
1.  Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is an essential regulator of the Earth’s climate. In the 
Subpolar North Atlantic (SPNA, 45°–65°N), the warm and salty waters of the AMOC’s upper limb are subject 
to significant heat loss to the atmosphere (Lozier, 2010). This cooling drives surface water mass transformation, 
contributing to the overturning (Lozier, 2012) and the vertical transport of heat and anthropogenic carbon dioxide 
in the ocean (e.g., Fröb et al., 2016). Therefore, changes in the rate of water mass transformation associated with 
the SPNA’s hydrographic variability have the potential to impact the AMOC and consequently the global climate 
system.

One important component of the AMOC is the winter convective activity in the Irminger Sea (∼30°–45°W). In 
this region, wintertime convection forms Irminger Sea Intermediate Water (ISIW), which, together with Labrador 
Sea Water (LSW), constitutes the upper portion of the AMOC’s lower limb known as the upper-North Atlantic 
Deep Water (Le Bras et al., 2020; Pickart et al., 2003). Specifically, deep convection—that is, atmospheric-forced 
water mass transformation from the surface to depths greater than 700–1,000  m—forms deep ISIW within 
27.73 < σ0 < 27.77 kg m −3 (Le Bras et al., 2020); is mostly constrained near the center of the basin and south of 
Greenland (Piron et al., 2016); and its occurrence and strength are sensitive to favorable atmospheric and ocean 
stratification conditions (de Jong et al., 2012, 2018; Vage et al., 2009). Upper ocean stratification in the SPNA, 
in turn, is strongly affected by the surface salinity variability (e.g., Våge et al., 2011). Between 1960 and 2000, 
extreme surface freshening events, known as Great Salinity Anomalies (GSAs), have impacted the SPNA every 
∼10–15 years (Belkin, 2004). These salinity anomalies, which originate from anomalous ice/freshwater fluxes 
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from the Arctic Ocean to the SPNA, spread throughout the SPNA, weakening or even suppressing wintertime 
deep convection (e.g., Lazier, 1980). Recently, Holliday et al. (2020) documented an unprecedented basin-wide 
freshening event in the Iceland Basin (∼20°–30°W) between 2012 and 2016. Combining an extensive collection 
of salinity observations and atmospheric reanalysis, the authors showed that anomalous atmospheric conditions 
diverted and redistributed, in 4 years, approximately 4,600 km 3 of freshwater away from Labrador’s continental 
margin toward the interior of the Iceland Basin. As a result, the salinity of the upper 200 m decreased approxi-
mately 0.2 practical salinity units (PSU), which represents the strongest freshening of the last 120 years. Although 
the origin of this recent salinity anomaly is distinct from previously reported GSAs, its strength and freshwater 
content are comparable in magnitude to previous events. For example, in 5 years, ∼10,000 km 3 of freshwater 
entered the Nordic Seas and SPNA in the late 1960s (Curry & Mauritzen, 2005), causing the strongest salinity 
decrease (∼0.4 PSU) ever recorded in the Labrador Sea (Dickson et al., 1988). This suggests that the recent event 
might be a new GSA of the SPNA.

In addition to the freshening discussed in Holliday et al. (2020), recent observational and numerical studies indi-
cate that the total amount of salt and heat in the SPNA has significantly decreased between ∼2010 and 2017. This 
decrease is attributed to the ocean’s forced response to the atmospheric mode of variability known as the North 
Atlantic Oscillation (NAO; Lankhorst & Send, 2020; Tesdal & Haine, 2020). The NAO is highly correlated with 
the strength of the SPNA circulation (Häkkinen & Rhines, 2004) as well as the flux of warm and saline subtrop-
ical water masses into the SPNA (Hátún et al., 2005; Våge et al., 2011) on interannual-to-decadal time scales. 
Holliday et al. (2020) acknowledge that the decrease of subtropical water fluxes might have also contributed to 
this hypothesized “new GSA” formation, raising the question of the water mass composition of the freshened 
regions.

A common characteristic of previous GSAs is their advection by the SPNA’s cyclonic circulation. Freshening of 
the upper waters in the Irminger Sea has been attributed to the cyclonic propagation of the 2012–2016 freshening 
event in the Iceland Basin from in situ observations (de Jong et al., 2020; Zunino et al., 2020). However, these 
observations do not cover the entire Irminger basin or last long enough to assess the development and propagation 
of the freshening signal, its impacts on ISIW formation, or its relative strength to GSAs in the area.

In the present study, we combine hydrographic ocean analyses and moored observations simultaneously collected 
at different locations across the SPNA to document the arrival, spreading, and impact on convection in the 
Irminger Sea of a new GSA between 2015 and 2020. We find that the spreading of the unprecedented anomaly 
from the Iceland Basin led to salinities in the Irminger Sea similar to salinities registered in the 1990s and, possi-
bly, historic lows since the 1960s, contributing to the halt of deep convection and to the formation of significantly 
fresher and lighter ISIW.

2.  Data and Methods
2.1.  Hydrographic Ocean Analyses and Auxiliary Products

We mainly utilized two different hydrographic climatological objectively mapped products to investigate the 
basin-wide salinity interannual variability: (a) Roemmich–Gilson (RG) Argo floats monthly climatology (Roem-
mich & Gilson, 2009); (b) EN4 hydrographic monthly climatology (Good et al., 2013, version 4.2.1) with the 
Gouretski and Reseghetti (2010)’s bias correction. The RG-climatology (EN4) has global coverage of 1° hori-
zontal resolution at 58 (42) different vertical levels from near the surface to approximately 2,000 m (5,350 m) 
between 2004 and 2021 (1900 and 2021). We complement our analysis by using individual quality-controlled 
Argo profiles (Argo, 2020), the ocean eddy-resolving reanalysis GLORYS12 (Jean-Michel et al., 2021), and the 
ARMOR3D hydrographic climatology (Guinehut et al., 2012) as auxiliary climatologies.

To quantify the recent salinity changes in the Irminger Sea, we estimated the 2015–2020 linear salinity trends 
using the RG-climatology. Next, by combining RG and EN4, we investigated the basin-wide average near-surface 
salinity changes for the period 1960–present. We used the auxiliary climatologies to assess the robustness of 
the signal (Text S1 in Supporting Information S1). The Irminger Sea is defined as the region bounded between 
the Reykjanes Ridge and Cape Farewell (∼30°–45°W), and the parallels 58°–65°N (Figures 1a and 1b). Finally, 
we  tracked the salinity anomalies in the RG-climatology to investigate the GSA spreading pathways.
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We also used the 30-arc second resolution gridded topography from GEBCO, surface drifters trajectories from 
the Global Drifters Program between 1990 and 2020 (Elipot et al., 2016), and the daily 1/4° resolution absolute 
dynamic topography product from Ssalto/Duacs distributed by Aviso+ to aid in the interpretation of the results. 
The latter is part of the CNES/SALP project with the support of the Copernicus Marine Environment and Moni-
toring Service, and we refer to it as the SPNA barotropic geostrophic stream function.

2.2.  Mooring Arrays

Although the hydrographic monthly climatologies can provide an overview of the interannual salinity changes in 
the study region, the Argo array is limited to areas seaward of the 1,000–2,000 m isobaths, only partially resolv-
ing the boundary current systems (Biló & Johns, 2019; Holte & Straneo, 2017). Therefore, it is reasonable to 
assume  that the objectively mapped RG-climatology is poorly constrained by in situ Argo data near the western 
boundary and over the Reykjanes Ridge. To describe water properties near boundaries, where Argo is uncertain 
or unavailable, we analyzed moored hydrographic observations.

Figure 1.  (a) 2015–2020 salinity trends averaged in the upper 200 m and (b) 2015–2020 salinity trends at the Overturning in the Subpolar North Atlantic Program 
(OSNAP) East array (i.e., solid green line in (a)) from the RG-climatology. The triangles indicate the OSNAP and Ocean Observatories Initiative (OOI) moorings 
locations in the Subpolar North Atlantic (SPNA), and the stars highlight the CF6, FLB, and RR moorings. Gray lines in (a) are the 1,000, 2,000, and 3,000 m isobaths, 
while black lines represent 2015–2020 mean absolute dynamic topography isolines (or geostrophic stream function) from AVISO equally spaced in 0.05 m between 
−0.65 and −0.35 m. Gray circles and solid lines in (b) are the pointwise CTD locations on the highlighted moorings, and the 2015–2020 mean potential density (σθ) 
surfaces in kg m −3, respectively. Shaded areas show where the salinity trends are not statically significant at the 95% confidence level. (c) Annual and 18-month 
low-passed filtered time series of the average salinity within the Irminger Sea’s upper 200 m depth from EN4 (solid green line) and RG (solid blue line) climatologies, 
respectively. The thin black line is the RG-climatology monthly salinity values. Uncertainties represent the 95% confidence interval of the EN4 annual averages (green 
dots) and the Argo monthly averages (shaded gray areas). Finally, orange highlighted periods show the 1960s–1970s, 1980s, 1990s, and the most recent (i.e., 2015–
2020) hypothesized Great Salinity Anomalies in the SPNA. Salinity units are practical salinity units. Acronyms and abbreviations: RR, Reykjanes Ridge; uLSW, upper 
Labrador Sea Water; dLSW, deep Labrador Sea Water; uISIW, upper Irminger Sea Intermediate Water; dISIW, deep Irminger Sea Intermediate Water; SPMW, Subpolar 
Mode Water.
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These observations are from the Overturning in the Subpolar North Atlantic Program (OSNAP, Lozier et al., 2019) 
and Ocean Observatories Initiative (OOI, e.g., de Jong et  al.,  2018) mooring arrays within the Irminger Sea 
(Figures 1a and 1b). In the present study, we focused our analysis on the mooring OSNAP-RR at the eastern side 
of the basin (aka M1, Koman et al., 2020), OSNAP-CF6 within the western boundary (Le Bras et al., 2018), and 
the OOI-FLB in the central Irminger Sea (Hopkins et al., 2019). All moorings include stationary CTD instru-
ments, which measured salinity, temperature, and pressure every 15 min to 1 hr between August 2014 and July 
2020. These instruments are typically separated by tens of meters in the upper 300 m and by a few hundreds of 
meters in the deep ocean (Figure 1b). Details of the processing and quality control of the data are contained (Text 
S2 in Supporting Information S1).

2.3.  Buoyancy Content, Surface Buoyancy Fluxes, and Signal Processing

We evaluated the interannual salinity variability impact on the convective activity of the Irminger Sea by calcu-
lating the water column buoyancy content (B) using the moored observations and by estimating the local atmos-
pheric buoyancy forcing fluxes (Bflux) from the European Centre for Medium-Range Weather Forecasts ERA5 
reanalysis (Dee et al., 2011). Following Schmidt and Send (2007), we defined B as

𝐵𝐵 =
𝑔𝑔

𝜌𝜌0 ∫
𝑧𝑧

0

(

𝜎𝜎0𝑧𝑧
− 𝜎𝜎0

)

𝑑𝑑𝑑𝑑𝑑� (1)

where z is the vertical coordinate pointing toward the ocean bottom, g = 9.8 m s −2 the acceleration due to gravity, 
ρ0 = 1,027 kg m −3 a reference density, and 𝐴𝐴 𝐴𝐴0

(

𝜎𝜎0𝑧𝑧

)

 is potential density at the surface (depth = z). We estimated 
Bflux as the sum of the equivalent buoyancy flux due to surface heat fluxes and surface freshwater fluxes (Equa-
tion 2, Gill, 1982):

𝐵𝐵𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑔𝑔𝑔𝑔

𝜌𝜌0𝐶𝐶𝑝𝑝

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 − 𝛽𝛽𝛽𝛽𝛽𝛽0(𝐸𝐸 − 𝑃𝑃 ),� (2)

where α is the seawater thermal expansion coefficient, Cp the seawater heat capacity, Qnet is the surface net heat 
flux, β haline expansion coefficient, S0 sea surface salinity, E evaporation rate, and P precipitation rate. The 
parameters α, β, and Cp are calculated based on the temperature and salinity measurements of the uppermost 
instruments in each mooring (i.e., ∼30–50 m depth). We estimated all parameters and potential density using the 
Gibbs Seawater Oceanographic Toolbox 3.05 software (McDougall & Barker, 2011).

We isolated the interannual variability by low-pass filtering the moored and RG time series. Our filtering 
procedure consists of a fourth-order Butterworth filter (e.g., Emery & Thomson, 2001) with a cutoff period of 
18 months which allowed us to observe the GSA’s spreading and evolution (e.g., Sections 3.1 and 3.2). Unfor-
tunately, due to nonrealistic monthly oscillations and the lack of data constraining the EN4 objective mapping 
before the Argo period, the EN4 monthly-to-annual salinity variability presents largely uncertain and nonrealistic 
amplitude and frequency characteristics within the study region (see Text S1 in Supporting Information S1 for 
details). Although the EN4 seems to fail to depict monthly-to-annual time scales, its interannual-to-decadal time 
scales are consistent with other climatological products. Since we limited our analysis of the EN4 to its salinity 
basin-wide interannual variability, we bypassed this issue by applying low-pass filters with cutoff periods longer 
than 2.5–3 years. However, important variability near the end of the time series was over smoothed, and filter 
edge effects were amplified (not shown). To avoid these problems, we opted to evaluate the EN4 interannual 
variability as annual averages.

3.  Results and Discussion
3.1.  The Rapid Basin-Wide Freshening of the Upper Irminger Sea

Between 2015 and 2020, the upper 200 m freshened (i.e., negative salinity trends) over the northern and western 
Iceland Basin, Irminger Sea, and the central Labrador Sea (Figure 1a). The strongest freshening occurred over 
the central areas of the Irminger Sea, varying from −0.02 to −0.04 PSU year −1. These trends were not confined 
to the ocean surface (Figure 1b), though they significantly decrease below 200 m and within isopycnal layers 
denser than σ0 = 27.65 kg m −3. Nonnegligible negative trends (i.e., up to −0.01 PSU year −1) were also present in 
intermediate (i.e., 200–1,000 m) and deep (z > 1,000 m) regions of the Irminger Sea.
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The Irminger Sea’s surface intensified freshening is associated with an average salinity decrease of approxi-
mately −0.11 (−0.15) PSU between January 2016 and August 2019 from the RG-climatology (EN4-climatology; 
Figure 1c). Note that this 2015–2020 freshening is much more pronounced than the weaker freshening that started 
around 2010. As a result of the combined effects of this weaker freshening (2010–2015) and the recent rapid 
event after 2015, 2019 corresponds to the freshest state of the Irminger Sea since the early 1990s (Figure 1c).

Sharp salinity decrease, however, is not unique to the 2015–2020 period. Similar rapid freshening episodes (i.e., 
0.15–0.2  PSU drop) have occurred in the Irminger Sea consistent with the presence of GSAs in the SPNA 
reported in the literature: 1960s–1970s GSA (Dickson et al., 1988), 1980s GSA (Belkin et al., 1998), and 1990s 
GSA (Belkin, 2004; Figure 1c). Unfortunately, the limited data do not allow us to quantify the precise amplitudes 
of the anomalies before 2004 (see Section 2.3 and Text S1 in Supporting Information S1). However, based on 
annual averages, it is reasonable to conclude that the signal in 2016–2019 is among the fastest salinity decreases 
ever recorded in the study region (i.e., up to 0.04 PSU year −1). The average salinity in 2019 was as low as the 
freshest years of the 1990s, and possibly, since 1960.

Not surprisingly, the unprecedented 2012–2016 freshening in the upper Iceland Basin was followed by a rapid 
basin-wide freshening of the Irminger Sea after 2015. This event corresponds to salinity trends approximately 
2–4 times the trends registered in the previous decade (Tesdal et al., 2018), suggesting that the recent freshening 
identified by Holliday et al. (2020) indeed propagated from the Iceland Basin to the Irminger Sea. Finally, based 
on this event’s intensity, freshwater content, vast spatial extent, and advection by the SPNA’s circulation, it is 
reasonable to treat the recent freshening event as a new GSA of the SPNA.

3.2.  Salinity Anomalies Spreading and Pathways

The GSA over the Iceland Basin propagated westward mainly over the Reykjanes Ridge, freshening the Irminger 
Sea after 2015 (see negative salinity, or fresh, anomalies in Figures 2a–2d). Once fresh anomalies propagated 
past southern Iceland and across the ridge in early 2016, they were rapidly advected by the boundary currents 

Figure 2.  RG-climatology (a) February 2016, (b) January 2017, (c) April 2018, and (d) August 2019 18-month low-pass filtered salinity anomalies averaged between 
0 and 200 m depth relative to the Overturning in the Subpolar North Atlantic Program (OSNAP) moorings data period. Black lines are the 34.7, 34.8, 34.9, 35.1, and 
35.3 isohalines, while gray lines represent the 1,000, 2,000, and 3,000 m isobaths. Stars highlight the locations of CF6, FLB, and RR moorings. (e) Eighteen-month 
low-passed filtered salinity anomalies averaged between 0 and 200 m depth measured by the CF6 (western boundary), FLB (interior), and Reykjanes Ridge moorings. 
The transparent portion of the curves represents the periods under the low-pass filter edge effects. Error bars show the 95% confidence interval of annual salinity 
averages. The blue (red) triangles and diamonds represent the start and end of the freshening period in the CF6 (FLB) records, respectively. They also represent the 
times of the (a)–(d) maps. Salinity units are practical salinity units.
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around the Irminger Sea (Figure 2b), while slowly spreading to the central Irminger Sea until the freshening peak 
in August 2019 (Figures 2c and 2d).

Further analyzing the GSA’s spreading patterns into the interior, we observe that different periods present specific 
spreading characteristics (see Movie S1). Between January 2017 and December 2018, fresh anomalies propagate 
away from the boundary current system. In contrast, the freshening during 2019 intensifies locally (i.e., quasi-sta-
tionary development). Anomalies propagation patterns in 2019 suggest that anomalies from the central Labrador 
and Iceland Basins enter the central Irminger through its southern boundary and tend to locally accumulate. We 
acknowledge that other processes contributing to this freshwater accumulation and freshening intensification 
might play a role in 2019 (e.g., increase in precipitation and surface wind-driven freshwater convergence), and 
further research is still required.

The GSA’s arrival in the Irminger Sea is associated with significant interannual salinity decreases of approx-
imately 0.16  ±  0.03  PSU over the Reykjanes Ridge (RR, December 2014 to October 2017), followed by 
∼0.11 ± 0.06 PSU in the western boundary (CF6, February 2016 to April 2018), and ∼0.12 ± 0.02 PSU in the 
central Irminger (FLB, January 2017 to August 2019; Figure 2e). The interannual salinity variability explains 
approximately 44%, 13%, and 69% of the total variance of the RR, CF6, and FLB mooring records, respectively. 
Although the year-to-year variations do not account for the major portion of the western boundary variance as in 
the other locations, ∼0.11 PSU salinity decrease is not negligible, approximately corresponding to the average 
seasonal cycle’s amplitude (Figure S2 in Supporting Information S1).

Note that the freshening signal at the western boundary (central Irminger) peaks approximately 6 (22) months 
after peaking over the Reykjanes Ridge (Figure 2e). These qualitatively obtained transit times corroborate the 
Argo observations of the fresh anomalies’ fast advection by the boundary current and their slow spreading to 
the interior. To properly quantify the GSA’s spreading time scales, we perform a cross-correlation analysis of 
the  mooring records and study surface drifters trajectories spreading (e.g., Miron et al., 2017). Both cross corre-
lations (Figure S3 in Supporting Information S1) and drifters (Figure S4 in Supporting Information S1) suggest 
that fresh anomalies can take about 6–11 months to travel between the Reykjanes Ridge and east Greenland, 
which corresponds to advective spreading rates of 0.07–0.11 m s −1 along the boundary current (i.e., ∼1,700 km 
separate RR and CF6). Our advective speed estimates are in reasonably good agreement with measured velocities 
around the basin (de Jong et al., 2020; Vage et al., 2011). Finally, our cross-correlation analysis indicates that 
salinity anomalies over the ridge could take up to 21–29 months to impact the central Irminger (see Discussion 
in the Supporting Information for details).

To summarize, we showed that the main pathway of the recent GSA from the Iceland Basin to the Irminger 
Sea is over the Reykjanes Ridge. Over the ridge, the anomalies probably follow the narrow westward flows 
within the deeper ridge fractures (Koman et al., 2020; Petit et al., 2018, 2019) impacting the boundary current 
in the eastern Irminger Sea over the 2015–2017 period (e.g., de Jong et al., 2020). While the boundary current 
system can advect the GSA signal within months between the ridge and east Greenland, anomalies can take up to 
2.5 years to spread from the ridge to the basin’s center. As a result, the freshening within the western boundary 
starts roughly 1 year before and lasts 6 months less than the freshening in the central Irminger. Additionally, 
the timing and duration of the freshening at each location also explain why the 2015–2020 linear salinity trends 
(Figure 1) decrease toward the boundaries of the Irminger Sea. Our analysis does not allow us to infer the dynam-
ical mechanisms responsible for this “boundary-to-interior slow spreading” of the salinity anomalies. However, 
hydrographic observations indicate that mesoscale eddies (Fan et al., 2013) and interior recirculation (Holliday 
et al., 2007, 2009) could control the exchange of waters between the boundary and the interior.

3.3.  GSA Impacts on the Stratification and Convection

As mentioned in Section  1, the central Irminger Sea is a crucial area for the SPNA convective activity that 
contributes to the AMOC’s lower limb. Therefore, the recent presence of a GSA over the upper Irminger Sea 
could significantly impact deep ISIW (dISIW) formation via convection. Here, we investigate the impact of this 
anomaly on the ocean stratification (i.e., buoyancy content) and convection activity using the temperature and 
salinity measurements from mooring FLB and the atmospheric conditions from the ERA5 reanalysis.

Figure 3a shows the moored TS profiles in the central Irminger prior to (i.e., late fall) and at the end of (i.e., 
late winter) the deep convection season for each year. The temporal evolution of the fall profiles clearly shows 
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the freshening being mainly constrained to water masses lighter than 
σ0  ∼  27.73  kg  m −3 and impacting the stratification of this upper layer. 
Consequently, the buoyancy content of the upper 1,000  m approximately 
doubled between the fall of 2017 (0.26 ± 0.10 J kg −1) and the fall of 2019 
(0.59 ± 0.11 J kg −1; see black dots in Figure 3b). Note  that the fall temper-
atures in the upper ocean did not change significantly from 2016 to 2019.

It is important to mention that the freshening is mainly associated with the 
gradual erosion of the modified Subpolar Mode Water (SPMW) salinity 
subsurface maximum in the first ∼200 m (i.e., 27.65 < σ0 < 27.73 kg m −3; 
e.g., Le Bras et al., 2018; Petit et al., 2021). After the fall of 2018, however, 
the SPMW salinity signature completely disappears as indicated by the 
TS properties of the waters lighter than 27.73  kg  m −3 following almost a 
straight line (see fall 2019 TS profile). This suggests that waters lighter than 
27.73  kg  m −3 are a mixture of surface waters (salinity <34.80  PSU) and 
waters in the upper ISIW–upper LSW layer.

Water mass formation via wintertime convection is sensitive to the precon-
ditioning of the water column prior to the convection season (i.e., late fall) 
and the winter atmospheric conditions (e.g., de Jong et al., 2012). Atmos-
pheric-forced deep convection will develop if the atmosphere removes more 
buoyancy from the ocean during wintertime (i.e., solid bars in Figure 3b) 
than the ocean’s buoyancy content in the upper 1,000 m (i.e., black dots in 
Figure 3b).

Consistent with Zunino et  al.  (2020)’s Argo data south of Greenland, we 
found that the atmosphere removed enough buoyancy from the water column 
to homogenize the upper 1,000 m during 2015–2016, 2016–2017, and 2017–
2018 winters (Figure 3b), resulting in maximum winter mixed-layer depths 
between ∼1,200–1,600 m (e.g., Figure S5 in Supporting Information S1) and 
outcropping of the 27.74 ± 0.01 kg m −3 isopycnal. During these winters, the 
dISIW formed in the central Irminger Sea slightly varied, being the most 
apparent change the salinity decrease of ∼0.02 PSU near the surface during 
the 2017–2018 winter (Figure 3a).

In contrast, during the 2018–2019 and 2019–2020 winters, the combined 
effects of the anomalous stratification due to the GSA arrival and the winter 
conditions caused the suppression of deep convection (i.e., maximum mixed-
layer depths did not exceed ∼650  m, Figure S5 in Supporting Informa-
tion S1). As a result, vertical mixing between surface waters and dISIW–
dLSW ceased, forming a low salinity layer cap in the upper ∼350 m that was 
0.04–0.06 PSU fresher and ∼0.03–0.04 kg m −3 lighter than the water mass 
formed during the 2015–2016 winter (Figure  3a). Specifically, during the 

2018–2019 winter, the mild atmospheric conditions resulted in relatively low buoyancy losses (i.e., magenta solid 
bar in Figure 3b). However, idealized numerical one-dimensional mixed-layer simulations, or PWP simulations 
(Price et al., 1986; Våge, 2006; Våge et al., 2008), suggest that deep convection would have halted even under 
stronger winter atmospheric conditions (Text S5 in Supporting Information S1). In the following year, the accu-
mulated buoyancy losses due to heat fluxes recovered and resembled the earlier years (i.e., 2016–2018). However, 
because of the buoyancy content increase associated with the GSA, the atmosphere could not remove enough 
buoyancy from the ocean to promote deep convection (Figure 3b and Figure S5 in Supporting Information S1).

Here, we provided evidence that, as the GSA reached the central Irminger, convection-induced vertical mixing 
freshened the dISIW–dLSW layers below 1,000 m depth until 2018. From late 2018 forward, the rapid freshen-
ing continued to increase local stratification contributing to the shutdown of deep convection in the area for two 
consecutive winters. Even though convection weakened and winter waters became significantly lighter, winter-
time near-surface cooling formed water mass of σ0 ∼ 27.70 kg m −3 (Figure 3a) which constitute the uISIW–

Figure 3.  (a) Evolution of the temperature (T) and salinity (S) properties in 
the interior of the Irminger Sea measured by the FLB mooring. Solid lines 
are the averaged TS profiles in late fall, while dashed lines represent the same 
properties in the following late winter. Fall profiles correspond to the month 
when the ocean had lost the accumulated buoyancy acquired during the spring 
and summer via Bflux (i.e., December). Winter profiles were averaged over 
the month with the lowest buoyancy content (i.e., April). Circles and squares 
indicate the respective TS properties near the surface of the fall and winter 
profiles, while stars are the TS values at approximately 1,000 m depth during 
both fall and winter. Error bars are the standard errors of the monthly means 
near the surface. Gray lines are potential density lines in kg m −3. (b) ERA5 
reanalysis buoyancy removed from the water column by the atmosphere at 
the FLB mooring (colored bars) via Bflux during wintertime (i.e., December–
April). Solid bars are the total buoyancy loss, and hatched bars indicate the 
buoyancy loss due to heat fluxes. Therefore, difference between solid and 
hatched bars is the buoyancy gain due to surface freshwater fluxes (e.g., 
Equation 2). Black circles are the water column buoyancy content in the upper 
1,000 m depth of the late fall profiles and its associated standard errors.
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uLSW layer (Le Bras et al., 2020). Note that the lack of vertical mixing and the increase in the surface freshwater 
fluxes could have locally amplified the GSA signal during 2019, as suggested by Movie S1.

4.  Summary and Implications
The present study describes the basin-wide freshening of the Irminger Sea’s upper ∼200 m between 2015 and 
2020 using Argo-based climatology products and hydrographic mooring records. We provide compelling obser-
vational evidence that the export of the recent GSA from the Iceland Basin caused a rapid freshening in the 
Irminger Sea after 2015 (0.02–0.04 PSU year −1), culminating in annually averaged salinities as low as the fresh-
est years of the 1990s and possibly since 1960. The GSA mainly entered the Irminger Sea over the Reykjanes 
Ridge, impacting the water properties of the Irminger’s boundary current. The GSA was then advected around the 
Irminger Sea within months by the boundary current (∼0.1 m s −1) while slowly spreading to the basin’s interior. 
As a result, in the central Irminger, the GSA signal was detected approximately 1 year later and lasted 6 months 
longer than the signal within the western boundary. Furthermore, the freshening of the central Irminger reduced 
the salinity of the dISIW produced via deep convection during the 2017–2018 winter and contributed to the halt 
of the deep convection in the following two winters. The GSA was responsible for doubling the stratification in 
the upper 1,000 m between 2017 and 2020.

Interestingly, our study could help shed light on the relative importance of different mechanisms that led to the 
extreme freshening of the Iceland Basin. In both the Iceland and Irminger basins, the ocean layers affected by the 
GSA after 2015 (Figure 1b) mainly consist of SPMW, which results from the transformation of subtropical-orig-
inated water masses in the Iceland Basin (Brambilla & Talley, 2008; Petit et al., 2020). The long term, basin-
wide, freshening since 2010 (Figure 1c)—consistent with the NAO-forced low inflow of subtropical waters to 
the SPNA (Lankhorst & Send, 2020; Tesdal & Haine, 2020)—and the apparent absence of SPMW in the central 
Irminger (Figure 3a) could indicate that the reduction in the inflow of subtropical water masses to the SPNA 
played a major role in forming the new GSA. Concurrently, the freshwater redistribution described by Holliday 
et al. (2020) amplified the ongoing freshening. It is important to mention that to properly quantify the contribu-
tions of both mechanisms, a rigorous multiparametric water masses analysis is required (e.g., Fröb et al., 2018). 
Finally, since late 2017, the NAO phase has reversed, which could herald a possible decade-long salinity recovery 
in the Irminger Sea from 2020 forward (Desbruyères et al., 2012). In fact, the strong positive salinity trends in the 
eastern North Atlantic (Figure 1a) seem to support this idea.

To conclude, recent studies place the Irminger Sea as a crucial formation region of water masses that constitute 
the deep limb of the AMOC. Both atmospheric-driven cooling within the boundary current system and deep 
convection in the interior play an essential role in the overturning of the SPNA (Le Bras et al., 2020). Differently 
to the Labrador Sea where deep convection occurs more regularly (e.g., Yashayaev & Loder, 2016), deep convec-
tion in the Irminger Sea is intermittent and sensitive to the right combinations of water column preconditioning 
and atmospheric forcing (Zunino et  al.,  2020). Here, we showed indirect evidence that zonal flows over the 
Reykjanes Ridge help control the water properties in the Irminger Sea basin-wide (Section 3.2). To accurately 
predict the hydrographic properties of the AMOC’s lower limb and the amount of heat and carbon exported out 
of the SPNA to lower latitudes, climate models will likely have to accurately predict salt and heat fluxes over the 
narrow fractures of the Reykjanes Ridge.

Data Availability Statement
All data used in this study are available online, and it can be accessed as follows: OSNAP mooring data (https://
www.o-snap.org/observations/data/) under “US East Cape Farewell Slope Array” and “US Eastern Mid-Atlan-
tic-Ridge Array”; OOI (https://ooinet.oceanobservatories.org/platformnav?id=R0kwM0ZMTUI=&array=R2x-
vYmFsIElybWluZ2VyIFNlYQ==&lat=NTkuNzE4Mg==&lng=LTM5LjM1MzY=, accessed on 13 Novem-
ber 2020); RG-climatology (https://sio-argo.ucsd.edu/RG_Climatology.html, accessed on 20 October 2020); 
EN4-climatology (https://hadleyserver.metoffice.gov.uk/en4/download-en4-2-1.html, accessed on 5 May 2021); 
ERA5 reanalysis (https://doi.org/10.24381/cds.adbb2d47, accessed on 2 July 2021); quality-controlled individ-
ual Argo profiles (https://doi.org/10.17882/42182, accessed on 25 October 2020); GLORYS12 ocean reanalysis 
(https://doi.org/10.48670/moi-00021, accessed on 17 February 2022); ARMOR3D hydrographic climatology 
(https://doi.org/10.48670/moi-00052, accessed on 18 February 2022); General Bathymetric Chart of the Oceans 

https://www.o-snap.org/observations/data/
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(https://www.gebco.net/data_and_products/gridded_bathymetry_data/, accessed on 9 April 2021); Ssalto/Duacs 
altimeter products (https://doi.org/10.48670/moi-00148, accessed on 3 November 2020); Global Drifters Program 
(https://www.aoml.noaa.gov/phod/gdp/hourly_data.php accessed on 18 January 2021).
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