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ABSTRACT

Over recent decades, the Arctic has warmed four times faster than the global average, associated with a decline in sea ice and
accelerating Greenland Ice Sheet mass loss, which has contributed to episodic freshening of the subpolar North Atlantic. Here,
we show that a 0.05 Sv North Atlantic meltwater flux induces ~1°C subsurface warming within a decade in Baffin Bay, Hudson
Strait, and along Greenland’s southern and western coasts. This warming arises from enhanced stratification, weakened
deep convection in the subpolar gyre, and a weaker Labrador Current. Freshening also alters horizontal density gradients,
strengthening cyclonic circulation in the Nordic Seas and causing transient regional warming. The temperature response
significantly depends on the location of deep-ocean convection, highlighting the need for simulations with accurate deep-ocean
convection. This warming may create a positive feedback, accelerating Greenland and Arctic glacier melt with implications for
ice-sheet stability and the strength of the Atlantic Meridional Overturning Circulation.

1 Introduction

Since 1979, Arctic sea ice has declined at an unprecedented rate, with summer sea-ice extent decreasing by 12% per decade
(1; 2). Arctic sea-ice thickness also decreased, thus leading to a ~43% decline in Arctic summer sea-ice volume since 1994
(3). Because sea-ice reflects a large fraction of incoming solar radiation, its loss amplifies the Arctic warming through the
ice-albedo feedback, contributing to Arctic temperatures rising about four times faster than the global average (4). As a result,
Greenland ice-sheet loss has accelerated from about 42 Gt/yr in 1992-2001 to 235 Gt/yr in 2012-2020 (5).

These changes likely affected the freshwater budget of the Arctic and subpolar North Atlantic (6). Subpolar North Atlantic
freshening has been documented in the 1960s - early 1970s, and since the mid-1990s, both at the surface and at depth
(7; 8; 9; 10; 11), while Arctic freshening has also been observed over recent decades (9; 12). Several episodes of extreme
freshening have been recorded in the subpolar North Atlantic. The late 1960s to early 1970 Great Salinity Anomaly, driven by
enhanced sea ice export from the Arctic (13), was equivalent to a freshwater discharge of up to 0.065 Sv (1 Sv = 10°m?/s) into
the subpolar North Atlantic (8). Between 2012 and 2016, another pronounced freshening event occurred, and was attributed to
anomalous winter wind patterns (14) and/or an increased outflow of relatively fresh, cold surface waters from the Labrador
Sea (15). In addition, Greenland ice-sheet and Arctic glaciers melt since the 1990s led to a mean increase in runoff and ice
discharge in the subpolar North Atlantic of about 0.013 Sv (16), reaching up to ~0.04 Sv in 2012 (17).

This subpolar North Atlantic freshening is not captured by simulations from the Coupled Model Intercomparison Project
(CMIP) phase 6 (CMIP6) (10), potentially because CMIPG6 historical simulations underestimate the Arctic sea-ice decline (18)

and/or do not include past and future changes in Greenland runoff. However, through their impact on ocean stratification,



and the strength and location of deep-water formation, Arctic and subpolar North Atlantic freshening could affect subpolar
North Atlantic climate as well as the Atlantic Meridional Overturning Circulation (AMOC), which plays a crucial role in
shaping global climate. The deep limb of the AMOC originates from the formation of North Atlantic Deep Water in the Nordic,
Irminger and Labrador Seas (19) as well as Icelandic basin (20), and flows southward at potential density levels of about 1035.7
to 1036.7 kg/m? (referenced to 2000 dbar, Fig. Sla,c), equivalent to a depth range of ~500 to 2500 m. As such, the strength of
the AMOC is tied to deep-water formation rates and therefore upper-layer density and vertical density gradients. Observational
evidence indicates that the AMOC is at its weakest over the last millennium (21), with some studies suggesting a ~15%
weakening since the mid-20th century (22; 23; 24; 25), potentially linked to freshening (26). However, long-term AMOC
trends are inferred using fingerprints or proxies and are thus associated with high uncertainty (e.g. 27), and the relatively short
direct AMOC observational record (28; 29) means that recent changes could also simply reflect large AMOC decadal-scale
variability (30; 31).

Subpolar North Atlantic freshening significantly impacted the AMOC in the past. In particular during Heinrich events of the
last glacial period and deglaciations, when iceberg discharges in the North Atlantic, which are estimated to have contributed a
flux of 0.003 to 0.13 Sv (32), weakened the AMOC substantially (33; 34), but also during the 8.2 ka event in the early Holocene,
when the collapse of the Hudson Bay ice saddle likely added as much as 0.6 Sv of meltwater into the Labrador Sea over the
course of 100 years, further disrupting the AMOC (35).

While the century-scale climatic impact of large (>0.1 Sv) subpolar North Atlantic freshening and associated AMOC
weakening have been extensively investigated (36; 37; 38), the decadal-scale effect of small to moderate freshening on both
surface and subsurface temperatures remains poorly constrained. Given that the Greenland ice-sheet retreat is projected to
continue over the coming century, with a possible exponential increase in melting rate up to 0.084 Sv between 2080 and
2099 in high-emissions scenario SSP5-8.5 (39), a better understanding of the impact of decadal-scale subpolar North Atlantic
freshening is needed. Here, we assess the multi-decadal impact of subpolar North Atlantic freshening on the subpolar North
Atlantic and Nordic Seas, using historical and future simulations forced with a bespoke meltwater input, as well as idealized
simulations performed with the Australian Earth system model ACCESS-ESM1.5 (40) and the eddy-permitting ocean/sea-ice
ACCESS-OM2-025 model (41).

2 Results

Impact of subpolar North Atlantic freshening over the coming century

To account for the underestimated subpolar North Atlantic freshening during the historical period, as well as the current and
projected accelerated melting of the Greenland ice-sheet and Arctic glaciers (5; 16; 39; 42; 43), we perform an ensemble of
historical and SSP5-8.5 simulations following the CMIP6 protocol but with meltwater input into the subpolar North Atlantic
(Hist-SSP585-FW, Methods, Table S1, mask 1 Fig. S2). The meltwater input is idealized and higher than current and projected
estimates (17; 43), but it was scaled on the historical period to simulate a decadal-scale AMOC variability and multi-decadal
AMOC trend in agreement with direct AMOC measurements and AMOC indices (26). Over the 21st century, the freshwater
forcing follows a simple linear relationship from historical to projected Greenland surface air temperature changes (26). The
meltwater input amounts to 0.05 Sv in 1960-1989 and 2000-2004, 0.075 Sv in 2005-2019, and increases with a decadal
timestep to reach 0.275 Sv in 2090 (Fig. 1a). Here we analyze the climatic differences between the ensemble of historical
and SSP5-8.5 simulations with and without subpolar meltwater input (Hist-SSP585-FW compared to Hist-SSP585), focusing
on years 1980-1989, and 2030-2039, when the system responds to moderate meltwater fluxes, and the end of the century
(2090-2099), which provides an estimate of the impact of large meltwater fluxes.

In Hist-SSP585, rising greenhouse gas concentrations (Methods) (44) lead to a pronounced weakening of deep-water
formation in the Nordic Seas and, to a lesser extent, in the subpolar gyre (Fig. S3d-f). This results in a gradual AMOC decline
from 16.3 Sv in 1980-1989 to 13.5 Sv in 2030-2039 and 10.5 Sv in 2090-2099 (Fig. 1b, black), consistent with observationally
constrained CMIP6 AMOC projections (45). The inclusion of meltwater in the subpolar North Atlantic further weakens



deep-water formation in the subpolar gyre (Fig. 2e,j,0), with a collapse of deep-ocean convection in the North Atlantic subpolar
gyre in 2030-2039 and 2090-2099 in Hist-SSP585-FW (Fig. 2 j,0). This accelerates the AMOC decline, with the AMOC
reaching 10.6 Sv in 2030-2039 and 8.3 Sv in 2090-2099 in Hist-SSP585-FW (Fig. 1b, blue). The AMOC is thus 35% and 49%
weaker than its pre-industrial state in Hist-SSP585-FW in 2030-2039 and 2090-2099, respectively, compared to reductions of
17% and 36% in Hist-SSP585.

The weaker deep-ocean convection in the subpolar gyre along with the reduced surface density in the subpolar North
Atlantic in Hist-SSP585-FW compared to Hist-SSP585 significantly affects the circulation and temperature in the subpolar
North Atlantic and Nordic Seas. A surface cooling is simulated in the North Atlantic, particularly on the eastern edge of the
subpolar gyre (Figs. 1d and 2a,f,k). This cooling reaches -0.9+=0.4°C and -1.94-0.9°C on the eastern edge of the subpolar gyre
in 1980-1989 and 2030-2039, respectively, and extends across the North Atlantic at the end of the century (Fig. 2a,fk).

On the other hand, SSTs in the center of the Nordic Seas and Baffin Bay are higher in Hist-SSP585-FW than Hist-SSP585
from the 2030s. In 2030-2039, the surface warming amounts to 0.2 °C in Baffin Bay (16=0.1°C, decadal mean across
ensemble members) and 0.8°C in the Nordic Seas (10=0.8°C) (Figs. le,g and 2f). At the end of the century, the warming in
Hist-SSP585-FW compared to Hist-SSP585 is more pronounced and completely covers the Nordic Seas as well as the Barents
Sea, while it is reduced in Baffin Bay (Figs. le,g and 2k). These SST anomalies are associated with a loss of sea-ice on the
western side of the Nordic Seas and to a lesser extent on the western side of the Labrador Sea in 2030-2039 (Fig. S4d). As a
result, annual mean surface air temperature is also higher by ~2°C in the central Nordic Seas and 0.5°C in the Labrador Sea in
2030-2039, with this warming extending over the entire Nordic and Barents Seas in 2090-2099 (Fig. S4c.e).

In the Nordic Seas, the positive temperature anomalies are maximum in the top 100 m and decrease with depth, but remain
positive until ~600 m depth (Fig. 1g). Between 100 and 400 m depth, a 0.4°C temperature increase is simulated in the central
Nordic Seas at years 2030-2039 (Fig. 2g). From ~2070, the subsurface temperature in the Nordic Seas rises sharply, reaching
+1°C in 2090-2099, with the warming extending across the entire Nordic and Barents Seas (Figs. 1g and 21).

In the North Atlantic, Labrador Sea, Hudson Strait and Baffin Bay, a subsurface warming is simulated even with a 0.05 Sv
freshwater input and within about 10 years of the meltwater addition. During 1980-1989, a significant 0.5 to 1.5°C warming is
simulated in these regions between 100 and 400 m depth (Fig. 2b). Maximum positive anomalies are simulated between 100
and 200 m depth, where they reach +2°C in 2030-2039 (Fig. 1d,e,f). The simulated subsurface warming in the North Atlantic
subpolar gyre decreases from the 2060s, while it increases in the eastern side of the North Atlantic (Figs. 1d and 2g,l), as
deep-ocean convection on the western side of the subpolar gyre also weakens in Hist-SSP585 (Fig. S3f).

Processes leading to the ocean temperature changes
A heat budget analysis reveals that the simulated temperature changes in the top 50 m are driven by variations in ocean heat
transport convergence, with air-sea heat fluxes simply responding to the changes in ocean heat convergence (Fig. 3). As
meltwater is added to the subpolar North Atlantic, it is entrained by the subpolar gyre, resulting in a decrease in surface density
and enhanced stratification, especially along the edges of the subpolar gyre. In 1980-1989, the decrease in surface density and
associated increase in stratification are centered in the western subpolar gyre (Fig. 2c,d). The sustained meltwater input leads
to the advection of freshwater into the eastern part of the subpolar gyre and the Iceland basin in 2030-2039, with a further
intensification towards 2090-2099 (Fig. 2h,m). This modified zonal density gradient alters the structure of the subpolar gyre,
reducing its intensity (Fig. S5, top).

The reduced density in the subpolar North Atlantic generates downwelling Kelvin waves, that move southward along the
North American coast (26). The downwelling Kelvin waves, along with weaker deep-ocean convection, lead to a weakening of
the Gulf Stream (26) (Fig. S5d-f), and thus of the northward oceanic heat transport. As a result, in the North Atlantic subpolar
gyre at years 2090-2099, the ocean heat transport convergence weakens by an average of 47 W/m? in the top 50 m (Fig. 3f),
leading to reduced heat loss to the atmosphere by 33 W/m? (Fig. 3e) and 14 W/m? lower ocean heat content compared to

experiments SSP585 (Fig. 2k).

On the other hand, increased stratification (Fig. 2d,i,n) and reduced convective mixing (Fig. 2e,j,0) in the North Atlantic



lead to a subsurface warming through reduced injection of cold surface waters to depth (Figs. 2b,g,1 and 4). This occurs
despite reduced meridional temperature advection associated with the weaker Gulf Stream (Figs. S5d-f and S6c¢). Enhanced
stratification also explains the simulated subsurface warming in the Labrador Sea and Baffin Bay by limiting mixing between

cold surface waters and relatively warmer subsurface waters (Figs. 4 and S6e).

While the heat transport convergence decreases in most of the North Atlantic subpolar gyre, it increases around the Hudson
Strait, Labrador Shelf and in the Nordic Seas (Fig. 3b,d,f). The positive heat transport convergence anomalies around the
Hudson Strait, and along the Labrador Shelf result from the weaker southward Baffin Island and Labrador Currents, linked to

the weakening of the subpolar gyre (Figs. 4 and S5d,e).

In the Nordic Seas, heat transport convergence increases by about 34 W/m? during 2090-2099 (Fig. 3f), leading to enhanced
heat loss to the atmosphere by 24 W/m? (Fig. 3e) and an increase in ocean heat content of 10 W/m? (Figs. 2k, S5a). From the
2070s, this higher heat transport convergence is driven by a strengthening of the Atlantic inflow by up to 50% (Figs. S5f and
S6a, grey). This intensified Atlantic inflow explains the widespread surface and subsurface warming that develops in the Nordic
Seas and Barents Sea from the 2070s (Figs. 2k,1 and 5c, blue circles). The strengthening of the Atlantic inflow results from an
increase in the density gradient between the Nordic Seas and the North Atlantic (Fig. 5, blue circles). While there are changes
in surface winds, a decomposition of the current changes into Ekman-driven and geostrophic currents confirms the dominance

of geostrophic currents (46) (not shown).

A 1.5°C surface warming is however already simulated in the central Nordic Seas at years 2030-2039 (Fig. 2f), without a
substantial increase in the Atlantic inflow (Fig. S5e). The meridional and zonal density anomalies resulting from the freshwater
input lead to a strengthening of the cyclonic circulation in the Nordic Seas (Fig. 2h,m, Fig. 5, blue circles and Fig. S5b). As
the surface density is highest on the eastern and northern side of the Nordic Seas, this stronger circulation leads to a density
increase in the central Nordic Seas through advection of relatively salty waters to the centre of the Nordic Seas (Fig. 2h,m).
This deepens the mixed layer in the region and enhances mixing, thus leading to surface warming (Figs. 2f,j,k,0 and S6a,
magenta).

Responses of the subpolar North Atlantic and Nordic Seas to idealized meltwater fluxes
To assess the robustness of the results described above, their sensitivity to meltwater flux and location, and their model-
dependence, we perform an ensemble of idealized simulations with the ACCESS-ESM1.5 and with the eddy-permitting
ocean-sea-ice ACCESS-OM2-025 model (Table S1, Methods). An ACCESS-ESM1.5 experiment performed under constant
pre-industrial conditions and with North Atlantic meltwater input of 0.05 Sv (FW005-ESM, Table S1) provides similar results
to those found in Hist-SSP585-FW at the end of the 20th century (Fig. 6). The freshwater input weakens deep-water formation
in the North Atlantic subpolar gyre and northern Nordic Seas, leading to a 2 Sv AMOC weakening within two decades (Figs.
6e, S1b and S7 magenta, significant at the 99% level using a Kolmogorov-Smirnov test). These changes lead to a surface
cooling in the North Atlantic (Fig. 6a), particularly in the subpolar gyre, and a strong (~1.5°C) subsurface warming in Baffin
Bay, the Labrador Sea and the northwest Atlantic (Fig. 6b). This subsurface warming is due to increased stratification resulting

from the surface density decrease (Fig. 6¢,d).

As highlighted in the Hist-SSP585-FW simulations, as the meltwater increases, so does the climatic response. A large (0.4
Sv) meltwater input in the North Atlantic leads to a collapse of deep-ocean convection in the subpolar gyre, a 4°C surface
cooling in the eastern side of the subpolar gyre, but a 2°C surface warming in the central Nordic Seas due to stronger Atlantic
inflow (Figs. 5 and S8a). The addition of meltwater to the North Atlantic initially reduces the density in this region, before
affecting the Nordic Seas. This results in an enhanced density contrast between the Nordic Seas and the North Atlantic, which
in turn strengthens the Atlantic inflow (Fig. 5b,c). Consequently, a large (>2°C) subsurface warming is simulated in the Nordic
Seas, extending into the Barents Sea (Fig. S8b). Due to the greater stratification (>2 kg/m3), and reduced mixing, a large
(+3.5°C) subsurface warming is simulated in Baffin Bay, the Labrador Sea and most of the North Atlantic, with a pattern
similar to the one obtained in Hist-SSP585-FW compared to Hist-SSP585 at years 2090-2099 (Fig. 21 and S8). The sensitivity

experiments performed with the ACCESS-ESM1.5 thus confirm the results obtained in the historical and future simulations



(Hist-SSP585-FW).

Finally, to evaluate the model dependence of the results, we analyse the impact of a moderate (0.075 Sv) meltwater input in
the subpolar North Atlantic in the eddy-permitting, ACCESS-OM2-025 (FW0075-OM, Fig. 7, Table S1). The meltwater input
weakens deep-water formation in the subpolar gyre (Fig. 7e) and the AMOC by 30% (Figs. S1d and S7 cyan), which leads to a
strong (>2°C) surface cooling in the subpolar gyre (Fig. 7a). Due to the modified zonal density gradient in the North Atlantic,
the North Atlantic current weakens and shifts towards the east, which leads to a surface warming in the Icelandic basin. Similar
to the ACCESS-ESM1.5, the cyclonic gyre in the Nordic Seas strengthens and so does the Atlantic inflow (Fig. 5, triangles),
leading to both a surface and subsurface warming in the central Nordic Seas (Fig. 7a,b).

On the other hand, the subsurface warming is limited to the narrow Greenland coastal and Labrador currents, and the North
Atlantic subsurface warming is restricted to the Icelandic basin and eastern North Atlantic. While the subsurface temperature
response differs substantially in the two models, in all experiments, the North Atlantic subsurface warming arises in areas that
display a significant surface density decrease, and thus increased stratification (Figs. 6¢,d and 7¢,d). The subsurface warming in
the Hudson strait and the Labrador shelf results from the incursion onto the shelf of warm subsurface waters from the Labrador
Sea, due to a flattening of the isopycnals and weaker Baffin Island and Labrador currents (Fig. 4).

An additional simulation performed with the ACCESS-OM2-025 (FW0075GC-OM, Table S1) shows that meltwater
addition close to the coast of Greenland (mask 3 in Fig. S2), instead of over a uniform area around Greenland (mask 1 in Fig.
S2), broadly leads to a similar pattern of surface and subsurface temperature anomalies (Figs. 7 and S9). However, enhanced
meltwater addition on the Greenland coast does not lead to a subsurface warming around the southern tip of Greenland (Fig.
S9b) as the cooling can penetrate a few hundred meters over the shelf, which is very shallow at this location. In addition,
more efficient export of meltwater around the gyre in that experiment strengthens stratification in the Hudson Strait and on the
Labrador shelf leading to a stronger subsurface warming in these regions in FW0075GC-OM than FW0075-OM (Figs. 7 and
S9).

Nevertheless, the location of meltwater addition has a relatively small influence on the temperature response compared to
the differences between experiments performed with the ACCESS-ESM1.5 and ACCESS-OM?2-025. Although some of these
differences could result from the lack of atmosphere coupling or higher spatial resolution in the ACCESS-OM?2-025 (47), the
location of deep convection seems to be the dominant factor controlling the temperature response to subpolar North Atlantic
freshwater input.

As can be seen from the March mixed layer depth (Fig. S3), while convection is very strong in the Labrador Sea in
the ACCESS-OM2-025 control run, it is weak in the ACCESS-ESM1.5 pre-industrial and historical experiments. A small
meltwater input thus rapidly stratifies the Labrador Sea and Baffin Bay in the ACCESS-ESM1.5, potentially leading to a
collapse of deep-water formation in the subpolar gyre (Fig. 2j,0), whereas the Labrador Sea convection site remains strong
in the ACCESS-OM2-025 (Fig. 7e), thus affecting the freshwater transport in the subpolar gyre and bringing cold water to
depth. As the meltwater input increases in the ACCESS-OM2-025, the convection in the Labrador Sea weakens and the extent
and magnitude of the subsurface warming in the Labrador Sea and North Atlantic increase (Fig. S8g,j), becoming similar to
the ACCESS-ESM1.5 response (Fig. S8b). Similarly, the lack of surface warming in the Nordic Seas for meltwater inputs of
about 0.05 Sv in the ACCESS-ESM1.5 experiments (Hist-SSP585-FW at years 1980-1989 and FW005-ESM), compared to the
pronounced warming simulated in the ACCESS-OM2-025 experiments (FW0075-OM and FW0075GC-OM) may be attributed
to the relatively strong deep-ocean convection in the Nordic Seas in the ACCESS-ESM1.5 in the pre-industrial and historical
experiments (Fig. S3b,d).

3 Discussion

While there is evidence of accelerated melting of the Greenland ice-sheet and Arctic glaciers over the last decades (5; 16; 42),
CMIP6 protocols for historical and future projections do not include meltwater and ice discharge to the subpolar North Atlantic.

An ensemble of historical and SSP5-8.5 simulations following the CMIP6 protocol but with meltwater input to the subpolar



North Atlantic (26) (Hist-SSP585-FW, Methods) displays a faster and stronger AMOC weakening than standard CMIP6
simulations (Hist-SSP585), but still within the range of AMOC weakening simulated in CMIP6 SSP5-8.5 simulations over the
21st century (48). These simulations also display a collapse of deep-water formation in the North Atlantic subpolar gyre for

meltwater pulses greater than 0.1 Sv.

Although the North Atlantic meltwater input increases stratification in the subpolar North Atlantic thus reducing the surface
North Atlantic warming over the coming century, it could intensify the surface warming in the Nordic Seas, and the subsurface
warming to the west and south of Greenland, in Baffin Bay, the Hudson Strait, and the Labrador Sea. Even though the meltwater
input in these simulations is overestimated, a substantial climatic response emerges for moderate (0.05 Sv) meltwater inputs.
For context, the late 1960s-early 1970 Great Salinity Anomaly was associated with a freshwater anomaly of 0.065 Sv (8), and
combined Greenland meltwater and ice discharge are projected to reach 0.084 Sv during the 21st century (39; 43). Consistent
with these findings, results from idealized meltwater experiments performed under constant pre-industrial conditions show that
a subsurface warming of up to 2°C can develop around the western, southern and southeastern coasts of Greenland in less than
20 years with a meltwater input of 0.05 Sv.

Standard CMIP6 SSP5-8.5 experiments project a subsurface warming in the North Atlantic over the coming century,
primarily associated with increased ocean heat uptake under higher radiative forcing (Fig. S10a,b,d,e). Although enhanced
stratification may also contribute to this subsurface warming (Fig. S10c,f), a formal attribution of these processes has not been
performed. In the Hist-SSP585-FW experiments, freshwater-induced stratification amplifies the subsurface warming across the
North Atlantic - potentially doubling its magnitude over the coming decades around Greenland, and doubling it in the eastern

North Atlantic and Nordic Seas at the end of the century when radiative forcing becomes the dominant driver.

Although the surface cooling in the subpolar gyre is a consistent feature of weakened deep-ocean convection in the subpolar
gyre (23; 37; 49), the subsurface and Nordic Sea temperature responses are model-dependent, and in particular dependent on
the strength and location of deep-ocean convection. The subsurface warming simulated in Baffin Bay, the Labrador Sea and the
North Atlantic is significantly greater in the ACCESS-ESM1.5 than in the eddy-permitting ACCESS-OM2-025 and in previous
studies (50) because deep-ocean convection in the Labrador Sea is weak in ACCESS-ESM 1.5 pre-industrial and historical
simulations (Fig. S3b,d). As a result, even a small meltwater input in the subpolar North Atlantic effectively stratifies the
Labrador Sea in the ACCESS-ESM1.5 (Fig. 6), leading to substantial and widespread subsurface warming. In contrast, due
to the strong convection in the Labrador Sea in the ACCESS-OM?2-025 (Fig. S3a), convection is still strong with a 0.075 Sv
meltwater input (Fig. 7e). Comparison with observations (51) (Fig. S3c) indicates that Labrador Sea convection is too strong in
the ACCESS-OM2-025, whereas it is too weak in the ACCESS-ESM1.5. Consequently, the simulated subsurface warming
in Baffin Bay and the Labrador Sea is likely overestimated in ACCESS-ESM1.5 and underestimated in ACCESS-OM2-025.
In contrast, comparison with observations suggests that deep-ocean convection may be too strong in the Nordic Seas in the
ACCESS-ESM1.5, raising the possibility of enhanced Nordic Sea warming over the coming decades.

For meltwater inputs greater than 0.075 Sv, in addition to the previously mentioned subsurface warming, reduced deep
water formation and changes in zonal density gradients drive a stronger cyclonic flow in the Nordic Seas ~30 years after the
initiation of the forcing. This enhanced flow induces a surface warming in the central Nordic Seas through a deepening of the
mixed layer. This SST increase further leads to a sea-ice decrease and a rise in surface air temperature in that region. A similar
response is simulated in future simulations of the Large Ensemble project of the Community Earth System Model (CESM-LE)
(52), where an enhanced zonal density gradient strengthens the cyclonic circulation in the Nordic Seas, thereby intensifying the
overturning circulation. This surface warming in the central Nordic Seas arises from an initial state with weak convection in the
Nordic Seas in the ACCESS-OM2-025 and Hist-SSP585 at years 2030-2039, and in line with current observations (Fig. S3a.e).
This surface warming in the Nordic Seas is not simulated in FW005-ESM because the convection is strong in the Nordic Seas
in the ACCESS-ESM1.5 PI control state (Fig. S3b). In addition, when the density difference between the Nordic Seas and the
North Atlantic increases, the Atlantic inflow to the Nordic Seas increases (Fig. 5), which drives a strong (>2°C) warming, both

at the surface and in the subsurface of the Nordic and Barents Seas.



This study thus further highlights how the location and intensity of deep-ocean convection in the North Atlantic, Labrador
Sea and Nordic Seas modulate the climatic response to surface freshening, and arguably to surface warming as well. The mixed
layer biases identified in both the ACCESS-ESM1.5 and ACCESS-OM2-025 are common to many coupled climate models (e.g.
CMIP5 (53)) and ocean/sea-ice models (54), underscoring the need to improve the understanding and representation of North
Atlantic Deep Water formation in both present and past climates. The rapid and significant subsurface temperature response
to increased stratification, and the strong dependence on the strength and location of deep-water formation has implications
for both past and future climate. For example, small freshwater perturbations to a relatively stratified Labrador Sea during
glacial times would have led to a subsurface warming in the Labrador Sea and Hudson Strait, ultimately triggering Laurentide

ice-sheet discharges and Heinrich events - consistent with the sequence of events inferred from proxy records (55).

Although the freshwater forcing used in our Hist-SSP585-FW simulations is idealized and overestimated based on present
knowledge, recent Greenland ice-sheet projections display an accelerated sea-level contribution over the coming century, the
uncertainties associated with the rate of changes are still large (43; 56), and Greenland ice-sheet simulations do not incorporate
climate feedbacks from ice-sheet loss. In addition, our simulations reveal a pronounced temperature response even with a
meltwater flux of 0.05 Sv, indicating that the system is sensitive to freshwater perturbations of a magnitude that has occurred
episodically over recent decades (17; 57) and could persist into the coming century. Both the surface and subsurface response
are sensitive to the location of the meltwater input, with enhanced input in the Baffin Bay and Labrador Sea particularly
affecting subsurface temperatures in that region, while freshening anomalies in the eastern Atlantic particularly impact the

Nordic and Barents Seas.

Although oceanic forcing has a relatively minor impact on the dynamics of the Greenland ice-sheet compared to the
Antarctic ice-sheet (58), the Greenland ice-sheet and its periphery are home to 745 marine terminating glaciers, with over 300
in the Canadian Arctic and 166 in Svalbard (59). Between 2000 and 2020, about 85% of these marine terminating glaciers
retreated (59), with evidence of ocean warming driving the glaciers retreat around Svalbard (60). The simulated subsurface
warming around Greenland, particularly on the western and southern sides, could thus provide a positive feedback to the

Greenland melting.

Methods
We assess the impacts of a subpolar North Atlantic freshening on climate by performing an 8-member ensemble of historical
and 21% century SSP5-8.5 simulations with subpolar North Atlantic meltwater input with the Australian Community Climate
and Earth System Simulator-Earth System Model version 1.5 (ACCESS-ESM1.5) (40). To assess the robustness of the results,
idealized North Atlantic meltwater experiments are performed from the pre-industrial control state with the ACCESS-ESM1.5
and from a modern neutral repeat year forcing with the eddy-permitting ocean/sea-ice model ACCESS-OM2-025 (41).

Models
The ACCESS-ESM1.5 includes the UK Met Office Unified Model (UM) version 7.3 (61) at N96 resolution (1.875°x1.25°
and 38 vertical levels) as the atmospheric model, coupled to the land surface model, the Community Atmosphere Biosphere
Land Exchange model (CABLE) version 2.4 (62). The NOAA/GFDL Modular Ocean Model (MOM) version 5 (63) (1°x1°
horizontal resolution increasing to 0.4° in the Southern Ocean and 0.33° near the equator, 50 vertical levels) is the ocean model,
and is coupled to the Los Alamos National Laboratory sea-ice model (LANL CICE) version 4.1 (64).

The ACCESS-OM2-025 includes MOM version 5.1 with a nominal horizontal resolution of 0.25° and 50 vertical levels. It
is coupled to the Los Alamos sea ice model (CICE) version 5.1.2. The atmospheric forcing repeats the neutral year cycle from
May 1990 to April 1991 (repeat year forcing), taken from 55-year Japanese Reanalysis for driving oceans (JRAS55-do) (65).

Historical and future projections simulations
Historical and future SSP5-8.5 simulations are performed with the ACCESS-ESM 1.5 following the CMIP6 protocols but
with meltwater addition in the subpolar North Atlantic (Hist-SSP585-FW, Table S1). These are compared to standard CMIP6
historical and SSP5-8.5 simulations (Hist-SSP585) (44; 66). In Hist-SSP585-FW simulations, meltwater is added in the
subpolar North Atlantic (59°N-72°N and 65°W-22°W, mask 1, Fig. S2) starting year 1960 (26). The meltwater flux imposed in



the historical simulations and future projections is shown in Fig. 1a. To a first order, this meltwater input is scaled on Greenland
warming. The meltwater addition amounts to 0.05 Sv (1 Sv is 10°m?>/s) in the 20th century - apart from 1990 to 1999, when
no meltwater is added to reflect the concurrent Greenland cooling - and is increased with a decadal timestep reaching 0.075
Svin 2015, 0.15 Sv in 2040 and 0.275 Sv in 2090. This meltwater input was designed to obtain a better representation of
direct AMOC measurements and AMOC indices over the last decades, and was then scaled linearly over the 21st century (26).
However, this meltwater input is higher than observational and projected estimates (8; 16; 43).

Idealized North Atlantic meltwater experiments
Idealized North Atlantic meltwater experiments are performed with the ACCESS-ESM 1.5 (Table S1). They are initialized
from the pre-industrial control run (piControl) (67), which is forced with orbital parameters corresponding to 1850 CE and an
atmospheric CO; concentration of 284.3 ppm (68). For the ensemble of FW005-ESM, four experiments are performed with
the addition of 0.05 Sv of meltwater in the same region as SSP585-FW (59°N-72°N and 65°W-22°W, mask 1, Fig. S2). For
experiment FW04-ESM, 0.4 Sv of freshwater is added in in mask 1 region.

Three experiments are also performed with the ACCESS-OM?2-025 (Table S1) by adding i) 0.4 Sv broadly in the North
Atlantic (FW04-OM, 50°N-70°N and 70°W-0°E, mask 2, Fig. S2), ii) 0.075 Sv in mask 1 region (FW0075-OM), and iii) 0.075
Sv in mask 3 region (FW0075GC-OM). In mask 3, most of the meltwater is added close to the Greenland coast to simulate
liquid runoff, while a minor portion is added over a broader region to represent ice discharge. Figure S2 displays the anomalous
runoff rate (kg/m>/s) that has to be divided by the water density and multiplied by the area over which the meltwater is added to
obtain Sv.

The AMOC is defined as the maximum meridional overturning streamfunction in density space at 26.5°N and for potential
densities between 1035 and 1037 kg/m3 (69).

Uncertainty ranges are defined as 1 standard deviation (o).

Oceanic heat budget
The changes in North Atlantic heat content in the top 50m can be decomposed into changes in ocean to atmosphere heat fluxes
and ocean heat convergence. Net ocean to atmosphere heat fluxes are a direct output of the model. Therefore, changes in ocean
heat convergence are simply calculated as the difference between changes in oceanic heat content and changes in net ocean to
atmosphere heat fluxes.

Data availability The data underpinning this work is available on the public UNSWorks repository: https://doi.org/10.26190/unsworks/318:
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Figure 1. Annual mean timeseries of a) meltwater input (Sv) in the subpolar North Atlantic and b) maximum AMOC
transport (Sv) at 26.5°N for potential densities referenced to 2000 dbar of 1035 to 1037 kg/m? for the Hist-SSP585-FW (blue)
and CMIP6 Hist-SSP585 (black) experiments. The Individual members are in thin pale lines, and the ensemble in thick bright
lines. ¢) Map of the area of interest with main Seas discussed in the text (shading is annual mean SST (70)). LS stands for
Labrador Sea, BS for Barents Sea, EGC for East Greenland Current. Ocean temperature anomalies (°C) between the ensemble
of Hist-SSP585-FW compared to the ensemble of CMIP6 Hist-SSP585 as a function of depth (m) averaged over d) the subpolar
gyre (40°W-20°W, 48°N-62°N); e) Baffin Bay (68°W-50°W, 66°N-76°N); f) the south of Greenland (56°W-38°W, 58°N-68°N)
and g) the Nordic Seas (15°W-10°E, 68°N-76°N) averaged over every decades from the 1980s (blue) to 2030s (yellow) and to
the 2090s (red). Years 1980-1989, 2030-2039 and 2090-2099 are in bold lines. MATLAB R2020b was used to generate all
subpanels except panel c, which was generated with the Ferret program.
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Figure 2. Annual mean ocean temperature anomalies (°C) for (a,f,k) the top 50m and (b,g,1) averaged between 100 and 400m
depth; (c,h,m) neutral density anomalies (kg/m3) for the top 50m with full currents overlaid; (d,i,n) stratification anomalies
(kg/m?) taken as the difference between the neutral density averaged over 100-400m and the surface, with top 50m mean
current anomalies overlaid, and (e,j,0) March mixed layer depth (m) for the ensemble mean of Hist-SSP585-FW simulations
compared to the ensemble mean of Hist-SSP585 simulations averaged over (top) years 1980-1989, (middle) years 2030-2039
and (bottom) years 2090-2099. The white stippling on the ocean temperature anomalies indicates that at least 2 out of the 8
members disagree on the sign of change. The arrows at the bottom of panels c,d,h,i,m,n represent the current vector key in m/s.
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Figure 3. (left) Ocean to atmosphere heat flux anomalies (W/m?, negative anomalies indicate more heat lost from the ocean or
less heat uptake by the ocean) and (right) changes in oceanic heat transport convergence (W/m?) in the top 50m for the
ensemble of Hist-SSP585-FW compared to Hist-SSP585 averaged over years (a,b) 1980-1989, (c,d) 2030-2039, and (e,f)
2090-2099.
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Figure 4. Summary of processes leading to surface (top 50m) and subsurface (0-1000m depth) temperature changes in (lower
left side panel) the Labrador Sea (section at 60°N), (centre side panel) the North Atlantic (section at 60°N) and (right side
panel) the North Atlantic and Nordic Seas (averaged over 30°W—-10°E). Weaker meridional oceanic heat transport towards the
North Atlantic (reduced heat convergence, HC-), coupled with a weaker subpolar gyre (dashed black cyclonic circulation) and
enhanced stratification (dashed downward arrows) leads to a surface cooling in the North Atlantic, but weaker Baffin Island and
Labrador currents (dashed black southward arrow) lead to surface warming in the Hudson Strait and Labrador shelf. Enhanced
stratification and reduced convection (grey dashed downward arrows) lead to a subsurface warming in the North Atlantic,
Baffin Bay and the Labrador Sea - with a flattening of the isopycnals (solid and dashed lines with side arrows) allowing for
incursion of warmer water onto the shelf in the Labrador Sea. A stronger cyclonic circulation in the Nordic Seas (black
cyclonic loop), with stronger Norwegian Atlantic Front Current and Norwegian Atlantic Slope Current (and increased heat
convergence, HC+), increases the density of surface waters in the central Nordic Seas, reducing stratification and leading to a
surface and subsurface warming. A transient stronger Atlantic inflow could further warm the Nordic Seas (green arrow).
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Figure 5. Changes in Nordic Seas SST and subsurface temperature as a function of the Nordic Sea circulation and Atlantic
inflow (Sv) in experiments performed with the ACCESS-ESM1.5 (circles, ensemble of SSP585-FW compared to the ensemble
of SSP585 in blue, FW04-ESM in black) and the ACCESS-OM2-025 (black triangles, FW0075-OM). Each point represents
annual mean anomalies for each experiment compared to their control and over the course of the experiment. a) Nordic Seas
SST anomaly (15°W-10°E, 68°N-76°N, °C) as a function of the maximum cyclonic barotropic streamfunction in the Nordic
Seas (Sv). b) Northward Atlantic inflow (Sv) as a function of the density difference between the Nordic Seas (15°W-5°E,
66°N-75°N, 0-400m depth) and the North Atlantic (25°W-5°W, 58°N-64°N, 0-400m depth). c) Nordic Seas ocean temperature
anomaly (15°W-15°E, 68°N-76°N, 100-400m depth, °C) as a function of the Atlantic inflow (Sv). The Atlantic inflow is
calculated as the meridional transport between 18°W and 0°E and the first 400m depth at 64°N. For the ACCESS-OM2, the
Atlantic inflow is narrower and thus taken as the meridional transport between 2°W and 2°E. Overall correlations for all the
experiments are displayed on the graph. For the Hist-SSP585-FW compared to Hist-SSP585 ensembles, correlations are 0.6,
0.87 and 0.88 for a-c, respectively. MATLAB R2020b was used to generate this graph.
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Figure 6. Annual mean ocean temperature anomaly (°C) for (a) the top 50m, and (b) averaged between 100 and 400m depth;
(c) neutral density anomaly (kg/m?) with currents (m/s) overlaid for the top 50m; (d) stratification anomaly (kg/m?) defined as
the difference between the 100-400m neutral density and the surface neutral density for experiment FW005-ESM compared to
the control run and averaged over years 20 to 50. (e) March mixed layer depth (m) for experiment FW005-ESM. White
stippling in a) and b) indicates that less than 3 out 4 of simulations of the ensemble agree on the sign of change (mostly around
Svalbard). The arrows at the bottom of panels c and d present the current vector key in m/s.
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Figure 7. Annual mean ocean temperature anomaly (°C) for (a) the top 50m, and (b) averaged between 100 and 400m depth;
(c) neutral density anomaly (kg/m>) with currents (m/s) overlaid for the top 50m; (d) stratification anomaly (kg/m?) defined as
the difference between the 100-400m potential density and the surface potential density for experiment FW0075-OM compared
to the control run and averaged over years 20 to 40. (e) March mixed layer depth (m) for experiment FW0075-OM. The arrow
at the bottom of panel c represents the current vector key in m/s.
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