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ABSTRACT: Severe winds associated with thunderstorms and convection are a hazard affecting
key aspects of society, including emergency management and infrastructure design. Several
studies around the world have shown that severe convective winds (SCWs) can occur due to several
different processes, in a range of atmospheric environments, with significant regional and temporal
variations. However, in eastern Australia, the types of SCWs and their variability have not been
assessed outside of individual case studies. Here, a combination of reanalysis, lightning, radar
and station data are used to characterise a set of 36 SCW events in four locations in eastern
Australia. These events are objectively chosen based on the strongest measured wind gusts from
station data (greater than 25 m/s) over a 14-year period, with 6-hourly lightning data and a 30
dBZ radar reflectivity threshold used to infer moist convective processes. Radar data analysis
suggests that these SCW events are produced by several different types of parent thunderstorms,
with station observations suggesting a range of temporal characteristics for these different event
types. A clustering algorithm applied to environmental data is used to suggest three dominant
types of events, based on low-level moisture, low-level temperature lapse rate, and deep-layer mean
wind speed and vertical shear. Based on the distribution of synoptic conditions and thunderstorm
properties for each environmental cluster, it is suggested that these three event types correspond to:
1) shallow vertical transport of strong synoptic-scale winds to the surface, 2) downbursts driven by

sub-cloud evaporation, and 3) intense thunderstorms including supercells.
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SIGNIFICANCE STATEMENT: The purpose of this study is to better understand the different
types of severe wind events in eastern Australia that are produced by convective storms. We
looked at 36 historical cases in four locations and find that severe winds can be produced by very
different classes of convective storms. We also suggest that there are three key types of atmospheric
environment that are associated with events in this region. These environments vary in terms of the
vertical structure of temperature, moisture, and wind speed above the surface. Understanding the
different types of environments that lead to severe convective winds can help to reduce uncertainties

in future climate projections for this region based on environmental changes.
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1. Introduction

Severe winds associated with convective processes, including thunderstorms, are a significant
hazard that can affect key sectors of society. In eastern Australia, wind gusts at a height of 10 m with
an average recurrence interval longer than 20 years are produced mainly by convective processes
(Holmes 2002), and are therefore an important factor to consider for infrastructure design and
planning, while also posing a unique hazard to aviation and emergency management, for example
(Potts 2002; Potter and Hernandez 2017; Oliver et al. 2000). As the physical processes and
statistical properties of severe convective winds (SCWs) are distinct from severe synoptic-scale
wind processes, they are often classified and analysed separately (Holmes 2002; Spassiani and
Mason 2021), noting that SCWs may be embedded within large-scale weather systems such as
cyclones and fronts (De Gaetano et al. 2014; Ludwig et al. 2015).

Previous studies have indicated that SCWs can occur due to a number of different physical
mechanisms, within a range of atmospheric environments (Wakimoto 2001). Downburst wind
events are driven by evaporation and sublimation of precipitation within the descending air of a
thunderstorm cell, which may be initiated and/or sustained by the contribution of hydrometeor
loading to negative buoyancy, with small-scale downbursts (less than 4 km across) known as
microbursts (Wakimoto 1985; Atkins and Wakimoto 1991). Dry microbursts, with little or no
precipitation at the surface, tend to occur in environments with a large amount of moisture available
at the cloud base, and a relatively dry, warm sub-cloud layer, leading to the potential for enhanced
evaporation and descending air with strongly negative buoyancy (Srivastava 1985; Proctor 1989).
Wet microbursts, accompanied by precipitation at the surface, can occur due to similar processes,
but in environments with high amounts of surface moisture and relatively low cloud bases, meaning
that hydrometeor loading plays a large role in wet microburst production compared with dry
microbursts (Atkins and Wakimoto 1991). Downbursts and microbursts can also exist within
the rear flank of supercell thunderstorms in highly sheared, unstable environments, noting that
severe surface winds can also be generated by pressure perturbations in these systems (Markowski
2002). Within mesoscale convective systems (MCS), which generally form in environments with
significant vertical wind shear for storm organisation (Schumacher and Rasmussen 2020), large
regions of evaporating precipitation can lead to strong downdrafts and outflow along the leading

edge of the system, often causing widespread severe winds (Johns and Hirt 1987). The tilting of
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these downdrafts due to vertical wind shear in some cases can lead to mesovortices within these
systems (Weisman and Trapp 2003), which can also contribute to severe wind damage (Wakimoto
etal. 2006). In addition, linear MCS can have mid-level rear inflow jets, which can lead to bow echo
systems, while descending jets can lead to strong winds at the surface (Weisman 1992). Severe
surface winds may also be generated by convective transport or vertical mixing of strong winds
from above the surface, including within marginally unstable environments (Geerts 2001; Mahoney
et al. 2009; Sherburn et al. 2021), often embedded in extratropical cyclones and their associated
fronts (Ludwig et al. 2015; Pantillon et al. 2020). These types of events may be associated with
relatively shallow convective storms, as investigated by Clark (2013) for "convective lines" in the
United Kingdom.

These findings have led to several studies that have investigated the climatological occurrence
frequency of various types of SCW events. For example, in some regions of the United States and
Europe, SCWs are found to be most commonly produced by linear MCS (Gatzen 2013; Klimowski
et al. 2003), while in other regions the distribution of storm types is shifted towards disorganised
or cellular convection (Smith et al. 2013; Yang et al. 2017). The type of storms that typically
produce SCWs may also depend on the time of year, as suggested by Pacey et al. (2021) who
found that the majority of European cases in warm-season environments are produced by cellular
convection, while events in cool-season environments tend to be associated with linear systems.
Earl et al. (2017) constructed a climatology of extreme wind gusts from extratropical cyclones
in the United Kingdom, and found that the strongest events tend to be associated with mesoscale
convective features, such as sting jets and convective lines. In the southeastern United States, SCWs
are often found to be produced by short-lived, "pulse" thunderstorms, with weak synoptic-scale
forcing (Miller and Mote 2018). In sub-tropical eastern Australia, Geerts (2001) hypothesised that
differences in the diurnal frequency distribution of SCW occurrences between inland and coastal
locations are related to the type of parent thunderstorm, however "no direct information (was)
available to classify the thunderstorms" in that study. Other studies in Australia have demonstrated
the occurrence of several types of SCW events on an individual case basis, including Richter et al.
(2014) who present an evaluation of a supercell storm with damaging gusts in the east Australian
city of Brisbane, while Earl and Simmonds (2018) have described a case of linear convective wind

storms driven by an extratropical cyclone in southern Australia. Although developments have been



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

12

113

114

115

116

17

118

119

120

121

122

123

124

made in understanding the climatological distribution of thunderstorm types in some regions of
Australia (Potts et al. 2000; May and Ballinger 2007; Warren et al. 2020; Hitchcock et al. 2021),
as well as the different types of large-scale environments for other hazards such as extreme rainfall
(Warren et al. 2021), the distribution of SCW event types in Australia has not been systematically
evaluated. This is in part due to limitations in the observational wind record and the small scale
nature of SCWs, as well as difficulties in their classification as distinct from other non-convective
wind events. The identification of different types of SCW events could help to reduce uncertainties
in future projections based on changes to convective ingredients in Australia (Brown and Dowdy
2021b), noting that there has been limited amounts of research related to future projections of
SCWs in other regions around the world (Seneviratne et al. 2021).

Here, a set of 36 SCW occurrences are examined from four locations in eastern Australia, in order
to investigate the different types of events in this region. These SCW occurrences were defined by
a previous study using daily maximum wind gust observations and 6-hourly lightning data (Brown
and Dowdy 2021a). Each event is characterised based on the convective environment and synoptic
features from ERAS reanalysis data (Hersbach et al. 2020), the type of parent thunderstorm based
on radar-derived storm statistics, lightning observations, and weather station observations at one-
minute frequency. High-resolution observations from radar, lightning and weather station networks
are intended to provide details on the mesoscale features associated with these events, building on
the original analysis of Brown and Dowdy (2021a). To provide some additional context around
the convective environment and synoptic features for the SCW events, these conditions are also
compared with their climatological occurrences at each location based on probability distributions
calculated over a 14-year period. In addition, the events are sorted into clusters based on their
convective environment, allowing for an assessment of possible event types. This assessment also
includes considering composite vertical soundings for each cluster, providing additional details for
helping aid the interpretation of physical processes associated with each cluster.

The remainder of this paper is structured as follows: In Section 2, the case selection process is
outlined, as well as the observational datasets and methods used to characterise each SCW event.
In Section 3 details of each event are presented, which are then used to suggest a classification of
event types for this region based on statistical clustering. In Section 4, a discussion of the results

is presented, prior to some concluding comments and a summary of the findings in Section 5.
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2. Data and methods

a. Severe convective wind dataset and event locations

In this study, cases are selected based on SCW events identified previously for Australia by
Brown and Dowdy (2021a), over a 14-year period from 2005 to 2018. Here, the Brown and Dowdy
(2021a) dataset is described, and four locations in eastern Australia are chosen for further analysis.
The method of selecting cases from this dataset at these locations will be described further in
Section 2c.

Events are defined by Brown and Dowdy (2021a) using daily maximum wind gust observations
from Automatic Weather Stations (AWS) greater than 25 m/s (3-second average wind speed at
10 m above ground level), which occur in the presence of lightning. The threshold of 25 m/s is
consistent with the criteria for damaging winds in Australia used by the Bureau of Meteorology.
Lightning data were used by Brown and Dowdy (2021a) to associate a severe wind gust with
convective processes in line with previous studies in other regions (Mohr et al. 2017; Yang et al.
2017; Smith et al. 2013). Lightning strokes for each gust event were obtained from two data
products combined on a 0.25-degree spatial grid: the World-Wide Lightning Location Network
(WWLLN, Virts et al. (2013)), and the Global Position and Tracking System (GPATS). In their
study, a wind gust measured at an AWS was considered convective if any grid box within 50 km
had at least two observed lightning strokes within the closest 6-hourly period.

For the current study, cases will be selected from four eastern Australian locations within the
dataset of Brown and Dowdy (2021a). Event locations are shown in Figure 1 and include three
extratropical coastal locations at different latitudes (Melbourne, Sydney and Brisbane), and an
inland location in southern Australia (Woomera). These locations are chosen based on having
a sufficient number of SCW events (see Section 2c), sampling climatic variability (see National
Resource Management regions in Figure 1), retaining proximity to high-quality weather radar with
archived data, and being within regions where SCWs are important for the extreme wind climate
(Holmes 2002). Brown and Dowdy (2021a) use one AWS to detect SCWs in the Melbourne
(Melbourne Airport), Sydney (Sydney Airport), and Woomera (Woomera Aerodrome) locations,
while for Brisbane, both the Amberley AWS and Oakey Aerodrome are used (Figure 1).
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Fic. 1. The locations of AWS used to define SCW cases from Brown and Dowdy (2021a), including for
Melbourne (M), Sydney (S), Brisbane (Oakey marked with an "O", Amberley marked with an "A"), and Woomera
(W). For each AWS, the range of the closest radar (150 km) is indicated by either a black solid circle (if the radar
has archived Doppler wind measurements) or a dashed circle (without Doppler wind measurements). Topography
data, provided as part of the Bureau Atmospheric Regional Reanalysis for Australia at 12 km spatial resolution
(BARRA; Suetal. (2018)) is contoured. National Resource Management (NRM) super-cluster regions, which are
often used to distinguish broad areas of similar climatic conditions (CSIRO and Bureau of Meteorology 2015),

are shown by black lines in the interior of the continent, and includes Eastern Australia (containing Sydney and

Brisbane), Rangelands (containing Woomera), and Southern Australia (containing Melbourne).

b. Radar data and storm properties

For each potential SCW case in the Brown and Dowdy (2021b) dataset at the locations in

Figure 1, parent storms are identified in this study using radar reflectivity data obtained from the
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Australian Unified Radar Archive (AURA; Soderholm et al. (2019)), on a grid with 1 km horizontal
and 500 m vertical spacing. The radars used here are Melbourne (for Melbourne Airport AWS),
Terrey Hills (for Sydney Airport AWS), Mt. Stapylton (for Amberley AWS), Marburg (for Oakey
Aerodrome AWS), and Woomera (for Woomera Aerodrome AWS). For further analysis of each
parent storm, AURA also contains a convective pixel classification that is determined using the
method of Steiner et al. (1995). For certain radars, including Melbourne, Terrey Hills, and Mt.
Stapylton, Doppler velocities are also available, as well as azimuthal shear that is computed from
the gridded velocity data following the method of Miller et al. (2013). Azimuthal shear data will
be used here to characterise storm rotation in line with previous studies (Smith et al. 2012). It
is noted that Doppler velocities and azimuthal shear are not available for the the Woomera and
Marburg radars. It follows that for potential events in the Brisbane domain, the Amberley AWS
will be prioritised over the Oakey AWS (detailed further in Section 2c).

For identifying parent storms, the tobac python package (Heikenfeld et al. 2019) is first applied
to smoothed 2-d fields of column-maximum reflectivity (either at 10-minute or 6-minute frequency
depending on the radar). A reflectivity threshold of 30 dBZ was used in tobac to segment
the smoothed reflectivity data into storm objects, with this threshold similar to other studies of
convective systems in eastern Australia (Potts et al. 2000; Hitchcock et al. 2021). Objects also have
minimum size, volume, and height requirements of 15 km?2, 30 km> and 2 km, respectively. The
size threshold is based on a previous study for Australia (Soderholm et al. 2017), and is intended
to allow for the identification of relatively small, cellular events, while ignoring radar artifacts that
may only be a few pixels in size. A 2 km height limit is also intended to remove radar artifacts,
namely ground clutter, while still retaining shallow convective storms. The storm object with
the highest maximum reflectivity value, within 10 km at the most recent scan before each event,
is assigned as the parent storm. The proximity threshold of 10 km is chosen to account for the
propagation of convective outflow ahead of a storm, in line with previous studies (Lagerquist et al.
2017).

A modified version of the TINT python package (Raut et al. 2021) is then used to track segmented
objects in time and to compute storm properties by fitting an ellipse to the object. The properties
computed include the major axis length, aspect ratio, number of local reflectivity maxima within

the object, the convective pixel fraction, and maximum object altitude. In addition, the 99.5th
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percentile of azimuthal shear between 2 and 6 km altitude within the object will be used for an
assessment of potential storm rotation. A temporal filter is applied to the 99.5th percentile of
azimuthal shear, with the rolling hourly median used to ensure that any rotation is sufficiently
long-lived. For all of the above-mentioned properties, values at the most recent scan before each
SCW event will be reported. These storm properties will also be used to develop a method for

objective storm classification, with the results of that development process described in Section 3a.

c. Case selection

In the current study, SCW events from Brown and Dowdy (2021a) at each of the four locations
described in Section 2a (see Figure 1) are selected as cases for further analysis. This is done by
choosing a set of the strongest measured gusts, with the constraint that these gusts have associated
archived radar reflectivity data, and a storm object within 10 km for analysis (with storms identified
following Section 2b). These radar constraints imposed on the original dataset of Brown and Dowdy
(2021a) are necessary to analyse the parent storm associated with each potential SCW event. A
total of 61 potential events were available from the Brown and Dowdy (2021a) dataset, including
11 for Melbourne, 13 for Sydney, 19 for Brisbane (including Oakey and Amberley), and 18 for
Woomera (see Figure 2). Of these 61 events, seven were not suitable for selection due to not having
a nearby storm object within 10 km, while four were not suitable based on having no associated
radar reflectivity data. It is possible that the seven events that did not have a nearby storm object
may not have been of a convective origin, although these events are not investigated any further
here.

From these potential SCW events, the nine with the strongest gusts are selected at each location
(with events that occur earliest selected for ties), meaning a total of 36 cases to be analysed further
in this study. This number of 36 events (nine at each of the four locations) was chosen given that
it is large enough to allow multiple instances of several event types to be considered, which could
help reduce the risk of drawing conclusions based on anomalous single events, while still being
small enough to allow for analysis on an individual event basis rather than relying only on summary
statistics. The rank-gust distribution for the Brown and Dowdy (2021a) dataset is shown in Figure 2
for each AWS, including for the events that are selected for this study, and events that are discarded.

Figures 2d and e show that for the Brisbane domain, the gust distribution for the Amberley AWS is

11
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weaker than for Oakey AWS, although all four events from Amberley are selected here due to the
availability of Doppler velocity data at that location (Section 2b), with the remaining five events for
Brisbane selected from Oakey. Details of the selected set of 36 cases are presented in the results

(see Table 1, for example).

d. High-resolution weather station observations and lightning data

To understand the evolution of each SCW event selected in Section 2c¢, two high-resolution obser-
vational datasets are used, including global lightning strokes aggregated at one-minute frequency,
and station observations of rainfall and wind gust intensity measured at one-minute frequency (not-
ing the gust data are a one-minute maximum of 3-second average wind speed). The high-resolution
lightning data is complementary to the 6-hourly data used by Brown and Dowdy (2021a) to define
their event dataset, and also uses WWLLN (Section 2a). For each SCW event, a time series of the
number of lightning strokes in a 50 km radius around the event is analysed, and summarised by the
total number of strokes over the hour centred on the peak gust.

The station observations are taken from the same set of AWS that measure the SCW events. The
one-minute AWS rainfall data are presented as an accumulation over the span of each SCW event,
defined as two hours before and after the event. The gust data is also presented for two hours either
side of the event peak, and is used to calculate the peak-to-mean wind gust ratio for each event.
The peak-to-mean wind gust ratio is defined here by dividing the peak event intensity by the mean
wind gust over a four hour period, centered on the event, and has been used by previous studies to

identify convective gust events (Durafiona et al. 2007; Holmes et al. 2018).

e. Convective environment and clustering

To analyse the convective environment of each selected SCW event, diagnostics are computed
from a combination of pressure-level and surface-level data from the ERAS reanalysis (Hersbach
et al. 2020), which is available on a global 0.25-degree horizontal grid. Specifically, we investigate
four key diagnostics that we hypothesise to be relevant for thunderstorm occurrence, organisation,
and severe surface wind potential. These include measures of low-level moisture (mass-weighted
mean water-vapor mixing ratio from 0—1 km, QmeanO1), low-level temperature lapse rate (from

1-3 km, LR13), deep-layer mass-weighted mean wind speed (from 0—6 km, Umean06), and deep-
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layer vertical wind shear (from 0—6 km, S06). These diagnostics have been been identified by
previous studies to be relevant for SCWs in Australia (Brown and Dowdy 2019, 2021a), noting that
low-level moisture is strongly related to convective available potential energy (CAPE) variability
(Ye et al. 1998), while low-level lapse rates are related to downdraft potential by enhancing the
negative buoyancy of descending air parcels (Srivastava 1985; Pryor 2015). However, downdraft
potential also depends on the downdraft initiation conditions in the mid-troposphere and low-level
humidity (Atkins and Wakimoto 1991). Deep-layer wind shear is related to convective organisation
(Weisman and Klemp 1982), while strong deep-layer mean wind speeds represent strong winds
aloft that can potentially be transported to the surface by convective processes and vertical mixing
(Geerts 2001). Spatially, all four diagnostics (Qmean01, LR13, Umean06, and S06) are matched to
a SCW event by using the maximum value over all ERAS land grid points within 50 km of the AWS
location, in order to account for errors in the timing and locations of air-mass boundaries within the
reanalysis. Temporally, diagnostics are matched to a SCW event by using the most recent hourly
time step before the event, with this method intended to represent pre-convective conditions.

Environmental conditions for the set of SCW events are compared to the climatological distri-
bution using 6-hourly ERAS data from 2005-2018 at each location, at 0000, 0600, 1200, and 1800
UTC. This analysis is performed separately using a convective and non-convective environmental
climatology. The convective climatology is defined by 6-hourly lightning occurrences, and the
non-convective climatology is defined by all 6-hourly time steps without lightning. Lightning
occurrences used in the construction of the convective climatology are defined in the same way
as for the Brown and Dowdy (2021a) SCW dataset described in Section 2a, by using data on a
0.25-degree grid from two lightning datasets (GPATS and WWLLN), and considering two or more
strokes within each 6-hourly period centered on the ERAS data. The convective climatology is
referred to as an "ordinary" convective climatology, given that it does not include the SCW events
examined here.

K-means clustering is used to identify dominant convective environment types, following several
studies such as Pacey et al. (2021) for SCWs in Europe and Warren et al. (2021) for extreme
rainfall in Australia, noting that other clustering methods have also been applied for some studies
(for example, Zhou et al. (2021) for global hail environments using self organising maps). The

choice for the number of clusters will be based on the silhouette score, which is described in the
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Appendix, as well as the consistency of clustering based on data from ERAS and data from a
separate reanalysis, the Bureau Atmospheric Regional Reanalysis for Australia (BARRA; Su et al.
(2018)). A second reanalysis is used in order to consider the stability of the clustering method to
changes in the input, noting that the representation of SCW environments and synoptic conditions
between ERAS and BARRA are qualitatively similar for the events in this study (not shown), such
that only ERAS is used for the remainder of the analysis. The consistency between ERAS and
BARRA clusters will be assessed quantitatively by the Rand score, described in the Appendix,
as well as qualitatively by comparing the environmental and storm characteristics of each cluster
between reanalyses. It is noted that the addition of other commonly used convective diagnostics,
such as storm relative helicity, CAPE, and downdraft CAPE, did not change the nature of the
clusters presented in Section 3d based on the four diagnostics discussed above (Qmean0O1, LR13,
Umean06, and S06), providing confidence that these diagnostics explain a significant amount of

the variability in SCW environment types across these locations.

f. Synoptic analysis

Complementary to convective environment analysis, synoptic-scale features associated with
each SCW event are analysed by computing diagnostics including the gradient in wetbulb potential
temperature on the 700 hPa surface (GradT700), and geostrophic vorticity on the 500 hPa surface
(GV500) from ERAS data. This follows the method of Dowdy and Catto (2017) for the identification
of conditions associated with synoptic-scale frontal systems (GradT700) and cyclones (GV500),
including those which are collocated with favourable convective environments.

A single value of GradT700 and GV500 are associated with each SCW event, by taking maximum
(for GradT700) and minimum (for GV500) values within a 500 km radius around the location of
the AWS that measured the event. There is no clear optimal distance for associating synoptic-scale
features with individual weather events, and here 500 km is chosen based on previous studies
(Dowdy and Catto 2017; Pepler et al. 2021), and by visually inspecting the distance between
fronts/cyclones and SCW events for individual cases (maps for each case are provided in the
Supplementary Material). Although values of GV500 and GradT700 for some individual cases
are impacted by the size of this radius, distributions shown later in Section 3d were found not to

be sensitive to the choice of radius, with similar results using 1000 km instead of 500 km (not
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shown). For GV500, the minimum value is computed within the 500 km radius, as negative values
represent cyclonic activity that is of potential interest for severe wind events, while maximum
values are computed for GradT700, which represents strong synoptic-scale fronts. Before the
calculation of both quantities, ERAS data is re-gridded to 1-degree latitude-longitude spacing
using a spatial mean, to focus the analysis on large-scale systems. The synoptic conditions for
each event will be analysed by inspection of the joint GradT700-GV500 distribution across events
and locations. As for the convective environment (Section 2e), GV500 and GradT700 are also
computed climatologically for ordinary convective occurrences (based on lightning as a proxy
indicator) and non-convective occurrences from 6-hourly ERAS5 data during the period 2005-2018,

with values for SCW events here compared to each climatological distribution.

3. Results

a. Radar, lightning and station observations

The majority of SCW events show a transient spike in gust intensity compared with the back-
ground surface wind gusts (Figure 3). These large, transient gust events therefore correspond to
relatively large peak-to-mean wind gust ratios (see Section 2d for definition of this ratio). Large
peak-to-mean wind gust ratios were used by Holmes et al. (2018) to define convective wind events
in southern Australia, with a threshold value of two applied to both pre and post-event ratios.
Events with low peak-to-mean wind gust ratios tend to be confined to the southern coastal locations
of Sydney and Melbourne (Figure 3m.a, s.a, s.b, s.c, s.d, s.h), noting that a significant portion of
severe weather in these regions tends to be driven by synoptic-scale systems such as midlatitude
cyclones and fronts that can produce sustained occurrences of strong surface wind speeds. For
events with large peak-to-mean wind gust ratios, the post-event gust intensity tends to either revert
back to pre-event conditions (for example, Figure 3m.c, b.f), or remain strong (for example, Figure
3s.e, w.g). The latter type of gust evolution likely represents a change in synoptic air-mass, with
convection along a frontal boundary leading to the peak gust, followed by strong post-frontal winds,
as described and classified as "transition" events by Spassiani and Mason (2021).

The amount of lightning associated with these cases varies regionally, with Brisbane events
associated with much higher amounts of lightning than events in other locations. The number of

lightning strokes within 50 km of each event across all locations ranges from O to 1,047 during the
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Fic. 3. One minute gust observations in m/s (red line), peak-to-mean wind gust ratio (black line), the number
of lightning strokes at one-minute frequency within 50 km of each gust (purple line) and accumulated rainfall
in mm (dashed blue line) for each SCW case in Melbourne (m.a-m.i), Sydney (s.a-s.i), Brisbane (b.a-b.i) and

Woomera (w.a-w.i). Times are in UTC. A wind gust ratio of two is indicated with a horizontal black dotted line.

hour centred on the peak gust, suggesting that while SCWs are often accompanied by lightning, they
can sometimes occur with very little or no lightning during the hour of the peak gust intensity. While

these events were defined by Brown and Dowdy (2021a) based on the occurrence of lightning over
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a 6-hour period (Section 2a), the results here using higher-resolution data are intended to provide
perspectives on lightning occurrences using time scales more relevant for thunderstorms at point
locations (one-hour in a 50 km radius). SCW events that occur without lightning during an hour
of the peak gust (five events within this set of cases: three in Sydney, one in each of Woomera and
Melbourne) are likely related to shallow convection, and this will be explored further in Section
3d.

Radar reflectivity images for each SCW event are shown in Figures 4-7, suggesting that these
events may be produced by a wide range of parent storms, as demonstrated by previous studies
for other regions of the world (Smith et al. 2012; Gatzen 2013; Yang and Sun 2018; Pacey et al.
2021). These include large linear systems (e.g. Figure 5i), small isolated cells (e.g. Figure 7g),
clusters of cells (e.g. Figure 7c), or systems with disorganised, shallow convection (e.g. Figure
4a). Most of these parent storms produce at least some rainfall associated with the SCW event,
with 30 out of the 36 cases having the AWS measure at least 1 mm in the hour after the peak
wind gust (Figure 3). Like lightning, the amount of rainfall accompanying the SCW events varies
regionally. For example, Brisbane events are associated with much higher rainfall totals than other
locations, while precipitation is limited for some Woomera cases (Figure 3 w.e, w.h). Using the
storm object properties described in Section 2b and presented in Table 1, we attempt to define a
classification scheme for these storms that can be applied objectively, by using methods described
in the following paragraph, broadly following previous classification schemes (Gallus et al. 2008;
Smith et al. 2012; Hitchcock et al. 2021).

In line with Hitchcock et al. (2021) who study rainfall for Melbourne, if the major axis of an object
is longer than 100 km and the object has an aspect ratio greater than three, the storm is classified
as linear. If the object is longer than 100 km and has an aspect ratio less than three, it is classified
as non-linear, broadly corresponding to the objects identified by Gallus et al. (2008). If the object
is less than 100 km in length then the storm is either classified as cellular or a cell-cluster, based
on the number of local reflectivity maxima within the object (cellular = 1, cell-cluster > 1). For
locations where azimuthal shear data are available (that is, events measured with the Melbourne,
Sydney, and Amberley AWS), storms are able to be classified as potential supercells by identifying
high values of this quantity. If these potential supercells are embedded within a large system

(linear or non-linear), then the object is classified as an embedded supercell, to reflect uncertainties
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relating to the physical processes leading to the measured gust. If the potential supercell is not
embedded within a large system (the object length is less than 100 km), then it is classified simply
as supercellular. Here, azimuthal shear values exceeding 0.0040 s~! (after processing described
in Section 2b) are considered to be suggestive of a potential supercell, with this threshold chosen
based on the distribution across all parent thunderstorms (shown in the Appendix Figure Al),
manual inspection of Doppler velocity signatures (see Supplementary Material), and knowledge
of historically significant cases within this study exceeding this threshold (for example, see Allen
(2012) for Figure 4f). Cases here that exceed this threshold also have high azimuthal shear values
through a relatively deep layer (shown in the Appendix Figure A2), suggesting deep rotation
consistent with supercellular definitions. Based on evidence available for the SCW cases here, this
approach of using a threshold on azimuthal shear is considered suitable for an objective indication
of likely supercell events. However, it is noted that in general, the application of this method could
potentially exclude some marginal supercell events, as well as events with relatively shallow or
narrow rotation (Richter 2007). For events measured at locations without azimuthal shear data
(Woomera and Oakey AWS), supercell classifications are not considered as this objective method
can’t be applied, although some events measured by Oakey AWS could potentially be supercellular
based on reflectivity images (Figure 6).

Application of this classification method to the cases here results in 3 linear systems, 13 non-
linear systems, 7 cell clusters, 4 supercells, 5 embedded supercells, and 4 cellular storms (Table
1). Table 1 also reveals that several of these storms are relatively shallow, according to the
maximum height of the object. There is a bimodal distribution of maximum heights across all
parent thunderstorms, with peaks in frequency at 5-6 km and 11-12 km (shown in the Appendix
Figure A1), and 10 relatively shallow storms that reach below a 7 km maximum height. These
relatively shallow storms appear at the southern locations of Melbourne, Sydney, and Woomera,
and are either cellular storms, cell clusters, or non-linear storms. Linear systems also tend to
appear in these southern locations, noting a relatively small sample size of linear systems here.
Non-linear storms appear most frequently in Sydney, Brisbane and Woomera. Of the 9 storm
objects with rotation (supercells and embedded supercells), four occur in Brisbane (as measured
by Amberley AWS), two occur in Sydney, and three occur in Melbourne. Of the seven cell clusters

identified, three occur at Woomera, one occurs in Brisbane, two occur in Melbourne, and one
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occurs in Sydney. Cellular storms either appear in Woomera (three events) or Sydney (one event),
again with a relatively small sample size for this storm type.

Although the classifications developed here have been designed to reduce errors in labelling
these parent storms compared with manual analysis, misclassifications may still exist due to the
automatic segmentation methods described in Section 2b. These misclassifications may relate in
some cases to reflectivity regions identified as storm objects that are inconsistent with physical
understanding. For example, the event shown in Figure 4h is labelled as non-linear based on
having a broad region of high reflectivity values (above 30 dBZ) with a low aspect ratio (Table
1), but with linear orientation at the leading edge of the system suggesting a linear convective
system. There is also uncertainty related to the target of the segmentation algorithm in some cases,
and whether individual convective cells should be identified as parent objects, compared with the
larger, mesoscale convective structure in which the cells are embedded. The choice of identifying
individual convective cells here (for example, Figure 5h) could potentially overlook mesoscale

structures associated with SCWs.
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FiG. 4. Column-maximum reflectivity for the nine SCW events from Melbourne (Melbourne Airport AWS,
marked with a grey triangle), from the Melbourne radar (shown with a "+" symbol"). The most recent scan
before each gust is presented, with the parent storm object outlined in black. Range rings of 50, 100, and 150

km are shown.
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431 FiG. 6. As in Figure 4 but for Brisbane (a, b, e, h Amberley AWS and c, d, f, g, i, Oakey Aerodrome AWS).
«2  Note that the Mt. Stapylton radar location is shown for events measured by Amberley AWS, while the Marburg

«  radar location is shown for Oakey Aerodrome AWS.

23



a) 2007-10-27 09:00 UTC b) 2008-12-09 06:10 UTC c) 2010-12-07 09:20 UTC
5 ¥

30°5
50.5°5
31°5
51.5° |
32°5
;. 2 é*’ #2525
1355 136.5°E  137.5°E 1355 136.5°F  137.5°E 135.5°E  136.5°F  137.5°

d) 2011-11-08 09:40 UTC e) 2012-01-29 04:40 UTC ) 2012-11-30 08:30 UTC
30°5 30°5 [=_|s = T -

% r‘g:{/ﬂ 2,
30.5°S B0.5°5 | # T 2 ;
\ J ".“a.‘_h -/ " »
31°s 31°5 | =

T, .,
&’

2.5 - / 25 .

as \-““H-._

135.5°E  136.5°E  137.5°F 135.5°E  136.5°E  137.5°F 135.5°E .136.5°E 137.Q;E.
g) 2014-10-31 07:50 UTC h} 2015-12-07 11:20 UTC i) 2017-12-18 11:30 UTC

30°s .

30.5°S
31°s

31.5°S
32°5

.50 :

135.5°E  136.5°E  137.5°F
0 10 20 30 40 50 60

Reflectivity (dBZ)
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437

Time (UTC) Location (Figure  Major Aspect Local Aziumthal ~ Maximum Storm type  Environ.
reference) axis ratio maxima shear altitude cluster
(km) (s7h (km)
2006-09-24 01:40:02  Melbourne (4a) 142.8 2.4 10 5.0 Non-linear 1
2009-11-20 03:00:32  Melbourne (4b) 97.5 1.5 10 0.0024 6.5 Cell cluster 2
2010-03-06 03:24:32  Melbourne (4¢) 141.4 1.4 11 0.0044 11.0 Embedded supercell 3
2010-06-17 00:24:28  Melbourne (4d) 203.3 2.8 12 0.0025 4.0 Non-linear 1
2011-11-18 07:00:35  Melbourne (4e) 291.7 4.3 18 0.0033 11.0 Linear 2
2011-12-25 06:42:36  Melbourne (4f) 60.0 2.1 1 0.0047 13.0 Supercellular 3
2012-02-26 09:06:32  Melbourne (4g) 76.6 2.4 3 0.0025 9.5 Cell cluster 3
2015-02-28 09:24:34  Melbourne (4h) 274.9 1.4 55 0.0028 8.5 Non-linear 2
2017-12-19 08:48:28  Melbourne (4i) 211.5 1.7 26 0.0042 13.5 Embedded supercell 2
2010-08-02 15:43:01  Sydney (5a) 137.6 2.5 12 0.0029 4.5 Non-linear 1
2012-08-10 04:19:02  Sydney (5b) 76.7 3.6 3 0.0025 35 Cell cluster 1
2013-02-23 13:43:04  Sydney (5¢) 228.4 1.5 31 0.0031 12.0 Non-linear 3
2014-10-14 11:37:05  Sydney (5d) 290.5 1.8 33 0.0032 7.5 Non-linear 1
2015-03-01 04:31:04  Sydney (5e) 162.1 3.1 8 0.0043 11.5 Embedded supercell 3
2015-12-16 02:01:03  Sydney (5f) 146.9 1.5 12 0.003 10.5 Non-linear 3
2016-01-14 04:19:00  Sydney (5g) 89.9 35 3 0.004 15.0 Supercellular 3
2016-06-04 03:37:03  Sydney (5h) 22.8 1.9 1 0.003 35 Cellular 1
2017-04-09 08:01:00  Sydney (5i) 370.5 4.7 33 0.0031 12.0 Linear 2
2010-12-16 03:24:30  Amberley (6a) 245.3 34 16 0.0054 15.5 Embedded supercell 3
2011-01-18 05:00:22  Amberley (6b) 60.7 1.9 2 0.0051 11.0 Supercellular 3
2011-10-07 19:21:46  Oakey (6¢) 204.5 2.1 19 11.0 Non-linear 3
2013-10-18 04:01:52  Oakey (6d) 142.5 1.8 8 10.5 Non-linear 3
2013-11-23 09:42:35  Amberley (6e) 269.3 33 18 0.005 13.5 Embedded supercell 3
2014-01-23 04:51:49  Oakey (6f) 230.3 1.9 28 10.0 Non-linear 3
2016-01-29 04:21:52  Oakey (6g) 149.2 2.3 10 16.0 Non-linear 3
2016-12-18 04:12:47  Amberley (6h) 62.8 1.7 4 0.0059 12.5 Supercellular 3
2018-02-13 07:01:55  Oakey (6i) 50.6 1.6 2 16.5 Cell cluster 3
2007-10-27 09:00:02  Woomera (7a) 68.3 2.7 3 6.0 Cell cluster 2
2008-12-09 06:10:02  Woomera (7b) 51.0 33 2 8.0 Cell cluster 3
2010-12-07 09:20:02  Woomera (7¢) 63.5 1.6 5 9.0 Cell cluster 2
2011-11-08 09:40:01  Woomera (7d) 183.5 39 12 9.5 Linear 2
2012-01-29 04:40:01  Woomera (7e) 13.1 1.4 1 5.5 Cellular 3
2012-11-30 08:30:01 ~ Woomera (7f) 226.1 2.6 16 13.5 Non-linear 3
2014-10-31 07:50:05  Woomera (7g) 27.6 1.3 1 5.5 Cellular 2
2015-12-07 11:20:04  Woomera (7h) 10.3 1.3 1 5.0 Cellular 2
2017-12-18 11:30:02  Woomera (7i) 272.2 1.6 56 10.5 Non-linear 2

TaBLE 1. Object properties for parent storms of each SCW event, as described in Section 2b, as well as the

corresponding environmental cluster (see Section 3d for cluster descriptions). Recall that Brisbane events are

split between Amberley and Oakey AWS sites (Section 2c). Figures showing reflectivity images are referenced

after each location in the table.
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b. Convective environment

Values of Qmean01 and S06 from ERAS for each SCW event are shown in Figure 8, along
with the climatological joint probability distribution for these values. Climatological analysis
reveals that ordinary convective-environment probabilities (based on lightning occurrences) are
shifted to higher values of QmeanO1 (mean of 11.0 g/kg) than non-convective environments (mean
of 7.7 g/kg) at all locations, associated with increased moisture for deep convection. Ordinary
convective-environment probabilities are also shifted to slightly higher values of SO6 (mean of 17.9
m/s) relative to non-convective environments (mean of 17.3 m/s).

SCW environments are generally shifted to higher values of Qmean01 and/or SO6 (mean of 11.4
g/kg and 22.0 m/s, respectively) compared with ordinary convective environments. There is a
slight negative correlation between Qmean(01 and S06 for the SCW events examined here (Pearson
coeflicient of -0.35), suggesting that events with high amounts of low-level moisture tend to occur
with relatively low amounts of vertical wind shear, and vice-versa. The climatological Qmean01-
S06 distribution shows regional variations for these locations, with Melbourne and Woomera
having ordinary convective occurrence probabilities with higher S06 than other locations, while
Sydney and Brisbane have higher values for Qmean(O1. This is consistent with higher amounts of
baroclinicity at higher latitudes leading to increased vertical wind shear, and higher amounts of
moisture at lower latitudes.

The climatological joint probability distribution for LR13 and Umean06 from ERAS data is
shown in Figure 9, along with values for the SCW events considered here. Results demonstrate
a shift to higher values of LR13 for ordinary convective environments (mean of 7.0 K/km) and
SCW environments (mean of 7.6 K/km), compared with non-convective environments (mean of 5.5
K/km), consistent with increased instability for deep convection and intense downdrafts. There is
also a shift towards higher values of Umean06 for SCW environments (mean of 14.7 m/s) compared
with ordinary convective environments (mean of 9.2 m/s) and non-convective environments (mean
of 8.9 m/s). For Melbourne and Woomera, SCW events are generally shifted to higher values of
LR13 and/or Umean06 compared to ordinary convective environments for these locations. For
Brisbane and Sydney, ordinary convective-environment probabilities are generally shifted to higher
values of LR13 compared to non-convective environments, although Umean06 is less important for

distinguishing between these occurrences. However, Umean06 does appear to provide favourable

26



468

469

470

471

472

473

474

475

476

477

478

479

480

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

conditions for some SCW events in these locations, based on having higher values than ordinary
convective environments.

These results demonstrate that environmental values of low-level moisture and vertical wind shear
are relevant for SCW occurrences in these locations for eastern Australia. High values of vertical
wind shear may be related to SCW event occurrence through an enhanced frequency of organised
convection in some cases (Weisman and Klemp 1982), but could also represent high amounts of
baroclinicity and synoptic-scale forcing that are known to drive some wind events (Ludwig et al.
2015). The low-level temperature lapse rate appears to discriminate between ordinary convection
and non-convective environments at these locations, likely related to greater convective instability,
but may only be relevant for the majority of SCW events in Melbourne and Woomera (Figure 9).
Deep-layer mean wind speeds discriminate between ordinary convection and SCW occurrences for
a subset of events at all locations, potentially related to the mixing of high wind speeds aloft down

to the surface (Geerts 2001).

c. Synoptic conditions

For all locations analysed here, the distribution of climatological occurrence probabilities for
GradT700, calculated from ERAS data, is shifted to higher values for ordinary convection occur-
rences compared with non-convective occurrences. This shift is relatively small for Brisbane and
Sydney, which have a smaller range of GradT700 compared with the southern locations of Mel-
bourne and Woomera (Figure 10). The shift in GradT700 for ordinary convective occurrences likely
reflects enhanced regions of convective initiation associated with synoptic-scale frontal boundaries
in many cases. The distribution of GradT700 for SCW events is relatively uniform, although a
number of SCW events occur with above-average values compared with the probability distribution
for ordinary convective occurrences, representing the presence of a significant large-scale frontal
boundary (Figure 10).

There are two Melbourne events (a, d) and four Sydney events (a, b, d, 1) that occur with
relatively strong synoptic-scale cyclonic activity, with more negative values of GV500 compared
with ordinary climatological occurrences. Cyclonic activity appears to be less relevant for events in
Woomera and Brisbane. Each of these Sydney events are associated with "east coast low" pressure

systems (Dowdy et al. 2019), based on archived analysis charts and event reports from the Bureau
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Fic. 8. QmeanO1 (g/kg, vertical axis) and S06 (m/s, horizontal axis), as calculated from ERAS data, for

the 9 SCW cases at a) Melbourne, b) Sydney, ¢) Brisbane and d) Woomera. For comparison, events for each

location are marked with the letter corresponding to their panel location in Figures 4-7. For each location,

events from all other locations are marked with crosses, including Melbourne (black), Sydney (blue), Brisbane

(orange) and Woomera (red). Climatological occurrence probabilities are contoured for reference, using 6-hourly

instantaneous gridded data (Section 2e), shown separately for when there is lightning observed in the 6-hourly

window centered on those data near the location (solid contour lines) and when there is no lightning (dashed

contour lines). Contour levels represent probabilities of 0.001, 0.006, 0.012, 0.018, 0.024, 0.030, and 0.036.

of Meteorology. Maps of GV500 and GradT700 for each SCW event can be found in the in the

Supplementary Material.
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Fic. 9. As in Figure 8 but for LR13 (K/km, horizontal axis), and Umean06 (m/s, vertical axis). Contour levels

represent probabilities of 0.001, 0.004, 0.012, 0.02, 0.028, 0.036, and 0.044.

d. Event types

Dominant event types based on the convective environment from ERAS data are investigated
here, based on the four diagnostics analysed in Section 3b, and related to the other statistics
presented in Section 3a and 3c including precipitation, hourly lightning strokes, peak-to-mean gust
ratio, synoptic features, and parent-storm object properties. K-means clustering was performed
with the choice of three clusters, based on results presented in Appendix B.

The resulting three clusters based on the convective environment from ERAS data are shown in

Figure 11 and are characterised by:
* Cluster 1: Low values of QmeanO1 and high values of Umean06

* Cluster 2: High values of LR13 and moderate values of Umean06 and Qmean0O1
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Fic. 10. As in Figure 8 but for the gradient of wet pulb potential temperature at 700 hPa (GradT700), and

geostrophic vorticity at 500 hPa (GV500), calculated from ERAS5 data, in a 500 km radius around each event.

Contour levels represent probabilities of 0.001, 0.004, 0.014, 0.024, 0.034, and 0.054.

* Cluster 3: High values of Qmean01 and low values of Umean06

with these characterisations consistent with clustering using BARRA data (see Appendix, Figure
B2). All clusters tend to have relatively high S06, with all but 2 events occurring in environments
with S06 greater than 10 m/s, which is often used as a minimum value required for convective
organisation (Cintineo et al. 2020; Thompson et al. 2004). However, cluster 1 tends to have
relatively high shear values compared to cluster 3, while there appears to be some uncertainty
in the cluster 2 shear distribution when considering BARRA results (Figure B2). Cluster 1 is
distributed across Melbourne (2 events) and Sydney (4 events), cluster 2 across Melbourne (4
events), Sydney (1 event) and Woomera (6 events), and cluster 3 across Melbourne (3 events),

Sydney (4 events), Brisbane (9 events), and Woomera (3 events). There is a significantly higher
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Fic. 11. Three clusters of convective environments for SCW events, resulting from k-means clustering of all
36 events. Events for each cluster are shown in the a) Qmean01-S06 and b) LR13-Umean06 joint distribution,
while the distribution of c) S06, d) Qmean01, e) LR13, and f) Umean06 are shown as boxplots for each cluster.
Clusters are coloured as follows in increasing order of QmeanO1: red (cluster 1), yellow (cluster 2) and blue
(cluster 3). Boxes represent the inter-quartile range of the distributions, box whiskers extend to 1.5 times the

inter-quartile range, and outliers are shown with black diamonds.

number of cases in cluster 3 (19 cases) than clusters 1 and 2 (6 and 11 cases, respectively) due to
all of the Brisbane events belonging to that cluster. However, we found that the clustering of cases
was similar when excluding these Brisbane events (not shown).

Distributions of parent-storm size and shape are similar across environmental clusters (Figure

12a—c), although storms within cluster 1 may be slightly more elongated than those in other
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clusters based on median values of aspect ratio (Figure 12b). Figures 12e and f suggest that
storms occurring in cluster 1 environments tend to be relatively shallow and have low convective
pixel fractions compared with other clusters. These storms appear to be strongly associated with
synoptic-scale cyclones, as evidenced by the distribution of GV500, resulting in a low peak-to-
mean gust ratio due to sustained strong winds (Figure 12g and j). Storms occurring in cluster
2 environments tend to be deeper and more convective than storms in cluster 1 environments,
with significantly higher peak-to-mean gust ratios (Figures 12e—g). Storms occurring in cluster 3
environments are the deepest and most convective storms compared with storms in other clusters,
and therefore contain most supercells and embedded supercell events identified based on azimuthal
shear (Figure 12d—f). Cluster 3 also contains SCW events that occur with relatively large amounts
of lightning and precipitation in the hour of the peak gust, compared with clusters 1 and 2 (Figure
12h and 1). Similar to cluster 2, high peak-to-mean gust ratios are also produced by cluster 3 events
(Figure 12g). Again, these cluster characteristics based on ERAS data are similar when considering
events clustered using BARRA, as shown in the Appendix (Figure B3).

The above analysis relating the convective-environment clusters to storm statistics, surface ob-
servations, and synoptic features suggests that the three clusters may correspond to the following
physical mechanisms, consistent with current understanding of SCW processes from deep moist
convection (Wakimoto 2001) and convection within extratropical cyclones (Earl et al. 2017; Ludwig

et al. 2015; Pantillon et al. 2020):

 Cluster 1: Sustained periods of strong winds (Figure 12g), often associated with synoptic-scale

cyclones (Figure 12j), and relatively shallow convection (Figure 12e and f).

* Cluster 2: Downbursts and gust fronts driven by evaporation, occurring in environments with

steep low-level lapse rates (Figure 11e) and limited low-level moisture (Figure 11d).

* Cluster 3: Deep convective storms (Figure 12f), often with rotation (Figure 12d), producing

strong outflow.

The physical meaning of each cluster is investigated further in Figure 13 through the use of
composite vertical profiles. Vertical profiles are obtained using ERAS pressure-level and surface-
level data at the most recent hour before each event, vertically interpolated to regular height

intervals, at the grid point within 50 km of each event (model land points only) with the highest
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Fic. 12. Distribution of (a—f) storm statistics, (g—i) station and lightning observations (logarithmic scale for
lightning strokes), and (j, k) synoptic feature diagnostics for each convective environment cluster. Box and

whisker definitions are the same as Figure 11.

value of CAPE (most-unstable parcel, based on having highest CAPE in the vertical). Prior
to compositing, each vertical wind profile was rotated such that the mean 0-6 km wind vector
is westerly. This was done to ensure that the deep-layer vertical wind speed profile would be
broadly preserved after averaging, rather than being smoothed out due to variations in deep-layer
wind direction between environments within each cluster. However, it is noted that vertical wind
structures within the 0-6 km layer are not expected to be preserved within the compositing process.

Figure 13a shows that cluster 1 has strong winds throughout the lower and middle troposphere,
consistent with the distribution of Umean06 in Figure 11. These environments also occur with

almost zero most-unstable CAPE, calculated based on the composite most-unstable parcel (32
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J/kg), noting that CAPE based on the composite profile for each cluster is towards the lower tail of
the distribution across events, due to smoothing of favorable environmental profiles in compositing
(see insets in Figure 13). Figure 13b shows that cluster 2 soundings tend to be favourable for
microbursts (Wakimoto 1985), with an inverted-V (near-constant potential temperature and mixing
ratio) extending from the surface to 800-700 hPa, strong upper-level winds with the potential for
horizontal momentum to be transferred down to the surface, and low values of CAPE (263 J/kg
based on the most-unstable composite parcel). Figure 13c shows a relatively warm and moist
near-surface profile for cluster 3 events, with large amounts of composite-parcel CAPE (1505 J/kg
based on the most-unstable parcel) and a moderate amount of vertical wind shear, suggesting the
potential for severe, organised thunderstorms (Weisman and Klemp 1982). Reanalysis soundings
for individual events are shown in the Appendix separately for each cluster (Figure C1-C3). For
events within cluster 3, individual soundings generally suggest relatively warm and moist low-
level environments with large CAPE, similar to the cluster 3 composite. However, there are
also several events with inverted-V environmental profiles, suggestive of microburst soundings
discussed earlier in relation to cluster 2. In addition, some of the cluster 3 events exist within low
wind shear environments, which may limit potential for organised thunderstorms (Weisman and
Klemp 1982). These findings suggest that although the environmental clusters capture three broad

types of SCW events, there still remains significant variation within each cluster.

4. Discussion

Convective environments and synoptic features were examined here for SCW events in eastern
Australia. Several clusters of those conditions were found to be indicative of different types of SCW
processes. These processes may be produced by different types of storms, including linear systems,
large non-linear systems, discrete cells, cell clusters, and supercells, with some of these storms
being relatively shallow. Previous studies have shown that the distribution of parent-storm types
for SCWs is non-uniform. For example, Klimowski et al. (2003) and Gatzen (2013) found that the
majority of events in the northern High Plains of the United States and Germany, respectively, are
associated with linear modes including bow echoes, while Pacey et al. (2021) found that European
events in warm-season environments are most often produced by cellular convection. Some

regional variations are suggested by the current study, including a greater proportion of shallow
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Fic. 13. Composite virtual temperature (red, degrees C), dew point (green, degrees C), and wind profiles
(barbs, hodograph, kts) for the convective-environment clusters (a) 1, (b) 2 and (c) 3. Lifted-parcel traces are
shown in terms of virtual temperature, and use the composite 100 hPa mixed-layer mean (blue dotted) and
most-unstable conditions (dotted red). Hodographs are shown with red, green, blue and black lines representing
0-3, 3-6, 6-9, and 9-12 km winds, respectively. An inset in each figure panel shows boxplot distributions of
most-unstable CAPE (MUCAPE) across the events in each cluster, with MUCAPE based on the composite profile
represented by a triangular marker. Boxes here represent the interquartile range, whiskers extend from minimum

to maximum, and the horizontal line represents the median.

storms occurring in Melbourne, Sydney, and Woomera; however, the sample size of this case
dataset is not large enough to draw conclusions on the relative frequency of storm modes. Instead,
this study provides illustrative examples of event types across the broad region. The size of the case
dataset also does not allow for a thorough assessment of the relationship between the identified
storm modes and the environmental clusters defined in Section 3d. However, it is expected that
there may be some dependence between the environment and storm morphology based on previous
studies (Thompson et al. 2012). In addition, supercell classifications are only possible here for a
subset of locations with available Doppler velocity data, limiting analysis of regional variations of
that storm type. As an extension of this work, storm classification methods will be applied to a
longer dataset at locations with Doppler velocity data available, to gain insights into the variability
of SCW-producing thunderstorm types in Australia, and to investigate the relationship between

thunderstorm types and environmental clusters.
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Different environmental conditions are also associated with significant variations in the number
of lightning strokes associated with each SCW event, as well as in the observed gust ratio. While
the majority of events are associated with a significant amount of lightning, there are some
events that occur with very little or no lightning within an hour of the peak gust. Based on
their environmental conditions, these low or no-lightning cases tend to occur within a cluster of
events with strong background winds that tend to be in the presence of a strong synoptic-scale
cyclone (Section 3d). These events are shown to be generally associated with relatively shallow
parent storms, which are less likely to produce deep updrafts reaching temperatures conducive to
charge separation processes. These types of events are not included in some definitions of SCWs
based on associations with lightning as a proxy for deep moist convection (Mohr et al. 2017;
Brown and Dowdy 2021a; Yang et al. 2017; Taszarek et al. 2020a), and future work on SCWs
may need to consider other definitions to include events such as these associated with relatively
shallow convection, especially for regions where these events tend to occur frequently, such as
in southeastern Australia. Damaging wind events in the United States may also be associated
with low or zero amounts of lightning, as demonstrated for two derecho events that progressed
into environments with low amounts of convective instability (van den Broeke et al. 2005), while
shallow convective lines with updrafts generally extending only 3 km above ground level can often
produce convective hazards in the United Kingdom, including tornadoes and damaging winds
(Clark 2013). A lack of observed lightning associated with some events could be due to detection
inefficiencies, with WWLLN having an efficiency of ~10% globally (Virts et al. 2013). This
could be particularly relevant prior to 2012 when the size of the detection network was relatively
small (Holzworth et al. 2021), although WWLLN accuracy is considered sufficient to enable the
detection of most deep convection (Jacobson et al. 2006). In addition, some events examined
here produce peak wind gusts with intensities below two times the four-hour mean gust, which
has been considered characteristic of a synoptic, rather than convective event in some instances
(Holmes et al. 2018). It is possible that while these events occur in the vicinity of convective
processes based on lightning within a 6-hourly window (Section 2a), they may not necessarily be
driven by convective processes as evidenced by low peak-to-mean wind gust ratios, and future work
could potentially incorporate a similar ratio in identifying convective wind events. The temporal

characteristics of some events in this study also suggest a transition to a different wind regime after
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the peak gust, which was separated from convective gusts by Spassiani and Mason (2021). The
above-mentioned points highlight the difficulty in producing a consistent definition of a convective
wind gust, outlined in further detail for example by De Gaetano et al. (2014).

The SCW events analysed here appear to be related to high values of environmental low-level
moisture, temperature lapse rate, vertical wind shear, and deep-layer mean wind speeds, relative
to the climatological distribution at each location. Low-level moisture and vertical wind shear
are well established controls on severe thunderstorm occurrences, through providing convective
instability and the potential for storm organisation (Weisman and Klemp 1982; Weisman and
Rotunno 2004). In addition, steep low-level lapse rates, strong deep-layer mean wind speeds,
and high values of near-surface moisture have been found by previous studies to be relevant for
SCW gusts, including for Australia (Geerts 2001; Brown and Dowdy 2019, 2021a), and in other
regions of the world (Kuchera and Parker 2006; Taszarek et al. 2017, 2020b; Sherburn et al.
2021). However, the events here suggest that the extent to which these are relevant factors may
vary regionally in eastern Australia, with steep low-level lapse rate environments potentially less
common for Brisbane than for the inland location of Woomera, for example. The skill of each
of these environmental diagnostics for event prediction have not been quantified here based on a
relatively small sample size, although an assessment of predictive skill could be assessed as part of
future work. A small number of SCW events appear to be related to unusually strong synoptic-scale
fronts and cyclones that may be associated with regions of enhanced convective initiation, noting
that strong winds within these synoptic systems can lead to severe surface winds through vertical
transport by convective processes and mesoscale features (Earl et al. 2017).

Through k-means clustering, it is suggested that SCWs in eastern Australia could occur within
three convective-environment clusters, with composite soundings for each cluster characterised by
low (clusters 1 and 2) and high (cluster 3) amounts of composite-parcel CAPE (Figure 13). This
is consistent with findings made by Pacey et al. (2021) for SCW events in Europe, in which events
clustered into two environments with high and low amounts of CAPE. Here, composite-parcel
CAPE is shown to be greater for clusters with relatively high amounts of low-level moisture.
However, low-level temperature lapse rates tend to be significantly steeper for cluster 2 events
compared with the high-CAPE cluster (cluster 3). This suggests that for events in cluster 2, steep

low-level lapse rates may be associated with severe winds through environmental factors related
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to downdraft intensification near the surface and downburst production, rather than by enhanced
convective instability. In addition, for environments in cluster 1 (low composite-parcel CAPE),
events are characterised by high values of deep-layer mean wind, and are shown to be associated
with relatively shallow storms, low peak-to-mean wind gust ratios, and synoptic-scale cyclones.
These events are likely similar to European windstorms described by Ludwig et al. (2015) for
example, that are associated with convective processes embedded within extratropical cyclones
leading to damaging surface winds. Environments within the high-CAPE cluster (cluster 3) are
shown to produce most supercellular storms within the dataset, defined by radar-observed rotation.
While supercells generally occur in environments with high vertical wind shear, this high-CAPE
cluster (cluster 3) tends to have the lowest values of deep-layer vertical wind shear compared to
other environmental clusters (Figure 11). It is possible that the relatively strong vertical wind
shear in other clusters (clusters 1 and 2) reflects the use of a fixed-layer shear quantity (from 0-6
km above ground level) that ignores storm/inflow depth (compared to effective shear as described
by Thompson et al. (2007)). The higher amounts of deep-layer shear in clusters 1 and 2 may
also reflect enhanced baroclinicity in the relatively high-latitude locations in which those storms
occur (Sydney, Melbourne, and Woomera), although this finding warrants further investigation. In
summary, the overall findings discussed here suggest that SCWs in eastern Australia may tend to
occur in environments supportive of shallow convective transport of strong synoptic winds from
aloft (cluster 1), downbursts (cluster 2), and deep, convective storms including supercells (cluster
3), with each of these processes having been demonstrated to occur in Australia by previous case
studies (Sherman 1987; Richter et al. 2014; Earl and Simmonds 2018).

Although the current study has demonstrated the diversity of SCW events in eastern Australia,
and suggested three dominant types of convective environment, the frequency of event types and
regional variations are uncertain due to a relatively small sample size of 36 cases. In addition,
cases have been defined using the dataset produced by Brown and Dowdy (2021a) that may
potentially neglect events with limited amounts of lightning in some cases, including for example,
events associated with cool-season convection that may be produced by environmental cluster
1. However, it is noted that the majority of SCW events appear to be associated with deep
moist convection, and would be identified using this approach based on lightning observations

(as discussed in Section 3a). Other observational uncertainties may include the use of AWS to
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measure SCW events at a point location, which likely underestimates the peak gust for any given
event, and the classification of thunderstorm types using an objective process that may produce
some misclassifications as demonstrated in Section 3a. Future work should attempt to use a more
robust definition to associate severe wind events with convective processes, such as based on
radar information from the AURA dataset (Section 2b), while extending the observational record
spatially and temporally to better address variability in SCW event types and parent-storm modes.
This will also allow for an assessment of the robustness of the environmental clusters derived here
based on a small set of cases, as well as the objective storm classification methods presented in

Section 3a.

5. Conclusion

Several different types of severe convective wind (SCW) events have been observed in various
regions around the world, driven by a range of physical processes. However, these event types have
not been systematically observed in Australia. This study has analysed a range of SCW events
in eastern Australia, in terms of their environmental conditions, parent-storm types, and synoptic

features. Based on the set of 36 cases examined here, the key findings are:

* SCW events are produced by several different types of storms based on radar-derived statistics.
These include linear systems, large non-linear systems, cell clusters, supercells, and cellular

storms.

* Low-level moisture, low-level temperature lapse rates, deep-layer mean wind speeds, and
vertical wind shear are influential for discriminating non-convective, convective, and SCW

occurrences, with potential regional variations in their relative importance.

* Three event types are identified by statistical clustering of convective-environment diagnos-
tics, which are likely driven by shallow vertical transport within strong synoptic systems,
downbursts within moderately deep convective storms, and outflow from deep convective

storms including supercells.

This type of systematic analysis could be applied to long-term datasets, to determine climatolog-
ical characteristics of each event type, similar to studies in other regions (Pacey et al. 2021; Smith

et al. 2013). The identification of various types of SCWs and their climatological occurrence
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frequency is intended to help enable further research and applications building on the results pre-
sented here, including potential for understanding future climate change impacts for these events.
Current best-estimates of future projections for SCWs in Australia are based on changes in the
frequency of convective environments, and have various uncertainties including relating to the
wide range of event types with potentially different responses in a warming climate (Brooks 2013;
Brown and Dowdy 2021b). Similarly, SCWs provide a challenge for weather forecasting due to the
different types of events that can occur (Corfidi 2017). To complement environmental predictions
of SCW occurrences, convection-allowing models should also be used, as is increasingly common
in weather and climate prediction for thunderstorm hazards (Prein 2015; Sobash et al. 2011). How-
ever, these models will need to be assessed in their application to the SCW event types noted here

for eastern Australia.
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APPENDIX A

Parent-storm statistics

For the objective classification of supercells, a threshold is chosen for aziumthal shear. The
threshold on azimuthal shear is based on the distribution over parent storms with available data.
Figure A1 shows the distribution of azimuthal shear, with clustering above and below 0.0040 s~!.
In addition, shallow storms are discussed in terms of the maximum storm altitude. The distribution
of maximum storm altitude is shown in Figure A1, with a bimodal distribution and clustering above
and below 7 km.

Figure A2 shows the vertical profile and temporal evolution of azimuthal shear for the nine
parent storms classified as supercellular or embedded supercells. These results demonstrate that
high values of azimuthal shear are relatively long-lived and occur over a deep layer for these storms,

consistent with persistent, deep rotation as observed in supercells.
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789 Fic. Al. (left) Histogram showing the distribution of azimuthal shear in parent storms for SCW events and
790  (right) histogram of maximum altitude. The number of samples in each histogram is indicated above the figure

791 panels.

42



792

793

794

795

796

797

2010-03-06 03:24:32 2011-12-25 06:42:36 2017-12-19 08:48:28
16000 5 16000 ; 16000 :

14000 A 14000 A 14000 A
12000 A 12000 A 12000
10000 A 10000 10000
8000 1 8000

4000 - 4000

2000 1 2000 1

0 — 0l— _— : —
20 30 ENCEC N ts“ '5 3“ O A0 3 c 3 0 3° R °
5 320 W 5 o o0 o 02 @ @ Ao B2 @ @2 0 o
0601' 6“%6“ oS ¥ e 59 »;;“ 16“ 5" A 5“ o sd oS «9“ 00T oW o8 5106
2015-03-01 04:31:04 2016-01-14 04:19:00 2010-12-16 03:24:30
16000 . 16000 —— 16000
z 14000 1 14000 14000
T 120001 12000 1 I 12000
©
B 100001 10000 1 10000
—
¢ 8000 8000 1 8000 1
o
< 60001 6000 1
o
S 40004 4000 4000
ko]
T 2000 2000 1 2000
"
TS R 5 5'&36 T o S A0 45 5 a0
2 O 20 ® (O 0 2 oS RPN 3 SIS S F\SEN o x 5
Q‘XQ’L 0‘\'“”) 0‘\'0'5 QXQ QXQ 0'\ ‘) [\l ,\ '\,5‘03 &03 o> '5 \D‘Q »\,66\' 66\« bg’L 6Q’L bg’L 63’1« 63’5 6 o> 60’5
2011-01-18 05:00:22 2013-11-23 09:42:35 2016-12-18 04:12:47
16000 16000 :

14000 A
12000
10000

8000 § 8000

6000 1+

4000 - 4000 -

2000 -+ 2000 1

—_— 0l— i ;
L uc“ W P o P %00 o 900 R N 03 x°° W

>° Q”) N N2 9, o ®7, S @2 g 0’53 &0 nﬁ 6“0 6'50 6°°
ADT AR T AR T ADT DT 49 \fb \fb 1:5 P D '1:5 1:5 '1:5 1:5 ’fb AD T AR \fb \fb \% \% \% \%
Time (UTC)
[ R ————
0 2 4 6 8 10

Azimuthal shear (0.001 s71)

Fic. A2. Time-height distributions of azimuthal shear (shading), for all parent storms that exceed the threshold
value of 0.0040 s~! for the 99.5th percentile over the 2-6 km layer. This threshold is represented at point locations
with black dots. This threshold is used for supercell classifications in Section 3a. Times are shown for up to two
hours either side of the peak SCW gust (vertical dotted line), noting that the storm lifetime may be greater or less
than those time bounds. Horizontal dotted lines represent the 2—6 km layer above the radar height, over which

azimuthal shear is summarised for calculating the storm object properties (Section 2b).
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APPENDIX B

Evaluation of statistical clusters

Here, statistical k-means clustering is evaluated in terms of the number of optimal clusters and
consistency between reanalysis datasets. The number of clusters is chosen based on an optimal
silhouette score, following Zhou et al. (2021) for hailstorm environments. The silhouette score
measures how similar each case is to other cases within their own cluster, compared to how
similar they are to events from other clusters, with higher scores representing more isolated and
compact clusters. An optimal score is reached using three clusters based on both the ERAS and
BARRA reanalysis (Figure B1). The optimal number of clusters is also assessed by comparing how
consistent the clustering is when using data from ERAS and BARRA, separately. This consistency
is quantified by the Rand score. For example, a Rand score of 1 would mean that each event is
placed in the same cluster using both reanalyses, and the clustering is perfectly consistent regardless
of the dataset used. In contrast, a Rand score of zero would mean that all events are placed in
different clusters depending on if BARRA or ERAS data is used, representing perfectly inconsistent
clustering. The Rand scores shown in Figure B1 suggests that a choice of three clusters provides
relatively consistent clustering of each event between ERAS and BARRA compared with other
cluster amounts. Finally, Figure B2 shows that the distribution of convective diagnostics using
BARRA data for clustering is similar to ERAS data (Figure 11), with minor differences noted in
Section 3d, while Figure B3 shows that the distribution of storm statistics, station observations,

lightning strokes, and synoptic diagnostics are similar between ERAS and BARRA clusters.
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(BARRA and ERAS5). The silhouette score measures how similar each case is to other cases within its own
cluster, while the Rand score measures the consistency of the clustering when using data from the two different
reanalyses. For both scores, clustering is performed 1000 times on a random sample of events with replacement,

with the 2.5th—97.5th percentile range shaded.
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FiG. B3. As in Figure 12 but with clustering from BARRA data




824 APPENDIX C

825 Environmental soundings for individual cases

2 Here, reanalysis model soundings are presented individually for each SCW event within cluster
27 1 (Figure C1), cluster 2 (Figure C2) and cluster 3 environments (Figure C3, Figure C4). Sounding
»s methods are discussed in Section 3d, noting that wind profiles for individual soundings here are

e29 DOt rotated.
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830 Fic. C1. As in Figure 13, but for each individual event within environmental cluster 1 (see Section 3d for

ss1  cluster definitions).
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832 Fic. C2. As in Figure 13, but for each individual event within environmental cluster 2 (see Section 3d for

sz cluster definitions).
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834 Fic. C3. As in Figure 13, but for nine individual events within environmental cluster 3 (see Section 3d for

s cluster definitions). Continued in Figure C4 for the remaining 10 events in cluster 3.
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