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Abstract. The Atlantic Meridional Overturning Circulation (AMOC) is considered to be a tipping element in
the Earth system due to possible multiple (stable) equilibria. Here, we investigate the multiple equilibria window
of the AMOC within a coupled ocean circulation—carbon cycle box model. We show that adding couplings
between the ocean circulation and the carbon cycle model affects the multiple equilibria window of the AMOC.
Increasing the total carbon content of the system widens the multiple equilibria window of the AMOC, since
higher-atmospheric pCO, values are accompanied by stronger freshwater forcing over the Atlantic Ocean. The
important mechanisms behind the increase in the multiple equilibria window are the balance between the riverine
source and the sediment sink of carbon and the sensitivity of the AMOC to freshwater forcing over the Atlantic
Ocean. Our results suggest that changes in the marine carbon cycle can influence AMOC stability in future

climates.

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC)
plays a large role in modulating global climate (Vellinga and
Wood, 2008; Palter, 2015) because it transports heat from
the Southern Hemisphere to the Northern Hemisphere and is
one of the prominent tipping elements in the Earth system
(Lenton et al., 2008; Armstrong-McKay et al., 2022). Model
studies suggest that the AMOC can have multiple stable equi-
libria, namely the “on” state, representing the current AMOC
state with a strong northward flow at the surface and a south-
ward return flow at intermediate depths, and the “off” state,
representing a weak or even reversed AMOC state (Weijer
et al., 2019). From a dynamical system point of view, a bi-
stable AMOC regime appears through the occurrence of two
saddle node bifurcations (Dijkstra, 2007), and the region in
the parameter space where both on and off states co-exist is
the multiple equilibria window (MEW), also referred to as
the bi-stability window (Barker and Knorr, 2021).

Climate variability in the past, such as Heinrich events,
has been linked to the tipping of the AMOC (Rahmstorf,
2002; Lynch-Stieglitz, 2017). Under anthropogenic forcing,
the global warming threshold for AMOC tipping has re-
cently been estimated to be around 4 °C (Armstrong-McKay
etal., 2022). Recent studies suggest that the AMOC has been
weakening (Caesar et al., 2018; Dima et al., 2021) and might
even collapse in this century (Ditlevsen and Ditlevsen, 2023).
Using model data from the Coupled Model Intercomparison
Project 6 (CMIP6; Eyring et al., 2016), a consistent weaken-
ing of the AMOC under future climate change is projected
(Weijer et al., 2020), with a 34 %—45 % decrease in AMOC
strength in 2100, but no clear tipping was found. However,
these models may have an AMOC that is too stable (Weijer
et al., 2019), thus affecting the probability of AMOC tipping
before 2100. Under AMOC tipping, a strong cooling in the
Northern Hemisphere (Rahmstorf, 2002; Drijthout, 2015),
changes in the water cycle (Vellinga and Wood, 2002; Jack-
son et al., 2015), and potential interactions with other tipping
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elements in the Earth system (Dekker et al., 2018; Wunder-
ling et al., 2021; Sinet et al., 2023) are expected.

The AMOC can also interact with the marine carbon cy-
cle and therefore influence atmospheric pCO,. By affecting
the transport of important tracers, such as dissolved inorganic
carbon (DIC), total alkalinity, and nutrients, the AMOC af-
fects the solubility and biological carbon pumps. Evidence
of couplings between the AMOC and marine carbon cycle is
provided in proxy data (Bauska et al., 2021). Model studies
show a wide range of potential carbon cycle responses to a
collapse of the AMOC. While most models show an increase
in atmospheric pCO; (e.g., Marchal et al., 1998; Schmittner
and Galbraith, 2008; Matsumoto and Yokoyama, 2013; Boot
et al., 2024b), the magnitude and precise mechanisms are de-
pendent on the model used and the climatic boundary condi-
tions (Gottschalk et al., 2019).

As the AMOC can influence atmospheric pCO,, there is
a potential feedback mechanism since atmospheric pCO; in-
fluences the hydrological cycle (Weijer et al., 2019; Barker
and Knorr, 2021), which, through changes in buoyancy
fluxes, affects the AMOC. Previous studies, mostly focused
on proxy data, suggest that there may be a relation between
atmospheric pCO; and the MEW of the AMOC (Barker
et al., 2010, 2015). However, a clear mechanistic view has
not been given yet. Here, we study the mechanisms of how
the marine carbon cycle can affect the MEW of the AMOC
using a coupled ocean circulation—carbon cycle box model.

2 Methods

We have coupled a box model suitable for simulating AMOC
dynamics (Sect. 2.1) to a carbon cycle box model (Sect. 2.2).
To be able to accurately represent atmospheric CO, concen-
trations, the coupled model extends the AMOC box model by
including boxes that represent the Indo-Pacific. Steady states
of the coupled model, where several non-linear couplings are
implemented (Sect. 2.3), are determined using continuation
software (Sect. 2.4). Parameter values and model equations
are described in Appendix B and C.

2.1 AMOC box model

The box model (Cimatoribus et al., 2014; Castellana et al.,
2019) representing the AMOC dynamics simulates the depth
of the Atlantic Ocean pycnocline and the distribution of salt
in the Atlantic Ocean and the Southern Ocean. It consists of
five boxes, with six prognostic variables. The northern box n
represents the regions of deep-water formation in the North
Atlantic, and box s represents the entire Southern Ocean
(i.e., all longitudes). There are two thermocline boxes, ¢ and
ts, where box ts represents the region between 30 and 40° S
which is characterized by strong sloping isopycnals, where
the pycnocline becomes shallower moving poleward. Under-
neath the four surface boxes, there is one box (d) represent-
ing the deep ocean.
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The distribution of salinity in the boxes is dependent on the
ocean circulation and surface freshwater fluxes. In the South-
ern Ocean, there is wind-induced Ekman transport into the
Atlantic (ggx), and there is an eddy-induced transport from
the Atlantic into the Southern Ocean (g.) which is dependent
on the pycnocline depth, D. The difference between the two,
defined as gs = g — gEk, represents upwelling in the South-
ern Ocean and net volume transport into the Atlantic ther-
mocline. The thermocline also is sourced with water from
box d through diffusive upwelling (qu). The strength of the
downward branch of the AMOC is represented in the North
Atlantic by gn. This downwelling is dependent on the merid-
ional density gradient between box ¢s and box n, where the
density is determined using a linear equation of state. Wind-
driven gyre transport is modeled by ry in the Northern Hemi-
sphere and rg in the Southern Hemisphere. Salinity is also
affected by two surface freshwater fluxes, modeled as virtual
salt fluxes. First, there is a symmetrical forcing, E; i.e., this
freshwater flux is the same for both hemispheres; and second,
there is an asymmetrical forcing, E,, which results in inter-
hemispheric differences. This last parameter can be viewed
as a control parameter for the AMOC strength since it regu-
lates the salinity of box n. The pycnocline depth is an impor-
tant state variable in this model since several volume fluxes
are dependent on it. This depth is dependent on four different
volume fluxes going in and out of the two thermocline boxes
of t and ¢5 (ge, gEK,> qU, and gN).

The model provides a simple framework to study AMOC
dynamics and has already been used to show the slow (Cima-
toribus et al., 2014) and fast noise-induced (Castellana et al.,
2019; Jacques-Dumas et al., 2023) tipping of the AMOC.

2.2 Carbon cycle model

The carbon cycle model is derived from the equations of the
SCP-M (O’Neill et al., 2019). The original SCP-M has two
terrestrial carbon stocks, an atmosphere box, and seven ocean
boxes representing the global ocean. In the ocean, multiple
tracers are simulated that are important for the marine car-
bon cycle. In this study, we only simulate dissolved inor-
ganic carbon (DIC), alkalinity (Alk), and phosphate (PO4)
in the ocean. All three tracers are affected by ocean circula-
tion, have a riverine source, and have a sink to the sediments.
DIC is affected by biological production and remineraliza-
tion (soft tissue pump), by the formation and dissolution of
calcium carbonate (CaCOs; carbonate pump), and by gas ex-
change with the atmosphere. Alk is also affected by the car-
bonate pump and POy by the soft tissue pump. In this model,
POy is explicitly conserved; i.e., the source of POy is equal
to the sink of POy at all times. DIC and Alk, however, can
vary since the time-dependent riverine influx is not necessar-
ily equal to the sediment outflux.

The soft tissue pump is modeled using constant values of
export production per box, and the remineralization in the
water column follows a power law (Martin et al., 1987). The

https://doi.org/10.5194/esd-15-1567-2024



A. A. Boot et al.: Potential effect of the marine carbon cycle

influence of the soft tissue pump on the cycling of POy is
modeled using a constant stoichiometric ratio. The forma-
tion of CaCOs is proportional to the export production mul-
tiplied by a constant rain ratio parameter. CaCOs is dissolved
through the water column and in the sediments. This dissolu-
tion is dependent on the CaCOj3 saturation state, and a con-
stant background dissolution. The gas exchange between the
ocean and atmosphere is dependent on a constant piston ve-
locity and the difference in pCO; between the two reservoirs.
The riverine influx of POy is constant, whereas the influx of
DIC and Alk is dependent on atmospheric pCO5.

2.3 Coupled model

The two models described in the previous section are cou-
pled to form the model used in this study (Fig. 1). For this,
several parameter assumptions had to be made since the car-
bon cycle model requires more parameters than the AMOC
model. First of all, the depth of boxes n and s is not given
in Cimatoribus et al. (2014), but it is necessary for the car-
bon cycle model. We assume these depths to be 300 m, and
the total depth of the ocean is assumed to be 4000 m. Sec-
ond, a first version of the model showed a sensitivity of at-
mospheric CO; concentrations to AMOC tipping that is too
strong, causing very low-CO; concentrations on the AMOC
off branch. We therefore have included two additional boxes
in the AMOC model representing the Indo-Pacific basin,
namely box ps for the surface ocean and box pd for the deep
ocean. In these boxes, the same carbon cycle processes are
present as in the Atlantic Ocean and Southern Ocean boxes of
the model. Between these two boxes, there is a bidirectional
mixing term (y; = 30 Sv), and the boxes are connected with
the Southern Ocean through a global overturning circulation
(GOC; i1 = 18 Sv) and gyre-driven exchange (rp = 90 Sv).
y1 and ¥ are taken from the SCP-M (O’Neill et al., 2019),
and rp is based on the model of Wood et al. (2019). Both
boxes ¢ and ps receive DIC, Alk, and PO, input through a
riverine flux. The total riverine flux is modeled similarly in
the SCP-M and is partitioned over the two boxes based on the
volume fraction of the Atlantic Ocean and the Indo-Pacific
Ocean, meaning that 20 % of the riverine flux flows into box
t, while the remainder flows into box ps.

The first coupling between the physical and the carbon cy-
cle model is through the ocean circulation. The AMOC de-
termined in the circulation model is used for the advective
transport of the three tracers in the carbon cycle model. We
have implemented additional coupling between the model
and specific feedbacks within the carbon cycle model. Sev-
eral of these feedbacks have been introduced into the SCP-M
before (Boot et al., 2022).

Biological export production is constant in the SCP-M and
therefore independent of available nutrients. This is a strong
simplification of important processes in the real world that
might not be valid in all cases. Therefore, we want to make
the biological export production a function of nutrient avail-
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ability. We do this by creating a dependency of the biological
export production in the surface boxes to the amount of PO4
advected into the specific surface box and therefore introduc-
ing a dependency on the ocean circulation as follows:

Zi = (1 — A1) X Z; pase + ABI

X (Xl: (q/—u' X [POZ_:I]) + Priver) X €. 9]

Here Z; represents the export production in surface box i.
ABI is a parameter to switch between the default value of Z
in box i (Z; pase; A1 = 0) and the variable export production
(A1 = 1). In addition, g;_,; represents the volume transport
from box j into boX i. Priyer is the riverine influx of POy,
which is only present in boxes ¢ and ps, and €; represents
a biological efficiency term in box i. i represents all surface
boxes, i.e., n, t, ts, s, and ps. j can be any box and depends
on the direction of the ocean circulation. In the text, we will
refer to this coupling as the BIO coupling. Using this cou-
pling, a weaker (stronger) ocean circulation would result in
a reduced (increased) influx of nutrients, which causes a re-
duction (increase) in the biological carbon export from the
surface to the deep ocean. This affects the carbon content in
the surface ocean and carbon burial in the sediments.

We also introduce a coupling between the symmetric
freshwater forcing E and atmospheric pCO;. This coupling
is based on a fit to an ensemble of CMIP6 Earth system mod-
els and is described in Sect. 3.1. We do this because we ex-
pect freshwater fluxes to change under different background
climates (Galbraith and de Lavergne, 2019). The AMOC is
dependent on Ej, and this coupling can therefore result in a
changing AMOC under different pCO; values.

We allow the sea surface temperatures (SSTs) to vary with
atmospheric pCO», following a logarithmic function and a
climate sensitivity parameter, according to

T, = Ti,base + AT, (2)
CO,

. 3
& ) 3)

2,0

AT; = A x 0.54 x 5.351n(

Here i represents the different surface ocean boxes. By vary-
ing the parameter A7, we are able to change the climate sen-
sitivity of the model. In this study, we use a value of A7 =0
(default); A7 = 1 (CSL0); and a value of A7 = 2 (CSqy), rep-
resenting SST warming of 0, 2, and 4 K per CO; doubling.
For the default values, sea surface temperature remains con-
stant while independent of atmospheric pCO; values. For
surface air temperature in CMIP6 models, the response to a
CO; doubling is between 1.8 and 5.6 K (Zelinka et al., 2020).
When this coupling is used, the changes in SSTs will also
change the density in the ocean circulation model. However,
since we use a linear equation of state, and the change in SST
is homogeneous over all surface boxes, it does not influence
the ocean circulation. In the text, we will refer to this cou-
pling as the CSy o and CSqy couplings for the low and high
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Atmosphere

Indo-Pacific Ocean Southern Ocean

30°S

Atlantic Ocean

Figure 1. Box structure and processes simulated in the coupled circulation—carbon cycle model. Red arrows represent volume transports,
where dashed arrows are only present during an on state, and dotted arrows are only present during an off state. The AMOC downwelling
strength is represented by gn and is determined through n%Dz, where 7 is a hydraulic constant; p represents the density in boxes n
(pN) and ts (pts) and a reference density (pg). D represents the thermocline depth. The purple arrows represent gyre exchange (rN, rs, and
rp), and blue arrows represent freshwater fluxes (Es, Ea, and Ep). Carbon cycle processes that are represented are riverine input (orange),
air-sea gas exchange (black; k), biological export production (green; Z), CaCO3 rain (grey; Fc,), CaCO3 dissolution (grey; Dc,), and
sediment burial (grey; Fyyria))- This figure is based on Castellana et al. (2019) and Boot et al. (2022).

climate sensitivity cases, respectively. This coupling intro-
duces a positive feedback, namely higher-atmospheric pCO,
values leading to the warming of the SSTs, which reduces the
solubility of CO; in the ocean, meaning that more CO, will
remain in the atmosphere. This feedback might be impor-
tant for states where the CO, concentration deviates strongly
from pCO; .

Last, we have introduced a coupling on the rain ratio
(Eq. 4), making it dependent on the saturation state of
CaCOs3, following

Fea,i = (1 —AFp) X Fcabase T AF

o ][cot ]
Ksp,i

0.81

x 0.022 -1 , “

where i represents the different surface ocean boxes. Similar
to the biological coupling coefficient Apy, AF is either zero or
one and including this feedback will introduce different rain
ratios per box. This feedback is based on the work of Ridg-
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well et al. (2007), where the parameters 0.022 and 0.81 have
been used as a calibration parameter in the GENIE-1 Earth
system model. In the text, we will refer to this coupling as the
FCA coupling. In this coupling, the rain ratio is increased if
more carbonate is available, which represents higher calcifi-
cation rates under such conditions. In our model, this affects
the transfer of carbon and alkalinity from the surface ocean
to the deep ocean and the sediments. This feedback is in-
cluded because it can be important for the long timescales
we investigate here.

We have included additional couplings in the model that
are described in Appendix A. They are not included in the
main text since they do not show large effects on the results.
In the main text, only the couplings described above are used.
We refer to the couplings as BIO for the biological coupling
(BIO), E for the E coupling described in Sect. 3.1, FCA for
the rain ratio coupling, CSyo for a low climate sensitivity,
and CSpyj for a high climate sensitivity.
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As explained in the sections above, we have altered the
box structure of both models and included several couplings
and feedbacks in the model. These changes in the model can
change the model dynamics compared to the original models,
i.e., the AMOC box model (Cimatoribus et al., 2014; Castel-
lana et al., 2019) and the SCP-M (O’Neill et al., 2019). Com-
pared to the literature (Cimatoribus et al., 2014; Castellana
et al., 2019), AMOC dynamics in our seven-box model are
very similar to the dynamics in the original five-box model.
The new box structure and ocean circulation change the car-
bon cycle quite a bit compared to the original SCP-M. To
account for this, we have retuned the model before use, such
that atmospheric pCO; is around pre-industrial values as de-
tailed in Sect. 2.4. However, the most important aspects of
the SCP-M are the carbon cycle dynamics. When no cou-
plings are used, these are still the same. When couplings are
introduced, the model is changed further, and the effects of
these changes are one of the aspects we investigate in this
study.

2.4 Solution method

The coupled model is a system of 30 ODEs (four tracers per
box, with the pycnocline depth and atmospheric pCO,) with
the form

du
T fu@), p). )

Here u is the state vector (containing all the dependent
quantities in all boxes), f refers to the right-hand side of the
equation, and p is the parameter vector. To solve this system
of equations, we use the continuation software AUTO-07p
(Doedel et al., 2007). The AMOC model (Cimatoribus et al.,
2014) and the SCP-M model (Boot et al., 2022) have already
been implemented in this software. AUTO-07p enables us to
efficiently compute branches of stable and unstable steady-
state solutions under a varying control parameter. Further-
more, it allows the detection of special points such as saddle
node bifurcations, which are important here for determining
the multiple equilibria window of the AMOC.

One of the requirements of AUTO-07p is that the Jacobian
determinant of the system (Eq. 5) is non-singular at non-
bifurcation points. To achieve this, we use explicit conser-
vation equations to eliminate the ODEs of the deep-Atlantic
box (d). The conservation equation of salt and PO4 are al-
ready explicitly included into the model. However, as de-
scribed previously, this is not the case for DIC and Alk.
Therefore, we have to introduce extra ODEs describing the
change in total carbon and alkalinity in the system. The
change in total carbon (DIC + atmospheric CO,) and Alk in
the atmosphere—ocean system can be captured as the sum of
riverine influx and the sediment outflux. The riverine influx
is a function of atmospheric pCO; and represents the weath-
ering of silicate and carbonate rocks, i.e.,

Criver = Wearb,c + (Wca.rb,v + Wsi) X Coétm- ©6)
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The sediment outflux of DIC is determined by the sum of
the soft tissue and the carbonate pumps over the entire ocean.
In this model, all produced organic matter is also reminer-
alized in the water column, causing the contribution of the
soft-tissue pump to be negligible, resulting in

7
Csed = Criver X Vi + Z (Ccarb,i X Vz) . (7N
i=1

Since the change in alkalinity in the system is proportional
to the change in total carbon, only one extra ODE is neces-
sary. By eliminating the ODE:s for the deep box and introduc-
ing the ODE for total carbon in the ocean—atmosphere sys-
tem, AUTO-07p eventually solves a system with 27 ODEs.

The use of AUTO-07p made it necessary to make changes
to the carbonate chemistry of the carbon cycle model. In the
original SCP-M, a simple time-dependent function is used,
where the pH of time step k — 1 is used as an initial guess for
time step k (Follows et al., 2006). As long as the changes per
time step remain relatively small, this scheme is sufficiently
accurate. However, due to our solution method, in which
steady states are calculated against parameters, this function
is not suitable for this study. Therefore, we have chosen a
simple “textbook” carbonate chemistry (Williams and Fol-
lows, 2011; Munhoven, 2013), where Alk is assumed to be
equal to carbonate alkalinity (Alkcay = [HCO3] + [Cog_]).
This method is less accurate and leads to higher pH val-
ues (Munhoven, 2013) and lower-atmospheric pCO, val-
ues (Boot et al., 2022). To address the resulting lower-
atmospheric pCO; values, we have increased the value of the
constant rain ratio from 0.07 as used in the original SCP-M
to 0.15.

AUTO-07p has three parameters that determine the accu-
racy of the solution. The absolute and relative accuracy are
set to a base value of 107, but sometimes a higher accu-
racy is used. The accuracy for the detection of special points
(e.g., saddle nodes and Hopf bifurcations) is set to 1077,

3 Results

3.1 CMIP6 freshwater fluxes

The freshwater fluxes Eg and Ep used in the model are con-
strained using results from a CMIP6 ensemble. For this, we
use 28 different CMIP6 models forced with a 1 % increase
per year in atmospheric CO; concentrations (“1pctco2”). We
integrate the variables “wfo” (water flux) and “vsf” (virtual
salt flux) over the regions representing the Atlantic thermo-
cline (Atlantic basin between 50° N and 30° S) and the Indo-
Pacific basin (the rest of the ocean south of 66° N and north
of 30°S) in the coupled box model. Based on these 28 mod-
els, we determine a multimodel mean, and we are able to
constrain both Ej, and E;. For a full list of the models and
used ensemble members, see Table D1.

Figure 2a shows that most models, and the multimodel
mean, show no, or at most a very weak relation between Ej
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and atmospheric pCO;, whereas there seems to be a relation
between Ej and atmospheric pCO;. For E,, we will use the
mean value over the entire simulation (0.99 Sv). For E, we
will use as a default value 0.39 Sv, since this is the value of
E at pCO2 ¢ (320 ppm). Furthermore, we introduce an ad-
ditional coupling in the model, where we implement E as
a function of atmospheric pCO, based on a logarithmic fit
to represent the relation between Eg and atmospheric pCO,
present in the CMIP6 ensemble. This relation is modeled as

Es=(1—-XAg) X Es,base +AE
X (—0.142 + 0.092 x In(COy)). (8)

Here Ag is a parameter controlling whether the coupling is
used (Ag = 1) or the default value of E pase (0.39 Sv) is used
(Ag = 0). Compared to earlier versions of the model, we will
use a different default value for E. In previous studies, val-
ues of 0.25 Sv (Cimatoribus et al., 2014) and 0.17 Sv (Castel-
lana et al., 2019) have been used. Here we choose the de-
fault value based on the value of E at an atmospheric pCO»
value of 320 ppm (pCO3,0) in the CMIP6 fit. The value of
0.39 Sv is of the same order as seen in the HOPAS4.0 dataset,
based on satellite observations (Andersson et al., 2017). This
dataset shows a net freshwater flux of 1 Sv averaged over the
period 1987-2015 into the region representing the thermo-
cline box, which results in an Eg value of 0.5 Sv. In the text,
we will refer to this coupling as the Eg coupling. Note that
this fit does not necessarily represent a direct causal relation
between atmospheric pCO» and the freshwater flux. Surface
temperature could also play an important role here. However,
we have included the effects of temperature changes in rela-
tion to CO; through the CS coupling. The E coupling is re-
sponsible for the changes in salinity related to different CO;
concentrations.

We have made two important choices for using these
CMIP6-constrained freshwater fluxes. First of all, we set
the freshwater transport through the atmosphere from the
Atlantic to the Indo-Pacific basin to 0. There are studies
showing there is moisture transport between the two basins
through the atmosphere (e.g., Dey and Do6s, 2020), but it
is challenging to constrain this flux from Earth system mod-
els. However, in our model set-up, the exact value of this
flux is not relevant for our results. The total freshwater flux
integrated over the Indo-Pacific basin diagnosed from the
CMIP6 ensemble is independent from the moisture transport
between the Atlantic and Indo-Pacific basin. By rescaling the
freshwater flux from the Indo-Pacific basin (box ps) to the
Southern Ocean (box s), we can set the freshwater flux from
the Atlantic to the Indo-Pacific to zero without changing the
AMOC dynamics. Tests in which this flux was not set to zero
but where the net evaporation out of boxes ¢ and ps were kept
constant show this result. The only effect of this freshwater
transport is a shift in the diagram along the E, axis and a
small effect on atmospheric pCO; of a couple of parts per
million (ppm) due to salinity changes.
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The second choice we have made is that the net evapora-
tion from the Atlantic thermocline is symmetrically divided
over the northern and southern high latitudes. For this model,
the exact direction of the freshwater flux out of box 7 is irrel-
evant. What is relevant is the total freshwater flux at each
surface box. Through this, we can see that the asymmetric
freshwater flux, E,, creates an asymmetry in freshwater forc-
ing over the Atlantic basin. Therefore, E, creates the asym-
metry that is potentially more realistic. Since we use E; as
our control parameter in the continuations, we do not need to
constrain this parameter.

3.2 The AMOC multiple equilibria window

We use several different model configurations that are differ-
entiated on feedbacks and couplings included (see Table 1).
We use these different configurations to show the effect on
non-linear feedbacks on the MEW. Note that different cou-
plings (see Appendix A) and different combinations of cou-
plings are possible, but we have chosen to use incremental
steps when including new couplings to keep the results as
simple as possible. We also chose to limit the number of cou-
plings in the main text for the same reason, i.e., to keep it
as simple as possible, and because these couplings have the
strongest effect on the model results.

In our simulations, we define the MEW as the range be-
tween the two saddle node bifurcations, which can include
both stable and unstable branches. In Fig. 3, typical bifur-
cation diagrams for the AMOC strength (Fig. 3a) and at-
mospheric pCO, (Fig. 3b) versus E, are shown. Figure 3
specifically shows the configuration where the biological
coupling, i.e., where biological export production is depen-
dent on ocean circulation, is used (case BIO). Bifurcation
diagrams of the other model configurations discussed here
can be seen in Fig. Al and are very similar to the diagrams
shown in Fig. 3.

The bifurcation diagrams show that to be able to simu-
late the on and off branch, it is vital that the BIO coupling
is used. When this coupling is not used, PO4 concentrations
will become negative in the surface ocean under a collapsed
AMOC regime. This behavior is illustrated in Fig. Ala and
b for case REF. In case REF, the off branch (with negative
POy) is not shown (Fig. Ala, b), while for case BIO the
full bifurcation diagram with two saddle node bifurcations
is plotted (Fig. 3). The reason that PO4 concentrations be-
come negative is that as the AMOC strength declines and less
POy is advected into box n, thus decreasing PO4 concentra-
tions there. As the biological export production is constant
in case REF, at some point the sink (i.e., mainly biological
export production) becomes larger than the source (i.e., ad-
vection of POy4), and PO4 concentrations will become neg-
ative. This shows that the model without the BIO coupling
is unable to capture the carbon cycle of a collapsed AMOC
state because of missing processes, most notably the reduc-
tion in biological export production under increased nutrient

https://doi.org/10.5194/esd-15-1567-2024



A. A. Boot et al.: Potential effect of the marine carbon cycle

(a) (b)

Pacific (CMIP6 ensemble)

Atlantic (CMIP6 ensemble)

1573

(c)

Atlantic (multimodel mean)

14 Itil men " X 0.7 m— Multimodel mean . L 0.52 | === MM
AR ﬂ%‘ QAL L S ’ s ! > == Logarithmic fit; R = 0.99
. 9 N 06 ﬁ v 0.50
—os re Y, 0.48
3 10 3 D g Z 0.46
Y 0.4 ~ o
Wy g u uf 0.44
03 0.42
0.6 ‘ . 0.2 0.40
0.4 e e s fh 0.1 \ 0.38
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200

CO2 [ppm]

CO; [ppm]

CO2 [ppm]

Figure 2. (a) Net evaporation from the Indo-Pacific basin representing the freshwater flux Ep (in Sv) for the CMIP6 ensemble, with the
multimodel mean in black. (b) As in panel (a) but for the freshwater flux Es. (¢) The multimodel mean for Es in black, with a logarithmic fit

in orange.

Table 1. Overview of the used cases. The left column represents the name of the case. The other columns represent whether a coupling
denoted in the top row is used in the case mentioned in the first column by indicating the A parameter associated with the coupling. For A7,
the value represents the strength of the coupling. The quantity Ay refers to Eq. (1) (biological coupling), Ag to Eq. (8) (Es coupling), Af to

Eq. (4) (rain ratio feedback), and At to Eq. (3) (temperature).

Case name A1 (Eq. 1) Ag(Eq.8) Ap(Eq.4) At (Eq.3)
REF 0 0 0 0
BIO 1 0 0 0
Es+BIO 1 1 0 0
Es+BIO+FCA 1 1 1 0
Es+BIO+FCA+CSp o 1 1 1 1
Es+ BIO + FCA + CSy 1 1 1 2

limitation. In Fig. 3b, we can also see the effect of AMOC
tipping on atmospheric pCO,. For the on and the off branch,
atmospheric pCO; values are relatively constant, and the dif-
ference between the branches is approximately 25 to 40 ppm,
depending on the case considered, giving values that are of
the same order as the values reported in more complex mod-
els (Gottschalk et al., 2019). It is good to note here that we
do not expect the same response as those found in more com-
plex models, since we employ a steady-state approach, while
more complex models use transient simulations that are not
yet in equilibrium. However, we would not expect a much
larger response in magnitude, and since our response is of
a similar order to that in Gottschalk et al. (2019), we have
confidence that the model is suitable for our application.

To explain the lower-pCO, values on the off branch, we
consider the constraint in the model on total carbon content
in the ocean—atmosphere system. In the steady state, the to-
tal carbon content in the ocean—atmosphere system is not al-
lowed to change. Note that this does not mean that for every
E, value the total carbon content is the same. Different E,
values correspond to a slightly different total carbon content
in the ocean—atmosphere system, but for each E, value, %
is equal to 0. Terrestrial and soil carbon are not considered
in this model. This means that the riverine input and sedi-
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ment outflux of DIC must balance for each value of E, to
keep the total carbon content constant. In our model, the sed-
iment outflux is a function of the CaCOj3 saturation state and
CaCO3 production, which is a function of the rain ratio (con-
stant in non-FCA cases) and the export production. However,
in the AMOC off state, the saturation state of CaCQOs in the
ocean is in every box larger than 1, meaning that there is
no saturation-driven dissolution of CaCOj3, and the sediment
outflux is purely a function of the export production and a
constant background dissolution rate. In an AMOC off state,
the nutrient advection is relatively low, causing a reduction in
export production and therefore a smaller sediment outflux.
In the steady state, the riverine influx must balance this small
outflux, which is only possible by decreasing atmospheric
pCO; values.

From the six cases considered here (Table 1), we can see
the effect of the individual couplings. As described earlier,
the biological coupling is necessary to determine the off
branch but does not influence the bifurcation diagrams oth-
erwise. Adding the Eg coupling (Es as a function of atmo-
spheric pCO;) alone does not affect the dynamics of the
model (Fig. Alc, d) too much since CO, concentrations are
close to COg . The rain ratio coupling (FCA; variable rain
ratio dependent on CaCO3 saturation state) decreases atmo-
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spheric CO, concentrations by 35 ppm and slightly increases
the difference in CO, concentration between the on and off
branch (Fig. Alf). This coupling decreases the atmospheric
CO, concentrations because, under these settings, the FCA
coupling leads to a lower rain ratio compared to a constant
rain ratio. As a result, burial of carbon in the sediments is
reduced, meaning that the river influx is also reduced, which
can only be caused by a lower-atmospheric CO; concentra-
tion. The climate sensitivity coupling increases this effect by
changing the solubility of CO» in the surface ocean, with a
larger effect for the higher climate sensitivity (Fig. Alh, j).In
the cases using the rain ratio, the potential of the E coupling
becomes visible. In these cases, atmospheric pCO; values
deviate more from pCO, ¢ and therefore have a larger effect
on Eg. When Ej differs from the default value (0.39 Sv), both
saddle node bifurcations move to different E, values.

To explain the movement of the saddle node bifurcations,
we consider the sensitivity of the model to Eg (Fig. 4). In
Fig. 4, the location of the saddle node bifurcations on both
the on and the off branch are shown versus the value of Ej.
This figure shows that as E increases, the MEW also in-
creases. The default value used for cases REF and BIO for E
is 0.39 Sv. The CMIP6 CO,-dependent fit (Eq. 8) results in a
slightly smaller value. Due to decreased Ejs, the thermocline
becomes fresher, and in combination with the salt—-advection
feedback, this leads to a smaller meridional density gradi-
ent and therefore a weaker AMOC. Furthermore, decreased
E decreases the net evaporation over the Atlantic, given by
(Es-E,), and this means that a smaller E, is necessary to tip
the AMOC. On the off branch, a smaller E; results in salin-
ification of the ts box, and a less negative freshwater flux
(Ey) is needed to decrease the meridional density gradient
and reinvigorate the AMOC. For cases with the FCA feed-
back, it reduces the MEW by moving the off branch saddle
node bifurcation to larger values of E, and by moving the
saddle node bifurcation on the on branch to smaller values,
which can be explained by the fact that CO; is smaller than
CO3,0, and therefore, E is smaller than E pase in (Eq. 8).

In the bifurcation diagrams in Figs. 3 and A1, we find that
the solution on the on branch becomes unstable before pass-
ing the saddle node bifurcation. This change in stability can
be explained by the presence of a subcritical Hopf bifurca-
tion in the circulation model. The internal oscillation corre-
sponding to this Hopf bifurcation is unstable and has a mul-
tidecadal periodicity. In this study, we are only interested in
the MEW of the AMOC, and we therefore do not consider
the Hopf bifurcation further.

3.3 Sensitivity to total carbon content

Over the Cenozoic, both the AMOC (Lynch-Stieglitz, 2017)
and total carbon content in the ocean—atmosphere system
have varied (Zeebe et al., 2009; Caves et al., 2016). In Caves
et al. (2016), it is suggested that total carbon content has
varied between 24 000 and 96 000 PgC. In the previous sec-
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tion, the model was studied with approximately 40 000 PgC
in the global system. In this section, we analyze how the
sensitivity of the AMOC MEW changes under different to-
tal carbon contents in the model. To test the sensitivity,
we remove approximately 4000 (—10 %) PgC and add ap-
proximately 4000 (410 %) PgC, 10000 (425 %) PgC, and
20000 (450 %) PgC. We do this for the cases considered in
Sect. 3.2, excluding case REF (Fig. 5).

In case BIO, there is no change in the MEW, which is to
be expected since there is no back-coupling from the carbon
cycle model to the AMOC model, and the AMOC solution
is therefore independent of the carbon cycle. We see only the
effect of total carbon content on atmospheric pCO, values.
When carbon is removed, the CO, concentrations at the sad-
dle node bifurcation both decrease. However, when carbon is
added, only the saddle node bifurcation on the on branch has
higher-CO, concentrations, independent of whether 4000,
10000, or 20000 PgC is added. We see a similar pattern for
the Eg+ BIO case, but here the MEW increases for larger
total carbon content due to the different CO;, concentrations
at the saddle node bifurcations. The cases including the rain
ratio feedback show a different pattern. Here, the CO; con-
centrations at both saddle node bifurcations are dependent on
the amount of carbon added to the ocean—atmosphere system,
i.e., the higher the content, the higher the CO, concentrations
at the saddle node bifurcations (Fig. 5b). This influences the
value of E; at the saddle node bifurcations (Fig. 5c¢), which
increases the MEW for increasing carbon content (Fig. 5a).
The MEW shift increases when the climate sensitivity cou-
pling is used (CSy, and CSy;), with a larger response for the
higher sensitivity (CSyp). Another effect visible in the cases
using the FCA feedback is when the difference in CO, con-
centration between the on and the off branch increases as the
total carbon content increases. This effect is larger when cli-
mate sensitivity is increased.

We can explain the behavior of the MEW in the Es+ BIO
case by looking at the atmospheric pCO; values and there-
fore also at Eg values, the saddle node bifurcations, which
are similar for the three high total carbon cases. However,
when the rain ratio feedback is used, we see that the MEW
keeps increasing for larger carbon contents since the atmo-
spheric pCO» also increases. We can explain the difference
between E + BIO and the cases where the rain ratio feed-
back is used by the constraint on total carbon in the ocean—
atmosphere system. In E;+ BIO, biological export produc-
tion in the Atlantic is mainly a function of the AMOC
strength, whereas in the Es+ BIO + FCA case, it is also de-
pendent on the CaCO3 saturation state which is coupled to
atmospheric pCO, through the pH of the surface ocean. This
leads to a larger outflux of DIC and Alk to the sediments,
which, in steady state, needs to be balanced by a higher in-
flux of DIC and Alk through the riverine flux, which can only
be achieved by increasing atmospheric pCO>.

A second result for the cases with the rain ratio feedback
is that the CO, concentration difference between the on and
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Figure 3. Bifurcation diagram showing the sensitivity of the AMOC and atmospheric pCO; to Ej. Solid lines represent stable steady-state
solutions, dotted lines represent unstable solutions, vertical dashed—dotted lines represent the location of the saddle node bifurcation on the
on branch, and vertical dashed lines show the location of the saddle node bifurcation on the off branch. The case presented here is the one
for which biological coupling is used, i.e., case BIO. Bifurcation diagrams of other cases discussed in the main text can be found in Fig. Al.
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Figure 4. E, value corresponding to the saddle node bifurcation on
the on branch (dashed-dotted blue line) and the off branch (dashed
orange line) for different values of Eg in Sv (bottom x axis). The
area above the dotted blue line represents the monostable off state,
the area below the orange line the monostable on state, and the area
in between the MEW. The top x axis represents the CO, values
corresponding to the Es values following the fit (Eq. 8); note that
this axis is non-linear. The results are based on the dynamical ocean
model only where the value for Eg has been changed.
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off branch increases for a higher total carbon content. As we
increase total carbon content in the system, the rain ratio in-
creases on both the on and the off branch because the satu-
ration state of CaCOj3 increases. Due to non-linearities in the
carbonate chemistry, the more carbon is present in the sys-
tem, the larger the difference in the rain ratio between the
two branches. This explains why the difference between the
on and off branch increases as the total carbon content in-
creases in the system.

4 Summary and discussion

In this paper, we investigated the multiple equilibria window
(MEW) of the AMOC in a coupled ocean circulation—carbon
cycle box model. When freshwater forcing is coupled to at-
mospheric pCO; using a CMIP6 multi-model fit in Eq. (8)
above, the MEW changes slightly due to a dependency on
atmospheric pCO,. We also assessed the sensitivity to the
total carbon content in the system and found that the MEW
is larger with more carbon in the system due to a shift in both
the on and off branch saddle node bifurcations. These results
show the potential of the marine carbon cycle to influence the
MEW of the AMOC.

The following two processes explain the results on the
MEW: (1) the balance between the riverine flux and sedi-
ment flux that constrains atmospheric pCO; (first two pan-
els in Fig. 6a, b) and (2) the sensitivity of the AMOC to E
(last panel in Fig. 6a, b). These clear and plausible mech-
anisms are more important than the precise quantitative es-
timates and are summarized in Fig. 6. In the model, atmo-
spheric pCO; is dependent on the ocean circulation through
the effect of export production on the burial of DIC and Alk
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Figure 5. Panel (a) shows the location of the saddle node bifurcations versus Ej (in Sv), panel (b) shows the corresponding CO, concen-
tration (in ppm), and (c) shows the corresponding value of Es (in Sv). The top row of the figure represents case BIO, the second row shows
case Es+ BIO, and the middle row shows case Es+ BIO + FCA. The fourth row shows case Eg+ BIO + FCA + CSy o, and the bottom row
shows Es+ BIO + FCA + CSyj. Square markers represent the location of the saddle node bifurcation on the off branch, and round markers
show the location of the saddle node bifurcation on the on branch for cases for which 4000 PgC is removed (purple), the default carbon
content (black), 4000 PgC is added (green), 10 000 PgC is added (orange), and 20 000 PgC is added (blue). Note that these values lie well
between 24 000 and 96 000 PgC, which is the range of total carbon content throughout the Cenozoic suggested by Caves et al. (2016), and

the default total carbon content is approximately 40 000 PgC.

in the sediments. In the steady state, this burial needs to bal-
ance the riverine influx, which is dependent on atmospheric
pCO,. When the Eg coupling is used, E is dependent on
atmospheric pCO,, and the ocean circulation is dependent
on Eg, creating a feedback loop (Fig. 6). If the CO; con-
centration in the atmosphere is larger than CO; o, the MEW
increases, while it decreases if it is smaller than CO; . This
is the result when Ej is high because atmospheric pCO; is
high, which results in a stronger AMOC on the on branch. As
a consequence, export production is increased, and there will
be a larger outflux of carbon and alkalinity through the sedi-

Earth Syst. Dynam., 15, 1567—-1590, 2024

ments, which is balanced by a high influx of carbon through
the rivers, consistent with high-atmospheric pCO; values. Of
the feedbacks that we have implemented, only the rain ratio
feedback (FCA) affects this mechanism because it directly
influences the sediment outflux and makes the carbon cycle
less sensitive to the ocean circulation. The Es—pCO; fit used
in this study is also important. We acknowledge that it is dif-
ficult to assess the validity of the CMIP6 E;—pCO; fit since
that fit is based on a transient simulation with a strong forc-
ing. However, longer simulations (i.e., more than 3000 years)
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Figure 6. Illustrations of the main mechanisms affecting atmospheric pCO;, and AMOC stability. Panel (a) shows the mechanisms for the
on branch. A strong AMOC increases the export production through an increased nutrient advection (left panel), which is accompanied by
high-atmospheric pCO; due to the necessary balance between the river influx and sediment burial (middle panel). If the CO; concentration is
larger (smaller) than CO; ¢, then the AMOC will strengthen (weaken), and the MEW will increase (decrease) (right panels). Panel (b) shows
the mechanisms for the off branch. The absence of an AMOC decreases export production through decreased nutrient advection (left panel)
accompanied by a low-atmospheric pCO;, (middle panel). When pCO; is larger (smaller) than pCO; ( the MEW increases (decreases)
(right panel). TC represents total carbon in the ocean—atmosphere system, EP is the export production, and F, is the rain ratio.

by Galbraith and de Lavergne (2019) show a similar, actually
slightly stronger, relation to the one used in this study.

What is vital in this mechanism is the riverine flux that is
a linear function of atmospheric pCO;. The linear function
we have used in this study is based on the SCP-M (O’Neill
et al., 2019), which is based on earlier work by Toggweiler
and Russell (2008). In LOSCAR (Zeebe, 2012), a model
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of similar complexity, the riverine flux is based on a power
law. However, this function is defined such that atmospheric
pCO» converges to a preset value over time, which makes it
unsuitable for our study. There are models with more com-
plex weathering terms, including effects of temperature and
vegetation, e.g., COPSE (Bergman et al., 2004) and GEO-
CARBSULF (Royer, 2014), but these are too complex for
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our model. We could also replace the linear parameteriza-
tions with non-linear ones. Powers larger than one will de-
crease the sensitivity of the model to changes in the burial
of CaCOs in the ocean, and powers smaller than one will in-
crease the sensitivity of the model. Given that the model does
not seem to be very sensitive to non-linear feedbacks in the
carbon cycle, we do not expect very different behavior if a
non-linear parameterization is used.

The results here can be relevant when studying climate
transitions in past and future climates as mechanisms with re-
gard to how AMOC stability can depend on the background
climate and atmospheric pCO, values identified. Previous
work focused on the Pleistocene suggests an influence of
atmospheric pCO» on the stability structure of the AMOC
through temperature (Sun et al., 2022) and moisture transport
(Zhang et al., 2017). In our model, there is no direct effect of
temperature changes on the AMOC strength, but the E cou-
pling used here is similar to the moisture transport described
in Zhang et al. (2017). The only difference is that this mois-
ture transport is taken directly to the Pacific basin in their
study, whereas in our model, we rescale freshwater fluxes to
set this direct flux to zero.

We have used a model that provides a simple framework
for studying AMOC dynamics that allows us to efficiently
test the concept of AMOC stability in a wide range of pa-
rameter values. However, a limitation is that temperature is
not a state variable in the model, based on the assumption
that the timescales of salinity variations are longer than that
of temperature and thus dominantly in a steady state. This
means that the AMOC strength in our model is not influ-
enced by changes in temperature, which is a caveat of this
study. Under high carbon content in the ocean—atmosphere
system, the AMOC does not depend on temperature varia-
tions in our model and might not be valid. However, we have
explored relatively small changes in the total carbon con-
tent, and the mechanisms presented here are also valid for
this smaller range, suggesting that the main mechanism pre-
sented in this study is at least valid for small changes in the
total carbon content. A recent study (van Westen et al., 2024)
in which the original box model of Castellana et al. (2019) is
extended with dynamical temperature equations shows that
under present-day conditions the MEW hardly changes after
this extension of the model. Willeit and Ganopolski (2024)
show that under higher-CO, concentrations, the MEW in-
creases in the Earth System Model of Intermediate Com-
plexity (EMIC) CLIMBER-X. Note that this is done without
interactive carbon cycle, so this is just the response of the
AMOC to warmer climates in a more complex model than
the one used in this study. Based on these two studies, we do
not expect that the MEW shift described in this study is fully
compensated for when temperature is a state variable.

In van Westen et al. (2024), the original box model was
also extended with a parameterization representing the ef-
fects of sea ice on the AMOC. This parameterization is based
on hysteresis experiments using the Community Earth Sys-
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tem Model (van Westen and Dijkstra, 2023). Sea ice insu-
lation effects create a new state in the model with a weak
AMOC that extends from the off branch towards lower val-
ues of E,. This effectively increases the MEW in the model,
showing that sea ice can play an important role in the ocean
dynamics of the model. The weak state is expected to disap-
pear in warmer climates because of the melting of the sea ice.
However, the changes in ocean dynamics do not necessarily
impact the mechanisms summarized in Fig. 6, and we there-
fore believe that including sea ice effects would not change
the conclusions of our study.

Though not a limitation in the model, it is good to note
that the range of timescales in the carbon cycle model is
larger than in the circulation model, which does not affect
our results but does affect the time-dependent response of
the system. As time-dependent effects are not considered,
it is difficult to compare our results to existing studies in
the literature since these commonly use time integration.
Studies using Earth system models on multidecadal to cen-
tennial timescales expect that, under climate change, atmo-
spheric pCO; values increase following reduced mixing in
the North Atlantic (Boot et al., 2023) or a weakening of the
AMOC (Boot et al., 2024b; Zhang et al., 2024). On mil-
lennial timescales, most studies show an increase in atmo-
spheric pCO, after an AMOC weakening (Zickfeld et al.,
2008; Gottschalk et al., 2019), but the mechanisms are de-
pendent on the model and the set up of the simulations. The
sign of response in the atmospheric pCO, in most studies
on the multidecadal-to-millennial timescales is at odds with
what we found. However, this can be explained in that the
final response in our study is mostly dominated by longer
timescale processes, i.e., the balance between the weathering
and burial of carbon in sediments. Our finding that the MEW
increases under higher-CO; concentrations is supported by
results from CLIMBER-X (Willeit and Ganopolski, 2024).
However, as noted earlier, this study does not use an interac-
tive carbon cycle, and the increase in MEW is caused only
by the response of the AMOC to a warmer climate.

Our work also holds implications for assessing AMOC
stability in future climates. Currently, the global warming
threshold for an AMOC collapse is estimated to be 4 °C
(Armstrong-McKay et al., 2022). In the future, the carbon
content of the ocean—atmosphere system will increase, po-
tentially increasing the MEW, which can change the likeli-
hood of a bifurcation-induced AMOC collapse. In this study,
we focused on the slow bifurcation-induced tipping of the
AMOC, while the AMOC is also able to tip due to faster
processes (e.g., density changes related to temperature vari-
ations), resulting in noise-induced tipping (Castellana et al.,
2019; Jacques-Dumas et al., 2023; van Westen et al., 2024),
and due to rate-induced tipping (Alkhayuon et al., 2019;
Lohmann and Ditlevsen, 2021). The mechanisms presented
here might influence these noise-induced transitions as well.
We hope this work inspires further research on the depen-
dency of the AMOC MEW on the carbon cycle in more de-
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tailed models to further investigate the relevance of the mech-
anism found in this study and provide a better quantification
for the influence of the marine carbon cycle on the MEW of
the AMOC.

Appendix A: Additional couplings, feedbacks, and
simulations

Besides the couplings and feedbacks presented in the main
text, we have introduced one additional coupling and two ad-
ditional feedbacks to the carbon cycle. A summary of these
cases and the results can be seen in Table Al and Fig. A2.
The main effects of these additional coupling and feedbacks
is a shift in atmospheric pCO; values on the on branch for
cases with the piston velocity feedback (Eqs. A3 and A4).
This shift is larger when also the climate sensitivity feedback
is used. A description of the additional coupling and feed-
backs is given below.

This coupling increases the concentrations of DIC and Alk
in the surface ocean due to evaporation and decreases the
concentrations due to a net influx of freshwater at the surface.

C4
Cdil,i = Ap X (Es+ Ea) X vl

1

(AD)

where C; is the tracer concentration in box i, and V; is the
volume. Ap is a parameter that determines whether the cou-
pling is used (Ap = 1) or not (Ap = 0). The dilutive fluxes
for Alk are modeled in a similar fashion.
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A first additional feedback we introduce is a linear tem-
perature dependency in the biological efficiency (Eq. A2),
which was introduced in the biological coupling. Under an
SST increase, the efficiency will decrease, as follows:

€ = (Ae X —0.1AT) + € pase- (A2)

For this feedback, it is necessary to also use the climate
sensitivity feedback, and the strength can be regulated with
Ac.

The second additional feedback allows the piston veloc-
ity (ky) to vary with the SSTs (Eq. A3). When the climate
sensitivity feedback is used, this also affects the piston veloc-
ity. The temperature dependency is introduced by making the
piston velocity a function of the Schmidt number (Eq. A4),
as follows:

kw,i =(1—Ap) x kw,i,base

Ak e X (Si> _0'5, (A3)
a 660
where
Sci =2116.8 — 136.25T; +4.7353T7
—0.0923077; 4 0.00075557;". (A4)

In this case, the feedback can be either switched on (Ap =
1) or off (Ap = 0). Without this feedback, the piston velocity
is similar for all boxes, but with this feedback, the piston
velocity will differ per box.

Table A1. Additional cases not included in the main text using additional feedbacks as described in this document. Results of these cases

can be seen in Fig. A2.

Notaton S-1 S§2 S3 S4 S5 S6 87 S8 89 510
ABI 1 1 1 1 1 1 1 1 1 1
AT 1 0 o0 1 1 1 0 0 1 1
Ap o 0 1 1 1 0 o0 1 1 1
AD o 1 o0 O0 0 0 1 0 0 0
Ae o 0 o O0O 1 0 0 0 0 1
AE o 0 o0 0 0 1 1 1 1 1
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Figure A1. As in Fig. 3 but for the other cases discussed in the main text. (a, b) The case without additional coupling (REF), where the off
state cannot be simulated. (¢, d) The case with the CMIP6-based E and biological coupling (Es+ BIO). (e, f) The case where the rain ratio
feedback is also applied (Es+ BIO + FCA). Panels (g)—(j) are the same as panels (e) and (f) but also with the climate sensitivity feedback, a
low sensitivity (g-h; Es+ BIO 4+ FCA + CSy o) and a high sensitivity (i—j; Es+ BIO +FCA + CSqy). (a, ¢, e, g, i) The AMOC strength (in
Sv) versus Ej (in Sv), and (b, d, f, h, j) the CO; concentration in the atmosphere (in ppm) versus E, (in Sv).
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Figure A2. Bifurcation diagrams showing the sensitivity of the model to £, for additional cases, as defined in Table A1. Solid lines represent
stable steady-state solutions, dotted lines represent unstable states, dashed—dotted lines represent the location of the saddle node bifurcation
on the on branch, and dashed lines the location of the saddle node bifurcation on the off branch. The black lines represent a case with only
the biological coupling (BIO), the orange lines with the logarithmic CMIP6-based Es and biological coupling (Es+ BIO), and the blue and
green lines represent the cases defined in Table A1. Results are for the AMOC strength (in Sv) (a, ¢, e, g, i) and atmospheric pCO; (in ppm)
(b,d, £, h, j).
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Appendix B: Model parameters

The model parameters are presented in Tables B1 to B5.

Table B1. Symbol (column 1), description (column 2), value (column 3), and units (column 4) of the general parameters used in the ocean
circulation model, based on Cimatoribus et al. (2014).

Symbol  Description Value Units
Vo.a Total volume of the Atlantic basin 3 x 1017 m3

Va Volume of box n 3x 1013 m3

Vs Volume of box s 9 x 1015 m3

A; Surface area box ¢ 1x 1014 m?
Liya Zonal extent of the Atlantic Ocean at its southern end 1x 107 m

Ly Meridional extent of the frontal region of the Southern Ocean 1 x 100 m

L,s Zonal extent of the Southern Ocean 3% 107 m

T Average zonal wind stress amplitude 0.1 Nm—2
AgM Eddy diffusivity 1700 m?s~!
fs Coriolis parameter —1x10™% 7!

00 Reference density 1027.5 kg m~3
K Vertical diffusivity 1x 1073 m2s~!
So Reference salinity 35 g kg_1
Ty Reference temperature 5 °C
Tyvase  Base temperature box n 5 °C

Tis base  Base temperature box ts 10 °C

n Hydraulic constant 3% 10% ms~!
o Thermal expansion coefficient 2x 1074 K!

B Haline contraction coefficient 8x 1074 g kg_1
rs Transport by the southern subtropical gyre 10 x 10° m3s~!
N Transport by the northern subtropical gyre 5% 100 m3 s~}

Table B2. Symbol (column 1), description (column 2), value (column 3), and units (column 4) of the general parameters used in the ocean

circulation model added or changed with respect to Cimatoribus et al. (2014).

Symbol  Description Value Units
Eg Symmetric freshwater flux 0.39 x 10° m3 s~ !
Ep Freshwater flux from box ps to box s 0.99 x 10° m3 5!
Vo Total volume of the ocean 1.5x 1018 m3
Vps Volume box ps 9 x 1016 m3
Vpa Volume box pd 111 x 1018 m3
dps Depth box ps 300 m

dg, Floor depth box n 300 m

dgy Floor depth box ¢ variable (D) m

dfgs Floor depth box ts variable (D) m

dsg Floor depth box s 300 m

dsg Floor depth box d 4000 m

T} base Base temperature box ¢ 23.44 °C

T base Base temperature box s 0.93 °C

T, Temperature box d 1.8 °C
Tps Temperature box ps 23.44 °C
Tpa Temperature box pd 1.8 °C

rp Transport by the subtropical gyre between boxes s and ps 90 x 100 m3 5!

Earth Syst. Dynam., 15, 1567-1590, 2024
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Table B3. Symbol (column 1), description (column 2), value (column 3), and units (column 4) of the general parameters used in the carbon
cycle model, based on Boot et al. (2022).

Symbol

Description

Vat
41

Y1
n

Pc

DCa
Wsc
Wsv

do
kw,base
Rc.p
Rp.c
[Caln
[Cal
[Cals
[Cals
[Calq

Volume of the atmosphere
Global overturning circulation

Bidirectional mixing term between boxes ps and pd

Order of CaCOj3 dissolution kinetics
Mass percentage of C in CaCOj3
Constant dissolution rate of CaCO3
Constant silicate weathering

Variable silicate weathering parameter
Variable carbonate weathering parameter
Constant CaCOj3 dissolution rate
Exponent in Martin’s law

Reference depth for biological productivity
Base piston velocity

Redfield C : P ratio

Redfield P : C ratio

Calcium concentration box n

Calcium concentration box ¢

Calcium concentration box ts

Calcium concentration box s

Calcium concentration box d

Value Units

1.76 x 1020 m3

18 x 109 m3 s~ !

30 x 10° m3s~!

1 _

0.12 -

275 x 10713 molm 35!

24 x 10712 molm—3 s~ !

1.6 x1078 molm~3 atm—!s~!
63x 1078 molm 3 atm~!s~!
4.4 %1076 5!

0.75 -

100 m

3 md~!

130 mol Cmol~! P
1/130 molPmol~! C
0.01028 x S,  molm™3

0.01028 x S; molm™3
0.01028 x S;s  molm™3
0.01028 x Sy molm™3
0.01028 xS; molm™3

Table B4. Symbol (column 1), description (column 2), value (column 3), and units (column 4) of the parameters used in the carbon cycle
model that have been changed compared to Boot et al. (2022).

Symbol  Description

Value  Units

Z base Base biological production box n 1.9 mol Cm™2 yr 1
Z; base Base biological production box ¢ 2.1 mol C m—2 yr71
Z:sbase  Base biological production box ts 2.1 mol Cm 2 yr_1
Z; base Base biological production box s 1.1 mol Cm~2 yr_1
€1 base Base biological efficiency box n 0.1 -

€ base Base biological efficiency box ¢ 0.5 -

€15 base Base biological efficiency box ts 0.3 -

€5 base Base biological efficiency box s 0.1 -

Fcapase Base rain ratio 0.15 -

pCO2 o  Base atmospheric pCO; value 320 ppm

Table B5. The symbols and description of the equilibrium constants are presented in the

source of the used expression.

first two columns. The third column presents the

Symbol

Description

Expression

Ko
Ky
K>
Ksp,base
Ksp,press

Solubility constant
First dissociation constant of carbonic acid

Second dissociation constant of carbonic acid

Equilibrium constant for CaCOs3 dissolution
Pressure correction for Ky pase

Weiss (1974)
Lueker et al. (2000)
Lueker et al. (2000)
Mucci (1983)
Millero (1983)
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Appendix C: Model equations

There are 30 state variables in total, namely salinity, DIC,
alkalinity, and POy in the seven boxes, the pycnocline depth
D, and atmospheric pCO,. The state variables in the deep-
Atlantic box are determined using conservation laws. The
salinity equations are given by Egs. (C1)-(C6), the conserva-
tion of salt in the model is given by Eq. (C8), and the pycno-
cline depth is determined using Eq. (C7). The volume fluxes
are determined using Egs. (C9) to (C13), and the equation of
the state is given by Eq. (C14). The equations for the carbon
cycle model are given by Eqgs. (C15) to (C27).

d(ViS;)
Y qs0(gs) Sts +6(—qs) St + quSa
—0(@N)gNS; +1rs(Sis — Sr)
+rN(Sy — 81) + 2E5 S0, (C1nH
d(VisSss)
% = gBkSs — qeSts — g5 (0 (gs) Sts
+9(—CIS)5r> +rs (St — Sts)s (C2)
ds;,
Vi —— & =0(gN)gN (St — Sp) +rN(S; — Sn)
- (Es + Ea) So, (C3)
dsS;
VSE =gs (0 (gs) Sa + 6 (—gs) Ss) + geSts — qExSs
—(Ep+Es— Ea) So+ (rp +¥1) (Sps — Ss),  (C4)
ds
VpSTpS =+ Iﬂl) . (Spd - Sps)
+ (e - (S5 = Sps)) + Ep, (Cs)
dSpa
Vpa—g,~ =1+ (Sps = Spa) +¥1 (Sa = Spa), (C6)
LyaL dD
(A—%—ii—l) o =dutas—ge—0@aN,  (€D)
SOVO = VnSn + Vde + VtSt + VtsSts + VSSS
+ Vps Sps + Vpd + Spd, (CS)

where 6 is a step function which takes a value of one for a
positive argument and takes a value of zero for a negative
argument. The volume fluxes are given by

TLys
qEk = , (C9)
ool fsl
L
ge = Ao —2 D, (C10)
Ly
KA
= Cl1
=7 (C1D)
gn=n2"P 2 (C12)
£0
4s = qEk — qe, (C13)
0i =po(l —a(T; —To) + B(S; — So)), (C14)
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where i represents any box.

The carbon cycle equations are given by Egs. (C15) to
C19. The different fluxes are determined using Egs. (C20)
to C27.

d[DIC];
dr = Cphys,i + Cbio,i + Ccarb,i + Cair,i + Criver,tv (CIS)
d[AIKk];
d = Aphys,i + Acarb,i + Ariver,t ) (Cl6)
d[PO;"1;
T = Pphys,i + Pbio,i + Priver,t» (C17)
dCiot 2 :
a = Criver,;y X V¢ +; Cearb,i Vi +; Cbio,i Vi 1 , (CI8)
dAlk
a o= AlKriver,r X Vi + Alkyiver, ps X Vps
7
+ > (Alkearb, i Vi) (C19)

1

In these equations, the different terms represent advec-
tive fluxes (Xpnys), biological fluxes (Xpio), carbonate fluxes
(Xcarb), air—sea gas exchange (C,ir), and the river influx
(Xtiver). From these fluxes, C,jy only acts on the surface
boxes, and Xiiver only acts on box 7 and box ps. Xphys is
determined as follows:

1
Xphys,i = 7, (Z (qj_”' X Xj) — Z (q,'_>j X X,’)) . (CZO)

i=1 i=1

This equation shows that the concentration of tracer X
changes through an advective flux flowing out of box i to
box j (gi— ;) times the concentration in box i (X;) and a flux
flowing into box i from box j (g, ;) times the concentration
in box j (X ;). There can be fluxes from multiple boxes into
one box.

Ko,i X kw,i x po x (CO3™ — pCOy;)
Vi

Cair,i = (C21)

The value of i is n, t, ts, s, or ps. Ko is the solubil-
ity constant, k,, the piston velocity, CO3™ the atmospheric
CO; concentration, pCO; the partial pressure of CO; in the
ocean, and V the volume of the ocean box.

Z,‘ X A,‘ X FCa,i
Vi

+(feot ] o] o
) ([cogf]i[CaH]i)

Ksp,i

Ccarb,i = -

x PerC +DC (C22)

The value of i is n, ¢, ts, s, or ps. Z represent biologi-
cal production, A the surface area of the box, Fc, the rain
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ratio, and V the volume. Other variables are the carbonate

ion concentration ([CO?]), calcium concentration ([Ca2+]),

and equilibrium constant for the CaCOj3 dissolution (Kp).
For box pd, the carbonate flux is determined as follows:

Cearb,i = <|:CO§] b [Ca2+] pd> pokca

([cog]pd [Ca**] d) '

Kip,pd

1—

x|1-—

Ksp,sed

x PerC + DC, (C23)

where there is a distinction between water column dissolu-
tion of CaCO3 and dissolution in the sediments.
The biological fluxes in the surface ocean are given by

Zix A [(di\""
Crio = = x(d—Z) , (C24)
1

andiisn,t,ts,s,or ps. Z represents biological production,
A the surface area of the box, V the volume, and dj the floor
depth of the box.

The biological flux for box pd is given by

Z,s X Aps dfps —b diot -b
Cpi = P2 27 P7 Zps —— . C25
bio. Vs (( do ) do (2

Alkalinity and phosphate fluxes are proportionate to DIC
fluxes as follows:

Acarb,i =2x Ccarb‘iv (C26)
Pyio,i =rp.c X Cbio,i» (C27)

where rp.c is a constant stoichiometric P to C parameter.
An explanation and the value of all parameters are given
in the tables in Appendix B.
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Appendix D: CMIP6 models

A. A. Boot et al.: Potential effect of the marine carbon cycle

Table D1. List of CMIP6 models used in this study, with the model name (column 1), member used (column 2), corresponding variable
(column 3; either water flux (wfo) or virtual salt flux (vsf)), and reference (column 4).

Name Member  Variable Reference
ACCESS-CM2 rlilplfl  wfo Dix et al. (2019)
ACCESS-ESM1-5 rlilplfl  wfo Ziehn et al. (2019)
CESM2 rlilplfl  vsf Danabasoglu (2019)
CESM2-WACCM-FV2 rlilplfl  vsf Danabasoglu (2020)

CMCC-CM2-HR4 rlilplfl  wfo

CMCC-ESM2 rlilplfl  wfo
CNRM-CM6-1-HR rlilplf2  wfo
CNRM-ESM2-1 rlilplf2  wfo
CanESMS5 rlilplfl  wfo
CanESMS5-1 rlilplfl  wfo
E3SM-2-0 rlilplfl  wfo
E3SM-2-0-NARRM rlilplfl  wfo
FGOALS-{3-L. rlilplfl  vsf
FGOALS-g3 r2ilplfl  vsf
FIO-ESM-2-0 rlilplfl  wfo
GFDL-CM4 rlilplfl  wfo
GFDL-ESM4 rlilplfl  wfo
GISS-E2-1-G rlilplfl  wfo
GISS-E2-2-G rlilplfl  wfo

HadGEM3-GC31-LL
HadGEM3-GC31-MM
IPSL-CMS5A2-INCA
IPSL-CM6A-LR

rlilplf3  wfo
rlilplf3  wfo
rlilplfl  wfo
rlilplfl  wfo

MCM-UA-1-0 rlilplfl  wfo
MIROC-ES2L rlilplf2  wfo
MIROC6 rlilplfl  wfo

MPI-ESM-1-2-HAM
MPI-ESM1-2-LR

rlilplfl  wfo
rlilplfl  wfo

MRI-ESM2-0 rlilplfl  wfo
NESM3 rlilplfl  wfo
NorCPM1 rlilplfl  vsf
NorESM2-MM rlilplfl  vsf

SAMO-UNICON rlilplfl  wfo

Scoccimarro et al. (2021)
Lovato et al. (2021)
Voldoire (2019)

Seferian (2018)

Swart et al. (2019a)

Swart et al. (2019b)
E3SM-Project (2022)
E3SM-Project (2023)

Yu (2019)

Li (2019)

Song et al. (2020)

Guo et al. (2018)

Krasting et al. (2018)

for Space Studies (NASA/GISS) (2018)
for Space Studies (NASA/GISS) (2019)
Ridley et al. (2019)

Ridley et al. (2020)
Boucher et al. (2020)
Boucher et al. (2018)
Stouffer (2019)

Hajima et al. (2019)

Tatebe and Watanabe (2018)
Neubauer et al. (2019)
Wieners et al. (2019)
Yukimoto et al. (2019)

Cao and Wang (2019)
Bethke et al. (2019)
Bentsen et al. (2019)

Park and Shin (2019)

Code and data availability. All model code, data, and scripts are
available at https://doi.org/10.5281/zenodo.10005999 (Boot et al.,
2024a). AUTO-07p can be downloaded from https://github.com/
auto-07p/auto-07p, last access: 8 May 2024 (Doedel et al., 2021).

Author contributions. All authors contributed to the conceptual-
ization of the study. AAB constructed the numerical model, per-
formed the simulations, and analyzed the results. AAB wrote the
first draft, and all authors contributed to interpreting the results and
reviewing and editing the final draft.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Earth Syst. Dynam., 15, 1567—-1590, 2024

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Financial support. This research has been supported by the
Netherlands Earth System Science Centre (grant no. 024.002.001).
The work of Amber A. Boot and Henk A. Dijkstra has been funded
by the European Research Council through the ERC-AdG project
TAOC (principal investigator Dijkstra; project no. 101055096). The
work of Anna S. von der Heydt has also been funded by the Dutch
Research Council (NWO) through the NWO-Vici project “Interact-

https://doi.org/10.5194/esd-15-1567-2024


https://doi.org/10.5281/zenodo.10005999
https://github.com/auto-07p/auto-07p
https://github.com/auto-07p/auto-07p

A. A. Boot et al.: Potential effect of the marine carbon cycle

ing climate tipping elements: When does tipping cause tipping?”’
(project no. VI.C.202.081).

Review statement. This paper was edited by Claudia Pasquero
and reviewed by four anonymous referees.

References

Alkhayuon, H., Ashwin, P., Jackson, L. C., Quinn, C., and Wood,
R. A.: Basin bifurcations, oscillatory instability and rate-induced
thresholds for Atlantic meridional overturning circulation in a
global oceanic box model, P. Roy. Soc. A, 475, 20190051,
https://doi.org/10.1098/rspa.2019.0051, 2019.

Andersson, A., Graw, K., Schréder, M., Fennig, K., Liman, J.,
Bakan, S., Hollmann, R., and Klepp, C.: Hamburg Ocean Atmo-
sphere Parameters and Fluxes from Satellite Data — HOAPS 4.0,
https://doi.org/10.5676/EUM_SAF_CM/HOAPS/V002, 2017.

Armstrong-McKay, D. I, Staal, A., Abrams, J. F., Winkelmann, R.,
Sakschewski, B., Loriani, S., Fetzer, 1., Cornell, S. E., Rock-
strom, J., and Lenton, T. M.: Exceeding 1.5°C global warm-
ing could trigger multiple climate tipping points, Science, 377,
eabn7950, https://doi.org/10.1126/science.abn7950, 2022.

Barker, S. and Knorr, G.: Millennial scale feedbacks determine the
shape and rapidity of glacial termination, Nat. Commun., 12,
2273, https://doi.org/10.1038/s41467-021-22388-6, 2021.

Barker, S., Knorr, G., Vautravers, M. J., Diz, P.,, and Skin-
ner, L. C.:. Extreme deepening of the Atlantic overturn-
ing circulation during deglaciation, Nat. Geosci., 3, 567-571,
https://doi.org/10.1038/nge0921, 2010.

Barker, S., Chen, J., Gong, X., Jonkers, L., Knorr, G., and Thornal-
ley, D.: Icebergs not the trigger for North Atlantic cold events,
Nature, 520, 333-336, https://doi.org/10.1038/nature14330,
2015.

Bauska, T. K., Marcott, S. A., and Brook, E. J.: Abrupt changes
in the global carbon cycle during the last glacial period, Nat.
Geosci., 14, 91-96, https://doi.org/10.1038/541561-020-00680-
2,2021.

Bentsen, M., Olivie, D. J. L., Seland, y., Toniazzo, T., Gjer-
mundsen, A., Graff, L. S., Debernard, J. B., Gupta, A. K.,
He, Y., Kirkevag, A., Schwinger, J., Tjiputra, J., Aas, K. S.,
Bethke, 1., Fan, Y., Griesfeller, J., Grini, A., Guo, C., Ili-
cak, M., Karset, I. H. H., Landgren, O. A., Liakka, J., Mo-
seid, K. O., Nummelin, A., Spensberger, C., Tang, H., Zhang,
Z., Heinze, C., Iversen, T., and Schulz, M.: NCC NorESM2-
MM model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.7806, 2019.

Bergman, N. M., Lenton, T. M., and Watson, A. J.: COPSE: A new
model of biogeochemical cycling over Phanerozoic time, Am. J.
Sci., 304, 397437, https://doi.org/10.2475/ajs.304.5.397, 2004.

Bethke, 1., Wang, Y., Counillon, F., Kimmritz, M., Fransner, F.,
Samuelsen, A., Langehaug, H. R., Chiu, P.-G., Bentsen, M.,
Guo, C., Tjiputra, J., Kirkev\rag, A., Olivie, D. J. L., Seland,
y., Fan, Y., Lawrence, P., Eldevik, T., and Keenlyside, N.: NCC
NorCPM1 model output prepared for CMIP6 CMIP 1pctCO?2,
https://doi.org/10.22033/ESGF/CMIP6.10861, 2019.

Boot, A., von der Heydt, A. S., and Dijkstra, H. A.: Effect
of the Atlantic Meridional Overturning Circulation on atmo-

https://doi.org/10.5194/esd-15-1567-2024

1587

spheric pCO, variations, Earth Syst. Dynam., 13, 1041-1058,
https://doi.org/10.5194/esd-13-1041-2022, 2022.

Boot, A. A., von der Heydt, A. S., and Dijkstra, H. A.: Effect
of Plankton Composition Shifts in the North Atlantic on At-
mospheric pCO,, Geophys. Res. Lett., 50, €2022GL100230,
https://doi.org/10.1029/2022GL100230, 2023.

Boot, A. A., von der Heydt, A. S., and Dijkstra, H. A.:
ESD AABOOT AMOC MEW, Zenodo [code and data set],
https://doi.org/10.5281/zenodo.10005999, 2024a.

Boot, A. A., von der Heydt, A. S., and Dijkstra, H. A.: Response
of atmospheric pCO; to a strong AMOC weakening under low
and high emission scenarios, Clim. Dynam., 62, 7559-7574,
https://doi.org/10.1007/s00382-024-07295-y, 2024b.

Boucher, O., Denvil, S., Levavasseur, G., Cozic, A., Caubel,
A., Foujols, M.-A., Meurdesoif, Y., Cadule, P, Devil-
liers, M., Ghattas, J., Lebas, N., Lurton, T., Mellul, L.,
Musat, 1., Mignot, J., and Cheruy, F.: IPSL IPSL-CM6A-
LR model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.5049, 2018.

Boucher, O., Denvil, S., Levavasseur, G., Cozic, A., Caubel, A.,
Foujols, M.-A., Meurdesoif, Y., Balkanski, Y., Checa-Garcia,
R., Hauglustaine, D., Bekki, S., and Marchand, M.: IPSL
IPSL-CMS5A2-INCA model output prepared for CMIP6 CMIP
1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.13643, 2020.

Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G., and
Saba, V.: Observed fingerprint of a weakening Atlantic

Ocean overturning circulation, Nature, 556, 191-196,
https://doi.org/10.1038/s41586-018-0006-5, 2018.

Cao, J. and Wang, B.: NUIST NESMv3 model
output prepared for CMIP6 CMIP 1pctCO2,

https://doi.org/10.22033/ESGF/CMIP6.8709, 2019.

Castellana, D., Baars, S., Wubs, E. W., and Dijkstra, H. A.:
Transition Probabilities of Noise-induced Transitions
of the Atlantic Ocean Circulation, Sci. Rep., 9, 20284,
https://doi.org/10.1038/541598-019-56435-6, 2019.

Caves, J. K., Jost, A. B., Lau, K. V., and Maher, K.:
Cenozoic carbon cycle imbalances and a variable weath-
ering feedback, Earth Planet. Sc. Lett., 450, 152-163,
https://doi.org/10.1016/j.epsl.2016.06.035, 2016.

Cimatoribus, A. A., Drijthout, S. S., and Dijkstra, H. A.:
Meridional overturning circulation: stability and ocean
feedbacks in a box model, Clim. Dynam., 42, 311-328,
https://doi.org/10.1007/s00382-012-1576-9, 2014.

Danabasoglu, G.: NCAR CESM2 model out-
put prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.7497, 2019.

Danabasoglu, G.: NCAR CESM2-WACCM-FV2
model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.11284, 2020.

Dekker, M. M., von der Heydt, A. S., and Dijkstra, H. A.: Cascading
transitions in the climate system, Earth Syst. Dynam., 9, 1243—
1260, https://doi.org/10.5194/esd-9-1243-2018, 2018.

Dey, D. and Doos, K.: Atmospheric Freshwater Transport
From the Atlantic to the Pacific Ocean: A Lagrangian
Analysis, Geophys. Res. Lett.,, 47, e2019GL086176,
https://doi.org/10.1029/2019GL086176, 2020.

Dijkstra, H. A.: Characterization of the multiple equilibria
regime in a global ocean model, Tellus A, 59, 695-705,
https://doi.org/10.1111/j.1600-0870.2007.00267.x, 2007.

Earth Syst. Dynam., 15, 1567—-1590, 2024



https://doi.org/10.1098/rspa.2019.0051
https://doi.org/10.5676/EUM_SAF_CM/HOAPS/V002
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1038/s41467-021-22388-6
https://doi.org/10.1038/ngeo921
https://doi.org/10.1038/nature14330
https://doi.org/10.1038/s41561-020-00680-2
https://doi.org/10.1038/s41561-020-00680-2
https://doi.org/10.22033/ESGF/CMIP6.7806
https://doi.org/10.2475/ajs.304.5.397
https://doi.org/10.22033/ESGF/CMIP6.10861
https://doi.org/10.5194/esd-13-1041-2022
https://doi.org/10.1029/2022GL100230
https://doi.org/10.5281/zenodo.10005999
https://doi.org/10.1007/s00382-024-07295-y
https://doi.org/10.22033/ESGF/CMIP6.5049
https://doi.org/10.22033/ESGF/CMIP6.13643
https://doi.org/10.1038/s41586-018-0006-5
https://doi.org/10.22033/ESGF/CMIP6.8709
https://doi.org/10.1038/s41598-019-56435-6
https://doi.org/10.1016/j.epsl.2016.06.035
https://doi.org/10.1007/s00382-012-1576-9
https://doi.org/10.22033/ESGF/CMIP6.7497
https://doi.org/10.22033/ESGF/CMIP6.11284
https://doi.org/10.5194/esd-9-1243-2018
https://doi.org/10.1029/2019GL086176
https://doi.org/10.1111/j.1600-0870.2007.00267.x

1588

Dima, M., Nichita, D. R., Lohmann, G., Ionita, M., and Voiculescu,
M.: Early-onset of Atlantic Meridional Overturning Circulation
weakening in response to atmospheric CO; concentration, npj
Clim. Atmos. Sci., 4, 27, https://doi.org/10.1038/s41612-021-
00182-x, 2021.

Ditlevsen, P. and Ditlevsen, S.: Warning of a forthcoming col-
lapse of the Atlantic meridional overturning circulation, Nat.
Commun., 14, 4254, https://doi.org/10.1038/s41467-023-39810-
w, 2023.

Dix, M., Bi, D., Dobrohotoff, P., Fiedler, R., Harman, 1.,
Law, R., Mackallah, C., Marsland, S., O’Farrell, S., Rashid,
H., Srbinovsky, J., Sullivan, A., Trenham, C., Vohralik, P.,
Watterson, I., Williams, G., Woodhouse, M., Bodman, R.,
Dias, F. B., Domingues, C. M., Hannah, N., Heerdegen, A.,
Savita, A., Wales, S., Allen, C., Druken, K., Evans, B.,
Richards, C., Ridzwan, S. M., Roberts, D., Smillie, J., Snow,
K., Ward, M., and Yang, R.: CSIRO-ARCCSS ACCESS-
CM2 model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.4230, 2019.

Doedel, E. J., Paffenroth, R. C., Champneys, A. C., Fairgrieve,
T. F., Kuznetsov, Y. A., Oldeman, B. E., Sandstede, B., and
Wang, X. J.: AUTO-07p: Continuation and Bifurcation Software
for Ordinary Differential Equations, Github, https://github.com/
auto-07p/auto-07p/releases/tag/v0.9.3 (last access: 8§ May 2024),
2007.

Doedel, E. J., Paffenroth, R. C., Champneys, A. C., Fairgrieve, T.
F., Kuznetsov, Y. A., Oldeman, B. E., Sandstede, B., and Wang,
X. J.: auto-07p, Github [data set], https://github.com/auto-07p/
auto-07p (last access: 8 May 2024), 2021.

Drijthout, S.: Competition between global warming and an abrupt
collapse of the AMOC in Earth’s energy imbalance, Sci. Rep., 5,
14877, https://doi.org/10.1038/srep14877, 2015.

E3SM-Project: E3SM-Project E3SM2.0 model output prepared for
CMIP6 CMIP 1pctCO2, http://cera-www.dkrz.de/WDCC/meta/
CMIP6/CMIP6.CMIP.E3SM-Project. E3SM-2-0.1pctCO2  (last
access: 28 March 2023), 2022.

E3SM-Project: ~ E3SM-Project ~ E3SM2.0NARRM
output prepared for CMIP6 CMIP 1pctCO2,
/lcera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.CMIP.
E3SM-Project. E3SM-2-0-NARRM.1pctCO2  (last
28 March 2023), 2023.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937-1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Follows, M. J., Ito, T., and Dutkiewicz, S.: On the solu-
tion of the carbonate chemistry system in ocean bio-
geochemistry models, Ocean Model., 12, 290-301,
https://doi.org/10.1016/j.ocemod.2005.05.004, 2006.

for Space Studies (NASA/GISS), N. G. I.: NASA-GISS GISS-
E2.1G model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.6950, 2018.

for Space Studies (NASA/GISS), N. G. I.: NASA-GISS GISS-
E2-2-G model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.6952, 2019.

Galbraith, E. and de Lavergne, C.. Response of a compre-
hensive climate model to a broad range of external forc-
ings: relevance for deep ocean ventilation and the develop-

model
http:

access:

Earth Syst. Dynam., 15, 1567—-1590, 2024

A. A. Boot et al.: Potential effect of the marine carbon cycle

ment of late Cenozoic ice ages, Clim. Dynam., 52, 653—-679,
https://doi.org/10.1007/s00382-018-4157-8, 2019.

Gottschalk, J., Battaglia, G., Fischer, H., Frolicher, T. L., Jac-
card, S. L., Jeltsch-Thommes, A., Joos, F., Kohler, P., Meiss-
ner, K. J.,, Menviel, L., Nehrbass-Ahles, C., Schmitt, J.,
Schmittner, A., Skinner, L. C., and Stocker, T. F.: Mech-
anisms of millennial-scale atmospheric CO;, change in nu-
merical model simulations, Quaternary Sci. Rev., 220, 30-74,
https://doi.org/10.1016/j.quascirev.2019.05.013, 2019.

Guo, H., John, J. G., Blanton, C., McHugh, C., Nikonov, S.,
Radhakrishnan, A., Rand, K., Zadeh, N. T., Balaji, V., Du-
rachta, J., Dupuis, C., Menzel, R., Robinson, T., Underwood, S.,
Vahlenkamp, H., Bushuk, M., Dunne, K. A., Dussin, R., Gau-
thier, P. P. G., Ginoux, P,, Griffies, S. M., Hallberg, R., Harrison,
M., Hurlin, W., Lin, P,, Malyshev, S., Naik, V., Paulot, F., Payn-
ter, D. J., Ploshay, J., Reichl, B. G., Schwarzkopf, D. M., Se-
man, C. J., Shao, A., Silvers, L., Wyman, B., Yan, X., Zeng, Y.,
Adcroft, A., Dunne, J. P., Held, I. M., Krasting, J. P., Horowitz,
L. W., Milly, P. C. D., Shevliakova, E., Winton, M., Zhao, M., and
Zhang, R.: NOAA-GFDL GFDL-CM4 model output 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.8470, 2018.

Hajima, T., Abe, M., Arakawa, O., Suzuki, T., Komuro, Y.,
Ogura, T., Ogochi, K., Watanabe, M., Yamamoto, A., Tatebe,
H., Noguchi, M. A., Ohgaito, R., Ito, A., Yamazaki, D., Ito,
A., Takata, K., Watanabe, S., Kawamiya, M., and Tachiiri, K.:
MIROC MIROC-ES2L model output prepared for CMIP6 CMIP
1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.5370, 2019.

Jackson, L. C., Kahana, R., Graham, T., Ringer, M. A,
Woollings, T., Mecking, J. V., and Wood, R. A.: Global
and European climate impacts of a slowdown of the AMOC
in a high resolution GCM, Clim. Dynam., 45, 3299-3316,
https://doi.org/10.1007/s00382-015-2540-2, 2015.

Jacques-Dumas, V., van Westen, R. M., Bouchet, F., and Dijkstra,
H. A.: Data-driven methods to estimate the committor function in
conceptual ocean models, Nonlinear Proc. Geoph., 30, 195-216,
https://doi.org/10.5194/npg-30-195-2023, 2023.

Krasting, J. P, John, J. G., Blanton, C., McHugh, C., Nikonov,
S., Radhakrishnan, A., Rand, K., Zadeh, N. T., Balaji, V., Du-
rachta, J., Dupuis, C., Menzel, R., Robinson, T., Underwood,
S., Vahlenkamp, H., Dunne, K. A., Gauthier, P. P. G., Gi-
noux, P., Griffies, S. M., Hallberg, R., Harrison, M., Hurlin,
W., Malyshev, S., Naik, V., Paulot, F., Paynter, D. J., Ploshay,
J., Reichl, B. G., Schwarzkopf, D. M., Seman, C. J., Silvers,
L., Wyman, B., Zeng, Y., Adcroft, A., Dunne, J. P., Dussin,
R., Guo, H., He, J., Held, I. M., Horowitz, L. W., Lin, P,
Milly, P. C. D., Shevliakova, E., Stock, C., Winton, M., Wit-
tenberg, A. T., Xie, Y., and Zhao, M.: NOAA-GFDL GFDL-
ESM4 model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.8473, 2018.

Lenton, T. M., Held, H., Kriegler, E., Hall, J. W., Lucht, W.,
Rahmstorf, S., and Schellnhuber, H. J.: Tipping elements in the
Earth’s climate system, P. Natl. Acad. Sci. USA, 105, 1786—
1793, https://doi.org/10.1073/pnas.0705414105, 2008.

Li, L.: CAS FGOALS-g3 model output prepared for CMIP6 CMIP
1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.3055, 2019.
Lohmann, J. and Ditlevsen, P. D.: Risk of tipping the
overturning circulation due to increasing rates of ice
melt, P. Natl. Acad. Sci. USA, 118, €2017989118,

https://doi.org/10.1073/pnas.2017989118, 2021.

https://doi.org/10.5194/esd-15-1567-2024


https://doi.org/10.1038/s41612-021-00182-x
https://doi.org/10.1038/s41612-021-00182-x
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.22033/ESGF/CMIP6.4230
https://github.com/auto-07p/auto-07p/releases/tag/v0.9.3
https://github.com/auto-07p/auto-07p/releases/tag/v0.9.3
https://github.com/auto-07p/auto-07p
https://github.com/auto-07p/auto-07p
https://doi.org/10.1038/srep14877
http://cera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.CMIP.E3SM-Project.E3SM-2-0.1pctCO2
http://cera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.CMIP.E3SM-Project.E3SM-2-0.1pctCO2
http://cera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.CMIP.E3SM-Project.E3SM-2-0-NARRM.1pctCO2
http://cera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.CMIP.E3SM-Project.E3SM-2-0-NARRM.1pctCO2
http://cera-www.dkrz.de/WDCC/meta/CMIP6/CMIP6.CMIP.E3SM-Project.E3SM-2-0-NARRM.1pctCO2
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1016/j.ocemod.2005.05.004
https://doi.org/10.22033/ESGF/CMIP6.6950
https://doi.org/10.22033/ESGF/CMIP6.6952
https://doi.org/10.1007/s00382-018-4157-8
https://doi.org/10.1016/j.quascirev.2019.05.013
https://doi.org/10.22033/ESGF/CMIP6.8470
https://doi.org/10.22033/ESGF/CMIP6.5370
https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.5194/npg-30-195-2023
https://doi.org/10.22033/ESGF/CMIP6.8473
https://doi.org/10.1073/pnas.0705414105
https://doi.org/10.22033/ESGF/CMIP6.3055
https://doi.org/10.1073/pnas.2017989118

A. A. Boot et al.: Potential effect of the marine carbon cycle

Lovato, T., Peano, D., and Butenschon, M.:. CMCC CMCC-
ESM2 model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.13169, 2021.

Lueker, T. J., Dickson, A. G., and Keeling, C. D.: Ocean pCO,
calculated from dissolved inorganic carbon, alkalinity, and equa-
tions for K| and Kj: validation based on laboratory measure-
ments of CO, in gas and seawater at equilibrium, Mar. Chem.,
70, 105-119, https://doi.org/10.1016/S0304-4203(00)00022-0,
2000.

Lynch-Stieglitz, J.: The Atlantic Meridional Overturning Cir-
culation and Abrupt Climate Change, Annu. Rev. Mar.
Sci., 9, 83-104, https://doi.org/10.1146/annurev-marine-010816-
060415, 2017.

Marchal, O., Stocker, T. F., and Joos, F.: Impact of oceanic
reorganizations on the ocean carbon cycle and atmospheric
carbon dioxide content, Paleoceanography, 13, 225-244,
https://doi.org/10.1029/98PA00726, 1998.

Martin, J. H., Knauer, G. A., Karl, D. M., and Broenkow,
W. W.: VERTEX: carbon cycling in the northeast Pacific,
Deep-Sea Res. Pt. A, 34, 267-285, https://doi.org/10.1016/0198-
0149(87)90086-0, 1987.

Matsumoto, K. and Yokoyama, Y.: Atmospheric AMC re-
duction in simulations of Atlantic overturning circula-
tion shutdown, Global Biogeochem. Cy., 27, 296-304,
https://doi.org/10.1002/gbc.20035, 2013.

Millero, F. J.: CHAPTER 43 - Influence of Pressure on Chemical
Processes in the Sea, 1-88, Academic Press, ISBN 978-0-12-
588608-6, https://doi.org/10.1016/B978-0-12-588608-6.50007-
9, 1983.

Mucci, A.: The solubility of calcite and aragonite in seawater at var-
ious salinities, temperatures, and one atmosphere total pressure,
Am. J. Sci., 283, 780-799, https://doi.org/10.2475/ajs.283.7.780,
1983.

Munhoven, G.: Mathematics of the total alkalinity—pH equation
— pathway to robust and universal solution algorithms: the
SolveSAPHE package v1.0.1, Geosci. Model Dev., 6, 1367—
1388, https://doi.org/10.5194/gmd-6-1367-2013, 2013.

Neubauer, D., Ferrachat, S., Siegenthaler-Le Drian, C., Stoll,
J., Folini, D. S., Tegen, I, Wieners, K.-H., Mauritsen,
T., Stemmler, I., Barthel, S., Bey, I., Daskalakis, N.,
Heinold, B., Kokkola, H., Partridge, D., Rast, S., Schmidt,
H., Schutgens, N., Stanelle, T., Stier, P., Watson-Parris,
D., and Lohmann, U.: HAMMOZ-Consortium MPI-ESM1.2-
HAM model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.4999, 2019.

O’Neill, C. M., Hogg, A. M., Ellwood, M. J., Eggins, S. M., and
Opdyke, B. N.: The [simple carbon project] model v1.0, Geosci.
Model Dev., 12, 1541-1572, https://doi.org/10.5194/gmd-12-
1541-2019, 2019.

Palter, J. B.: The Role of the Gulf Stream in Euro-
pean Climate, Annu. Rev. Mar. Sci, 7, 113-137,
https://doi.org/10.1146/annurev-marine-010814-015656, 2015.

Park, S. and Shin, J: SNU SAMO-UNICON model
output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.7782, 2019.

Rahmstorf, S.: Ocean circulation and climate
ing the past 120,000 years, Nature, 419,
https://doi.org/10.1038/nature01090, 2002.

dur-
207-214,

https://doi.org/10.5194/esd-15-1567-2024

1589

Ridgwell, A., Hargreaves, J. C., Edwards, N. R., Annan, J. D.,
Lenton, T. M., Marsh, R., Yool, A., and Watson, A.: Marine geo-
chemical data assimilation in an efficient Earth System Model
of global biogeochemical cycling, Biogeosciences, 4, 87-104,
https://doi.org/10.5194/bg-4-87-2007, 2007.

Ridley, J., Menary, M., Kuhlbrodt, T., Andrews, M.,
and Andrews, T. MOHC HadGEM3-GC31-LL
model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.5788, 2019.

Ridley, J., Menary, M., Kuhlbrodt, T., Andrews, M.,
and Andrews, T.: MOHC HadGEM3-GC31-MM
model output prepared for CMIP6 CMIP 1pctCO2,

https://doi.org/10.22033/ESGF/CMIP6.5791, 2020.

Royer, D.: 6.11 — Atmospheric CO; and O, During the Phanero-
zoic: Tools, Patterns, and Impacts, in: Treatise on Geochemistry
(Second Edition), edited by: Holland, H. D. and Turekian, K. K.,
251-267, Elsevier, Oxford, 2nd Edn., ISBN 978-0-08-098300-4,
https://doi.org/10.1016/B978-0-08-095975-7.01311-5, 2014.

Schmittner, A. and Galbraith, E. D.: Glacial greenhouse-gas fluc-
tuations controlled by ocean circulation changes, Nature, 456,
373-376, https://doi.org/10.1038/nature07531, 2008.

Scoccimarro, E., Bellucci, A., and Peano, D.: CMCC CMCC-
CM2-HR4 model output prepared for CMIP6 CMIP 1pctCO?2,
https://doi.org/10.22033/ESGF/CMIP6.3699, 2021.

Seferian, R.: CNRM-CERFACS CNRM-ESM2-1 model out-
put prepared for CMIP6 CMIP for experiment 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.3714, 2018.

Sinet, S., von der Heydt, A. S., and Dijkstra, H. A.:
AMOC Stabilization Under the Interaction With Tipping Po-
lar Ice Sheets, Geophys. Res. Lett., 50, €2022GL100305,
https://doi.org/10.1029/2022GL100305, 2023.

Song, Z., Qiao, F.,, Bao, Y., Shu, Q., Song, Y., and Yang, X.: FIO-
QLNM FIO-ESM2.0 model output prepared for CMIP6 CMIP
1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.9160, 2020.

Stouffer, R.: UA MCM-UA-1-0 model output prepared for CMIP6
CMIP 1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.8881,
2019.

Sun, Y., Knorr, G., Zhang, X., Tarasov, L., Barker, S.,
Werner, M., and Lohmann, G.: Ice sheet decline and ris-
ing atmospheric CO, control AMOC sensitivity to deglacial
meltwater discharge, Glob. Planet. Change, 210, 103755,
https://doi.org/10.1016/j.gloplacha.2022.103755, 2022.

Swart, N. C., Cole, J. N. S., Kharin, V. V., Lazare, M.,
Scinocca, J. F., Gillett, N. P, Anstey, J., Arora, V., Chris-
tian, J. R., Jiao, Y., Lee, W. G., Majaess, F., Saenko,
O. A., Seiler, C., Seinen, C., Shao, A., Solheim, L., von
Salzen, K., Yang, D., Winter, B., and Sigmond, M.: CCCma
CanESMS5 model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.3151, 2019a.

Swart, N. C., Cole, J. N. S., Kharin, V. V., Lazare, M., Scinocca,
J. F, Gillett, N. P., Anstey, J., Arora, V., Christian, J. R., Jiao,
Y., Lee, W. G., Majaess, F., Saenko, O. A., Seiler, C., Seinen,
C., Shao, A., Solheim, L., von Salzen, K., Yang, D., Winter,
B., Sigmond, M., Abraham, C., Akingunola, A., and Reader, C.:
CCCma CanESMS5.1 model output prepared for CMIP6 CMIP
1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.17202, 2019b.

Tatebe, H. and Watanabe, M.: MIROC MIROC6
model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.5371, 2018.

Earth Syst. Dynam., 15, 1567—-1590, 2024



https://doi.org/10.22033/ESGF/CMIP6.13169
https://doi.org/10.1016/S0304-4203(00)00022-0
https://doi.org/10.1146/annurev-marine-010816-060415
https://doi.org/10.1146/annurev-marine-010816-060415
https://doi.org/10.1029/98PA00726
https://doi.org/10.1016/0198-0149(87)90086-0
https://doi.org/10.1016/0198-0149(87)90086-0
https://doi.org/10.1002/gbc.20035
https://doi.org/10.1016/B978-0-12-588608-6.50007-9
https://doi.org/10.1016/B978-0-12-588608-6.50007-9
https://doi.org/10.2475/ajs.283.7.780
https://doi.org/10.5194/gmd-6-1367-2013
https://doi.org/10.22033/ESGF/CMIP6.4999
https://doi.org/10.5194/gmd-12-1541-2019
https://doi.org/10.5194/gmd-12-1541-2019
https://doi.org/10.1146/annurev-marine-010814-015656
https://doi.org/10.22033/ESGF/CMIP6.7782
https://doi.org/10.1038/nature01090
https://doi.org/10.5194/bg-4-87-2007
https://doi.org/10.22033/ESGF/CMIP6.5788
https://doi.org/10.22033/ESGF/CMIP6.5791
https://doi.org/10.1016/B978-0-08-095975-7.01311-5
https://doi.org/10.1038/nature07531
https://doi.org/10.22033/ESGF/CMIP6.3699
https://doi.org/10.22033/ESGF/CMIP6.3714
https://doi.org/10.1029/2022GL100305
https://doi.org/10.22033/ESGF/CMIP6.9160
https://doi.org/10.22033/ESGF/CMIP6.8881
https://doi.org/10.1016/j.gloplacha.2022.103755
https://doi.org/10.22033/ESGF/CMIP6.3151
https://doi.org/10.22033/ESGF/CMIP6.17202
https://doi.org/10.22033/ESGF/CMIP6.5371

1590

circula-
286-288,

Ocean
451,

Toggweiler, J. R. and Russell, J.:
tion in a warming climate, Nature,
https://doi.org/10.1038/nature06590, 2008.

van Westen, R. M. and Dijkstra, H. A.: Asymmetry of
AMOC Hysteresis in a State-Of-The-Art Global Cli-
mate Model, Geophys. Res. Lett., 50, e2023GL106088,
https://doi.org/10.1029/2023GL 106088, 2023.

van Westen, R. M., Jacques-Dumas, V., Boot, A. A., and Di-
jkstra, H. A.: The Role of Sea-ice Insulation Effects on the
Probability of AMOC Transitions, J. Clim., 37, 6269-6284,
https://doi.org/10.1175/JCLI-D-24-0060.1, 2024.

Vellinga, M. and Wood, R. A.: Global Climatic Im-
pacts of a Collapse of the Atlantic Thermoha-
line  Circulation, Climatic  Change, 54, 251-267,

https://doi.org/10.1023/A:1016168827653, 2002.

Vellinga, M. and Wood, R. A.: Impacts of thermohaline circulation
shutdown in the twenty-first century, Climatic Change, 91, 43—
63, https://doi.org/10.1007/s10584-006-9146-y, 2008.

Voldoire, A CNRM-CERFACS CNRM-CM6-1-HR
model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.3713, 2019.

Weijer, W., Cheng, W., Drijfhout, S. S., Fedorov, A. V., Hu, A,
Jackson, L. C., Liu, W., McDonagh, E. L., Mecking, J. V., and
Zhang, J.: Stability of the Atlantic Meridional Overturning Cir-
culation: A Review and Synthesis, J. Geophys. Res.-Ocean., 124,
5336-5375, https://doi.org/10.1029/2019JC015083, 2019.

Weijer, W., Cheng, W., Garuba, O. A., Hu, A., and Nadiga,
B. T.: CMIP6 Models Predict Significant 21st Cen-
tury Decline of the Atlantic Meridional Overturning
Circulation, Geophys. Res. Lett., 47, e2019GL086075,
https://doi.org/10.1029/2019GL086075, 2020.

Weiss, R. E.: Carbon dioxide in water and seawater: the
solubility of a non-ideal gas, Mar. Chem., 2, 203-215,
https://doi.org/10.1016/0304-4203(74)90015-2, 1974.

Wieners, K.-H., Giorgetta, M., Jungclaus, J., Reick, C., Esch, M.,
Bittner, M., Legutke, S., Schupfner, M., Wachsmann, F., Gayler,
V., Haak, H., de Vrese, P., Raddatz, T., Mauritsen, T., von Storch,
J.-S., Behrens, J., Brovkin, V., Claussen, M., Crueger, T., Fast, L.,
Fiedler, S., Hagemann, S., Hohenegger, C., Jahns, T., Kloster, S.,
Kinne, S., Lasslop, G., Kornblueh, L., Marotzke, J., Matei, D.,
Meraner, K., Mikolajewicz, U., Modali, K., Miiller, W., Nabel,
J., Notz, D., Peters-von Gehlen, K., Pincus, R., Pohlmann, H.,
Pongratz, J., Rast, S., Schmidt, H., Schnur, R., Schulzweida, U.,
Six, K., Stevens, B., Voigt, A., and Roeckner, E.: MPI-M MPI-
ESM1.2-LR model output prepared for CMIP6 CMIP 1pctCO?2,
https://doi.org/10.22033/ESGF/CMIP6.6435, 2019.

Willeit, M. and Ganopolski, A.: Generalized stability landscape
of the Atlantic Meridional Overturning Circulation, EGUsphere
[preprint], https://doi.org/10.5194/egusphere-2024-1482, 2024.

Williams, R. G. and Follows, M. J.: Ocean Dynamics and
the Carbon Cycle: Principles and Mechanisms, Cam-
bridge University Press, Cambridge, ISBN 9780521843690,
https://doi.org/10.1017/CB0O9780511977817, 2011.

Earth Syst. Dynam., 15, 1567—-1590, 2024

A. A. Boot et al.: Potential effect of the marine carbon cycle

Wood, R. A., Rodriguez, J. M., Smith, R. S., Jackson, L. C.,
and Hawkins, E.: Observable, low-order dynamical controls on
thresholds of the Atlantic meridional overturning circulation,
Clim. Dynam., 53, 6815-6834, https://doi.org/10.1007/s00382-
019-04956-1, 2019.

Wunderling, N., Donges, J. F., Kurths, J., and Winkelmann, R.: In-
teracting tipping elements increase risk of climate domino ef-
fects under global warming, Earth Syst. Dynam., 12, 601-619,
https://doi.org/10.5194/esd-12-601-2021, 2021.

Yu, Y.: CAS FGOALS-f3-L. model output prepared for CMIP6
CMIP 1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.3054,
2019.

Yukimoto, S., Koshiro, T., Kawai, H., Oshima, N., Yoshida,
K., Urakawa, S., Tsujino, H., Deushi, M., Tanaka, T.,
Hosaka, M., Yoshimura, H., Shindo, E., Mizuta, R.,
Ishii, M., Obata, A., and Adachi, Y.. MRI MRI-ESM2.0
model output prepared for CMIP6 CMIP 1pctCO2,
https://doi.org/10.22033/ESGF/CMIP6.5356, 2019.

Zeebe, R. E.: LOSCAR: Long-term Ocean-atmosphere-Sediment
CArbon cycle Reservoir Model v2.0.4, Geosci. Model Dev., 5,
149-166, https://doi.org/10.5194/gmd-5-149-2012, 2012.

Zeebe, R. E., Zachos, J. C., and Dickens, G. R.: Carbon
dioxide forcing alone insufficient to explain Palaeocene—
Eocene Thermal Maximum warming, Nat. Geosci., 2, 576-580,
https://doi.org/10.1038/ngeo578, 2009.

Zelinka, M. D., Myers, T. A., McCoy, D. T., Po-Chedley,
S., Caldwell, P. M., Ceppi, P, Klein, S. A., and Tay-
lor, K. E.. Causes of Higher Climate Sensitivity in
CMIP6 Models, Geophys. Res. Lett., 47, e2019GL085782,
https://doi.org/10.1029/2019GL085782, 2020.

Zhang, Q., Ito, T., and Bracco, A.: Modulation of regional carbon
uptake by AMOC and alkalinity changes in the subpolar North
Atlantic under a warming climate, Front. Mar. Sci., 11, 1304193,
https://doi.org/10.3389/fmars.2024.1304193, 2024.

Zhang, X., Knorr, G., Lohmann, G., and Barker, S.: Abrupt
North Atlantic circulation changes in response to gradual CO,
forcing in a glacial climate state, Nat. Geosci., 10, 518-523,
https://doi.org/10.1038/nge02974, 2017.

Zickfeld, K., Eby, M., and Weaver, A. J.: Carbon-cycle feedbacks of
changes in the Atlantic meridional overturning circulation under
future atmospheric CO,, Global Biogeochem. Cy., 22, GB3024,
https://doi.org/10.1029/2007GB003118, 2008.

Ziehn, T., Chamberlain, M., Lenton, A., Law, R., Bodman, R., Dix,
M., Wang, Y., Dobrohotoff, P., Srbinovsky, J., Stevens, L., Vohra-
lik, P., Mackallah, C., Sullivan, A., O’Farrell, S., and Druken,
K.: CSIRO ACCESS-ESM1.5 model output prepared for CMIP6
CMIP 1pctCO2, https://doi.org/10.22033/ESGF/CMIP6.4231,
2019.

https://doi.org/10.5194/esd-15-1567-2024


https://doi.org/10.1038/nature06590
https://doi.org/10.1029/2023GL106088
https://doi.org/10.1175/JCLI-D-24-0060.1
https://doi.org/10.1023/A:1016168827653
https://doi.org/10.1007/s10584-006-9146-y
https://doi.org/10.22033/ESGF/CMIP6.3713
https://doi.org/10.1029/2019JC015083
https://doi.org/10.1029/2019GL086075
https://doi.org/10.1016/0304-4203(74)90015-2
https://doi.org/10.22033/ESGF/CMIP6.6435
https://doi.org/10.5194/egusphere-2024-1482
https://doi.org/10.1017/CBO9780511977817
https://doi.org/10.1007/s00382-019-04956-1
https://doi.org/10.1007/s00382-019-04956-1
https://doi.org/10.5194/esd-12-601-2021
https://doi.org/10.22033/ESGF/CMIP6.3054
https://doi.org/10.22033/ESGF/CMIP6.5356
https://doi.org/10.5194/gmd-5-149-2012
https://doi.org/10.1038/ngeo578
https://doi.org/10.1029/2019GL085782
https://doi.org/10.3389/fmars.2024.1304193
https://doi.org/10.1038/ngeo2974
https://doi.org/10.1029/2007GB003118
https://doi.org/10.22033/ESGF/CMIP6.4231

	Abstract
	Introduction
	Methods
	AMOC box model
	Carbon cycle model
	Coupled model
	Solution method

	Results
	CMIP6 freshwater fluxes
	The AMOC multiple equilibria window
	Sensitivity to total carbon content

	Summary and discussion
	Appendix A: Additional couplings, feedbacks, and simulations
	Appendix B: Model parameters
	Appendix C: Model equations
	Appendix D: CMIP6 models
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Financial support
	Review statement
	References

