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Abstract

Most of the rainfall in southern Australia is associated with cyclones, cold fronts, and thunderstorms, and cases when these 

weather systems co-occur are particularly likely to cause extreme rainfall. Rainfall declines in some parts of southern Aus-

tralia during the cool half of the year in recent decades have previously been attributed to decreases in the rainfall from fronts 

and/or cyclones, while thunderstorm-related rainfall has been observed to increase, particularly in the warm half of the year. 

However, the co-occurrence of these systems, particularly the co-occurrence of cyclones or fronts with thunderstorms, can 

be very important for rainfall in some areas, particularly heavy rainfall, and changes in the frequency of these combined 

weather systems have not been previously assessed. In this paper we show that the majority of the observed cool season 

rainfall decline between 1979–1996 and 1997–2015 in southeast Australia is associated with a decrease in the frequency of 

fronts and cyclones that produce rainfall, while there has simultaneously been an increase in the frequency of cold fronts 

and thunderstorms that do not produce rainfall in some regions. Thunderstorm rainfall has increased in much of southern 

Australia, particularly during the warm half of the year, including an increase in rainfall where a thunderstorm environment 

occurs at the same time as a cyclone or front.
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1 Introduction

Southern Australia is located at the equatorward edge of the 

midlatitude storm tracks, where annual rainfall is dominated 

by the passage of rain-bearing fronts and cut off lows, par-

ticularly during the cooler months of the year (Pook et al. 

2011, 2014; Risbey et al. 2009). Thunderstorms are also 

important for rainfall in this region, particularly during the 

warmer months, as well as the cooler months in parts of the 

eastern seaboard (Dowdy 2020; Dowdy and Kuleshov 2014), 

and the co-occurrence of fronts, cyclones and thunderstorms 

is particularly important for the most extreme rainfall totals 

(Dowdy and Catto 2017; Pepler et al. 2020).

In recent decades, cool season rainfall has declined in 

parts of southern Australia, with large decreases since the 

late 1960s in southwestern Western Australia (Hope et al. 

2006) and a significant drought between 1997 and 2009 in 

southeast Australia (Murphy and Timbal 2008; Timbal and 

Drosdowsky 2013). These declines have previously been 

attributed to a number of causes, including a long-term 

intensification of the subtropical ridge (Timbal and Dros-

dowsky 2013) and poleward expansion of the Hadley Cell 

(Nguyen et al. 2015) as well as an increase in the propor-

tion of the time influenced by anticyclonic conditions in the 

southeast (Pepler et al. 2019). Increasing levels of atmos-

pheric greenhouse gases have contributed to changes in 

Southern Hemisphere circulation including the intensifying 

subtropical ridge, playing a role in recent rainfall declines in 

southeast Australia (Rauniyar and Power 2020; Timbal et al. 

2010) and southwest Australia (Timbal et al. 2006).

The contributions of changing synoptic types to rainfall 

changes has also been investigated for parts of these regions. 

Cool season rainfall declines in southeast Australia between 

1956–2009 have been attributed primarily to a decrease in 

the rainfall arising from cut-off lows, with a smaller propor-

tion of the decline arising from a decrease in the average 

rainfall per frontal system (Risbey et al. 2013a). Fronts were 

found to play a stronger role in winter rainfall declines in 

southwest Australia (Risbey et al. 2013b), although there 
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are no statistically significant trends in frontal frequency in 

either western Australia (Hope et al. 2014) or the Southern 

Hemisphere (Rudeva and Simmonds 2015). While these 

studies have provided useful insights into the synoptic sys-

tems influencing rainfall change, they typically classified 

events into either a front or a cut-off low, and have not con-

sidered cases when these systems co-occur, which can lead 

to more significant impacts (Dowdy and Catto 2017).

Thunderstorms also make an important contribution to 

rainfall in southern Australia, particularly during the warmer 

months. Dowdy (2020) identified significant increases over 

recent decades in convection-related rainfall through many 

parts of Australia, including large increases in the intensity 

of rainfall per thunderstorm. Additionally, that paper also 

indicated an increase in southeast Australia in the frequency 

of thunderstorms that produce little rainfall (‘dry thunder-

storms’), (Dowdy and Mills 2012). An increase in atmos-

pheric moisture associated with the observed warming trend 

has also been associated with an increase in the frequency 

of thunderstorm-related extreme rainfall, which is expected 

to continue into the future (Barbero et al. 2018; Guerreiro 

et al. 2018; Osburn et al. 2020).

A new dataset of the synoptic systems influencing Aus-

tralian weather has recently been developed for 1979–2015 

(Pepler et al. 2020), which objectively identifies the occur-

rence of cyclones, cold fronts, thunderstorms, as well as 

when multiple systems co-occur. Using this dataset, we can 

assess how changes in cyclones, cold fronts, thunderstorms, 

as well as their interactions, have contributed to changes 

in southern Australian rainfall between 1979 and 2015. In 

addition, we decompose the change in rainfall from each 

weather type to the change in rainfall arising from changes 

in the frequency and the intensity of the system, allowing 

us to identify which factors are most important for different 

seasons and regions in southern Australia.

2  Data

The weather types dataset used here is described in detail 

in Pepler et al. (2020), and is based on the approach used in 

Dowdy and Catto (2017). Briefly, we combine two datasets 

of cyclone tracks, each of which were run for 1979–2015 

using 6-hourly 0.75° MSLP fields from the ERA-Interim 

(ERAI) reanalysis (Dee et al. 2011). While this is an older 

reanalysis, which has now been superseded by the higher-

resolution ERA5 reanalysis (Hersbach et al. 2020), the new 

reanalysis was not available when the component datasets 

were developed. This paper focuses on results for Australia 

south of 25° S, as the methods used for identifying cyclones 

and fronts are more effective at identifying midlatitude 

weather systems than they are in the tropics (Pepler et al. 

2020).

Cyclone centres were identified using the University 

of Melbourne cyclone identification and tracking scheme 

(Murray and Simmonds 1991; Simmonds et al. 1999), and 

cyclone areas enclosed within a closed contour were identi-

fied using the Wernli and Schwierz (2006) method. These 

are combined to give a dataset of "Confirmed cyclones", 

where a cyclone region contains a cyclone centre identified 

using the Murray and Simmonds (1991) method. A 5° radius 

of influence is then added to capture all rainfall associated 

with the cyclone, which is slightly larger than the 3° area 

used in Dowdy and Catto (2017) but was chosen in order 

to capture all rain associated with the cyclone region based 

on previous composite studies (e.g. Hawcroft et al. 2012). 

The Murray and Simmonds (1991) method is also used to 

identify surface anticyclones, with a 10° area of influence.

We also use two distinct datasets of cold fronts, also run 

using ERAI. The approach of Simmonds et al. (2012) and 

Rudeva and Simmonds (2015) approach identified cold 

fronts based on a shift in the 10 m wind direction from a 

northwesterly to southwesterly quadrant. Cold and warm 

fronts are also identified using the thermal front parameter 

calculated from the ERAI 850 hPa wet bulb potential tem-

perature (Berry et al. 2011; Catto et al. 2012a). A 5° radius 

of influence is added to all fronts to identify front-related 

rainfall, consistent with similar studies (Catto et al. 2012a; 

Dowdy and Catto 2017), with “Confirmed cold fronts” iden-

tified where the areas detected using both cold front methods 

overlap.

We also employ a new dataset of thunderstorm environ-

ments for Australia (Dowdy 2020). This dataset is based on 

the thunderstorm parameter (CAPE*S061.67) as calculated 

from the ERAI convective available potential energy (CAPE; 

using the most unstable level based on maximum equivalent 

potential temperature) and bulk wind shear from 0–6 km 

(S06). The dataset was calibrated against two observed 

lightning products to identify local thresholds that give the 

same annual thunderstorm frequency as observed. Appli-

cation of the method to every 0.05° grid cell throughout 

Australia between 2005 and 2015 results in a Probability 

of Detection of approximately 50% in identifying observed 

lightning events. The False Alarm Ratio and the fraction of 

missed lightning events from the total number of lightning 

events are also approximately 50% across Australia, not-

ing that as thunderstorms are small in scale it is common 

for only small parts of a region to experience lighting even 

when conditions are favourable. These verification statistics 

as detailed in Dowdy (2020) demonstrate that this dataset of 

thunderstorm environments performs well against observa-

tions. While thunderstorm environments are most common 

in the warmer months, they can occur at any time of year, 

with wind shear playing a larger role in some low-CAPE 

environments during the cooler months of the year (Dowdy 

et al. 2020).
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These four datasets are combined to create a 6-hourly, 

0.75° resolution grid across Australia that classifies each 

point into one of eight categories (Table 1), with a focus on 

the intersections between cyclones, fronts and thunderstorms 

following the approach of Dowdy and Catto (2017). In this 

study, the co-occurrence of a cyclone and front (CF) requires 

a gridpoint to have been influenced by both a cyclone area 

and a front area on the same day; the front-only and front-

thunderstorm types will in many cases be trailing fronts 

associated with an extratropical cyclone on the poleward 

side, as is common in the extratropical storm tracks (Bjerk-

nes and Solberg 1922).

The seven main weather types collectively explain 91% of 

total rainfall in southern Australia (Pepler et al. 2020), not-

ing that there are a large number of different ways of iden-

tifying weather systems that will overlap between studies. 

For instance, the methods used in this paper may incorrectly 

identify a low pressure trough as a cold front, and many cold 

fronts may be associated with other systems such as atmos-

pheric rivers and Northwest Cloudbands (Reid et al. 2019). 

Similarly, many surface lows will also be associated with a 

strong upper-level system such as a cut-off low, particularly 

those which produce heavy rainfall (Dowdy et al. 2013; Pep-

ler and Dowdy 2020; Pook et al. 2006), and warm conveyer 

belts can play an important role in the generation of rainfall 

from fronts and cyclones (Catto et al. 2015; Madonna et al. 

2014). The “Other” category can be further subdivided into 

days with high pressure systems (H), warm fronts (WF), 

cyclones or fronts that are identified by a single method 

(Unconf), and remaining undefined days (Undef), resulting 

in a total of 11 types.

Rainfall analyses use the Australian Water Availability 

Product (AWAP) daily rainfall grids for Australia at 0.05° 

resolution (Jones et al. 2009). Note that data in the central 

north-west of the country has few stations contributing to 

the gridded product, and results can be less reliable in that 

region (King et al. 2013). Each synoptic system dataset is 

first aggregated across the four observations at 0000, 0600, 

1200 and 1800 UTC before regenerating a daily version 

of the combined weather types, which results in a general 

increase in the frequency of the combined weather types 

and a decrease in undefined days, although the overall spa-

tial characteristics for each type are similar to those using 

6-hourly data (Pepler et al. 2020).

The rainfall recorded at 9 a.m. local time (~ 2300 UTC) at 

each gridpoint is then attributed to the nearest weather type 

from the ERAI gridded data, which is identified by convert-

ing each weather type to a 0/1 flag and bilinearly regridding 

to the AWAP resolution. This allows us to identify important 

spatial features of rainfall, such as the influence of topog-

raphy, while linking local rainfall to broader-scale synoptic 

patterns.

Assessing change can be achieved by examining trends, 

however, given that the breadth of weather types reduces the 

number of events in each type, a comparison of two periods 

will be more robust. The period from 1979–2015 divides 

at 1996/7 into two periods of 18 and 19 years. The year 

1997 also aligns with a further downturn in rainfall in the 

late 1990s in south-west Western Australia and the start of 

the Millennium Drought in south-east Australia, which is 

considered by some to have ended with the 2010–2012 La 

Niña but by others to continue into the present (Rauniyar 

and Power 2020). We thus assess the changes in rainfall 

and weather systems between 1979–1996 and 1997–2015, 

and identify statistically significant changes using a two-

sided Student’s t test for p < 0.05. To check the robustness 

of results to this choice of start year, in some cases we add 

additional comparisons by instead dividing at 1995/1996, 

1997/1998, or comparing the period 1980–1999 with 

2000–2015. These make little difference to results for SEA 

and SWWA which have experienced strong cool season 

declines, but the choice of start year is more important for 

trends in smaller regions such as Tasmania (TAS) and the 

Eastern Seaboard (ESB).

The changes seen in Australian rainfall over the last few 

decades are quite different in the cool season compared to 

the warm season in many places (Bates et al. 2008; Hope 

et al. 2017), and thus two six month seasons (May–October 

Table 1  Description of weather 

types used in this paper, 

following Dowdy and Catto 

(2017)

Name Long name Description

CO Cyclone-only A cyclone/low is present in both datasets

FO Front-only A cold front is present in both datasets

TO Thunderstorm-only A thunderstorm environment is present

CF Cyclone-Front Both a cyclone and a cold front are present

CT Cyclone-Thunderstorm Both a cyclone and a thunderstorm environment are present

FT Front-thunderstorm Both a cold front and a thunderstorm environment are present

CFT Triple storm A cyclone, cold front, and thunderstorm are all present

Other Other Days with Highs (H), Warm Fronts (WF), Fronts or Lows identi-

fied by only one method (Unconf) and when no weather system is 

defined (Undef)
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and November–April) are considered in this study. Results 

are broadly comparable if we instead define the cool sea-

son as April-September or April–October (not shown). As 

well as showing spatial changes, we also show changes for 

four key regions (Fig. 1): southwestern Western Australia 

(SWWA) and southeast Australia (SEA), which have expe-

rienced long-term cool season rainfall declines (Hope et al. 

2006; Rauniyar and Power 2020; Timbal et al. 2006, 2010); 

the eastern seaboard (ESB), where rainfall influences and 

trends differ from elsewhere in SEA (Dowdy et al. 2015; 

Pepler et al. 2014; Timbal 2010), and Tasmania, which is 

located in the main midlatitude storm tracks with distinctly 

different projected future changes (Hope et al. 2015).

The change in rainfall from each weather type can be 

further decomposed into the change resulting from a change 

in the overall weather-type frequency (Δf), and the change 

resulting from a change in the average rainfall per system 

(Δr) (e.g. Hassim and Timbal 2019). The rainfall change 

due to a change in frequency of a given weather type can 

be calculated as  r1 × Δf: the multiple of the absolute change 

in the seasonal mean number of days (Δf) and the average 

rainfall expected per day for that weather type during the 

first period  (r1). The difference between this and the total 

change is considered to arise from changes in the mean rain-

fall per weather system, noting that these two components 

can have opposite signs in some cases. This is a simplified 

version of the approach used in Catto et al. (2012b), as the 

contribution to rainfall declines arising from the interaction 

between frequency and intensity is very small compared to 

the other two terms.

These two components are first calculated both across all 

days with a weather type, which includes some days with 

no rainfall. We also repeat this process for just the subset of 

days where at least 1 mm of rainfall is recorded, as at least 

95% of annual rainfall falls on these days. This allows us to 

distinguish the changes in the overall frequency of weather 

systems from changes in the number of rain days associated 

with a given system, as these trends can differ. In addition, 

we separately assess changes in the number of dry days 

(< 1 mm), rain days (all days ≥ 1 mm) and moderate rainfall 

days (> = 10 mm) associated with each weather type. The 

gridded rainfall data is considered adequate for examining 

moderate rainfall extremes of this nature (King et al. 2013).

3  Results

Figure 1 shows the change in the average rainfall for each 

season between 1979–1996 and 1997–2015. Broadly, rain-

fall has declined across much of southern mainland Aus-

tralia during the cool season (May–October), and rainfall 

has increased in the northern tropics during the warm season 

(November–April). Averaged across four regions of inter-

est in southern Australia, there is a statistically significant 

decline of 50 mm (16%) in southeast Australia (SEA) during 

the cool season. There is also a decline in cool season rain 

in SWWA of 28 mm (9%, p = 0.09), predominantly due to 

a 31 mm (16%) decline during May–July (p = 0.01), not-

ing that our period of analysis begins after rainfall declines 

in SWWA first began in the 1960s (Hope et al. 2010). In 

comparison to elsewhere in southern Australia, there is lit-

tle change between the two periods in Tasmania (TAS) or 

averaged across the eastern seaboard (ESB).

During the warm season (November–April) there have 

been large increases in rainfall across northern Australia, 

which extends into much of mainland southern Australia, as 

Fig. 1  May–October (cool season: left) and November–April (warm season: right) rainfall change (in mm) between 1979–1996 and 1997–2015 

for Australia, with four regions of interest marked with coloured contours
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well as decreases in rainfall in Tasmania, although changes 

are not statistically significant in any of our four subregions.

3.1  May–October rainfall change

The decline in total May–October rainfall across southern 

Australia can be separated into the rainfall associated with 

each of the 11 weather types (Fig. 2). There is a widespread 

decrease in cool season rainfall associated with cyclones 

and fronts (CO, FO and CF), with a decline in CT rainfall 

on the Great Dividing Range near the east coast and much 

of inland southeast Australia contrasting with pockets of 

increases along the coastline. In contrast, changes in cool 

season thunderstorm-related rainfall are mixed, with some 

areas of increases in rainfall from TO, FT and CFT types, 

particularly in the east and Tasmania. The total rainfall from 

the four other types is generally small (Pepler et al. 2020), 

with the highest contribution to seasonal rainfall arising 

from high pressure systems, which produce 6% of rainfall 

in Australia south of 25° S. This is a consequence of the very 

large frequency of high pressure systems during this season 

(33% of days), as their mean daily rainfall is the smallest of 

any weather type, with rainfall typically only recorded in the 

outer edges of the high, particularly in cases where the high 

is small or directs moist onshore winds into coastal regions. 

The overall changes in rainfall from these four types are 

correspondingly small (Fig. 2h–k). Consequently, the major-

ity of the paper will focus on the seven main rain-bearing 

weather types, with the other four types clustered together 

and termed ‘Other’.

Aggregated across SEA, there are statistically signifi-

cant declines in the rainfall from CO, FO and CF-related 

types in the cool season (Fig. 3), with a 27% decline in the 

total rainfall associated with these types (p < 0.01), which 

is statistically significant for all start years. This is due to a 

decrease in both the frequency and the intensity of CO days, 

while the change in frontal rain is dominated by a decrease 

in intensity. SEA also recorded a decrease in the intensity of 

rainfall on Other days (Fig. 3), primarily due to a decrease 

in the average rainfall on days with high pressure systems 

(not shown). There is no statistically significant change in 

thunderstorm-related rainfall in SEA during this season.

In SWWA there is a statistically significant decrease in 

rain from the CO type, predominantly due to a decrease in 

the mean rainfall per CO day, but smaller declines in front-

related types FO and CF during this period. SWWA also 

has a decrease in Other rainfall, driven by a decrease in the 

rainfall intensity on Other days.

The ESB and Tasmania also have decreases in non-

thunderstorm rainfall (CO, FO and CF) in recent decades, 

associated with both a change in frequency and intensity. 

The decline in total rainfall from these three weather types 

between 1979–1996 and 1997–2015 is 25% in the ESB 

(p < 0.01), which is robust to the choice of start year. There 

is a weaker 14% decline in rainfall from these systems in 

Tasmania (p = 0.04), which is not statistically significant 

if we choose different time periods (e.g. 1980–1999 vs 

2000–2015). Declines in these regions are balanced by an 

increase in rainfall associated with thunderstorms, although 

this is generally not statistically significant, so there is no 

significant change in the total seasonal rainfall. Interestingly, 

there has been little change in the total number of cyclones 

and fronts in either region, but the proportion of those days 

which are also associated with thunderstorms has increased. 

In Tasmania the number of CFT days has increased from 7 to 

9.2 days per season, resulting in a 36% increase in CFT rain, 

Fig. 2  May–October rainfall change (in mm) between 1979–1996 and 1997–2015 for the 11 weather types
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noting that CFT events have the highest average daily rain-

fall of any weather type in this season (Pepler et al. 2020).

Figure 4 shows, for each weather type, the change in the 

number of dry days (rainfall < 1 mm) as well as the num-

ber of wet days (> = 1 mm) and days with at least 10 mm 

of rainfall. Consistent with previous studies, there are large 

decreases in the number of CO, FO and CF days that pro-

duce at least 1 mm of rain across most of southern Australia 

(Fig. 4i–k), with parts of the southeast experiencing more 

than 10 fewer rain days per year arising from these three 

weather types. Averaged across SEA there are 8.1 fewer rain 

days per season in recent decades, including 4.7 fewer rain 

days from the CO, FO and CF weather types, as well as a 

decrease in rain days from Other systems. There are also 

broad declines in the frequency of days with at least 10 mm 

of rain associated with these weather types (Fig. 4q–s), par-

ticularly in Victoria and western Tasmania, although these 

changes are not statistically significant. Interestingly, in SEA 

there is an increase in the total number of FO days despite 

a statistically significant 17% decrease in the number of FO 

days with rainfall, due to an increase in the number of FO 

days with no rainfall (Fig. 4b).

Thunderstorms are less common during the cool season, 

but most of southern Australia has seen an increase in the 

number of TO and FT days with rainfall totals below 1 mm 

(Fig. 4d, f). Changes in thunderstorms associated with rain-

fall are less spatially coherent, but there are indications of 

an increase in TO and FT rain days on parts of the south and 

east coasts (Fig. 4l, n), as well as an increase in CFT days 

associated with rainfall in Tasmania (Fig. 4o), but decreases 

in these types further inland. Spatial patterns of changes 

in 10 mm days and 25 mm days (not shown) are broadly 

consistent with 1 mm days, with parts of western Tasmania 

experiencing one additional CFT day with at least 10 mm of 

rainfall per year in the recent period.

The stark difference in change in dry vs wet days for 

the front-related systems in Fig. 4b, j raises the question 

of whether the apparent decrease in the rainfall intensity 

of fronts and cyclones was primarily due to a decrease in 

the likelihood of a system producing rainfall, rather than 

the intensity of rainfall events. To assess this, in Fig. 5 we 

show the rainfall change separated into the proportion due 

to changes in the frequency of rain days from a weather 

system and the average rainfall intensity if rainfall occurs. 

Using this approach, the majority of the observed rainfall 

declines across southern Australia can be seen to result from 

a decrease in the frequency of cyclones and fronts that pro-

duce at least 1 mm of rain (Fig. 5d), with much weaker and 

more inconsistent changes in the average rain rate across all 

rain days. The weak increases in rainfall on the east coast 

from thunderstorms (TO and FT) are also primarily due to 

an increase in the frequency of thunderstorms associated 

with rainfall (Fig. 5h), although there is an increase in the 

mean rainfall on thunderstorm days on parts of the east 

coast, particularly TO days (not shown).

3.2  November–April rainfall change

During November–April, there is an increase in total rainfall 

across southern mainland Australia and a decrease in Tasma-

nia (Fig. 1b), but the changes in total rainfall during this season 

are not statistically significant for any of our four subregions 
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using a t test. On the ESB, there is a statistically significant 

37% decline in non-thunderstorm (CO, FO and CF) rainfall, 

but this is balanced by a statistically significant 18% increase 

in all thunderstorm-related rainfall, predominantly due to 

increases in the frequency of TO and FT days (Fig. 6). These 

differences are statistically significant for all start years, and 

the increase in thunderstorm-related rainfall is larger when 

comparing 1980–1999 and 2000–2015 (+ 23%). In contrast, 

in Tasmania there is a 13% decrease in cyclone-related rain-

fall during the warm season, particularly due to a decrease 

in rainfall from CO and CT days, but this is not statistically 

significant. Increases in the intensity of thunderstorm-related 

rainfall are also observed in SEA and SWWA, and increases 

in the intensity of cyclone-related rainfall in SWWA, although 

Fig. 5  May–October rainfall change (in mm) between 1979–1996 and 

1997–2015 (left column), and the change divided into components 

from the change in the frequency of 1 mm days (central), and from 

change in average rain rate on those days (right). Results are shown 

for the combined cyclone and front types (CO/FO/CF, top), thunder-

storm-related rainfall (TO/CT/FT/ CFT, middle) and Other rain (bot-

tom)
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these are not statistically significant, noting that warm season 

rainfall is lower in these regions.

Consistent with results for the cool season, there is a 

decrease in the number of CO, FO and CF days associ-

ated with rainfall across much of southern Australia dur-

ing November–April (Fig. 7i–k). However, these weather 

systems make a smaller contribution to total rainfall dur-

ing the warm season, where declines in rain days associated 

with these weather systems are balanced by increases in the 

number of rain days from TO and FT weather types (Fig. 7l, 

n), so there are no significant changes in the total number 

of rain days in SEA, SWWA or ESB. Large areas of the 

east also have 2 or more additional days where a TO or FT 

produces at least 10 mm of rainfall during recent decades 

(Fig. 7t, v), with on average 1.9 extra thunderstorm-related 

days with more than 10 mm of rainfall on the ESB in recent 

decades (p = 0.03). This is consistent with results from 

Dowdy (2020), as well as observations of an increase in 

the frequency of extreme rainfall across southern Australia 

(Osburn et al. 2020). However, as the ESB also experienced 

a decrease in heavy rain events from cyclones and fronts, 

the overall change in days with at least 10 mm of rain is not 

statistically significant (+ 0.6 days).

Consistent with Dowdy (2020), during the warm season 

we see strong increases in the frequency of dry thunder-

storms (notably TO and FT) across much of the southeast 

(Fig. 7d–g), particularly in the ESB, which can be a risk 

factor for bushfire ignition. There are also increases in the 

frequency of cold fronts that do not produce rainfall (FO and 

CF) in inland areas of SEA (Fig. 7b, c).

When we combine all thunderstorm-related types (Fig. 8), 

there is an increase in thunderstorm-related rainfall across 

most of mainland southern Australia during the warm sea-

son, and this is a result of both an increase in the number 

of thunderstorm days associated with rainfall, as well as 

an increase in the average rainfall on thunderstorm days in 

many locations. In comparison, there is a decrease in rainfall 

from cyclones and fronts in the ESB and Tasmania, which 

is due to a decrease in the number of rain days from these 

weather systems rather than any change in intensity.

4  Discussion and conclusions

In southeast Australia, average cool season rainfall declined 

by 50 mm (16%) between 1979–1996 and 1997–2015. This 

decline is predominantly due to a decrease in rainfall from 

fronts and cyclones, and in particular a decrease in the fre-

quency of cyclones and fronts that produce at least 1 mm of 

rain. This is consistent with earlier studies by Risbey et al. 

(2013a), who attributed two-thirds of the decline in cool 

season rainfall in southeast Australia between 1956 and 2009 

to a change in both the frequency and intensity of cut-off 

lows, and one third of the decline to a decrease in the rain-

fall arising from cold fronts. Although this study identifies 

cyclones at the surface, those cyclones with the heaviest 

rainfall are likely to be associated with upper level cyclones 

such as cut-off lows, and further research will investigate 

the role of upper-level systems in declining cyclone rainfall 

in more detail.

Using computer-assisted methods to identify weather 

types over a long period of time allows for broad-scale stud-

ies such as this one. To assess the robustness of our results, 

we briefly compared our results with the weather types as 

identified by a trained synoptician on days with heavy rain-

fall at a particular location in western Victoria (35.92° S, 

142.85° E) for the common period 1979–2009 (Pook et al. 

2006; Risbey et al. 2009, 2013a, b). Although this study 

identifies cyclones at the surface, those cyclones with the 

heaviest rainfall are likely to be associated with upper level 

cyclones such as cut-off lows. For days with at least 10 mm 

of rainfall, 85% of the manually defined cut-off lows are 

associated with a low pressure system in our dataset, espe-

cially lows with a thunderstorm (CT/CFT, 62%). Similarly, 

84% of their frontal waves/fronts are identified here as a 

cold front, particularly a front combined with a thunderstorm 

(FT, 47%). This brief comparison provides further confi-

dence in the methods described here to faithfully represent 

these weather systems. Further research will investigate the 

role of upper-level systems in declining cyclone rainfall in 

more detail.

Consistent with global studies we found little change in 

the total frequency of cold fronts (Rudeva and Simmonds 

2015), with a decrease in the frequency of rain-bearing 

fronts but an increase in the frequency of dry fronts in parts 

of southeastern Australia. There is also a statistically signifi-

cant decrease in the average rainfall from high pressure sys-

tems, consistent with the longer-term declines in anticyclone 

frequency shown in Pepler et al. (2019); however, the overall 

contribution of highs to rainfall changes are smaller in this 

paper, as the change in the relative proportion of anticyclone 

vs non-anticyclone days has been captured by the decreased 

frequency of other weather systems we analyse.

Changes in cool season rainfall on the ESB and in Tas-

mania are weaker than elsewhere in southeast Australia (e.g. 

Fig. 1). While these regions have similar declines in cyclone 

and front-related rainfall to areas elsewhere in southeast 

Australia, there is a simultaneous increase in cool-season 

rainfall associated with thunderstorms, consistent with 

results presented by Dowdy (2020). As well as an increase 

in the number of thunderstorm-only days that produce rain-

fall, there is also an increase in the proportion of cyclones 

and fronts that co-occur with a thunderstorm environment 

in these regions, resulting in an increase in rainfall on FT 

and CFT days. Tasmania experienced a particularly strong 

increase in CFT days over the period, which are the weather 
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Fig. 8  November–April rainfall change (in mm) between 1979–1996 

and 1997–2015 (left column), and the change divided into compo-

nents from the change in frequency (central), and  from change in 

the average rain rate on those days (right). Results are shown for the 

combined cyclone and front types (CO/FO/CF, top), thunderstorm-

related rainfall (TO/CT/FT/CFT, middle) and Other rain (bottom)

systems most likely to produce heavy rainfall (Pepler et al. 

2020; Dowdy and Catto 2017).

Compared to earlier studies (Hope et al. 2006; Pook et al. 

2011), we observed weaker cool season rainfall changes in 

SWWA than in SEA, with a statistically significant decline 

during May–July but not the longer May–October season. 

This may be because the period of SWWA rainfall declines 

begins in the 1960s, prior to the earliest year in our analysis. 

As in SEA, rainfall declines are attributed to a decline in the 

rainfall from cyclones and fronts, particularly a decline in 

the average number of days with a cyclone that produces at 

least 1 mm of rainfall.

In contrast to the clearer changes during the cool sea-

son, during the warm season November–April rainfall has 

increased in northern Australia, with weak but non-signifi-

cant increases in rainfall in southern Australia. While there 

are also declines in cyclone-related rainfall in the southeast 

during this season, particularly on the ESB, there are larger 

increases in rainfall associated with thunderstorms across 

southern Australia, particularly from the TO and FT types. 

There are also increases in the average rainfall on days with 

thunderstorms in the warm season across large areas of 

southern Australia, including an increase in the number of 

thunderstorm days that produce at least 10 mm of rainfall. 

At the same time, throughout the year we see an increase in 

the frequency of dry thunderstorms, particularly on the east 

and southeast coasts, consistent with the results presented 

by Dowdy (2020). This could potentially lead to additional 

bushfire hazards associated with ignitions from dry lightning 

as an important driver for area burnt by wildfires in south-

east Australia (Dowdy and Mills 2012).

Projections from global climate models consistently show 

a continued future decline in cool season rainfall in both 

SWWA and SEA (Grose et al. 2020; Hope et al. 2015). The 

frequency of cyclones is also expected to decline in Aus-

tralian latitudes (Grieger et al. 2014; Utsumi et al. 2016), 

although projections of all fronts (both cold and warm) are 

less certain (Catto et al. 2014). In contrast, the frequency 

of heavy rainfall is expected to increase (Alexander and 

Arblaster 2017), particularly for higher-intensity and short-

duration extremes that are associated with convection and 

thunderstorms (Westra et al. 2014; Osburn et al. 2020). 

The observed changes shown in this paper are consistent 

with these expected future changes, particularly as we have 

shown that there can be a decrease in the rainfall due to 

Fig. 7  Change in the average number of days of each weather type 

in November–April between 1979–1996 and 1997–2015 separated 

by rainfall rate: < 1  mm rainfall (left), ≥ 1  mm of rainfall (mid-

dle), ≥ 10 mm of rainfall (right). Colours are only shown where there 

is an average of at least 0.2 days/year in the 1979–1996 period, and 

0.25° of spatial smoothing has been added to make spatial patterns 

clearer

◂
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fronts without any change in the total number of fronts in 

southern Australia.

This paper shows changes in weather systems over the 

period 1979–2015, which is sufficient to identify significant 

recent changes in cool season rainfall, particularly in SEA 

which experienced a major drought between 1997–2009 and 

continued below-average cool season rainfall in subsequent 

years. However, the emergence of new high-quality reanaly-

ses such as ERA5 and JRA55, and the upcoming extension 

of ERA5 to the period 1950–1978, will enable future work 

to assess the robustness of these observed changes to both 

the time periods used and the choice of reanalysis, particu-

larly for southwestern Western Australia where rainfall 

declines begin in the late 1960s.
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