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The subtropical ridge (STR) is the mean pressure ridge in théatitisdes, and is one of the

key features affecting climate variability and change in southeast Austtiianges to the

STR and associated changes to rainfall in a warming climate are of strong interest, and the
new Coupled Model Intecomparison Project phase 5 (CMIP5) model archive provides new
opportunities to examine this. Here we show that the STRojeqied to strengthen and move
poleward under global warming, contributing to reduced rainfall in the cool season I sout
east Australia. This result is largely consistent among 35 models examined, and CMIP5 shows
a greater increase in intensity relatteeposition than CMIP3 did. We show that the siaul

tion of the STR in the CMIP5 is similar to that of the previous CMIP3 in many respects, i
cluding the underestimation of both the historical trends in the STR intensity and tha-correl
tion between inteamnual STR intensity and southeast Australian rainfall. These issues mean
we still have reduced confidence in regional rainfall projections for southeast Australia and
suggest tha€CMIPS5 rainfall projections for tts region in April to Octobemay be underés

mates.

Introduction

The subtropical ridgéSTR) in the southern hemisphei® the region of highmean sea levgiressur§MSLP) in the mid latitudes associated
with the descending branch of the Hadley circulatlbdivides theregionof predominantlywesterly winds and winter rainfall to its south, and
tropical conditios to its north(Peixoto and Oort 19920ver Australia, the STRis well quantifiedin theeast (~150 °Ejlue toa relativelyhigh
density of MSLP observatienindices that describie ridgeintensity (STRI) and position (STRP) in this region can be used explore the
influence of the STR osoutheasfustralian rainfall. These indices show an annual cycle vatmaximum intensity and mtherly extent in
Juneto August anda minimumin intensityin January to February (Figure 1a).

Rainfall variabilityand trendsn soutteaséern Australiaaremainly determined by the incidence éontal andcutoff weathersystemsand stream
flow, which in turn are linkedto large scale circulatio(Risbey et al. 2013aChanges tanid-latitude stormtracksand atmospheric blocking
eventsinfluence theincidence ofrain bearing systems over southern Austrédia. Frederiksen and Fteriksen 201l The STRprovidesa
measure of the high pressure systems that typidallp ithe north of the storm tracksdthereforehave a rolen steering the storm track and
thefronts embedded in the westerly flofhe intensity,positionandothercharacteistics of the STRarelinkedto the frequency and strength of
storms and fronts that cross southéwustralia, andhe STRis therefore an importarfeature of Australian rainfall variability and change
(Pittock 1971 Pittock 1973 Drosdowsky 2005 Larsen and Nicholls 20Q09Williams and Stone 20G9Timbal et al. 2010 Timbal and
Drosdowsky 2013Whan et al. 2018 Both theSTR-1 and STRP are negtively correlatedvith rainfall anomalies in southern Australia on an
inter-annual timeframe (Figuselb and1c). That is, a stronger or more pelard STR implies generally lower rainfa#ind vice versarhe edge
of the tropics affects southern Austealirainfall directly and indirectly via the STR and blocking, and an expansion of the tropics is expected to
lead to reduced rainfall in subtropical AustralMaher and Sherwood 20L4Also, the position and intensity of the STR aaflect remote
driversof rainfall variability in southeast Australiarhe Hadleycell tends to shrink and tH&TR move equateward during El Nifio eventer
when the Southern Annular Mod8AM) is less intensandthe opposite tends to occur during La Nifia evems when the SAM is intense
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(Nguyen et al. 201)3 Also, a positivelndian Ocean Dipol¢éends tancreasehe intensity of the STR and pushpole-ward in winter(Cai etal.
2011).

Figure 1  Subtropical ridge (STR) indices and Australian rainfall, (a) Mean annual cycle of th¢ 8TRSTRP index in 1948002 in:
BOM observations (blue), NNR (dashed blue), the rmabdel mean of CMIP5 models (red), as well as theirmubdel mean of
CMIP3 models in the 1948974 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 katamual variability of annual STR in BOM and anual rainfall in
AWAP in 19002007; (c) as fo(b) but for STRI. Box shows the region of rainfall calculations (land only is used).
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There arevarious lines of evidence th#te STRhas intensigd and trendegolewardduring the instrumental recariowever, considerable
inter-annual and decadal variability make trends difficult to disc8tndieshavedetected a poleward shift the annuaBTR-P during periods
within the recordsince 189QKidson 1925 Deacon 1953Das 1956 Pittock 1971 Pittock 1973, including some showing significanttrend
(Das 1956 Thresher 2008 However,Drosdowsky (200phascritiqued some of the methods used in these studiedcamdl no discernible
trend In terms of intensitythere is more cleacut evidence that the mean STRas intensified in recent decaddSmbal and Drosdowsky
2013. A decline insoutheast Australian rainfaince the 1970sanda severe droughietween1997 and 2009 (the Millennium Droughtwere
associated with an intensification of the S{IRrsen and Nicholls 2009 imbal and Drosdowsky 2013Vhan et al. 2013 but numerous pro-
essesnay haveplayed a rolen the Millennium Drought and the relative role of each oneoiscompletely cleaffor example, seRisbey et al.
2013a Risbey et al. 2013b and references thgrdingeneralthe relatioship between inteannual variability inSTR-P and rainfall is weaker
than that fothe STR-I (Larsen and Nicholls 2009imbal and Drosdowsky 20)3utthere is soménteraction betweeboth indicesn autumn
(Whan et al. 2013

A consistenfinding of theory and model studiesttsat warming of the climate has ledléxpansion of the HHey circulation and a poleard
movement of the eddgriven jet of westerliegCollins et al. 2013pLucas et al. 2014 and references thgredmd may bex cause ofrecent
changes in the STRNguyen et al. 201)3 Other forcings such astratospherimzone depletioralso impart an influence on the STRaroly
2003. Kent et al. (201Bfound that23 Global Climate Mdels(GCMs)in the Coupled Model Intecomparison Project phase 8NIP3) ar-
chive (Meehl et al. 200) projeced an increase in STR intensigver the 21 Century(median of 0.21 hPa per degree of global warming
(PDGW)). All but one modeprojecied a pole-ward movement (median of 0.25° latituGW).

GCMs suffer from bottbiases in the pressure patterusdthe STR-rainfall relationshig, creating an impediment to reliable climate projections.
By examining where each model simulates aguee pattern that most closely matchesotieervatios, Kent et al. (201Bnoted thafive of the

23 CMIP3 modelslocated the STRoo far west odefina it as too broadOther biases were also notedthe mean latitude, mean intensity,
annual cycle or inteannual variability ofooth theSTR-P and STR. These biaseaffect the confidence in projections of MSLP and rainfall
becausehangef the STRrelate to different ppsentday patternsTherefore while many CMIP3 modelsproject a decrease in southern fiem
sphere rainfal{Christensen et al. 209Broadlyconsistent withan intensification and poleward movemeéenthe STR projections othemagn-
tudeandextent of these decreases is compromised bynthgel biags Also, changes in the STR and the expansion of thersplical dry zone
has been slower in models than in observations in recent dgE&8IE&0 2012.

Furthermore, another difficulty is that sommedelsactually fail to reproduce the observedrrelatiors between thenter-annual variability of
the index of STR intensitsainfall in southeast Australigent et al. 2018 This is pertinent to regional rainfall projections for southern Awistr
lia, as it suggests th&r a given change to the STRese modelsvill not produce the correatorresponding rainfall changelowe\er, there
are some complicating factors to considere relationship between indices of th8TR and rainfalvary over timeg(Drosdowsky 2005Larsen
and Nicholls 2009Whan et al. 2018 The relationship betweemainfall and STRntensityis more stable through time than that to STR position,
particularly in the peak of the coolas®on. Becauesthe relationship of STRP to rainfallfiseesawd between negative and positibetween the
warm and cool seasoms many par$ of southern Astralia, there isnterplay between the relationship of ttveo indicesto rainfall In recent
decadeshe mean position of the STRewmoved slightlypole-ward, driving the line between positive and negative correlat@nainfall to the
STR indcesfurther south(Timbal et al. 201 That southwardhift combined with the annual cycle of relationship leads to someimesr
interactions between the intensity and position of the STR, in particulae imansitio season of autumiwhan et al. 2013 This suggests that
in order for climate models to properly capture the complex-&iiall relationship in space and time, sntatlsescan pose problem

A new set of global climate modekperiment{CMIP5) haverecentlybeenmade availabl¢Taylor et al. 2012, contairing simulations from
many more GCMs than CMIP3, and many modiets have undergone developmefhesemodelsproject a general reduction in southernsAu
tralian rainfallthrough he century similar to CMIP3(Collins et al. 2013aCollins et al. 2013} In this study we revisit the issue of tB&R in
model simulations, including theslationship between the projected changes to rainfaltlee&TR. Specifically, we are interested in possibly
constraining the rainfall projections based on an evaluation how well the STR and-@irRalklationships argimulated.

Methods and data

There have been several methods used to calculate the latitude of the STR, including some variantsiraiexhef Pittock (1973. See
Drosdowsky (200kfor a review of many of these metho@everal studiebave also quantified th8TR intensity(Drosdowsky 2005Larsen

and Nicholls 2009Timbal and Drosdowsky 20)3All methods to quantify the location and intensity of the STR use mean sea level pressure
(MSLP), since there are generally long records of fairly ftjghlity data for this variable. All methods fundamentafjculae aprofile of
zonalmeanMSLP over a particulalongitudeband and time period, then detect the latitudg magnitude of the MSLP maximuim that po-

file. The main differences between methods condeenongitude band considered, the cufittihg method used to detect theamimum pres-
sure,the input dataet used (statiodata or Reanalysisaindthe timeinterval (daily or monthly). Many methods consider a narrow band centred

on 150 °E(e.g. Drosdowsky 20Q5butone study considedthe breadth of Australia at 14165 °E(Larsen and Nicholls 2009Here we follow
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the methof Drosdowsky (200h as adapted for use in climate modelsTiipbal etal. (2010 andKent et al. (2013 Weinterpolat the zonal
mean MSLP to 0.5° resolution, fit a cubic spline curve to the data aedtdleé location and pressure of the maximum in the curve. We focus
on the longitude band of 1460 °E and a latitude range @5 °S.Where the maximum was at the extreme end of the latitude profile, a local
search around the maximum of the previousetstep was performed.

We examind the mean annual cycle @TRindicescalculated fromboth monthly griddedNCEP/NCAR Reanalysis (NNR), (Kalnay & al.
1996 andthe time series based ¢ne updatedBureauof Meteorology monthlystationbasedtime seriesyeferred to aBOM (Timbal and
Drosdowsky 2018 No detrending was performed for either dataset, but trends are smaller than both the annual cyclesaniaitearial
ity sotrends danot greatly affect the analysis of these featufé® annual cyclef theSTR-I and STRP indicesis slightly different in each of
these datasets (Figure 180OM uses an interpolation of station observations and NNR uses an atmospheric model fecabnetbtason lo-
servations. The difference between the two reflects the uncertainty of a model to reproduce an index computed fronryationstizesed on
daily data. Even if the model product is considered near perfect, it computes a state of thbeatriwsped on the model equations but i
formed by observations. Therefore, the difference between the two datasets represents a tolerance against which medals @aultbow-
ever, hese differences agenerallysmaller than the differences betwesservations anthodels in CMIP3Kent et al. 2013 Also, we used
only monthly data for all calculations, mindful of the differences to indices calculated from daifsdatarosdowsky 2005

Observed rainfall is represented by the Australian Watexilability Project (AWAP) climate datasélones et al. 2009We refer to rainfall

both in gridded form and averaged over  lio southeast Australia (shown in Figure 1b, using land area only), as u3@dkal (2009.

Model data is derived from the results of 35 CMIP5 models (Table 1). We used Run 1 from the historical simulations prebénéate
concentration pathway RCP8(#an Vuuren et al. 20)JexperimentsWe examined the STR indices at longitude bands of all widths aad loc

tions at 10 °E increments between®80 °E and detected where the models simulated an annual cycle of pressure that matched that in NNR at
140150 °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 pressured0d®@4®st closely matches that in
NNR for 146150 °E for35 CMIP5 modelsmeasured by Euclidean distance of the annual cycle
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Tablel  The 35 CMIP5 global climateodels (GCMs) used in this study. Shown are statistics for the-Bptdber season for the ISu
tropical Ridge Intensity index (STR, position index (STRP) and rainfall in the southeast Australia box (Rainfall, see Figure 1 for
box) in models and alsdeervations of BOM STR indices and AWAP rainfall (BOM/AWAP), and NCEP/NCAR Reanalysis 1
(NNR) where appropriate. For each metric, columns show the meanraimtaal variability (standard deviation, SD) and linear
trends for 1948002 and 2002099. Trendsire units per decade (e.g. hPa/decade) and significant trends (p<0.05) are shown bold.

Rainfall (mm/month)

Model STR (hPa) STR-P (°Lat)
Trend Trend Trend Trend Trend Trend
Mean SD 1948 2006 Mean SD 1948 2006 Mean SD 1948 2006
2002 2099 2002 2099 2002 2099
Obs (BOM/AWAP) 10211 1.2 0.22 -31.57 1.79 -0.08 56.19 12.82 -1.42
NNR 1019.6 1.3 0.26 -32.24 131 -0.01

Median of Models ~ 1019.8 0.9 0.02 0.14 -31.34 1.12 -0.05 -0.10 4459 9.03 -0.20 -0.61
Model 10" percentile 10185 0.7 -0.04 0.06 -32.24 0.60 -0.17 -0.18 3509 7.67 -1.25 -1.69
Model 90" percentile 1021.6 1.1 0.14 0.29 -29.17 150 0.13 -0.02 6390 11.61 1.19 0.28

1 ACCESSL1.0 10200 0.9 0.06 0.22 -31.97 135 -0.14 0.00 44.29 7.70 -0.82 -0.90
2 ACCESSL1.3 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 10209 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 10215 1.0 0.09 0.04 -31.34 114 -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 11.48 135 0.54
8 CESM1(BGC) 10216 0.9 -0.02 0.14 -31.68 1.01 0.03 -0.06 5252 1092 0.69 -0.70
9 CESM1(CAMS5) 10198 0.9 0.10 0.16 -31.91 1.11 -0.08 -0.08 46.23 1283 161 -0.27
10 CMCC-CESM 10186 0.8 0.03 0.16 -29.80 057 0.01 -0.10 37.45 11.26 -0.36 -1.27
11 CMCC-CM 10195 1.0 0.18 0.12 -30.84 120 -0.17 -0.13 4459 8.60 -1.69 -0.02
12 CMCC-CMS 10190 1.2 0.17 0.20 -29.91 149 -0.27 -0.12 4273 8.23 0.68 -1.23
13 CNRM-CM5 10200 0.9 -0.04 0.14 -32.17 1.08 -0.04 -0.10 56.89 13.53 0.33 -1.46
14 CSIROMk3.6.0 10204 0.7 0.02 0.04 -30.44 057 -0.05 -0.09 32.00 728 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 11.70 051 -151
16 GFDL-ESM2G 10215 0.8 0.02 0.18 -31.97 134 -0.05 0.03 40.75 8.82 -0.71 -0.79
17 GFDL-ESM2M 10228 0.8 0.02 0.16 -32.77 1.60 0.30 -0.08 41.01 12.39 037 -1.84
18 GISSE2-H 10181 0.9 0.02 0.15 -3229 184 0.10 -0.01 6231 9.90 -1.08 -0.51
19 GISSE2-H-CC 10185 0.7 -0.03 0.12 -31.43 150 0.16 -0.14 64.94 11.00 -1.23 -0.61
20 GISSE2R 10181 0.8 -0.03 0.09 -31.65 134 -0.11 -0.03 61.89 765 -040 0.14
21 Gl SSi E271 R710181 0.7 0.03 0.08 -31.21 113 0.12 -0.02 62.33 9.79 0.33 0.08
22 HadGEM2CC 10198 0.8 0.02 0.25 -30.90 1.12 -0.17 -0.10 3441 738 034 -0.49
23 HadGEM2ES 10200 11 -0.04 0.31 -30.90 150 0.13 -0.17 34.84 747 -0.11 -1.34
24 INM-CM4 10215 0.7 -0.12 0.06 -32.62 096 0.16 -0.06 46.71 9.46 0.18 -0.64
25 IPSL-CM5A-LR 10189 1.0 0.14 0.13 -29.05 0.83 -0.20 -0.28 35.47 780 -1.75 -1.43
26 IPSL-CM5A-MR 10188 1.2 0.09 0.24 -28.82 1.01 -0.11 -0.39 3354 796 -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 MIROCS 10191 11 -0.04 0.29 -31.82 145 -0.08 -0.06 70.35 10.70 1.63 0.79
29 MI ROCi ESM 10194 0.7 0.00 0.32 -29.11 049 -0.04 -0.18 73.23 839 -1.70 -0.59
30 MI ROCi ESMi110195 09 0.14 0.32 -29.27 061 -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 9.97 124 -1.06
32 MPI 1T ESMiI MR1019.2 09 0.00 0.14 -30.00 1.15 -0.05 -0.07 46.66 9.92 -024 -1.94
33 MRI-CGCM3 10213 1.0 0.12 0.06 -31.70 1.65 -0.22 -0.12 41.94 8.29 -0.53 -0.32
34 NorESMiIM 1020.2 1.0 0.13 0.16 -32.03 1.38 -0.16 -0.06 4831 9.66 1.11 0.36
35 NorESMXME 10205 0.9 -0.05 0.14 -3239 135 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 onntloatfi cool season ApfiDctober when the influence of the STR is
stronges(Timbal and Drosdowsky 20)3Linear trends in STR indices and rainfall were examined over two periods20828and 2002099
and the relationship of STRdices and rainfall are shown for 195099 and 205@099.

Results
Evaluation

The correlation between the intennual variability in AWAP annual rainfall and both the annual $TRigure 1b) and STHR (Figure 1c)
index from BOM in 1902007 is most strongly negative over southeast Australia and the Australian Alps and posiivesiregions north of

30 °S. Negative correlations are generally stronger and more widespread for intensity rather than position. This correlatmriyvalightly

for different datasets and the period it is calculated over. Despite the noticeablendi 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 tsesyoatathown).
Notably, correlations are less widespread and weakenwshort recent period is considered (32865). This last point is important to note
when considering model results, as climate models generated their own internal variability which is not timed to theaieserved

The annuatycle of MSLP in 10°-wide bands betweefi0 and180 °Ethat matches that iINNR at 140-150 °Ein 1948-2002was identified for

each model (Figure 2)NVe thenidentified the range of longitudes over which theclidean dference with the observed annual cycle was a
minimum (Figure 2 (as per Kent et al. 20).3Many models reprodudée cycle in a region roughly around 1280 °E, but othergproduceit

over differentoandsKent et al. (201Bsuggested hat model s with a band t hat whesethetlfcdtionodoes wi der
notreachl 40 AE (t he ¢l ocanditlaiemfar éejeatiorBaged an ithesa Jriterarwe identifieightsuch modelstwo based orthe

width criterion (CSIRGMk3.6 and IPSECM5B-LR) and six based on théocation criterion (BNUESM, CMCC-CESM, GISSE2-R, IPSL-

CM5A-LR, MIROC-ESM and MIROGESM-CHEM). The width and location of this bandvery similar in 19862005in most modelgnot

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

The multimodel mean of all 35 models examined h&rews an annual cycfairly consistent with observationlying between BOM and NNR

in most months of the year but with a slight northerly bias in AugondSeptember (Figure 1ajhe bias in the CMIP5 mean is less than in the
CMIP3 mean in some respecksit is not reduced all year round. A notable difference is the absettoe lofv intensity bias in December and
Januaryin CMIP5 that was present in CMIPBhis difference is not due to the different time periods considered, as CMIP3 still shows a low
bias in summer later in these months in th& @&ntury.There is a range of different biases present in the various models (see Additioeal Mat
rial A for each model).

Mean values ofheindicesduringthe cool seasofApril-Octobej are shown infable 1.The BOM and NNR each give a slightly differentiest
mate of STRP, but manyCMIP5 models place the STR further north than both (Table 1), as was the case in CMIBBndlaéed intensityn
April-Octoberis generally too weak compared to tBOM and NNR vdues {Table 1. Table 1 also compares observed and simulated -April
October rainfall for the southeast Audiaa region. Both the absolutalues and thenter-annual variabilityaretoo low in most models ¢o-
pared tahe observationsAWAP) althoughsomemodels are higher

The spatiapatternof the correlatiorbetween April to October rainfall and 89 R-l in April to October (AMJJASO) variesonsiderablybe-
tween models, with some considerable differertoethe observed pattern (Figure 1c). Figure 3 maras the patterrfsom the 5 modelsthat
best match the observed STRCC-CSM-1, CMCGCM, CMCC-CMS, HadGEM2CC, MRI-CGCM3) with the 8 models are candidates for
rejection 9see abovehile the coarse horizontalesolution ofsomemodels impedes an exattatch some ofthe higher resolution models
reproduce some realistic regional detail (e.g. MRBCM3). There is not a clear difference between #ightpoor modelsaand other models in
terms of correlation to rainfallA sampling of other models shovg®me more diversity across CMIPBidure 3,middle column), including
some thashow a positive correlation over some regions of southern Australia @@ESS1.3, CanESM2, MRESM-LR). Numerous CMIP3
modelsalso showed regions of positive correlatiorsautheast Australidor all models see Additional MateriBl

Focussing on the monthhainfall overthe southeast Australiabox, we see that the correlat®miththe STR-I is generally too weak in models
throughout the cool season, especidlgtweenApril and August (Figure 4a). Similarly, the correlatiari rainfall with the STR-P is much
weaker than observed many models, especialbetweenluly andNovember (Figure 4b)However, he correlation between the two indices is
similar to observed (Fige 4c).
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Figure 3

96

Correlation of STR to annual rainfall anomaly in 194802for BOM STR-| and AWAP rainfall, as well as 1&ample models

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

STR evaluation tests.
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Figure 4  Correlation between STR, STR-I andrainfall for SE Australialjox marked in Figure Ifpr 19482002from 35 CMIP5 models
(grey), the model mean (red), and BOM indices and AWAP rainfall (black)

The trend(1948 to 2002)n April-October STR between 1948 and 2002 similar in bothobserveddata sets (+0.2BPa/decade iBOM and
+0.26hPa/decade iNNR) despite the mean intensities being different (Tabl@dgnds are significant in botMost CMIP5 moded simulatea
intensificationbut in all cases the trend Emaller than observednpdelmedian +0.02 hPa/decade, Table,lgndnot significant in most cases
The trendis actually negativén 10 of the35 models The CMIP3 models also underestimated the obseBiUd®il strengtheningn recent de-
ades If we scale the trendim STR-I by the associated average global temperature charggénd thatfor the global warming of +0.5%C in





















