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This paper documents the case of a nocturnal outbreak of tornadoes on the New South Wales 
(NSW) south coast on 23 February 2013, and provides an analysis of the conditions that led to the 
outbreak. These tornadoes were associated with the passage of a warm front which had developed 
on the eastern flank of a mature extratropical cyclone. 

The damage from the tornadoes is discussed, and an analysis of the synoptic and mesoscale con-
ditions that led to the event is provided. An analysis of radar at the time of the event shows a series 
of vortices developing within a zone of horizontal shear just prior to the tornadoes developing. The 
tornadoes were difficult for operational forecasters to predict, partly due to the infrequent occur-
rence of nocturnal tornadoes of this type in NSW, and in part due to operational demands from the 
broader scale severe weather event that resulted from the low pressure system. This paper presents 
an analysis of the event that may assist forecasters in identifying similar events in the future. 

 

1 Introduction  

On the night of 23 February 2013 a series of tornadoes developed and moved across the Illawarra and Shoalhaven coastline 
of NSW, Australia. One of the tornadoes caused significant damage to the coastal town of Kiama. Up to four tornadoes were 
surveyed, with two of significant strength. The highest profile of these caused the damage at Kiama, and was classified as 
EF1 on the Enhanced Fujita scale of tornado intensity (Doswell et al., 2009). The other significant tornado crossed the coast 
further south and was classified as an EF2 tornado. This case presents a number of unusual aspects. The tornadoes were not 
associated with classic supercell thunderstorms, and occurred at a climatologically unusual time of the diurnal cycle (see 
e.g. Allen and Allen, 2016; Grams et al., 2012). This paper looks at the synoptic and dynamical set-up that led to the tornado 
outbreak and puts the event in context of existing tornado and convective mode classification schemes. 

A recent review of severe thunderstorm research in Australia (Allen and Allen, 2016) found that tornadoes are a frequent 
but under-reported feature of the Australian environment, and that they can occur in a variety of environmental contexts. 
The distribution of tornadoes in the Australian Severe Thunderstorm Archive (STA) shows a seasonal peak in occurrence of 
tornadoes in NSW between November and February, as well as a strong diurnal peak in occurrence from mid-afternoon to 
early evening (Griffiths et al., 1993). The strength of tornadoes is generally assessed using the Fujita scale (Fujita,1971; 
Fujita, 1981), or enhanced Fujita (EF) scale (Doswell et al., 2009), using damage assessments to estimate the likely maximum 
wind strength. The damage assessment conducted on the tornadoes impacting on Kiama and the adjacent coastline used the 
EF scale, with cross-checking that it was consistent with local construction and vegetation. The EF scale is therefore used 
throughout this paper. 

An important consideration for forecasting tornadogenesis is an understanding of the precursor environment and convective 
mode. An early survey (Kingwell and Watson, 1982) outlined a set of ten tornadoes studied in Australia from the 1960s to 
the early 1980s, noting these were either 'convective' or 'cyclonic' in origin. Of the tornadoes classified as 'cyclonic' in origin 
the common features were surface dew point temperatures of 15 °C or more, a low level jet of greater than 60 knots, and an 
upper jet stream of 80 knots or more. More recent studies of convective mode classify events as being associated with 
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supercell thunderstorms or quasi-linear convective systems (QLCS) (e.g. Trapp et al., 2005), or else use a more complicated 
morphological schema (e.g. Gallus et al., 2008). Trapp et al. (2005) found that eighteen per cent of tornadoes over the 
contiguous U.S. in the period from 1998–2000 were generated by QLCSs, with QLCS tornadoes relatively more likely to 
be reported in the night time and early morning hours than those produced by supercell thunderstorms. 

The development of vortices that precede tornadogenesis in QLCS differs from the mid-level meso-vortices that develop in 
supercell thunderstorms. Weisman and Trapp (2003) used numerical simulations to demonstrate that low-level (below 1 km 
AGL) meso-vortices (2 to 40 km across) can develop in QLCS systems, and that these are quite distinct in nature to the 
strong mid-level mesocyclones that are associated with supercell thunderstorms. The key requirement for development of 
significant vortices was strong unidirectional shear magnitudes of 20 m s-1 in the lower levels of the atmosphere. Trapp and 
Weisman (2003) argue that the meso-vortices are produced by the tilting of crosswise baroclinic vorticity, which may be 
produced by the presence of a rear inflow jet (RIJ) in mature QLCS systems. Buban and Ziegler (2016) performed a series 
of numerical simulations that demonstrated that horizontal shearing instability (HSI) can produce miso-vortices (1 to 4 km) 
along baroclinic shear lines, with growth rates dependent on shear zone width and horizontal shear strength. Miso-vortices 
produced via HSI can grow into the low-level meso-vortices that precede tornadogenesis. 

In tropical regions, tornadogenesis is also observed in the vicinity of tropical cyclones, most frequently near the coast as 
associated convection experiences increased wind shear as friction acts to decrease the near surface wind (Gentry, 1983). 
Climatologies of tornadoes associated with hurricanes in the United States have shown that there is an afternoon peak in 
occurrence, but that the proportion occurring overnight is higher than for the climatology of all tornadoes in the US (Gentry, 
1983; Schultz and Cecil, 2009). A study of hurricane tornadoes in the US found that they develop in areas of moderate CAPE 
(250 J kg-1 for tornadoes in close proximity to the hurricane and 760 J kg-1 for tornadoes in the general proximity), with 
maximum buoyancy occurring at a lower altitude (3-4 km) than would be expected for classic supercell thunderstorms 
(McCaul, 1991). Non-supercell tornadoes embedded in Australian tropical cyclone shear lines have also been observed, for 
example in the Bundaberg region in 2013 with ex-TC Oswald.  

Kis and Straka (2010) constructed a climatology of significant (F2–F5) nocturnal tornadoes in the US between 2004 and 
2006, finding that linear convection dominated storm mode for significant nocturnal tornadoes and that low level jets (LLJs) 
were a feature in almost all cases. This study also noted that significant nocturnal tornadoes could occur in lower Convective 
Available Potential Energy (CAPE) and higher Convective Inhibition (CIN) environments than were generally considered 
favourable in daytime cases, but that stronger low level wind shear and Storm Relative Environmental Helicity (SREH) were 
required. Mead and Thompson (2011) examined a series of 15 documented nocturnal tornado events for a particular synoptic 
weather situation on the Great Plains of the United States, finding that tornadic cases were characterized by large mixing 
ratios, small CIN, and a low level of free convection. The synoptic situation considered in the paper involved a Low Level 
Jet (LLJ) interacting with a warm frontal sector of a mature extratropical low pressure system. Ashley et al. (2008) studied 
loss of life associated with tornadoes in U.S. in the period between 1880 and 2007, and found an increased vulnerability to 
nocturnal tornadoes, with tornadoes occurring between local midnight and sunrise 2.5 times as likely to kill than those in 
daylight hours. 

This paper will show that the Kiama tornadoes shared several factors in common with the above events, including a (weakly) 
linear convective mode, a mature extratropical cyclone with warm front and a strong LLJ. Section 2 outlines the path and 
timing of the tornadoes as they impacted the NSW coastline, and describes the damage survey undertaken and assessment 
of likely tornado strengths. Section 3 describes the evolution of the synoptic scale weather pattern in the lead up to the event, 
and describes the stability environment and mesoscale conditions that led to tornadogenesis on the night of 23 February. 
Section 4 examines the detailed evolution of the event as observed with the S-Band Doppler weather radar located to the 
north of Wollongong. Section 5 briefly touches on some of the operational aspects of the event.  

2 Tornado Track and Damage Survey 

There were no visual observations of the tornadoes, or of possible precursor waterspouts offshore, due to the nocturnal 
timing of the event. The majority of the associated damage from the event occurred between around 1530 and 1630 UTC on 
23 February. (0230 am to 0330 am Australian Eastern Daylight Time (AEDT) on 24 February). 

On 26 February meteorologists from the Bureau of Meteorology surveyed damage in the Kiama region. The damage survey 
identified three distinct tornado tracks (Figure 1). Reports suggested that a fourth tornado potentially affected the Albion 
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Park area at around the same time. Each tornado track started at the coast and moved inland in a west to southwesterly 
direction. The amount of damage caused by each tornado varied due to differences in intensity and the land use profile of 
the areas impacted. Table 1 lists each of the damage assessments used to classify the tornadoes. 

In built-up areas, application of the EF scale required some level of judgement about construction quality on the part of the 
survey team, as the damage indicators were designed in the United States. Where possible the observed damage was also 
cross-checked against the Fujita Scale damage wind estimates. For example, at the Coolangatta site a shipping container had 
been lofted into the air, which would correspond to an F2 rating and wind speeds consistent with EF2 intensity. At sites 
where tree damage was the primary indicator the uncertainty was higher, due to the different tree species present in Australia. 
In the case of the damage in Seven Mile Beach national park (at Gerroa Road) for example, the presence of hardwood species 
such as Forest Red Gum and Southern Mahogany, with comparable hardness ratings to North American Oak and Maple 
species, prompted the use of the hardwood timber (TH) damage indicator. In addition to snapped off trees, possible de-
barking of trunks was taken as further evidence that the degree of damage in this category should be at least 4. 

The northernmost confirmed tornado moved ashore at Minnamurra, catching the northern edge of the township and causing 
some minor damage to structures. The tornado then moved west-southwest through mostly rural areas before reaching the 
township of Jamberoo and weakening. The estimated maximum wind strength was 125 km/h, giving it a EF0 classification, 
with a mapped path length of around 8 km. 

The highest profile tornado impacted the coastal township of Kiama. This tornado then moved inland in a southwesterly 
direction for approximately 4 km and weakened as it approached the base of Saddleback Mountain, which is part of a prom-
inent spur extending from the Illawarra escarpment towards the coastal headlands south of Kiama. The tornado may have 
had a longer track than was mapped in Figure 1 as restricted access prevented the damage survey team from following the 
track further westwards. Figure 2a highlights the narrow extent of the significant damage as the tornado moved through 
Kiama, with the direction of travel from left to right from the perspective of the aerial photo. The damage included the 
removal of roofing material, damage to walls and snapping of trees. Based on the damage to structures and vegetation in 
Kiama the tornado was estimated to have produced maximum winds of 160 km/h, which corresponds to EF1 intensity. The 
extent of the damage to structures led to exposed asbestos materials, which resulted in an exclusion zone being created in 
part of Kiama, and the evacuation of 15 residents from their properties (Buchtmann, 2013). 

 

Tornado Assessment Site DI DOD 

Jamberoo 

Minnamurra 
Tate Pl. 
Intersection Brown/Swamp Rds. 
Jamberoo West 

TH (27) 
FR12 (2) 
TH (27) 
TH (27) 

2+ 
2 
2+ 
2+ 

Kiama 

Gipps St. (site 1) 
Gipps St. (site 2) 
Swan St. 
Leisure Centre 
Bele Pl. 
 

FR12 (2) 
FR12 (2) 
FR12 (2) 
WHB(23) 
TH (27) 
FR12 (2) 

4 
6- 
1+ 
2 
3- 
4 

Seven Mile Beach 

Gerroa Rd. 
Coolangatta 
 
Shoalhaven River 
Nowra Council 

TH (27) 
TH (27) 
SBO (1) 
TH (27) 
TH (27) 

4+ 
4 
6 
1 
2+ 

Table 1 Damage assessment sites, damage indicators (DI) from Enhanced Fujita scale and assessed degree of damage 
(DOD) at each site. Details on DI and DOD codes are included in the EF scale technical report (McDonald et 
al., 2006).     
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Figure 1 a) Location of the family of tornadoes along the NSW coastline. b) Detail showing the individual tornado 
tracks (thick red lines) from the damage survey undertaken by the NSW Bureau of Meteorology. Roads are 
displayed as thin red lines, with built up urban areas shaded light gray. The location of the possible, but un-
confirmed, tornado at Albion Park is marked with an 'X'. Nearby automatic weather stations, marked with 
stars, are Kiama (KIAM), Nowra (YSNW), Wollongong Airport (YWOL) and Port Kembla (PTKE). Location 
of Wollongong radar marked with blue triangle. 

The third tornado came ashore at Seven Mile Beach, between the towns of Gerroa and Shoalhaven Heads. The damage track 
extended much further inland than the other two tornadoes, with the damage survey able to track the path of damage as far 
as the Nowra council chambers, or a path length of approximately 15 km. The approximate path width where the tornado 
came onshore was 100 to 120 m. The overall impact of this tornado was reduced as the initial segment of the track was 
through Seven Mile Beach national park, and then sparsely populated areas on either side of the Shoalhaven River. Based 
on the damage that did occur to a farm house and buildings adjacent to Coolangatta road, and in the coastal forest, this 
tornado was assessed as the strongest of the three. The estimated maximum wind speeds were 200 km h-1, which would 
place the Seven Mile Beach tornado at EF2 intensity. If the coastal crossing of this tornado had been around 2 km further 
south the coastal township of Shoalhaven Heads may have been impacted directly, with potential for much greater damage. 

Damage reports and aerial photography also suggest that a fourth, relatively weak (EF0) tornado may have occurred in the 
Albion Park area as part of the event. This area of damage was not assessed by the survey team, and may have been the 
result of non-tornadic wind gusts, particularly as the reported damage was some distance from the coast and quite localised. 
However, the location of the damage was only around 5 km north of the path of the Jamberoo tornado, and the area was 
within the path of the same QLCS that generated the tornadoes further south. In addition to this, the proximity of Lake 
Illawarra may partially explain the lack of more widespread damage indicators, which means that a fourth tornado in this 
area could not be ruled out. An indicative location for this potential fourth tornado based on the aerial photography of damage 
is included in Figure 1. 
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Figure 2 a) Typical damage to structures in the Kiama township from the EF1 categorised tornado comprised removal 
of roofing material, damage to walls and snapping of trees. The direction of movement is from left to right of 
this image. b) Damage track of the EF2 categorised Seven Mile Beach tornado as it moved through the Seven 
Mile Beach national park. The direction of movement from is from the coast at the center bottom part of the 
image to the top right, with the township of Shoalhaven Heads visible at the center top. The full track of the 
tornado extended over the hills at the top right, across the Shoalhaven River, part of which is visible at the 
very top of the image, and into the city of Nowra. Images used with permission of Andy Zakeli, Lenswork 

In addition to the damage directly caused by the tornado outbreak, generally windy conditions caused other areas of isolated 
damage across the area. Maximum recorded wind gusts at nearby Automatic Weather Stations (AWS) were mainly clustered 
around the time of night corresponding to the passage of the front, with 87 km h-1 at Wollongong Airport at 1604 UTC, 84 
km h-1 at Kiama at 1614 UTC, 63 km h-1 at Nowra at 1655 UTC. Port Kembla recorded its strongest wind gust of 61 km h-1 
earlier in the night at 1109 UTC. The locations of each of the weather stations are shown in Figure 1. 

3 Synoptic and Mesoscale Analysis 

The evolution of the synoptic weather pattern in the lead up to the tornado outbreak on the night of 23 February is shown in 
Figure 3, with the key feature being an East Coast Low (ECL) pressure system. An important aspect of the event is a warm 
front that developed on the eastern flank of the ECL (not shown). The development of the ECL that eventually led to the 
tornado outbreak could be broadly divided into three main phases; initial development off the southeast Queensland coast, 
intensification and crossing of the northern NSW coast, and then a weakening phase as the low tracked southwestwards 
across inland NSW. 

The antecedent synoptic situation that led to cyclogenesis in this case closely followed the pattern outlined by Holland et al. 
(1987). The main features were a trough in the easterly flow just offshore from the Queensland coast (Figure 3a), a E-W 
oriented ridge of high pressure to the south, and an upstream mid-tropospheric cool trough. The initial development and 
intensification of the low occurred within the easterly trough, with a closed low circulation with analysed central pressure 
of 1000 hPa having developed by 06 UTC on the 19th (not shown). Impacts on southeast Queensland from this first phase 
of development were minor, as the low weakened and drifted southeastwards during the night of the 19th (Figure 3b). The 
low remained slow moving and weak during the 20th and early part of the 21st, centered a few hundred kilometres offshore 
from the border between NSW and Queensland (Figure 3c). 
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Figure 3 Synoptic weather charts for 12 UTC (11pm AEDT) on a) 18/02/2013, b) 19/02/2013, c) 20/02/2013, d) 
21/02/2013, e) 22/02/2013, f) 23/02/2013. Shown are contours of Mean Sea Level Pressure (MSLP) in inter-
vals of 4 hPa, local maxima and minima of MSLP, and manually analysed cold fronts (solid lines with trian-
gular barbs) and low pressure troughs (dashed lines). 
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Figure 4 ACCESS-A upper air analysis for 00 UTC 22/02/2013 model run showing 300 hPa geopotential heights (solid 
black lines, every 60 geopotential meters), 300 hPa wind barbs and isotachs (colour shading, with contours 
every 5 knots), and the analysed positions of the East Coast Low and high pressure centre in the southern 
Tasman Sea (red letters, with mean sea level pressure in hPa). The location of Kiama is marked with a star. 

The main intensification phase matched the typical development described by Dowdy et al. (2011). A pre-existing upper-
tropospheric split-jet pattern was in place, with an amplifying trough over the Indian Ocean and strengthening high pressure 
ridge to the south. A southerly jet streak developed over South Australia on the western flank of the split flow pattern, and 
propagated northwards. This led to development of a strong negatively-tilted upper trough/circulation over northeastern 
South Australia by the morning of the 22nd (Figure 4). The presence of this new upper-level circulation upstream triggered 
a re-intensification phase of the surface low, and, in combination with a gradual eastwards shift of the high pressure ridge to 
the south, put the surface low on a retrograde southwestward track. The low crossed the northern NSW coastline on the night 
of the 22nd, with a minimum central pressure of around 994 hPa (Figure 3d and Figure 3e). The direct impact of the low 
between the 22nd and 24th was significant, particularly for the north coast, where daily rainfall totals reached as high as 415 
mm (at Yarras, on the north coast of NSW). The heavy rainfall led to widespread flash flooding as well as major to minor 
riverine flooding in northern coastal catchments, leading to the evacuation of over twenty thousand people (New South 
Wales Climate Services Centre, 2013). The low also produced damage from strong winds and heavy surf in a number of 
locations. Wave heights of greater than 12 metres were recorded offshore of Coffs Harbour and Byron Bay. 

The third phase of development commenced after the low crossed the coast. During the 23rd, the low center progressed to  
the south-southwest as a mature extra-tropical cyclone. The low slowly weakened and reached the central west slopes of 
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NSW by the night of the 23rd (Figure 3f). The 00 UTC run of the Australian Community Climate and Earth-System Simu-
lator regional-scale (ACCESS-A) numerical weather model (Fraser and Fernon, 2013) was interrogated to conduct a more  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Automatic weather station wind barbs showing wind direction and speed in knots, with an overlay of AC-
CESS-A mean sea level pressure at 15 UTC on 23/02/2013 (contours every 4 hPa) and: a) ACCESS-A surface 
level relative vorticity, with contours every 10s-1. b) ACCESS-A surface level equivalent potential temperature 
( ). Position of low centre and fronts are manually annotated based on coincident local maxima of relative 
vorticity and gradients in _E. Position of cold front (blue with triangular barbs) and warm front (red with 
circular barbs) manually annotated based on wind barbs, model vorticity and . ACCESS-A model data from 
model run initialised at 00 UTC on 23/02/2013. The location of Kiama is marked with a star. 
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detailed look at the structure of the low pressure system. A close analysis of the structure of the extratropical cyclone at 15 
UTC on the 23rd, just prior to the tornado outbreak on the coast near Kiama, shows a near stationary cold front on the 
western flank of the low (Figure 5), extending across northwestern NSW. A warm front on the eastern flank of the low was 
moving southwards while the low progressed towards the southwest. 

The structure of the low can be understood by using the relative vorticity to identify shear line boundaries, and equivalent 
potential temperature ( ) as a tracer of different air masses (Rossby, 1932). Figure 5a shows that two clear bands of local 
vorticity maxima can be identified associated with the low (along with a band of high relative vorticity along the coast that 
corresponds with a differential friction induced wind speed gradient). Figure 5b shows that the airmass on the southern and 
western flank of the low is characterized by  values between 56 and 62 °C, while the warm sector airmass on the north-
eastern flank has characteristic  values of 65 to 70 °C. The gradient in  is not strong, which may be related to southern 
hemisphere warm fronts having a weaker cross frontal gradient than similar northern hemisphere systems (Naud et al., 2012). 

 

Figure 6 72 hour back trajectories for air parcels ending 13 UTC 23/02/2013 at Gosford (northern source, red line with 
triangles marked at 6 hour intervals) and Nowra (southern source, blue line with squares marked at 6 hour 
intervals). Shown are horizontal trajectories (upper panel) and vertical trajectories (lower panel). Trajectories 
calculated using NOAA HYSPLIT model using GDAS meteorological data, with vertical motion from model 
vertical velocity and initial source elevation of 500 m above ground level. 
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A grid of back trajectory from air parcels including either side of the analysed warm front position at 13 UTC was calculated 
using the HYSPLIT dispersion model and NCEP Global Data Assimilation System (GDAS) global 0.5 degree weather da-
taset. The trajectories of the parcels were strongly clustered, with parcels ending on the northern side of the warm front 
circulating around the ECL, while those on the southern side did not. Figure 6 shows two parcels that are representative of 
the two clusters of trajectories. A 500 m above ground level (AGL) air parcel at Gosford, on the warm side of the front, 
interacted with the ECL then moved on a meridional trajectory from over warm waters off southeast Queensland in the final 
36 hours. In contrast, an air parcel from the cold side of the front at Nowra originated from below 35° S, circulating around 
the high pressure system in the southern Tasman. The sub-tropical parcel trajectory ending on the northern side of the front 
ascended from 1500 m to over 2000 m and then descended to near the surface as it moved northwards on the western flank 
of the ECL. Ascent to the 500 m source level mainly occurred in the final 6 to 12 hours. The southern trajectory originated 
near Auckland at 1000 m AGL and showed steady subsidence for around 54 hours, before ascending back to 500 m AGL in 
the final 12 to 18 hours as the poleward component of the parcel velocity increased. 

 

Figure 7 AWS wind barbs wind barbs showing wind direction and speed in knots, with an overlay of ACCESS-A mean 
sea level pressure at 15 UTC on 23/02/2013 (contours every 4 hPa) and: a) ACCESS-A convective available 
potential energy (CAPE) (contours every 100 J kg-1). b) ACCESS-A surface based lifted condensation level 
(contours every 200 m). c) ACCESS-A 925 hPa wind barbs showing wind direction and speed in knots, with 
isotachs (contours every 5 knots). d) ACCESS-A surface to 925 hPa bulk wind shear (contours every 5 knots). 
Position of low centre, cold front and warm fronts are as per Figure 5. The location of Kiama is marked with 
a star. 
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Figure 8 Aerological diagrams showing observed and modelled temperature (red line on right), dew point temperature 
(red line on left) and wind (barbs) profiles. The black line in each diagram represents an ascending air parcel 
trajectory for unmodified surface temperature and dew point, while the red shaded areas represents the amount 
of CAPE associated with each parcel trajectory. Labelled indices are parcel surface temperature (T), parcel 
surface dew point (Td), Normand Point temperature and pressure (NP), convective inhibition (CIN), wet bulb 
potential temperature (WB) and convective available potential energy (CAPE). Hodographs showing wind 
profiles (blue), storm motion vector estimated from radar (red), and in d 0-3 km storm relative wind vectors 
(grey). Selected elevations in km are labelled in blue. Note that the annotated CAPE values are not calculated 
using the virtual temperature correction (Doswell and Rasmussen, 1994). a) Observed profiles from Sydney 
Airport at 19 UTC on 23/02/2013. b) Forecast profiles for Kiama (see Figure 1b for location) at 15 UTC on 
23/02/2013, derived from the 12 UTC ACCESS-A model run. c) Hodograph corresponding to observed profile 
in a d) Hodograph corresponding to forecast profile in b 

To further demonstrate the warm frontal nature of the shear line on the eastern flank of the low,  was calculated using one 
minute AWS data from Nowra, using a formula outlined by Davies-Jones (2009). Observed values of  are broadly con-
sistent with the passage of a broad warm front, with 339	  during the night of the 22nd and the morning and early 
afternoon on the 23rd, increasing to 341	  during the day of the 24th. As with the model , the magnitude of this 
change at Nowra was not particularly large, but the fact that the low level flow was onshore either side of the wind shear 
line may have masked some of the potential increase in . Inspection of the behaviour of these fronts during the night of 
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the 23rd shows that the cold front was near stationary relative to the low and was actually moving southwestwards relative 
to the ground, while the warm front was wrapping around the eastern flank of the low as it moved. 

The warm front was associated with a local instability maximum over land (Figure 7a), and line of convective activity that 
extended back up towards the NSW Mid North Coast. As the warm front tracked southwards, the modelled CAPE at Kiama 
increased rapidly from 300-400 J kg-1 in the early part of the night to over 1000 J kg-1 by 16 UTC. Figure 7b suggests that a 
broad area of very low LCLs of less than 500 m was present along the coast on either side of the warm front. Figure 7c 
shows that a low level jet (LLJ) maximum of 58 knots (30 m s-1) at 925 hPa had developed over the coast at the location of 
the warm front, while Figure 7d shows a corresponding area of surface to 925 hPa wind shear of greater than 25 knots (13 
m s-1). 

The nearest available radiosonde data was from Sydney Airport at 19 UTC on the 23rd, around 85 km to the north (Figure 
8a). At this time the sounding would have sampled the maritime air mass in the warm sector of the extratropical cyclone, 
with a measured surface Wet Bulb Potential Temperature (WBPT) of 22.2 °C and an unmodified surface based CAPE value 
of 1100 J kg-1. For comparison, the ACCESS-A 12 UTC model run derived sounding for Kiama at 15 UTC (Figure 8b), 
close to the time of the tornadoes, shows a similar low level moisture and overall instability, with a WBPT of 22.3 °C and 
an unmodified CAPE value of 976 J kg-1. The observed and forecast soundings showed negligible convective inhibition. 
The observed sounding from Sydney Airport at 19 UTC showed a more northerly wind profile (Figure 8c) in the warm 
sector, while the modelled wind profile at Kiama at 15 UTC showed that winds with a more easterly component prevailed 
ahead of the change (Figure 8d). 

As the cells that produced the tornadoes developed offshore (between 15:00 and 15:30 UTC) the storm motion was measured 
from radar to be 17.7 m s-1 from 20° (toward the SSW). As the storms approached and crossed the coast between 15:45 and 
16:00 UTC, tracking the motion of low level circulations in the Doppler radar imagery (see Section 4), suggested that storm 
motion shifted to 13.3 m s-1 from 70° (toward the WSW). The 0-3 km SREH calculated from the forecast Kiama wind profile 
at 15 UTC and initial radar estimated storm motion vector is -146 m2 s-2 (with 0-1 km SREH of -168 m2 s-2). This large 
environmental helicity is due in large part to the presence of the LLJ moving across the warm front, and is an important 
contributor to a favourable environment for tornadogenesis (Kis and Straka, 2010; Mead and Thompson, 2011). The LLJ 
from the modelled profile has a peak velocity of 19.8 m s-1 at 925 hPa (765 m AGL). Once the storm motion shifted more 
towards the WSW the 0-3 km SREH dropped to -72 m2 s-2 (with 0-1 km SREH of -54 m2 s-2), as shown in Figure 8c and 
Figure 8d. The less favourable helicity environment at this time may partially explain why the tornadoes were not longer 
lived once crossing the coast. 

The one-minute observation data from Kiama AWS between 14:00 UTC and 18:00 UTC on the night of the 23rd is shown 
in Figure 9. The first strong wind gust of 22 m s-1 was recorded at 16:00 UTC, followed by the highest recorded wind gust 
of 23.3 m s-1 at 16:14 UTC. The increased wind gusts lagged rapid shifts in wind direction. From an initial 110° direction at 
15:43 UTC, the wind veered briefly to 155° at 15:51 UTC, and then backed to 28° at 15:58 UTC with the passage of the 
front. Two bursts of heavy precipitation were recorded with the passage of the change, with 19.8 mm recorded in the 20 
minutes between 15:37 UTC and 15:57 UTC, and then a further 13.8 mm in the 14 minutes from 16:20 UTC to 16:34 UTC, 
or peak rainfall rates of almost 60 mm h-1. The warm frontal nature of the boundary cannot be inferred from the temperature 
observations alone, but can be seen in time series of (not shown). 

4 Radar Sequence 

Figure 10 shows the sequence of images obtained from the Wollongong radar from 15:24:35 UTC through to 16:00:45 UTC. 
The Wollongong radar is an S band Doppler radar, and is located at a distance of between 30 and 60 km from the stretch of 
coastline affected by the tornadoes (shown in Figure 1). During this time a multicell cluster formed within the broader line 
of convective cells that had developed along the warm side of the front. The cells were generally intense (maximum reflec-
tivities of 50 to 60 dBZ) but shallow, with tops around 5-6 km (not shown). The cluster of cells had relatively short (around 
30 km in length) but pronounced linear inflow region, and could be most easily tracked by co-locating the rear (northeastern) 
flank of the cluster in reflectivity (0.5° scan), with the cyclonic shear line in the 0.5° elevation Doppler velocity sequence. 
The 0.5° radar scan was sampling at 700 to 1100 m above ground level (AGL) in the area of interest. The LLJ is initially 
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Figure 9 One minute weather observations from Kiama AWS between 1400 UTC and 1800 UTC on the 23rd Feb 2013 
a) Dry bulb temperature (red), Dew point temperature (blue), Accumulated precipitation from 10:00 UTC 
(green). b) One minute average 10 meter wind direction (red), 10 minute average 10 meter wind speed (light 
blue), with maximum 3 second wind gust (dark blue). 

oriented perpendicular to a radial from Wollongong radar (c.f. Figure 7c with Figure 10a), so the strength of this feature 
could not be easily inferred from the Doppler radar alone. As the cluster of cells tracked southwards and approached the 
Illawarra coast the angle of the main shear line at the base of the updraft rapidly shifted, from an angle of around 30° from 
a line of constant latitude at 15:24:35 UTC to around 90° at 16:06 UTC (16:06 UTC radar image not shown). This shift in 
the orientation of the multicell cluster gave the individual embedded cells a more westward track, which is likely to have 
increased the low-level shear and SREH profile. 
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Figure 10 0.5 degree elevation reflectivity (a,c,e,g,i) and 0.5 degree elevation Doppler (b,d,f,h,j) radar scans from Wol-
longong (Appin) radar for 1524 UTC to 1600 UTC. Approximate position of low level wind convergence at 
base of multicell cluster is annotated as a red line in a),b),c),d),e),g) and i). Mesocyclones associated with the 
damage at Albion Park, Minnamurra and Kiama are annotated with A, B and C respectively in f),h) and j). 
The locations of the three tornadoes and potential tornado are shown as AP,M,K and S in b). Range rings are 
at 25 km, 50 km and 75 km from the radar. 

From 15:30:35 UTC the linear horizontal shear line associated with the multicell cluster appears to destabilize, with a number 
of low level vortices developing within it (Figure 10c and Figure 10d), possibly due to HSI in the zone of strong horizontal 
shear (Buban and Ziegler, 2016). By 15:42:37 UTC these vortices had become quite pronounced (Figure 10f), with the 
northwestern edge of the multicell cluster reaching the coastline at Wollongong. The most prominent vortices at this time 
are marked as A and B in the Figure 10f. Both vortices are about 2.5 to 4 km in diameter (measured between velocity couplet 
maxima), and can be identified on the lowest four elevation scans, corresponding to a height range of 700-2000 m above 
ground level (AGL) (not shown). The small scale and relatively low position of these vortices are not consistent with the 
strong and persistent mid-level mesocyclones that would be expected to precede supercellular tornadoes, but are more akin 
to the misocyclonic rotation that can develop along a convergence line in advance of non-supercell tornadoes (Wakimoto 
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and Wilson, 1989). The moderate CAPE values, shallow storm tops, distinct cell structure within the cluster, and vortices 
coupled to the low level horizontal shear line share similarities with the environments associated with hurricane tornado 
events. It is possible that the tornadoes developed in a hybrid manner, with initial development through a non-supercellular 
HSI mechanism, followed by a transition into discrete low-topped supercells by the time the cluster of cells made landfall. 

A weaker low-level rotational signal is located further to the southwest at C. At this time the vortex strength is still quite 
weak. The vortex at B can be identified on the 0.5, 0.9 and 1.3 degree elevation radar scans, corresponding to elevations of 
860 m, 1129 m and 1366 m AGL. The developing vortex has a differential velocity of between 12.75 and 14.75 m s-1, and 
is located at a range of around 37 km from the radar. From the nomogram in the mesocyclone recognition guideline that is 
used operationally in NSW (Bureau of Meteorology, n.d.) this would imply a minimal strength mesocyclone. 

These rotational signatures can be tracked moving with the multicell cluster on the 15:54:36 UTC and 16:00:45 UTC Doppler 
radar scans (Figure 10h and Figure 10j), crossing the coast at positions that roughly corresponded with the tornadoes at 
Minnamurra (misocyclone B), Kiama (C) and the potential tornado at Albion Park (A). At 15:54:36 UTC the vortex at C 
has strengthened and is centered just off the coast from Kiama, while the vortices at A and B are in the vicinity of the damage 
tracks at Albion Park and Minnamurra. At this time vortex C can be identified on the 0.5, 0.9, 1.3 and 1.8 degree elevation 
scans, corresponding to an elevation range of 970 to 2127 m AGL. The maximum differential velocity is 19 m s 1 at a 
distance of 47 km from the radar, which implies a mesocyclone of moderate strength (Bureau of Meteorology, n.d.). By 
16:00:45 UTC the vortices have all moved inland (Figure 10i and Figure 10j). From Figure 10f, 10h and 10j, the motion of 
the multicell cluster and embedded vortices can be estimated at 13.3 m s-1 from a bearing of 070° (towards the WSW). 

 

Figure 11 0.5 degree elevation reflectivity (a) and 0.5 degree elevation Doppler (b) radar scans from Wollongong (Ap-
pin) radar for 1618 UTC. Low-level mesocyclone associated with the damage at Seven Mile Beach is anno-
tated with D in b). The locations of the towns of Kiama and Shoalhaven Heads are annotated as K and Sh in 
b). The range ring near the top of the image is at 50 km from the radar. 

The tornado at Seven Mile Beach does not appear to have been from the same multicell cluster, with a separate vortex 
developing offshore from Gerroa at 1612 UTC and moving onshore at Seven Mile Beach by the 1618 UTC radar scan. The 
low-level vortex (shown at D in Figure 11b) is around 4 km in diameter, with a differential velocity of about 14 m s-1, and 
is located at a distance of around 60 km from the radar. This implies a mesocyclone of minimal strength, which is not directly 
consistent with the stronger tornado rating from the damage survey. This may be partly due to the uncertainties inherent in 
applying the EF scale, and partly the greater distance from the radar. Between 1624 UTC and 1648 UTC this vortex main-
tained intensity and continued to move to the southwest (not shown), a little to the south of the observed tornado damage 
track. Similar to the earlier low level vortices, the vortex corresponding to the Seven Mile Beach tornado (D) was shallow, 
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with rotation only identified on the 0.5, 0.9, and 1.8 degree elevation scans, corresponding to an elevation range of around 
1200 to 3000 m AGL. While this tornado appeared to be part of a secondary multicell cluster (see Figure 11a), this vortex 
also appeared to develop within a region of horizontal linear convergence associated with the updraught, and so the torna-
dogenesis mechanism may have been similar to that proposed for the other tornadoes. 

5 Summary and Discussion 

On the night of the 23rd of February 2013 a nocturnal outbreak of tornadoes occurred along the Illawarra and Shoalhaven 
coastline of NSW. A significant amount of damage to buildings occurred at Kiama, which was directly impacted by an EF1 
classified tornado. The fact that the strongest (EF2) classified tornado made initial impact along a stretch of coastline with 
an adjacent national park most likely prevented a greater impact. The time of night at which the tornadoes developed and 
affected the coast meant that fewer people were out of their homes in potentially more vulnerable positions, but also that 
people would not have likely heard or been able to respond effectively to any short term warnings (Ashley et al., 2008). 

The tornado outbreak was part of a broader severe weather event that affected NSW. The synoptic scale driver for the event 
was an East Coast Low pressure system that had crossed the north coast earlier in the week. The tornadoes developed near 
a warm front on the eastern flank of the low, and were associated with a band of low-topped convective cells. The key 
ingredients for tornado development in this context were an unstable and weakly capped airmass (the maritime air in the 
warm sector of the low) and the presence of a strong LLJ to provide strong low level cyclonic shear and helicity. The key 
meteorological features of this event are summarised in Figure 12. 

 

Figure 12 Schematic showing the main features of the tornadogenic environment. Shown are the position of the ECL 
(black), the LLJ (green), warm front (red), the land/sea interface (grey line), the multicell cluster (pale blue), 
horizontal shear line associated with the updraught (blue), and positions of developing (red star) and mature 
(red circles) low level vortices. Initally the multicell cluster and updraught are oriented in a more similar 
direction to the warm front. As instabilities develop within the horizontal shear along the updraught line, the 
increasingly westward track of these embedded cells and interaction with the LLJ both serve to increase the 
low level shear and SREH. 

A Severe Weather Warning that included a forecast for damaging wind gusts up to 100 km h-1 was in place for the Illawarra 
at the time of the tornado outbreak, but no forecast of destructive winds (defined as gusts of over 125 km h 1) or specific 
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warning for tornadoes was current. This should not be surprising given that tornadoes of EF1 or EF2 intensity are relatively 
infrequent in NSW (compared to e.g. the Great Plains of the U.S.)., and those that do occur are most often associated with 
supercell thunderstorms in the afternoon and evening or cool season tornadoes in the southern states. East Coast Lows are 
common, but they most frequently develop over the ocean and initially stay close to the coast, before eventually shifting 
eastward into the central Tasman Sea. The combination of an East Coast Low with a persistent retrograde track across land 
and a warm front with strong horizontal wind shear is less common, and may provide a conceptual model for forecasters to 
use when monitoring and considering the need for upgrades to warnings. In particular, warm fronts interacting with the 
landmass are very rare in Australia and would be unexpected by forecasters. However, the distinctive signature of the low 
level wind shear line breaking up into a series of low level misocyclones may provide evidence required to notify emergency 
services of an area that has an increased short term risk for tornado development within the broader Severe Weather Warning 
area. 
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