mid-March, air-sea heat loss induced a cooling of the mixed layer. 1). This also suggests that the bias in the air-sea heat fluxes in the region is less than about 25 W m -2 and highlights the overall good quality of the heat fluxes in the subpolar gyre as also shown by de [START_REF] De Boisséson | Mixed layer heat budget in the Iceland Basin from Argo[END_REF] in the Iceland Basin. The amplitude of the standard errors reflects discrepancies observed on a monthly time scale between the net air-sea heat fluxes and the mixed layer heat content variations. Note, however, the agreement between the HCV and the net air-sea heat flux terms during the convective period in early March. During this period, heat loss was much larger in NCEP than in ERA-Interim or ARPEGE (Figure 5, Figure 10). The comparison with HCV suggests that the NCEP heat loss was overestimated. At the end of the convective period (25 March 2012), the cumulated mixed layer heat content change since September 2011 was -25.9 x 10 8 J while the cumulated net air-sea heat fluxes reached -30.8 x 10 8 J, i.e. a difference between the two main terms of the heat budget of 4.9 x 10 8 J. About 17 % of this difference was explained by the Ekman terms, for which the cumulated values reached 0.7 x 10 8 J and -0.1 x 10 8 J for the horizontal and vertical heat transport divergence, respectively. The residual difference came from the neglected terms, from the assumptions made or errors in the atmospheric forcing, or from a combination of all of these.

To conclude, the mixed layer heat budget averaged along the trajectories of the 4 floats was closed within the error bars. this shows that the net air-sea heat fluxes were the main drivers of the mixed layer heat content variations along the float trajectories (Figure 10). Horizontal and vertical Ekman heat fluxes were of secondary importance in the budget.

Heat fluxes and role of the Greenland Tip Jets

We then investigated the mechanisms that led to the heat loss observed during winter 2011-2012. Given the agreement between the three air-sea flux datasets for the heat budget calculation (Section 3.2) and strong heat loss events (Figure 5), we consider only the ERA-Interim dataset in the following. [START_REF] Våge | Winter Mixed Layer Development in the Central Irminger Sea : The Effect of Strong, Intermittent Wind Events[END_REF] showed the importance of strong intermittent wind events, such as the Greenland Tip Jets, for the development of a winter deep mixed layer in the Irminger Sea. Using ERA-interim wind and the Greenland Tip Jet detection criterion defined in Section 2.4, we estimated that 16 Greenland Tip Jet events occurred in the TJ box between 1 November 2011 and 30 April 2012 (Figure 11), the period considered by Våge et al. (2009b). Among those events, 3 lasted more than 24 hours and 2 of them considerably longer. Våge et al. (2009b) estimated that the mean duration of a Greenland Tip Jet in the period 1957-2002 was less than 24 hours and that there were, on average, 13 ± 5 Greenland Tip Jets between November and April, the maximum being 20-25 Tip Jets. Considering those values, the winter of 2011-2012 was intense but not exceptional in terms of number of Greenland Tip Jet events. However, the two events that occurred between 31 December and 2 January and between 5 and 9 March were of exceptional duration, lasting about 48 and 84 hours, respectively. 1). The vertical bands correspond to zonal wind speed exceeding 19 m s -1 . TJ 24 identifies Greenland Tip Jet events longer than 24h.

The sequence of those events are compared to the net air-sea heat fluxes, the horizontal Ekman heat fluxes and the ADT, averaged over the north and south boxes in Figure 11. The vertical Ekman heat fluxes are neglected here as they are not expected to play a role during winter, when the mixed layer is deeper than the Ekman layer. Because of the general storminess in the area, a net air-sea heat loss is observed in the two boxes from early October to the end of March. Most of the large heat loss events, identified by values typically greater than 400 W m -2 in the heat loss time series, are associated with a Greenland Tip Jet. In the north box, for instance, this is the case for 10 of the 11 large heat loss events. This confirms the dominant role of the Greenland Tip Jets to explain those large heat loss events. Most of the Greenland Tip Jets occurred in late December-early January and some of them were associated with a mean heat loss greater than 400 W m -2 (Figure 11b). Locally, the heat loss was even greater than 800 W m -2 in some cases (not shown). No Greenland Tip Jet was observed between mid-January and mid-February. Four Greenland Tip Jets were observed between mid-February and Mid-March. The last two Greenland Tip Jets were long and intense and were observed on 2-3 March and 5-9 March. The last Greenland Tip Jet was associated with a mean heat loss greater than 600 W m -2 (Figure 11b) in the two boxes and with locally extremely large heat loss of about 1000 W m -2 (not shown). For each Greenland Tip Jet, large heat losses are observed similarly in the two boxes (Figure 11b) with, however, some differences in the heat loss amplitude except for the last Greenland Tip Jet, for which the agreement between the two boxes was striking. The cumulated heat loss at the end of the convective period (25 March 2012) was very similar in the two boxes. It reached 29.4 x 10 8 J and 30.5 x 10 8 J in the north and south boxes, respectively.

When the horizontal Ekman heat fluxes were considered, the difference between the two boxes was larger than for the net air-sea heat fluxes (Figure 11c) ), suggesting that the horizontal Ekman heat fluxes were associated with a smaller spatial scale than that of the net air-sea heat fluxes. The values of this term never exceeded ± 90 W m -2 . The term was negative in the two boxes during the last two Greenland Tip Jet events of early March, reaching about -70 W m -2 in both. During that period of time, the wind stress pattern led to an Ekman-induced heat loss that reinforced (by about 10%) the heat loss induced by the net airsea heat fluxes. The cumulated heat loss between 1 September and 25 March was one order of magnitude less than the heat loss amplitude induced by the net air-sea fluxes and reached 0.5

x 10 8 J and 1.4 x 10 8 J in the north and south boxes, respectively. These results complement previous findings from Pickart et al. (2003a) regarding the Ekman contribution to deep convection. Those authors showed that, in an idealized model of the deep convection in the Irminger Sea, the Ekman pumping preconditioned the water column as it decreased the thickness of the warm surface layer in the region where the buoyancy loss was maximum, reducing the heat to be removed during winter. They also showed that, with no wind stress in their idealized model, the final volume of ventilated water in their model was reduced by about 35%.

The winter heat loss gradually deepened the mixed layers from November to Mid-March. The apparition of the first deep mixed layer in early January followed the long Greenland Tip Jet event observed between 31 December 2011 and 2 January 2012 that was associated with intense heat loss. The absence of Greenland Tip Jet events between mid-January and mid-February coincided with reduced heat loss (Figure 11) and with a slowdown in the mixed layer deepening (Figure 8b). Finally, the two consecutive long and intense Greenland Tip Jets of early March coincided with the final deepening phase down to 1000 m. The large heat loss leading to this last deep convection event was due not only to the net air-sea heat fluxes but also to the horizontal Ekman heat fluxes, both being forced by the early March Greenland Tip Jets.

The mixed layer deepening induced by the winter heat loss from November to Mid-March was accompanied by a decrease in the ADT of about 10 cm in the three boxes between November and Mid-March (Figure 11d). The ADT reached a minimum at the end of the convective period.

To conclude, the role of the Greenland Tip Jet events was dominant in the mixed layer deepening in the Irminger Basin during winter 2011-2012. Although this winter was an average one in terms of number of Greenland Tip Jets, the two late events, exceptional in terms of duration and heat loss, played a crucial role in triggering the final mixed layer deepening phase, leading to the observed 1000 m deep mixed layers.

Interannual context

The interannual (1992-2013) context of the deep convection observed during winter 2011-2012 is now investigated on the basis of several indicators that we associate with the development of deep convection in the Irminger Sea. We first considered the number of Greenland Tip Jets per winter (Figure 4) together with the number of late (March) Greenland Tip Jets. The latter number was estimated from the monthly occurrence of high wind speed events in the TJ box calculated as the number of 12h wind fields for which the maximum wind speed in the TJ box exceeded 19 m s -1 (Figure 13).We also considered the ADT, the cumulated net air-sea heat fluxes and the cumulated horizontal Ekman heat fluxes. To be consistent with the Greenland Tip Jet estimates, the values were spatially averaged over the TJ box. We also considered the NAO index. It was in a highly positive state at the beginning of the nineties, shifted to a negative value in the winter 1995/1996 and has oscillated between positive and negative values since then (Figure 12d). After the 1995/1996 shift, the Irminger Sea became more stratified, as revealed by the ADT increase (Figure 12c), and the intensity and structure of the horizontal circulation in the Irminger Sea were modified [START_REF] Häkkinen | Decline of Subpolar North Atlantic Circulation during the 1990s[END_REF][START_REF] Våge | The Irminger Gyre : Circulation, convection, and interannual variability[END_REF].

In order to take the heat losses occurring from the beginning of autumn into account, a year was considered to run from 1 September to the following 31 August . For a given year, the heat fluxes were thus cumulated from 1 September to 31 August, after the mean annual cycle had been removed from the time series calculated over 1992-2012 (Figure 12b,c). On average over 1992-2012, the net air-sea heat fluxes and the horizontal Ekman heat fluxes removed heat from the TJ box. The 1992-2012 mean cumulated air-sea heat flux peaked at about -24 x 10 8 J in March and then increased to -10 x 10 8 J in August. The 1992-2012 mean cumulated horizontal Ekman heat flux reached -0.5 x 10 8 J in March and increased to a value close to 0 in August. Interestingly, despite differences in the amplitude of the absolute values of those two terms, their anomalies were of the same order of magnitude: the Ekman contribution anomalies were about ± 2.3 x 10 8 J and the air-sea heat flux anomalies were about ± 8.8 x 10 8 J (Figure 12).

As for the heat fluxes, the mean annual cycle calculated over 1992-2012 was removed from the ADT time series (Figure 12c). We considered ADT as a proxy for the stratification of the water column. Low ADT anomaly in early September could be a sign of good preconditioning of the water column, which would be favorable to deep convection the following winter. Low ADT anomaly in March could be a sign of deep convection occurrence, although care must be taken in the interpretation of this signal [START_REF] Gelderloos | Detecting Labrador Sea Water formation from space[END_REF].

The values of these indicators for the winter of 2011-2012 were compared to those obtained for the winters of 1996-1997, 2007-2008 and 2008-2009, during which deep convection was directly observed or suggested by spring profiles [START_REF] Bacon | Open-ocean convection in the Irminger Sea[END_REF][START_REF] Våge | Winter Mixed Layer Development in the Central Irminger Sea : The Effect of Strong, Intermittent Wind Events[END_REF][START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. The comparison revealed that the winter of 2011-2012 was not exceptional compared to the other documented deep convective winters:

1. In all cases, the cumulated net air-sea heat flux anomalies were negative and thus favorable 4) but it was similar to the winter of 1996-1997 in terms of late occurrence of high wind speed events (more than 10 occurrences in March) (Figure 13). Compared to those values, fewer Greenland Tip Jets were observed in winters 1996-1997 and 2008-2009 (12 and 11, respectively) Further investigations are thus required to refine the use of those indicators, which are not completely independent. For example, more Greenland Tip Jets are generally observed during positive NAO years (Pickart et al., 2003a). However, we can speculate that deep convection occurred when the six indicators were favorable to it. This was the case for the winter of 1992-1993 (Figure 12,13) (Figure 12,13). Similarly, we can speculate that deep convection did not occur when none of the indicators were favorable. This was the case for the winter of 2009-2010, for which de [START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF] showed that no deep convection occurred. 

Conclusions

Analysis of Argo data for the winter of 2011-2012 revealed the presence of an exceptionally large number of profiles (41) over the Irminger Basin with MLDs exceeding 700 m, which was deep enough to reach the pool of intermediate Labrador Sea Water located in the Irminger Sea. Among them, 4 profiles exhibited an MLD of 1000 m, which was the maximum value observed for that winter. A large number of spring profiles (17) also presented an isolated mixed layer deeper than 700 m, which reached 1000 m for 5 of them.

The depth reached by the deep convection is similar to that observed since 1997 in a few localized profiles [START_REF] Bacon | Open-ocean convection in the Irminger Sea[END_REF]Våge et al., 2009a;[START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]. The deep profiles were mainly observed in the eastern part of the Irminger Gyre characterized by the -55 cm ADT contour. A mixed layer heat budget along the trajectories of the 4 floats that sampled the deepest mixed layers showed that heat loss at the air-sea interface was mainly responsible for the heat content variations in the mixed layer. Greenland Tip Jet events enhanced the winter heat loss and two long (more than 24 hours), intense late events close together in time pushed the It is now clear that deep convection in the Irminger Sea is not a rare isolated event as deep convection has occurred in 4 winters over the last two decades. It is thus time to move forward and to investigate the contribution of the Irminger Sea to the volume of dense water masses formed in the North-Atlantic Ocean, to the MOC, and more generally, to the ventilation of the intermediate layers. The questions to be addressed include the impact of the variability of deep convection occurrence in the Irminger Sea on the MOC variability or on the oceanic oxygen uptake [START_REF] Maze | Mass, nutrient and oxygen budgets for the northeastern Atlantic Ocean[END_REF], which is a useful quantity to improve our comprehension of the global carbon cycle [START_REF] Bopp | Climate-induced oceanic oxygen fluxes: Implications for the contemporary carbon budget[END_REF].
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 1 Figure 1: (Gray contours) Bathymetry of the Irminger and Labrador Seas. The isobaths are 200, 500, 1000, 2000, 3000 and 4000 m. The deep mixed layers observed in March 1997 (Bacon et al., 2003) (red dot) and in winters 2007-2008 and 2008-2009 (de Jong et al., 2012) (blue dots) are shown as well as the deep isolated mixed layers observed in

Figure 2 :

 2 Figure 2: Salinity along the A25-Ovide line (see Figure 1) in the Irminger Basin averaged over the 6 hydrographic surveys carried out in June-July every 2 years from 2002 to 2012 (Mercier et al., 2015). The white contours represent the isohalines 34.9, 34.95 and 35. The LSW core is identified by the salinity minimum localized between about 700 and 1100 m depth and between 40 and 38°W.

Figure 3 :

 3 Figure 3: Example of MLD estimation for 2 profiles collected in the Irminger Sea. (a) Typical vertical profiles observed in the winter of 2011-2012. (b) Typical profiles observed in spring 2012 after the beginning of restratification. (Thick, colored lines) Potential density in kg m -3 . (Dashed-dotted, colored horizontal lines) MLD estimation from the split-and-merge method with an error criterion of 0.003 kg 2 m -6 . (Black horizontal lines) MLD estimation from the threshold method with a density criterion of 0.01 kg m -3 . (Dashed black horizontal lines) MLD estimation from the threshold method with density criterion of 0.03 kg m -3 . (Dots or stars) Final estimation of the depth of the mixed or homogeneous layer. (Red squares) Depth at which the potential vorticity was minimum and where the thermohaline properties of the MLD were estimated.
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 4 Figure 4: (Red curve) Time series from 1958 to 2001 of winter (from November to April) Greenland Tip Jet frequency as obtained by Våge et al. (2009b) and based on the 6 hourly ERA-40 dataset and a Tip Jet criterion of 18 m s -1 . (Black and Blue curves) Time series from 1990 to 2014 for winter (from November to April) Greenland Tip Jet frequency based on the 12 hourly ERA-Interim dataset and a TJ criterion of 18 m s -1 and 19 m s -1 , respectively. The year indicated in the time axis corresponds to the year at the end of winter.

Figure 5 :

 5 Figure 5: Time series of the net air-sea heat fluxes averaged over the TJ box from NCEP (green curve), ERA-Interim (red curve) and ARPEGE (blue curve) between 1 September 2011 and 31 August 2012. Positive values represent heat gain by the ocean.
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 1 Temporal evolution and spatial extentAnalysis of MLDs during winter 2011-2012 revealed the presence of an exceptionally large number of profiles (41) over the Irminger Basin with MLDs exceeding 700 m. Such mixed layers are qualified as "deep" in what follows. Among them, 4 profiles exhibited an MLD of 1000 m (Figure6, Figure7b), which was the maximum value observed for the winter analyzed. A large number of spring profiles (17) also presented an isolated mixed layer deeper than 700 m, 5 of which reached 1000 m (Figure7b).

Figure 6 :

 6 Figure 6: Potential density (kg m -3 ) (a), salinity (b), and potential temperature (°C) (c) profiles from floats 4901163 (red), 4901165 (green), 4901166 (blue) and 5902298 (yellow) with an MLD of about 1000 m. Oxygen saturation (%) profiles (d) from float 5902298 on 30 January and 18 February (black dashed lines), on 19 February, 29 February, 10 March and 20 March (yellow lines) and on 30 March and 9 April (black lines) 2012.

Figure 7 :

 7 Figure 7: (a) ADT contours (-55 and -65 cm) on 14 March 2012 and trajectories of floats 4901163 (red line), 4901165 (green line), 4901166 (blue line) and 5902298 (yellow line) between 1 September 2011 and July 2012. The first position is represented by a star. White dots represent profile positions during the MLD deepening phase (see (b)) and black dots represent the positions of the 1000 m MLD. (b) MLD time series for floats 4901163 (red line), 4901165 (green line), 4901166 (blue line) and 5902298 (yellow line) between 1 September 2011 and July 2012. The colored dashed lines represent the depth of the homogeneous layer observed below the near-surface stratified layer in spring. The black dashed lines delimit the deepening period, which was similar for the 4 floats (9 November 2011 -16 March 2012). Arrows indicate when each float entered the Irminger Sea (east of 44°W). The contours represent salinity values on a section along the trajectory of float 4901163.

  4. A final deepening phase then occurred between 9 and 25 March 2012. During that period, 60% of the profiles (12 out of 20) exhibited a deep mixed layer. All of them had an MLD greater than 800 m. Those profiles were localized east and south of Greenland; 8 were in the north box, while 3 were in the south box. Between 9 and 16 March 2012, 4 profiles in the north box exhibited MLDs of about 1000 m (Figure 8d,e) while the most western profile in the south box exhibited an MLD of 950 m. The extent of the core of the Irminger Gyre (ADT contour of -65 cm) was as large as in the previous period and larger than in the other three periods. As will be shown in Section 3.3, the ADT value averaged in the two boxes reached a minimum during this period. The deepening period stopped abruptly after 25 March 2012.

  January and a deepening down to 1000 m east of Greenland in late February. The hypothesis that the mixed layer deepening occurred simultaneously over a single large area extending from south of Cape Farewell to the northern part of the Irminger Gyre, as suggested by the few profiles exhibiting deep mixed layers east of Greenland in January and south of Cape Farewell in late February-mid March, cannot be excluded. The deep profiles were generally observed within or to the east of the Irminger Gyre core. The lack of deep profiles to the west of the Irminger Gyre core might be due to a sampling bias but physical processes, like the presence of the warm and salty Irminger water flowing southward with the East Greenland/Irminger Current[START_REF] Pickart | The East Greenland Spill Jet[END_REF], Figure2) might also be involved. This reveals that despite the exceptional sampling of the Irminger Sea during the winter of 2011-2012 by Argo floats, an even denser and more uniform sampling would be needed for a full description of the spatial pattern resulting from deep convection events in the Irminger Sea.

Figure 8 :

 8 Figure 8: Argo profile positions in the Irminger Sea over (a) 18 January to 03 February 2012; (b) 04 February to 20 February 2012; (c) 21 February to 08 March 2012; (d) 09 March to 25 March 2012; (e) 19 January to 25 March 2012; (f) 26 March to 10 April 2012. MLDs less than 700 m are plotted as circles filled in white, MLDs greater than 700 m are in magenta and MLDs equal to about 1000 m are in black. Stars represent profiles with a homogeneous layer deeper than 700 m below a stratified near-surface layer. Contours are Absolute Dynamic Topography (ADT) averaged over the period covered in each panel. The isolines correspond to the -55 and -65 cm contours. The black and white boxes are the south and north boxes, respectively.

Figure 9 :

 9 Figure 9: (Upper panels) /S properties in the north (left panel) and south (right panel) boxes of the deep mixed layer and the deep isolated mixed layers for 18 January -4 February (cyan dots), 4 February-21 February (blue dots), 21 February-9 March (green dots), 9 March-25 March (yellow dots) and 25 March-10 April 2012 (red dots). Gray and black dots represent properties of the LSW found in the two boxes and averaged over 700-1000 m depth. The properties were estimated at the end of August 2011 from Argo profiles (gray dots) and in June-July 2012 from the hydrographic data collected along the Ovide line (Mercier et al., 2014). (Lower panel) Salinity time series in the north box based on all the Argo profiles available in the box and averaged over 15 day periods.

  After mid-March, the net-air sea heat fluxes became positive, leading to a warming of the mixed layer. The amplitudes of those two main terms varied between 200 and -400 W m -2 (and even more with the NCEP heat fluxes). The horizontal and vertical Ekman heat fluxes varied between ± 10 W m -2 and between about ± 31 W m -2 , respectively. During the whole period, they were one order of magnitude weaker than the net air-sea heat fluxes. Using heat fluxes estimated from ERA-Interim fields, the mean difference between HCV and the other three terms of the budget (Eq. 1) was 4.2 ± 19.4 W m -2 . The mean difference was larger when NCEP (17.4 ± 24.2 W m -2 ) and ARPEGE (21.1 ± 19.8 W m -2 ) were considered. The budget was closed within error bars with ERA-Interim and NCEP, which validates the assumptions made to derive Equation (

Figure 10 :

 10 Figure 10: Mixed layer heat budget along the trajectories of floats 4901163, 4901165, 4901166 and 5902298, averaged for the 4 floats. (Red curves) Heat content variation (HCV). (Dark blue, cyan and blue curves) Net air-sea heat fluxes from ERA-Interim, NCEP and ARPEGE, respectively. (Green and magenta curves) Horizontal and vertical Ekman heat fluxes, respectively. A negative value corresponds to a heat loss by the mixed layer. The dashed vertical lines delimit periods identified in Figure 8, 18 January -3 February, 4 February -20 February, 21 February -8 March and 9 March -25 March.

Figure 11 :

 11 Figure 11: Time-series from 1 September 2011 to 30 April 2012 of (a) the maximum value of the zonal wind speed in the TJ box, (b) the net air-sea heat fluxes averaged over the north (red) and south (blue) boxes, (c) the horizontal and vertical Ekman heat fluxes averaged over the north (red) and south (blue) boxes (d) ADT averaged over the north (red) and south (blue) boxes (see Figure1). The vertical bands correspond to zonal wind speed exceeding 19 m s -1 . TJ 24 identifies Greenland Tip Jet events longer than 24h.

  to deep convection. The air-sea heat loss of winter 2011-2012 was similar to that observed in the winter of 1996-1997. It lay between the largest air-sea heat loss observed in 2007-2008 and the more moderate heat loss observed in 2008-2009 (de Jong et al., 2012).

2 .

 2 The cumulated horizontal Ekman heat flux anomalies were similar for winters2007-2008, 2008-2009 and 2011-2012. They were negative, revealing that the heat loss in the TJ box due to the Ekman term was enhanced during those winters, which was also favorable to deep convection. During those winters, the contribution of the Ekman-induced heat loss anomaly to the total winter heat loss anomaly varied between 7 and 47%. Note that, in winter 1996-1997, the Ekman term contribution was close to the mean annual conditions (the anomaly was positive during winter and close to 0 in March). 3. Compared to the values observed after the 1995/1996 NAO shift, the ADT anomaly was rather low during the 4 winters in question. It was mostly positive during the winters of 2007-2008 and 2011-2012, while it was mostly negative during the winters of 1996-1997 and 2008-2009. The negative ADT anomaly values observed in 2008-2009 are consistent with de Jong et al.'s (2012) results that showed the crucial role of preconditioning in the development of deep convection that winter. 4. The winter of 2011-2012 was similar to that of 2007-2008 in terms of number of Greenland Tip Jets (17 and 16, respectively) (Figure

  and fewer high wind speed occurrences (only 5) were observed in March 2008 and 2009. 5. Finally, the NAO index was greater than one in each of those winters, except in 2008-2009 when the NAO was close to zero. This comparison confirms that the development of deep convection in the Irminger Sea depends on various factors, such as strong heat loss, enhanced Ekman-induced heat loss, preconditioning, positive NAO index, and large number of Greenland Tip Jets, especially in late winter. It also reveals the potential of those indicators to characterize deep convectivewinters, but none of them are either sufficient or necessary to detect deep convection occurrence in the Irminger Sea. For instance, the Ekman term was not favorable to deep convection in 1996-1997; the moderate air-sea heat loss was not favorable to deep convection in2008 -2009[START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF]; the preconditioning as measured by the ADT was not crucial for the occurrence of deep convection in 2007-2008(Våge et al. 2009a[START_REF] De Jong | Convective mixing in the central Irminger Sea: 2002-2010[END_REF] or in2011-2012. 
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 12 Figure 12: (a, b, c) Time series over 1992-2013 of anomalies with respect to a mean annual cycle estimated over the same period of (a) net air-sea heat fluxes cumulated from 1 September to 31 August of the following year, (b) horizontal Ekman heat fluxes cumulated from 1 September to 31 August of the following year and (c) ADT (cm). Fields are averaged in the TJ box. (d) Time series of the Hurrell PC-based North Atlantic Oscillation wintertime (DJFM) index from 1992 to 2013.

Figure 13 :

 13 Figure 13: Monthly occurrence, from September to March for the years 1992-2013, of high wind speed events in the TJ box calculated as the number of 12h wind fields for which the maximum zonal wind speed in the TJ box exceeds 19 m s -1 in ERA-Interim. Note that consecutive maximum zonal wind fields are counted separately here while they are considered as part of the same Greenland Tip Jet event in Figure 11.

  Thanks to the Argo array, which provided profiles for the whole Irminger Sea during the winter of 2011-2012, the different phases of the mixed layer deepening leading to deep convection down to 1000 m, were observed, with their spatial extent, for the first time in the density compensated during the deepening phase and the potential density of the mixed layers evolved from about 27.70 -27.71 kg m -3 in early January to about 27.71-27-73 kg m -3 at the end of the convective period. The temporal evolution of the oxygen profiles from float 5902298 testifies to the local, rapid ventilation of the mixed layer by the deep overturning events. In early March, very homogeneous oxygen saturation of 94-96% was observed from the surface to 800 or 1000 m, demonstrating the on-going convective activity.

  mixed layer deepening down to 1000 m. They occurred at a period of the year generally characterized by the beginning of restratification. As revealed by this and earlier studies, the indicators pertinent for assessing whether conditions are favorable for the development of deep convection in the Irminger Sea are: the net air-sea fluxes, the number of Greenland Tip Jets, especially in late winter, the stratification of the water column represented by the Absolute Dynamic Topography, the NAO index and the horizontal Ekman heat fluxes. During a deep convective event, the contribution of the Ekman-induced heat loss anomaly can be as large as 47 % of the total winter heat loss anomaly. When these indicators were considered, the 2011-2012 event was not significantly different compared to the other documented deep convective events. None of the indicators is either sufficient or necessary for detecting the occurrence of deep convection in the Irminger Sea. It is also impossible to know in advance the volume of dense water masses formed by convection as it depends on the uncertainties associated with synoptic scale atmospheric conditions, particularly at the pivotal time at the end of the long period of winter preconditioning.
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Irminger Sea. This was possible because the sampling in the Irminger Sea in winter 2011-2012 was 3 to 4 times that performed in preceding winters. For instance, the number of profiles available between January and April in a box where the Greenland Tip Jets were the most intense (the Tip Jet box, Figure 1) was 36 in 2012, while it was 9 on average over 2002-2010.

The deepening phase occurred in various steps. Two intense convective periods occurring in late January south of Cape Farewell and in late February-early March east of Greenland were separated by a period (early February) characterized by less intense convective activity. A final deepening period was observed in mid-March, during which the deepest mixed layers were observed (1000 m). This long deepening period was followed by a rapid restratification phase. The deepening of the mixed layer occurred in large regional areas. It is not impossible that the mixed layer deepening occurred simultaneously over a single large area extending from the south of Cape Farewell to the center part of the Irminger Gyre, as suggested by the few profiles exhibiting deep mixed layers east of Greenland in January and south of Cape Farewell in late February-mid March. This reveals that, although the sampling of the Irminger Sea by Argo floats during winter 2011-2012 was exceptional, even denser and more uniform sampling would be needed for a full description of the spatial pattern of deep convection in this Sea. This pleads in favor of better Argo sampling in both time and space in the Irminger Sea and, more generally, in the subpolar gyre of the North-Atlantic to cope with its high interannual and spatial variability. This could be achieved through the use of a moored frame that could release floats at a predetermined date or when triggered by an event such as a temperature, salinity or oxygen anomaly.

The /S properties of the deep mixed layers and the deep isolated mixed layers were warmer and saltier in the northern part of the convective area (east of Greenland) than in the southern part (south of Cape Farewell). Temperature and salinity differences between the two areas are