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Australian rainfall in winter-spring seasons tends to be below normal during El Niño 
and above normal during La Niña. However, the relationship between the strength of 
El Niño/Southern Oscillation (ENSO) and Australian rainfall appears to be non-linear 
(e.g., Power et al. 2005). For instance, eastern Australia experienced near record 
drought during the modest El Niño of 2002, whereas the near record strength El Niño 
of 1997 was associated with near normal rainfall. In a study of the response of North 
American climate to extremes of ENSO, Hoerling et al., (1997) demonstrated that 
anomalous conditions during strong El Niños were not generally opposite to the 
anomalous conditions experienced during strong La Ninas. This difference can be 
accounted for by a longitudinal phase shift of the midlatitude response to the 
equatorial SST anomalies during El Niño as compared to La Niña. They concluded 
that nonlinearity in the SST–deep convection relationship is responsible for the phase 
shift in the North American teleconnection patterns: the pattern of enhanced-
suppressed convection in the equatorial Pacific during La Niña is shifted westward of 
the pattern of suppressed-enhanced convection during El Niño. We demonstrate here 
that a similar nonlinearity, together with a longitudinal shift in the SST anomalies 
themselves, may explain the different Australian rainfall sensitivity to warm and cold 
events.  Furthermore, we also show that this nonlinearity may account for the 
differing rainfall response during some El Niños.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The nonlinearity of the relationship of Australian rainfall with ENSO is 

demonstrated in Fig. 1, which is a scatter plot of the Australian-mean rainfall 
anomalies versus an index of sea surface temperature anomalies during ENSO (the 
principal component of the leading empirical orthogonal function of Indo-Pacific SST) 
for September-December season 1890-2002. This SST index shows high correlation 
with other more direct measures of SST anomalies in the central and eastern Pacific 
such as Nino3 index but also gives weights to SST conditions in other parts of the 

Figure 1. Scatter plot of the Australian 
rainfall anomalies versus the principal 
component of the leading empirical 
orthogonal function of tropical Indo-
Pacific SST (PC1) for September-
December 1890-2002. Data have been 
standardized. The straight solid lines 
are one-sided linear regression for 
warm (right) and cold (left) phases of 
SST index. Dashed line is the linear 
regression with all data included. 
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tropical Pacific and Indian Oceans. The rainfall data are gridded analyses produced by 
the National Climate Centre (Jones and Weymouth 1997) and the SST data are from 
Kaplan et al., (1998). Rainfall anomalies during La Nina (negative PC1) show a 
quasi-linear relation with the magnitude of the SST anomalies. During El Niño, 
however, little sensitivity is apparent. Except for a general tendency for dry conditions 
to prevail, no dependence of the magnitude of the dryness on the strength of El Nino 
is apparent. These differing relationships between El Niño and La Nina are quantified 
with one-sided linear regression (see Hoerling et al., 2001 for details), in which a 
linear relation between the SST index and rainfall anomalies is calculated separately 
for warm and cold phases (solid lines in Fig. 1). The line of regression for warm 
conditions is much flatter and accounts for less variance than that for cold conditions. 
This is in contrast with the linear relationship one would get from a regression 
between all pairs of rainfall and SST data, as indicated by the dashed line in Fig. 1. In 
this case dryness would be expected to increase linearly with the strength of El Niño. 
The features of this nonlinear rainfall response to ENSO appear robust across 
different data periods and are not affected by the resolved trends or by the use of 
different indices of ENSO. For instance, Power et al. (2005) identified a similar 
asymmetry between El Niño and La Nina using annual mean data and the Southern 
Oscillation Index (SOI), which is an alternative measure of ENSO. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The reason for the nonlinear behaviour of rainfall during ENSO appears to be 

partly explained by the differing pattern of SST anomalies in warm and cold events. 
Figure 2 displays one-sided regressions of gridded SST (Reynolds and Smith 1994) 
against SST PC1. For moderate amplitude ENSO (1 standard deviation anomaly of 
PC1) the SST regression patterns show mirror-symmetry between the warm and cold 
phases of ENSO (top two panels). However, for large events (3 standard deviation 
anomaly of PC1) the regression patterns no longer appear to be opposites (bottom two 

Figure 2. SST regression patterns reconstructed from one-sided regression of the Reynolds 
SST against SST PC1 for September-December season over 1982-2002. Patterns are given 
for warm (left) and cold (right) phase and for strength of one (upper) and three (bottom) 
standardized amplitudes of SST PC1. 
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panels): during strong El Niño the warm centre is shifted eastward towards the South 
American coast compared to that in moderate cases, whereas during strong La Niña 
the cold anomaly remains centered near 150°W. The consequences of the longitudinal 
shift of the major warm/cold centres during the warm/cold phases are that the entire 
anomaly pattern across the Indo-Pacific region is shifted as well. For instance, the 
cold SST anomaly surrounding Australian continent during moderate warm events 
(Fig. 2 top left panel) shifts eastward during strong warm events (Fig. 2 bottom left 
panel), with warm anomalies now replacing cold anomalies on the west coast of 
Australia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
The differing behaviour of SST anomalies between cold events and warm 

events as the magnitude of the event increases underlays the cause for the nonlinear 
Australian rainfall response to ENSO. Observed rainfall regressions are displayed in 
Fig. 3 in the same fashion as for SST in Fig. 2. The rainfall responses during moderate 
amplitude warm and cold events again show mirror similarity (top two panels). As the 
amplitude of the ENSO events increases, the equatorial rainfall response also 
increases. However, similar to SST as discussed above, the whole response pattern for 
strong warm events shifts eastwards relative to weak events, so that the dry anomaly 
is moved away from the Australian continent. As a result the impact on Australia 
rainfall is not necessarily enhanced as El Niño increases in magnitude. On the other 
hand, during strong cold events the wet anomaly at Australian longitudes shows little 
longitudinal shift as La Niña strengthens. Hence, Australian rainfall exhibits a high 
sensitivity to the magnitude of La Niña, as reflected in Fig. 1. 

Further diagnostics indicate that there are consistent nonlinear changes in the 
general circulation that link equatorial-SST forcing with the rainfall response across 
Australia during extremes of ENSO. These changes are consistent with the nonlinear 
mechanism proposed by Hoerlng et al. (1997), whereby the direct equatorial rainfall 
response depends not only on the equatorial SST anomaly but also on the 

Figure 3. Rainfall regression patterns reconstructed from one-sided regression of the 
Xie and Arkin (1997) gridded rainfall against SST PC1 for September-December 
season over 1982-2002. Patterns are given for warm (left) and cold (right) phase and 
for strength of one (upper) and three (bottom) standardized amplitudes of SST PC1. 
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climatological SST upon which the anomalous SST acts. Furthermore, we have 
diagnosed a non-linear variation of the SST anomalies themselves during ENSO, 
which contributes to the eastward longitudinal displacement of the anomalous 
convection as the magnitude of El Niño increases.  One implication of this study is 
that statistical prediction of seasonal rainfall could be improved by taking into account 
the nonlinear nature of the relationship of Australian rainfall with ENSO. It also 
emphasizes that dynamical seasonal prediction of rainfall will only be advanced with 
coupled models that are capable of resolving the full interaction of convection with 
SST during ENSO.  
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