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1. Introduction
The Nordic Seas (Greenland, Norwegian and Iceland Seas) together with the Fram Strait to the north form an 
oceanic gateway between the Atlantic and the Arctic Oceans. This area is a place of exchange between several 
water masses including Polar and Atlantic Waters. The rather cold and fresh Polar Waters leave the Arctic basin 
near the surface along the east coast of Greenland (Aksenov et al., 2010). The warm and salty Atlantic Waters 
are the main source of heat and salt for the Arctic Ocean (Schauer et al., 2008). These are carried across from the 
Nordic Seas at the surface (then subsurface) by the Norwegian Atlantic Current, a two branches current (Orvik 
& Niiler, 2002). Over the study area, the main circulation pathways are summarized in Figure 1. The latter have 
been described by numerous authors (e.g., Athanase et al., 2019; Hattermann et al., 2016; Hofmann et al., 2021; 
Piechura and Walczowski, 1995; von Appen et al., 2016; Walczowski, 2013).

In the middle, the Greenland Sea is a major site of open-ocean convection in winter, a process by which weakened 
surface stratification facilitates the sinking of surface waters densified by surface cooling, their mixing with under-
lying layers and the formation of intermediate and bottom waters (Marshall & Schott, 1999). This area is therefore 
of primary importance regarding the variability of the Atlantic Meridional Overturning Circulation (AMOC), 
a major component of the global climate, as wintertime convection there contributes to feeding the lower limb 

Abstract We investigated wintertime convection evolution in recent years over the Greenland Sea. 
This area is a major location regarding dense water production and supply of the lower limb of the Atlantic 
Meridional Overturning Circulation, a key component of the global climate. Previous studies mentioned an 
increase in Greenland Sea wintertime convection intensity during the 2000s in comparison with the previous 
decade till 2015/2016. Here, we further document the ongoing oceanic changes within the Greenland Sea 
through the Mercator Ocean Physical System, an operational ocean model with data-assimilation. The model 
has shown a large variability, a later start and a decline of convection in the Greenland Sea in recent years. 
In particular, the depth of the annual maximum mixed layer diminished by 52% between 2008–2014 and 
2015–2020, from 1,168 to 559 m, over the convective area. This decline of the convection depth is corroborated 
with Argo float observations. Within the Greenland Sea, hydrographic changes especially the increasing 
temperature are associated with isopycnal deepening and stratification strengthening. The stratification is 
building up at a larger rate in the Boreas Basin compared to the Greenland Basin. The changes of the Greenland 
Sea hydrography in the model are in part related to Atlantic Water spreading over the Boreas Basin and 
the eastern part of the Greenland Basin. The model also indicates a decrease in the intensity of the gyre in 
accordance with the isopycnal deepening while local surface winds and fluxes do not exhibit significant trends 
nor significant interannual variations.

Plain Language Summary Surface warm and salty waters are losing heat as they flow poleward. 
Once they reach the subpolar Atlantic Ocean, they eventually sink to depth as they are getting denser. This 
vertical motion is called convection. This is an important process as it contributes to feeding the lower limb 
of the Atlantic Meridional Overturning Circulation, a key regulator of the global climate. In this study, 
we investigated wintertime convection evolution in recent years through an ocean model combined with 
observational data. We focused on the Greenland Sea, a main place regarding convection. The main result 
is that convection has weakened (in extent and intensity) in recent years. Convection is shallower, covers a 
smaller area and begins later in the winter. A contributing factor appears to be the rise in oceanic temperature 
at this location especially near the surface. Therefore it is crucial to keep monitoring this region as this rise in 
temperature is expected to continue in the future.
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of the AMOC (Huang et al., 2020; Latarius & Quadfasel, 2016). The cyclonic Greenland Sea Gyre favors deep 
convection as isopycnal doming brings a weakly stratified layer close to the surface (Killworth,  1983). The 
Greenland Sea encompasses another cyclonic gyre, north of the Greenland Basin, in the Boreas Basin (Quadfasel 
& Meincke, 1987) also suitable for deep convection to occur. In this basin, convective chimneys of about 3,000 m 
were observed at the end of March 1989 (SIZEX 89 experiment; Johannessen et al. (1991)). In the Greenland Sea, 
the deepest mixed layer depths (MLDs) are found in late winter, between February and April (Bashmachnikov 
et al., 2021; Brakstad et al., 2019).

However, deep convection is not a regular process occurring each winter with the same intensity and it rather 
exhibits a large interannual variability (Marshall & Schott,  1999). Greenland Sea convection is regulated by 
numerous factors including surface buoyancy fluxes, intensity of the Greenland Sea Gyre and oceanic heat and 
salt advection (Bashmachnikov et al., 2021). Convection was very shallow during the 80s in the Greenland Basin 
(Schlosser et al., 1991). Several authors have mentioned an increase in the wintertime convection intensity during 
the 2000s, in comparison with the previous decade, linked with a rise of salinity and temperature in the Greenland 
Sea (Bashmachnikov et al., 2021; Brakstad et al., 2019; Lauvset et al., 2018). All these studies recorded several 
winters with maximum mixed layers deeper than 1,500  m during the 2000s till 2015/2016. Bashmachnikov 
et al. (2021) found that the increase in upper layer salinity through Modified Atlantic Water advection from the 

Figure 1. Schematic view of the area (Northern Nordic Seas) and the oceanic circulation. Red arrows account for Atlantic 
Water, blue for Polar Water and orange for Modified Atlantic Water. The bathymetry is from IBCAO. Dark blue lines are 
isobaths 100, 500, 700, 1,000, 2,000, 3,000, 3,800 m. Dark contour is the isobath 0m. The main currents are in color, TPD: 
Transpolar Drift, EGC: East Greenland Current, WSC: West Spitsbergen Current, NwAFC: Norwegian Atlantic Front 
Current, NwASC: Norwegian Atlantic Slope Current, srB and nrB: southern and northern recirculation Branches, SB: 
Svalbard Branch, YPB: Yermak Pass Branch, YB: Yermak Branch, NB: Northern Branch, JMC: Jan Mayen Current, AWBC: 
Atlantic Water Boundary Current and MAWBC: Modified Atlantic Water Boundary Current. The main bathymetric features 
are in white, MR: Mohn Ridge, KR: Knipovitch Ridge, HFZ: Hovgaard Fracture Zone, MH: Molloy Hole, YP: Yermak 
Plateau. In yellow, GB: Greenland Basin and BB: Boreas Basin. Purple arrows indicate the Greenland Sea and the Boreas 
Gyres.
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West Spitsbergen Current was a primary cause of interannual variability of wintertime convection in the area. 
Further north, changes in winter mixed layer depths have also been highlighted in recent years. The Yermak 
Plateau, that used to be ice-covered year-round now experiences occasional ice-free conditions and has repeat-
edly shown enhanced winter convection over the past decade (Athanase et al., 2020). This northward “shift” 
of the convection regions has been projected to occur under a warming climate (Bretones et al., 2022; Lique & 
Thomas, 2018). The ice-edge retreat also contribute to increase air-sea heat fluxes and water mass transformation 
along the boundary currents in the area (East Greenland Current, West Spitsbergen Current and Svalbard Branch) 
(Moore et al., 2022; Våge et al., 2018).

In this study, we further document ongoing oceanic changes within the Northern Nordic Seas (Figure 1) taking 
advantage of the Mercator Ocean operational model which put in a continuous spatio-temporal context the assim-
ilated in situ and satellite data. In Section 2, we briefly present the model and the Argo float data. In Section 3, 
we examine the evolution of hydrography, circulation and mixed layer depths between 2008 and 2020. Finally, in 
Section 4 we discuss the contributing mechanisms to the ongoing changes in the Greenland Sea.

2. Material
2.1. Mercator Ocean Operational System (PSY4)

The global operational system Physical SYstem version 4 (PSY4) developed at Mercator Ocean for the Coperni-
cus Marine Environment Monitoring Service (CMEMS; http://marine.copernicus.eu/) simulates ocean physical 
variables (e.g., temperature, salinity, sea surface height, and velocity) and sea-ice variables from 2007 onward 
(Lellouche et al., 2018). The physical configuration is based on a 1/12° tripolar grid (Madec & Imbard, 1996) 
(grid spacing of 4–4.3 km in the Fram Strait region, e.g., Figure 1 in Hu et al. (2019)), with 50 vertical levels 
of decreasing resolution from 1 m at the surface to 450 m at the seafloor, including 22 levels within the upper 
100 m. The PSY4 system uses version 3.1 of the Nucleus for European Modeling of the Ocean model (NEMO; 
Madec and Engine (2008)) and the Louvain-La-Neuve thermodynamic-dynamic Sea Ice Model (LIM2; Fichefet 
and Maqueda (1997)). At the surface, the model is driven by atmospheric analyses and forecasts obtained from 
the European Centre for Medium-Range Weather Forecasts-Integrated Forecast System (ECMWF-IFS) at 3-hr 
resolution.

The model jointly assimilates along-track satellite altimetry data, satellite sea surface temperature (from Opera-
tional Sea Surface Temperature and Ice Analysis, OSTIA), sea-ice concentration (from the Satellite Application 
Facility on Ocean and Sea Ice, OSI SAF), and in situ temperature and salinity profiles (from the CORA3.3 data-
base) using a reduced-order Kalman filter with a 3-D multivariate modal decomposition of the background error 
and a 7-day assimilation cycle (Lellouche et al., 2018). During the assimilation procedure, a particular treatment 
is applied to areas potentially covered with sea ice: all observations errors in the multivariate SEEK filter increase 
linearly (less weight in the analysis) with the decrease of the SST from −1°C to −1.7°C and the observations are 
rejected if SST is less than −1.7°C (i.e., an approximation of the freezing point). In other words, apart from the 
sea-ice concentration no other quantities are assimilated in ice-covered oceans. The model does not include tides 
and updated runoff climatology is used together with runoff fluxes coming from Greenland (Dai et al., 2009). 
The PSY4 system starts in October 2006 from a “cold” start (initial currents are null) using initial climatological 
conditions from EN4.2.1 hydrographic temperature and salinity data (Good et al., 2013). Following Athanase 
et al. (2021), we considered the first 15 months as a spin up period and used daily fields from January 2008 to 
May 2020. Absolute salinity SA [g/kg] and conservative temperature CT [°C] are used following the TEOS-10 
(Thermodynamic Equations of Seawater) international standard (McDougall & Barker, 2011).

So far, PSY4 evaluations in the upper 600  m of the western Eurasian Basin and northern Fram Strait using 
non-assimilated data showed that simulated sea-ice cover, temperature, salinity, and ocean currents were in good 
agreement with observations (e.g., Artana et  al.,  2022; Athanase et  al.,  2019,  2020,  2021; Koenig, Provost, 
Villacieros-Robineau, et al., 2017; Koenig, Provost, Sennechael, et al., 2017). A comparison of a former version 
of the operational model one fourth degree to in situ data and other models over the Nordic Seas highlighted the 
system capabilities for reproducing properties in that region (Lien et al., 2016).

2.2. Further Evaluation Over the Northern Nordic Seas

An additional evaluation of the model over the Northern Nordic Seas was performed comparing simulations to 
Argo float profiles (assimilated by the model) present in the area. There are 7,762 Argo floats profiles from the 
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Coriolis data center (only good quality flags are retained) from 2008 to 2020, located between 70 and 84°N and 
between −30 and 30°E (Figure 2a). The number of profiles increases from 2014 onward, with no seasonal bias 
(Figure 2b). Highest profile densities are found in the center of the Greenland Sea Gyre and east of the Mohn and 
Knipovitch Ridges; there are very few profiles north of 79°N because of sea ice (Figure 2a).

Daily PSY4 fields were colocated in time and space (closest grid cell) with the in situ profiles. Profiles from 
PSY4 modeled data were linearly interpolated to 1 m vertical resolution to ease model-observations compar-
isons. Correlations between PSY4 colocated variables and observed data is 0.98 for temperature and 0.93 for 
salinity (both are statistically significant to the 99% confidence level). Conservative temperature and absolute 
salinity diagrams with data plotted chronologically from 2008 to 2020, highlight a striking freshening of the 
water column in both observations and model (shift toward lower salinity values above isopycnal 28.1 kg/m 3 in 
Figures 3a and 3b). This is consistent with the freshening of the upstream Norwegian Sea (around 65°N) during 
the 2011–2018 period reported by Mork et al. (2019).

Maps of hydrographic properties were derived by averaging data of all available profiles in square bins of 0.5° 
longitude × 0.25° latitude. The same was performed with the PSY4 colocated data for comparison. We exam-
ined both the 25 and 222 m depth horizons, levels that rather well depict the near surface and the Atlantic Water 
respectively. In the following, biases are defined as the mean of absolute differences between the model and the 
observations over late winter months (JFMA; convective period). During this period, biases are relatively small. 

Figure 2. (a) Number of Argo float profiles per 0.5° longitude x 0.25° latitude bin between 70/84°N and −30/30°E during 
the period 2008–2020. (b) Total number of profiles per year (black bar) and season (color bars). The blue color represents 
winter months (JFMOND) and the magenta summer months (AMJJAS).

Figure 3. CT-SA diagram from (a) PSY4 colocated and (b) observed conservative temperature and absolute salinity during 
2008–2020. 6,358 Argo profiles between −10/15°E and 70/79°N from January 2008 to May 2020 were used. Profiles are 
displayed chronologically from 2008 to 2020.
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At 222 m (Figure S1 in Supporting Information S1), biases are of about 0.40°C for conservative temperature and 
0.02 g/kg for absolute salinity (RMSE are 0.62°C and 0.03 g/kg) with the largest differences along the Mohn 
and Knipovitch Ridges in the frontal zone. Near the surface (Figure S2 in Supporting Information S1), biases are 
0.51°C for conservative temperature and 0.04 g/kg for absolute salinity (RMSE are 0.82°C and 0.08 g/kg) with 
the modeled surface being slightly colder and saltier over the Greenland Sea.

We then compared mixed layer depths in winter months (Figure 4). MLDs were computed from a density-based 
criterion, that is, the mixed layer depth is the depth d verifying σ(d) = σ(10m) + δσ, with σ the potential density 
referenced to the sea surface and δσ = 0.01 kg/m 3. The main convection sites (in the Greenland and the Boreas 
Basins) are rather well located in the model (Figures 4a and 4b). However the model overestimates MLDs: the 
mean MLD bias over the entire area is about 196 m (RMSE is 330 m) and it is about 311 m (RMSE is 490 m) 
inside the convection region (gray contour; Figure 4c). This could be due to a combination of slight negative 
(resp. positive) biases in temperature (resp. salinity) near the surface (Figure S2 in Supporting Information S1) 
and to the model decreasing vertical resolution with depth (450 m at the seafloor).

At the location of the largest MLD biases (gray contour; Figure 4c), we further examined Argo profiles in CT, SA 
as well as derived density and buoyancy frequency squared and their colocated variables in the model (Figure 5). 
Temporal evolution of these physical quantities is well reproduced by the model. Similar patterns are found in 
both the Argo profiles and the model outputs over the period. These include for example, a density decrease and 
temperature increase in the upper layers comparing the last years with the beginning of the period (Figure 5a,5b), 
a salinity increase between 500 and 2,000 m (Figure 5c), a stratification increase over the entire water column 
(Figure 5d). Note that the colorbar we used for the buoyancy frequency squared, similar to Brakstad et al. (2019) 
is not a linear one. Regarding MLDs, correlations between PSY4 colocated and Argo derived MLDs is 0.71 
(statistically significant above the 99% confidence level) and correlation of JFMA means is even larger: 0.89 
(statistically significant above the 99% confidence level; Figure 5e).

Overall, the model reproduces well the hydrographic properties and the temporal evolution of the winter mixed 
layer depths (r = 0.89) despite an overestimation. Before investigating variations in winter MLDs, we looked into 
linear trends in hydrography and circulation although linear trends do not depict the full story.

3. Low Frequency Evolution of the Northern Nordic Seas Over 2008–2020
3.1. Linear Trends in Hydrography and Circulation in the Northern Nordic Seas

Means and trends are shown at 25 and 222 m depth horizons, levels that rather well depict the surface and the 
Atlantic Water respectively (Figures 6 and 7). Means are shown as a reference to ease the interpretation of trends 
(in units per decade). Near the surface, temperature has increased north of Svalbard over the Yermak Plateau 
and in the Atlantic Water Boundary Current (Figure 6b) which is consistent with the northward progression 
and shoaling of Atlantic Water (AW) in the Arctic (e.g., Polyakov et al., 2017; Athanase et al., 2021). In the 

Figure 4. Mixed Layer Depths for JFMA months averaged per bin of 0.5° × 0.25° longitude × latitude from (a) PSY4 colocated, (b) Argo float observation and (c) the 
difference. 1936 Argo profiles between −10/15°E and 70/79°N during 2008–2020 in JFMA were used.
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Greenland Sea, west of the Knipovich Ridge, temperature also increased by about +1°C/dec. Interestingly, there 
is no significant temperature trend in the West Spitsbergen Current (WSC). North of 80°N, salinity strongly 
increased (>+0.6 g/kg/decade; Figure 6d) along the Greenland slope and north of the Yermak Plateau. This  is 
consistent with the reduction in Arctic's freshwater outflows through Fram Strait between 2008-2014 and 2015–
2020 (Bertosio et al., 2022; Karpouzoglou et al., 2022).

Figure 5. Individual profiles within the box defined by 73/78°N and −6/6°E (gray contour; Figure 4c) from (left column) PSY4 variables colocated in time and space 
with observations and (right column) Argo float profiles as a function of time. (a) Conservative temperature [°C], (b) absolute salinity [g/kg], (c) density [kg/m 3] 
and (d) buoyancy frequency squared (N 2) [s −2]. Dots in the left column are the PSY4 colocated MLDs and dots in the right column are MLDs derived from the 
observations. (e) MLDs from (pale blue) PSY4 colocated data and (pale orange) Argo, bold blue and orange are associated 5 days running means and diamonds are 
JFMA means. (f) Monthly Argo float distribution over years within the same box (there is a total of 1,871 profiles).
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South of 80°N, surface velocities of the East Greenland Current (EGC) have decreased with a trend of about 
−5 cm/s/decade (Figure 6f). The latter is consistent with the observed EGC slowdown at 78°50′N after 2015 
which was partly related to a salinity increase in the lower halocline over the shelf (Karpouzoglou et al., 2022).

Figure 6. Means and trends over 2008–2020 at 25 m depth horizon. (a) Mean conservative temperature [°C] and (c) absolute salinity [g/kg] and associated linear 
trends (b) in [°C/dec] and (d) in [g/kg/dec]. Dark bold contour is the mean 1.5°C isotherm over 2008–2020. 25 m (e) mean oceanic circulation [cm/s]. Black arrows 
correspond to the mean current and background color is speed. (f) Associated linear trends [cm/s/dec]. Background color is the trend of the norm and black arrows 
are the resultant of the meridional and zonal component trends. Retained values for trends calculation are such that 𝐴𝐴 |𝑛𝑛𝑛𝑛𝑛

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑛𝑛𝑠𝑠
| > 1 , with nt the number of points used to 

calculate the regression (slope) and the standard deviation (std).
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At 222 m, hydrography and circulation patterns also display systematic trends that do not necessarily follow 
the surface ones (Figures 6 and 7). In the north, surroundings of the Yermak Plateau show a strong increase in 
temperature (>+1°C/decade) and salinity (>+0.1 g/kg/decade) (Figures 7b and 7d). The latter are associated 
with intensified velocities along the western flank of the Yermak Plateau, the northward shift of the location of 

Figure 7. Means and trends over 2008–2020 at 222 m. (a) Mean conservative temperature [°C] over 2008–2020 and (c) absolute salinity [g/kg] and associated linear 
trends (b) in [°C/dec] and (d) [g/kg/dec]. Dark bold contour is the mean location of 1.5°C isotherm over 2008–2020. 222 m (e) mean oceanic circulation [cm/s] over 
2008–2020. Black arrows correspond to the mean current direction and color the oceanic speed. (f) Associated linear trends [cm/s/dec]. Background color is the trend 
of the norm and black arrows are the resultant of the meridional and zonal component trends. Retained values for trends calculation are such that 𝐴𝐴 |𝑛𝑛𝑛𝑛𝑛

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑛𝑛𝑠𝑠
| > 1 , with nt 

the number of points used to calculate the regression (slope) and the standard deviation (std).
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AW recirculation branches and the developing V-shaped circulation north of Svalbard documented by Athanase 
et al. (2021). Linear trends in temperature and salinity are also positive in the Greenland Sea (>+1°C/decade and 
>+0.04 g/kg/decade). This could be related to the spreading of Atlantic Water from the Knipovich Ridge toward 
the Greenland Sea as discussed in Section 4.2. Further east, along the Atlantic Water pathway, the salinity trend 
is negative (<−0.05 g/kg/decade). This might be related to a freshening anomaly in the subpolar North Atlantic 
for the period 2012–2016 reported by Holliday et al. (2020). According to the authors, it takes 4–6 years for such 
an anomaly to reach the Fram Strait. Thus the negative trend could be a signal of this freshening event.

Atlantic Water recirculation velocities between 78°N and 80°N have diminished slightly (Figures 6f and 7f). This 
could contribute to the velocities weakening of the downstream EGC (<−2 cm/s/decade; Figure 7f). Interestingly, 
the model also shows an intensification of the Modified Atlantic Water Boundary Current (north of 78°N) veloc-
ities at depth (>+2 cm/s/decade; Figure 7f).

3.2. Changes in Winter Mixed Layer Depths

We considered periods ranging from 1 June to 31 May of the following year to avoid splitting winters in two. 
For each period, we derived maximum Mixed Layer Depth (mMLD) from monthly outputs to quantify winter 
convection. The main convection zone is located in the Greenland Sea, from the Hovgaard Fracture Zone to the 
Jan Mayen Island (Figure 8a). It comprises two basins: the Boreas Basin (BB) to the north and the Greenland 
Basin (GB) to the south. In the following, when no other indications, the term “convective area” refers to the 
interior of the mean position of the 500 m mMLD isocontour (pink in Figure 8a).

The standard deviation in mMLDs shows a striking maximum (>800 m) in the Greenland Sea, highlighting 
large interannual variability (Figure 8b). There, the area with the deepest mixed layers (>1,500 m; green and 
blue curves in Figure 8c) decreases drastically (from a maximum of 2.25 ⋅ 10 5 km 2 in 2008/2009) and is nearly 
one hundred times smaller after winter 2016/2017 (2.43 ⋅ 10 3 km 2 between winter 2016/2017 and 2019/2020). 
In contrast, the area of moderated mixed layer depths (between 500 and 1,000 m; orange curve in Figure 8c) 
increases in the convection zone and nearly doubles between the beginning and the end of the period. Year 
2019/2020 shows a maximum of the area associated with mMLD between 1,000 and 1,500 m while the total area 
covered with mMLD larger than 500 m (145,010 km 2) is relatively small in comparison with the beginning of the 
period. This suggests that the convection zone was constrained in a narrow region for this period. Indeed, over 
the entire convection zone the area covered with mMLDs larger than 500 m (black curve in Figure 8c) decreases 
throughout the period from 212,300 km 2 between 2008/2009 and 2011/2012 to 116,530 km 2 between 2016/2017 
and 2019/2020 (−45%) with a recovery in 2015/2016 of 205,660 km 2 (Figure 8c). This is consistent with the 
reduction in the deep MLDs area observed in Argo float data for different periods (Figure S3 in Supporting 
Information S1).

Figure 8. (a) Annual maximum Mixed Layer Depth [m] averaged over 2008–2020. Black contour is the mean ONDJFM 
80% ice-edge. Pink, orange and red contours are the 500-, 1,000- and 1,500 m mMLD-isocontours. (b) Associated standard 
deviation. Cyan contour is the 40 m std-isocontour. (c) Area [km 2] with maximum Mixed Layer Depth between 500 and 
1,000 m (orange), 1,000 and 1,500 m (purple), 1,500 and 2,000 m (green) and larger than 1,500 m (blue) as a function of time 
(year). Properties along the gray section in panel (a) are shown in Figure 11.
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To summarize, the model indicates a convection decline in the Greenland Sea: in intensity (decrease in the total 
area with mMLDs larger than 1,500–2,000 m) and in extent (decrease in the total area with mMLDs larger than 
500 m) in recent years. These results are supported by the observations (Figure 5e and Figure S3 in Supporting 
Information S1).

3.3. Convection Study Cases: Winters 2008/2009–2017/2018–2019/2020

To describe MLD changes more precisely, we examined their daily evolution during each winter. Below, three 
specific ones are described: winter 2008/09 and winter 2017/18 which features respectively the largest and the 
smallest area with mMLDs larger than 500 m (black curve in Figure 8c) and winter 2019/20 which displays a 
recovery of this same area.

In winter 2008/09, deep convection (MLD > 1,500 m) starts at the end of October 2008 north of the area in the 
Boreas Basin (Figure 9a). The convective region remains in the Boreas Basin and widens to the south throughout 
the entire winter till the end of April. Two other convective zones develop further south in late November and 
mid-December (Figure 9b). At the beginning of February, all the patches have merged (Figure 9c). Mid-February 
another patch opens north of the Jan Mayen Island. All the patches merged in the beginning of March to form 
a convective area covering the entire Greenland Sea (Figure 9c). The convection decreases rapidly at the end of 
April and stops completely by mid-May with the restratification of the water column.

Winter 2017/2018 is far different with a later start of the convection process (in February) in the center of the 
Greenland Basin (Figure 9e). Convection deepens in the center of the gyre and never reaches 1,500 m (Figures 9f 
and 9g). Convection declines in the middle of April and restratification occurs in May (Figure 9h).

Figure 9. Snapshots of modeled Mixed Layers Depths for three winters: (a–d) 2008/2009, (e–h) 2017/2018; and (i–k) 2019/2020. Red contour is the 1.5°C isotherm, 
blue and purple contours are respectively the 34.92 and 35.15 g/kg isohalines at 25 m. Note that the dates are not the same for each winter, they have been chosen to 
illustrate the beginning, the middle and the end of the convection period. (l) Monthly mean MLDs within the 500 mMLD isocontour (pink in Figure 8a). Note that years 
are defined as period ranging from June to May.
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In winter 2019/20, convection starts in the beginning of January 2020 in the central Greenland Sea (Figure 9i). 
This winter features mixed layers deeper than 1,500 m which are first localized in the center of the Greenland 
Sea Gyre. The main convection region extends from the GB to the BB, between the low and high surface salinity 
waters until mid-April (Figure 9j). Between mid-March and mid-April, the convection process is intermittent 
with several stops and starts (Figure 9k). It stops definitively by mid-May.

The model suggests that deep winter convection occurs in the Boreas Basin (Figures 5 and 9) where a small 
cyclonic gyre has previously been observed (Quadfasel & Meincke, 1987). Winter convection has been docu-
mented in the 1980's in the Boreas Basin (e.g., Johannessen et al., 1991; Johannessen and Lygre, 1996) and is 
detectable in Argo float data during 2008–2020 (Figure 4b). The model also indicates that the deepest mixed 
layers are formed later in winter in recent years and that the convection period is getting shorter. Indeed, defining 
the beginning of deep convection as the date at which 10 grid points have MLDs larger than 1,000 m, convec-
tion starts in October, November or December for most winters but in January for winter 2019/20, February 
for winters 2014/2015, 2017/2018, and 2018/2019 and in March for winter 2016/2017. Considering the end of 
convection as the last date with 10 grid points with MLDs larger than 1,000 m, convection period lasts more than 
180 days (∼6 months) until 2013/2014 and then diminishes with minima of 69 and 70 days in winters 2017/2018 
and 2018/2019. Moreover, monthly mean mixed layer depths within the convection zone shows a shortening of 
the convection period (Figure 9l). For example, in 2008/2009 MLDs reaches 250 m in late November while in 
2018/2019 this depth is reached in January. This result is difficult to corroborate with the observational data since 
they do not provide continuous spatial and temporal coverage. However, none of the Argo data show an early 
convection in recent years.

3.4. Stratification Changes in the Greenland Sea

To characterize water properties within the convective area, we averaged physical quantities (density, tempera-
ture, salinity and buoyancy frequency squared) over the water column down to 2,000 m within the mean 500 m 
mMLD isocontour (pink in Figure 8a). The resulting time series are shown in Figure 10. The same time series 
were produced distinguishing the Boreas and the Greenland Basin and are shown in Supporting Information S1 
(Figure S4). We also introduce convection resistance (CR) which measures the amount of buoyancy that must be 
removed for the water column to mix down to 1,000 m, we adapted the definition of Frajka-Williams et al. (2014) 
as follows:

𝐶𝐶𝐶𝐶(ℎ) = ℎ.𝜎𝜎1(𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆 𝑆 ℎ) − ∫
0

−ℎ

𝜎𝜎1(𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆 𝑆 𝑆𝑆)𝑑𝑑𝑆𝑆 (1)

with h = 1,000 m and σ1 the density anomaly referenced to 1,000 m. Thus more positive values indicate stronger 
stratification; negative values indicate an unstable water column while a well-mixed water column has a convec-
tion resistance close to zero.

Winter mixed layer depths have been decreasing during the 2010s’ inside the convection zone (Figure 10a). The 
annual maximum declines from 1,168 ± 375 m (mean ± std) between June 2008 and May 2014 to 559 ± 184 m 
between June 2014 and May 2020 (−52%) (Figure 10a). MLDs of the Boreas Basin are quite similar to those 
of the Greenland Basin with associated annual mMLDs only exceeding 1,000  m before 2013 (Figure S4 in 
Supporting Information S1). One exception is the large winter convection occurring only in the Greenland Basin 
in early 2016.

Over the period, as upper waters get warmer (Figures 6 and 7b), isopycnals deepens (Figures 10a and 10b). For 
example, the 28.05 kg/m 3 isopycnal (the light pink contour in Figure 10a) mostly lies above 500 m until 2014 
and even goes up to the surface during some winters. After 2015, it never goes to the surface anymore and mostly 
remains deeper than 500 m. This isopycnal deepening takes place together with a temperature increase that is 
significant for all season over the entire water column. Here again, taking an example, the 0.2°C isotherm never 
goes up to the surface after 2014 and remains below 400 m (Figure 10b). Near the surface, salinity does not 
exhibit clear low frequency changes over the convective area nor specific interannual fluctuations matching the 
MLD variations (Figures 6d and 10c). For all season, absolute salinity trends are only significant below 700 m 
where they are positive. At 1,000 m for instance, salinity trend is about +0.008 g/kg/decade over the period. 
There, salinity increases till 2015 and remains relatively stable after, from 35.074 g/kg between 2008 and 2013 
to 35.079 g/kg after.
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Figure 10. Water Properties averaged within the convection zone (500 m MLD-isocontour, pink in Figure 8a) as a function of time. (a) Density [kg/m 3]. Black dots is 
the temporal evolution of monthly MLD averaged in the same area. (b) Conservative temperature [°C], (c) absolute salinity [g/kg] and (d) buoyancy frequency squared 
(N 2) [s −1] averaged in the same area. Blue lines are respectively isopycnals 27.97, 28.03, and 28.05; isotherms 0.2, 0.5, and 1.5; isohalines 35.05, 35.09, and 35.1; 
iso-N 2 100 ⋅ 10 −8, 500 ⋅ 10 −8 and 800 ⋅ 10 −8. White line in (d) is the 30 ⋅ 10 −8 value. (e) Convection Resistance [kg/m 2] averaged within (black) the convection zone, 
(blue) the Boreas Basin and (purple) the Greenland Basin.
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Hydrographic changes led to a stratification strengthening above 2000 m (Figure 10d). Over the entire convection 
zone, the early winter (OND) stratification of the first 500 m is associated with N 2 of about 304.10 −8 s −2 for the 
four first years and 525.10 −8 s −2 for the four last ones (+73%). The weakly stratified water reservoir (within the 
white contour in Figure 10d) that is replenished during convective events has faded over the 2008–2020 period. 
After 2013/2014 the reservoir no longer replenishes and disappears after 2016. The above mentioned changes are 
consistent with the discrete profiles shown in Figure 5.

The decrease in winter mixed layer depths during the 2010s is consistent with the increase in convection resist-
ance within the convection zone, the associated trend is about +36 kg/m 2/decade (Figure 10e). For comparison, 
the trend in convection resistance calculated from the available Argo profiles in the same area and averaged for 
each month is about +31 kg/m 2/decade (Figure S5 in Supporting Information S1). Both are significant according 
to the criteria 𝐴𝐴 |𝑛𝑛𝑛𝑛𝑛

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑛𝑛𝑠𝑠
| > 1 , with nt the number of points used to calculate the regression slope and the standard 

deviation std. Both basins exhibit positive convection resistance trend and convection resistance is always closer 
to zero in the Greenland Basin than in the Boreas Basin (Figure 10e and Figure S5 in Supporting Information S1, 
purple and blue lines, respectively). In comparison with the Greenland Basin, the trend is larger in the Boreas 
Basin (56 kg/m 2/decade in the model, significant). This means that upper layers are becoming more stratified 
with a larger rate of change for the Boreas Basin in comparison with the Greenland Basin.

4. Discussion
4.1. Influence of Temperature and Salinity Variations on Stratification Changes

The zonal section at 75°N (blue line in Figure 8a) illustrates means and trends of hydrographic properties in the 
Greenland Sea. The 27.97 kg/m 3 isopycnal (black contour in Figure 11c) distinguishes upper layers from inter-
mediate ones. Upper layer thus includes Arctic Surface Water (ASW) in the central part, Polar Water (PW) on the 
western side and Atlantic Water (AW) along the eastern rim (Figure 11c). Intermediate layer includes Greenland 
Sea Intermediate Water, Modified Atlantic Water and dense Atlantic Water (X. Wang et al., 2021).

Trends are positive (resp. negative) in temperature (resp. in density) throughout the upper 1,000 m and change 
sign in salinity around the depth of the 27.97 kg/m 3 isopycnal (Figures 11e–11g). Temperature trends are larger 
than +1°C/decade and salinity trends are smaller than −0.1 g/kg/decade in the upper layer. Both are driving a 
density decrease of about −0.09 kg/m 3/decade in the upper layer. In the intermediate layer, both temperature and 
salinity trends (about 0.5°C/decade and 0.005–0.02 g/kg/decade) are positive and significant. The overall density 
decrease of about −0.01 kg/m 3/decade in the intermediate layer shows that the temperature effect on density 
dominates. To summarize, density variations are larger in the upper layer than in the intermediate one and lead to 
an increase in the vertical density gradient and in the stratification between the two layers along the 75°N section 
(Figures 11d and 11h).

Figure 11. Hydrographic variables along Section 75°N over 2008–2020. (a) Mean conservative temperature [°C], (b) absolute salinity [g/kg], (c) density [kg/m 3] and 
(d) buoyancy frequency squared (N 2) [s −2]. (e), (f), (g) and (h) are associated linear decadal trends. Black contour in (a, e) is the mean 1.5°C isotherm, cyan and purple 
contours in (b,f) are those of the 34.92 and 35.15 g/kg isohalines, black and gray contours in (c, d, g, h) mark the 27.97 kg/m 3 isopycnal. Pink color on the longitude-
axis is the overlap with the convective area (pink contour, Figure 10).
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4.2. Atlantic Water Spreading Into the Greenland Sea

A possible contributor to the stratification changes in the Greenland Sea is the Atlantic Water spreading into the 
Greenland Sea (e.g., Årthun et al., 2019; Bashmachnikov et al., 2021). To illustrate the Atlantic Water spreading, 
we show the mean 1.5°C isotherm for the pre-convective period (OND) of each year at three different depths 
(Figure 12).

The mean isotherm moves toward the central Greenland Sea with years, from the Hovgaard Fracture Zone and 
the Knipovich Ridge. At the end of the study period, the Atlantic Water layer covers the Boreas Basin. The latter 
is in good agreement with positive temperature and salinity trends at 222 m over the Boreas Basin in Figures 7b 
and 7d.

Horizontal velocities does not exhibit significant trends in the Atlantic Water layer between 70 and 78°N 
(Figures 6 and 7e, 7f). The Atlantic Water layer expansion and thus the heat increase in the Greenland Sea gyre 
could result from a combination of both Atlantic Water changing properties and increasing exchange through 
mesoscale activity. Indeed, the model shows a positive eddy kinetic energy (EKE) trend along the Mohn and 
Knipovich Ridges with an activation from 2015 onward as well as increased eddy heat transfer into the Green-
land Sea upper layers (Figure S6 in Supporting Information S1). The Atlantic Water layer expansion toward the 
interior during the pre-convective period might inhibit convection in a first place, as it results in a more stratified 
environment (Figures 10d and 10e and 11).

4.3. Gyre Circulation

In addition to the hydrographic changes above-mentioned, we examined the evolution of the Greenland Sea 
cyclonic gyre. Indeed, a weakening of the gyre (less cyclonic) would lead to isopycnal deepening. In order to 
quantify the gyre intensity, we derived a gyre index as in Chatterjee et al. (2018). We first computed the vertically 
integrated (from the surface to the bottom) transport stream function. The latter was then averaged inside box 
73/78°N and −12/9°E, over the regions deeper than 3,000 m (black area in Figure 1) to obtain the index.

The index shows a large seasonal cycle and interannual variability. The index trend over the entire period is nega-
tive and of about −0.14 Sv/year (significant). The decrease rate is larger after 2015 (−0.60 Sv/year) (Figure 13). 
The weakening of the gyre could contribute to the convection decline over the Greenland Sea in recent years.

4.4. Local Atmospheric Forcing

We also investigated local surface winds and fluxes from ERA5 reanalysis (Figure S7 in Supporting Informa-
tion S1). Surface winds and fluxes do not exhibit neither significant trends nor significant interannual variations. 
We paid particular attention to winter turbulent heat fluxes following Moore et  al.  (2015) who showed that 
sea-ice retreat over the Greenland Sea led to reduced fluxes implying a decrease in winter convection. Winter 
(NDJFMA) turbulent heat fluxes over the gyre (again inside the pink contour in Figure 8a), show no particular 
trend during 2008–2020 (Figure S7d in Supporting Information S1). The extreme values are reached in winter 

Figure 12. Contours of the 1.5°C isotherm at (a) 25 m, (b) 100 m, and (c) 222 m averaged over the pre-convective period (OND) from 2008 to 2020. Contour color 
follow the year colorbar (on the right). Background maps are OND means during the entire period.
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2019/2020 (−176 W/m 2; maximum in absolute value) and winter 2013/2014 
(−110  W/m 2; minimum in absolute value) in comparison with the mean 
value of −132 W/m 2. However, these are not associated with extreme MLD 
values as the fluxes did not manage to break the stratification (Figures S7a 
and S7d in Supporting Information S1).

5. Summary and Concluding Remarks
We examined the evolution of wintertime convection over the Greenland 
Sea between 2008 and 2020 through the Mercator Ocean Physical System 
(PSY4). The model showed a good ability in depicting the Northern Nordic 
Seas hydrographic properties over the period (Figure  5). Although model 
Mixed Layer Depths (MLDs) in the JFMA (during the convection period) are 
positively biased, their temporal evolution is well represented and the corre-
lation coefficient between modeled and observed MLDs in winter within the 
convective area is of 0.89 (Figures 4 and 5).

The model documents a large variability of winter convection in the Green-
land Sea, both in the Greenland and Boreas Basins. The main results are as 
follows:

1.  The maximum depth of deep convection decreased in recent years 
(Figures 5e, 8c, and 10a). Within the convective area, the maximum of 
averaged mixed layer depth reduced by 52% between 2008–2014 and 
2015–2020 from 1,168 ± 375 m to 559 ± 184 m (Figure 10a).

2.  The extent of deep convection decreased in recent years (Figure 8). The area with mMLDs >500 m reduced 
by 45% comparing the beginning and the end of the period, between 2008–2012 and 2016–2020 (from 
212,300 km 2 to 116,530 km 2).

3.  The period of deep convection started later in recent years (Figure 9). For instance, it started about 2 months 
later in 2018/2019 compared to 2008/2009. The duration of convection has decreased too (Figure 9l). Mixed 
layers deeper than 250 m were found during about 6 months in 2008 (from November to April) and only 
during less than 4 months after 2016 (Figure 9l).

4.  The Greenland Sea warmed, isopycnals deepened and stratification increased (Figures 6, 7, 10–12). Convec-
tion resistance, a measure of the stratification, has doubled over the Greenland Sea (Figure 10e and Figure S5 
in Supporting Information S1). These properties changes occurred most strongly in the northeast Greenland 
Sea (Boreas Basin; Figure 10e and Figures S4 and S5 in Supporting Information S1).

5.  At the same time, the Atlantic Water layer expands toward the central Greenland Sea from the Hovgaard Frac-
ture Zone and the Knipovitch Ridge, where the eddy kinetic energy increased from 2015 onward (Figure S6 
in Supporting Information S1). This could contribute to the modeled and observed changes in hydrographic 
properties and wintertime convection. The model also indicates a decrease in the intensity of the Greenland Sea 
gyre consistent with the isopycnal deepening (Figure 13) while local surface winds and fluxes do not exhibit 
neither significant trends nor significant interannual variations (Figure S7 in Supporting Information S1).

Argo data clearly support results 1, 2 about deep convection (Figure 5, Figure S3 in Supporting Information S1), 
4 on hydrographic changes (Figure 5, Figure S5 in Supporting Information S1). Result 3 is harder to corroborate 
with Argo data alone (given a lack of continuity in both space and time) however none of the Argo data show an 
early convection in recent years. Finally, PSY4 gives a dynamical framework which allows to describe the gyre 
intensity and mesoscale activity (result 5) making the model a valuable complement to observational data.

In this study, we focused on the winter mixed layer depths and winter convection preconditioning. The model 
is a powerful tool that would also allow to perform volumetric studies to address the production, the residence 
time within the gyre and the fate of the convected water masses. In particular, the associated exit pathways and 
contributions to the AMOC lower limb through Denmark Strait and Faroe Bank Channel overflows are a prime 
research topic (Huang et  al.,  2020; Q. Wang et  al.,  2020). Respective contributions to the overflows of new 
convective areas, developing north of Svalbard (Athanase et  al.,  2020) and in the boundary currents (Moore 
et al., 2022; Våge et al., 2018), could also be investigated with the model.

Figure 13. Monthly gyre index time series, 12-month running mean 
(dark bold), computed as in Chatterjee et al. (2018) by taking the 
averaged barotropic stream function inside the 3,000 m isobath in box 
73/78°N–−12/9°E, over the 2008–2020 period. Thin purple and cyan lines are 
means. Linear trends are indicated with dotted lines.

 21699291, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019320 by C
ochrane France, W

iley O
nline L

ibrary on [06/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Oceans

ABOT ET AL.

10.1029/2022JC019320

16 of 17

Data Availability Statement
The authors confirm that all the data that support the findings of this study in the main text and Supporting 
Information  S1 are openly available. This study has been conducted using E.U. Copernicus Marine Service 
Information. The ocean model data used for this study were produced by the global monitoring and forecast-
ing centre operated by Mercator Ocean, and are available for download at https://marine.copernicus.eu. ERA-5 
monthly averaged data on single levels are available on the Climate Copernicus Climate Change Service (C3S) 
Climate Data Store (CDS) website (Copernicus Climate Change Service, 2023). The Argo data were collected 
and made freely available by the International Argo Program and the national programs that contribute to it 
(https://argo.ucsd.edu, https://www.ocean-ops.org). The Argo Program is part of the Global Ocean Observing 
System (Argo, 2000).
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