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Abstract 

The El Niño-Southern Oscillation (ENSO) in a century-long integration of a BMRC coupled 

general circulation model (CGCM) drives rainfall and temperature changes over Australia 

that are generally consistent with documented observational changes: dry/hot conditions 

occur more frequently during El Niño years and wet/mild conditions occur more frequently 

during La Niña years. The relationship between ENSO (as measured by NINO4 or the 

Southern Oscillation Index, SOI, say) and All-Australia rainfall and temperature is found to 

be non-linear in the observations and in the CGCM during June-December: A large La Niña 

sea-surface temperature (SST) anomaly is closely linked to a large Australian response (i.e. 

Australia usually becomes much wetter), whereas the magnitude of an El Niño SST anomaly 

is a poorer guide to how dry Australia will actually become. Australia tends to dry out during 

El Niño events but the degree of drying is not as tightly linked to the magnitude of the El 

Niño SST anomaly. Non-linear or asymmetric teleconnections are also evident in the western 

U.S./northern Mexico. The implications of asymmetric teleconnections for prediction 

services are discussed. 
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The relationship between ENSO and Australian climate in both the model and the 

observations is strong in some decades, but weak in others. A series of decadal-long 

perturbation experiments are used to show that if these interdecadal changes are predictable 

then the level of predictability is low. The model’s Interdecadal Pacific Oscillation (IPO), 

which represents interdecadal ENSO-like SST variability, is statistically linked to 

interdecadal changes in ENSO’s impact on Australia during June-December when ENSO’s 

impact on Australia is generally greatest. A simple stochastic model that incorporates the 

nonlinearity above is used to show that the IPO (or the closely related Pacific Decadal 

Oscillation (PDO)) can appear to modulate ENSO teleconnections even if the IPO/PDO 

largely reflect unpredictable random changes in e.g. the relative frequency of El Niño and La 

Niña events in a given interdecadal period.  

Note, however, that predictability in ENSO-related variability on decadal time-scales 

might be either underestimated by the CGCM, or be too small to be detected by the modest 

number of perturbation experiments conducted. If there is a small amount of predictability in 

ENSO indices on decadal time-scales then the nonlinearity described above provides a 

mechanism via which ENSO teleconnections could be modulated on decadal time-scales in a 

partially predictable fashion. 
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1. Introduction 

The El Niño-Southern Oscillation (ENSO) phenomenon affects climate over many parts of 

the world (Ropelewski and Halpert 1987; Philander 1990; Halpert and Ropelewski 1992) 

including Australia (Nicholls 1985; Allan 1991; Power et al. 1998a). El Niño (La Niña) tends 

to increase the risk of dry (wet) conditions across many parts of Australia, and the economic 

cost of Australian droughts often associated with ENSO is believed to run into hundreds of 

millions of dollars (Nicholls 1985, 1992; White 2000). Managerial strategies based on ENSO 

forecasts could help reduce this, with greater savings expected for more skilful forecasts 

(Adams et al. 1995).  

ENSO and its teleconnections vary on decadal and longer time-scales in observations 

(e.g. Wang and Ropelewski 1995; Allan et al. 1996; Wang and Wang 1996; Kestin et al. 

1998; Gershunov and Barnett 1998; Power et al. 1999a; Mann et al. 2000: McCabe and 

Dettinger 1999; Hasegawa and Hanawa 2003; Kiem and Franks 2004; Kiem et al. 2003; 

Verdon et al. 2004; McKeon et al. 2004a) and coupled models (e.g. Knutson and Manabe 

1998; Walland et al. 2000; Arblaster et al. 2002; Vimont et al. 2002; Hunt and Elliott 2003).  

Decadal variability can arise for numerous possible reasons.  For example, 

instabilities in the atmosphere can drive internal atmospheric variability on time-scales up to 

and beyond a decade (James and James 1989) and this can drive surface flux variability that 

alters surface climate (Frankignoul and Hasselmann 1977; Power et al. 1995; Frankignoul et 

al. 1997), ENSO variability and predictability (e.g. Battisti 1989; Kleeman and Power 1994; 

Blanke et al. 1997; Eckert and Latif 1997; Moore and Kleeman 1999; Thompson and Battisti 

2000; Burgers et al. 2005; Penland and Sardeshmukh 1995), and ENSO statistics (e.g. Chu 

and Katz 1985; Kestin et al. 1998). Some of the decadal variability in the tropics may have a 

subtropical or extratropical origin (e.g. Hazeleger et al. 2001; Liu et al. 2002; Wu et al. 2003; 

Galanti and Tziperman 2003; Nonaka et al. 2002; Kleeman et al. 1999; Lysne et al. 1997; 

Lohmann and Latif 2004; White et al. 2003; Meehl and Hu 2005; Barnett et al. 1999; Pierce 

et al. 2000; Liu et al. 2002; White et al. 2003; Kleeman et al. 1999; Nonaka et al. 2002; 

Lohmann and Latif 2005). Other studies suggest that some of the decadal variability in ENSO 

might be generated within the tropical Pacific without the need for decadal boundary forcing 

through nonlinear mechanisms (e.g. Münnich et al. 1991; Jin et al. 1994; Tziperman et al. 

1994; Timmerman and Jin 2002; Liu et al. 2002; Jin et al. 2003).  See Kleeman and Power 

(1999), Miller and Schneider (2000), Miller et al. (2003), and Working Groups 2 and 3 
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(2004) for further discussion. Other drivers of decadal climate variability (e.g. intermittent 

volcanic activity, irradiance variability, changes in greenhouse gases and sulfate aerosols for 

example, have been discussed elsewhere (e.g. IPCC (2001) and references therein). 

The results obtained by Power et al. (1999a) are of particular interest to this study. 

They documented interdecadal variability in the association between the Southern Oscillation 

Index (SOI) and year-to-year changes in rainfall, maximum surface temperature and the 

wheat crop yield all averaged over the entire country (“All-Australia”), and volume transport 

in the Murray River in south-east Australia. They showed that the variance of year-to-year 

changes in the SOI and the association between the SOI and these Australian climate-related 

variables (tracked using correlation coefficients between the SOI and the Australian climate 

variables in 13-year running blocks) waxed and waned during the twentieth century in 

conjunction with the Interdecadal Pacific Oscillation (IPO). They used the term “IPO” to 

describe the observed “ENSO-like” or “El Niño-like” sea-surface temperature (SST) pattern 

that emerged in the analysis of near-global interdecadal sea-surface temperature variability by 

Folland et al. (1999). Power et al. (1999a) showed that the index for the IPO is very similar to 

the interdecadal component of an index for the Pacific Decadal Oscillation (PDO) discussed 

by Mantua et al. (1997). Folland et al. (2002) discussed additional evidence supporting the 

view that the IPO can be regarded as the Pacific-wide manifestation of the PDO. Power et al. 

(1999a) used Monte Carlo experiments to establish that the modulation of ENSO 

teleconnections by the IPO was statistically significant at the 95% (rainfall, temperature, crop 

yield) and 90% (river flow) levels. They also showed that interdecadal changes in the skill of 

an ENSO-based forecast scheme were coherent with the IPO. Increased understanding of 

decadal variability therefore has the potential to improve our ability to predict seasonal to 

interannual climate predictions. 

If interdecadal variations in climate associated with the IPO are predictable, and the 

changes in ENSO and its impact are actually physically driven and dominated by the IPO, 

then interdecadal changes in ENSO and its teleconnections should also be predictable to 

some extent. If this is the case then forecasters could use indices for the IPO or PDO to 

improve statistical prediction schemes (e.g. Latif and Barnett 1994; Power et al. 1999a; 

McKeon et al. 2004b). On the other hand the modulation might simply reflect unpredictable 

changes in the atmosphere and ocean that are driven by internally generated, chaotic 

atmospheric variability (Pierce 2002). Interdecadal changes in correlation coefficients can 
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also occur by chance and so it may be that the association between the IPO and ENSO 

teleconnections might simply represent a statistical fluke. 

The main purpose of this paper is to help clarify these issues by examining the 

predictability of interdecadal changes in ENSO and its teleconnections in the observations 

and the BMRC coupled general circulation model (CGCM). To help understand the apparent 

influence of the IPO on the degree to which ENSO effects Australian climate, we will 

examine the statistical relationship between ENSO indices and Australian rainfall. We will 

see that the relationship in both observations and the CGCM is non-linear and that this non-

linearity partially determines the apparent inter-relationship between the IPO and ENSO’s 

impact on Australian climate. A simple stochastic model is used to show that non-linearity 

can actually increase the likelihood of apparent interdecadal modulation, even in the absence 

of predictability beyond one year.  

The CGCM is described in Section 2.  ENSO and Australian rainfall variability in the 

CGCM is briefly described in Section 3. The predictability experiments are described in 

Section 4. The non-linear relationship between ENSO and Australian climate is discussed in 

Section 5 and the nature of the IPO/PDO is discussed in Section 6. We will see that the IPO 

and PDO indices can be largely, though not entirely, understood as proxy records for the 

interdecadal variability evident in traditional ENSO indices. The extent to which ENSO 

teleconnections are modulated by the IPO is assessed in Section 7. The main results are 

summarised and discussed in Section 8. 

 

 

2. The BMRC Coupled GCM 

 

The model used here is based on a version of the Bureau of Meteorology Research Centre 

(BMRC) coupled atmosphere/ocean/sea-ice model described by Power et al. (1998b), 

BCM2.2 (BCM = BMRC CGCM). The performance of BCM2.0 (an earlier but closely 

related version) in the tropics has been examined in two climate model intercomparison 

projects: STOIC (“Study of Tropical Oceans In Climate models”, Davey et al. (2002)) and 

ENSIP (“ENSO Simulation Intercomparison Project”, Latif et al. (2001)). A version of this 

model with changes made to some of the atmospheric parameters (BCM2.1) was used for 

seasonal-to-interannual forecasting in the Bureau of Meteorology (Wang et al. 2000) between 

1999-2003.  
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 The current version (BCM2.2) has an improved AGCM and uses flux adjustment. The 

AGCM is called the BMRC unified atmospheric model (BAM). In BCM2.2 BAM is run at a 

horizontal resolution of rhomboidal wave 21, with 17 vertical levels (increased from 9 levels 

in both BCM2.0 and BCM2.1).  Short wave radiation is parameterized following Lacis and 

Hansen (1974).  The long wave radiation scheme used is a modified version of the Fels-

Schwarzkopf scheme developed at the Geophysical Fluid Dynamics Laboratory (GFDL) 

(Schwarzkopf and Fels (1991)). Penetrative, mid-level and shallow convection are 

parameterized using the mass flux scheme of Tiedtke (1989).  The model has surface 

boundary layer parameterizations based on the formulations of Louis (1983). Oceanic 

evaporation is enhanced over low wind regions according to the formulation of Miller et al. 

(1992).  Vertical diffusion also follows the stability dependent form of Louis (1983) as 

modified by McAvaney and Hess (1996). Soil moisture is represented by a single layer 

"bucket" model with a field capacity of 150mm after Manabe and Holloway (1975). Gravity 

wave drag is determined using the formulation of Palmer et al. (1986). 

 The atmospheric component includes the Rotstayn (1997) prognostic cloud scheme 

for stratiform clouds.  Features of the scheme include two prognostic variables (cloud liquid 

water and ice) with physically based treatment of associated cloud microphysical processes.  

A triangular probability function is assumed for the subgrid scale distribution of moisture 

within a grid box.  Cloud formation is based on the statistical condensation scheme of Smith 

(1990).  Clouds are permitted at all model levels, except the lowest.  An additional diagnostic 

treatment of convective clouds is included, with the fraction of cloud based on the convective 

rainfall rate.  There is currently only vertical advection of cloud water variables by the model 

dynamics.  Details of the atmospheric model climate are given by Colman et al. (2001) and 

Colman (2001). The atmospheric model was integrated for 5 years prior to coupling. 

 The ocean component of all three BCM models is a global version of the GFDL 

modular ocean model (MOM, Pacanowski et al, 1991; Power et al. 1995).  MOM is a 

primitive equation model, based on the earlier work of Bryan (1969), which makes use of the 

rigid lid, Boussinesq and hydrostatic approximations (e.g. Gill, 1982).  The meridional 

spacing varies from 0.5º within 7º latitude of the equator, from where it gradually increases to 

a maximum of 5.8º near the North Pole.  The longitudinal spacing is a constant 2º for the 

whole globe.  There are 25 levels in the vertical, with 12 in the top 185m.  The level 

thicknesses range from 15m near the surface to nearly 1000m near the bottom. The maximum 

depth is 5000 meters.  The flux of heat and salt through side-walls and the bottom is set to 
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zero. No-slip boundary conditions are used along all side-walls. Bottom friction is 

parameterized as a quadratic function of the lower velocity, with a constant 10º
 
turning angle. 

The bathymetry represents a smoothed approximation to the high-resolution data set of Gates 

and Nelson (1975). There are 82 grid points from south to north and 182 grid points for west 

to east. Additional islands incur a significant cost in this version of MOM and so only 

Australia (combined with New Guinea), New Zealand and Antarctica are separated from the 

remaining land points. There is no Bering, Gibraltar or Torres Strait. Drake Passage was 

artificially widened to aid throughflow of the Antarctic Circumpolar Current. The Indonesian 

Throughflow was also artificially widened to reduce current speeds that threatened to become 

unstable. Some of the near-coastal depths were increased to avoid sharp jumps in depth that 

can lead to numerical problems associated with topographic waves (Killworth 1987).  

 The vertical diffusion is determined via a mixing scheme based on the method 

described by Chen et al. (1994), designed for an isopycnal model of the tropical Pacific. The 

scheme was modified to operate in the fixed level model used here. The scheme has two 

parts: a turbulent kinetic energy equation for the surface mixed layer, and a gradient 

Richardson number dependent scheme for the ocean interior. A time step of 1200s is used on 

the barotropic, baroclinic and tracer equations. The ocean model was spun up for several 

hundred years prior to coupling. The sea ice model is a version of the zero-layer Semtner 

(1976) thermodynamic model (see also Colman et al. 1992).  

 As mentioned above, BCM2.2 incorporates flux adjustments whereas earlier versions 

did not. Adjustments are made to three fields: net surface heat flux, net surface freshwater 

flux, and the penetrating short wave component of the heat flux.  Monthly varying flux 

adjustment fields are used, to ensure the veracity of the seasonal cycle.  No flux adjustments 

are applied to surface stresses.  

 For this study BCM2.2 was integrated for 200 years and the last 100 years is analysed 

here. The model exhibits some residual climate drift (i.e. spurious climate drift that occurs 

despite the use of flux adjustments (Power 1995)) but the magnitude is greatest near the start 

of the run and is therefore omitted. Output from BCM2.2 was contributed to the Coupled 

Model Intercomparison Project (CMIP) Phase 2.   
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3. ENSO and Australian rainfall variability in the CGCM 

 

The ENSO in the model and its teleconnections have been discussed by Wu et al. (2002) and 

AchutaRao and Sperber (2002). ENSO variability is clearly evident in the CGCM and 

represents the major mode of variability on interannual time-scales in the Indo-Pacific. This 

is illustrated in Fig.1, which shows (a) the spatial structure and (b) the time series of the first 

Empirical Orthogonal Function (EOF) of unfiltered Indo-Pacific SST in the CGCM. While 

the variability and time-scales are in broad agreement with the observations there are some 

differences. For example, the modeled variability is weaker than observed: the standard 

deviations of observed and modeled NINO4 variability are 0.5 ºC and 0.3 ºC, respectively. 

The modeled variability is displaced too far to the west and it is more biennial than 

observations suggest it should be (AchutaRao and Sperber 2002; Wu et al. 2002). Wu et al. 

(2002) also showed that the probability density functions of ENSO indices tended to be less 

skewed than their observational counterparts. 

Bettio et al. (2003) discussed the dynamics of the ENSO in the model, as part of a 

much more detailed ongoing investigation. They noted that all of the major components of 

two leading paradigms for ENSO are present in the model. The paradigms are the Delayed 

Action Oscillator (DAO, Schopf and Suarez, 1988ab; Battisti and Hirst 1989; Cane et al. 

1990; Neelin et al. 1998) and the Recharge/Discharge Oscillator (Jin 1997). See Wang (2001) 

and Dijkstra and Burgers (2002) for further discussion of the two theories.  

A positive feedback arising from interactions between equatorial Pacific SSTs and the 

zonal windstress, required by both theories, is evident in the CGCM. Equatorially-trapped 

Kelvin and Rossby Waves are fundamental to the DAO and they also play a major role in the 

CGCM ENSO. Finally, the north-south movement of heat onto and away from the equator is 

central to the Recharge/Discharge theory, and this is also a major feature of the CGCM 

ENSO. 

ENSO is a major driver of climate variability over Australia in the model, as it is in 

the real world. This is illustrated in Fig.2, which shows NINO4 and “All-Australia” rainfall 

from the 100-year integration. The data depicted represent averages over each calendar year 

and over the entire country.   
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(a) 

 

 (b) 

 

Fig.1 CGCM: (a) Spatial structure of the first EOF of Indo-Pacific SST and (b) its time series. 

 

Observed All-Australia indices are used for comparison. These indices are calculated 

by the National Climate Centre and are based on annual and Australia-wide averages of 

gridded rainfall and temperature data. The gridded rainfall data set (Jones and Weymouth 

1997) consists of monthly averaged rainfall on a regular 1° by 1° latitude-longitude grid 

covering the Australian continent for the period January 1900 to December 2004 inclusive. 

The temperature data-set used consists of monthly mean anomalies of the daily maximum 




