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Abstract: 17 

European climate extremes intensify with global warming, but whether their interannual 18 

variability covaries with the Atlantic Meridional Overturning Circulation (AMOC) within 19 

comparable warming states remains uncertain. Here, we combine bias-corrected, 20 

statistically downscaled CMIP6 projections with corresponding AMOC simulations to 21 

assess six temperature and precipitation extreme indices across Europe at global warming 22 

levels of 1.5 °C, 2.0 °C and 3.0 °C under SSP5�8.5. An 18-model ensemble projects 23 

progressively stronger but spatially differentiated responses: heavy precipitation intensifies 24 

most strongly in northern Europe, warm-spell duration increases most markedly around the 25 

Mediterranean, and annual minimum daily maximum temperatures show larger increases 26 

than annual maximum daily maximum temperatures. Among 11 models with matched 27 

AMOC and climate-extreme realizations, the ensemble-mean AMOC anomaly at 26.5° N, 28 

relative to 1995–2014, becomes more negative from −2.81 Sv at GWL1.5 to −5.10 Sv at 29 

GWL3.0. We then test contemporaneous associations between annual AMOC anomalies 30 

and climate extremes after removing fitted linear trends within model-specific 20-year GWL 31 

windows. Area-weighted, autocorrelation-adjusted R2  estimates range from approximately 32 

−0.5% to 2.0%, and 17 of the 18 index–GWL combinations have no European land grid cells 33 



surviving false-discovery-rate correction. Detrended interannual AMOC variability therefore 34 

shows little robust contemporaneous association with European climate extremes within 35 

the analysed windows. This result does not exclude lagged, low-frequency or nonlinear 36 

AMOC influences, which cannot be resolved by the present experimental design. 37 

Keywords: European climate extremes; global warming levels; Atlantic Meridional 38 

Overturning Circulation; CMIP6; temperature extremes; precipitation extremes. 39 

1.      Introduction 40 
 41 

Anthropogenic warming is intensifying climate extremes, with growing consequences for 42 

ecosystems, human health, infrastructure and socioeconomic systems 1,2. Global mean 43 

near-surface temperature in 2024 was 1.55 ± 0.13 °C above the 1850�1900 average, 44 

although this single-year exceedance does not indicate that the long-term 1.5 °C threshold 45 

has been crossed 2. Europe is warming approximately twice as rapidly as the global average 46 

and is experiencing increasingly severe heatwaves, heavy rainfall and compound hazards 1,3�47 

5. Quantifying how these extremes evolve with additional warming is therefore critical for 48 

regional risk assessment and adaptation. 49 

 50 

Climate extreme indices provide standardized measures of changes in the intensity and 51 

persistence of temperature and precipitation extremes 6�10. Evaluating these indices at 52 

prescribed global warming levels (GWLs), rather than fixed future periods, facilitates 53 

comparison among models with different warming rates and directly relates regional 54 

impacts to the Paris Agreement thresholds 5,11,12. Climate models consistently project 55 

stronger warm extremes and heavy precipitation over Europe, but their rates of amplification 56 

and regional maxima vary because of atmospheric circulation, land�atmosphere coupling 57 

and model sensitivity 4,11,13�19. Using bias-adjusted, high-resolution EURO-CORDEX 58 

simulations, Dosio and Fischer demonstrated robust changes in European temperature and 59 

precipitation indices between warming levels of 1.5 °C, 2 °C and 3 °C, including stronger 60 

changes in cold-side temperature indices than in maximum-temperature indices²⁰. Building 61 

on this established evidence, the present study uses an 18-model ensemble of bias-62 



corrected, statistically downscaled CMIP6 projections to compare six annual extreme 63 

indices within a consistent framework. We focus on their spatially differentiated regional 64 

hazard patterns, inter-model distributions and amplification beyond GWL1.5, while 65 

separately examining projected AMOC behaviour and its contemporaneous statistical 66 

associations with the extreme indices in a matched model subset. 67 

 68 

North Atlantic ocean circulation may influence European climate variability. The Atlantic 69 

Meridional Overturning Circulation (AMOC) transports heat northwards and affects North 70 

Atlantic temperatures, atmospheric circulation and European hydroclimate 21_23.  For 71 

example, Jackson et al.  24 found localised increases in winter precipitation associated with 72 

more winter storms and a strengthened storm track, and Meccia et al 25  found fewer winter 73 

cold spells over Europe with a reduced AMOC. CMIP6 models consistently project AMOC 74 

weakening during the twenty-first century, although the magnitude and timing of this 75 

weakening vary substantially among models and forcing scenarios 21,26, 27. AMOC variability 76 

has also been associated with European temperature, precipitation and weather extremes 77 

23,24, 28. However, the presence and strength of these relationships depend on the timescale, 78 

region and climate variable considered. 79 

 80 

The concurrent intensification of European climate extremes and weakening of the AMOC 81 

does not, by itself, demonstrate that changes in the AMOC modify those extremes, because 82 

both evolve as the climate warms. A narrower unresolved question is whether annual AMOC 83 

anomalies and European climate extremes exhibit robust contemporaneous covariability 84 

within comparable warming states. Testing this relationship after removing fitted linear 85 

trends can identify residual statistical associations within individual GWL windows, but it 86 

cannot formally separate externally forced and internally generated variability or establish 87 

causal AMOC influence. 88 

 89 

Here, we combine bias-corrected, statistically downscaled CMIP6 projections with 90 

corresponding AMOC simulations to examine six temperature and precipitation extreme 91 



indices across Europe at global warming levels of 1.5 °C, 2.0 °C and 3.0 °C under SSP5�8.5. 92 

Using 18 models, we quantify continental changes, regional patterns and amplification 93 

beyond GWL1.5. We then characterize projected AMOC weakening in 11 models with 94 

matched AMOC and climate-extreme realizations and test contemporaneous associations 95 

between their detrended annual anomalies within model-specific 20-year GWL windows. 96 

We find spatially differentiated intensification of European climate extremes and 97 

progressively more negative AMOC anomalies across GWLs, but little robust 98 

contemporaneous association between their detrended interannual variability. These 99 

findings characterize two concurrent responses under SSP5�8.5 without attributing the 100 

projected changes in European extremes to AMOC weakening. 101 

2. Results 102 

2.1 Continental-scale intensification of European climate extremes across 1.5�103 

3.0 °C global warming levels 104 

2.1.1 Heavy precipitation intensifies unevenly across Europe 105 

Heavy-precipitation extremes increase across most of Europe at all three warming levels 106 

(Fig. 1a,b). Both annual maximum 1-day precipitation (Rx1day) and annual maximum 107 

consecutive 5-day precipitation (Rx5day) show their strongest and most spatially coherent 108 

increases over northern Europe, with additional increases across parts of western-central 109 

and eastern Europe. Mediterranean responses are more heterogeneous, with localized 110 

decreases persisting alongside areas of increasing extreme precipitation. 111 

The Europe-wide mean Rx1day change increases from approximately 3.3 mm at GWL1.5 to 112 

3.7 mm at GWL2.0 and 4.4 mm at GWL3.0 (Fig. 1g). Corresponding Rx5day changes are 113 

approximately 5.6, 6.2 and 7.3 mm, respectively (Fig. 1h). Between GWL1.5 and GWL3.0, 114 

this represents additional increases of approximately 1.1 mm for Rx1day and 1.7 mm for 115 

Rx5day. Despite their different absolute magnitudes, both indices are approximately 30% 116 



larger at GWL3.0 than at GWL1.5, indicating comparable relative amplification but 117 

pronounced regional differences in the precipitation response. 118 

2.1.2 Coldest daytime temperatures warm faster than hottest daytime 119 

temperatures 120 

Both the annual maximum of daily maximum (TXx) and annual minimum of daily maximum 121 

(TXn) increase across Europe at each warming level (Fig. 1c,d). TXx warming is strongest over 122 

western-central and southern Europe, reaching approximately 6 °C locally at GWL3.0. TXn 123 

shows a distinct spatial pattern, with changes approaching 8 °C over northern and eastern 124 

Europe. These contrasting patterns persist as their magnitude and spatial coherence 125 

increase from GWL1.5 to GWL3.0. 126 

The Europe-wide mean TXx change increases from approximately 2.6 °C at GWL1.5 to 3.2 °C 127 

at GWL2.0 and 4.6 °C at GWL3.0 (Fig. 1i). The corresponding TXn changes are approximately 128 

3.4, 4.5 and 6.0 °C, respectively (Fig. 1j). TXn warming therefore exceeds TXx warming by 0.8�129 

1.4 °C across the three GWLs, demonstrating that the coldest daytime temperatures warm 130 

more strongly than the hottest daytime temperatures. This asymmetry distinguishes 131 

southern and western-central European amplification of hot extremes from the stronger 132 

northern and eastern European warming of cold-side daytime temperatures. 133 

2.1.3 Warm-spell expansion dominates changes in temperature persistence 134 

Warm- and cold-spell duration respond asymmetrically to increasing global warming (Fig. 135 

1e,f). Warm-spell duration index (WSDI) increases throughout Europe, with the strongest 136 

changes over southern Europe and the Mediterranean and progressively larger increases 137 

extending into western-central and eastern Europe. At GWL3.0, local increases exceed 138 

approximately 180 days over parts of southeastern Europe and the eastern Mediterranean. 139 

By contrast, cold spell duration index (CSDI) decreases across almost the entire domain, 140 

with the largest reductions of approximately 8 days over northern and eastern Europe. 141 



The Europe-wide mean WSDI change increases from approximately 27 days at GWL1.5 to 142 

40 days at GWL2.0 and 68 days at GWL3.0 (Fig. 1k). Corresponding cold spell duration index 143 

(CSDI) changes are approximately −5.3, −6.0 and −6.6 days, respectively (Fig. 1l). Thus, 144 

warming from GWL1.5 to GWL3.0 adds approximately 41 warm-spell days but only 1.3 days 145 

to the magnitude of cold-spell contraction. Warm-spell duration therefore continues to 146 

expand strongly beyond GWL1.5, whereas cold-spell reductions are already widespread at 147 

GWL1.5 and intensify comparatively modestly thereafter. 148 



 149 
Figure 1 | Projected changes in European climate extremes across global warming levels. Multi-model 150 

ensemble-mean changes at GWL1.5, GWL2.0 and GWL3.0 relative to the 1995�2014 baseline. Maps show 151 

changes in a, annual maximum 1-day precipitation (Rx1day); b, annual maximum consecutive 5-day 152 

precipitation (Rx5day); c, annual maximum of daily maximum temperature (TXx); d, annual minimum of daily 153 

minimum temperature (TXn) e, Warm Spell Duration Index (WSDI); and f, Cold Spell Duration Index (CSDI). 154 

Europe-wide mean changes are shown for g, Rx1day; h, Rx5day; i, TXx; j, TXn; k, WSDI; and l, CSDI. Orange 155 



error bars denote the uncertainty around the mean. Stippling indicates grid cells with changes statistically 156 

significant at the 95% confidence level. 157 

 158 

2.2 Distinct regional patterns emerge with increasing warming 159 

Europe-wide means mask pronounced differences in the regional expression of climate 160 

extremes (Fig. 2). Northern Europe shows the strongest amplification of heavy precipitation, 161 

the Mediterranean the largest expansion of warm-spell duration, and northern and eastern 162 

Europe the strongest TXn warming. These distinct regional maxima generally become more 163 

pronounced at higher GWLs, showing that the dominant climate extremes associated with 164 

a given level of global warming differs across Europe. 165 

Figure 2 compares standardized regional responses with their corresponding inter-model 166 

distributions. The ensemble standardized anomalies characterize  model agreement on the 167 

magnitude of the projected changes, while the violin distributions quantify uncertainty 168 

across models. Together, they show whether the regional changes remain distinguishable 169 

despite inter-model spread. 170 

2.2.1 Regional responses diverge across Europe 171 

Northern Europe shows the strongest regional precipitation response (Fig. 2a�b). Between 172 

GWL1.5 and GWL3.0, its ensemble-mean Rx1day change increases from approximately 3.7 173 

to 5.0 mm and Rx5day from 6.2 to 8.8 mm. Mediterranean responses remain substantially 174 

weaker: Rx1day changes only slightly from approximately 3.0 to 3.1 mm, while Rx5day 175 

decreases from 4.5 to 4.1 mm. At GWL3.0, northern European changes exceed 176 

Mediterranean changes by approximately 1.9 mm for Rx1day and 4.7 mm for Rx5day. 177 

Temperature-intensity indices exhibit a different regional pattern (Fig. 2e�h). TXx warming is 178 

strongest over western-central Europe, increasing from approximately 2.8 °C at GWL1.5 to 179 

5.0 °C at GWL3.0. TXn warming is greatest over eastern Europe, increasing from 180 

approximately 3.7 to 6.6 °C, followed by northern Europe, where it increases from 3.6 to 6.1 181 



°C. Mediterranean TXn changes are substantially smaller, increasing from approximately 1.8 182 

to 3.2 °C. 183 

Regional differentiation is strongest for warm-spell duration (Fig. 2i�l). Mediterranean WSDI 184 

increases from approximately 36 days at GWL1.5 to 98 days at GWL3.0, exceeding the 185 

GWL3.0 Europe-wide mean by approximately 29 days and the western-central European 186 

response by 38 days. In contrast, regional CSDI reductions at GWL3.0 span a comparatively 187 

narrow range, from approximately 5.2 days in the Mediterranean to 6.8 days in northern 188 

Europe. Thus, northern Europe is distinguished by heavy-precipitation intensification, the 189 

Mediterranean by warm-spell expansion, and northern and eastern Europe by strong 190 

warming of the coldest daytime temperatures. 191 

2.2.2 Regional signals persist amid inter-model spread 192 

Inter-model distributions shift towards heavier precipitation, warmer temperature 193 

extremes, longer warm spells and fewer cold-spell days as warming increases (Fig. 194 

2b,d,f,h,j,l). The distributions also generally broaden towards GWL3.0, indicating increasing 195 

uncertainty in the magnitude of regional change. Absolute spread is largest for WSDI, 196 

particularly over the Mediterranean, while substantial overlap among regional distributions 197 

is evident for the precipitation indices and CSDI. 198 

Despite this spread, the ensemble centres retain the principal regional fingerprints: 199 

northern Europe shows the largest mean precipitation response, the Mediterranean the 200 

largest WSDI increase and eastern Europe the strongest TXn warming. However, overlap 201 

among the distributions indicates that these regional rankings are not reproduced uniformly 202 

by every model. The ensemble therefore supports distinct regional hazard patterns, while 203 

the precise magnitude and ordering of regional responses remain model dependent. 204 



 205 

Figure 2 | Regional fingerprints and inter-model distributions of European climate extremes across global 206 

warming levels. Multi-model ensemble-mean standardized regional anomalies (left) and corresponding inter-207 

model distributions in their original physical units (right) for a,b, Rx1day; c,d, Rx5day; e,f, TXx; g,h, TXn; i,j, 208 

WSDI; and k,l, CSDI at GWL1.5, GWL2.0 and GWL3.0 relative to the 1995�2014 baseline. Results are shown 209 

for northern Europe (NEU), western and central Europe (WCE), eastern Europe (EEU), the Mediterranean (MED) 210 



and Europe overall (EU). In the violin plots, black points denote multi-model ensemble means, and violin 211 

widths represent model density. Yellow, orange and red denote GWL1.5, GWL2.0 and GWL3.0, respectively. 212 

2.2.3 Warm-spell duration shows the strongest amplification beyond 1.5 °C 213 

To compare indices expressed in different physical units, we calculated response-214 

amplification factors at GWL2.0 and GWL3.0 relative to GWL1.5 (Fig. 3): 215 

WSDI exhibits the strongest amplification across all European regions, with response 216 

factors increasing from approximately 1.4�1.5 at GWL2.0 and 2.4�2.6 at GWL3.0 relative to 217 

GWL1.5. Temperature-intensity responses show more moderate amplification, with TXx and 218 

TXn increasing by factors of approximately 1.2�1.4 at GWL2.0 and 1.7�1.9 at GWL3.0. At 219 

GWL3.0, TXx amplification is greatest over the Mediterranean, whereas TXn amplification is 220 

largest over Eastern Europe. 221 

In contrast, precipitation extremes exhibit weaker amplification, with Rx1day and Rx5day 222 

generally remaining between approximately 1.0 and 1.4 at GWL3.0. The largest additional 223 

amplification occurs over Northern Europe, whereas Mediterranean Rx5day exhibits an 224 

amplification below 1, indicating a weaker regional mean response than at GWL1.5. CSDI 225 

exhibits modest amplification approximately 1.2 and 1.3 across all regions. At the Europe-226 

wide scale, amplification reaches approximately 2.5 for WSDI, 1.8 for TXx and TXn, 1.3 for 227 

Rx1day and Rx5day, and 1.2 for CSDI, establishing a clear hierarchy in response to 228 

additional warming. Collectively, these results demonstrate that warming beyond 1.5 °C 229 

preferentially amplifies the persistence of heat extremes, while changes in temperature 230 

intensity are more moderate and precipitation extremes and cold-spell contraction exhibit 231 

comparatively limited additional scaling. 232 

 233 

 234 



 235 
Figure 3 | Relative amplification of European climate-extreme responses beyond 1.5 °C global 236 

warming. Regional response-amplification factors at GWL2.0 and GWL3.0 relative to GWL1.5 for Rx1day, 237 

Rx5day, TXx, TXn, WSDI and CSDI over northern Europe (NEU), western and central Europe (WCE), eastern 238 

Europe (EEU), the Mediterranean (MED) and Europe overall (EU). Amplification factors are calculated 239 

as 𝐴ீௐ௅ =∣ ௐ௅ீܺ߂ ∣/∣ ௐ௅1.5ீܺ߂ ∣, where ܺ߂ is the projected change relative to 1995�2014. Values greater than 240 

1 indicate amplification relative to GWL1.5, values below 1 indicate a weaker response and the dashed line 241 

marks no change in magnitude. Blue and red points denote GWL2.0 and GWL3.0, respectively; connecting 242 

lines show the additional amplification between these warming levels. 243 

 244 

2.3 Progressive AMOC weakening under SSP5�8.5 across global warming levels 245 

Within the SSP5�8.5 simulations, AMOC states become progressively weaker at successive 246 

global warming levels. Relative to 1995�2014, the matched 11-model ensemble-mean 247 

AMOC anomaly is −2.81 Sv at GWL1.5 (95% bootstrap confidence interval, −4.65 to 248 

−1.30 Sv), −3.63 Sv at GWL2.0 (−5.64 to −1.99 Sv) and −5.10 Sv at GWL3.0 (−7.27 to −3.36 Sv; 249 

Fig. 4). Ten models project a weaker AMOC at GWL1.5 and GWL2.0, and all 11 do so at 250 

GWL3.0. 251 

Paired model responses reinforce this progression (Fig. 4b and Table 1). Compared with 252 

GWL1.5, the ensemble-mean AMOC weakens by an additional 0.83 Sv at GWL2.0 and 253 

2.29 Sv at GWL3.0. A further weakening of 1.47 Sv occurs between GWL2.0 and GWL3.0. All 254 



11 models exhibit additional weakening in each successive comparison, although the 255 

magnitude of the response differs substantially among models. 256 

These results characterize AMOC states along the SSP5�8.5 pathway. Because AMOC 257 

adjustment may depend on the rate and pathway of forcing, they should not be interpreted 258 

as scenario-independent responses at a given GWL. 259 

 260 

Figure 4 | Progressive AMOC weakening under SSP5�8.5 across global warming levels. a, Annual ensemble-261 

mean AMOC anomaly at 26.5° N from 1980 to 2100, relative to 1995�2014. The light-blue and dark-blue curves 262 

show the annual and five-year trailing ensemble means, respectively; shading denotes the inter-model ±1 s.d. 263 

b, AMOC anomalies averaged over the model-specific 20-year windows centred asymmetrically on each 264 

crossing year corresponding to GWL1.5, GWL2.0 and GWL3.0. Grey points and connecting lines show the 265 

same models as in a; coloured diamonds and error bars show the multi-model means and 95% bootstrap 266 

confidence intervals. Because the windows are model-specific, the values in b are not derived from a single 267 

common calendar interval in a. 268 

Differences among the warming levels are statistically robust (Friedman ߯2(2) = 22.0, ܲ =269 

1.67 × 10−5; Kendall�s ܹ = 1.0), with all paired comparisons remaining significant after 270 

Holm correction (ܲ = 0.0029; Table 1). Inter-model standard deviation increases from 271 

3.00 Sv at GWL1.5 to 3.52 Sv at GWL3.0, indicating growing uncertainty in the magnitude of 272 

AMOC weakening. Nevertheless, the direction of change across successive GWLs is 273 



consistent across all models. Progressively higher GWLs are therefore associated with 274 

systematically weaker AMOC states, providing the basis for assessing their statistical 275 

relationship with European climate extremes. 276 

Table 1 | Projected AMOC anomalies and paired changes across global warming levels 277 

GWL or comparison Mean anomaly or 
difference (Sv) 

95% bootstrap CI 
(Sv) Model agreement 

GWL1.5 −2.81 −4.65 to −1.30 10/11 weaker 

GWL2.0 −3.63 −5.64 to −1.99 10/11 weaker 

GWL3.0 −5.10 −7.27 to −3.36 11/11 weaker 

GWL2.0 − GWL1.5 −0.83 −1.03 to −0.61 11/11 further weaken 

GWL3.0 − GWL1.5 −2.29 −2.74 to −1.89 11/11 further weaken 

GWL3.0 − GWL2.0 −1.47 −1.79 to −1.17 11/11 further weaken 

Note. AMOC anomalies are calculated relative to each model�s 1995�2014 mean and averaged over model-specific 20-278 
year GWL windows. Confidence intervals were obtained from 50,000 bootstrap resamples of the 11 models. Negative 279 
paired differences indicate additional weakening. Exact two-sided Wilcoxon signed-rank tests were significant for all paired 280 
comparisons after Holm correction (ܲ = 0.0029). Overall differences were assessed using a Friedman test (߯2(2) =281 
22.0, ܲ = 1.67 × 10−5; Kendall�s ܹ = 1.0). AMOC, Atlantic Meridional Overturning Circulation; CI, confidence interval; 282 
GWL, global warming level; Sv, sverdrup. 283 

 284 

2.4 Detrended AMOC variability shows limited contemporaneous associations with 285 

European climate extremes 286 

We next tested whether annual AMOC anomalies and European climate extremes exhibit 287 

contemporaneous interannual covariability within comparable warming states. For each of 288 

the 11 models with matched AMOC and climate-extreme realizations, annual AMOC 289 

anomalies and six climate-extreme indices were linearly detrended within their model-290 

specific 20-year GWL windows. This procedure removes the fitted linear trend from each 291 

series but does not formally separate externally forced and internally generated variability. 292 

The resulting regressions therefore quantify contemporaneous statistical associations and 293 

should not be interpreted as evidence that AMOC variability causes or modifies European 294 

climate extremes. 295 



The fitted regressions accounted for little of the interannual variance in the climate-extreme 296 

indices (Fig. 5a,b). Mean area-weighted in-sample ܴ2 ranged from 4.9% to 7.3%, but 297 

declined to between −0.5% and 2.0% after adjustment for finite sample size and lag-1 298 

autocorrelation (Table 2). Spatial median ܴ2 values were likewise generally low across 299 

indices and warming levels (Supplementary Fig. 9). The largest autocorrelation-adjusted 300 

values occurred for TXn at GWL1.5 (2.0%), WSDI at GWL3.0 (1.7%) and CSDI at GWL2.0 301 

(0.9%); all remaining values were 0.5% or lower. Effective sample sizes remained close to 302 

the nominal 20 years, indicating that the reduction arose primarily from finite-sample 303 

adjustment rather than strong temporal persistence (Supplementary Table 4). 304 

The direction and spatial expression of the associations were also weakly constrained. Area-305 

weighted Fisher-mean correlations ranged from −0.029 to 0.046, and mean grid-cell 306 

agreement among models on the sign of the regression coefficient ranged from 61.0% to 307 

70.8% (Fig. 5c, Supplementary Fig. 10 and Supplementary Table 4). No grid cells survived 308 

false-discovery-rate correction for 17 of the 18 index�GWL combinations (Fig. 5d). The only 309 

exception was Rx5day at GWL2.0, for which significance covered 0.15% of the analysed 310 

European land domain and was not reproduced at GWL1.5 or GWL3.0. The analysis 311 

therefore provides little evidence of a robust contemporaneous relationship between 312 

detrended interannual AMOC variability and European climate extremes within the analysed 313 

GWL windows. It does not test or exclude AMOC influences operating through lagged, low-314 

frequency, nonlinear or circulation-mediated processes. 315 

An exploratory inter-model diagnostic identified correlations between GWL-mean AMOC 316 

anomalies and some projected climate-extreme changes (Supplementary Fig. 11 and 317 

Supplementary Table 5). These descriptive associations may reflect differences among 318 

models in climate sensitivity, ocean heat uptake, circulation response or shared model 319 

genealogy. Given the sample of 11 structurally different models and the absence of controls 320 

for these potential confounders, the correlations cannot identify an AMOC-mediated 321 

response. They are reported only as a supplementary diagnostic and are not used to infer 322 

physical coupling, interpret the within-GWL results or support the principal conclusions. 323 



 324 

Figure 5 | Contemporaneous associations between detrended AMOC variability and European climate 325 

extremes across global warming levels. Area-weighted results across 11 matched CMIP6 models at GWL1.5, 326 

GWL2.0 and GWL3.0. a, Mean in-sample (R^2). b, Mean (R^2) adjusted for finite sample size and lag-1 327 

autocorrelation. c, Mean grid-cell agreement among models on the majority sign of the regression 328 

coefficient. d, Percentage of the analysed land domain where the across-model association survives 329 

Benjamini�Hochberg false-discovery-rate correction at (q=0.05). Annual AMOC anomalies and climate-330 

extreme indices were linearly detrended within each model-specific 20-year GWL window. The results 331 

represent contemporaneous statistical associations and do not establish causality. 332 

 333 

 334 



Table 2 | Contemporaneous associations between detrended AMOC variability and European climate 335 
extremes 336 

Extreme index 
GWL1.5 GWL2.0 GWL3.0 

Adjusted R² 
(%) FDR area (%) Adjusted R² 

(%) FDR area (%) Adjusted R² 
(%) FDR area (%) 

TXx 0.4 0 0.3 0 −0.1 0 

TXn 2.0 0 0.7 0 0.3 0 

WSDI −0.5 0 −0.3 0 1.7 0 

CSDI 0.0 0 0.9 0 −0.2 0 

Rx1day 0.0 0 0.0 0 0.4 0 

Rx5day 0.0 0 0.0 0.15 0.5 0 

Note. Adjusted R² accounts for finite sample size and lag-1 autocorrelation. Negative values indicate no improvement over an intercept-337 
only model after adjustment. FDR area is the percentage of the analysed land domain where the across-model association remains 338 
significant after Benjamini�Hochberg correction at q = 0.05. Results are based on detrended annual data from 11 matched models 339 
within model-specific 20-year GWL windows. 340 
 341 

3. Discussion 342 

Our results show spatially differentiated intensification of European climate extremes 343 

between 1.5 °C and 3.0 °C global warming under SSP5�8.5. Heavy precipitation intensifies 344 

most strongly over northern Europe, hot extremes and warm-spell duration are amplified 345 

over western-central and southern Europe, and the largest TXn increases occur over 346 

northern and eastern Europe. In the matched 11-model subset, AMOC states at 26.5° N also 347 

become progressively weaker at successive GWLs. However, detrended annual AMOC 348 

variability shows little robust contemporaneous association with year-to-year variations in 349 

European extremes within the model-specific 20-year windows. These are related but 350 

statistically distinct findings: the analysis characterizes projected changes across GWLs 351 

and separately tests contemporaneous within-window associations, but it does not 352 

determine whether long-term AMOC weakening modifies the magnitude or spatial pattern 353 

of the projected extremes. 354 

The contrasting responses of temperature intensity and persistence reflect the interaction 355 

of large-scale thermodynamic forcing with regional surface processes. Increasing 356 



greenhouse-gas concentrations shift the temperature distribution towards warmer 357 

conditions, intensifying TXx and reducing the severity and persistence of cold conditions 1,8, 358 

10. TXn shows larger increases than TXx at the European scale, consistent with the sensitivity 359 

of cold extremes to snow-cover loss, surface-albedo feedbacks, boundary-layer processes 360 

and enhanced high-latitude warming 1,4. The different spatial fingerprints are important: TXx 361 

amplification is concentrated over western�central Europe and the Mediterranean, whereas 362 

TXn warming is strongest over northern and eastern Europe. Hot- and cold-extreme 363 

responses should therefore not be interpreted as spatially uniform consequences of the 364 

same mean warming. 365 

The pronounced increase in WSDI further shows that warming affects the persistence as 366 

well as the intensity of heat. Warm-spell duration exhibits the strongest relative 367 

amplification beyond GWL1.5, particularly over the Mediterranean, where soil-moisture 368 

depletion, increased sensible heat fluxes and persistent atmospheric circulation anomalies 369 

favour prolonged heat events 15_18. By contrast, CSDI declines across Europe but changes 370 

less strongly in relative magnitude. This asymmetry indicates a transition towards a climate 371 

in which persistent heat expands much faster than cold spells contract. Such changes are 372 

consequential because the impacts of prolonged heat can accumulate across health, 373 

agriculture, ecosystems, water resources and energy systems even where changes in 374 

annual temperature maxima are comparatively moderate. 375 

The precipitation response is also spatially heterogeneous. Rx1day and Rx5day increase 376 

with warming across most of Europe, with larger absolute changes in Rx5day and the 377 

strongest regional amplification over northern Europe. This is in line with Bellomo et al. 28, 378 

who find that a decline in the AMOC leads to an increase in the frequency of the positive 379 

phase of the North Atlantic Oscillation (NAO+), which is associated with an increase in the 380 

occurrence of wet days over northern Europe. The broad response is also consistent with 381 

the increasing moisture-holding capacity of a warmer atmosphere and greater moisture 382 

availability for heavy precipitation¹⁴. Regional departures from this thermodynamic 383 

expectation reflect changes in circulation, moisture transport, storm characteristics and 384 



land�atmosphere interactions. The weaker and less spatially uniform Mediterranean 385 

response illustrates that atmospheric moistening does not translate directly into 386 

geographically uniform precipitation change. The distinction between single-day and multi-387 

day extremes is also societally relevant because sustained rainfall accumulations can 388 

generate different flood, landslide and infrastructure risks from short-duration downpours  389 

19, 30. 390 

Together, the regional fingerprints demonstrate that a common increment in global mean 391 

temperature produces different dominant hazards across Europe. Northern Europe is 392 

distinguished by heavy-precipitation amplification, the Mediterranean by rapidly expanding 393 

warm-spell duration, and northern and eastern Europe by strong warming of cold extremes. 394 

These findings complement earlier GWL-based assessments, including Dosio and 395 

Fischer²⁰, by evaluating six consistently processed annual indices in a bias-corrected and 396 

statistically downscaled CMIP6 ensemble and comparing their regional patterns, inter-397 

model distributions and amplification beyond GWL1.5. The results caution against 398 

representing European climate risk using a single continental-scale metric because the 399 

dominant response depends on region, index and whether the hazard is characterized by 400 

intensity or persistence. 401 

The AMOC analysis identifies a coherent progression within the SSP5�8.5 simulations. 402 

Relative to 1995�2014, the matched 11-model ensemble projects mean anomalies of 403 

−2.81 Sv at GWL1.5, −3.63 Sv at GWL2.0 and −5.10 Sv at GWL3.0. All 11 models exhibit 404 

additional weakening between successive warming levels, and differences among the GWL 405 

states are supported by the Friedman and paired-model tests. This behaviour is consistent 406 

with CMIP6 projections in which ocean warming and freshwater-related buoyancy changes 407 

reduce North Atlantic deep-water formation and weaken the overturning circulation 1, 21_23. 408 

The GWL framework shows that progressively warmer states reached under SSP5�8.5 409 

coincide with progressively weaker AMOC states, although substantial uncertainty remains 410 

in the magnitude of the model responses. 411 



These AMOC results are conditional on SSP5�8.5. The circulation may respond differently to 412 

pathways that reach the same GWL at different rates or through different combinations of 413 

greenhouse-gas, aerosol and other forcings. Consequently, the estimated AMOC anomalies 414 

should not be interpreted as universal or scenario-independent responses to a given 415 

warming level. 416 

The concurrent intensification of European extremes and weakening of the AMOC does not, 417 

however, automatically confirm that the latter causes or modifies the former, although 418 

some of the results found here (CSDI and precipitation) are consistent with other AMOC 419 

focused studies. After removal of fitted linear trends within the model-specific 20-year 420 

windows, autocorrelation-adjusted (R2) estimates range from −0.5% to 2.0%, and the 421 

residual correlations remain close to zero. No grid cells survive false-discovery-rate 422 

correction in 17 of the 18 index�GWL combinations. The only exception, Rx5day at GWL2.0, 423 

covers 0.15% of the analysed European land domain and is not reproduced at the other 424 

warming levels. The results therefore provide little evidence of a robust contemporaneous 425 

relationship between detrended interannual AMOC variability and European climate 426 

extremes within the analysed windows. 427 

An exploratory inter-model diagnostic identifies stronger correlations for some GWL-mean 428 

quantities, particularly TXx and WSDI. However, differences among models in climate 429 

sensitivity, ocean heat uptake, sea-ice response, circulation adjustment and shared model 430 

genealogy can affect both AMOC and European climate projections. These descriptive 431 

correlations therefore cannot identify an AMOC-mediated response and do not underpin our 432 

interpretation of the within-GWL results. This conclusion does not contradict the 433 

established role of the AMOC in regulating North Atlantic and European climate. Sustained 434 

or abrupt AMOC changes can influence ocean heat transport, sea-surface temperature 435 

gradients, storm tracks and European hydroclimate 26, 29, 30. Our analysis addresses only 436 

contemporaneous annual covariability within relatively short GWL windows, revealing a 437 

coherent but spatially differentiated intensification of European climate extremes between 438 



1.5 °C and 3.0 °C of global warming, accompanied by progressive weakening of the AMOC, 439 

and cannot resolve lagged, low-frequency, nonlinear or circulation-mediated influences. 440 

Broader implications 441 

These results emphasize the benefits of avoiding each additional increment of global 442 

warming for European climate extremes. Substantial changes are already present at 443 

GWL1.5, but their magnitudes and regional differentiation increase further at GWL2.0 and 444 

GWL3.0. Within the SSP5�8.5 simulations, lower GWLs also coincide with less-negative 445 

AMOC anomalies, although the magnitude of this difference may depend on the forcing 446 

pathway. Adaptation will therefore remain necessary even under strong mitigation. The 447 

regional fingerprints indicate that priorities should vary geographically, with greater 448 

emphasis on persistent heat across southern Europe, changing cold extremes over northern 449 

and eastern Europe, and increasing heavy-precipitation and flood hazards across northern 450 

Europe. 451 

Strengths, limitations and conclusions 452 

This study integrates six internationally recognized climate-extreme indices and AMOC 453 

projections within a common GWL framework. It combines continental-scale changes, 454 

regional model distributions, response-amplification factors, paired-model AMOC 455 

inference and matched model�realization association analyses. By evaluating projected 456 

changes across GWLs separately from detrended within-window associations, the design 457 

avoids treating coincident long-term behaviour as evidence of direct AMOC�extreme 458 

coupling. It does not, however, formally partition externally forced and internally generated 459 

variability. 460 

Several limitations remain. The climate-extreme projections are derived from CMIP6 461 

simulations under SSP5�8.5, and the matched AMOC analysis is limited to 11 models. 462 

Twenty-year GWL windows provide policy-relevant climate states but restrict the sample 463 

available for detecting low-frequency or lagged relationships. The AMOC is represented by 464 

a single overturning metric at approximately 26.5° N, whereas its influence may depend on 465 



latitude, depth, timescale and circulation component. Multi-model means can also 466 

suppress internal variability and obscure model-specific mechanisms, although the 467 

regional distributions and matched-model analyses partly address this limitation. Finally, 468 

the cross-model GWL-mean associations remain susceptible to common-model controls 469 

and cannot provide causal attribution. 470 

Future work using single-model initial-condition large ensembles, longer transient records, 471 

lagged analyses and targeted circulation-perturbation experiments could more effectively 472 

distinguish externally forced changes, AMOC-mediated responses and internal variability. 473 

Within the present framework, additional global warming intensifies European climate 474 

extremes and strengthens their regional differentiation, while progressively warmer states 475 

under SSP5�8.5 coincide with progressively weaker AMOC states. After removal of fitted 476 

within-window linear trends, however, detrended interannual AMOC variability shows little 477 

robust contemporaneous association with year-to-year variations in European extremes. 478 

These findings characterize the concurrent behaviour of the atmosphere and ocean across 479 

GWLs without attributing the projected extreme-event changes to AMOC weakening. They 480 

do not exclude AMOC influences operating through lagged, low-frequency, nonlinear or 481 

circulation-mediated processes that cannot be resolved by the present experimental 482 

design. 483 

 484 

4. Data and Methods 485 
 486 
4.1 Study area 487 

Europe encompasses climatic regimes ranging from Arctic and maritime environments to 488 

continental and Mediterranean climates. Strong latitudinal, longitudinal and topographic 489 

gradients generate substantial spatial differences in temperature, precipitation and 490 

atmospheric circulation. The analysis covers European land areas within approximately 491 

25° W�45° E and 30°�72° N. 492 



To characterize regional heterogeneity, the domain was divided into four IPCC climate-493 

reference regions: Northern Europe (NEU), Western and Central Europe (WCE), Eastern 494 

Europe (EEU) and the Mediterranean (MED) as outlined in Supplementary Fig. 1 31. Regional 495 

analyses were conducted alongside Europe-wide assessments to determine how the 496 

magnitude, spatial distribution and inter-model spread of temperature and precipitation 497 

extremes vary across GWLs. 498 

4.2 Climate Datasets 499 

We combined statistically downscaled CMIP6 climate projections, native-resolution CMIP6 500 

ocean-circulation simulations and gridded observations to assess European climate 501 

extremes and AMOC behaviour across GWLs. 502 

Daily climate projections were obtained from the Global Downscaled Projections for 503 

Climate Impacts Research (GDPCIR) dataset 33. GDPCIR provides bias-corrected and 504 

statistically downscaled CMIP6 simulations of daily minimum temperature (tasmin), daily 505 

maximum temperature (tasmax), and total precipitation (pr) at 0.25° spatial resolution for 506 

the historical (1950-2014) and the future emission pathways (2015-2100).  507 

SSP2�4.5 and SSP5�8.5 simulations were initially obtained for all available models 508 

(Supplementary Table 1). The GWL analysis was subsequently restricted to SSP5�8.5 509 

because comparatively few SSP2�4.5 simulations reached GWL3.0 by 2100, which would 510 

have produced inconsistent model samples across warming levels. Eighteen models 511 

providing all three daily variables were retained for the climate-extreme analysis. These data 512 

were used to calculate six  Expert Team on Climate Change Detection and Indices (ETCCDI) 513 

indices: annual maximum of daily maximum temperature (TXx), Annual minimum of daily 514 

maximum temperature (TXn), Annual count of days in periods of ≥6 consecutive days when 515 

daily maximum temperature exceeds the calendar-day 90th percentile (WSDI), Annual 516 

count of days in periods of ≥6 consecutive days when daily minimum temperature falls 517 

below the calendar-day 10th percentile (CSDI), Annual maximum 1-day precipitation 518 



amount (Rx1day) and Annual maximum consecutive 5-day precipitation amount (Rx5day) as 519 

defined in Supplementary Table 2. 520 

Annual global mean near-surface air temperature was obtained from the corresponding 521 

CMIP6 historical and SSP5�8.5 simulations for 1850�2100. Model-specific crossings of 522 

1.5 °C, 2.0 °C and 3.0 °C above the 1850�1900 mean were identified using the procedure 523 

described in Section 4.5. The resulting crossing years and associated 20-year windows were 524 

used to extract the climate-extreme and AMOC data for each GWL (Supplementary Table 3). 525 

Multi-model means were calculated only after the model-specific GWL windows had been 526 

identified. 527 

The annual AMOC index was defined as the maximum Atlantic overturning streamfunction 528 

(msftmz) at approximately 26.5° N, close to the latitude monitored by the RAPID�MOCHA�529 

WBTS array 32 and expressed in sverdrups (Sv). Because continuous msftmz output is 530 

unavailable for all models included in the GDPCIR dataset, AMOC analyses were performed 531 

using a subset of 11 CMIP6 models with complete historical and future simulations 532 

(Supplementary Table 3).  533 

To evaluate model performance in reproducing the European climate extremes, we 534 

obtained the ensemble E-OBS v28.0e gridded observational dataset, which provides 535 

quality-controlled daily minimum temperature, maximum temperature, and precipitation 536 

from 1950 to present at 0.25° spatial resolution across Europe 33. The common 1950�2014 537 

period was used for comparison with the historical GDPCIR simulations. 538 

Although the GDPCIR dataset is bias-corrected using the ERA5 reanalysis and its 539 

performance has been evaluated against ERA5 in the original dataset description 34, we 540 

additionally evaluated the selected CMIP6 models against E-OBS, an observation-based 541 

dataset widely used for European climate analyses. This provides an independent regional 542 

assessment of model performance for the variables and climate-extreme indices 543 

considered in this study and enables comparison with previous European climate-impact 544 

assessments.   545 



4.3 Climate extreme indices 546 

Six climate-extreme indices recommended by the Expert Team on Climate Change 547 

Detection and Indices (ETCCDI) were calculated using the Climpact2 software package, 548 

following the standard ETCCDI definitions and procedures 6-10. These indices were selected 549 

because they capture key aspects of changes in temperature and precipitation extremes 550 

that are relevant to climate impacts in Europe and are widely used for evaluating observed 551 

and projected climate variability.  552 

The selected indices comprise four temperature extremes: annual maximum of daily 553 

maximum temperature (TXx), annual minimum of daily maximum temperature (TXn), Warm 554 

Spell Duration Index (WSDI), and Cold Spell Duration Index (CSDI); and two precipitation 555 

extremes: annual maximum 1-day precipitation amount (Rx1day) and annual maximum 556 

consecutive 5-day precipitation amount (Rx5day). They characterize changes in the 557 

intensity and persistence of daytime hot and cold extremes, as well as the magnitude of 558 

heavy precipitation events. A summary description of the indices is provided in  the 559 

supplementary Table 2. 560 

All indices were computed on an annual basis from the daily GDPCIR bias-corrected and 561 

statistically downscaled  CMIP6 projections (tasmax, tasmin and pr) and the E-OBS 562 

observational datasets using identical processing procedures to ensure methodological 563 

consistency. For the percentile-based temperature indices (e.g. WSDI and CSDI), 564 

climatological thresholds were calculated using a common 1979�2014 base period and 565 

subsequently applied to both the historical and future simulations, ensuring a consistent 566 

baseline for quantifying changes in warm and cold spell characteristics across all warming 567 

levels.  The resulting annual time series formed the basis for model evaluation, assessment 568 

of projected changes across GWL1.5, GWL2.0, and GWL3.0, and analyses of their 569 

relationships with contemporaneous AMOC variability. 570 

4.4. Model Evaluation 571 



The ability of selected CMIP6 models to reproduce historical European climate extremes 572 

was evaluated using the E-OBS observational dataset. Model performance was assessed 573 

for each climate extreme index using Taylor diagrams 35, which summarise the spatial 574 

correlation coefficient, centred root mean square error (RMSE), and spatial standard 575 

deviation relative to the observations. 576 

Performance was evaluated for both the individual models and the multi-model ensemble 577 

mean over the common historical reference period (1950-2014). The multi-model ensemble 578 

was constructed by averaging the annual ETCCDI indices across all 18 models. This 579 

evaluation was undertaken to quantify the ability of the selected ensemble to reproduce the 580 

observed spatial characteristics of European temperature and precipitation extremes prior 581 

to analysing future projections. The performance of the individual models and the spatial 582 

comparison of the multi-model ensemble are presented in Supplementary Figures 2- 5. 583 

4.5 Definition of Global Warming Levels 584 

Global warming levels were used to compare climate responses at equivalent levels of 585 

global mean warming rather than at fixed calendar periods11,12,36_38. Annual global mean 586 

near-surface air temperature (tas) was obtained from the CMIP6 historical simulations for 587 

1850�2014 and SSP5�8.5 simulations for 2015�2100. Although SSP2�4.5 data were initially 588 

considered, the final GWL analysis was restricted to SSP5�8.5 because too few models 589 

reached GWL3.0 under SSP2�4.5 by 2100 to maintain a consistent model sample across 590 

warming levels. 591 

For each model, annual global mean temperature anomalies were calculated relative to the 592 

1850�1900 mean. A centred 30-year running mean was applied to reduce the influence of 593 

interannual variability, and the first year in which the smoothed anomaly reached 1.5 °C, 594 

2.0 °C or 3.0 °C was identified as the corresponding GWL crossing year. A 20-year window 595 

centred on the model-specific crossing years (Supplementary Table 3) was then defined in 596 

equation 1. 597 

௠ܹ,௚  =  [ ௠ܻ,௚  −  10, ௠ܻ,௚  +  9] ��������������(1) 598 



where Yₘ,ᵍ is the crossing year for model m and warming level g. Each window therefore 599 

contained 20 annual values. 600 

Projected changes in the six climate-extreme indices were calculated for each model by 601 

averaging over its corresponding 20-year GWL window and subtracting from the mean of the 602 

historical reference period 1995�2014. Multi-model ensemble means were subsequently 603 

calculated from these model-level changes. This warming-level alignment prevents 604 

differences in model climate sensitivity and warming rate from being conflated with 605 

differences in regional climate response. 606 

Sections 2.1 and 2.2 used 18 CMIP6 models providing the required daily temperature and 607 

precipitation variables. Because corresponding AMOC data were available for 11 of these 608 

models, Sections 2.3 and 2.4 used a matched subset of 11 models with AMOC simulations, 609 

climate-extreme indices and model-specific GWL windows. The same 20-year window was 610 

applied to the AMOC and climate-extreme data for each matched model and GWL. For 611 

Section 2.3, each model�s AMOC anomalies were calculated relative to its 1995�2014 mean 612 

and averaged within its model-specific GWL windows; ensemble statistics and paired 613 

differences were subsequently calculated across the 11 model-level values. For Section 614 

2.4, annual AMOC anomalies and climate-extreme indices were extracted from the same 615 

windows and separately linearly detrended before the contemporaneous within-GWL 616 

association analysis. Detrending removed the fitted linear component from each series but 617 

did not formally partition externally forced and internally generated variability. A separate 618 

exploratory inter-model diagnostic used the corresponding model-level GWL-mean AMOC 619 

anomalies and climate-extreme changes. 620 

4.6 Atlantic Meridional Overturning Circulation 621 

AMOC strength was derived from the CMIP6 meridional overturning mass streamfunction 622 

(msftmz) for historical and SSP5�8.5 simulations. Annual AMOC strength was defined as the 623 

maximum Atlantic overturning streamfunction at approximately 26.5° N, close to the 624 

latitude monitored by the RAPID�MOCHA�WBTS array, and expressed in sverdrups (Sv).27,32 625 



Continuous annual AMOC simulations for 1850�2100 were available for 11 models. The 626 

AMOC analyses therefore used 11 models with corresponding climate-extreme simulations 627 

and model-specific GWL windows. For each model, annual AMOC anomalies were 628 

calculated relative to its 1995�2014 mean as defined in equation 2 629 ܯ߂௠(ݐ)  = (ݐ)௠ܯ   − � ௠1995−2014ܯ ������������(2) 630 

where Mₘ(t) is AMOC strength for model m in year t, and the overbar denotes the 631 

corresponding mean value of reference period (1995�2014). Model-level GWL anomalies 632 

were calculated by averaging the annual anomalies over the model-specific 20-year 633 

windows defined in Section 4.5. 634 

For each GWL, the ensemble mean, median and inter-model standard deviation were 635 

calculated across the 11 model-level anomalies. Uncertainty in the ensemble mean was 636 

estimated from 50,000 bootstrap resamples of the models. Because the same models 637 

contributed to all three GWLs, changes between warming levels were calculated as paired 638 

model differences. 639 

 640 

A five-year trailing mean of the annual ensemble-mean anomaly was used only to display 641 

the long-term evolution of the AMOC in Fig. 4a. All GWL means, uncertainty estimates, 642 

paired comparisons and detrended within-GWL AMOC�extreme analyses were calculated 643 

from the unsmoothed annual or model-level data. 644 

For the within-GWL analysis in Section 2.4, annual AMOC anomalies were extracted from 645 

each model-specific GWL window and linearly detrended. The corresponding annual 646 

climate-extreme indices were independently detrended for the same model, realization and 647 

years. Grid-cell regressions were then fitted between the two detrended series. The resulting 648 

statistics quantify contemporaneous interannual associations after removal of the fitted 649 

within-window linear trends. They do not formally separate forced and internal variability, 650 

establish a causal direction or determine whether long-term AMOC weakening modifies the 651 

projected climate extremes. 652 



4.7 Statistical analysis 653 

Projected changes in the six climate-extreme indices were calculated for each model 654 

relative to its 1995�2014 climatology and summarized across the 18-model ensemble at 655 

each global warming level (GWL). Continental-wide and regional standardized anomalies 656 

were also calculated using equation 3. The standardized anomalies express the ensemble-657 

mean projected change relative to its inter-model spread, thereby providing a 658 

dimensionless measure of the strength and consistency of the simulated response. 659 ܼ =  ஺ఙಲ  =

1ಿ ∑೔ಿ=1 ஺೔√ 1ಿ−1∑೔ಿ=1 (஺೔ − 1ಿ ∑೔ಿ=1 ஺೔)2, ���������..(3)  660 

where ܼ is the standardized anomalies (or signal-to-noise ratio); 𝐴௜  the anomaly for model 661 

i, 𝐴 is the multi-model mean of the anomalies, ߪ஺  is the multi-model standard deviation of 662 

the anomalies.  663 

We further used inter-model distributions based on violin plots to characterize  model 664 

spread and uncertainty in the magnitude of the projected changes.  665 

 666 

To compare responses, the amplification factor at GWL2.0 and  GWL3.0 was calculated 667 

relative to GWL1.5 as in equation 4 668 𝐴ீௐ௅ =
|௱௑ಸೈಽ||௱௑ಸೈಽ1.5|

 ���������������..(4) 669 

where ΔX at the specified GWL denotes the projected change in a climate-extreme index 670 

relative to 1995�2014. Values greater than one indicate amplification beyond the response 671 

at GWL1.5.  672 

 673 

AMOC differences among GWLs were evaluated using the 11 models with matched AMOC 674 

simulations, climate-extreme indices and model-specific GWL windows. For each model, 675 

the annual AMOC anomaly was calculated relative to its 1995�2014 mean and averaged 676 

over each 20-year GWL window. Ensemble means and 95% confidence intervals were 677 



estimated by resampling the 11 models with replacement 50,000 times. Inter-model spread 678 

was expressed as one standard deviation. 679 

 680 

Because the same models contributed to each GWL, differences in AMOC strength were 681 

analysed as paired responses. An omnibus Friedman test assessed differences among 682 

GWL1.5, GWL2.0 and GWL3.0, with Kendall�s W used to quantify the associated effect size. 683 

Pairwise differences were evaluated using exact two-sided Wilcoxon signed-rank tests, and 684 

the resulting P values were adjusted for the three comparisons using the Holm procedure. 685 

Paired effect sizes were additionally expressed as the mean model difference divided by its 686 

inter-model standard deviation. The five-year trailing ensemble mean shown in Fig. 4a was 687 

used only for visualization and not in the statistical tests. 688 

 689 

Contemporaneous within-GWL associations between AMOC variability and European 690 

climate extremes were analysed separately for each model, extreme index and GWL. Annual 691 

AMOC and climate-extreme series were linearly detrended within each model-specific 20-692 

year window to remove their local linear trends. At every European land grid cell, ordinary 693 

least-squares regression was used to estimate the change in the climate-extreme index per 694 

1 Sv increase in AMOC strength, and Pearson�s correlation coefficient (r) quantified the 695 

contemporaneous linear association. The corresponding in-sample explained variance was 696 

calculated as R² = r². 697 



Finite-sample effects were evaluated using the adjusted coefficient of determination 698 

defined as in equation 5. 699 ܴ௔ௗ௝² = 1 − (1 − ܴ2)
௡−1௡−2  ���������..(5) 700 

where n = 20 is the nominal number of annual observations within each GWL window. The 701 

effective sample size was estimated from the lag-1 autocorrelations of the detrended AMOC 702 

and climate-extreme series following Bretherton et al. 39 defined as in equation 6 703 ݊௘௙௙ = ݊ 1−௥1,ಲಾೀ಴௥1,೉1+௥1,ಲಾೀ಴௥1,೉    ��������������.(6) 704 

The effective sample size was constrained to 3 ≤ nₑff ≤ n. An autocorrelation-adjusted 705 

diagnostic was then calculated by replacing n with nₑff in the adjusted-R² equation defined 706 

as in equation 7. 707 ܴ஺஼−௔ௗ௝² = 1 − (1 − ܴ2)
௡೐೑೑−1௡೐೑೑−2 ��������..(7) 708 

Negative adjusted values indicate that the fitted relationship performs no better than an 709 

intercept-only model after accounting for model complexity and sample size. 710 

Grid-cell correlations were transformed using Fisher�s z transformation before aggregation 711 

across the 11 models. The ensemble association was obtained by averaging the 712 

transformed correlations and back-transforming the result. Statistical evidence against a 713 

zero ensemble-mean association was evaluated using two-sided one-sample tests applied 714 

to the Fisher-transformed model correlations, treating models as the independent sampling 715 

units. Multiple comparisons were controlled separately for each index�GWL map using the 716 

Benjamini�Hochberg false-discovery-rate procedure at q = 0.05 40. Model agreement was 717 

calculated as the proportion of valid models sharing the modal sign of the regression 718 

coefficient. 719 

 720 

Spatial summaries were restricted to European land within 25° W�45° E and 30�72° N and 721 

weighted by the cosine of latitude. An area-weighted statistic was first calculated separately 722 

for each model and subsequently averaged across models, thereby assigning equal weight 723 



to each model. Confidence intervals for mean area-weighted R² were obtained from 50,000 724 

bootstrap resamples of the 11 models. 725 

 726 

As an exploratory inter-model diagnostic, relationships between GWL-mean AMOC 727 

anomalies and climate-extreme changes were examined across the 11 model means. For 728 

each GWL and grid cell, ordinary least-squares regression and Pearson correlation were 729 

calculated across models, and the resulting (P) values were controlled using the same false-730 

discovery-rate procedure. This diagnostic did not control for differences among models in 731 

climate sensitivity, ocean heat uptake, circulation response, sea-ice feedbacks or model 732 

genealogy. The resulting correlations were therefore treated as descriptive inter-model 733 

covariation and were not used to infer an AMOC-mediated response, establish physical 734 

coupling or support the principal within-GWL conclusions. All statistical tests were two-735 

sided, with statistical significance assessed at (P<0.05), unless otherwise stated. 736 

Data availability 737 

The observational datasets analysed in this study are publicly available. The E-OBS daily 738 

gridded temperature and precipitation dataset (version v28.0e) is available from the 739 

European Climate Assessment & Dataset (ECA&D) (https://www.ecad.eu). CIL Global 740 

Downscaled Projections for Climate Impacts Research (GDPCIR cc-by-4.0) datasets are 741 

publicly available on Microsoft AI for Earth's Planetary Computer 742 

(https://planetarycomputer.microsoft.com/dataset/group/cil-gdpcir/).  CMIP6 historical and 743 

SSP5-8.5 simulations, including Atlantic Meridional Overturning Circulation (AMOC) 744 

overturning streamfunction (msftmz) data, were obtained from the Earth System Grid 745 

Federation (ESGF) data portal (https://esgf-node.llnl.gov/search/cmip6/). Global Warming 746 

Level (GWL) periods were derived from the CMIP6 simulations as described in the Methods. 747 

The processed datasets used to generate the figures and support the findings of this study 748 

will be deposited in a public repository and made available upon publication. 749 



Code availability 750 

All custom scripts used to identify model-specific global warming levels, process the 751 

ETCCDI climate-extreme indices, standardize and analyse the AMOC simulations, perform 752 

the statistical analyses, and generate the figures and tables will be deposited in a public 753 

repository before publication. The repository will include the Bash and MATLAB scripts, 754 

model�realization mappings, GWL crossing years and associated 20-year windows, and the 755 

Climpact2 processing settings. The GDPCIR projections were supplied as bias-corrected 756 

data, and no additional bias correction was performed. The code is available from the 757 

corresponding author upon reasonable request. 758 
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