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A B S T R A C T   

Extreme daily rainfall has intensified and become more frequent globally. However, in Australia, long-term 
changes in the characteristics of extreme rainfall are not well understood. Commonly used indices that 
examine the characteristics of rainfall rarely show statistically significant long-term historical changes in mean 
and extreme rainfall events. Here we use a rainfall event-based approach to study observed changes in intensity 
and frequency of rainfall events in Australia. This approach defines rain events as n consecutive days of rain to 
account for varying event duration. The intensity of a rainfall event is defined as the average of the daily 
accumulation of rainfall over the event duration. We find that short-duration rainfall events (1–2 day) have 
become more frequent and have intensified in large parts of Australia since the beginning of the 20th century. 
The frequency of longer duration rainfall events (3–4 day and 5–6 day) show substantial and statistically sig-
nificant reductions in the south of Australia and increases in some parts of northern Australia. The frequency of 
rainfall events lasting >6 days has increased in the north and decreased in the south. The robust increase in short- 
duration episodic rainfall events across Australia and decrease in the frequency of extended episodic events imply 
rainfall has become more sporadic in Australia. Changes in rainfall intensities are less consistent compared to 
changes in frequency across the continent. We find an increase in intensity in the 1–2 and 3–4 day events, but the 
trends in the intensity of those events lasting >4 days are mostly not significant. Overall, changes in the char-
acteristics of rainfall events of duration n days provide more spatially coherent results than those presented 
previously.   

1. Introduction 

Trends in both the intensity and frequency of extreme daily rainfall 
have increased globally both in wet and dry regions (Donat et al., 2019). 
Previous research shows that the rate of increase in heavy rainfall events 
is much higher than both the rate of evaporation and the rate of total 
rainfall (Trenberth et al., 2003), which establishes the concept that 
“when it rains, it rains more” (Contractor et al., 2018). Many regions 
have observed an increase in the intensity and frequency of extreme 
events at the expense of a decrease in the frequency of light to moderate 
events (Goswami et al., 2006; Miao et al., 2016). Overall, Australia 
follows a similar pattern to the global trends, where a “when it rains, it 
rains more” pattern has been reported (Contractor et al., 2018). Several 
regions in Australia have exhibited long-term changes in mean rainfall. 
For example, a significant increase in north-west Australia (NWA) 

(Ackerley et al., 2015; Dey et al., 2018), a decrease in southwest of 
Western Australia (SWWA) and a recent decrease has emerged in 
southeast Australia (SEA) in the last 30 years (Hope et al., 2010; Pepler 
et al., 2019). However, changes in extreme rainfall characteristics rarely 
show significant long-term trends (Alexander and Arblaster, 2017). 

Australia experiences one of the highest variable rainfall in the world 
(Nicholls et al., 1997). Part of the reason being many large-scale climate 
drivers, such as the El Niño Southern Oscillation (ENSO), the Southern 
Annular Mode (SAM), the Indian Ocean Dipole (IOD), the Subtropical 
Ridge (STR), and the Madden Julian Oscillation (MJO) modulating 
rainfall in Australia (Dey et al., 2019; Risbey et al., 2009). These 
large-scale drivers undergo significant inter-annual and interdecadal 
variabilities, further increasing rainfall variability in Australia (Fogt and 
Bromwich, 2006; King et al., 2013; Power et al., 1999). Thus, detecting 
long-term trends in mean and especially extreme rainfall in Australia is 
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challenging. 
Few studies examine changes in the characteristics of the entire 

rainfall distribution (Contractor et al., 2018), as most focus on extreme 
heavy rainfall due to potential socio-economic impacts. However, as-
sessments of extreme rainfall can be very sensitive to the way the ex-
tremes are defined (Pendergrass, 2018). Many studies use a threshold or 
percentile-based approach to study changes in frequency and intensity 
of extreme rainfall events (Anagnostopoulou and Tolika, 2012; 
Contractor et al., 2018; Easterling et al., 2000). These methods have 
notable limitations; for example, a fixed threshold-based approach is 
complex when applied to a broad region. This is because, a single 
threshold for extreme rainfall does not apply to Australia as a whole as 
the climatological rainfall varies significantly (Nicholls et al., 1997). 
Furthermore, the thresholds applied are dependent on expert judgement 
which involves some level of subjectivity (Beguería, 2005). While 
percentile-based thresholds based on wet days (days when rainfall is 
greater than a minimum threshold) take into account geographical 
variations in rainfall, these thresholds are sensitive to the changes in the 
fraction of wet days thus should be carefully interpreted (Schär et al., 
2016). 

Another approach to examining rainfall extremes is to calculate the 
maximum rainfall accumulations over a fixed, but arbitrary, number of 
consecutive days in a given period such as a month, season or year. In 
studies to date, the selection of the number of days over which a rainfall 
accumulation is calculated is also arbitrary (for example, RX5: 
maximum consecutive five-day rainfall event for a given month, season 
or year) (Zhang et al., 2011). Indices like RX5 can be drawn from either 
multiple short-duration rainfall events or a single long persistent event, 
and may not necessarily cover the full duration if the rainfall event lasts 
longer than 5 days (Du et al., 2019). 

Climate scientists are often asked how rainfall is changing. Scientific 
community has largely focused on exploring sub-daily to single day 
rainfall which has yielded some interesting findings, particularly with 
respect to extremes (Alexander and Arblaster, 2017; Guerreiro et al., 
2018; Wasko and Sharma, 2015). However, changes to the nature of the 
sequencing of rainfall have not yet been examined. This is, the episodic 
nature of rainfall and how this might have changed. The indices used in 
studies to date, like RX5 described earlier, provide a useful snapshot of 
changes to characteristics of daily rainfall but a comparison between 
single day totals and 5 day totals doesn’t provide a comprehensive 
picture of the nature of rainfall change. It is particularly important to 
examine the episodic nature of rainfall as it can provide information that 
is useful for understanding the processes by which rainfall is changing. 
Further, examining changes to the characteristics of rainfall events can 
provide targeted information about trends that are relevant for 
socio-economic impacts. For example, if a large amount of rain falls over 
a short period of time e.g. order of days, the risk of flooding dramatically 
increases (Rahman et al., 2002). Conversely, if the same amount of rain 
falls over a considerably longer period e.g. order of weeks, it may in-
crease soil moisture which can provide relief from an existing drought 
(Michailidi et al., 2018). 

Examining rainfall events using existing indices shows an incomplete 
picture of event characteristics. Du et al. (2019) defined a persistent 
extreme event as some maximum consecutive days of rainfall (n) with 
the condition that the rainfall accumulation for each day exceeds the 
average daily rainfall accumulation (RXEvent). They showed that 
globally the increase in RXEvent is 49% higher than the increase in RX1. 
Thus, studying extremes using the approaches to date still has some 
limitations, in this case, underestimating changes in extreme rainfall 
events. 

Here, we apply a methodology similar to the approaches of Du et al. 
(2019) to examine episodic rainfall events, where an event is defined as 
n consecutive days of precipitation. By taking this approach, we will 
comprehensively explore the question of how the characteristics of 
rainfall are changing in Australia. This will include an assessment of 
changes for the entire precipitation distribution, including extremes. 

2. Methods 

We use the daily Australian Water Availability Project (AWAP; Jones 
et al., 2009) data at 0.25 data at 0 horizontal resolution over the period 
1911–2016. AWAP dataset is constructed using quality-controlled sta-
tion dataset from the Australian Data Archive for Meteorology (ADAM). 
The number of stations used in AWAP data since 1900 varies signifi-
cantly, with maximum number of stations in 1970s and decreasing since 
then (see Fig. 1b of Dey et al. (2019)). In addition, AWAP data suffers 
from high degree of spatially inhomogeneous station density. As there 
are very few stations in central-west Australia, which can produce 
spurious trends, we apply a mask to these regions following Chung and 
Power (2017). Interpolation and smoothing techniques can introduce 
unrealistically small rainfall values at grid points where there is no data 
(Hutchinson, 1998; Jones et al., 2009), thus most studies use a threshold 
to avoid spurious trends, especially for frequency indices (Alexander and 
Arblaster, 2017; Clark et al., 2018; Gallant et al., 2007). Here we use 1 
mm as a threshold. Note, the least rainfall value recorded by Lavery et al. 
(1992) station dataset is 0.1 mm. Overall, previous research shows that 
AWAP data estimates daily rainfall well when compared against robust 
station datasets (Jones et al., 2009; King et al., 2013), thus can be 
applied to study rainfall characteristics. 

We apply a rainfall event-based approach rather than using either 
exceedance or particular threshold-based rainfall analysis. Here, a 
rainfall event is defined as any sequence of n consecutive days with 
rainfall ≥1 mm. Each event must be separated by at least one non-rainy 
day (<1 mm). A schematic explaining the rainfall event identification 
method is shown in Fig. 1. For simplicity, we stratify rainfall events into 
four categories based on the event duration: a 1–2 day event (maximum 
two days of consecutive rainfall), a 3–4 day event (consecutive rainfall 
of 3 or 4 days), a 5–6 day event (consecutive rainfall of 5 or 6 days) and 
>6 days events (consecutive rainfall for more than 6 days). Next, we 
calculate the climatology of percentage contribution of each event type 
to annual total rainfall over the period 1911–2016. 

Changes to aspects of the frequency and intensity of the above event 
categories are then examined. Rainfall event intensity (mm/day) is 
defined as the total rainfall (over n days) divided by the event duration, 
where the event duration is defined as the number of consecutive days of 
rain (n) for event type. The trends in the median and maximum rainfall 
event intensities were examined for each event category in a given year 
and/or season. Table 1 summarises the event indices calculated to study 
the frequency and intensity of rainfall events of each category. 

We calculate the 25th, 75th, and 95th percentiles of the rainfall event 
intensity. For 1–2 day and 3–4 day events, annual frequency of light 
(number of events with rainfall event intensity <25th percentile), 
moderate (number of events with rainfall event intensity between 25th 
and 75th percentiles), heavy or extreme events (number of events with 
rainfall event intensity>95th percentile) are calculated. As 5–6 day 
events and > 6-days events are rare throughout much of Australia with 
the exception of tropical north and west of Tasmania, these events are 
not further stratified into the light, moderate and heavy categories as 
there are too few events to robustly examine a trend. Instead, for events 
lasting >4 days, we examine the changes in the number of events above 
or below the median rainfall event intensity, defined as heavy and 
moderate events respectively. Note, the percentiles calculated in this 
study are quite extreme relative to all day percentiles, as they are 
conditioned on rainfall events, making them more similar to wet day 
percentiles. The significance of the trends in rainfall event intensity and 
frequency are calculated using Mann-Kendall non-parametric test. 

The frequency and intensity metrics were computed at the grid-scale 
and were then area-averaged for three different regions where a sig-
nificant historical change in annual rainfall has been observed (Fig. s1). 
The regions are NWA (10◦–25◦S, 110◦–135◦E), SEA (33◦–44◦S, 
135◦–154◦E) and SWWA (southwest of the line joining 30◦S, 115◦E, and 
35◦S, 120◦E). We calculate time-series of event frequency over 
1911–2016 and 1950–2016. The rationale for choosing these regions 
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and time periods is to test the applicability of our method of studying 
rainfall characteristics against known historic trends. Note, Figure s1 
marks the regions discussed in this study. 

For each event type (i.e. 1-2 day event, 3–4 day event etc.) we only 
examine regions where the event has occurred at least once in a year for 
at least 30 years to make sure we have enough data to calculate trends 
and mask out the regions otherwise. Thus, a small region is masked for 
5–6 day events in central Australia in addition to the regular masking, 
whereas for >6 days events, a much larger region is masked as they are 
scarce in those regions. The seasonal figures presented here have larger 
masked regions due to two reasons: 1. we only shade the areas that show 
significant trends and 2. very few regions experienced extended dura-
tion events at least once in more than 30 years when looking at partic-
ular seasons. For similar reasons, we only show significant trends for 
frequency and intensity plots when further segregated into light, mod-
erate, and heavy events. 

To further examine the metrics described above, the same analysis 
was also performed using a high-quality station network of daily rainfall 
datasets in Australia (Lavery et al., 1992). There were originally 191 
stations which were reduced to 152 stations after further quality control 
(King et al., 2013a). Further, Viney and Bates (2004) found that rainfall 
accumulations were tagged against the wrong days due to not taking 
measurements over the weekend, which resulted in too many extreme 
events on Mondays and too few on Sundays. King et al. (2013a) found 
the ‘Sunday-Monday’ problem at 30 sites among the 152 high-quality 
stations. The above issues might result in spurious trends. Thus 
following King et al. (2013a) we remove the stations that have a 
Sunday-Monday problem, which leaves us with 112 stations. The trend 
in each station is calculated over the period from 1911 to the latest 
available period (the latest available period among stations ranges from 
2004 to 2018). Figure s2 shows the finishing years of each station. Note, 
we have also performed the analysis using 0.5 mm as a threshold for 
AWAP and station datasets, and our results remained unchanged. 

3. Results 

3.1. Frequency analysis 

3.1.1. Frequency analysis in gridded data 
Climatological patterns in the north and east coast of Australia, 

SWWA and west of Tasmania show the highest rainfall accumulations 

(Fig. s3(a)). The climatological number of rain days (days when rainfall 
is > 1 mm) have a very similar spatial pattern to the climatological 
annual average rainfall (Fig. s3(b)), similar to results found by 
(Contractor et al., 2018). Fig. 2a shows a climatology of event frequency 
in Australia where events of all durations are included, providing an 
overview of whether rainfall is likely to fall from few or many events. 
Here, an event is a discrete period of n consecutive days of rain. The 
highest frequency of rain events of any duration occurs in the south of 
Victoria on the southern slopes of the Great Dividing Range and the east 
of Tasmania, showing that rainfall events are most frequent and episodic 
here. This pattern is distinct from annual average rainfall in Tasmania 
(Fig. s3(a)), where the largest annual rainfall totals are observed in west 
of Tasmania, rather than the east. The frequency of rainfall events is 
lowest in central and central-west Australia, highlighting that rainfall 
accumulations here are the result of very few individual rainfall events. 
The average duration of rainfall events is greatest in the tropical north of 
Australia, the west of Tasmania, and in the coast of SWWA (Fig. 2b) and 
decreases sharply in the centre of the country. The spatial map of the 
average event duration is similar to the climatological annual average 
rainfall in Australia. 

Fig. 3 shows a climatology of the percentage contribution of rainfall 
from each event category to annual total rainfall, defined in the Methods 
Section. A reduction or increase in those events with the highest per-
centage contribution potentially affects the total rainfall of the region. 
The percentage of rainfall from 1 to 2 day events is the smallest in the 
west of Tasmania and coastal regions of east Australia and increases 
rapidly inland (Fig. 3a). More than 50% of total rainfall is received from 
these short-duration events in the inland regions of New South Wales 
(NSW), South Australia (SA), and Western Australia (WA). The 
maximum contribution from 3 to 4 day events occurs between the lati-
tude bands of 20◦S to 30◦S and in the east of Tasmania (Fig. 3b). The 
maximum contribution from 5 to 6 day events is typically in latitudes 
between 15◦S to 30◦S, with a maximum in the northwest of WA (Fig. 3c). 
Almost 60–80% of the total annual rainfall comes from >6 day events in 
parts of tropical north of Australia, which reflects the monsoon. In west 
of Tasmania, the high number of >6 day events reflects persistent 
onshore, moist westerlies encountering orography (Fig. 3d). The coastal 
SWWA receives 30–40% of its annual rainfall from >6 days rainfall 
events. The major synoptic signature of rainfall in this region are a series 
of fronts and troughs, suggesting that 6 day events are more likely to be a 
rapid sequencing of rain-bearing systems rather than a single event 
(Hope et al., 2006; Wright, 1974). The rest of the continent receives 
rainfall from a combination of the other three categories and the 
short-duration (1–2 day) events dominate in the inland regions. 

The trend analysis (Fig. 4a) shows increases in the frequency of 
rainfall events almost everywhere in the country except for the tropical 
north. This differs from trends in the number of rain days (Fig. s3(c)), 
which shows a significant increase in the north and decrease in the 
south. These trends indicate a plausible shift in the event category. The 
trend analysis in event duration shows that typical event duration has 
decreased in the south and increased in the north of the country 
(Fig. 4b). The strong increase in event duration in the tropical north 
could help to explain the weak decreasing trends in event frequency here 
(Fig. 4a). The above results show that outside the tropics (below 
approximately 20◦S) there has been a tendency toward an increase in 
the frequency of rain events and a decrease in the event duration, which 

Fig. 1. Schematic explaining the method to identify rainfall events. The first row is an example of rainfall time series. The second row shows the transformed time 
series after ignoring the non-rain days (<1 mm rainfall). Each rainfall event is preceded and followed by a non-rainy day. In this schematic, we find a 3 day, a single 
day and a 2 day events. 

Table 1 
Table summarising the indices calculated to study the frequency and intensities 
of rainfall events in each event category.  

Frequency indices of rainfall events 

1–2 day Light (0–25th), moderate (25–75th), heavy (>95th) 
3–4 day Light (0–25th), moderate (25–75th), heavy (>95th) 
5–6 day Moderate (<50th), heavy (>50th) 
>6 day Moderate (<50th), heavy (>50th)  

Intensity indices of rainfall events 

1–2 day Median, maximum 
3–4 day Median, maximum 
5–6 day Median, maximum 
>6 day Median, maximum  
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suggests a trend towards more short and episodic rainfall events. 
There is a significant increase in the frequency of 1–2 day events 

around most of Australia except for the tropical north (Fig. 5a). The 
frequency of 3–4 day events shows an increase in the north; however, 
there are areas of significant decreases in tropical Australia (Fig. 5b) – 

similar to Fig. 5a. There is a decrease in the frequency of 3–4 day events 
across south-east Australia. This includes coherent areas where these 
reductions are statistically significant, namely in parts of southeast 
Queensland (QLD) and southern NSW and northern Victoria, north and 
west of the Great Dividing Range. The SWWA shows an area of 

Fig. 2. (a) The climatological annual average frequency of rainfall events irrespective of the event duration, (b) the climatological annual average event duration 
(days/event). The climatologies are calculated using AWAP data over the period 1911–2016. The grey region shows the masked area following Chung and 
Power (2017). 

Fig. 3. The climatological percentage contribution to the annual total rainfall from (a) 1–2 day events, (b) 3–4 day events (c) 5–6 day events (d) > 6 day events. The 
AWAP data over the period 1911–2016 is used to calculate the climatologies. The white regions are where data points were not available for at least 30 years for each 
event category. 

R. Dey et al.                                                                                                                                                                                                                                      



Weather and Climate Extremes 29 (2020) 100274

5

significant decreasing trends in 3–4 day events. Some significant in-
creases in 3–4 day events are observed in northwest Australia and west 
of Tasmania. The increase of 3–4 day events in west of Tasmania is 
significant. This is at odds with the observed decrease in rainfall in this 
region, specifically in winter and autumn (Rehman et al., 2019). This 
discrepancy will be discussed later in detail. 

The largest regional differences in trends occur for the longest 
duration rainfall events. Those rainfall events lasting 5–6 days (Fig. 5c) 

or >6 days (Fig. 5d) show broadly similar patterns (except for tropical 
north Australia and west of Tasmania), with increase in the north 
Australia and decrease in the south of the country. The largest decreases 
occur in SEA and SWWA. The reductions in long-duration rain events in 
the south are strong and significant and contrast to the significant in-
creases in 1–2 day events that were previously described. In tropical 
north Australia, increases in the 5–6 day events are spatially incoherent 
and statistically insignificant, whereas the frequency of events >6 days 

Fig. 4. The trends calculated using linear regression in (a) event frequency (events/year) and (d) event duration (days/event/year) using AWAP data over the period 
1911–2016. The stippling shows significance at 95% level using Mann-Kendall non parametric test. 

Fig. 5. Trends in frequency (events/year) of (a) 1–2 day events, (b) 3–4 day events (c) 5–6 day events (d) > 6 day events, calculated over the period 1911–2016. The 
white regions are where data points were not available for at least 30 years for each event category. 
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increases sharply. The increase in persistent long events in the north, in 
combination with increases in rain days and event duration, implies a 
shift toward more extended persistent rainfall events in this region. 
Note, significant increases in the frequency of 1–2, 3–4, and 5–6 day 
events are evident in the northwest of WA (Fig. s1). There has been a 
significant decrease in the frequency of >6 day events in west of Tas-
mania and a strong increase in 3–4 day events as mentioned in the 
previous paragraph. 

3.1.2. Frequency analysis in station dataset 
The trends in the gridded datasets are compared against a high- 

quality station dataset (Fig. 6) to ensure they are robust. The number 
of stations varies for each of the event type assessed because, as is 
described in the methods section, the stations must satisfy a complete-
ness criterion where at least 30 years of data are available for that event 
type. All stations were eligible to be used for the 1–2 day and 3–4 day 
events, 87 stations were used for the 5–6 day events, and only 35 stations 
were used for the >6 day events. The spatial variation in the trends 
observed in the station dataset is broadly similar to the gridded dataset. 
The significant trends are shown in dark color triangles, and insignifi-
cant trends are shown in light color circles. Out of 112 stations, 28 
stations show a significant increase in the frequency of short-duration 
1–2 day events, and only two stations show a significant negative 
trend. The 3–4 day events show 16 stations with a significant negative 
trend, and only seven stations show significant positive trends. The 
stations showing negative trends are mostly concentrated in SWWA and 
coastal SEA. For the 5–6 day events, 7 stations show significant negative 
trends and no station shows a significant positive trend. The extended 
events (>6 days event) have become significantly less frequent at 3 

stations in south of Australia whereas a significant increase in frequency 
is observed at two sites in northern Australia. Overall, the number of 
stations showing a significant decrease in the frequency of extended 
events in southern Australia especially in SWWA and Victoria increases 
as the event duration increases. 

3.1.3. Frequency analysis in different seasons 
Some of the trends in annual rainfall observed in Australia are a 

result of changes in seasonal rainfall. For example, NWA has experi-
enced an increase in summer (DJF) rainfall since 1950 (Alexander and 
Arblaster, 2017; Dey et al., 2018; Nicholls and Collins, 2006). The 
rainfall in agriculturally-sensitive regions in Australia, mainly SEA and 
SWWA, has decreased since 1950, most significant in winter and spring 
(Dey et al., 2019; Gallant et al., 2007; Hennessy et al., 1999). To further 
elucidate the trends observed in Fig. 5 we investigate whether the 
annual trends emanate from any particular season(s). We show the 
trends in the four event categories for each season in Fig. 7. Here we only 
shade the regions where trends are significant at the 95% level. High-
lighting if trends stem from particular times of the year can reveal in-
formation about the association between rainfall events and the 
rain-bearing systems that make up the events. The increase in the fre-
quency of 1–2 day events over most of Australia is evident across all 
seasons. The decrease in the north of the country is only evident in 
tropical north Australia in December–February (DJF) which is consistent 
with our hypothesis that with increasing event duration, there are not 
sufficient non-rain days in-between for the events to be classified as 
short-duration events. 

There is a decrease in 3–4 day events in the tropical north and in-
creases in the northwest WA during the austral summer. In March–May 

Fig. 6. Similar as Fig. 5, but for station dataset. Only stations with more than 30 data points were plotted for each event type. Blue shades show positive trend and 
red shades show negative trends. The station datasets in dark color triangle show significant trends at 95% level, and insignificant trends are shown in light color 
circles. The trends are calculated from 1911 to the latest available period at each station. The finishing date for each station is shown in Fig. s2. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(MAM), a decrease in these events is evident in the Murray Darling Basin 
(MDB) and SWWA, and there is an increase in west of Tasmania. The 
negative trends over the MDB and inner region of SWWA are stronger in 
winter than other seasons, and a strong increase is seen in the coast of 
SWWA in winter. Note these regions have already experienced a strong 
decline in rainfall in winter months in past decades (Dey et al., 2019; 
Gallant et al., 2007; Nicholls, 2006). During September–November 
(SON), there is a significant increase in 3–4 day events in the west of 
Tasmania. 

No spatially consistent trends are observed for 5–6 day events. For 
>6 day events there is a substantial increase in frequency in northern 
Australia in DJF. There is a significant decrease in these events in SWWA 
in JJA and a concurrent significant increase in 3–4 day events here. 
Similarly, in SON, there are concurrent statistically significant decreases 
in >6 day events and increases in 3–4 day events in west of Tasmania. 
These provide further evidence of a shift in the event category from 
extended persistent events (event duration >6 days) to events of shorter- 
duration events (3–4 days) in these regions. 

3.1.4. Frequency analysis with event intensities 
Understanding the frequency of rainfall events of different intensities 

provides information on the changes in rainfall event distribution from 
light to heavy events. The percentile values calculated to define fre-
quency indices (see Table 1) are shown in Figure s4 for each event type. 
Fig. 8 shows the trends in frequency of different rainfall event 

intensities. There is no coherent trend in short-duration, light events 
(Fig. 8a). In contrast, Fig. 8b and c shows strong, spatially coherent in-
creases in 1–2 day moderate and heavy rain events with the exception of 
tropical northern Australia. The light 3–4 day events have significant 
decreasing trends everywhere in the south, and increasing trends in the 
north (Fig. 8d). The moderate events have a similar decreasing trend in 
the south of Australia but no significant trend in the coast of SEA 
(Fig. 8e). There is an increase in moderate events in the west of Tas-
mania. The trends in 5–6 day and >6 day events in both moderate and 
heavy events show a decrease in the south (Fig. 8 g-j). In north Australia, 
the trends in 5–6 day events are not coherent but become strong and 
coherent for moderate as well as heavy >6 days events. 

3.1.5. Area-averaged trends in event frequency 
The area-averaged time series of the frequency of the four types of 

events in NWA, SWWA, and SEA (Fig. s1) are shown in Fig. 9. The black 
line shows the long-term trend over the period 1911–2016, and the blue 
line shows the medium-term trend over 1950–2016. The insignificant 
trends are shown in dotted lines and the slope values are shown in italic 
fonts. Here we describe the major features of the time series of each 
region: 

• In NWA, the trends in short duration 1–2 day events are not signif-
icant, similar to the spatial plot in Fig. 5, where inhomogeneous 
trends are seen in this region. The longer events (>2 days) have 

Fig. 7. Trends in frequency (events/year) of (a–d) 1–2 day events, (e–h) 3–4 day events (i–l) 5–6 day events (m–p) and >6 day events (m–p), in December–February 
(DJF), March–May (MAM), June–August (JJA), and September–November (SON), calculated over the period 1911–2016. The white regions are where either the 
events occurred in less than 30 years over the period or the trends are not significant at the 95% level. 
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increased in both periods analysed with faster rate in the medium- 
term period than the trends using the long-term period. The >6 
day events, which brings 60–80% of total rainfall in this region, have 
become more frequent with steeper increase in the medium-term.  

• The frequency of 1–2 day events in SEA has significantly increased 
over both periods. The events lasting longer than two days (3–4 day, 
5–6 day, > 6 days) have significantly declined in both periods, with a 
faster decline in the medium term. 

• In SWWA, the frequency of 1–2 day events has increased signifi-
cantly in both periods. The frequency of 3–4 day and 5–6 day events 
show decrease in the long term however, the trends become insig-
nificant in the medium term. The >6 day events which brings 
30–40% of total annual rainfall in this region, shows a persistent and 
strong decrease in long-term and medium-term. 

3.2. Intensity analysis 

3.2.1. Intensity analysis in gridded data and seasonal maps 
In this section, we examine whether the intensity of rainfall events 

(defined in the methods section) in each event category has changed in 
the observational record. Fig. 10 shows the median of the intensity of 
rainfall events. The intensity of 1–2 day events (Fig. 10a) shows a 

significant increase in most regions, whereas there is no robust or 
spatially coherent trend in the tropical north where both significant 
decreasing and increasing trends are present. The trends in the median 
intensity of 3–4 day events show a similar pattern as for the shorter- 
duration events, a significant increase for latitudes below approxi-
mately 25◦S, and inhomogeneous trends in the north. The trends in in-
tensities of 5–6 day events and >6 days event are not spatially coherent. 
There are significant increases in the median intensities of 1–2 day, 3–4 
day, and 5–6 day events in the northwest of WA. Overall, the trends in 
intensity are less spatially homogeneous than the trends in frequency. 

Fig. 11 shows the trends in the maximum intensity of rainfall events 
of the four categories, which is indicative of extreme rainfall. The 
maximum intensity of 1–2 day events has a strong increasing trend 
across most of the country similar to the trend in the median intensity of 
1–2 day rainfall events. There is no spatially coherent or significant 
trend observed in the maximum intensity of rainfall events >2 days. 
Fig. 12 shows the maximum intensity of rainfall events in different 
seasons, where only significant trends are shaded. The sign of the trends 
is similar to the trends in frequency, there is an increase in the maximum 
intensity of 1–2 day events during all seasons across much of the 
continent (Fig. 12 a-d). The maximum intensity of 3–4 day events has 
some spatially noisy areas showing positive trends in DJF (Fig. 12e) but 

Fig. 8. The trends in the frequency (events/year) of 1–2 day events (first panel) further segregated into (a) light <25th percentile, (b) moderate (25th-75th 
percentile), and extreme events (>95th percentile). The second panel shows the trends for 3–4 day events (d–f). The third and fourth panel show the trends in the 
frequency of events >50th and <50th percentile in 5–6 day and >6 day events respectively. Only significant trends at the 95% confidence level are shaded. 
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no significant trends in other seasons. Similarly, there are no significant 
trends in intensity in longer events, showing that there is no evident 
change in intensity in extended events in any of the seasons. 

3.2.2. Intensity analysis in station dataset 
Similar to section 3.1.2, the trends in maximum rainfall event in-

tensity in gridded dataset are compared with high-quality station dataset 
(Fig. 13). Out of 112 stations, 11 stations show significant increase in 
1–2 day events, whereas only one station in SEA shows significant 
negative trend. Trends in 3–4 day events are spatially inhomogeneous, 
with six stations showing significant negative trend and six stations 
showing significant positive trend scattered across Australia. For 5–6 
day events, two stations show a significant increase (located on the coast 
of east Australia) and three stations show a significant decrease (located 
in SEA and SWWA). Extended events which last >6 days show a sig-
nificant decrease at three stations with no significant increase in 
maximum rainfall event intensity at any station. Overall, the number of 
stations showing significant trends in rainfall event intensity is smaller 
compared to the frequency of rainfall events in any of the event cate-
gories. This re-establishes that the changes in frequency are stronger and 
thus more detectable compared to changes in intensity. 

3.3. Area-averaged trends in event intensity 

Figs. 14 and 15 show the area-averaged time series of the median and 
maximum intensities respectively of the four types of events, averaged 
over NWA, SEA and SWWA. No region shows a decrease in the median 
intensity in any event category (Fig. 14). Instead, 16 trends calculated 
out of the 24 trends (two trends are calculated at each region) show 
increases that are statistically significant at the 0.05 level. The trends in 
area average maximum rainfall event intensity are all positive in NWA, 
showing that extreme rainfall in each event category has intensified in 
this region. The maximum of 1–2 day events is significantly positive in 

all three regions in different periods, which reiterates that short duration 
extreme events have intensified in Australia. In SEA, the trends in events 
of >2 days are not significant in long term as well as medium term. Some 
notable features are peaks in both median and maximum intensities of 
3–4 day and 5–6 day rainfall events from 2010 to 2012 in SEA. During 
2010–2012 large parts of Australia received much above average rain-
fall and resulted in widespread floods in areas of NSW, Victoria and QLD 
(King et al., 2013b). Although there are no significant trends in 3–4 day 
and 5–6 day events in SWWA, there is a significant decrease in >6 day 
events evident in the long-term period. Overall, except for >6 day events 
in SWWA, none of the event types show a significant decrease in 
maximum rainfall event intensity. 

4. Discussion 

Previous studies show that only a few regions in Australia demon-
strate significant long-term trends in mean and extreme rainfall (Alex-
ander & Arblaster, 2009, 2017; Dey et al., 2019). As discussed in the 
introduction, the available indices to study mean and extreme rainfall do 
not capture all aspects of changes in rainfall characteristics. At present, 
we lack understanding of how rainfall duration has changed in the past. 
Even without a change in total rainfall, a change in how the rain falls (e. 
g. heavy rainfall in a single day or a multi-day event with light rain) has 
implications for those dependent on rainfall (e.g. agricultural sector) 
and on understanding future changes in rainfall. The rainfall 
event-based approach employed here shows a near continent-wide in-
crease in frequency and intensity of short-duration events and a decrease 
in the frequency of extended events with the exception of the tropical 
north, where extended events have become more frequent. This is the 
first time that the wide-reaching extent of a long-term significant trend 
toward more episodic (i.e. 1-2 day) and fewer persistent (i.e. > 2 days) 
rainfall events has been identified. The trends in the intensity of rainfall 
events are positive for all event categories which is consistent with the 

Fig. 9. The area-averaged time series (unit: events) of 1–2 day (a,e,i), 3–4 day (b,f,j), 5–6 day (c,g,k), and >6 day events (d,h,i) in northwest Australia (a–d), 
southeast Australia (e–h), and in southwest of Western Australia (i–l). The black line shows the trend over 1911–2016 in NWA, SEA, and SWWA. The blue line shows 
the trends over the period 1950–2016. The slopes are calculated using linear regression. The trends significant (insignificant) at the 95% confidence level are shown 
in solid (dash) line and bold (italic) fonts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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finding “when it rains, it rains more” (Contractor et al., 2018). The 
method employed here provides valuable information on the types of 
events contributing to the changes in annual and seasonal mean rainfall. 
Further, this method provides information relevant to understanding the 
mechanisms causing the change. 

Tropical north Australia receives most of its annual rainfall via 
monsoon during summer (DJF) (Berry and Reeder, 2016; Moise et al., 
2019). Monsoon rainfall is characterised by bursts (periods of 
monsoonal activity), and breaks (relatively dry phase). Typically, 
monsoonal bursts in north Australia persist for 6.7 days (Moise et al., 
2019). Our results show, in the north of Australia, while the 
short-duration rainfall events show mixed trends, the extended persis-
tent events (>6 days) have become more frequent and longer in dura-
tion. These results suggest there has been a change to the monsoon burst 
regime in tropical northwest Australia. Clark et al. (2018) showed the 
observed increase in NWA is due to an increase in frequency of organised 
rainfall bearing synoptic systems rather than an increase in rainfall 
amounts from those events. This is consistent with our results where we 
do not find any spatially coherent significant change in intensity in any 
of the event categories in tropical north Australia. 

A recent study showed that a set of CMIP5 models with the correct 
representation of the Madden-Julian Oscillation projected fewer 
monsoonal bursts in future with increased rainfall intensity and a small 
increase in bursts duration in RCP8.5 (Moise et al., 2019). The authors 
further proposed that the decrease in the number of bursts is consistent 
with global warming and thermodynamic response – where, in a warmer 
world, fewer but more intense events are expected. However, our study 
and previous studies, show evidence of increases in the frequency and 
intensity of extreme events globally as well as in Australia (Alexander 
and Arblaster, 2017; Trenberth et al., 2003). In addition, the future 

change in monsoon burst seems incongruent with the historical 
increasing trend in rainfall in north Australia. Thus, the future decrease 
in number of bursts could also potentially be a result of increase in the 
duration of the bursts and should be investigated further. 

In the northwest of WA, annual rainfall has increased; however, 
there are fewer studies available in this region. Our analysis shows an 
increase in frequency and intensity of rainfall events of duration up to 6 
days. One of the significant drivers of rainfall in this region is the 
Northwest Cloud Bands (NWCB) (Reid et al., 2019; Wright, 1997). These 
bands extend from the northwest to the southeast of the country and 
generally last on average 1–6 day with the maximum duration found is 
12 days (Reid et al., 2019). Recent research shows that there has been an 
increase in the number of NWCB days, and this increase being the most 
dominant in summer (Reid et al., 2019). Also, an increase in the number 
of tropical cyclones has been reported in this region which could 
partially explain the increase in rainfall events of duration up to 6 days 
(Clark et al., 2018; Lavender and Abbs, 2013). 

A significant proportion of total annual rainfall in SWWA and SEA 
comes from mid-latitude fronts, or low-pressure systems associated with 
mid-latitude westerlies (Catto et al., 2014; Risbey et al., 2009). Past 
studies describe a decrease in rainfall in southern Australia due to a 
southward shift in the descending branch of Hadley circulation and 
strengthening of the subtropical ridge which constrains the fronts from 
reaching Australia’s mainland (Hope et al., 2006; Pepler et al., 2019). 
The SWWA receives the majority of its annual rainfall from extended 
persistent events (>2 days) as shown in Fig. 3. SWWA is one of the few 
regions in Australia where a long-term significant decline in rainfall has 
been observed (Hope and Ganter, 2010). Our results show that although 
the frequency and intensity of the 1–2 day events have increased 
continuously since 1911, the extended duration events (5–6 day, and >6 

Fig. 10. The trends in the median of rainfall event intensity (mm/day/year) in (a) 1–2 day events, (b) 3–4 day events, (c) 5–6 day events, and (d) > 6 day events. The 
stippling represents areas where the trend is significant at the 95% confidence level. 
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day) show a long-term decrease in frequency. These trends are signifi-
cant annually as well as in winter. A persistent decrease in rainfall in SEA 
is reported by previous research, mainly attributed to reduced frequency 
of fronts, and cutoff lows (Risbey et al., 2013; Timbal et al., 2015). 
Frequency of all event categories except for 1–2 day events have 
decreased in this region. Overall, our results indicate that the reduction 
in rainfall in southern Australia is the result of a reduction in the fre-
quency of multi-day events, which is also reflected in a shift toward 
more episodic rainfall (i.e. more 1–2 day events). This could be a result 
of changes to a number of synoptic features that are associated with 
changes to regional circulation patterns. Hope et al. (2006) showed that 
the decreased frequency of troughs associated with heavy rainfall ex-
plains half of the rainfall decline in SWWA. The authors also suggested 
that the decrease in the intensity from these events also has a significant 
impact on the rainfall reduction in this region. A consistent long-term 
reduction in maximum rainfall event intensity in our analysis is seen 
for >6 day events. 

Rainfall in Tasmania is highly spatially variable due to its orography; 
the west of Tasmania receives more than 80% rainfall from rainfall 
events of duration >6 days. Climatologically, west of Tasmania is one of 
the wettest places in Australia (Dey et al., 2019; Taschetto and England, 
2009). There has been a strong decrease in events >6 days and an in-
crease in 3–4 day events in spring which again points to a reduction in 
persistent rainfall events. Like the west, the east of Tasmania also shows 
a reduction in all persistent events. However, in east of Tasmania there is 
an increase in 1–2 day events much like SEA. The trends in west of 
Tasmania are more similar to SWWA. 

There is growing evidence that short-duration rainfall events, for 
example, sub-daily (Westra et al., 2014) and sub-hourly (Guerreiro 
et al., 2018) rainfall have intensified in Australia. The increase in these 
short-duration rainfall events is higher than the expected 7%/◦C 

increase in Australia and other regions (Guerreiro et al., 2018; Lenderink 
et al., 2017). These conclusions seem to hold for rainfall events at a daily 
scale where maximum rainfall intensity of short-duration rainfall events 
(1–2 day) increases across all seasons in most regions. The persistent 
increase in the frequency and intensity of 1–2 day events could be a 
thermodynamic response to global warming where an increase in the 
moisture-holding capacity of the atmosphere makes it easier to rain with 
favourable atmospheric conditions and/or a change in circulation (Allan 
and Soden, 2008; Chou et al., 2012). Some previous research shows that 
there is a direct link between increased water vapour and more frequent 
extreme rainfall events that is consistent across different seasons (Ye 
et al., 2015). However, the thermodynamic response of rainfall to 
warming is complex and further research is required to understand the 
role of both thermodynamics and dynamics in the shift towards episodic 
rainfall in Australia. 

5. Conclusions 

There is a spatially coherent increase in short-duration (1–2 day) 
rainfall events in Australia which is consistent across all seasons. Events 
of longer duration (>2 days) have increased in the north and decreased 
in the south of Australia. Thus, in the south, there is evidence of a change 
toward more episodic rainfall at the expense of persistent, multi-day 
rainfall events. In the north, rainfall duration is getting longer, where 
rainfall events lasting >6 days have become more frequent. Our rainfall 
event-based approach shows evidence of continent-wide long-term 
changes in the rainfall characteristics that have not been identified using 
other approaches. 

The trends we observe using our rainfall event-based approach 
provide valuable information about how seasonal and annual rainfall is 
changing on the daily time scale. Further, the approach used here (or 

Fig. 11. Same as Fig. 10, for annual maximum of rainfall event intensity.  
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Fig. 12. Same as Fig. 7 but for the maximum of rainfall event intensity. Only significant trends at the 95% level are shaded.  

Fig. 13. Same as Fig. 6, for annual maximum of rainfall event intensity.  
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Fig. 14. Same as Fig. 9, but for the median rainfall event intensity.  

Fig. 15. Same as Fig. 9 but for annual maximum rainfall event intensities.  
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similar approaches) can be used to help elucidate the physical mecha-
nisms behind these trends. Future work should connect these trends with 
weather systems to further reveal whether the events examined here are 
the result of single or multiple weather systems and how those systems 
are changing. 
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