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Motivated by the important impacts of extreme rainfall, this study extends the 
CSIRO and BoM (2015) analyses and projections of 20-year means and daily 
extremes to rainfall on the monthly timescale. Frequency distributions for 
monthly rainfall rates simulated by 40 CMIP5 models for the 1986-2005 period 
are compared with those from the AWAP 0.25° gridded observational data. Dis-
tributions spatially-averaged over Australian regions provide a signature of sea-
sonal rainfall. Composites of months in the top and lowest deciles for each grid 
point and each of the four seasons are then evaluated, along with the frequency 
of rainfall rates exceeding thresholds ranging from 0.5 mm d−1 to 8 mm d−1. The 
simulated changes by 2080-2099 under the RCP8.5 scenario for the various 
rainfall statistics are assessed. Maps of the ensemble mean of changes of the 
lowest and top deciles, as a percentage of the 1986-2005 base, partly reflect the 
tendency for increased mean rain in summer and autumn, with decreases in win-
ter and spring. There is also a change in the frequency distribution, with the top 
decile rainfall tending to increase and the lowest decile to decrease. Bar graphs 
are used to represent the range of change across the models, for each of four 
seasons and four regions. In most cases the bars for each statistic cover both de-
clines and increases, but there is again a shift towards the positive in the pro-
gression from lowest decile to top decile. The changes are consistent with a 
broadening of the distribution of monthly amounts. Model spatial resolution is 
not a major influence on the changes. These projections for monthly rainfall sta-
tistics should be applicable to a range of climate impacts. 

 

1.  Introduction  

Projections of the future change of climate mostly concern the means over multiple years of temperature, precipitation and 
other important climate variables, often on the seasonal timescale. For example, the CSIRO and Bureau of Meteorology 
(2015 –hereafter CB15) projections for Australia present seasonal changes for 2080-2099 and other time periods, relative 
to 1986-2005, under various forcing scenarios. While changes in the mean are of interest, for rainfall in particular, it is 
important to assess potential changes in its intensity. This may follow from an increase in the moisture-carrying capacity 
of the atmosphere under warming, or through changes in circulation and weather systems (Kunkel et al. 2013, Hope et al. 
2015, Otto et al. 2016). The high extremes of daily events have been the focus of many studies (e.g., Alexander and Ar-
blaster, 2013), and CB15 show that 20-year extreme daily rainfall tends to increase, even for regions with declines in the 
20-year means. Extremes for longer averaging times have also been considered, with Christensen et al. (2007, Table 11.1) 
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presenting changes in the most extreme seasonal means, while annual averages of rainfall were used in the analysis of me-
teorological drought by CB15. 

The monthly timescale has less often been the focus for projections, despite the major impacts that events evident on the 
monthly timescale can have on agriculture through wide-spread flooding, and the exacerbation of long-term drought. Rain 
events in the drier regions of Australia have a positive impact of pasture growth, and while Bastin (2014) analysed consec-
utive wet days exceeding certain thresholds, such events will potentially be represented in monthly rainfall. The main mo-
tivation for this study is to provide results for that timescale. Furthermore, we assess the full distribution of monthly 
amounts both in observational and simulated data, and further develop methods of evaluating and interpreting both present 
climate simulations and changes. The role of spatial resolution is considered. 

The projections for Australia were largely based on the simulations by global climate models (GCMs) that were submitted 
to the Coupled Model Intercomparison Project phase 5 (CMIP5, Taylor et al. 2012). The forcing scenarios or ‘Representa-
tive Concentration Pathways’ (RCPs), included RCP8.5 (Riahi, et al. 2011), in which continuing anthropogenic emissions 
result in rising greenhouse gas concentrations, leading to global radiative forcing approximating 8.5 W m−2 by 2100. This 
forces large-scale surface warming, and regional climate change. See CB15, Grose et al. (2015) and Collins et al. (2013) 
for details and references regarding CMIP5, the scenarios and simulations. CB15 (section 7.2) discuss the level of confi-
dence in projections of Australian rainfall based on models. 

The Australian projections, and CMIP5 simulations, include a range of outcomes for each scenario. CB15 presented per-
centage changes in precipitation (pr in the CMIP5 nomenclature; or rainfall rate, P, here) averaged over NRM (Natural 
Resource Management) regions, using empirical quantiles of changes from all available simulations. The 56 NRM regions 
were combined into four ‘super-cluster’ regions that roughly correspond to major climatic zones. The representation of the 
regions on a 0.25° data grid that is used here is shown in Figure 1, as explained shortly. Quantiles of change for these re-
gions were featured. Under the ‘pattern scaling’ approximation, that local change is roughly proportional to the global sur-
face warming (Watterson and Whetton 2013), the range from an ensemble is due to both the range of global warming, and 
the range in the local response. Maps of local changes calculated using the pattern scaling theory of the CSIRO and Bureau 
of Meteorology (2007) projections (based on the earlier CMIP3 simulations) were also shown by CB15. These were on a 
global 1° grid, which is again used. 

As described in the following section, the core of the analysis is the accumulation of frequency distributions of monthly 
rain, for each of four seasons and two periods, and at every grid point, for forty CMIP5 models. These are cast in the form 
of a probability density function or PDF, illustrated with observational data. The models and methods for assessing skill 
and the relationship to resolution are outlined. Results for the ‘present climate’ (1986-2005) from CMIP5 are then present-
ed and compared to results from observational data. Exceedance frequencies for several thresholds are assessed. The spa-
tial distribution of the composited rainfall from the lowest and top deciles, and the rainfall extremes are presented. The 
skill of models in simulating the deciles over Australia is quantified.  

Changes in the various statistics, for the ‘future climate’ (2080-2099, under RCP8.5) are then considered. The range of 
results across the models, averaged over Australia and four super-cluster regions, are presented in a way that complements 
the results for the means and daily extremes from CB15. To illustrate various results, a grid point representing Melbourne 
was chosen. This location has rainfall in all seasons and is influenced by a number of weather systems such as frontal sys-
tems from the west, north-west cloud bands from the north-west and the occasional tropical incursion through summer. 
Further PDFs for monthly rainfall from observational data and tables of various results for the super-clusters are included 
in an Appendix.  



Watterson. Extreme monthly rainfall over Australia  404 

 

Figure 1 The four super-cluster regions: East E, South S, North N, and Rangelands R, specified on a 0.25° grid. The 
Australian domain is the aggregate. The location of Melbourne is marked with a star. The coastline shown 
excludes some of the offshore islands that are represented on the grid. 

2. Models and methods 

2.1 Data 

The 40 CMIP5 models whose simulations are analysed are listed in Table 1. Data from the RCP8.5 simulations were used 
in calculating the CB15 projections for 2080-2099, together with the corresponding ‘historical’ simulation, with specified 
atmospheric constituents based on observations, which were used for the 1986-2005 period. We chose the same periods, 
and use the first simulation, in the case of a model with multiple runs. Hence, our CMIP5 ensemble consists of 40 simula-
tions, within each period. Included in Table 1 is a single representative grid length for each model, following Watterson et 
al. (2014). The grid length L is calculated as the square root of the global surface area divided by the number of points on 
the data grid. This L ranges from 67 km, for the model with the highest resolution, to 333 km, with the 40-model average 
given in Table 1. Making the approximation that the corresponding grid boxes of a model have equal sizes in degrees, then 
a box with the average area occurs at around 50° latitude. For a model with the ensemble-median ratio of the number of 
points of longitude and latitude, 1.6, the latitude spacing is twelve per cent larger than L, and the longitude spacing is the 
same as that (so the box is square) at 37° latitude. The scale resolved by models over Australia is thus typically a little 
larger than the lengths in Table 1. To represent the CMIP5 ensemble on a grid, data and results on each model grid are 
interpolated to the common 1° grid, which is a subset of the grid used in Figure 1. 

The monthly mean data within each period have been partitioned by the four usual seasons (December-February or DJF, 
March-May MAM, June-August JJA, and September-November SON). The first summer season includes December from 
the preceding year. The average of results from the four seasons forms the annual (ANN) case. The average rainfall over 
the Australian domain (Figure 1) for the present climate was not shown by CB15, and hence is included here in Table 1. 
There is a considerable range across the ensemble, even in this aggregate. Partly because of this, CB15 focusses on future 
rainfall changes as a percentage, and the change in the Australian mean (for ANN) in each model is also given. These 
along with the skill scores are discussed later. Differences between the future and present 20-year periods from each model 
represent both forced change and variability. CB15 use the range of these differences as a projection of the possible differ-
ences in corresponding observational periods, assuming that the models simulate these processes realistically. The 40-
model mean or median values were used by CB15 to provide central estimates of the forced change in long-term means, 
and both will be used here for the monthly statistics also. 

We consider observational data for rainfall from the Australian Water Availability Project (AWAP), of the Bureau of Me-
teorology (BoM) and CSIRO (Jones et al. 2009). The monthly rainfall data are on the 0.25° grid used for Figure 1, and the 
110-year period from 1901 to 2010 is analysed, to limit the influence of unforced variability on the results and for refer-
ence purposes. Results for 1986-2005 are also considered. The annual mean rainfall rate from our analysis of this AWAP 
dataset and averaged over the Australian domain, as represented in Figure 1, is 1.33 mm d−1, rising to 1.38 mm d−1 for 
1986-2005. Note that the monthly data set provides an interpolation across regions that are sparsely observed, and there are 
some variations in coverage across the full period, as discussed by King et al. (2013). The 40-model average Australian 
mean rainfall in Table 1 is higher, at 1.63 mm d−1. 
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The grid of land points in Figure 1 was used by Watterson et al. (2013), and was originally from BoM. It allows coastal 
and island land data to be represented, but some of the grid boxes are partly ocean. As shown in Figure 2.3 of CB15 and 
Figure 1 of Hope et al. (2015) the marine boundaries of the super-cluster regions were defined so as to encompass offshore 
islands. Regional averages for each model were calculated by weighting values on the model data grids by their area with-
in the boundary, but including only grid boxes that were treated as land points, or were more than 70 per cent land if frac-
tional land coverage was used. We do not consider model land here, since values from all 40 models need to be used on 
the common 1° grid. The representation of the regions in Figure 1 was derived by interpolating from the full regions as 
approximated on a 0.75° grid (not shown), and using only 0.25° boxes that contain land. To form regional averages for 
CMIP5, we first interpolate to this 0.25° grid then average over all the boxes in each regional domain (with box area 
weighting). This should provide a reasonable approximation to the CB15 regional averages for the present climate, while 
those based on the 0.75° grid may not be. In any case, future changes in these regional averages are not sensitive to the 
grid details. 

 

Model Name 

Grid 
L 

Skill 
CB15 Skill  Skill  Skill GW 

Aus P 
present 

Aus P 
change 

km M Low Top Ave °C mm d−1 % 

Average of all 177 489 435 431 445 3.64 1.63 −5.1 

CMCC-CM 67 486 441 428 444 4.14 0.85 −1.3 

CCSM4 96 379 366 384 371 3.60 2.55 6.5 

CESM1-BGC 96 400 411 382 396 3.52 2.40 9.8 

CESM1-CAM5 96 493 509 432 456 4.09 2.24 3.2 

BCC-CSM1-1-M 100 525 507 415 474 3.23 1.60 6.0 

EC-EARTH 100 701 652 587 634 3.47 1.63 −6.8 

MRI-CGCM3 100 599 566 526 568 3.20 1.47 0.4 

CNRM-CM5 125 602 492 560 544 3.47 1.83 −2.5 

MIROC5 125 432 384 417 403 3.28 2.35 13.5 

ACCESS1-0 135 552 430 513 488 4.04 1.19 −13.0 

ACCESS1-3 135 544 466 480 488 3.99 1.45 −30.7 

HadGEM2-AO 135 600 472 525 520 4.03 1.34 −23.2 

HadGEM2-CC 135 541 417 506 478 4.56 1.03 −1.2 

HadGEM2-ES 135 561 434 514 494 4.67 1.11 −17.0 

INMCM4 154 524 366 433 431 2.59 1.38 −9.1 

IPSL-CM5A-MR 157 404 462 297 383 4.36 0.60 −18.4 

CMCC-CMS 166 564 428 518 500 4.26 1.05 −17.7 

CSIRO-Mk3-6-0 166 482 483 455 482 3.98 1.47 −47.8 

MPI-ESM-LR 166 593 533 521 543 3.58 1.49 −9.0 

MPI-ESM-MR 166 640 567 588 597 3.46 1.51 −12.8 

CESM1-WACCM 192 281 288 311 290 3.25 2.77 11.8 

NorESM1-M 192 347 345 326 334 3.15 2.48 24.7 

NorESM1-ME 192 343 321 346 329 3.35 2.55 22.0 

GFDL-CM3 198 564 496 492 509 4.66 1.70 −12.6 

GFDL-ESM2G 198 472 490 395 449 2.75 1.89 1.7 
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GFDL-ESM2M 198 469 441 358 418 2.65 1.83 −26.5 

GISS-E2-H 198 490 403 363 404 2.90 1.41 −8.6 

GISS-E2-H-CC 198 501 397 395 419 2.80 1.43 −16.6 

GISS-E2-R 198 461 431 399 430 2.51 1.31 0.8 

GISS-E2-R-CC 198 472 414 358 403 2.47 1.30 2.6 

IPSL-CM5A-LR 235 403 472 286 380 4.42 0.64 −11.4 

IPSL-CM5B-LR 235 596 476 561 539 3.32 1.05 −8.0 

BCC-CSM1-1 250 499 452 451 465 3.33 1.74 −2.2 

BNU-ESM 250 451 381 374 397 4.29 1.37 12.8 

CanESM2 250 492 439 344 400 4.48 1.35 −3.3 

FIO-ESM 250 424 412 382 399 3.40 1.74 −3.0 

MIROC-ESM 250 342 283 344 320 4.61 2.41 −8.9 

MIROC-ESM-CHEM 250 333 273 322 301 4.91 2.52 −13.8 

FGOALS-g2 258 535 429 504 477 3.03 1.82 26.9 

CMCC-CESM 333 479 357 457 426 3.72 1.30 −20.1 
 

Table 1 The 40 CMIP5 models and their representative grid length (L), skill score (M value, out of 1000, for the Australi-
an domain in Figure 1, averaging over 4 seasons) from CB15 for mean precipitation, and then scores for the low-
est decile and the top decile, and the average of the three scores (low, top and mean) using AWAP data. Also giv-
en are the model global warming (GW, in °C) from 1986-2005 to 2080-2099 under RCP8.5, the mean annual 
rainfall (P) over the Australian domain for the present climate (1986-2005), and the percentage change in this. 
The models are ordered by their representative grid length, then name. The average of the 40 values is given on 
the top row. 

The result of spatially averaging the grid point PDFs (with area weighting) over the Australian domain is shown in Figure 
2b. This provides a representation of the overall frequency distribution of AWAP monthly rainfall at the 0.25° grid points. 
The curves are smoother than for the Melbourne point and dry months are evidently common in some parts of Australia, 
particularly in JJA, when the overall (1901-2010) dry-month fraction is 0.22. Further averaging over the four seasons pro-
duces an annual case that is intermediate between these JJA and DJF curves. The annual case, and all four seasons, are 
shown for Australia and also the super-cluster regions in the Appendix. A notable result is the similarity of the MAM 
PDFs to the ANN case, for each region. 

As in statistical theory, the overall mean rainfall for a case will match the integral of the product of the PDF and P, which 
now represents accumulated rainfall. The product function has a further use, as it more clearly indicates the occurrence of 
wetter months. Figures 2c and 2d show P times PDF for Melbourne and Australia, omitting small rates that contribute little 
to the accumulation. The importance of summer months with rates of 4 mm d−1 or more is evident, particularly for Austral-
ia. Further cases are again shown in the Appendix, for reference. The seasonal variation in the South differs from the other 
regions. 

Most results to follow are based on two other forms of aggregate, applied initially at points. One statistic is the frequency 
of months exceeding certain thresholds, which are chosen to be the same for all locations across Australia. Choosing 
thresholds from the above bins, these frequencies can be determined directly from the discrete seasonal PDFs. The other 
statistic is the average of rainfall rates that are within the lower and upper tenths of the sample of months, so the bounds 
are specific to each local PDF. In BoM terminology these tenths are decile ranges 1 and 10. For a 20-y period there are six 
months within each seasonal decile aggregate. In the following, ‘decile’ will often mean this composite or average value. 
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Figure 2 Frequency density of monthly precipitation rate (in mm d−1) in DJF and JJA for (a) the Melbourne grid 
point, and (b) averaged over Australia. The AWAP observational data over 1901-2010 are shown, along 
with the 40-model mean results for 20-year periods (described shortly). A logarithmic scale is used for rate 
(P), with the density shown as a function of log (P) –the power shown on the axis values. A straight line 
segment from rate 0.005 mm d−1 to 0.014 mm d−1 is used to show rates less than 0.004 mm d−1, the threshold 
used for ‘no rain.’ The actual dry-month frequency is the line value multiplied by the width (0.477 in log (P) 
units). Other values are plotted at the centres of the 37 bins (of varying width) used. The area under each 
curve is hence unity. The PDFs are multiplied by P in (c) for Melbourne and (d) for Australia, with the area 
under the curve equal to the mean P. 

2.3 Skill scores and role of model resolution 

To evaluate the simulation of seasonal climatological precipitation by CMIP5 models, CB15 (and Moise et al., 2015) fol-
lowed Watterson et al. (2013) in using the non-dimensional ‘M’ skill score (based on rmse scaled by spatial variance), in 
which a value of 1000 ‘points’ means an exact match of the simulated and observational fields, and 0 is no skill. The M 
values comparing a 1975-2004 climatology from each model with a 1958-2001 BoM climatology for each season were 
averaged, with the results (from CB15 Table 5.2.4) repeated in Table 1, which adds the score averaged over 40 models. 
The top-ranked model was EC-EARTH. Such skill scores will be evaluated using our data sets, and extended to the spatial 
fields of the lowest and top deciles of monthly rain rates. 

The relationships between climatological mean changes and model present-climate skill, model resolution, and other char-
acteristics were investigated by CB15. The assessment here is limited to relationships with the model resolution as quanti-
fied by the grid length L. Watterson et al. (2014) found that M skill scores for simulations over most continents tended to 
be higher for models with lower grid length, as evidenced by a negative correlation between M and L, across the model 
ensemble. The correlation between the 40 scores for mean rainfall from CB15 (Table 1) and L has coefficient r = −0.30. 
This indicates only a modest influence overall, but it is worthwhile considering scores for further statistics. In addition, 
relationships between L and the simulated values for means and extremes will be considered, for both present climate and 
change in climate. With regard to the statistical significance of correlations, the 40 models include several pairs from the 
same source, often with the same resolution (as seen with L). Watterson et al. (2014) crudely estimated the number of in-
dependent models as half the actual number. In that case, an r magnitude of 0.38 would be needed to reach the 0.1 signifi-
cance level. 
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3.  Present Climate 

3.1 PDFs 

For each of the forty CMIP5 models in Table 1, the simulation for 1986-2005 is analysed to represent the present climate. 
The monthly data for rainfall rate at each model grid point are accumulated to form our seasonal PDFs. Focusing on each 
grid point nearest to the location of Melbourne, there is a considerable range of values at each bin across the ensemble, 
both through inter-model difference and through the sampling of 60 monthly values in each seasonal case, which include 
consecutive months and hence some inter-dependence. We show only the ensemble average PDF in Figure 2a, which pro-
duces a relatively smooth curve, although such averaging may produce a curve that is broader than that of an individual 
model. In this case, the average does provide a good match to the observations in each season shown, except that there are 
some unrealistically wet months in JJA for the Melbourne grid point. Note though, that for some models, this nearest point 
may be over model ocean or different topography than in reality. These high values in JJA are more clearly seen in Figure 
2c. From the area under the P times PDF curves, in both seasons the ensemble overestimates the mean rainfall because of 
heavy rain events. 

For each model, the field of values from each bin of the PDFs were linearly interpolated to the 0.25° grid, and the spatial 
average over the Australian domain calculated. The resulting ensemble average PDF is shown in Figure 2b. Dry months in 
JJA are less common in the models than from AWAP, as are very wet months, as a result of high orographic rainfall in the 
south being under-represented in these models (as will be seen shortly). These biases may partly follow from the larger 
model grid boxes. In DJF moderate rainfall (around 5-10 mm d−1) is more frequent in the ensemble, and from Figure 2d it 
is seen that this leads to larger mean rainfall than from AWAP. 

3.2 Frequency of exceedance 

A major motivation for the analysis of rainfall events are the impacts, both positive and negative, of events exceeding par-
ticular thresholds. From the frequency distributions, we can readily calculate such occurrences for thresholds that match 
the bounds for the distribution bins, and results are presented here for five levels. Bastin (2014) chose accumulated rainfall 
of 25 mm and 50 mm, as ‘marginal’ and ‘ideal’ events that may promote pasture growth in the Australian rangelands (in 
particular the super-cluster of that name shown in Figure 1), and such rainfall would have positive impacts for agriculture 
and water supply in much of Australia. These amounts are approximately represented by the bounds of 1 and 2 mm d−1 for 
the monthly rainfall rate. Larger monthly rates, of 4 and 8 mm d−1 are relevant to both water supply and flooding, and the 
corresponding monthly accumulations of 120 mm or 240 mm are rare, or never observed for many locations. An increas-
ing frequency of those thresholds being exceeded under global warming could well be detrimental. For much of Australia, 
the smaller bound of 0.5 mm d−1 is well below average rainfall, and rates less than this for a month may have a negative 
impact. In such situations, a decreasing frequency of this threshold being exceeded would be a concern. Naturally, all the-
se impacts will depend on many other factors, and certainly the frequencies will depend on the season for most locations. 
However, Bastin (2014) did not explicitly partition events by season, as growth after rain in the warmer regions is likely 
regardless of the timing. Likewise, heavy rain can lead to flooding at any time. For brevity, we present only the annual 
case, with frequencies for each threshold averaged over the four seasons.  

Consider firstly the frequencies, as a percentage of all months, for the AWAP data. The results for the Melbourne point are 
given in Table 2. Only seven per cent of months have less than the lowest threshold, which is within the left tail of the 
PDFs in Figure 2a, even for summer. Naturally, the frequency of exceedance drops as the threshold rises. The small per-
centage for 8 mm d−1 actually corresponds to a single event in the 110 years. The frequencies have been calculated for 
each model, and ensemble means determined. Values interpolated to the Melbourne point, given in Table 2, provide a 
good match to those for AWAP. Of course, individual model values vary, with some providing few high threshold months 
and others more. 
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Threshold 0.5 1.0 2.0 4.0 8.0 

AWAP 93.11 76.36 35.08 4.47 0.08 

CMIP5 91.12 75.41 39.98 5.55 0.09 

Change −6.43 −8.45 −5.81 0.21 0.05 
 

Table 2 Frequency of exceedance over all months (annual case), for five thresholds of rainfall (in mm d−1), at Melbourne: 
from AWAP (1901-2010), the CMIP5 ensemble for 1986-2005, and the future change from CMIP5 (2080-2099 
minus 1986-2005, discussed later), all in % of all months. 

The maps of frequencies at grid points for the five thresholds are shown in Figure 3, with the AWAP and CMIP5 ensemble 
joined by the results for the top-ranked model (from CB15, Table 1). The CMIP5 averages are calculated with frequency 
fields interpolated to the common 1° grid. For the lowest threshold, the frequency from AWAP drops to as low as twenty 
per cent (at 30°S, 139°E in Figure 3a), while even EC-EARTH has over 40 per cent everywhere in Australia. Western 
Tasmania always exceeds this threshold in AWAP and also EC-EARTH. In much of the interior the 2 mm d−1 threshold 
for pasture growth is reached in five to twenty per cent of months, and CMIP5 produces a somewhat higher result. For the 
highest threshold, events mostly occur in the north, and rarely in winter (as inferred from Figure 2b). Much of the south 
has no such events in AWAP and EC-EARTH, but they can occur there in some wetter models, and hence the ensemble 
average (Figure 3o). While these months of more than ~240 mm are rare, it is evident from the Australian average curves 
in Figure 2d that they are important contributors to the total rainfall (23 per cent in the AWAP annual case). See the Ap-
pendix for tables of results for the Australian and super-cluster averages for the frequencies shown in Table 2. 
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Figure 3 Frequency of exceedance (in %) over all months (annual case) of rainfall rates at five thresholds, from top to 
bottom, 0.5, 1, 2, 4, 8, all in mm d−1. At left (a-e) are results for AWAP data over the Australian domain, 
centre panels (f-j) are for the model EC-EARTH, and right (k-o) are for the CMIP5 ensemble. The different 
grids of the data are evident in the shading. 

3.3 Deciles for monthly rainfall 

We turn to our other form of aggregate, averages or composites over a selection of months, resulting in amounts of rainfall 
or here average rates, in mm d−1. The standard seasonal climatologies are formed by averaging over all months in a case. 
In the centre column of Figure 4, the average rainfall (over 1901-2010) from the AWAP grid are shown for summer (Fig-
ure 4e), in the top row and winter (Figure 4f) in the second row. The corresponding CMIP5 ensemble-mean fields are 
shown for DJF in Figure 4g and JJA in Figure 4h. The models simulate much of the pattern of rainfall in both seasons, 
although the mean does not reach the observed intensity over the Australian Alps, western Tasmania, and the far south 
west. The resolution of most models would not allow for some of this detail. The ensemble means are often a little higher 
than observed (AWAP) in the interior in both seasons, although some models simulate more realistic values (see CB15). 
Values for four seasons are given for the Melbourne point (linearly interpolating from the fields) in Table 3. The 
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agreement is within ten per cent, except for winter when CMIP5 is 22 per cent higher (or 18 per cent, if the 1986-2005 
AWAP data are used), consistent with the higher frequencies for heavier monthly rain seen in Figure 2c.  

The pattern of rainfall in the upper and lower tails of the distribution of monthly rainfall is not commonly shown as a map. 
To represent these tails, but limiting the influence of sampling, the lowest and top deciles of the frequency distributions 
have been selected and aggregated. For the AWAP data, each seasonal decile is the average of 33 values, while for indi-
vidual models it is six. For the Melbourne grid point, the top decile is around double the mean (more for summer, less for 
winter) in both AWAP and the CMIP5 40-model average, with values for each season given in Table 3. The lowest decile 
is less than half the mean, and is especially low in summer, when there are more relatively dry months (Figure 2a). Also 
shown in Table 3 is the rainfall rate from the wettest month during the period (max). These are higher again, by 20-30 per 
cent for the CMIP5 average, but more for AWAP, with its longer period. See the Appendix for tables of results for the 
Australian and super-cluster averages. Turning to the maps for the lowest and top deciles (Figure 4), the CMIP5 ensemble 
provides quite realistic patterns and even values, for most of the continent in summer. The CMIP5 lowest decile is not as 
dry as observed in the south in summer and the north in winter. The bias in the Australian average in both seasons is also 
reflected in the PDFs of Figure 2c. It is worth noting that unlike the frequency statistics, the seasonal decile statistics 
cannot be simply averaged to obtain true deciles for the annual case (which have not been considered). 

 

 Statistic DJF MAM JJA SON 

AWAP low 0.18 0.35 0.71 0.62 

 ave 1.62 1.72 1.84 2.12 

 top 4.49 4.21 3.40 4.50 

 max 6.75 6.06 4.73 8.16 

CMIP5 low 0.42 0.41 0.98 0.65 

 ave 1.76 1.63 2.25 1.94 

 top 4.04 3.66 3.87 3.81 

 max 5.39 4.87 4.65 4.69 

Change low −6.59 −10.84 −19.49 −32.89 

 ave −0.98 −2.57 −11.13 −18.34 

 top 2.74 1.86 −4.22 −5.73 

 max 2.28 1.92 −3.53 −0.75 
 

Table 3 Rainfall at Melbourne grid point in each season, from observations (AWAP) and the CMIP5 ensemble average, in 
mm d−1, and the future change from CMIP5, in %. Values are the lowest decile (low), the overall average (ave), 
and the top decile (top), along with the rainfall in the wettest month (max) of 60 months for models (20 years 
times 3 months) and 330 months for AWAP (110 years times 3 months). 
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Figure 4  Rainfall from AWAP (top two rows) and the CMIP5 ensemble (bottom two rows) in mm d−1. From left, are 
the lowest decile, the overall average, and the top decile. Values are for two seasons: DJF (a-e-i and c-g-k), 
and JJA (b-f-j and d-h-l). Contour shading is used, for data on grids of 0.25° (AWAP) or 1° (CMIP5). 

3.4 Skill and links to resolution 

Following CB15, the agreement between the simulated fields for 1986-2005 and AWAP fields for 1901-2010 has been 
quantified by the M skill score. For this the model data were interpolated to the 0.25° AWAP grid, and the values on the 
points in the Australian domain (Figure 1) are used. Aside from the differences in the averaging periods of both data sets, 
the new scores for the fields of means (not given), averaged over the four seasons, correspond to those of CB15, which 
were repeated in Table 1. (In fact, the new scores average 468 points, a little lower. They average 6 points lower than if the 
1986-2005 AWAP data are used.) Scores for the decile fields are calculated and given in Table 1, along with the average 
of these two and the new mean result. Skills for the deciles are generally not much less than for the means. However, they 
are 7 (lowest decile) or 9 (top) points higher than those for the 20-y AWAP data, likely because of the unforced variation 
of these statistics in the shorter period. It is encouraging that the models capture the pattern in these fields representing the 
tails of the distribution nearly as well as the mean fields. Consistency of scores across the 40 models between the results is 
fairly high (as measured by correlation coefficients of 0.64, between the lowest and top series, or more). EC-EARTH has 
the best score for lowest, mean, and also for the three-result average. It is worth noting that for these statistics, the ensem-
ble-mean fields do not provide better scores, with the three-result average being 557, less than for three individual models. 

The correlation between the model grid length L and the 40 scores for the lowest or top deciles are each a little stronger 
than for the mean, despite being averages of fewer months, while that for the three-result average has coefficient r = −0.37. 
Thus models with higher resolution, such as EC-EARTH, tend to be a little better in simulating the observed spatial varia-
tion of the more extreme months. While these correlations are not strong and have limited statistical significance, they may 
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reflect a more realistic and greater intensity of rainfall events achieved at higher resolution. This potentially depends on the 
location and season. To assess this, the simulated rates at grid points have been correlated with model resolution. Using the 
seasonal top decile fields produces the fields of correlation coefficient shown in Figure 5. For both summer (5a) and winter 
(5b), the stronger correlations in the region, reaching −0.6, occur over the Tasman Sea. Monthly rainfall tends to be more 
intense with smaller grid length in southeast Australia, but only in the warmer seasons. Intense rainfall in that region can 
be from small-scale lows (Pepler et al. 2013). The results for Melbourne are given in Table 4, and the mean rainfall there is 
also a little heavier for smaller L in this CMIP5 ensemble. In winter, the dryness of the interior and north tends to be better 
represented by the higher resolution models. The large-scale (rather than convective) rainfall of the south in winter also 
tends to be lighter, except where coastal topography influences rainfall, such as western Tasmania. Regional averages of 
the seasonal correlations are given in the Appendix. The differing signs of correlations for seasons over Australia lead to 
an overall Australian annual rainfall average (Table 1) that is uncorrelated with model grid length (r = −0.02). 

While model resolution does not provide a strong link to the simulated intensity of the high decile composites, it is clear 
that anomalous rainfall can be linked to anomalous atmospheric moisture convergence, and in turn, circulation anomalies. 
One advantage of forming composites from particular months is that the associated composites for other quantities can 
also be formed, with further insight gained by taking months lagged in time. Indeed, the CMIP5 monthly data set includes 
a large array of such quantities. Various analyses have been made for the top and low decile months from CMIP5 models 
and also observational data. These will be reported in subsequent studies. 

Case Statistic DJF MAM JJA SON 

Present ave −14 1 24 −2 

Present top −27 −22 19 0 

Change ave 6 12 6 −1 

Change top 2 19 3 −4 
 

Table 4 Correlations (r × 100) across the 40 models, of seasonal rainfall statistics at Melbourne grid point with reso-
lution (using grid length L in km). The statistics are for the present (1986-2005), or the changes, in the over-
all mean (ave) or the top decile (top). Changes are as percentages, and per degree of global warming. 

4. Future Climate 

4.1 Large-scale change 

Under the RCP8.5 scenario global mean (surface air) temperatures rise over the 21st century, with the CMIP5 ensemble-
mean value rising steadily, at a slightly faster rate after 2050, as shown by Collins et al. (2013, Figure 12.5) and CB15 
(Figure 3.5.1). The change from 1986-2005 to 2080-2099, given as ‘global warming’ GW in Table 1, varies across the 40 
models from 2.5°C to 4.9°C, with an ensemble mean of 3.6°C. These GW values will later be used to scale the local 
changes. 

The overall changes for Australian rainfall from the 40 models are included in Table 1. As for super-cluster results that 
follow, the mean rainfall rate (averaged over the four seasons, here) was averaged over the region for each period, and the 
percentage change was calculated from the two averages. The 40-model mean of these percentage changes is −5 per cent, 
and the 10 to 90 percentile range approximately −21 per cent to 12 per cent, in good agreement with the results in Fig. 
7.2.13 of CB15. 

PDFs were calculated for the 2080-2099 data and those for Melbourne in DJF and JJA are included in Figure 2a, c. There 
is no clear change in JJA, but a small increase in the high rainfall months in DJF. The Australian average PDF (for grid 
point rainfall) in Figure 2b, d has a small increase in the number of dry months in both seasons and a small shift toward 
heavier rain. Hence there is a modest broadening of the ensemble distribution, with all regions combined. Consistent with 
the variation in the mean change (Table 1), individual models provide differing changes in the PDFs (not shown), with 
much statistical uncertainty at the bin level. To provide clearer indications of regional and local change, the presentation to 
follow focuses on aggregated data. 



Watterson. Extreme monthly rainfall over Australia  414 

 

 

Figure 5 Correlation (r × 100) across 40 models between top decile rainfall (a, b) or its percentage change (per degree 
of global warming) (c, d) and the model grid length, for (a, c) DJF, and (b, d) JJA 

4.2 Change in frequency of exceedance 

The changes in frequency, calculated as the occurrence percentage in 2080-2099 minus that in 1986-2005, are used to con-
struct the ensemble-mean fields (for the annual case) shown for Australia in Figure 6. For the middle threshold of 2 mm 
d−1, there is little change in frequency for much of interior Australia –typically 1 per cent or less, compared to a base value 
of 15-30 per cent (Figure 3m). However, larger decreases occur in the far southwest and east, where the mean decreases. 
The changes in ensemble-mean frequency tend to be more negative for lower thresholds (Figure 6a, b), and more positive 
for high thresholds (Figure 6d, e). This is consistent with a broadening of the distributions for monthly rates. Results for 
Melbourne (Table 2) and the super-clusters (Appendix) show this also. 

Typically, relatively dry months (below 0.5 mm d−1) are more frequent by 3-10 per cent (the negative of Figure 6a) in the 
future. This is suggestive of increased meteorological drought (see CB15, section 7.2.3) in the ensemble mean, but with 
large uncertainty. High-rainfall months (over 4 mm d−1) are more frequent over much of the interior. The increase is larger 
in the far northwest and southeast. However, frequencies tend to decrease around the other coasts, and surrounding seas. 
Changes for the highest threshold are evident in the central north, where such months occur in summer, and in western 
Tasmania. An increase of one per cent is seen (in Figure 6e) where the base is around ten per cent (Figure 3o). There are 
places in the interior where rates of over 8 mm d−1 are not observed (see Figure 3e) but may potentially occur in the future. 

The ranges of results across the 40-model ensemble for the four regional averages can be seen from the bars shown in Fig-
ure 7. These plots are styled on those in CB15, which provide projections for mean rainfall change in a probabilistic form. 
In addition to the 10, 50 (median) and 90 percentile values from the ensemble, which were the focus of CB15, the ensem-
ble means and extremes are also shown, using stars and extended bars, respectively. The progression to the right is towards 
heavier rain rates, with thresholds from 0.5 to 8 mm d−1. For each region, the progression in the median result from 1 to 4 
mm d−1 is positive, which means the additional fraction of low rainfall months is provided by a contraction in months with 
rainfall in between those values. The ensemble mean values are tabulated in the Appendix. Naturally, the regional changes 
may not hold at individual points, and in particular heavy rain months decrease in frequency in the far southwest in the 40-
model mean (Figure 6d), while there is an increase in the southeast, with little change in the south as a whole (S in Figure 
7). 

As with other statistics, an application of the changes may need to consider any biases in the simulated present climate 
rainfall. For example, in Figure 3l the occurrence of months of 1 mm d−1 or more in central Australia in the CMIP5 en-
semble is nearly double that in AWAP (3b), and even the Rangelands average (37 per cent, see Appendix) is higher than in 
AWAP (24 per cent). The mean decline in CMIP5 frequency (Figure 6b) and Figure 7 (for R) may be enhanced because of 
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this. Further, some of the large declines represented in Figure 7 occur in individual models with more rainfall than ob-
served. Using changes as a percentage of the present climate is adopted for amounts (as follows), and a comparable rela-
tive approach for exceedances may be appropriate. Further consideration of this issue is warranted. 

 

 

Figure 6  Change in frequency of exceedance (in % of all months) from the CMIP5 40-model average over all months 
(annual case) of rainfall rates at five thresholds: (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 8, all in mm d−1. The changes 
are for 2080-2099 under RCP8.5, relative to 1986-2005. 

 

Figure 7 Change of exceedance (in % of all months) for five thresholds (in mm d−1) and four regions of Australia (S, 
E, R and N –Figure 1). Shown for each case are the mean (star), median (line), 10 and 90 percentiles 
(bounding the thick bars) and extreme values (the ends of the thin bars), from across the 40-model CMIP5 
ensemble. 

4.3 Changes in rainfall rates  

The 40-model average of the percentage changes in rainfall rate statistics calculated at each model grid point for each sea-
son are shown in Figure 8. The fields for overall mean rainfall change are similar to those for the median change calculated 
for the RCP8.5 2080-2099 case using the pattern scaling approach and shown by CB15 (Figure 7.2.5, using colours from 
that). The fields for the top decile (composite) and the extreme maximum monthly rain (of 60 months, in a 20-y period) are 
new, and it is interesting to see the values over adjacent seas shown here. There are similarities in the pattern, across the 
three statistics, but a clear shift towards positive values with the higher rates. In the far southwest, there remain decreases 
even for the extreme month in the JJA and SON seasons. Decreases in the east also occur in those seasons in this ensemble 
average. This indicates that the increased intensity in daily extremes found by CB15 is not evident in the monthly averages 
at places where strong drying is projected to occur. 
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Figure 8 Change (%) in (left) mean, (middle) top decile, and (right) extreme monthly rainfall, for four seasons, from 
top to bottom, DJF (a-e-i), MAM (b-f-j), JJA (c-g-k), and SON (d-h-l). Changes are calculated for each of 
the 40 models, then averaged. (To limit statistical noise from grid points with low and uncertain values in ei-
ther period, small increments are added to each rain rate (in mm d−1, 0.1 for mean, 0.2 for top, 0.5 for ex-
treme –compare to Figure 4) and increases are capped at 100 per cent, before the averaging.) 

The Figure 8 caption notes ad-hoc measures used to limit the statistical noise resulting from using 20-y periods at grid 
points. If it is assumed that the number of independent models N = 20, the statistical uncertainty in such ensemble averag-
es, estimated as the standard deviation of the values divided by √N, is for much of the Australian domain around 5-7 per 
cent for top decile, and a little less/more for mean/extreme. Thus the shaded changes are mostly significant, if the ensem-
ble is considered a sample of possible models, although some of the spatial variation in the fields may not be significant. 

Ensemble-mean changes for the Melbourne point are given in Table 3, with values also available for the lowest decile. 
(Note that for some other locations, the lowest decile months are all very small or zero, so that the percentage change is not 
defined for that model.) For each season the values for the four statistics increase, from lowest decile to extreme maxi-
mum, consistent with a modest broadening of the ensemble-mean PDF at Melbourne, as seen for DJF and JJA in Figure 
2a. In the Australian mean PDFs (Figure 2b, d) and values in the Appendix the dry months are more frequent in JJA, while 
in DJF wet months tend to become more extreme.  

About these ensemble-mean changes, for most statistics, seasons, and locations, there is a substantial range of results 
across the ensemble. Following the projections for mean rainfall from CB15, the ranges for the four regional averages, 
four seasons and four statistics are shown as bar plots in Figure 9. The three percentiles and other results are shown, as in 
Figure 7, but this time for the four seasons. In a few cases the change in extreme monthly rain, from a certain model, is 
well outside the usual range and is outside the span of change (−90 per cent to 120 per cent) depicted. This tends to occur 
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where the rainfall is particularly small for one period in that model (notably for the case of the North in winter), and the 
difference is not a reliable projection for forced change –with such issues discussed at length in CB15. Nevertheless, in 
some cases there is a large 10 to 90 percentile range also. Only in a few cases, such as the South in winter and spring, is 
the 10-90 bar for mean (M) wholly of one sign. The lowest (bottom) decile (B) changes in those two cases and several 
others are also largely negative. The range for the top decile (T) and extreme month (X) changes are less negative, on the 
whole, and all have the 10-90 bar spanning zero. A key feature of these results is the shift towards a more positive change 
as the statistic represents heavier rainfall. In most of the 16 sets of results, this is a steady progression for both the median 
and mean, from B, to M, T and X. The mean changes for T and X are all positive for DJF and MAM, but remain slightly 
negative for JJA and SON. These positive shifts are again consistent with a broadening of the full PDFs. The ensemble 
mean changes are tabulated in the Appendix. 

 

Figure 9  Change (in % of 1986-2005 values) of the lowest (B, orange) decile, mean (M, green), top (T, blue) decile, 
and upper extreme (X, purple) of monthly rainfall rates from each season, for averages over four regions of 
Australia: (a) North, (b) Rangelands, (c) East,  and (d) South. Shown are the mean (star), median (line), 10 
and 90 percentiles and extreme values (as Figure 7), from across the CMIP5 ensemble. 

We return to the consideration of influences on the simulated changes. In the broadest terms, the 40 global warming GW 
values (Table 1) are uncorrelated with model resolution, as quantified by the grid length L of Table 1. Under pattern scal-
ing theory, local changes may be considered approximately proportional to global warming, so as argued by Watterson 
(2012), in principle any further influence on change is better assessed using values scaled by GW. This has been done for 
the percentage change in top-decile rainfall at grid points, with the correlation with L shown for two seasons in Figure 5c, 
d. A weak positive correlation holds for winter in parts of the north and east, but otherwise there is little indication of a 
link. Correlations for Melbourne, for both top-decile and mean rainfall (again as a percentage, and per degree of GW) in 
four seasons, given in Table 4 are also small. For completeness, the regional means for correlations with these statistics are 
tabulated in the Appendix. Finally, the percentage changes in the Australian overall average rainfall (Table 1) are uncorre-
lated with grid length (r = −0.01). The result is almost the same for change per degree values. These various results are 
consistent with the assessment of CB15 regarding mean rainfall. They support the use of all models in making projections 
for percentage changes in the monthly rainfall statistics. This does not preclude there being other reasons for omitting 
models. 

While resolution does not link strongly to regional rainfall change, Watterson (2012) found that among CMIP3 models 
Australian mean rainfall changes could be linked to the pattern of surface warming in the low latitudes of the Pacific and 
Indian Oceans. CB15 included some analysis (Section 3.6.2) that indicated a similar influence in the CMIP5 models, as 
have Brown et al. (2016). The influence may apply to change in other rainfall statistics, such as the monthly extremes. 
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Extending the top and low decile composites to other quantities including ocean temperature, winds and humidity may 
provide further insight into processes. This will be explored in future work. 

5. Conclusions 

Motivated by the important impacts of extreme rainfall, both high and low amounts, to Australia, this study extends the 
CSIRO and BoM (2015) analyses and projections of 20-year means to rainfall on the monthly timescale. Frequency distri-
butions for monthly amounts (as a rate per day) simulated by 40 CMIP5 models for the 1986-2005 period are compared 
with those from the AWAP 0.25° gridded observational data. Averaging these PDFs over Australia and the NRM super-
cluster regions quantifies the occurrence of dry months in the north during cooler seasons, while multiplying the PDFs by 
rainfall amount highlights the large accumulation of rain in summer. The spatial fields of frequency of rainfall, from 
AWAP over all months, exceeding thresholds ranging from 0.5 mm d−1 to 8 mm d−1 reflect the heavier rainfall events of 
the north and east. The CMIP5 ensemble matches these fields well, except for too few dry months in the interior from 
some models.  

The composites (averages) of rainfall from months in the top and lowest deciles of values for each grid point and each of 
the four seasons are then assessed. Typically, the top decile is around three times the mean, and the maximum of all 60 
months, double that again. The ‘M’ skill scores for these decile fields, compared to AWAP, are comparable to those for the 
overall means. The average of the lowest, mean, and top M scores range from 634 (out of 1000) for model EC-EARTH 
down to 290. Scores tend to be higher for models with smaller grid length, however the influence of resolution on top dec-
ile rainfall amounts, measured by correlation, seems to be limited to summer rainfall in parts of the south and east regions.  

The simulated changes by 2080-2099 under the RCP8.5 scenario for the various rainfall statistics are calculated. Con-
sistent with previous projections, there is generally little correlation between changes and model resolution, and the full 
ensemble is used. Maps of the ensemble mean of changes of the lowest and top deciles, as a percentage of the 1986-2005 
base, partly reflect the tendency for increased rain in summer and autumn, and decreases in the winter and spring, particu-
larly in the south west. There is also a shift towards positive change, for statistics representing heavier rainfall. The top 
decile rainfall increases in most cases, and even in parts of the south west in summer. Bar graphs are used to represent the 
range of change across the models, for each of four seasons and four regions. In most cases the bars for each statistic 
straddle zero change, but there is again a shift towards positive in the progression from lowest decile to top decile, and also 
the maximum. Changes in the frequencies of exceedance are also presented using maps and bar graphs. The frequency of 
months with less than 0.5 mm d−1 increases in all parts of Australia and in nearly all models. In the Rangelands, months 
with over 2 mm d−1, which may promote pasture growth, occur with little change in frequency. Extreme high amounts in-
crease, from a small base, in most of the north, and most models. These changes, as with those for deciles, reflect an over-
all broadening of the distribution of monthly amounts, in most cases. 
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Appendix A 

PDFs for Australia and the super-cluster regions of AWAP monthly data over 1901-2010 
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Tables showing statistics for the five regions: 

For each region there are three tables, which correspond to the results presented for the Melbourne point in Tables 2, 3, 
and 4, with details given in those captions. The correlation results are calculated by taking the regional average of each 
field of correlations across the grid point values from 40 CMIP5 models. The other results are all ensemble means. In the 
case of changes, these are determined from the regional mean for each period, with the percentage change for each model 
calculated from the two values.  

Australia 

Regional means of frequency of exceedance of five thresholds (mm d−1), in % 
Threshold 0.5 1.0 2.0 4.0 8.0 

AWAP 50.34 35.31 19.58 8.16 2.45 
CMIP5 59.36 43.92 25.69 10.64 3.01 
change −4.83 −3.73 −1.58 0.10 0.35 

 
Regional means of statistics for four seasons, in mm d−1 

Data set Decile DJF MAM JJA SON 
AWAP low 0.38 0.06 0.13 0.07 

 ave 2.43 1.31 0.75 0.82 
 top 6.82 4.95 2.37 2.72 
 max 12.76 10.07 4.90 5.29 

CMIP5 low 0.66 0.13 0.17 0.16 
 ave 3.00 1.61 0.87 1.05 
 top 7.32 5.36 2.54 3.00 
 max 9.84 7.64 3.75 4.17 

Change low −1.14 −7.79 −27.88 −35.29 
 ave 0.29 −1.69 −16.91 −15.52 
 top 4.73 1.93 −9.22 −7.40 
 max 7.55 4.90 −6.23 −3.13 

 
Regional means of correlations (×100) for four seasons 

Dataset Statistic DJF MAM JJA SON 
Present ave −7 −7 20 4 
Present top −13 −13 14 2 
Change ave 1 12 9 −5 
Change top −2 5 7 −7 
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North 

Regional means of frequency of exceedance of five thresholds (mm d−1), in % 
Threshold 0.5 1.0 2.0 4.0 8.0 
AWAP 52.37 43.65 32.48 20.08 8.35 
CMIP5 56.11 45.30 33.79 21.69 9.49 
Change −2.96 −2.61 −1.68 −0.61 0.55 

 
Regional means of statistics for four seasons, in mm d−1 

Data set  Decile DJF MAM JJA SON 
AWAP low 1.24 0.05 0.01 0.00 
 ave 5.81 2.31 0.27 0.87 
 top 13.89 9.22 1.49 3.66 
 max 23.80 16.90 4.22 7.95 
CMIP5 low 1.52 0.17 0.04 0.07 
 ave 5.77 2.85 0.38 1.02 
 top 12.83 9.34 1.60 3.50 
 max 16.67 12.88 2.76 5.07 
Change low −2.26 3.48 3.00 −7.64 
 ave 0.53 −2.06 −9.15 −10.84 
 top 6.37 1.49 −9.28 −7.24 
 max 8.78 5.86 −5.32 −3.41 

 
Regional means of correlations (×100) for four seasons 

Data set Statistic DJF MAM JJA SON 
Present ave −8 −3 25 6 
Present top −12 −6 24 6 
Change ave −10 6 18 −2 
Change top −11 −4 17 −2 

 

East 

Regional means of frequency of exceedance of five thresholds (mm d−1), in % 
Threshold 0.5 1.0 2.0 4.0 8.0 
AWAP 78.29 61.65 36.20 12.63 2.25 
CMIP5 78.23 62.36 38.87 14.34 1.83 
Change −6.42 −6.46 −3.75 −0.13 0.39 

 
Regional means of statistics for four seasons, in mm d−1 

Data set Decile DJF MAM JJA SON 
AWAP low 0.52 0.16 0.10 0.15 
 ave 3.09 1.95 1.35 1.69 
 top 8.23 6.14 4.31 4.68 
 max 15.05 11.35 8.86 8.20 
CMIP5 low 0.71 0.26 0.22 0.37 
 ave 3.16 1.87 1.38 1.86 
 top 7.62 5.57 3.82 4.66 
 max 10.32 7.99 5.49 6.23 
Change low −0.36 −2.28 −32.43 −36.35 
 ave 4.01 −6.71 −17.89 −16.79 
 top 6.81 0.27 −9.58 −7.63 
 max 9.48 4.06 −7.93 −3.10 

 
Regional means of correlations (×100) for four seasons 

Data set Statistic DJF MAM JJA SON 
Present ave −19 −22 12 −1 
Present top −26 −27 −2 −4 
Change ave −1 14 13 1 
Change top −3 0 15 −6 

  



Watterson. Extreme monthly rainfall over Australia  423 

Rangelands 

Regional means of frequency of exceedance of five thresholds (mm d−1), in % 
Threshold 0.5 1.0 2.0 4.0 8.0 
AWAP 40.12 23.89 10.20 2.95 0.45 
CMIP5 53.58 37.49 20.16 7.29 1.39 
Change −4.75 −2.99 −0.77 0.46 0.38 

 
Regional means of statistics for four seasons, in mm d−1 

Data set Decile DJF MAM JJA SON 
AWAP low 0.09 0.00 0.03 0.01 
 ave 1.39 0.76 0.47 0.47 
 top 4.91 3.34 1.89 1.86 
 max 10.10 8.15 4.11 3.84 
CMIP5 low 0.43 0.04 0.07 0.09 
 ave 2.35 1.13 0.71 0.86 
 top 6.16 4.26 2.40 2.59 
 max 8.44 6.31 3.63 3.63 
Change low 0.92 −11.38 −47.76 −43.63 
 ave −0.80 0.42 −19.16 −16.08 
 top 3.25 2.73 −9.01 −7.61 
 max 6.86 5.81 −4.94 −2.66 

 
Regional means of correlations (×100) for four seasons 

Data set Statistic DJF MAM JJA SON 
Present ave −3 −8 22 6 
Present top −7 −13 15 4 
Change ave 3 14 7 −8 
Change top −1 8 4 −8 

 
South 

Regional means of frequency of exceedance of five thresholds (mm d−1), in % 
Threshold 0.5 1.0 2.0 4.0 8.0 
AWAP 70.06 49.70 24.16 6.43 0.81 
CMIP5 73.41 53.37 25.57 4.83 0.22 
Change −7.32 −6.53 −2.83 0.08 0.05 

 
Regional means of statistics for four seasons, in mm d−1 

Dataset Decile DJF MAM JJA SON 
AWAP low 0.10 0.17 0.63 0.30 
 ave 1.04 1.37 1.99 1.41 
 top 3.22 3.80 4.09 3.26 
 max 6.23 6.51 6.38 5.22 
CMIP5 low 0.29 0.25 0.65 0.35 
 ave 1.40 1.32 1.74 1.27 
 top 3.73 3.45 3.39 2.87 
 max 5.29 4.76 4.26 3.71 
Change low −7.67 −16.84 −27.89 −36.05 
 ave 0.01 −3.36 −16.79 −19.52 
 top 3.96 2.18 −8.52 −8.95 
 max 4.70 1.87 −6.22 −4.89 

 
Regional means of correlations (×100) for four seasons 

Data set Statistic DJF MAM JJA SON 
Present ave −17 −6 14 −3 
Present top −26 −19 7 −6 
Change ave 10 13 5 −2 
Change top 6 9 4 −7 

 


