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Australian rainfall in winter-spring seasons tends to be below nalmnsg El Nifio
and above normal during La Nifia. However, the relationship bettheestrength of
El Nifio/Southern Oscillation (ENSO) and Australian rainfall appéabe non-linear
(e.g., Power et al. 2005). For instance, eastern Australia experieeee record
drought during the modest El Nifio of 2002, whereas the near record stetiNgfio
of 1997 was associated with near normal rainfall. In a study ok#ponse of North
American climate to extremes of ENSO, Hoerling et al., (199%odstrated that
anomalous conditions during strong El Nifios were not generally opposttee to
anomalous conditions experienced during strong La Ninas. This differendaecan
accounted for by a longitudinal phase shift of the midlatitude respandbet
equatorial SST anomalies during El Nifio as compared to La Nifa. cidmeyuded
that nonlinearity in the SST—deep convection relationship is respofwilitee phase
shift in the North American teleconnection patterns: the pattérrenhanced-
suppressed convection in the equatorial Pacific during La Nifafiecskestward of
the pattern of suppressed-enhanced convection during El Nifio. We dert®hste
that a similar nonlinearity, together with a longitudinal shift in 8&T anomalies
themselves, may explain the different Australian rainfall sigitgito warm and cold
events. Furthermore, we also show that this nonlinearity maguat for the
differing rainfall response during some EI Nifios.
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The nonlinearity of the relationship of Australian rainfall wittN&O is
demonstrated in Fig. 1, which is a scatter plot of the Austrai@an rainfall
anomalies versus an index of sea surface temperature anomaires ENSO (the
principal component of the leading empirical orthogonal function of IndoiP&ST)
for September-December season 1890-2002. This SST index shows hidgitioarre
with other more direct measures of SST anomalies in the tanttzeastern Pacific
such as Nino3 index but also gives weights to SST conditions in dinesr of the
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tropical Pacific and Indian Oceans. The rainfall data are gridogisees produced by
the National Climate Centre (Jones and Weymouth 1997) and the &5aredrom
Kaplan et al.,, (1998). Rainfall anomalies during La Nina (negative R84y a
guasi-linear relation with the magnitude of the SST anomalies. Dinlifio,
however, little sensitivity is apparent. Except for a general tendencyfeodditions
to prevail, no dependence of the magnitude of the dryness on the stkafjfdino
is apparent. These differing relationships between EIl Nifio andhadte quantified
with one-sided linear regression (see Hoerling et al.,, 2001 farlgjetin which a
linear relation between the SST index and rainfall anomaliealdsilated separately
for warm and cold phases (solid lines in Fig. 1). The line of regredsr warm
conditions is much flatter and accounts for less variance thafothaold conditions.
This is in contrast with the linear relationship one would get fromegaession
between all pairs of rainfall and SST data, as indicatetdogashed line in Fig. 1. In
this case dryness would be expected to increase linearly wittrémgth of El Nifio.
The features of this nonlinear rainfall response to ENSO appeart rabisss
different data periods and are not affected by the resolved treruls the use of
different indices of ENSO. For instance, Power et al. (2005) ickohtd similar
asymmetry between El Nifio and La Nina using annual mean dattheur&buthern
Oscillation Index (SOI), which is an alternative measure of ENSO.
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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.

The reason for the nonlinear behaviour of rainfall during ENSO apfebes
partly explained by the differing pattern of SST anomalies in warthcold events.
Figure 2 displays one-sided regressions of gridded SST (Reynoldsratid1994)
against SST PC1. For moderate amplitude ENSO (1 standard deviatiowalg of
PC1) the SST regression patterns show mirror-symmetry betiweemarm and cold
phases of ENSO (top two panels). However, for large events {@asthdeviation
anomaly of PC1) the regression patterns no longer appear to be eppositom two
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panels): during strong El Nifio the warm centre is shifted easteastds the South
American coast compared to that in moderate cases, whereas dromgglsa Nifia
the cold anomaly remains centered nearfD\h0rhe consequences of the longitudinal
shift of the major warm/cold centres during the warm/cold phasethat the entire
anomaly pattern across the Indo-Pacific region is shifted ds Keel instance, the
cold SST anomaly surrounding Australian continent during moderate wantse
(Fig. 2 top left panel) shifts eastward during strong warm eveigs ZFoottom left
panel), with warm anomalies now replacing cold anomalies on the csast of
Australia.

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.

The differing behaviour of SST anomalies between cold events and wa
events as the magnitude of the event increases underlays thdaratgenonlinear
Australian rainfall response to ENSO. Observed rainfall ssgwas 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 similaritytt@ppanels). As the
amplitude of the ENSO events increases, the equatorial ramggtionse also
increases. However, similar to SST as discussed above, the e$pdmse pattern for
strong warm events shifts eastwards relative to weak ewnthat the dry anomaly
is moved away from the Australian continent. As a result thEaamnon Australia
rainfall is not necessarily enhanced as El Nifio increasesagnitade. On the other
hand, during strong cold events the wet anomaly at Australian longitooes $ttle
longitudinal shift as La Nifia strengthens. Hence, Australian raiexdlibits a high
sensitivity to the magnitude of La Nifia, as reflected in Fig. 1.

Further diagnostics indicate that there are consistent nonthaages in the
general circulation that link equatorial-SST forcing with the edinesponse across
Australia during extremes of ENSO. These changes are consigiferth@nonlinear
mechanism proposed by Hoerlng et al. (1997), whereby the direct equitiorall
response depends not only on the equatorial SST anomaly but also on the
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climatological SST upon which the anomalous SST acts. Furthermerdhawe
diagnosed a non-linear variation of the SST anomalies themsdivas ENSO,
which contributes to the eastward longitudinal displacement of the amasnal
convection as the magnitude of El Nifio increases. One implicatitims study is
that statistical prediction of seasonal rainfall could be improved by taking icioiratc
the nonlinear nature of the relationship of Australian rainfalh vVENSO. It also
emphasizes that dynamical seasonal prediction of rainfall wil s advanced with
coupled models that are capable of resolving the full interactimormfection with
SST during ENSO.

References

Hoerling, M. P., A. Kumar, M. Zhong, 1997: El Nifio, La Nifia, and the nonlityeari
of their teleconnectiong. Climate 10, 1769-1786.

Hoerling, M. P., A. Kumar , and T.-Y. Xu, 2001: Robustness of the nonlinear
atmospheric response to opposite phases of ENSQimate,14,1277-1293.

Jones, D. A., and G. Weymouth, 1997: An Australian monthly rainfall dafeeseh.
Rep. 7QBureau of Meteorology, Melbourne, Australia, 19 pp.

Kaplan, A., M. Cane, Y. Kushnir, A. Clement, M. Blumenthal, and B. Rajdgopa
1998: Analyses of global sea surface temperature 1856-198&o0phys. Res.,
103,18 567-18 589.

Power, S., M. Haylock, and R. Colman, 2005: The predictability of inteddéca
changes in ENSO teleconnectiodsClimate (to appear).

Reynolds, R. W., and T. M. Smith, 1994: Improved global sea surface tdomger
analysis using optimum interpolatioh.Climate,7, 929-948.

Xie, P., and P. A. Arkin, 1997: Global precipitation: A 17-year monthl\lyaisa

based on gauge observations, satellite estimates, and numericabotpdés.
Bull. Amer. Meteor. Socr8,2539-2558.

14



