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Suppl. Figure 1: Probability density functions for Australian monsoon rainfall (AUMR, December to 

March) from 1920 to 2020 in (a) northwest (NW) and (b) northeast (NE) Australia, including the 

coefficient of variation, the sample skewness coefficient and kurtosis.  

The accumulated Australian monsoon rainfall (AUMR, December to March) over NW and NE 

Australia from 1920 to 2020 is approximately normally distributed and show sample skewness 

coefficients of 0.41 and 0.18, respectively. 
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The El Niño Southern Oscillation (ENSO) indices are calculated as follows, applying different 

weighting criteria to sea surface temperatures (SST) over the central Pacific (CP) and eastern Pacific 

Ocean (EP; Ren and Jin 2011):    

  

N3 and N4 refer to the Niño 3 and Niño 4 index, respectively. For simplification, we refer to the ‘Niño 

Cold Tongue (NCT above)’ as the EP index, and the ‘Niño Warm Pool (NWP above)’ as the CP index 

in this study. The indices were linearly detrended over the time period 1920 to 2020 and standardized 

by subtraction of the sample mean and division by the sample standard deviation prior to any further 

calculations. We used a threshold of one standard deviation, to be exceeded by the 3-month moving 

averaged ENSO index for at least 3 months to define CP and EP El Niño (El Niño option of both 

indices), as well as CP and EP La Niña events (La Niña option of both indices, which are equal to the 

Niño 4 and Niño 3 indices, respectively). As the focus was on December to March rainfall, we 

included ENSO events that occurred during or leading up to the Australian Monsoon (AUM) season. 

Therefore, the time period in which the index exceeded the threshold had to overlap with the period 



September to March. Events that started after January and ended before September were excluded. 

Where the indices determined an EP and CP event at the same time, the event was allocated to the 

index that exceeded the threshold for a longer period of time. If both events had the same duration, the 

event was allocated to the index with the stronger anomalies. The SST indices have been included 

below (first and second panel of Suppl. Figure 2). 

 

Suppl. Figure 2: Top panel: timeseries of ENSO indices by Ren & Jin (2011) between 1920 and 2020, 

which are used to classify EP El Niño events (the EP index) and EP La Niña events (the second option of 

the EP index, which is equal to the Niño 3 index); Middle panel: timeseries of ENSO indices by Ren & Jin 

(2011), which are used to classify CP El Niño events (the CP index) and CP La Niña events (the second 

option of the CP index, which is equal to the Niño 4 index); Pearson’s correlation coefficient and p-values 

are shown in top left corner of each panel; Bottom panel: timeseries of the Tripole index (TPI) both 

unfiltered and using a 13-year low pass filter (orange line).  

For comparison and verification purposes, a second set of SST indices was calculated using the  

Takahashi et al. (2011) method. The C and E indices (to distinguish from the CP and EP indices) were 

determined through Empirical Orthogonal Function analysis of detrended sea surface temperature 

anomalies (SSTa) in the tropical Pacific (10˚N to 10˚S,140˚E to 80˚W). The corresponding first two 

principal components (PC1 and PC2) were then combined to calculate the indices (𝐶 𝑖𝑛𝑑𝑒𝑥 =
𝑃𝐶1+𝑃𝐶2

√2
; 𝐸 𝑖𝑛𝑑𝑒𝑥 =

𝑃𝐶1−𝑃𝐶2

√2
 )  and standardized (see Takahashi et al., 2011). CP and EP El Niño, as 



well as CP and EP La Niña events were determined using the same criteria as described for the Ren 

and Jin (2011) method and can be found in Suppl. Table 1.  

Correlation coefficients between ENSO indices by Ren & Jin (2011) and Takahashi et al. (2011) were 

determined. Note that for all correlations and discussion, the option of the CP and EP index, which is 

used to determine El Niño events, is applied. The timeseries of standardized E index and EP index 

from 1920 to 2020 (Suppl. Figure 3) shows a very similar pattern and both indices are significantly 

and strongly correlated (R=0.90). This is also the case for the C index and CP index, which show a 

similar timeseries pattern and are also significantly correlated (R=0.92). As a next step, the indices 

were then regressed onto global SSTa to examine their associated SSTa patterns (shown in Figure 2 in 

the main manuscript). The regression maps of the E index and the EP index onto large-scale SSTa in 

the Indo-Pacific region both show an EP El Niño pattern in the tropical Pacific with the SSTa peaking 

in the eastern Pacific. For the E index, SSTa are the strongest off the south American coast and 

gradually decrease towards the central Pacific. For the EP index, a similar pattern can be observed. 

The strongest SSTa are found further west than for the E index, and the SSTa extend further westward 

towards the date line. Regressions of the C index and CP index for the Indo-Pacific region also show a 

similar SSTa pattern with peaking SSTa in the central Pacific and a similar spatial extent of the 

anomalies in westward direction. Regressions of the C index show SSTa almost reaching towards the 

eastern boundary of the Pacific Ocean. The regression using the CP index leads to SSTa reaching less 

far eastward (Figure 2 in main manuscript). It is therefore clear that both methods of calculating an 

index for CP and EP events are associated with relatively similar SSTa patterns and due to their very 

similar magnitude, the classification of ENSO events should not lead to strongly different results.   

  



Suppl. Figure 3: Timeseries of E index and EP index (top panel) and C index and CP index (bottom 

panel) for 1920 to 2020. Pearson’s correlation coefficient and p-values are shown in top left corner of each 

panel. 

 

 

 

Suppl. Table 1: List of CP El Niño, EP El Niño, CP La Niña and EP La Niña events between 1920 and 

2020, as identified using the E and C indices by Takahashi et al. (2011). Events were identified using the 

same threshold criteria as in Table 1 of the main manuscript and are divided into positive (pIPO) and 

negative (nIPO) phases of the Interdecadal Pacific Oscillation (IPO).   

 
 

IPO phase 

(1924-2020) 

CP El Niño EP El Niño CP La Niña EP La Niña 

pIPO  

(1924-1944) 

1923/1924, 1929/30, 

1930/31, 1939/40, 

1940/41, 1941/42 

1925/26 1933/34 1942/43 

nIPO  

(1945-1976) 

1968/69 

 

 

1951/52, 1957/58, 

1965/66, 1972/73, 

1976/77 

1949/50, 

1950/51, 

1955/56, 

1956/57, 

1964/65, 

1970/71, 

1971/72, 

1973/74, 

1974/75, 

1975/76 

1954/55, 1967/68 

pIPO  

(1977-1998) 

 

1977/78, 1986/87, 

1990/91, 1991/92 

1994/95 

1979/80, 1982/83, 

1983/84, 1987/88, 

1997/98 

1983/84, 

1984/85, 

1988/89, 

1998/1999 

1985/86 

nIPO  

(1999-2014) 

 

2002/03, 2004/05, 

2009/10, 2014/2015 

 1999/2000, 

2000/01, 

2007/08, 

2008/09, 

2010/11, 

2011/12 

2001/02, 2005/06, 

IPO?  

(2015-2020) 

2015/2016, 2018/19, 

2019/20 

  2017/18 

Number of 

events 

19 11 21 7 



 

 

 

Suppl. Figure 4: Detrended AUMR anomaly composites in pIPO phases between 1924 and 2015 for CP El 

Niño (a,e,i,m,q), EP El Niño (b,f,j,n,r) and CP La Niña (c,g,k,o,s) and EP La Niña (d,h,l,p,t) events as 

identified using the C and E indices by Takahashi et al. (2011). Significant anomalies at 5% level using 

the p-value based on the Monte Carlo method are marked with grey stippling.  

 



 

Suppl. Figure 5: As in Suppl. Figure 5, but for nIPO phases.  

 

 

 

 

 

 

 

 

 



 

 

 

 

Suppl. Figure 6: Detrended SSTa composites for the AUM season (DJFM), showing the large scale SSTa 

in the Pacific and eastern Indian Ocean during CP El Niño (a,b), EP El Niño (c,d) and CP La Niña (e,f) 

and EP La Niña (g,h) events as identified using the C and E indices by Takahashi et al. (2011); during 

pIPO (left column) and nIPO phases (right column) from 1924 to 2014. Black contours mark areas with 

significant anomalies at a 5% level based on the Monte Carlo method.  
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 Suppl. Figure 7: Composite AURM anomaly differences between nIPO and pIPO phases, as observed 

during CP El Niño (a-e), EP El Niño (f-j) and CP La Niña (k-o) and EP La Niña (p-t) events, identified 

using the CP and EP indices by Ren and Jin (2011). Black contours mark areas with significant 

differences at a 5% level based on the two-sample t-test.  



Supplementary Materials 4 

 

 
Suppl. Figure 8: Absolute SST composites for the AUM season that show the western Pacific and 

eastern Indian Ocean during CP El Niño, EP El Niño and CP La Niña and EP La Niña events, identified 

using the CP and EP indices by Ren and Jin (2011). ENSO events during pIPO phases are shown in the 

right column (a,c,e,g) and during nIPO phases in the left column (b,d,f,h). The timeframe was 1924 to 

2014. Grey contours mark SST at 29°C and black contours mark SST at 29.5°C.  
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Suppl. Figure 9: Detrended MSLP (shade) and 850hPa zonal and meridional wind (vectors) anomaly 

composites in pIPO phases between 1924 and 2014 for CP El Niño (a-e), EP El Niño (f-j) and CP La Niña 

(k-o) events as identified using the CP and EP indices by Ren and Jin (2011). White contours mark areas 

with significant MSLP anomalies and black vectors indicate significant wind anomalies at a 5% level 

based on the Monte Carlo method.  

 

 

Suppl. Figure 10: Same as Suppl. Figure 10, but for nIPO phases. EP La Niña (p-t) events are 

included. 
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