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Abstract. The Atlantic Meridional Overturning Circulation (AMOC) is thought to be a tipping element in the Earth System

with multiple stable states. Currently, the AMOC is in a state of strong overturning, but studies have shown that climate change

might tip the AMOC to a state of weak overturning. Changing the state of the AMOC affects the global climate, and especially

the climate in the North Atlantic. Due to disrupted meridional heat transport, the Northern Hemisphere is expected to cool

while the Southern Hemisphere is expected to warm. Besides effects on the climate, the AMOC also influences the carbon5

cycle by transporting important tracers such as nutrients and Dissolved Inorganic Carbon. Deep water formation in the North

Atlantic is, for example, an important pathway of carbon from the surface to the deep ocean. It can therefore be expected that

a weakening of the AMOC affects the marine carbon cycle and therefore also atmospheric pCO2. Here, we investigate the

effect of a forced AMOC weakening on the marine carbon cycle and atmospheric pCO2 using simulations performed with

the Community Earth System Model v2 (CESM2). We force the simulations with the emission driven SSP1-2.6 and SSP5-8.510

scenario and additionally, force the simulations with an additional freshwater flux in the North Atlantic Ocean. This so-called

hosing weakens the AMOC on top of a weakening caused by the greenhouse gas emissions. We use these simulations to

determine how much and through what mechanisms, an AMOC weakening affects the air-sea gas exchange of CO2.

1 Introduction

Anthropogenic emissions of greenhouse gases cause our Earth System to change and warm up. The Earth System is comprised15

of several subsystems driven by nonlinear dynamics and feedbacks. An important component of the Earth System is the ocean

since it acts as a large heat and carbon reservoir and is the most important component on multidecadal to millennial timescales.

In the ocean, the Atlantic Meridional Overturning Circulation (AMOC) is an important circulation pattern which shapes the

global, and specifically, the North Atlantic climate (Vellinga and Wood, 2008; Palter, 2015). Studies suggest the AMOC has

shown large variability in past climates and is related to large climatic events during the glacial-interglacial cycles (e.g. Heinrich20

events; Rahmstorf, 2002; Lynch-Stieflitz, 2017). Under anthropogenic forcing, the AMOC is expected to reduce in strength in

the future (Weijer et al., 2020), and it has been suggested that the AMOC has already been decreasing over the past 50 years
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(Dima and Lohmann, 2010). A decrease in the AMOC strength could have a large impact on the North Atlantic and global

climate in the future.

Since the AMOC transports heat northward, a weakening in the AMOC strenght effects local temperatures. Generally,25

an AMOC weakening is associated with decreasing surface air temperature (SATs) and sea surface tmeperatrures (SSTs) in

the North Atlantic, accompanied with a small warming of the Southern Hemisphere. This pattern of cooling in the Northern

Hemisphere and warming in the Southern Hemisphere is often called the bipolar seesaw effect (Rahmstorf, 2002). Furthermore,

a weakening of the AMOC has also been related to changes in the water cycle (Vellinga and Wood, 2002; Jackson et al., 2015).

Through teleconnections, a weakening of the AMOC is also associated with changes in the Indian Monsoon and the El Nino -30

Southern Oscillation (ENSO) phenomenon (Liu et al., 2023).

The changes of the AMOC to the climate system result in changes in the carbon cycle on both the land and in the ocean. As

the AMOC is an important current system, it advects tracers important for the carbon cycle such as nutrients which fuel primary

production and Dissolved Inorganic Carbon (DIC). Through changes in the carbon cycle, the AMOC influences atmospheric

pCO2, and therefore influences SATs and the water cycle (Weijer et al., 2019; Barker and Knorr, 2021), which in turn can35

influence the wind and buoyancy forcing of the AMOC. From this we can see that there is a carbon cycle - climate feedback

loop associated with the strength of the AMOC. In Gottschalk et al. (2019) it was shown that the response of atmospheric pCO2

to an AMOC weakening is dependent on the used model, climatic boundary conditions and timescales assessed. Generally,

most studies show an increase in atmospheric pCO2 following an AMOC weakening (e.g. Marchal et al., 1998; Schmittner

and Galbraith, 2008; Matsumoto and Yokoyama, 2013), but there is a wide spread in the mechanisms controlling this response.40

Some studies point to the terrestrial biosphere as the dominant reservoir, while others point to the ocean.

In this study, we investigate the AMOC - atmospheric pCO2 feedback, which is a complex, nonlinear feedback and a potential

source of uncertainty for future projections. We therefore aim to improve the understanding of the AMOC - atmospheric pCO2

relation following an AMOC weakening, and answer the following question: what is the effect of a forced AMOC weakening

on atmospheric pCO2?45

2 Method

For this study we use simulations of the Community Earth System Model v2 (CESM2; Danabasoglu et al., 2020) simulated on

the Dutch supercomuputer (Snellius). CESM2 is a fully coupled model including atmospheric dynamics (CAM6), land pro-

cesses (CLM5), sea ice processes (CICE5), and ocean circulation (POP2; Smith et al., 2010) and biogeochemistry (MARBL;

Long et al., 2021). Both POP2 and MARBL are run on a displaced Greenland pole grid at a nominal horizontal resolution50

of 1◦, with 60 non-equidistant vertical levels. In MARBL, several elemental cycles, three explicit phytoplankton functional

groups (small phytoplankton, diatoms, and diazotrophs), one implicit phytoplankton group (calcifiers), and one zooplankton

group are simulated.

We analyze simulations forced by greenhouse gas emissison following the Shared Socioeconomic Pathway (SSP) scenarios

SSP1-2.6 and SSP5-8.5 (O’Neill et al., 2020). Emission driven simulations are used to be able to study the feedbacks between55
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the ocean and atmosphere carbon reservoirs. For both scenarios we have a control simulation with just the greenhouse gas

emissions, and what we call ’hosing’ simulations. In the hosing simulations, the model is additionally forced with a freshwater

flux at a rate of 0.5 Sv in the North Atlantic Ocean. The freshwater flux will perturb the density structure of the ocean which

will lead to a AMOC weakening.

All simulations are initialized from a emissions driven historical simulation performed by NCAR as part of the Coupled60

Model Intercomparison Project 6 (CMIP6; Eyring et al., 2016). The simulations shown here run from 2015 to 2100, and the

analysis is based on monthly averaged data. Line plots are smoothed with a 5 year moving mean. The control simulations are

denoted with CTL, and the hosing simulations with HOS; the SSP scenarios are differentiated on their number (i.e. 126 and

585). We therefore have 4 runs we name CTL-126, HOS-126, CTL-585 and HOS-585.

3 Results65

Below I present some additional results corresponding to the material in the presentation. The CTL-585 and HOS-585 simu-

lations are for the period 2015-2100, and CTL-126 and HOS-126 for the period 2015-2050 (by time of writing this document

the simulations were up to 2050; I will update the figures once the simulation is finished).

List of figures:

1. AMOC streamfunction SSP5-8.570

2. AMOC strength SSP5-8.5

3. GMST SSP5-8.5

4. Surface Air Temperature SSP5-8.5

5. Sea Surface Temperature SSP5-8.5

6. Sea Surface Salinity SSP5-8.575

7. Precipitation minus evaporation SSP5-8.5

8. Air-sea gas exchange SSP5-8.5

9. Net Biosphere Production SSP5-8.5

10. CO2 concentration SSP5-8.5

11. Air-sea and air-land exchange of CO2 SSP5-8.580

12. Net Primary Production SSP5-8.5

13. Export Production SSP5-8.5
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14. Surface pH SSP5-8.5

15. Ocean CO2 uptake per basin SSP5-8.5

16. Variables in the Arctic SSP5-8.585

17. Variables in the Pacific SSP5-8.5

18. Variables in the Pacific SSP5-8.5

19. Variables in the Atlantic SSP5-8.5

20. AMOC streamfunction SSP1-2.6

21. AMOC strength SSP1-2.690

22. GMST SSP1-2.6

23. Surface Air Temperature SSP1-2.6

24. Sea Surface Temperature SSP1-2.6

25. Sea Surface Salinity SSP1-2.6

26. Precipitation minus evaporation SSP1-2.695

27. Air-sea gas exchange SSP1-2.6

28. Net Biosphere Production SSP1-2.6

29. CO2 concentration SSP1-2.6

30. Air-sea and air-land exchange of CO2 SSP1-2.6

31. Net Primary Production SSP1-2.6100

32. Export Production SSP1-2.6

33. Surface pH SSP1-2.6

34. Ocean CO2 uptake per basin SSP1-2.6
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A B C

D E F

G H

Figure 1. Atlantic Meridional Overturning Circulation streamfunction in Sverdrup (106 m3 s −1) for CTL-585 and HOS-585 and the differ-

ence between the two. The top row represents CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585

minus CTL-585; G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B,

E, H), and the right column the difference (last minus first; C, F).
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A B

Figure 2. A. Atlantic Meridional Overturning Circulation strength at 26.5◦N in Sverdrup (106 m3 s −1). Blue represents CTL-585 and

orange HOS-585. B. The difference in AMOC strength between HOS-585 and CTL-585.

A B

Figure 3. A. Global Mean Surface Temperature in ◦C for CTL-585 (blue) and HOS-585 (orange). B. The difference in GMST between

HOS-585 and CTL-585.
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A B C

D E F

G H

Figure 4. Surface Air Temperature (SAT) in ◦C for CTL-585 and HOS-585 and the difference between the two. The top row represents CTL-

585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585; G, H). The left column represents

the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference (last

minus first; C, F).
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D E F

G H

Figure 5. Sea Surface Temperature (SST) in ◦C for CTL-585 and HOS-585 and the difference between the two. The top row represents CTL-

585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585; G, H). The left column represents

the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference (last

minus first; C, F).
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A B C

D E F

G H

Figure 6. Sea Surface Salinity (S) in g kg−1 for CTL-585 and HOS-585 and the difference between the two. The top row represents CTL-585

(A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585; G, H). The left column represents the

first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference (last minus

first; C, F).

9



A B C

D E F

G H

Figure 7. Net precipitation (precipitation minus evaporation; P-E) in mm year−1 for CTL-585 and HOS-585 and the difference between the

two. The top row represents CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585;

G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the

right column the difference (last minus first; C, F).
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A B C

D E F

G H

Figure 8. The air-sea gas exchange of CO2 in kg C m−2 s−1 for CTL-585 and HOS-585 and the difference between the two. The top row

represents CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585; G, H). The left

column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the

difference (last minus first; C, F). Positive values in A, B, D and E represent fluxes going into the ocean.
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A B C

D E F

G H

Figure 9. The air-land exchange of CO2 in kg C m−2 s−1 for CTL-585 and HOS-585 and the difference between the two. The top row

represents CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585; G, H). The left

column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the

difference (last minus first; C, F). Positive values in A, B, D and E represent fluxes going into the ocean.
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A B

Figure 10. A. Atmospheric CO2 concentration in ppm for CTL-585 (blue) and HOS-585 (orange). B. The difference in CO2 concentration

between HOS-585 and CTL-585.

A B

Figure 11. A. The difference in carbon exchange between the atmosphere and the ocean integrated globally and over time between HOS-585

and CTL-585. B. As in A but for the carbon exchange between the atmosphere and land.
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A B C

D E F

G H

Figure 12. The Net Primary Production (NPP) integrated over the top 150 m of the ocean in mol C m−2 s−1 for CTL-585 and HOS-585 and

the difference between the two. The top row represents CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference

(HOS-585 minus CTL-585; G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade

(2091-2100; B, E, H), and the right column the difference (last minus first; C, F).
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A B C

D E F

G H

Figure 13. The Export Production (POC flux; EP) at 100 m depth in mol C m−2 s−1 for CTL-585 and HOS-585 and the difference between

the two. The top row represents CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-

585; G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and

the right column the difference (last minus first; C, F).
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D E F

G H

Figure 14. The pH of the surface ocean (unitless) for CTL-585 and HOS-585 and the difference between the two. The top row represents

CTL-585 (A-C), the middle row HOS-585 (D-F), and the bottom row the difference (HOS-585 minus CTL-585; G, H). The left column

represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference

(last minus first; C, F).
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Figure 15. The difference between HOS-585 and CTL-585 for the exchange of CO2 between the atmosphere and the ocean integrated over

time and five different ocean basins in PgC: Atlantic Ocean (blue), Indian Ocean (orange), Pacific Ocean (green), Southern Ocean (red) and

the Arctic Ocean (purple). The Southern Ocean is defined as the ocean south of 35◦S, and the Arctic Ocean as the ocean north of 66◦N.
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A B C

D E F

Figure 16. Several variables for the Arctic Ocean. A. The difference between HOS-585 and CTL-585 for the exchange of CO2 between

the atmosphere and the Arctic Ocean in PgC yr−1. B. Mean Surface Air Temperature (MSAT) in ◦C above the Arctic Ocean for CTL-585

(blue) and HOS-585 (orange). C. The difference in MSAT between HOS-585 and CTL-585 shown in B. D. The yearly maximum areal sea

ice extent in 1012 m2 for CTL-585 (blue) and HOS-585 (orange). E. Net Primary Production integrated over the top 150 m of the ocean in

106 mol C m−2 s−1 for CTL-585 (blue) and HOS-585 (orange). F. The difference in NPP between HOS-585 and CTL-585 as shown in E.
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Figure 17. A. Hovmoller diagram of the difference between HOS-585 and CTL-585 for the air-sea gas exchange of CO2 for the Pacific basin

presented as zonal means in kg C m−1 s−1. B. As in A but also integrated over time in 106 kg C m−1.

19



A B

C D

Figure 18. Several variables for the Pacific Ocean averaged over the period 2050-2059 (mid-simulation). All figures display the difference

between HOS-585 and CTL-585. A. The air-sea gas exchange of CO2 in kg C m−2 s−1. B. Surface Dissolved Inorganic Carbon (DIC)

concentration in mol m−3. C. Net Primary Production (NPP) integrated over the top 150 m in mol C m−2 s−1. D. Sea surface temperature

(SST) in ◦C.
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A B

C D

Figure 19. Several variables for the Atlantic Ocean averaged over the period 2080-2089 (mid-simulation). All figures display the difference

between HOS-585 and CTL-585. A. The air-sea gas exchange of CO2 in kg C m−2 s−1. B. Surface pH (unitless). C. Sea surface temperature

(SST) in ◦C. D. Export Production (POC flux; EP) at 100 m depth in mol C m−2 s−1.
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A B C

D E F

G H

Figure 20. Atlantic Meridional Overturning Circulation streamfunction in Sverdrup (106 m3 s −1) for CTL-126 and HOS-126 and the

difference between the two. The top row represents CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference

(HOS-126 minus CTL-126; G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade

(2091-2100; B, E, H), and the right column the difference (last minus first; C, F).
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A B

Figure 21. A. Atlantic Meridional Overturning Circulation strength at 26.5◦N in Sverdrup (106 m3 s −1). Blue represents CTL-126 and

orange HOS-126. B. The difference in AMOC strength between HOS-126 and CTL-126.

A B

Figure 22. A. Global Mean Surface Temperature in ◦C for CTL-126 (blue) and HOS-126 (orange). B. The difference in GMST between

HOS-126 and CTL-126.
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A B C

D E F

G H

Figure 23. Surface Air Temperature (SAT) in ◦C for CTL-126 and HOS-126 and the difference between the two. The top row represents CTL-

126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126; G, H). The left column represents

the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference (last

minus first; C, F).

24



A B C

D E F

G H

Figure 24. Sea Surface Temperature (SST) in ◦C for CTL-126 and HOS-126 and the difference between the two. The top row represents CTL-

126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126; G, H). The left column represents

the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference (last

minus first; C, F).
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A B C

D E F

G H

Figure 25. Sea Surface Salinity (S) in g kg−1 for CTL-126 and HOS-126 and the difference between the two. The top row represents CTL-

126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126; G, H). The left column represents

the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference (last

minus first; C, F).
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A B C

D E F

G H

Figure 26. Net precipitation (precipitation minus evaporation; P-E) in mm year−1 for CTL-126 and HOS-126 and the difference between the

two. The top row represents CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126;

G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the

right column the difference (last minus first; C, F).
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A B C

D E F

G H

Figure 27. The air-sea gas exchange of CO2 in kg C m−2 s−1 for CTL-126 and HOS-126 and the difference between the two. The top row

represents CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126; G, H). The left

column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the

difference (last minus first; C, F). Positive values in A, B, D and E represent fluxes going into the ocean.
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A B C

D E F

G H

Figure 28. The air-land exchange of CO2 in kg C m−2 s−1 for CTL-126 and HOS-126 and the difference between the two. The top row

represents CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126; G, H). The left

column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the

difference (last minus first; C, F). Positive values in A, B, D and E represent fluxes going into the ocean.
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A B

Figure 29. A. Atmospheric CO2 concentration in ppm for CTL-126 (blue) and HOS-126 (orange). B. The difference in CO2 concentration

between HOS-126 and CTL-126.

A B

Figure 30. A. The difference in carbon exchange between the atmosphere and the ocean integrated globally and over time between HOS-126

and CTL-126. B. As in A but for the carbon exchange between the atmosphere and land.
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D E F
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Figure 31. The Net Primary Production (NPP) integrated over the top 150 m of the ocean in mol C m−2 s−1 for CTL-126 and HOS-126 and

the difference between the two. The top row represents CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference

(HOS-126 minus CTL-126; G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade

(2091-2100; B, E, H), and the right column the difference (last minus first; C, F).
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D E F
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Figure 32. The Export Production (POC flux; EP) at 100 m depth in mol C m−2 s−1 for CTL-126 and HOS-126 and the difference between

the two. The top row represents CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-

126; G, H). The left column represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and

the right column the difference (last minus first; C, F).
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D E F

G H

Figure 33. The pH of the surface ocean (unitless) for CTL-126 and HOS-126 and the difference between the two. The top row represents

CTL-126 (A-C), the middle row HOS-126 (D-F), and the bottom row the difference (HOS-126 minus CTL-126; G, H). The left column

represents the first decade (2015-2024; A, D, G), the middle column the last decade (2091-2100; B, E, H), and the right column the difference

(last minus first; C, F).
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Figure 34. The difference between HOS-126 and CTL-126 for the exchange of CO2 between the atmosphere and the ocean integrated over

time and five different ocean basins in PgC: Atlantic Ocean (blue), Indian Ocean (orange), Pacific Ocean (green), Southern Ocean (red) and

the Arctic Ocean (purple). The Southern Ocean is defined as the ocean south of 35◦S, and the Arctic Ocean as the ocean north of 66◦N.
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