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Abstract. Cold fronts make a significant contribution to cool
season rainfall in the extratropics and subtropics. In many
regions of the Southern Hemisphere the amount of frontal
rainfall has declined in recent decades, but there has been
no change in frontal frequency. We show that for southeast
Australia this contradiction cannot be explained by changes
in frontal intensity or moisture at the latitudes of interest.
Rather, declining frontal rainfall in southeast Australia is as-
sociated with weakening of the subtropical westerlies in the
mid-troposphere, which is part of a hemispheric pattern of
wind anomalies that modify the extratropical zonal wave 3.
Fronts that generate rainfall are associated with strong west-
erlies that penetrate well into the subtropics, and the observed
decrease in frontal rainfall in southern Australia can be linked
to a decrease in the frequency of fronts with strong westerlies
at 25◦ S.

1 Introduction

Fronts are a major cause of rainfall and extremes in the global
extratropics (Catto et al., 2012; Catto and Pfahl, 2013; Ut-
sumi et al., 2017). While a large part of frontal precipitation
is related to fronts embedded within extratropical cyclones
(Dowdy and Catto, 2017), trailing cold fronts that are out-
side of the cyclone centre are an important cause of rainfall
in many areas of the Southern Hemisphere midlatitudes and
subtropics, particularly during the cool half of the year (Pe-
pler et al., 2020; Utsumi et al., 2017).

In recent decades cool season frontal rainfall has decreased
over parts of the Southern Hemisphere continents, includ-
ing southwestern Australia (Risbey et al., 2013a), southeast-
ern Australia (Pepler et al., 2021; Risbey et al., 2013b) and

southern Africa (Burls et al., 2019). However, these stud-
ies typically found that this decrease in rainfall was not due
to changes in the frequency of fronts. Indeed, studies have
consistently observed little change in frontal frequency over
the Southern Hemisphere midlatitudes in reanalyses (Berry
et al., 2011; Rudeva and Simmonds, 2015; Solman and Or-
lanski, 2014), although some decreases have been observed
in the frequency of midlatitude cyclones (Pepler et al., 2021;
Pepler, 2020b). Frontal frequency in southeastern Australia
has had little change over this period despite expectations of
a southward shift in fronts due to observed trends towards
a positive Southern Annular Mode (SAM) phase (Fogt and
Marshall, 2020) and an intensification of the Southern Hemi-
sphere storm track during winter (Chemke et al., 2022). Cli-
mate projections further suggest a possible future increase in
front frequency in Southern Hemisphere midlatitude regions
(Blázquez and Solman, 2019; Catto et al., 2014), although in
the subtropics frontal rainfall may still decline (Utsumi et al.,
2016).

The observed decrease in frontal rainfall, in the absence of
changes in frequency, suggests a change in either the mois-
ture availability or the dynamics (e.g. intensity) of fronts
that decreases the likelihood that they produce precipita-
tion. Burls et al. (2019) investigated this for South Africa
and suggested that the decrease in frontal rainfall was re-
lated to increasing atmospheric pressure in the subtropics
and Hadley cell expansion. Consistent with that, Sousa et
al. (2018) showed a poleward migration of “water corridors”
due to an expansion of the semi-permanent South Atlantic
high-pressure system followed by a displacement of the jet
stream during the latest drought in South Africa in 2015–
2017. But the extent to which these results are transferrable
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to elsewhere in the Southern Hemisphere or to longer time
periods is unclear.

Southeastern Australia (SEA) is an important agricultural
region of Australia, as well as home to a large proportion of
Australia’s population. This region has experienced signifi-
cant drying since the start of the Millennium Drought (1997–
2009), particularly during the cool season (May–October),
which has been linked to an intensifying subtropical ridge
and anthropogenic global warming (Timbal and Drosdowsky,
2013; Rauniyar and Power, 2020). The Millennium Drought
ended in 2009 and was followed by heavy rain during the
subsequent La Niña years of 2010–2011. However, while av-
erage annual rainfall over the 2010–2018 period was close
to the long-term average (Fu et al., 2021), this recovery is
predominantly associated with increased rainfall during the
warm season, when a lower proportion of rainfall is con-
verted into streamflow. In contrast, rainfall during the hy-
drologically important cool months of the year remained be-
low the long-term average during the post-drought period
of 2010–2019 (Bureau of Meteorology and CSIRO, 2020;
DELWP, 2020). While much of the decline in rainfall arises
from decreases in both the frequency and intensity of rainfall
from cyclones, there is an as-yet-unexplained decline in the
proportion of trailing cold fronts that produce rainfall (Pe-
pler et al., 2021; Risbey et al., 2013b). In this study, we use
front-centred composites to investigate the causes of declin-
ing frontal rainfall in southeastern Australia and the extent to
which this can be linked to changes in frontal characteristics,
as well as large-scale circulation.

2 Data and methods

There are a large number of front identification methods, and
front climatologies can be very sensitive to both the method
chosen and the reanalysis product used (Soster and Parfitt,
2022; Schemm et al., 2015). While methods based on iden-
tifying a change in air mass via gradients of temperature or
humidity are the most widely used, these can produce very
high frequencies near coastlines (Thomas and Schultz, 2019;
Schemm et al., 2015; Soster and Parfitt, 2022; Berry et al.,
2011). They are also more sensitive to choices of reanalysis
dataset and grid resolution than more complex front methods
that also incorporate wind information (Soster and Parfitt,
2022). While front methods that incorporate both wind and
temperature information have shown improved skill at repre-
senting fronts (Bitsa et al., 2021; Biard and Kunkel, 2019),
for southern Australia a front detection method based solely
on wind changes has shown good skill at detecting trailing
cold fronts compared to manual fronts and particularly at
detecting fronts associated with rainfall, with the majority
of such fronts able to be confirmed by a temperature-based
method (Hope et al., 2014; Pepler et al., 2020).

The wind-based front detection method is described in
Rudeva and Simmonds (2015) and Simmonds et al. (2012).

Figure 1. The regions referred to in this study. Plot shows the ERA5
rain rate (shading, mm h−1) and MSLP (contours) for a single time
(06:00 UTC on 9 June 2004) in the Australian region, with identified
cold fronts shown in red. Orange (SEA) and purple (SWWA) boxes
show the regions used for identifying cold fronts relevant to this
study.

It compares two consecutive 6-hourly analyses of 10 m wind
and identifies a front when the horizontal wind shifts in direc-
tion from the northwest to southwest quadrant and the merid-
ional wind increases by at least 2 m s−1 over 6 h. Objective
features are then identified, with the easternmost edge of the
frontal region for the period t to t + 6 h identified as a front
at time t , noting that some studies suggest this may better
approximate atmospheric fields at time t+6 h (Papritz et al.,
2014). This method is most useful for detecting cold fronts,
which are the main fronts of relevance to rainfall in southern
Australia. While tracking is performed for the whole South-
ern Hemisphere, for this study we require that fronts are at
least two grid points long and have at least one point in south-
east Australia (30–40◦ S, 135–150◦ E; Fig. 1). Some supple-
mental analysis is also performed on fronts in southwestern
Western Australia (SWWA; 23–38◦ S, 110–120◦ E), as this
region is also experiencing a decline in cool season frontal
rainfall (Hope et al., 2006).

All data in this paper are obtained from the ERA5 reanal-
ysis (Hersbach et al., 2020), with fronts identified every 6 h
on a 1◦ grid, noting that fronts identified on the native grid
of high resolution show larger uncertainties in frequency be-
tween reanalyses (Soster and Parfitt, 2022). In addition to as-
sessing the raw front tracks, ERA5 data are also used for
front-centred composites and all other analyses in the pa-
per. While reanalyses often evaluate poorly against observed
rainfall measurements (Alexander et al., 2020), ERA5 gener-
ally evaluated well over Australia (Lavers et al., 2022). The
predecessor to ERA5 (ERA-Interim) was found to generally
perform well in simulating frontal rainfall and moderate rain-
fall intensities over the oceans near Australia (Lang et al.,
2018) despite deficiencies in simulating prefrontal and non-
frontal rainfall, making ERA5 well suited to this study.
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Geopotential height (Z), horizontal (u, v) and vertical
(w) velocity, relative vorticity, and temperature (T ) were ex-
tracted and analysed on eight vertical levels (1000, 925, 850,
700, 600, 500, 300, and 200 hPa). Most results are presented
for 700 hPa where changes were most significant, but re-
sults were broadly consistent across a range of levels. Single-
level variables included mean sea level pressure (MSLP),
rain rate, total column water (TCW), 500–1000 hPa vertically
integrated moisture flux including its zonal and meridional
components (IVT; Reid et al., 2022), and the Phillips crite-
rion (PC), a measure of baroclinicity. PC was calculated as
in al Fahad et al. (2020):

PC=
f 2 (u500− ulower)2

βgH (θ500− θ850)
, (1)

where H is the geometric height of the column – from
the lower level (the average between 850 and 1000 hPa)
to 500 hPa – and 2 is the reference potential temperature
(300 K). While most of these variables are calculated instan-
taneously at the time of the front, we calculated the aver-
age rain rate from all hourly data between time t and t + 6 h;
this can also be multiplied by 6 to represent the accumulated
frontal rainfall over the corresponding period.

In some cases multiple fronts were identified in SEA at a
single time, which could represent either two distinct fronts
or a single system incorrectly broken into multiple parts by
the tracking algorithm. To avoid double-counting any dates
in composites, we created a single “merged front” for each
time step over the latitudes 20–50◦ S, which was used to
extract front-centred data within 10◦ of longitude from the
front location at each latitude for plotting and analysis. The
merged front data were created using a four-step process,
summarised in Fig. 2.

1. Identify all fronts that touch the region of interest (30–
40◦ S, 135–150◦ E) at a given time (Fig. 2a).

2. If there is more than one front, first identify whether
they overlap at any latitudes. If they do, iteratively re-
move the fronts with the smallest length within the re-
gion until there is only one front identified at each lati-
tude (Fig. 2b). Where multiple overlapping fronts have
the same length, we prioritise retaining fronts that are
nearer in longitude to the front with the most points in
the region.

3. If there are still multiple fronts, check for cases where
there is 3◦ or less of longitude difference between the
neighbouring ends of the two fronts. If so, merge them
into one front and set all missing points to the average
of the longitudes at the end of each segment. Otherwise,
remove the event with fewest points (Fig. 2c).

4. Outside of the latitudes with an identified front, we infer
an extended “front” longitude based on the last recorded

front point so that composites can be calculated over the
full 20–50◦ S region (Fig. 2d).

While fronts can be as short as 1◦ in length, and the to-
tal number of identified fronts is lower at 20◦ S than at 50◦ S
(Rudeva and Simmonds, 2015), we calculate composites for
latitudes between 20–50◦ S for all fronts regardless of their
latitudinal position within that interval. This is because in
many cases an identified cold front can interact strongly with
weather systems to the north of the identified front extent,
such as troughs and northwest cloud bands (Reid et al., 2019,
2022), and impact the atmospheric circulation and rainfall
patterns well into the tropics (Narsey et al., 2017). Fronts
are also often associated with atmospheric rivers that ad-
vect moisture from the tropics into higher latitudes (Reid
et al., 2022); therefore understanding front-related circula-
tion anomalies in the subtropics may help us to understand
changes in frontal rainfall.

Results are presented for the cool season (May–October),
with the 20-year periods 1980–1999 and 2000–2019 com-
pared and statistical significance calculated using Student’s
t test. We additionally use three periods, 1979–1996, 1997–
2009, and 2010–2019, in some instances to test for recov-
ery in frontal rainfall following the Millennium Drought.
Unless otherwise specified, front-centred averages are calcu-
lated within ±5◦ of the front central longitude, representing
the region with the majority of frontal rainfall, with a focus
on southeast Australian latitudes (33–38◦ S). As the anoma-
lous trends in rainfall are in particular a feature of trailing
fronts (Pepler et al., 2021), we used a dataset of Australian
cyclones detected using ERA5 (Pepler, 2020a) to compare
changes in trailing fronts with those for fronts embedded in
extratropical cyclones. Noting that in earlier studies the area
of cyclone rainfall is often taken as 10–12◦ around the cy-
clone centre (Hawcroft et al., 2012; Pepler et al., 2020), we
considered a front to be embedded in a cyclone if a cyclone
centre was detected within the 135–150◦ E, 20–45◦ S region
(Hawcroft et al., 2012; Pepler et al., 2020) or a trailing front
if there was no cyclone in this region. During May–October,
70 % of detected fronts are considered trailing fronts, as are
55 % of fronts with rain rates exceeding 0.1 mm h−1 in south-
east Australia, as rain rates are higher in cases where cyclone
and front areas overlap (Dowdy and Catto, 2017; Pepler et
al., 2020).

Pearson’s correlation coefficients are calculated using lin-
early detrended data to assess relationships between sea-
sonal mean frontal characteristics and the intensity (STRI)
and position (STRP) of the subtropical ridge calculated
over 140–150◦ E (Timbal and Drosdowsky, 2013). We also
calculate correlations with the Troup (1965) Southern Os-
cillation Index (SOI; http://www.bom.gov.au/climate/enso/
soi/, last access: 25 February 2021), an indicator of the El
Niño–Southern Oscillation (ENSO); the Dipole Mode In-
dex (DMI), an indicator of the Indian Ocean Dipole (IOD:
Saji et al., 1999; https://stateoftheocean.osmc.noaa.gov/sur/
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Figure 2. (a) An example of the front merger process for 00:00 UTC on 27 December 1992, with colours indicating the five distinct fronts
identified at this time and a grey box indicating the SEA tracking domain. (b) Of two overlapping fronts, the one with the largest number of
points in the SEA region is retained, and the other is removed. (c) A front at the far north of the region is removed, as it is too far east of the
other identified front points. (d) At latitudes with no identified front point, the longitude is inferred based on the closest frontal points (black
dots).

ind/dmi.php, last access: 25 February 2021); and the South-
ern Annular Mode (SAM: https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/aao/aao.shtml, last
access: 6 February 2020). Statistical significance is assessed
using Student’s t test for p<0.05; this is calculated using
seasonal mean data for differences between periods and be-
tween all fronts when identifying significant differences in
structure between the wet and dry subsets.

3 Changes in frontal rainfall

We first assess changes in front statistics using the raw ERA5
output over 1979–2019. There is a front detected somewhere
in southeast Australia at approximately 50 % of time steps
during May–October, with no significant difference in fre-
quencies between the Millennium Drought in 1997–2009
(49 %) and the non-drought periods (50.6 %). No change in
front frequency is found when comparing the periods 1980–
1999 and 2000–2019 for southeast Australia as a whole or for
the frequency of fronts detected for each latitude band within
this region (Fig. 3b). There is also no change in the average
front intensity at these latitudes, defined as the strength of
the change in meridional winds. There is a weak decrease in
front frequency at the equatorward edge of the region influ-
enced by fronts (20–25◦ S), from 22.3 % to 21.5 % of hours
per season, but this is not statistically significant.

Figure 3a shows the average rain rate for hours with an
identified front in southeast Australia, centred on the lon-
gitude of the front. Rain rates greater than 0.1 mm h−1 are
recorded within 5◦ of longitude on either side of the front lo-
cation, with the heaviest rain rates slightly west of the front
line. We thus define frontal rainfall to be the average over

a 10◦ region centred on the frontal line (0◦) and use the 0◦

line to separate rainfall into “prefrontal” and “postfrontal”
rainfall. The likelihood of frontal rainfall and the average an-
nual frontal rainfall are highest south of 37◦ S. While the fre-
quency of detected fronts remains higher than 100/season as
far north as 25◦ S, the average rainfall from fronts decreases
rapidly north of 33◦ S, suggesting that the northern edge of
fronts is typically too weak or dry to produce rainfall.

Comparing the periods 1980–1999 and 2000–2019, to-
tal May–October frontal rainfall has declined at all latitudes
north of 38◦ S (Fig. 3c). In SEA (33–38◦ S) there has been a
statistically significant decrease in the mean rain rate across
all front days, from 0.155 to 0.138 mm h−1 (−11 %). This
accumulates to a 32 mm (9.4 %) decline in total frontal rain-
fall per season between the two periods, with larger relative
declines in rainfall further north where average frontal rain-
fall is smaller. While this change is not statistically signifi-
cant (p = 0.14), it is similar in magnitude to the annual rain-
fall decline during the Millennium Drought (Van Dijk et al.,
2013) and to declines in frontal rainfall reported in previous
studies (Risbey et al., 2013b; Pepler et al., 2021).

There was a statistically significant decline in frontal rain-
fall between 1979–1996 and 1997–2009 (−14 %, p = 0.03),
with a partial recovery during 2010–2019 (9 % below the
1979–1996 period). The 2010–2019 period had very high
variability, with very high frontal rainfall totals during 2010
and 2016 but low totals in other years, which explains the
reduced significance of trends calculated using the later pe-
riod. Recovery during the later period occurred mostly in the
early season, April–June, with the frontal rainfall anomaly in
July–October during 2010–2019 (−15 % compared to July–
October 1979–1996) similar to that in 1997–2009 (−17 %).
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Figure 3. (a) Average rain rate (shading, mm h−1), MSLP (black contours) and 700 hPa zonal wind (red contours) for all hours with at least
one front in SEA during May to October, centred on the longitude of the front. (b) Average number of time steps in May–October with at
least one front identified at each latitude within the longitudes 135–150◦ E, based on the full dataset of Southern Hemisphere fronts prior to
the merging process. Blue and red lines show the median for 1980–1999 and 2000–2019, respectively, while shading shows the interquartile
range from seasonal data. (c–e) Total accumulated frontal rainfall (c), number of fronts with rainfall> 0.1 mm h−1 (d) and average rain rate
where rain is> 0.1 mm h−1 (e) across all May–October time steps with a front detected in SEA using the merged front dataset in 1980–1999
and 2000–2019. In (b)–(e), crosses indicate the differences are statistically significant at p<0.05.

This decline is not related to any change in front frequency
(Fig. 3b) but due to a decrease in the average rainfall inten-
sity calculated across all fronts. This decrease in intensity
is due to a decrease in the likelihood that a front will pro-
duce measurable rain in these latitudes (Fig. 3d) and a cor-
responding increase in dry fronts, consistent with Pepler et
al. (2021); for fronts that produce rainfall, the average rain-
fall intensity has not changed (Fig. 3e). The number of fronts
per season with rain rates exceeding 0.1 mm h−1 in SEA de-
creased from 164 to 140 between 1979–1996 and 1997–2009
(−14 %, p = 0.01), with little recovery over the recent pe-
riod of 2010–2019 (145 per season). There is a decrease in
the likelihood that a front will produce rainfall whether or not
the front is collocated with a cyclone. The total accumulated
rainfall in the prefrontal region (0 to +5◦) declines by 14 %,
which is larger than the rainfall decline in the postfrontal re-
gion (−5 %). This is in contrast to Burls et al. (2019), who
found that the largest decline in South African rainfall oc-
curred on postfrontal days.

4 Comparison of wet and dry fronts

Given the observed decrease in the proportion of fronts that
generate rainfall, we now investigate how the characteristics
of wet and dry fronts differ during 1980–1999. We define a
front as being wet if the average rain rate over 33–38◦ S and
within ±5◦ of the frontal line is at least 0.1 mm h−1, which
is satisfied by 51 % of May–October fronts in 1980–1999.

Wet and dry fronts differ in many aspects (Fig. 4a–f). Wet
fronts have more negative (stronger) vertical velocities at all
levels, with the largest differences in the mid-troposphere
(500–700 hPa); stronger cross-front gradients in temperature
as well as meridional wind (not shown); and stronger rela-
tive vorticity, particularly behind the front. These variables
all indicate that rain-bearing fronts are stronger in south-
east Australia than those that produce little rain. Total col-
umn water and integrated vapour transport (not shown) are
also higher for rain-bearing fronts at SEA latitudes as well
as to the north, noting that the moisture for rain events in
southeastern Australia is generally sourced from the oceans
to the south (Holgate et al., 2020). Rain-bearing fronts show a
higher prefrontal PC, a measure of baroclinicity, to the north
of 35◦ S, and lower prefrontal baroclinicity further south.
This decrease in the PC to the south may be explained by
consumption of baroclinicity during rainfall, which leads to
even stronger reduction in PC after the front. On the other
hand, higher PC in rain-bearing fronts to the north of 35◦ S
promotes stronger moisture uplift.

While there is only a small difference in mean zonal winds
at the latitudes of interest, in fronts that produce rainfall there
are stronger westerlies north of 33◦ S but weaker zonal winds
south of 38◦ S (Fig. 4f). This reflects a change in the mean
patterns of winds at all levels, with the strongest relation-
ships between rainfall and zonal winds found at 700 hPa.
For instance, the latitude where 700 hPa zonal winds are
strongest during wet fronts is 34.9◦ S, 6◦ further north than
for dry fronts (40.9◦ S). This means that wet fronts have
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Figure 4. (a–f) Mean (line) and interquartile range (shading) of six variables at each latitude for May–October fronts in 1980–1999 with rain
rates of at least 0.1 mm h−1 at 33–38◦ S compared to dry fronts: (a) total column water (±5◦ of front); (b) difference between maximum and
minimum 700 hPa temperature (±10◦ of front), indicating strength of the temperature change; (c) prefrontal 700 hPa vertical velocity (0 to
+5◦); (d) postfrontal (−5 to 0◦) 700 hPa relative vorticity; (e) mean prefrontal Phillips criterion (0 to +5◦), a measure of baroclinicity, with
dashed lines showing the postfrontal medians (−10 to−5◦ behind front); (f) 700 hPa zonal wind (±5◦ of front); and (g–l) like in top row but
for the median and interquartile range of the seasonal mean value across all fronts in 2000–2019 vs. 1980–1999. Crosses indicate where the
two sets are statistically significantly different for p<0.05 at that latitude.

strong 700 hPa zonal winds (defined as u>10 m s−1), reach-
ing 25.4◦ S on average, and average zonal wind speeds of
10.8 m s−1 at 23–27◦ S. In contrast, strong westerlies only
reach 30.6◦ S for dry fronts, and wind speeds near 25◦ S are
half as strong (4.7 m s−1). There is also a smaller but sta-
tistically significant difference in the northernmost latitude
where any front is identified in the longitudes 135–150◦ E,
which is 26.5◦ S for fronts with rainfall and 27.9◦ S for dry
fronts.

5 Changes in frontal characteristics

Having identified key aspects of fronts that differ between
wet and dry fronts, we now investigate how these have
changed between 1980–1999 and 2000–2019 to help iden-
tify any changes in frontal mean characteristics that decrease
the likelihood of frontal rainfall.

Comparing the average across all fronts in 1980–1999
with fronts in 2000–2019 (Fig. 4g–l), there has been a very
small decline (−1.3 %) in the average TCW at 33–38◦ S on
front days, suggesting moisture availability is unlikely to be
a major contributor to changes in frontal rainfall. Changes in

metrics of front intensity at these latitudes such as the aver-
age change in meridional wind speed or change in tempera-
ture across the front line are also very small (<3 %). There is
no statistically significant change in baroclinicity measured
by the Phillips criterion in southeast Australian latitudes, al-
though there is a reduction to the south. There is a statisti-
cally significant decrease (−14 %) in the prefrontal 700 hPa
vertical velocity in SEA, coinciding with the latitudes of
the largest rainfall decline (Fig. 4c, i), and a weak, non-
significant increase in postfrontal vertical velocity. There is
also a statistically significant weakening of postfrontal rela-
tive vorticity over 33–38◦ S (−11 %), with larger changes in
vorticity over 28–32◦ S. While these changes are generally
weak and not necessarily aligned with the latitudes most rel-
evant to our region of interest, together they are suggestive of
an overall weakening of uplift in the frontal area.

There are larger changes in both moisture variables and in-
dicators of frontal intensity between the two periods at lati-
tudes north of 30◦ S, including mean meridional wind change
(not shown), relative vorticity, and mean zonal winds. This
indicates a weakening of the northward edge of the front
and a southward shift in frontal features. Between 1980–
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1999 and 2000–2019 there has been no change in the av-
erage northernmost latitude with a detected front. However,
the mean northernmost latitude of zonal winds exceeding
10 m s−1 has shifted from 28.0 to 28.8◦ S, associated with
a 12 % decline in the mean zonal wind speed at 23–27◦ S,
noting that these two variables are strongly correlated (r =
+0.74). Associated with the weakening zonal winds, there
has also been a reduction in mean IVT at 28–33◦ S (not
shown), indicating a reduction in moisture flux at the north-
ern edge of the front, although there has been no change in
IVT over SEA (33–38◦ S).

To assess the extent to which various front characteristics
can be tied to changes in frontal rainfall we apply multiple
linear regressions between frontal rainfall and one or more
explanatory factors over 1980–1999. We then apply the re-
gression coefficients to the 2000–2019 period to calculate the
reduction in mean rainfall expected from observed changes
in the predictors and divide this by the observed rainfall
change between the two periods to calculate the proportion
of rainfall change explained by those factors. We found that
a single linear regression between mean 700 hPa zonal winds
at 23–27◦ S and mean frontal rainfall at 33–38◦ S over 1980–
1999 is able to explain 59 % of the decrease in average frontal
rainfall. The proportion of rainfall decline explained can be
increased by adding either prefrontal vertical velocity (71 %)
or TCW (81 %); as TCW and w are correlated (−0.42), there
is no additional predictive value from a three-variable regres-
sion. Predictive skill is similar but slightly lower if we use
the northernmost latitude of zonal winds exceeding 10 m s−1

combined with TCW (71 %). In contrast, single linear regres-
sions with either vertical velocity (32 %) or TCW (25 %) ex-
plain only a small proportion of the rainfall change.

These multiple linear regressions typically underestimate
the higher end of frontal rainfall, as the relationship between
frontal rainfall and both zonal winds and TCW are nonlinear.
Fronts with strong westerlies extending to at least 23◦ S have
average rain rates over 33–38◦ S more than 3 times higher
than fronts where strong westerlies are only observed up to
30◦ S. During 1980–1999, only 27 % of fronts had wester-
lies extending to 23◦ S, but these fronts explained 42 % of all
frontal rainfall over SEA.

Between 1979–1996 and 1997–2009, i.e. before and dur-
ing the Millennium Drought, there was a 28 % decrease in the
frequency of fronts with strong 700 hPa westerlies extending
north of 23◦ S, as well as a 34 % (54 mm, p = 0.01) decrease
in their accumulated rainfall over SEA (Fig. 5). There has
been little recovery following the Millennium Drought, with
frequencies in 2010–2019 25 % below the 1979–1996 aver-
age and rainfall 25 % below the 1979–1996 average. As there
is no overall change in the frequency of fronts during or after
the drought, the decrease in the number of fronts with strong
westerlies north of 23◦ S is balanced by an increase in the
frequency of fronts where westerlies are poleward of 23◦ S,
as well as a corresponding weak increase in associated rain-
fall (+8 to+13 mm). The decrease in the frequency of fronts

where strong westerlies extend northward of 23◦ S is thus
sufficient to explain the entirety of the observed change in
frontal rainfall at 33–38◦ S during the period since 1997.

To test the role of cyclones in this result, we further sep-
arated our analysis between trailing fronts and fronts associ-
ated with a cyclone. Almost half (44 %) of fronts with strong
westerly winds extending north of 23◦ S had an associated
low, which is higher than the frequency of lows across all
fronts (29 %). When comparing 1979–1996 and 1997–2009,
there was a 27 % decline (p = 0.03) in rainfall from trailing
fronts and a larger 39 % decline (p = 0.008) in rainfall from
fronts that co-occurred with a cyclone, indicating that de-
clines in frontal rainfall can in part be linked to the observed
decrease in the frequency of low-pressure systems in this pe-
riod (Pepler et al., 2021), as any change in low-pressure sys-
tems will also affect rainfall from embedded fronts. In com-
parison, the 2010–2019 period has seen a partial recovery of
rainfall from embedded fronts (22 % below the 1979–1996
average) but no recovery in rain from trailing fronts (−31 %).
This may indicate the change in rainfall from trailing fronts
is playing an increasingly large role in overall rainfall de-
clines, although differences between 1997–2009 and 2010–
2019 are not statistically significant. Meanwhile, for fronts
where strong westerly winds are south of 23◦ S, both those
with and without cyclones have increased in frequency, indi-
cating that the westerly winds are playing a stronger role in
rainfall changes than interactions with cyclones.

6 Links to large-scale circulation

While we have demonstrated that declines in rainfall at 33–
38◦ S can be explained by a weakening and southward shift in
the northern edge of the front, this raises a subsequent ques-
tion: given that we have shown no decrease in the frequency
or intensity of fronts such as their 700 hPa longitudinal tem-
perature gradient, measures of frontal baroclinicity such as
the Phillips criterion, or even the latitude of fronts as identi-
fied using a wind-based front identification scheme, what is
the driver of this weakening? We propose that this is related
to changes in the atmospheric extratropical circulation in the
SH.

Between 1980–1999 and 2000–2019 there has been a
change in MSLP and wind anomalies suggestive of wave
number 3 (Fig. 6a). The strongest anomaly in the MSLP is
observed over the southern Atlantic ocean, associated with
an easterly anomaly in both 700 and 300 hPa winds around
40◦ S and westerly anomaly around 60◦ S. Weaker trends to-
wards higher pressure and easterly wind anomalies are also
evident around 100 and 220◦ E, with corresponding west-
erly anomalies to the south. Areas of anticyclonic anoma-
lies are interspersed with cyclonic anomalies, which are typi-
cally slightly poleward. Additional analysis of the meridional
wind showed that these changes act to modify the climato-
logical zonal wave 3 (ZW3), defined as the leading EOF of
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Figure 5. The average frequency (a) and total accumulated rainfall (b) in 33–38◦ S for May–October fronts in 1979–1996, 1997–2009, and
2010–2019, separated by the northernmost latitude where 700 hPa zonal winds exceed 10 m s−1. Each bar shows the total across all fronts,
with darker shading indicating the component from trailing fronts and lighter shading showing the component from fronts embedded in a
cyclone.

Figure 6. Anomalies of May–October 300 hPa zonal wind speed
(shading, every 0.2 m s−1), 6-hourly mean sea level pressure (black
contours, every 0.5 hPa), and 700 hPa winds (vectors) between
1980–1999 and 2000–2019 in ERA5 for (a) front hours only,
(b) hours without a front in southeast Australia, and (c) seasonal
mean change.

the monthly meridional wind as in Goyal et al. (2022) but us-
ing 700 hPa where we see the largest wind change in fronts
(Supplement Fig. S1). However, changes to the ZW3 do not
represent a perfect zonal wave possibly due to interactions
with other wave numbers and local forcings; hence, no trend
in either intensity or location of the climatological ZW3 was
found. With the exception of very strong anomalies such as
in the southern Atlantic and most northward parts of the two
other anticyclonic anomalies, most of the other changes in
the SH circulation are not statistically significant, including
in eastern Australia (Fig. S2).

This hemispheric wavy pattern of anomalies is still appar-
ent when data are separated into days with (Fig. 6b) and with-
out (Fig. 6c) a front in southeast Australia. However, on front

days the wave pattern is amplified, and there are easterly
wind anomalies at 700 hPa over northeastern Australia, with
weak easterly anomalies extending to 300 hPa, as well as
westerly anomalies and below-average pressure to the south
of Australia, consistent with the composites shown in Fig. 4.
(We note here that the low-pressure anomaly to the south of
Australia is located further south than the area that was con-
sidered for separation between embedded and trailing fronts.)
The topography of New Zealand then acts as a barrier to the
intensified westerlies around 45◦ S, with return flow poten-
tially contributing to the anticyclonic anomaly in the Tasman
Sea and therefore the stronger subtropical easterly anoma-
lies. This pattern of zonal wind anomalies is weaker or ab-
sent on days with no front in SEA, with increasing MSLP
over the Australian Bight and westerly anomalies at 300 hPa
over northeast Australia. This demonstrates a more complex
relationship between changes in the mean state and synop-
tic anomalies. An anticyclonic anomaly to the east of Aus-
tralia on front days suggests Rossby wave breaking, noting
that SEA is known for a high number of Rossby wave break-
ing events (de Vries, 2021) and cut-off lows (Portmann et al.,
2021).

To test the statistical significance of wind changes, we cal-
culated the average zonal wind anomalies for each latitude
band over eastern Australia (135–150◦ E). There are no sta-
tistically significant changes in seasonal mean 300 hPa winds
between 1980–1999 and 2000–2019 at any latitude, with
weak westerly anomalies (0.3 m s−1) around 25◦ S, easterly
anomalies (∼−0.35 m s−1) around 30–35◦ S, and stronger
westerly anomalies southward (Fig. 6a). This mean pattern
combines very different patterns over eastern Australia be-
tween days with and without fronts, which had trends of op-
posite signs over most of 20–40◦ S. In contrast to the mean
change, there was a weak subtropical easterly anomaly on
front days, averaging −0.4 m s−1 over 20–25◦ S, in agree-
ment with an anticyclonic anomaly to the east of Australia.
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Subtropical anomalies are more consistent at 700 hPa with a
mean zonal wind change of−0.6 m s−1 at 20–25◦ S, which is
stronger for front days (−0.8 m s−1, p = 0.08) than for non-
front days (−0.4 m s−1).

7 Drivers of interannual variability

To test the role of major climate drivers in observed
changes, we calculated the detrended correlations during
May–October between several climate indices and the total
number of fronts in SEA, as well as several metrics of frontal
winds or rainfall (Table 1). The overall frequency of fronts
is negatively correlated with the intensity and position of the
subtropical ridge, with fewer fronts when the ridge is strong
or shifted to the south, noting that cold fronts are typically
linked to the storm tracks and westerlies and are less likely
to be identified in easterly wind regimes to the north of the
ridge. These correlations are a result of very strong negative
correlations between both indices (STRI and STRP) and the
frequency of wet fronts, with weaker positive correlations be-
tween the STR and dry fronts. The STR is also very strongly
correlated with the average northernmost latitude of strong
westerlies for fronts and the number of fronts with strong
westerlies north of 23◦ S. However, it is only weakly corre-
lated with the seasonal mean zonal winds at 20–25◦ S, with
stronger negative correlations between STRI and zonal winds
between 26–35◦ S. This may indicate a role of the STR in
keeping frontal westerlies south and thus influencing frontal
rainfall; however, the STR itself is also influenced by pres-
sure variations associated with synoptic systems, so the rela-
tionship may be more complex.

There were no statistically significant correlations be-
tween the seasonal mean SAM and front frequency or rain-
fall, which may be a consequence of the large intraseasonal
variability in SAM. There was also no correlation between
fronts and NINO3.4 after accounting for covariations with
DMI, with the stronger correlations with SOI potentially due
to interactions between the Indian Ocean Dipole and sea level
pressure at Darwin. Interestingly, however, while DMI was
not strongly correlated with the seasonal frequency of fronts,
it had a very strong correlation with both total frontal rain-
fall and the frequency of wet fronts, which was independent
of any effect of ENSO. Notably, the three seasons with the
highest total frontal rainfall during the period all occurred
during negative IOD conditions (1992, 2010, and 2016), and
the three seasons with lowest frontal rainfall occurred under
positive IOD (1982, 1994, and 2006).

While the link between IOD and frontal rainfall could in
part be associated with increases in moisture from the trop-
ics, the IOD was also associated with a shift in the average
northernmost latitude of strong frontal westerlies, consistent
with the extratropical pathway of IOD impacts (Cai et al.,
2011) and the link between the IOD and the mean wester-
lies in southeast Australia (Pepler et al., 2014). Given that

the IOD is most active in spring, the influence of IOD on
the Australian rainfall is strongest during spring (e.g. Cai
et al., 2011). The correlation between the DMI and total
frontal rainfall also strengthens from−0.39 during May–July
to −0.65 during August–October. In both seasons negative
IOD is associated with an increased frequency of wet fronts
and a northward shift in frontal westerlies but no significant
change in the total number of fronts.

These results show that wet and dry fronts can have very
different relationships with climate drivers, resulting in the
weaker relationships that have previously been identified
between front frequency and DMI (Rudeva and Simmons,
2015). Negative Indian Ocean Dipole events and a weaker
subtropical ridge (negative STRI) allow front-related west-
erlies to extend further north, resulting in an increased fre-
quency of wet fronts, although statistically significant corre-
lations between these drivers and the seasonal mean zonal
wind are only identified south of 26◦ S. Note that the DMI
is correlated with both the intensity (+0.58) and position
(+0.32) of the subtropical ridge during this season, so these
relationships are not independent, and an equatorward shift
in fronts may itself cause changes in the pressure fields which
are used to calculate the STR.

During the period 1979–2019, there has been a weak in-
creasing trend in the intensity of the subtropical ridge, of
0.26 hPa per decade (p = 0.09), consistent with longer-term
increases over the historical record (Timbal and Drosdowsky,
2013). This may partially explain the observed trends in wet
fronts: while there is a statistically significant linear trend in
the number of wet fronts over 1979–2019 (−0.92 fronts per
year, p = 0.03), this trend becomes weaker and nonsignifi-
cant after removing variability associated with the subtropi-
cal ridge intensity (−0.35 fronts per year). Similarly, while
there was a −0.4◦ per decade linear trend in the average
northernmost latitude with U700> = 10 m s−1 (p = 0.01),
removing variability associated with STRI decreased this
trend to −0.2◦ per decade (p = 0.06).

8 Changes in fronts in southwest Western Australia

The very strong easterly anomalies at 700 and 300 hPa iden-
tified over southwest Western Australia in Fig. 6 raise the
question of whether changes in the background zonal winds
are also playing a role in rainfall declines in this region. Sim-
ilar to southeast Australia, SWWA (110–120◦W) has seen
little decrease in the frequency of fronts between 1980–1999
and 2000–2019 but a statistically significant 11 % (38 mm)
decrease in total frontal rainfall, particularly prefrontal rain-
fall (−21 %), which is linked to a decrease in the frequency
of rain-bearing fronts (Fig. S3). The average differences be-
tween wet and dry fronts are also similar between the two
regions, with the most significant change relevant to frontal
rainfall observed in the zonal winds to the north of SWWA
(Fig. S4). Consistent with SEA, there has been a 21 % de-
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Table 1. Detrended Pearson’s correlations between front frequency, rainfall, and the northernmost latitude with 700 hPa zonal wind≥
10 m s−1 (strong winds) and six climate indices for May–October, 1979–2019 (1982–2019 for DMI and NINO3.4). Also shown are the
partial correlations for NINO3.4 and DMI. Bold indicates significance for p<0.05.

Variable STRI STRP SOI NINO3.4 DMI SAM NINO3.4DMI DMININO3.4

Front days −0.53 −0.58 0.28 −0.19 −0.19 −0.12 −0.13 −0.09
Total front rainfall −0.66 −0.53 0.56 −0.40 −0.68 0.08 −0.11 −0.62
Number of wet fronts −0.76 −0.65 0.56 −0.42 −0.60 −0.01 −0.17 −0.53
Number of dry fronts 0.34 0.18 −0.35 0.28 0.48 −0.09 0.04 0.45
Average northernmost latitude of U ≥ 10 m s−1

−0.78 −0.65 0.57 −0.36 −0.67 −0.08 −0.04 −0.63
Number of fronts with strong winds north of 23◦ S −0.73 −0.60 0.51 −0.30 −0.65 0.02 0.03 −0.62
Number of fronts with strong winds south of 23◦ S 0.38 0.22 −0.34 0.17 0.55 −0.10 −0.13 0.56

crease in the frequency of fronts in SWWA with strong
700 hPa westerlies extending north of 23◦ S and a 44 mm
(−23 %) decline in associated rainfall, which explains the
entirety of the observed decline in frontal rainfall. The ex-
tratropical circulation on SWWA front days resembles the
zonal wave 3 pattern shown for SEA in Fig. 6b, with the
low-pressure anomaly to the south of Australia shifted west-
ward (Fig. S5). While most of the decline in frontal rain-
fall in SWWA can also be attributed to fronts with westerlies
reaching at least 23◦ S, the decline over time is more linear
than SEA, with lower frontal rainfall during 2010–2019 than
1997–2009 (Fig. S6).

9 Discussion and conclusions

Frontal rainfall is influenced by a large number of factors,
including available moisture (e.g. TCW) and frontal dynam-
ics (e.g. temperature/wind change, vertical velocity, and rela-
tive vorticity). This is consistent with other studies (Solari et
al., 2022) and suggests that changes in any of these variables
could result in changes in frontal rainfall. However, while
the frequency of rain-bearing fronts is decreasing during the
cool season in many parts of the Southern Hemisphere mid-
latitudes, including in southeast Australia, this decrease is
occurring despite little change in front frequency (Burls et
al., 2019; Pepler et al., 2021; Risbey et al., 2013b), as well as
little change in metrics of frontal moisture or traditional mea-
sures of front intensity beyond a slight weakening of average
prefrontal vertical velocity and postfrontal vorticity.

There has been no observed change in the mean latitude of
tracked fronts in southeast Australia during the cold season,
consistent with previous studies (e.g. Rudeva and Simmonds
2015), despite decreases in the frequency of associated cy-
clones. However, if the northernmost edge of the front is in-
stead defined as the northernmost latitude with strong west-
erly winds, here defined as 700 hPa zonal winds≥ 10 m s−1,
we see a 0.8◦ southward shift in the mean equatorward extent
of fronts over this period. We find a particularly strong de-
cline in the frequency of fronts with strong westerlies north
of 23◦ S, which were responsible for 42 % of frontal rain-
fall at 33–38◦ S between 1980–1999. This highlights an as-

pect of frontal intensity and associated rainfall that is worthy
of further research and may be relevant for other regions of
the Southern Hemisphere. There has also been a decrease in
the overall intensity of the subtropical westerlies over eastern
Australia and many other areas of the Southern Hemisphere,
consistent with Simmons (2022), although the trend in the
mean state is weaker than on front days.

Frontal winds and rainfall have shown little recovery since
the end of the Millennium Drought and may be part of a
longer-term decline in cool season rainfall over this region.
While the total decrease in rainfall from fronts is relatively
small – a 9.4 % decline in frontal rainfall from 1980–1999
to 2000–2019 in southeast Australia – even small changes in
rainfall can be magnified to much larger changes in stream-
flow and corresponding hydrological impacts. This was seen
during the Millennium Drought, when a 11 % decline in total
annual rainfall was magnified to a 46 % decline in stream-
flow in southeast Australia (Van Dijk et al., 2013). Changes
in frontal rainfall may potentially play an important role in
these declines, as fronts contribute strongly to the number of
days with low to moderate rainfall intensity (Pepler et al.,
2020), and the number of rain days is an important predic-
tor of streamflow changes in southeast Australia (Fu et al.,
2021). Consequently, any continuation of declines in frontal
rainfall over the coming decades may be of critical impor-
tance in catchments where runoff has yet to recover after the
Millennium Drought (Peterson et al., 2021).

The link identified in this paper between subtropical wind
changes and changes in frontal rainfall is a statistical link and
would require further modelling studies to understand the dy-
namical interaction between subtropical winds and rainfall
∼ 10◦ further south. However, there are a number of poten-
tial mechanisms. The southward shift in frontal westerlies
could simply be an indication of a southward shift in the lat-
itude at which fronts occur, which would suggest that the
front detection method based on wind changes is deficient
at detecting the equatorward extent of cold fronts and subtle
changes at these latitudes. However, front detection methods
based on other variables such as temperature gradients also
do not identify any changes in frontal frequency (Pepler et
al., 2021; Berry et al., 2011). Another potential mechanism
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is a link between weakening subtropical westerlies and a re-
duction in atmospheric moisture flux into the region; while
there has been little change in total column water or IVT in
SEA, both TCW and IVT have decreased in the region of
28–33◦ S associated with the weakening subtropical winds.
Finally, while we found only a weak change in vertical ve-
locity and no significant change in PC, changes in other fac-
tors such as convective inhibition or the level of condensation
in a warming climate could also reduce the ability of fronts
to generate rainfall, particularly during the cool season and
moderate rain events where convection is weak (Rasmussen
et al., 2020).

Timbal and Drosdowsky (2013) identified an intensifica-
tion of the subtropical ridge during the early 21st century,
which they proposed as a major cause of rainfall declines in
southeast Australia during the years 1997–2009. This decline
has continued, with the average intensity of the May–October
subtropical ridge at 140–150◦ E increasing by 0.26 hPa per
decade over the period 1979–2019. There has also been an
increase in the mean sea level pressure and a weakening of
the background zonal wind speeds in subtropical Australia.
We find that the northern edge of the front and the likeli-
hood of fronts producing rainfall show strong statistical re-
lationships with the intensity and position of the subtropi-
cal ridge, suggesting a possible link between trends in pres-
sure and frontal rainfall. A link between decreasing frontal
rain and increasing pressure was also identified by Burls et
al. (2019) in southern Africa. However, the nature of this re-
lationship depends on the location of the subtropical high,
and mechanisms may differ on frontal and non-frontal days.
We also found that frontal rainfall is favoured during nega-
tive IOD conditions, consistent with Lawrence et al. (2022),
and that IOD has a stronger influence on frontal rainfall than
frequency. While robust trends cannot be calculated for the
IOD over this short time period, palaeoclimate data indicate
that positive IOD events may be becoming more common
(Abram et al., 2020).

An alternate explanation could be due to links between
the mid-tropospheric frontal westerlies and the strength or
location of the subtropical jet. In contrast to the observed
strengthening of the subtropical ridge, there have been no ro-
bust trends identified in the Southern Hemisphere subtropical
jet (Maher et al., 2019). However, a weakening of 700 hPa
zonal winds between 20–35◦ S during July was also identi-
fied for southeast and southwest Australia by Osbrough and
Frederiksen (2021), which they linked to decreases in July
baroclinicity and rainfall in southern Australia. Our analy-
sis also indicates no change in the latitude of the subtropical
jet (not shown) but a possible weakening of its intensity on
front days in eastern Australia, although the average change
in zonal wind speed is smaller at 300 hPa than it is at 700 hPa.
The mean state changes in Figs. 6 and S1 are also indicative
of a modification of the ZW3 in the Southern Hemisphere,
which has been associated with rainfall variability in parts of

southeast Australia but has no clear trend in the cool season
(Campitelli et al., 2021).

The strong link between frontal rainfall and changes in
the subtropical 700 hPa westerlies was tested for a second
region that has experienced declines in cool season frontal
rainfall, southwest Western Australia, with remarkably sim-
ilar results. Easterly 300 hPa wind anomalies and 850 hPa
moisture flux in the subtropics have also been noted during
dry winters in South Africa (Mahlalela et al., 2019), which
is another region which has experienced decreases in winter
rainfall (Sousa et al., 2018; Burls et al., 2019) and weakening
of the subtropical westerlies between 1980–1999 and 2000–
2019. These results raise the question of what role changes
in subtropical zonal winds may be playing in frontal rainfall
in other areas of the Southern Hemisphere. Future work will
develop a more generalisable approach to investigate how the
northern extent of frontal westerlies is changing in other parts
of the Southern Hemisphere, as well as how this is likely
to change in the future climate given the projected poleward
shift in the storm tracks and the edge of the Hadley cell (Lee
et al., 2021). This may provide a potential avenue to recon-
cile projected declines in cool season rainfall across South-
ern Hemisphere midlatitude regions (Lee et al., 2021) with
the lack of change projected in frontal frequency (Catto et
al., 2014).
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