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Abstract 

This thesis examines the physical mechanisms associated with the teleconnection between 

east Australian rainfall and the El Niño–Southern Oscillation (ENSO) during the austral spring 

(September–November, SON). In east Australia, El Niño is typically associated with less than 

average rainfall during SON. However, the rainfall response during the three strongest El Niño 

events of the satellite era, 1982-1983, 1997-1998 and 2015-2016 differed markedly. East 

Australian spring rainfall of 1982 was typical of El Niño, with significantly less rainfall than 

normal throughout east Australia. Unusually, during the 1997 event, east Australia received 

near average spring rainfall. In 2015, only a modest negative rainfall anomaly was recorded. 

 

We found that differences between rainfall during the 1982 and 1997 events were mostly 

forced by sea surface temperature (SST) and were not solely due to a stochastic atmosphere 

as has been reported previously. Local SSTs in the regions directly to the north and northeast 

of Australia showed a strong relationship with rainfall that was largely independent of ENSO. 

An atmosphere-only general circulation model confirmed that the SST regions to the north 

and northeast of Australia contributed to the 1982 rainfall deficit, by reducing the availability 

of moisture to the east Australian region.  

 

The model response to the observed 1982, 1997, and 2015 SSTs showed both the rainfall and 

circulation anomalies were well simulated for the 1982 and 1997 events. Only the rainfall was 

well simulated for 2015, with the observed circulation associated with the 2015 event either 

stochastically modified or was not well simulated by the model. The model results show that 

the rainfall deficit observed in 1982 was associated with SST-forced southeasterly wind 
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anomalies, whereas the near average rainfall in 1997 was associated with SST-forced near 

average winds. These results were aided by using multiple linear regression on observations 

to show that changes in wind anomalies were the most important circulation feature for SON 

rainfall in most of east Australia. Only in the Victorian region was sea level pressure (SLP) the 

most important for SON rainfall. 

 

The wind anomalies in SON 1997 were near normal in part due to a record-breaking positive 

SLP anomaly to the north of Australia. We showed that this record anomaly was likely due to 

the 1997 El Niño developing earlier and stronger than other events. A strong SST anomaly in 

the eastern Pacific that peaked in SON 1997 was associated with an early eastward shift in 

the tropical Pacific maximum convection. The eastward movement of convection was 

associated with a greater increase in SLP over the Maritime Continent than is typical for SON 

during an El Niño. This process was not well simulated in both the atmosphere-only and Pacific 

pacemaker configuration of Community Earth System Model due to the model not able to 

simulate the shift in convection that was observed in SON. 

 

Overall, this thesis shows that both SSTs local to Australia, and in the eastern Pacific can 

influence east Australian SON rainfall during strong El Niño events, with the potential 

modification from a stochastic atmosphere.  
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1 Introduction 

1.1 Background 

Australia relies on rainfall for most of its water security. The refilling of dams and flowing river 

systems require rainfall on a regular basis. However, rainfall in Australia can be sporadic, with 

long-lasting droughts that are at times broken by wide-spread floods. Due to its sporadic 

nature, any predictability in rainfall is valuable for adequate planning of the agriculture, water 

resource and emergency management sectors. 

There are numerous potential avenues for rainfall prediction, be that in the atmosphere, 

through the Southern Annular Mode (SAM, Hendon et al., 2007), and the Madden-Julien 

Oscillation (MJO, Wheeler et al., 2009); or in sea surface temperatures (SSTs, Nicholls, 1989; 

Taschetto et al., 2016). SSTs have the greatest potential of long-term seasonal prediction due 

to their long-lasting anomalies and known physical processes of air-sea interactions. Ocean 

phenomena such as the Indian Ocean Dipole and the El Niño-Southern Oscillation (ENSO) have 

the potential to assist in rainfall forecasting for at least one season in advance. In addition, 

SSTs to the north of Australia have been shown to have an influence on southern Australian 

rainfall (Nicholls, 1984a, 2010; Watterson, 2010). The statistical links between SSTs and 

Australian rainfall are well founded. Future improvements in seasonal forecasting of 

Australian rainfall relies on a greater understanding of how various SST phenomenon, such as 

ENSO, teleconnect their impact to Australian rainfall. 

Although there is now a greater appreciation of the interactivity of all tropical ocean basins 

(Cai et al., 2019), by focusing on strong El Niño events, this thesis will perform an in-depth 
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investigation of each step that links tropical Pacific SST and east Australian spring (September-

November, SON) rainfall. These steps include: 

• How properties of remote tropical Pacific SSTs affect the link. 

• The influence that SSTs local to Australia can have on the link. 

• The SST forced atmospheric circulation. 

• The influence of a stochastic atmosphere on the link. 

• Finally, how the resulting circulation influences seasonal rainfall. 

1.2 The El Niño-Southern Oscillation 

ENSO is a coupled atmosphere-ocean phenomenon localised in the tropical Pacific Ocean. It 

is the largest contributor to global interannual climate variability and has an irregular cycle of 

roughly 3-7 years (Rasmusson and Wallace, 1983; Timmermann et al., 2018). There are two 

extreme phases of ENSO that have been described extensively in the literature. These 

extreme phases are distinct from normal, often called “neutral”, conditions (Fig. 1.1a). One 

of the extreme phases has been named as “La Niña” (Fig. 1.1b). A La Niña occurs when SSTs 

along the equatorial Pacific, just east of the dateline, cool significantly by roughly 0.5° C below 

average (Hoerling et al., 1997; Dommenget et al., 2013). The atmospheric circulation 

associated with a La Niña is effectively an intensification of neutral years. The opposite phase, 

known as an “El Niño” (Fig. 1.1c), is distinguished by warm SST anomalies greater than roughly 

0.5° C in the central to eastern Pacific region (Hoerling et al., 1997; Dommenget et al., 2013). 

During El Niño, the Walker Circulation weakens, slackening the easterly winds; convection 

follows the SST anomalies and occurs further east than during normal conditions (Rasmusson 

and Wallace, 1983).  
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Fig. 1.1: Diagram of SSTs, winds and subsurface temperature in the tropical Pacific during (a) neutral, 

(b) La Niña, and (c) El Niño conditions. Adapted from the Australian Bureau of Meteorology 

(http://www.bom.gov.au/climate/about/australian-climate-influences.shtml?bookmark=enso). 

 

El Niño events have shown two spatial structures (Kao and Yu, 2009; Kug et al., 2009; 

Timmermann et al., 2018). The first has its maximum SST anomalies in the central tropical 
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Pacific near the International Dateline and has a similar spatial structure, but opposite in sign, 

to La Niña (Dommenget et al., 2013). The second structure records the maximum SST 

anomalies in the eastern tropical Pacific (Dommenget et al., 2013; Timmermann et al., 2018; 

Santoso et al., 2019). Eastern Pacific El Niño typically have a stronger magnitude SST anomaly 

than the central Pacific El Niño (Kao and Yu, 2009; Kug et al., 2009). 

As the phenomenon is a coupled system, El Niño events need both atmospheric and oceanic 

conditions to be favourable for events to initiate. Firstly, there needs to be a widespread 

warm temperature anomaly in the subsurface ocean (surface to roughly 150 m depth) of the 

equatorial Pacific  (Wyrtki, 1985; Jin, 1997; Fig. 1.1c). This anomaly can arise from wind stress 

anomalies in the previous years, in conjunction with oceanic boundary wave reflection 

(Boulanger et al., 2004). Then from about March, the western Pacific will need to experience 

regular anomalous westerly wind events to initiate oceanic equatorial downwelling Kelvin 

waves, which travel to the east and prohibit upwelling of cool subsurface waters in the 

eastern tropical Pacific (Vecchi and Harrison, 2000; Boulanger et al., 2004; Lengaigne et al., 

2004). Reduced upwelling allows warm SST anomalies to develop in the central to eastern 

tropical Pacific, further promoting westerly wind events and resulting in a positive feedback 

of El Niño growth. The peak of the El Niño event typically coincides with austral summer 

months, typically December or January (Rasmusson and Carpenter, 1982; Okumura and 

Deser, 2010). The El Niño event typically decays in February with the Pacific returning to 

roughly neutral conditions by March (Harrison and Vecchi, 1999). El Niño events show 

evidence of coupling to the seasonal cycle (Rasmusson and Carpenter, 1982; Timmermann et 

al., 2018). The reasons for this seasonal coupling are still unknown, but possibly due to 

seasonal variations making conditions favourable or unfavourable for El Niño growth (Chen 

and Jin, 2019). Most El Niño events are isolated in time by neutral years and can be considered 
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independent (Kessler, 2002), although it is possible that a La Niña event can directly follow an 

east Pacific El Niño event (Wyrtki, 1985; Jin, 1997; Kug et al., 2009; Dommenget et al., 2013).  

1.3 ENSO and climate predictability 

The ENSO phenomenon provides one of the greatest opportunities for interannual climate 

predictability. Not only are ENSO events the strongest mode of interannual variability in many 

locations around the world, their long-lasting nature and the distinct features of their 

development can give many months warning of their peak. The positive feedbacks between 

SSTs and winds, and SST persistence, gives some confidence that if an ENSO event is 

developing during the austral winter, the anomalies will continue until the end of austral 

summer. This has the potential to provide up to six months of warning before an El Niño peak. 

However stochastic process, such as a lack of further westerly wind bursts can dampen the 

magnitude of the El Niño (Vecchi and Harrison, 2000; Boulanger et al., 2004). The ability to 

forecast an El Niño event prior to its onset is not possible with today’s level of understanding 

of the physical mechanisms that produce and maintain an El Niño. However, there is currently 

a global push to develop decadal forecasting which may improve our multi-year knowledge 

of ENSO events (Boer et al., 2016; DiNezio et al., 2017; O’Kane et al., 2020). 

The ability to forecast an ENSO event is most useful not for the ENSO event itself, but rather 

the accompanying teleconnections that exist between the extreme phases of ENSO and 

regional climates. Namely, the extreme phases of ENSO are strongly related to interannual 

variations in temperature and precipitation in some locations. ENSO events have the largest 

influence on regional climate in the tropical Pacific Ocean, but their effects are also seen on 

the edges of the Pacific basin and beyond (Ropelewski and Halpert, 1987; Frauen et al., 2014).  
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It is these areas where ENSO events are felt via their socioeconomic effects and also the 

regions from which ENSO obtained its name. During El Niño events, fish stocks off the north-

western coast of South America can be severely impacted. Typically, this region experiences 

upwelling, drawing nutrient rich water to the surface and providing a base for marine 

ecosystems. However, when an El Niño event occurs, upwelling in this region is suppressed 

reducing the nutrient abundance (Barber and Chavez, 1983). The reduced nutrients and 

warmer water drives fish stocks away from this region cutting off a vital food resource for 

many northwest South American communities. Warmer water local to northwest South 

America also increases the atmospheric moisture content, increasing the chance of extreme 

rainfall events in this region (Sanabria et al., 2018; Sulca et al., 2018). As El Niño events peak 

roughly at Christmas time, the Spanish speaking and predominately Christian South American 

population associate these events with the birth of “El Niño”, or in English “The Boy” Jesus 

Christ. Conversely, “La Niña” means “The Girl” in Spanish. This not only explains part of the 

origin of the acronym “ENSO,” but also highlights the importance of this phenomenon to the 

local South American community to associate this event with divinity. 

On the western edge of the Pacific basin, the climate of the Maritime Continent, which 

encompasses the islands and archipelagos of tropical southeast Asia including Indonesia and 

Papua New Guinea, are also influenced by ENSO events. This region is close to the ascending 

branch of the Walker Circulation and is therefore strongly influenced by convection. In 

conjunction with the Indian Ocean Dipole, La Niña events can dramatically increase Maritime 

Continent dry season rainfall (Lestari et al., 2019), or shift rainfall zonally away during El Niño, 

leaving the region in drought (Hamada et al., 2012). The effects of ENSO extend even further 

west away from the Pacific, with the atmospheric circulation of the Indian Ocean also greatly 

affected by different phases of ENSO. The term “Southern Oscillation” originates from the 
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almost global scale seasonal oscillations in sea level pressure (SLP) that was detected to the 

south of India (Walker, 1924). Walker (1923, 1924) found this oscillation in SLP, and its 

association with the strength of the Indian monsoon – suggesting it could be used for seasonal 

prediction. Later it was found that this SLP oscillation was linked to the SSTs in the tropical 

Pacific Ocean linking the term “El Niño-Southern Oscillation” (Bjerknes, 1966, 1969). 

Continuing west, east African rainfall shows a complex relationship with ENSO, with El Niño 

typically associated with increased rainfall there (Indeje et al., 2000). 

The influence of ENSO is not localised to the tropics – SLP in the north and southern Pacific 

basins are significantly related to the variability exhibited in the tropical Pacific. The Pacific-

North American pattern and the Pacific-South American pattern are well known features in 

the monthly to seasonal SLP field (Hoskins and Karoly, 1981; Karoly, 1989). Studies have 

attributed these patterns to equivalent-barotropic Rossby waves emanating from divergence 

anomalies in the upper levels of the troposphere, which is associated with the changed 

convection features during ENSO events (Hoskins and Karoly, 1981; Sardeshmukh and 

Hoskins, 1988; Karoly, 1989). There is some dispute as to whether the Pacific-South American 

pattern is the result of Rossby waves, due to the inability for Rossby waves to propagate 

through the vorticity barrier associated with the midlatitude jet (O’Kane et al., 2017). 

However, despite the uncertainty of the mechanisms in which these features operate, the 

association between ENSO and the extratropics is well established (Ropelewski and Halpert, 

1987; Kiladis and Diaz, 1989), and includes regions such as Australia (McBride and Nicholls, 

1983; Chung and Power, 2017), New Zealand (Kidson and Renwick, 2002; Ummenhofer and 

England, 2007), Antarctica (Renwick, 2002; Turner, 2004), North America (L’Heureux et al., 

2015; Johnson and Kosaka, 2016; Deser et al., 2017), the Arctic (Lee, 2012), and possibly 

Europe (Katsafados et al., 2005). 
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1.4 ENSO and Australia 

The strong relationship between Australian rainfall and ENSO gives Australia a seasonal 

forecasting advantage compared to other regions which do not have as strong relationship, 

e.g. North America, Europe (Ropelewski and Halpert, 1987). The link between Australian 

rainfall and ENSO was so strong that the link was known before a firm understanding of the 

ENSO phenomenon was established. Quayle (1929) detailed the monthly relationship 

between 10 northern Victorian rainfall stations and Darwin air pressure, finding the 

relationship was strongest in winter and spring. As rainfall and SLP datasets improved in 

spatial coverage and temporal length, more robust signals were confirmed, and the spatial 

details were defined. Seasonal variations in the strength of the ENSO-Australian rainfall 

relationship were discovered, showing that SON possesses the strongest and most 

widespread relationship than in any other season (McBride and Nicholls, 1983). 

Despite the strong relationship between ENSO and Australian rainfall, there are also 

complexities within this relationship. The relationship is non-stationary, with regions of 

significant relationship shifting spatially with time (McBride and Nicholls, 1983; Gallant et al., 

2013; Ashcroft et al., 2016). A waxing and waning of the ENSO-Australian rainfall relationship 

was shown to be in coherence with the change of phase of the Interdecadal Pacific Oscillation 

(Power et al., 1999), suggesting decadal fluctuations in the Pacific could explain some of the 

non-stationarity of the relationship. An asymmetry in the Australian rainfall response of La 

Niña events compared to El Niño events was detected, with La Niña causing a greater increase 

in rainfall than a similar magnitude El Niño would cause a decrease in rainfall (Power et al., 

2006). This asymmetry is greatest in the north of Australia, with southern Australia showing 

a more symmetric relationship between La Niña and El Niño (Chung and Power, 2017). The 
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ENSO-Australian rainfall relationship also exists within a strongly stochastic atmosphere, with 

any ENSO event only able to increase the chance of a rainfall anomaly, not guarantee it (Dix 

and Hunt, 1995). 

Quayle (1929) not only showed the link between Australian rainfall and what is now known 

as ENSO, he also postulated that the physical process of the link is through large-scale 

pressure modulations modifying storm paths. There have been numerous studies 

investigating the link between ENSO and Australian rainfall, but a limited number have 

explored the physical process of the link. The relationship between SLP and rainfall in the 

extratropics is ubiquitous, allowing the possibly overstated assumption that the Southern 

Oscillation pressure anomalies drives rainfall there. Other hypotheses suggest a zonal shift of 

convection towards and away from northern Australia during La Niña and El Niño events 

respectively could influence rainfall in that region (Cai et al., 2010). 

In the south of Australia, Rossby wave trains emanating from an ENSO coherent Indian Ocean 

is a suggested mechanism by which ENSO events influence this region (Cai et al., 2011b; 

McIntosh and Hendon, 2018). ENSO could also influence Australian rainfall through its 

relationship with the SAM and associated zonal wind anomalies (L’Heureux and Thompson, 

2006; Hendon et al., 2007). Zonal wind anomalies show a strong relationship with rainfall 

along the eastern coast of Australia, both using direct wind measurements (Pepler et al., 

2016a), and a meridional MSLP gradient (Rakich et al., 2008). Atmospheric thickness 

anomalies emanating from the Coral Sea region have also been proposed as an additional 

mechanism for ENSO to influence cut-off lows in southeast Australia (Risbey et al., 2009a). 

This is particularly pertinent as cut-off lows events account for 57 % of spring rainfall in 
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southeast Australia (Pook et al., 2006). The variety of mechanisms posed shows that a 

definitive explanation of how ENSO influences Australian rainfall remains elusive. 

Despite the lack of clarity around the mechanisms by which ENSO influences Australian 

rainfall, the relationship between ENSO and Australian rainfall is engrained in Australian 

seasonal forecasting lore. Australia’s agricultural sector are aware of the terms El Niño and La 

Niña and equate these with dry and wet years, respectively. This is despite the fact that, ENSO 

events can only explain up to 25 – 50 % of the rainfall variability across the country, but in 

many regions it is the best performing climate driver (Risbey et al., 2009b). Furthermore, links 

between ENSO and natural hazards, such as bushfire weather (Williams and Karoly, 1999; 

Harris and Lucas, 2019) and tropical cyclone occurrence (Nicholls, 1984b) reinforces the 

importance of our understanding of the impacts of ENSO.  

1.5 Strong El Niño events 

The El Niño events of 1982-1983, 1997-1998, and 2015-2016 all stand out as the strongest El 

Niño events of the satellite era (Huang et al., 2016). Given the previously described 

relationship between Australian rainfall and El Niño events, it would be reasonable to expect 

dry conditions to prevail across the continent during the austral spring during these years. 

Yet, these events were all associated with markedly different rainfall anomalies. The SON of 

1982 saw below average rainfall for much of eastern Australia, in line with expectations of a 

strong El Niño on the Australian climate. In 1997, as the strong El Niño was building, 

expectations were for a repeat of the 1982 event in SON, however, this did not happen. Near-

average rainfall was observed in eastern Australia during the SON of 1997 differing from the 

typical historical relationship. In 2015, rainfall was below average during SON, but the 
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anomalies were weaker than expected and were much weaker than 1982. Consistent large-

scale impacts were observed in other regions of the globe for all three El Niño events, 

including reduced rainfall and wildfires in Indonesia (Pan et al., 2018) and flooding in Peru 

(Sanabria et al., 2018), so the impacts in Australia were unusual – especially during 1997.  

The influence of a stochastic atmosphere interfering with the ENSO teleconnection could be 

the main factor differentiating these events (e.g. Walland, 1998; Brown et al., 2009). 

However, previous studies have shown that significantly warm SST anomalies to the north of 

Australia proved important for increasing north Australian rainfall during the 2010-2011 La 

Niña (Evans and Boyer-Souchet, 2012; Ummenhofer et al., 2015). In line with this finding, 

warmer than average SSTs off the east coast of Australia have been shown to be favourable 

for east coast low development (Pepler et al., 2016b). East coast lows explain roughly 23 % of 

annual rainfall along the eastern coast of Australia (Pepler et al., 2014). Whether local SSTs 

could be influencing east Australian precipitation during strong El Niño events has not been 

assessed. In addition, the three El Niño events have been shown to be indistinguishable from 

each other in terms of strength (Huang et al., 2016), but differences in the structure of the 

SST anomalies in the Pacific could influence the resulting Australian teleconnections. For 

example, the 2015 event showed characteristics of a central Pacific El Niño (Santoso et al., 

2017), which has been shown to have a greater influence on east Australian SON rainfall 

(Wang and Hendon, 2007), however the rainfall from 2015 did not align with the 2002 central 

Pacific El Niño, or even the 1982 event. 
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1.6 Motivation of this study 

This thesis will assess the mechanisms leading to the differences in east Australian springtime 

rainfall associated with the strong 1982, 1997, and 2015 El Niño events. The impetus of this 

study is that strong El Niño events have been projected to increase in frequency with 

increased greenhouse gases (Cai et al., 2014). At our present knowledge, if a strong El Niño 

were to occur, dry conditions in east Australia would be anticipated with any deviations 

attributed to stochasticity within the system. It is possible, however, seasonal rainfall 

forecasts could be improved through understanding all processes associated with the impacts 

of strong El Niño events. Improved seasonal rainfall forecasts would be valuable for planning 

in the agriculture, water resource and emergency management sectors.  

The thesis is divided into three related studies. First, we assess the atmospheric response to 

1982 and 1997 SSTs to determine the possible range of stochastic weather on the 

teleconnection to southeast Australian rainfall, using atmosphere only experiments from the 

Coupled Model Intercomparison Project phase 5 (CMIP5). Next, we assess the ENSO-

independent relationship between SSTs to the north and northeast of Australia. We will then 

build upon this result using targeted atmosphere-only experiments of the Australian 

Community Climate and Earth System Simulator version 1.3 (ACCESS 1.3), which will also 

allow the assessment of the 2015 event. This will be presented following an observational 

assessment of the most important circulation features for SON rainfall, with a view to help 

explain how ENSO influences Australian rainfall on a seasonal timescale. Finally, we will assess 

the origin of a key circulation feature that contributed to the near average SON rainfall 

observed in east Australia during 1997. 



2 Evidence of local sea surface temperatures overriding the 

southeast Australian rainfall response to the 1997-98 El 

Niño 

This section is a reproduction of the paper “Evidence of local sea surface temperatures 

overriding the southeast Australian rainfall response to the 1997-1998 El Niño” published in 

Geophysical Research Letters by van Rensch et al. (2015), with section and figure numbers 

changed to fit the thesis structure. The supplementary material of van Rensch et al. (2015) is 

now included in the main text. 

This chapter explores the influence that stochastic forcing in the atmosphere had on the 

teleconnection for southeast Australian rainfall during spring of 1982 and 1997 using CMIP5. 

It also statistically shows that local SSTs were important during the two El Niño events. 
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2.1 Abstract 

El Niño events typically bring rainfall deficits to southeast Australia (SEA), for example during 

the El Niño of 1982-1983. However, SEA experienced near average rainfall during the similar 

El Niño of 1997-1998. Using an ensemble of atmospheric general circulation models (AGCMs) 

forced with observed SSTs, we demonstrate that the different September-November rainfall 

during the 1982 and 1997 events is primarily explained by differences in SST forcing from 

outside the central and eastern equatorial Pacific. The AGCMs reproduce an observed 

relationship between SEA rainfall and SSTs to the northeast of Australia. Significantly cooler 

northeast Australian SSTs during 1982-1983 shifted the rainfall distribution, making a rainfall 

deficit more likely (relative to the situation in 1997-1998). However stochastic atmospheric 

processes can modulate the El Niño and regional SST influence and the use of an ensemble of 

AGCM simulations allows the separation of the effects of stochastic atmospheric processes 

and SST forcing.  
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2.2 Introduction 

The influence of ENSO on regional rainfall varies with location and also the type of ENSO 

event. The SST and pressure anomalies associated with an ENSO event can either directly 

affect rainfall of local regions [e.g. Pacific island nations (Murphy et al., 2014), Indonesia 

(Hendon, 2003) and northern Australia (Cai et al., 2011b)], or remotely through the 

propagation of Rossby waves [e.g. The Americas (Horel and Wallace, 1981; Karoly, 1989), 

southern Australia through the Indian Ocean (Cai et al., 2011b)]. SSTs during the El Niño phase 

also have two different modes, inducing different impacts on regional climates, such as in the 

Pacific (Murphy et al., 2014), and Australia (Brown et al., 2009; Frauen et al., 2014; Lim and 

Hendon, 2015). The modes are distinguished by the location of maximum warm SST anomaly, 

one in the central Pacific (Ashok et al., 2007; Kao and Yu, 2009); and another in the eastern 

Pacific. Lim and Hendon (2015) showed the impact of the 2002 central Pacific El Niño was 

greater than the 1997 eastern Pacific El Niño on Australian SON rainfall, due to the different 

location of the warm SST anomalies.  

The 1982-83 El Niño was also an eastern Pacific type, similar to the 1997-98 El Niño (Fig. 2.1a 

and Fig. 2.1b); therefore, it would be expected to have the same regional impact. However, 

during SON of 1982 the eastern half of Australia experienced large rainfall deficits (Fig. 2.1c), 

consistent with the historical ENSO-Australian rainfall relationship from 1979-2008 (Fig. 2.1e). 

Unusually, the 1997-98 event, though more intense than the 1982-83 (McPhaden, 1999), 

resulted in near average SON rainfall in most of Australia (Fig. 2.1d). Brown et al. (2009) 

attributed the rainfall differences in southeast Australia (SEA) to variations in cut off low 

events, where more rainfall was received per cut off low in 1997 than during 1982. Back 

trajectory analysis showed that the air parcels feeding the 1997 cut-off lows were moisture 
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rich, due to time spent in the marine boundary layer over the oceans to the northeast of 

Australia (Brown et al., 2009). The parcel trajectories were the result of anticyclonic flow to 

the east of Australia (Brown et al., 2009), suggesting that the near-average rainfall in SEA 

during 1997 was contributed by an anomalous atmospheric circulation, but what fed this 

anomalous circulation is not clear.  

 

Fig. 2.1: (a, b) Detrended SON SST anomalies for 1982 and 1997, respectively, with grey 

contours showing values matching 2 standard deviations from the mean of detrended 

1979-2008 SON SST. (c, d) SON rainfall anomalies for 1982 and 1997, respectively, with the 

grey contours showing values matching the 5th and 95th percentile of 1979-2008 SON 

rainfall. (e) Correlation coefficients of detrended SON rainfall versus detrended SON Niño-

3.4, with grey contours showing statistically significant values at the 5% level. 

 

Atmospheric general circulation model (AGCM) studies using different atmospheric initial 

conditions, but with identical SSTs, show diverse extratropical rainfall responses to the same 

ENSO forcing (Dix and Hunt, 1995; Sardeshmukh et al., 2000). This indicates that the 
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stochastic nature of the atmosphere can modify any remote SST forcing, reinforcing or 

diminishing the signal in any given year. In addition to atmospheric interference to the ENSO 

teleconnection, local SSTs can also have an impact on regional rainfall. For example in 

Australia, much warmer than normal local SSTs off the coast of northern Australia increased 

the rainfall in northeast Australia by 25% during the 2011 La Niña (Evans and Boyer-Souchet, 

2012). These studies emphasize that the remote ENSO teleconnection can be affected by 

processes that may be independent from ENSO itself. The influence of processes such as a 

stochastic atmosphere and local SSTs may vary depending on the location of ENSO impact, 

making a global and consistent process difficult to isolate. 

In this chapter, we focus on how processes in the Australian region may have influenced the 

dissimilar SON rainfall associated with the 1997 and 1982 El Niño events. Using a 100 member 

suite of AGCM simulations forced with observed SSTs, this study explores the extent to which 

the observed rainfall was affected by stochastic atmospheric processes and by local Australian 

SSTs in these events. 

2.3 Data and methods 

Our analysis employs the Atmospheric Model Intercomparison Project (AMIP) experiments 

from CMIP5 (Taylor et al., 2012). This set of experiments force the atmosphere component of 

each model with the same observed SST, sea ice and greenhouse gas concentrations from the 

period 1979-2008. We use 100 simulations from 31 models detailed in Table 2.1. Most models 

have multiple simulations where either the initial conditions or physics has been altered 

(Table 2.1). Such a large ensemble means that variability associated with stochastic 

atmospheric processes, which is not dependent on SSTs, will be reduced by averaging over 
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the ensemble. To remove any systematic bias between models we use rainfall anomalies from 

each simulation. 

Table 2.1: List of models used in this study. The number of realisations is provided for each 

model, totalling 100 simulations. Additional notes are provided. 

Model name Number of 
realisations 

Notes 

ACCESS1-0 1 
 

ACCESS1-3 2 Two different physics configurations. 
bcc-csm1-1 3 

 

bcc-csm1-1-m 3 
 

BNU-ESM 1 
 

CanAM4 4 
 

CCSM4 6 
 

CESM1-CAM5 2 From years 1979-2005 only. 
CMCC-CM 3 

 

CNRM-CM5 1 
 

CSIRO-Mk3-6-0 10 
 

EC-EARTH 1 
 

FGOALS-g2 1 
 

FGOALS-s2 3 
 

GFDL-CM3 5 
 

GFDL-HIRAM-C180 3 
 

GFDL-HIRAM-C360 2 
 

GISS-E2-R 12 Two different physics configurations (6 runs each). 
One physics configuration runs from years 1979-
2005 only. 

HadGEM2-A 6 Three different initialisation methods, distributed 
over 3 runs, 2 runs and 1 run. 

inmcm4 1 
 

IPSL-CM5A-LR 6 
 

IPSL-CM5A-MR 3 
 

IPSL-CM5B-LR 1 
 

MIROC5 2 
 

MIROC-ESM 1 
 

MPI-ESM-LR 3 
 

MPI-ESM-MR 3 
 

MRI-AGCM3-2H 3 Three different physics configurations. 
MRI-AGCM3-2S 1 

 

MRI-CGCM3 4 One run uses a different physics configuration. 
NorESM1-M 3 
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We focus on SEA as this region has a strong relationship with ENSO (Fig. 2.1e), but is still 

remote from its direct influence. A time series of spatially averaged rainfall in mainland 

Australia south of 23°S and east of 143°E is used (outlined in Fig. 2.3a and Fig. 2.3b). We focus 

on SON, the season when the ENSO-Australian rainfall relationship is strongest (McBride and 

Nicholls, 1983). The SEA region receives an average SON rainfall of 161 mm ranging from 68 

mm – 244 mm during the period 1979-2008. 

In SEA, the model simulations capture the observed SON rainfall variance for 1979-2008 (Fig. 

2.2a), where a two sample Kolmogorov–Smirnov test cannot distinguish a statistically 

significant difference (73% level) between the simulated and observed distributions. 

Therefore, we assume any variance between the simulations is due to stochastic atmospheric 

processes rather than model bias. The SEA rainfall distribution for the 100 simulations has a 

more Gaussian appearance than the observed with the simulated distribution unable to 

reproduce the observed non-Gaussian features such as the peak around -0.8mm/day (Fig. 

2.2a). This is likely due to the small sample size of the observations, compared to the roughly 

100 times larger sample size for the simulated distribution in Fig. 2.2a. The distributions for 

SEA rainfall from individual simulations also reveal non-Gaussian features, including peaks at 

various rainfall values (Fig. 2.2b). None of the individual 100 simulated distributions were 

significantly different to the observed distribution (using two sample Kolmogorov–Smirnov 

tests), suggesting that the differences seen in Fig. 2.2a are due to the small sample size of the 

observed distribution.  
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Fig. 2.2: (a) PDF of SON mainland SEA rainfall anomalies during 1979-2008 for (green) 

observations and (blue) all simulations. Sample size (N), mean (μ), standard deviation (σ), 

skewness (γ1) and kurtosis (γ2) are provided. (b) As for (a), but for each individual 

simulation. 
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As most models run at different resolutions, we regrid all model data using bilinear 

interpolation to a 3.75˚ longitude by 3˚ latitude grid, which was the coarsest grid used by any 

model in the ensemble. Although localised extreme rainfall events are diminished, large-scale 

rainfall features are still resolved. Each simulation was forced with custom spatially and 

temporally gridded SST and sea ice concentrations that were derived from a monthly 1˚ by 1˚ 

gridded observational dataset (Hurrell et al., 2008). For our analysis we use this observational 

SST dataset in its native grid, from which we also derive all SST time series described in this 

chapter. For comparison to observations we use rainfall data from Version 2 of the Global 

Precipitation Climatology Project (Adler et al., 2003), which was also regridded to our 

common model resolution. 

Some datasets, particularly the SSTs, have trends throughout the time period, therefore we 

detrend all data before performing any analysis in order to focus on interannual differences 

only. In addition to correlation we also use partial correlations to examine the relationships 

after removing the effects of a third predictor (Ashok et al., 2007). The statistical significance 

of the correlation coefficients was derived using a two-tailed Student’s t-test. 

2.4 Simulation of 1982 and 1997 rainfall using observed SSTs 

The AGCM simulations suggest that the different observed Australian SON rainfall patterns in 

1982 and 1997 were to be expected, given the observed SSTs. The ensemble mean rainfall for 

simulations forced with 1982 SSTs shows below average rainfall in the eastern half of 

Australia, similar to the observations (cf. Fig. 2.1c and Fig. 2.3a). However, the magnitude of 

ensemble mean rainfall anomaly is weaker than the observed anomaly, suggesting that 

stochastic atmospheric processes might have amplified the rainfall deficit. In 1997, the 
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ensemble mean rainfall generally captures the observed pattern and magnitude, with wetter 

than average rainfall across much of the Australian continent and dryer areas in the far 

northern and southern tips (cf. Fig. 2.1d and Fig. 2.3b). The similarity of the observed to the  

mean ensemble simulated rainfall patterns in the two years (despite the large differences 

between 1982 and 1997, and the fact that in the equatorial Pacific the SST patterns were 

 

Fig. 2.3: (a, b) Ensemble mean SON rainfall anomalies of 100 atmospheric simulations for 

1982 and 1997, respectively. (c) Histogram of 100 simulated rainfall anomalies in SEA 

[outlined by the boxes in (a) and (b)] for 1982 (red) and 1997 (blue), with mean (μ), standard 

deviation (σ), skewness (γ1), kurtosis (γ2) and observations (dashed lines, values in 

parentheses) displayed. (d) Bold lines show the empirical distribution function of the data 

in (c), thin lines show the cumulative distribution function of a fitted normal distribution 

from which our probability estimates in the text are derived. Vertical dashed lines show the 

observed rainfall, as in (c). 
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similar in the two years), suggests that the Australian rainfall patterns were largely influenced 

by SST forcing outside the tropical Pacific, with some influence from stochastic atmospheric 

processes.  

The AGCM ensemble results suggest that the different SEA rainfall anomaly patterns in 1982 

and 1997 were the result of a forcing that is not common to both years. A two sample 

Kolmogorov–Smirnov test shows less than 0.01% probability that the 1982 and 1997 SEA 

ensemble rainfall anomalies are from the same distribution. The distributions of simulated 

SEA rainfall for both 1982 and 1997 were deconstructed into individual model rainfall 

anomalies (Fig. 2.4), and their spread across the multi-model distribution confirms the 

ensemble mean was not the result of individual model biases. 

Although the ensemble rainfall anomalies in years 1982 and 1997 have different mean values, 

they actually have similar inter-simulation variance (Fig. 2.3c). This suggests that stochastic 

behaviour inherent in the atmosphere is responsible for the spread of rainfall anomalies, 

rather than SST forcing. The rainfall spread results in the overlap of the 1982 and 1997 

distributions, showing that it is possible to produce a similar rainfall anomaly for both 1982 

and 1997 when choosing only one realisation. This highlights the highly stochastic nature of 

rainfall in this region even with identical SST forcing, and shows a capacity for stochastic 

processes to mask a strong teleconnection.  

The ensemble mean SEA SON rainfall anomaly during 1982 (-0.28 mm/day) is less than half 

that of the observed (-0.77 mm/day, Fig. 2.3c), suggesting that random atmospheric 

processes acted to enhance the observed rainfall deficit. In fact, providing the models are 

realistic, we estimate that the probability of obtaining a rainfall anomaly less than or equal to 

the observed is 15% given the same SST forcing of 1982 (Fig. 2.3d). 
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Fig. 2.4: Model breakdown of the SEA SON rainfall anomaly distributions shown in Fig. 2.3c 

for (a) 1982 and (b) 1997. The models descend by the minimum SON rainfall anomaly for 

1982. The observations and zero anomalies are marked by black dotted and grey solid lines, 

respectively. 

 

For the 1997 case, stochastic atmospheric processes did not drastically alter the observed 

rainfall anomaly. The ensemble mean SEA SON rainfall anomaly is 0.11 mm/day, compared 

with the observed 0.15 mm/day, with only a 53% probability of obtaining an equal or lesser 

rainfall to the observed (Fig. 2.3d). This makes the lack of rainfall anomalies even more at 

odds with the historical relationship between ENSO and SEA rainfall, which would expect a 

large rainfall deficit (Fig. 2.1e). Furthermore, when forced with 1997 SSTs there is only a 2.8% 
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chance of getting a rainfall deficit less than or equal to that observed in 1982, despite the fact 

that the El Niño event of 1997 was stronger than 1982 by several metrics (McPhaden, 1999).  

Thus, the observed rainfall difference between 1982 and 1997 were likely forced by a 

difference in the observed SST, though the 1982 rainfall deficit appears to be exacerbated by 

stochastic atmospheric processes. Given that the 1982 and 1997 events had similar SST 

anomalies in the central and eastern equatorial Pacific, a difference in SST in other regions 

must have exerted an influence.   

2.5 SST regions forcing SEA rainfall variations 

Nicholls (1984a, 1989, 2010) demonstrated that SSTs around northern Australia were 

correlated with southern Australian rainfall. Confirming Nicholls’s earlier results, SEA rainfall 

during the 1979-2008 period was positively correlated to local SST to the north and northeast 

of Australia (r > 0.4), and strongly negatively correlated (r < -0.6) in the central tropical Pacific 

(Fig. 2.5a). However, the correlations in Fig. 2.5a are computed from observational rainfall 

time series that are heavily influenced by a stochastic atmosphere. 

To remove stochastic atmospheric influences and isolate the true forcing from the ocean, we 

use the AGCM ensemble mean of SEA SON rainfall to correlate with SSTs (Fig. 2.5b). This 

reveals stronger and more widespread statistically significant relationships between SSTs and 

SEA rainfall of generally the same sign as the observed (cf. Fig. 2.5a and Fig. 2.5b). Thus, these 

regions are more important for forcing Australian rainfall variability than is indicated by the 

observational analysis, which includes stochastic atmospheric processes that damp the 

teleconnection. Other modelling studies have been reluctant to use correlations involving 

ensemble mean rainfall because it artificially strengthens the teleconnection by not including 
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stochastic atmospheric variability (e.g. Grötzner et al., 2000). However, using the ensemble 

mean also provides a clearer picture of the SST regions that might be important for forcing 

regional climate over land, but whose signal is dampened by stochastic atmospheric 

processes in the observations. (cf. Fig. 2.5a and Fig. 2.5b). 

 

Fig. 2.5: (a, b) Correlation of grid-point SST with (a) observational and (b) AGCM ensemble 

mean time series of SEA rainfall anomalies during SON 1979-2008. Grey contours show 

statistically significant values at the 5% level, the two boxes show regions used for the SST 

time series in (d, e). (c-e) Scatter plots of SEA rainfall versus time series of (c) Niño-3.4, (d) 

northeast of Australia SST (15˚-30˚S, 150˚-165˚E) and (e) north of Australia SST [Equator-

15˚S, 110˚-150˚E, as used in Nicholls (2010)] during SON 1979-2008. Black crosses show 

observations, grey circles show each individual simulation, and red circles show the 

simulation ensemble mean. The correlation coefficients, r, for the observations and 

ensemble mean rainfall are displayed in black and red, respectively, the associated p-values 

are in parentheses. The observational values of years 1982 and 1997 are labelled in blue. 

(c) also contains the r and p-values with the 1997 point excluded. All datasets were initially 

detrended. 
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To determine which regions were of importance to SEA rainfall anomalies during SON of 1982 

and 1997, we compare the observed SSTs of these two years to the historical SST-SEA rainfall 

relationship. This identifies that the SSTs to the north [Equator-15˚S, 110˚-150˚E, as used in 

Nicholls (2010)] and northeast (15˚-30˚S, 150˚-165˚E) of Australia are significantly correlated 

with SEA rainfall (boxes in Fig. 2.5a and Fig. 2.5b), but also that they were significantly cool 

during the 1982 event (Fig. 2.1a). Section 2.4 showed that Australian rainfall in 1982 

responded more strongly to SST forcing than in 1997 (Fig. 2.3d). Therefore, it is possible that 

the cool SSTs to the north and northeast of Australia during 1982 amplified the rainfall 

reduction in SEA. During 1997, the strong SST anomalies to the north/northeast of Australia 

were absent, contributing to near average rainfall. 

We find that the SEA SON rainfall in 1997 is better represented by SSTs to the north and 

northeast of Australia than using Niño-3.4. In SON, 1997 was the strongest El Niño in the 1979-

2008 period and is an outlier in the SEA rainfall versus Niño-3.4 linear relationship (labelled, 

Fig. 2.5c). Conversely, the scatter plots of SEA rainfall versus northeast Australian SST and 

north Australian SST show that 1997 fits within the historical linear relationships (labelled, 

Fig. 2.5 d and e). However, the strengths of the observed relationships between SEA rainfall 

and the local Australian SST time series (0.34 and 0.48) are not as strong as those with Niño-

3.4 (-0.51; cf. Fig. 2.5 c, d, e).  

The weak correlations that were observed when local Australian SSTs were used, as compared 

to Niño-3.4, are largely because stochastic atmospheric processes influence Australian SSTs. 

Removing stochastic processes by using the ensemble mean of the AGCMs highlights a 

stronger correlation between SEA rainfall and local Australian SSTs (0.69, 0.76) compared to 

the Niño-3.4 index (-0.63; i.e., red dots in Fig. 2.5 c, d, e). Excluding the year 1997 from the 
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Niño-3.4 correlation produces a comparable correlation with the local Australian SSTs (-0.76), 

further highlighting that the forced response in 1997 did not stem from the Niño-3.4 region 

in the eastern tropical Pacific.  

The increased strength of the correlations when using ensemble mean rainfall is not because 

the individual ensemble members have a stronger correlation between SST and SEA rainfall 

than is observed. Using the same method as other modelling studies (e.g. Grötzner et al., 

2000), the mean of correlation coefficients is actually weaker than the observed for all time 

series (Fig. 2.6). The increase in strength is a result of removing the damping from stochastic 

perturbations in the atmosphere.  

With the effect of stochastic atmospheric processes removed, local Australian SSTs show a 

stronger relationship with SEA rainfall than ENSO, particularly during 1997. Moreover, 

northeast Australian SSTs show stronger correlations with SEA rainfall than the SSTs to the 

north of Australia. However, when isolating different east Australian regions for our rainfall 

time series, some subtle differences in the importance of the SST-rainfall relationships 

emerge and these are explored in the next section. 

 



2 Evidence of local sea surface temperatures overriding the southeast Australian rainfall response to the 1997-98 El Niño 

29 
 

 

Fig. 2.6: Grey bars show the probability density functions of correlation coefficients for each 

individual AGCM simulation during SON 1979-2008. The correlation coefficients are for 

detrended SEA rainfall versus detrended (a) Niño-3.4, (b) northeast of Australia SST and (c) 

north of Australia SST time series. The green line shows a suite of rainfall time series derived 

by a 105 random resample of all simulations for each year. The mean (μ) and standard 

deviation (σ) of the distribution are provided. Observations and ensemble mean rainfall 

correlation coefficients are marked by black and red dashed lines, respectively. 
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2.6 Local SST contributions to the ENSO-Australian rainfall 

teleconnection 

Assuming that the SSTs to the north and northeast of Australia influence Australian rainfall, it 

remains unclear if these regions act together or separately and how they are related to ENSO.  

To this end, we conducted analysis without the influence of stochastic atmospheric processes 

by using the AGCM ensemble mean rainfall. We find that the SSTs to the northeast of Australia 

have the strongest impact on SEA rainfall, as the partial correlation of north Australian SST 

with the effect of northeast Australian SST removed does not have a significant correlation 

over most of SEA (Fig. 2.7a). Additionally, the residual of northeast Australian SST with north 

Australian SST removed still shows a significant correlation with most of SEA rainfall (Fig. 

2.7b), corroborating Brown et al. (2009).  

The dominant relationship between northeast Australian SSTs and AGCM ensemble mean 

rainfall is not seen when examining those SSTs in relation to observed rainfall. Both north and 

northeast Australian SST residuals do not show significant correlations with observed rainfall 

in SEA (Fig. 2.7 e, f), suggesting that for the observations the influences of stochastic 

atmospheric processes are large. 
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Fig. 2.7: Partial correlation coefficients of ensemble mean rainfall versus (a) north 

Australian SSTs with northeast Australian SSTs removed and (b) northeast Australian SSTs 

with north Australian SSTs removed. (c) Correlation coefficients of ensemble mean rainfall 

versus Niño-3.4. (d) Partial correlation coefficients of ensemble mean rainfall versus Niño-

3.4 with northeast Australian SSTs removed. (e-h) as for (a-d), but using observational 

rainfall instead of the ensemble mean rainfall. Grey contours show statistically significant 

values at the 5% level. All datasets were initially detrended. 
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Our results show that the response of SEA rainfall to ENSO is modulated by SSTs to the 

northeast of Australia. Without the influence of stochastic atmospheric processes much of 

Australian rainfall is related to ENSO (Fig. 2.7c). However, removing the effect of SSTs to the 

northeast of Australia, ENSO is no longer correlated with rainfall in a large portion of Australia, 

including in over half of the SEA region (Fig. 2.7d). Strong correlations remain only in the far 

south of eastern Australia and in the far northern tip of Australia. Interestingly, this pattern 

of residual ENSO impact looks similar to the observed and modelled SON rainfall in 1997 (cf. 

Fig. 2.1d, Fig. 2.3b and Fig. 2.7d), further suggesting that atypical northeast Australian SSTs 

played a role during that year.  

The relationship between northeast Australian SSTs and ENSO (r = -0.56) appears to be 

derived through north Australian SSTs, as removing the influence of north Australian SSTs 

using partial correlation leaves no relationship (r = -0.01). This indicates that although 

northeast Australian SSTs have a stronger influence on rainfall, the influence of ENSO is 

introduced into this region through north Australian SSTs. The large number of links between 

ENSO and rainfall may provide opportunities for the signal to be lost due to other processes, 

such as what occurred during 1997. 

The observations agree with the AGCM results, with the Niño-3.4 residual displaying a weak 

relationship with SEA rainfall (cf. Fig. 2.7 g and h). These results are robust to variations in the 

definition of northeast Australian SSTs (not shown). 

2.7 Summary and discussion 

The extreme 1982 El Niño was associated with a severe rainfall deficit in SEA (as expected 

from the long-term relationship between El Niño and SEA rainfall), but the more extreme 
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1997 El Niño resulted in near average rainfall in this region. We find that SST forcing outside 

the central and eastern equatorial Pacific must have played a role in determining the rainfall, 

and that the differing rainfall anomalies in the two years was not solely due to stochastic 

atmospheric processes. Through AGCM simulations, we have shown that cool SST anomalies 

to the north and northeast of Australia during 1982 increased the likelihood of a rainfall deficit 

in this region. However, during 1997 these local SSTs were only slightly below normal, and 

thus had little impact on the rainfall anomaly distribution, leading to slightly above-normal 

SEA rainfall despite the concurrent extreme El Niño. 

The SSTs to the north and northeast of Australia were found to have different degrees of 

impact on rainfall in most of SEA. We found that the SSTs to the northeast of Australia have 

the greatest effect on rainfall, but that this is only revealed when stochastic atmospheric 

processes are removed. The mechanisms by which the SSTs influence rainfall were not 

explored in this study, however Brown et al. (2009) shows that moisture transport from the 

SST to the northeast of Australia played a major role in feeding the cut off lows during 1997. 

We postulate that the warmer northeast Australian SSTs during 1997 than during 1982 

enhanced moisture flux to the atmosphere, providing a greater moisture source, and/or the 

SSTs induced an anomalous circulation directing moisture rich air into the region (Brown et 

al., 2009). An investigation of these mechanisms will form the basis of future work. 

This study indicates that local SSTs can act as a conduit for ENSO to teleconnect with a remote 

region, but as the 1997 case shows, these local SSTs can have an independently varying 

component. This provides additional complexity when forecasting rainfall using ENSO metrics, 

but may provide an opportunity to increase the forecast skill when incorporating the effect 

of these local SSTs. 



3 Mechanisms causing east Australian spring rainfall 

differences between three strong El Niño events 

This section is a reproduction of the paper “Mechanisms causing east Australian spring rainfall 

differences between three strong El Niño events” published in Climate Dynamics by van 

Rensch et al. (2019), with section and figure numbers changed to fit the thesis structure. 

This section describes the dynamical reasons for the differences in east Australian spring 

rainfall between the three events. Also, this section examines the physical process linking 

local SSTs and rainfall during the 1982 El Niño in particular. 
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3.1 Abstract 

Strong El Niño events have had significant impacts on society through their association with 

extreme events, such as droughts and floods. However, questions remain as to the robustness 

of strong El Niño events in forcing regional climate variability. The strong 1982, 1997 and 2015 

El Niño events were of similar type and strength, but in eastern Australia they were associated 

with differing spring rainfall anomaly magnitudes and patterns. To understand these 

differences, we first determined the most important processes for teleconnecting the El Niño 

signal to east Australian spring rainfall using historical relationships with winds and sea level 

pressure. Then, using a 60-member atmospheric model ensemble, we estimated the 

influence of sea surface temperatures (SSTs) on Australian atmospheric circulation and 

rainfall during these three El Niño events relative to internal variability. We found that the 

different east Australian spring rainfall anomalies for each of the three El Niño events are best 

explained by differences in the strength of the meridional wind component of the regional 

circulation. All three El Niño events exhibited a positive sea level pressure anomaly to the 

south of Australia, which was associated with rainfall deficits along the southeast Australian 

coast. The experiments indicate the regional atmospheric circulation and rainfall differences 

were forced by SSTs during spring of 1982 and 1997, with their influence on the circulation in 

2015 remaining unclear. We also show that SSTs adjacent to Australia further contributed to 

the modelled rainfall differences mainly by regulating moisture availability. 
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3.2 Introduction 

El Niño events affect climate around the globe (Ropelewski and Halpert, 1987), with strong El 

Niño events showing significant and at times unique regional impacts, such as cold surges in 

China (Geng et al., 2017), droughts in Indonesia (Pan et al., 2018) and floods in Peru (Sanabria 

et al., 2018). Understanding the regional impacts of these strong El Niño events, and the 

mechanisms by which these impacts occur, is needed to improve regional forecasting of the 

climatic response to future strong El Niño events. Better isolating regional responses to strong 

El Niño events, and their impacts on society, is imperative given that strong El Niño events are 

projected to increase in frequency with increasing greenhouse gas concentrations (Cai et al., 

2012, 2014; Wang et al., 2017). 

In eastern Australia, ENSO is most significantly related with rainfall during austral spring 

(McBride and Nicholls, 1983; Chung and Power, 2017), where El Niño events are typically 

associated with less than average rainfall. This relationship held for the El Niño event in 1982, 

which was one of the three strongest El Niño events of the satellite era (Santoso et al., 2017). 

A significant rainfall deficit was observed in spring of 1982, in agreement with the 

anomalously warm central equatorial Pacific SSTs. In 1997, however, regional east Australian 

rainfall deviated from the typical ENSO-east Australian spring rainfall relationship and rainfall 

was near average. This occurred despite the fact that the 1997 El Niño event rivalled or even 

exceeded the 1982 event in magnitude (Santoso et al., 2017). Eighteen years later, the strong 

El Niño of 2015, which had its equatorial Pacific SST anomaly closer to Australia, recorded only 

slightly less than average east Australian spring rainfall. The diversity of the responses in east 

Australian rainfall to similarly strong El Niño events highlights that there is still much about 

the ENSO-regional rainfall response that is yet to be understood. 
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Differences in the effects of El Niño on east Australian spring rainfall have been attributed to 

two factors. The first is differences in SST patterns, both in the proximity of maximum 

equatorial Pacific SST anomalies to Australia (e.g. Wang and Hendon, 2007), and of SSTs off 

the coast of Australia, such as to the north and northeast of Australia (Chapter 2; van Rensch 

et al., 2015). The second is the effect of stochastic atmospheric processes acting 

independently of El Niño (i.e., atmospheric internal variability), in masking the signal of the El 

Niño event (e.g. Brown et al., 2009). ENSO indices (e.g. the Southern Oscillation Index) show 

correlations of up to 0.6 with Australian rainfall (McBride and Nicholls, 1983; Chung and 

Power, 2017), leaving a large portion of rainfall variance unexplained by ENSO. Chapter 2 (van 

Rensch et al., 2015) showed that stochastic atmospheric processes exacerbated the southeast 

Australian spring rainfall deficit observed in 1982, using a large ensemble of atmosphere-only 

models from CMIP5 that was forced with observed SSTs (Taylor et al., 2012). However, 

Chapter 2 (van Rensch et al., 2015) also showed that differences in SST patterns significantly 

contributed to the southeast Australian spring rainfall differences between the 1982 and 1997 

strong El Niño events. This suggested that there are differences in the mechanisms linking El 

Niño and southeast Australian rainfall that required further examination. 

The mechanisms whereby El Niño influences east Australian rainfall are unclear. Past studies 

describe El Niño influencing east Australian rainfall through local pressure changes associated 

with the western pole of the Southern Oscillation (Cai et al., 2011b; Frauen et al., 2014), or by 

shifting convection and moisture away from Australia as it follows the region of warm SSTs 

(Cai et al., 2010; King et al., 2015; Chung and Power, 2017). Additionally, ENSO-coherent wave 

trains emanating from the Indian Ocean Dipole have been suggested as a mechanism for 

ENSO to affect southern Australia during spring (Cai et al., 2011b; McIntosh and Hendon, 

2018). Other hypotheses focus on the influence of El Niño on regional synoptic events such 



3 Mechanisms causing east Australian spring rainfall differences between three strong El Niño events 

38 
 

as cut-off lows in the Mallee region (see Fig. 3.1a for location) in southeastern Australia 

(Brown et al., 2009; Risbey et al., 2009a), where cut-off lows are influenced by atmospheric 

thickness anomalies originating from SSTs to the north and northeast of Australia (Risbey et 

al., 2009a). 

A difficulty in determining the mechanism by which El Niño influences regional rainfall is that 

different processes are likely important for different regions. The mechanisms by which El 

Niño affects regional weather (e.g. cut-off low events in southeastern Australia) may not be 

the same as its influence on regions further north. Differing impacts on the frequency and 

intensity of daily rainfall in eastern Australia during ENSO events suggests that regional 

differences in processes exist (Nicholls and Kariko, 1993; Pui et al., 2012). ENSO events tend 

to affect the frequency of spring wet days throughout eastern Australia, except for east of the 

Great Dividing Range (see Fig. 3.1a for location; Pui et al., 2012). Furthermore, ENSO shows a 

relationship to the intensity of wet days in the Mallee region (Pui et al., 2012), which could be 

due to the influence of cut-off lows described by Risbey et al. (2009a) and Brown et al. (2009). 

While this suggests a physical explanation exists for the ENSO-rainfall relationship in the 

Mallee region, whether there are similar explanations for other regions of Australia is not 

known. 

In addition to atmospheric processes, SST anomalies unrelated to El Niño may also have an 

influence on the rainfall teleconnection. For example, a modelling study has shown that 

during the 2010-2011 La Niña event, unusually warm SSTs for a La Niña event to the north 

and northeast of Australia led to an increase in rainfall in northeastern Australia by roughly 

25% (Evans and Boyer-Souchet, 2012). The SSTs to the northeast of Australia have been 

statistically shown to be influential to the ENSO-southeast Australian rainfall relationship 
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(Chapter 2; van Rensch et al., 2015), corroborating the mechanism described by Risbey et al. 

(2009a). Chapter 2 (van Rensch et al., 2015) found evidence that the significantly cool SSTs to 

the north and northeast Australia during spring of 1982 reduced rainfall in southeast 

Australia, whereas the near average local SSTs during 1997 led to near average rainfall. 

However, the mechanism by which this region of SST influences rainfall is unknown. 

The El Niño events of 1982, 1997 and 2015 were the strongest in the satellite era (Santoso et 

al., 2017). Given the known ENSO-rainfall relationship in east Australia, a strong El Niño would 

lead to an increased chance of a large spring rainfall deficiency. The fact that this did not occur 

in all three of these years suggests there might be aspects of this relationship that are yet to 

be identified. Chapter 2 (van Rensch et al., 2015) found that SSTs played a significant role in 

determining the observed rainfall anomalies in both 1982 and 1997, and this chapter expands 

on that result by examining the seasonal scale mechanisms that led to the observed rainfall 

anomalies in 1982, 1997 and additionally, 2015. We start by using historical data to identify 

how typical El Niño events and variations in the atmospheric circulation influence east 

Australian springtime rainfall. Differences in circulation over Australia between the three 

events are then assessed in terms of their influence on rainfall. The contribution of SST forcing 

on the differences in circulation are then assessed in the context of internal variability of the 

atmosphere using a large ensemble of atmosphere-only model simulations of the three strong 

El Niño events. Finally, Chapter 2 (van Rensch et al., 2015) showed that SSTs local to Australia 

had an influence on Australian rainfall during 1982 and 1997, but that chapter did not explore 

the mechanism by which this occurs. In this chapter we quantify the influence of local SSTs 

on Australian rainfall and examine the mechanisms using targeted atmosphere-only model 

experiments. 
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3.3 Methods 

Here we provide a summary of the methods used in our analysis, including the observational 

and reanalysis datasets, as well as details of the atmospheric general circulation model used 

and the experiments we performed. We used the Australian Water Availability Project 

(AWAP) dataset for observed Australian rainfall (Jones et al., 2009), and the ERA Interim 

(ERAI) reanalysis provided the observed SLP, specific humidity, and wind fields (Dee et al., 

2011). We restricted our analysis to the austral spring season from September – November 

(SON), and we used a 30-year climatological base period from 1979-2008. We defined east 

Australia as mainland Australia east of 143°E (excluding Tasmania, Fig. 3.1a); this region was 

further divided as defined in Section 3.4. 

Internal atmospheric stochasticity can confuse the detection of teleconnections forced from 

SSTs. The present hypothesis describes SSTs modifying the large-scale climate system, under 

which shorter time-scale weather – and its inherent stochasticity – occurs. One way to detect 

the impact of SSTs in a stochastic atmosphere is by using a model with many ensembles. 

Studies have used models with a range of ensemble sizes to understand the influence of ENSO 

on the Pacific-North American pattern (Sardeshmukh et al., 2000; Deser et al., 2017), and also 

Australian climate (Dix and Hunt, 1995; Grötzner et al., 2000; Frederiksen et al., 2001; King et 

al., 2015; Karoly et al., 2016). The studies with large ensemble sizes (greater than 25 

realisations) have been shown to have a greater chance of accurately capturing the 

atmospheric mean state of SST forcing, but many more ensembles are needed to capture the 

variance (Sardeshmukh et al., 2000), or extremes (Karoly et al., 2016). Chapter 2 (van Rensch 

et al., 2015) used a large ensemble of different atmospheric CMIP5 models forced with 

observed SSTs (AMIP, Taylor et al., 2012), but such an analysis includes inter-model biases in 
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the way each model simulates the Earth’s climate, not just differences due to stochastic 

processes simulated by any one model. 

 

Fig. 3.1: Mean (a) AWAP precipitation and (c) ERA Interim sea level pressure with 850 hPa 

winds during SON, 1979-2008. (b and d) as for (a and c), but using data from the ACCESS 

1.3 control run forced with climatological SSTs and sea ice concentrations from 1979-2008 

(1979-2008Clim, see Table 2.1). Eastern Australia is indicated in (a) as mainland Australia 

(excluding Tasmania) east of the vertical line at 143°E. The Mallee region is also labelled in 

(a), with the white dashed line roughly indicating the major peaks of the Great Dividing 

Range. Regions to the north, northeast and south of Australia are labelled in (c). 

 

In an attempt to separate the true SST forcing from stochastic atmospheric processes with 

unchanging model biases, we conducted a large ensemble using a single model, the Australian 

Community Climate and Earth System Simulator (ACCESS) 1.3 atmospheric model, forced with 

observed SST and sea ice concentrations (Durack and Taylor, 2018). The ACCESS 1.3 

atmosphere model is based on the Hadley Centre Unified Model version 7.3 (Bi et al., 2013), 
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and was run at the N96 horizontal resolution (1.25° latitude by 1.875° longitude) with 38 

vertical levels, identical to its CMIP5 submission. Our experiments were performed by 

repeating the required annual SST and sea ice field from April to March for 60 years, thereby 

producing a 60-member annual ensemble. We kept the atmospheric greenhouse gas 

concentrations and aerosol emissions fixed to 1990 values so the experiments had a constant 

forcing. Only the SST and sea ice boundary conditions were changed for each experiment, 

however the effects of atmospheric gas and aerosol concentrations may still be embedded in 

the SST and sea ice fields that forced our model. 

The experiments performed are summarised in Table 3.1. They include a control run (1979-

2008Clim), using twelve-monthly climatological SST and sea ice concentrations from 1979-

2008. Three separate simulations using observed SST and sea ice concentrations from 1982, 

1997 and 2015 (named 1982Control, 1997Control, and 2015Control, respectively). In 

addition, experiments were carried out in which we interchanged localised SST patterns 

between the three events e.g. the 1982 SSTs to the northeast of Australia were placed in the 

global 1997 SST field. The regions where the SSTs were swapped are to the northeast of 

Australia (15°S–30°S, 150°E–165°E, outlined in Fig. 3.9a), and to the north of Australia 

(Equator–15°S, 110°E–143°E, but including the entire Gulf of Carpentaria, outlined in Fig. 

3.10a). A 5° latitude and longitude border surrounding the regions was spatially smoothed to 

remove discontinuities. 
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Table 3.1: All experiment codes with a summary of global SSTs and sea ice concentrations 

used, and the experiments where SST from different years were patched into different 

regions. All experiments repeated the 12-monthly SST and sea ice concentrations for 60 

years, producing a 60-member ensemble. 

Code Global Northeast Australia North Australia 

1979-2008Clim 1979-2008 12-
month climatology 

- - 

1982Control 1982 - - 
1997Control 1997 - - 
2015Control 2015 - - 

1982NEAus1997 1982 1997 - 
1997NEAus1982 1997 1982 - 
2015NEAus1982 2015 1982 - 

1997NAus1982 1997 - 1982 
 

 

Repeating an SST pattern from a particular year for 60 years may introduce a soil moisture 

bias from SST forced changes in rainfall. In eastern Australia, our model showed no consistent 

trends in SON upper level soil moisture in all of the experiments, however the model suffered 

from a soil moisture trend in the lowest levels (1.085 - 2.872 m), particularly in the 

1982Control experiment. No significant trends were simulated in east Australian rainfall, 

therefore the soil moisture trend is unlikely to have impacted our results. In addition, our 

model suffers from a global soil moisture decline in all levels, but particularly in the lower 

levels. The 1979-2008Clim experiment exhibited a sharp decrease in global soil moisture at 

the beginning of the simulation. To minimise this decline, we ran the 1979-2008Clim 

experiment for 100 years, using only the last 60 years. Additionally, we started our other 

experiments from the 1979-2008Clim experiment after it had completed 40 years of 

simulation. 

The model broadly reproduced the mean 1979-2008 climate as represented in AWAP and 

ERAI (Fig. 3.1). As observed, more rainfall was simulated in eastern Australia than western 
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Australia (c.f. Fig. 3.1 a and b). However, the model simulated less rainfall than observed in 

southeast Australia, possibly due to the relatively coarse model resolution missing up to 1700 

m of orographic effects along the Great Dividing Range. The mean winds in this region were 

stronger in the model than compared to ERAI, and this was also the case in the north of 

Australia (c.f Fig. 3.1 c and d). The wind strength bias corresponded with a simulated 

subtropical ridge that is about 4 hPa stronger during SON than in ERAI. Overall, the model 

simulated the observed characteristics of the Australian circulation, but with a greater 

intensity. 

3.4 Local processes governing Australian spring rainfall variability 

Rainfall variability in eastern Australia is significantly associated with ENSO (Fig. 3.2a). 

However, the region is too remote from the central and eastern tropical Pacific to feel any 

direct effects of the ENSO SST anomalies on the local atmospheric circulation. Therefore, any 

signal from El Niño is thought to be caused by pressure and circulation anomalies over the 

Australian continent that have been induced by the El Niño-related SST anomalies. SLP varies 

over the Australian continent coherently with ENSO events as Australia is usually situated 

under the western pole of the Southern Oscillation (Fig. 3.2b). Furthermore, El Niño is related 

to significant southerly wind anomalies over eastern Australia (Fig. 3.2b). Though these 

relationships show that the circulation is an important conduit by which ENSO events could 

influence Australian rainfall, it remains unclear as to whether it is the large-scale changes in 

local SLP or wind that are most important for ENSO to influence local rainfall, and also if the 

mechanisms are consistent across the entire Australian region. 
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Fig. 3.2: (a) Explained variance (r2) of AWAP precipitation correlated with the Niño-3.4 time 

series for SON, 1979-2008. The solid and dashed grey contours show the positive and 

negative significant correlation coefficients (r), respectively.  (b) Regression of ERA Interim 

SLP and 850 hPa winds versus the Niño-3.4 time series for SON, 1979-2008. The solid and 

dashed grey contours show the positive and negative significant regressions, respectively. 

The black vectors show significant values in at least one wind component. Significance in 

all plots are defined as the 0.05 p-value using Student’s two-sided t-test. 
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Previous studies focusing on southeast Australian rainfall variability have found links to 

variations in local and regional pressure and wind. This knowledge may help us understand 

how large-scale circulation changes in El Niño events influence rainfall. For example, the 

subtropical pressure ridge shows a significant relationship with southern Australia rainfall, 

particularly in the cooler months (e.g. Larsen and Nicholls, 2009; Cai et al., 2011a; Timbal and 

Drosdowsky, 2013). Additionally, increased rainfall in regions of southeast Australia have 

been found to be related to anomalous northerly winds (Whetton, 1988) and northerly flow 

(Theobald et al., 2015). The northerly winds were shown to originate from geostrophic 

balance of a pressure gradient induced by high and low pressure anomalies/systems in the 

vicinity (Whetton, 1988; Theobald et al., 2015). These studies show that local pressure and 

local wind (or remote pressure anomalies, through geostrophic balance) are important for 

rainfall in regions of Australia. Quantifying these relationships in all regions of Australia 

provides the means to understand the simple dynamics associated with variations in seasonal 

rainfall. Consequently, matching these relationships with the regional circulation patterns 

during the three strong El Niño events provides a way to elucidate how the circulation 

influenced the observed rainfall for each El Niño event. 

Using multiple linear regression, we isolated which of observed SLP, zonal wind or meridional 

wind anomalies have historically had the strongest relationship with observed spring rainfall 

in different regions of Australia (Fig. 3.3). We calculated the multiple linear regression 

coefficients of anomalous AWAP rainfall regressed onto normalised anomalies of SLP (Fig. 

3.3a); 850 hPa zonal wind (Fig. 3.3b); and 850 hPa meridional wind (Fig. 3.3c), at each 

individual grid point of the ERAI reanalysis. We then identified the strongest regression 

coefficient in Fig. 3.3a, Fig. 3.3b, and Fig. 3.3c at each grid-point and shaded grid-points with 

weaker coefficients. Thus, regions without shading in the figure are the regions in which the 
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respective circulation process (i.e. SLP, zonal wind, or meridional wind) is the most dominant 

influence on rainfall.  

 

Fig. 3.3: Grid-point multiple linear regressions of AWAP precipitation anomalies versus 

normalised (a) sea level pressure, (b) 850 hPa zonal wind, and (c) 850 hPa meridional wind 

anomalies from ERA Interim for SON, 1979-2008. In (a-c), the areas without shading in each 

panel shows a stronger magnitude regression coefficient than the remaining two panels. 

(d, e) Explained variance of rainfall using the three observed and ACCESS regression 

coefficients, respectively. (f-h) as (a-c), but using all fields from the ACCESS 1979-2008Clim 

experiment. Regions of interest east of 143°E [e.g. OSLP in (a)] are labelled for use in the text 

and define the regions used in Fig. 3.4. Label conventions are described in Section 3.4. 
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Our analysis indicates that SLP and component wind anomalies can explain approximately 30-

50% of the spring rainfall variance in much of east Australia (Fig. 3.3d). The explained variance 

shown in Fig. 3.3d is the upper limit of influence that any large-scale climate mode (e.g. ENSO) 

could have on rainfall by modifying SLP and/or wind anomalies. Indeed, the explained 

variance is equal or greater than that found using the leading large-scale climate mode (e.g. 

ENSO, Indian Ocean Dipole, atmospheric blocking) in each location of Australia (Risbey et al., 

2009b). Thus ENSO alone shows roughly the same spatial structure as Fig. 3.3d, but explains 

only about 14-32% of the rainfall variance (Fig. 3.2a) in contrast to the 30-50% explained by 

SLP and component wind anomalies. 

To test the performance of the ACCESS model, we calculated the multiple linear regression 

analysis just described using the 1979-2008 climatological control simulation, which showed 

a similar explained variance to the observed (c.f. Fig. 3.3e and Fig. 3.3d). The model was able 

to simulate the large region of strong meridional wind coherence with rainfall, similar to the 

observations. However, the model showed a greater emphasis on zonal wind and less on SLP 

in the south of Australia. This difference could be due to reduced orographic effects, or the 

strong mean wind model bias in this region (Fig. 3.1d). These results show that the ACCESS 

model is able to produce similar circulation-rainfall relationships to the observed, but there 

are some deficiencies that may have implications on the modelled results. 

The regions that are not shaded grey in Fig. 3.3a-c and Fig. 3.3f-h are those where different 

characteristics of the local circulation are important for rainfall. However, these local 

characteristics might be associated with a large-scale circulation feature that is also 

associated with rainfall. This large-scale circulation could be useful for comparison to the 

circulation associated with El Niño events. To elucidate this, we regressed SLP, and 850 hPa 
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wind, onto three different regional time series of spatial mean east Australian rainfall defined 

using those regions most closely associated with either SLP (subscript “SLP”), zonal wind 

(subscript “U”), or meridional wind (subscript “V”) as shown in Fig. 3.3, and east of 143°E. This 

was performed for both observations (Fig. 3.4a-c) using the regions in Fig. 3.3a-c (labels with 

an “O” prefix), and for ACCESS (Fig. 3.4d-f) using the regions in Fig. 3.3f-h (labels with an “A” 

prefix). Generally, for all regions in east Australia (i.e. all rainfall time series), less rainfall than 

average is associated with significantly positive SLP anomalies in northwest Australia and 

significantly negative SLP anomalies to the southeast of Australia in the vicinity of New 

Zealand (roughly 53°S, 165°E, Fig. 3.4). Changes in location of these negative and positive SLP 

anomalies govern changes in SLP and wind anomalies in different regions of east Australia, 

which are then associated with rainfall (Fig. 3.4). This is true for both observations and 

ACCESS, and will be further discussed in the following subsections. 

Our analysis agrees with previous studies (e.g. Cai et al., 2011b; McIntosh and Hendon, 2018), 

which suggested that the El Niño related positive SLP anomaly to the south of Australia (Fig. 

3.2b) can influence southeast Australian rainfall. A positive SLP anomaly centred on the coast, 

west of the Mallee region is evident in the regression with OSLP rainfall (Fig. 3.4a), however, 

rainfall outside of the OSLP region (i.e. rainfall in the OU and OV regions) appears unrelated to 

SLP (Fig. 3.4 b and c). The limited relationship between east Australian rainfall and SLP to the 

south of Australia could be a reason why ENSO explains a limited portion of the observed 

variance in east Australian rainfall compared to the circulation diagnostics (c.f. Fig. 3.2a and 

Fig. 3.3d). Furthermore, the significant relationship between a negative SLP anomaly in the 

vicinity of New Zealand to a decrease in east Australian rainfall (Fig. 3.4) could further lessen 

the influence of ENSO to east Australian rainfall, as this region of SLP is largely not significantly 

related to ENSO (Fig. 3.2b).  



3 Mechanisms causing east Australian spring rainfall differences between three strong El Niño events 

50 
 

 

Fig. 3.4: Regressions of ERA Interim SLP and 850 hPa winds versus spatial mean rainfall time 

series east of 143°E and the region (a) OSLP, (b) OU, and (c) OV, defined in Fig. 3.3a, Fig. 3.3b, 

and Fig. 3.3c, respectively. (d-f) as (a-c), but using SLP, 850 hPa winds and rainfall from the 

ACCESS 1979-2008Clim experiment, with the regions ASLP, AU, and AV, defined in Fig. 3.3f, 

Fig. 3.3g, and Fig. 3.3h, respectively. All regressions have been multiplied by -1 to show 

conditions associated with less than average rainfall. Plotting conventions as described in 

Fig. 3.2b.  

 

3.4.1 East Australian rainfall and SLP 

In southeast Australia (OSLP region), local positive SLP anomalies are more strongly related to 

a springtime rainfall deficit than local wind direction (Fig. 3.3a). The large-scale circulation 

associated with rainfall in this region shows a widespread SLP anomaly over most of Australia 

(Fig. 3.4a). The location of this SLP anomaly is in a similar location to the mean subtropical 

ridge (Fig. 3.1c), the intensity of which has been shown to have a significant relationship with 
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rainfall in southeast Australia (Cai et al., 2011a; Timbal and Drosdowsky, 2013). The ACCESS 

model was not able to simulate the SLP-rainfall relationship to the same spatial extent as in 

the observations (i.e. the region of ASLP is smaller than the region of OSLP, c.f. Fig. 3.3 f and a). 

Despite this, the widespread simulated circulation associated with rainfall in ASLP shows a 

similar pattern to ERAI (c.f. Fig. 3.4 d and a). 

3.4.2 East Australian rainfall and zonal wind 

Along the eastern coast of the southern half of Australia (OU region), zonal wind is more 

related to rainfall than SLP or meridional wind, where westerly winds are associated with less 

rainfall (Fig. 3.3b). The OU region shows large rainfall totals in SON compared to other regions 

of Australia, which can largely be attributed to orographic effects caused by the mountains of 

the Great Dividing Range that extends just inland along the east coast (Fig. 3.1a). Easterly 

onshore winds result in uplift of moisture rich maritime air when it comes in contact with the 

eastern side of the range, whereas drier westerly winds from the continental interior are 

uplifted on the western side of the range, leading to even drier air being advected to the 

eastern side of the range. Rainfall on the eastern side of the range has historically shown a 

weak relationship with ENSO, although it strengthens in the southern regions (Fig. 3.2a). 

Northern Victoria and southern New South Wales, just east of the Mallee region, also show a 

strong relationship between rainfall and zonal wind; the reason for this is not easily explained. 

However, this region exhibits weaker regression coefficients compared with other areas of 

east Australia, and shares a similar magnitude between SLP and both components of 850 hPa 

wind, suggesting processes less related to the circulation could be more important for rainfall 

in this region. 
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The large-scale circulation associated with rainfall in the OU region shows the negative SLP 

anomaly in the vicinity of New Zealand extending further west than for rainfall in the OSLP and 

OV regions (cf. Fig. 3.4 b, a and c). This extension of the negative SLP anomaly results in a more 

zonally oriented wind anomaly over the southeast coast of Australia (Fig. 3.4b). In the region 

to the south of Australia, where there is a significant positive regression between SLP and 

ENSO (Fig. 3.2b), OU rainfall and SLP are not significantly related (Fig. 3.4b). The incoherence 

between OU rainfall and SLP in this region to the south of Australia could be a reason that 

ENSO is not able to exert a greater relationship with rainfall along the east coast of Australia. 

The ACCESS model performs well in reproducing the large-scale winds associated with rainfall 

seen in observations (c.f. Fig. 3.4 b and e), despite ACCESS showing a larger spatial extent of 

rainfall – zonal wind coherence than observed (c.f. Fig. 3.3 g and b). However, discrepancies 

were seen in the simulated large-scale negative SLP anomaly in the vicinity of New Zealand, 

which zonally extends further west than observed and also simulates a weaker positive SLP 

anomaly over northern Australia (c.f. Fig. 3.4 e and b). 

3.4.3 East Australian rainfall and meridional wind 

In the remainder of east Australia (OV region), meridional winds have the strongest 

relationship to rainfall when compared to SLP and zonal wind, with southerly wind anomalies 

associated with a rainfall deficit in this region (Fig. 3.3c). This is likely due to the availability of 

moisture-rich air masses from the tropics described in other studies (Whetton, 1988; 

Theobald et al., 2015). This region is distinct in terms of its ENSO relationship, with ENSO 

phases only associated with changes to the frequency of daily rainfall events, whereas daily 

rainfall frequency and intensity are associated with ENSO further south (Pui et al., 2012). 
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ENSO is also significantly related to meridional wind anomalies throughout east Australia (Fig. 

3.2b), suggesting that it is the ENSO induced change in meridional winds that could drive the 

ENSO-rainfall relationship in the OV region. 

As for the OU case, the large-scale circulation associated with rainfall in the OV region does 

not show a significant positive SLP anomaly to the south of Australia as seen in Fig. 3.2b (Fig. 

3.4c). This indicates that the ENSO related SLP anomaly to the south of Australia is not 

important for rainfall in the central and northern regions of east Australia. The large-scale 

circulation that is significantly related to OV rainfall again shows a negative SLP anomaly in the 

vicinity of New Zealand, but also a positive anomaly over northeast Australia (Fig. 3.4c). A 

similar anomalous SLP structure is seen related to ENSO (Fig. 3.2b), indicating that it is through 

these SLP anomalies that that ENSO could influence east Australian rainfall. 

The ACCESS model performs well in simulating the spatial extent of rainfall – meridional wind 

coherence (i.e. the regions of OV are similar to AV, Fig. 3.3 h and c, respectively), and the 

rainfall related large-scale circulation (c.f. Fig. 3.4 f and c). However, as seen with the 

modelled regressions using AU rainfall (Fig. 3.4e), the negative SLP anomaly extents too far 

west compared to observed (c.f. Fig. 3.4 f and c), but in this case the westward extension did 

not show a significant relationship with AV rainfall (Fig. 3.4f). 

3.5 Processes influencing Australian spring rainfall during the three 

strong El Niño events 

In the previous section, we examined the relationship between the local circulation and 

rainfall in east Australia. Using those relationships, we now examine the role of the regional 
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atmospheric circulation in producing the different east Australian rainfall anomalies that were 

observed during the three strong El Niño years of 1982, 1997 and 2015. In this section we 

examine SLP, humidity, and wind anomalies during austral spring in ERAI and the 60-member 

ensemble mean of the ACCESS atmospheric general circulation model. 

When forced with 1979-2008 climatological SSTs, the model simulated a median east 

Australian spring rainfall rate of 1.51 mm/day, which is comparable to the AWAP data of 1.43 

mm/day (Fig. 3.5). As a comparison to other models, the ACCESS 1.3 atmosphere model 

ranked in the top 11 % of CMIP5 models forced with time-varying 1979-2008 SSTs for 

simulating an SON mean daily rainfall rate in southeast Australia closest to that observed 

(using model data from Section 2, not shown). One notable difference between our 

climatological simulation and the observed east Australian rainfall is the inability for the 

model to accurately simulate spring seasons with low rainfall, i.e., the modelled 5th percentile 

is comparable to the observed 25th percentile. This model bias is common, in that models 

tend to drizzle more often than is observed (Stephens et al., 2010). Another factor could be 

that this experiment lacked time varying SSTs, which has been shown to reduce regional 

rainfall variance due to a lack of forcing from large magnitude SST anomalies (Taschetto et al., 

2016). This effect was evident in the 1982 SSTs forced experiment, where the model was able 

to simulate the 5th and 25th percentiles with a similar rainfall value as the AWAP data, unlike 

the 1979-2008 climatological control (Fig. 3.5). 
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Fig. 3.5: Box and whisker plots of spatial mean SON precipitation in eastern Australia (as 

depicted in Fig. 3.1a) for the AWAP dataset from 1979-2008; the ACCESS 1979-2008 mean 

SST climatology experiment; and the 1982, 1997, 2015 SST experiments. The centre bars 

show the median, the boxes outline the interquartile range, and the whiskers show the 5th 

and 95th percentile ranges, with circles showing the remaining values. The years 1982, 1997 

and 2015 in the AWAP dataset are also shown by red, blue and orange crosses, respectively. 

 

The model median east Australian spring rainfall of each of the three experiments forced with 

SSTs during the three El Niño events captured the ranking of the three events seen in the 

AWAP data. The model median rainfall for the 1997 experiment was just below the 

climatological control median with 1.40 mm/day, followed by 2015 with 1.17 mm/day and 

finally 1982 simulated a median of 1.07 mm/day (Fig. 3.5). All three El Niño experiments 

showed a suppression of high seasonal-mean daily rainfall rates compared to the 

climatological run and AWAP data. This was most evident in the 1982 experiment with over 

95% of the 1982 SON realisations falling below the median values for the climatological 
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control. This highlights the large role that SSTs had in reducing east Australian rainfall during 

spring of 1982. 

In the following subsections we will analyse what influence SSTs from all three El Niño events 

had on east Australian rainfall, SLP, and 850 hPa humidity and winds. Note that all three 

simulated years showed significantly greater than climatological rainfall in different regions 

of Western Australia, which was generally not seen in the observations to the same extent 

(Fig. 3.6). As Western Australia has historically shown a relatively weak relationship with ENSO 

events during spring (Fig. 3.2a), we do not focus on this region. 
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Fig. 3.6: Spring anomalies for observed and modelled (left column) precipitation, (middle 

column) sea level pressure, and (right column) 850 hPa humidity and wind. Rows with bold 

panel borders indicate the observed anomalies for (top) 1982, (middle) 1997 and (bottom) 

2015. The rows with thin panel borders, and with an added apostrophe to each panel letter, 
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show the respective ACCESS anomalies. The observed fields use AWAP for precipitation and 

ERA Interim for sea level pressure, humidity and wind. The solid and dashed grey contours 

indicate significant positive and negative shading values, respectively. Black vectors indicate 

significant wind anomalies. Significant values are defined as the 5th and 95th percentiles 

for observations, and the 0.05 p-value using Student’s two-sided t-test for ACCESS. 

 

3.5.1 The 1982 El Niño event 

In 1982, spring rainfall was far below average in much of east Australia (Fig. 3.6a). This 

generally agreed with what could be expected given the historical relationship between ENSO 

and Australian rainfall (McBride and Nicholls, 1983). The observed circulation over Australia 

during this event showed a strong, positive SLP anomaly extending southeast of Western 

Australia (roughly 50°S, 105°E) into the central southern coast of Australia (roughly 35°S, 

130°E), and negative SLP anomalies to the southeast (centred at 55°S, 165°E) and northeast 

of Australia (roughly 13°S, 175°E, Fig. 3.6b). These SLP anomalies induced a southeasterly 

wind anomaly throughout much of east Australia (Fig. 3.6 b and c), coincident with a moisture 

deficit (Fig. 3.6c). The observed rainfall deficit was consistent with the relationships of 

southerly wind anomalies with OV rainfall, and positive SLP anomalies with OSLP rainfall, 

previously described in Fig. 3.3c and Fig. 3.3a, respectively. Likewise, an anomalously easterly 

component of the zonal wind was associated with slightly increased rainfall in a region east 

of the Great Dividing Range (Fig. 3.6a), as per the relationship between rainfall and zonal wind 

in this region (OU, Fig. 3.3b). 
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The ensemble mean of the atmosphere model experiment forced with 1982 SSTs captured 

the patterns of rainfall and SLP anomalies of the 1982 atmospheric circulation, but they were 

weaker than the AWAP anomalies (Fig. 3.6 a’ and b’). Also, the model erroneously simulated 

a widespread positive SLP anomaly to the north of Australia (centred 10°S, 135°E), extending 

southeast just off the northeast coast, which in turn impacted the simulated 1982 winds (Fig. 

3.6 b’ and c’). This resulted in significant southwesterly wind anomalies situated over east 

Australia, with southeasterly wind anomalies located further east than in ERAI (Fig. 3.6 c and 

c’). The lack of an anomalous easterly component of the wind in the model ensemble mean 

coincided with a lack of positive rainfall anomalies along the central east coast (Fig. 3.6 a’ and 

c’), as per the observed and modelled relationship (OU and AU in Fig. 3.3 b and g, respectively). 

Throughout east Australia the simulated wind anomalies corresponded with a weak, although 

still significant, decrease in simulated moisture over east Australia (Fig. 3.6c’). This may 

explain why the simulated mean rainfall anomalies were not as low as observed. However, it 

is likely that stochastic influences played some role as the model forced with 1982 SSTs was 

able to simulate a spring mean rainfall lower than observed in 1982 (Fig. 3.5). 

3.5.2 The 1997 El Niño event 

The springtime east Australian rainfall during the 1997 El Niño was unusual based on the 

strength of the event. Less than average spring rainfall could have been likely in east Australia 

during 1997 given the historical relationship between ENSO and rainfall. What was observed, 

however, was close to average east Australian spring rainfall (Fig. 3.5), with some locations 

near the central eastern coast receiving substantially above average rainfall in 1997 (Fig. 

3.6d). Eastern Australia experienced an almost spatially uniform increase in spring SLP by 

about 2 hPa. This type of response is considered typical of an El Niño and is normally 



3 Mechanisms causing east Australian spring rainfall differences between three strong El Niño events 

60 
 

attributed to the western pole of the Southern Oscillation. The increase in mean SLP across 

the continent was seemingly the combination of significant positive SLP anomalies to the 

north and south of Australia, and an eastward displacement of the negative SLP anomaly to 

the south of New Zealand compared to the 1982 event (Fig. 3.6e). Anomalously positive SLP 

in the northern and southern tips of eastern Australia is associated with less than average 

rainfall there (see Fig. 3.3a), as was observed in 1997 (Fig. 3.6d). 

In response to the almost spatially uniform SLP anomaly during spring of 1997, almost no 

substantial wind anomalies were observed over eastern Australia (Fig. 3.6f). Winds are 

historically more closely associated with rainfall variability in central and north eastern 

Australia compared to SLP (OU and OV, Fig. 3.3 b and c, respectively). With no major wind 

anomalies during 1997, the expectation would be for no significant rainfall change, as was 

observed (Fig. 3.6d). In agreement with the weak wind and rainfall anomalies, there were also 

no statistically significant changes to moisture over the continent (Fig. 3.6f), which produced 

conditions favourable for near average rainfall over central-eastern Australia. 

A previous study suggested the springtime rainfall and circulation anomalies in 1997 were 

primarily caused by internal stochastic variability (Walland, 1998). However, the model 

ensemble mean was able to reproduce many characteristics of the observed pattern, 

suggesting that a significant component of the near-normal rainfall was likely induced by SST 

forcing (Fig. 3.6 d’-f’). The simulated positive SLP response extending to the north of Australia 

– which was spuriously simulated in 1982 simulations – is more closely aligned with the 

reanalysis in 1997 (c.f. Fig. 3.6 e and e’). Furthermore, the SLP anomalies simulated with 1997 

SSTs are stronger than those simulated with 1982 SSTs (and 2015 SSTs, which will be described 

in Section 3.5.3, c.f. Fig. 3.6 e’, b’ and h’). This suggests that although the model may have 
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difficulty simulating the observed SLP response extending to the north of Australia in other 

strong El Niño years, the impact of SSTs in 1997 was strong enough to overcome the apparent 

model bias in this region. 

3.5.3 The 2015 El Niño event 

The 2015 El Niño event saw spring rainfall anomalies similar to that expected from the 

historical ENSO-east Australian rainfall relationship, with less than average rainfall observed 

in much of eastern Australia (Fig. 3.6g). However, the rainfall deficits were not as large or as 

significant as in 1982. The 2015 event was associated with a strong positive SLP anomaly 

centred over Tasmania, extending from south of the western coast of Australia to New 

Zealand, encompassing southeast Australia (Fig. 3.6h). The negative SLP anomaly to the south 

of New Zealand was displaced further to the southeast than in the 1997 event (Fig. 3.6h), 

which would have disrupted the typical rainfall-related circulation seen in Fig. 3.4 b and c. The 

positive SLP anomaly to the south of Australia induced significant easterly wind anomalies 

over eastern Australia (Fig. 3.6i), corresponding with a slight increase in moisture and rainfall 

along the east coast (Fig. 3.6 g and i). A significant rainfall deficit in southeastern Australia was 

consistent with positive SLP anomalies there (Fig. 3.6 g and h), as per the SLP-rainfall 

relationship in the OSLP region (Fig. 3.3a). The lower-than-average rainfall over the remainder 

of eastern Australia was not clearly associated with the wind and SLP relationships shown in 

Fig. 3.3. Lower-than-average rainfall in the OV region is associated with southerly wind 

anomalies (Fig. 3.3c). However, the spring of 2015 was dominated by easterly anomalies, with 

only a weak meridional wind anomaly component. The weak meridional wind anomaly could 

have been associated with the weak rainfall anomalies, but it is also possible that other 

processes were associated with rainfall in this region during spring of 2015. 
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Similar to what was observed, the model ensemble mean showed less rainfall than average 

throughout much of eastern Australia. However, the model was not able to simulate some 

fine-scale features of rainfall that were observed in the AWAP data. These included the 

positive rainfall anomalies observed along the east coast (roughly the OU region) and 

significant negative anomalies observed along the southeast coast (roughly the OSLP region, 

Fig. 3.6 g and g’). The inability of the model to simulate these rainfall features was associated 

with model ensemble mean SLP, wind and humidity anomalies that differed from the 

reanalysis. The expansive positive SLP anomaly that encompassed southern Australia in 2015 

is not evident in the model ensemble mean (c.f. Fig. 3.6 h and h’); instead the simulated mean 

position of the positive SLP anomaly was similar to 1982, with a strong negative SLP anomaly 

to the south of New Zealand (c.f. Fig. 3.6 b’ and h’). As a result, westerly and southwesterly 

wind anomalies were simulated over eastern Australia, but, unlike 1982, there was no 

significant change in moisture availability (c.f. Fig. 3.6 c’ and i’). Thus, either the model 

simulated the observed east Australian rainfall anomalies with a different circulation to the 

observed, or a process unrelated to the circulation, but related to 2015 SSTs, was more 

important for rainfall during this event.  

Focusing on the circulation, the difference between the ACCESS and ERAI SLP anomalies 

during 2015 raises two possibilities. Either ACCESS is not capable of simulating the observed 

response (due to model deficiencies or experimental design), or the SST-forced positive SLP 

anomalies in 2015 were modified by a stochastic atmospheric process unrelated to SSTs (i.e. 

atmospheric internal variability). ACCESS performed well in simulating the 1982 and 1997 SLP 

anomaly patterns (Fig. 3.6 b’ and e’), showing that the model is capable of simulating 

observed anomalies when forced with observed SSTs. Furthermore, the simulated SLP 

anomaly patterns between the 1982 and 2015 events were similar (Fig. 3.6 b’ and h’), showing 
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that the model forced with 2015 SSTs simulated a similar pattern to another strong El Niño 

event. This suggests the model can perform well with similar SST forcing, however, our 

experiment design excludes observed 2015 greenhouse gas and aerosol concentrations which 

may have contributed to the observed SLP anomaly in SON 2015. 

If the observed SLP anomaly in 2015 was modified by a stochastic process unrelated to SSTs, 

it may be possible for ACCESS to simulate an SLP anomaly similar to the observed in an 

individual ensemble member. Here we show the zonal mean SLP in the region of the observed 

2015 SLP anomaly (110°E –170°E) for ERAI and all realisations of the ACCESS experiments (Fig. 

3.7). Out of the 60 realisations forced with 2015 SSTs, ACCESS failed to simulate a zonal SLP 

anomaly closely resembling that observed in 2015, but did simulate some similar features, 

now described. The model simulated zonal SLP anomalies 1.5 – 2 hPa weaker than observed 

in the same location, and simulated zonal SLP anomalies of similar strength to that observed 

3° – 10° further south. The model was able to simulate a zonal SLP anomaly almost identical 

to that of 2015, but only when forced with 1997 SSTs. Overall, this suggests that the SLP 

anomaly observed in 2015 was an unusual event, and with enough realisations it may be 

possible for the model to simulate a similar SLP anomaly when forced with 2015 SSTs. 

However, as it stands now, the ACCESS model appeared to suffer from a bias when simulating 

the observed positive SLP anomaly.  
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Fig. 3.7: Zonal mean sea level pressure anomalies from 110°-170°E during spring. The 

coloured dashed and solid lines show ERA Interim anomalies and ACCESS model ensemble 

mean anomalies, respectively. Red, blue and yellow show 1982, 1997, and 2015, 

respectively. The grey lines show the individual realisations of (a) the 1979-2008 control, 

(b) the 1982, (c) the 1997, and (d) the 2015 experiments. 
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3.6 The role of local SSTs on Australian spring rainfall during strong El 

Niño events 

3.6.1 SST off the northeast coast of Australia 

Chapter 2 (van Rensch et al., 2015) hypothesised that the SSTs to the northeast of Australia 

around the Coral Sea had a modulating role on the ENSO – southeast Australian rainfall 

teleconnection. Using partial correlations on observed and modelled data Chapter 2 

suggested that the cool SSTs to the northeast of Australia in 1982 contributed to reduced 

rainfall in southeast Australia, whereas the near average SSTs in the same region in 1997 

contributed to near average rainfall. In this section we test the hypothesis of Chapter 2 by 

using results from targeted model simulations where SSTs to the northeast of Australia were 

swapped between the three strong El Niño events. These experiments will allow us to 

determine the contribution that this region of SSTs had on east Australian rainfall during these 

strong El Niño events. We swapped the SSTs rather than using an idealised strong El Niño SST 

composite (e.g. Frauen et al., 2014), because we did not want to smooth the SST in regions 

remote from the tropical Pacific, as these regions may also have an influence on Australian 

rainfall. This way we know any changes seen in the experiments are due to the change in 

northeast Australian SSTs and not due to an absence of another SST anomaly. 

The introduction of 1982 SSTs to the northeast of Australia in the 1997 and 2015 simulations 

resulted in a 17-19% reduction of median east Australian spring rainfall compared to their 

respective control runs (Fig. 3.8). These results support the hypothesis described in Chapter 

2 (van Rensch et al., 2015) that local SST patterns strongly contributed to the severely reduced 

rainfall in eastern Australia in 1982. When the 1982 SSTs to the northeast of Australia were 
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patched into global 1997 SSTs, the median east Australian spring rainfall reduced from 1.40 

mm/day in the 1997 control experiment to 1.14 mm/day. For the experiment where 1982 

SSTs were patched into global 2015 SSTs, the median rainfall rate was 0.97 mm/day, lower 

than the median rainfall of even the 1982 control experiment (Fig. 3.8). 

 

Fig. 3.8: As Fig. 3.5, but for the 1979-2008 mean SST climatology experiment; the 1982, 

1997, 2015 SST experiments; and the swap experiments: global 1982 SST with 1997 SST to 

the northeast of Australia (1982NEAus1997), global 1997 SST with 1982 SST to the 

northeast of Australia (1997NEAus1982), global 2015 SST with 1982 SST to the northeast of 

Australia (2015NEAus1982), and global 1997 SST with 1982 SST to the north of Australia 

(1997NAusLE1982). The colour of the box and whisker outline indicates the year of global 

SSTs used in the experiment, with shading inside the box indicating the year of the SSTs in 

the swapped region. 

 

Conversely, patching the 1997 SSTs to the northeast of Australia, with 1982 SSTs elsewhere, 

resulted in a 21% increase in median east Australian spring rainfall compared to the 1982 
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control experiment. However, the value of 1.29 mm/day is still drier than the 1997 control 

experiment. Thus, the model shows that the SSTs to the northeast of Australia can contribute 

between 17 % and 21 % of the rainfall change during these strong El Niño events. 

The SSTs to the northeast of Australia largely influenced simulated Australian rainfall locally 

in the northeast of the country (Fig. 3.9 a-c), with little influence in the southeast as described 

in Chapter 2 (van Rensch et al., 2015). When the cooler 1982 SSTs to the northeast of Australia 

are patched into global 1997 SSTs, significantly less near-surface moisture was simulated 

around the swapped region and extended into northeast Australia (Fig. 3.9d). The opposite is 

true for the reverse experiment, where near average 1997 SSTs to the northeast of Australia 

simulated more moisture when patched into global 1982 SSTs (Fig. 3.9e). These changes in 

moisture were not associated with a statistically significant change in the circulation (Fig. 3.9d 

and Fig. 3.9e), suggesting that the SSTs to the northeast of Australia influence rainfall through 

a moisture availability process. The moisture availability process works by SSTs controlling 

evaporation of moisture to the atmosphere above it, this moisture is then transported over 

land through sub-seasonal anomalous flow, influencing local rainfall producing systems (e.g. 

Brown et al., 2009). 
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Fig. 3.9: The influence of SSTs to the northeast of Australia in the ACCESS atmosphere 

model. (a) Precipitation anomalies from the experiment forced with 1997 SSTs globally with 

1982 SSTs to the northeast of Australia, relative to the 1997 control experiment.  (b) 

Precipitation anomalies from the experiment forced with 1982 SSTs globally with 1997 SSTs 

to the northeast of Australia, relative to the 1982 control experiment.  (c) Precipitation 

anomalies from the experiment forced with 2015 SSTs globally, with 1982 SSTs to the 

northeast of Australia, relative to the 2015 control experiment. (d-e) as (a-c), respectively, 

but showing 850 hPa specific humidity and wind anomalies. Similar plotting characteristics 

were used for the respective plots in Fig. 3.6, only the reference wind vector is halved. The 

region where the SSTs were swapped is outlined by bold in a-c. 

 

When the cooler 1982 SSTs off the northeast of Australia is patched into the global 2015 SSTs, 

significant southeasterly wind anomalies were simulated over the region compared to the 

2015 control (Fig. 3.9f). This was in addition to changes in moisture availability (Fig. 3.9f). The 

additional dynamical response simulated in this experiment does not enhance the east 

Australian rainfall reduction above those from the companion experiment that used global 

1997 SSTs (Fig. 3.8; -17% in the 2015NEAus1982 experiment versus -19% in the 

1997NEAus1982 experiment). The lack of additional rainfall response associated with a 

change in circulation suggests that northeast Australian SSTs mainly influence east Australian 
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rainfall through changes to moisture availability, rather than via changes in atmospheric 

circulation. 

3.6.2 SST to the north of Australia 

Chapter 2 (van Rensch et al., 2015) also investigated the link between SSTs directly to the 

north of Australia around the Maritime Continent and rainfall in southeast Australia, but that 

chapter showed that this region did not have as strong an influence as the SSTs to the 

northeast of Australia. However, previous studies have shown that this region has a significant 

relationship with southeast Australian rainfall during the cooler months of the year (Nicholls, 

2010; Watterson, 2010; Timbal and Hendon, 2011). Here we investigate the effect of the 

significantly cool 1982 SSTs to the north of Australia if they had happened during the 1997 

event. The introduction of cool SSTs off northern Australia showed a modest 9% reduction in 

median east Australian spring rainfall compared to the 1997 control experiment (Fig. 3.8). 

Compared to the 19% reduction in the companion experiment using SSTs to the northeast of 

Australia, this corroborates that it is the SSTs in the northeast region that is most important 

for regulating rainfall, as noted in Chapter 2 (van Rensch et al., 2015). 

The north of Australia experiment showed significantly less rainfall than the 1997 control 

experiment extending from central northern Australia into central eastern Australia (Fig. 

3.10a). There is evidence that rainfall was influenced by a similar moisture availability process 

to that of northeast Australian SSTs. This is because a region of significantly less humidity than 

the 1997 control was simulated over a similar region to the rainfall anomalies, but with few 

significant changes to the atmospheric circulation (c.f. Fig. 3.10 b and a). However, a 

significant circulation response was simulated over southeast Australia extending to New 
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Zealand in the north of Australia experiment (Fig. 3.10b), with the associated circulation 

reminiscent of a cyclonic Rossby wave response to thermal forcing as described by Hoskins 

and Karoly (1981). Comparing this experiment to the 1979-2008 climatological experiment 

reveals that the apparent Rossby wave train seen in the winds of Fig. 3.10b was expressed by 

a westward shift in the negative SLP anomaly compared to the 1997 control (c.f. Fig. 3.10d 

and Fig. 3.6e’). This resulted in a significant intensification of the winds in southeast Australia 

and a small region of significantly less rainfall compared to the 1979-2008 control (Fig. 3.10 d 

and c).  

Based on our experiments, it appears that changes due to the moisture availability process 

rather than changes in circulation have a greater influence on eastern Australian rainfall (Fig. 

3.8). However, this is regionally dependent, with a greater influence from the moisture 

availability process in the north of Australia (Fig. 3.9a and Fig. 3.10a), with areas further south 

being influenced by circulation changes (Fig. 3.10 b and d). These findings tend to agree with 

other studies showing a significant link between SST to the north of Australia and rainfall in 

southeast Australia (Nicholls, 2010; Watterson, 2010; Timbal and Hendon, 2011). The 

appearance of a dynamical response to changes in north of Australia SSTs and not to changes 

in northeast Australian SSTs is consistent with the finding that tropical anomalies are more 

efficient in inducing Rossby wave trains than subtropical anomalies (Hoskins and Karoly, 

1981). 
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Fig. 3.10: Anomalies of the experiment forced with 1997 SSTs globally with 1982 SSTs to the 

north of Australia relative to (a, b) the 1997 control experiment, and (c, d) the 1979-2008 

climatological control experiment. Left column shows precipitation anomalies, right column 

shows 850 hPa humidity and wind anomalies.  Similar plotting characteristics were used for 

the respective plots in Fig. 3.6, only the reference vector in b is halved. The region where 

the SSTs were swapped is outlined by bold in a and c. 
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3.7 Summary and discussion 

In this study we examined the influence of El Niño events on east Australian spring rainfall, 

with a focus on the three strongest El Niño events since 1979. The mechanism of how ENSO 

events influence Australian rainfall has been discussed in the literature for some time (Cai et 

al., 2010, 2011b; Frauen et al., 2014; King et al., 2015). We have clarified the possible 

mechanisms by focusing on seasonal scale circulation patterns, e.g. SLP and wind anomalies, 

and their relationship with local rainfall. Based on linear regression, the three strongest El 

Niño events might be expected to lead to a clear reduction in spring rainfall (McBride and 

Nicholls, 1983; Risbey et al., 2009b), however, the eastern Australian SON rainfall varied from 

very dry to normal. Significantly below average eastern Australian spring rainfall was recorded 

in 1982, near-average rainfall in 1997, and slightly below average rainfall in 2015. We used 

reanalysis and the ACCESS 1.3 atmospheric general circulation model to expose the different 

mechanisms for how El Niño can influence rainfall. We found significant SST-forced signals in 

the spring circulation over eastern Australia during the 1982 and 1997 El Niño events, with 

the SST influence on the circulation during 2015 remaining unclear. 

The typical El Niño related circulation features, and the deviations experienced during the 

three strong El Niño events, are summarised in a schematic (Fig. 3.11). All three strong El Niño 

events were associated with a distinct positive SLP anomaly to the south of Australia (“H” in 

Fig. 3.11), with the exact location and spatial extent changing from the typical ENSO signal for 

all three events. Previous studies have attributed this positive SLP anomaly to an ENSO signal 

transmitted through the Indian Ocean (Cai et al., 2011b; McIntosh and Hendon, 2018). A 

negative SLP anomaly was consistently observed to the southeast of Australia near New 

Zealand, during the three events (“L” in Fig. 3.11), which has not been highlighted in previous 
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studies. This negative SLP anomaly near New Zealand shows a significant relationship with 

less than average rainfall throughout eastern Australia, whereas SLP in the “H” region (Fig. 

3.11) shows a weak rainfall relationship. This suggests that the positive SLP anomaly 

associated with strong El Niño events is of less importance to eastern Australian rainfall than 

previously thought, with a greater influence apparently arising from the downstream negative 

SLP anomaly.  It is important to note, however, that for the central and north eastern 

Australian region, rainfall is more strongly related to local wind anomalies, which may be 

associated to a variety of SLP anomaly positions and magnitudes in any one year. Further 

analysis on synoptic timescales (e.g. Risbey et al., 2009a; Theobald et al., 2015), particularly 

for the northeast Australian region, could improve our understanding of the sensitivity of 

wind and SLP to rainfall. 
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Fig. 3.11: Schematic summarising the key pressure and wind anomalies associated with 

typical El Niño events and the deviations during strong El Niño events. Solid red and blue 

lines show positive (H) and negative (L) SLP anomalies, respectively, with an indication of 

the associated wind. Regions of SST (blue shading) and their moisture anomalies (red 

shading outlined by red dashed lines) can influence east Australian rainfall during strong El 

Niño events. The faint red lines indicate large deviations from the typical pressure 

anomalies during a strong El Niño event (indicated by year). The thin grey arrows indicate 

how the anomalies shifted from the ideal El Niño circulation during the indicated year. The 

thick grey arrow indicates the influence of a remote teleconnection occurring during spring 

of 1982. 

 

The 1982 strong El Niño event showed an example of a shift in positive SLP anomaly that 

contributed to less eastern Australian rainfall than average. During this event, the “H” 

anomaly in Fig. 3.11 shifted northeast compared to typical El Niño events resulting in 



3 Mechanisms causing east Australian spring rainfall differences between three strong El Niño events 

75 
 

significant positive SLP over southeast Australia and significant southeasterly wind anomalies 

over eastern Australia, both resulting in significantly less rainfall there. Furthermore, cool SST 

anomalies to the northeast of Australia during spring of 1982 exacerbated the spring rainfall 

deficit by 17-21% by reducing moisture availability. These influential SST regions to the 

northeast, and to a lesser extent to the north of Australia, are highlighted in Fig. 3.11 by blue 

shading. The land areas influenced by these SST moisture sources are shown by red dashed 

lines and shading. This local SST effect was observed during all three El Niño events, but is 

most noticeable when there are strongly anomalous SSTs, as in 1982. Furthermore, the SSTs 

to the north of Australia showed a remote teleconnection with SLP to the southeast of 

Australia, contributing to the more eastward shift of the “L” anomaly in Fig. 3.11. However, 

the effect of this region would only have led to a 9% reduction in east Australian rainfall. The 

influence that the 1982 El Niño had on eastern Australia is historically regarded as a typical El 

Niño response. This study shows that it was the local SSTs that induced a significant change 

to regional rainfall in 1982, suggesting there was an atypical regional response during this 

strong El Niño event. The importance of the SST regions adjacent to Australia in Fig. 3.11 

highlights a possible source of predictability of spring rainfall in some regions of Australia. 

Indeed, there is potential for these areas to be utilised to improve the accuracy of seasonal 

forecasts during strong El Niño events. Increased monitoring and prediction using the SSTs in 

these regions would show whether this is the case.  

The 2015 event was associated with a widespread extension of the positive SLP anomaly (faint 

extension of the “H” anomaly, Fig. 3.11), related to a significant reduction in spring rainfall 

along the southeast coast of Australia. The simulation of the 2015 event is inconclusive as to 

the extent of forcing from SST anomalies. This suggests that either the model is not able to 

simulate what was observed in 2015 from either model deficiencies, experimental design (e.g. 
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constant greenhouse gas concentrations), or that what was observed in 2015 is a rare 

occurrence where the SST response was modified by a stochastic atmosphere. The latter 

seems the most likely based of Karoly et al. (2016), which used a similar model (HadAM3P, 

with a nested HadRM3P regional model) to conclude that atmospheric variability provided 

the largest contribution to the record low Tasmanian rainfall in October 2015, than both the 

concurrent El Niño and anthropogenic climate change (Karoly et al., 2016). Additionally, a 

large-scale driver of atmospheric variability, the negative SAM, was found to have contributed 

to the Australian spring rainfall deficit during the 2002 El Niño event (Lim and Hendon, 2015). 

However, in SON of 2015 the SAM was positive, with an index value of 1.75 based on the 

method used in Marshall (2003), whereas in both 1982 and 1997 the SAM was negative, with 

values of -1.10 and -1.81, respectively. It is possible that the positive SAM could have 

contributed to the observed circulation patterns of the 2015 El Niño event, but this requires 

further analysis. 

The near-average east Australian spring rainfall during the 1997 El Niño event was associated 

with near-average winds over the region, corroborating the work of Brown et al. (2009) where 

they found near-average moisture availability during this event. The near-average winds 

appear to be the result of a combination of SST-forced positive SLP anomalies to the north 

and south of Australia (faint north of Australia “H1997” and eastward shift of southern “H”, Fig. 

3.11). The positive SLP anomaly to the north of Australia observed in spring of 1997 was not 

observed in the 1982 and 2015 events. Likewise, although the model appeared to show a 

positive SLP bias to the north of Australia in all three El Niño events, the SLP anomaly was the 

strongest when forced with 1997 SSTs. The model results indicated a distinct SST-forced 

dynamical reason for east Australian spring rainfall in 1997 to have been near average. This 

dynamical reason for the eastern Australian spring rainfall in 1997 can be put into context of 
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the asymmetry in the ENSO – Australian rainfall relationship. It has previously been shown 

that La Niña events have a greater relationship with Australian rainfall than El Niño events 

(Power et al., 2006; Cai et al., 2010; King et al., 2015; Chung and Power, 2017). The question 

remains as to whether the dynamics of the 1997 event is unique, or whether historical and 

future events may exhibit similar characteristics. If so, this may help contextualise the origins 

of the nonlinear ENSO – Australian rainfall relationship, and help improve seasonal rainfall 

forecasts for future events. 

Overall, this study emphasises that particular attention must be paid to the structure of both 

local Australian and tropical Pacific SST anomalies for forecasting the regional Australian 

rainfall response to future strong El Niño events. Improvements to forecast skill and climate 

projections may be possible by focusing on the representation of SSTs in these key regions 

and their teleconnections. This was highlighted by the well simulated eastern Australian 

spring rainfall when forced with both 1982 and 1997 SSTs, despite the differing rainfall 

anomalies observed during these two El Niño events. In terms of climate projections, this 

suggests that if the frequency of strong El Niño events increases in the future, as currently 

projected, this may not equate to less rainfall in east Australia, e.g. if El Niño events like 1997 

become more frequent. However, as our large ensemble experiments suggest, any forcing 

from SSTs only has the ability to shift the distribution of likely atmospheric states. The 

resulting observed rainfall and circulation anomaly associated with a future strong El Niño 

event may also be influenced by stochastic atmospheric processes, as may have occurred 

during the 2015 El Niño event. 



4 The record high Maritime Continent sea level pressure 

during the strong El Niño of 1997 

This section is original work that has not yet been published in a journal. 

This section continues the findings in the previous chapter (van Rensch et al., 2019) regarding 

the 1997 event. The significantly high SLP anomaly to the north of Australia during SON of 

1997 was one of its most distinguishing features for the unusual east Australian rainfall. This 

section examines the origins of this SLP anomaly in terms of remote forcing from the tropical 

Pacific. 
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4.1 Abstract 

The El Niño of 1997-1998 was, by many metrics, the strongest El Niño event of the satellite 

era. The event was punctuated by some unusual features, including a record high September 

– November (SON) sea level pressure (SLP) over the Maritime Continent in 1997. This SLP 

anomaly is important for explaining the east Australian SON rainfall anomaly that was atypical 

for an El Niño, as shown in Chapter 3 (van Rensch et al., 2019). However, the reason for the 

extreme high SLP over the Maritime Continent during SON 1997 is unknown. We show that 

the extreme SLP over the Maritime Continent was the result of the early peak of extreme east 

Pacific SSTs. The east Pacific SST anomalies in SON 1997 reached levels typically seen in other 

strong El Niño events during December – February (DJF), when the event normally peaks. The 

early onset warm east Pacific SSTs promoted record breaking convection in the east Pacific 

and were associated with the location of strongest tropical Pacific convection reaching the 

furthest east in SON. The location of strongest convection is considered to be the rising branch 

of the Walker Circulation. With the location of strongest convection furthest away from the 

Maritime Continent, this promoted an unusual build-up of mass over the Maritime Continent 

region associated with the localised reversal of the Walker Circulation – a process that is 

typical for strong El Niño in DJF, but not in SON. Using a partially coupled ocean-atmosphere 

model, we confirm that the early onset of strong eastern Pacific SSTs in SON 1997 alone is 

enough to simulate a record positive SLP anomaly in the Maritime Continent region. However, 

the magnitude of the observed anomaly was underestimated by the model. The weaker 

Maritime Continent SLP response in the model is likely due to the inability of the atmospheric 

component of the model to simulate a realistic eastward shift in maximum convection during 

SON, and cooler mean tropical Pacific SSTs. These findings have implications for the realistic 
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simulation of teleconnections from similar early peak events, both in seasonal forecasting and 

in climate projections. 

4.2 Introduction 

The 1997-1998 El Niño event was the strongest event in the eastern Pacific since at least 1979 

when comprehensive observations began (Y.-K. Lim et al., 2017). The event significantly 

affected global and regional climate. Globally, the mean surface temperature broke the 

hottest year on record at the time in 1998, which was attributed to both the ending El Niño 

and excessive greenhouse gases (Angell, 2000). Regionally, countries surrounding the Pacific 

experienced more extreme weather and climate events than during typical El Niño events. In 

the eastern Pacific, extreme floods occurred in Peru (Sanabria et al., 2018), and in the western 

Pacific extreme meteorological drought and fires occurred in Indonesia (Pan et al., 2018). 

However, some regions, which are typically strongly affected by El Niño, did not experience 

such a marked effect. For example, drought was forecast during the monsoon in India, and 

less SON rainfall was predicted for east Australia. However, near average rainfall was 

experienced in both regions (Kumar et al., 2006; Brown et al., 2009; van Rensch et al., 2015, 

2019; Chapter 2; Chapter 3). 

Forecasting the 1997-1998 El Niño was a challenge for both statistical and dynamical models 

of the time (Barnston et al., 1999; Landsea and Knaff, 2000). Some models could forecast the 

onset and decay of the event well, but no models were able to forecast the magnitude of the 

event (Landsea and Knaff, 2000). This event continues to be a challenge and a test case for 

more advanced dynamical models, e.g., for testing forecast improvements from the inclusion 

of atmospheric initial conditions in addition to the standard oceanic initial conditions (Shi et 
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al., 2011). For a model to accurately simulate the magnitude of the 1997-1998 event, it needs 

to be able to simulate the processes leading to and amplifying this event. The 1997-1998 

event had a preconditioned warm ocean mixed layer across much of the equatorial Pacific 

(McPhaden, 1999) . This warm layer was the result of anomalously strong trade winds in 1996, 

causing an oceanic Rossby wave reflection on the western Pacific boundary (Boulanger et al., 

2004). A strong westerly wind event in March 1997 then initiated the 1997 El Niño event by 

exciting equatorial downwelling Kelvin Waves which travelled eastwards, reducing oceanic 

upwelling and warming the surface in the east Pacific (McPhaden, 1999; Wang and Weisberg, 

2000). Frequent westerly wind events throughout 1997 further added to the strength of the 

SST anomaly in the eastern Pacific (McPhaden, 1999; Wang and Weisberg, 2000; Boulanger 

et al., 2004). The strength of the March 1997 westerly wind event has been attributed as the 

reason for this event becoming so strong much earlier than other strong El Niño events, such 

as the 1982-1983 event (Boulanger et al., 2004). 

The early onset of the 1997-1998 El Niño, and its unprecedented magnitude, allowed for 

accurate forecasts of many regional teleconnections due to persistence alone, but in some 

regions this failed. Persistence from 1997 June-August allowed for an accurate 1997-1998 

December – February (DJF) seasonal forecast in North America (Barnston et al., 1999). 

However, in 1997 SON the persistence rainfall forecast performed somewhat poorly in 

eastern Australia, even though Australia typically experiences the strongest effects from El 

Niño in this season (McBride and Nicholls, 1983). Chapter 3 (van Rensch et al., 2019) found 

that the 1997 SON rainfall in eastern Australia deviated from a typical El Niño year due to a 

combination of a positive SLP anomaly over the Maritime Continent, and a positive SLP 

anomaly to the south of Australia. Chapter 3.5 identified that both of these SLP anomalies 

were forced by sea surface temperature (SST) anomalies, since they were able to be 
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reproduced by AGCMs driven by observed SSTs. The anomaly to the south of Australia is a 

typical feature of El Niño acting through the Indian Ocean Dipole (Cai et al., 2011b). Chapter 

3.6 showed SSTs off the northeast and northern coasts of Australia did not have a significant 

influence on Maritime Continent SLP, suggesting either SSTs from other regions had a greater 

influence, or the observed anomaly was stochastically forced. The origin of the positive 

Maritime Continent SLP anomaly in SON 1997 will be the focus of this chapter. 

In Chapter 3.5, we showed that the ACCESS 1.3 atmosphere model simulated a significantly 

positive SLP anomaly over the Maritime Continent for all three strong El Niño events. 

Whereas, this was only observed during the 1997 El Niño. Furthermore, the model failed to 

simulate the observed magnitude of the SLP anomaly over the Maritime Continent during 

SON 1997, suggesting that the model suffers from a deficiency in simulating the processes 

leading to the anomaly. Atmospheric models have struggled to simulate the negative rainfall 

anomaly over the Maritime Continent region during the 1997-1998 event (Kang et al., 2002), 

which could be related to the SLP issue. Allowing coupling between the atmosphere and sea 

surface showed an improvement in the negative Maritime Continent rainfall anomaly in June-

August 1997, as well as generally improving the representation of rainfall in the Maritime 

Continent region (Zhu and Shukla, 2013). Whether regional air-sea coupling improves the 

ability of the model to simulate the observed Maritime Continent SLP during strong El Niño 

events is unknown. 

In this chapter, we will examine the key factors that promoted the high Maritime Continent 

SLP during SON of 1997. This will clarify the processes that were associated with the near 

average east Australian rainfall during SON of the 1997 El Niño. Firstly, we will identify the 

record nature of the 1997 SON Maritime Continent SLP and show how this was not detected 
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in the Southern Oscillation Index (SOI). Then, we examine the evolution of the 1997 SON 

Maritime Continent SLP in observations and determine important factors conducive for its 

development. Finally, we examine how well the CESM1.1 model can simulate the 1997 

Maritime Continent SLP in two configurations. One, when the atmosphere is forced with 

global SSTs, and another when forced with SSTs only in the central-eastern tropical Pacific 

with free air-sea coupling elsewhere. The ability of the model to simulate the important 

factors for Maritime Continent SLP will also be assessed. Overall, this work may help 

contextualise the unusual 1997 SON east Australian rainfall and potentially improve the 

forecasting of the impacts associated with future strong El Niño events. 

4.3 Methods 

This study performed statistical analysis of observational and general circulation model data. 

In order to establish the link between Pacific SSTs and SLP in the Maritime Continent during 

the 1997 event, metrics of the Walker Circulation were examined. We analysed the Troup SOI 

and station SLP data for Darwin (12.4° S, 130.8° E) and Tahiti (17.7° S, 149.4° W), as this is a 

common metric for El Niño-related SLP and the Walker Circulation. The Troup SOI spans 1876-

2018 and was obtained from the Australian Bureau of Meteorology, who used a 1933-1992 

climatology1. We used ERA Interim data for gridded SLP (Dee et al., 2011), and defined the 

Maritime Continent region as 15° N – 15° S, 120° E – 150° E. We confirmed that our results 

regarding the Maritime Continent SLP are robust by comparing to HadSLP2 and the 

NCEP/NCAR reanalysis (Kalnay et al., 1996; Allan and Ansell, 2006; not shown). Outgoing 

longwave radiation (OLR) was used as a proxy for convection. Changes in regions of strongest 

 
1 http://poama.bom.gov.au/climate/current/soihtm1.shtml 

http://poama.bom.gov.au/climate/current/soihtm1.shtml
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convection in the tropical Indo-Pacific gave an indication of the region of strongest ascent in 

the Walker Circulation. Here, we used an OLR dataset based on interpolated satellite data 

(Liebmann and Smith, 1996).  

To assess relationships between variables we used linear regression and both Pearson’s and 

Spearman’s rank methods for correlation. Comparing the deviations between the two 

methods gave an indication of nonlinearity or outliers in the relationship. Nonlinear 

relationships are particularly noticeable in relationships with convection, due to deep 

convection not initiating until reaching an SST threshold (Gadgil et al., 1984), and can 

therefore appear as outliers. Pearson’s correlation is sensitive to outliers within the time 

series, whereas Spearman’s rank correlation eliminates outliers by using the ranks of the data 

to perform a Pearson’s correlation. 

We examined results from two experiments using the CESM1.1 model (Hurrell et al., 2013). 

Both experiments are comprised of 10-member ensembles and are forced by historical 

greenhouse gas concentrations and other external forcings (such as aerosols) until 2005 after 

which RCP8.5 forcings were used. The experiments used the Extended Reconstructed SST 

version 3b (ERSSTv3b) dataset for their SST boundary conditions, and we also use this dataset 

for our observations. The ERSSTv3b dataset combines ship and buoy measurements into a 

gridded SST product as detailed in Smith et al. (2008), but the version “b” excludes satellite 

data. The first experiment used the atmosphere-only model and assessed the influence of 

global SSTs on the atmosphere by forcing the atmospheric component of the model with 

ERSSTv3b SSTs from 1979-2015 for consistency with the observations. As this experiment 

finished at the end of 2015, we could not compare our results with DJF 2015-2016 for this 

experiment. 
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The second experiment, known as a “pacemaker” experiment, was used to assess the 

influence of SSTs in the eastern tropical Pacific alone. The experiment allowed a fully coupled 

CESM1.1 model to evolve freely, except for in the tropical eastern Pacific region (10 °S – 10 

°N, 160 °W – 90 °W). In this region, the SSTs were relaxed to the ERSSTv3b time-varying 

anomalies added to the coupled model climatology. ERSSTv3b anomalies were used as 

opposed to raw values, because using raw values would likely introduce a spurious spatial 

inhomogeneity greater than any observed interannual variability. Linear tapering was 

performed outside the tropical eastern Pacific region to 20 °S – 20 °N and 180 ° – American 

coast. The pacemaker experiment used in this study allowed for freely evolving air-sea 

dynamics around the Maritime Continent, but maintained the historical evolution of El Niño, 

neutral and La Niña years. We examined model output from the same CESM1.1 pacemaker 

experiment as Deser et al. (2017), which was previously used to examine the influence of El 

Niño and La Niña events on Northern Hemisphere atmospheric pressure. The pacemaker 

experiment was analysed from 1979-2013. The start year was again used for consistency with 

observations, with the end year being the final year of the experiment. Comparison to the 

2015-2016 El Niño was therefore not possible in this experiment. 

4.4 The 1997-1998 El Niño in observations 

4.4.1 The structure of the 1997-1998 event along the equator 

The SOI is designed to identify ENSO events by examining a proxy for the zonal pressure 

gradient south of the equatorial Pacific, achieved by comparing the Darwin SLP with that of 

Tahiti. However, the 1997 El Niño event shows the SOI can be deficient in capturing extreme 
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SLP at either one of these sites. The SOI recorded its strongest negative SON and DJF values 

in 1982 and 1982-1983, respectively (Fig. 4.1a). This record SOI was associated with the 

concurrent strong El Niño event in 1982-1983, and retained the record even after the strong 

El Niño events of 1997-1998 and 2015-2016 (Fig. 4.1a). Darwin explains roughly 5% more of 

the SOI variance than Tahiti in SON (72% versus 67%, from 1876-2018). Despite Darwin 

explaining more of the variance, the SOI conceals a prominent feature in Darwin during SON 

of 1997 - a record high SLP in SON (Fig. 4.1a). The record high Darwin SLP in SON 1997 did not 

translate to the SOI because Tahiti recorded a slightly positive SLP anomaly rather than a 

negative anomaly typically seen during El Niño (e.g. SON 1982, Fig. 4.1a, b). 

  

Fig. 4.1: (a) SON Darwin (blue bars) and Tahiti (red bars) SLP anomalies, overlayed with monthly SOI 

(black line) and SON SOI values (filled black circles) for the period 1876-2018. (b) As (a), but for the 

period 1979-2018 and showing DJF Darwin and Tahiti SLP anomalies and DJF SOI values using open 

bars and circles, respectively. 
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The SOI failed to capture an extreme property of the 1997 El Niño event in SON due to the 

large spatial extent of the western pole of the Southern Oscillation. The record high Darwin 

SLP in SON 1997 was associated with a zonally widespread high SLP anomaly stretching along 

the equator from the western Indian Ocean to roughly Tahiti longitudes at 150° W (Fig. 4.2a). 

At Tahiti longitudes, the 1997 event shows a large disparity with the two other strong El Niño 

– with 1997 SLP showing near average, but 1982 and 2015 SLPs showing a strong negative 

anomaly (Fig. 4.2a). Using the SOI as an indication of El Niño strength, may therefore be 

unreliable. To improve the SOI index for strong events, the SLP at 100 °W showed a similar 

negative SON SLP anomaly for all three strong El Niño events (Fig. 4.2a). Comparing the SLP 

at 100 °W to Darwin SLP would show a greater Southern Oscillation intensity in SON 1997 

event than in SON of both 1982 and 2015. Another criticism of the location of the eastern SOI 

station (currently Tahiti) is that it is too far south of the equator at 17 °S, but this analysis 

indicates that an equatorial location would still be deficient for strong El Niño events. 

Unfortunately, there has historically been limited station data availability in the equatorial 

region around 100 °W. Although, reconstructed, or reanalysed data could be used instead of 

station data, as used in the Equatorial SOI which covers the 100 °W domain. Therefore, the 

widespread SLP effect must be kept in mind when attempting to detect historical strong El 

Niño events using the SOI. It is also important to note that the 1997 El Niño event was only 

exceptional in the SON season; in DJF the SLP gradients become more similar between the 

three strong El Niño events, particularly the 1982-1983 and 1997-1998 events (Fig. 4.1a and 

Fig. 4.2b). 



4 The record high Maritime Continent sea level pressure during the strong El Niño of 1997 

88 
 

 

Fig. 4.2: Observed meridional mean SLP, SST, and OLR from 5S – 5N in the Indo-Pacific basin for (left) 

SON, and (right) DJF. Black lines and grey shading show the 1979-2008 mean and ±1 standard 

deviation anomaly from 1979-2008, respectively. Red, blue and yellow lines show the 1982-1983, 

1997-1998, and 2015-2016 years, respectively. 

 

During El Niño events, SLP and SST are closely linked in the tropical Pacific (Bjerknes, 1969). 

The record Darwin SLP occurred when areas of the eastern tropical Pacific also experienced 

record warm SSTs, suggesting these records might also be linked. In the SON of 1997, the 

equatorial SSTs in the far eastern Pacific (around 100 °W) were approximately three standard 

deviations warmer than normal, and over 1 °C warmer than the two other strong El Niño 

events examined (Fig. 4.2c). The SSTs during SON of 1997 around the Maritime Continent did 

not show a significant anomaly (Fig. 4.2c), despite the roughly three standard deviations 
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positive SLP anomaly in the same region (Fig. 4.2a). The SON SSTs in the Maritime Continent 

region were more negative during 1982 than in 1997, suggesting local SSTs were less 

important for the record high 1997 SON Maritime Continent SLP than the far eastern Pacific 

SSTs. The SSTs in the eastern Indian Ocean were significantly cold in SON 1997 (Fig. 4.2c), 

associated with a concurrent strong positive Indian Ocean Dipole (Saji et al., 1999), which 

could have formed from internal Indian Ocean dynamics (Webster et al., 1999). 

Convection in the tropical eastern Pacific during SON had a greater magnitude in 1997 

compared to 1982 and 2015, as indicated from OLR values (Fig. 4.2e). A common feature for 

El Niño events is the eastward progression of the maximum convection and minimum SLP 

away from the Maritime Continent (Deser and Wallace, 1990). During SON 1997 the location 

of maximum convection and minimum SLP in the Pacific basin was the furthest east of all 

strong El Niño events (Fig. 4.2 e and a). The eastward shift of the maximum convection and 

minimum SLP points to the shift of the ascending region of the Walker Circulation. The 

ascending location moving further east away from the Maritime Continent, where it is 

typically situated, could provide a greater opportunity for SLP to increase in the Maritime 

Continent region. In addition, a more widespread increase in eastern Pacific convection east 

of the location of maximum convection may favour a westward transport of mass over the 

Maritime Continent, further increasing the SLP there. The OLR profiles in DJF show 1997-1998 

and 1982-1983 shift further east (Fig. 4.2f), with a similar Maritime Continent SLP anomaly 

(Fig. 4.2b), whereas 2015-2016 did not show as extensive eastward shift (Fig. 4.2f), or as high 

Maritime Continent SLP (Fig. 4.2b). 
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4.4.2 The evolution of the 1997-1998 event 

Examining the evolution of SLP, SST and convection fields exposes the timing of these events 

and can provide information about which factors are most important for the development of 

the record SLP over the Maritime Continent in the SON of 1997. The relationship between 

SST, SLP and rainfall around the Maritime Continent region has been thoroughly examined 

(e.g. Nicholls, 1984c; Hendon, 2003). To summarize for our context, Fig. 4.3 shows those 

regions of SST and convection that have historically shown the strongest correlation with SLP 

over the Maritime Continent. The SLP over the Maritime Continent is most strongly related 

to SSTs in the eastern tropical Pacific in both SON and DJF, with correlations as high as 0.8 and 

showing a stronger relationship than SSTs local to the Maritime Continent (Fig. 4.3). This 

indicates that the eastern Pacific El Niño events, rather than central Pacific El Niño events are 

more strongly related to Maritime Continent SLP. Therefore, if eastern Pacific SSTs are 

anomalously warm, Maritime Continent SLP would likely be anomalously high. The change in 

sign seen in the DJF correlation around Indonesia in Fig. 4.3b is likely associated with the 

change in mean winds that occurs with the traversal of the Intertropical Convergence Zone 

(Hendon, 2003). Convection in the Maritime Continent and around 170 °W along the equator 

shows a strong correlation/anticorrelation dipole with Maritime Continent SLP (Fig. 4.3). The 

Maritime Continent correlation between convection and SLP is weaker in magnitude than the 

anticorrelation around 170 °W in SON, but reaches parity in DJF (Fig. 4.3b). Given these 

relationships, in the following analysis we use the Niño3 region to highlight the relationship 

of eastern Pacific SSTs with Maritime Continent SLP and, similarly, the Niño4 region for central 

Pacific convection. 
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Fig. 4.3: Correlation of Maritime Continent (15° S – 15° N, 120° E – 150° E) SLP with (colour) SSTs and 

(contours) OLR during (a) SON, 1979-2008, and (b) DJF, 1980-2009. OLR correlation contours are 

from -0.8 to 0.8 by 0.2 intervals, with solid and dashed lines showing negative and positive 

correlations, respectively. 

 

The record high SLP in the SON of 1997 over the Maritime Continent intensified and peaked 

earlier than both 1982 and 2015 events (Fig. 4.4a). The SLP anomaly appeared in conjunction 

with a similarly early intensification in SST and convection anomalies in the eastern equatorial 

Pacific (Fig. 4.4 a, b, c and c’). The early peak in SLP anomaly also coincided with an earlier 

eastward shift in the maximum convection over the equatorial Pacific when compared to 



4 The record high Maritime Continent sea level pressure during the strong El Niño of 1997 

92 
 

other strong El Niño events (Fig. 4.4d). The positive SLP anomaly over the Maritime Continent 

started developing in August of 1997 reaching a peak in November before reducing in 

magnitude in December (Fig. 4.4a). The peak of this SLP anomaly rivalled that of a subsequent 

peak in February 1998 and also in January-February 1983 and January 2016 (Fig. 4.4a). The 

Niño3 SST anomalies represent SST anomalies in the eastern equatorial Pacific Ocean 

(outlined in Fig. 4.3) and in 1997, these developed before the SLP anomaly over the Maritime 

Continent. In the Niño3 region, the SST anomalies rapidly increased in May-June 1997 

compared to the other two strong El Niño events, followed by a more typical warming rate 

(Fig. 4.4b). The 1997 Niño3 SSTs reached roughly its maximum anomaly in November, 

maintaining a similar anomaly until January. Although the peak SLP anomaly over the 

Maritime Continent and the peak Niño3 SST match during November 1997, the reduction in 

Maritime Continent SLP anomaly in December does not corroborate with the maintenance of 

Niño3 SST anomaly into December (c.f. Fig. 4.4 b and d). 
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Fig. 4.4: Observed monthly evolution of (a) Maritime Continent SLP anomalies, (b) Niño3 SST 

anomalies, (c) Niño3 OLR anomalies, (c’) Niño4 OLR anomalies, (d) longitude of minimum OLR from 

5° S – 5° N, 130° E-270° E. Plotting conventions as in Fig. 4.2, with dashed lines showing the following 

years of each El Niño event. 
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Convection in the tropical central and eastern Pacific also shows a strong relationship with 

SLP over the Maritime Continent (Fig. 4.3). Convection in this region is likely part of the link 

between east Pacific SST anomalies and SLP over the Maritime Continent through the Walker 

Circulation (Bjerknes, 1969; Deser and Wallace, 1990). In the second half of 1997, convection 

in the Niño3 region showed a substantial increase compared to the other two El Niño events 

(Fig. 4.4c), in line with the increase in SST anomalies. A build-up of convection was also 

observed in the Niño4 region in 1997 (Niño4 region outlined in Fig. 4.3), but in this region the 

convective activity was not significantly different from the other two strong El Niño events 

(Fig. 4.4c’). While convection in the Niño4 region shows the strongest positive correlation 

with SLP over the Maritime Continent (Fig. 4.3), the Niño3 region also shows a strong 

correlation. The Niño3 region also shows the greatest difference in convection anomalies 

between the 1997 event and the other strong El Niño events, suggesting this region could be 

more important for the record Maritime Continent SLP. 

However, the magnitude of the convection in the east Pacific cannot account for the 

weakening of the positive SLP anomaly over the Maritime Continent from November into 

December 1997 (Fig. 4.4a). Here we hypothesise that the longitude of maximum tropical 

convection might also play a role (e.g. Deser and Wallace, 1990). Niño3 SST and Niño3 

convection increased concurrently from April-May 1997 (Fig. 4.4 b and c), however the 

Maritime Continent SLP anomaly developed from roughly July-August (Fig. 4.4a). From 

roughly July-August 1997 the location of maximum convection starts to move eastwards 

reaching the furthest east in November 1997 (Fig. 4.4d), coinciding with the 1997 peak in 

Maritime Continent SLP (Fig. 4.4a). The location of maximum convection for the 1997 El Niño 

was also furthest east earlier than any other strong El Niño event (Fig. 4.4d). From November 

to December 1997 the maximum convection temporarily shifted westward to around one 
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standard deviation of its typical position (Fig. 4.4d), corresponding with the temporary 

reduction of Maritime Continent SLP (Fig. 4.4a). This suggests that the location of maximum 

convection is important for Maritime Continent SLP during the 1997 El Niño event, as 

suggested at the end of the previous section. A key differentiator for the 1997 El Niño to 

produce the record Maritime Continent SLP in SON could be that the maximum convection 

shifted earlier than other strong El Niño events, which is related to the early development of 

warm east Pacific SSTs.  

4.4.3 Causes of the record SLP over the Maritime Continent in SON of 1997 

As described above, the 1997-1998 event showed many record-breaking characteristics 

during SON, such as the highest SLP anomalies over the Maritime Continent, the warmest 

eastern tropical Pacific SSTs, and the most intense east Pacific convection of any strong El 

Niño event in the observational record. To determine the key processes associated with the 

high SLP anomaly, we examined the historical relationships between Maritime Continent SLP 

and metrics discussed in the previous sections. We also argued that the reason that this El 

Niño event was considered particularly strong in SON, was because it matured earlier in the 

seasonal cycle than other El Niño events. To highlight this, we compared SLP anomalies over 

the Maritime Continent with raw Niño3 SST, Maritime Continent SST, Niño3 OLR and 

longitude of minimum OLR (location of maximum convection) in SON and DJF (Fig. 4.5). We 

used SLP anomalies to ease comparison between seasons with different climatological SLP, 

but doing so did not change the relationships. 
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Fig. 4.5: Observed Maritime Continent SLP anomalies vs. (a) Niño3 SST, (b) Maritime Continent SST, 

(c) Niño3 OLR, and (d) longitude of maximum convection (minimum OLR). Purple and green show 

SON and DJF values, respectively, with the numbers indicating the last two digits of the year in which 

October or January falls. r, ρ and β are the Pearson correlation coefficients, Spearman’s rank 

correlation coefficients and the linear regression coefficients, respectively. 

 

The SLP in the Maritime Continent is more strongly linked to eastern Pacific SSTs than to SSTs 

local to the Maritime Continent. In SON of 1997, the SLP over the Maritime Continent was 

strongly positive, consistent with a linear relationship with Niño3 SSTs in both SON and DJF 
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(Fig. 4.5a). The relationship between SLP over the Maritime Continent and SSTs around the 

Maritime Continent shows a stronger linear relationship in SON than in DJF, consistent with 

seasonal changes experienced in the region (Hendon, 2003). However, in SON of 1997 the 

concurrent SLP and SSTs over the Maritime Continent deviated significantly from what was 

expected (Fig. 4.5b). Instead, the relationship was closer to that experienced during DJF in 

1982-1983 and 1997-1998 (Fig. 4.5b). This suggests that during 1997 SON the local Maritime 

Continent SLP-SST relationship behaved in a manner like that seen in DJF, suggesting a process 

that is typically seasonally dependant occurred earlier. 

The SSTs in the Niño3 region are likely associated with SLP over the Maritime Continent 

through atmospheric processes like the Walker Circulation. However, convection in the Niño3 

region typically shows a relatively weak nonparametric relationship with SLP over the 

Maritime Continent [Spearman’s rank correlation coefficients (ρ in Fig. 4.5c) of -0.44 and -0.38 

in SON and DJF, respectively]. Only three or four strong events make the nonlinear 

relationship more prominent (Fig. 4.5c), likely due to Niño3 SSTs in those events becoming 

warm enough to initiate deep convection (Gadgil et al., 1984; Johnson and Kosaka, 2016). In 

comparison, the longitude of maximum convection in the equatorial Pacific shows a robust 

linear relationship with SLP over the Maritime Continent, with 1997 the furthest east SON 

value (Fig. 4.5d). The location of maximum convection can be interpreted as the main 

ascending region of the Walker Circulation. As SSTs warm in the eastern Pacific, this shifts the 

ascending region east, allowing SLP in the Maritime Continent region to increase due to the 

reduced convection and increased potential for subsidence in the region. This process is 

typical of a strong El Niño in DJF, but occurred earlier in 1997, suggesting this process caused 

the record high SLP over the Maritime Continent in SON. 
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4.5 The 1997-1998 El Niño in the Community Earth System Model 

The observational analysis above showed the El Niño of 1997 matured earlier compared to 

other El Niño events. We propose this led to unseasonal repercussions on the atmospheric 

teleconnections to the Maritime Continent and, subsequently, eastern Australia (see previous 

Chapters). A key process to the early development was the early development in warm SSTs 

in the eastern Pacific. Exploring this process in general circulation models can aid in improving 

confidence in our hypothesis, and will assess the capability of models to simulate events like 

1997. Section 3.5 showed that the ACCESS 1.3 atmosphere model was able to simulate 

positive SLP anomalies over the Maritime Continent in the SON of 1997 that were comparable 

to those observed, but not to the same magnitude. The model also simulated significantly 

high SLP anomalies over the Maritime Continent during SON for the 1982 and 2015 El Niño 

events, which was not observed. In this study we use the CESM, to firstly assess if there is an 

improvement in Maritime Continent SLP simulation over ACCESS detailed in the previous 

chapter, and to also assess if air-sea coupling shows improvements to the simulated 

relationships. As our results will show, CESM is not able to simulate the record features to the 

same magnitude as observed in SON 1997. However, the poor simulation of key features, 

such as the limited eastward shift in maximum convection, may still provide insights into 

understanding the important processes that were observed. 

4.5.1 CESM atmosphere-only 

The CESM model forced with observed SSTs simulated a Maritime Continent SLP anomaly 

mostly higher than that of 1982 and 2015, but the model could not simulate the observed 

magnitude of SLP anomaly in the last half of 1997 (Fig. 4.6a). The evolution of the 1997 
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Maritime Continent SLP was similar to that of 1982 and 2015 (Fig. 4.6a). This was despite 

being forced with SSTs from the three events that were identical to our observational analysis 

(Fig. 4.6b). The simulation of Maritime Continent SLP in 1982 and 2015 was similar to that 

observed, suggesting the model struggles to simulate the SLP in 1997 in particular. Above 

average convection in the Niño3 region was simulated during the 1997 and 1982 events, but 

the convection in 1997 was not obviously larger than 1982, as seen in the observations (Fig. 

4.6c). The model simulated the shift of maximum tropical Pacific convection the furthest east 

in the second half of 1997  (Fig. 4.6d), however, the model did not shift as far east as observed 

(Fig. 4.4d). With the model not able to simulate a strong convection anomaly in the Niño3 

region, and not able to shift its maximum convection far enough east, this may explain why 

the model was not able to simulate a Maritime Continent SLP anomaly similar to observed.  

The simulated 1997 SON average Maritime Continent SLP anomaly was the record for SON in 

the atmosphere-only experiment and our analysis period (Fig. 4.7a). Only the magnitude of 

the SLP anomaly is reduced compared to observations, which is in line with reduced Niño3 

SST-Maritime Continent SLP sensitivity in this experiment. The CESM model has a similar 

correlation between Niño3 SST and Maritime Continent SLP to that observed, but the 

simulated SLP is less sensitive to the SST forcing (i.e. linear relationships of 0.44 hPa °C-1 and 

0.63 hPa °C-1 was simulated in SON and DJF, respectively, but the observations showed 0.55 

hPa °C-1 and 0.83 hPa °C-1, Fig. 4.7a and Fig. 4.5a). The local SLP-SST correlations around the 

Maritime Continent are also similar to observed, but are 23 % and 42 % weaker in sensitivity 

in SON and DJF, respectively (c.f. Fig. 4.7b and Fig. 4.5b).  These results indicate that SSTs in 

the Niño3 region drives the simulated Maritime Continent SLP, rather than SSTs around the 

Maritime Continent, a process that is seen in observations (e.g. Nicholls, 1984c; Hendon, 

2003; Fig. 4.5 a and b).  
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Fig. 4.6: As Fig. 4.4, but for CESM atmosphere-only experiment, and with individual model ensemble 

members (thin lines). 

 

The CESM convective response to SST forcing shows greater disparity to the observations. In 

SON, there is a stronger Spearman correlation between Maritime Continent SLP and Niño3 

convection in CESM compared to observations (Fig. 4.7c), but a weaker relationship than 
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observed was simulated in DJF. The stronger SON relationship could be due to the use of 

ensemble means reducing the influence of stochastic convection, especially for the cluster of 

events with very low convection centred around 280 W m-2 (Fig. 4.7c). 

A potentially critical deficiency in the CESM model is its inability to shift tropical Pacific 

maximum convection eastwards. The maximum convection in the CESM model only shifts 

eastward for very high Maritime Continent SLP (Fig. 4.7d), whereas a linear relationship was 

observed (Fig. 4.5d). The relationship between SLP over the Maritime Continent and the 

longitude of maximum convection is better simulated in DJF than SON, with an insignificant 

Spearman rank correlation (ρ = 0.11) for SON (Fig. 4.7d). This suggests the model is deficient 

in its simulation of some aspects of the changes to the Walker Circulation with El Niño, which 

is likely to be important for simulating the magnitude of the observed link between Niño3 

SSTs and SLP over the Maritime Continent. 
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Fig. 4.7: As Fig. 4.5, but for CESM atmosphere-only. Different axis scales are used for clarity. 

 

4.5.2 CESM Pacific pacemaker 

Consistent with the observations, the CESM atmosphere-only model was able to simulate a 

record high Maritime Continent SLP anomaly during SON when forced with 1997 SSTs. This 

was true even despite the weaker simulation of its Maritime Continent SLP and convection 
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compared to that observed (Fig. 4.7). The statistical relationships in observations and the 

atmosphere-only experiment show that the SSTs in the Niño3 region have a stronger 

correlation to Maritime Continent SLP than the SSTs local to that region. The influence from 

SSTs outside the Niño3 and Maritime Continent regions cannot be ruled out in observations 

or the atmosphere-only experiment, which was forced by global SSTs. To assess the 

importance of the eastern tropical Pacific SSTs to SLP over the Maritime Continent, both 

historically and in the 1997 event, we used the tropical Pacific pacemaker experiment. In 

addition, with a more realistic air-sea interaction outside the tropical eastern Pacific, we 

assessed if there is an improvement in the representation of convection and the Walker 

Circulation over the atmosphere-only experiment. 

The pacemaker experiment simulated a record high SLP anomaly over the Maritime Continent 

during the 1979-2013 analysis period, when the tropical eastern Pacific SSTs were nudged to 

observed SON 1997 anomalies (Fig. 4.8a). The result confirms that this region is a key 

contributor to the record high SLP over the Maritime Continent in the SON of 1997. However, 

the record high SLP in the model did not reach the same magnitude as observed. This was 

also simulated in the atmosphere-only experiment, but some key metrics performed worse 

in the pacemaker than the atmosphere-only experiment. The correlation between Maritime 

Continent SLP and Niño3 SST is similar to the atmosphere-only experiment, but has roughly 

half of the sensitivity during SON (Fig. 4.8a). In addition, allowing air-sea coupling in the 

pacemaker experiment introduced a stronger than observed local SST-SLP correlation over 

the Maritime Continent (Fig. 4.8b). This resulted in a cooler than observed Maritime 

Continent SST anomaly in the pacemaker experiment during SON 1997. The cooler local SSTs 

may have acted to increase the Maritime Continent SLP, leading to the simulation of a record 

SLP anomaly from a different process than was observed. 
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Fig. 4.8: As Fig. 4.5, but for CESM Tropical Pacific pacemaker experiment. Different axis scales are 

used for clarity. 

 

The simulation of convection in the pacemaker experiment did not show any appreciable 

improvement over the atmosphere-only CESM experiment. The simulation of convection in 

the Niño3 region during SON of 1997 was generally weaker in the pacemaker experiment 

compared to observations (c.f. Fig. 4.8c and Fig. 4.5c), and even compared to the atmosphere-

only experiment (Fig. 4.7c). This aligns with a weaker nonparametric relationship between 
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Maritime Continent SLP and Niño3 convection in the pacemaker compared to both 

observations, and the atmosphere-only experiment. In DJF, however, the pacemaker shows 

a Maritime Continent SLP-Niño3 convection relationship that was more like observations (Fig. 

4.8c) , suggesting a seasonal dependency to a possible convection bias in this experiment. The 

weaker-than-observed SON convection that the pacemaker simulated in the Niño3 region, 

particularly for the 1997 event, may partly be explained by its simulation of the shift in 

maximum convection. The pacemaker experiment simulated the location of maximum 

convection in SON 1997 close to its mean location, not shifted eastwards as observed (c.f. Fig. 

4.8c and Fig. 4.5c). The pacemaker experiment also showed a shorter eastward shift than the 

already deficient atmosphere-only experiment (c.f. Fig. 4.8c and Fig. 4.7c). In addition, the 

maximum convection in the pacemaker experiment was only able to reach Niño4 longitudes 

in DJF 1997-1998  (Fig. 4.8). The observations showed that a shift in maximum convection to 

the east is strongly related to the SLP over the Maritime Continent. With the model unable to 

simulate the observed shift in SON, this may partly explain why the model cannot simulate a 

Maritime Continent SLP anomaly in SON 1997 of a similar magnitude to that observed. 

The pacemaker experiment also has climatological SSTs in the eastern Pacific roughly 1 °C 

cooler than the atmosphere-only experiment, due to the necessity for this region to have 

consistent SSTs with the coupled model (c.f. Fig. 4.9 a and c, see methods). This represents a 

key distinguishing factor between the two experiments. The cooler SSTs likely lead to a 

weaker convection response in the pacemaker experiment compared to the atmosphere-only 

experiment in the Niño3 region. In the observations, deep convection in the tropics tends to 

initiate when the underlying SSTs are at roughly 27 °C (Gadgil et al., 1984; Johnson and Kosaka, 

2016), which is seasonally independent (Fig. 4.9a). In SON 1997 the Niño3 SST was observed 

to reach 28 °C; this allowed convection anomalies in the Niño3 region to approach DJF 1982-
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1983 and 1997-1998 levels (Fig. 4.9a). The CESM atmosphere-only model forced with 

observed SSTs can simulate a similar convection response to the observed, with the initiation 

of deep convection at roughly 26.8 °C (Fig. 4.9b). The pacemaker experiment, however, 

initiated deep convection in the Niño3 region at roughly 25.8 °C, apparently accounting for 

the 1 °C cooler climatological SST. The convection response to SSTs in the Niño3 region during 

SON still appears weaker than the atmosphere-only experiment and the observations (c.f. Fig. 

4.9 a, b, c). Weaker convection in the Niño3 region may mean a weaker Walker Circulation, 

which may also reduce the magnitude of the high SLP anomaly over the Maritime Continent 

during SON 1997.   

 

Fig. 4.9: Niño3 OLR anomalies vs. Niño3 SST in (a) observations, (b) CESM atmosphere-only, (c) CESM 

Tropical Pacific pacemaker experiment. Plotting conventions as in Fig. 4.5. 

 

4.6 Summary and Discussion 

The strong, positive SLP anomaly over the Maritime Continent that was observed in the SON 

of 1997 was the highest on record for that season. The anomaly covered a large area, 

appearing over the equatorial Indian Ocean and extending into the central equatorial Pacific. 

The zonal extension was so large that it influenced SLP at Tahiti longitudes. This extension 
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rendered the Troup Southern Oscillation Index largely ineffective as a metric for changes to 

the atmospheric circulation associated with El Niño for the 1997 event. From the evidence we 

have presented in this Chapter, the high SLP over the Maritime Continent was associated with 

an early maturation of the 1997 El Niño in SON, rather than DJF which is more typical for other 

strong El Niño events. The warm SSTs in the eastern Pacific in the SON of 1997 drew the 

location of maximum convection eastward and coincided with an increase in SLP over the 

Maritime Continent.  

Deser and Wallace (1990) showed that the warmer the SSTs in the tropical east Pacific, the 

further east the location of maximum convection can traverse. In this study we attempted to 

link this shift to an increase in Maritime Continent SLP. This process is typically observed in 

strong eastern Pacific type El Niño events in DJF. However, in 1997, we showed that this 

process occurred in SON. This highlights that the timing of the warm eastern Pacific SSTs 

anomalies has important repercussions for the atmospheric teleconnections associated with 

El Niño, such as to east Australian rainfall (Chapter 2; Chapter 3; van Rensch et al., 2015, 

2019). The 1997-1998 El Niño was well forecasted by assuming persistence of its early strong 

SST anomalies (Barnston et al., 1999). However, the impact on east Australian rainfall was not 

well forecast due to the reliance on statistical relationships at the time. This study shows that 

the impacts seen in SON 1997 were different to other El Niño events, but in a potentially 

predictable way. Based on this hypothesis, accurately forecasting the impacts of future El 

Niño events like that of 1997-1998 could be possible. 

The CESM atmosphere-only model simulated a record high SLP over the Maritime Continent 

in SON of 1997. However, the magnitude of the anomaly was smaller than observed and it 

was not substantially higher than the simulations of other strong El Niño events in 1982-1983 
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and 2015-2016. The simulation of the SLP anomaly over the Maritime Continent did not 

improve in the pacemaker experiment, with the model simulating an air-sea relationship that 

was too strong over the Maritime Continent. In addition, both experiments could not simulate 

the eastward shift in maximum tropical Pacific convection to the same distance as observed 

during SON 1997. The shift in convection was significantly related to SLP over the Maritime 

Continent in the observations. The reduced simulated shift in convection compared to 

observations could be a key source of SLP bias in both experiments. The pacemaker 

experiment also suffers from a problem that is typical of coupled models. This is that the 

tongue of cold SSTs in the eastern tropical Pacific extends too far west (Bellenger et al., 2014; 

Taschetto et al., 2014), reducing the efficiency of the convective response to SSTs. In addition 

to the spatial biases, some coupled models also exhibit biases in the typical onset of El Niño 

events (Bellenger et al., 2014; Taschetto et al., 2014). Our study shows that the onset bias 

may then have implications on the teleconnections of strong El Niño events in the Maritime 

Continent and, subsequently, Australian regions. 

The influence of stochastic processes in contributing to the record high Maritime Continent 

SLP in SON 1997 cannot be ruled out. However, proving this with the current model will be 

challenging due to the numerous biases already discussed. Based on observations, the SON 

1997 SLP anomaly is largely consistent with the observed significant linear relationship 

between Maritime Continent SLP and both Niño3 SST and the longitude of maximum 

convection. This indicates a consistent dynamical process for the SON 1997 SLP anomaly, 

suggesting that if there is an influence from stochastic processes during this event it would 

likely be small. 
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Strong El Niño events like 1997-1998 have been projected to increase in frequency in the 

future due to increased greenhouse gas concentrations (Cai et al., 2014). Likewise, the spatial 

extent of ENSO teleconnections has also been projected to increase (Perry et al., 2017). Due 

to the unique features of the 1997-1998 El Niño teleconnection pattern, an assessment of the 

future strong El Niño teleconnections should be undertaken. However, that study would rely 

on assessment/improvements of the maximum tropical Pacific convection shift and a further 

reduction in cold tongue bias in coupled models. In addition, it is unknown how warming SSTs 

around the Maritime Continent region may influence the local Maritime Continent SLP during 

strong El Niño events, which may also have implications to the resulting teleconnections. 



5 Discussion 

This thesis describes how three strong El Niño events influenced east Australian rainfall via 

different processes, resulting in different rainfall responses in eastern Australia. In this section 

we will focus on three main findings that arose from this work and their implications for future 

studies: 

1. How the atmosphere reacts, or does not react, to SST forcing is a key factor in 

determining how east Australian rainfall is modified by an El Niño. This incorporates 

not only the influence of stochastic forcing, but also how the overlying circulation of 

either zonal wind, meridional wind, or sea level pressure influences rainfall in different 

locations.  

2. The timing, strength and structure of the SST forcing in the Pacific can have significant 

implications for the resulting circulation and therefore rainfall over east Australia in 

SON.  

3. The finding that local SSTs can have an influence on the resulting rainfall in east 

Australia during strong El Niño events. 

4. The implications of these results in the study of past and future climate. 

Before discussing these main findings, we will discuss a limitation in this work regarding 

sample size. This study only focused on three strong El Niño events, due to these events being 

the strongest El Niño events during the satellite era – an era of good data coverage. This study 

is dependent on the features and processes that occurred during these events. Therefore, it 

is possible that future strong El Niño events may influence east Australian SON rainfall in a 

manner that has not yet been observed. We have attempted to mitigate this limitation by 

using the full observation record when determining typical relationships, such as in analysing 
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the most important circulation features for rainfall and in investigating the processes related 

to Maritime Continent SLP increases. Regarding the three El Niño events, we used ensembles 

of AGCM simulations to reduce any influence from processes unrelated to SSTs, with the 

important caveat that the models contain biases compared to the observations. 

5.1 The role of the atmosphere in teleconnections from SSTs 

Atmospheric processes are instrumental in teleconnecting the influence of SSTs to rainfall in 

east Australia. Additionally, variations within the atmosphere have the potential to produce 

large rainfall differences between similar El Niño events. Although differences in SSTs 

between El Niño events have been shown to be important, and will be discussed in following 

sections, the SST-forced atmosphere contains internal stochastic variability unrelated to SSTs 

(Sardeshmukh et al., 2000). Stochastic deviations range from the short timescale, from 

individual weather events (Pook et al., 2006), the influence of the MJO passing through the 

region (Wheeler et al., 2009), to monthly timescale, such as the SAM (Lim and Hendon, 2015). 

Based on our modelling, even the three strongest El Niño events of the satellite era could not 

guarantee a rainfall anomaly of a certain sign. The stochasticity of the atmosphere will always 

provide a limit to the seasonal forecasting of rainfall, and the circulation, as highlighted by the 

2015 event.  

Despite the apparent dominance of stochastic processes, this thesis brings a cautionary note 

on the assumption that any unusual teleconnections are due to stochasticity. There was an 

assumption that the near average east Australian SON rainfall associated with the 1997 El 

Niño event was due to stochastic processes (e.g. Walland, 1998), but this did not tell the full 

story. Our modelling results showed that the SON east Australian rainfall anomaly was SST 

forced. This highlights that the assumption of stochastic interference in historical 
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teleconnections should not be assumed. A proper analysis of individual events could result in 

the discovery of new important processes that have the potential to be applied to future 

events. 

Analysing the east Australian rainfall anomalies during the three El Niño events could not have 

been possible without understanding how the local atmospheric circulation is related to 

rainfall on a seasonal timescale. Previous studies of the relationship between climate drivers 

and rainfall typically analysed the driver-circulation and driver-rainfall link and assumed the 

associated circulation-rainfall link (e.g. Cai et al., 2011b). However, this thesis has shown that 

understanding the circulation-rainfall link is crucial for a more complete understanding of the 

processes relating strong El Niño to rainfall. This is highlighted during the 1997 event, by 

showing that average east Australian rainfall could occur despite a widespread high SLP 

anomaly over the region, because the rainfall at this time of year was more closely related to 

wind direction rather than SLP. Incorporating the link between circulation and rainfall into the 

analysis of other climate drivers may also provide a greater understanding of processes 

relating that climate driver to rainfall, potentially improving forecasts. In addition, we showed 

the performance of GCMs could be assessed by comparing its circulation-rainfall relationship 

with that observed.  

A deficiency of the circulation-rainfall analysis is that it has only been used on a seasonal 

timescale; further insights could be obtained by analysing sub-seasonal scale relationships. 

Analysis of large-scale circulation features have been related to synoptic scale systems, such 

as atmospheric blocking. Blocking in the Tasman has shown a strong relationship with the 

frequency of cut-off low events in southeast Australia which themselves show detectable 

decadal variations (Risbey et al., 2013). However, the literature contains limited analysis on 
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how El Niño events influence weather systems on synoptic or convective scales in Australia. 

Such analysis could potentially provide a deeper understanding of the underlying mechanisms 

than presented here. 

5.2 Differences between El Niño events 

The spatial structure of El Niño, i.e., whether the maximum anomaly is in the central or 

eastern Pacific, has been shown to have different teleconnections in Australia (Wang and 

Hendon, 2007; Taschetto and England, 2009; Frauen et al., 2014). Central Pacific El Niño 

events typically show a greater influence on Australian rainfall than eastern Pacific events 

(Wang and Hendon, 2007). We showed that other characteristics of El Niño can also cause 

differing teleconnections to east Australia during SON. Comparison of the strong eastern 

Pacific El Niño events of 1982 and 1997 highlight that the timing of when strong SSTs occur, 

and the resulting atmospheric response, are also important. 

The 1982-1983 El Niño reached its peak strength during DJF, whereas the 1997 event reached 

similar magnitudes in SON – one season earlier. As a result, the typical eastward shift of the 

rising branch of the Walker Circulation seen in El Niño events occurred earlier in the 1997 El 

Niño event compared to the 1982-1983 event. This early eastward shift in 1997 influenced 

Maritime Continent SLP, and subsequently, east Australian rainfall. Previous studies have not 

focussed on the impact of the timing of strong SST anomalies during the 1997 event. However, 

our results show that the temporal evolution of the event, including the timing of the mature 

phase, could provide important information for forecasting the impact of future strong El 

Niño events on east Australian rainfall. A complicating factor is the poorly simulated phasing 

of the seasonal cycle to El Niño peak in many CMIP5 models (Taschetto et al., 2014; Roy et 
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al., 2019). This indicates that model improvements are required if we are to utilise this aspect 

of the El Niño teleconnection. 

Model improvements are also required in simulating the shift in convection associated with 

the rising branch of the Walker Circulation. We found evidence that the eastward shift in 

convection is related to the increase in SLP anomalies over the Maritime Continent. However, 

due to the inability of the CESM atmosphere model to simulate an eastward shift similar to 

that observed, our hypothesis could not be explored robustly. The limited eastward shift 

appears to be a common feature in other CMIP5 models (Bayr et al., 2018). Whether this has 

implications on the accuracy of their Maritime Continent SLP requires further exploration. 

The idea of pantropical interactions has emerged in the literature, where the interaction of 

all three tropical ocean basins are used to explain the behaviour of tropical climate variability 

(Cai et al., 2019). For instance, the IOD has been implicated in both the development (Izumo 

et al., 2010; Hameed et al., 2018), and termination of El Niño (Kug and Kang, 2006). Further 

analysis of the behaviour of the IOD during these events may reveal complex interactions with 

east Australian rainfall. In addition, models should be analysed with these interactions in mind 

with a view to improve the simulation of these processes. 

5.3 SSTs adjacent to Australia influencing the El Niño – east 

Australian rainfall teleconnection 

The SSTs adjacent to Australia have at times received less attention than remote SSTs, in 

terms of their influence on Australian rainfall during strong El Niño events. The influence of 

SSTs adjacent to Australia, particularly to the north, has not been unnoticed, with numerous 

studies finding a relationship between these SSTs and southern Australian rainfall (Nicholls, 

1984a, 2010; Watterson, 2010; Timbal and Hendon, 2011). However, the influence of these 
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adjacent SSTs was typically analysed throughout the historical record, with limited analysis of 

their impact during ENSO events. This changed after the La Niña of 2010-2011, which showed 

warmer than normal SSTs surrounding the north of Australia. Evans and Boyer-Souchet (2012) 

showed these warm SSTs contributed roughly 25 % of the rainfall received in north Australia, 

a result that later corroborated with Ummenhofer et al. (2015). Whether Australian rainfall 

was influenced by these adjacent SSTs in other ENSO events was unknown. 

In this thesis we have demonstrated that east Australian rainfall associated with strong El 

Niño events can be influenced by local SSTs. We found that roughly half of the 1982 SST forced 

east Australian SON rainfall anomaly could be attributed to northeast Australian SSTs, when 

our analysis in Fig. 3.8 was reframed relative to the 1979-2008 model climatology. The remote 

SST-forced circulation anomalies during the 1982 El Niño likely contributed the remainder of 

the rainfall anomaly. This was confirmed in the 1997NEAus1982 experiment which simulated 

a near average SST-forced circulation, but a SON rainfall deficit approaching that of 1982. This 

indicates that the SSTs to the northeast of Australia have potential to force an east Australian 

rainfall anomaly comparable to the remote SST-forced circulation, provided the concurrent 

seasonal-scale circulation anomalies are weak. These results show that SSTs local to Australia 

could be employed to provide a more accurate Australian rainfall forecast during strong ENSO 

events. 

Our AGCM analysis indicated that the SSTs adjacent to Australia influence rainfall in east 

Australia by modifying the availability of moisture. The influence of moisture availability to 

east Australian rainfall has been explored previously during individual ENSO events. Increased 

moisture transport was shown to be a contributing factor during the 2010-2011 La Niña 

(Ummenhofer et al., 2015). In addition, parcel tracking showed less moisture was available 
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for cut-off low events over the Mallee region during the 1982 El Niño event (Brown et al., 

2009). The importance of SSTs adjacent to Australia for moisture availability, and therefore 

rainfall, in east Australia has not been firmly established. An expansion of the parcel tracking 

analysis to all years may expose sub-seasonal processes and additional sources of rainfall 

predictability. This could be particularly useful in combination with the analysis of synoptic 

systems, e.g. the frequency of east coast lows have been shown to increase with warmer SST 

anomalies (Pepler et al., 2016b). 

5.4 Past and future implications 

Our analysis showed it is possible that large El Niño events may not necessarily exhibit a strong 

rainfall influence in east Australia during SON. Whether a weaker rainfall response similar to 

that in 1997 SON has occurred in the past during strong El Niño events is not known. Likewise, 

it is unknown whether an event like that of 1997 can distort the ENSO-Australian rainfall 

relationship. The relationship has exhibited a transient nature in the past, experiencing 

periods of strong and weak relationships (McBride and Nicholls, 1983; Gallant et al., 2013; 

Ashcroft et al., 2016), which has been linked to the Interdecadal Pacific Oscillation (Power et 

al., 1999; E.-P. Lim et al., 2017). The relationship also experiences an asymmetry, where La 

Niña events have a greater influence on rainfall than a similar magnitude El Niño (Power et 

al., 2006). Additionally, other events, such as the 2002 El Niño event, may have the opposite 

effect, i.e., of strengthening the apparent relationship. The relatively weak 2002 El Niño event 

was associated with significantly below average SON rainfall to east Australia, but evidence 

suggests that the below average rainfall was influenced by a concurrent SAM event, which 

highlights the influence of stochastic variability (Lim and Hendon, 2015). Whether features in 
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the ENSO-Australian rainfall relationship can be attributed to complexities of individual 

events remains unknown. If so, this could have implications for paleoclimate studies. 

Climate change has the potential to influence El Niño and its teleconnection to east Australian 

rainfall. Studies using coupled models and future emission scenarios have found that the 

frequency of strong El Niño events may increase in the future (Cai et al., 2014, 2018), but this 

is still debated due to the current disconnect between the observed and modelled 

background SST trend (Lim et al., 2019). The background SST was found to be favourable for 

the strong El Niño of 1982-1983 and 1997-1998, indicating that this could be important for 

strong El Niño development (Zhao et al., 2016). There has also been a tendency for El Niño to 

have its maximum anomaly in the central Pacific since roughly the 1980s (Freund et al., 2019). 

Whether this is a result of climate change is unknown, but if this trend continues it may make 

events like 1982 and 1997 less likely.  

Teleconnections associated with El Niño may change locations with increased greenhouse 

gases (Perry et al., 2017). Also, the rainfall received during an El Niño event in Australia has 

been projected to reduce (Power and Delage, 2018). The positive trend in the SAM could also 

have an impact on zonal winds, and therefore, ENSO teleconnection (Hendon et al., 2007; Lim 

et al., 2019), highlighting the tangled web of climate drivers that must be assessed when 

examining possible rainfall change in Australia. Incorporating the analysis from this thesis into 

that of future emission scenarios could also prove enlightening.  

In addition to the possible changes in El Niño SST structure, our results show that warming 

trends in local SSTs are also likely to influence east Australian rainfall. Increasing SSTs to the 

north and northeast of Australia could make cool SSTs like that of SON 1982 less likely – 

reducing the chance of very low rainfall in east Australian associated with El Niño. The change 
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in temperature experienced in local Australian SSTs was highlighted in the SST swap 

experiments where the cold 1982 northeast Australian SSTs was inserted into 2015 global 

SSTs. Although the moisture response was as expected, there was a small region of significant 

circulation change compared to the 2015 control simulation. The circulation change was likely 

associated with an enhanced local SST gradient as a result of the large SST temperature 

differences between the two periods. This highlights the dramatic change in temperature 

experienced during our period of analysis, and may indicate that climate change could already 

be influencing the teleconnection between east Australian rainfall and El Niño, however this 

requires further research.  



6 Conclusion 

In this thesis, we investigated the mechanisms associated with the teleconnection of three 

strong El Niño events to east Australian SON rainfall. In doing so we covered the main aspects 

involved in connecting an El Niño SST anomaly in the Pacific with rainfall in east Australia. 

Firstly, the timing, spatial structure and magnitude of the El Niño SST pattern in the Pacific 

can modify the circulation in the Australian region. In addition, the SSTs local to Australia can 

also act to modify rainfall. Secondly, the circulation of the atmosphere can be modified by 

stochastic interference; and finally, the resulting rainfall is dependent on the most important 

localised circulation features for rainfall. The following summarises the thesis main results. 

Using the atmosphere-only experiments from CMIP5, we showed that the rainfall received in 

both SON 1997 and 1982 were likely forced by sea surface temperatures rather than a 

stochastic atmosphere. The CMIP5 multi-model ensemble mean simulated near average 

rainfall in 1997, with less than average rainfall simulated in 1982, but not to the same 

magnitude as observed. We used ACCESS to include the 2015 event, by running a 60-member 

atmosphere-only experiment for each of the three strong El Niño events. The ACCESS model 

simulated consistent rainfall anomalies to observations for 1982, 1997, and 2015 events. In 

addition, the simulated SLP pattern associated with the 1982 and 1997 SSTs was consistent 

with observations, but weaker in magnitude. The simulated circulation pattern associated 

with 2015 SSTs was similar to the 1982 event, whereas the observations showed a more 

widespread and strongly positive SLP anomaly over southern Australia. This suggests either 

the atmosphere was highly influenced by stochastic processes in 2015, or the model was not 

able to simulate an SST-related process. 
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The SSTs adjacent to Australia were assessed for their importance to the east Australian SON 

rainfall anomalies during the 1982 and 1997 events. The SSTs were significantly cooler than 

average in the region off the northeast and northern coasts of Australia during 1982, whereas 

in 1997 the SSTs in these regions were near average. Partial correlations using observed data 

showed a relationship between the local SSTs and southeast Australian rainfall when ENSO is 

excluded. The region to the northeast of Australia showed the greater influence, particularly 

when the influence of a stochastic atmosphere is minimised using the CMIP5 ensemble mean 

rainfall. We performed targeted experiments using the ACCESS model where we swapped the 

SSTs in the northeast and north between the three strong El Niño events. The experiments 

showed that the northeast Australian SSTs during SON 1982 further reduced the rainfall by 

roughly 17-21%, whereas north Australian SSTs reduced rainfall by roughly 9%. The ACCESS 

results showed that local SSTs influenced rainfall through modifying moisture availability in 

the sub-seasonal flow, and the SSTs had no significant influence on the seasonal-scale 

circulation. Despite the strong influence of these SSTs, they could not fully explain the rainfall 

anomalies in these years, suggesting other factors were also important. 

The atmospheric circulation during SON of 1982 and 1997 were SST-forced, but not from SSTs 

local to Australia. Both events were associated with a positive SLP anomaly off the southern 

coast of Australia, which is typical of El Niño events, yet they still resulted in different rainfall 

anomalies. To understand what aspect of the seasonal circulation was important for SON 

rainfall, we used localised multiple regression to determine whether SLP, zonal, or meridional 

wind is most important for rainfall. We found SLP was most important for rainfall in the 

southern regions of east Australia; zonal wind was most important for rainfall along the 

southern and central east Australian coast, following the Great Dividing Range; and 

meridional wind was most important in the remainder of eastern Australia. Applying this to 
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the circulation of 1982 showed the high pressure and the significantly strong southeasterly 

wind anomalies produced ideal conditions for significant rainfall deficits. Whereas the 

circulation associated with the 1997 saw a spatially uniform positive SLP anomaly throughout 

east Australia, but near average wind anomalies – leading to near average rainfall in most of 

the region. The positive SLP anomaly over eastern Australia in SON 1997 was the result of the 

El Niño-typical positive SLP to the south of Australia combining with a significantly positive 

SLP to the north of Australia centred over the Maritime Continent. 

The 1997 SON Maritime Continent SLP was a record high for that season, with the anomaly 

extending to the eastern pole of the Southern Oscillation Index, rendering the index incapable 

of capturing this extreme event. A Maritime Continent SLP of similar magnitude was observed 

in the DJF seasons of 1982-1983 and 1997-1998. We deduce that this record high SON 

Maritime Continent SLP was due to the 1997 El Niño peaking stronger earlier than any other 

El Niño in the satellite era. SON SSTs in the eastern tropical Pacific were also record high, 

inducing convection and shifting the maximum tropical Pacific convection the furthest east 

during SON in the satellite era. With the maximum convection so far east, away from its 

typical location near the Maritime Continent, this allowed the SLP to increase in the Maritime 

Continent region. Confirming this process in general circulation models proved challenging. 

ACCESS simulated a stronger positive SON Maritime Continent SLP anomaly in 1997 than in 

1982 and 2015, but not to the same magnitude as observed. CESM also struggled to simulate 

the magnitude of the Maritime Continent SON SLP anomaly when forced with 1997 SSTs. We 

show that the CESM atmosphere model was unable to shift the maximum convection 

anomaly far enough east in SON, possibly prohibiting the build-up of SLP in the Maritime 

Continent region. Introducing coupling between atmosphere and ocean in all regions but the 

tropical central and eastern Pacific did not improve the processes in the model. This suggests 
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a deficiency in the atmosphere model prevented the simulation of the record strong SON 

Maritime Continent SLP anomaly to the same extent as observed. 
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