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Abstract. Ocean and climate models of various complexity have shown that the Atlantic Meridional Overturning Circulation

(AMOC) can undergo tipping, i.e., transition abruptly to a state without North Atlantic deep-water formation, as a function

of freshwater forcing. Most of these model experiments compensate for the freshwater input to conserve global salinity, with

salt being added either at the surface or throughout the ocean volume. However, these two different compensation methods

have so far only been compared in a single, coarse-resolution climate model, and therefore little is known robustly about the5

effect of salinity compensation on the AMOC tipping point. Here, using an ocean model at 1◦ resolution and an intermediate-

complexity coupled climate model, we systematically compare the effect of surface vs. volume compensation on the tipping

point of the AMOC as diagnosed from quasi-equilibrium experiments using a freshwater flux over the region 20°N–50°N.

Salinity compensation at the surface consistently delays AMOC tipping compared to volume compensation. This is mainly

because the compensation salinity added over the subpolar North Atlantic counteracts the weakening salinity gradient from10

freshwater forcing. In contrast to an earlier study, the compensation method does not introduce qualitative differences in AMOC

recovery when tracing the full hysteresis loop. In light of these results, volume compensation appears to provide the best trade-

off between global salinity conservation and similarity to the effects of a physical freshwater flux. Our results indicate that the

distance of present-day climate to the AMOC tipping point with respect to freshwater forcing might have been overestimated

in recent modeling studies, compounding the effect of model biases.15

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) shapes the Earth’s present-day climate through its northward trans-

port of heat, carbon and nutrients. Climate model simulations and paleoclimate evidence suggest that the AMOC can not only

operate in the present-day “On” state but also in a qualitatively different “Off” state, in which deep water formation in the North

Atlantic would cease (Broecker et al., 1985; Rahmstorf, 2002; Boers et al., 2022; Loriani et al., 2025). An abrupt transition20

(tipping) from the “On” to the “Off” state would have global climate implications, including Northern Hemisphere cooling

(e.g., Vellinga and Wood, 2002; Jackson et al., 2015; Liu et al., 2017), a shift in monsoon patterns (e.g., Ben-Yami et al.,

2024) and a reduction in ocean carbon uptake (e.g., Schaumann and Alastrué de Asenjo, 2025). It is an open question whether

the AMOC could reach a critical threshold in the 21st century or beyond (Fox-Kemper et al., 2021; Dijkstra and van Westen,
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2026), but due to the substantial impacts associated with such an event, it is of high importance to understand the associated25

mechanisms.

Most conceptual and climate modeling studies have probed AMOC stability and tipping with respect to freshwater input

into the North Atlantic (Weijer et al., 2019). The idea first proposed in a two-dimensional box model (Stommel, 1961) is

that, in a certain parameter range of freshwater forcing, the AMOC can have two competing stable states, with the “On”

state losing stability beyond a critical forcing threshold. By slowly ramping the freshwater forcing parameter up and down in30

“quasi-equilibrium”, it is possible to trace the AMOC hysteresis loop (Rahmstorf et al., 2005) and identify the critical forcing

parameter or tipping point. This approach has been successfully applied across the hierarchy of ocean and climate models,

from conceptual models (see review by Dijkstra, 2024), Earth System Models of Intermediate Complexity (e.g., Schmittner

et al., 2002; Rahmstorf et al., 2005; Willeit and Ganopolski, 2024) and global ocean models (e.g., Rahmstorf, 1995; Prange

et al., 2003; van Westen et al., 2025) to atmosphere–ocean general circulation models (GCMs; Hawkins et al., 2011; Hu et al.,35

2012; van Westen and Dijkstra, 2023).

The use of a single, scalar forcing parameter necessitates the choice of a region of freshwater input, whose effect was first

studied by Rahmstorf (1996), and a strategy to conserve global salinity (Jackson et al., 2017). Some modeling studies (e.g.,

Rahmstorf et al., 2005) did not prescribe any salinity compensation, and instead allowed the global ocean to gradually freshen

when ramping up the freshwater forcing. However, on timescales of centuries to millennia, global salinity is usually seen as a40

fixed integral condition determined by the continental ice sheet configuration (e.g., Kageyama et al., 2017). In addition, without

salinity conservation, the quasi-equilibrium approach cannot demonstrate multistability, as the “On”- and “Off”-states for the

same freshwater forcing value would have different global salinities. To keep the global salinity constant, quasi-equilibrium

experiments compensate for the freshwater input regionally or globally at the surface (“surface compensation”; Rahmstorf,

1996; Gregory et al., 2003; Hawkins et al., 2011; van Westen et al., 2024b), or through the entire ocean volume (“volume45

compensation”; Jackson et al., 2017, 2023). Surface compensation is sometimes framed as freshwater flux anomalies being

induced by changes in the hydrological cycle (e.g., Hogg et al., 2013), while volume compensation can be motivated as a trade-

off between mimicking a net freshwater input (e.g., from land ice) while keeping global salinity as a fixed integral condition

(Jackson et al., 2023).

While the sensitivity to different surface compensation regions has been reported qualitatively in several (coarse-resolution)50

models (Rahmstorf and Ganopolski, 1999; Dijkstra and van Westen, 2024), only one study has so far systematically compared

the effects of global surface compensation vs. volume compensation: using the coarse-resolution climate model FAMOUS,

Jackson et al. (2017) found that the difference between the compensation methods was mainly in the AMOC recovery due to

qualitatively different “Off” states. However, the impact of the compensation strategy on the position of the AMOC tipping

point at which the “On”-state loses stability has so far remained inconclusive. In addition, it is not known how well the strong55

differences in hysteresis generalize to other models.

In this study, we systematically assess the influence of surface vs. volume compensation on the critical freshwater forcing

values of the AMOC in two global climate models – an ocean model at 1° resolution and an intermediate-complexity climate
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model. This allows probing the dependence of the AMOC tipping point on the compensation strategy, with implications for

the interpretation of previous quasi-equilibrium hosing studies.60

2 Materials and Methods

2.1 Models

The very high computational cost of the quasi-equilibrium approach precludes the exploration of different methodological

choices with state-of-the-art (CMIP-class) coupled climate models. Because both resolution and atmosphere–ocean coupling

(Jackson et al., 2017) have previously been shown to be important for AMOC tipping and hysteresis, we use two different65

models in this study: a standalone ocean model at 1◦ resolution, i.e., at the same ocean resolution as state-of-the-art coupled

climate models, and a coupled climate model of intermediate complexity, which can capture large-scale atmospheric feedbacks

on the AMOC.

The standalone ocean model is version 2α of the Parallel Ocean Program (POP; Dukowicz and Smith, 1994) at a horizontal

resolution of 1° and 40 vertical levels with a layer spacing between 10 m near the surface and 250 m in the deep ocean. The70

model uses a dipole grid (“gx1v6”) with the North Pole centered over Greenland, such that the local resolution reaches about

50 km in the Labrador Sea. Here, we use the same model configuration as the “x1” configuration of Weijer et al. (2012) and

refer to their supplementary material for a detailed description and validation. Surface boundary conditions are provided by

standard bulk formulae (Large and Yeager, 2004) and correspond to the monthly averaged normal-year forcing of Large and

Yeager (2004), which represents average 1958–2000 climatic conditions. The model was spun up for 2000 years and shows75

no significant drift in the AMOC strength under fixed normal-year forcing. It does not include interactive sea ice but applies

temperature and salinity restoring with a timescale of 30 days under a prescribed seasonal sea ice extent, which mimics sea ice

freshwater fluxes. No salinity restoring is applied elsewhere.

The intermediate-complexity climate model is version 1.4.0 of Climber-X (Willeit et al., 2022). In the configuration used

here, it consists of dynamic ocean, atmosphere, sea-ice, and land components at a horizontal resolution of 5◦ × 5◦. The ocean80

component is the frictional-geostrophic ocean model GOLDSTEIN (Edwards et al., 1998; Edwards and Marsh, 2005) using

23 vertical layers with a spacing between 10 m near the surface and 200 m in the deep ocean. Calculating horizontal velocities

from the frictional-geostrophic balance generally leads to dampening of strong currents such as the Antarctic Circumpolar

Current and the Gulf Stream (Edwards and Marsh, 2005; Müller et al., 2006), but otherwise the ocean mean state compares

favorably to observations (Willeit et al., 2022). The atmospheric component SESAM (Willeit et al., 2022) can be classified as85

2.5-dimensional, as prognostic variables are only horizontally resolved, but empirical information about their vertical structure

is taken into account for heat and moisture transport and for longwave radiation. The sea ice model SISIM includes both

thermodynamics, based on the zero-layer model of Semtner (1976), and dynamics, using an elastic-viscous-plastic rheology

(Hunke and Dukowicz, 1997; Bouillon et al., 2009). We refer to Willeit et al. (2022) for a comprehensive model description

and evaluation against present-day observations.90
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Both models have different strengths and shortcomings. POP has a much higher resolution than Climber-X but simulates a

slightly too strong AMOC mean state (21.5 Sv under normal-year forcing) compared to present-day observations of around 17

Sv (Johns et al., 2023) and has a positively biased freshwater transport at 34°S in the South Atlantic (FovS ≈ 0.2 Sv compared

to −0.15± 0.09 Sv in observations (Arumí-Planas et al., 2024)). However, these biases are correlated in climate models and

POP lies well within the range of CMIP6 models (van Westen and Dijkstra, 2024). In addition, they are only expected to shift95

the AMOC tipping point quantitatively (van Westen et al., 2025) and should not influence our results in a qualitative way.

Climber-X, while featuring a rather diffusive AMOC due to its low resolution, has an AMOC strength (19.4 Sv) and an FovS

value (−0.10 Sv) closer to observations, in addition to sea ice and a (simplified) atmosphere coupling. We believe that the

diversity of both approaches implies robustness for results corroborated by both models.

2.2 Experimental design100

Here, we follow the quasi-equilibrium hosing approach used most recently by van Westen and Dijkstra (2023). Each model is

initialized from an equilibrated (present-day or pre-industrial) state and freshwater forcing is ramped up at a rate of 0.3 Sv/kyr,

for which it has been shown that the AMOC remains relatively close to its (quasi-)equilibrium strength (Vanderborght et al.,

2025). This forcing is applied over a time-period of 1500 years, corresponding to a final value of 0.45 Sv. By this point, all

simulations have reached an ‘AMOC off”-state. The freshwater forcing is then decreased at the same rate until the AMOC105

recovers, and the hysteresis loop can be closed by ramping up the forcing again until it reaches zero.

In this study, the freshwater forcing is applied uniformly between 20°N–50°N in the North Atlantic. This ensures consistency

with previous quasi-equilibrium experiments in different climate models which used the same hosing region (Rahmstorf et al.,

2005; Hawkins et al., 2011; Hu et al., 2012; van Westen and Dijkstra, 2023) and is motivated by not forcing the regions of

deep-water formation directly, but instead inducing an AMOC collapse through large-scale feedbacks (cf. Weijer et al., 2019;110

Vanderborght et al., 2025). The hosing is applied as a virtual salt flux (Jackson et al., 2023), for which the surface salinity

tendency is given as:

dS0

dt hos
=−ϕhosS0

∆z0
, (1)

where ϕhos is the hosing freshwater flux per unit area (in m/s), S0 is the surface salinity and ∆z0 is the depth of the upper layer.

Note that POP uses a fixed reference salinity of 35 g/kg instead of the surface salinity (as in Climber-X) on the right-hand side115

of Eq. (1).

We compare two different salinity compensation strategies to ensure conservation of global salinity: surface compensation

(“S-comp” hereafter) and volume compensation (“V-comp” hereafter). In the surface-compensated case, a salt flux of opposite

sign is added uniformly over the entire ocean surface (excluding the hosing region) such that the total surface salt flux from

hosing and compensation add up to zero. This yields:120

ϕcomp =− Ahos

A−Ahos
ϕhos, (2)

where Ahos is the area of the hosing region and A is the global ocean surface area.
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In the volume-compensated case, the compensation salinity is distributed over the entire ocean volume (including the hosing

region) and calculated as (Jackson et al., 2023)

dS

dt comp
= Ftot/V, (3)125

where V is the global ocean volume and

Ftot =

∫
ϕhosS0dxdy, (4)

is the total salt input at any timestep.

2.3 Reconstruction of AMOC changes

To attribute changes in AMOC strength, the AMOC is reconstructed using the thermal wind balance relation, which relates130

the AMOC strength to the density – and therefore temperature and salinity – gradient within the Atlantic basin. We follow the

methodology of Vanderborght et al. (2025), which has successfully been applied to the quasi-equilibrium AMOC collapse in

the Community Earth System Model (CESM), which uses POP as its ocean model component. We start out from the relation

∂2Ψ̂(z, t)

∂z2
=

gC

ρ0f
∆yρ(z, t) (5)

(Butler et al., 2016), where Ψ̂ is the reconstructed interior streamfunction maximum between 0° and 30°N, ∆yρ is the merid-135

ional density gradient, g = 9.81 m/s is the gravitational acceleration, ρ0 = 1026 kg/m3 is the seawater density, and f = 10−4

is the Coriolis parameter at northern mid-latitudes.

In theory, the AMOC is associated with a zonal, rather than meridional, pressure gradient. The proportionality between

these two gradients is encoded in the non-dimensional constant C through C∆yρ=∆xρ, with ∆xρ representing the zonal

density difference (e.g., Marotzke, 1997). The precise origin of this proportionality remains poorly understood, with earlier140

studies highlighting the importance of eastern-boundary dynamics, where stratification anomalies radiate into the interior via

propagating Rossby waves (Gnanadesikan, 1999; Pedlosky and Spall, 2005; Cessi and Wolfe, 2009; Schloesser et al., 2012;

Vanderborght and Dijkstra, 2025). Schloesser et al. (2014) derived an expression for C in a simplified overturning model.

Although this derivation has not yet been generalised, the relation expressed in equation (5) captures real, but still incompletely

understood, physics and has been broadly validated across studies that successfully reproduce the AMOC response under145

variable forcing conditions (e.g., de Boer et al., 2010; Haskins et al., 2019; Bonan et al., 2022; Nayak et al., 2024; Bonan

et al., 2025; Vanderborght et al., 2025), providing confidence in our approach. The value C = 0.85 used here is motivated in

Appendix A.

Equation (5) is integrated with the boundary conditions Ψ̂(0) = Ψ̂(zb) = 0, where zb = 4750 m is the lower boundary of the

North Atlantic Deep Water cell in the initial state. The density gradient ∆yρ in the Atlantic is calculated between two boxes150

spanning 20◦S to the equator for the southern box and 43–65◦N for the northern box (see Appendix A).

When diagnosing the AMOC directly from the model velocities, we refer to the AMOC index as the maximum of the

Atlantic overturning streamfunction between the equator and 30◦N.
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3 Results

3.1 AMOC hysteresis155
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Figure 1. Hysteresis loop obtained from quasi-equilibrium experiments with a forcing rate of 0.3 Sv/kyr for (a) POP and (b) Climber-X.

Black lines show the cases with surface compensation and blue lines with volume compensation, and squares indicate the initial AMOC

state. ∆FH is the difference between critical forcing values (here approximated as the point where the AMOC reaches 7 Sv).

The quasi-equilibrium freshwater forcing triggers abrupt AMOC changes and a wide hysteresis in both POP and Climber-X

(Fig. 1). In both models, the AMOC “On”-state initially weakens more strongly with volume compensation (V-comp) than with

surface compensation (S-comp). Because the AMOC strength at the tipping point is similar between compensation cases, this

implies that the AMOC tipping point is crossed for lower freshwater forcing values with volume compensation. The difference

∆FH between critical freshwater forcing values (S-comp minus V-comp) is very similar in both models, around 0.06 Sv (Fig.160

1). In Climber-X, the quasi-equilibrium experiment was repeated at a six-fold slower rate of 0.05 Sv/kyr (as in Rahmstorf

et al., 2005), at which the difference between critical forcing values becomes slightly smaller (0.04 Sv) but remains robust

qualitatively (Fig. B1).

Before investigating the mechanisms of the lower critical freshwater forcing in V-comp compared to S-comp in detail, we

briefly focus on the “Off”-state and the AMOC recovery. In the S-comp case in both POP and Climber-X (Figs. 2 and B2),165

the overturning circulation develops a strong reverse cell with deep convection in the Southern Ocean immediately after the

AMOC collapse (cf. van Westen et al., 2025), resembling the “southern sinking” states of Marotzke and Willebrand (1991) and

Huisman et al. (2009). In V-comp, the “Off”-state initially does not feature this reverse cell, and generally no deep overturning

cell in any of the basins (Figs. 2 and B2). Interestingly, this resembles the “Off”-state in van Westen et al. (2024b), although

they used surface compensation. In both models used here, this state appears to be transient: by the time the “Off”-branch of170
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the V-comp hysteresis has reached 0 Sv, the “Off”-state also shows the strong reverse cell. In contrast to Jackson et al. (2017),

none of the four simulations show an active Pacific Meridional Overturning Circulation (PMOC) at any point in the hysteresis

(Figs. 2 and B2).
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Figure 2. Overturning streamfunction of the AMOC “On” and AMOC “Off”-states in POP. First row: Atlantic, second row: Indo-Pacific.

The AMOC “On” state is the initial state indicated by the black marker in Fig. 1a. The AMOC “Off” states are averaged over the last 100

years (FH ∈ [0.42,0.45] Sv) of the ramp-up simulations. See Fig. B2 for the streamfunctions in Climber-X.

In both models, the simulation with volume compensation recovers from the “Off”-state later (i.e., for lower freshwater

forcing values) than with surface compensation. In Climber-X, this difference is small and can be attributed to the rate of175

freshwater forcing; at the slower rate of 0.05 Sv/kyr, both compensation cases recover at the same forcing value, which is also

larger compared to the recovery at a fast rate (Fig. B1). In POP, the difference in recovery between S-comp and V-comp is

much larger than in Climber-X (by around 0.2 Sv) and therefore unlikely to be only an effect of the forcing rate. One possible

explanation is that Southern Ocean surface freshwater forcing is capable of triggering an AMOC recovery from the AMOC

“Off”-state as previously demonstrated by (Weaver et al., 2003), and the surface compensation becomes a freshwater forcing180

outside the North Atlantic for hosing values smaller than zero. However, we consider this issue outside the scope of this paper

and focus on the differences in loss of stability of the “On”-state in the following.

3.2 Attribution of changes in AMOC strength before the tipping point

In POP, in both S-comp and V-comp, the AMOC anomalies on the “On”-branch can be faithfully reconstructed from the

meridional density gradient ∆yρ using the thermal wind balance framework introduced in Section 2.3. The resulting timeseries185

at a depth of 1000 m are shown in Fig. 3. The reconstruction matches the original AMOC timeseries only up to the tipping
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Figure 3. AMOC anomalies in POP (compared to the initial state) diagnosed directly from model velocities (dashed lines) compared to

the AMOC reconstruction Ψ̂ from the thermal wind balance relation of Eq. (5). The orange line shows the reconstruction repeated after

subtracting the compensation salt tracer and applying a linear temperature feedback term (see text for details).

point, after which the structure of the overturning changes fundamentally (cf. Fig. 2). Because of this and the fact that tipping in

S-comp and V-comp occurs at a similar AMOC strength, we focus on attributing the differences in the initial AMOC weakening

(until model year 800) in the following.

To this end, the AMOC weakening is decomposed into a temperature and a salinity component, as well as into density190

changes in the northern and in the southern box. Temperature and salinity contributions are diagnosed by re-calculating ∆yρ

while keeping salinity and temperature, respectively, at their initial values. Similarly, the northern and southern contributions

are diagnosed by keeping the southern and northern density fixed, respectively.

The results of this decomposition are shown in Fig. 4a, demonstrating that the AMOC weakening in the quasi-equilibrium

experiment is mostly driven by salinity and by changes in the North Atlantic. As in Vanderborght et al. (2025), the negative195

salinity contribution Ψ̂S is opposed by a positive temperature contribution Ψ̂T . These two contributions are almost perfectly

linearly proportional (Ψ̂T =−0.814Ψ̂S , r2 = 0.9995), such that we can treat the temperature contribution as a linear feed-

back term below. As expected, changes in the North Atlantic dominate the density gradient changes as well as the salinity

contribution, with a small, opposite contribution from the South Atlantic.

A similar picture emerges for the differences between S-comp and V-comp (Fig. 4b). The additional weakening in V-comp200

can be attributed to salinity changes, with an opposing contribution from temperature changes. This salinity contribution can

be almost entirely attributed to the North Atlantic, with salinity changes in the South Atlantic contributing slightly to the

additional weakening in the first 400 years, before changing sign and slightly opposing the additional weakening. However,
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Figure 4. Decomposition of the reconstructed AMOC anomalies in POP: (a) decomposition of AMOC anomalies in S-comp into contribu-

tions from temperature and salinity changes as well as density changes in the North and South Atlantic, (b) difference between V-comp and

S-comp for each of the components. Note that only model years 1 to 800 are shown here.

when including the temperature component, South Atlantic changes once again are a small but opposing contribution to the

additional AMOC weakening throughout.205

3.3 Fate and impacts of compensation salinity

Having established that the differences in AMOC weakening between S-comp and V-comp are mainly due to salinity dif-

ferences in the North Atlantic, we now diagnose the origin of these salinity differences in more detail. For this purpose, we

included a passive tracer for the compensation salinity in the S-comp simulation in POP. The passive tracer follows the same

model physics as the prognostic salinity. It is set to zero everywhere initially and is subject to the same virtual salt flux ϕcomp210

at the surface where salinity compensation is added. This allows tracing the fate of the surface compensation salinity in a

physically consistent way.

The geographical distribution of the surface salinity tracer in POP after 750 years is shown in Fig. 5a. Somewhat surprisingly,

the highest concentrations of compensation salinity can be found in the hosing region (20°N–50°N), the only region where no

compensation salinity is added at the surface, and in the subpolar gyre just north of the hosing region. Relatively high concen-215

trations can also be found in the South Atlantic and in the Arctic Ocean, while the Indo-Pacific shows lower concentrations,

suggesting a strong leakage of the compensation salinity from the Indo-Pacific into the Atlantic. A similar picture emerges in

Climber-X (Fig. B3a), except that there is more storage of compensation salinity in the Arctic Ocean in S-comp compared to
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a Compensation tracer after 750 years b North Atlantic salinity

Figure 5. Fate of the compensation salinity in the POP S-comp simulation after 750 years (freshwater forcing FH = 0.225 Sv): (a) Vertically

integrated concentration of the compensation salinity tracer; the hosing region is indicated by the orange box. (b) Salinity profiles in the

North Atlantic box (43°N–65°N, yellow box in panel a). The initial salinity profile and the profile in V-comp are shown for comparison, and

the total salinity minus the compensation tracer is shown as a dashed line.

POP. Climber-X also allowed testing the fate of the compensation salinity in V-comp (Fig. B3b). In strong contrast to S-comp,

the compensation tracer remains distributed almost uniformly across the world ocean.220

The impact of surface compensation on the North Atlantic salinity profile, which we identified as decisive for the less strong

AMOC weakening in S-comp compared to V-comp in POP, can be clearly seen in Fig. 5b. Due to the freshwater input and

AMOC weakening, there is a negative salinity anomaly throughout the water column in both S-comp and V-comp compared

to the initial state. However, the anomaly is only about half as strong in S-comp as in V-comp. This can be almost entirely

attributed to the added salt from surface compensation: when subtracting the surface compensation tracer in S-comp, the225

salinity profile matches that of V-comp well, especially in the upper 1000 m.

We can now quantify the impact of the (northern) compensation salinity on the AMOC weakening in S-comp via the thermal

wind balance relation. To this end, we subtract the compensation salinity tracer from the prognostic salinity for POP and re-

calculate ∆yρ and Ψ̂ using this modified salinity. The AMOC anomaly obtained this way is only physically meaningful when

accounting for the temperature feedback, which we treat as a linear term by multiplying the result with the temperature feedback230

factor derived above. The resulting AMOC anomaly without the influence of compensation salinity is shown as teal line in Fig.

3. It matches the AMOC weakening in V-comp very well until around year 600, regardless of whether the procedure is applied

to the entire Atlantic or only to the northern box (not shown). This means that the initial difference in AMOC weakening

between S-comp and V-comp is directly determined by the effect of surface compensation salinity, which counteracts the

freshening in the North Atlantic. Only after year 600, additional feedbacks appear to become important in V-comp.235
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Figure 6. Integrated budget of the salinity compensation tracer in POP S-comp for the North Atlantic between approximately 43°N and 65°N.

(a) Time series of tracer content, time-integrated advective and surface tracer fluxes, and a residual calculated as the difference between these

three components. The budget includes the (parametrized) eddy contribution, such that the small but non-negligible residual is probably due

other parametrizations not included in the model output, such as horizontal diffusion. (b) Integrated contributions to the advection component,

after subtracting the barotropic component, after 600 years (dotted line in panel a).

If the compensation salinity in the North Atlantic determines the first-order differences between S-comp and V-comp, where

does it originate from? In S-comp, there are only three possible pathways: transport from the South or from the North, or input

at the surface. These components, as well as the tendency dScomp/dt, are calculated offline from monthly POP output and their

integrated (cumulative) contributions to the compensation salt content in the North Atlantic (43°N to 65°N) are shown in Fig.

6a.240

For most of the AMOC weakening phase before the tipping point, the surface flux directly over the region and the advective

transports both contribute about half to the accumulation of compensation salinity. The advective contributions are further

detailed (after 600 years, but the results do not change qualitatively for other years before the tipping point) in Fig. 6b. Because

the overturning and gyre components almost entirely compensate at the southern boundary of the region, the net inflow of the

compensation tracer is determined by the inflow from the North. The northern inflow can be mostly attributed to the azonal245

(gyre) transport, with a small, opposing contribution from the overturning transport.

3.4 Effect of different compensation regions

To obtain a more detailed estimate of the importance of different surface compensation regions on the AMOC tipping point,

we conduct a series of sensitivity experiments with Climber-X. In these experiments, different regions (defined in Fig. 7)
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are removed one-by-one from the surface compensation mask. To provide an “apples-to-apples” comparison, the remaining250

compensation salinity is instead distributed throughout the global ocean volume, such that the unit compensation salinity flux

per surface area is the same across all simulations. This way, we can assess the influence of individual regions on the progressive

AMOC destabilization when switching from surface to volume compensation.

AMOC collapse sensitivity on compensation region 

Figure 7. AMOC collapse in Climber-X with a forcing rate of 0.3 Sv/kyr when removing different regions from the surface compensation

mask. Regions are shown in the map inset: 1 = Arctic-North Atlantic, 2 = South Atlantic, 3 = Southern Ocean, 4 = Indo-Pacific. The hosing

region is marked with an “H”. The additional compensation cases are shown in grey: “No compensation” does not apply any compensation

salinity (i.e., the global salinity changes) and “Pacific only” applies all surface compensation over the Pacific (with no additional volume

compensation).

Figure 7 shows that the AMOC tipping point of each of these simulations lies between S-comp and V-comp. Removing

the Indo-Pacific or Southern Ocean from the surface compensation mask has a moderate impact on the AMOC tipping point,255

with the freshwater forcing threshold decreasing by around 30% compared to the difference in thresholds between S-comp and

V-comp (Tab. 1). The change in thresholds is around 40% for the South Atlantic and more than half for the North Atlantic and

the Arctic Ocean combined. This is consistent with the analysis of POP above, in that adding salinity within the Atlantic basin

is the main cause for the differences in the AMOC tipping point between S-comp and V-comp.

The area (and therefore the total salt input) of these regions differs widely, such that the impact of the different regions can260

be more equally compared when normalizing the change in critical thresholds by each region’s surface area (Tab. 1). This is

done by dividing the percentage effect by the area of each region, such that an index of 1 is equal to the globally averaged

effect of surface compensation. According to this metric, surface compensation in the North Atlantic and Arctic has an 8-times

stronger influence on the AMOC tipping point than the global average surface compensation. This factor is still larger than 3

for the South Atlantic but only around 0.6 for the Indo-Pacific. The Southern Ocean has an influence that is comparable to the265
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Exp ∆FH(Exp) [Sv] ∆FH(Exp)/∆FH(V-comp) Normalized by area

V-comp −0.0657 1 1

No Arctic–North Atlantic −0.0354 0.54 8.6

No South Atlantic −0.0261 0.40 3.6

No Southern Ocean −0.0195 0.30 1.1

No Indo-Pacific −0.0210 0.32 0.59

No compensation −0.0663 1.009

Pacific only −0.0537 0.82

Table 1. Differences between the AMOC tipping points in Fig. 7. ∆FH(Exp) = difference in critical freshwater forcing values (here defined

as where the AMOC reaches 7 Sv) between this experiment (“Exp”) and S-comp; ∆FH(Exp)/∆FH(V-comp) = same as the previous

column, but divided by the difference between V-comp and S-comp; Normalized by area = same as normalized difference, but additionally

divided by the area ration between the masked-out region and the global surface compensation area.

global average. The regional effects do not entirely add up linearly, so that these numbers should be interpreted qualitatively

rather than quantitatively, but they clearly show that surface compensation added over the North Atlantic has an outsized role

in shaping the differences between S-comp and V-comp, with an important role also for the South Atlantic.

On the other hand, the relatively small role of the (Indo-)Pacific motivates revisiting alternative surface compensation strate-

gies; for example, Dijkstra and van Westen (2024) and Rahmstorf and Ganopolski (1999) have previously applied the surface270

compensation term over the Pacific instead of globally. In agreement with our previous analysis, in this “Pacific only” case

(grey solid line in Fig. 7), the AMOC tips for only slightly higher freshwater forcing values (around 18% of the difference

between V-comp and S-comp) than the volume-compensated case.

Finally, we performed a simulation without any salinity compensation (dashed grey line in Fig. 7), in which the global

salinity is allowed to gradually freshen, keeping in mind that this “no compensation” case is not suitable to demonstrate a275

multi-stable AMOC regime. The AMOC collapse trajectory is extremely similar to that of V-comp, with a negligible difference

(less than 1% of the difference between S-comp and V-comp) of the critical AMOC threshold. This justifies the use of volume

compensation when assessing the effect of a physical freshwater flux on the AMOC tipping point.

The results in this section raise the question whether using an effective surface freshwater flux parameter F eff
H would make

V-comp and S-comp more comparable in forcing space. Indeed, when defining F eff
H as the net surface freshwater forcing (from280

hosing and surface compensation) over the entire Atlantic and Arctic basins, S-comp and V-comp match very well in POP and

at least become closer in Climber-X (Fig. B4). While this is only a very approximate indicator, it may be helpful for future

inter-model comparison if different compensation strategies had been used.
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4 Discussion and Conclusions

In this study, we showed that the method of salinity compensation matters when estimating critical freshwater forcing values285

for AMOC tipping from climate models. In two different modeling setups, the AMOC tipping point consistently shifted to

higher freshwater forcing values with surface compensation compared to volume compensation. The thermal wind balance

AMOC reconstruction as well as targeted sensitivity experiments showed that the most important cause of the differences

between the two configurations is the input and accumulation of surface compensation salinity north of the hosing region, i.e.,

in the deep-water formation regions of the North Atlantic.290

We can now compare our results with those of Jackson et al. (2017), who performed a similar comparison between S-

comp and V-comp with the coarse-resolution (≈ 5× 5°) atmosphere–ocean GCM FAMOUS. In agreement with both models

used here, they also found a stronger initial AMOC weakening in V-comp compared to S-comp. Based on the analysis of the

prognostic salinity and velocity fields, they concluded that this additional weakening was due to the salt input at the surface

in S-comp, a result that we could now rigorously demonstrate with the use of a diagnostic surface compensation tracer. The295

FAMOUS results (cf. their Fig. 6a) are therefore consistent with an AMOC tipping point shifted to later values in S-comp,

underlining the robustness of our main conclusion.

The main differences with Jackson et al. (2017) lie in the recovery of the AMOC from the “Off”-state. The hysteresis in

FAMOUS was much wider in S-comp than in V-comp owing to the formation of a vigorous Pacific Meridional Overturning

Circulation (PMOC) during the AMOC collapse in the S-comp, stabilizing the “AMOC off” state. In contrast, no PMOC forms300

in any of our four model simulations, and consequently there is only a quantitative but no qualitative difference in hysteresis

between the two compensation cases. As pointed out by Jackson et al. (2017), one possible explanation for PMOC formation in

their model (and the absence of a PMOC here) is that FAMOUS has a subsurface salinity maximum in the North Pacific which

is not seen in observations. In contrast, the North Pacific salinity and density profiles in POP and Climber-X, and therefore

stratification, are in fairly good agreement with observations (Fig. B5). However, FAMOUS is actually biased toward a too305

strong (and not too weak) upper-ocean stratification in the North Pacific (Fig. B5d), i.e., a larger “barrier” to overcome to form

a PMOC. Hence, it remains for further study which model differences facilitate PMOC formation, especially since Baker et al.

(2025) proposed a link between AMOC weakening and strengthening of the Pacific overturning under global warming.

The main trade-off of our relatively expensive experimental design is the use of simplified modeling approaches, which

come with several caveats. For POP, these are mainly the absence of interactive atmosphere and sea ice components. It was310

shown by van Westen et al. (2024a) that sea ice feedbacks mainly affect the physics of the “Off”-state and AMOC recovery;

however, we do not expect that it would affect the difference between S-comp and V-comp in a qualitative way. Climber-X

includes both a sea-ice and a (simplified) atmospheric component, but the ocean model has a coarse resolution and only includes

quasi-geostrophic dynamics. Nevertheless, in the spirit of the model hierarchy (Held, 2005), our different but complimentary

approaches, combined with the results of Jackson et al. (2017), demonstrate that the main result that the AMOC collapses for315

lower freshwater forcing in V-comp compared to S-comp is robust.
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A final caveat for both models (and all coupled models which have run quasi-equilibrium hosing experiments so far) is that,

due to their resolution, they parametrize the effects of mesoscale eddies. Using an idealized eddy-permitting (1/4◦) model,

Hogg et al. (2013) found that the AMOC weakened more with surface compensation compared to no compensation when

applying a strong freshwater input of 0.5 Sv over the North Atlantic for 400 years. They attributed this difference mainly to320

stronger Southern Ocean upwelling in the “no compensation” (their FW2) case. However, it is unclear whether this means that

the effect of surface compensation would actually be different in a high-resolution global model, or whether the differences

arise due to the idealized setup in Hogg et al. (2013), especially the use of a rectangular single-basin geometry and a linear

equation of state.

Quasi-equilibrium experiments with climate models have so far mostly used surface compensation (Hawkins et al., 2011;325

Hu et al., 2012; van Westen et al., 2024b), while volume compensation has been used in the recent North Atlantic Hosing

model intercomparison project (Jackson et al., 2023). There may be good reasons to use surface compensation, for example to

enable direct comparison with previous quasi-equilibrium simulations or potentially faster convergence to a new equilibrium.

However, we showed that surface compensation, especially applied over the North Atlantic and the Arctic Ocean, has non-

negligible unintended side effects. It has previously been shown that surface compensation can also affect the climate response330

to AMOC weakening (Stocker et al., 2007), an aspect that would be worth revisiting in future work. It is worth noting that

there is little physical justification to apply a positive salinity flux term over the mid- and high-latitudes, as the intensification

of the hydrological cycle under global warming will increase (and not decrease) P −E there (Held and Soden, 2006).

On the other hand, volume compensation affects the AMOC behavior very little compared to a physical freshwater input with

no compensation (Fig. 7), e.g., from ice sheet mass loss. When volume compensation cannot be used for technical or scientific335

reasons, surface compensation over the Pacific can be a pragmatic compromise that limits artificial stabilization of the AMOC.

In any case, the choice of salinity compensation should always be explicitly documented; otherwise, future comparisons of

different modeling studies will be complicated further.

To conclude, this study demonstrated a robust mechanism why the critical freshwater forcing threshold for the “AMOC on”

state shifts to higher values when using global surface compensation compared to volume compensation. If this result indeed340

translates to more complex coupled climate models, this would mean that critical thresholds estimated from quasi-equilibrium

simulations (e.g., van Westen et al., 2024b) would have been overestimated. This could compound the effect of model biases

such as a salinity bias in the Indian Ocean, which is also expected to bias the critical freshwater forcing towards higher values

(Dijkstra and van Westen, 2024; Boot and Dijkstra, 2025).

Code and data availability. The underlying data and Jupyter Notebooks to reproduce the figures are available on Zenodo: https://doi.org/10.345

5281/zenodo.19455023.
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Appendix A: AMOC reconstruction using thermal wind balance

The thermal wind balance reconstruction of the AMOC from Eq. (5) has three free parameters: the boundaries of the northern

and southern boxes, and the proportionality constant C. Here, we outline how these were chosen for POP.

The northern box is fixed at 43°N–65°N in the Atlantic following Vanderborght et al. (2025), consistent with the region of350

outcropping isopycnals that overlap with the Southern Ocean (Fig. A1). However, probably because the densest waters in the

North Atlantic do not reach the Southern Hemisphere (Fig. A1a), the reconstruction following Eq. (5) does not agree well with

the actual AMOC strength if the southern box is chosen in the Southern Ocean as in the coupled CESM (Vanderborght et al.,

2025). Good agreement could only be achieved if different values of C were chosen for S-comp and V-comp, for which there

is no physical justification.355

Instead, in line with the initial Atlantic density structure (Fig. A1), we choose the southern box inside the South Atlantic

at 20°S–0°N. The parameter C = 0.85 is chosen such that the reconstructed AMOC strength in the initial state agrees well

with the modeled AMOC, with the reconstructed AMOC decline matching the actual decline well during the first 800 years

(i.e., before reaching the tipping point) for both S-comp and V-comp. This leads to a good agreement of the simulated and

reconstructed AMOC changes, which are the focus of this study, for both configurations.360

We tested that our conclusions remain robust to changes in the definition of the southern box, namely by repeating the

analysis in Section 3.2 with the southern box definitions of Bonan et al. (2025) (30°S–30°N) and Vanderborght et al. (2025)

(56°S–34°S, 53°W–20°E) with C = 1.1 and C = 0.6, respectively. In both cases, the northern salinity contribution remains

the dominant component in Fig. 4 (not shown), with a slightly larger opposing contribution from the southern box using the

definition of Bonan et al. (2025).365
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Figure A1. (a) Zonal mean potential density (σ0) in the Atlantic and in the Southern Ocean (south of 34◦S, zonal extent 53◦W to 20◦E)

for the initial state of POP. (b) Potential density gradient ∆yρ using two possible choices of the southern box: 20◦S to the equator (“South

Atlantic”, used in the main text) and 56◦ to 34◦S (“Southern Ocean”, as in Vanderborght et al. (2025)). The vertical mean is shown for the

“South Atantic” box.
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Appendix B: Supplementary figures

0.45 0.30 0.15 0.00 0.15 0.30 0.45

Freshwater forcing FH

0

5

10

15

20

25

30

35

40

A
M

O
C

 a
t 2

6°
N

 [S
v]

FH

Climber-X: fast vs slow rate

V-comp (fast)

S-comp (fast)

V-comp (slow)

S-comp (slow)
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a Climber-X S-comp tracer b Climber-X V-comp tracer

Figure B3. Fate of the compensation salinity in Climber-X after 300 years (before the tipping point in any of the simulations): (a) S-comp,

(b) V-comp.
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the World Ocean Atlas 2023 (WOA23; Locarnini et al., 2024; Reagan et al., 2024) and the FAMOUS climatology is the pre-industrial

state from version XDBUA (Smith et al., 2008), which is very similar to the initial state in Jackson et al. (2017). (a) Salinity, (b) potential

temperature, (c) potential density, (d) stratification (N2 =−g/ρ0 ∂ρ/∂z). All quantities are annual means except for stratification, which is

averaged over the winter months (December to March).

20



Author contributions. OM and HD conceptualized the study. OM designed and carried out the model experiments, and analyzed the data

with guidance by HD and EV. OM wrote the initial draft and all authors reviewed and edited the manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. We thank Michael Kliphuis for technical assistance with POP and the Climber-X developers for making their model370

freely available. We are grateful to Laura Jackson and Robin Smith for providing FAMOUS model output for Fig. B5. We also thank the

two reviewers whose comments have improved the paper. This work was funded by the European Research Council through the ERC-AdG

project TAOC (PI: Dijkstra, project 101055096). The model simulations were performed on the Dutch National Supercomputer Snellius

within NWO-SURF project 2024.013.

21



References375

Arumí-Planas, C., Dong, S., Perez, R., Harrison, M. J., Farneti, R., and Hernández-Guerra, A.: A Multi-Data Set Analysis of the Freshwater

Transport by the Atlantic Meridional Overturning Circulation at Nominally 34.5◦S, J. Geophys. Res. Oceans, 129, e2023JC020 558,

https://doi.org/10.1029/2023JC020558, 2024.

Baker, J. A., Bell, M. J., Jackson, L. C., Vallis, G. K., Watson, A. J., and Wood, R. A.: Continued Atlantic Overturning Circulation Even

under Climate Extremes, Nature, 638, 987–994, https://doi.org/10.1038/s41586-024-08544-0, 2025.380

Ben-Yami, M., Good, P., Jackson, L. C., Crucifix, M., Hu, A., Saenko, O., Swingedouw, D., and Boers, N.: Impacts of AMOC Collapse on

Monsoon Rainfall: A Multi-Model Comparison, Earth’s Future, 12, e2023EF003 959, https://doi.org/10.1029/2023EF003959, 2024.

Boers, N., Ghil, M., and Stocker, T. F.: Theoretical and Paleoclimatic Evidence for Abrupt Transitions in the Earth System, Environ. Res.

Lett., 17, 093 006, https://doi.org/10.1088/1748-9326/ac8944, 2022.

Bonan, D. B., Thompson, A. F., Newsom, E. R., Sun, S., and Rugenstein, M.: Transient and Equilibrium Responses of the Atlantic385

Overturning Circulation to Warming in Coupled Climate Models: The Role of Temperature and Salinity, J. Clim., 35, 5173–5193,

https://doi.org/10.1175/JCLI-D-21-0912.1, 2022.

Bonan, D. B., Thompson, A. F., Schneider, T., Zanna, L., Armour, K. C., and Sun, S.: Observational Constraints Imply Limited Future

Atlantic Meridional Overturning Circulation Weakening, Nat. Geosci., 18, 479–487, https://doi.org/10.1038/s41561-025-01709-0, 2025.

Boot, A. A. and Dijkstra, H. A.: Physics of AMOC Multistable Regime Shifts Due to Freshwater Biases in an EMIC, Earth Syst. Dyn., 16,390

1221–1235, https://doi.org/10.5194/esd-16-1221-2025, 2025.

Bouillon, S., Morales Maqueda, M. Á., Legat, V., and Fichefet, T.: An Elastic–Viscous–Plastic Sea Ice Model Formulated on Arakawa B and

C Grids, Ocean Modelling, 27, 174–184, https://doi.org/10.1016/j.ocemod.2009.01.004, 2009.

Broecker, W. S., Peteet, D. M., and Rind, D.: Does the Ocean–Atmosphere System Have More than One Stable Mode of Operation?, Nature,

315, 21–26, https://doi.org/10.1038/315021a0, 1985.395

Butler, E. D., Oliver, K. I. C., Hirschi, J. J.-M., and Mecking, J. V.: Reconstructing Global Overturning from Meridional Density Gradients,

Clim. Dyn., 46, 2593–2610, https://doi.org/10.1007/s00382-015-2719-6, 2016.

Cessi, P. and Wolfe, C. L.: Eddy-Driven Buoyancy Gradients on Eastern Boundaries and Their Role in the Thermocline, J. Phys. Oceanogr.,

39, 1595–1614, https://doi.org/10.1175/2009JPO4063.1, 2009.

de Boer, A. M., Gnanadesikan, A., Edwards, N. R., and Watson, A. J.: Meridional Density Gradients Do Not Control the Atlantic Overturning400

Circulation, J. Phys. Oceanogr., 40, 368–380, https://doi.org/10.1175/2009JPO4200.1, 2010.

Dijkstra, H. A.: The Role of Conceptual Models in Climate Research, Physica D, 457, 133 984, https://doi.org/10.1016/j.physd.2023.133984,

2024.

Dijkstra, H. A. and van Westen, R. M.: The Effect of Indian Ocean Surface Freshwater Flux Biases On the Multi-Stable Regime of the

AMOC, Tellus A, 76, 90–100, https://doi.org/10.16993/tellusa.3246, 2024.405

Dijkstra, H. A. and van Westen, R. M.: The Probability of an AMOC Collapse Onset in the Twenty-First Century, Annu. Rev. Mar. Sci., 18,

23–46, https://doi.org/10.1146/annurev-marine-040324-024822, 2026.

Dukowicz, J. K. and Smith, R. D.: Implicit Free-Surface Method for the Bryan-Cox-Semtner Ocean Model, J. Geophys. Res. Oceans, 99,

7991–8014, https://doi.org/10.1029/93JC03455, 1994.

Edwards, N. R. and Marsh, R.: Uncertainties Due to Transport-Parameter Sensitivity in an Efficient 3-D Ocean-Climate Model, Clim Dyn,410

24, 415–433, https://doi.org/10.1007/s00382-004-0508-8, 2005.

22

https://doi.org/10.1029/2023JC020558
https://doi.org/10.1038/s41586-024-08544-0
https://doi.org/10.1029/2023EF003959
https://doi.org/10.1088/1748-9326/ac8944
https://doi.org/10.1175/JCLI-D-21-0912.1
https://doi.org/10.1038/s41561-025-01709-0
https://doi.org/10.5194/esd-16-1221-2025
https://doi.org/10.1016/j.ocemod.2009.01.004
https://doi.org/10.1038/315021a0
https://doi.org/10.1007/s00382-015-2719-6
https://doi.org/10.1175/2009JPO4063.1
https://doi.org/10.1175/2009JPO4200.1
https://doi.org/10.1016/j.physd.2023.133984
https://doi.org/10.16993/tellusa.3246
https://doi.org/10.1146/annurev-marine-040324-024822
https://doi.org/10.1029/93JC03455
https://doi.org/10.1007/s00382-004-0508-8


Edwards, N. R., Willmott, A. J., and Killworth, P. D.: On the Role of Topography and Wind Stress on the Stability of the Thermohaline

Circulation, J. Phys. Oceanogr., 28, 756–778, https://doi.org/10.1175/1520-0485(1998)028<0756:OTROTA>2.0.CO;2, 1998.

Fox-Kemper, B., Hewitt, H., Xiao, C., Aðalgeirsdóttir, G., Drijfhout, S., Edwards, T., Golledge, N., Hemer, M., Kopp, R., Krinner,

G., Mix, A., Notz, D., Nowicki, S., Nurhati, I., Ruiz, L., Sallée, J.-B., Slangen, A., and Yu, Y.: Ocean, Cryosphere and Sea Level415

Change, in: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of

the Intergovernmental Panel on Climate Change, edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S., Péan, C., Berger,

S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J., Maycock, T., Waterfield, T.,

Yelekçi, O., Yu, R., and Zhou, B., pp. 1211–1362, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,

https://doi.org/10.1017/9781009157896.011, 2021.420

Gnanadesikan, A.: A Simple Predictive Model for the Structure of the Oceanic Pycnocline, Science, 283, 2077–2079,

https://doi.org/10.1126/science.283.5410.2077, 1999.

Gregory, J. M., Saenko, O. A., and Weaver, A. J.: The Role of the Atlantic Freshwater Balance in the Hysteresis of the Meridional Overturning

Circulation, Climate Dynamics, 21, 707–717, https://doi.org/10.1007/s00382-003-0359-8, 2003.

Haskins, R. K., Oliver, K. I. C., Jackson, L. C., Drijfhout, S. S., and Wood, R. A.: Explaining Asymmetry between Weakening and Recovery425

of the AMOC in a Coupled Climate Model, Clim. Dyn., 53, 67–79, https://doi.org/10.1007/s00382-018-4570-z, 2019.

Hawkins, E., Smith, R. S., Allison, L. C., Gregory, J. M., Woollings, T. J., Pohlmann, H., and de Cuevas, B.: Bistability of the At-

lantic Overturning Circulation in a Global Climate Model and Links to Ocean Freshwater Transport, Geophys. Res. Lett., 38, L10 605,

https://doi.org/10.1029/2011GL047208, 2011.

Held, I. M.: The Gap between Simulation and Understanding in Climate Modeling, Bull. Amer. Meteor. Soc., 86, 1609–1614,430

https://doi.org/10.1175/BAMS-86-11-1609, 2005.

Held, I. M. and Soden, B. J.: Robust Responses of the Hydrological Cycle to Global Warming, J. Clim., 19, 5686–5699,

https://doi.org/10.1175/JCLI3990.1, 2006.

Hogg, A. M., Dijkstra, H. A., and Saenz, J. A.: The Energetics of a Collapsing Meridional Overturning Circulation, J. Phys. Oceanogr., 43,

1512–1524, https://doi.org/10.1175/JPO-D-12-0212.1, 2013.435

Hu, A., Meehl, G. A., Han, W., Timmermann, A., Otto-Bliesner, B., Liu, Z., Washington, W. M., Large, W., Abe-Ouchi, A., Kimoto, M.,

Lambeck, K., and Wu, B.: Role of the Bering Strait on the Hysteresis of the Ocean Conveyor Belt Circulation and Glacial Climate Stability,

Proc. Natl. Acad. Sci. U.S.A., 109, 6417–6422, https://doi.org/10.1073/pnas.1116014109, 2012.

Huisman, S. E., Dijkstra, H. A., von der Heydt, A., and de Ruijter, W. P. M.: Robustness of Multiple Equilibria in the Global Ocean

Circulation, Geophys. Res. Lett., 36, https://doi.org/10.1029/2008GL036322, 2009.440

Hunke, E. C. and Dukowicz, J. K.: An Elastic–Viscous–Plastic Model for Sea Ice Dynamics, J. Phys. Oceanogr., 27, 1849–1867,

https://doi.org/10.1175/1520-0485(1997)027<1849:AEVPMF>2.0.CO;2, 1997.

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. Dyn., 45, 3299–3316, https://doi.org/10.1007/s00382-015-2540-2, 2015.

Jackson, L. C., Smith, R. S., and Wood, R. A.: Ocean and Atmosphere Feedbacks Affecting AMOC Hysteresis in a GCM, Clim Dyn, 49,445

173–191, https://doi.org/10.1007/s00382-016-3336-8, 2017.

Jackson, L. C., Alastrué de Asenjo, E., Bellomo, K., Danabasoglu, G., Haak, H., Hu, A., Jungclaus, J., Lee, W., Meccia, V. L., Saenko,

O., Shao, A., and Swingedouw, D.: Understanding AMOC Stability: The North Atlantic Hosing Model Intercomparison Project, Geosci.

Model Dev., 16, 1975–1995, https://doi.org/10.5194/gmd-16-1975-2023, 2023.

23

https://doi.org/10.1175/1520-0485(1998)028%3C0756:OTROTA%3E2.0.CO;2
https://doi.org/10.1017/9781009157896.011
https://doi.org/10.1126/science.283.5410.2077
https://doi.org/10.1007/s00382-003-0359-8
https://doi.org/10.1007/s00382-018-4570-z
https://doi.org/10.1029/2011GL047208
https://doi.org/10.1175/BAMS-86-11-1609
https://doi.org/10.1175/JCLI3990.1
https://doi.org/10.1175/JPO-D-12-0212.1
https://doi.org/10.1073/pnas.1116014109
https://doi.org/10.1029/2008GL036322
https://doi.org/10.1175/1520-0485(1997)027%3C1849:AEVPMF%3E2.0.CO;2
https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.1007/s00382-016-3336-8
https://doi.org/10.5194/gmd-16-1975-2023


Johns, W. E., Elipot, S., Smeed, D. A., Moat, B., King, B., Volkov, D. L., and Smith, R. H.: Towards Two Decades of Atlantic Ocean Mass450

and Heat Transports at 26.5◦ N, Phil. Trans. R. Soc. A, 381, 20220 188, https://doi.org/10.1098/rsta.2022.0188, 2023.

Kageyama, M., Albani, S., Braconnot, P., Harrison, S. P., Hopcroft, P. O., Ivanovic, R. F., Lambert, F., Marti, O., Peltier, W. R., Peterschmitt,

J.-Y., Roche, D. M., Tarasov, L., Zhang, X., Brady, E. C., Haywood, A. M., LeGrande, A. N., Lunt, D. J., Mahowald, N. M., Mikolajewicz,

U., Nisancioglu, K. H., Otto-Bliesner, B. L., Renssen, H., Tomas, R. A., Zhang, Q., Abe-Ouchi, A., Bartlein, P. J., Cao, J., Li, Q., Lohmann,

G., Ohgaito, R., Shi, X., Volodin, E., Yoshida, K., Zhang, X., and Zheng, W.: The PMIP4 Contribution to CMIP6 – Part 4: Scientific455

Objectives and Experimental Design of the PMIP4-CMIP6 Last Glacial Maximum Experiments and PMIP4 Sensitivity Experiments,

Geosci. Model Dev., 10, 4035–4055, https://doi.org/10.5194/gmd-10-4035-2017, 2017.

Large, W. G. and Yeager, S. G.: Diurnal to Decadal Global Forcing For Ocean and Sea-Ice Models: The Data Sets and Flux Climatologies,

NCAR Technical Note, National Center for Atmospheric Research, Boulder, Colorado, 2004.

Liu, W., Xie, S.-P., Liu, Z., and Zhu, J.: Overlooked Possibility of a Collapsed Atlantic Meridional Overturning Circulation in Warming460

Climate, Sci. Adv., 3, e1601 666, https://doi.org/10.1126/sciadv.1601666, 2017.

Locarnini, R. A., Mishonov, A. V., Baranova, O. K., Reagan, J. R., Boyer, T. P., Seidov, D., Wang, Z., Garcia, H. E., Bouchard,

C., Cross, S. L., Paver, C. R., and Dukhovskoy, D.: World Ocean Atlas 2023, Volume 1: Temperature, NOAA Atlas NESDIS 89,

https://doi.org/10.25923/54bh-1613, 2024.

Loriani, S., Aksenov, Y., Armstrong McKay, D. I., Bala, G., Born, A., Chiessi, C. M., Dijkstra, H. A., Donges, J. F., Drijfhout, S., England,465

M. H., Fedorov, A. V., Jackson, L. C., Kornhuber, K., Messori, G., Pausata, F. S. R., Rynders, S., Sallée, J.-B., Sinha, B., Sherwood,

S. C., Swingedouw, D., and Tharammal, T.: Tipping Points in Ocean and Atmosphere Circulations, Earth Syst. Dyn., 16, 1611–1653,

https://doi.org/10.5194/esd-16-1611-2025, 2025.

Marotzke, J.: Boundary Mixing and the Dynamics of Three-Dimensional Thermohaline Circulations, J. Phys. Oceanogr., 27, 1713–1728,

https://doi.org/10.1175/1520-0485(1997)027<1713:BMATDO>2.0.CO;2, 1997.470

Marotzke, J. and Willebrand, J.: Multiple Equilibria of the Global Thermohaline Circulation, J. Phys. Oceanogr., 21, 1372–1385,

https://doi.org/10.1175/1520-0485(1991)021<1372:MEOTGT>2.0.CO;2, 1991.

Müller, S. A., Joos, F., Edwards, N. R., and Stocker, T. F.: Water Mass Distribution and Ventilation Time Scales in a Cost-Efficient, Three-

Dimensional Ocean Model, J. Clim., 19, 5479–5499, https://doi.org/10.1175/JCLI3911.1, 2006.

Nayak, M. S., Bonan, D. B., Newsom, E. R., and Thompson, A. F.: Controls on the Strength and Structure of the Atlantic Meridional475

Overturning Circulation in Climate Models, Geophys. Res. Lett., 51, e2024GL109 055, https://doi.org/10.1029/2024GL109055, 2024.

Pedlosky, J. and Spall, M. A.: Boundary Intensification of Vertical Velocity in a β-Plane Basin, J. Phys. Oceanogr., 35, 2487–2500,

https://doi.org/10.1175/JPO2832.1, 2005.

Prange, M., Lohmann, G., and Paul, A.: Influence of Vertical Mixing on the Thermohaline Hysteresis: Analyses of an OGCM, J. Phys.

Oceanogr., 33, 1707–1721, https://doi.org/10.1175/1520-0485(2003)033<1707:IOVMOT>2.0.CO;2, 2003.480

Rahmstorf, S.: Bifurcations of the Atlantic Thermohaline Circulation in Response to Changes in the Hydrological Cycle, Nature, 378, 145–

149, https://doi.org/10.1038/378145a0, 1995.

Rahmstorf, S.: On the Freshwater Forcing and Transport of the Atlantic Thermohaline Circulation:, Clim. Dyn., 12, 799–811,

https://doi.org/10.1007/s003820050144, 1996.

Rahmstorf, S.: Ocean Circulation and Climate during the Past 120,000 Years, Nature, 419, 207–214, https://doi.org/10.1038/nature01090,485

2002.

24

https://doi.org/10.1098/rsta.2022.0188
https://doi.org/10.5194/gmd-10-4035-2017
https://doi.org/10.1126/sciadv.1601666
https://doi.org/10.25923/54bh-1613
https://doi.org/10.5194/esd-16-1611-2025
https://doi.org/10.1175/1520-0485(1997)027%3C1713:BMATDO%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1991)021%3C1372:MEOTGT%3E2.0.CO;2
https://doi.org/10.1175/JCLI3911.1
https://doi.org/10.1029/2024GL109055
https://doi.org/10.1175/JPO2832.1
https://doi.org/10.1175/1520-0485(2003)033%3C1707:IOVMOT%3E2.0.CO;2
https://doi.org/10.1038/378145a0
https://doi.org/10.1007/s003820050144
https://doi.org/10.1038/nature01090


Rahmstorf, S. and Ganopolski, A.: Long-Term Global Warming Scenarios Computed with an Efficient Coupled Climate Model, Climatic

Change, 43, 353–367, https://doi.org/10.1023/A:1005474526406, 1999.

Rahmstorf, S., Crucifix, M., Ganopolski, A., Goosse, H., Kamenkovich, I., Knutti, R., Lohmann, G., Marsh, R., Mysak, L. A.,

Wang, Z., and Weaver, A. J.: Thermohaline Circulation Hysteresis: A Model Intercomparison, Geophys. Res. Lett., 32, L23 605,490

https://doi.org/10.1029/2005GL023655, 2005.

Reagan, J. R., Seidov, D., Wang, Z., Dukhovskoy, D., Boyer, T. P., Locarnini, R. A., Baranova, O. K., Mishonov, A. V., Garcia,

H. E., Bouchard, C., Cross, S. L., and Paver, C. R.: World Ocean Atlas 2023, Volume 2: Salinity, NOAA Atlas NESDIS 90,

https://doi.org/10.25923/70qt-9574, 2024.

Schaumann, F. and Alastrué de Asenjo, E.: Weakening AMOC Reduces Ocean Carbon Uptake and Increases the Social Cost of Carbon,495

Proc. Natl. Acad. Sci., 122, e2419543 122, https://doi.org/10.1073/pnas.2419543122, 2025.

Schloesser, F., Furue, R., McCreary, J. P., and Timmermann, A.: Dynamics of the Atlantic Meridional Overturning Circulation. Part 1:

Buoyancy-forced Response, Prog. Oceanogr., 101, 33–62, https://doi.org/10.1016/j.pocean.2012.01.002, 2012.

Schloesser, F., Furue, R., McCreary, J. P., and Timmermann, A.: Dynamics of the Atlantic Meridional Overturning Circulation. Part 2:

Forcing by Winds and Buoyancy, Prog. Oceanogr., 120, 154–176, https://doi.org/10.1016/j.pocean.2013.08.007, 2014.500

Schmittner, A., Yoshimori, M., and Weaver, A. J.: Instability of Glacial Climate in a Model of the Ocean- Atmosphere-Cryosphere System,

Science, 295, 1489–1493, https://doi.org/10.1126/science.1066174, 2002.

Semtner, A. J.: A Model for the Thermodynamic Growth of Sea Ice in Numerical Investigations of Climate, J. Phys. Oceanogr., 6, 379–389,

https://doi.org/10.1175/1520-0485(1976)006<0379:AMFTTG>2.0.CO;2, 1976.

Smith, R. S., Gregory, J. M., and Osprey, A.: A Description of the FAMOUS (Version XDBUA) Climate Model and Control Run, Geosci.505

Model Dev., 1, 53–68, https://doi.org/10.5194/gmd-1-53-2008, 2008.

Stocker, T. F., Timmermann, A., Renold, M., and Timm, O.: Effects of Salt Compensation on the Climate Model Response in Simulations

of Large Changes of the Atlantic Meridional Overturning Circulation, J. Clim., 20, 5912–5928, https://doi.org/10.1175/2007JCLI1662.1,

2007.

Stommel, H.: Thermohaline Convection with Two Stable Regimes of Flow, Tellus, 13, 224–230, https://doi.org/10.1111/j.2153-510

3490.1961.tb00079.x, 1961.

van Westen, R. M. and Dijkstra, H. A.: Asymmetry of AMOC Hysteresis in a State-Of-The-Art Global Climate Model, Geophys. Res. Lett.,

50, e2023GL106 088, https://doi.org/10.1029/2023GL106088, 2023.

van Westen, R. M. and Dijkstra, H. A.: Persistent Climate Model Biases in the Atlantic Ocean’s Freshwater Transport, Ocean Sci., 20,

549–567, https://doi.org/10.5194/os-20-549-2024, 2024.515

van Westen, R. M., Jacques-Dumas, V., Boot, A. A., and Dijkstra, 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, 2024a.

van Westen, R. M., Kliphuis, M., and Dijkstra, H. A.: Physics-Based Early Warning Signal Shows That AMOC Is on Tipping Course, Sci.

Adv., 10, eadk1189, https://doi.org/10.1126/sciadv.adk1189, 2024b.

van Westen, R. M., Kliphuis, M., and Dijkstra, H. A.: Collapse of the Atlantic Meridional Overturning Circulation in a Strongly Eddying520

Ocean-Only Model, Geophys. Res. Lett., 52, e2024GL114 532, https://doi.org/10.1029/2024GL114532, 2025.

Vanderborght, E. and Dijkstra, H. A.: A Reduced-Dimensional Model for the Interhemispheric Geostrophic Meridional Overturning Circu-

lation, https://doi.org/10.48550/arXiv.2510.19454, 2025.

25

https://doi.org/10.1023/A:1005474526406
https://doi.org/10.1029/2005GL023655
https://doi.org/10.25923/70qt-9574
https://doi.org/10.1073/pnas.2419543122
https://doi.org/10.1016/j.pocean.2012.01.002
https://doi.org/10.1016/j.pocean.2013.08.007
https://doi.org/10.1126/science.1066174
https://doi.org/10.1175/1520-0485(1976)006%3C0379:AMFTTG%3E2.0.CO;2
https://doi.org/10.5194/gmd-1-53-2008
https://doi.org/10.1175/2007JCLI1662.1
https://doi.org/10.1111/j.2153-3490.1961.tb00079.x
https://doi.org/10.1111/j.2153-3490.1961.tb00079.x
https://doi.org/10.1111/j.2153-3490.1961.tb00079.x
https://doi.org/10.1029/2023GL106088
https://doi.org/10.5194/os-20-549-2024
https://doi.org/10.1175/JCLI-D-24-0060.1
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1029/2024GL114532
https://doi.org/10.48550/arXiv.2510.19454


Vanderborght, E., van Westen, R. M., and Dijkstra, H. A.: Feedback Processes Causing an AMOC Collapse in the Community Earth System

Model, J. Clim., 38, 5083–5102, https://doi.org/10.1175/JCLI-D-24-0570.1, 2025.525

Vellinga, M. and Wood, R. A.: Global Climatic Impacts of a Collapse of the Atlantic Thermohaline Circulation, Clim. Change, 54, 251–267,

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

Weaver, A. J., Saenko, O. A., Clark, P. U., and Mitrovica, J. X.: Meltwater Pulse 1A from Antarctica as a Trigger of the Bølling-Allerød

Warm Interval, Science, 299, 1709–1713, https://doi.org/10.1126/science.1081002, 2003.

Weijer, W., Maltrud, M. E., Hecht, M. W., Dijkstra, H. A., and Kliphuis, M. A.: Response of the Atlantic Ocean Circulation to Greenland Ice530

Sheet Melting in a Strongly-Eddying Ocean Model, Geophys. Res. Lett., 39, https://doi.org/10.1029/2012GL051611, 2012.

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 Circulation: A Review and Synthesis, J. Geophys. Res. Oceans, 124, 5336–5375,

https://doi.org/10.1029/2019JC015083, 2019.

Willeit, M. and Ganopolski, A.: Generalized Stability Landscape of the Atlantic Meridional Overturning Circulation, Earth Syst. Dyn., 15,535

1417–1434, https://doi.org/10.5194/esd-15-1417-2024, 2024.

Willeit, M., Ganopolski, A., Robinson, A., and Edwards, N. R.: The Earth System Model CLIMBER-X v1.0 – Part 1: Climate Model

Description and Validation, Geosci. Model Dev., 15, 5905–5948, https://doi.org/10.5194/gmd-15-5905-2022, 2022.

26

https://doi.org/10.1175/JCLI-D-24-0570.1
https://doi.org/10.1023/A:1016168827653
https://doi.org/10.1126/science.1081002
https://doi.org/10.1029/2012GL051611
https://doi.org/10.1029/2019JC015083
https://doi.org/10.5194/esd-15-1417-2024
https://doi.org/10.5194/gmd-15-5905-2022

