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Abstract. East coast lows (ECLs) are low pressure systems that occur near the east coast of Australia. But not all lows
cause the same level of impact, and a small proportion of ECLs are responsible formore than half of all dayswithwidespread

rainfall above 50mm in this region. In this study, we combine analyses of cyclones at both the surface and 500 hPa levels to
assess the locations of cyclones responsible for widespread heavy rainfall on the east coast. We found that the majority of
days with widespread totals above 100mm on the east coast occur when a low at 500 hPa over inland southeast Australia

coincides with a surface low located more directly over the east coast. Such events occur on about 15 days per year but are
responsible for more than 50% of days with widespread heavy rainfall on the eastern seaboard of Australia. We also found
that extreme rainfall was most likely when both the surface and upper cyclones were very strong, when measured using the
maximumLaplacian of pressure/height. The seasonal frequency of cyclones at the surface and 500 hPawere found to be only

weakly correlated with each other and often had opposing relationships (albeit weak in magnitude) with both global climate
drivers and indices of local circulation variability. Trends in cyclone frequency were weak over the period 1979–2019, but
there was a small decline in the frequency of deep cyclone days, which was statistically significant in some parts of the

southeast. Understanding which ECLs are associated with heavy rainfall will help us to better identify how future climate
change will influence ECL impacts.
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1 Introduction

Cyclones are one of themost important weather systems for both
total and extreme rainfall across large parts of the globe
(Hawcroft et al. 2012; Pfahl andWernli 2012; Dowdy and Catto

2017). On the eastern seaboard (ESB) of Australia, the cyclones
that are locally known as east coast lows (ECLs) are responsible
for more than 25% of annual rainfall (Pepler et al. 2014) and

more than 60% of days with widespread coastal flooding or
significant dam inflows (Pepler andRakich 2010; Callaghan and
Power 2014). They are also responsible for the majority of days

with large waves or storm surge in coastal regions (McInnes and
Hubbert 2001; Shand et al. 2011; Dowdy et al. 2014) as well as
other severe impacts, including persistent strong winds and, in

some cases, embedded thunderstorms and convection-related
severe winds (Dowdy et al. 2019).

While ECLs have been defined in a number of ways, a recent
review paper (Dowdy et al. 2019) provided a generalised

definition of ECLs and intense ECLs that synthesised these
studies, while acknowledging that specific sub-types and more
constrained definitions may be practical for some purposes.

Broadly speaking, ECLs are cyclones near southeastern
Australia that can be caused by both midlatitude and tropical
influences over a range of levels in the atmosphere; intense

ECLs have at least one major hazard associated with their
occurrence, including extreme winds, waves, rain or flooding
(Dowdy et al. 2019).

A large number of datasets of ECLshavebeendeveloped, both

from manual analysis of synoptic charts or newspaper records
(Speer et al. 2009; Callaghan and Power 2014) as well as from a
range of automated cyclone detection schemes applied to both

mean sea level pressure (MSLP) (Browning and Goodwin 2013;
Pepler et al. 2015) and 500 hPa geostrophic vorticity (Dowdy
et al. 2013a). These study outcomes and associated output data

are sensitive to choices of method, reanalysis, spatial resolution,
and minimum thresholds applied, leading to uncertainty in many
parameters of ECLs, including their frequency, seasonal variabil-

ity, relationships with major drivers and long-term trends
(Di Luca et al. 2015; Pepler et al. 2015; Dowdy et al. 2019).

In addition to the uncertainty arising from identification
methods, the characteristics of ECLs can vary significantly

between systems, with the ESB subjected to cyclones ranging
from ex-tropical cyclones to deep extratropical cyclones from
the midlatitude storm tracks. Thus, ECLs can include both

warm-cored and cold-cored systems as well as cyclones that
have hybrid characteristics (Cavicchia et al. 2019; Quinting
et al. 2019). This has led to the emergence of a number of ways
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to subcategorise ECLs, including definitions based on sea level
pressure patterns (Hopkins and Holland 1997; Speer et al.

2009); vertical profiles using the Hart (2003) phase space to
distinguish between cold-core, warm-core and hybrid systems
(Cavicchia et al. 2019; Quinting et al. 2019); or using back-

tracking to identify the genesis and movement of the precursor
surface low/trough (Browning and Goodwin 2013). Each of
these classification approaches found that the average locations

and impacts of ECLs vary depend on the subcategory used.
To add to this variety of classification approaches, case

studies of individual ECLs consistently identify that a strong
cut off low to the northwest of the east coast is an important

precursor to many of the most severe ECLs (Dowdy et al. 2011,
2013a). Following this, analysis of the vertical structure of
cyclones near the east coast identified that those ECLs that have

deep structures have longer duration, heavier rainfall and
stronger winds than shallow systems that are identified at only
the surface levels or upper levels (Pepler andDowdy 2020). This

suggests a potential new approach for subclassifying ECLs
based on their depth.

While a large number of cyclones occur near the east coast
each year, only a smaller proportion of these have been

associated with significant coastal impacts. For instance, Speer
et al. (2009) reported 22 ECLs per year but only eight were
associated with widespread rainfall above 25mm, while data-

sets of more severe ECLs typically include only one or two per
year (Hopkins and Holland 1997; Callaghan and Power 2014).

Objectively identifying those cyclones that are likely to

produce the most significant impacts would be a benefit for
studies assessing the likely future changes in those systems
which matter most for the highly populated east coast. To that

end, in this paper we build on the results of Pepler and Dowdy
(2020) to assess the interaction between the depth of an ECL and
its intensity at both the surface and upper levels and identify the
combination of ECL characteristics most likely to indicate an

intense ECL with widespread coastal rainfall.

2 Data and methods

ECLs were tracked for the period 1979–2019 using the ERA5
reanalysis (Hersbach et al. 2020), which is available at 0.258
spatial resolution. This is the successor to the ERA-Interim
reanalysis, which was one of the most widely used for assessing
cyclones around the globe (Neu et al. 2013; Tilinina et al. 2013;
Di Luca et al. 2015; Pepler et al. 2018). ECL frequencies in

ERA5 are similar to other widely used reanalyses (Pepler 2020).
For this paper, we used a simplified version of the method of

Pepler and Dowdy (2020), with cyclones tracked using just

MSLP and 500 hPa geopotential height, allowing it to be more
readily applied to a range of datasets, including climate model
simulations. In the case of surface cyclones, this analysis was

performed at 6-h resolution; but for upper cyclones, the ERA5
geopotential data was converted to a daily mean field by
averaging the four observations at 0000, 0600, 1200 and 1800

UTC. Daily temporal resolution for upper cyclones is consistent
with previous studies based on global models (Dowdy et al.

2013a, 2014), also noting that upper cyclones tend to be longer-
lived than surface cyclones (Pepler and Dowdy 2020), although

this is complicated by a tendency for cyclones to include split
tracks and multiple centres at the surface. We also tested results

using upper cyclones identified using the 6-h data, but these had
less skill at identifying heavy rain days than the daily observa-
tions, possibly because shallow upper cyclones that have little

rainfall tend to be fast-moving so are less likely to be observed in
daily mean geopotential height than the slower-moving and
more impactful events (Pepler and Dowdy 2020).

Cyclones were identified and tracked using the University of
Melbourne cyclone tracking scheme (Murray and Simmonds
1991; Simmonds et al. 1999), which has been widely used for
tracking cyclones and compares well to other methods and

manual databases (Lim and Simmonds 2007; Allen et al.

2010; Neu et al. 2013; Pepler et al. 2015). The gridded fields
were first transformed to a polar projection, with a common

resolution of,1.58 at 308S for all datasets. For MSLP cyclones,
filtering was applied over elevated topography so that lows
above 1000m were removed; this represented less than 1% of

the land area of southeast Australia (20–458S, 130–1608E). The
algorithm first searches for a maximum in the Laplacian of the
gridded field before identifying the location of a localminimum.
Both closed and open cyclones were considered, as some small

but impactful surface cyclones may not be resolved properly in
coarse resolution fields (Hopkins and Holland 1997; Dowdy
et al. 2019), and previous studies of upper cyclones did not

distinguish between open systems (troughs) and closed cyclones
(Dowdy et al. 2014).

The average Laplacian of MSLP (or geopotential height)

within a 28 radius of the cyclone centre is related to the cyclone’s
vorticity, and is used as the primary measure of cyclone
intensity. Cyclones are initially tracked using an arbitrary low

intensity threshold, with surface cyclones required to have an
average intensity of at least 0.5 hPa (deg. lat.)�2 averaged over a
28 radius around the cyclone centre and upper cyclones required
to exceed 1m (deg. lat.)�2. Subsequent thresholds are identified

in Section 3 to give an equal number of cyclone days per year at
each level, informed by the cyclone frequencies in a manual
database for 1970–2006 (Speer et al. 2009). No minimum

duration criterion was applied, to allow for cases where a
cyclone is divided into multiple tracks or centres (Pepler and
Coutts-Smith 2013) or where an upper level cyclone is only

associated with surface development for a short amount of time
(Dowdy et al. 2011).

For the purposes of this analysis, we focused on rainfall along
the highly populated coast east of the Great Dividing Range,

known as the eastern seaboard (ESB). This was defined
similarly to previous studies (Timbal 2010; Kiem et al. 2016;
Pepler et al. 2016b) and is indicated with a polygon throughout

the paper (e.g. Fig. 1). We defined heavy rainfall as days when
high daily rainfall totals cover a large area, which can result in
widespread flooding and other impacts, while noting that

extreme sub-daily rainfall totals may be more important for
local impacts, such as flash flooding, and dominated by different
weather systems.

To identify the relationship between cyclones and heavy
rainfall, we used the Australian Water Availability Project
(AWAP) Australian gridded rainfall dataset at a 0.058 resolution
(Jones et al. 2009). This is recorded over the 24 h to 9 am local
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time, which in eastern Australia is 2300 UTC during the cool
half of the year and 2200 UTC during daylight savings time

(October–April). Following the approach of Pepler et al. (2014),
we identified periods of widespread rainfall based on the
proportion of grid points in the ESB region that exceed a given

threshold. Moderate rainfall days were defined where the
number of cells exceeding 25mmwas above the 95th percentile
for all days (12.7% of the domain), heavy rain days where the

number of cells exceeding 50mmwas above the 99th percentile
for all days (12.0% of the domain), and extreme rain days where
the number of cells exceeding 100mm was above the 99.5th
percentile for all days (4% of the domain). After identifying

heavy rain days, we used the locations of observed cyclones on
these days to select the regions used for identifying ECLs at each
level. By comparing the surface region with the Speer et al.

(2009) dataset, we could identify appropriate intensity
(Laplacian) thresholds to give the same number of ECL days
per year. Finally, days were then classified as having a ‘deep’,

‘surface-only’ or ‘upper-only’ cyclone based onwhether or not a
cyclone was identified in the appropriate spatial domain at any
point on that day.

AWAP is one of the most widely used gridded datasets for

Australian rainfall and is strongly correlated with station rainfall
in areas with high station density, such as southeast Australia.
While it tends to underestimate the value of the most intense

rainfall extremes at individual stations (King et al. 2013), this is
more important for annual maxima and localised extreme
events, and AWAP is well able to represent the spatial extent

of more moderate extremes, such as assessed in this study.
However, to supplement this analysis we also assessed the role
of the identified ECL days in heavy (99th percentile) rainfall at

four representative rainfall stations along the east coast: Eden
(37.088S, 149.918E), Sydney Observatory Hill (33.868S,
151.208E), SouthWest Rocks (30.928S, 153.098E) and Brisbane
Airport (27.398S, 153.138E).

To assess the correlations between ECLs and their associated
rainfall and major indices of climate variability we first linearly
detrended both the ECL and climate driver timeseries before

calculating Pearson’s r. The El Niño-Southern Oscillation
(ENSO) is represented by the Southern Oscillation Index,
(SOI; available from http://www.bom.gov.au/climate/current/

soi2.shtml), while the Indian Ocean Dipole (IOD) is represented
by the Dipole Mode Index (DMI; http://stateoftheocean.osmc.
noaa.gov/sur/ind/dmi.php) between 1982 and 2019, which was
converted from weekly to monthly data as the weighted average

of all weeks (partially) within that month. The SouthernAnnular
Mode (SAM) is represented by the Antarctic Oscillation Index
(http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_

ao_index/aao/aao.shtml). The subtropical ridge position (STRP)
and subtropical ridge intensity (STRI) were calculated for the
longitudes 145–1508E from Bureau of Meteorology observed

sea level pressure data using the method of Drosdowsky (2005)
and was available for the period from 1890. The Gayndah–
Deniliquin Index (GDI), an index of zonal wind-flow over

southeast Australia, was calculated using Bureau of Meteorol-
ogy observed station sea level pressure data using the method
of Rakich et al. (2008). In calculating composites for ENSO
and IOD states, we used the years listed by the Bureau of
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Fig. 1. Locations of upper (left column) and surface (right column)

cyclones from ERA5 reanalysis on heavy rain days, t, as well as up to 2 days

before (t – 2) and after (t þ 2). The number of cyclones identified on heavy

rain days is shown at each grid cell location as a percentage of the total

number of heavy rain days for the ESB region, with 18 of spatial smoothing.

The boundaries of the regions used in this study for examining surface and

upper cyclones are shown as polygons, and a pink contour marks the outline

of the ESB region used for rain analysis.
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Meteorology at http://www.bom.gov.au/climate/enso/enlist/,

http://www.bom.gov.au/climate/enso/lnlist/index.shtml and
http://www.bom.gov.au/climate/iod/.

3 Association of cyclones with east coast heavy rain

Due to the focus of this study on the more intense ECLs that can

cause extreme rainfall, using a multilevel analysis approach that
considers deep and shallow systems, we started by examining
the surface and upper level low pressure systems on days with

rainfall in the ESB. This was intended to build on previous
studies by refining the regions used for identifying the lows at
these levels. Pepler and Dowdy (2020) used a single region to

assess cyclones identified at any vertical level for assessing the
rainfall andwind patternswithin a 1000 km radius of the cyclone
centre. However, the upper low is typically located to the
northwest of the surface low when cyclones are at their most

severe (Lim and Simmonds 2007; Mills et al. 2010; Pepler and
Dowdy 2020), so the region used to identify these systems is
shifted accordingly (Dowdy et al. 2013b, 2014). Consequently,

given the specific focus for this paper, we allowed for the
identification of two separate spatial domains to identify the
surface and upper ECLs based on those lows most likely to

produce heavy rain on the ESB.
Fig. 1 shows the preferred location of cyclones identified at

the surface and at 500 hPa on days with widespread heavy

rainfall in the ESB. Surface lows that produce heavy rainfall
are typically located near to the coast in the Tasman Sea,
consistent with previous studies (Hopkins and Holland 1997).
Consequently, the domain used for surface ECLs is similar to

that in previous studies (Wiles et al. 2009; Browning and
Goodwin 2013; Pepler et al. 2015) but is restricted in the east
to include only lows within 68 of the coast, excluding those lows
in the southeast Tasman that may cause strong winds or large
waves but are unlikely to produce heavy coastal rainfall. Note
that there is a small cluster of surface lows in inland New South

Wales associated with widespread heavy rain, with 34 days per
year recording an inland low over 25–408S, 140–1558E but no
low near the coast in our analysis. These would be considered
‘inland’ lows or troughs rather than ECLs based on most studies

(e.g. Speer et al. 2009, Callaghan and Power 2014) and are not a
focus of the analysis presented here, as while some cases can
cause heavy coastal rainfall, they collectively explain less than

9% of ESB rainfall and have average ESB rainfall lower than
any of the ECL categories discussed below.

The location of upper lows is typically to the west of the

surface low, consistent with previous studies and the tendency

for strong extratropical cyclones to tilt west with height. As a

result, the domain used for upper ECLs is shifted to the north and
west and is predominantly inland, with the final domain chosen
by testing a range of latitude and longitude boundaries to

identify the region for which the average ESB rain rate on days
with an upper low was maximised. This was similar to the
domain used in Dowdy et al. (2013b, 2014) but shifted to the
west, consistent with the domain for surface lows, as ECLs

further east are more likely to produce high sea levels and
large waves than coastal precipitation. While the results pre-
sented in this paper may vary slightly for different domains, the

overall results were generally consistent for small changes in
boundaries.

Using these domains, we defined each day as having a

surface and/or upper low based on whether a cyclone was
located within the corresponding region at any point on the
day. We also applied a number of intensity (Laplacian) thresh-

olds (Table 1) to distinguish between weak and strong systems.
The weakest threshold was set such that approximately 10% of
days were considered as ECLs at each level, consistent with the
frequency of ECLs in the manual ECL database, which is

frequently used for calibrating automated cyclone datasets
(Speer et al. 2009; Dowdy et al. 2013a). A stronger threshold
was set such that there were 21 ECL days per year at each level,

which was the average number of ECLs from the Speer et al.
(2009) dataset in the more constrained surface region used in
this study (Fig. 1), and a very strong threshold was chosen to

give eight ECL days per year at each level, the number of
cyclones with widespread rainfall in Speer et al. (2009).

In total, 65.7 days per year had either a surface or upper
cyclone, and these days were responsible for 42.2% of total

annual ESB rain and 82.7% of widespread heavy rain days. The
average rain rate was consistently higher on days that had a
cyclone at both the surface and upper levels, with higher rainfall

intensities when there were strong cyclones at both levels. The
relationship between intensity and rainfall was less clear when a
low was identified only at a single level; notably, in the absence

of an upper low, even a very strong surface cyclone produced
relatively low surface rainfall, on average. Collectively, the 5.2
days per year where there was a strong or very strong cyclone at

both the surface and upper levels explained 35% of heavy rain
days and 42% of extreme rain days.

The average rain rate on days with a strong or very strong
upper low and no surface lowwas higher than days with a strong

or very strong surface low and no upper low. This was somewhat
different to the general results from Pepler and Dowdy (2020)

Table 1. Average daily rainfall across the ESB region and average number of days per year (in brackets) for different surface and upper cyclone

intensities

The intensity (Laplacian) thresholds are shown with units of hPa (deg. lat.)�2 for surface lows and m (deg. lat.)�2 for upper lows

No identified upper Weak upper Strong upper Very strong upper

3.99–6.21 6.22–10.61 $10.62

No identified surface 1.8mm (299.5 days) 4.0mm (13.9 days) 5.9mm (9.8 days) 10.5mm (4.2 days)

Weak surface (0.53–0.79) 4.0mm (13.8 days) 8.7mm (0.9 days) 9.7mm (1.1 days) 11.0mm (0.7 days)

Strong surface (0.8–1.24) 4.8mm (9.7 days) 5.4mm (0.7 days) 11.8mm (1.1 days) 11.3mm (1.8 days)

Very strong surface ($1.25) 5.5mm (5.1 days) 9.6mm (0.6 days) 15.2mm (1.0 days) 19.2mm (1.3 days)
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who found stronger rain rates for days with surface lows and no

upper low than the converse. In particular, Pepler and Dowdy
(2020) considered a cyclone to be deep if it is matched at any
point during the cyclone track, which accounts for the fact that

surface lows are typically observed later than the upper low
(Fig. 2d) and the heaviest rainfall typically occurs while the
system is intensifying, when the surface low may be too small
to be detected from reanalyses (Hopkins and Holland 1997;

Mills et al. 2010). There were 2.2 days per year with a strong
upper low where either the subsequent or previous day could
be considered deep; such days had an average rain rate of

12.2mm, compared to 6.9mm on the remaining upper-only
days. Some of these remaining upper-only days were likely to
have a coastal surface trough, or potentially a localised coastal

low that was too small in scale to be identified using our
tracking methods.

While acknowledging there is no perfect method to classify

and select thresholds for these systems, we consider five
subcategories of ECLs in this paper, as well as another category
for days with no cyclone. Deep cyclones are considered to either
have a cyclone of any intensity at both the surface and upper

levels or have a strong or very strong cyclone present at one level

and either the previous or subsequent day was considered a deep
cyclone. This means that if there was a prolonged event with a
strong upper cyclone, a single timestep with a weak surface low

would be sufficient for the event to be considered a ‘deep’
cyclone, consistent with the approach in Pepler and Dowdy
(2020).

On average, there were 6.6 deep events per year with an

average duration of 2.2 days. The longest continuous events in
our dataset were 6 days in duration, with this occurring on four
occasions during the study period. For two of these four cases the

low could only be continuously tracked at one level, while in the
other two cases the upper and lower cyclones each persisted for
at least 5 days of the event.

The remaining ECL days can be considered either ‘shallow
surface’ or ‘shallow upper’ and those two criteria can be further
subdivided into two categories each (i.e. corresponding to four

of the categories considered in this study) for days with a weak
cyclone or a strong/very strong cyclone at that level. Table 2
reports the ESB average rainfall statistics for these categories,
highlighting that the 14.6 days per year with deep cyclones

146 148 150 152 154
−45

−40

−35

−30

−25

Total rain: All cyclones

146 148 150 152 154
−45

−40

−35

−30

−25

Total rain: Deep

146 148 150 152 154
−45

−40

−35

−30

−25

Total rain:
Strong surface

Total rain:
Strong upper

146 148 150 152 154
−45

−40

−35

−30

−25

146 148 150 152 154
−45

−40

−35

−30

−25

Total rain:
Weak surface

146 148 150 152 154
−45

−40

−35

−30

−25

Total rain:
Weak upper

146 148 150 152 154
−45

−40

−35

−30

−25

25mm days:
All cyclones

146 148 150 152 154
−45

−40

−35

−30

−25

25mm days: Deep

146 148 150 152 154
−45

−40

−35

−30

−25

25mm days:
Strong surface

146 148 150 152 154
−45

−40

−35

−30

−25

25mm days:
Strong upper

146 148 150 152 154
−45

−40

−35

−30

−25

25mm days:
Weak surface

146 148 150 152 154
−45

−40

−35

−30

−25

25mm days:
Weak upper

2.5%

5%

7.5%

10%

15%

20%

25%

30%

40%

50%

(a) (b) (c) (d ) (e) (f )

(g) (h) (i ) ( j ) (k) (l )

Fig. 2. Proportion of total annual rainfall that falls on all ECL days (a) and the five subcategories (b–f), 1979–2019. Proportion of days with at least

25mm of rainfall that occur on an ECL day (g) and the five subcategories (h–l), 1979–2019.
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account for a larger number of days with moderate, heavy or

extreme rainfall on the ESB than the 51 days per year
corresponding to the four other cyclone categories combined.
Strong upper-only cyclones also make a larger contribution to

widespread heavy rain events than surface-only cyclones,
highlighting that a large proportion of heavy rainfall on the
ESB cannot be explained by weather systems identified at the
surface alone, as well as noting the contribution from other

phenomena, including fronts and thunderstorms (e.g. in Dowdy
and Catto 2017; Pepler et al. 2020).

While the average rainfall on days without an ECL is

substantially lower than even the weakest ECL day, more than
half of all ESB rainfall occurs on such days, which is unsurprising
given that ECLs occur less than 20% of the time. These days are

likely to be influenced by a large range of other synoptic features,
including inland lows or troughs, coastal troughs, moist onshore
easterlies, such as those related to a high pressure system, and

thunderstorm activity, particularly in the northern part of the ESB
(e.g. Rakich et al. 2008; Pepler et al. 2020). In addition, it is likely
that a large number of those ECLs identified as havingwidespread
rainfall, including days with an upper low but no surface cyclone,

coincidewithwidespread convection, as themost severe rainfall in
southern Australia, including the east coast, is often associated
with the combination of a cyclone and thunderstorm activity

(Chambers et al. 2014;Dowdy andCatto 2017; Pepler andDowdy
2020; Pepler et al. 2020).

Fig. 2 shows how the contribution of cyclones to both total

and heavy rainfall varies across the ESB. Upper-only lows are
particularly important in the coastal regions of the central and
northern ESB and also during the cool half of the year, while
shallow surface lows give a larger contribution to rainfall in the

southern and inland ESB and during the warm half of the year.
The relative contribution of ECLs to heavy rainfall is smaller
when assessing locally extreme rainfall above the 99th percen-

tile, where small-scale convection can play a larger role in
extremes. While deep cyclones are responsible for 34% of days
with rainfall above the 99th percentile in Eden and 38% of such

days in Sydney, they explain only 25% of 99th percentile rain
days in SouthWest Rocks and 19% inBrisbane. At the latter two
stations, upper-only cyclone collectively explain approximately

30% of 99th percentile days. This likely reflects the important
role of 500 hPa geostrophic winds in the generation of heavy

rainfall on days with prevailing onshore flow in these regions

(Callaghan and Power 2017).
The different contributions of upper-only vs surface-only

cyclones to different regions of the ESB are expected to be

partially related to the regions used in identifying cyclone days,
as the upper cyclone box is generally focused to the northwest of
the ESB and away from the main midlatitude storm tracks.
While this paper focuses on the ECLs associated with heavy rain

along the ESB, the same approach can be used for identifying
cyclones most relevant to different parts of the ESB, or indeed
for other regions of southeast Australia (Fig. 3). Fig. 3 shows the

locations of surface cyclones associated with heavy rainfall in
the northern and southern parts of the ESB, with cyclones that
affect the northern ESB tending to occur further north but at

similar longitudes. While the regions used for identifying
surface cyclones in this study captured the majority of cyclones
affecting either region, a small number of upper cyclones

affecting the southern ESB were to the south of the region used
when defining ECLs in this paper. However, the total frequency
of upper cyclones increased further south (Pepler and Dowdy
2020) and the majority of upper cyclones in this region had little

impact on ESB rain, so tests found expanding the region towards
the south made identifying heavy rain events more difficult.

Fig. 3 also shows cyclones affecting three additional regions

of southeast Australia for comparison with the ESB. While
surface cyclones affecting the ESB are concentrated in the
maritime environment to the east of the coast, surface cyclones

located over inland southeast Australia are more important in
southwest Victoria and the Murray Basin, while Tasmanian
rainfall is affected by cyclones over much of the surrounding
oceans.Whereas upper cyclones are preferentially located to the

west and north of the ESB regions, they are located to the west
and south of the other regions used. Previous studies have found
that upper cyclones, particularly lows that are cut off from the

midlatitudewesterlies, can be very important for rainfall in other
parts of southeastern Australia, including Victoria (Risbey et al.
2013).

4 Trends and variability of cyclones

The total number of ECLs is broadly consistent over the years

(Fig. 4a), with an interquartile range of 60–71 cyclone days per
year. The lowest number of cyclone days on record was in 2019

Table 2. The annual average number of days in each cyclone category as well as their average rain rate across the ESB and their contribution to total

rainfall and widespread rain events, 1979–2019

Average rain rate is calculated across all days. Moderate rainfall events are defined as days when at least 12.7% of the ESB records at least 25mm (18 days per

annum), heavy rain events where at least 12% of the ESB records at least 50mm (3.7 days per annum), and extreme rain events where at least 4% of the ESB

exceeds 100mm (1.8 days per annum)

Days per annum Mean ESB rain (mm) % of total ESB rain % of moderate events % of heavy events % of extreme events

All deep 14.6 10.7 17 33 53 62

Strong surface-only 11.6 4.8 6 6 4 3

Strong upper-only 11.8 6.4 8 13 11 16

Weak surface-only 13.8 4.0 6 6 5 3

Weak upper-only 13.9 4.0 6 6 10 8

No ECL 299.5 1.8 58 35 17 9
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(46 days), while the highest frequency on record was in 1985
(99 days). The total number of ECLs is also fairly consistent

throughout the year, with deep cyclones and strong upper
cyclones concentrated during the cool season (April–
September) while shallow surface cyclones are more common

during the warmer months, consistent with Pepler and Dowdy
(2020), particularly those that are only identified using a weak
intensity threshold (Fig. 5).

Past studies note several instances of multiple severe ECLs
occurring in a single month, such as in June 2007 (Mills et al.
2010; Browning and Goodwin 2016), with such months causing
particularly severe coastal impacts as a result of repeated heavy

rainfall and coastal erosion. However, the numbers of deep ECL
events per month in this study closely follow the Poisson

distribution for a monthly mean frequency of 0.55 events, with

57.1% of months recording no ECLs (expected 57.7%) and
9.8% of months recording at least two ECLs (expected 10.6%).
This is also the case for upper lows and surface lows, which also

show no clear sign of temporal clustering different to random
chance alone (i.e. no notable deviation from a Poisson
distribution). While this does not negate the importance of those
months where multiple events occur, it suggests that the

occurrence of such months may be primarily due to chance,
rather than any predisposition of ECLs to cluster. This is in
contrast to the northern hemisphere storm tracks where certain

conditions favour the development of large numbers of cyclones
(Pinto et al. 2013).

The low interannual variability reflects much larger varia-

tions in the prevailing types of cyclones in each year, with only
weak correlations between the overall frequency of surface vs
upper cyclones (r¼ 0.28) and generally weak correlations

between the five subcategories, including between strong and
weak surface cyclones (r¼ 0.05) or between strong and weak
upper cyclones (r¼ 0.26). This has also been identified using
othermethods of subcategorising ECLs, with seasons that have a

high frequency of cyclones typically dominated by cyclones
with a similar synoptic signature (Browning andGoodwin 2016;
Kiem et al. 2016). The interannual variability of deep cyclones

is particularly large, between 4 days in 1994 and 30 days in 1990.
The larger role of deep cyclone days in heavy rainfall con-
tributes tomuch larger interannual variability in the total rainfall

from ECLs (Fig. 4b), with the interquartile range spanning 289–
470mm. The smallest contribution of ECLs to rainfall also
occurred during 2019, when ECLs contributed only 172mm of
rainfall; this was the driest year for the ESB during the 1979–

2019 period and had the fewest cyclones on record over a
broader region of southern Australia (Pepler 2020).

There are no trends in the overall frequency of ECLs over the

period 1979–2019 (Fig. 4), with the frequencies of each cyclone
category in 2000–2019 very similar to 1980–1999. The excep-
tion is deep cyclones, which declined slightly in frequency from

15.1 days per year in 1980–1999 to 14.0 days per year between
2000–2019 (this is not statistically significant using a Student’s
t-test). The decrease in deep cyclones primarily occurred during

the spring (September–November), from 4.4 to 2.9 days per year
(P¼ 0.1). There is also no detectable trend in the frequency of
widespread heavy or extreme rainfall days during this period.
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Fig. 3. As in Fig. 1, but for upper and surface cyclones on days where the

number of cells within each of five smaller regions (marked with a pink

polygon) with at least 50mm of rainfall is above the 99th percentile. The

black polygons from Fig. 1 are shown for comparison.
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The strong interannual variability in the number of ECLs

make trends difficult to determine, including for analysis such as
presented here, based on recent decades of reanalysis data, as
discussed in Dowdy et al. (2019) and references therein.

Previous studies also considered a range of other data sources
for earlier time periods (including observing station records,
shipping logbooks, newspaper stories, etc.) for examining

longer-term variations in cyclones and rainfall along eastern
Australia. These studies have highlighted large multidecadal
variability in the frequency of ECLs and related weather
systems, including large numbers of ECL-related floods in the

1860s and 1950s and a decline in floods with tropical influences
in recent decades (Power and Callaghan 2016; Gray et al. 2020).
Large multidecadal variability has also been observed in heavy

rainfall events (Ashcroft et al. 2019), which some studies have
linked to the Interdecadal Pacific Oscillation (Speer 2008).

Fig. 6 shows the linear trends in all surface and upper

cyclones in southeast Australia over the period 1979–2019.
Trends in surface cyclones over this period are generally
weakly negative in the region of interest, while there are areas

of both increasing and decreasing frequency of upper cyclones.
There are strong and statistically significant declining trends in
upper cyclones in the southern part of the domain as well as
further south; this region is of particular relevance to rain in

southwest Victoria (Fig. 3), which has been experiencing long-
term rainfall declines (Timbal and Drosdowsky 2013; Hope

et al. 2017).
The weak relationships between the frequency of cyclones at

different atmospheric levels, as well as between strong andweak

cyclones at a given level, suggests that they may have differing
relationships with major climate drivers. This may help to
explain the varying relationships found between ECLs and

ENSO in papers using a range of different datasets, and the
weak relationship between ENSO and rainfall over the ESB
during the cooler months (Pepler et al. 2014). To assess this, we

calculated the correlations between cyclone frequency in each
category for rolling three-month seasons against a range of
climate indices (Fig. 7).

Consistent with earlier studies using similar approaches

(Pepler et al. 2014, 2015), the relationship between tropical
modes of climate variability and ECLs is relatively weak, noting
that statistically significant correlations would be expected 5%

of the time from chance alone. The strongest relationships are
seen during the winter months (June–August), when La Niña
and negative IOD are both associated with a slightly increased

frequency of surface cyclones, including both deep and shallow
days. Interestingly, while these drivers have weak correlations
with the total number of upper cyclones (not shown), they are
associated with fewer shallow upper cyclones during this

season. This result could be because the increased frequency
of surface cyclones during La Niña years is associated with an
increase in the likelihood that an upper cyclone will be part of a

deep event, thereby decreasing the number of shallow upper
cyclones. The relationship between SAM and ECLs is also
generally weak, but positive SAM is associated with an

increased frequency of deep cyclones in August–October and
of shallow upper cyclones in December–February, noting that
SAM is associated with ENSO during the austral summer (Lim

et al. 2013).
Similar results are also seen when we use composites to

compare the frequency of ECLs between the positive and
negative phase of ENSO and the IOD. There are no statistically
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significant differences in the overall number of ECLs between

El Niño and La Niña years in any season, although the average
frequency of deep cyclones is higher in La Niña winters (7.7
days) than El Niño (4.1) or neutral (4.8) winters (P¼ 0.02 using

a t-test). Interestingly, the overall frequency of upper cyclones
is lowest during the summer of ENSO-neutral years, with the

opposite pattern observed for surface cyclones. There are also no

differences in the total number of ECLs in any season between
positive and negative IOD events, with positive IOD winters
associated with fewer surface cyclones and more upper

cyclones. While there is an overall decrease in deep cyclone
days in positive IODwinters (3.8) compared to neutral (5.3) and
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surface cyclones is divided by four to account for the higher (6-h) frequency of observations. Solid lines indicate where trends are

statistically significant (P, 0.05). Polygons indicate the regions used for identifying surface and upper ECLs in this study, for context.
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negative (6.6) IOD winters, this is not statistically significant
using a t-test (P¼ 0.09).

There are slightly stronger relationships between ECL
frequency and indices that represent local circulation anomalies,
including the strength and position of the local subtropical ridge
and the prevalence of westerly or easterly winds (GDI).

Interestingly, these indices frequently have opposing influences
at the surface and upper levels, with a stronger or southward
subtropical ridge and anomalously easterly winds (positive

GDI) associated with an increased frequency of shallow upper
cyclones and a decreased frequency of shallow surface cyclones,
but generally weak correlations with the frequency of deep

cyclones.
Fig. 8 shows the same correlations, but for the total rainfall

associated with cyclones. While these results are broadly

consistent with those shown in Fig. 7, there are some interesting
points of difference; for instance, while La Niña and negative
IOD years do not change the overall number of shallow surface
cyclones during the spring, they increase the amount of rainfall

these cyclones produce. Overall, correlations between climate
indices and ECL-related rainfall remain weak, with total ECL
rainfall most strongly associated with easterly winds (positive

GDI) during the summer and autumn and with negative IOD
during the winter and spring. In comparison, non-ECL rain is
strongly correlated with SOI during the winter and spring, with a

June–November correlation of þ0.58.

5 Conclusions

ECLs are an important influence on the rainfall of the ESB, but
the atmospheric levels and regions used to identify ECLs vary
between studies (Speer et al. 2009; Browning and Goodwin

2013; Dowdy et al. 2013a; Pepler et al. 2015). By first

identifying days with widespread heavy rainfall on the ESB,
we were able to identify the regions where cyclones were most

likely to produce heavy rainfall. The region used for surface
cyclones was similar to that used in previous studies (Speer et al.
2009; Pepler et al. 2015) but was restricted to cyclones within
600 kmof the east coast to focus on those that aremore impactful

on this heavily populated region, consistent with Hopkins and
Holland (1997). This excludes the large number of cyclones
further southeast, which can cause strong winds and large waves

in ocean regions but cause limited rainfall on the coastal strip.
The region used for upper (500 hPa) cyclones is to the northwest
and centredover inland southeastAustralia (24–368S, 142–1548E),
slightly west of the region identified by Dowdy et al. (2013a) of
25–358S, 145–1608E.

Heavy rainfall is most likely in cases when ECLs are

identifiable at the surface and upper level, which are called
‘deep’ cyclones.When this category is expanded to include days
where a cyclone was at a single level but the previous or
subsequent day is deep, to allow for different timing between

the levels, such events occur on 14.6 days per year but explain
16.5% of annual rainfall, 27.4% of days with at least 25mm of
rain, and 52.7% of days that exceed the 99th percentile for the

proportion of the ESB recording at least 50mm. This is
consistent with previous studies that identified that the most
severe ECLs are typically associated with both a surface and

upper cyclone (Mills et al. 2010; Dowdy et al. 2011; Pepler and
Dowdy 2020).

When no upper cyclone was identified, the intensity of a
surface cyclone, as measured by the average Laplacian of

pressure, was only weakly associated with the intensity of
rainfall on the east coast. In comparison, very strong upper-
only cyclones produced twice as much rainfall on the ESB as

weak upper-only cyclones, although it is important to note that
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many of these events developed a surface cyclone on the
subsequent day. However, the heaviest rainfall was associated

with deep cyclones, particularlywhen the cyclones at both levels
were strong.

Shallow surface cyclones were found to be most important

for rainfall in southern and inland regions, particularly during
the warm season, while shallow upper cyclones were most
important during the cool season and along the north and central

coastline. While the region used for identifying upper cyclones
was selected to optimise the identification of lows with heavy
rain on the ESB as a whole, it is possible that some of these
shallow surface cyclones in the southern region may be

associated with upper lows located to the south of our region,
so results will be somewhat sensitive to the domains chosen.

Shallow upper cyclones were more likely to produce heavy

rainfall than shallow surface cyclones, in contrast to results from
Pepler andDowdy (2020); this is partially related to the different
approaches used for identifying upper cyclones, including the

use of daily averaged geopotential height in this study, which
excludes those fast-moving shallow systems that produce little
rainfall, as well as the different domains used between the
studies (with the domain selected here specifically for relevance

to rainfall events in the ESB region). Some shallow upper
systems may also be associated with coastal troughs or very
small/transient surface cyclones near the coast, which may not

be detected in our analysis.
While distinguishing between deep and shallow systems

helps shed some light on the drivers of ECLs and associated

rainfall, the correlation with climate drivers is generally weak.
This is consistent with previous studies that assessed links
between ECLs identified from synoptic characteristics and

climate drivers (Pepler et al. 2014, 2015) but differs from studies
focused on ECL-related impacts, such as heavy rainfall and
widespread flooding (Power and Callaghan 2016). This may
suggest a role of La Niña in other factors that increase the

likelihood that a severe ECL will cause flooding, such as
moisture availability for heavy rainfall, catchment wetness
and preconditioning from other rain events, or changes in the

location or small-scale characteristics of ECL-related rainfall.
The period 1979–2019 is also too short for statistically

significant trends to emerge, especially given the large interan-

nual variability in ECL numbers, although there are indications
of a slight decline in deep cyclones as well as in upper cyclones
to the south of the region. This is consistent with model
projections of future declines in ECLs, particularly upper

systems (Dowdy et al. 2013b, 2014; Pepler et al. 2016a). Trends
in the frequency of cyclones that produce heavy rain also do not
necessarily imply a trend in the frequency of heavy rain events,

as the intensity of systems can also change; over the period of
interest there was no change in the frequency of widespread
heavy rain events on the ESB.

While this paper focuses on cyclones most relevant to the
ESB, the cyclones of greatest importance to rainfall vary across
southeast Australia, with inland surface lows as well as upper

cyclones to the south and west playing an important role for
rainfall in areas in southeast Australia that have experienced
long-term rainfall declines (Murphy and Timbal 2008; Risbey
et al. 2013). Future research will further investigate the role of

upper cyclones on rainfall in these regions and how the observed
declines in upper cyclones may interact with surface cyclones to

explain long-term rainfall trends.
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