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Text S1 1 

The use of area-averaged indices, which are described in the main text, seems to be 2 

deeply ingrained in observational analyses, but some researchers switch to principal 3 

components (PCs) of empirical orthogonal function (EOF) analysis in CMIP studies because 4 

EOF can extract the model’s own dominant pattern of variability without a priori imposing a 5 

structure. Even so, we continue to choose conventional indices rather than PC series under the 6 

following considerations: 7 

1. A pair of EOF modes and PCs can only reconstruct part of the total SST anomaly. 8 

Due to obligatory orthogonality and/or relatively low explained variances (in some 9 

models), PCs may overestimate/underestimate the actual SST anomaly amplitude. 10 

2. Although CMIP models suffer from wide inter-model spread in the locations of 11 

maximum ENSO SST variability (Cai et al. 2018), which may undermine the 12 

reliability of using fixed-position indices, such zonal spread is largely reduced 13 

regarding the selected models (Cai et al. 2018). Therefore, conventional ENSO 14 

indices become reasonable. 15 

3. When performing EOF analysis, the predominance of IOB in the interannual 16 

variations of the Indian Ocean may exchange with IOD under some model 17 

realizations (Zheng et al. 2013). More importantly, two of EOF modes may both 18 

show IOD-like patterns (Du et al. 2013). Such mode mixing could also be seen in 19 

12 of the selected models (Fig. S21). 20 
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Figures 21 

 22 

Fig. S1. Skewness of SST anomalies along the equatorial Pacific (5°S–5°N) for all years from 23 

1950 (red) and for the rest without the developing and decaying years of super El Niño events 24 

(blue). The longitudinal ranges of Niño regions are following: Niño4 (160°E–150°W), Niño3.4 25 

(170°W–120°W) and Niño3 (150°W–90°W). The skewness changes in the Niño3.4 and Niño3 26 

regions are shown on the upper left. 27 



4 

 

 28 

Fig. S2. Standardized (a) Niño3.4, (b) DMI, (c) Atl3, (d) IOB, and (e) NTA indices for four 29 

super El Niño events from May (−1) to March (+1). IOB and NTA indices are defined as area-30 

mean SST anomalies over the tropical Indian Ocean (40°–100°E, 20°S–20°N) and north 31 

tropical Atlantic (70°W–20°E, 5°–20°N), respectively (Zheng et al. 2011; Cai et al. 2019). 32 

Commonly used thresholds are plotted as dashed lines. Red-shaded months indicate the peak 33 

seasons of climate modes. Here, (0) indicates the El Niño year, and (−1) or (+1) indicates the 34 

preceding or following year.35 
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 36 

Fig. S3. (a) 21-year sliding STD of DJF Niño3.4 index (red) and DJF SOI (blue). Two Niño3.4 37 

series are obtained from the NOAA PSL website. The longer one is derived from HadISST, and 38 

the shorter one is from ERSSTv5. The longer SOI, which is scaled by dividing 11.8, is obtained 39 

from the BoM (Australia) website, and the shorter SOI is from the JMA website. The yellow 40 

shading marks the post-1970 period, and the lighter yellow shading indicates that the calculation 41 

begins to include post-1970 years. (b), (c) Hövmöller diagram of equatorial Pacific SST 42 

anomalies (5°S–5°N; °C) from consecutive S-EOF sub-patterns for the (b) pre-1970 and (c) 43 
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post-1970 periods. The linear-fit slope (blue lines) of SST anomaly propagation is calculated 44 

for each contour. (d) The phase transition (PT) slopes (s m−1) of different ENSO events. The 45 

PT slope is a linear-fit slope of the zero contour of the equatorial Pacific SST tendency, which 46 

marks the propagative peak SST anomalies. Positive (negative) slope indicates eastward 47 

(westward) propagation.  48 
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 49 

Fig. S4. The first S-EOF modes of tropical SST anomalies (°C, shading) over (left column) the 50 

1940–1970 period and (right column) the 1950–1970 period. (q) Their corresponding PC series 51 

(standardized by the STD of the post-1970 period) and (r) the extracted monthly Atl3 index and 52 

DMI from consecutive sub-patterns. Note that the result of the 1930–1970 period is also 53 

calculated but only shown in the subfigure (r) (dot lines). The IOD pattern and extracted 54 

amplitude is insensitive to the length of input data.55 
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 56 

Fig. S5. Composites of Indo-Pacific SST anomalies in autumn (SON) for the pre- and post-57 

1970 periods. Different subsets of the 1970-dividing category are used to composite. Although 58 

both composite differences (e, f) support a stronger IOD concurrent with ENSO, the early-onset 59 

type (left column) is more coincident with the depiction of S-EOF1 as noted in the main text. 60 

The numbers of events used are shown on the top left of each panel. Bold green contours 61 

encompass the statistically significant results at the 90% confidence interval based on 62 

corresponding degrees of freedom. Red boxes mark the enlarged IODE region.  63 
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 64 

Fig. S6. The standardized D20 anomaly (averaged over 120°E–80°W, 5°S–5°N) of WWV 65 

early-onset events in (a) January and (b) February. The four super El Niño events with IAB are 66 

marked by red. 67 
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 68 

Fig. S7. As in Fig. 3, but for the 500-hPa vertical velocity anomalies (𝜔; Pa s−1, shading) and 69 

200-hPa divergent wind anomalies (m s−1, vectors). Vectors and areas encompassed by contours 70 

are statistically significant at the 90% confidence level. 71 
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 72 

Fig. S8. As in Fig. 4, but for the 500-hPa vertical velocity anomalies (𝜔; Pa s−1, shading) and 73 

200-hPa divergent wind anomalies (m s−1, vectors). Vectors and areas encompassed by contours 74 

are statistically significant at the 90% confidence level. 75 
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 76 

Fig. S9. Partial regression maps of SST anomalies (°C, shading) and 850-hPa wind anomalies 77 

(m s−1, vectors) onto IODW|Niño3.4, Atl3 for (a) summer (JJA) and (b) autumn (SON). Only values 78 

statistically significant at the 90% confidence level are shown. 79 
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 80 

Fig. S10. Composites of (a), (c) OLR anomalies (shading, W m−2), (b), (d) SST anomalies 81 

(shading, °C) and 850-hPa wind anomalies (gray vectors, m s−1) for the (a), (b) summer and (c), 82 

(d) autumn of late-onset ENSO events with the IAB. The composites are calculated using the 83 

data of 1974, 1984 and 1994. Black vectors in (b) and (d) are the reconstructed winds from 84 

three-ocean partial regression patterns weighted by the concurrent real DMI and Atl3 index. In 85 

other words, the Niño3.4 index is put into partial regression but excluded from reconstruction, 86 

so the ENSO effect is embedded in residuals. Red contours mark the 0.5°C onset criterion. The 87 

signs of fields (index amplitudes) of the 1974 and 1984 La Niña events are reversed before 88 

compositing (reconstructing). 89 
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 90 

Fig. S11. Real zonal anomalous winds (red lines, m s−1) and the explained ratio of reconstructed 91 

winds by IOD and AN (blue lines, in decimal fraction) averaged along the equator (5°S–5°N) 92 

for (a) summer and (b) autumn. The ratio is calculated by 
𝑟𝑒𝑐𝑜𝑛.  𝑤𝑖𝑛𝑑

𝑟𝑒𝑎𝑙 𝑤𝑖𝑛𝑑
. It is set to be 0 (1) if the 93 

reconstructed wind is opposite to (larger than) the real wind. 94 
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 95 

Fig. S12. Monthly stratified correlation maps of the 850-hPa zonal wind anomalies with the 96 

DJF Niño3.4 index. The boxes in each panel indicate the regions used to average 𝑈. Only 97 

values statistically significant at the 90% confidence level are shown. 98 
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 99 

Fig. S13. As in Fig. 6, but for the surface zonal wind anomaly.  100 
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 101 

Fig. S14. The relative contributions of (a) summer AN and (b) autumn IOD to SST anomalies 102 

(°C, shading) and 850-hPa wind anomalies (m s−1, vectors), based on the partial regression 103 

pattern multiplied by the corresponding indices averaged over super El Niño events. The 104 

concurrent total wind anomalies are marked in gray for comparison. The vectors are shown at 105 

the grid points which are the same as those in Fig. 3. The green boxes are the same as those in 106 

Fig. 2, and the Pacific box is our emphasis. 107 
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 108 

Fig. S15. The (a) summer and (c) autumn reconstructions of SST anomalies (°C, shading) and 109 

850-hPa wind anomalies (m s−1, black vectors) from Niño3.4 and DMI (i.e., removing the effect 110 

of AN) averaged over super El Niño events. The contemporary real wind anomalies (m s−1, gray 111 

vectors) are shown for rough comparison. The percent relative errors (|
𝑀𝑟𝑒𝑎𝑙 − 𝑀𝑟𝑒𝑐𝑜𝑛.

𝑀𝑟𝑒𝑎𝑙
| × 100%; M 112 

means magnitude) of reconstructive SST anomalies (contours at a 30% interval with values 113 

larger than 50%) and 850-hPa wind anomalies (shading) are exhibited in (b) and (d) for both 114 

seasons, respectively. Subjective thresholds are used to avoid showing inflated relative errors 115 

due to the tiny 𝑀𝑟𝑒𝑎𝑙. For SST anomalies, it is 0.3 °C; and for wind anomalies, it is 0.8 m s−1. 116 
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 117 

Fig. S16. Statistics on the numbers of super El Niño (S EN; yellow), early-onset super El Niño 118 

(E S EN; purple), early-onset El Niño (E EN; light blue) in (a) CMIP5 models and (b) CMIP6 119 

models. The underlined italic number, normal number, and bold number in each bar represent 120 

the percentages of (E S EN)/(S EN), (E S EN)/(E EN), and (E EN)/(S EN), respectively, and 121 

their multimodel means are shown on the top right of each panel.122 
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 123 

Fig. S17. As in Fig. 8, but for modeled super El Niño events with IAB (IAB S EN). The models 124 

in which AN presents two peak seasons (i.e., summer and autumn) are singled out. The number 125 

at the bottom of each panel indicates how many events are used for the composite. 126 
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 127 

Fig. S18. As in Fig. 8, but for modeled early-onset El Niño events with IAB (EIAB EN). In 128 

each model, the median of peak Niño3.4 values of EIAB EN is marked with a purple star and 129 

is further filled if greater than 2 STDs. 130 
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 131 

Fig. S19. Multimodel ensemble partial regression maps of SST anomalies (°C, shading) onto 132 

(a) DMI|Atl3 and (b) Atl3|DMI for summer (JJA). The box in each panel indicates the Niño3.4 133 

region. Regressions are based on the last 100 years of each PiControl simulation. The result of 134 

the Atl3 index is multiplied by −1. Only SST anomalies with 17 of 25 (68%) models having the 135 

same sign are shown. 136 
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 137 

Fig. S20. As in Fig. S19, but for autumn (SON). 138 
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 139 

Fig. S21. EOF modes in selected models. The values at the bottom right of each panel are the 140 

corresponding percent explained variances (truncated at 10 EOFs). 141 
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 142 

Fig. S21. (Continued) 143 
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