Dear Editor,

Thank you for handling our manuscript and providing us with these additional referee's
comments. A point by point response to these comments is provided below. The manuscript
and the supplementary material with the changes marked-up are also in this document after
the referee response.

Best regards,

Patricia Zunino, Herlé Mercier and Virginie Thierry

The authors have tried to address the main comments on their method, previously using a density
criterion only to determine a mixed layer and now considering temperature and salinity as well. Their
current criterion is still rather wide. The authors state that “The temperature threshold of 0.1°C and
the salinity threshold of 0.012 were selected because they correspond to a threshold of 0.01 kg m-3
in density that was previously shown to perform well in the subpolar gyre (Piron et al., 2016)". This is
only true if either salinity or temperature is at this threshold, if both are the density difference can be
as big as 0.2 kg/m~3.

In her first review of our manuscript, the reviewer noted that our determination of the MLD based only
on a density criteria failed when density compensated temperature and salinity anomalies occurred in
the mixed layer. The criteria in temperature and salinity that we added in our revision were chosen to
address this problem. When temperature and salinity anomalies are density compensated, they do not
add together and selecting a criteria for determining the MLD from the temperature or salinity profiles
with a threshold equivalent to the one used for density seems correct to us. Visual inspection confirms
this. Of course, if temperature and salinity profiles are nearly homogeneous or not compensated in
density, the criteria in density sets the MLD, but these were not cases that the reviewer identified as
problematic. We added the following sentence in the revised manuscript: “The criteria on temperature
and salinity were chosen to perform well when temperature and salinity anomalies within the density-
defined mixed layer are density compensated.”

The authors attempt to compare their method with earlier publications, however the comparison is
made incorrectly stating “Following de Jong et al. method’s, three MLD were defined as the depths
were the standard deviations were smaller than 0.05 kg m-3 , 0.05°C and 0.005 for density,
temperature and salinity, respectively”, the error being that the standard deviations were not used
as a threshold to determine the bottom of the MLD but as a final check leading to discarding
misidentified MLDs (as described in the paper). Since this comparison now features in the
supplementary materials it will need to be corrected.

The present manuscript mostly compares the identified MLDs to those we identified in the winter of
2014-2015 (de Jong et al., 2018). For those MLD we used a criteria of “0.015°C for temperature,
0.005 for salinity, and 0.0025 kg m—3 for potential density”. “The resulting MLDs of all three variables
had to be within 50 dbar to be accepted, after which the temperature-derived MLDs were chosen as
final MLDs.” Running this criteria on the specific float profiles shown in Figure 2 of the manuscript
results in the deepest MLD (of 570 dbar) observed in the profile of float 5904772, cycle 33. For the



other profile shown in the Figure 2, and the supplementary material, our methods gives a MLD of
only 150 dbar. We made the criteria this strict to sort out actively mixed profiles at the moorings for
recently mixed profiles which may have been formed elsewhere and advected to the moorings. Since
the authors are looking more of a region than at one specific spot they could make an argument that
they can use a wider criterion. In that case | ask that that at least the Sl is corrected to show our
methods accurately and the difference with earlier estimates be discussed more clearly in the
discussion.

We thank the reviewer for noting that. Because of the very strict criteria she used, her method was
only adapted to the diagnostic of active mixed layers and thus was not suited to the diagnostic of the
MLD our case. Indeed, Straneo et al. (2002) noted that in the ocean interior where baroclinicity is
weak there are dynamical reasons for tracer profiles in the mixed layers to be slightly slanted. This
confirms that de Jong et al., (2018) criteria, although well suited for their application, are too
restrictive in a more general case. Thus we deleted in the supplementary material the comparison
between our estimates of MLD and those obtained using de Jong et al.’s method, which was
misleading. We noted this information in the supplementary material and we kept the comparison
between our results and those obtained using Pickart et al. (2002) method.

In the second paragraph of the results section there is a discussion on the percentage of floats that
had deep MLD. This is not very informative, as 1 float with 1 deep ML in the winter of 2017 would
give the same percentage as 1 float recording 20 deep MLs in 2015. The percentage of profiles with
deep MLs out of all recorded profiles would give a much better indication of the intensity of
convection. Overall, this difference in intensity between the winters is mostly neglected in the text
,focusing only on depth (for example lines 364-366 and in the conclusions line 461-467). This is a
missed opportunity since the authors have already investigated the likely cause for this difference in
intensity, being weaker surface fluxes in the winters after 2014-2015.

Thank you for noting that. We now emphasize this result in the conclusion: “The deep convection of
W2015 was observed over a larger region and during a longer period of time than the deep convection
events of winters 2016, 2017 and 2018.” Otherwise, the percentage of profiles with deep MLs out of
all recorded profiles would not necessarily give a better indication of deep convection intensity
because spatial and time samplings are not homogeneous in the studied region. We believe that bias
due to sampling is less with statistics based on the number of floats.

Line by line comments

Line 50: the “exceptional” here is disputable because we don’t have a long enough record to say
whether it is really that unusual and because there is such a distinct difference in intensity over the
four winters.

Ok, we removed “exceptional” in line 50 of the abstract.

Line 156: The use of Q and Q3 as acronyms for parameters that are not associated is confusing,
especially if they occur in subsequent sentences. Consider using a different acronym for Q3. How
useful is the third quartile if there are only three profiles with deep MLDs in a winter?

We used Q3 because it is the usual abbreviation for the third quantile in statistic. As explained at the
end of section 3.1, Q3 is equivalent to the aggregate maximum depth of convection defined by
Yashayaev and Loder (2016). In the revised version of the manuscript we changed the “Q3” to “the
aggregate maximum depth of convection”.



We consider that Q3 estimate is appropriate because it depends on the values of all the values of the
population and is not just the maximum value. Moreover, it allows direct comparison with the results
of Yashayaev and Loder (2016) and Piron et al. (2017) who used this estimator.

Line 199: The Monte Carlo method does not address the bias in a reanalysis product as a whole, as
observed by Josey et al.

This is correct.

Line 259: “Despite Bsurf* is mainly explained by Q, the accumulated FWF* amounts to ~10 % of the
accumulated Q with opposite sign. The air-sea buoyancy flux is 10% lower on average than the air-
sea heat flux.” This seems to be saying the same thing twice. Consider rephrasing.

Thank you for noting it, we rephrased it as: “Bgus* is 10 % lower on average than Q because of the
buoyancy addition by FWF*.”

Lines 330-340: The discussion of anomalies here would be more interesting/easier to follow if it was
immediately linked to local convection and advection pattern as described in lines 393-397.

We are sorry, but we disagree. We believe that lines 393-397 fit well in the discussion section.
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ABSTRACT

After more than a decade of shallow convection, deep convection returned to the Irminger Sea in
2008 and occurred several times since then to reach exceptional convection depths (>1,500 m) in
2015 and 2016. Additionally, deep mixed layers larger than 1600 m were also reported Southeast of
Cape Farewell in 2015. In this context, we used Argo data to show that deep convection occurred
Southeast of Cape Farewell (SECF) in 2016 and persisted during two additional years in 2017 and
2018 with maximum convection depth larger than 1,300 m. In this article, we investigate the
respective roles of air-sea buoyancy flux and preconditioning of the water column (ocean interior
buoyancy content) to explain this exceptional-4-year persistence of deep convection SECF. We
analyzed the respective contributions of the heat and freshwater components. Contrary to the very
negative air-sea buoyancy flux that was observed during winter 2015, the buoyancy fluxes over the
SECF region during winters 2016, 2017 and 2018 were close to the climatological average. We
estimated the preconditioning of the water column as the buoyancy that needs to be removed (B)
from the end of summer water column to homogenize it down to a given depth. B was lower for
winters 2016 — 2018 than for the 2008 — 2015 winter mean, due especially to a vanishing
stratification from 600 m down to ~1,300 m. It means that less air-sea buoyancy loss was necessary
to reach a given convection depth than in the mean and once convection reached 600 m little
additional buoyancy loss was needed to homogenize the water column down to 1,300 m. We
showed that the decrease in B was due to the combined effects of the local cooling of the
intermediate water (200 — 800 m) and the advection of a negative S anomaly in the 1,200 — 1,400 m
layer. This favorable preconditioning permitted the very deep convection observed in 2016 — 2018

despite the atmospheric forcing was close to the climatological average.
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1. INTRODUCTION

Deep convection is the result of a process by which surface waters loose buoyancy due to
atmospheric forcing and sink into the interior of the ocean. It occurs only where specific conditions
are met including large air-sea buoyancy loss and favorable preconditioning (i.e. low stratification of
the water column) (Marshall & Schott, 1999). In the Subpolar North Atlantic (SPNA), deep convection
takes place in the Labrador Sea, South of Cape Farewell and in the Irminger Sea (Kieke & Yashayaev,
2015; Pickart et al. 2003; Piron et al. 2017). Deep convection connects the upper and lower limbs of
the Meridional Overturning Circulation (MOC) and transfers climate change signals from the surface

to the ocean interior.

Observing deep convection is difficult because it happens on short time and small spatial scales and
during periods of severe weather conditions (Marshall & Schott, 1999). The onset of the Argo
program at the beginning of the 2000s has considerably increased the number of available
oceanographic data throughout the year. Although the sampling characteristics of Argo are not
adequate to observe the small scales associated with the convection process itself, Argo data allow
the description of the overall intensity of the event and the characterization of the properties of the

water masses formed in the winter mixed layer as well (e.g., Yashayaev and Loder, 2017).

In the Labrador Sea, deep convection occurs every year, yet with different intensity (e.g., Yashayaev
and Clarke, 2008; Kieke and Yashayaev, 2015). In the Irminger Sea, Argo and mooring data showed
that convection deeper than 700 m happened during winters 2008, 2009, 2012, 2015 and 2016 (Vage
et al., 2009; de Jong et al., 2012; Piron et al. 2015; de Jong & de Steur, 2016; Frob et al., 2016; Piron
et al. 2017; de Jong et al., 2018). Moreover, in winter 2015, deep convection was also observed south
of Cape Farewell (Piron et al., 2017). Excluding winter 2009 when the deep convection event was
made possible thanks to a favorable preconditioning (de Jong et al., 2012), all events coincided with
strong atmospheric forcing (air-sea heat loss). Prior to 2008, only few deep convection events were
reported because the mechanisms leading to it were not favorable (Centurioni and Gould, 2004) or
because the observing system was not adequate (Bacon, 1997; Pickart et al., 2003). Nevertheless, the
hydrographic properties from the 1990s suggested that deep convection reached as deep as 1,500 m
in the Irminger Sea during winters 1994 and 1995 (Pickart et al., 2003), and as deep as 1,000 m south
of Cape Farewell during winter 1997 (Bacon et al., 2003).

The convection depths that were reached in the Irminger Sea and south of Cape Farewell at the end
of winter 2015 were the deepest observed in these regions since the beginning of the 21 century

(de Jong et al., 2016; Piron et al., 2017, Fréb et al., 2016). In this work, we show that deep convection
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also happened in a region between south of Cape Farewell and the Irminger Sea (the pink box in
Figure 1) every winter from 2016 to 2018. Hereinafter, we will refer to this region as Southeast Cape
Farewell (SECF). We investigated the respective role of atmospheric forcing (air-sea buoyancy flux)
and preconditioning (ocean interior buoyancy content) in setting the convection intensity. We also
disentangled the relative contribution of salinity and temperature anomalies to the preconditioning.
The paper is organized as follow. The data are described in Sect. 2. The methodology is explained in

Sect. 3. We expose our results in Sect. 4 and discuss them in Sect. 5. Conclusions are listed in Sect. 6.

2. DATA

We used temperature (T), salinity (S) and pressure (P) data measured by Argo floats north of 55°N in
the Atlantic Ocean. These data were collected by the International Argo program

(http://www.argo.ucsd.edu/), http://www.jcommops.org/) and downloaded from the Coriolis Data

Center (http://www.coriolis.eu.org/). Only data flagged as good (quality Control < 3, Argo Data

Management Team, 2017) were considered in our analysis. Potential temperature (8), density (p)
and potential density anomaly referenced to the surface and 1000 dbar (o, and o4, respectively) were

estimated from T, S and P data using TEOS-10 (http://www.teos-10.org/).

We used two different gridded products of ocean T and S: ISAS and EN4. ISAS (Gaillard et al., 2016;
Kolodziejczyk et al., 2017) is produced by optimal interpolation of in situ data. It provides monthly
fields, at 152 depth levels, at 0.5° resolution, from 2002 to 2015. Near real time data are also
availaible for 2016 and 2018. EN4 (Good et al., 2013) is an optimal interpolation of in situ data; it
provides monthly T and S at 1° spatial resolution and at 42 depth levels, for the period 1900 to
present.

Net air-sea heat flux (Q, the sum of radiative and turbulent fluxes), evaporation (E), precipitation (P),
wind stress (1, and t,) and sea surface temperature (SST) data were obtained from ERA-Interim
reanalysis (Dee et al., 2011). ERA-Interim provides data with a time resolution of 12h and a spatial
resolution of 0.75°, respectively. The air-sea freshwater flux (FWF) was estimated as E - P.

We used monthly Absolute Dynamic Topographic (ADT), which was computed from the daily 0.25° -
resolution ADT data provided by CMEMS (Copernicus Marine and Environment Monitoring Service,

http://www.marine.copernicus.eu).

3. METHODS

[ Code de champ modifié

[ Code de champ modifié

[ Code de champ modifié
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3.1 Quantification of the deep convection

We characterized the convection in the SPNA in winters 2015-2018 by estimating the mixed layer
depths (MLD) for all Argo profiles collected in the SPNA north of 55°N from 1% January to 30" April of
each year (Fig. 1). The MLD was estimated as the shallowest of the three MLD estimates obtained by
applying the threshold method (de Boyer Montégut et al., 2004) to 6, S and p profiles separately. The
threshold method computes the MLD as the depth at which the difference between the surface (30
m) and deeper levels in a given property is equal to a given threshold. In case visual inspection of the
winter profiles showed a thin stratified layer at the surface, a slightly deeper level (<150 m) was
considered as surface reference level. Following Piron et al. (2017), this threshold was taken equal to
0.01 kg m? for p. For 8 and S, we selected thresholds of 0.1°C and 0.012 respectively because they
correspond to the threshold of 0.01 kg m™ in p. The latter was previously shown to perform well in

the subpolar gyre on density profiles (Piron et al., 2016)._The criteria on temperature and salinity

were chosen to perform well when temperature and salinity anomalies within the density-defined

mixed layer are density compensated. Our MLD estimates are comparable to those obtained using

MLD determination based on Pickart et al. (2002)’s and-dedongetal—{2042)s-methods (see section

S1, Fig. S1 and Fig. S2 in supplementary material).

In this paper, deep convection is characterized by profiles with MLD deeper than 700m (colored
points in Fig. 1) because it is the minimum depth that should be reached for renewing Labrador Sea
Water (LSW) (Yashayaev et al., 2007; Piron et al. 2016). The winter MLD and the associated 6, S and p
properties were examined for the Labrador Sea and the SECF region by considering the profiles inside
the cyan and pink boxes in Fig. 1, respectively. Those two boxes were defined to include all Argo
profiles with MLD deeper than 700 m during 2016 — 2018 and the minimum of the monthly ADT for
either the SECF region or the Labrador Sea. No deep MLD was recorded in the northernmost part of
the Irminger Sea during this period. We computed the maximum MLD and the MLD third quartile
(Qs) from profiles with MLD greater than 700m in each of the two boxes separately. Qs is the MLD
value that is exceeded by 25% of the profiles and is equivalent to the aggregate maximum depth of

convection defined by Yashayaev and Loder (2016)._Hereafter, we refer to Q; as the aggregate

maximum depth of convection. The properties (p, 8 and S) of the mixed layers were defined for each

winter as the vertical mean from 200 m to the MLD of all profiles with MLD deeper than 700 m. For
further use, we define the deep convection period as follows. For a given winter, the deep
convection period begins the day when the first profile with a deep (>700m) mixed layer is detected

and ends the day of the last detection of a deep mixed layer.
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3.2. Time series of atmospheric forcing

The air-sea buoyancy flux (B, was calculated as the sum of the contributions of Q and FWF (Gill,

1982; Billheimer & Talley, 2013). It reads:

Bours = % Q — B gSSS FWF Eq. (1)

Where a and (3 are the coefficients of thermal and saline expansions, respectively, estimated from
surface T and S. The gravitational acceleration g is equal to 9.8 m s?, the reference density of sea
water pois equal to 1026 kg m? and heat capacity of sea water C, is equal to 3990 J kg Tect sSSis

the sea surface salinity. Q and FWF are in W m™ and m s™, respectively.

For easy comparison with previous results, which only considered the heat component of the
buoyancy air-sea flux (e.g. Yashayaev & Loder, 2017; Piron et al. 2017; Rhein et al., 2017), By, in m?

s*, was converted to W m™ following Eq. (2) and noted By, ;

* Po €
Boyry = go_ap Bsurs Eq. (2)
The FWF was also converted to W m™ using:

FWF*=FWF B SSS % Eq. (3)

We also computed the horizontal Ekman buoyancy flux (BF), which can be decomposed into the

horizontal Ekman heat flux (HF.,) and salt flux (SFe). Noting :
BF,, = —g (U,0,SSD + Veayssn)‘f—’; Eq. (4)

HFg

—(U.0,SST + V,0,55T) po C,  Eq.(5)

SFee = —(Ue0xSSS + V,0,555) "2 eq.(6)

BFex = SFek — HFer. Ue and V. are the eastward and northward components of the Ekman horizontal
transport estimated from the wind stress meridional and zonal components. SSD, SST and SSS are p,
T and S at the surface of the ocean. BF, HF.. and SF. are in J s* m™. Because ERA-Interim does not
supply SSD or SSS, they were estimated from EN4 as follows. The monthly T and S data at 5 m depth
from EN4 were interpolated on the same time and space grid as the air-sea fluxes from ERA-Interim
(12h and 0.75°, respectively). SSD was estimated from those interpolated EN4 data (SST and SSS).

Properties at 5 m depth were considered to be representative of the Ekman layer. Data at locations
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where ocean bottom was shallower than 1000 m were excluded from the analysis to avoid regions

covered by sea-ice.

Following Piron et al. (2016), the time series of atmospheric forcing were estimated for the SECF
region and the Labrador Sea as follows. First, the gridded air-sea flux data and the horizontal Ekman
fluxes were averaged over the pink (SECF region) and cyan (Labrador Sea) boxes (Fig. 1). Second, we
estimated the accumulated fluxes from 1 September to 31 August the year after. Finally, we
computed the time series of the anomalies of the accumulated fluxes from 1 September to 31 August

with respect to the 1993 — 2016 mean.

Finally, in order to quantify the net intensity of the atmospheric forcing over the winter, we
computed estimates of By, * + BF¢, fluxes accumulated from 1 September to 31 March the year after.
Following Piron et al. (2017), the associated errors were calculated by a Monte Carlo simulation using
50 random perturbations of Q, FWF and B, The error amounted to 0.05, 0.04 and 0.03 J m? for
Bsut®, Q and FWF*, respectively. The error of the horizontal Ekman buoyancy transport was also

estimated by a Monte Carlo simulation and amounted to 0.04 J m™.
3.3. Preconditioning of the water column

The preconditioning of the water column was evaluated as the buoyancy that has to be removed

(B(zi)) from the late summer density profile to homogenize it down to a depth zi. It reads:

B(zi) =p% oo(zi)zi — piofzoi oy (2)dz Eq. (7)

0y(z) is the vertical profile of potential density anomaly estimated from the profiles of T and S

measured by Argo floats in September in the given region (pink or cyan box in Fig. 1).

Following Schmidt and Send (2007), we split B into a temperature (Bg) and salinity (Bs) term:
Bo(zi)=—(gab(zi)zi— g afzoie(z) dz) Eq.(8)
Bs(zi) = g BS(zD)zi = g B [;S(2)dz  Ea.(9)

In order to compare the preconditioning with the heat to be removed and/or air-sea heat fluxes, B,
Bgand Bs are reported in ] m™. B, Bg and Bg were estimated for a given year from the mean of all
September profiles of B, Bg and Bs. The associated errors were estimated as std(B)/vn, where n is

the number of profiles used to compute the September mean values.
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4. RESULTS

4.1. Intensity of deep convection and properties of newly formed LSW

We examine the time-evolution of the winter mixed layer SECF since the exceptional convection
event of winter 2015 (W2015 hereinafter) (Table 1 and Figs. 1 - 3). In W2015, we recorded a
maximum MLD of 1,710 m south of Cape Farewell (Fig. 1a), in line with Piron et al. (2017). The
maximum MLD of 1,575 m observed for W2016 (Fig. 1b) is compatible with the MLb-active mixed
layer > 1,500 m observed in a mooring array in the central Irminger Sea by de Jong et al. (2018). For

W?2015 and W2016, the aggregate maximum depth of convection@3 was 1,205 m and 1,471 m,

respectively (Table 1). In W2017, deep convection was observed from three Argo profiles (Fig. 1c and
Fig. 2a-c). The maximum MLD of 1,400 m was observed on 16" March 2017 at 56.65°N — 42.30°W. In
W2018, the maximum MLD of 1,300 m was observed on 24 February at 58.12°N, 41.84°W (Fig. 1d,
2d-f). Float 5903102 measured MLD of 1,100 m South of Cape Farewell (Fig. 1d), but the estimated
MLDs coincided with the deepest levels of measurement of the float so that these estimates, possibly
biased low (see Fig. 2d-f), were discarded from our analysis. These results show that convection

deeper than 1,300 m occurred during four consecutive winters SECF.

Although the number of floats showing deep convection in W2017 and W2018 was small (3 and 2
floats), it represented a significant percentage of the floats operating in the SECF box at that time.
The percentage of floats showing deep convection in the SECF region was computed for the deep
convection periods defined from 15 January 2015 to 21 April 2015, 22 February 2016 to 21 March
2016, 16 March 2017 to 4 April 2017 and 24 February 2018 to 26 March 2018. The longest period of
deep convection occurred in W2015, the shortest in 2017. The percentage of floats showing deep
convection during the deep convection period are 73%, 50%, 33 % and 50%, for winters 2015, 2016,
2017 and 2018, respectively. The lowest % is found for W2017, but it is still substantial. It might
reflect that for this specific year floats showing deep MLD were found in the southwestern corner of

the SECF box only, suggesting that convection did not occur over the full box.

The properties (oo, S and 8) of the end of winter mixed layer were estimated for the four winters
(Table 1 and Fig. 3). We observed that, between W2015 and W2018, the water mass formed by deep
convection significantly densified and cooled by 0.019 kg m™ and 0.215°C, respectively (see Table 1
and Fig. 3).

In the Labrador Sea, the aggregate maximum depth of convection @3-increased from 2015 to 2018

(see Table 1). Deep convection observed in the Labrador Sea in W2018 was the most intense since

the beginning of the Argo era (see Fig. 2c in Yashayaev & Loder, 2016). From W2015 to W2018, newly

8



253
254

255
256
257

258

259
260
261
262
263
264
265
266
267
268
269
270
271

272
273
274
275
276
277
278
279
280

281
282

formed LSW cooled, became saltier and densified by 0.134°C, 0.013 and 0.023 kg m?, respectively
(Table 1).

The water mass formed SECF is warmer and saltier than that formed in the Labrador Sea (Fig. 3). The
deep convection SECF is always shallower than in the Labrador Sea. This result is discussed later in

Sect. 5.
4.2. Analysis of the atmospheric forcing Southeast of Cape Farewell

The seasonal cycles of B,+* and Q are in phase and of the same order of magnitude, while FWF*,
which is positive and one order of magnitude lower than Q, does not present a seasonal cycle (Fig.
S3). The means (1993 — 2018) of the cumulative sums from 1 September to 31 March of Q, FWF* and
B.u* estimated over the SECF box (Fig. 1) are - 2.46 + 0.43 x 10° J m?, 0.28 + 0.10 x 10° J m? and -
2.22 +0.49 x 10° J m?, respectively. DespiteB,* is mainly-explained-by10% lower on average than
Q; because of the buoyancy addition by the—accumulated—FWF*—amounts—te—~10 % of the
sea-heatflux—Considering the Ekman transports, the 1993 — 2018 means of the accumulated BF,

HF & and SFe, from 1 September to 31 March amount to 0.37 + 1.15 x 108 J m?, - 0.35 + 1.36 x 10°)
m?, and 0.02 + 2.04 x 10%x 10° J m?, respectively. The horizontal Ekman heat flux is negative, while
the Ekman buoyancy flux is positive. This buoyancy gain indicates a southeastward transport of
surface freshwater caused by dominant winds from the southwest. Noteworthy, BF is one order of

magnitude smaller than the Bg,*.

The total atmospheric forcing SECF was quantified as the sum of By,* and BFe. The anomalies of
accumulated fluxes from 1 September to 31 August the year after, with respect to the mean 1993 —
2016, are displayed in Fig. 4 for the SECF box. The grey line in Fig. 4a is the total atmospheric forcing
anomaly (Bs,* plus BF,). We identify years with very negative buoyancy loss in the SECF region, e.g.
1994, 1999, 2008, 2012 and 2015. The very negative anomalies of atmospheric forcing in 1999 and
2015 were caused by the very negative anomalies in both B,* (Fig. 4a) and BF¢. (Fig.4d). This
correlation was not observed for all the years presenting a negative anomaly of atmospheric forcing.
Noteworthy, during W2016, W2017 and W2018, the anomaly of atmospheric forcing was close to

zero.

Contrary to the very negative anomaly in atmospheric fluxes over the SECF region observed for

W2015, the atmospheric fluxes were close to the mean during W2016, W2017 and W2018.
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4.3. Analysis of the preconditioning of the water column Southeast of Cape

Farewell

Our hypothesis is that the exceptional deep convection that happened in W2015 in the SECF region
favorably preconditioned the water column for deep convection the following winters. The time-
evolutions of 8, S, 0; and of Ac;=0.01 kg m™ layer thicknesses (Fig. 5) show a marked change in the
hydrographic properties of the SECF region at the beginning of 2015 caused by the exceptional deep
convection that occurred during W2015 (see Piron et al., 2017). The intermediate waters (500 —
1,000 m) became colder than the years before and, despite a slight decrease in salinity, the cooling
caused the density to increase (Fig. 5¢). Fig. 5d shows Ac;=0.01 kg m™ layer thicknesses larger than
600 m appearing at the end of W2015 for the first time since 2002. In the density range 32.36 — 32.39
kg m?, these layers remained thicker than ~450 m during W2016 to W2018. This indicates low
stratification at intermediate depths and a favorable preconditioning of intermediate waters for deep
convection initiated by W2015 deep convection. The denser density of the core of the thick layers in
2017 -2018 compared with 2015 - 2016 agrees with the densification of the mixed layer SECF shown
in Table 1 and Fig. 3.

B(zi) is our estimate of the preconditioning of the water column before winter (see Method). Fig. 6a
shows that, deeper than 100 m, B for W2016, W2017 and W2018 was smaller than B for W2015 or B
for the mean W2008 — W2014. Furthermore, for W2016, W2017 and 2018, B remained nearly
constant with depth between 600 and 1,300 m, which means that once the water column has been
homogenized down to 600 m, little additional buoyancy loss results in the homogenization of the
water column down to 1,300 m. Both conditions (i) less buoyancy to be removed and (ii) absence of
gradient in the B profile down to 1,300 m indicate a more favorable preconditioning of the water

column for W2016, W2017 and W2018 than during W2008 — W2015.

To understand the relative contributions of 8 and S to the preconditioning, we computed the thermal
(Bg) and haline (Bs) components of B (B = By + Bs). In general, Bg (B) increases with depth when 6
decreases (S increases) with depth. On the contrary, a negative slope in a Bg (Bs) profile corresponds
to O increasing (S decreasing) with depth and is indicative of a destabilizing effect. The negative

slopes in Bg and B, profiles are not observed simultaneously because density profiles are stable.

We describe the relative contributions of Bg and B, to B by looking first at the mean 2008 — 2014
profiles (discontinuous blue lines in Fig. 6). By accounts for most of the increase in B from the surface
to 800 m and below 1,400 m (see Fig. 6a and Fig. 6b). The negative slope in the B, profile between
800 — 1,000 m (Fig. 6¢) slightly reduces B (Fig. 6a) and is due to the decrease in S associated with the
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core of LSW (see Fig. 3 in Piron et al. 2016). In the layer 1,000 — 1,400 m, the increase in B (Fig. 6a) is
mainly explained by the increase in B, (Fig. 6¢), which follows the increase in S in the transition from
LSW to Iceland Scotland Overflow Water (ISOW). This transition layer will be referred to hereinafter
as the deep halocline. The evaluation of the preconditioning of the water column was usually
analyzed in terms of heat (e.g., Piron et al. 2015; 2017). The decomposition of B in Bg and Bs reveals
that 6 governs B in the layer 0 — 800 m. S tends to reduce the stabilizing effect of 8 in the layer 800 —
1,000 m, and reinforces it in the layer 1,000 — 1,400 m by adding up to 1 x 10° J m? to B.

In order to further understand why the SEFC region was favorably preconditioned during winters
2016 — 2018, we compare the By and Bs of W2017, which was the most favorably preconditioned
winter, with the mean 2008 — 2014 (Fig. 7a). From the surface to 1,600 m, Bg and Bs were smaller for
W2017 than for the mean 2008 — 2014. There are two additional remarkable features. First, in the
layer 500 — 1000 m, the large reduction of Bg compared to the 2008 — 2014 mean, mostly explains
the decrease in B in this layer. Second, the more negative value of B, in the layer 1,100 — 1,300 m,
compared to the 2008 — 2014 mean, eroded the Bg slope, making the B profile more vertical for
W2017 than for the mean. The more negative contribution of B; in the layer 1,100 — 1,300 m comes
from the fact that the deep halocline was deeper for W2017 (1,300 m, see orange dashed line in Fig.
7a) than for the mean 2008 — 2014 (1,000 m, see blue dashed line in Fig. 7a). Finally, we note that the
profiles of B(z;), Be(z;) and By(z;) for W2016 and W2018 are more similar to the profiles of W2017 than
to those of W2015 or to the mean 2008 — 2014 (see Fig. 6), which indicates that the water column
was also favorably preconditioned for deep convection in W2016 and W2018 for the same reasons as

in W2017.

The origin of the changes in B is now discussed from the time evolutions of the monthly anomalies of
0, S and gy at 58°N — 40°W that is at the center of the SECF box (Fig. 8). The time evolutions there are
similar to those at any other location inside the SECF box. These anomalies were computed using
ISAS (Gaillard et al., 2016) and were referenced to the monthly mean of 2002 — 2016. A positive
anomaly of o, appeared in 2014 between the surface and 600 m (Fig. 8a) and reached 1,200m in
2015 and beyond. This positive anomaly of g, correlates with a negative anomaly of 8. The latter,
however, reached ~1,400 m depth in 2016 that is deeper than the positive anomaly of o,. The
negative anomaly of S between 1,000 - 1,500 m that appeared in 2015 and strongly reinforced in
2016 caused the negative anomaly in o, between 1,200 — 1,500 m (the density anomaly caused by
the negative anomaly in 8 between 1,200 — 1,400 m does not balance the density anomaly caused by

the negative anomaly of S).
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The 8 and S anomalies in the water column during 2016 — 2018 explain the anomalies of B, By and B;
and can be summarized as follows. On the one hand, the properties of the surface waters (down to
500 m) were colder than previous years and, despite they were also fresher, they were denser. The
density increase in the surface water reduced the density difference with the deeper-lying waters.
The intermediate layer (500 — 1000 m) was also favorably preconditioned due to the observed
cooling. Additionally, in the layer 1,100 — 1,300 m, the large negative anomaly of B, with respect to its
mean is explained by the decrease in S in this layer, which caused a decrease in 6, and, consequently,
reduced the o, difference with the shallower-lying water. The decrease in S also resulted in a

deepening of the deep halocline.
4.4. Atmospheric forcing versus preconditioning of the water column

We now use the estimates of the accumulated atmospheric forcing (Bg.* + BFe() from 1 September
to 31 March the year after (see Fig. S4) to predict the maximum convection depth for a given winter
based on September profiles of B. The predicted convection depth is determined as the depth at
which B(zi) (Fig. 6a) equals the accumulated atmospheric forcing. The associated error was estimated
by propagating the error in the atmospheric forcing (0.05 x 10° J m?). The accumulated atmospheric
forcing amounted to -3.21 x 10° + 0.05J m?, -2.21 + 0.04 x 10° ) m™, -2.01 + 0.05 x 10° J m™? and -2.47
+ 0.05 x 10° J m? for W2015, W2016, W2017 and W2018, respectively. We found predicted
convection depths of 1,085 + 20 m, 1,285 + 20 m, 1,415 + 20 m and 1,345 + 20 m for W2015, W2016,

W2017 and W2018, respectively. We consider the aggregate maximum depth of convection @3-as

the observed estimate of the MLD (Table 1). The predicted MLD agrees with the observed MLD
within £ 200 m. The differences could be due to errors in the atmospheric forcing (Josey et al., 2018),
lateral advection and/or spatial variation in the convection intensity within the box not captured by
the Argo sampling.

The satisfactory predictability of the convection depth with our 1-D model indicates that deep
convection occurred locally. In spite the atmospheric forcing was close to mean (1993 — 2016)
conditions during W2016, W2017 and W2018, convection depths > 1300 m were reached in the SECF

region. This was only possible thanks to the favorable preconditioning.

5. DISCUSSION

Deep convection happens in the Irminger Sea and South of Cape Farewell during specific winters
characterized by a strong atmospheric forcing (high buoyancy loss), a favorable preconditioning (low
stratification) or both at the same time (Bacon et al., 2003; Pickart et al., 2003). In the Irminger Sea,

strong atmospheric forcing explained for instance the very deep convection (reaching depth greater
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than 1,500 m) observed in the early 90s (Pickart, et al., 2003) and in W2015 (de Jong et al. 2016; Frob
et al., 2016; Piron et al. 2017). It explained as well the return of deep convection in W2008 (Vage et
al., 2009) and in W2012 (Piron et al., 2016). The favorable preconditioning caused by the
densification of the mixed layer during W2008 favored a new deep convection event in W2009
despite neutral atmospheric forcing (de Jong et al. 2012). Similarly, the preconditioning observed
after W2015 in the SECF region favored deep convection in W2016 (this work). The favorable
preconditioning persisted three consecutive winters (2016 — 2018) in the SECF region, which allowed
deep convection although atmospheric forcing was close to the climatological values. Why did this

favorable preconditioning persist in time?

We previously showed that during 2016 — 2018 two hydrographic anomalies affected different
ranges of the water column in SECF box: a cooling intensified in the layer 200 — 800 m and a
freshening intensified in 1,000 — 1,500 m layer. Those resulted in a decrease in the vertical density
gradient between the intermediate and the deeper layers creating a favorable preconditioning of the
water column. Note that the cooling affected the layer from surface to 1,400 m and the freshening
affected the layer from near surface to 1,600 m, but the cooling and the freshening were intensified

at different depth ranges (Fig. 8).

We see in Fig. 5a a sudden decrease in 0 in the intermediate layers in 2015 compared to the previous
years. It indicates that the decrease in 0 of the intermediate layer likely originated locally during
W2015 when extraordinary deep convection happened. A slight freshening of the water column
(400- 1,500 m) appeared in 2015, likely caused by the W2015 convection event, then it decreased
before a second S anomaly intensified in 2016 between 1,100 and 1,400 m (Fig. 8c). It is unlikely that
this second anomaly was exclusively locally formed by deep convection because it intensified during
summer 2016. Our hypothesis is that this second S anomaly originated in the Labrador Sea and was
further transferred to the SECF region by the cyclonic circulation encompassing the Labrador Sea and
Irminger Sea at these depths (Daniault et al., 2016; Ollitrault & Colin de Verdiére, 2014; Lavander et
al., 2000 ; Straneo et al., 2003). It is corroborated by the 2D evolution of the anomalies in S in the
layer 1,200 — 1,400 m (Fig. 9): a negative anomaly in S appeared in the Labrador Sea in February
2015, which was transferred southward and northeastward in February 2016 and intensified over the
whole SPNA in February 2017. By this mechanism, the advection from the Labrador Sea contributed
to create property anomalies in the water column. However, the buoyancy budget showed that this
was a minor contribution compared to the buoyancy loss due to the local air-sea flux, even if it was

essential to preconditioning the water column for deep convection.
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We now compare the atmospheric forcing and the preconditioning of the water column in the SECF
region with those of the nearby Labrador Sea where deep convection happens almost every year.
The atmospheric forcing over the Labrador Sea is ~15 % larger than that over the SECF region: the
means (1993 - 2018) of the atmospheric forcing, defined as the time accumulated Bg,* + BF from 1
September to 31 March the year after, are -2.61 + 0.55 x 10° ] m™ in the Labrador Sea and -2.18 +
0.54 x 10° I m™ in the SECF region. The difference was larger during the period 2016 — 2018 when the
atmospheric forcing equaled -3.10 + 0.19 x 10° J m? in the Labrador Sea and -2.23 £ 0.23 x 10°J m?in
the SECF region. In terms of preconditioning, the 2008 — 2014 mean B profile (blue continuous lines
in Fig. 7) was lower by ~0.5 x 10° J m? in the Labrador Sea than SECF for the surface to 1,000 m layer
and by more than 1 x 10° J m™ below 1,200 m. It indicates that the water column was more favorably
preconditioned in the Labrador Sea than in the SECF region during 2008 — 2014. Differently, B for
W2017 shows slightly lower values from the surface to 1,300 m in the SECF region than in the
Labrador Sea (see orange lines in Fig. 7). However, B in the Labrador Sea remains constant down to
the depth of the deep halocline between LSW and North Atlantic Deep Water (NADW) at 1,700 m. In
the SECF region, the deep halocline remained at ~1,300 m between 2016 and 2018 (see B lines in
Fig. 7a). Differently, in the Labrador Sea, the deep halocline deepened from 1,200 m for the mean to
1,735 m, 1,775 m and 1905 m in W2016, W2017 and W2018, respectively (see dashed lines in Fig.
7b). The deep halocline acts as a physical barrier for deep convection in both the SECF region and the
Labrador Sea, but because the deep halocline is deeper in the Labrador Sea than in SECF region, the
preconditioning is more favorable to a deeper convection in the Labrador Sea than in the SECF
region. Summarizing, in winters 2016 - 2018 in the Labrador Sea, both atmospheric forcing and
preconditioning of the water column granted the deepest convection depth in the Labrador Sea since
the beginning of the Argo period (comparison of our results with those of Yashayaev and Loader,
2017). Contrasting, in SECF region, during the same period, the atmospheric forcing was close to
climatological values, and the favorable preconditioning of the water column allowed 1,300 m depth

convection, what was exceptional for the SECF region.

The Labrador Sea, SECF region and Irminger Sea are three distinct deep convection sites (e.g.
Yashayaev et al., 2007; Bacon et al., 2003; Pickart et al., 2003; Piron et al., 2017). In this work, we
give new insights on the connections between the different sites, showing how lateral advection of
fresh LSW formed in the Labrador Sea favored the preconditioning in the SECF region fostering

deeper convection.

Climate models forecast increasing input of freshwater in the North Atlantic due to ice-melting under
present climate change (Bamber et al., 2018), which could reduce, or even shut-down, the deep

convection in the North Atlantic (Yang et al., 2016; Brodeau & Koenigk, 2016). We observed a fresh
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anomaly in the surface waters in regions close to the eastern coast of Greenland in 2016 that
extended to the whole Irminger Sea in 2017 (Fig. S6). However, this surface freshening did not
hamper the deep convection in the SECF region possibly because the surface water also cooled.
Swingedouw et al., 2013 indicated that the freshwater signal due to Greenland ice sheet melting is
mainly accumulating in the Labrador Sea. However, no negative anomaly of S was detected in the
surface waters of the Labrador Sea (Fig. S6). It might be explained by the intense deep convection
affecting the Labrador Sea since 2014 that could have transferred the surface freshwater anomaly to
the ocean interior. This suggests that, in the last years, the interactions between expected climate
change anomalies and the natural dynamics of the system combined to favor very deep convection.

This however does not foretell the long term response to climate change.

6. CONCLUSIONS

During 2015 — 2018 winter deep convection happened in the SECF region reaching deeper than 1,300

m. The deep convection of W2015 was observed over a larger region and during a longer period of

time than the deep convection events of winters 2016, 2017 and 2018. Despite these differences, tit

is the first time that deep convection, with maximum convection depth larger than 1,300 m, was

observed in this region during four consecutive winters.

The atmospheric forcing and preconditioning of the water column was evaluated in terms of
buoyancy. We showed that the atmospheric forcing is 10% weaker when evaluated in terms of
buoyancy than in terms of heat because of the non-negligible effect of the freshwater flux. The
analysis of the preconditioning of the water column in terms of buoyancy to be removed (B) and its
thermal and salinity terms (Bg and By) revealed that By dominated the B profile from the surface to
800 m and B reduced the B in the 800 — 1000 m layer because of low salinity of LSW. Deeper, B
increased B due to the deep halocline (LSW-ISOW) that acted as a physical barrier limiting the depth

of the convection.

During 2016 — 2018, the air-sea buoyancy losses were close to the climatological values and the very
deep convection was possible thanks to the favorable preconditioning of the water column. It was
surprising that these events reached convection depths similar to those observed in W2012 and
W2015, when the latter were provoked by high air-sea buoyancy loss intensified by the effect of
strong wind stress. It was also surprising that the water column remained favorably preconditioned
during three consecutive winters without strong atmospheric forcing. In this paper, we studied the

reasons why this happened.
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The preconditioning for deep convection during 2016 — 2018 was particularly favorable due to the
combination of two types of hydrographic anomalies affecting different depth ranges. First, the
surface and intermediate waters (down to 800 m) were favorably preconditioned because buoyancy
(density) decreased (increased) due to the cooling caused by the atmospheric forcing. Second,
buoyancy (density) increased (decreased) in the layer 1,200 — 1,400 m due to the decrease in S
caused by the lateral advection of fresher LSW formed in the Labrador Sea. The S anomaly of this
layer resulted in a deeper deep halocline. Hence, the cooling of the intermediate water was essential
to reach convection depth of 800 — 1,000 m, and the freshening in the layer 1,200 — 1,400 m and the
associated deepening of the deep halocline, allowed the very deep convection (> 1,300 m) in W2016

—W2018.
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and VT discussed the results and wrote the paper.
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Table 1. Properties of the deep convection SECF and in the Labrador Sea in winters 2015 — 2018. We
show: the maximal MLD observed, the aggregate maximum depth of convection-@3, the oy, S and 6
of the winter mixed layer formed during the convection event and n, which is the number of Argo
profiles indicating deep convection. The uncertainties given with o,, S and 6 are the standard

deviation of the n values considered to estimate the mean values.

Maximal Salinity

MLD (m)

W2015 27.733 = 34.866+ 3.478 +

1710 1205 0.007 0.013 0.130 29
W2016 27.746% 34.871+ 3.388+

1575 1471 0.002 0.003 0.032 3
W2017 27.745% 34.868+ 3.364+

1400 1251 0.007 0.007 0.109 3
w2018 27.748+ 34.859+ 3.263+%

1300 1300 0.001 0.003 0.031 2
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Figure 1. Positions of all Argo float north of 55°N in the Atlantic between 1 January and 30 April a)

2015, b) 2016, c) 2017 and d) 2018 (black and colored points). The colored points and color bar

indicate the mixed layer depth (MLD) when MLD was deeper than 700 m. The pink circles indicate

the position of the maximal MLD observed SECF each winter. The pink and cyan boxes delimit the

regions used for estimating the time series of atmospheric forcing and the vertical profiles of

buoyancy to be removed in the SECF region and the Labrador Sea, respectively (SECF: 56.5°N —

59.3°N and 45.0°W — 38.0°W, Labrador Sea: 56.5°N — 59.2°N and 56°W — 48°W).
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630  Figure 2. Vertical distribution of oy, S and 6 of Argo profiles showing MLD deeper than 700 m SECF in
631  Winter 2017 (a, b and c) and in Winter 2018 (d, e, f). The black points indicate the MLD. The triangles
632  in d) are the MLD which coincided with the maximal profiling pressure reached by the float. In the

633  legend, the float and cycle of each profile are indicated.
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635  Figure 3. TS diagrams in the mixed layer for profiles with MLD deeper than 700 m during winters
636 2015, 2016, 2017 and 2018 for a) the Labrador Sea and b) SECF. The properties of the mixed layers

637 were estimated as the vertical means between 200 m and the MLD.
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averaged in the SECF region. They are anomalies with respect to 1993 — 2016. The accumulation was
from 1 September to 31 August the following year. The winter NAO index (Hurrel et al., 2018) is also
represented in g). Gray line in a) is the sum of the anomalies of accumulated By, s* and BF¢. Note that

the range of values in the y-axis is not the same in all the plots.
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Figure 5. Time-evolutions of vertical profiles measured from Argo floats in the SECF region: a) 8 ; b) S;
c) 0, and d) thickness of 0.01 kg m™ thick o layers. The white horizontal bars in plots a), b) and c)
indicate the maximal convection depth observed in Irminger Sea or SECF when deep convection
occurred. The white line in plot a) indicates the depth of the isotherm 3.6 °C. The black vertical ticks
on the x-axes of plot b) indicate times of Argo measurements. These figures were created from all
Argo profiles reaching deeper than 1000 m in the SECF region (56.5° — 59.3°N, 45°— 38°W, pink box in

Fig. 1). The yearly numbers of Argo profiles used in this figure are shown in Fig. S5.
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Figure 6. Vertical profile of a) the buoyancy to be removed (B), b) the thermal component (Bg) and c)
the salinity component (B,). They were calculated from all Argo data measured in the SECF box (see
Fig. 1) in September before the winter indicated in the legend. For W2015 and W2018, we
considered data from 15/08/2017 to 30/09/2017 because not enough data were available in
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ten for all the winters.
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SUPPLEMENTARY MATERIAL

S1. METHODS FOR ESTIMATING THE MIXED LAYER DEPTH

In this paper, mixed layer depth (MLD) was estimated using the threshold method described in
section 3.1. Our estimates were compared to those based on the methods of dedengetal{2042}
and-ef-Pickart et al. (2002), which like ours is adapted to slightly slanted tracer profiles in the mixed

layers as those often observed in the central subpolar gyre (Straneo et al. 2002). Pickart et al. (2002)

requires a first guess for the mixed layer=

We ysedthat we have taken equal to the MLD estimate obtained with our threshold method (section

3.1 of this paper)-as-a-firstguessforthe MLED. Then, the mean and standard deviation of the o, S and
0 were estimated from the surface to the initially defined MLD. Finally, the two—standard deviation
envelopes overlaid on the original profile were plotted on the o, S and 6 profiles. The mixed layer
depth was determined as the location where the profile permanently crossed outside of the two—

standard deviation envelope.

S.2. FIGURES IN SUPPLEMENTARY MATERIAL
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Figure S1. Comparison of MLD estimated for float 6901171 — 101 by our method (black point),-y-de
Jongetal’smethod-{horizental-discontinueus-black-tine} and by Pickart et al.’s method (horizontal

discontinuous gray line). The continuous colored lines are the vertical profiles of g, S and 8 measured

by the Argo float. The dashed colored lines are the two—-standard deviation envelope considered in

the Pickart et al.”s method.
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freshwater (FWF*) averaged on the SECF region (pink box in Fig. 1). Data origin: ERA-Interim,
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Figure S4. Time series of accumulated (from 1 September to 31 March the year after) buoyancy air-

sea flux (
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B..) and buoyancy Ekman flux (BF.,) and the sum of both. The year in the x-axes indicates

the flux accumulated from 1 September y-1 to March y.
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Figure S5. Number of Argo profiles by year used in Figure 5.
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