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Abstract
Following a high-end projection for mass loss from the Greenland and Antarctic ice-sheets, a freshwater forcing was applied 
to the ocean surface in the coupled climate model EC-Earthv2.2 to study the response to meltwater release assuming an 
RCP8.5 emission scenario. The meltwater forcing results in an overall freshening of the Atlantic that is dominated by advec-
tive changes, strongly enhancing the freshening due to dilution by Greenland meltwater release. The strongest circulation 
change occurs in the western North Atlantic subpolar gyre and in the gyre in the Nordic Seas, leaving the North Atlantic 
subpolar gyre the region where most advective salt export occurs. Associated with counteracting changes in both gyre sys-
tems, the response of the Atlantic Meridional Overturning Circulation is rather weak over the 190 years of the experiment; 
it reduces with only 1 Sv ( = 10

6 m 3 s −1 ), compared to changes in the subpolar gyre of 5 Sv. This relative insensitivity of 
the AMOC to the forcing is attributed to enhanced convection in the Nordic Seas and stronger overflows that compensate 
reduced convection in the Labrador and Irminger Seas, and lead to higher sea surface temperatures (SSTs) in the former 
and lower SSTs in the latter region. The weakened subpolar gyre in the west also shifts the North Atlantic Current and the 
subpolar-subtropical gyre boundary; with the subtropical gyre expanding, and the western subpolar gyre contracting. The 
SST changes are associated with obduction of Atlantic waters in the Nordic Seas that would otherwise obduct in the western 
subpolar gyre. The anomalous SSTs also induce a coupled ocean-atmosphere feedback that further strengthens the Nordic 
Seas circulation and weakens the western subpolar gyre. This occurs because the anomalous SST-gradient enhances the 
westerlies, especially between 65◦ N and 70◦ N; the associated increase in windstress curl consequently enhances the gyre in 
the Nordic Seas. This feedback is driven by the Greenland mass loss; Antarctic meltwater discharge causes a weaker, oppo-
site response and more particularly affects the South Atlantic salinity budget through northward advection of low-salinity 
waters from the Southern Ocean. This effect, however, becomes visible only hundred years after the onset of Antarctic mass 
loss. We conclude that the response to freshwater forcing from both ice caps can lead to a complex response in the Atlantic 
circulation systems with opposing effects in different subbasins. The relative strength of the response is time-dependent and 
largely governed by internal feedbacks; the forcing acts mainly as a trigger and is decoupled from the response.
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1 Introduction

In a warming climate, the increase in atmospheric tempera-
ture will also affect the ocean and cryosphere (Pörtner et al. 
(2019) provides a synthesis of current research on this topic). 
Apart from heating up the ocean, ice melt—in particular 
from the Greenland and Antarctic ice sheets—will increase, 
leading to enhanced freshwater release to the ocean. The 
direct effect of this meltwater is a decrease in sea surface 
surface salinity and a rise in sea level (Bindoff et al. 2007). 
At low temperatures, the thermal expansion coefficient for 
sea water is low compared to the haline contraction (Aagaard 
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and Carmack 1989); for this reason, the impact on density 
of adding freshwater is largest in a cold environment, e.g. 
where mass loss from the Greenland and Antarctic ice sheets 
naturally occurs. A freshwater excess at the northern convec-
tion sites (Labrador Sea, Irminger Sea, Nordic Seas) could 
also have an impact on the ocean circulation by affecting the 
Atlantic Meridional Overturning Circulation (AMOC) and 
gyre circulation (Yang et al. 2016).

There is observational evidence that the AMOC has 
already been in decline since the last decade (Smeed et al. 
2018) and this is supported by observed spatial patterns in 
SSTs (Caesar et al. 2018) that are also seen in climate mod-
els. More recent observations (Moat et al. 2020), however, 
indicate the AMOC is no longer weakening. Additionally, Fu 
et al. (2020) argue that the current AMOC state is not differ-
ent from several decades ago and show that within the North 
Atlantic subpolar gyre (SPG) a stable overturning persists 
in the eastern part of the basin, as opposed to the Labrador 
Sea, despite substantial upper-layer water property changes. 
Since it is unclear whether the observed AMOC weakening 
in the last decade was due to anthropogenic forcing or part 
of an internal variation, observations over a longer period 
are needed. Also, SSTs have changed; the North Atlantic 
has seen elevated SSTs in the recent several decades of up 
to 1 ◦ C (Bulgin et al. 2020). The spatial pattern of the SST 
tendencies is not uniform and the largest differences have 
occurred recently. In particular, there is a cooling south of 
Greenland (‘warming hole’) and a stronger increase further 
south in the Gulf stream region. Mass loss from the polar ice 
sheets also has become apparent from changes in elevation 
(Helm et al. 2014). A sixfold increase in Greenland mass 
loss has been observed since the 1980s (Mouginot et al. 
2019), and Antarctic mass loss has also accelerated over the 
past decades (Paolo et al. 2015).

Ice sheet mass could weaken or destabilise the AMOC 
and force it into a long-term ‘off-state’ (e.g. Rahmstorf 
(1996)). AMOC bistability was first shown to exist in a 
general circulation global climate model by Manabe and 
Stouffer (1988). A collapse of the AMOC can have drastic 
consequences such as cooling of the Northern Hemisphere 
and warming of the Southern Hemisphere (Vellinga and 
Wood 2002). Such abrupt changes have also occurred in past 
AMOC switches and is seen in the Greenland ice core record 
(Dansgaard et al. 1982; Johnsen et al. 1992). In a study com-
paring the response in five climate models to a 0.1 Sv (1 Sv 
= 106 m 3 s −1 ) freshwater discharge from Greenland only 
(Swingedouw et al. 2013); it was found that the AMOC was 
impacted, but that the weakening depends on the amount 
of leakage of the freshwater anomaly from the subpolar to 
the subtropical gyre. In a follow-up study (Swingedouw 
et al. 2015) it was shown that the AMOC response to the 
same amount of hosing decreased with global warming 
in an RCP8.5 scenario (Taylor et al. 2012) run. Increased 

stratification due to warming diminished the additional 
impact of increased stratification due to freshwater discharge 
in the subpolar gyre. Also, leakage of the additional fresh-
water to the subtropical gyre increased due to a northward 
shift of the storm tracks reducing the tilt of the subpolar-
subtropical gyre front. In both studies the simulations were 
only a few decades long and the AMOC response was not 
yet equilibrated. The impact of freshwater discharge from 
Greenland on the Nordic Seas can also take place on a longer 
timescale than its impact on the Labrador and Irminger Seas, 
because in the former case the freshwater has to recirculate 
in the subtropical gyre before it reaches the north-east Atlan-
tic, while in the latter case the freshwater already arrives 
within a few years. The different timescales for Greenland 
freshwater discharge affecting deep convection sites in the 
Labrador and Irminger Seas versus the Nordic Seas imply a 
possibly complex AMOC response to Greenland mass loss, 
operating at various timescales.

Deep convection in the Labrador, Irminger and Nordic 
Seas is tightly coupled to the AMOC, as shown by model 
experiments in which the AMOC weakens when deep 
convection declines in response to additional freshwater 
release (Stouffer et al. 2006; Brodeau and Koenigk 2016; 
Drijfhout 2015). This coupling is corroborated by analysis 
of the pathways of the lower branch of the AMOC (Laven-
der et al. 2000; Gary et al. 2011; Rhein et al. 2017) which 
shows that an interior pathway from the subpolar to the sub-
tropical North Atlantic gyres carries a significant export of 
deep water. In addition, the AMOC slowdown may trigger a 
delayed positive feedback by amplifying the freshening over 
the convection sites through reduced northward transport of 
salty waters, away from the South Atlantic (Drijfhout et al. 
2011; Jackson et al. 2013). On the other hand, after advec-
tion of the freshwater anomaly to the eastern side of the 
subpolar gyre (Swingedouw et al. 2013), the net effect on 
east-west density (and pressure) gradients of the added fresh-
water remains small, and this might imply a much weaker 
impact on zonally averaged northward volume transport than 
expected from the impact of deep convection alone.

The effect of freshwater discharge from Antarctica might 
also affect the AMOC and even strengthen it. It has been 
shown that multi-decadal to centennial timescales in ocean 
and climate models the AMOC often scales with a north-
south pressure (density) gradient (Marotzke 1997; Thorpe 
et al. 2001; Sijp et al. 2012). This implies that changes in 
the Southern Ocean can affect the AMOC as well, but on 
a longer timescale (Weijer et al. 2002; Weber et al. 2007). 
A more rapid response through wave dynamics is, how-
ever, also possible (Swingedouw et al. 2009). A freshwater 
discharge from Antarctica in that case would act to reduce 
density and pressure in the south. The effect of Antarctic 
freshwater release would be to increase the north-south pres-
sure (density) gradient and strengthen the AMOC. For this 
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reason, it is important to study the AMOC response in a 
freshwater discharge scenario that accounts for both North-
ern and Southern Hemisphere sources instead of meltwater 
discharge from Greenland only (Swingedouw et al. 2013; 
Weijer et al. 2012; Bakker et al. 2016; Haskins et al. 2020). 
The calving of icebergs affects spatial patterns of the mass 
redistribution, especially in the Southern Ocean (Starr et al. 
2021).

Here we will investigate the response of the Atlantic 
circulation to freshwater release from both Northern and 
Southern Hemisphere sources combined and in isolation, to 
assess their impact, to what extent these impacts counteract 
or reinforce each other, and how they change over time. To 
clearly assess the influence of freshwater discharge from 
Antarctica in addition to discharge from Greenland, we rely 
on a scenario where, eventually, mass loss from Antarctica 
becomes larger (a factor of 2.5) than mass loss from Green-
land, in agreement with a scenario in which the West-Ant-
arctic ice sheet starts to collapse (Joughin et al. 2014; Rignot 
et al. 2014; Feldmann and Levermann 2015; Shepherd et al. 

2019) when forced with the RCP8.5 emission scenario. The 
freshwater forcing scenario includes an iceberg distribution 
pattern (described in Van den Berk and Drijfhout (2014)) 
that distributes a freshwater release further away from the ice 
sheets. This distribution was derived from modelled iceberg 
drift under current conditions. After 2100 both types of forc-
ing decrease to the initial 2005 values, to emphasise different 
timescales between forcing and response.

This paper is structured as follows. Section 2 summarises 
the experimental set-up and presents the framework of the 
analysis. In Sect. 3 the analysis is shown. A discussion of the 
main results and final conclusions are presented in Sect. 4.

2  Experiments

The forcing profiles for CO2 concentration and meltwater 
release used here are shown in Van den Berk et al. (2019) 
and reproduced here as Fig. 1. The freshwater release is 
described in detail in Van den Berk and Drijfhout (2014).

Fig. 1  Top: The two forcing profiles applied in our simulations. Top-
left panel: atmospheric CO

2
 concentration. In green the historical 

phase (after which our simulation start), in red the ‘ramp-up’ phase 
with increasing CO

2
 , and in blue the ‘ramp-down’ phase as a coun-

terpart to the ramp-up. Top-right panel: cumulative global freshwater 

forcing (global: black, northern hemisphere: green, southern hemi-
sphere: purple). Bottom-left: iceberg melt pattern (see Van den Berk 
and Drijfhout 2014, for technical details). Bottom-right: melt rates; 
the top-right panel shows the time-integrated curves of these. Repro-
duced from Van den Berk et al. (2019)
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In summary, until year 2100 there is an increase in both 
forcing timeseries, followed by a time-symmetric decrease 
of the forcing until year 2195. The freshwater discharge from 
Greenland increases from 0 Sv in the year 2005 when the 
RCP scenarios start, to 0.07 Sv in year 2100; after which 
it decreases again to 0 Sv in 2195; for Antarctica the value 
in year 2100 is 0.17 Sv. These numbers lead to 71.5 cm 
sea-level rise in year 2100 due to mass loss from ice sheets 
only, which is large but not unrealistic. For instance, the 
value for the 83rd percentile (the upper bound of a likely 
range of 2/3) in a RCP8.5 scenario given in Bamber et al. 
(2019) is 102 cm. The two phases (before and after year 
2100) are labelled ‘ramp-up’ and ‘ramp-down’ (see also 
Sgubin et al. (2014) for a similar experimental set-up. The 
atmospheric forcing follows the RCP8.5 scenario (Taylor 
et al. 2012) during the ramp-up; the freshwater forcing time-
series is described in more detail in Van den Berk and Drijf-
hout (2014). The control experiment C does not include the 
meltwater forcing, while H includes forcing in both hemi-
spheres. Northern Hemisphere-only freshwater forcing (N) 
and Southern Hemisphere-only freshwater forcing (S) each 
have one single member, C and H each have four members 
(see Table 1 for an overview of all runs). All output was 
saved as monthly mean values.

The experiments are performed with the Coupled Cli-
mate Model (CCM) ‘EC-Earth’ which consists of three 
components. The atmosphere and land surface are mod-
elled with the Integrated Forecast System (IFS–cycle 31r1) 
which resolves 62 layers in the vertical and uses a triangular 
truncation at wavenumber 159 (ECMWF 2007) (effectively 
resolving ≈ 130 km). The ocean is modelled by the Nucleus 
for European Modelling of the Ocean (NEMO) developed by 
the NEMO European Consortium at a resolution of approxi-
mately 1 ◦ in the horizontal ( ≈ 110 km at mid latitudes) and 
42 levels in the vertical (Madec 2008). The two are syn-
chronised along the interface every three model-hours by 
the OASIS3 coupler developed at the Centre Européen de 
Recherche et de Formation Avancée en Calcul Scientifique 
(Valcke et al. 2004). The ocean model is coupled to a sea-
ice model developed by the University of Louvain-la-Neuve 
(LIM2) (Fichefet 1997; Bouillon et al. 2009). The general 

characteristics of EC-Earth simulations are described by 
Hazeleger et al. (2012), Sterl et al. (2012) describes the 
ocean aspects in greater detail. Sterl et al. (2012) note that 
the overturning strength shows 2 Sv fluctuations on decadal 
scales, and these variations are driven by ocean temperature 
variations. Wouters et al. (2012) note that AMOC fluctua-
tions in EC-Earth are not directly forced by the atmosphere, 
but are delayed responses to the ocean being forced by the 
North Atlantic Oscillation (NAO, Hurrell (1995)) on a 
60-year timescale.

In response to the freshwater forcing, the salt balance 
in the ocean is expected to differ by latitude as the fresh-
water spreads out through the ocean. Apart from the extra 
freshwater forcing applied, the salinity is affected by ocean 
advection and changes in evaporation, precipitation, run-off, 
and changes in sea-ice volume (E-P-R-I). To gain insight 
into the processes that change the ocean’s salinity we con-
sider regional budgets according to the partitioning shown 
in Fig. 2 which divides the Arctic+Atlantic basin into four 
boxes with five zonal sections as boundaries between them 
and the rest of the ocean. The first box is the Arctic ocean, 
and box 2 and 3 contain the subpolar and subtropical North 
Atlantic gyres, respectively; the fourth box is the remain-
der of the basin (South Atlantic) with the cut-off placed at 
the section connecting Cape Agulhas with South America. 
There is one meridional section through the Strait of Gibral-
tar in box 3.

In the next section, salt advection is decomposed into 
three components: overturning, azonal (gyre), and barotropic 
flow. Transport changes are also decomposed in a part driven 
by changes in volume transport and a part driven by changes 

Table 1  Overview of experiments and their included forcing

The control experiment C does not include the meltwater forcing, but 
H includes forcing in both hemispheres. Northern Hemisphere-only 
freshwater forcing (N) and Southern Hemisphere-only freshwater 
forcing (S) each have a single member, C and H each have four

CO
2

NH Melt SH Melt Members

C + - - 4
H + + + 4
N + + - 1
S + - + 1

Fig. 2  Basin partitioning on the model grid (ORCA 1). I: Arctic, II: 
subpolar gyre, III: subtropical gyre, IV: South Atlantic. Boundaries 
are at 34◦S and (9, 47, 67)◦N , ( 67◦N is the latitude of Bering Strait). 
These four areas extended to depth are referred to as boxes 1-4 in the 
text. Dashed lines indicate sections ate 70◦N and 55◦N
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in salinity. For more details, and the mathematical formu-
lation of these components, we refer to Van den Berk and 
Drijfhout (2014) and Van den Berk et al. (2019).

3  The salt redistribution within the Atlantic 
basin

The freshwater from the forcing field is not uniformly spread 
throughout the World Ocean as shown in Fig. 3. In the North 
Atlantic, the shape of the salinity anomaly on the subpolar/
subtropical interface suggests that the subpolar gyre redis-
tributes the freshwater from the forcing and that significant 
exchange with the subtropical gyre occurs (similar as seen in 
Swingedouw et al. (2013)). Near the Antarctic Peninsula, the 
Antarctic Circumpolar Current (ACC) distributes the fresh-
water originating from Antarctica northward in the Southern 
Ocean. Also, there is a lag of 50 years before salt is exported 
from the Southern Ocean into the South Atlantic across the 
Agulhas section (see Van den Berk et al. 2019).

While the basin-integrated freshwater budget is domi-
nated by adjustments at the southern boundary of the South 
Atlantic (Van den Berk et al. 2019), Fig. 3 shows that the 
largest changes in freshwater transport occur within the 
North Atlantic. Freshwater changes induced by anomalous 
salt advection strongly differ per region, as is shown in the 
top panel in Fig. 4.

The difference between the simulations with the freshwa-
ter forcing and the control runs is a residual signal for baro-
tropic, overturning, and gyres salt transports. As is shown 
below, the barotropic and overturning transport residuals 
nearly cancel each other between the subpolar gyre (SPG) 

and subtropical gyre (STG), leaving a small net effect that 
is dominated by adjustment of the gyre in the SPG. Between 
the SPG and Arctic, however, there is a near cancellation 
between the gyre components, leaving a residual that is dom-
inated by changes in barotropic and overturning transports.

Below we first focus on the interaction between the Arc-
tic and the North Atlantic subpolar gyres (Sect. 3.1). We 
proceed with the interaction between the North Atlantic 
subpolar and subtropical gyres (Sect. 3.2) that gives rise to 
the peculiar salt redistribution seen in the North Atlantic in 
Fig. 3. The South Atlantic shows little response and will not 
be discussed in detail.

3.1  Salt exchange between the Arctic and subpolar 
North Atlantic

Figure 4 shows a counteracting signal in the gyre-driven salt 
advection between the Nordic Seas and the North Atlan-
tic subpolar gyre. This change in transport is dominated by 
velocity changes in the subpolar gyre, as illustrated by Fig. 5. 
This figure shows plots of the net salt advection for the four 
boxes decomposed into components associated with salinity 
(S) and velocity (V) changes. In the subpolar North Atlan-
tic anomalous salt transport by the gyre freshens the North 
Atlantic by increasing the net export of salt to the Arctic 
where the gyre salinifies the basin (Fig. 5, dash-dotted lines). 
To understand this further we investigate the change in ver-
tically-averaged horizontal circulation in the North Atlantic. 
The subpolar gyre shows a decrease in strength in the west 
(as seen in the barotropic streamfunction in Fig. 6), while 
the gyre circulation in the Nordic Seas becomes stronger. 
The gyre causes more salty water from the North Atlantic 

Fig. 3  Left: Ensemble-averaged 45-year averaged surface salinity anomaly ( H − C ) and right: depth-averaged salinity anomaly ( H − C ) after 
95–140 years of forcing. Note the difference in scale between the panels
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Current to be drawn into Arctic while the return flow in 
the East Greenland Current becomes fresher, explaining the 
salinity-driven component in salt-increase in the Arctic by 
the gyre (Fig. 5, dash-dotted lines in left panels). This raises 
the question: which processes are responsible for the change 
in gyre strength? And more specifically, is the change purely 
an ocean-driven adjustment or does it involve atmospheric 
feedbacks?

3.1.1  Forcing and transport response

First, we investigate whether changes in buoyancy and wind-
stress forcing can account for the change in gyre circulation. 
Between Scotland and Iceland the North Atlantic Current 
diverges into two main pathways; one branch feeds the sub-
polar gyre and another feeds the Nordic Seas by continuing 
past Iceland. The weakening of the subpolar gyre leads to 
warmer and saltier water bypassing the subpolar gyre and 
travelling, via the Norwegian Current, into the Nordic Seas. 
As a result, within the subpolar gyre SST decreases and 
heat loss to the atmosphere decreases, leading to a net heat 
gain by anomalous surface buoyancy fluxes (Fig. 7). This 
is especially noticeable in the two main convection sites in 
the Labrador and Irminger Seas where we note a greater 
increase in downward buoyancy flux (less heat loss to the 
atmosphere) than in other parts of the subpolar gyre. In the 
Nordic Seas the opposite occurs, where the buoyancy flux 
increase is dominated by the thermal forcing (Fig. 7). Note 
that the changes in the haline component of the buoyancy 
flux are much smaller and can be neglected in the anomalous 
response. Changes in sea ice due to the freshwater forcing 
are also negligible.

The surface buoyancy forcing can modify the potential 
vorticity of the flow and drive an anomalous gyre circula-
tion (Luyten and Stommel 1986; Colin de Verdiére 1989). 
To estimate the buoyancy-forced change on gyre transport, 
the buoyancy flux is calculated from the net heat flux QH [

J s−1m−2
] and net freshwater flux (precipitation–evaporation) 

P − E [kg m−2s−1] (Karstensen and Lorbacher 2011) as

with � [K−1
] and � [kg g−1] the thermal and haline expansion 

coefficients, respectively; CH[J kg−1 K−1
] is the heat capacity 

of sea water (taken as constant) and S [psu] is the salinity. 

B =

g

�0

[

�
QH

CH

+ �(P − E)
S

1 − S∕103

]

,

The units of B are m 2 s−3 . The values of the expansion coef-
ficients can be determined (at surface pressure P = 0 ) from 
the TEOS-10 polynomial approximations (Intergovern-
mental Oceanographic Commission and others 2010). The 
buoyancy flux induces a vertical velocity at the base of the 
(upper) mixed-layer in a simple two layer approximation 
(Luyten and Stommel 1986). By defining a reduced gravity 
g′ between the first layer at depth ML, and the deeper ocean 
(D) below,

we can relate a buoyancy forced interfacial velocity Wb to 
the buoyancy forcing as

This velocity can then be used with the vertically integrated 
vorticity equation to estimate the contribution to the gyre’s 
mass transport Vb that is forced by heating or cooling:

These buoyancy forced changes in gyre transport occur via 
SST-changes related to changes in circulation; that is, they 
act as a feedback on already initiated changes by another 
process which must be the wind-driven response of the gyre. 
We can determine the depth-integrated Sverdrup transport 
Vw from the Sverdrup balance,

with �0 ( = 1020 [kg m−3 ]) the model reference density, � 
[s−1 m−1 ] the meridional variation of the Coriolis-frequency, 
and � the windstress vector [N m−2 ]. We integrate from the 
East coast ( xe ) to the extremum of the barotropic stream 
function ( xm ) to avoid the boundary current in the West, 
where the Sverdrup balance ceases to hold. With these 
expressions we can compare the effects of wind and buoy-
ancy forcing on transport changes in the gyre of the Nordic 
Seas and in the western subpolar gyre.

From Fig. 8 it is apparent that the anomaly of the wind-
driven Sverdrup transport (dashed line) in the Nordic Seas 
only partly explains the changes in the barotropic stream 
function (left panel; solid line), which increases to 5 Sv 
in 2190 and yielding a positive trend that is still large in 
2190. The change in gyre transport in the Nordic Seas can 
only be attributed for about 50% to changes in the wind; the 
other half is forced by changes in surface buoyancy flux. 
The change in subpolar gyre strength in the west (right 
panel) is of the opposite sign and in 2190 of the order 
of 4 Sv and also not equilibrated (still decreasing). It is 

g� = g
�D − �ML

�0
,

Wb = −B∕g�.

(1)�Vb = f ∫
x�

xe

Wb dx.

(2)�0 � Vw = ∫
xm

xe

��y

�x
−

��x

�y
dx,

Fig. 4  Anomaly ( H − C ) of time-integrated salt advection. Top panel 
shows the total salt advection anomaly across each box (i.e. depth-
integrated north- south differences) and for the Arctic+Atlantic 
together. The panels below have the salt advection across the indi-
cated box(es) split into three dynamic components: barotropic (solid 
line), overturning (dashed line), and azonal or gyre (dash-dotted line); 
sum values correspond to those in the top panel. Ensemble averages

◂
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Fig. 5  For indicated boxes, anomaly ( H − C ) of time-integrated 
salt advection decomposed into a barotropic (solid line), overturn-
ing (dashed line), and gyre (dash-dotted line) component, and each 

split further into S (salinity driven, red) and V (volume driven, blue) 
driven parts. Grey lines are their sums (total salt advection through 
the box). Ensemble averages

Fig. 6  Barotropic streamfunc-
tion anomaly ( H − C ), with 
climatology imposed as con-
tours (solid line as clockwise 
flow, dashed line as counter 
clockwise flow, horizontal 
lines indicate the separation of 
the STG/SPG), mean of years 
2005–2195, ensemble average
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almost completely forced by buoyancy forcing changes. In 
both cases the largest changes occur after 2100 when the 
forcing is decreasing, highlighting the decoupling between 
forcing and response and the role of internal feedbacks in 
the coupled climate system. In Fig. 8 we have used mixed-
layer depths of 100 m and 200 m to determine the sensi-
tivity of the estimated interfacial velocity due to surface 

buoyancy fluxes to the depth of this layer. It appears that at 
70◦ N a mixed-layer depth of 100 m gives a better fit, while 
at 55◦ N a mixed-layer depth of 200 m does. It should be 
stressed that the gyre response to changes in buoyancy 
(and wind) forcing cannot be fully explained by the forcing 
at one particular latitude. The velocity changes are more 
complex than can be captured by a simple two-layer model 

Fig. 7  Mean thermal-buoyancy 
flux anomaly (top), haline-
buoyancy flux anomaly (middle) 
and SST anomaly (bottom). The 
SST decreases in the SPG, lead-
ing to a decrease of heat flux 
into the ocean, which results in 
a lack of buoyancy loss in the 
SPG. The Nordic Seas show the 
opposite pattern. Mean of years 
2005–2195, ensemble averages 
( H − C)
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and we cannot expect to fully close the volume transport 
changes per section with this (crude) method. A more 
detailed analysis such as done in Le Corre et al. (2020) 
might give further insight.

The (winter) wind-response in the Nordic Seas gyre is 
likely initiated by changes in SSTs and air-sea heat fluxes 
and thus consists of a coupled ocean-atmosphere feedback, 
which can be explained by the different SST responses 
between subpolar gyre in the west and the gyre in the Nor-
dic Seas (Fig. 9). The long-term change in wind stress over 
the North Atlantic in response to freshwater forcing from 
Greenland during a strong greenhouse emission scenario 
( H − C ) shows increased westerlies at the latitude of Ice-
land and decreasing westerlies to the south of it centred 
around 55◦ N, with again an increase centred around 45◦ N. 
This corresponds to a southward shift of the westerly jet 
stream, but an enhancement of its northerly extension over 
the British Isles and Scandinavia (i.e. a reduced zonal extent) 
and a decrease of easterlies between Greenland and Iceland 
(Fig. 9a). This shift is dominated by the response in winter 
(Fig. 9b), with the exception of the increase in westerlies 
around 45◦ N which is dominated by spring and autumn 
(not shown). Over the length of the simulations the variance 
(dominated by the winter months) in the hosing ensemble 
(H) strongly decreases over the North Atlantic subpolar gyre 
(Fig. 9 c). The pattern of change in interannual variance cor-
responds well with the NAO pattern, which has a similar pat-
tern in all simulations (Fig. 9 d shows the NAO in the control 
run C). The northern pole of the NAO-dipole overlaps with 
the spatial distribution of change in variance. Apparently 
the changes in variability are primarily due to the pattern of 
dominant North Atlantic atmospheric variability, the NAO, 
which has also been associated with the storm track vari-
ability (Hurrell 1995; Hurrell et al. 2003).

Warming of the Nordic Seas peaks around 70◦ N; south of 
67◦ N cooling prevails, and is associated with a weaker and 
fresher subpolar gyre. As a result, a positive northward SST-
gradient anomaly weakens the overall north-south-tempera-
ture gradient, which reduces westerly winds south of 70◦ N, 
while north of 70◦ N the SST-gradient anomaly enhances the 
westerlies. This differential wind response then enhances the 
windstress-curl, and subsequently the Ekman pumping and 
northward Sverdrup transport across 70◦ N (Pedlosky 1996).

In Fig. 10 similar transports are seen as in Fig. 8, but for 
( N − C ), indicating that the Greenland meltwater forcing is 
the dominant driver in the Nordic Seas-SPG seesaw effect. 
Also, in observations an effect of the subpolar gyre and 
Nordic Seas has already been suggested (Dukhovskoy et al. 
2019), although it was argued that it could not be explained 
by Greenland meltwater discharge alone and the propagation 
of salinity anomalies from lower latitudes could also play 
a role. The increase in the wind-driven transport anomaly 
seen in Fig. 8 is absent, but the observed change in volume 
transport is less well explained by the two-layer model for 
the runs with only 1 ensemble member. It could also be 
that the wind-response, at least partly, must be attributed 
to the arrival of the Antarctic freshwater anomaly impact-
ing the North Atlantic gyres. This is supported by the fact 
that in (S − C) the changes in volume transport in the north-
ern North Atlantic and Nordic Seas oppose those seen in 
(H − C) , especially after year 2100 (not shown).

When the subpolar gyre weakens, isopycnal doming in 
the middle and the preconditioning for deep-convection 
reduce, limiting the depth of the winter mixed-layer. This 
response is thus consistent with reduced convection, while 
the response in the Nordic Seas gyre is consistent with 
increased deep convection. Freshening of the subpolar 
gyre can therefore push the system to a weaker circulation 

Fig. 8  Time-integrated Sverdrup transport anomaly (V, section-
integrated windstress curl scaled with �

0
� ) (dashed line), time-inte-

grated anomaly of the (extremum of the) barotropic streamfunction 
(excluding the western boundary current, solid line), and meridional 
transport due to buoyancy-forcing changes (dash-dotted: 100 m, 

dotted: 200 m mixed-layer depth, Eq. 1). Left panel: (70◦ N) East of 
Greenland to Norway. Right panel: 55◦ N (from Ireland to 25◦ W to 
avoid the recirculation cell in the SPG to the west of that longitude). 
Ensemble averages ( H − C)
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Fig. 9  Top (a): mean value of 
the zonal windstress 2005–2195 
for the winter months (Decem-
ber, January, February); annual 
mean climatology imposed 
as contours. Horizontal lines 
indicate the zonal sections of 
the SPG box (2). Middle-top 
(b): as above, but for the winter 
months (December, January, 
February) only. Middle-bottom 
(c): mean variance 2005–2195. 
Ensemble average ( H − C ); 
contours are annual mean values 
of 2005-2025. Bottom (d): First 
principle component (EOF) of 
2005–2025 capturing 47% of 
the variance
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mode. The mechanism for gyre adjustment discussed here 
resembles the one found in conceptual and coupled climate 
models where it was demonstrated that the subpolar gyre 
may switch from a strong to a weaker mode due to feedback 
mechanisms involving the stratification in the gyre (Born 
and Stocker 2013). Here, also coupled feedbacks through 
an atmospheric response are instrumental in the observed 
gyre changes. The opposite, however, might also occur: the 
decrease of convection could weaken the gyre, which in turn 
affects the salinity in the gyre centre. Because the salinity 
affects the convection, a positive feedback loop would be 
present (Born et al. 2016).

3.2  Changes in AMOC salt transport 
between subpolar and subtropical latitudes

The anomalies of the overturning salt-transports make the 
subpolar gyre saltier and the subtropical gyre fresher. The 

change in salinity is the main reason, not volume change 
(AMOC strength) (Fig. 5, red dashed versus blue dashed 
lines).

Enhanced northward salt transport by the overturning 
across the subtropical/subpolar gyre boundary in response 
to freshwater release from Greenland is surprising, as in 
general the surface waters contain larger freshwater anoma-
lies than the deeper waters (compare the left and right panel 
in Fig 3). This suggests that below the surface more salt is 
transported northward.

In Fig. 11 it can be seen that a subsurface increase in 
salinity along the section between the two gyres is the cause 
for the enhanced northward salt transport by the overturn-
ing circulation. The surface has become fresher due to the 
freshwater release, but the first 1000 m below the surface 
have become saltier. Comparing with Fig. 6, we see that 
the subtropical gyre increases (spin-up) and expands while 
the subpolar gyre weakens and contracts (spin-down). As 

Fig. 10  Time-integrated Sverdrup transport anomaly (V, section-inte-
grated windstress curl scaled with �

0
� ) (dashed line), time-integrated 

anomaly of the (extremum of the) barotropic streamfunction (exclud-
ing the western boundary current, solid line), and meridional trans-
port due to buoyancy-forcing changes (dash-dotted: 100 m, dotted: 

200 m mixed-layer depth, Eq. 1). Left panel: (70◦ N) East of Green-
land to Norway. Right panel: 55◦ N (from Ireland to 25◦ W to avoid 
the recirculation cell in the SPG to the west of that longitude. Ensem-
ble averages ( N − C)

Fig. 11  Averaged salin-
ity anomaly ( H − C ) over 
100 m–1000 m depth, mean of 
years 2005–2120. Horizontal 
lines indicate the zonal sections 
of the SPG box (2). Ensemble 
average
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a result, the inter-gyre boundary shifts to the North, leav-
ing a positive salinity anomaly along the section chosen to 
coincide with the gyre boundary in the control run as seen in 
Fig. 11. The shift in gyre boundary, which is also the bound-
ary between high and low salinity waters, is associated with 
a small latitudinal band in which the northward salt transport 
by the overturning circulation increases.

The overturning circulation also further salinifies the sub-
polar gyre and freshens the subtropical gyre through changes 
in velocity (Fig. 5, blue dashed lines). At first sight this is 
surprising because the AMOC transports salt from the STG 
to the SPG, a weakening of the AMOC in response to fresh-
water hosing is expected to result in subpolar freshening and 
subtropical salinification. The change in AMOC, however, 
is more subtle.

3.2.1  The change in the AMOC

Over most of the Atlantic, the AMOC initially does not 
weaken in response to the forcing but slightly increases 
in strength. This is illustrated by Fig. 12 showing a mild 

increase ( ∼ 0.5 Sv) at most latitudes during the first 50 years, 
after which the AMOC starts decreasing.

In Fig. 13 the mean mixed layer depth anomaly ( H − C ) 
for 2005–2195 is plotted, together with the mean value for 
2005–2100 under RCP8.5 (ensemble C). The mixed layer 
becomes shallower mainly in the Labrador Sea and Nordic 
Seas in the control simulations. The additional freshwater 
forcing widens the deep water formation region in the Lab-
rador Sea and shifts it in the Nordic Seas. Also, there is not 
a significant change in AABW production under the fresh-
water forcing judged from the mixed layer depth changes 
in the Southern Ocean (not shown). Consistent with a lack 
of response in the Southern Ocean, we do not find a bipo-
lar seesaw effect, unlike results from other model studies 
(e.g. Swingedouw et al. (2009)). The AMOC decreases in 
the control run (C) and the freshwater forcing weakens it 
further, inhibiting the recovery (and overshoot) seen in the 
ramp-down phase.

The initial increase in AMOC strength cannot be under-
stood by how the freshwater along the northern boundary 
of the Atlantic affects the density (i.e. the freshening seen 

Fig. 12  Left top panel: climatol-
ogy of the Atlantic overturn-
ing. Right top panel: AMOC 
index maximum, solid line at 
all Atlantic latitudes, dashed 
line at RAPID location 26.5◦ N 
(horizontal lines indicate initial 
and final values). Bottom panel: 
time-latitude diagram of the 
anomaly of the AMOC maxi-
mum; maxima are taken below 
500 m depth for ensemble aver-
ages of H − C
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in Fig. 3). To first order, net sinking and AMOC strength 
scale with the east-west density gradient along the northern 
boundary of the SPG (Spall and Pickart 2001). The added 
freshwater induces a negative density anomaly that first 
affects the western side of the boundary. As a result, the 
east-west density gradient should increase (which is also 
seen in Fig. 14), while the AMOC decreases. The argument 
of Spall and Pickart (2001), however, assumes a direct link 
between pressure and density gradients, which is only cor-
rect under steady-state. Here, a transient source of fresh-
water is used as a forcing, directly impacting sea surface 
height (SSH). As a result, the transient freshwater-signal 
in SSH (volume change) affects east-west pressure gra-
dients as well as the freshening of the water column, and 
may compensate density changes in a different way as the 
SSH response to freshening when there is no net volume 
change in the ocean. Apart from freshening at the western 
side associated with meltwater release from Greenland, the 
North Atlantic density fields is also affected by a change 
in the North Atlantic Current advecting more warm water 
along the eastern boundary, with less warm water entering 
the western subpolar gyre, associated with the spin-up of the 
gyre in the Nordic Seas and a slow-down of the gyre in the 
western SPG. The surface SSH gradient between the east 
and west initially overcompensates the decrease in upper 

1000 m density gradient in the sense that it rises faster in the 
east than in the west, while upper 1000 m density declines 
faster in the west than in the east (see also Fig. 9 in Van den 

Fig. 13  Top (a): Mean mixed 
layer depth anomaly ( H − C ) 
for 2005–2195. Bottom (b): 
reference annual mean anomaly 
between 2100 and 2005 under 
RCP8.5 (C). Ensemble aver-
ages. Contours indicate annual 
mean climatological values

Fig. 14  Solid line is the average potential density anomaly of the East 
- West difference at the Atlantic section at 60◦ N of the first 1000 m. 
The middle 60% of the basin is removed, leaving an eastern and a 
western side as boundaries. The dashed line is the maximum AMOC 
over all Atlantic latitudes as shown in Fig. 12. Both lines are shown 
with a 30-year smoothing (Butterworth filtering) of the time-series 
applied; ensemble averages ( H − C)
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Berk et al. (2019) for the spread of the SSH signal). In short, 
the surface SSH signal spreads faster than the subsurface 
density anomaly. Fig. 3 shows that the subpolar gyre advects 
the freshwater anomaly, as it arrives from the Greenland 
coast, back to the eastern part of the subpolar gyre, between 
England and Iceland. As a result, the freshwater anomaly 
affects both the West and the East, leaving a small imprint 
on the net sinking and there is even a small initial increase 
in the AMOC (Fig. 14). Only after the year 2050, when the 
halocline in the Labrador and Irminger Sea becomes strong 
enough to reduce deep convection there, does the density in 
the western part of the basin become more strongly affected 
than in the eastern part and the AMOC starts to decline, 
now in anti-correlation with the density difference between 
eastern and western boundary (Fig. 14). This time delay in 
AMOC-decline is comparable with the circulation timescale 
of the gyre (Born and Mignot 2012). Note that the decline in 
AMOC is smaller than in Swingedouw et al. (2013), which 
is consistent with the smaller Greenland meltwater discharge 
amount used in this study.

The weak AMOC response to hosing is thus explained by 
a small change in east-west density and pressure gradients 
in the North Atlantic due to a switch in convection location. 
While the freshwater release affects Labrador and Irminger 
Sea convection, re-stratifying and weakening the western 
subpolar gyre, this is compensated by enhanced deep con-
vection in the Nordic Seas. Fig. 12 indeed shows an increase 
of the overturning during the first half of the ramp-up, espe-
cially in the Nordic Seas, followed by a small decrease in 
overturning. The overturning increase in the eastern North 
Atlantic is indeed coupled to an increased gyre circulation 
in the Nordic Seas, with a decrease in the western subpolar 
gyre (Fig. 6), which is consistent with the results described 
in Zhang et al. (2011).

3.2.2  Changes in AMOC salt transport further south

Both a decreasing AMOC and a decrease in salinity of the 
upper limb relative to the lower limb contribute to the fresh-
ening of the subpolar and subtropical North Atlantic; but 
remarkably, the salinity driven component of the net salt 
export by the overturning changes sign after year 2100: up 
to year 2100 it was importing less freshwater, albeit weakly. 
This switch is mainly due to changes at the southern bound-
ary of the subtropical gyre (Box 3, Fig. 5) related to fresh-
ening of the upper 1000 m of the South Atlantic due to the 
arrival of meltwater discharge from Antarctica after year 
2100. In EC-Earth, the AMOC imports freshwater across 
the southern boundary of the South Atlantic, a well-known 
model bias (Mecking et al. 2017). While the weakening 
AMOC imports less freshwater across the southern bound-
ary of the South Atlantic (Fig. 5), the water that is imported 
is getting fresher, especially after year 2100. As a result, 

the overturning circulation salinifies the South Atlantic by 
weakening and exporting less salt to the north, but fresh-
ens the South Atlantic by importing fresher waters from the 
Southern Ocean (Box 4, Fig. 5 blue and red dashed lines). 
The decrease in salt import in the South Atlantic, together 
with a weaker AMOC, leaves a positive salinity imprint on 
the North Brazil Current with large-scale freshening further 
south (Fig. 3 in Van den Berk et al. (2019)). Freshening in 
the North Atlantic results in freshening of the whole Atlan-
tic, despite the South Atlantic counteracting North Atlantic 
freshening with an increase in salinity (red line in top panel 
of Fig. 4), which is however smaller than the freshening 
in the North Atlantic. However, integrated over the whole 
basin, this partial compensation is insufficient to counter-
act the overall freshening (black line in top panel of Fig. 4) 
and the anomalous transport by the overturning circulation 
(dashed lines in lower panels of Fig. 4) acts to freshen the 
Atlantic-Arctic basin through increased freshening of the 
waters that cross the Agulhas section at 34◦ S (note that a 
large fraction of the black line in the top panel of Fig. 4 can 
be explained by the dashed black in in the bottom panels 
being passed relatively unaffected through the South Atlan-
tic as seen in the right middle panel).

4  Summary and discussion

We investigated the effects of a high-end future climate 
projection for mass loss from the Greenland and Antarc-
tic ice-sheets. While in response to meltwater discharge the 
whole Atlantic freshens, freshening occurs unevenly over the 
sub-basins, with largest freshening in the North Atlantic and 
even larger, almost compensating adjustments taking place 
between subpolar and subtropical gyres, while there is little 
change in the South Atlantic. The two gyres in the subpolar 
North Atlantic and Nordic Seas respond most strongly. A 
spin-up of the gyre in the Nordic Seas occurs, in conjunction 
with a weakening and re-stratification of the subpolar gyre in 
the west, after the freshwater release decreases Labrador and 
Irminger Seas convection. A similar seesaw-or shift-between 
eastern and western convection sites has been described by 
e.g., Wood et al. (1999), Swingedouw et al. (2013). It causes 
a weak AMOC response to a Labrador and Irminger Sea 
convection decrease. As a result, the net deep water forma-
tion in the model used (EC-Earth) is not particularly sensi-
tive to Greenland meltwater forcing. A reason for this is 
the effective re-routing of freshwater by the subpolar gyre 
away from the convection regions in the West, keeping the 
decrease in convection there limited. The advective path-
ways of meltwater release from Greenland, however, may 
depend on the horizontal resolution of the model and eddy-
resolving models might show more freshwater transport 
from the boundary currents to the sites of deep convection, 
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especially in the Labrador and Irminger Sea (Lohmann et al. 
2014; Yang et al. 2016). Higher resolution is also important 
for resolving the boundary currents around Greenland, as 
these determine where Greenland’s meltwater is transported 
to (Gillard et al. 2016). Thus, the AMOC response to melt-
water release is determined by how important Labrador and 
Irminger Sea convection are, relative to convection in the 
Nordic Seas, and how effective the seesaw between eastern 
and western convection sites operates (Lozier et al. (2019) 
discusses the importance of Labrador Sea convection for 
the AMOC). To what extent the response shown here is 
model-dependent is unknown and should be investigated by 
further studies using different climate models with different 
horizontal resolution.

We should also note some limitations regarding the use of 
a freshwater forcing field. The meltwater scenarios implicitly 
account for feedback effects to the freshwater release, but 
not explicitly the effects on the atmosphere or the secondary 
effects on the ocean. Interactions with the solid Earth such 
as isostatic adjustment are already excluded by the model 
formulation because of the longer timescales involved. The 
thermal effects are not modelled with a prescribed freshwa-
ter forcing. In particular, as the ice sheet melts, more fresh-
water reaches the oceans and increases stratification, which 
shallows the halocline. Consequently, more heat is retained 
near the ocean surface and would increase the basal melt 
rate. This is a deficiency of only using a freshwater forcing. 
Another important feedback lacking without a dynamic ice 
sheet is the interaction with the atmosphere. The geometry 
of the ice sheet does not change and therefore cannot affect 
the melt-elevation feedback where a decrease in height of 
the ice sheet leads to even greater melt due to the warmer 
temperature at the lower surface after melt. An overview of 
these feedbacks and others is given in Fyke et al. (2018). 
Coupling a dynamic ice sheet model to EC-Earth would 
model some of these feedbacks, but the realism of the result-
ing effects is not clear.

The effectiveness of the seesaw depends on the feedbacks 
associated with the gyre spin-up in the Nordic Seas and 
gyre spin-down in the western subpolar gyre. For instance, 
Swingedouw et al. (2013) attribute this seesaw between sub-
polar gyre and Nordic Seas to the increased import of warm 
and salty Atlantic waters in the Nordic Seas as a result of 
pathway changes in the North Atlantic Current when obduc-
tion in the subpolar gyre no longer occurs. The weakened 
subpolar gyre leads to a shift in the North Atlantic Current 
and subpolar-subtropical gyre boundary, with the subtropical 
gyre expanding and the subpolar gyre contracting. Associ-
ated with this shift, deep convection decreases in the subpo-
lar gyre and increases in the Nordic Seas, leading to lower 
SSTs in the West (less heat transported from the deep ocean 
to the surface) and higher SSTs in the Nordic Seas associ-
ated with increased vertical heat transport to the surface. 

In our simulations this change in SSTs induces a coupled 
ocean-atmosphere feedback that further spins-up the Nordic 
Seas gyre and spins-down the subpolar gyre. The anoma-
lous SST-gradient associated with this response enhances 
the westerlies, especially between 65◦ N and 70◦ N, and the 
associated increase in windstress curl further enhances the 
spin-up of the Nordic Seas gyre. In addition, the anomalous 
SSTs also affect air-sea fluxes, and the resulting buoyancy 
forcing acts to further enhance the gyre in the Nordic Seas 
and to weaken the subpolar gyre in the west. An analysis 
based on paleo proxies indicates that this seesaw may have 
played an important role in, especially, the cold phases of 
Dansgaard-Oeschger oscillations (Wary et al. 2017). A com-
parison of CMIP5 models (Deshayes et al. 2014), however, 
shows inconsistent circulations patterns of the subpolar gyre, 
indicating results are model-dependent. This is another rea-
son more studies—using a variety of models—are needed 
to assess which response is robust and can be validated by 
observations. Additionally, it should be noted that the cli-
mate model used (EC-Earth) has a bias in the South Atlantic 
which results in an incorrect sign of Mov (Rahmstorf 1996; 
Sgubin et al. 2014) (positive, whereas measurements indi-
cate a negative sign Garzoli et al. (2013-01)). A different 
value for Mov would affect our analysis and the response 
to the freshwater forcing might be stronger than seen here, 
especially before 2100.

Observations already suggest subpolar gyre freshening 
associated with Greenland meltwater discharge and sub-
sequent decrease in Labrador Sea Water thickness (Yang 
et al. 2016), though natural variability and other freshwater 
sources from the Arctic play a role as well in the subpo-
lar gyre freshening. In Böning et al. (2016) it was argued 
that Greenland meltwater discharge may have affected deep 
convection in the Labrador Sea since year 2010. Claims of 
earlier signs of Greenland meltwater discharge affecting 
the AMOC are difficult to sustain, given the signal-to-noise 
level of this freshwater source against natural variability. 
The authors also argue that the spreading of the meltwater 
discharge is intimately linked to mesoscale transport pro-
cesses, implying that a low-resolution model as used here 
may not well represent the correct spreading pathways of 
the meltwater discharge. Another issue is the vertical mixing 
of the freshwater anomaly. In Dukhovskoy et al. (2019) it 
is argued that in a regional high-resolution model the mix-
ing is too large for the meltwater discharge to explain the 
observed signal.

Although we do not see a clear mode switch in the 
subpolar gyre from a strong to a weak state it appears 
that similar feedbacks involved in the bi-stability of the 
subpolar gyre as described in Born and Stocker (2013) do 
act to weaken the gyre here. The interior pathways of the 
most northerly AMOC flows are due to buoyancy loss in 
the Nordic Seas and an increased inflow in the Nordic Seas 
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can reduce the subpolar gyre further south (Zhang et al. 
2011). This is also seen in Sgubin et al. (2017), where 
CMIP5 models were analysed for abrupt convection col-
lapse events in the Labrador Sea; models showing such a 
collapse under future anthropogenic emission scenarios 
most often feature a surprisingly weak AMOC response 
due to a coincident enhancement of deep convection in 
the Nordic Seas. The seesaw pattern between the sub-
polar North Atlantic and Nordic Seas may also explain 
the remarkable insensitivity of the AMOC to Greenland 
meltwater discharge. Compared with hosing experiments 
in which the whole AMOC collapses (Stouffer et  al. 
2006; Drijfhout 2015), our experiments seem to require 
larger volumes of freshwater to inhibit both Labrador/
Irminger Sea deep convection and deep convection in 
the Nordic Seas. It appears that the freshwater does not 
reach the Nordic Seas when smaller volumes of hosing are 
applied, allowing for the enhanced deep-convection there 
to compensate the decreased convection in the Western 
subpolar gyre. However, a more dedicated experimental 
set-up and analysis is needed to confirm this hypothesis 
and fully understand how the spreading of the meltwa-
ter may depend on the volume of discharge. In particular, 
a coupled ice sheet model to capture the main feedback 
processes between ice sheet, ocean, and atmosphere is 
desirable.

Meltwater from the Antarctic ice shelf was shown to affect 
the salt-balance of, in particular, the South Atlantic after 
100 years by increasing the Southern Hemisphere super-
gyre and the amount of Agulhas leakage entering the South 
Atlantic (Van den Berk et al. 2019). The AMOC was only 
marginally affected by this; although the implied changes in 
north-south density gradient could support AMOC recovery 
on top of the compensation signal of enhanced deep convec-
tion in the Nordic Seas. In this study we were interested to 
see whether the Southern Hemisphere impact on the AMOC 
may become stronger on longer timescales. Unfortunately, 
the present experimental set-up did not allow us to study 
adjustment processes beyond the year 2195. Haskins et al. 
(2019), however, did show such impact of slow adjustment 
in the South Atlantic on AMOC-evolution; in particular it 
helped AMOC recovery after North Atlantic hosing experi-
ments. It has been suggested in Jüling et al. (2018) that high-
resolution models will show faster spreading pathways and 
adjustment processes; if so, the Antarctic meltwater would 
also impact the AMOC faster.

The AMOC response to both sources of meltwater thus 
depends on how the advective processes are represented 
in a model, and a hierarchy of resolutions would be use-
ful to tease out differences and determine which responses 
are robust model features. Although the signal of Antarctic 
freshwater release in the North Atlantic is much smaller 
than in the South Atlantic, we found clear signs that the 

adjustments of the gyres in the subpolar North Atlantic and 
Nordic Seas were affected by salinity changes originating 
father south in the Atlantic.
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