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There is a general understanding that heavy rainfall will suppress subsequent near-surface temperatures. 
However, there have been few studies describing this effect. In this study the top ten per cent of monthly 
rainfall, by season and by grid point over Australia is used to represent extended periods of heavy rain-
fall (termed 'very wet'). The corresponding daily maximum average monthly temperature (Tmax) during 
those months are shown to be cooler by at least 0.5 °C almost everywhere across Australia, in every 
season in both observation-based data and climate models. Cooler than average Tmax conditions are 
then evident for the following four months in some places, particularly following very wet months in 
winter. The average monthly daily minimum temperature (Tmin), unlike Tmax, is warmer than average 
during very wet months in winter, by up to 1.5 °C in the east of the continent in both observations and 
the model mean. Warmer Tmin conditions are also evident during very wet months in the south-east 
and across the south of the continent in other seasons, particularly in observations. Tmin is cooler than 
average in very wet months in summer elsewhere across the continent. In subsequent months, Tmin 
then tends to be cooler than average.  It is suspected that increased cloud during the first month keeps 
Tmin warm, while wetter soils contribute to cooler Tmin during subsequent months. These results in-
dicate that indeed heavy, extended rainfall can have a cooling influence on subsequent temperature, 
and, following winter, this can have an effect right through to the following summer. The Tmax anom-
alies at the end of the century under RCP8.5 are similar to those under the current climate, except in 
future there are relatively cooler conditions in the south during very wet months in winter and in the 
month following. 

 

1. Introduction  

Over land, the conditions following extended periods of rain would be expected to reduce the impact of subsequent 
heat extremes, with some persistence. A number of factors will influence these associations, including enhanced 
cloudiness, increased soil moisture, evapotranspiration, potentially plant responses and a greater spatial extent of water 
in rivers and lakes. It is of interest to examine this association in observations and climate models, identify the degree 
of persistence and if the association will alter in the future. 

The negative association between concurrent monthly rainfall and monthly averaged maximum daily temperature 
(Tmax) has been established across Australia (Power et al. 1998; Alexander et al. 2007), with suggestions that it was 
due in part to increased cloud suppressing daytime temperatures. Thus cooler temperatures following a large rain 
event may be simply due to the persistent signal of concurrent rainfall continuing to drive daytime cooling. Drivers of 
seasonal persistence such as ENSO might be implicated in persistent rainfall anomalies (e.g., Simmonds and Hope 
1997). Rainfall persistence may also be further enhanced by wet soils (Guo et al. 2006). Unlike the response to rainfall, 
which predominantly reduces daytime temperatures, the temperature response driven by surface processes 
(Seneviratne et al. 2010), would be expected to be seen throughout the diurnal cycle. In this exploratory study, we will 
examine both Tmax and the monthly averaged minimum daily temperature (Tmin) as a guide to whether there is only 
daytime cooling (thus likely driven by persistent rainfall), or cooling throughout the diurnal cycle, in both Tmax and 
Tmin (likely to be linked to wet soils and surface processes). 

Few studies have focussed on the temperature response to high or low rainfall, although Mitovski et al. (2010) found 
strong cooling in the hours following high rainfall events. Many more studies have examined the temperature re-
sponses to changes in soil moisture. Early studies found that when very wet soils were imposed in climate models, the 
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subsequent temperatures were reduced by several degrees in the first month, and anomalies persisted for a number of 
months (Rind 1982; Rowntree and Bolton 1983; Simmonds and Lynch 1992; Simmonds and Hope 1998). Using 
observations, Walsh et al. (1985) found a cooling signal in response to greater soil moisture or rainfall in the month 
prior. Many studies were concerned with the influence of soil moisture or evapotranspiration on subsequent tempera-
ture for weather and seasonal forecasting (Shukla and Mintz 1982; Fennessy and Shukla 1999; Koster and Suarez 
2003; De Haan and Kanamitsu 2008). Others have looked in detail at the influence of various soil, vegetation and 
boundary layer schemes on subsequent weather and climate (Garratt 1993; Mihailovic et al. 1995; Koster et al. 2006; 
Guo et al. 2006). 

More recent studies have tended to focus on the link between dry soils and subsequent heatwaves in Europe (Brabson 
et al. 2005; Seneviratne et al. 2006; Fischer et al. 2007; Whan et al. 2015) and the USA (Atlas et al. 1993; Lorenz et 
al. 2010; Peterson et al. 2013). Other studies exploring the attribution of heatwaves have cited antecedent dry soil 
moisture to be an important driver of the spatial extent of recent extreme heat events across Australia (Arblaster et al. 
2014; Hope et al. 2015b). The feedbacks in this process are strong, with dry conditions enhancing the partitioning of 
radiation towards sensible heat at the expense of latent heat, leading to drier and warmer near-surface air, allowing 
greater evaporation, further drying the soil and exacerbating and/or extending the heatwave (Seneviratne et al. 2010). 
Less work has been done exploring the temperature response to wet conditions.  

The strength of the influence of soil moisture on subsequent temperatures can vary spatially and temporally (Liu et al. 
2014). On a global scale, it is particularly strong in the transition zones between wet and arid climates. This is because 
the coupling is strong when evapotranspiration is limited by available soil moisture (arid environment), but the evap-
otranspiration and its variability are still large enough to have an impact on the temperatures (wet environment) 
(Seneviratne et al. 2010). For regions that are already relatively dry and hot, decreasing soil moisture has little impact, 
while a large input of soil moisture has a strong impact on subsequent temperatures (Kala et al. 2015). Australia is a 
region where the impact of high antecedent soil moisture on subsequent temperatures would be expected to be strong, 
it also has little persistent snow or ice to confuse the association, and as such serves as an excellent location to examine 
these linkages. 

For Australia, the response to both totally desiccated soils and completely saturated soils were assessed using one 
global climate model (Simmonds and Lynch 1992; Simmonds and Hope 1998). The temperature response following 
total saturation was for extensive cooling in the following months, at least four months in some cases, and the signal 
was evident from each month of the year. Given the growing need to ameliorate high temperatures, it is thus of interest 
to further the findings of Simmonds and Hope (1998), using recent observational data and climate models, to deter-
mine if this signal is apparent in these new data-sets. Rather than following the experimental design of Simmonds and 
Hope (1998), the vast data-set available from Coupled Climate Model Inter-comparison Project phase 5 (CMIP5) 
(Taylor et al. 2012) provides an opportunity to explore the response to saturated soils using naturally occurring wet 
situations in each simulation. As soil moisture schemes vary widely across different models, in order to measure the 
impact from very wet conditions, the dates in the top ten per cent of monthly rain values in each season were used to 
represent saturated or near-saturated conditions. Rainfall will have some differences in the interaction with subsequent 
temperature than those established due to wet soil moisture alone, and this aspect is considered in this study, as sug-
gested above. 

The seasonal cycle of rainfall varies across Australia, with summer (December-February) rainfall dominating the 
north, year-round rainfall in the east, and winter (June-August) rainfall dominating the west-facing southern reaches 
of the continent and Tasmania. However, across Australia, annual rainfall in different regions can vary together, due 
in part to the strong association with ENSO (Simmonds and Hope 1997). The strong teleconnection between ENSO 
and Australian rainfall, particularly in the east (Brown et al. 2016a), drives much of the monthly persistence of rainfall, 
with persistent wet conditions during La Niña.  

Into the future, it is unclear if there will be systematic changes in the persistence of monthly rainfall or temperature 
anomalies. This is important when considering possible changes in drought or flood risk. In the near term, decadal 
variability will probably dominate. Simmonds and Hope (1997) showed that there was greater persistence of rainfall 
during the 30 years after 1950 compared with 30 years prior to 1950. They also found that persistence is enhanced 
following wetter months, thus, if monthly rainfall is projected to increase towards the end of the century, perhaps 
persistence will also increase.  While extreme daily rainfall is projected to increase over Australia by the end of the 
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century (CSIRO and Bureau of Meteorology 2015), with the wettest day of the year becoming wetter, there is not a 
clear signal that monthly rainfall will also increase (Watterson et al. 2016). However, across southern Australia, where 
winter and spring mean rainfall are projected to decline, the reduction in the value of the top decile is less than for the 
median or lowest decile (Watterson et al. 2016) indicating that there might be a relative increase in extreme monthly 
rainfall compared to a reducing mean.  The persistence of temperature anomalies is likely to be tied to both the rainfall 
persistence and the progression of evapotranspiration and soil moisture anomalies. 

In section 2 the data and method are described, while section 3 outlines the results, including some discussion. Con-
cluding remarks are presented in Section 4. 

2. Data and Method 

To capture the signature of a period of extended rainfall, we look to monthly data, where high monthly values would 
represent a large amount of rainfall over a number of days. Monthly observational rainfall and temperature data are 
from the Australian Water Availability Project (AWAP) gridded climate dataset (Jones et al. 2009). The monthly data 
are over Australian land on a 0.25° grid (sampling from a 0.05° grid, for ease of use), and the period of 110 years from 
1901 to 2010 are analysed. The dataset is interpolated from station data, and there is a region of low data availability 
in the central west of the continent. When assessing responses in this region, this should be taken into consideration, 
as it has been found to impact upon trends in high intensity rainfall (King et al. 2013). An estimate of observed soil 
moisture data (BIOS2) is also from the AWAP (Raupach et al. 2009; Haverd et al. 2013). For analysis of the mean 
sea-level pressure (MSLP) response, ERA-I (Dee et al. 2011) rainfall and MSLP were used from 1979 to 2014. 

Modelled outputs are drawn from Run 1 of 40 CMIP5 models (Table 1; note that these are the same models used in 
Watterson et al., 2016) using the historical simulations and those forced using the Representative Concentration Path-
ways (RCPs:  van Vuuren et al., 2011) for the 21st Century, in particular, RCP8.5. This RCP represents the highest 
forcing scenario, following the current emissions trajectory, with ongoing increases in greenhouse gases through to 
2100. This scenario is chosen to highlight any signal. Projected changes are examined as a difference over the entire 
21st century, between 1986-2005 and 2080-2099. For monthly averaged precipitation (mm day-1, pr), monthly mean 
near-surface temperature (°C, tas), mean monthly daily maximum (°C, tasmax),minimum (°C, tasmin) temperature 
and MSLP we could access the fields from all 40 models. However, for the latent and sensible heat flux variables (W 
m-2, hfls and hfss) and total column soil moisture (kg m-2, mrso), we could access data from 20 models, as marked in 
Table 1. Calculations were re-done for precipitation and temperature using only the subset available for the flux and 
soil moisture variables, and results were very similar, so the averages over the greatest number of models are shown. 

As described in Watterson et al. (2016), 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: L = √ (Area/Ngrid). This L ranges from 67 km, for the model with 
the highest resolution, to 333 km. Making the approximation that the corresponding grid boxes of a model have equal 
sizes in degrees (and hence with area diminishing towards the poles), 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, which is 
1.6, then the latitude spacing is twelve per cent larger than L, and the longitude spacing is the same as that (i.e., 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. 'L' provides a single consistent measure by which to easily sort models on the basis of their reso-
lution.  

The skill of these models in representing seasonal climatological fields, compared to AWAP data, was estimated using 
the ‘M’ statistic, following Watterson et al. (2013). For a model field X and observed field Y, this score is given by  

M = 1000 (2/π) arcsin[1 – mse / (VX +VY + (GX – GY)2)],  

with mse the mean square error between X and Y, and V and G are spatial variance and domain mean of the fields (as 
subscripted).  A score of 1000 implies a perfect match to observed data and 0 represents no skill. For mean temperature 
(Table 1), comparison with AWAP temperature shows that the individual models do a good job of representing the 
north-south temperature gradient across Australia (not shown) and scores are high, with none falling below 600. The 
models’ combined skill in simulating mean, top and lowest decile rainfall are also shown by the ‘M’ statistic (com-
pared with AWAP data again, as assessed in CSIRO and Bureau of Meteorology (2015) and Moise et al. (2015)). As 
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this study is focused on very wet months, the ‘M’ statistic skill for the top decile alone is also shown. The skill in 
capturing the pattern of rainfall variation is lower than mean temperature, and it seems more difficult to capture the 
top decile rainfall than the mean. Most models have a skill score greater than 400, although CESM1-WACCM falls 
below 300. There is no consistent link to grid-length. The skill in simulating soil moisture (as compared with BIOS2 
from AWAP that has 10m of soil, so on average 2285 kg m2 of water) is lower than rainfall, in part due to the differ-
ences in the depth and method of representing the soil layers (not shown). Given that this study sets out to examine 
the temperature response of each individual model to rainfall changes in the same model, we must make the assump-
tion that each model will be internally consistent in its interactions between rainfall, soil and temperature.  

The global warming and percentage change in Australia-wide mean rainfall from 1986-2005 to 2080-2099 under 
RCP8.5 are also shown in Table 1. The global warming figures indicate a range in model sensitivity, with global 
temperature changes varying from about 2.5 °C to almost 5.0 °C. The change in Australia’s precipitation varies from 
model to model, with no consistency even in the sign. This is expected however, as the Australia-wide average will 
be influenced by the wide range of projected rainfall change across northern Australia (CSIRO and Bureau of Mete-
orology 2015). The range of models provides a good representation of the CMIP5 suite of models. Analysis using 
subsets of the models, based on grid length or skill (M statistic) was conducted. Results were not different in any 
meaningful way from the results using the full ensemble, so these are not shown. It was decided to include all relevant 
model fields that were available.  

Firstly the dates of the top ten per cent of monthly rainfall within any season (DJF, MAM, JJA and SON) over the 110 
years of the AWAP data or 20-year periods from the models (either 1986-2005 or 2080-2099) are determined. Thus, 
for spring (SON) of the 1986-2005 period, the six wettest months from one model would be chosen from the 60 
months through the 20 years, and the dates of those months noted. This method is applied at each individual grid point 
in the AWAP data or model output. Analysis was done on the model native grids. The results were interpolated to a 
common 1 ° x 1° grid when producing the multi-model mean and plotting. The corresponding rainfall and other vari-
ables on those months were then composited to develop an Australia-wide picture of average anomalous conditions 
during very wet months at each point. The composite of the month following each of these wet months is then created 
for the range of variables to assess the persistence of any signal beyond the first month. This is then extended out for 
up to six months. The two months prior were also considered. 

The significance of the anomalies was calculated by assessing the agreement on the sign of the change (e.g. Collins 
et al. 2013: Box 12.1). An advantage of this test is that it would counter any concerns over the means of these being 
dominated by a few extreme cases. Stippling is applied to points where the fraction of cases of one sign is greater than 
67 per cent. For the CMIP5 results, a composite of the six extreme months from a 20 year period for each model is 
first calculated, then, of 40 different model results, stippling is applied if there is agreement across 27 or more. For 
AWAP, the top ten per cent of months in each season over 110 years is 33 months, with stippling applied if there is 
agreement across 23 cases or more. A binomial distribution (assuming a 50/50 outcome) gives the chance of each of 
these, for a specific sign, as about 0.019. Thus stippling indicates agreement that would occur less than two per cent 
of the time by chance, or a 98 per cent significance level (for a one-sided test). For Tmax anomalies, a negative sign 
is found in typically 95 per cent or more of models (38 or more of 40), at lag zero. At lag +1, this falls to around 90 
per cent (36/40), and 80 per cent at lag +2 (32/40). For the rainfall case, only values above the mean were considered 
as this is the main interest of this study, and the calculation becomes uncertain as rainfall amounts approach zero. 

Weather noise will be evident in the results, and thus, for any one case, the persistence of cooler conditions might not 
progress in a smooth fashion. For instance, although wet soil moisture anomalies might persist, the weather conditions 
in month three might mean cooler Tmax than at lag two, although the same processes remain. Such ‘noise’ can be 
greatly diminished by averaging more cases, or by spatial averaging, which can raise the effective number of cases. 
The smoothness of the Australian mean anomaly curves with lag attests to this. Note that composites are created on a 
grid-point level, and, as such, spatial patterns that emerge may not reflect true physical patterns (e.g. Boschat et al. 
2016). 
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Table 1 The 40 CMIP5 models used for precipitation and temperature. The column with ‘y’ marks the availability of 
latent and sensible heat flux (lhfs, hfss) and total column soil moisture (mrso). Also shown is the representa-
tive grid length (L) and the skill score (M value, out of 1000, for Australian land, averaging over 4 seasons, 
and the scores for the top decile and mean rainfall, against AWAP for 1986-2005. The corresponding skill 
for mean temperature (see text) follows. Also the global warming (GW, in °C) and change in Australian mean 
annual rainfall (P in %) each from 1986-2005 to 2080-2099 under RCP8.5. The models are ordered by their 
representative grid length 

Model Name 

Flux 
/Mois-
ture 
available  

Grid Skill Skill Skill GW Aus P 

 

km 
 (M)Rainfall 
Top decile 

(M)  
Rainfall 
Mean, 
top, low 
decile 

(M) 
Temp 

°C % 

CMCC-CM y 67 428 444 795 4.14 -1.3 

CCSM4  96 384 371 816 3.6 6.5 

CESM1-BGC  96 382 396 824 3.52 9.8 

CESM1-CAM5  96 432 456 808 4.09 3.2 

BCC-CSM1-1-M  100 415 474 765 3.23 6.0 

EC-EARTH y 100 587 634 686 3.47 -6.8 

MRI-CGCM3 y 100 526 568 725 3.2 0.4 

CNRM-CM5 y 125 560 544 743 3.47 -2.5 

MIROC5 y 125 417 403 794 3.28 13.5 

ACCESS1-0 y 135 513 488 833 4.04 -13.0 

ACCESS1-3  135 480 488 793 3.99 -30.7 

HadGEM2-AO y 135 525 520 808 4.03 -23.2 

HadGEM2-CC y 135 506 478 800 4.56 -1.2 

HadGEM2-ES y 135 514 494 807 4.67 -17.0 

INMCM4 y 154 433 431 683 2.59 -9.1 

IPSL-CM5A-MR  157 297 383 826 4.36 -18.4 

CMCC-CMS y 166 518 500 730 4.26 -17.7 

CSIRO-Mk3-6-0  166 455 482 745 3.98 -47.8 

MPI-ESM-LR  166 521 543 831 3.58 -9.0 

MPI-ESM-MR  166 588 597 808 3.46 -12.8 

CESM1-WACCM y 192 311 290 743 3.25 11.8 

NorESM1-M  192 326 334 730 3.15 24.7 

NorESM1-ME y 192 346 329 724 3.35 22.0 

GFDL-CM3 y 198 492 509 782 4.66 -12.6 

GFDL-ESM2G y 198 395 449 717 2.75 1.7 

GFDL-ESM2M  198 358 418 730 2.65 -26.5 

GISS-E2-H  198 363 404 660 2.9 -8.6 

GISS-E2-H-CC y 198 395 419 609 2.8 -16.6 

GISS-E2-R  198 399 430 651 2.51 0.8 

GISS-E2-R-CC  198 358 403 730 2.47 2.6 

IPSL-CM5A-LR  235 286 380 796 4.42 -11.4 
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IPSL-CM5B-LR y 235 561 539 760 3.32 -8.0 

BCC-CSM1-1  250 451 465 780 3.33 -2.2 

BNU-ESM y 250 374 397 756 4.29 12.8 

CanESM2  250 344 400 825 4.48 -3.3 

FIO-ESM y 250 382 399 817 3.4 -3.0 

MIROC-ESM y 250 344 320 792 4.61 -8.9 

MIROC-ESM-
CHEM 

 
250 322 301 792 4.91 

-13.8 

FGOALS-g2  258 504 477 755 3.03 26.9 

CMCC-CESM  333 457 426 642 3.72 -20.1 

3. Results and discussion 

3.1 Rainfall and temperature during and following very wet months in observations 
(AWAP) 

The percentage of the total AWAP rainfall falling in the season’s top ten per cent of months (termed a ‘very wet 
month’) is, as expected, a very high percentage of the mean (see lag zero in Figure 1). Values are generally more than 
three times the mean, and values are particularly high in drier regions – for instance the north of Australia in austral 
winter (JJA) and the southwest of the continent and west of the south east in summer (DJF). The averages of the 
rainfall totals in the first month following each very wet month are still greater than 110 per cent of the mean almost 
everywhere, with spatially consistently high values across the east and southeast in spring (SON), which persists into 
month two. The drop away from month zero to month lag +1 is large, with values of ~110 per cent, compared to the 
previous ~300 per cent meaning the anomalies are generally only about 1/20 of what they were. Note also in inter-
preting these results, spatial patterns that emerge do not necessarily reflect meaningful physical structure (Boschat et 
al. 2016), but rather reflect the situation at each particular grid point.  

Figure 1. Composited rain as a percentage of the mean of AWAP rainfall in the wettest ten per cent of months each 
(lag zero, third row). Also, lagged composites in the two months prior and four months following. Stippling indicates that 
at least 67 per cent of cases are above the mean.  
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One driver of persistence is likely the progression of La Niña, associated with persistently higher rainfall. A La Niña 
generally becomes well established in austral spring and peaks in austral summer. The proportionally high rainfall in 
the two months preceding very wet months in spring is also suggestive of the persistence of rainfall due to La Niña. 
Given the three month windows, these months prior to the spring window would range from July to October, a time 
when the impacts from La Niña can be discerned as an event builds. The teleconnections to other persistent remote 
drivers, such as the Indian Ocean Dipole, whose influence can last from May to November1, may also add to the 
signal. Following very wet months in autumn (MAM), there are strong negative percentages over the four months 
following. These months would range from July to September. This is when an established La Niña event might be 
breaking down, and possibly flip from La Niña in the preceding summer and autumn to an El Niño the following 
spring.  

Anomalies of the composite of the AWAP Tmax on the dates corresponding to the very wet months at lag zero were 
calculated. They are cool everywhere across Australia (Figure 2), with an average anomaly of at least 0.5 °C, although 
there will be some range around this number for individual months. The signal is particularly strong in summer (DJF), 
with average anomalies of as high as 2.5 °C or more. The pattern of stronger cooling follows the pattern of regions 
where the rainfall is a very high percentage relative to the mean, although the cooling signal also extends further east.  

Figure 2. Composites of anomalies of AWAP monthly average daily near-surface maximum temperature (°C) on dates 
in the top ten per cent rainfall months in each season (zero lag). Also, composites in the two months prior, and four 
months following. Stippling indicates agreement on the sign of the anomaly in at least 67 per cent of cases.  

 

                                                           

1 http://www.bom.gov.au/climate/about/?bookmark=iod 
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In the four months following a very wet month, from any month of the year, Tmax is cooler than average almost 
everywhere across Australia. The most widespread and consistent temperature persistence into month 4 is following 
high rainfall in winter, even though the cooling seen at lag zero is not as high as in other seasons. The persistence of 
a cool signal following very wet months in autumn follows a similar pattern to winter. In the month following wet 
summer months, Tmax anomalies remain generally >1 °C cooler than average, but by month four most of these have 
dropped away. From spring, in the east of the country there is persistence of cool conditions into the third month, and 
in some places into the fourth. In the months prior to the extreme rainfall months in spring there is also a cooling 
signature, following the rainfall anomaly, and highlighting that this analysis includes the influence of the natural 
progression of higher rainfall months as well, alongside any subsequent temperature response to the wet surface con-
ditions. 

The persistence seen in Tmax is greater than the underlying rainfall persistence seen in Figure 1, and there is little 
cooling prior to month zero, except from spring, suggesting that the persistence is driven by factors other than a 
contemporaneous response to rainfall. The enhanced persistence following heavy winter rainfall is likely due to re-
duced evapotranspiration in this season which will allow surface and soil water to persist. 

As seen above, the contemporaneous Tmax anomalies during high rainfall are cool. The anomalies of Tmin vary by 
season and region (Figure 3, zero lag). There is very strong warming associated with high rainfall months in winter 
(Figure 3). This strongly suggests that night-time cloud associated with the rainfall suppresses the radiative surface 
cooling that might otherwise occur. The warm anomalies in autumn are similar in extent but less strong than in winter. 
Weaker warm anomalies are also seen in spring throughout the south and much of the east. In summer, warm anom-
alies are very much limited to the southern reaches of the continent and a narrow coastal strip on both the west and 
east coasts.  

Figure 3.  Composites of anomalies of AWAP monthly average daily near-surface minimum temperature (°C) on dates 
in the top ten per cent rainfall months in each season (zero lag). Also, composites in the two months prior, and four 
months following. Stippling indicates agreement on the sign of the anomaly in at least 67 per cent of cases. 
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During months with high rainfall in summer, Tmin in the north and central parts of the continent is consistently cool 
(Figure 3), and is distinct from the wintertime anomalies. This could be due to the prevalence of rainfall deriving from 
local convective storms where cloud dissipates during the night rather than large-scale systems with large amounts of 
cloud associated with them. However, there is variability in the diurnal timing of rainfall across northern Australia 
(Berry et al. 2011) and this could be the topic of further study.  

The warm Tmin anomalies along the southern reaches of the country in summer do not persist into the month following 
the high rainfall except in the south-west. This suggests that the wet surface conditions and increased latent heat 
release have started to dominate Tmin as well as Tmax. The same change in sign into month one occurs following 
spring high rainfall. However, the warm Tmin anomalies persist in the south-east in autumn and winter into month 
two. In months three and four the over-riding temperature anomaly pattern across the country is for cooler Tmin 
conditions. This is particularly true across most of the country in winter, most likely linked to the surface processes 
that allow cooler Tmax conditions to persist. 

3.2 Rainfall and temperature during and following very wet months in climate models  

The results from one representative climate model (ACCESS1.3) were similar to those found with AWAP. To further 
highlight the signal and reduce the noise, a multi-model mean is presented here. The anomalies seen during very wet 
months in the multi-model mean are much smoother than those from AWAP, as could be expected after averaging 
results across 40 different climate models. They also include information about the surrounding seas. Any persistence 
over the oceans is likely to result from a different combination of processes compared to persistence over land, and 
thus for interest we will show these ocean points in the model results. Variables beyond rainfall and surface air tem-
perature are also available. Results examining subsets of the 40 models, based on grid-length or skill do not show 
strong differences from the average of the full 40 models, and thus the results from these subsets are not displayed 
here. 

Figure 4. Composited rain as a percentage of the mean of CMIP5 modelled rainfall in the wettest ten per cent of months 
each season for 1986-2005 (lag zero, third row); mean rainfall is 100 per cent. Also, composites in the two months prior 
and four months following. Stippling indicates agreement on the sign of the anomaly in at least 67 per cent of cases.  
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As in AWAP, at month zero the total model rainfall falling in months in the top ten per cent is several times greater 
than the mean (Figure 4). The largest percentages are again in regions where rainfall is climatologically low, for 
example in north Australia in winter (Figure 4). Also, as in AWAP, antecedent rainfall in the two months prior is 
generally greater than the mean, particularly prior to heavy spring rainfall events. Across the continent, following a 
high rainfall month, rainfall totals in all seasons are greater than the mean for the first month. This signature persists 
for three months following high rainfall in winter in some locations, but there is weaker persistence from other seasons. 
The local persistence of rainfall in the oceans is evident in the equatorial band, most likely linked to ENSO, but also 
in the eastern pole of the Indian Ocean Dipole, prior to its break-down in austral summer.  

Across the climate models Tmax is emphatically cool over Australia during very wet months (Figure 5). Cool condi-
tions persist in all areas of the country for four months. By month four the magnitude of the cool anomalies is small, 
but still up to 0.5 °C in places. This is the average across 40 models and thus each model's anomalies will vary around 
this average, but the sign of the anomalies is quite consistent across different models. This shift in the monthly mean 
Tmax would likely translate into a lower likelihood of extreme heat during these months.  

Figure 5. Composites of the CMIP5 modelled monthly average daily near-surface maximum air temperature anomalies 
(°C) on dates in the top ten per cent rainfall months in each season for 1986-2005 (lag zero, third row). Also, composites 
in the two months prior and four months following. Stippling indicates agreement on the sign of the anomaly in at least 
67 per cent of cases. 
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The contemporaneous Tmin over Australia during high rainfall months (Figure 6) follows the same signature as in the 
AWAP data. There are warmer conditions in winter, and in the south-east in autumn, and generally cooler conditions 
in the north and central regions in summer and spring. However, the warming evident across the south in summer and 
spring is not as strong as in the AWAP data. Subsequent months are consistently cooler across almost the entire 
continent, following high rainfall events in all seasons. 

The Tmax and Tmin anomalies associated with rainfall over the oceans are generally warm at lag zero. North and 
south of Australia the Tmax is cooler than average at lag +1 following austral summer and autumn, however, there is 
no significant persistence in the rainfall in the same locations. The process that causes these cooler temperatures is not 
immediately obvious, but could be due to local mixing of cooler subsurface water to the surface due to the preceding 
month's rain storms. Warm anomalies persist in the equatorial Pacific, as did the rainfall, likely linked to the persis-
tence of ENSO conditions.  

Figure 6. Composites of the CMIP5 modelled monthly average daily near-surface minimum air temperature anomalies 
(°C) on dates in the top ten per cent rainfall months in each season for 1986-2005 (lag zero, third row). Also, composites 
in the two months prior and four months following. Stippling indicates agreement on the sign of the anomaly in at least 
67 per cent of cases. 
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The difference in the progression of anomalies of Tmax and Tmin over land can also reveal something about the 
possible causes of those anomalies. Since there is generally a similar sign to these anomalies across Australia, aver-
aging over the continent, north or south of 30ºS, allows the time evolution to be more conveniently seen. For instance, 
in winter at zero lag, the cool Tmax and warm Tmin across most of the continent is shown clearly in the anomalies in 
Figure 7a,b which extend out to six months in the north (Figure 7a) and five months in the south (Figure 7b). The 
weak signature of rainfall in the two months prior to the very wet months is evident prior to JJA – with cooler than 
average Tmax, but warmer than average Tmin. After month +1 in all seasons the model results show cooler conditions 
following high rainfall events in both the Tmax and Tmin, with a particularly strong signal in the north, but a weaker 
signal for Tmin in the south. These results suggest that it is likely that the temperature anomalies are driven by a 
response to rainfall at zero and +/- 1 lag and the response in subsequent months is driven by surface processes. At no 
stage in the six months following a very wet month do north- or south-Australia-wide average temperature anomalies 
exceed the mean. The progression of the anomalies in the north and south of the country tend to follow the same 
pattern.  

Figure 7. Spatially averaged anomalies of monthly mean daily maximum and minimum near-surface air temperatures 
(°C) composited over months in the top ten per cent of rainfall within each season at zero lag, and for the correspond-
ing dates in the two months preceding and six months following for a) north-Australia  (north of 30ºS), and b) south-
ern Australia (south of 30ºS). Lags in months are across the top. 

a) 

 

 

Lag (months)  Lag (months) 
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b) 

 

 

Other variables during and following very wet months in climate models  

The results above suggest that the persistence of cooler temperatures is driven partially by persistent rainfall, but some 
cooling is evident when the rainfall is no longer anomalously high. To explore the possible drivers of this persistence 
in greater detail, a range of variables were examined.  

The MSLP might further elucidate the drivers of the rainfall and temperature anomalies and their association. The 
maps in Figure 8 show that there are strong negative MSLP anomalies at almost all grid points across the land and 
ocean at zero lag, particularly to the south of the continent, likely linked to deep lows in the storm track. An exception 
is some locations across Australia in spring and summer. The pattern in the ERA-I reanalysis is more noisy due to 
fewer occurrences than in the model data, but the signal is similar. Interestingly, at month lag +1 the anomalies at grid 
points over the ocean remain weakly negative, particularly in the models and ERA-I following winter. However in the 
climate models over the land almost all grid points shift to positive anomalies except following winter, with significant 
agreement. The response at lag +1 in ERA-I is less well defined, with positive anomalies following summer. It isn't 
clear what is driving these changes, but they do suggest that negative MSLP anomalies associated with heavy rainfall 
are not persistent, and the low pressures associated with heavy rainfall is no longer evident.  

 

Lag (months)  Lag (months) 
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Figure 8. Composites of the monthly average mean sea-level pressure anomalies (hPa) on dates in the top ten per 
cent rainfall months in each season (lag zero, second row) for a) ERA-I 1979-2014 and b) CMIP5 modelled 1986-2005. 
Also, composites in the one month prior and two months following. Stippling indicates agreement on the sign of the 
anomaly in at least 67 per cent of cases. 

a) 

 

b) 
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Given that the temperature anomalies are consistent across the continent, for brevity, Australia-wide averages are used 
to assess the associated anomalies in other variables. To highlight any response in cloudiness during high rainfall 
months, Australia-wide averaged surface downwelling shortwave radiation (rsds) was assessed (not shown). For 
spring, it drops dramatically to an average anomaly of -25 Wm-2 during high-rainfall months, but in the months prior 
and following there is little consistent change in this field. Other seasons have a similar pattern of anomalies, with 
little change outside of month zero. This result supports the idea that there is enhanced cloudiness driving the winter, 
warming Tmin at zero lag.  

The total column soil moisture (mrso) is boosted by the heavy rain, as seen in the all-Australia average in Figure 9. In 
fact, it peaks at lag +1, then diminishes. There is little anomaly at lag -1, although maps of the field (not shown) show 
that land in the tropics is already wetter in many locations, consistent with the positive rain anomalies there, even at 
lag -2. Although the soil moisture diminishes after one month, anomalies remain high for at least four months. This 
aligns with results from station data, where it was found that soil moisture anomalies persist for far longer than rainfall 
anomalies (Walsh et al., 1985). In some locations it was found they can persist, with reasonably high autocorrelation, 
for at least 6 months. In comparison to the Australia-average rainfall response (Figure 9), there are differences by 
season, with average rainfall anomalies dropping to less than ten per cent of the mean by month +2 from DJF and 
MAM, while positive anomalies in total column soil moisture persist with little reduction through to month +4. The 
persistence of rainfall following winter rain is stronger, only dropping to ten per cent by month +3.  

Figure 9. Australia-wide anomalies of monthly mean daily total column soil moisture (mrso, kg m-2, black squares) 
composited over months in the top ten per cent of rainfall within each season at zero lag, and for the corresponding 
dates in the two months preceding and six months following. Also shown are the corresponding percentage change in 
rainfall from the mean (grey diamonds), note 100 has been removed from the percentages. Lags in months are across 
the bottom of each panel. The graphs are truncated so that the percentage of rainfall at zero lag is not shown. For each 
season, the full percentage change in the top ten per cent of rainfall months in DJF: 256 per cent, MAM: 283 per cent, 
JJA: 331 per cent, SON, 288 per cent. 
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The cooler temperature over land during and following heavy rain months would be expected to lead to reduced heat 
loss from the surface. From the climate models, sensible heat flux (hfss) was analysed, and a clear reduction is seen 
(not shown). The anomalies align well with the anomalies of mean temperature (also not shown, but it can be consid-
ered as the average of Tmax and Tmin) both spatially and in terms of persistence. The ratio between the sensible heat 
flux and mean temperature is around 10 W m−2 per K. The correspondence is maintained over all lags. As suggested 
by Seneviratne et al. (2010), with high soil moisture, latent heat flux will increase with wetter conditions. Latent heat 
flux (hfls) anomalies (not shown) have a similar spatial pattern and persistence to the total soil column (mrso) anom-
alies, although with a sharper drop-off over time, possibly associated with the surface drying faster than the deep soil. 
There is some flux at lag -1, most likely due to surface wetting by the lag -1 rain.  

4. Projections 

Table 1 shows the range of rainfall projections at the end of the century across the models. The Australia-wide average 
annual rainfall is reduced into the future in 26 of the models, while 14 models simulate increased rainfall in the future. 
Across Australia, one robust projected rainfall change is for winter and spring rainfall to reduce across southern Aus-
tralia (Hope et al., 2015a), however the future change across northern Australia is more mixed (Moise et al., 2015), 
although recent studies have found that wetter conditions are more likely (Brown et al. 2016b; Frederiksen and 
Grainger 2015; Watterson et al. 2016).  

Here, we find that across the multi-model mean, the proportion of rainfall in the top ten per cent relative to the mean 
generally increases, with Australia-wide averages showing an increase of fifteen per cent in DJF, MAM: six per cent, 
JJA: twenty six per cent and SON: ten per cent. This is consistent with heavier rainfalls in a warmer atmosphere (Otto 
et al., 2016). There are however, notable variations by season and region (not shown). The spatial and seasonal patterns 
are largely a function of the change in mean rainfall, where areas of projected decreased mean future rainfall show a 
larger increase in the proportion and vice versa. This is expected, as extreme wet days and months are projected to 
stay similar or increase even in areas where the mean is projected to decrease (CSIRO and Bureau of Meteorology 
2015; Watterson et al., 2016). There is some evidence that the distribution of rainfall in the future will become flatter 
than the current distribution (Watterson et al. 2016) – with a relatively greater number of very wet months and also 
very dry months, relative to the mean. 

The difference in Tmax during very wet rainfall months between the future (following RCP8.5) and the current climate 
is shown in Figure 10. The Tmax anomaly is relatively cooler in the future in many locations in the cooler seasons 
(Figure 10, in blue) at lag zero, particularly across the south in winter, and south-east in spring. This could be due to 
an enhancement of the relationship between heavy rainfall and subsequent cooling in future, which might be the case 
if the evaporation rates increase with increased overall temperatures. Another factor may be that the extreme rainfall 
months are wetter in future than in the current climate (not just relative to a changing mean), leading to a greater 
response in Tmax. This second point is perhaps more likely, as a linear regression analysis shows that the relationship 
between rainfall and temperature in the six months following a very wet month remains the same in the current climate 
and future climate. 

There is little persistence of any difference between the future Tmax anomalies compared to the current climate. An 
exception to this is in month lag +1 following winter in the south and south-east where the relative Tmax anomaly is 
cooler in future. The same signature occurs in spring, but it is not significant. There are also regions where the Tmax 
anomaly is greater in the current climate compared to the future – in the south-east following very wet months in 
summer and in the north-west following very wet months in spring. 

The pattern of anomalies over the oceans are very consistent, with relatively cooler local conditions associated with 
heavy rainfall in the future compared to the present. This signature is at a range of lags, and in all locations where 
there is a significant difference.  
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Figure 10. Difference, 2080-2099 minus 1986-2005, in the monthly mean daily maximum near-surface air temperature 
monthly composited across the top ten per cent of rainfall months in each season, zero lag (row 3), and the two months 
preceding and four months following. Stippling indicates agreement on the sign of the difference in at least 67 per cent 
of cases.  

 

To illustrate the anomalies in both the model current and future climates, the anomalies were averaged across north 
Australia (Figure 11a) and south Australia (Figure 11b). These plots highlight that the process of cooler Tmax follow-
ing heavy rain continues in the future climate, following a very similar persistence signature under both climates. The 
one exception is as described above, where across southern Australia the Tmax anomalies are relatively cooler in the 
future (Figure 11b) at zero and +1 lag in winter and spring, but the relatively cooler conditions do not persist.  
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Figure 11. The monthly average daily maximum near-surface air temperature anomaly (°C) of composites preceding, 
during and following the wettest ten per cent of months each season from 40 CMIP5 models during the years 1986-
2005 and, following RCP8.5, in 2080-2099 for a) north-Australia  (north of 30ºS), and b) southern Australia (south of 
30ºS). Lags are across the top of each season’s graph. 

a) 

 

b) 

 

Lag (months)  Lag (months) 

Lag (months)  Lag (months) 
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5. Concluding Remarks 

Cool Tmax occurs during and following very wet rainfall months in both the CMIP5 models and AWAP data. These 
results reinforce the understanding that antecedent conditions can be important for subsequent temperatures, and it is 
unlikely that record hot Tmax would occur during or following very wet conditions across Australia. For the months 
following spring, leading into summer, when the major impacts of heat extremes are felt by agriculture and other 
industries and communities, AWAP data reveals that there is a reduction in Tmax of at least 1 °C through a wide strip 
up the east coast in the month following the rain, persisting in the south-east for three months. Tmin is also cooler 
following very wet months in spring in eastern Australia.  

While the effect of both rainfall persistence and surface processes are combined in the analysis presented in this study, 
we can deduce that the rainfall persistence does not explain the entire effect from four lines of evidence: the Tmax 
persistence and relative magnitude of the anomalies is greater than those for rainfall (Figure 2 compared to Figure 1, 
and Figure 7); the shifting balance of latent and sensible heat fluxes; greater persistence of soil moisture compared to 
rainfall (Figure 9); and from the temporal progression of Tmax and Tmin anomalies and the large drop in surface 
downwelling shortwave radiation only occurring at month zero. It is clear that in the south of the country, Tmin are 
anomalously warm during very wet months. Thus we can suggest that any subsequent rainfall would be linked to 
further warming. For those months when cooling is seen instead (e.g. lag +3 and +4 following very wet winter months), 
the signal is likely to be from the partitioning of surface fluxes into latent heat, rather than sensible, due to wet surface 
conditions. Thus the cooling response in Tmin provides a conservative estimate of the extent of the cooling that is not 
associated with persistent rainfall following high rainfall events. The estimate is conservative because the anomalies 
also include the warming response associated with further rainfall, and thus the cooling would be larger than the 
anomaly shown. There are some concerns with the  estimation of the diurnal temperature range and associated cloud-
iness in climate models (Lewis and Karoly 2013), which might result in errors in the representation of Tmin and 
cloudiness; however, the direction of change across southern Australia in winter are similar between AWAP and the 
multi-model CMIP5 ensemble in this study. 

Looking at future projections, we see that the amelioration of heat extremes by preceding wet months continues to 
occur in the modelled future climate. However, there are some small, significant differences in the future compared 
to the present, with relatively cooler conditions associated with winter and spring heavy rainfall at zero and +1 lag 
across south-east Australia in the future, possibly linked to relatively wetter very wet months in future.  

The results in this preliminary study are very consistent, and further work could include targeted process-based studies 
and model experiments to tease out the processes driving the temperature changes associated with and following heavy 
rainfall. 
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