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Regression analysis  

The syntheses (or reconstructions) of the 2019 anomalies, derived from regression analysis, are 

computed by the following two steps: 

Step 1)  

The regression is computed for the training period 1979-2018:  

�̂�𝑡 = ∑ 𝑏𝑖𝑥𝑖,𝑡  

where t and i denote the training period and the number of predictors, respectively;  �̂�𝑡 is the 

synthesis of the predictand y; bi is the regression coefficient of the ith predictor, derived from 

least squares fit regression; and xi,t is the time series of the ith predictor.   

Step 2) 

The synthesis for 2019 is computed using the bi derived from the training period and multiplied 

by the predictor values during 2019: 

�̂�2019 = ∑ 𝑏𝑖𝑥𝑖,2019 

Figures 3, 4, and 6 and Supplementary Figures S2, S5-7, and S9 are based on univariate 

regression while Figures 7 and 8 are based on multiple linear regression. 
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Figures  
 

 

 

FIG S1. (a) Eigenvector and (b) expansion coefficients of the leading mode of the multiple empirical 

orthogonal function (EOF) of the Antarctic polar cap (60-90°S) geopotential height variability at the 30 

hPa level as described in Byrne and Shepherd (2018) (their Figures 3b and 4). The EOF analysis was 

applied to the data over 1979-2018, and 2019-2020 data were projected onto the eigenvector to get the 

2019 PC1 anomaly. A linear trend was removed from the geopotential height data before the EOF 

analysis. (c),(d) Same as (a),(b) but the leading mode of the height-time domain EOF of the Antarctic 

subpolar (55-65°S) zonal-mean zonal wind variability as described in Lim et al. (2018) (their Figures 

3a,b). Lim et al. (2018) referred to this mode as the stratosphere-troposphere coupled mode. As there is 

no significant linear trend in PC1 of the stratosphere-troposphere coupled mode, raw zonal-mean zonal 

wind data were used for (c) and (d). As described in the main article, the amplitudes of 2019 are on a 

par with those of 2002 in both PC1 timeseries.  
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FIG S2. (Left panels) Syntheses of the monthly anomalies of E-P flux (vectors) and E-P flux 

divergence (shading) for 2019 based on regression onto the September to November mean zonal-mean 

zonal wind anomalies at 60°S, 10 hPa (i.e., the stratospheric polar vortex index; SPVI; Fig 2b in the 

main article); and (right panels) the 2019 observed anomalies relative to the respective climatologies of 

1979-2018. The E-P flux vector scale unit is 1015 m3 in horizontal direction and 1017 m3·kPa in vertical 

direction, and the reference vector scale is 1 in the left panels and 3 in the right panels. The vectors were 

scaled by the inverse square root of pressure, taking 100 hPa as a reference first and then scaled by 2 

below the 10-hPa level for improved visibility of vectors. Vectors with magnitudes less than 0.2 are not 

displayed. The color shading interval is 0.2 × 1015m3 in the left panels and 0.4 × 1015m3 in the right 

panels. E-P flux and divergence calculations follow Peixoto and Oort (1992), using the JRA-55 

reanalysis set of instantaneous daily (00Z) data of zonal and meridional winds and temperature. 

Syntheses of the E-P flux and its divergence for 2019 were obtained as described in the first section of 

this document.  
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FIG S3. Standardized northward eddy heat flux anomalies of wave-1, wave-2 and wave-3 in (a) 2019 

and (b) 2002 at 100 hPa. The negative sign indicates increased poleward heat flux. While wave-1 heat 

flux anomalies were dominant in August and September 2019, there was greater than |1σ| amplitude of 

wave-2 northward heat flux in July, which was comparable to that of wave-1 in the same month. In 

2002, there were large wave-2 heat flux anomalies observed during June, July, and September, while 

wave-1 only made a substantial contribution in August (e.g., Harnik et al. 2005; Newman and Nash 

2005). 
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FIG S4. Time series of the August-mean northward wave-1 heat flux anomalies averaged over 45-75°S 

at 700 hPa (blue colored bars) and 100 hPa (orange colored bars). The negative sign indicates increased 

poleward heat flux. The northward heat flux anomaly in 2019 was the 2nd most negative at 700 hPa after 

that of 1988 while it was the most negative at 100 hPa. 
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FIG S5. Syntheses of the 2019 August-mean 700 hPa geopotential height (Z700) anomalies derived 

from the regression onto the August-mean northward wave-1 heat flux at (a) 100 hPa and (b) at 700 

hPa. The northward heat fluxes (the predictors) were averaged 45-75°S. Syntheses of the 2019 Z700 

anomalies were generated as described in the first section of this document. (c) The observed Z700 

anomalies for August 2019. The color shading interval is 20 m. Stippling in (a) and (b) indicates the 

statistical significance of the regression coefficients at the 10% level, assessed by a two-tailed Student t-

test with 40 samples. Stippling in (c) indicates the anomalies at the 5% tails of the climatological 

distribution of 1979-2018. 

  



8 
 

 

FIG S6. (a) As in Fig. S5b except for the August-mean 2019 outgoing longwave radiation (OLR) 

anomalies. (b) The observed OLR anomalies of August-mean 2019. The color shading interval is 4 

Wm-2. Hatching in (a) indicates statistical significance of the regression coefficients at the 10% level, 

assessed by a two-tailed Student t-test with 40 samples. 1) A zonal tripole anomaly of convection, 

consisting of enhanced convection (reduced OLR) in the equatorial western Indian Ocean, reduced 

convection in the equatorial eastern Indian Ocean and enhanced convection in the far western Pacific to 

the northeast of Australia; and 2) meridional dipole-like anomalies over the tropical and subtropical 

south Atlantic Ocean and south Indian Ocean are common features in the OLR pattern in the synthesis 

of 2019 based on the regression onto the  wave-1 northward heat flux at 700 hPa and in August 2019. 
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FIG S7. (Left panels) Sea surface temperature (SST) anomalies for October to December (OND) mean 

(a) observed in 2019; and synthesized by regression onto (b) the de-trended El Nino Modoki Index 

(EMI; Ashok et al. 2007) and (c) the de-trended Dipole Mode Index (DMI; Saji et al. 1999) as described 

in the first section of this supplementary document. The EMI monitors the variability of Central Pacific 

(CP) El Nino whose maximum SST warming is located over the dateline (red box in (b)), being flanked 

by cooler SSTs in its far west and east (blue boxes in (b)). The DMI monitors the variability of the 

Indian Ocean Dipole (IOD) mode. The positive IOD is characterized by anomalous cooling in the 

tropical eastern Indian Ocean (blue box in (c)) and warming in the tropical western Indian Ocean (red 

box in (c)). (Right panels) (d-f) Same as (a-c) except showing for 200 hPa geopotential height (Z200) 

anomalies, respectively. The de-trended EMI and DMI were used to highlight the SST and Z200 

anomalies explained by the natural modes of tropical SST variability. The color shading interval is 

0.2 °C for SST anomalies and 20 m for Z200 anomalies. Stippling in the regression plots indicates 

statistical significance of the regression coefficients at the 10% level, assessed by a two-tailed Student t-

test with 40 samples.  

  



10 
 

 

FIG S8. (a) October-December mean (OND) El Nino Modoki Index (EMI; red bars) and de-trended 

EMI (blue bars). (b) Same as (a) but OND Indian Ocean Dipole Mode Index (DMI). The indices were 

obtained from SST data from Hurrell et al. (2008) for 1979-1981 and Reynolds et al. (2002) for 1982-

2019. 
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FIG S9. (Left panels) Syntheses of the 2019 OND mean (a) total cloud cover in fraction and (c) 10-m 

zonal winds derived from the regression onto the SPVI defined in the caption of FIG S2. (Right panels) 

(b), (d) Respective observed anomalies during OND 2019. The color shading interval in (a) and (b) is 

4% and in (c) and (d) is 1 ms-1. Stippling in the left panels indicates statistical significance of the 

regression coefficients at the 10% level. Stippling in the right panels indicates observed anomalies in 

the 5% tails of the climatological distribution (1979-2018).  
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FIG S10. Scatter of the predicted October to December (OND) mean Southern Annular Mode (SAM, 

standardized units) and eastern Australian (left) maximum temperature (TMAX; °C) and (right) rainfall 

(mm/day) anomalies. The plots in the top row are for forecasts initialized on 1 September 2019 and in 

the bottom row are for forecasts initialized on 1 October 2019.  The dots are the individual ensemble 

members (51) from the ECMWF-SEAS5 forecast system. The forecast SAM values were computed by 

the normalized MSLP difference between 40°S and 65°S following Gong and Wang (1999)'s definition. 

Eastern Australian TMAX and rainfall were computed as the areal mean land points east of 140°E and 

over 10°-45°S. The black lines are the linear least square best fit and the associated correlation 

coefficient is displayed in the upper right of each panel. 
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