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19 Abstract

20

21 The collapse of the Atlantic Meridional Overturning Circulation AMOC would have 

22 catastrophic consequences for societies. We quantify the risk of committed AMOC collapse 

23 using large ensembles of Earth system model simulations. Under conservative assumptions of 

24 Greenland ice sheet melt, the probability that collapse is already committed is 10%, rising to 

25 80% by 2100 under worst case emissions. Under less conservative Greenland melt 

26 assumptions, probability that collapse is already committed is 23%.

27

28 Introduction

29

30 Projected AMOC responses under climate change are typically derived from 

31 ensembles of opportunity, usually climate model intercomparison projects (CMIP). Although 

32 recent studies have begun to focus upon and highlight the significant risk of collapse [1,2], 

33 studies have typically been projections of strength through time. From a risk-management 

34 perspective, a more appropriate approach is to assess the likelihood of crossing impact 

35 thresholds as a function of time [3], with particular focus on worst case scenarios [4]. This is 

36 partly motivated by the fact that it is challenging to make sufficiently accurate predictions for 

37 reliable decision-making. Ultimately it is the risk of worse case scenarios that matter, not 

38 projections of the exact state through time [5]. Here, we aim to improve upon this situation in 

39 two ways. Firstly, we focus on the outcome we want to avoid (AMOC collapse) and present 

40 our findings as the probability of that outcome through time. And secondly, we focus on the 

41 commitment to collapse rather than the ultimate collapse itself. These two changes make the 

42 timing, scale and likelihood both easier to understand and more relevant to decision-making.  
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43

44 To define committed collapse, i.e. that past and unavoidable future emissions have 

45 already locked in collapse, we assume that global emissions cannot be mitigated from peak to 

46 net-zero any faster than 35 years. This choice was motivated by techno-economic-climate 

47 modelling which demonstrated that a transition to net zero faster than 30 years was precluded 

48 under plausible policy and technological assumptions, even with the inclusion of optimistic 

49 negative emission assumptions [6,7]. In the 50 C1 no-overshoot 1.5C scenarios of IPCC 

50 AR6 that report this data [8], only 12% are faster than 35 years, and none faster than 30 

51 years.

52

53 To quantify committed collapse, we perform a series of ensembles of simulations. We 

54 assume that emissions beyond 2005 follow RCP8.5 until the year of peak emissions and are 

55 then mitigated linearly to zero over 35 years. Although the long-term realism of RCP8.5 has 

56 been questioned, it provides a good fit to cumulative emissions to 2020, and it provides a 

57 worst-case future scenario appropriate for risk assessment. All simulations are run for 300 

58 years, spun on from historical transients (1805 to 2005). Each ensemble corresponds to some 

59 year of peak emissions, which we vary from 2005 to 2135 at intervals of ten years. The ‘2025 

60 peak ensemble’ therefore quantifies the probability that AMOC collapse is already 

61 committed, i.e. past emission have already locked in the collapse by 2025; this is simply 

62 calculated as percentage of simulations which collapse under the assumption that emissions 

63 will reduce linearly to net-zero in 2060. The choice to use RCP8.5 as the baseline profile 

64 ensures that our ensembles span the cumulative emissions of the RCPs. To illustrate, the 2025 

65 peak ensemble has 456 GtC emissions (2005-2100 CE), which compares to 382GtC in 

66 RCP2.6. Peak warming is controlled by cumulative emissions [9], although our assumptions 

67 bring forward its timing, as our emissions profiles are generally front-loaded relative to the 
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68 RCP with most similar emissions. We include counter-factual experiments with emissions 

69 peaking in 2005 and 2015, in part to fully span the RCPs; the 2015 peak ensemble has 

70 cumulative emissions of 292 GtC.

71

72 To quantify uncertainties associated with these baseline projections, we perform 

73 sensitivity ensembles to explore i) the role of increased Greenland meltwater rate [10], noting 

74 our baseline assumes the melt rate derived from ISIMIP under RCP8.5 [11], and ii) slower 

75 future emissions trajectories, testing the conservative idealised assumption of historical 

76 emissions to 2024 [12] and flat thereafter until mitigation over 35 years commences in 2035, 

77 2045 and 2055.  

78

79 The experiment is computationally demanding, requiring twenty-one 69-member 

80 ensembles of 300-year simulations, representing more than 400,000 model years, thereby 

81 necessitating a computationally efficient Earth system model. We use PLASIM-GENIE [13], 

82 a low-resolution (~5), intermediate-complexity, fully-3D coupled atmosphere-ocean model. 

83 This minimum level of complexity is needed to represent coupled ocean and atmosphere 

84 dynamics, noting that AMOC stability depends upon the net transport of moisture from the 

85 Atlantic to the Pacific, which contributes to the elevated surface salinity of the Atlantic. 

86 Models with simplified atmospheric dynamics fail to capture this moisture flux of ~0.4 Sv 

87 [14], requiring flux correction. They also lack feedbacks that are fundamental to AMOC 

88 stability. In contrast, all PLASIM-GENIE ensemble members simulate realistic AMOC 

89 without flux correction [7].

90

91 To perform the probabilistic analysis, we apply a perturbed parameter ensemble [7] 

92 which was carefully designed through a ‘history matching’ calibration [15], an approach 
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93 which samples throughout high-dimensional model input space to identify model 

94 configurations that produce plausible simulations, only ruling out simulations that are clearly 

95 inconsistent with data after allowing for model error. This approach avoids the introduction 

96 of bias through over-fitting and generates an ensemble that encompasses the full range of 

97 realistic dynamical feedbacks implemented in the model. The history-matched ensemble has 

98 been shown to display uncertainties in transient climate sensitivity, carbon-cycle sensitivity 

99 and AMOC stability which capture well the spread of high-complexity models [7]. Under 

100 RCP8.5 with no Greenland melt forcing, the simulated AMOC weakens by 16% to 54% over 

101 the period 1990-2090 (90% confidence) [7], which compares to a range of 15% to 60% in 

102 CMIP5.

103

104 Methods

105

106 The Earth system model

107

108 PLASIM-GENIE is a coupling of the intermediate-complexity spectral atmosphere 

109 model PLASIM [16] to the frictional geostrophic ocean model GOLDSTEIN [17] through the 

110 Grid-Enabled Integrated Earth system model GENIE [18]. The coupling and climatology are 

111 described in detail in [13]. PLASIM-GENIE is not flux corrected [7]. We apply the model 

112 with carbon-coupled biosphere modules BIOGEM and ENTS, described in [18]. We apply 

113 BIOGEM with the default Michaelis-Menton phosphate-limited productivity scheme [19]. 

114 The carbon-cycle model has been extensively validated through model inter-comparisons 

115 [20,21], while the climate-carbon cycle of our specific PLASIM-GENIE configuration was 

116 validated in [7]. 
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117

118 We performed PLASIM-GENIE ensembles using the 69-member ‘history-matched’ 

119 parameter sets, varying 31 key model parameters across their plausible input ranges [22], and 

120 selected from hundreds of millions of randomly sampled parameter configurations using 

121 emulation [7]. These parameter sets all simulate ten key global-scale observational targets of 

122 surface air temperature, vegetation and soil carbon, Atlantic, Pacific and Southern Ocean 

123 circulation metrics, dissolved ocean oxygen concentration, deep ocean calcium carbonate 

124 flux, and historically forced transient temperature and atmospheric CO2 changes relative to 

125 preindustrial. 

126

127 The AMOC diagnostic applied was maximum of the Atlantic overturning stream 

128 function below 500m. The mean preindustrial strength across the ensemble is 20.81.9 Sv. 

129 We define that collapse has occurred when this diagnostic falls below 45% of preindustrial 

130 strength. This value represents a proxy for the unstable AMOC regime in this model, noting 

131 that only 26 of the 868 simulations in the baseline ensembles have minimum AMOC 

132 strengths between 40% and 50% of preindustrial strength. The preindustrial and collapsed 

133 stream functions of the six simulations committed to collapse in the 2025 ensemble are 

134 plotted in Supplementary Figure 1, showing in each case the strong preindustrial overturning 

135 cell is weakened and shifted to lower latitudes, with the 6 Sv contour lying south of 40°N, 

136 indicating a major reduction in heat transport to higher northern latitudes.

137

138 Supplementary Figure 1. Preindustrial and collapsed Atlantic Meridional 

139 streamfunctions for the six simulations committed to AMOC collapse in 2025. Each row 

140 shows a single model set (ID labelled in the collapsed panel), with the preindustrial 

141 streamfunction (left) and the collapsed streamfunction at the year of collapse (right; year 
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142 labelled). Colour scale shows overturning strength in Sverdrups (Sv). In all six cases, the 

143 strong preindustrial overturning cell which is centred in the mid-to-high North Atlantic is 

144 absent in the collapsed state, replaced by a weakened, southward-shifted residual circulation 

145 with the 6 Sv contour lying south of 40°N. The vertical blue line marks 40°N for reference. 

146 Collapse years range from 2065 to 2205, illustrating the multi-decadal to centennial delay 

147 between commitment (by 2025) and the physical collapse event.

148

149 Experimental design

150

151 Each model configuration was spun-up with a 2,000-year atmosphere-ocean-geared 

152 quasi-equilibrium preindustrial simulation, with atmospheric CO2 relaxed to 278ppm. 

153 Simulations were continued as emissions-forced historical transient simulations (atmosphere-

154 ocean gearing off, CO2 freely evolving). Historical forcing (1805 to 2005) comprised 

155 anthropogenic CO2 emissions and non-CO2 radiative forcing. Fossil fuel, cement and gas 

156 flaring emissions were from CMIP5 (https://cmip.llnl.gov/cmip5/forcing.html) and were 

157 combined with ISAM C-N land-use change emissions [23] from the HYDE land-use dataset 

158 [24]. Non-CO2 forcing data was taken from [25] implemented in PLASIM-GENIE as 

159 effective CO2.

160

161 For the baseline ensembles, post-2005 CO2 emissions, land use change emissions and 

162 non-CO2 radiative forcing were taken from the RCP8.5 scenario and linearly extrapolated 

163 from 2105 out to 2135. The Greenland meltwater flux follows a linear ramp which integrates 

164 to 90mm sea level rise contribution at 2100, the central estimate of ISIMIP6 under RCP8.5 

165 forcing [11]. We perform fourteen 69-member ensembles following this forcing, with 

166 emissions peaking at decadal intervals from 2005 through to 2135. From the time of peak 
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167 emissions, CO2 emissions and radiative forcing are reduced linearly to zero over 35 years and 

168 meltwater is held constant for the remainder of the simulation. 

169

170 To test sensitivity to faster Greenland melt rate assumptions, the ensemble with 2025 

171 peak emissions was repeated with a fixed freshwater flux that gives 274 mm sea level rise by 

172 2100, the committed melt rate estimate of [10]. For the 2105 peak emissions ensemble 

173 (following RCP8.5), a high-end melt rate was derived by following the linear ramp of the 

174 baseline profile but scaled to the flux derived above from [10] in 2025 and giving a 427 mm 

175 sea level rise contribution by 2100.

176

177 To test more conservative emissions profiles, we performed ensembles with historical 

178 emissions to 2024 [12] and held constant thereafter (at 11.79 GtC yr-1) until the assumed start 

179 of mitigation to zero over 35 years in 2035, 2035 and 2045. For these three ensembles, the 

180 Greenland melt rate was assumed to follow the baseline profile until year of mitigation start, 

181 after which it was held fixed, equating to 62 mm, 70 mm and 77 mm sea level rise 

182 respectively by 2100.

183

184 In summary, we performed 23 experiments, comprising 14 baseline experiments 

185 following RCP8.5 with ISIMIP Greenland melt fluxes, four Greenland meltwater sensitivities 

186 and three emissions sensitivities, being historical emissions to 2024, held fixed going forward 

187 until start of mitigation. Sixty-two parameter sets successfully completed all 23 experiments 

188 and analysis considers only the simulations from those 62 parameter sets.

189

190 Results

191
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192 Figure 1 summarises the 14 baseline ensembles, with emissions peaking from 2005 

193 through to 2135.  Figure 1a plots the forcing, illustrated for the specific example of 2105 peak 

194 emissions under RCP8.5, with CO2 emissions and non-CO2 radiative forcing linearly reduced 

195 to zero over 35 years at 2140 and with Greenland meltwater flux held constant after peak 

196 emissions. Figure 1b plots the peak warming from the 62 simulations in each ensemble, 

197 noting that seven of the 69 parameter sets were not included because they did not 

198 successfully complete in all 14 ensembles. The assumption of 2025 peak-emissions just fails 

199 to meet the most ambitious no-overshoot 1.5C target of the Paris Agreement, with 43% of 

200 the simulations remaining below 1.5C decadal-averaged peak warming relative to 

201 preindustrial. Figure 1c plots the minimum AMOC strength relative to preindustrial as a 

202 function of peak warming and demonstrates the bistable nature of the AMOC, being in either 

203 a functioning "on" state or a fully collapsed "off" state, with very few simulations remaining 

204 in the intermediate regime around 45% of preindustrial strength. Warming both weakens the 

205 "on" state and increases the likelihood of the "off" state. The probability of collapse as a 

206 function of peak warming (Figure 1d) highlights the benefits of meeting the Paris targets; the 

207 probability of collapse rises steeply above 2°C of peak warming.

208

209 Figure 1. Forcing, ensemble spread, and bi-stability across peak-emission ensembles. (a) 

210 Illustrative forcing scenario for the 2105 peak-emissions ensemble. CO2 emissions and non-

211 CO2 radiative forcing follow RCP8.5 to 2105, then decline linearly to zero over 35 years (by 

212 2140). Greenland meltwater flux is fixed from 2105 and held constant for the remainder of 

213 the 300-year simulation. Units are given in the legend. (b) Peak warming (relative to 

214 preindustrial) across all 62 parameter sets for each of the 14 baseline ensembles, plotted 

215 against the year of peak emissions. (c) Minimum AMOC strength (relative to preindustrial) as 

216 a function of peak warming, showing the bistable character of AMOC: simulations cluster in 
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217 either an "on" state (>45% of preindustrial strength) or a collapsed "off" state, with few 

218 trajectories remaining in the unstable intermediate regime. (d) Probability of AMOC collapse 

219 as a function of peak warming, illustrating the strong non-linearity and the disproportionate 

220 risk-reduction benefits of meeting the Paris targets.

221

222 In Figure 2, we move from expressing the risk metrics in terms of peak warming to 

223 expressing them in terms of the year of peak emissions, which is more useful from a policy 

224 perspective. The probability of committed AMOC collapse is already 10% (at 2025) and rises 

225 to 82% by the end of the century under RCP8.5 (Figure 2a). The preindustrial and collapsed 

226 stream functions of the six simulations already committed to collapse (Supplementary Figure 

227 1) show in each case the strong preindustrial overturning cell weakened and shifted to lower 

228 latitudes, with the 6 Sv contour lying south of 40°N. These six simulations have a mean 

229 modern AMOC strength of 874% of preindustrial, compared to 925% across the full 

230 ensemble, and an observation-based estimate of 855% [26]; ensemble members with 

231 strengths that are most consistent with observations are disproportionately represented among 

232 those already committed to collapse, suggesting that a 10% probability of committed AMOC 

233 collapse may be conservative. Under higher committed Greenland ice sheet melt rates [10], 

234 the probability of already-committed collapse rises to 23% at 2025, increasing to 100% by 

235 the end of century. Under (implausible) no-meltwater scenario probabilities are 3% in 2025 

236 increasing to 61% by the end of the century; these are included partly to demonstrate that 

237 Greenland meltwater is not necessary to initiate collapse in this model. The risk of collapse 

238 continues to increase under flattened emissions (light blue data points in Fig. 2a) which are 

239 derived from an assumption of historical emissions to 2024 and fixed thereafter until they 

240 decline over 35 years from 2035, 2045, or 2055.
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241 Figure 2. Probability and timing of committed and actual AMOC collapse through time. 

242 (a) Probability that AMOC collapse is already committed, as a function of the assumed year 

243 of peak emissions. The main curve (solid black) uses the baseline ISIMIP Greenland 

244 meltwater flux; vertical dashed lines at 2025 and 2105 indicate the spread between a high-

245 melt scenario [10] (upper bound) and a no-meltwater counterfactual (lower bound). Light 

246 blue data points (2035–2055) show probabilities under the flat-emissions sensitivity, in which 

247 historical emissions are held constant until mitigation commences. Under the baseline, the 

248 probability of committed collapse rises from 10% in 2025 to 82% by 2100. (b) Year of actual 

249 AMOC collapse (first year at which AMOC strength falls to 45% below preindustrial) as a 

250 function of the committed year (the earliest year of peak emissions that drives that collapse), 

251 for the simulations that collapse. The mean delay between commitment and actual collapse is 

252 8438 years, with the earliest collapse occurring around 2060. (c) AMOC strength time series 

253 for all 62 simulations in the 2025 peak-emissions ensemble. (d) As (c), for the 2105 peak-

254 emissions ensemble.

255 Figure 2b illustrates the year of actual collapse, defined as the year when the 

256 simulated AMOC strength is first 45% lower than the preindustrial average, as a function of 

257 the committed year – the earliest year of peak emissions under which this collapse is 

258 unavoidable. The average delay from committed year to the year of actual collapse is 8438 

259 years. The earliest collapse occurs at around 2060. Thus, the commitment to AMOC collapse 

260 could already be irreversible while the consequences remain decades away. Importantly, even 

261 after collapse is committed, mitigation remains urgent; if emissions continue unabated for an 

262 additional ten years beyond the point of commitment, the delay until actual collapse is 

263 reduced sharply (from 8438 years) to 5721 years. Figures 2c and 2d illustrate the time 

264 series for the 2025 and 2105 peak emission ensembles with the baseline Greenland melt.

265
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266 Discussion and Conclusions

267

268 The IPCC sixth assessment report characterised AMOC change primarily through 

269 projections of weakening strength, concluding that AMOC is likely to decline by 24–39% by 

270 2100 under moderate-to-high emissions (central estimates), a figure recently revised upward 

271 to ~50% [2]. However, this may obscure the risk that AMOC poses, which is an irreversible 

272 state transition on human timescales, with abrupt consequences for European temperatures, 

273 tropical monsoon systems, and sea level along the eastern North American seaboard, with 

274 changes happening at rates that would be highly challenging for adaptation. Our analysis 

275 shows that there is a >10% probability that collapse is already committed, regardless of the 

276 speed of any feasible future mitigation, and rising steeply under continued emissions.

277
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378 Figure 1. Forcing, ensemble spread, and bi-stability across peak-emission ensembles. 
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381

382 Figure 2. Probability and timing of committed and actual AMOC collapse through time.
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384

385 Supplementary Figure 1. Preindustrial and collapsed Atlantic Meridional streamfunctions for 

386 the six simulations committed to AMOC collapse in 2025.
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