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1 Background

During the 1950s, tropical cyclones (TCs) and esdpacal cyclones (ECs) were
generally regarded as mutually exclusive groupsh wistinct life cycles (Hart 2003).
TCs (ECs) are typically warm-core (cold-core), rimntal (frontal) systems driven by
convective (baroclinic) processes (Bevan 1997; @863). Subsequent studies arising
through the development of satellite (e.g. Evah&l. 1994), aircraft (e.g. Simpson &
Pelissie 1971) and maritime observations (e.g. Ro§eBosart 1986) identified systems
with structures neither typical of a TC nor an EBCknowledging the potential for, and
requirement of further research into, such ‘hybaogctlone systems (Simpson & Pelissie
1971; Speigler 1971). The Bevan (1997) phase dmdiFigure 1.1) reflects the current
understanding that the cyclone phase space compasbroad continuum, with no
physical constraints preventing transitioning typesiybrid characteristics (Bevan 1997;
Hart 2003; Pezza & Simmonds 2008, hereafter PSUBijs diagram was the precursor to
the idea of cyclone transition, with a majorityayiclones observed within the interior of
this continuum (Bevan 1997; Reale & Atlas 2001;tl2803; Hartet al. 2006).

The fundamental dynamic and thermodynamic transdtion of a baroclinic, cold-core
system to a warm-core TC is referred to as trogdi@asition (TT), whilst the reverse is
extratropical transition (ET) (Hart 2003; Davis So&rt 2004). Such transition events
provide an effective link between extremes of tiielane spectrum (Figure 1.1). These
transition processes and other hybrid systems, asdiombs (central pressure falls > 24
hPa in 24 hours, relative to 60 degrees of latitwefer section 1.2) and polar lows, are
observed in both hemispheres (Figure 1.2). Howetehould be noted that Figure 1.2
does not fully characterise the entirety of thelaye continuum. The sole depiction of
TC tracks in Figure 1.2 is only representative oé gortion of the cyclone spectrum,
whilst the labelling of transitioning and other higbsystems is purely qualitative. A
fuller partial distribution is exemplified by theegater occurrence of both transitioning
systems within the Tasman Sea (Sinclair 2004; EiguB) and bomb events across the
Southern Hemisphere (SH) (Lim & Simmonds 2002, &kee LS02; Figure 1.4).
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Figure 1.1. Schematic diagram of different types of cyclonesljcating tropical and
extratropical transition (red), and the hypothesisgpresentation of a July 2008 Tasman
case of interest (blue; refer section 1.6). Adajtem Bevan (1997), PS08.
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Figure 1.2. World map with the climatological occurrence ajgical cyclones (TCs),
transitioning, and hybrid cyclones and their regiomames. Abbreviations: ET,

extratropical transition; TT, tropical transitiofracks depict TCs (1979-1988) identified

from neighbouring meteorological services’ TC datds. Adapted from Neumann

(1993), PSO08.
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Figure 1.3. Tracks of tropical cyclones in the southwest fa¢1970-1997), identifying

the location of extratropical transition onset (healot).

Meteorological Service archive. Adapted from &irq2004).

Data from a New Zealand

Figure 1.4. Mean SH explosive cyclone density in a) DJF apdJA, compiled from
NCEP-2 reanalysis data (1979-1999). Contour iaielx10° explosive cyclone<lat)?.

Adapted from LS02.
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Transition events and explosively developing systare of concern to Australia and
New Zealand (NZ), as general features associatddtivese systems include destructive
winds, flood rains and coastal storm surges. Netplevious events in the region have
resulted in extensive damage (e.g. Sinclair 1998n&rum 1997; Hopkins & Holland
1997; Leslie & Speer 1998; Garag¢ al. 2009) and the loss of life (e.g. Hill 1970;
Buckley & Leslie 2000), whilst a recent hybrid syt (19-28' April 2009; Figure 1.5)
resulted in 252 mm of rain and wind gusts of 146Hhat Lord Howe Island (Bureau of
Meteorology 2009a). The importance of such evenfsrces the recommendations for
better understanding of the physical processesbetyclone transition (Sinclair 2002;
PSO08; Gardet al.2009) and meteorological bombs (Buckley & Les®@; Leslieet al.
2005) in the southwest Pacific region.

Figure 1.5. Mid-upper level (600-100hPa) water vapour andairgd winds (OOUTC 19
April 2009) associated with the hybrid system tpassed over Lord Howe Island.
Cyclonic rotation of winds about the centre of thgstem is identified, whilst a
convective area exists south-east of the centraptued by the MTSAT-1R satellite.
Source: Cooperative Institute for Meteorologicatedlite Studies (2009).
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1.1 Extratropical and Tropical Transition

In comparison to the effort devoted to TC and EES, has only recently started to
receive attention (e.g. Harr & Elsberry 2000; Haitrral. 2000; Sinclair 2002, 2004; and
others) and continues to be poorly forecast (Brogmit al. 1998; McTaggart-Cowast

al. 2001; Maet al.2003). Hartt al.(2006) demonstrated that the nature of ET evatutio
and intensity change is sensitive to the tempardlspatial scales of interaction between
a trough and the original TC, whilst sea surfaceperature (SST) is important only until
transition is completed. Sinclair (2004) notedttlE& onset in the SH (Northern
Hemisphere; NH) commences around®-253°S (35-45°N), with minimal (marked)
seasonal variation. Within the southwest PaciBclair (2002) identified that, on
average, extratropical transitioning storms to thest (east) of NZ move south
(southeast), occur earlier (later) in the seasahratain greater (lower) intensities.

Recent advancements emphasising TT mechanismseisith are exemplified by the
events of hurricane Catarina (Pezza & Simmonds 2808 the ‘2001 Australian Duck’
(Gardeet al. 2009). Hurricane Catarina, the first-ever repbreirricane in the South
Atlantic, initiated as an EC in a frontal systemdamnderwent TT to achieve full
properties of a hurricane (Pezza & Simmonds 2003he ‘Australian Duck’ was
regarded as a hybrid cyclone, achieving partialif&n area where such development is
rare (Gardeet al. 2009). It is apparent that further research isuireq to better
understand the behaviour of hybrid and transitigrepstems in the SH. As exemplified
by the aforementioned case studies, such insightbeaachieved by examining features
of the atmospheric circulation, such as relativetiity, environmental vertical wind
shear (EVWS) and SSTs.

1.2 Explosive Development (Bombs)

Explosive cyclogenesis, described as a ‘predomiypamdritime, cold-season event, often
with hurricane-like features in the wind and clofields’(Sanders & Gyakum 1980,
hereafter SG80), has been investigated from tHg waentieth century (Bjerknes 1919;
Bjerknes & Solberg 1922; Sutcliffe 1939, 1947). rapidly deepening extratropical low,
as characterised by Tor Bergeron, is one on whhehcentral pressure (P) at sea level
falls at the rate of at least 24 hPa in 24 h 8N60The landmark study by SG80 defined a
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geostrophically equivalent normalised pressure eleieg rate (NDR), expressed in

Bergerons, for an arbitrary latitude

NDR = P, 5|.n(60)
24hours [sin(F)|

Bombs are defined when NDR exceeds unity. AccagigliinrSanders (1986) categorised
bomb events by the criteria in Table 1.1.

Bomb Classification | Bergeron Range

Weak 1.0-1.2
Moderate 1.3-1.8
Strong >1.8

Table 1.1. Classification of explosive cyclones as a funcid Bergeron
units. Adapted from Sanders (1986).

Following the concerns of Sinclair (1995, 1997)ameling the inference of cyclogenesis
from pressure deepening rates, LS02 introduceddheept of ‘relative’ central pressure
( Pr; e.g. Simmonds & Wu 1993) to give thalative NDR. This definition, taking into
consideration the spatial changes of climatologmaksure along the cyclone path, was
concluded to be most appropriate for use in the ddld to the strong meridional

climatological pressure gradients there (LS02, suep by findings of Sinclair 1995).

There have been a number of studies conducted/éstigate the mechanisms triggering
explosive development. The maximum frequency omi® in the NH have been
observed in the vicinity of the warm currents of Bulf Stream (North Atlantic Ocean)
and Kuroshio (North Pacific Ocean) (SG80, Roebl#84] Chenet al. 1992, LS02),
suggesting that baroclinicity and (weak) statib#ity are important factors in initiating
explosive development. The bomb system densitlyildigion of LS02, supported by
similar Eady growth rate distributions of Berbery \8era (1996), also suggests that
baroclinicity plays an important role in SH explesioccurrences, despite the reduced

land-sea temperature contrasts of the SH (Rev&Idiey 1995).
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In addition to baroclinicity, experiments have asated rapid cyclogenesis with strong
sensible and latent heat exchange between thévedyaivarm sea surface and cooler air
aloft (Winston 1955; Roebber 1989; Rogers & Bod®&91; Kuoet al. 1995; Revell &

Ridley 1995; Giordani & Caniaux 2001). These flsxenhanced by greater air-sea
temperature contrast, play an important role inrtteastening and destabilization of the
cyclone environment. Upper-level processes hase lagéen identified as contributing to
intensification, including the positioning of trdug (SG80, Rogers & Bosart 1991),
thickness anomalies (Sanders & Davis 1988), uppestidivergence (Sanders 1986;
Manobianco 1989; Was#t al. 1992), cyclonic-vorticity advection (Lupet al. 1992) and

organised convective processes (Gyakum 1983a,hg. alorementioned thermodynamic
and dynamic mechanisms are various and complexyilsoting in constructive and

nonlinear ways to explosive cyclogenesis. Howgethe occurrence and importance of

such processes could vary considerably for indafidxplosive events.

LS02 used NCEP-2 reanalysis data to assemble ailedioyp of SH bombs over a 21-
year (1979-1999) period. On average, around 26bgoatcur each year in the SH,
whilst about twice as many appear in the NH. Bomtespredominant during winter in
both hemispheres, although the degree of seaspishtuch less in the SH. Mean SH
bomb densities for the summer and winter monthsiedsrmined by LS02, are shown in
Figure 1.4. Whilst the number of summer bomb evé&hmodest (Figure 1.4a), notable
events have occurred (e.g. Buckley & Leslie 200During the winter months (Figure
1.4b), maximum bomb densities are found to thelsotiAustralia (458-60°S, 9CE-180)
and in the western Pacific Ocean nediS3@vhilst coastal southeastern Australia and the
Tasman Sea also host many explosive developmenss. 15-year (1990-2004)
climatology of bombs developing in the south-easfBasman Sea (Lesliet al. 2005)
revealed that they are a recurrent event in tlgabme with most events occurring in June-

July.

Whilst there has been a large amount of researplodxg the mechanisms triggering
explosive cyclogenesis, the focus has been predomtiyjnon NH events. Often these
explosive systems are poorly forecast (e.g. Buc&léslie 2000), hence there exists the
requirement for further understanding of theseesystto enable improved planning and

community preparedness.
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1.3 East-Coast Lows

Australian east-coast cyclones (or lows; ECLS) enaracterised by closed cyclonic
circulation at the surface, form and remain betwedf-40°S in the maritime
environment within % of the eastern coastline, exhibit some motion @@ the coast,
and have a near-center pressure gradient of at4ehPa°C™ (Leslie & Speer 1998).
ECLs preferentially form during winter (Hopkins &oHand 1997), with the main
synoptic precursor being a trough (or ‘dip’) in tbasterly wind regime over Australia,
and are warm-cored in the lower troposphere (Hdllenal. 1987). Large-scale moist
baroclinic processes initiate development of a weaaltoptic-scale cyclone, whilst small-
scale physical processes (cumulus convection, crfiuxes and topography) are
required for the subsequent development of theng@tenesoscale system (Lesdieal.
1987). Hollandet al. (1987) identified 3 types of ECLs, with type-2 ECIoften
satisfying ‘bomb’ criteria and being associatedhwstustained strong winds and flood
rainfall. Given that ECLs have structures neittypical of a TC nor an EC, they may be

considered as hybrid systems.

1.4 Atmospheric Blocking

Blocking events typically occur when the main wdgtairstream becomes distorted,
resulting in a long-lived surface anticyclone blimgk the usual flow of transient
disturbances into the region. Blocking eventsrofeilitate the transitioning of various
cyclone systems. Consideration of the energetss®a@ated with hurricane Catarina
(Veigaet al.2008) revealed the importance of blocking on &vent. Analysis revealed
that the environment became favourable for baratreddy growth during Catarina’s
maturation, possibly due to eddy flux convergemggéred by the blocking system. The
blocking event also resulted in the reduction ofiemmental shear, facilitating the
completion of Catarina’s TT when the environmensveaedominantly barotropic. On
the 28" December 1998, a blocking high centered neardhthssland of NZ and a low
pressure system centered near Lord Howe Islandlisstead a strong moist northeasterly
surface airflow over the Tasman Sea, which is thoug have contributed to the
explosive development of the ‘Boxing-day’ storm ¢Rley & Leslie 2000). ECLs have
also been associated with general blocking conditiCoughlan 1983). Given that the
NZ sector has been identified as the primary locafor blocking in the SH (Trenberth &
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Mo 1985), the influence of blocking events shouldt e neglected. When the
occurrence of explosive and transitioning events rafated to atmospheric circulation
indices, the potential influence of blocking evestteuld also be taken into consideration,
given that blocking events have themselves beentifael as being responsive to the

phase of some indices.

1.5 Atmospheric Circulation Indices
1.5.1 SAM

The Southern Annular Mode (SAM) is associated wyhchronous pressure or height
anomalies of opposite sign in mid- and high-la@sidand is the principal mode of
variability of the atmospheric circulation in théd Sxtratropics (Trenbertlet al. 2007
and references therein). Over the last two oretlilecades, the significant decreases in
cyclone numbers, and increases in mean cycloneigaahd depth over the southern
extratropics (Simmonds & Keay 2000; Keableal.2002; Simmonds 2003; Simmonels
al. 2003) have been associated with the observed iretde SAM (Trenberthet al.
2007). The transition of hurricane Catarina isids&ld to have been associated with
changes in the large-scale circulation relatechtwelases in the positive polarity of the
SAM (Pezza & Simmonds 2005), and it has been spsmlilthat such changes will
impact the development of hybrid cyclones on thetAalian coast (PS08).

1.5.2 ENSO/PDO

El Nifo-Southern Oscillation (ENSO) events are aupted ocean-atmosphere
phenomena, with negative (positive) values of tlaitigern Oscillation Index (SOI)
representing El Nifio (La Nifia) conditions. Sincléi997) documented links between
ENSO and weather system tracks, with approximat®pp-20% fewer cyclones across
the subtropical Indian Ocean, Australasia and thethsvest Pacific during El Nifio
winters, whilst patterns almost exactly reversedmdulLa Nifias. During El Nifio (La
Nifia) conditions in the southwest Pacific, ET oschetween 16W-130°W (confined
west of 176W) with faster (slower) and more zonal (meridiormrabtion (Sinclair 2002).
Hopkins & Holland (1997) identified a strong tendgrior ECLs to occur after El Nifio
years and in particular between large swings ofatieg to positive SOI values. The
phase of ENSO has also been related to TC activiyustralia (Nicholls 1984; Hastings
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1990), blocking anticyclones (Sinclair 1997) and @idllatitude storm tracks (Ashoit

al. 2007).

The Pacific Decadal Oscillation (PDO) describes ENe decadal patterns of
variability in low tropospheric fields and SSTs.ez?aet al. (2007) observed more
intense (and fewer) cyclones and anticyclones wherPDO was strongly positive, and
vice versa when the PDO was strongly negativenfost of the mid and high latitudes.
However, such patterns were not seen in all regiarts the Tasman Sea hosting more
(less), stronger (weaker) cyclones during the negdpositive) PDO phase. In the case
of positive PDO, a blocking pattern over the Tasn®ma was identified with above-
normal anticyclone intensity. Given that the PD&s lbeen negative since September
2007 (Mantua 2009), the above findings would suggesre, stronger cyclones within
the Tasman Sea, but clearly the natural seasodainégrannual variability is also very

pronounced in these areas.
1.5.310D

The Indian Ocean dipole (IOD) is a coupled atmosplogean phenomena, occurring in
the Indian Ocean (IO) in the form of an east-wegble in SST anomalies. The mode
index (IODMI) is defined as the difference in SSmomalies between the tropical
western and tropical southeastern 10. PositiveNMD3 associated with warm and cold
SST anomalies in the respective regions, whilstréwerse holds for negative |IODMI
(Saji et al. 1999). The IOD influences the climate of many 8#gions, including
Australia, with recognised rainfall (e.g. Ashek al. 2003) and surface air temperature
(e.g. Sajiet al.2005) impacts. Positive IODMI events have beeseoled to correspond
to a weakening of the westerlies and storm-tradk/iac over southern Australia and
portions of NZ (Asholet al.2007).

1.6 Background on potential case studies: Aucklanthombs’

On the 2% July 2008 an exceptional cyclonic system formefl theé Queensland
coastline, with ensuing motion towards NZ. Thisteyn had an observed 24 h pressure
drop (OOUTC 25 July — OOUTC 26 July) of 28hPa agecaat 365 (NDR = 2.0
Bergerons), being twice that required to satisfy Homb criteria of SG80 (McDauvitt
2008). Accordingly, this system would be classifi@zs a ‘strong’ bomb (Table 1.1).
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With record low pressures and wind gusts as stamd30-160 km h the system hit
Auckland as one of the most severe storms in decadeising surface flooding, power
outages, blizzard conditions and two maritime faésl (McDavitt 2008). This storm
was followed by a second case in a matter of dziymsqg little chance for NZ to recover.
These events rate as the™1&nd 11" most costly natural disaster in NZ since 1968,

respectively, with a combined cost of $73M (Insweaouncil of New Zealand 2009).

An overview of the systems is provided by analydarts and corresponding visible
satellite images (Figure 1.6). The development0D 24 July; 26S), rapid deepening
(OOUTC 25 July — O0UTC 26 July) and ensuing sowgheaotion of the first system is
observed. The second system initially appeardtienpresence of a trough (OOUTC 28
July; 30°S), rapidly deepened (OOUTC 29 July — OOUTC 30 )Judpnd remained in the
vicinity of NZ for a number of days. A preliminardentification of the systems was
obtained from NCEP-2 reanalysis data using the bleibe University Tracking Scheme
(Figure 1.7). The first system, as analysed anectst by the UK Meteorological Office
model, is depicted in the phase diagrams of FiguB Whilst these diagrams are
explained in detail by Hart (2003), they can be@iminterpreted as describing the
cyclone’s lower-tropospheric thermal asymmetry §paeter B), and the lower- and
upper-tropospheric thermal wind {v and 4V, respectfully; indicative of core
temperature). Figure 1.8 suggests that the systeginated as a frontal, cold-cored
structure (point A) similar to an EC, gradually deping into a non-frontal structure
with a warm core at lower levels (point Z) simitaran ECL. Accordingly, this system
was approximated on the cyclone spectrum of Fiduie Initial consideration of the
thermal structure suggests that the system may kaperienced partial TT, whilst
another possibility is that it experienced warmhsgion (development of a secluded

region of warm air near the center).
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Figure 1.6 Consecutive 00UTC analysis charts (24 July -J@ly, 2008) (Bureau of
Meteorology 2009b) and associated visible satelliteges (National Climate Data
Center 2009) indicating the presence of the Auckldmombs’. Satellite images:
Approximate location of first (second) system iraded by L (L>).
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Figure 1.7. Preliminary identification of the ‘Auckland bosibobtained from NCEP-2

Reanalysis data using the Melbourne University Hirag Scheme. Locations of the first
system (OOUTC 24 July [A] — OOUTC 30 July [B], 20Q8ue track) and the second
system (OOUTC 28 July [C] — OOUTC 03 Aug [D], 200geen track) are shown at

consecutive 6 hr intervals.
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Figure 1.8. Phase diagrams of the first ‘Auckland bomb’ syst@s analysed (A-C;
06UTC 23/07/08 — 06 UTC 27/07/08) and forecast (MBEUTC 26/07/08 — 06UTC
29/07/08) by the UK Meteorological Office model) System symmetry (vertical axis)
and lower-level core temperature (horizontal axts).Upper- and lower- level core

temperature (vertical and horizontal axis, respebt). Source: Hart & Evans (2009).
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2 Aims

This project seeks to identify the atmosphericufesg contributing to the development,
and subsequent rapid intensification, of the twarexhentioned cyclonic systems. A
high-resolution numerical model will be used to mx@e the systems in detail, and to
investigate the ability of available operationaldals to forecast such events: How well
were these systems forecast, and can any factoisnly such forecasts be identified?
Connections between these exceptional systemsndiaks of the large-scale circulation

of the Australian region will be explored, with cpatisons made to the circulation and
ocean patterns of previous winters. The systensbei placed in a climatological

perspective: How rare are these events? Was #&mgfihing exceptional with the 2008

winter that allowed these storms to form, and cansay that such intense storms are

becoming more frequent with climate change?

3 Significance and Innovation

The proposed project has the potential to stremgtinecontribute new understandings of
explosive development and transitioning systemhbiwithe SH, reducing the disparity of
such knowledge between the two hemispheres. Taeolis cyclone tracking scheme
will place the case systems within a robust clifogfical perspective, enabling an
accurate compilation of basic statistics relatingstich events, as well as providing a
means to explore their relationship with indicestloé large-scale circulation. The
identification of atmospheric features that are amgnt, or conversely seemingly
unimportant, to the development of these systemspravide insight into which features
should be considered in the forecasting of suchtsyavith advancements facilitating

improved planning and community preparedness.

4 Approach

The Auckland ‘bombs’ will be studied in detail ugiravailable satellite and surface
observations, together with high-resolution nunaricnodel data provided by the
Meteorological Service of New Zealand Limited. Thedel configuration will be

Weather Research and Forecasting (WRF), set olmitad area around NZ with 12 km
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resolution, and initialised off the Global Forec8gstem (GFS). Model runs, initialised
each day throughout the systems’ lifecycles andcfasting up to +48 h, will be used to
resolve structural details of these systems. Wgsuch as SSTs, relative vorticity and
EVWS will be considered, particularly during therisition and rapid development

stages.

The Melbourne University Tracking Scheme (Simmo&dslurray 1999; Simmondgt

al. 1999) will be used to find and track the Aucklafimbmbs’ and put them in
climatological perspective. JRA-25 and NCEP-2 réais data will be used, from 1979
(advent of the satellite era) to present, providihg large scale circulation and
climatology associated. The tracking scheme waéllused (withrelative NDR bomb
criteria) to explore previous explosive events e tTasman region, enabling the
compilation of basic statistics relating to the girency and distribution of such
exceptional events. Consideration will be madectornections between the case systems
and indices of the large scale circulation, sucthasSAM, ENSO, PDO and 10D, with
acquired knowledge applied to relevant literatareriedict the frequency of future events

given a changing climate.

If time permits, a quantitative investigation indgpects of the energetics of the case
systems will be attempted, using a methodology lamidb Veigaet al. (2008). This
method involves the partitioning of both the atnoesyc available potential energy and
kinetic energy into zonal and eddy components. €hergy cycle considers the
generation, dissipation and conversion of the varienergy forms, and can convey key
information as to the environmental forcing meckars on the systems. Such
consideration of the environmental energetics fmribane Catarina (Veigat al. 2008)
enabled an advancement in the understanding ofrénes event, suggesting that the

technique has a great potential to study transitgpaystems in general.

5 Conclusion

Recent advancements in the scientific literatureehidentified that the cyclone phase
space comprises a broad continuum, with the pailefar systems to transform or have
hybrid characteristics. Transition events and esipkly developing systems are of
concern to Australia and NZ, as they often resulséevere damage and the loss of life.

To address the requirement for a better undersigndf these processes within the
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southwest Pacific, two recent exceptional caselsheibxplored. A detailed investigation
of these systems and their association with thgelacale atmospheric circulation will
provide further insight to such events, allowing®gations to be made on their future

frequency given a warming climate.
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