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Abstract 16 

Climate change projections for the Australian monsoon have been highly uncertain in previous 17 

generations of coupled climate models. The new Coupled Model Intercomparison Project Phase 18 

6 (CMIP6) ensemble provides an opportunity to address the uncertainty in future projections for 19 

northern Australia. We find that the range in Australian monsoon projections from the available 20 

CMIP6 ensemble is substantially reduced compared to CMIP5, although models continue to 21 

disagree on the magnitude and direction of change. While previous CMIP5 studies identified 22 

warming in the western equatorial Pacific as important for Australian monsoon projections, here 23 

we show that the western Pacific is not strongly connected to northern Australian precipitation 24 

changes in the CMIP6 models. By comparing groups of models based on their future projections, 25 

we note that the model-to-model differences in Australian monsoon projections are congruent 26 

with the zonally averaged precipitation response in the Southern Hemisphere tropics within each 27 

model.  28 

1 Introduction 29 

Climate change projections for northern Australian precipitation are highly uncertain, 30 

with no clear indication of even the direction of change in a future warmer world (Brown et al., 31 

2016; CSIRO and Bureau of Meteorology, 2015). Most of the precipitation over the north of 32 

Australia occurs as part of the Australian summer monsoon, the southernmost part of the Asian-33 

Australian monsoon system (Wheeler and McBride 2011; Zhang and Moise 2016). Decreasing 34 

the uncertainty in the projections of the Australian monsoon will have far-reaching implications 35 

for planning for the future in the region.  36 

While there is some evidence that globally, monsoon regions are likely to become wetter 37 

in a warmer world, there is significant uncertainty for regional monsoons (e.g. Turner and 38 

Annamalai, 2012; Wang et al. 2012; Christensen et al. 2013; Hsu et al. 2013; Kitoh et al. 2013; 39 

Lee and Wang 2014). The Australian monsoon, located in the southern hemisphere, is one such 40 

area where the future changes are unclear (Brown et al. 2016; Moise et al. 2012; Zhang and 41 

Moise 2016). This may be partly due to hemispheric differences in the future changes, or due to 42 

specific aspects of the Australian monsoon, for example, dynamics of the Australian monsoon 43 

(e.g. Berry and Reeder, 2016; Narsey et al, 2017; Narsey et al, 2018), or teleconnections with 44 

particular weather and climate drivers (e.g. Risbey et al, 2009). Reflecting this uncertainty, 45 

models within the Coupled Model Inter-comparison Project (CMIP) Phases 3 and 5 exhibited 46 

significant disagreement on not just the magnitude, but also the direction of precipitation changes 47 

under a high emissions scenario by late 21st century (Colman et al, 2011; Moise et al. 2012).  48 

Between CMIP3 and CMIP5 there were incremental improvements in the ability of 49 

climate models to represent the fundamental features of the monsoon in the historical climate.  50 

Improvements in mean-state biases and important regional climate features such as the El Nino 51 

Southern Oscillation (ENSO) (e.g. Jourdain et al, 2013; Bellenger et al, 2014) suggested that at 52 

least the important drivers of variability of the Australian monsoon may be improved. 53 

Unfortunately, the range of projected changes in northern Australian precipitation was not 54 

significantly reduced. 55 

How then can we understand the reasons for these diverging projections between models? 56 

Brown et al (2016 – hereafter BR16) took the approach of comparing subgroups of CMIP5 57 

models, selected based on the Australian monsoon precipitation change they project by the late 58 
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21st century under a high emissions scenario. Their key finding was that the models projecting a 59 

strong decrease in northern Australian precipitation also projected a strong increase in 60 

precipitation over the western equatorial Pacific. Furthermore, those same models were more 61 

likely to have larger cold biases in the western equatorial Pacific, a region particularly 62 

susceptible to the well-documented equatorial "cold tongue bias" (e.g. Li and Xie, 2014).  63 

The most recent state-of-the-art climate model experiments are now becoming available 64 

as part of the CMIP6 ensemble, and promise a wide range of changes and improvements from 65 

the CMIP5 ensemble. Here we investigate two critical questions regarding climate model 66 

simulations of the Australian monsoon. Firstly, has the range in climate change projections of 67 

northern Australian precipitation been reduced in the newer models? Secondly, is the CMIP6 68 

range in climate change projections of northern Australian precipitation related to the same 69 

mechanisms inferred by BR16? 70 

2 Data and Methods 71 

Monthly precipitation and surface temperature data are used in the present study, for 37 72 

models from the CMIP5 archive (Taylor et al. 2012) and 20 models from the CMIP6 archive 73 

(Eyring et al. 2016), listed in Figure 1. For all analysis here we use only the first realization for 74 

each model, for both the historical experiments and future high emissions experiments (RCP8.5 75 

for CMIP5 models and SSP5-8.5 for CMIP6 models). 76 

All data are regridded to a common regular 1.5-degree grid using second-order 77 

conservative remapping. We define the Australian monsoon region as the land pixels (greater 78 

than 30% land) between 20°S-10°S, and 120°E-150°E. To compute the change to Australian 79 

monsoon precipitation we compare December to February (DJF) precipitation averaged over the 80 

monsoon region for a future period (2050 to 2099) and a historical period (1950 to 1999).  81 

As each model may have a different mean state, the changes in precipitation are 82 

presented here as a percentage change compared to the model’s historical mean. Furthermore, 83 

climate models exhibit a wide range in climate sensitivity, an issue which has become 84 

increasingly apparent with several CMIP6 models displaying larger climate sensitivities than the 85 

previous model generation (NCC Editorial 2019). Since the true climate sensitivity is not known, 86 

we choose to present all change quantities in this study per degree change in global average 87 

surface temperature.  88 

Following BR16, we subset and composite CMIP5 and CMIP6 models into three 89 

categories – those that become wetter by the late 21st century (WET), drier by the late 21st 90 

century (DRY), and the remainder which exhibit smaller changes. We limit the DRY and WET 91 

categories to six models each, dividing the available CMIP6 ensemble into equal thirds. To 92 

create a fair comparison with the CMIP6 DRY and WET composites, we also limit our DRY and 93 

WET groups for CMIP5 to six models each, selecting the models with the most extreme changes. 94 

Historical simulations are compared against the Global Precipitation Climatology 95 

(GPCP) dataset (Adler et al, 2003) and the CPC Merged Analysis of Precipitation (CMAP) 96 

dataset (Xie et al, 1997) observation-based datasets for reference, although we note here that the 97 

observations span a much shorter range, beginning only in the satellite era (1979-2005). We 98 

choose to use longer periods for the model analysis to decrease the influence of decadal 99 

variability (e.g. Power et al, 1999). 100 
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 101 

4 Results 102 

 103 
Figure 1: Percent change in December to February averaged northern Australian precipitation 104 

for CMIP5 models (green) and CMIP6 models (orange). Precipitation change is shown per 105 

degree change in global average surface temperature, for the periods 2050-2099 (CMIP6 SSP5-106 

8.5 and CMIP5 RCP8.5 scenarios) and 1950-1999 (historical scenario). CMIP5 models are 107 

shown with green bars while CMIP6 are shown in orange. 108 

Figure 1 shows the percentage change in DJF precipitation over northern Australia by the 109 

late 21st century under the high emissions scenario, scaled by global average temperature change 110 

for each model. The range in projections is so far reduced, with the largest decline in the CMIP6 111 

models approximately half that from the most extreme CMIP5 model. Disappointingly, the 112 

direction of change is still unclear with nearly equal numbers of models projecting increases and 113 

decreases in precipitation. In both the CMIP5 and CMIP6 ensemble it appears that the projected 114 

changes are not distinctly increasing or decreasing (i.e. not bimodal), but rather the model range 115 

forms a continuum from large decreases to large increases. To better understand such inter-116 

model differences, we next investigate how the range in projected changes to the Australian 117 

monsoon relate to the large-scale precipitation distribution, before considering the differences 118 

between the two extrema of the projected changes. 119 
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 120 
Figure 2: Global zonally averaged historical DJF precipitation (A,B) and future precipitation 121 

change (E,F), and meridionally averaged (15°S-15°N) historical DJF precipitation (C,D) and 122 

future precipitation change (G,H). Australian longitudes/latitudes are indicated with black dotted 123 

lines (A-H), while zero change is indicated with black dotted lines (E-H) for the CMIP5 (left 124 

column) and CMIP6 (right column) ensembles. Profiles for individual models (thin lines) are 125 

coloured according to their Australian monsoon precipitation change, with red hues representing 126 

drying and blue hues representing wetting over northern Australia. The thick blue and red lines 127 

are the composites for the DRY and WET sub-groups respectively. Precipitation is shown here in 128 

mm/day, and precipitation change is shown per degree change in global average surface 129 

temperature for each model. Observed climatologies for GPCP (thick black line) and CMAP 130 

(dotted black line) are shown for reference in A-D.  131 

 132 
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The global zonally averaged DJF precipitation for CMIP5 and CMIP6 models during the 133 

historical period is shown in Figure 2a,b. For both ensembles there is a large spread between 134 

models at all latitudes, although the range is largest in the deep tropics. The secondary peak in 135 

precipitation in the near-equatorial northern hemisphere is excessive in many CMIP5 models, 136 

resulting in nearly symmetrical precipitation peaks on either side of the equator during the 137 

Austral summer. While there is no clear distinction between the DRY and WET models 138 

historical zonal mean climatology in either CMIP5 or CMIP6, one interesting improvement is the 139 

increased interhemispheric asymmetry in CMIP6 models, which is slightly more evident in the 140 

WET group. Otherwise, it is unclear which group of models is more realistic when compared to 141 

observations for both ensembles. 142 

We now consider the change in zonally averaged DJF precipitation (Figure 2e,f) by the 143 

late 21st century. For both CMIP5 and CMIP6, the change in the global zonal average 144 

precipitation in the southern hemisphere tropics (below 10S) appears to be consistent with the 145 

changes over northern Australia. A striking feature in both ensembles is the larger degree of off-146 

equatorial drying in the DRY models, while simultaneously predicting a larger increase in 147 

precipitation at the equator. In contrast, on average the WET models experience little off-148 

equatorial drying, if at all, and a more muted increase in precipitation near the equator. This is 149 

notable since is indicates a fundamental difference in ITCZ response to global warming between 150 

the two sub-groups of models. 151 

The zonal distribution of climatological tropical precipitation is shown in Figure 2c,d. As 152 

with the zonal mean, it is not clear that either sub-group of models (WET/DRY) more accurately 153 

reproduces the observed zonal distribution of precipitation for CMIP5 or CMIP6. The projected 154 

changes in the CMIP5 ensemble exhibit much larger diversity compared to the CMIP6 ensemble 155 

(Figure 2g,h). In particular, the CMIP5 DRY and WET composites differ strongly over the 156 

Maritime Continent to the north of Australia, and over the equatorial Pacific. In contrast, the 157 

zonal distribution of projected precipitation change from the CMIP6 ensemble is remarkably 158 

consistent, with a much smaller projected range than that from the CMIP5 ensemble, and little 159 

discernible difference between the DRY and WET groups.  160 
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 161 
Figure 3: Historical DJF precipitation (A,B) and surface temperature (C,D) climatology and 162 

projected changes (E-H) for the composite of the DRY group of models minus the composite of 163 

the WET group of models for CMIP5 (left column) and CMIP6 (right column). Precipitation is 164 

shown here in mm/day, surface temperature in Kelvin, and changes are shown per degree change 165 

in global average surface temperature for each model. 166 

 167 

We now compare the composites for the DRY and WET groups of models for both 168 

CMIP5 and CMIP6, to investigate the spatial coherence of any differences between the groups. 169 

The difference between DRY and WET historical DJF precipitation climatologies is shown in 170 

Figure 3a,b. As highlighted by BR16, a distinct difference between the CMIP5 DRY and WET 171 

groups is seen in the western equatorial Pacific, with the DRY models having higher 172 

precipitation in that region, and less precipitation over northern Australia. In comparison the 173 
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CMIP6 DRY and WET groups are relatively similar over the western equatorial Pacific, however 174 

they exhibit a clear difference in the intertropical convergence zone (ITCZ), with higher 175 

precipitation near the equator and less precipitation in the southern hemisphere off-equatorial 176 

latitudes for the DRY models historical climate composite compared to the WET models.  177 

Comparing the projected changes (Figure 3e,f), a strong pattern emerges for the 178 

difference between DRY and WET CMIP5 groups, consistent with the results of BR16. While a 179 

large region encompassing the north of Australia experiences much stronger drying, the western 180 

equatorial Pacific experiences much stronger wetting in the DRY group compared to the WET 181 

group in CMIP5. A similar, but much more muted pattern emerges for the precipitation change 182 

composite of CMIP6 DRY minus WET groups, noting here that the largest difference does still 183 

occur in the western equatorial Pacific. In part this will reflect the absence of very large 'outliers' 184 

in the projections, both for wetting and drying over northern Australia. One interesting feature 185 

seen in both the CMIP5 and CMIP6 ensemble is the difference in projected near-equatorial 186 

drying for the southern hemisphere continental land masses in the DRY minus WET composites. 187 

This pattern appears to be stronger over southern Africa and northern Australia than it is for the 188 

South American region. Nevertheless, it appears that the grouping of DRY and WET models 189 

using northern Australian precipitation changes has some relationship to other southern 190 

hemisphere continental regions.  191 

What lies behind the large precipitation pattern differences in DRY and WET models in 192 

the two ensembles? Figure 3c,d,g,h shows surface temperature differences between the DRY and 193 

WET models. As noted by BR16, CMIP5 models that project drying over northern Australia tend 194 

to experience larger warming in the western equatorial Pacific, and in the current climate tend to 195 

be cooler on average in that region, an area susceptible to the well-documented 'cold-tongue' bias 196 

(Li and Xie, 2014). By contrast, for the available CMIP6 ensemble, WET/DRY model 197 

differences are not marked in the western equatorial Pacific. Instead, a spatially coherent pattern 198 

is evident in the interhemispheric difference in historical climatological sea surface temperature 199 

(SST). We find that on average, the CMIP6 DRY models are warmer over the northern 200 

hemisphere oceans and cooler in the southern hemisphere than the WET models. This pattern is 201 

consistent with the precipitation composites, which showed DRY models having a more 202 

northward-located ITCZ than the WET models on average. While no obvious spatially coherent 203 

patterns emerge from the difference in projected surface temperature for the CMIP6 DRY minus 204 

WET composites (except perhaps a weak equatorial warming in the central and eastern Pacific), 205 

one feature of interest is the coherent difference in temperature over southern hemisphere land. 206 

Given that precipitation and temperature are strongly related over tropical land regions (e.g. 207 

Hurley and Boos, 2013) it is perhaps not surprising that the off-equatorial land-regions are 208 

warmer in the future in the DRY models than the WET models. We note that a similar pattern is 209 

observed for the CMIP5 ensemble. 210 
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211 
Figure 4: Scatter plots showing the relationship between Australian monsoon precipitation 212 

percent change per K by late 21st century against global averaged surface temperature change 213 

(A), western equatorial Pacific historical SST (B), interhemispheric historical SST gradient (40S-214 

40N) (C), change in zonal mean precipitation averaged between 30S-10S (D),  change in western 215 

equatorial Pacific SST (E), and change in interhemispheric SST gradient by late 21st century (F). 216 

A line of best fit is plotted where the correlation is considered significant (p-value less than 0.1). 217 

CMIP5 models are indicated with green circles while CMIP6 models are shown in orange. 218 

 219 

The analysis described above suggest some features relating changes in the Australian 220 

monsoon to either large-scale changes (global or hemispheric), or specific teleconnections (e.g. 221 

with the Walker circulation, via western equatorial Pacific SST). In Figure 4 we investigate how 222 

well the changes in Australian monsoon precipitation correlate with some of those features. 223 

Firstly, we note that neither the rate or direction of change in Australian monsoon precipitation 224 

scales with global surface temperature change in either the CMIP5 or CMIP6 ensembles (Figure 225 

4a). As highlighted by BR16, the change in Australian monsoon precipitation in CMIP5 models 226 

is significantly correlated with both the historical SST (r=0.47) and future SST changes (r=-0.58) 227 

in the western equatorial Pacific (Figure 4b,e). However, no such statistically significant 228 

relationship is found for the available CMIP6 ensemble. In particular, the range in projected SST 229 

changes in that region is reduced in CMIP6 compared to CMIP5 (Figure 4e). The difference in 230 

DRY and WET group SST composites in Figure 3 suggested that spatially coherent historical 231 

climatology interhemispheric SST differences may be related to Australian monsoon 232 

precipitation changes for CMIP6 models. Further inspection of this shows that the relationship 233 

between historical interhemispheric SST gradient is weakly correlated with Australian monsoon 234 

precipitation change for CMIP6 (Figure 4c), but the future changes to the interhemispheric SST 235 
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gradient are not significantly correlated (p-values larger than 0.1) with Australian monsoon 236 

precipitation changes for either the CMIP5 or CMIP6 ensemble (Figure 4f). Figures 2 and 4 237 

suggest that the drying or wetting of the Australian monsoon may be related to a zonally 238 

symmetric difference between DRY and WET models in both CMIP5 and CMIP6. In Figure 4d 239 

we find that the change in Australian monsoon precipitation is significantly correlated with the 240 

zonal mean change in precipitation averaged between 30°S and 10°S for both the CMIP5 241 

(r=0.51) and CMIP6 (r=0.73) ensemble. These relationships are significant even with the 242 

removal of the Australian monsoon region from the zonal mean (see supplementary Figure 5), 243 

albeit slightly weaker (r=0.30 for CMIP5 and r=0.54 for CMIP6). Similarly, the change in 244 

Australian monsoon precipitation is significantly correlated with the other land region changes 245 

between 30°S and 10°S excluding northern Australia (r=0.39 for CMIP5 and r=0.41 for CMIP6). 246 

5 Discussion and Conclusions 247 

We have investigated the long-term climate change projections of Australian monsoon 248 

precipitation under a high emissions scenario, comparing the most recent state-of-the-art climate 249 

models (CMIP6) against the previous generation of models (CMIP5). This is of critical 250 

importance since the long-term projections for the Australian monsoon have been highly 251 

uncertain in all previous generations of climate models, with little agreement on even the 252 

direction of change. The objectives of this study were twofold: firstly, to establish whether newer 253 

and presumably improved climate models have a reduced range in climate change projections for 254 

the Australian monsoon, and secondly, to determine if the range in projections are related to the 255 

same factors noted for the previous generation.  256 

Our first key finding here is that while the range in climate change projections of 257 

Australian monsoon precipitation is reduced in CMIP6 compared to CMIP5, unfortunately the 258 

new generation of models continue to disagree on the magnitude and direction of change for the 259 

region.  As was the case for CMIP5, the CMIP6 ensemble available so far have similar numbers 260 

of models that project an increase or decrease over northern Australia. To avoid the issue of 261 

climate sensitivity differences between models we have scaled the Australian monsoon 262 

precipitation changes according to each model's change in global average surface temperature. 263 

We note here, though, that models with larger global temperature changes do not necessarily 264 

have larger precipitation changes. 265 

To shed further light on the diversity in projected changes, we adopt the method of BR16, 266 

comparing groups of models sub-sampled based on whether they project a wetter Australian 267 

monsoon (WET) or drier Australian monsoon (DRY) in a possible future warmer climate. Here 268 

we confirm their finding using a larger ensemble (37 models instead of 33 models), that 269 

Australian monsoon projections are closely related to the western equatorial Pacific region in 270 

CMIP5 models. Repeating the analysis for the 20 available CMIP6 models we find no such 271 

relationship between Australian monsoon precipitation projections and either western equatorial 272 

Pacific SST historical climatology or future changes (Figure 3). Yet the spatial pattern of the 273 

differences in precipitation change between DRY and WET models remains similar in CMIP6 274 

compared to CMIP5, with the DRY models having greater increases in precipitation over the 275 

western equatorial Pacific. How then can we understand the local changes in precipitation for the 276 

Australian monsoon in a warmer climate in both CMIP5 and CMIP6 models? 277 

By comparing the meridionally-averaged tropical precipitation we find that the CMIP6 278 

models show much smaller spread in the zonal distribution of precipitation changes than CMIP5 279 
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models (Figure 2). While the projected precipitation change in the western equatorial Pacific 280 

precipitation is larger for the DRY groups of models on average for both CMIP5 and CMIP6, it 281 

is not clear that there is a systematic relationship with Australian monsoon precipitation changes 282 

implied by the spatial composites in Figure 3. Nevertheless, the greater diversity in the zonal 283 

distribution of tropical precipitation changes in CMIP5 are consistent with differing patterns of 284 

change between models, well-documented for the CMIP5 ensemble (e.g. Chadwick et al. 2013; 285 

Grose et al. 2014b).  286 

One of the clearest results in the present study is the link between Australian monsoon 287 

changes and the hemispheric-scale precipitation changes in both CMIP5 and CMIP6 models. 288 

Models that become drier over northern Australia also become drier in the southern hemisphere 289 

off-equatorial latitudes in general (Figures 2, 3, 4). This relationship is significantly correlated 290 

for both ensembles, although it is stronger for the CMIP6 models. We hypothesize that this may 291 

be due to the larger diversity in zonal circulation and precipitation changes contributing to 292 

northern Australian precipitation change in CMIP5 models. Indeed, the CMIP5 historical 293 

climatology differences between the DRY and WET groups show an east-west asymmetry in the 294 

Pacific basin, while the CMIP6 difference between DRY and WET groups is far more zonally 295 

symmetrical, with a slight northward location of the historical ITCZ in the DRY models (Figure 296 

3). The spatial composites of precipitation change for DRY minus WET models show that the 297 

changes over southern hemisphere off-equatorial land regions are consistent, with the DRY 298 

models also predicting drying over southern Africa and South America. This suggests that the 299 

projected changes over the northern Australian monsoon region may not necessarily be related to 300 

local regional biases as found by BR16 for the CMIP5 ensemble, but in fact may be more reliant 301 

on a hemispheric-scale response over land in the southern hemisphere in a future warmer 302 

climate. In other words, the reduced relationship between the western pacific SST and northern 303 

Australian precipitation changes in the newer models may have removed one source of model-to-304 

model differences, revealing a separate hemispheric wide process. The processes driving the 305 

spread in models now are not clear, but a possible hypothesis is that feedbacks or relationships 306 

between the continental landmasses in the southern hemisphere and the location of the tropical 307 

rain bands are driving difference between these models. The analysis of these mechanisms is to 308 

be the subject of future research. 309 

In one sense it is perhaps good news that local or regional biases may be less important 310 

for Australian monsoon projections in the newer models, since regional fidelity in coarse global 311 

climate models is notoriously problematic (e.g. Grose et al 2014a). However, if the implications 312 

of the present study are in fact correct, then in order to improve projections of the Australian 313 

monsoon we need to better understand the hemispheric scale meridional circulation response 314 

over both ocean and land to future warming scenarios. Extending the "wet-get-wetter" theory 315 

(Held and Soden, 2006) to land regions, Byrne and O'Gorman (2015) find that horizontal 316 

gradients in warming and relative humidity changes can contribute to a drying tendency over 317 

land. Comparing the projected Australian monsoon changes to the contributions from their 318 

proposed mechanisms could be a useful step towards decreasing the projection uncertainty. 319 

However the global zonally averaged precipitation differences between the DRY and WET 320 

groups for both ensembles suggest that projections over northern Australia may hinge on the 321 

strength of an "upped-ante" response to warming, whereby in some climate models the edges of 322 

the tropical rain band dries, while the core becomes wetter (Chou and Neelin, 2004; Neelin et al, 323 

2006). A potential avenue for future investigation could involve testing the sensitivity of 324 
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precipitation changes on the southern edge of the ITCZ to modified boundary and initial 325 

conditions.  326 

As a first attempt to explain the hemispheric scale synchronization of projected changes 327 

in precipitation, we compared the interhemispheric gradient in SST and its changes with 328 

Australian monsoon changes (Figure 4). The historical interhemispheric SST gradient was found 329 

to be weakly correlated with Australian monsoon changes for CMIP6, suggesting that the basic 330 

state in each model may be important for the future monsoon change it experiences (e.g., Zhang 331 

et al. 2018).  332 

In conclusion, we find that changes to the Australian monsoon in a future warmer climate 333 

remain uncertain in the CMIP6 ensemble. However, one useful result of the present study is that 334 

the Australian monsoon changes are congruent with the zonal mean changes within each model. 335 

We suggest here that zonal circulation changes may be less important for the Australian 336 

monsoon in newer models, and that understanding the hemispheric-scale meridional circulation 337 

response to global warming is essential for reducing the uncertainty in Australian monsoon 338 

projections. 339 
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