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Abstract 28 

Future projections indicate the AMOC will weaken and shoal in response to global warming, 29 

but models disagree widely over the amount of weakening. We analyse projected AMOC 30 

weakening in 27 CMIP6 climate models, in terms of changes in three return pathways of the 31 

AMOC. The branch of the AMOC that returns through diffusive upwelling in the Indo-32 

Pacific, but does not later upwell in the Southern Ocean, is particularly sensitive to warming, 33 

in part, because shallowing of the deep flow prevents it from entering the Indo-Pacific via the 34 

Southern Ocean. The present-day strength of this Indo-Pacific pathway provides a strong 35 

constraint on the projected AMOC weakening. However, estimates of this pathway using four 36 

observationally-based methods imply a wide range of AMOC weakening under the SSP5-8.5 37 

scenario of 29% to 61% by 2100. Our results suggest that improved observational constraints 38 

on this pathway would substantially reduce uncertainty in 21st century AMOC decline. 39 

Plain Language Summary 40 

Changes in the Atlantic Meridional Overturning Circulation (AMOC), an ocean conveyer belt 41 

that moves warm water northwards into the North Atlantic Ocean, would have wide-ranging 42 

impacts on our climate. The AMOC is predicted to weaken as the climate warms during the 43 

21st century, but the extent of weakening differs among climate models. We show that 44 

AMOC weakening is greatest in models with a large exchange of water between the AMOC 45 

and the Indo-Pacific Ocean along a specific pathway. The magnitude of this ocean pathway, 46 

inferred from four observation-based estimates of the global overturning circulation, is 47 

uncertain. We use these estimates, and the relationship between the aforementioned ocean 48 

pathway and AMOC weakening across many climate models, to predict how the real-world 49 

AMOC will change. They indicate that by 2100 the AMOC will weaken by 29% to 61% 50 

under a high greenhouse gas emission scenario. This emphasises the importance of 51 

constraining the ocean’s overturning pathways to reduce uncertainty in future AMOC 52 

weakening and to improve climate models so that they represent these pathways more 53 

realistically. 54 

1. Introduction 55 

The Atlantic Meridional Overturning Circulation (AMOC) is widely predicted to weaken 56 

over the 21st century (e.g., Cheng et al., 2013; Weijer et al., 2020), but the magnitude of this 57 

change is uncertain in the latest Coupled Model Intercomparison Project (CMIP6). 58 

Understanding the mechanisms responsible for the large inter-model spread is crucial to 59 
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predict the transient response of the AMOC to increased greenhouse gas concentrations. The 60 

ocean’s overturning pathways are an important determinant of the equilibrium response of the 61 

AMOC to climate forcing (Baker et al., 2020, 2021; Nadeau & Jansen, 2020) and they may 62 

therefore also play a role in determining its transient response. We hypothesise that the wide 63 

range in the AMOC’s transient response to climate forcing among CMIP6 models is due to 64 

differences in the historical magnitude of their overturning pathways.  65 

Changes in the Meridional Overturning Circulation (MOC) influence global and regional 66 

climate change on seasonal to millennial timescales by changing the ocean’s transport of heat, 67 

freshwater, and carbon (Buckley & Marshall, 2016; Rahmstorf, 2015; Weijer et al., 2019). How 68 

the AMOC changes over the 21st century will impact many aspects of the climate (Bellomo et 69 

al., 2021; Hu et al., 2020; Liu et al., 2020), so constraining its future response to warming is 70 

vital. 71 

The most comprehensive predictions of future changes in climate are provided by CMIP6, a 72 

multi-model ensemble of climate simulations (Eyring et al., 2016; O’Neill et al., 2016). In 73 

model intercomparison projects, the weakening of the AMOC induced by increasing 74 

greenhouse gas (GHG) forcing tends to be greater in models with a stronger control AMOC, 75 

so its present-day strength can be used to constrain future weakening (e.g., Cheng et al., 76 

2013; Gregory et al., 2005; Weaver et al., 2012; Weijer et al., 2020; Winton et al., 2014). 77 

Several mechanisms have been proposed to explain this dependence. These include the 78 

impact of northern sea-ice extent and its subsequent retreat on North Atlantic Ocean heat loss 79 

(Levermann et al., 2007), changes in the kinetic energy of the North Atlantic (Gregory & 80 

Tailleux, 2011), changes in Labrador Sea convection (Rugenstein et al., 2013), and North 81 

Atlantic salinity differences (Jackson et al., 2020). These arguments are based on differences 82 

in the mean state and response of the North Atlantic that ultimately affect North Atlantic 83 

convection. In contrast, we use the CMIP6 ensemble to investigate the cause of the inter-84 

model spread in AMOC weakening and its dependence on the historical AMOC strength by 85 

analysing the model overturning pathways (e.g., Lumpkin & Speer, 2007; Talley, 2013) that 86 

return deep waters formed in the North Atlantic to their origin. 87 

The pathways that return NADW to the surface in the present-day ocean either upwell in the 88 

Southern Ocean (SO) driven by the SO westerly winds (e.g.,Toggweiler & Samuels, 1998) or 89 

in the Atlantic and Indo-Pacific Oceans driven by diffusion (e.g., Munk & Wunsch, 1998). 90 

Diffusive upwelling in the Indo-Pacific Ocean may significantly affect the equilibrium state of 91 
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the global overturning circulation (Ferrari et al., 2017; Jones & Cessi, 2016; Newsom & 92 

Thompson, 2018; Thompson et al., 2016); however, its impact on shorter, transient timescales 93 

is less clear. Transient changes in the AMOC in response to GHG forcing are believed to be 94 

instigated by changes in the North Atlantic buoyancy forcing (Dixon et al., 1999; Stouffer et 95 

al., 2006), although the strengthening and poleward shift of the Southern Ocean westerly winds 96 

found under high-end warming scenarios in CMIP6 models (Deng et al., 2022) may also impact 97 

the AMOC. The equilibrium AMOC probably shoaled in cooler, glacial climates, decoupling 98 

the upper and lower cells of the MOC and thus isolating the AMOC from the Indo-Pacific 99 

Ocean (Baker et al., 2020, 2021; Ferrari et al., 2014; Nadeau & Jansen, 2020). The AMOC 100 

may also shoal in response to GHG forcing with its transient response investigated in idealised 101 

models (e.g., Bonan et al., 2022; Chang & Jansen, 2022; Sun et al., 2020). Sun et al. (2020) 102 

show that the Indo-Pacific overturning circulation responds rapidly to GHG forcing, weakening 103 

to compensate changes in the AMOC through communication between the North Atlantic and 104 

Indo-Pacific Oceans via wave processes. By analysing the overturning pathways under varying 105 

GHG forcing, we can infer the importance (if any) of Indo-Pacific and Southern Ocean 106 

processes on the transient response of the AMOC. 107 

The main questions we seek to answer are: 108 

• What are the historical overturning pathways in the CMIP6 ensemble and how do 109 

they change in a warmer climate? 110 

• How does the transient weakening of the AMOC depend on the historical overturning 111 

pathways, and what mechanisms are responsible for these dependencies? 112 

• Can we use estimates of the real-world overturning pathways to constrain future 113 

AMOC weakening?  114 

2. Data and Methods 115 

2.1. CMIP6 Models and observation-based data 116 

We analyse the overturning pathways in the CMIP6 historical (1850-2014) simulation 117 

(Eyring et al., 2016) and in the Scenario Model Intercomparison Project (ScenarioMIP; 118 

O’Neill et al., 2016) experiments (2015-2100). The ScenarioMIP experiments represent 119 

different Shared Socioeconomic Pathways (SSP’s; Riahi et al., 2017) that result in varying 120 

radiative forcing and thus warming by 2100. These range from low-end (SSP1-2.6 121 

(“ssp126”)) to high-end (SSP5-8.5 (“ssp585”)) forcing scenarios. We focus on ssp585 since 122 

the AMOC response to forcing is greatest. The monthly-mean overturning mass 123 
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streamfunction (Griffies et al., 2016) is produced by 49 models for the historical simulation, 124 

26 models for ssp126 and 27 models for ssp585 (Table S1). We analyse the overturning 125 

streamfunction in depth space, and in density space when it is available, using a single 126 

ensemble member from each model (Table S1). We average the monthly-mean overturning 127 

streamfunction over 1850-2014 in the historical simulation and over 2080-2100 in the 128 

ScenarioMIP experiments.  129 

We estimate the real-world overturning pathways from three global ocean reanalyses that 130 

assimilate observations into an ocean model: “GloRanV14” (updated version of “GloSea5” 131 

e.g., Baker et al., 2022) over 2000-2021, the “Estimating the Circulation and Climate of the 132 

Ocean” (ECCOv4; Cessi, 2019; Forget et al., 2015) over 1992-2015 and a robust diagnostic 133 

simulation of Lee et al. (2019) that assimilates long-term averaged hydrographic data. We 134 

also use the MOC estimate from the inverse model of Lumpkin & Speer (2007) that uses 135 

hydrographic data measured over 1987-1996.  136 

2.2. Method to separate the overturning pathways 137 

We calculate the time-mean overturning pathways following the method of Baker et al. 138 

(2020, 2021) with a few modifications. We define the AMOC herein as the mid-depth cell in 139 

the Atlantic basin that is often referred to as the North Atlantic Deep Water (NADW) cell. 140 

The maximum strength of the AMOC in the North Atlantic is defined as “AMOCmax”. We 141 

refer to each pathway (Table S3) of the MOC as a pathway of NADW, although the density 142 

of this water mass changes as it is transported through the ocean. 143 

To separate the pathways, we use the zonally-averaged meridional overturning 144 

streamfunction in the Atlantic and Indo-Pacific basins, and in the Southern Ocean (SO), 145 

defined as all latitudes south of 34.5°S, we use the globally-integrated meridional overturning 146 

streamfunction (Figure 1). The dynamics of the SO are dominated by the effects of the SO 147 

winds, which generate an upper cell and indirectly strengthen a lower eddy-induced cell by 148 

tilting the SO isopycnals. We partition the AMOC transport southwards across 34.5°S into 149 

that advected into the upper and lower cells of the SO (Figure 1). The transport into the SO 150 

lower cell (“NADW_IPlower”) must ultimately upwell in the Indo-Pacific basin, whereas that 151 

transported into the upper cell either upwells in the SO and returns to the Atlantic basin (the 152 

“Atlantic wind pathway”; “NADW_Atwind”) or it is transported by zonal flows into the Indo-153 

Pacific basin (“NADW_IPupper”; not present in Figure 1 but we account for this pathway in 154 

our calculations). The total pathway into the Indo-Pacific basin either upwells diffusively in 155 



Geophysical Research Letters 
 
 

6 
 

 

+ + = NADW_windtotal NADW_Atdiffu NADW_IPdiffu AMOCmax 

 

 

 

 

 

 

 

 

 

 

 

 
NADW_Atdiffu 

NADW_Atwind 

NADW_IPdiffu 

NADW_IPwind NADW_windtotal 

NADW_IPlower 

this basin without later upwelling in the SO (the Indo-Pacific diffusive pathway; 156 

“NADW_IPdiffu”) or it upwells initially via diffusion and later via the SO upper cell (the Indo-157 

Pacific wind pathway; “NADW_IPwind”). The total SO wind pathway (“NADW_windtotal”) is 158 

equal to the sum of the Indo-Pacific and Atlantic wind pathways, and it is therefore equal to 159 

the total upwelling by the SO upper cell (Figure 1). 160 
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Figure 1. (upper) Meridional overturning streamfunction (Sverdrups (Sv); 2 Sv contours) 181 

from Baker et al. (2020; 2021), illustrating the method used to separate the overturning 182 

pathways. North of 34.5°S (right-hand vertical dashed lines), the streamfunction is plotted for 183 

the model Atlantic (left) and Indo-Pacific (right). The global-integrated streamfunction is 184 

plotted in the Southern Ocean. The solid black contour is the 0-Sv streamline. Each pathway, 185 

except “NADW_windtotal”, is equal to the net volume of water flowing from the northern 186 

basin into the Southern Ocean over the depth of the associated coloured vertical line at 187 

34.5°S. (lower) Illustration of the overturning pathways.  188 
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The Atlantic diffusive pathway (“NADW_Atdiffu”) upwells NADW in the Atlantic basin 189 

before returning northwards, that is, the streamlines of the AMOC are closed within the 190 

Atlantic basin. The sum of the three main pathways analysed; the Atlantic diffusive pathway 191 

(“NADW_Atdiffu”), the total SO wind pathway (“NADW_windtotal”) and the Indo-Pacific 192 

diffusive pathway (“NADW_IPdiffu”), are equal to “AMOCmax” (Figure 1 and Table S3). 193 

These pathways define the processes by which North Atlantic origin waters are returned to 194 

the surface; these waters either upwell in the Atlantic or Indo-Pacific basins via diffusion or 195 

they upwell in the SO via the SO winds. Further modifications to the method of Baker et al. 196 

(2020, 2021) and the equations used to calculate the pathways (eq. S1-S5) are described in 197 

the Supporting Information. 198 

The overturning pathways are more accurately represented in density space since ocean 199 

currents tend to flow along isopycnals (Hallberg & Gnanadesikan, 2006). We compare the 200 

overturning pathways calculated in depth and density space in five models (Figure S1). 201 

Although there are quantitative differences in density space, we expect the qualitative 202 

findings of this study to remain valid (see Supporting Information). 203 

3. Historical MOC and overturning pathways 204 

3.1. MOC 205 

We first examine the historical (1850-2014) overturning streamfunction and the associated 206 

overturning pathways. In all models, the Atlantic has a clockwise, mid-depth cell (i.e., the 207 

AMOC), whereas the Indo-Pacific has an expansive anti-clockwise cell. The historical 208 

AMOC strength (“AMOCmax”) ranges from ~10 Sv to ~37 Sv, and there is significant inter-209 

model spread in the overturning pathways (Figure 2, S2). 210 

3.2. Absolute overturning pathways 211 

Since the sum of the Atlantic and Indo-Pacific diffusive pathways and the total SO wind 212 

pathway are equal to “AMOCmax”, we might expect the historical AMOC strength to 213 

correlate with the magnitude of each pathway. While the AMOC strength has a strong, 214 

positive correlation with the Atlantic and Indo-Pacific diffusive pathways, it is insignificantly 215 

(p>0.05) anti-correlated with the total SO wind pathway (Figure 2a-c). This is because there 216 

are a cluster of models with weak total SO wind pathways, yet strong AMOC’s (left side of 217 

Figure 2b) because they have large Indo-Pacific diffusive pathways (right side of Figure 2c). 218 

The remaining models show a positive correlation between the AMOC strength and the total 219 

SO wind pathway.  220 
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 222 

 223 

Figure 2. (upper) Overturning pathways and (lower) overturning pathways relative to the 224 

maximum AMOC strength in the North Atlantic, “AMOCmax”, calculated in depth space and 225 

averaged over the historical simulation (1850-2100), plotted against “AMOCmax”. The 226 

Atlantic diffusive pathway, “NADW_Atdiffu”, the total SO wind pathway, “NADW_windtotal” 227 

and the Indo-Pacific diffusive pathway, “NADW_IPdiffu” are plotted. The line of best fit and 228 

the Pearson correlation coefficient are shown. 229 

3.3. Relative overturning pathways 230 

We also find similar relationships, but with lower correlations, between the historical AMOC 231 

strength and the overturning pathways relative to this AMOC strength i.e., the relative 232 

contribution of each pathway to “AMOCmax” (Figure 2d-e). However, the “relative” total SO 233 

wind pathway is significantly anti-correlated with AMOC strength. Thus, models with lower 234 



Geophysical Research Letters 
 
 

9 
 

“relative” total SO wind pathways tend to have stronger AMOC’s due, in part, to reasons 235 

stated in Section 3.2. The “relative” total SO wind and Indo-Pacific diffusive pathways have 236 

similar ranges but opposing relationships with “AMOCmax” (Figure 2d,e). The ensemble-237 

mean “relative” total SO wind pathway (55%) is greater than the ensemble-mean “relative” 238 

Indo-Pacific (22%) and Atlantic (23%) diffusive pathways (Figure 2d-f). 239 

4. Transient response of AMOC and overturning pathways to warming 240 

4.1. AMOC weakening 241 

All warming scenarios in the CMIP6 ensemble predict a weakening of the AMOC over the 242 

21st century, but there is a large inter-model variation. The AMOC weakens by 9%–42% 243 

(mean value of 24%) in ssp126 (Figure 3a) and by 21%–67% (mean value of 44%) in ssp585 244 

by 2080-2100 (Figure 3d), relative to the historical (1850-2014) mean AMOC for each 245 

model. We also find that models with a stronger historical AMOC tend to have greater 246 

AMOC weakening (Figure 3a-d), in agreement with previous inter-model comparison studies 247 

(e.g., Weaver et al., 2012; Weijer et al., 2020; Winton et al., 2014). The strength of this 248 

relationship increases at higher rates of warming i.e., from ssp126 to ssp585. In addition to 249 

the AMOC weakening, the Indo-Pacific MOC also weakens (Figure S3), compensating 250 

changes in the AMOC (in agreement with Sun et al. (2020)).  251 

4.2. Changes in the overturning pathways 252 

We analyse the association between the magnitude of the historical overturning pathways and 253 

AMOC weakening in ssp585 (Figure 3e-g). Both the Atlantic and Indo-Pacific diffusive 254 

pathways are positively correlated with AMOC weakening (i.e., these pathways tend to be 255 

larger in models with greater weakening). In contrast, the total SO wind pathway is anti-256 

correlated with AMOC weakening. The Indo-Pacific diffusive pathway explains 81% of the 257 

variance in AMOC weakening (i.e., r=0.90 in spp585; Figure 3g), notably higher than the 258 

55% of the variance explained by the historical AMOC strength (i.e., r=0.74 in ssp585; 259 

Figure 3d). The AMOC weakening has a lower dependence on the Atlantic diffusive and total 260 

SO wind pathways (r=0.61 and r=-0.62 respectively), which therefore reduce the dependence 261 

of AMOC weakening on the historical AMOC strength. Thus, the primary reason for the  262 
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 264 

 265 

 266 

Figure 3. (upper panels) The historical average AMOC strength, “AMOCmax, plotted against 267 

the change in “AMOCmax” by 2080-2100 in (i) ssp126 (ii) ssp245 (iii) ssp370 and (iv) 268 

ssp585. (center panels) Historical overturning pathways and (lower panels) their change, 269 

plotted against the change in “AMOCmax” by 2080-2100 in ssp585. Blue shading represents 270 

the 95% prediction interval. Further details are specified in Figure 2. 271 
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strong dependence of AMOC weakening on the historical AMOC strength is its strong 272 

dependence on the Indo-Pacific diffusive pathway. The aforementioned correlation 273 

coefficients are lower for ssp126 than ssp585, but the AMOC weakening still has a higher 274 

correlation with the Indo-Pacific diffusive pathway (r=0.78, not shown) than with the 275 

historical AMOC strength (r=0.6; Figure 3a). 276 

We now look at how the overturning pathways in ssp585 change over the 21st century (Figure 277 

4) to understand why the AMOC weakening is strongly dependent on the Indo-Pacific 278 

diffusive pathway (and less dependent on the other pathways). Although the AMOC weakens 279 

in all models, the rate and magnitude of weakening vary greatly (Figure 4a,e). By 2100, all 280 

models predict a decrease in the Indo-Pacific and Atlantic diffusive pathways, but the total 281 

SO wind pathway has a mixed response (Figure 4b-d,f-h). This pathway typically contributes 282 

little to the change in AMOC strength (Figure 4c,g) so has little impact on the relationship 283 

between the Indo-Pacific diffusive pathway and AMOC weakening. This is probably because 284 

changes in the SO winds are too small to weaken the SO upper cell and because the SO 285 

overturning is slow to respond to changes in the AMOC (Chang & Jansen, 2022; Sun et al., 286 

2020). By 2100, the decrease in the Indo-Pacific diffusive pathway has a large inter-model 287 

spread (~1 Sv to ~13 Sv), whereas the Atlantic diffusive pathway tends to have a smaller 288 

decrease (Figure 4). Changes in these pathways are highly correlated (r=0.76, not shown).  289 

The weakening of the AMOC is strongly correlated with decreases in the Atlantic and Indo-290 

Pacific diffusive pathways (Figure 3h,j). In contrast, changes in the total SO wind pathway 291 

are weakly anti-correlated with AMOC weakening due to the subset of models with a strong 292 

Indo-Pacific diffusive pathway weakening most despite little change in their total SO wind 293 

pathways (Figure 3i). We also find changes in the Indo-Pacific diffusive pathway are almost 294 

inversely proportional to its historical magnitude (r=-0.97; not shown), whereas changes in 295 

the Atlantic and total SO wind pathways are less dependent on their historical magnitudes 296 

(r=-0.7 and r=-0.45 respectively).  297 

4.3. Mechanisms 298 

The almost proportional relationship between the historical Indo-Pacific diffusive pathway 299 

and its decrease by 2080-2100 is due, in part, to this pathway weakening to zero in many 300 

models during the 21st century (Figure 4d). The historical magnitude of this pathway 301 

therefore sets an upper limit on its weakening and constrains the AMOC’s decline. Thus, 302 

while reduced North Atlantic convection probably causes the AMOC weakening, the 303 
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magnitude of decline is modulated by the magnitude of the Indo-Pacific diffusive pathway, 304 

with changes communicated rapidly via wave processes (Sun et al., 2020). This pathway 305 

decreases, in part, because the “cell overlap” between the AMOC and the SO lower cell 306 

decreases in response to GHG forcing, reducing the main pathway for NADW to enter the 307 

Indo-Pacific Ocean (Figure S3; see Baker et al., 2020, 2021; Nadeau & Jansen, 2020). 308 

309 

 310 

 311 

Figure 4. Timeseries of the AMOC strength and overturning pathways showing (upper 312 

panels) their absolute magnitudes, and (lower panels) the change in their magnitudes from the 313 

historical average (1850-2014). The historical average is labelled as 2010 (“10”) with average 314 

values in “ssp585” calculated in 10-year intervals from 2015-2095 (labelled “20” to “90”).  315 

5. Constraining future AMOC weakening 316 

Since the weakening of the AMOC is strongly related to the magnitude of the historical Indo-317 

Pacific diffusive pathway, we use this emergent constraint relationship to predict future 318 

weakening of the real-world AMOC. Using the AMOC strength and overturning pathways 319 

inferred from observation-based MOC estimates (Table S2), the emergent constraint 320 
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relationship (Figure 3f) predicts large differences in AMOC decline by 2080-2100 under 321 

ssp585 forcing; 29% (range of 8%–50% from the 95% prediction interval in Figure 3f) from 322 

ECCOv4, 35% (14%–56%) from an inverse model estimate (Lumpkin & Speer, 2007), 41% 323 

(26%–56%) from a robust diagnostic simulation (Lee et al., 2019) and 61% (41%–81%) from 324 

GloRanV14 (Table S2). Under ssp126 forcing, the emergent constraint predicts a weaker 325 

AMOC decline for each observation-based estimate, ranging from 17% to 32% (Table S2). 326 

Although the prediction intervals of the emergent constraint relationship are large (Figure 3f), 327 

they are significantly smaller than the equivalent analysis using the historical AMOC strength 328 

to constrain the weakening (Figure 3d). Each of the observation-based estimates of AMOC 329 

strength (except the robust diagnostic simulation) and a direct observational estimate at 330 

26.5°N of 16.9 Sv (Moat et al., 2022) imply a weakening under ssp585 forcing of ~41% 331 

(6%–76%) by 2100. Despite high confidence in the AMOC strength observed at 26.5°N, 332 

AMOC weakening constrained by this estimate is highly uncertain. Thus, even though the 333 

magnitude of the Indo-Pacific diffusive pathway is uncertain, AMOC weakening based on 334 

this pathway has a comparable uncertainty (8%–81%) to that based on the AMOC strength. 335 

Between observation-based estimates, their South Atlantic transports are similar, but their 336 

total SO wind pathways and thus Indo-Pacific diffusive pathways differ (Table S2). Reducing 337 

uncertainty in the strength of the SO upper cell at 34.5°S and thus in these pathways would 338 

increase confidence in estimates of future AMOC decline. 339 

6. Discussion and Conclusions  340 

The response of the AMOC to GHG forcing in the CMIP6 multi-model ensemble is 341 

uncertain. Under low-end forcing (SSP1-2.6), by 2080-2100 the AMOC in each model 342 

weakens on average by 24% (range of 9%–42% across the ensemble) relative to its historical 343 

mean AMOC, while under high-end forcing (SSP5-8.5), the average weakening increases to 344 

44% (range of 21%–67%). We show that the partition of the historical (1850-2014) 345 

overturning pathways largely determines how the AMOC responds to future climate forcing. 346 

Specifically, the historical pathway of North Atlantic origin waters that upwells diffusively in 347 

the Indo-Pacific Ocean but is not later upwelled in the Southern Ocean (SO) is strongly 348 

related to the weakening of the AMOC. Under high-end forcing, this historical Indo-Pacific 349 

diffusive pathway explains 81% of the variance in the AMOC weakening across the 350 

ensemble compared to only 55% that is explained by the historical AMOC strength. This 351 

emergent constraint relationship on AMOC weakening can be used to predict future changes 352 
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in the AMOC. Due to large uncertainty in observation-based estimates of the real-world Indo-353 

Pacific diffusive pathway, they imply a wide range of AMOC weakening by 2080-2100 of 354 

17%–32% (best estimates) under SSP1-2.6 forcing and of 29%–61% under SSP5-8.5 forcing.  355 

Mechanisms proposed to explain the association between the weakening of the AMOC and 356 

its historical strength (e.g., Cheng et al., 2013; Weaver et al., 2012; Weijer et al., 2020) 357 

largely focus on the mean state of the North Atlantic (e.g., Jackson et al., 2020; Levermann et 358 

al., 2007). We argue that because AMOC weakening has a stronger dependence on the Indo-359 

Pacific diffusive pathway than the historical AMOC strength, these North Atlantic based 360 

mechanisms may not fully explain this relationship. Although changes in North Atlantic 361 

convection likely cause the AMOC to shoal and weaken, the magnitude of this weakening is 362 

largely controlled by the magnitude of the Indo-Pacific diffusive pathway.  363 

As the AMOC shoals, the “cell overlap” between the AMOC and the SO lower cell 364 

decreases, reducing the pathway into the Indo-Pacific Ocean (e.g., Baker et al., 2020, 2021; 365 

Nadeau & Jansen, 2020). The weakening of the AMOC is strongly dependent on the 366 

historical magnitude of the Indo-Pacific diffusive pathway, in part, because its magnitude acts 367 

as an upper limit on its decrease. Changes in the pathway that upwells in the Atlantic are also 368 

strongly related to changes in the Indo-Pacific diffusive pathway, whereas the pathway that 369 

upwells North Atlantic origin waters via the SO upper cell has only a weak response.   370 

The structure and strength of the AMOC is thought to be set by the buoyancy forcing, the 371 

vertical diffusivity, the SO wind stress and mesoscale eddies, among other factors (Bellomo 372 

et al., 2021). The historical overturning pathways are therefore dependent on these model 373 

processes and forcings. Thus, accurately representing these processes in models is crucial to 374 

obtain a historical MOC and AMOC response that is realistic. Improved observational 375 

estimates of the real-world overturning pathways would reduce uncertainty in our prediction 376 

of AMOC weakening. They may also suggest how climate models can improve their 377 

representation of the historical MOC and thus changes in the AMOC, which could also 378 

improve their oceanic transports of heat, salinity and carbon (e.g., Aldama-Campino et al., 379 

2020; Heuzé, 2021; Sun et al., 2022). Future research could attempt to understand the cause 380 

of the large inter-model spread in the historical overturning pathways and AMOC strength.  381 
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