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1.   INTRODUCTION 

 
Over the last century, Tropical Cyclones (TCs) 

and Extratropical Cyclones (ECs) have been studied as 
two mutually exclusive groups (Hart and Evans, 2001; 
Hart, 2003). As improvements were made to satellite 
and observational networks, attention shifted to the gray 
areas in between these groups (Hart, 2003). The study 
of this cyclone group is very important as it contains 
weather systems which can be highly destructive. 

The concept of an intermediate class of 
cyclone was developed in the early 1950‘s. Simpson 
(1952) described a cyclonic system in the Pacific near 
the Hawaiian Islands known as the Kona Low. Kona 
Lows are cold cored subtropical cyclones, which have 
the potential to develop into severe storms with tropical 
characteristics devoid of any frontal structure (Moore 
and Davis, 1951; Simpson, 1952). Generally, a 
subtropical cyclone is a storm that has both tropical and 
extratropical characteristics, meaning that it does not 
easily categorise as being either a TC or an EC. 

Throughout the 1960‘s and early 70‘s, 
references to a subtropical class were made by many 
researchers (Dunn and Staff, 1964; Erickson, 1967; 
Simpson and Pelissier, 1971; Spiegler, 1971). Dunn and 
Staff (1964) reviewed the 1963 Atlantic hurricane 
season and noted that storms that are not entirely 
tropical in character were quite frequent. 

It is well know that TCs derive their energy 
from latent heat processes and are sustained by a warm 
mixed layer in the upper ocean (Palmén, 1948; Gray, 
1968; Anthes, 1982; Montgomery and Farrell, 1993; 
DeMaria et al., 2001, and others), whilst ECs grow 
mainly by extracting available potential energy stored in 
regions of strong baroclinicity (Bjerknes and Solberg, 
1922; Charney, 1947; Holton, 1992; Montgomery and 
Farrell, 1993; Reale and Atlas, 2001 and others).  

Subtropical cyclones or ―half breeds‖ develop 
over tropical oceans and tap into both energy sources 
(Dunn and Staff, 1964). In the past, no common official 
name was used to describe such cyclones. Simpson 
and Pelissier (1971) suggested ―neuter cyclones‖ or 
―neutercanes‖, however this was quickly rejected on the 
basis of being sexist in an all ready heated cyclone 
gender naming debate. Spiegler (1971) coined the term 
―semi-tropical or half-tropical‖ in reference to the 
subtropical cyclones literal ability to draw energy from 
both tropical and extratropical processes. In agreement, 
both Simpson and Pelissier (1971) and Spiegler (1971) 
independently state that ―a need exists for recognising  
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and identifying certain hybrid storms‖, rather than 
ignoring such systems. 

Work conducted many decades ago and 
research undertaken towards the beginning of the 
twenty-first century turned to objectively quantify the 
gray areas and the transitional processes between TCs, 
ECs and Hybrid cyclones (HCs) (Palmén, 1958; DiMego 
and Bosart, 1982; Beven, 1997; Klein et al., 2000; 
Sinclair, 2002; Davis and Bosart, 2003; Hart, 2003; 
Jones et al., 2003; Davis and Bosart, 2004 and others).  

Beven (1997) describes HCs as systems 
whose energy sources are driven by multiple processes. 
These hybrids show characteristics in environments 
where they are unexpected. Beven proposes an 
expanded classification system which utilises core 
temperature and frontal characteristics as seen in 
Figure 1. TCs are warm and non-frontal, whilst ECs are 
frontal but can possess either warm or cold cores. In 
addition, Beven‘s scheme would see HCs categorised 
separately as ―strange hybrids‖, emphasizing their 
possible structural variety and uncertainty. Although not 
commonly adopted in the Southern Hemisphere (SH), 
from the Northern Hemisphere‘s perspective subtropical 
cyclones are given special consideration as cold, non-
frontal system occurring over the subtropics. Most 
importantly, Beven‘s scheme poses no sharp 
boundaries between classification groups, rather a 
continuous spectrum. 

 

 
Figure 1: Schematic diagram of expanded 

classification scheme. From Beven (1997). 
 
Hart (2003) also proposed an objectively 

defined continuum for evaluating a cyclone‘s phase and 
structure. Utilising phase diagrams calculated 
throughout the cyclone lifecycle, this method draws on 
measures of lower-tropospheric thickness asymmetry 
(frontal nature) and tropospheric wind (cold – versus 
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warm core structure) evaluated at two levels between 
900 and 600 hPa (lower troposphere) and between 600 
and 300 hPa (upper troposphere). Hart‘s phase 
diagrams also illustrate the transition between warm and 
cold core systems, effectively highlighting Extratropical 
Transition (ET), Tropical Transition (TT), and the 
development of HCs (Figure 2). Note that the chosen 
colours represent the likely temperature of the cyclone 
core, with reds (blue) indicating warm (cold) cores. It is 
important to stress that cyclone transition is a gradual 
dynamic and thermodynamic transformation and not 
simply a positional shift. The transition concept 
appreciates that there are no physical constraints in the 
free atmosphere to prevent one given type of cyclone 
from transforming into a different type or from having 
hybrid characteristics. 

 

 
Figure 2: Cyclone Transition schematic. 

Chosen colours represent the likely temperature of the 
cyclone core, with reds (blue) indicating warm (cold) 
cores. 

 
 

2. CURRENT CYCLONE CLIMATOLOGIES 
 

In comparison to TC and EC research, cyclone 
transition and HC development has only recently started 
to be investigated. Jones et al., (2003) reviewed the 
forecast challenges associated with ET and the current 
understanding of the processes involved in ET. A basic 
climatology of ET events during 1970-99 was presented 
for (a) western North Pacific, (b) South-west Pacific and 
South-east Indian Ocean and (c) North Atlantic. Jones 
et al., (2003) showed that the largest number of ET 
events occur in the western North Pacific while the 
North Atlantic basin contains the largest percentage 
(45%) of TCs that undergo ET in the 30 year period. 
Research conducted by Foley and Hanstrum (1994) 
showed that ET occurs most frequently when a large-
amplitude cold front approaches within a distance of 
around 1700 km or less of a TC off the west coast of 
Australia. Hart and Evans (2001) showed that ET in the 
Atlantic occurs at lower latitudes in the early and late 
hurricane season and at higher latitudes during the peak 
of the season.  

Sinclair (2002) presented a basic ET 
climatology for the south-west Pacific region covering a 
period from 1970-96. Over this period 251 TC tracks 
were evaluated with 81 of these ―making it to the mid-
latitudes (south of 35°S)‖. It was shown that on average 
TCs over the Tasman Sea move slowly southward with 
little acceleration and are slightly more intense than 
those east of New Zealand, an observation most likely 
associated with the East Australian Current. Sinclair 

(2002) states that TCs often encounter upper level 
westerlies around 15°S and decreasing sea surface 
temperatures (SSTs) below 26°C south of 25°S. This is 
in contrast to the cyclone located in the North Atlantic 
and northwest Pacific, which can retain their hurricane 
structure and intensity to the north of 40°N due to 
warmer SSTs and higher average latitude of the 
westerly flow.  

In a 50 year review of Subtropical Cyclones 
development for the North Atlantic, Roth (2002) 
suggests that these cyclones tend to form in the central 
and western sections of ocean basins where the 
contrast between the SST and the 500 hPa is the most 
extreme. Roth (2002) also states that these marine 
cyclones can vary in structure from cold to warm core 
with their entire circulation sometimes encompassing 
and area initially no more than 100 km in diameter. 

When reviewing current literature concerning 
TT it is apparent that most papers focus on individual 
events. Davis and Bosart (2004) state that according to 
the TC Reports issued by National Oceanic and 
Atmospheric Administration‘s (NOAA) Tropical 
Prediction Centre, the development of nearly half (26 
out of 57) of the Atlantic TCs from 2000 to 2003 
depended on an extratropical precursor, with many 
systems originating as cold core baroclinic systems. 
Davis and Bosart (2004) also note that cyclones which 
have undergone TT typically do not exceed category 2 
under the Saffir Simpson Hurricane Scale (Simpson, 
1974) and develop close to coastlines.  

Reviewing literature concerning cyclone 
transition demonstrates a distinct perception difference 
between ET and TT research, with significantly more 
work done regarding ET. Possible reasons for this could 
be in the operational use of a subtropical cyclone class, 
which could encompass many different cyclone types, 
which can all be thought of as undergoing TT. This 
categorisation restriction is one of the practices that this 
research aims to avoid as too many artificial sub-
classes could lead to an imbalance when comparing ET 
versus TT. Another aspect could be in regards to 
transition energetics and environmental impact. 
Generally, ET research has demonstrated that once a 
TC undergoes ET, the system can reintensify into a mid-
latitude storm that can generate severe weather which 
can be more intense than its tropical phase.         

 
 

3.  DATA AND METHODOLOGY 

 
 This study develops and explores a climatology 
of both TT and ET and the occurrence of HCs for the 
SH. Initially using 2.5° resolution National Centers of 
Environmental Prediction / Department of Energy 
(NCEP/DOE) NCEP (Kistler et al., 2001) and Japan 
Meteorological Agency JRA-25 (Onogi et al., 2007) 
datasets, cyclone trajectories are derived using the 
Melbourne University Tracking Scheme (MUTS). The 
MUTS is a proven method of locating and tracking 
cyclone centres on a sphere (Murray and Simmonds, 
1991; Simmonds et al., 1999; Simmonds and Keay, 
2000; Lim and Simmonds, 2007). This climatology will 
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focus on the modern satellite era, 1979 to present to 
ensure that high-quality data is used. 
 To develop the climatology, an extension of the 
MUTS is needed. Referring to Figure 3a, the extension 
calculates the average temperature difference between 
a defined cyclone core of radius xcore and an 
environmental ring set at a distance xenv from the 

cyclone centre. Furthermore, the outer environmental 
ring boundary is fixed at a distance (y) from the inner 
environmental ring boundary. Referring to Figure 3b, the 
depth of the warm or cold core can be evaluated by 
creating an index between the 300-600 hPa and 600-
900 hPa levels. The proposed transition tracking 
extension utilises analysis similar to that done by Beven 
(1997) and Hart (2003), to objectively diagnose the 
transition event.  
 

 
Figure 3: (a) Representation of the cyclone 

core and environmental ring variables. (b) Depth index 
between the 300-600 hPa and 600-900 hPa levels.  
 

Variables xcore and y are manually determined 
and will be subject to future sensitivity tests, whilst xenv 
is calculated via the MUTS. A histogram was computed 
to gain insight into the MUTS‘s ability to detect cyclone 
size (xenv). Ensuring that only cyclones which exist for a 
minimum of 2 days were detected, 300 cyclone tracks 
were evaluated creating a database of 5119 cyclone 
sizes over a two month (February-March) period.  
 

 
 Figure 4. Cyclone radius histogram for 300 

cyclones over a two month period. Average cyclone size 
determined to be 643.15 km.  
 

As can be seen in Figure 4, the average 
cyclone size is 643.15 km with minimum and maximum 
cyclone sizes of 256.41 km and 1325.34 km 
respectively. These results demonstrate that the MUTS 
is adept at tracking a range of cyclone sizes. The 
scheme calculates the cyclone size as a weighted mean 

distance from the cyclone centre to the points at which 
∇

2
P (P = pressure) is zero around the edge of the 

cyclone (Lim and Simmonds, 2007). 
The average temperature of the cyclone core 

(Tcore
      ) and the environmental ring (Tenv

      ) is then 
calculated at multiple levels throughout the troposphere 
from 900 to 300 hPa creating a temperature profile. This 
specific pressure level range is set following Hart (2003) 
whom used these limits to avoid extrapolation below 
ground or within the boundary layer, and to prevent 
inclusion of the stratospheric phase, which is often the 
opposite of the tropospheric phase (Hart, 2003).  

Following Equation [1], a simple index is then 
established by evaluating the temperature difference 

between the core (Tcore
      ) and the environmental ring 

(Tenv
      ). The two possible outcomes represent whether 

the cyclone is in a warm core (+ve) or a cold core (-ve) 
phase relative to the environment encompassed by the 
environmental ring. As stated earlier, by establishing a 
further index between the 300-600 and 600-900 hPa 
levels, the depth of the warm or cold core can be 
evaluated as in Equation [2]. For example, a shallow 
warm core would result from higher core temperatures 
in the lower troposphere between 600-900 hPa as 
compared to the upper 300-600 hPa levels. 

 

Tcore
      − Tenv

      =  
+ve 𝑤𝑎𝑟𝑚 𝑐𝑜𝑟𝑒 𝑖𝑛𝑑𝑒𝑥
−ve 𝑐𝑜𝑙𝑑 𝑐𝑜𝑟𝑒 𝑖𝑛𝑑𝑒𝑥

  [1] 

 
 

Tcore
      − Tenv

       
300 hPa

600 hPa
      Tcore

      − Tenv
       

600 hPa

900 hPa
   [2] 

 
  These indices are then calculated repeatedly 

throughout the lifecycle of the cyclone, objectively 
illustrating the cyclone transition event. Implementing 
this extension in conjunction to the MUTS over a set 
period of time will enable cyclones which undergo 
transition to be emphasized and mapped as seen in 
Figure 5, which illustrates cyclone tracks over a two 
month period (February-March), highlighting the 
occurrence of a HC in red east of Australia. 

 

 
Figure 5: Example NCEP Southern 

Hemisphere cyclone tracking map as computed by the 
Melbourne University Tracking Scheme over a two 
month period. HC Duck (2001) trajectory shown in red 
(Garde, 2007).  
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Knowing that 2.5° resolution data is unable to 
adequately resolve TC temperature variability and 
features set by xcore and xenv, a nested higher resolution 

grid is needed encompassing the cyclone and the 
environmental ring. This will ensure that more data 
points are sampled when calculating the average 
temperature difference, enabling a more accurate 
representation of the TC to be created. Due to their 
larger average size, Hart (2003) states that ECs are 
more accurately represented by 2.5° resolution data as 
compared to a TCs. A series of tests discussed in 
section 4, details preliminary results which utilises 
temperature data provided by the Bureau of 
Meteorology. At 0.125° resolution, the Mesoscale 
Limited Area Prediction System (Meso-LAPS) (Puri et 
al., 1998) data illustrates the capability this methodology 
has in diagnosing cyclone transition. 
 
 
4. PRELIMINARY CASE STUDY RESULTS 
 

HC Duck (2001) was used as a case study 
following other work done by Garde (2007) and Garde 
et al., (2009). This rare hybrid low-pressure system was 
observed to develop in the Tasman Sea under apparent 
tropical/extratropical influence, and make landfall on the 
south-eastern Australian coast, near Byron Bay in 
March 2001 (Callaghan, 2001; McCrone, 2002; Garde, 
2007; Garde et al., 2009). Garde (2007) and Garde et 
al., (2009) demonstrated that the Duck only achieved 
partial TT during its lifecycle. Under the Australian 
cyclone severity scale (Bureau of Meteorology, 2002), 
the Duck would have been classified as a category 2 
TC.  

Figure 6 illustrates tracking results for HC Duck 
during gradual thermal structure changes (5 March) and 
as the cyclone underwent partial TT (8 March) in 2001. 
This demonstrates the transition tracking schemes 
ability to interpolate gridded datasets to circles and also 
highlights the usage of the MUTS determined cyclone 
size (xenv) parameter. It can be seen that as the cyclone  

 

 
Figure 6: Circular interpolation and the MUTS 

determined cyclone size tracking for two time steps of 
the HC Duck (2001) lifecycle. Colour shading denotes 
temperature at the 500 hPa level in °C. 

neared the coast and underwent TT, its size reduced 
significantly. Note that 0.125° Meso-LAPS resolution 
temperature data was used. 

Tests were undertaken which investigated the 
sensitivity of the manually predefined variables, xcore and 
y. Table 1 list and Figure 7 illustrates the values chosen 
for each test, which will subject to future testing.  

 

 xcore (km) y (km) 

Test 1 100 200 

Test 2 200 200 

Test 3 100 100 

Test 4 100 400 

Test 5 200 200 

Table 1: Values set for xcore and y for each test 
in km. Note that xenv is determined by the MUTS. 

 
 

 
Figure 7: Illustration of sampled regions for 

each of the 5 tests for HC Duck on March 8 prior to 
landfall during partial TT. Colour shading denotes core 
and environmental ring temperature. 
 

All five tests showed similar patterns as a 
result of subtle value variations, thus only one output is 
shown here as Figure 8. Referring to Figure 8, two key 
periods can be identified on 5 March and 8 March 
indicated by the vertical dashed lines. These time steps 
reflect periods in which the Duck underwent transition.  

Importantly during the Duck‘s initial transition 
(5 March), it can be seen that the 300 hPa environment 
was cold cored (negative index), the 500 hPa 
environment was warm cored (positive index), whilst the 
850 hPa cyclone core was in near thermal equilibrium 
with the environmental ring. In addition, Figure 8 
illustrates a short period of cooling prior to the final 
transition (8 March) where the analysed levels become 
in phase and warm cored (positive index). These results 
support the claims made by previous research, that the 
Duck achieved partial TT prior to landfall. Full TT was 
not achieved as the warm core was shallow due to 
warmer core temperatures at the middle troposphere 
levels. These results were verified using a regular 
latitude-longitude grid test with no circular interpolation. 
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 Figure 8. Core index throughout the lifecycle of 
HC Duck for the 300, 500 and 850 hPa levels. Variables 
set to: xcore = 100 km and y = 200 km 

 
 
  5. CONCLUSION 

 
A method of objectively diagnosing cyclone 

transition has been presented here. The uncertainty 
behind the transition process and the lack of a complete 
comprehensive transition climatology is the motivation 
for this research. This research aims to place the 
development of transitioning cyclone and the 
occurrence HCs such as the 2001 Australian Duck in 
climatic perspective. This paper reinforces the 
importance of understanding both the dynamic and 
thermodynamic process behind cyclone transition, 
particularly for the SH where many aspects of their 
formation are still unknown.  

The identification and understanding of these 
transitioning cyclones is extremely important. The 
discussed method of establishing a climatology for the 
SH seeks to create the foundations for further research. 
Future studies will investigate potential links between 
cyclone transition and large-scale mechanisms such as 
atmospheric blocking, climatic variations such as the 
Southern Annular Mode (SAM) or ENSO, and whether a 
characteristic air-sea interaction favours cyclone 
transition.  
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