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7 Summary and conclusions 
The ability of the High-resolution Global Environmental Model (HiGEM) to simulate Queensland's rainfall, its 
natural variability and the drivers of that variability in a 150-year control simulation has been assessed. HiGEM 
displays a mean-state dry bias over tropical northern Australia and along the eastern coast (Fig. 1c) largely due to 
deficient rainfall in summer wet season (Fig. 1f); mean rainfall across Australia in the summer wet seasons is well 
simulated. The presence in HiGEM of considerable DJF wet biases just offshore, combined with the onshore dry 
biases, suggests that the HIGEM coastal tilting scheme permits ascent and precipitation too far away from the 
coastline, drying the flow before it can reach land. Aside from northern and eastern Queensland in the summer, 
HiGEM produces a realistic simulation of seasonal-mean Queensland rainfall.  
HiGEM produces near-observed levels of inter-annual variability in rainfall across Australia, for both annual and 
seasonal rainfall, with slightly strong (weak) variability in northern and eastern (southern and western) Queensland 
(Fig. 3). The ENSO-Queensland rainfall teleconnection is robust in HiGEM in all seasons, including the seasonal 
variations in the strength of the correlation (i.e., highest in SON, weakest in MAM) and the spatial pattern of the 
correlation magnitude (Fig. 5).  
The only discrepancies between HiGEM and observations are minor: correlations in northern Australia during the 
MAM ENSO transition season are weaker than observed, while those in DJF and JJA for eastern Australia are too 
strong. HiGEM produces reasonable lead–lag relationships between Niño 4 SST anomalies and Queensland rainfall 
(Fig. 6), except for in February and March when the overly bi-annual nature of ENSO in HiGEM leads to 
erroneous anti-correlations between rainfall in those months and the ENSO in the remainder of the same calendar 
year. The observed asymmetric response of Queensland rainfall to Niño 4 SST anomalies—in which the magnitude 
of rainfall anomalies is correlated with the amplitude of La Niña, but not with the amplitude of El Niño—occurs in 
HiGEM as well, although the correlation with La Niña is overly dependent upon two large La Niña events in 
HiGEM that are outside the range of observed events (Fig. 7). HiGEM therefore represents well the inter-annual 
variations in Queensland’s rainfall and its teleconnection with ENSO, the dominant driver of such variability. 
On decadal temporal scales, however, HiGEM produces very weak variations in Australian rainfall, relative to the 
SILO analyses (Fig. 4). This is hypothesised to be due to the lack of an Interdecadal Pacific Oscillation in HiGEM, 
which in observations has been shown to vary both the total rainfall in Queensland and the strength of the ENSO–
Queensland rainfall teleconnection (e.g. Cai et al. 2001; Arblaster et al. 2002; Power et al. 2006; Cai et al. 2010). 
Despite using a variety of techniques to isolate the IPO in HiGEM—EOFs of 13-year lowpass-filtered SSTs (as in 
Arblaster et al. 2002), regressions of global 13-year lowpass-filtered SSTs onto 13-year lowpass-filtered SSTs in 
the equatorial Pacific, and wavelet transforms—little coherent variability between tropical and extra-tropical Pacific 
SSTs on decadal temporal scales was identified (Fig. 8).  
Analysis of the 1000-year control simulation (in 150 year segments) from an older, lower-resolution version of the 
Hadley Centre coupled model (HadCM3) discovered IPO-like features, demonstrating that such SST variability can 
exist in a coupled GCM. An extension of the HiGEM control simulation is planned, which would allow a longer 
period to be discarded from the start of the simulation to account for ocean spin-up. HiGEM lacks natural decadal 
variability in Queensland rainfall, likely due to the failure of the model to simulate an IPO that resembles 
observations.  
The climatology of tropical-cyclone activity near Queensland in HiGEM compares reasonably well with 
observations in cyclone tracks and genesis and lysis regions (Fig. 9): there are too many cyclones in HiGEM 
tracking north of Australia and through the central Pacific, with slightly too few near the east coast of Queensland 
south of Cairns (Fig. 9c). HiGEM generates most of its cyclones near the Gulf of Carpentaria, consistent with 
observations (Fig. 9f); differences in lysis density are due to the inclusion of extra-tropical transitions in the 
HiGEM tracks but not in the observed ones (Fig. 9i). The fidelity of tropical-cyclone variability in HiGEM on all 
temporal scales (i.e. sub-seasonal to inter-decadal) and the links to known drivers (e.g. ENSO and the Madden–
Julian Oscillation) is an active area of research in this project that will be reported separately.  
Empirical orthogonal teleconnection analysis of seasonal HiGEM precipitation in Queensland revealed that the 
model produces many patterns of coherent rainfall variability that are similar to those from SILO, both in their 
spatial patterns and their underlying physical mechanisms. Table 2 summarises the region each EOT affects, the 
most likely driving mechanism for each EOT and the SILO EOT to which each HiGEM EOT corresponds, if any.  
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As in observations (Figs. 26a–d), the leading HiGEM EOTs (Figs. 11a–d) are uni-polar across Queensland and so 
describe state-wide rainfall variations. In DJF, JJA and SON, these patterns are highly correlated with Niño 4 SST 
anomalies (Table 1) and associated shifts in tropical circulation patterns, driving cyclonic circulation anomalies and 
increased cyclonic activity over northern Australia in wet years (Fig. 14), as Klingaman (2012b) found for the 
SILO EOTs. HiGEM produces weaker variance in Niño 4 SSTs associated with these EOTs, however, than in 
observations, and the SST anomalies do not peak strongly in DJF (Fig. 15). The leading MAM EOT in HiGEM is 
related to the strength of the late-season monsoon circulation across Australia, as for SILO, but the anomalous 
circulation in HiGEM is much weaker than in observations for similar changes in Queensland rainfall (Fig. 17).  
Once the leading HiGEM EOTs were removed, the remaining EOTs describe patterns of coherent regional rainfall 
variations in Queensland. As for the leading patterns, many of these strongly resemble EOTs of SILO rainfall, 
although the HiGEM EOTs often do not occur in the same order (e.g. HiGEM DJF EOT 2 is similar to SILO DJF 
EOT 3) due to slight differences in the percentage of variance in the all-Queensland rainfall that each EOT 
explains. HiGEM performed particularly well for DJF EOTs, despite its mean-state dry bias in this season, which is 
encouraging the majoritys of Queensland’s rainfall occurs during DJF, particularly in the north. HiGEM DJF EOTs 
2 and 4 match SILO EOTs 3 and 2, respectively: the former is driven by onshore moisture transport from the 
combination of low pressure off the coast of Queensland and high pressure in the Tasman Sea (Figs. 18); the latter 
is caused by variations in tropical-cyclone tracks across the Cape York peninsula (Fig. 16).  
By contrast, HiGEM performed poorly for SON EOTs, as only the leading SON EOT has a SILO counterpart. The 
other HiGEM EOTs were either driven by the same mechanism as in observations but affected the wrong region of 
Queensland (SON EOT 3) or affected the same region but by the wrong mechanism (SON EOT 2). In MAM and 
JJA, the leading two HiGEM EOTs matched the leading two SILO EOTs, with the second EOTs being driven by 
coastal cyclones and Southern Ocean blocking, respectively. Consistent with the overall lack of decadal variability 
in HiGEM, the EOTs that showed consistent decadal and multi-decadal variability in SILO have little such 
variability in HiGEM (Fig. 13).  
The HiGEM control integration simulates well the mean and inter-annual variability of Queensland’s rainfall and 
its drivers, even capturing the second EOT of SILO rainfall in three of four seasons. The ENSO–Queensland 
rainfall teleconnection is particularly robust in HiGEM, as are patterns of regional rainfall variability that involve 
onshore flow along the Queensland coast. Tropical cyclones are also captured well, although drivers of their 
variability in HiGEM require further investigation. On decadal temporal scales, however, HiGEM performs poorly, 
most likely due to a weak IPO. These results will inform the analysis of the HiGEM decadal hindcast and 
prediction simulations for CMIP5, as they indicate which aspects of Queensland’s rainfall the model simulates 
reliably, and which it does not. 
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Appendix A  
SILO EOTs 
The spatial patterns (Fig. 27) and time series (Fig. 28) of the three leading EOTs of SILO seasonal rainfall from 
Klingaman (2012b) are included here for ease of comparison to the EOTs of HiGEM seasonal rainfall, as are the 
tables of correlations of potential drivers with the SILO EOTs (Table 3) and the summary table listing the 
mechanism that drives rainfall variability in each EOT (Table 4). 
 

 
Figure 26: Correlations of the timeseries of seasonal-total (for EOT 1) or residual seasonal-total (EOTs 2 and 3) rainfall at each 
point with the EOT base point, which is marked with a black triangle. The base point is the one that explains the greatest 
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variance in the area-average (EOT 1) or the residual area-average (EOTs 2 and 3) Queensland rainfall once any preceding 
EOTs have been removed by linear regression. Black dots indicate statistically significant correlations at 5 per cent. 

 

 
Figure 27: Annual timeseries (black bars) and their 11-year running means (red lines) for each of the EOTs in Fig. 24. Red dots 
near the horizontal axis indicate when the 31-year centred linear trend is statistically significant at the 5 per cent level. All time 
series are expressed as anomalies from their mean for ease of interpretation. 
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Table 3: For the three leading EOTs of seasonal Queensland rainfall from SILO: the percentage of variance in the area-
averaged, seasonal Queensland rainfall explained; the correlations between the EOT time series and Niño 4, the Interdecadal 
Pacific Oscillation index, the Bureau of Meteorology blocking index longitude-averaged over 120–150°E and 150–180°E, the 
Southern Annular Mode index and the Indian Ocean Dipole index. For the Southern Annular Mode and the Indian Ocean 
Dipole, partial correlations with EOT time series are also computed, removing the influence of Niño 4; these are denoted by 
|Niño 4. An * (**) indicates correlations that are statistically significant at the 5 per cent (1 per cent) level. 

 

 
Table 4: Summary of EOT analysis, giving percentage of variance explained in Queensland-average rainfall, the region of 
Queensland encompassed by the pattern, and the likely driving mechanism for each EOT. 
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8 Glossary 
Baroclinic - Refers to a condition and type of motion in which pressure is not constant on surfaces of constant 
density, e.g. internal tides and other internal waves. 
Blocking anticyclone - Large scale patterns in the atmospheric pressure field that are nearly stationary, effectively 
"blocking" or redirecting migratory cyclones. They are also known as blocking highs or blocking anticyclones.  
Climate change - A study dealing with variations in climate on many different time scales from decades to 
millions of years, and the possible causes of such variations. In the most general sense, the term "climate change" 
encompasses all forms of climatic inconstancy (that is, any differences between long-term statistics of the 
meteorological elements calculated for different periods but relating to the same area) regardless of their statistical 
nature or physical causes. 
Climate variability - The inherent characteristic of climate which manifests itself in changes of climate with time. 
The degree of climate variability can be described by the differences between long-term statistics of meteorological 
elements calculated for different periods.  
Cut-off lows - Areas of low surface pressure, closed circulation and intense mid-and upper-tropospheric baroclinic 
development that form to the south of Australia during periods of atmospheric blocking.  
East-coast lows - Areas of closed circulation that form near the eastern coast of Australia south of 20°S and move 
parallel to the coast. They develop in regions of strong zonal SST gradients and track along the eastern coastline of 
Australia. 
El Niño Southern Oscillation (ENSO) - An irregular oscillation of equatorial Pacific Ocean upper-ocean 
temperatures, which occurs due to unstable atmosphere–ocean interactions. These ocean-temperature anomalies 
cause variations in sea-level atmospheric pressure, termed the Southern Oscillation 
General Circulation Models (GCM) - Computer models designed to help understand and simulate global and 
regional climate, in particular the climatic response to changing concentrations of greenhouse gases. GCMs aim to 
include mathematical descriptions of important physical and chemical processes governing climate, including the 
role of the atmosphere, land, oceans, and biological processes. The ability to simulate sub-regional climate is 
determined by the resolution of the model. 
Indian Ocean Dipole (IOD) - The difference between sea surface temperature in the western and eastern tropical 
Indian Oceans. A positive IOD occurs when the western basin is warmer than average and the eastern basin is cool. 
Inter-decadal Pacific Oscillation (IPO) - A low-frequency mode of variability in Pacific SSTs; in its positive 
phase, SSTs are warmer in the East Pacific and in the central equatorial Pacific and cooler in the subtropical and 
extra-tropical West Pacific in both hemispheres.  
Madden-Julian Oscillation (MJO) - A tropical atmospheric phenomena, with a timescale ranging from 40 to 60 
days which develops over the Indian Ocean and travels eastwards through the tropics.  
Southern Annular Mode (SAM) - The north-south movement of the band of westerly winds south of Australia. 
SAM is positive when there is a poleward shift of the westerly wind belt and is associated with enhanced spring 
and summer rainfall in New South Wales and Queensland. 
Southern Oscillation - Traditionally defined as normalized sea-level pressure anomalies at Tahiti minus those at 
Darwin; positive (negative) values correspond to La Niña (El Niño). 
Synoptic - Pertaining to a general view of the whole, hence a synoptic variable is one used to describe the state of 
system over a wide geographical area. 
Trade winds - A steady easterly surface winds found in the tropics and blowing towards the equator from the 
northeast in the northern hemisphere or the southeast in the southern hemisphere, especially at sea. They blow from 
the tropical high-pressure belts to the low-pressure zone at the equator. 
Tropical cyclone - A storm system characterized by a large low-pressure centre and numerous thunderstorms that 
produce strong winds and heavy rain. Tropical cyclones feed on heat released when moist air rises, resulting in 
condensation of water vapour contained in the moist air. 
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Walker Circulation - The east-west movement of the trade winds across the tropical Pacific Ocean, bringing moist 
surface air to the west with dry air returning along the surface to the east. 
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