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Extended Data Fig. 3 | The mixed layer heat budget for the 2023-2024 El Niño. 
(a) Heat budget terms of the 2023-2024 El Niño (10−7°C/s, averaged in Niño 3 
region) (see Materials and Methods). (b) The relative importance of thermocline 

feedback (TH, red line), Ekman feedback (EK, magenta line), and the nonlinear 
term (blue line) in modulating the vertical advection term. These results are 
derived from reanalysis data.
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Extended Data Fig. 4 | Comparison of the observed and simulated ocean 
temperature anomalies for the 2023-2024 event. (a) Longitude-time diagram 
of observed equatorial SSTAs (color shading; °C) and SLAs (contours with an 
interval of 3 cm; positive black and negative gray). (b)-(e) shows the evolution 
of observed equatorial ocean temperature anomalies (°C, color shading) for the 

2023-2024 El Niño averaged over (a) January-March ( JFM), (b) April-June (AMJ), 
(c) July-September ( JAS), and (d) October-December (OND). (f )-( j) Similar to the 
upper panels but from the CTRL run. The black (grey) line represents the 2023 
(climatological) 20 °C isotherm. All meridionally averaged over 2˚S–2˚N.
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Extended Data Fig. 5 | Observed climate state during 2020-2023. Longitude-
time evolution of the (a) equatorial SLA (m), (b) SSTA (°C), and (c) 10-m zonal 
wind anomalies (m/s) during January 2020-December 2023. All meridionally 
averaged over 2˚S–2˚N. (d)-(f) Observed SLA (m, color shading), SSTA (contours 

with a 0.2 °C interval), and surface wind anomalies (m/s, vectors) averaged over 
June–December for the years 2020, 2021, and 2022, respectively. The lower 
panels are similar to the middle panels but averaged in (g) JFM, (h) AMJ, and (i) JAS 
2023, respectively.
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Extended Data Fig. 6 | The impacts of initial condition on the 2023-2024 
and other comparable El Niños. Simulated SLA (m, color shading) and SSTA 
(contours with an interval of 0.5 °C; positive black and negative gray) in (a) 
January-March ( JFM) 2023 from the CTRL Run, which roughly describes the initial 

condition for the InitApr2023. (c), (e), and (g) same as (a) but averaged in (c) 
AMJ, (e) JAS, and (g) OND from the InitApr2023 experiment. The right panels are 
similar to the left panels but for other comparable El Niño composites.
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Extended Data Fig. 7 | Equatorial temperature changes from the InitApr2023 
and InitAprOther experiments. (a) The JFM ocean temperature anomalies from 
the CTRL run, which generally describes the initial condition for the InitApr2023. 
(b)-(d) The evolutions of equatorial ocean temperature anomalies averaged over 

(a) JFM, (b) AMJ, (c) JAS, and (d) OND from InitApr2023. (e)-(h) Similar to upper 
panels but for the other comparable El Niño composite (InitAprOther). The black 
(grey) line represents the 2023 (climatological) 20 °C isotherm. All panels are 
meridionally averaged over 2˚S–2˚N.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Future changes in 2023-like El Niños. Hovmöller diagram 
of equatorial (a) SLA (m, color shading) and SSTA (°C, contours with an interval of 
0.2 °C; positive black and negative gray), and (b) zonal wind stress (color shading; 
N/m2) for the 2023-like El Niño composites during 1900-1990. (c)-(d) Same as  
(a)-(b) but for other non-2023-like El Niños. (e) Comparison of the ensemble 
mean (bars) number of 2023-like El Niño (see Materials and Methods) during 
1900-1990 and 2000-2090, along with their differences. The error bars indicate 
inter-member ±1 standard deviation (n = 99). (f) Scatter plot for changes in 
the number of strong positive SLA events in the WPAC region during JFM 

(SLA > 4.5 cm) and changes in the number of 2023-like El Niño events. (g) 
Regression (sign reversed) of WPAC JFM SLA (m) onto the preceding August 
(−1)-January equatorial (averaged over 130˚E–90˚W and 2˚S–2˚N) zonal wind 
stress anomalies (Taux) during 1900–1990 and 2000–2090, along with their 
differences. Bars (errorbars) are the ensemble mean (inter-member ±1 standard 
deviation) (n = 99). (a)-(g) are derived from the CESM-LENS2 simulations. (h) 
Simulated JFM interannual SLA s.d. percentage changes due to global warming, 
calculated as the difference between the WarmingCESM and CTRLCESM experiments 
(see Methods).

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-025-01700-9

Extended Data Table 1 | Description of the AGCM experiments
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Extended Data Table 2 | Summary of the wind stress-prescribed CGCM experiments
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