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Abstract Surface wind stress strongly influences Atlantic meridional overturning circulation
(AMOC) variability on interannual time scales. On longer time scales, however, its role in AMOC
variations is less clear. Here, we show a nonlinear AMOC response to globally reduced and enhanced
wind stress forcing, based on sensitivity experiments with MPI-ESM1.2. Under reduced wind stress
forcing, the AMOC strength strongly decreases. In contrast, under enhanced wind stress forcing the
AMOC strength increases only in the first decades and then decreases, stabilizing at a value similar to the
reference simulation. To reveal possible mechanisms underlying this response, we assess the response

of the northern North Atlantic circulation and climate to the changed wind stress forcing. Initially, the
response is linear: reduced wind stress forcing weakens the gyre circulation and the associated heat and
salt transport, leading to larger winter sea ice extent and a shutdown of subpolar deep convection. In the
Nordic Seas, the fresher and lighter subsurface state leads to a decrease in the baroclinic pressure and

the overflow strength. Under enhanced wind stress forcing, initially, the opposite is happening. However,
eventually, subpolar surface density anomalies are determined by warmer temperature rather than
increased salinity, leading to a decrease in surface density and a weakening of subpolar deep convection.
The resulting AMOC weakening reduces the Atlantic inflow salinity, and subsequently the Nordic Seas
baroclinic pressure and overflow strength. The quasi-equilibrium response of the northern North Atlantic
circulation and climate under enhanced wind stress forcing differs from the reference simulation, even
though the AMOC strength converges.

Plain Language Summary The Atlantic meridional overturning circulation (AMOC)
strongly impacts the climate in northwestern Europe through the related northward heat (and salt)
transport. Here, we show a nonlinear response of the AMOC to reduced and enhanced wind stress forcing,
based on sensitivity experiments with the MPI-M climate model. Under reduced wind stress forcing,

the AMOC strength strongly decreases. In contrast, under enhanced wind stress forcing the AMOC
strength increases only initially, then decreases and stabilizes at a value similar to the AMOC strength
under unchanged wind stress forcing. The initial linear AMOC response to reduced (enhanced) wind
stress forcing involves a shutdown (intensification) of both subpolar deep water formation and export of
deep water masses from the Nordic Seas. The afterward different response under enhanced wind stress
forcing is mainly caused by the fact that eventually subpolar surface density anomalies are determined by
temperature (decrease in density due to warming) rather than salinity anomalies (increase in density due
to increased salinity), which leads to a decrease in surface density and to a weakening of subpolar deep
water formation.

1. Introduction

Surface wind stress determines the variability of the Atlantic meridional overturning circulation (AMOC)
both on shorter (intra-to-interannual) time scales by affecting its local Ekman component (Biastoch
et al., 2008; Eden & Willebrand, 2001; Evans et al., 2017; Koehl, 2005; Xu et al., 2014;) and on long time
scales by wind-induced Ekman upwelling of dense water masses in the Southern Ocean (Delworth &
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Zeng, 2008; Marshall & Speer, 2012; Toggweiler & Samuels, 1995). On decadal time scales, however, the role
of the surface wind stress in AMOC variability is unclear (Buckley & Marshall, 2016).

A frequently proposed mechanism, based on model studies, relates decadal AMOC variability to changes in
North Atlantic deep convection and/or Nordic Seas overflows (Ba et al., 2013; Bentsen et al., 2004; Danaba-
soglu et al., 2012; Delworth et al., 1993; Dong & Sutton, 2005; Jungclaus et al., 2005; Koehl & Stammer, 2008;
Mauritzen & Haekkinen, 1999; Medhaug et al., 2012; Msadek & Frankignoul, 2009; Zhang et al., 2011).
Wind stress contributes to AMOC variability of subpolar or Nordic Seas origin by Ekman upwelling of
dense water in the North Atlantic deep water formation sites and by affecting the strength of the North
Atlantic gyre circulation and thus the northward advection of warm and salty water from the subtropics
(Danabasoglu, 2008; Dong & Sutton, 2005; Frankignoul et al., 2009; Jackson & Vellinga, 2012; Mikolajewicz
& Voss, 2000; Putrasahan et al., 2019).

Despite the important role that wind stress plays in AMOC variability, there are few studies that address the
AMOC response to changed wind stress forcing over the North Atlantic, and the results are contradictory.
In the absence of wind stress forcing over the North Atlantic, the AMOC strength decreases strongly at all
latitudes in the North Atlantic (Cessi, 2018). By doubling the wind stress forcing poleward of 30° latitude in
both hemispheres in a long (order 1,000 years) ocean model simulation configured in an idealized Atlantic
basin, Klinger et al. (2003) find a decrease in the AMOC strength at all latitudes in the North Atlantic. Us-
ing a similar model setup and doubling the wind stress forcing over the North Atlantic, Cessi (2018) finds
an increase in the maximum AMOC strength in the subpolar North Atlantic, but a decrease in the AMOC
strength at other latitudes in the North Atlantic. By globally doubling the wind stress forcing in a 30-year
long eddy-resolving ocean model simulation, Lueschow et al. (2021) and Rohrschneider et al. (2021) find a
strengthening of the AMOC at all latitudes in the North Atlantic. However, comparison with a simulation
in which only the westerlies over the Southern Ocean are doubled suggests that a large part of the AMOC
strengthening in the North Atlantic is caused by remote wind stress forcing over the Southern Ocean (Lue-
schow et al., 2021).

In a recent study, Putrasahan et al. (2019) suggest that the strong decline in the AMOC strength in a ver-
sion of the Max Planck Institute for Meteorology Earth System Model (MPI-ESM1.2) that applies a high-
er-resolution atmospheric grid configuration is mainly caused by weaker surface winds compared to the
standard-resolution version used in the sixth phase of the Coupled Model Intercomparison Project (CMIP6;
Eyring et al., 2016). The weak surface winds spin down the North Atlantic gyre circulation, thereby reduc-
ing the northward heat and salt transport. The colder and fresher conditions in the subpolar North Atlantic
lead to a large increase in sea ice extent, which prevents deep convection. Apart from subpolar deep wa-
ter formation, the overflow water masses from the Nordic Seas constitute about two-third of the AMOC
strength, including entrained ambient water downstream of the Greenland-Scotland-Ridge (GSR) (Dickson
& Brown, 1994). The role of the Nordic Seas overflows in the AMOC decline under reduced wind stress
forcing is, however, only marginally discussed in Putrasahan et al. (2019).

Here, we perform sensitivity experiments with the CMIP6 standard-resolution version of MPI-ESM1.2, in
which the mean coupling wind stress is either globally reduced (factor of 0.5) or enhanced (factor of 2). This
setup allows us to investigate a possible nonlinear response of the ocean to reduced and enhanced wind
stress forcing. In contrast to the idealized Atlantic basin applied in Klinger et al. (2003) and Cessi (2018),
our global setup also allows us to discuss the role of the Nordic Seas circulation and climate as well as the
exchanges across the GSR in the AMOC response to the changed wind stress forcing.

The study is organized as follows: In Section 2, we describe the design of the wind sensitivity experiments
as well as the simulated AMOC state. In Sections 3-5, we assess the initial and quasi-equilibrium response
of the northern North Atlantic circulation and climate as well as the AMOC to reduced and enhanced wind
stress forcing. In Section 6, we assess the Ekman component of the AMOC in the wind sensitivity experi-
ments. Our results are summarized and discussed in Section 7.
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2. Wind Sensitivity Experiments
2.1. Experimental Setup

Our study is based on MPI-ESM1.2 (version 1.2.01) (Mauritsen et al., 2019), consisting of the atmosphere
component ECHAMS6.3 including the land-surface scheme JSBACH, the combined ocean and sea ice com-
ponent MPIOM1.6.3 and the ocean biogeochemical component HAMOCC. Ocean and atmosphere are cou-
pled by OASIS3 with a coupling frequency of 1 h.

We use the CMIP6 standard-resolution configuration denoted as MPI-ESM1.2-HR. A spectral grid at trun-
cation T127 (about 1°) and 95 hybrid levels are used for the atmosphere component. A tripolar grid (two
northern poles) with a nominal resolution of 0.4° (eddy-permitting) and 40 unevenly spaced depth levels
are used for the ocean component. A partial grid cell formulation (Adcroft et al., 1997; Wolff et al., 1997) is
used to better represent the bottom topography. The performance of the MPI-ESM1.2-HR configuration is
evaluated in Mueller et al. (2018) and Gutjahr et al. (2019).

As reference simulation, we take a 250-year long control simulation from the CMIP6 High Resolution Mod-
el Intercomparison Project (HighResMIP) (Haarsma et al., 2016). The simulation is initialized from the ob-
servation-based EN4 temperature and salinity data set (Good et al., 2013), taking the mean (seasonal) state
of years 1950-1954. It applies the external forcing corresponding to year 1950. Its mean climate is evaluated
in Gutjahr et al. (2019) and Gutjahr et al. (2021) (denoted as HRPp in their studies).

In addition, we perform two 250-year long wind sensitivity experiments with the same setup as our refer-
ence simulation, in which we either reduce the mean wind stress received by the ocean component by a
factor of 0.5 or enhance it by a factor of 2. We choose a factor of 0.5 because this corresponds to the wind
stress reduction over the key region of the subpolar North Atlantic in the MPI-ESM1.2 version that applies
a higher-resolution atmospheric grid configuration (Putrasahan et al., 2019).

A momentum flux correction, Az, is applied at every coupling time step as follows:
T=T+Ar+7,

where 7 denotes the wind stress received by the ocean component, the overbar the time mean and 7 the de-
viation from it. The flux correction is applied to all ocean grid cells which are (partly) ice-free at a particular
time step (weighted with the open-water part of the respective grid cell). We note that our flux correction
does not take into account wind stress acting on sea ice. The latter, however, only indirectly affects the mo-
mentum transfer into the ocean through the coupling of ocean and sea ice velocity.

The flux correction term is given by
At = —0.5% ontrol

for the experiment with reduced wind stress forcing, in the following denoted as the “0.5windstress” exper-
iment, and

AT = Teoniral

for the experiment with enhanced wind stress forcing, in the following denoted as the “2windstress” exper-
iment. Thus, the wind stress received by the ocean component is approximately

7 = 0.5Tcomrot + 7'
in the “0.5windstress” experiment, and
7 = 2Zcontrot + 7’
in the “2windstress” experiment.

T.omror 1S the mean wind stress of the first 20 integration years in the reference simulation. The first 20 in-
tegration years are chosen following the design of the sensitivity experiments in Putrasahan et al. (2019).
We note that the mean wind stress in the reference simulation does not change significantly over time.
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Therefore, the choice of the averaging period should not affect our results. We underline that the amplitude
of the wind stress variability (z’) in the wind sensitivity experiments is not modified. We further underline
that the applied flux correction affects only the momentum flux, while the buoyancy fluxes (which also
depend on the surface wind) remain unchanged, except for the effects of a potential correlation between
momentum and buoyancy flux anomalies, for example, changes in sea surface temperature (SST) induced
by wind-driven circulation changes.

2.2. AMOC State

In the last 150 integration years (when the AMOC reaches a quasi-equilibrium response), the AMOC is
substantially weaker and shallower in the “0.5windstress” experiment compared to the reference simula-
tion (Figures 1a, 1b, and 1d). The decrease in the maximum AMOC strength at 26.5°N is about 50% (6 Sv)
(Figure 2a), and the boundary between the North Atlantic Deep Water (NADW) and the Antarctic Bottom
Water (AABW) cell is shifted upward by about 500 m (Figures 1a and 1b). The joint variations of strength
and depth of the NADW cell are in line with Marshall et al. (2017).

In contrast, the quasi-equilibrium AMOC strength and vertical extent are less affected in the “2windstress”
experiment (Figures 1a, 1c, 1e, and 2a). The AMOC in the Nordic Seas (65°-80°N in Figure 1) responds most
sensitively to enhanced wind stress forcing, with an AMOC strength that is about 50% (2 Sv) higher than
the strength in the reference simulation. In density space (not shown), the AMOC strength also slightly in-
creases in the subpolar North Atlantic (by about 10% or 2 Sv). Such an increase is not found in depth space
(Figure 1e), probably due to the strongly inclined isopycnals in the subpolar region.

In contrast to the NADW cell, the AABW cell tends to strengthen under reduced and weaken under enhanced
wind stress forcing (Figure 1), in agreement with the concept of the “ocean seesaw” (Broecker, 1998). The
wind-driven subtropical cells, as expected, weaken under reduced and strengthen under enhanced wind
stress forcing.

Considering the time evolution, the AMOC strength in the “2windstress” experiment indeed shows an
increase in the first 20 integration years, and thus initially an opposite behavior to the AMOC strength in
the “0.5windstress” experiment (Figure 2a). Afterward, however, the AMOC strength in the “2windstress”
experiment decreases, reaching a quasi-equilibrium strength that is approximately equal to the strength in
the reference simulation. Thus, three questions are discussed in our study:

1. Do the northern North Atlantic circulation and climate as well as the AMOC initially (within a few dec-
ades) respond linearly to reduced and enhanced wind stress forcing?

2. Why is the AMOC strength decreasing (after the initial increase) under enhanced wind stress forcing?

3. What is the quasi-equilibrium response of the northern North Atlantic circulation and climate as well as
the AMOC under reduced and enhanced wind stress forcing? To what extent differs the quasi-equilibri-
um response of the northern North Atlantic circulation and climate under enhanced wind stress forcing
from the reference simulation, even though the AMOC strength converges?

3. Initial Response of Subpolar North Atlantic and Nordic Seas Circulation
and Climate to Reduced and Enhanced Wind Stress Forcing

Following Putrasahan et al. (2019), we consider the difference between the respective sensitivity experiment
and the reference simulation, averaged over the second decade. One-dimensional variables, such as trans-
ports, are shown for the entire integration length, but only the evolution in the first decades is discussed in
this section. For easier understanding, only the case of enhanced wind stress forcing is described here. In
the case of reduced wind stress forcing, the opposite is happening (both cases are shown in the figures). The
transient response to reduced wind stress forcing is also investigated in Putrasahan et al. (2019), based on a
higher-resolution version of the model, which exhibits weaker surface winds.
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Figure 1. Time mean Atlantic meridional streamfunction [in Sverdrup, 1 Sv = 10° m?/s] averaged over integration years 101-250 in (a) the reference
simulation, (b) the “0.5windstress“ experiment, and (c) the “2windstress” experiment. Difference of the time mean Atlantic meridional streamfunction averaged
over integration years 101-250 between (e) the “0.5windstress“ experiment and the reference simulation and (f) the “2windstress“ experiment and the reference
simulation. Contour lines in the difference plots indicate the time mean Atlantic meridional streamfunction averaged over integration years 101-250 in the
reference simulation. We note that contour levels in the difference plots are nonlinear with values [0.5,1,2,3,4.5,6,7.5].
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Figure 2. Time series [in Sv] of (a) the AMOC strength at 26.5°N, (b) the Ekman component of the AMOC, (c)

the Gulf Stream transport, and (d) the upper mid-ocean transport in the reference simulation (black line), the
“0.5windstress® experiment (blue line) and the “2windstress” experiment (red line). For the definition of the Ekman
component and the transports see text. Values are annual values with a 5-year running mean applied.

3.1. Initial Response of Subpolar North Atlantic Circulation and Climate

Stronger surface wind stress spins up the North Atlantic gyre circulation (Figures 3b and 4). Stronger gyre
circulation leads to enhanced heat and salt transport into the subpolar North Atlantic (Figures 5a and 5c),
and subsequently to a warmer and saltier subpolar surface state (Figures 3d and 3h). The strongest warm-
ing is found in the western part in areas that are ice-free in winter compared to the reference simulation
(Figure 31). The strong SST anomalies are dampened by the surface heat flux anomalies (tending to decrease
SST) (Figure 3f).

The sea surface salinity (SSS) anomalies resemble those in SST. However, reduced surface fresh water input
contributes to the saltier SSS in the (western) subpolar region (Figure 3j). The fresh water flux anomalies are
caused by enhanced evaporation (Figure 6) due to stronger surface winds and a warmer and less ice-covered
surface state. The saltier SSS along the northern rim of the subpolar region is also supported by reduced sea
ice export from the Nordic Seas through the Denmark Strait (Figure 7c).

The warmer and saltier surface state leads to a smaller winter sea ice extent in the western subpolar region
(Figure 31), favoring the conditions for deep convection due to increased winter heat loss to the atmosphere.
Deep convection is also supported by increased surface density in the western subpolar region (Figure 8b),
as initially surface density anomalies are determined by salinity anomalies (Figure 8d; note that the temper-
ature effect on density is multiplied with “—1” for easier comparison). Consequently, subpolar deep convec-
tion intensifies, both with respect to convection depth and area covered by convective activity (Figures 3n,
9a, and 9b).
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Figure 3. Difference between (left panels) the “0.5windstress” experiment and the reference simulation and (right panels) the “2windstress” experiment and
the reference simulation, averaged over integration years 11-20. (a,b) Barotropic streamfunction [in Sv], (c,d) SST [in °C], (e, f) downward surface heat flux [in
W/m?], (g,h) SSS [in psu], (i,j) downward surface fresh water flux [in kg/m?s], (k,1) sea ice extent in March [0 to 1, not plotted where sea ice extent is zero in
both the respective sensitivity experiment and the reference simulation], (m,n) mixed layer depth in March [in m], (o, p) depth of isopycnal ¢, = 27.8 kg/m? [in
m] (upper boundary of overflow water masses), and (g, r) baroclinic pressure at 800 m depth [in Pa; defined as hydrostatic pressure integrated over the water
column, not taking into account the sea surface height].
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Figure 4. Time series [in Sv, multiplied with “—1”] of (a) the barotropic streamfunction and (b) the wind-driven
streamfunction calculated from the Sverdrup relation, averaged over the subpolar North Atlantic (62.5°-15°W,
50°-65°N) in the reference simulation (black line), the “0.5windstress” experiment (blue line) and the “2windstress”
experiment (red line). (c) First principle component [normalized, y-axis reversed] of the barotropic streamfunction
anomalies in the North Atlantic (80°-5°W, 30°-65°N). Positive (negative) values correspond to a (southward) shift of
the boundary between the subtropical and the subpolar gyre in the Newfoundland basin. In all subplots, values are
annual values with a 5-year running mean applied.

3.2. Initial Response of Nordic Seas Circulation and Climate

Enhanced northward heat and salt transport under enhanced wind stress forcing is also found across the
GSR (Figures 5b and 5d) in line with Biastoch et al. (2003), largely due to an increase in the volume trans-
port of the Atlantic inflow (Figure 7a). Subsequently, a warmer and saltier Nordic Seas surface state devel-
ops (Figures 3d and 3h). As in the subpolar North Atlantic, the SST anomalies are dampened by the sur-
face heat flux anomalies (tending to decrease SST) (Figure 3f), whereas reduced surface fresh water input
(Figure 3j) contributes to the saltier SSS. An exception is the saltier SSS in the eastern Nordic Seas, which
is dampened by enhanced surface fresh water input. We note that this exception does not apply to the case
of reduced wind stress forcing, for which enhanced surface fresh water input contributes to the fresher SSS
everywhere (Figures 3g and 3i).

Similar to the subpolar North Atlantic, surface density anomalies in the Nordic Seas are determined by
salinity anomalies, leading to a denser surface state under enhanced wind stress forcing (not shown). The
saltier and denser state is also found regarding salinity and density averaged up to the sill depth of the GSR
(Figure 10b for salinity in the “2windstress” experiment), leading to a shallowing of the Nordic Seas isopyc-
nals (Figure 3p) and thus to an increase in the baroclinic pressure at the sill depth of the GSR and the pres-
sure gradient across the ridge (Figure 3r). The latter can explain the strengthening of the overflow branches
across the GSR (Figures 11a and 11b) (Hansen & Osterhus, 2007; Jungclaus et al., 2008). We note that in this
study overflows are defined as outflow from the Nordic Seas below a depth of 400 m in Denmark Strait and
700 m in Faroe-Shetland Channel. This definition is slightly different from the classical definition of the
overflows by density threshold, as it is difficult to apply here, due to the strong decline in the deep densities
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Figure 5. Time series of the heat transport [in PW, reference 0 °C] across (a) 50°N and (b) the GSR, and the salt
transport [in 107 kg/s, reference 35 psu] across (c) 50°N and (d) the GSR in the reference simulation (black line), the
“0.5windstress” experiment (blue line) and the “2windstress” experiment (red line). Values are annual values with a
5-year running mean applied.

along the GSR in the “0.5windstress” experiment (Figures 11c and 11d). The latter results from the warming
(2-3°C) of the overflow water masses in this experiment (not shown), probably caused by the shutdown of
Nordic Seas deep convection (Figure 3m) due to a large winter sea ice extent (Figure 3k).

In this model setup, changes in the AMOC strength correlate well with variations in both deep convection
in the Labrador Sea and Denmark Strait overflow. Thus, the decrease in the “0.5windstress” experiment and

Precipitation

(a) Evaporation (b)

kg / m? *s ¥10°

2windstress I I

T | | |
0 50 100 150 200 250 0 50 100 150 200 250
integration years integration years

Figure 6. Time series [in 107> kg/m?s] of (a) the evaporation and (b) the precipitation, averaged over the western
subpolar North Atlantic (62.5°-40°W, 50°-65°N) in the reference simulation (black line), the “0.5windstress”
experiment (blue line) and the “2windstress” experiment (red line). Values are annual values with a 5-year running
mean applied.
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Figure 7. Time series of (a) the volume transport [in Sv] and (b) the salinity [in psu] of the Atlantic inflow across the
GSR, and (c) the sea ice volume transport [in Sv, multiplied with “—1”] through the Denmark Strait in the reference
simulation (black line), the “0.5windstress” experiment (blue line) and the “2windstress” experiment (red line). The
inflow is defined as the sum of the flow into the Nordic Seas through the Denmark Strait and the net flow above 500 m
across the Iceland-Scotland-Ridge (to take into account the recirculation). Values are annual values with a 5-year
running mean applied.

the intensification in the “2windstress” experiment in both subpolar deep convection and Denmark Strait
overflow strength can explain the initially (within a few decades) linear response of the AMOC to reduced
and enhanced wind stress forcing (Figure 2a).

4. Why Is the AMOC Strength Declining (After Initially Increasing) Under
Enhanced Wind Stress Forcing?

4.1. Contribution of Subpolar North Atlantic Circulation and Climate

Similar to the evolution of the AMOC strength in the “2windstress” experiment (Figure 2a), deep convec-
tion in the subpolar North Atlantic intensifies for about 40 years, with decadal variability superimposed
(Figure 9a). In the previous section, we link the initial intensification of subpolar deep convection in the
“2windstress” experiment to a decrease in winter sea ice extent (Figure 31) and thus increased exposure to
heat loss to the atmosphere, as well as an increase in surface density, because density anomalies are initially
determined by salinity anomalies (Figure 8d; note that the temperature effect on density is multiplied with
“—1” for easier comparison). The superimposed decadal variability is driven by the atmospheric state, spe-
cifically the North Atlantic oscillation (NAO), as a positive NAO is associated with strong winter heat loss
to the atmosphere in the western subpolar North Atlantic (Figures 9a and 9c).

After about 40 years, subpolar deep convection remains weaker than initially, despite the occurrence of
periods with strongly positive NAO and a generally small winter sea ice extent (Figure 121 for the last 150
integration years). However, after a few decades, a strong decrease (after the initial increase) in western
subpolar surface density is found (Figure 8b) that possibly prevents the surface layers from becoming dense
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Figure 8. Time series of (a,b) the surface density anomalies [in kg/m?3, with respect to the first integration year|
calculated based on the full equation of state, (c,d) the density anomalies [in kg/m3, with respect to the first integration
year] related to SST anomalies (magenta line, multiplied with “—1”) and SSS anomalies (green line) calculated based
on the linearized equation of state, and (e, f) SST anomalies [in K, with respect to the first integration year| (magenta
line) and SSS anomalies [in psu, with respect to the first integration year] (green line), all averaged over the western
subpolar North Atlantic (62.5°-40°W, 50°-65°N) in (left panels) the “0.5windstress” experiment and (right panels)

the “2windstress” experiment. A 5-year running mean is applied to the actual SST and SSS values before calculating
thermal and haline expansion coefficients. Surface density, SST and SSS anomalies are annual values with a 5-year
running mean applied.

enough to be mixed down. The warmer and saltier anomalies in the western subpolar North Atlantic com-
pared to the reference simulation have a compensating effect on density. The decrease in surface density
results largely from the fact that, after about 50 years, surface density anomalies are determined by temper-
ature rather than salinity anomalies (Figure 8d).

Splitting the surface density anomalies (based on the linearized equation of state) into thermal and haline
expansion coefficients (not shown) as well as SST and SSS anomalies (Figure 8f), suggests that the strong
decrease in surface density is primarily caused by the fact that the decrease (compared to the initial increase)
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Figure 9. Time series of (a) the mixed layer depth [in m] averaged over the western subpolar North Atlantic
(62.5°-40°W, 50°-65°N) and (b) the maximum mixed layer depth [in m] in the western subpolar North Atlantic in the
reference simulation (black line), the “0.5windstress” experiment (blue line) and the “2windstress” experiment (red
line). Values are March values with a 5-year running mean applied. (c) North Atlantic Oscillation index [normalized,
with a 5-year running mean applied], defined as the first principle component of the mean sea level pressure (DJFM
mean) in the region 70°W-20°E and 20°-80°N, in the “2windstress” experiment.

in western subpolar SSS is larger than the decrease in western subpolar SST. One possible explanation for
the latter is the increase in surface fresh water input in the western subpolar North Atlantic due to a de-
crease in evaporation and an increase in precipitation (Figure 6). The surface heat flux in the western sub-
polar North Atlantic (not shown), in contrast, has a damping effect on the decline in SST.

Apart from the surface fresh water input, the decrease in western subpolar SST and SSS results from a weak-
er heat and salt transport across 50°N (Figures 5a and 9c), largely of the gyre component (not shown). The
weakening of the salt transport starts earlier and is larger than the weakening of the heat transport, which
provides another possible explanation why the decrease in SSS is larger than the decrease in SST.

The reason for the changes in the gyre component of the heat and salt transport across 50°N is not clear.
Partly the changes resemble the first principle component of the barotropic streamfunction anomalies in
the North Atlantic (Figure 4c). The corresponding empirical orthogonal function (not shown) largely repre-
sents the meridional shift of the boundary between the subtropical and subpolar gyre in the Newfoundland
basin. After a few decades, the initial southward shift of the gyre boundary is replaced by a northward shift.
The shift is also visible in the initial and quasi-equilibrium response of the barotropic streamfunction to
enhanced wind stress forcing (Figures 13a and 13b).

The response of the wind-driven streamfunction and the density-driven streamfunction suggests that the
northward shift of the gyre boundary is caused by an eventually weaker density-driven component in the
western subpolar gyre. The changes in the density-driven gyre component may be related to the changes in
subpolar deep convection (Figure 9a). In this case, changes in subpolar deep convection would feedback on
the western subpolar surface density by modulating the heat and salt transport across 50°N (via the shift in
the gyre boundary).
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Figure 10. Difference between the “2windstress” experiment and the
reference simulation for (left panels) the baroclinic pressure at 800 m
depth [in Pa; defined as hydrostatic pressure integrated over the water
column, not taking into account the sea surface height] and (right panels)
the salinity averaged between the surface and 800 m depth [in psu],
averaged over integration years (a,b) 11-20, (c,d) 21-40, (e, f) 41-60, (g,h)
61-80, and (i,j) 81-100. We note that (a) is identical to Figure 3p, but is
repeated here to show the time evolution.

4.2. Contribution of Nordic Seas Circulation and Climate

Apart from deep convection in the Labrador Sea, the strength of the
overflow through the Denmark Strait correlates well with changes in the
AMOC strength in this model setup, while the influence of the overflow
through the Faroe-Shetland Channel on AMOC strength is less clear. The
weakening of the Denmark Strait overflow in the “2windstress” experi-
ment (from about integration year 75 onwards, Figure 11a) lags behind the
AMOC weakening (from about integration year 50 onwards, Figure 2a).
Thus, changes in the Nordic Seas overflows are probably not the prima-
ry cause for the AMOC weakening in the “2windstress” experiment, but
they contribute to maintain the weaker AMOC state afterward. Therefore,
we discuss possible mechanisms for a weakening of the Nordic Seas over-
flows (after an initial strengthening) under enhanced wind stress forcing.

As we suggest in the previous section, the initial strengthening of the
overflows can be explained by an increase in the Nordic Seas baroclinic
pressure at the sill depth of the GSR (Figure 3r) due to the saltier and
denser (sub)surface state compared to the reference simulation. Over
time, the saltier subsurface state is gradually replaced by fresher water
masses (right panels in Figure 10). With a simultaneous, persistently
warmer state (not shown), this freshening reduces the Nordic Seas baro-
clinic pressure at the sill depth of the GSR (left panels in Figure 10), and
thus the overflow transports (Figures 11a and 11b). The gradual decrease
in baroclinic pressure starts in the eastern part of the Nordic Seas, which
might explain why the Faroe-Shetland Channel overflow weakens earlier
than the Denmark Strait overflow.

The gradual freshening of the Nordic Seas over time seems to originate
in the subpolar North Atlantic and spread along the flow path of the At-
lantic inflow (right panels in Figure 10). Consistently, the salinity of the
Atlantic inflow and the salt transport across the GSR in the “2windstress”
experiment start to decrease after a few decades, and remain smaller than
the respective value in the reference simulation (Figures 5d and 7b). The
inflowing salinity is strongly determined by the AMOC strength (com-
parison of Figures 2a and 7b). Therefore, a weaker AMOC due to declin-
ing subpolar deep convection decreases the overflow transports.

5. Quasi-Equilibrium Response of Subpolar North
Atlantic and Nordic Seas Circulation and Climate
Under Reduced and Enhanced Wind Stress Forcing

After the initially linear response, the AMOC strength (Figures 1 and 2a)
and probably also the northern North Atlantic circulation and climate in
general, respond nonlinearly to reduced and enhanced wind stress forc-
ing, until the AMOC stabilizes in the last 150 integration years. The latter
we refer to as quasi-equilibrium response.

5.1. Quasi-Equilibrium Response to Reduced Wind Stress Forcing

Under reduced wind stress forcing, the quasi-equilibrium response of the
subpolar North Atlantic and Nordic Seas circulation and climate is simi-
lar to the initial response discussed in Section 3, but the difference to the
reference simulation is even larger.
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Figure 11. Time series of the overflow volume transport [in Sv, multiplied with “—1"] through (a) Denmark Strait

and (b) Faroe-Shetland Channel, and the density [in kg/m?] of the overflow through (c) Denmark Strait and (d)
Faroe-Shetland Channel in the reference simulation (black line), the “0.5windstress” experiment (blue line) and the
“2windstress” experiment (red line). For the definition of the overflows from the Nordic Seas see text. Values are annual
values with a 5-year running mean applied.

The subpolar gyre weakens by about one-third compared to the reference simulation (Figure 4a). This dif-
ference cannot solely be explained by a weakening of the wind-driven gyre component calculated from the
Sverdrup relation (Figure 4b). Although this relation is not fully accurate near boundaries and topography,
our results indicate that the density-driven gyre component is also affected by the large changes in the state
of the subpolar North Atlantic.

The largely gyre-related heat and salt transport into the subpolar North Atlantic weakens by about 50%
(0.3PW, 0.6*107 kg/s) compared to the reference simulation (Figures 5a and 5c). The weakening of the heat
and salt transport into the Nordic Seas is of similar magnitude (Figures 5b and 5d) and is mainly caused
by a 50% (5 Sv) weaker volume transport of the Atlantic inflow (Figure 7a). Interestingly, the amplitude of
the northward salt transport (Figures 5c, 5d, and 7b) is larger under reduced wind stress forcing than in the
reference simulation (and under enhanced wind stress forcing). One possible explanation is a larger relative
impact of the surface fresh water flux on salinity, as the ocean circulation and associated salt advection are
rather weak.

As a consequence of the reduced heat and salt transport, the surface state of the subpolar North Atlantic
and Nordic Seas is colder by about 5°C and fresher by 2-3 psu compared to the reference simulation (Fig-
ures 12c¢ and 12g). The fresher SSS anomalies in the western subpolar North Atlantic are further supported
by the intensified sea ice export from the Nordic Seas through the Denmark Strait, which is three times
larger than in the reference simulation (Figure 7c).

In the “0.5windstress” experiment, the winter sea ice extent reaches its maximum extent already in the first
decades, and remains unchanged thereafter (Figures 3k and 12k). Accordingly, deep convection in the sub-
polar and Nordic Seas shuts down already in the first decades and does not recover thereafter (Figures 3m,

LOHMANN ET AL.

14 of 22



A7 .
MA\I Journal of Geophysical Research: Oceans 10.1029/2021JC017902

AND SPACE SCIENCE

Barotropic streamfunction Sea ice cover

U

30°W

f I I T —lNETTT T T T T T T T e
-10.5 -7.5 -4.5 -1.5 15 45 75 10.5 -0.84 -0.6 -0.36 -0.12 0.12 0.36 0.6 0.84

Mixed layer depth

(n)

30w 15W
B [ N N N I S N | B 11| I S N IS IS N S N
-6 -3 -1 -0.25 0.25 1 3 6 -875 -625 -375 -125 125 375 625 875

Surface heat flux Depth of 1027.8 isopycnal

(€)  0.5windstress - reference () (0) o0.5windstress - reference 2windstress - reference (p)
\ =

B 1 I N N I N S S N B 11 I I N IS I N N N
-70 -50 -30 -10 10 30 50 70 -875 -625 -375 -125 125 375 625 875
SSS Pressure at GSR silldepth
(9)  0.5windstress - reference 2windstress - reference (1) (d)  0.5windstress - reference 2windstress - reference (n
0 3 2 \
7

W Tow

~lNENTTTT T T T T T T T e
-3150  -2250  -1350 -450 450 1350 2250 3150

Surface freshwater flux Depth of 1036.5 isopycnal

() o0.5windstress - reference 2windstress - reference j 2windstress - reference ®
2 A Ve N 0

450
W g 15 W

[ S N S I N N I S — By I S S N | —
-7e-06 -5e-06 -3e-06 -1e-06 1e-06 3e-06 5e-06 7e-06 -525 -375 -225 -75 75 225 375 525

Figure 12. Difference between (left panels) the “0.5windstress” experiment and the reference simulation and (right panels) the “2windstress” experiment and
the reference simulation, averaged over integration years 101-250. (a, b) Barotropic streamfunction [in Sv], (c,d) SST [in °C], (e,f) downward surface heat flux
[in W/m?], (g,h) SSS [in psu], (i,j) downward surface fresh water flux [in kg/m?s], (k,1) sea ice extent in March [0 to 1, not plotted where sea ice extent is zero
in both the respective sensitivity experiment and the reference simulation], (m,n) mixed layer depth in March [in m], (o, p) depth of isopycnal 6, = 27.8 kg/
m?3 [in m] (upper boundary of overflow water masses), (q, r) baroclinic pressure at 800 m depth [in Pa; defined as hydrostatic pressure integrated over the water
column, not taking into account the sea surface height], and (s, t) depth of isopycnal 6, = 36.5 kg/m? [in m] (center NADW isopycnal). We note that contour

levels for SST are nonlinear with values [0.25,0.5,1,2,3,4.5,6].
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Figure 13. Difference [in Sv] between the “2windstress” experiment and the reference simulation, averaged over
integration years (left panels) 11-20 and (right panels) 101-250. (a, b) Barotropic streamfunction, (c,d) wind-driven
streamfunction calculated from the Sverdrup relation, and (e, f) density-driven streamfunction defined as the residual
between the barotropic and the wind-driven streamfunction. We note that the barotropic streamfunction is identical to
Figures 3b and 12b, but is shown here agasssssin for easier comparison.

9a,, and 12m). A decrease in subpolar North Atlantic and Nordic Seas surface density by 1-2 kgm~2 (Fig-
ure 8a for the western subpolar North Atlantic) further impedes deep convection, as surface density anom-
alies in the western subpolar North Atlantic are determined by salinity anomalies in the “0.5windstress”
experiment (Figure 8c).

A shutdown of deep convection leads to subsurface warming (in contrast to the surface cooling) of the order
of 1°C in the temperature averaged over the upper 1,000 m (depth of the maximum AMOC strength) (not
shown). Consequently, the isopycnals deepen by approximately 500-1,000 m compared to the reference
simulation (Figures 120 and 12s). A strong deepening of the NADW isopycnals by about 1,000 m is consist-
ent with the findings of Cessi (2018) (her Figure 3).
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In the Nordic Seas, the deeper stratification results in a decrease in baroclinic pressure at the sill depth of
the GSR of up to about 3,500 Pa (Figure 12q), reducing the overflow transports by more than 50% (1-2 Sv)
(Figures 11a and 11b). Furthermore, the subsurface ocean warms by about 2-3°C (not shown), which de-
creases the density of the overflows by about 0.1-0.2 kgm~3 (Figures 11c and 11d).

The strong changes in the Nordic Seas overflow and the shutdown of subpolar deep convection result in a
much weaker and shallower NADW cell under reduced wind stress forcing compared to the reference simu-
lation (Figures 1a and 1b). As discussed in Putrasahan et al. (2019), the positive salinity advection feedback
keeps the AMOC in the weaker state under reduced wind stress forcing: a weaker AMOC further reduces
the northward heat and salt transport, enlarging the winter sea ice extent, decreasing the subpolar surface
density and reducing the Nordic Seas baroclinic pressure.

5.2. Quasi-Equilibrium Response to Enhanced Wind Stress Forcing

Under enhanced wind stress forcing, the quasi-equilibrium response of the AMOC is similar to the refer-
ence simulation (as we discuss in Section 2.2), but the state of the subpolar North Atlantic and Nordic Seas
circulation and climate deviates in many aspects.

The subpolar gyre remains stronger in the “2windstress” experiment, largely due to its stronger wind-driven
component (Figures 4a and 4b). Interestingly, the heat and salt transport into the subpolar North Atlantic,
which in the mean is dominated by the gyre component, is of similar magnitude as in the reference simula-
tion (Figures 5a and 5c). After splitting the transports into MOC component (based on zonal-mean velocity,
temperature, and salinity) and gyre component (based on velocity, temperature, and salinity deviations
from the zonal-mean), we find that changes in both components approximately compensate each other
(not shown).

In contrast, the heat transport into the Nordic Seas is stronger in the “2windstress” experiment compared
to the reference simulation (Figure 5b). The resulting heat transport divergence leads to a “warming hole”
in the eastern subpolar North Atlantic, not only in SST (Figure 12d), but also in the temperature averaged
over the upper 1,000 m (not shown). A subpolar “warming hole” is also described in studies assessing the
recent warming trend and future climate in the North Atlantic and linked among others to AMOC changes
(Drijfhout et al., 2012; Keil et al., 2020).

Apart from the “warming hole,” the surface state is warmer compared to the reference simulation, and the
northern North Atlantic remains largely ice-free in winter in the “2windstress” experiment (Figure 121).
The latter is also supported by a positive feedback, as reduced sea ice extent leads to enhanced wind mixing
and a less stable water column, which impedes sea ice formation. As the winter ice-free region expands,
so does the area where deep convection occurs in the Labrador Sea (Figure 12n). The maximum convec-
tion depth in the Labrador Sea, however, is unchanged compared to the reference simulation (Figure 9b).
Deeper convection is found in the Irminger Sea. The influence of variations in Irminger Sea convection on
changes in AMOC strength, however, is small in this model setup.

In the subpolar North Atlantic, enhanced surface fresh water input is found compared to the reference sim-
ulation (Figure 12j), due to increased precipitation (Figure 6 for the western subpolar North Atlantic; we
note that increased evaporation compared to the reference simulation is only found in the western subpolar
North Atlantic, likely due to the smaller sea ice extent). The largest increase in subpolar precipitation is
found between 50°N and 55°N (not shown) and might be related to a northward shift of the North Atlantic
storm track associated with a northward shift of the oceanic gyre boundary (Figure 12b). The surface fresh
water input compensates the tendency to increase subpolar salinity due to a salt transport convergence be-
tween 50°N and the GSR compared to the reference simulation (Figures 5c and 5d) as well as vanishing sea
ice export from the Nordic Seas (Figure 7c).

The enhanced surface fresh water input in the subpolar North Atlantic compared to the reference simula-
tion contributes to the reduced salinity of the Atlantic inflow (Figure 7b) and salt transport across the GSR
(Figure 5d). The latter are indeed smaller under enhanced wind stress forcing than in the reference simu-
lation. In addition, there is also a slight surface fresh water input into the eastern part of the Nordic Seas
compared to the reference simulation (Figure 12j).
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Consequently, fresher conditions for salinity averaged over the upper 1,000 m are found in both the North
Atlantic and the Nordic Seas (not shown), leading to a shallowing of the isopycnals (Figures 12p and 12t),
except for the subpolar region due to the “warming hole” discussed above. Interestingly, also Cessi (2018)
finds a deepening of the zonally averaged center NADW isopycnal south of 40°N, but a shallowing between
40°N and 60°N in the equilibrium response to doubled wind stress forcing over the mid-latitude North
Atlantic (her Figure 3), even though the idealized Atlantic basin applied in her study does not resolve the
Nordic Seas and the exchanges across the GSR.

In the western subpolar North Atlantic, the lighter subsurface state prevents deep convection to reach deep-
er than in the reference simulation (Figure 9b). In the Nordic Seas, the deeper stratification leads to a de-
crease in baroclinic pressure at the sill depth of the GSR compared to the reference simulation (Figure 12r).
The reduction in the baroclinic pressure south of the GSR is of similar magnitude, resulting in a pressure
gradient across the ridge similar to that in the reference simulation. Thus, the strength of the Nordic Seas
overflows is only slightly higher compared to the reference simulation (Figures 11a and 11b) (Hansen &
Osterhus, 2007). The fresher subsurface conditions also lead to a small reduction in salinity (not shown) and
density (Figures 11c and 11d) of the overflow waters.

Both maximum convection depth in the subpolar North Atlantic and strength and density of the Nordic
Seas overflows in the last 150 integration years in the “2windstress” experiment are of comparable magni-
tude as in the reference simulation, resulting in a similar NADW cell under enhanced wind stress forcing
(Figures 1a and 1c). The negative temperature advection feedback prevents the AMOC from strengthening
under enhanced wind stress forcing: a stronger AMOC would increase the northward heat transport and
decrease the western subpolar surface density and thus weaken deep convection (surface density anomalies
in the western subpolar North Atlantic are determined by temperature anomalies after about 50 years in the
“2windstress” experiment; Figure 8d).

6. Local Effect of Reduced and Enhanced Wind Stress Forcing on AMOC
Strength

In this section, we briefly assess the local effect of reduced and enhanced wind stress forcing on the AMOC
strength. We consider the AMOC strength at 26.5°N (Figure 2a) and its decomposition into the wind-driven
Ekman component, the Gulf Stream transport, and the density-driven upper mid-ocean transport, as ap-
plied to the observed AMOC strength (Kanzow et al., 2007).

The Ekman component is defined as the zonal integral of the meridional Ekman transport (— 7/ f po, with
7, denoting zonal wind stress, f Coriolis parameter and p, reference density) at 26.5°N in the Atlantic basin.
For the Gulf Stream transport, we follow Baehr et al. (2009), and integrate the volume transport over the
full width of the boundary current at 26.5°N down to a depth of 1,000 m. We note that this definition differs
from Gutjahr et al. (2019), who analyze the same control simulation as in our study and confine the Gulf
Stream transport to the section between Florida and the Bahamas, yielding a smaller mean transport. The
upper mid-ocean transport is defined as the residual obtained by subtracting the Ekman and Gulf Stream
transport from the total AMOC strength at 26.5°N. This simplified method sufficiently approximates the
upper mid-ocean transport (Baehr et al., 2009).

As expected from the prescribed wind stress forcing, the strength of the Ekman component in the “0.5wind-
stress” and “2windstress” experiment is about half and twice as strong as in the reference simulation, re-
spectively (Figure 2b). Both Gulf Stream and upper mid-ocean transport also decrease in the “0.5wind-
stress” experiment and increase in the “2windstress” experiment (Figures 2c and 12d; note that the upper
mid-ocean transport is southward, i.e., negative). Interestingly, the initial increase of both transports in the
“2windstress” experiment is about two times as large as the initial decrease in the “0.5windstress” experi-
ment, which indicates a fast response to the changed wind stress forcing.

In the last 150 integration years in the “0.5windstress” experiment, when the AMOC reaches a quasi-equi-
librium response (Figure 2a), the decline in the Gulf Stream transport is larger than that in the (southward
directed) upper mid-ocean transport (Figures 2c and 2d). Together with the reduction in the northward Ek-
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man component, this transport decline yields a net decrease in the AMOC strength of about 6 Sv (compared
to the reference simulation), of which one-third is explained by the changes in the Ekman component.

In contrast, in the “2windstress” experiment, the increase in the Gulf Stream transport is smaller than that
in the (southward directed) upper mid-ocean transport. The difference between these two transports com-
pensates the increase in the northward Ekman component, yielding a net AMOC strength similar to the
strength in the reference simulation.

7. Discussion and Conclusions

Based on sensitivity experiments with the MPI-ESM1.2 model, we investigate the response of the northern
North Atlantic circulation and climate as well as the AMOC to reduced and enhanced wind stress forcing.
Under reduced wind stress forcing, the AMOC strength decreases and stabilizes at about half the value
found in the reference simulation. In contrast, the AMOC strength under enhanced wind stress forcing
increases only initially, then decreases and stabilizes at a value similar to the reference simulation. Thus,
our study focuses on three questions:

1. Do the northern North Atlantic circulation and climate as well as the AMOC initially (within a few

decades) respond linearly to reduced and enhanced wind stress forcing?

Under reduced wind stress forcing, a spin-down of the North Atlantic gyre circulation leads to decreased
northward heat and salt transport, and thus to larger winter sea ice extent and a shutdown of subpolar deep
convection. In the Nordic Seas, the fresher and lighter subsurface state leads to a decrease in the baroclinic
pressure and a weakening of the overflows across the GSR. Under enhanced wind stress forcing, initially the
opposite is happening. Thus, the initial response of the northern North Atlantic circulation and climate as
well as the AMOC to reduced and enhanced wind stress forcing is approximately linear.

2. Why is the AMOC strength decreasing (after the initial increase) under enhanced wind stress forcing?

Under enhanced wind stress forcing, surface density anomalies in the western subpolar North Atlantic are
eventually determined by temperature rather than salinity anomalies, which leads to a decrease in surface
density and to a weakening of subpolar deep convection. In the Nordic Seas, the saltier and denser sub-
surface state is gradually replaced by a fresher and lighter state, resulting in a decrease in the baroclinic
pressure and a weakening of the overflows across the GSR. The gradual freshening is caused by a decrease
in the salinity of the Atlantic inflow, probably related to the AMOC weakening triggered by subpolar deep
convection changes.

3. What is the quasi-equilibrium response of the northern North Atlantic circulation and climate as well
as the AMOC under reduced and enhanced wind stress forcing? To what extent differs the quasi-equi-
librium response of the northern North Atlantic circulation and climate under enhanced wind stress
forcing from the reference simulation, even though the AMOC strength converges?

In contrast to the initial response, the quasi-equilibrium response of the subpolar North Atlantic and Nordic
Seas circulation and climate to reduced and enhanced wind stress forcing is nonlinear. Under reduced wind
stress forcing, the quasi-equilibrium response is similar to the initial response, with even larger changes
compared to the reference simulation. In addition, a strong subsurface warming is found due to reduced
winter heat loss to the atmosphere and shutdown of deep convection, which strongly reduces the density
of the Nordic Seas overflows.

Under enhanced wind stress forcing, the northern North Atlantic exhibits a warmer (sub)surface state com-
pared to the reference simulation, except for a “warming hole” in the eastern subpolar North Atlantic. In
the area of the “warming hole” as well as in the eastern Nordic Seas, surface fresh water input is found com-
pared to the reference simulation, leading to a fresher and (except in the area of the “warming hole”) lighter
subsurface state. Although deep convection area increases in the subpolar North Atlantic due to smaller
winter sea ice extent, the maximum convection depth is similar to the reference simulation. In the Nordic
Seas, the lighter subsurface state leads to a decrease in the baroclinic pressure. However, the decrease south
of the GSR is of similar magnitude, resulting in a Nordic Seas overflow transport, which is only slightly
higher compared to the reference simulation.
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Key to the response of the northern North Atlantic circulation and climate described in our study is the
changed wind stress forcing over the North Atlantic. Thus our results indicate possible impacts of a future
intensification or weakening of the northern hemispheric jet stream and associated North Atlantic storm
track on the large-scale North Atlantic circulation and climate.

Since our study is model-based, there are possible caveats that are shortly discussed in the following. The
response of the AMOC in the wind sensitivity experiments is largely driven by changes in deep convection
in the Labrador Sea. Like most state-of-the-art climate models (Heuze, 2017, 2021), our model simulates
slightly too deep and too far south reaching convection in the Labrador Sea (Gutjahr et al., 2019). Also,
the representation of the overflows from the Nordic Seas, which contribute to the AMOC response in the
wind sensitivity experiments, is generally biased in state-of-the-art climate models (Heuze, 2021; Yeager &
Danabasoglu, 2012).

Furthermore, the AMOC strength in the “2windstress” experiment depends largely on how the surface
density anomalies in the western subpolar North Atlantic are determined. Surface density anomalies are
initially controlled by salinity anomalies, but after a couple of decades temperature anomalies dominate.
However, models do not agree on what determines the surface density anomalies in the subpolar North At-
lantic—alinity (Danabasoglu et al., 2012; Delworth et al., 1993; Dong & Sutton, 2005; Jungclaus et al., 2005),
temperature (Bentsen et al., 2004; Zhu & Jungclaus, 2008), or both (Danabasoglu, 2008).

Most importantly, there is recent evidence that the influence of Labrador Sea deep convection on AMOC
variability is overestimated in state-of-the-art climate models (Chafik & Rossby, 2019; Li et al., 2019; Lozier
et al., 2019; Menary et al., 2020; Zou et al., 2020). There is also emerging evidence that resolving ocean
mesoscale eddies is crucial for a realistic simulation of the export of convective water masses (Brueggemann
& Katsman, 2019; Georgiou et al., 2019) and also influences the mean state and variability of the AMOC
(Hewitt et al., 2020; Johnson et al., 2019).

For more robust results, especially regarding the response to enhanced wind stress forcing, the presented
analysis should thus be repeated with other climate models. More insights are especially expected from
including ocean eddy-resolving grid configurations.

Data Availability Statement

The MPI-ESM1.2 simulations used in this study are available from the CERA-LTA-DOKU databank at the
German Climate Computing Center (DKRZ) via the links given below. Registration is required to download
the data. “0.5windstress”: cera-www.dkrz.de/WDCC/ui/Compact.jsp?acronym=DKRZ_LTA_944_ds00015.
“2windstress”: cera-www.dkrz.de/WDCC/ui/Compact.jsp?acronym=DKRZ_LTA_944_ds00016. reference:
cera-www.dkrz.de/WDCC/ui/Compact.jsp?acronym=DKRZ_LTA_944_ds00011. https://www.agu.org/
Publish-with-AGU/Publish/Author-Resources/Data-and-Software-for-AuthorsIGSN.
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