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First, some background: the AMOC 

The Atlantic Meridional Overturning Circulation (AMOC) 
- It transports mass, heat, nutrients and regulates our climate 
- It varies naturally on decadal and longer timescales 
- It is also one of the main mechanisms for ocean heat and CO2 uptake
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First, some background: the AMOC and Salinity 
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First, some background: What will happen to the AMOC?

IPCC (2021)

as the Climate warms  
(and depending on possible 

future scenarios)
the AMOC is projected to 

weaken and, in some models 
and scenarios, collapse(?)



First, some background: multiple equilibria 

Theoretical Multiple equilibria and 
Hysteresis (Stommel, 1961)

Simple and Complex models 
(Rahmstorf, 1996)

A possible climate change path



First, some background: and the question is ‘where are we now?’

dangerous bistable  
regime

safe monostable  
regime

Tipping Points: 
it happened in the past 

(Dansgaard-Oeschger and Heinrich events )

https://global-tipping-points.org/

• Global Tipping points 
• Cascading Tipping points 
• Positive Tipping points



First, some background: What do models say? and why we (probably) should not trust them

• In all scenarios, CMIP6 
models project a modest 
weakening of the AMOC by 
the end of the century. 

• In NH hosing experiments, 
the vast majority of models 
recover

HOWEVER: 
• We know models might be 

‘too stable’ (Fov > 0)
• We know models have large 

interior ‘biases’ anchoring 
them in the monostable 
regime



First, some background: What do models say? and why we (probably) should not trust them

For example, CMIP6 models don’t generate the observed ‘cold blob’, a fingerprint for AMOC changes



First, some background: What do observations say? 



First, some background: What if we correct our models? 

A B

Fig. 2. Salinity and velocity profiles. Zonalmean (A) salinity and (B) baroclinicmeridional velocity at the southern boundary (~34°S) of theAtlantic as a function of depth. psu,
practical salinity units. Annual mean results are calculated from reanalysis data [C-GLORS (pink), ECCO-v4 (brown), ORAS4 (green), and SODA (yellow)], the CMIP5model simulations
(gray), and the CCSM3 CTL (blue) and ADJ (red) runs.
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Fig. 1. AMOC stability inmodern climate and AMOC response under global warming. (A) AMOC stability diagramwhereM!
ovS andM

!
ov are the AMOC stability indicators

defined in Materials and Methods. The indicator values in modern climate are shown in solid circles for reanalysis data [Centro Euro-Mediterraneo sui Cambiamenti Climatici
Global Ocean Physical Reanalysis System (C-GLORS; pink), Estimating the Circulation and Climate of theOcean version 4 (ECCO-v4; brown), Ocean Reanalysis System 4 (ORAS4;
green), and SimpleOceanData Assimilation (SODA; yellow)], in gray triangles for the CMIP5model simulations, and in blue and red diamonds for the CCSM3CTL andADJ runs.
A positive or negativeDM!

ov indicates that the AMOC resides in a stable or unstable regime. (B)M!
ovS,DM

!
ovN, andDM

!
ov from reanalysis data, the CCSM3CTL andADJ runswith the

samemarker and color scheme as in (A), and the CMIP5 climatemodels in the formof the box-and-whisker plot. (C) Evolution of AMOC strength in the CTL (blue), CTLCO2 (light
blue), ADJ (red), and ADJCO2 (orange), where the AMOC strength is defined as the maximum in the stream function below 500 m in the North Atlantic. A locally weighted
scatterplot smoothing of 10-year intervals is applied to annual mean AMOC strength to remove interannual variability.
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By adjusting the ocean (correcting for South Atlantic salinity biases) 

the AMOC collapses under a 2xCO2 concentration scenario




First, some background: so where lies the problem? (something big is missing!) 

AIS GrIS

State-of-the-art Climate Models do not include interactive ice-sheets: 
- Greenland Ice Sheet (GrIS)

- Antarctic Ice Sheet (AIS)



First, some background: Antarctic freshwater flux from IceSheet models

• AIS could contribute between 0.25 to 1m to sea level by 2100 (and more 
than 10m by 2500) 

• The freshwater and iceberg flux following future scenarios could be up to 
1 Sv (106 m3/s) or ~30000 Gt/yr 

• GrIS is presently losing more mass than AIS, but in the future AIS mass 
balance loss is projected to accelerate

• Many studies are showing that AIS freshwater discharges impact the 
Lower Cell (AABW production) 



Antarctic Ice Sheet melting results in additional freshwater into the Southern Ocean:

… Influencing the stability of the AMOC 

• The freshwater is not regionally trapped, but is 
transported globally through a) sea-ice 
processes, b) AMOC, and c) ITCZ shifts.  
—> SEE presentation by Zihan



• 11 models from SOFIA antwater forcing (10 coupled models + 1 ocean-sea ice model)

(Swart et al. 2023)

Southern Ocean Freshwater Input from Antarctica (SOFIA) initiative

2 Results200

Figure 2. Volume integrated salinity anomaly for the 0.1 Sv and 1.0 Sv freshwater anomaly experiments. Also shown the expected

freshening from the cumulative freshwater injection.

Table 1. Antwater experiments. The antwater anomalous mass flux is added as an ideal_runoff correction.

FW forcing FW forcing coast/surface 60S

(Sv) (→ Gt/yr) (years) (years)

0.01 315 150

0.02 630 150

0.05 1575 150

0.07 2205 150

0.1 3150 150 150

0.15 4725 150

0.2 6300 150

0.3 9460 150

0.4 12600 150

0.5 15760 150

0.6 18920 150

0.7 22070 150

0.8 25230 150

0.9 28380 150

1.0 31500 150 150

10

Very Idealized! 
• constant in time 
• at the surface 
• spatially homogeneous



• SSS anomalies are advected northward, mainly following the barotropic circulation, and reach the NA 
after ~80/90 years, if the anomaly is large enough

The surface response



• SSS anomalies are advected northward, mainly following the barotropic circulation, and reach the NA 
after ~80/90 years, if the anomaly is large enough

The surface response



• Salinity (Density) anomalies are advected northward, comparing positively with previous coupled-
models results

The Atlantic interior response
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• At the end of the experiments (150 years):  
• AABW seems to be insensitive to strength of FW forcing and reduces considerably with weak forcing 
• AMOC weakens only for large FW forcing anomalies 
• a convective cell in the Pacific?

The MOC response (in density space)

AMOC

AABW AABW

AMOC

PMOC?



Baker et al. (2025) suggests an Atlantic-Pacific see-saw
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area-integrated volume transports returning deep waters from the 
AMOC’s southwards branch to its shallower northwards branch (Fig. 1c). 
We use the Atlantic, Indo-Pacific and global overturning streamfunc-
tions to quantify these volume transports (Methods). We define the 
AMOC strength as the maximum strength of the Atlantic mid-depth 
overturning cell (purple circle in Fig. 1a). The AMOC’s upwelling path-
ways are defined by the regions where they upwell before rejoining the 
AMOC’s northwards branch—the Atlantic Ocean (‘Atlantic_Up’), the 
Indo-Pacific Ocean (‘IndoPac_ResidualUp’) and the Southern Ocean 
(‘SouthernOcean_Up’). AMOC deep waters that upwell in the Indo-Pacific 
Ocean and subsequently upwell in the SO are accounted for by Southern-
Ocean_Up, not IndoPac_ResidualUp (Methods). Together, the three 
upwelling pathways are equal to the AMOC strength (Fig. 1), ensuring 

that volume is conserved in the ocean30. In the control simulation, South-
ernOcean_Up is similar to the SO upper cell strength at 34.5° S (red circle 
in Fig. 1a), with adjustments for a localized South Atlantic circulation 
(Methods and Extended Data Fig. 10). In the forcing experiments, where 
an emergent PMOC causes SO upwelling to balance sinking in both the 
Atlantic and Indo-Pacific, SouthernOcean_Up approximately equals 
the AMOC strength at 34.5° S, which may be much weaker than the SO 
upper cell strength at this latitude (compare Fig. 1c,d).

Changes in the overturning circulation
In the pre-industrial control, all models have a clockwise, mid-depth 
overturning cell (that is, the AMOC) in the Atlantic, an anticlockwise 
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Fig. 1 | Schematic and analysis method for AMOC upwelling pathways.  
a,b, Meridional overturning streamfunction in sverdrups (Sv (106 m3 s−1), with 
2-Sv contour intervals) from the CMCC-ESM2 pre-industrial control simulation, 
highlighting the methodology for separating the AMOC’s upwelling pathways. 
Streamfunctions are shown for the Atlantic (a) and Indo-Pacific (b) oceans 
north of 34.5° S (indicated by vertical dashed lines) and globally within the 
Southern Ocean (SO). The 0-Sv streamline is marked by a solid black line  
and the vertical green line at 34.5° S in b denotes the net volume transport  

from the Indo-Pacific to the Southern Ocean over the highlighted depth. The 
coloured circles highlight the meridional overturning circulation strength  
at these locations. The term IndoPac_ResidualUp is calculated as a residual  
by rearranging the equation shown below the panels. c,d, Schematic of the 
AMOC’s upwelling pathways in the present day (c) and under scenarios of 
extreme GHG or North Atlantic freshwater forcing (d). Transport pathways are 
sketched, with increasing water mass density illustrated by a colour gradient 
from yellow to dark green.

Article

Extended Data Fig. 4 | Overturning circulation in the future state of the 
4xCO2 experiment in density space. Overturning streamfunction (Sverdrups 
(Sv); 2 Sv contour interval) in density coordinates, using neutral density (γn) or 
density referenced to 2000 m (σ2) averaged over the 20-year period centred on 

year 90 of the 4xCO2 experiment in the five available models, for the (left) 
Atlantic, and (right) Indo-Pacific Ocean north of 34.5°S (indicated by vertical 
dashed lines) and globally within the Southern Ocean (“S.O.”). The zero- 
streamline contour is defined by the solid black line.



The Global MOC response (in density space)

AABW

AABW AABW

AMOC

AMOC AMOC



• AMOC gets 
progressively 
shallower (large 
implications for heat 
transport)  

• initial strengthening 

• followed by a 
substantial 
weakening

The AMOC transient (time-dependent) response
AMOC maximum transport in z-space AMOC maximum transport in σ−space



The AMOC transient response

 strengthening period      weakening period     

• AMOC initially strengthenes 
• AMOC eventually weakens for FW>0.2Sv 
• period of both strengthening/weakening phases varies with FW forcing amplitude  



The AMOC transient response
• AMOC initially strengthens 
• AMOC eventually weakens for FW>0.15Sv 
• period of both strengthening/weakening phases varies with FW forcing amplitude  



A (rotated) Thermal Wind reconstruction 
<latexit sha1_base64="tAB0Fyvu2gJkY0RVlwY43LxgBwI="></latexit>

ωzz!̂(z) = →g(f0ε0)
→1[ϑn(z)→ ϑb(z)]



A Thermal Wind reconstruction 

• Meridional density differences between convective 
region and the basin can explain the transient AMOC 
evolution (e.g., Jansen et al. 2018; Bonan et al. 2022).



What happens to the ACC?

• ACC weakening initially scales linearly with FW forcing 
• ACC weakening eventually saturates 
• for FW forcing inducing AMOC weakening, the ACC partially recovers …. why? 

<latexit sha1_base64="F5fAnbN0aFDPPgVhjeFnfasSc3U=">AAACCXicbVA9T8MwEHX4LOUrwMhiUSExVQlChbGCDgwMRSJtpSaqHNdprTp2ZDuIKsrKwl9hYQAhVv4BG/8Gt80ALU866em9O93dCxNGlXacb2tpeWV1bb20Ud7c2t7Ztff2W0qkEhMPCyZkJ0SKMMqJp6lmpJNIguKQkXY4upr47XsiFRX8To8TEsRowGlEMdJG6tnQgz5KEikeoB9JhDO/QZhGMMyzCN7ksNGzK07VmQIuErcgFVCg2bO//L7AaUy4xgwp1XWdRAcZkppiRvKynyqSIDxCA9I1lKOYqCCbfpLDY6P0YSSkKa7hVP09kaFYqXEcms4Y6aGa9ybif1431dFFkFGepJpwPFsUpQxqASexwD6VBGs2NgRhSc2tEA+RCUSb8MomBHf+5UXSOq26tWrt9qxSvyziKIFDcAROgAvOQR1cgybwAAaP4Bm8gjfryXqx3q2PWeuSVcwcgD+wPn8ANvqZZw==</latexit>
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What happens to the ACC? Pycnocline depth adjustment
<latexit sha1_base64="h/8+j8Y5Rx8YNhzfMCC+jeYTWpU="></latexit>
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What happens to the ACC? Pycnocline depth adjustment
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What happens to the ACC? Pycnocline depth adjustment



What happens to the ACC? Pycnocline depth adjustment



A final picture: AMOC, ACC, and interior stratification 
adjustment



A final picture: AMOC, ACC, and interior stratification 
adjustment



A final picture: AMOC, ACC, and interior stratification 
adjustment



Where you discharge freshwater matters 

• not so much for 60S 
• Ambe more effectively advects anomalies into NA



Some Conclusions 

■ FW discharge from Antarctic Ice Sheet can be advected into the North Atlantic and weaken the AMOC 
after about 80/90 years.  

■ A plausible FW forcing >0.2 Sv is needed for inducing a significant weakening. 

■ However, the initial response is a strengthening of the AMOC, induced by the altered meridional 
density gradient in the basin (thermal wind response), which could partially offset the climate change-
induced and GIS-induced weakening of the AMOC.  

■ AABW production is significantly reduced with 0.1Sv of FW discharge, and insensitive to larger 
forcing. 

■ Similarly, the ACC weakens considerably with all FW forcing, but can partially recover due to interior 
pycnocline adjustment. 

■ How large is large enough? … 
■ What happens in a coupled framework?  


