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The subtropical ridge (STR) is the mean pressure ridge in the mid-latitudes, and is one of the 

key features affecting climate variability and change in southeast Australia. Changes to the 

STR and associated changes to rainfall in a warming climate are of strong interest, and the 

new Coupled Model Inter-comparison Project phase 5 (CMIP5) model archive provides new 

opportunities to examine this. Here we show that the STR is projected to strengthen and move 

pole-ward under global warming, contributing to reduced rainfall in the cool season in south-

east Australia. This result is largely consistent among 35 models examined, and CMIP5 shows 

a greater increase in intensity relative to position than CMIP3 did. We show that the simula-

tion of the STR in the CMIP5 is similar to that of the previous CMIP3 in many respects, in-

cluding the underestimation of both the historical trends in the STR intensity and the correla-

tion between inter-annual STR intensity and southeast Australian rainfall. These issues mean 

we still have reduced confidence in regional rainfall projections for southeast Australia and 

suggest that CMIP5 rainfall projections for this region in April to October may be underesti-

mates.  

Introduction  

The subtropical ridge (STR) in the southern hemisphere is the region of high mean sea level pressure (MSLP) in the mid latitudes associated 

with the descending branch of the Hadley circulation. It divides the region of predominantly westerly winds and winter rainfall to its south, and 

tropical conditions to its north (Peixoto and Oort 1992). Over Australia, the STR is well quantified in the east (~150 °E) due to a relatively high 

density of MSLP observations. Indices that describe the ridge intensity (STR-I) and position (STR-P) in this region can be used to explore the 

influence of the STR on southeast Australian rainfall. These indices show an annual cycle with a maximum intensity and northerly extent in 

June to August and a minimum in intensity in January to February (Figure 1a).  

Rainfall variability and trends in southeastern Australia are mainly determined by the incidence of frontal and cutoff weather systems and stream 

flow, which in turn are linked to large scale circulation (Risbey et al. 2013a). Changes to mid-latitude storm tracks and atmospheric blocking 

events influence the incidence of rain bearing systems over southern Australia (e.g. Frederiksen and Frederiksen 2011). The STR provides a 

measure of the high pressure systems that typically lie to the north of the storm tracks and therefore have a role in steering the storm track and 

the fronts embedded in the westerly flow. The  intensity, position and other characteristics of the STR are linked to the frequency and strength of 

storms and fronts that cross southern Australia, and the STR is therefore an important feature of Australian rainfall variability and change 

(Pittock 1971; Pittock 1973; Drosdowsky 2005; Larsen and Nicholls 2009; Williams and Stone 2009; Timbal et al. 2010; Timbal and 

Drosdowsky 2013; Whan et al. 2013). Both the STR-I and STR-P are negatively correlated with rainfall anomalies in southern Australia on an 

inter-annual timeframe (Figures 1b and 1c). That is, a stronger or more pole-ward STR implies generally lower rainfall, and vice versa. The edge 

of the tropics affects southern Australian rainfall directly and indirectly via the STR and blocking, and an expansion of the tropics is expected to 

lead to reduced rainfall in subtropical Australia (Maher and Sherwood 2014). Also, the position and intensity of the STR can reflect remote 

drivers of rainfall variability in southeast Australia. The Hadley cell tends to shrink and the STR move equator-ward during El Niño events or 

when the Southern Annular Mode (SAM) is less intense and the opposite tends to occur during La Niña events and when the SAM is intense 
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(Nguyen et al. 2013).  Also, a positive Indian Ocean Dipole tends to increase the intensity of the STR and push it pole-ward in winter (Cai et al. 

2011).  

Figure 1 Subtropical ridge (STR) indices and Australian rainfall, (a) Mean annual cycle of the STR-I and STR-P index in 1948-2002 in: 

BOM observations (blue), NNR (dashed blue), the multi-model mean of CMIP5 models (red), as well as the multi-model mean of 

CMIP3 models in the 1948-1974 period used by Kent et al. (2013) (note period is different than for CMIP5), (green), months are 

marked by initial letter; (b) the correlation between the inter-annual variability of annual STR-P in BOM and annual rainfall in 

AWAP in 1900-2007; (c) as for (b) but for STR-I. Box shows the region of rainfall calculations (land only is used). 
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There are various lines of evidence that the STR has intensified and trended poleward during the instrumental record. However, considerable 

inter-annual and decadal variability make trends difficult to discern. Studies have detected a poleward shift in the annual STR-P during periods 

within the record since 1890 (Kidson 1925; Deacon 1953; Das 1956; Pittock 1971; Pittock 1973), including some showing a significant trend 

(Das 1956; Thresher 2003). However, Drosdowsky (2005) has critiqued some of the methods used in these studies and found no discernible 

trend. In terms of intensity, there is more clear-cut evidence that the mean STR-I has intensified in recent decades (Timbal and Drosdowsky 

2013). A decline in southeast Australian rainfall since the 1970s and a severe drought between 1997 and 2009 (the Millennium Drought) were 

associated with an intensification of the STR (Larsen and Nicholls 2009; Timbal and Drosdowsky 2013; Whan et al. 2013), but numerous proc-

esses may have played a role in the Millennium Drought and the relative role of each one is not completely clear (for example, see Risbey et al. 

2013a; Risbey et al. 2013b and references therein). In general, the relationship between inter-annual variability in STR-P and rainfall is weaker 

than that for the STR-I (Larsen and Nicholls 2009; Timbal and Drosdowsky 2013) but there is some interaction between both indices in autumn 

(Whan et al. 2013).  

A consistent finding of theory and model studies is that warming of the climate has led to expansion of the Hadley circulation and a pole-ward 

movement of the eddy-driven jet of westerlies (Collins et al. 2013b; Lucas et al. 2014 and references therein), and may be a cause of recent 

changes in the STR (Nguyen et al. 2013). Other forcings such as stratospheric ozone depletion also impart an influence on the STR (Karoly 

2003). Kent et al. (2013) found that 23 Global Climate Models (GCMs) in the Coupled Model Inter-comparison Project phase 3 (CMIP3) ar-

chive (Meehl et al. 2007)) projected an increase in STR intensity over the 21
st
 Century (median of 0.21 hPa per degree of global warming 

(PDGW)). All but one model projected a pole-ward movement (median of 0.25° latitude PDGW).  

GCMs suffer from both biases in the pressure patterns and the STR-rainfall relationships, creating an impediment to reliable climate projections. 

By examining where each model simulates a pressure pattern that most closely matches the observations, Kent et al. (2013) noted that five of the 

23 CMIP3 models located the STR too far west or defined it as too broad. Other biases were also noted in the mean latitude, mean intensity, 

annual cycle or inter-annual variability of both the STR-P and STR-I. These biases affect the confidence in projections of MSLP and rainfall 

because changes of the STR relate to different present-day patterns. Therefore, while many CMIP3 models project a decrease in southern hemi-

sphere rainfall (Christensen et al. 2007) broadly consistent with an intensification and poleward movement in the STR, projections of the magni-

tude and extent of these decreases is compromised by the model biases. Also, changes in the STR and the expansion of the sub-tropical dry zone 

has been slower in models than in observations in recent decades (CSIRO 2012).  

Furthermore, another difficulty is that some models actually fail to reproduce the observed correlations between the inter-annual variability of 

the index of STR intensity rainfall in southeast Australia (Kent et al. 2013). This is pertinent to regional rainfall projections for southern Austra-

lia, as it suggests that for a given change to the STR, these models will not produce the correct corresponding rainfall change. However, there 

are some complicating factors to consider. The relationships between indices of the STR and rainfall vary over time (Drosdowsky 2005; Larsen 

and Nicholls 2009; Whan et al. 2013). The relationship between rainfall and STR intensity is more stable through time than that to STR position, 

particularly in the peak of the cool season. Because the relationship of STR-P to rainfall ñseesawsò between negative and positive between the 

warm and cool seasons in many parts of southern Australia, there is interplay between the relationship of the two indices to rainfall. In recent 

decades the mean position of the STR has moved slightly pole-ward, driving the line between positive and negative correlations of rainfall to the 

STR indices further south (Timbal et al. 2010). That southward shift combined with the annual cycle of relationship leads to some non-linear 

interactions between the intensity and position of the STR, in particular in the transition season of autumn (Whan et al. 2013). This suggests that 

in order for climate models to properly capture the complex STR-rainfall relationship in space and time, small biases can pose a problem.  

A new set of global climate model experiments (CMIP5) have recently been made available (Taylor et al. 2012) , containing simulations from 

many more GCMs than CMIP3, and many models that have undergone development. These models project a general reduction in southern Aus-

tralian rainfall through the century, similar to CMIP3 (Collins et al. 2013a; Collins et al. 2013b). In this study we revisit the issue of the STR in 

model simulations, including the relationship between the projected changes to rainfall and the STR. Specifically, we are interested in possibly 

constraining the rainfall projections based on an evaluation how well the STR and rainfall-STR relationships are simulated. 

Methods  and data  

There have been several methods used to calculate the latitude of the STR, including some variants on the L index of Pittock (1973). See 

Drosdowsky (2005) for a review of many of these methods. Several studies have also quantified the STR intensity (Drosdowsky 2005; Larsen 

and Nicholls 2009; Timbal and Drosdowsky 2013). All methods to quantify the location and intensity of the STR use mean sea level pressure 

(MSLP), since there are generally long records of fairly high-quality data for this variable. All methods fundamentally calculate a profile of 

zonal mean MSLP over a particular longitude band and time period, then detect the latitude and magnitude of the MSLP maximum in that pro-

file. The main differences between methods concern the longitude band considered, the curve-fitting method used to detect the maximum pres-

sure, the input dataset used (station data or Reanalysis) and the time interval (daily or monthly). Many methods consider a narrow band centred 

on 150 °E (e.g. Drosdowsky 2005), but one study considered the breadth of Australia at 110-155 °E (Larsen and Nicholls 2009). Here we follow 
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the method of Drosdowsky (2005), as adapted for use in climate models by Timbal et al. (2010) and Kent et al. (2013). We interpolate the zonal 

mean MSLP to 0.5° resolution, fit a cubic spline curve to the data and detect the location and pressure of the maximum in the curve. We focus 

on the longitude band of 140-150 °E and a latitude range of 9-45 °S. Where the maximum was at the extreme end of the latitude profile, a local 

search around the maximum of the previous time step was performed. 

We examined the mean annual cycle of STR indices calculated from both monthly gridded NCEP/NCAR Reanalysis 1 ( NNR), (Kalnay et al. 

1996) and the time series based on the updated Bureau of Meteorology monthly station-based time series, referred to as BOM (Timbal and 

Drosdowsky 2013). No detrending was performed for either dataset, but trends are smaller than both the annual cycle and inter-annual variabil-

ity so trends do not greatly affect the analysis of these features. The annual cycle of the STR-I and STR-P indices is slightly different in each of 

these datasets (Figure 1a). BOM uses an interpolation of station observations and NNR uses an atmospheric model fed by the same station ob-

servations. The difference between the two reflects the uncertainty of a model to reproduce an index computed from point observations based on 

daily data. Even if the model product is considered near perfect, it computes a state of the atmosphere based on the model equations but in-

formed by observations.  Therefore, the difference between the two datasets represents a tolerance against which models can be evaluated. How-

ever, these differences are generally smaller than the differences between observations and models in CMIP3 (Kent et al. 2013). Also, we used 

only monthly data for all calculations, mindful of the differences to indices calculated from daily data (see Drosdowsky 2005). 

Observed rainfall is represented by the Australian Water Availability Project (AWAP) climate dataset (Jones et al. 2009). We refer to rainfall 

both in gridded form and averaged over a box in southeast Australia (shown in Figure 1b, using land area only), as used in Timbal (2009). 

Model data is derived from the results of 35 CMIP5 models (Table 1). We used Run 1 from the historical simulations and the representative 

concentration pathway RCP8.5 (van Vuuren et al. 2011) experiments. We examined the STR indices at longitude bands of all widths and loca-

tions at 10 °E increments between 90-180 °E and detected where the models simulated an annual cycle of pressure that matched that in NNR at 

140-150 °E (after Kent et al. 2013). The band that most closely matched observations was used to examine STR indices. 

Figure 2 The longitude band over Australia where the annual cycle of mean sea level pressure in 1948-2002 most closely matches that in 

NNR for 140-150 °E for 35 CMIP5 models, measured by Euclidean distance of the annual cycle. 
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Table 1  The 35 CMIP5 global climate models (GCMs) used in this study. Shown are statistics for the April-October season for the Sub-

tropical Ridge Intensity index (STR-I), position index (STR-P) and rainfall in the southeast Australia box (Rainfall, see Figure 1 for 

box) in models and also observations of BOM STR indices and AWAP rainfall (BOM/AWAP), and NCEP/NCAR Reanalysis 1 

(NNR) where appropriate. For each metric, columns show the mean, inter-annual variability (standard deviation, SD) and linear 

trends for 1948-2002 and 2006-2099. Trends are units per decade (e.g. hPa/decade) and significant trends (p<0.05) are shown bold. 

  Model STR-I  (hPa) STR-P (°Lat) 
Rainfall (mm/month) 

  

    Mean SD 

Trend 

1948-

2002 

Trend 

2006-

2099 

Mean  SD 

Trend 

1948-

2002 

Trend 

2006-

2099 

Mean SD 

Trend 

1948-

2002 

Trend 

2006-

2099 

 
Obs (BOM/AWAP) 1021.1 1.2 0.22 

 
-31.57 1.79 -0.08 

 
56.19 12.82 -1.42 

 
  NNR 1019.6 1.3 0.26 

 
-32.24 1.31 -0.01 

     

 
Median of Models 1019.8 0.9 0.02 0.14 -31.34 1.12 -0.05 -0.10 44.59 9.03 -0.20 -0.61 

 
Model 10

th
 percentile 1018.5 0.7 -0.04 0.06 -32.24 0.60 -0.17 -0.18 35.09 7.67 -1.25 -1.69 

 
Model 90

th
 percentile 1021.6 1.1 0.14 0.29 -29.17 1.50 0.13 -0.02 63.90 11.61 1.19 0.28 

1 ACCESS1.0 1020.0 0.9 0.06 0.22 -31.97 1.35 -0.14 0.00 44.29 7.70 -0.82 -0.90 

2 ACCESS1.3 1021.3 0.9 -0.06 0.16 -31.91 1.07 0.11 -0.11 43.06 7.88 -0.52 -2.28 

3 BCC-CSM1.1 1020.9 0.7 0.00 0.14 -31.25 0.85 0.04 -0.05 46.46 9.03 -0.20 -0.59 

4 BCC-CSM1.1(m) 1021.0 0.9 0.09 0.13 -31.51 0.78 -0.14 -0.09 52.45 10.00 0.52 -0.19 

5 BNU-ESM 1021.8 0.7 0.04 0.16 -30.90 0.69 -0.03 -0.10 39.02 10.07 -0.74 -1.71 

6 CanESM2 1021.5 1.0 0.09 0.04 -31.34 1.14 -0.09 -0.04 41.90 8.87 0.82 0.15 

7 CCSM4 1021.8 1.1 0.07 0.07 -31.64 1.11 -0.11 -0.06 54.29 11.48 1.35 0.54 

8 CESM1(BGC) 1021.6 0.9 -0.02 0.14 -31.68 1.01 0.03 -0.06 52.52 10.92 0.69 -0.70 

9 CESM1(CAM5) 1019.8 0.9 0.10 0.16 -31.91 1.11 -0.08 -0.08 46.23 12.83 1.61 -0.27 

10 CMCC-CESM 1018.6 0.8 0.03 0.16 -29.80 0.57 0.01 -0.10 37.45 11.26 -0.36 -1.27 

11 CMCC-CM 1019.5 1.0 0.18 0.12 -30.84 1.20 -0.17 -0.13 44.59 8.60 -1.69 -0.02 

12 CMCC-CMS 1019.0 1.2 0.17 0.20 -29.91 1.49 -0.27 -0.12 42.73 8.23 0.68 -1.23 

13 CNRM-CM5 1020.0 0.9 -0.04 0.14 -32.17 1.08 -0.04 -0.10 56.89 13.53 0.33 -1.46 

14 CSIRO-Mk3.6.0 1020.4 0.7 0.02 0.04 -30.44 0.57 -0.05 -0.09 32.00 7.28 0.69 -1.05 

15 GFDL-CM3 1019.6 0.8 -0.01 0.28 -31.21 0.60 -0.05 -0.24 44.40 11.70 0.51 -1.51 

16 GFDL-ESM2G 1021.5 0.8 0.02 0.18 -31.97 1.34 -0.05 0.03 40.75 8.82 -0.71 -0.79 

17 GFDL-ESM2M 1022.8 0.8 0.02 0.16 -32.77 1.60 0.30 -0.08 41.01 12.39 0.37 -1.84 

18 GISS-E2-H 1018.1 0.9 0.02 0.15 -32.29 1.84 0.10 -0.01 62.31 9.90 -1.08 -0.51 

19 GISS-E2-H-CC 1018.5 0.7 -0.03 0.12 -31.43 1.50 0.16 -0.14 64.94 11.00 -1.23 -0.61 

20 GISS-E2-R 1018.1 0.8 -0.03 0.09 -31.65 1.34 -0.11 -0.03 61.89 7.65 -0.40 0.14 

21 GISSīE2īRīCC 1018.1 0.7 0.03 0.08 -31.21 1.13 0.12 -0.02 62.33 9.79 0.33 0.08 

22 HadGEM2-CC 1019.8 0.8 0.02 0.25 -30.90 1.12 -0.17 -0.10 34.41 7.38 0.34 -0.49 

23 HadGEM2-ES 1020.0 1.1 -0.04 0.31 -30.90 1.50 0.13 -0.17 34.84 7.47 -0.11 -1.34 

24 INM -CM4 1021.5 0.7 -0.12 0.06 -32.62 0.96 0.16 -0.06 46.71 9.46 0.18 -0.64 

25 IPSL-CM5A-LR 1018.9 1.0 0.14 0.13 -29.05 0.83 -0.20 -0.28 35.47 7.80 -1.75 -1.43 

26 IPSL-CM5A-MR 1018.8 1.2 0.09 0.24 -28.82 1.01 -0.11 -0.39 33.54 7.96 -0.41 -1.66 

27 IPSL-CM5B-LR 1018.7 0.9 0.04 0.03 -28.69 0.71 -0.09 -0.13 42.44 7.69 -1.00 -0.05 

28 MIROC5 1019.1 1.1 -0.04 0.29 -31.82 1.45 -0.08 -0.06 70.35 10.70 1.63 0.79 

29 MIROCīESM 1019.4 0.7 0.00 0.32 -29.11 0.49 -0.04 -0.18 73.23 8.39 -1.70 -0.59 

30 MIROCīESMīCHEM 1019.5 0.9 0.14 0.32 -29.27 0.61 -0.09 -0.15 72.62 8.21 -1.24 -0.49 

31 MPI-ESM-LR 1019.6 1.0 0.05 0.14 -29.74 1.42 0.10 -0.12 40.39 9.97 1.24 -1.06 

32 MPIīESMīMR 1019.2 0.9 0.00 0.14 -30.00 1.15 -0.05 -0.07 46.66 9.92 -0.24 -1.94 

33 MRI-CGCM3 1021.3 1.0 0.12 0.06 -31.70 1.65 -0.22 -0.12 41.94 8.29 -0.53 -0.32 

34 NorESM1-M 1020.2 1.0 0.13 0.16 -32.03 1.38 -0.16 -0.06 48.31 9.66 1.11 0.36 

35 NorESM1-ME 1020.5 0.9 -0.05 0.14 -32.39 1.35 0.01 -0.11 51.82 9.03 -1.26 0.72 
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For examining past and projected rainfall changes, we focussed on the 7-month cool season April-October when the influence of the STR is 

strongest (Timbal and Drosdowsky 2013). Linear trends in STR indices and rainfall were examined over two periods; 1948-2002 and 2006-2099 

and the relationship of STR indices and rainfall are shown for 1950-1999 and 2050-2099. 

Results 

Evaluation  

The correlation between the inter-annual variability in AWAP annual rainfall and both the annual STR-I (Figure 1b) and STR-P (Figure 1c) 

index from BOM in 1900-2007 is most strongly negative over southeast Australia and the Australian Alps and positive in some regions north of 

30 °S. Negative correlations are generally stronger and more widespread for intensity rather than position. This correlation varies only slightly 

for different datasets and the period it is calculated over. Despite the noticeable difference in the annual cycle of the STR in the BOM dataset 

and NNR (Figure 1a), there are only small differences between the maps of correlation to rainfall anomalies using the two datasets (not shown). 

Notably, correlations are less widespread and weaker when a short recent period is considered (1986-2005). This last point is important to note 

when considering model results, as climate models generated their own internal variability which is not timed to the observed one. 

The annual cycle of MSLP in 10°-wide bands between 90 and 180 °E that matches that in NNR at 140-150 °E in 1948-2002 was identified for 

each model (Figure 2). We then identified the range of longitudes over which the Euclidean difference with the observed annual cycle was a 

minimum (Figure 2) (as per Kent et al. 2013). Many models reproduce the cycle in a region roughly around 140-150 °E, but others produce it 

over different bands. Kent et al. (2013) suggested that models with a band that is 40Á or wider (the ówidthô criterion) or where the location does 

not reach 140 ÁE (the ólocationô criterion) are candidates for rejection. Based on these criteria, we identified eight such models: two based on the 

width criterion (CSIRO-Mk3.6 and IPSL-CM5B-LR) and six based on the location criterion (BNU-ESM, CMCC-CESM, GISS-E2-R, IPSL-

CM5A-LR, MIROC-ESM and MIROC-ESM-CHEM).  The width and location of this band is very similar in 1986-2005 in most models (not 

shown), suggesting that the general model behaviour is more consistent through time than natural variability. 

The multi-model mean of all 35 models examined here shows an annual cycle fairly consistent with observations, lying between BOM and NNR 

in most months of the year but with a slight northerly bias in August and September (Figure 1a). The bias in the CMIP5 mean is less than in the 

CMIP3 mean in some respects, but is not reduced all year round. A notable difference is the absence of the low intensity bias in December and 

January in CMIP5 that was present in CMIP3. This difference is not due to the different time periods considered, as CMIP3 still shows a low 

bias in summer later in these months in the 21
st
 Century. There is a range of different biases present in the various models (see Additional Mate-

rial A for each model). 

Mean values of the indices during the cool season (April -October) are shown in Table 1. The BOM and NNR each give a slightly different esti-

mate of STR-P, but many CMIP5 models place the STR further north than both (Table 1), as was the case in CMIP3. The simulated intensity in 

April -October is generally too weak compared to the BOM and NNR values (Table 1). Table 1 also compares observed and simulated April-

October rainfall for the southeast Australian region. Both the absolute values and the inter-annual variability are too low in most models com-

pared to the observations (AWAP) although some models are higher. 

The spatial pattern of the correlation between April to October rainfall and the STR-I in April to October (AMJJASO) varies considerably be-

tween models, with some considerable differences to the observed pattern (Figure 1c). Figure 3 compares the patterns from the 5 models  that 

best match the observed STR (BCC-CSM-1, CMCC-CM, CMCC-CMS, HadGEM2-CC, MRI-CGCM3) with the 8 models  are candidates for 

rejection 9see above). While the coarse horizontal resolution of some models impedes an exact match, some of the higher resolution models 

reproduce some realistic regional detail (e.g. MRI-CGCM3). There is not a clear difference between the eight poor models and other models in 

terms of correlation to rainfall. A sampling of other models shows some more diversity across CMIP5 (Figure 3, middle column), including 

some that show a positive correlation over some regions of southern Australia (e.g. ACCESS-1.3, CanESM2, MPI-ESM-LR). Numerous CMIP3 

models also showed regions of positive correlation in southeast Australia. For all models see Additional Material B. 

Focussing on the monthly rainfall over the southeast Australian box, we see that the correlations with the STR-I is generally too weak in models 

throughout the cool season, especially between April and August (Figure 4a). Similarly, the correlation of rainfall with the STR-P is much 

weaker than observed in many models, especially between July and November (Figure 4b).  However, the correlation between the two indices is 

similar to observed (Figure 4c). 
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Figure 3  Correlation of STR-I to annual rainfall anomaly in 1948-2002 for BOM STR-I and AWAP rainfall, as well as 19 example models 

from CMIP5 including (left) models that matched NNR in Figure 2, (middle) assorted models and (right) models that failed the 

STR evaluation tests. 

 

 



Australian Meteorological and Oceanographic Journal 65:1 October 2015 90ï106 97 

Figure 4 Correlation between STR-P, STR-I and rainfall for SE Australia (box marked in Figure 1) for 1948-2002 from 35 CMIP5 models 

(grey), the model mean (red), and BOM indices and AWAP rainfall (black) 

 

The trend (1948 to 2002) in April -October STR-I between 1948 and 2002 is similar in both observed data sets (+0.22 hPa/decade in BOM and 

+0.26 hPa/decade in NNR) despite the mean intensities being different (Table 1). Trends are significant in both. Most CMIP5 models simulate a 

intensification but in all cases the trend is smaller than observed (model median +0.02 hPa/decade, Table 1), and not significant in most cases. 

The trend is actually negative in 10 of the 35  models. The CMIP3 models also underestimated the observed STR-I strengthening in recent dec-

ades. If we scale the trends in STR-I by the associated average global temperature change  we find that for the global warming of +0.55 °C in 














