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ABSTRACT
Tropical storms occur in nearly every ocean basin in the world; it has long been thought
that the South Atlantic was the exception.

However, in March 2004 Hurricane Catarina

disproved this assumption. Hurricane Catarina developed due to the evolution of a subtropical
storm (ST) into a hurricane. In fact, as the climatology compiled in this study will document,
many subtropical storms have formed within the South Atlantic basin within the last 51 years
(1957-2007).
A climatology of subtropical storms off the east coast of Australia is also compiled over
the same time period. While both the South Atlantic basin and the Tasman Sea region ST bear
striking resemblance to the ST documented in Guishard (2006), many differences exist between
the two hemispheres, such as preferred season of development.
A subtropical storm is defined simply as a system with gale-force winds displaying a
hybrid structure with an upper-level cold core and lower-level warm core (e.g. Guishard 2006).
While these criteria are straight-forward, applying them in a construction of a ST climatology for
the two Southern Hemisphere basins is more challenging. In compiling a climatology for the
South Atlantic basin and the Tasman Sea region, the mechanism for ST formation in the Southern
Hemisphere was found to be quite different than that of the North Atlantic basin.

Thus,

additional criteria were implemented in order to separate the ST from midlatitude systems which
could be mistakenly classified as ST due to their similar structure and apparent hybrid state.

iv

TABLE OF CONTENTS
LIST OF FIGURES .............................................................................................................. v
LIST OF TABLES ................................................................................................................ ix
ACKNOWLEDGEMENTS.................................................................................................. x
Section 1 Introduction and Background ............................................................................ 1
a.
b.
c.
d.
e.

Motivation – Hurricane Catarina, March 2004........................................................... 1
Ingredients for Tropical Storm Formation.................................................................. 2
The South American Summer Monsoon (SASM)...................................................... 3
An Overview of the South Atlantic Ocean Currents .................................................. 5
Climatological and Environmental Factors Favorable for South Atlantic TS
Formation ................................................................................................................ 6
f. Catarina, Rare Yet Possible......................................................................................... 10
g. Linking South Atlantic Subtropical Cyclogenesis to Australian East-Coast
Cyclogenesis............................................................................................................ 12
h. The Australian East-Coast and Tasman Sea in Brief.................................................. 12
i. Using Satellite Verification as a Means of Identifying a ST Storm ............................ 14
Section 2 Data and Diagnostics ........................................................................................... 29
a.
b.
c.
d.
e.

Subtropical storm characteristics and filtering code................................................... 31
Data ............................................................................................................................ 32
Cyclone tracker and evaluation of gale force wind radii ............................................ 33
Cyclone phase space................................................................................................... 34
Verification of implementation of methodology ........................................................ 38

Section 3 Implementation and Assessment of ST Identification Methodology............... 43
a. Characterizing and Partitioning the ST....................................................................... 48
Section 4 A South Atlantic ST Case Study......................................................................... 52
Section 5 A Tasman Sea ST Case Study............................................................................. 75
Section 6 Summary of ST Climatologies for the South Atlantic and the Tasman Sea... 98
Section 7 Conclusion ............................................................................................................ 124
a. A Summary of the 51 Year Climatologies.................................................................. 124
b. Future Work ............................................................................................................... 128
Appendix ................................................................................................................................ 132
References .............................................................................................................................. 136

v

LIST OF FIGURES
Figure 1.1: A climatology (1980-1993) of 900-hPa wind (ms-1) for a) annual mean, b) January
minus annual mean, and c) July minus annual mean. ................................................................... 15
Figure 1.2: A topographic map of the South American continent. ....................................................... 16
Figure 1.3: Upper tropospheric (200-hPa) circulation composite for the different phases of the
SASM over the 1980-1993 period. ............................................................................................... 17
Figure 1.4: Lower tropospheric (850-hPa) circulation composite for the different phases of the
SASM............................................................................................................................................ 18
Figure 1.5: Depiction of the Malvinas Current (white), the Antarctic Circumpolar Current (dark
blue) and the Brazilian Current (yellow)....................................................................................... 19
Figure 1.6: Mean monthly ITCZ structure for the months a) January, b) April, c) July, and
d) October. .................................................................................................................................... 20
Figure 1.7: The vertically integrated moisture flux between 1000 and 700-hPa over South
America for the months of a) January and b) July between the years 1988-2004......................... 21
Figure 1.8: Sea surface temperatures along the South American coast on 10 January 2003, 2004,
and 2005........................................................................................................................................ 22
Figure 1.9: ENSO events between 1982-2008 based upon sea surface temperature departures from
the long-term average over the Nino3.4 region (120°-170°W, 5°S-5°N). .................................... 23
Figure 1.10: Environmental vertical wind shear (200–850 hPa) anomaly (ms-1) averaged over the
23rd – 28th of March 2004.............................................................................................................. 24
Figure 1.11: Wind shear between 850 and 500 hPa at 1200 UTC on the 27th (above) and 29th
(below) March 2004...................................................................................................................... 25
Figure 1.12: Time series of the blocking index at 700-hPa and the Environmental Vertical Wind
Shear (EVWS) index (as defined by Pezza and Simmonds 2006, and discussed in Section 1f)
for all March months between 1979-2004. ................................................................................... 26
Figure 1.13: Schematic of the major features associated with Australian east-coast cyclones:
surface isobars (solid lines), 1000 – 500 mb thickness contours (dashed lines), and the
diffluent upper-tropospheric jet-streaks (long arrows).................................................................. 27
Figure 1.14: Along the east coast of Australia is a mountain range called the Great Dividing
Range between latitudes 20°-40°S. ............................................................................................... 28
Figure 2.1: Derivation parameters for -VTL and -VTU for a) TC exhibiting tropospheric warm-core
structure (derived from the NOGAPS analyses) and b) ET exhibiting tropospheric cold-core
structure (derived from the NCEP-NCAR reanalysis) .................................................................. 40
Figure 2.2: GFS analyses of Michael from October 12, 2000 to October 18, 2000 at 12Z time
periods, plotted in the Cyclone Phase Space: a) -VTL vs. -VTU and b) -VTL vs. B......................... 41

vi
Figure 2.3: Guishard (2006) GFS (then known as the AVN) analyses of Michael from 11 October
2000 to 18 October 2000 at 12Z time periods, plotted in the Cyclone Phase Space:
a) -VTL vs. -VTU and b) -VTL vs. B ................................................................................................ 42
Figure 3.1: A comparison of precipitable water within the GFS model to its corresponding
satellite image ............................................................................................................................... 51
Figure 4.1: ERA40 analyses of the South Atlantic for 1800 UTC 14 June 1981 a) 500 hPa
geopotential heights (units in dm) ................................................................................................. 60
Figure 4.2: Vertical cross-sections of potential vorticity (shaded) and potential temperature
(contoured) at the onset of gale-force winds 0600 UTC 15 June 1981 and at the time of first
hybrid state 1200 UTC 16 June 1981............................................................................................ 61
Figure 4.3: Ertel potential vorticity on the 320 K potential temperature surface (shaded), the mean
sea level pressure (contour), and the 300 hPa heights (colored contour) at the onset of galeforce winds 0600 UTC 15 June 1981 and at the time of first hybrid state 1200 UTC 16 June
1981............................................................................................................................................... 62
Figure 4.4: The same as in Figure 4.1, except for 1800 UTC 15 June 1981......................................... 63
Figure 4.5: SMS-2 infrared images for 0600 UTC, 1200 UTC, and 1800 UTC 16 June 1981............. 64
Figure 4.6: The same as in Figure 4.1, except for 1800 UTC 16 June 1981......................................... 65
Figure 4.7: Surface wind speeds of Noname81 at the 925 hPa level indicated by the clockwise
(cyclonically) rotating wind vectors (colored) .............................................................................. 66
Figure 4.8: SMS-2 infrared images for 0300 UTC, 0600 UTC, and 0900 UTC 17 June 1981............. 67
Figure 4.9: The Hebert and Poteat (1975) classification diagram for subtropical storms..................... 68
Figure 4.10: The same as in Figure 4.1, except for 1800 UTC 17 June 1981....................................... 69
Figure 4.11: Time series plot of SST (°C) over a 2° box and 900-300 hPa vertical wind shear
(ms-1) over a 5° box centered over the surface low ....................................................................... 70
Figure 4.12: SMS-2 infrared images for 0900 UTC, 1500 UTC, and 1800 UTC 18 June 1981........... 71
Figure 4.13: The same as in Figure 4.1, except for 1800 UTC 18 June 1981....................................... 72
Figure 4.14: ERA40 analyses of Noname81 from 1800 UTC 14 June 1981 through 0000 UTC 20
June 1981, plotted in the Cyclone Phase Space ............................................................................ 73
Figure 5.1: ERA40 analyses of the Tasman Sea for 0600 UTC 23 December 1998 ............................ 84
Figure 5.2: GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 23 December 1998... 85
Figure 5.3: Wind speeds of Noname98 at the 925 hPa level indicated by the clockwise
(cyclonically) rotating wind vectors (colored) .............................................................................. 86

vii
Figure 5.4: Ertel potential vorticity on the 330 K potential temperature surface (shaded), the mean
sea level pressure (contour), and the 300 hPa heights (colored contour) at 0600 UTC
23 December 1998 (25ºS, 167ºE) and at 1800 UTC 23 December 1998 (25ºS, 165ºE) ............... 87
Figure 5.5: ERA40 analyses of Noname98 from 1200 UTC 23 December 1998 through
1800 UTC 27 December 1998, plotted in the Cyclone Phase Space............................................. 88
Figure 5.6: Vertical cross-sections of potential vorticity (shaded) and potential temperature
(contoured) at the onset of gale-force winds and hybrid state 1800 UTC 23 December 1998...... 89
Figure 5.7: The same as in Figure 5.1, except for 0600 UTC 24 December 1998................................ 90
Figure 5.8: GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 24 December 1998... 91
Figure 5.9: The same as in Figure 5.1, except for 0600 UTC 25 December 1998................................ 92
Figure 5.10: GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 25 December
1998............................................................................................................................................... 93
Figure 5.11: Same as in Figure 5.3. Plot a) is at 0600 UTC 25 December 1998 and plot b) is at
1200 UTC 25 December 1998 ...................................................................................................... 94
Figure 5.12: The same as in Figure 5.1, except for 0600 UTC 26 December 1998.............................. 95
Figure 5.13: GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 26 December
1998............................................................................................................................................... 96
Figure 5.14: Same as in Figure 3. Plot a) is at 1200 UTC 26 December 1998 and plot b) is at
1800 UTC 26 December 1998 ...................................................................................................... 97
Figure 6.1: The distribution of ST totals within the South Atlantic basin, the Tasman Sea region,
and the North Atlantic basin based on shear values ...................................................................... 111
Figure 6.2: The seasonal distribution of ST occurrences in all three basins considered in this
study: the South Atlantic, the Tasman Sea, and the North Atlantic .............................................. 112
Figure 6.3: The distribution of ST totals based on SST values within the South Atlantic basin, the
Tasman Sea region, and the North Atlantic basin ......................................................................... 113
Figure 6.4: Mean SST over the 46 year period encompassed within the ERA-40 dataset
(1957-2002) for a) the SH summer and b) the SH winter ............................................................. 114
Figure 6.5: North Atlantic maps of Ertel potential vorticity on the 330K potential temperature
surface (shaded), and height of the 330K potential temperature surface (contoured), for a)
0000 UTC 11 October 2001, b) 1200 UTC 11 October 2001, c) 0000 UTC 12 October 2001,
and d) 1200 UTC 12 October 2001 ............................................................................................... 115
Figure 6.6: Maximum convective available potential energy values (measured in J kg-1),
maximum negative convective inhibition values (measured in J kg-1), and maximum negative
lifted index values (measured in °C) during each ST lifecycle within the GFS model in the
South Atlantic basin and Tasman Sea region ................................................................................ 116

viii
Figure 6.7: Maximum difference between the maximum and minimum value within all GFS ST
lifecycles for CAPE (J Kg-1), CIN (J Kg-1), and LI (°C) within the South Atlantic basin (blue)
and Tasman Sea region (red)......................................................................................................... 117
Figure 6.8: The mean monthly distribution of ST occurrences in all three basins considered in this
study: the South Atlantic, the Tasman Sea, and the North Atlantic .............................................. 118
Figure 6.9: Climatological mean monthly SST (in °C) for the month with the maximum number
of ST occurrences within a) the South Atlantic basin and b) the Tasman Sea region................... 119
Figure 6.10: Same as Figure 6.9 except for the month with the maximum number of ST
occurrences within the austral warm season ................................................................................. 120
Figure 6.11: Same as Figure 6.9 except for the month of April............................................................ 121
Figure 6.12: SST values for January-April 2005 .................................................................................. 122
Figure 6.13: The yearly distribution of ST occurrences in a) the South Atlantic basin and in b) the
Tasman Sea region ........................................................................................................................ 123
Figure 7.1: Flow chart of descriptors based on synoptic analyses of each of the 63 ST found in the
South Atlantic basin ...................................................................................................................... 130
Figure 7.2: Flow chart of descriptors based on synoptic analyses of each of the 111 ST found in
the Tasman Sea region .................................................................................................................. 131

ix

LIST OF TABLES
Table 4.1: Average convective potential values (CAPE, J Kg-1; CIN, J Kg-1; and LI, °C in a) and
CAPE in b)) during each ST lifecycle within the GFS model in the South Atlantic basin and
the Tasman Sea region. ................................................................................................................. 74

x

ACKNOWLEDGEMENTS
I would like to thank my thesis advisor, Dr. Jenni L. Evans, for her guidance and research
support throughout this study. I would also like to thank her for the opportunities that have been
provided to me such as pursuing research in tropical meteorology and attending conferences. I
am also grateful for the helpful discussions and reviews provided by my thesis committee, Dr.
Yvette Richardson and Dr. Michael Mann.
Thank you to all of my past and present research group members for their comments and
help throughout this research. This group consists of Mark Guishard, Adam Moyer, Daniel
Veren, Holly Hamilton, and Michael Hernandez. I would also like to thank Danielle Manning
and Dr. Bob Hart for providing access to their current research work. For assistance with coding
conundrums, I would like to express gratitude to Jeff Gall, Adam Arnold, and Ben Root.
I am much indebted to those in 402 Walker, the others on the 4th/6th floors, and my
many wonderful friends for the support and comic relief that have been provided to me. I would
also like to express thanks to my family for their continual support and specifically to my mother
for always lending me an ear during the rough patches.
Most of all, I am grateful to Justin, my love and my rock.

Section 1

Introduction and Background
a. Motivation – Hurricane Catarina, March 2004
Tropical storms (TS) have never routinely occurred within the South Atlantic
basin. In fact, every basin in the world regularly sees these storms except the South
Atlantic. So why does this deficit exist in our basin of interest? The South Atlantic
tropical storm deficit has been attributed to insufficiently warm sea surface temperatures
and potent vertical wind shear (Pezza and Simmonds 2005, 2006; McTaggart-Cowan et
al. 2006; Silva Dias et al. 2006; Filho and Silva Lima 2006). The region in which TS
would normally form is subject to climatological shears between 850 and 200 hPa of
25.7 ± 8.8 ms-1, far too strong for purely tropical storms to form (Pezza and Simmonds
2006). However, subtropical storms (ST) can form within such an environment. As
found by Guishard (2006), subtropical storms can form within environments subject to
strong shear and cool sea surface temperatures (SST) as long as a favorable environment
exists otherwise (a detailed description of what this entails will be discussed in Sections 2
and 3). ST are destructive in nature due to their associated gale-force winds and intense
rainfall. More importantly, Guishard et al. (2009) demonstrate that a fraction of warm
season North Atlantic subtropical storms undergo tropical transition and become tropical
cyclones. In this study we document many subtropical storms that have formed within
the South Atlantic basin between August 1957 and December 2007.
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The presence of these South Atlantic subtropical cyclones and their similarity to
their North Atlantic cousins raises the possibility that these systems may also undergo
transition to tropical cyclones. Indeed, the case of Hurricane Catarina (2004) was the
initial impetus for this study. In March 2004, a subtropical storm formed off the coast of
Brazil leading to the formation of Hurricane Catarina (Guishard 2006; McTaggart-Cowan
et al. 2006). This was the first documented hurricane to ever occur in the South Atlantic
basin. It is also the black swan that has made us reconsider why TS have never been
observed within this basin before. We have found that while there have been no other
identifiable hurricanes in the South Atlantic basin, numerous subtropical storms have
occurred. A glimpse into the climatology for this region will aid in our understanding of
why TS have not occurred regularly. But first, we must take a step back and consider
how TS form in the first place.

b. Ingredients for Tropical Storm Formation
Six dynamic and thermodynamic conditions have been determined to be essential
to the formation of a tropical cyclone; however, even their coincidence does not
guarantee that genesis will occur (Gray 1968, 1982). Dynamically, a peak in lower
tropospheric cyclonic vorticity and low vertical wind shear displaced away from the
equator (further enhancing the absolute vorticity) are necessary ingredients for TS
formation.

Thermodynamically, heightened mid-tropospheric moisture, conditional

instability, and high ocean thermal energy are essential.

Combined, the dynamic

parameters produce a reduced Rossby radius of deformation in a low wind shear region
and the thermodynamic parameters signify the ability to support deep convection.
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Together, these result in a favorable environment for TS formation.

Thus, we

hypothesize that the South Atlantic generally lacks at least one of these conditions –
resulting in the almost complete absence of tropical storms. In the following subsections
we will review the known characteristics of the South Atlantic climate to explore which
of the necessary factors for TS formation may be lacking.

c. The South American Summer Monsoon (SASM)
A monsoon climate allows for most of the essential ingredients for TS formation
to be present at the same time (Holland et al. 1986). As is common in all ocean basins
except the North Atlantic, the South Atlantic experiences a summer monsoon (Zhou and
Lau 1998), albeit a non-traditional form. While the South American southern monsoon
(SASM, Zhou and Lau 1998) is identified by deviating from the classical definition of a
monsoon climate, the concept has been well received amongst Southern Hemisphere
tropical meteorologists. Rather than identifying the monsoon as a 180º shift in the
prevailing winds, the SASM is identified by an anomalous wind shift from the annual
mean as described below.
Justification for the SASM derives from the 900-hPa wind direction anomaly shift
from the annual mean between the months of January and July (Fig. 1.1). The circulation
regime associated with the monsoon climate is initiated in the austral summer by strong
diabatic heating over subtropical South America centered at the Altiplano Plateau in the
Peru-Bolivian subtropical highlands (Fig. 1.2) following the seasonal migration of the
sun. The diabatic heating over the Altiplano Plateau is also indicated by the migration of
precipitation maxima via heat low formation.
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The Bolivian High develops in the late spring due to low-level diabatic heating
over the Altiplano Plateau. As a result of this development, a thermal surface low
evolves to the southeast of the plateau, over Gran Chaco, Argentina. The development of
the Bolivian High coincides with an abrupt merging of the subtropical jet and the
subpolar jet into a single westerly jet which eventually re-splits in the late summer. The
combined jet is followed by an abrupt poleward advance of heavy precipitation.
Additionally, a remarkably strong vertical wind shear between the upper- and lower-level
circulations is associated with the monsoon onset (Fig. 1.3 and 1.4). As previously
mentioned, climatological shears between 850 and 200 hPa of 25.7 ± 8.8 ms-1 are
expected in this region (Pezza and Simmonds 2006). Zhou and Lau (1998) also note that
in the summer months, differential heating between the subtropical continent and the
ocean becomes insignificant due to a reduction of the moisture supply to the subtropics as
the cross-equatorial flow weakens in the final phase of the monsoon.

The significance

of the reduction in the region’s baroclinicity over the summer months associated with the
merging of the two jet streams1 and the decrease in the temperature gradient between land
and ocean will be reiterated in Sections 6 through 7.
Excluding the strong climatological vertical wind shear of this region – and its
enhancement associated with monsoon onset – the SASM climate is conducive to tropical
storm formation. This is due to a poleward advance of heavy precipitation and an
onshore wind anomaly in the austral summer when sea surface temperatures (SST) are

1

Baroclinicity is described as the state of stratification in a fluid in which surfaces of constant pressure intersect
surfaces of constant density (AMS Glossary, 2000). As the two jet streams over the South American continent and
ocean merge into a single jet at about 35º - 40º S during the monsoon months, a decrease in the temperature gradient
occurs north of the single jet, allowing for a more barotropic atmosphere (a state of stratification by pressure and
density) to ensue. Thus, the merging of the two jet streams causes a reduction in the regional baroclinicity.
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more favorable to TS formation. In the following subsection, it will be shown that
multidecadal SST variability may have led to a more favorable environment for tropical
storm formation in the South Atlantic in 2004 than in previous decades.

d. An Overview of the South Atlantic Ocean Currents
As noted by Pezza and Simmonds (2006), subtropical South Atlantic SST are
generally cool (much less than 26.5ºC across most of the basin). The poleward migration
of warm SST is governed by the strength of the Brazilian Current, the South Atlantic
counterpart of the Gulf Stream. Yet, the striking difference between the North and South
Atlantic is the strength of the Malvinas Current (Fig. 1.5), a northward branch of the
Circumpolar Current which encircles Antarctica. Commonly, the Malvinas Current is
strong and acts to suppress the poleward migration of the warm Brazilian Current,
effectively capping the subtropical SST. However, these South Atlantic currents have
been found to follow a multidecadal cycle with a significant oscillation detected on a
25-30 year period (Wainer and Venegas 2002). Indeed, in March 2004, the Malvinas
Current seems to have been weaker than normal and warm eddies in excess of 22ºC
migrated south of 30ºS, providing a favorable oceanic environment for the formation of
the ST that later became Hurricane Catarina. Thus, the long-term variations of these
currents may have contributed to the formation of Hurricane Catarina and may also be
found to have an effect on many ST formations in the South Atlantic (Section 7).
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e. Climatological and Environmental Factors Favorable for South Atlantic TS
Formation
Migration of low-level convergence from northwest South America towards
central Amazonia is associated with the initial phase of the SASM in the austral spring
(September-November). In its initial phase, the SASM takes the form of the South
American Convergence Zone (SACZ), an extension of the Intertropical Convergence
Zone (ITCZ, Fig. 1.6b). The SACZ migration is correlated to profound atmospheric
heating from the surface (Raia and Cavalcanti 2006). Strong convergence is consistent
with strong vertical velocity, which could be caused by strong warm advection as
demonstrated by the quasi-geostrophic omega equation (e.g. Holton 2004, Appendix).
Raia and Cavalcanti (2006) demonstrate that vertically-integrated moisture flux
variations between 1000 and 700 hPa are linked to the SACZ location and monsoon
behavior in the austral summer months. While the moisture flux is weak and westnorthwestward in the austral winter, the flux in the summer is strong and westsouthwestward toward Amazonia due to intense atmospheric heating from the surface
(Fig. 1.7) associated with a change in the atmospheric circulation which is related to the
Bolivia High and the SACZ.

The South America Low-Level Jet (SALLJ) also

contributes to the vertically integrated moisture flux in subtropical South America by
transporting Amazonian moisture towards the southeast (due to a deflection caused by the
Andes, Fig. 1.7a).
Two climatological oscillations in the South Atlantic may have contributed to the
favorable conditions under which Hurricane Catarina formed in 2004, as well as a
maximum of ST formations (Section 6).

These are the South Atlantic Ocean
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multidecadal cycle and the El Niño Southern Oscillation (ENSO).

Each of these

oscillations affect the monsoon climate over South America and the ocean circulation in
the South Atlantic, albeit on dramatically different time scales.
The South Atlantic multidecadal cycle is signaled by a change in the intensity of
the westerlies associated with variability in the southward extension of the Bolivian High.
This wind speed variability drives changes in the wind-driven currents, leading to
modulation of ocean mass transport and thus to variation in the intensity of the Malvinas
Current and the position of the Brazil-Malvinas confluence zone (where the warm Brazil
and cool Malvinas Currents meet, Wainer and Venegas 2002).
Wainer and Venegas (2002) describe two extreme phases of the 25-30 year South
Atlantic multidecadal cycle2 characterized by six variables: SST, sea level pressure
(SLP), ocean barotropic streamfunction (PSI), meridional component of the ocean current
field (V-current), wind stress (TAU), and precipitation (PPT). During the positive phase,
a SLP increase along 40ºS implies a southward extension of the subtropical anticyclone
and a weakening of the westerlies. A weak atmospheric zonal circulation leads to a
weakening of the oceanic subpolar gyre transport (low values of PSI) since the mean flow
of the ocean gyre is known to be wind driven due to friction (Wainer and Venegas 2002).
A weakened ocean gyre implies a weakening of the northward-flowing Malvinas Current
and the eastward-flowing South Atlantic Current, the southern branch of the subtropical
gyre in the South Atlantic. A weak Malvinas Current permits the Brazil Current to
penetrate further south (V-current southward), displacing the oceanic confluence region
2

During the positive phase of the South Atlantic multidecadal cycle, a SLP increase along 40º S implies a
southward extension of the subtropical anticyclone and a weakening of the westerlies, however, this is a
factor that may not have held true in March 2004 due to a positively phased ENSO and, therefore, monsoon
event.
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further south and allowing warmer water to be transported further poleward (Fig. 5),
creating a warm SST anomaly along 40º S and thus increasing precipitation along an
elongated (towards the southeast) SACZ and a greater surface heat flux. The warm SST
anomaly, paired with the monsoon's vertically integrated heat and moisture flux, creates
stability and moisture conditions in the mid-troposphere that are, in general, more
favorable for tropical cyclogenesis (discussed in subsection 1b) and more importantly,
more favorable for subtropical cyclogenesis (defined in Section 2). The author theorizes
that this phase of the multidecadal cycle was occurring at the time Hurricane Catarina
formed, enabling warmer SST to reach higher latitudes. While the author cannot show
that this was in fact the case, Figure 1.8 demonstrates that the Malvinas Current was
slightly weaker in 2004 than in 2003, thus permitting the Brazilian Current to extend
farther south during this unusual event. While the Malvinas Current was weaker to a
much greater degree in 2005, another hurricane event did not occur, most likely due to
strong vertical wind shears. The multidecadal cycle identified by Wainer and Venegas
(2002), may also be significant to the focus of this study, which is ST development.
However, this current ST study was not conducted over a long enough period to show
any conclusions concerning the multidecadal cycle.
The negative phase of the multidecadal cycle has the opposite characteristics to
those described above. This phase can be identified by a contraction of the subtropical
anticyclone (lower SLP along 40ºS), a strengthening of the midlatitude westerlies and
therefore, a strengthened subpolar gyre transport (V-current). The stronger resulting
Malvinas Current limits southward penetration of the Brazil Current, constraining the
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warmer water to lower latitudes and creating negative anomalies in SST, surface heat flux
and precipitation in the subtropical South Atlantic.
Zhou and Lau (2003) illustrated that ENSO has a direct effect upon the strength of
the SASM. During the 1997-1998 El Niño event, anomalously warm SST in the eastern
equatorial Pacific induced local warming of the troposphere which spread eastward
across the tropics from the Niño-3 region in the South Pacific, across subtropical South
America to the southwest Atlantic. The increased geopotential height anomalies (which
were consistent with temperature response in the upper-troposphere) enhance warming
over the Altiplano Plateau by temperature advection, and so, hydrostatically
strengthening the Bolivian High. Due to the strengthening of the Bolivian High, the
northwesterly SALLJ just east of the Andes intensified, allowing for more moisture to
reach the subtropics and so strengthening the SACZ. In connection with increased
heating over the Altiplano Plateau, thermal wind balance leads to an equatorward
displacement and intensification of the upper-tropospheric subpolar jet over subtropical
South America. The jet displacement thus enhances lee cyclogenesis downstream of the
Brazilian Highlands3 over the South Atlantic Basin.
Some characteristics of the 1997-1998 El Niño event should be mentioned. A
region of excessive rainfall is found over southeastern South America near 30-35º S.
This anomaly coincides with an enhanced geostrophic westerly jet stream at 100-200 hPa
displaced towards the equator by about 5º latitude. This occurs due to a pronounced
elongated low height anomaly southwest of South America, in contrast to the increased

3

The Brazilian Highlands are an east-coast mountain range in South America. The significance of this
mountain range will be discussed in Sections 4 and 6.
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heights in the tropics, therefore producing a tight latitudinal height gradient and increased
winds. All of these anomalies associated with the 1997-1998 El Niño led to a stronger
SASM and therefore a generally favorable environment for tropical storm and ST
formation as mentioned earlier. Indeed, in 2004, a minor ENSO event was occurring, and
was thus a likely factor in the favorable conditions which led to Hurricane Catarina
(Fig. 1.9). Additionally, this speculation is supported by our finding that one of the
Southern Hemisphere’s mechanisms for ST formation is lee cyclogenesis which occurs
more often in ENSO years due to the displacement of the subpolar jet (further discussion
of the ST mechanisms for formation will be included in Sections 4-7).
While the monsoon climate is favorable for tropical formation during the austral
summer, the associated increase in vertical wind shear due to the jet stream merger all but
eliminates this possibility. Conversely, when the jet splits into its polar and subtropical
components in the late summer, the environmental vertical wind shear lessens, but the
SST are already beginning to decrease as the austral autumn sets in.

Thus, tropical

formation within the South Atlantic Basin is incredibly difficult to achieve. This is why
subtropical storm formation in this basin is so important to study, because ST can form in
high shear, cool SST environments and can serve as a potential pathway to TS formation,
as was the case of Hurricane Catarina.

f. Catarina, Rare Yet Possible
Hurricane Catarina formed in March 2004 within an unusual large-scale pattern.
The presence of a Rex block in the region in which Hurricane Catarina formed helped to
reduce the deep-layer shear over the developing system (Pezza and Simmonds 2005,
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2006; McTaggart-Cowan et al. 2006; Silva Dias et al. 2006; Filho and Silva Lima 2006).
A Rex block is defined as an adjacent high pressure system and low pressure system,
where the cyclone is poleward of the anticyclone, creating anomalous easterlies to stop
the developing system from being advected east by the westerlies. A negative shear
anomaly of 15 ms-1, roughly corresponding to an average wind shear value of 8 ms-1
(below the 10–15 ms-1 wind shear threshold associated with suppression of tropical storm
development; Pezza and Simmons 2006), was present during Hurricane Catarina's
formation and landfall due to the Rex block (Fig. 1.10 and Fig. 1.11). Pezza and
Simmons (2005, 2006) demonstrated that this event in South Atlantic climatology is
unprecedented for the years 1979-2004 (Fig. 12). During this time period, they note that
there were no separate incidences in which their blocking index at 700 hPa reached such
a maximum at the same time that their environmental vertical wind shear reached such a
minimum. The passage of the ST, from which Hurricane Catarina was initiated, added to
the ability for this storm to form by building a high relative vorticity environment within
the genesis region. A weakening of the Malvinas Current and a positive anomaly in
ENSO, and therefore a moisture increase (over eastern South America and western South
Atlantic) associated with the monsoon climate wind shifts, may also have assisted in
creating an environment favorable for subtropical cyclogenesis and the eventual tropical
transition of ST Catarina into Hurricane Catarina.
As will be documented here, ST have occurred regularly in the South Atlantic
Basin forming in a broad range of environmental conditions. Still, the question remains:
if all of the environmental factors just discussed coincide again, will another ST undergo
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tropical transition as Hurricane Catarina did in March 2004? This was the motivating
question for this study.

g. Linking South Atlantic Subtropical Cyclogenesis to Australian East-Coast
Cyclogenesis
The climate associated with South Atlantic ST is very similar to that associated
with Australian east-coast cyclones (ECC).

East-coast cyclones have a specific

atmospheric pattern associated with them (Holland et. al. 1987; Leslie et al. 1987;
Hopkins and Holland 1997). This pattern consists of a trough in the subtropical easterly
flow with a ridge located on its poleward side.

The trough typically develops

downstream of a mid-tropospheric cold-core cyclone and lies equatorward of a strong
subtropical ridge, between two diffluent jetstreams (Fig. 13, Holland et. al. 1987). This
setup provides an ideal environment in which ECC, and indeed, ST form in the Tasman
Sea region.

h. The Australian East-Coast and Tasman Sea in Brief
The local topography and SST of the region are also implicated in the
environmental setup leading to ST in the Tasman Sea.

Their contribution is now

described and contrasted with the geographic configuration of the western South Atlantic
basin.
Along the east coast of Australia is a mountain range called the Great Diving
Range (Fig. 1.14). This compares to the topography within a similar latitude range of
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20°-40°S on the east coast of South America called the Serra da Mantiqueira mountain
range within the Brazilian Highlands (see Fig. 1.2).
The ocean current setup in the Tasman Sea, east of Australia, is very similar to
that of the South Atlantic. The East Australia Current (EAC) transports warm, tropical
water poleward in the Tasman Sea predominantly through transient warm eddies
(Holland et al. 1987), providing a zonal temperature gradient important to creating a
baroclinic environment essential for ST formation. As expected, the EAC becomes
stronger in the austral summer, bringing warmer SST further poleward. However, the
largest difference between this basin and the South Atlantic Basin is that there is no
corresponding Malvinas Current in the Tasman Sea. Therefore, tropical SST encounter
no resistance as they flow poleward, allowing for tropical characteristics, and warmer
SST, to exist in the midlatitudes far more consistently than in the South Atlantic. This
implies that ST are far more likely to form in this basin than in the South Atlantic, as
demonstrated in Section 6.
Of particular relevance is that the Tasman Sea has more marine traffic than the
South Atlantic Ocean. If a warning system were implemented specifically for subtropical
cyclogenesis in the Tasman Sea, potentially dangerous situations could be avoided in the
future. Such an occurrence transpired in 1998 when a forecasted ST was disregarded by
a yacht race management team and six sailors died; this disaster later became known as
the 1998 Sydney-to-Hobart Disaster (Guishard, personal correspondence; Wikipedia). If
ST were linked with dire outcomes, like that of TS, maybe this disaster could have been
avoided.
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i. Using Satellite Verification as a Means of Identifying a ST Storm
A method of satellite-based identification and tracking of ST was first proposed
by Hebert and Poteat (1975). They set out to form a technique similar to that of Dvorak
(1975) to identify and characterize evolution after subtropical cyclogenesis in the North
Atlantic basin. The goal was to be able to distinguish ST from those that were tropical
and to do so in a way that could easily translate to naming storms that transitioned to TS.
The origins of these storms were also taken into account. Based on their classification
approach, ST were partitioned into three sub-categories as follows: 1) upper-level cold
lows, 2) frontal waves, and 3) non-frontal lows which form east of upper troughs. The
acknowledgement of low-level baroclinic origins in the formation of subtropical
cyclogenesis implicit here is an idea that has been expanded upon by Davis and Bosart
(2003), Guishard (2006), and Guishard et al. (2009). This climatology will explore the
contributions of the genesis environment, including SST distribution and local
topography, on ST formation in the Southern Hemisphere. Genesis environments in the
Tasman Sea and South Atlantic are contrasted with the existing North Atlantic
climatology.
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Fig. 1.1. A climatology (1980-1993) of 900-hPa wind (ms-1) for a) annual mean, b) January minus annual mean, and c)
July minus annual mean. From Zhou and Lau (1998), their Fig. 9.
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Fig. 1.2. A topographic map of the South American continent. “A.P.” marks the location of the Altiplano Plateau
which lies in the Peru-Bolivian subtropical highlands; “G.C.” marks the location of Gran Chaco, Argentina. Along the
east-coast of the continent between 20°-40°S is the Serra da Mantiqueira mountain range (marked by a white outline)
within

the

Brazilian

Highlands.

Courtesy

of

the

http://gosouthamerica.about.com/library/blSamaps3a.htm.

“South

America

Map

Collection”

webpage

at
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Fig. 1.3. Upper tropospheric (200-hPa) circulation composite for the different phases of the SASM over the 1980-1993
period: a) premonsoon, b) monsoon development, c) mature stage, d) monsoon withdrawal, and e) postmonsoon. The
shading indicates wind speed in units of ms-1. Note the retreat of the jet to generally south of 40°C during the monsoon
(b-d) phases. From Zhou and Lau (1998), their Fig. 11.
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Fig. 1.4. Lower tropospheric (850-hPa) circulation composite for the different phases of the SASM: a) premonsoon, b)
monsoon development, c) mature stage, d) monsoon withdrawal, and e) postmonsoon. The shading indicates wind
speed in units of ms-1. From Zhou and Lau (1998), their Fig. 12.
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Fig. 1.5. Depiction of the Malvinas Current (white), the Antarctic Circumpolar Current (dark blue) and the Brazilian
Current (yellow). The Brazil-Malvinas confluence zone is located in between the Malvinas Current and the Brazilian
Current, centered near 40°S.

Courtesy of “The Malvinas Current” webpage at University of Miami:

http://oceancurrents.rsmas.miami.edu/atlantic/malvinas.html.
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Fig. 1.6. Mean monthly ITCZ structure for the months a) January, b) April, c) July, and d) October. The values
represent the average number of days per month in a 17 year period that the given grid point was covered by a largescale deep convective system. From Waliser and Gautier (1993), their Fig. 1.
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Fig. 1.7. The vertically integrated moisture flux between 1000 and 700-hPa over South America for the months of a)
January and b) July between the years 1988-2004. The colored boxes represent areas of interest specific to the Raia
and Cavalcanti study. The austral summer shows greater moisture flux towards the area considered the core of the
SASM (the area within the yellow box). From Raia and Cavalcanti (2006), their Fig. 1.
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Fig. 1.8. Sea surface temperatures along the South American coast on 10 January 2003, 2004, and 2005. These figures
focus upon the Malvinas Current due to its sovereignty over the Brazil Current’s southward extent. In comparing these
figures, it should become obvious that the Malvinas Current is progressively becoming weaker with time. Available
from the Remote Sensing Systems webpage (www.remss.com).
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Fig. 1.9. ENSO events between 1982-2008 based upon sea surface temperature departures from the long-term average
over the Nino3.4 region (120°-170°W, 5°S-5°N). Courtesy of the International Research Institute for Climate and
Society webpage: http://iri.columbia.edu/climate/ENSO.
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Fig. 1.10. Environmental vertical wind shear (200–850 hPa) anomaly (ms-1) averaged over the 23rd – 28th of March
2004. Catarina’s trajectory has also been included in the figure. The -15 ms-1 wind shear anomaly near the southern
Brazilian coast approximately corresponds to an average wind shear value of 8 ms-1, which is below the threshold for
suppression of development in hurricanes. From Pezza and Simmonds (2006), their Fig. 10.
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Fig. 1.11. Wind shear between 850 and 500 hPa at 1200 UTC on the 27th (above) and 29th (below) March 2004. The
color scale indicates wind shear (ms-1). From Filho and Silva Lima (2006), their Fig. 3.
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Fig. 1.12. Time series of the blocking index at 700-hPa and the Environmental Vertical Wind Shear (EVWS) index (as
defined by Pezza and Simmonds 2006, and discussed in section 1f) for all March months between 1979-2004. The
upper arrow indicates where Catarina formed in relation to the maximum blocking index reached five days earlier. The
bottom arrow indicates the minimum wind shear reached during Hurricane Catarina’s tropical transition phase. Data
for these two atmospheric indices were extrapolated from the National Centers of Environmental Prediction /
Department of Energy (NCEP/DOE) reanalysis II dataset with a resolution of 2.5 x 2.5°. From Pezza and Simmonds
(2006), their Fig. 11.
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Fig. 1.13. Schematic of the major features associated with Australian east-coast cyclones: surface isobars (solid lines),
1000 – 500 mb thickness contours (dashed lines), and the diffluent upper-tropospheric jet-streaks (long arrows). From
Holland et. al. (1987), their Fig. 3a.
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Fig. 1.14. Along the east coast of Australia is a mountain range called the Great Dividing Range between latitudes
20°-40°S. Color coding relates to topographic height, with dark green at lower elevations and gray at the highest
elevations (the Great Dividing Range is illustrated by the white and brown coloring found along the east coast).

Section 2

Data and Diagnostics
Subtropical storms have been defined as surface cyclones between 20°- 40°
latitude that have gale force winds (>17 ms-1) and have a hybrid thermal structure:
warm-cored in the lower-troposphere and cold-cored aloft (Guishard 2006; Guishard et
al. 2007, 2009; Evans and Guishard 2009). The core of the subtropical cyclone is not
vertically stacked, but tilts westward with height like a midlatitude cyclone.

This

combination of features distinguishes ST from both TS and ET.
Definitions of ST are not standard, however. Since the purpose of this study is to
help redefine what an ST is, it would be beneficial to first state what the operational
definition of an ST is. The World Meteorological Organization’s Hurricane Operation
Plan (US Navy 1994) defines an ST to be:
“a non-frontal low pressure system that has characteristics of both tropical
and extratropical cyclones. The most common type is an upper-level cold
low with circulation extending to the surface layer and maximum
sustained winds generally occurring at a radius of about 100 miles or more
from the centre. In comparison to tropical cyclones, such systems have a
relatively broad zone of maximum winds that is located farther from the
centre, and typically have a less symmetric wind field and distribution of
convection.
A second type of subtropical cyclone is a mesoscale low originating in or
near a frontolyzing zone of horizontal wind shear, with radius of
maximum sustained winds generally less than 30 miles. The entire
circulation may initially have a diameter of less than 100 miles. These
generally short-lived systems may be either cold core or warm core.
Subtropical Storm: 63 km/h (39 mph) (34 knots) (17.5 ms-1)
Subtropical depression: < 63 km/h (39 mph) (34 knots) (17.5 ms-1)"
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While this definition has many characteristics consistent with this study and that
of Guishard (2006, 2007), such as the baroclinicity of the ST, it is lacking a consistent set
of criteria (such as a hybrid state) that would aid in narrowing the ST category to a
specific class of systems.
Previous studies (Guishard 2006; Guishard et al. 2007, 2009; Evans and Guishard
2009) indicate that North Atlantic subtropical storms typically begin as a potential
vorticity4 (PV) anomaly that breaks away from a larger PV reservoir (e.g. a midlatitude
trough) in a region conducive to deep convection. This baroclinically generated cut-off
low, also known as a Rossby wave break, builds downward via diabatic PV
rearrangement and develops gale-force winds as it becomes a hybrid structure. However,
this study shows that the Southern Hemisphere does not show this same pattern. Instead,
another PV pattern has been identified and will be described in part g of this section. To
obtain this pattern, all of the ST included in this climatology where analyzed and in doing
so, a specific PV signature was established.
The following decision tree provides an illustration of how the ST in this
climatology were filtered and partitioned. The specific criteria applied at each step will
be elaborated upon in Section 3.

4

Potential vorticity is a quantity that represents the vorticity the air column would have if it were brought
isentropically to a standard latitude and stretched or shrunk vertically to a standard depth (Vallis, 2006).
PV is a conserved quantity that varies according to diabatic heating which is critical to the development of
subtropical storms.
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a. Subtropical storm characteristics and filtering code
Subtropical cyclones have a hybrid structure with gale-force winds evident at
925 hPa (Guishard 2006). Additional ST criteria imposed by Guishard (2006) were
designed to eliminate weakening tropical storms or extratropical storms from being
included in the dataset. Candidate storms must also meet the following criteria:
1) The cyclone should not be tracked as either a purely cold- or warm-cored system with
gale force winds for greater than twenty-four hours prior to becoming subtropical;
2) The hybrid phase of the storm – as demonstrated by CPS plots (−VTL > -10 and
−VTU < 10; defined below) – must persist for at least 36 consecutive hours over the
ocean;
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3) All storms had to attain gales between 20º and 40º north or south of the equator
(depending on the ocean under consideration);
4) Any storm with prior tropical structures (e.g. tropical waves, depressions) was
excluded, allowing only subtropical storms which developed in situ into the climatology;
The above criteria were incorporated into a filtering code that sorts through the
storm tracks found by the cyclone tracker and finds those that appear to be a ST storm as
defined above.

b. Data
The European Centre for Medium-range Weather Forecasts archive of highresolution spectral model reanalyses (ERA-40) is freely available for research purposes
through the US National Center for Atmospheric Research (NCAR).

These model

reanalyses are utilized in our study for their temporal coverage (August 1957 to
December 2002), and high spatial resolution, relative to the National Centers for
Environmental Prediction (NCEP, part of the National Weather Service) reanalyses.
The ERA-40 fields have been converted from spectral coefficients to produce
gridded model reanalyses with horizontal resolutions ranging from 1.2º × 1.2º to
1.4º × 1.4º for the domain of interest.

Horizontal and vertical winds, temperature,

pressure and relative humidity, as well as derived variables such as vorticity and potential
temperature are analyzed on 14 pressure levels plus the surface (Uppala et al. 2005).
The NCEP Aviation (AVN) and Global Forecast System (GFS) analyses are also
available online for research purposes through the NCAR Data Support Section. Note
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that before 2002, the NCEP GFS was known as the NCEP AVN; henceforth, the model
will be referred to as GFS, regardless of the year under consideration.
The GFS analyses obtained in near-realtime have 1º × 1º degree sub-sampled
resolution and are used to study the evolution of subtropical storms and their environment
from 2000-2007. The vertical resolution of these GFS analyses is fixed at 26 pressure
levels plus the surface. It has an expanded set of 95 variables that encompasses those
available from the ERA-40 used in this study.

c. Cyclone tracker and evaluation of gale force wind radii
An automated detection and tracking algorithm (Hart 2003) was implemented to
compile the substantial dataset of cyclone records used here. The algorithm detects and
tracks minima in sea level pressure (SLP) of less than 1020 hPa, which persist for at least
24 hours, and has a mean sea level pressure gradient of at least 0.4 hPa per degree, in a
moving 5º × 5º box within the domain of interest. The 24 hour lifespan is used to exclude
spurious SLP minima, and the SLP gradient condition is necessary to avoid locating weak
minima within the tropics where the overall pressure field is generally uniform (Hart
2003). The automated tracking algorithm is supplemented by a gale force wind radius
algorithm developed by Arnott (2004) which detects gales associated with the cyclone of
interest without picking up gales from an adjacent storm. These two algorithms permit
the detection of the track, extent of gale-force winds (>17ms-1), minimum central
pressure and CPS structure diagnostics for each storm. These parameters are used to
characterize each system and to filter storms not meeting the ST criteria developed here
and based closely on those of Guishard (2006).
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d. Cyclone phase space
The Cyclone Phase Space (CPS) storm structure parameters defined by Hart
(2003) are calculated for each storm track as it is identified. The CPS is a threedimensional descriptor of cyclone structure.

CPS variables capture the thermal

asymmetry and vertical change of radial height gradients (analogous to thermal wind) of
a system through the depth of the free troposphere.

Thus, structure types can be

classified using symmetry and core temperature anomaly parameters.

The three

parameters are defined as follows: lower tropospheric asymmetry (B), lower tropospheric
thermal wind strength (−VTL), and upper tropospheric thermal wind strength (−VTU).
Using this technique, the three-dimensional structure of a cyclone can be
determined, be it a thermally symmetric, deep warm-core cyclone or an asymmetric, deep
cold-core cyclone. Hybrid cyclones that exhibit a lower-tropospheric warm-core and an
upper-tropospheric cold-core, such as ST (the focus of this study) and transitioning
extratropical cyclones, are also detectable through both the lower- and upper-tropospheric
thermal wind components and the thermal asymmetry (Hart 2003).
Parameter B in (2.1), is a measure of the thermal symmetry and frontal nature of a
cyclone over a 5º radius circle (1º = 100 km) in the 900-600 hPa layer. The radius is set
at 5º because this is large enough to the capture the area of convergent inflow around a
tropical cyclone and vertical tilt of a mid-latitude cyclone, but small enough to avoid the
inclusion of a neighboring cyclone (Hart 2003). The 5º cylinder is bisected along the
direction of storm motion and the area-averaged thickness is calculated for the right (R)
and left (L) hemispheres. The averaged thickness value calculated for the left hemisphere
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is then subtracted from the right hemisphere and the result is multiplied by h (specified
below) to yield the measure of symmetry, B.
The symmetry parameter, B, is mathematically defined as follows:
B = h[(Z600hPa – Z900hPa)RT – (Z600hPa – Z900hPa)LF]

(2.1)

where:
h = −1 for the southern hemisphere, and +1 for the northern hemisphere
Z = geopotential height on an isobaric surface
RT = semicircle of 500 km radius to the right of storm motion
LF = semicircle of 500 km radius to the left of storm motion
A symmetric, tropical cyclone has a value for B near zero, while an asymmetric
extratropical (the most asymmetric cyclone) cyclone has a large positive or negative
value for B, depending on which hemisphere contains the cyclone and what direction it is
heading. If a cyclone in question is heading eastward in the Northern Hemisphere, then
the right hemisphere has a greater thickness than the left hemisphere, therefore B will be
greater than zero. Whereas, in the Southern Hemisphere, a cyclone heading in an easterly
direction with a value for B greater than zero, will have a greater thickness to the left of
the storm track. The opposite is true if B is less than zero. If a cyclone in question is
headed in a westerly direction in the Southern Hemisphere with a value for B < 0m, then
the left hemisphere will have a greater thickness than the right hemisphere. In past
studies, a cyclone in which −10m < B < 10m was deemed symmetric. This range was
chosen because purely tropical storms rarely have values −10m > B > 10m (Hart 2003;
Evans and Hart 2003). A depiction of ET evolution based on cluster analysis confirmed
this tropical threshold value for B (Arnott et al. 2004). While it is understood that this
range holds true for observed tropical cyclones, for the purposes of this study, B ≠ 0m
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will be deemed asymmetric in our search for subtropical storms since B = 0m is the only
true symmetric value and ST develop in a completely separate fashion than TS.
The thermal wind parameters (−VTL and −VTU), are defined as the change in the
height gradient (∆Z) between two bounding pressure levels (Eqn. (2.3) and (2.4)) within
a 500 km radius, where ∆Z is proportional to the thermal wind parameters and is defined
as:
∆Z = ZMAX - ZMIN

(2.2)

It is important to note that the values of the thermal wind are scalar, and the
negative sign is a correction introduced to make a warm core have a positive value and a
cold core have a negative value within the framework of the CPS.

The lower

tropospheric thermal wind is calculated between heights 900-600 hPa. The lower limit is
chosen to avoid inclusion of an intersecting pressure surface with the Earth's surface
(using 1° × 1° analyses for SLP). The upper tropospheric thermal wind is calculated
between heights 600-300 hPa. The upper limit is chosen to avoid incorporation of the
stratosphere (Hart 2003). The thermal wind (−VT) is taken as the vertical derivative of
height change on isobaric surfaces within a 5º radius of storm center (the same radius is
used in Eqn. (2.1) for parameter B).
The thermal wind parameters, −VTL and −VTU, are mathematically defined as
follows:
600hPa

∂ (∆Z)
−V =
∂lnp 900hPa
L
T

(2.3)
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300hPa

∂(∆Z)
−V =
∂lnp 600hPa
U
T

(2.4)

Gradient winds in a warm-core cyclone decrease with height in the troposphere
thus giving the thermal wind a negative value. The opposite is true for a cold-core
cyclone (i.e. extratropical). Applying this to the CPS, −VT > 0 signifies a warm-core
within a vertical layer, while −VT < 0 signifies a cold-core. Thus, a deep, warm-core
tropical cyclone will exhibit positive values for both −VTL and −VTU, while a deep, coldcore extratropical cyclone will exhibit negative values for both of the thermal wind
parameters in both hemispheres (Hart 2003).
Much can be concluded about the nature of a cyclone when CPS is used
concurrently with satellite imagery and synoptic fields.

This is especially true for

cyclones of ambiguous structure, such as subtropical storms. Hart (2003) demonstrated
the usefulness of CPS in the characterization of many types of cyclones, from tropical to
extratropical. This was further demonstrated by Evans and Hart (2003) who empirically
found that on average, classification of a cyclone as ET by the US National Hurricane
Center coincided with B increasing from near zero to values exceeding 10. A statistical
study of North Atlantic warm season cyclones provided objective confirmation of this
threshold in their cluster analysis of the structure evolution of TS that underwent ET
transition (Arnott et al. 2004).
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e. Verification of implementation of methodology
In order to verify that the codes being used in this study would accurately account
for the subtropical storms we wish to find, two major steps were taken. The first step
taken was with the cyclone tracker code that was used to find all cyclones, be it coldcored, warm-cored, or hybrid. The accuracy of the code was tested several times in both
hemispheres. The first test was finding a category 4 hurricane in the South Indian Ocean
named Cyclone Sam which occurred 5-9 December 2000. The second test was making
sure this code verified for subtropical storms. For this part of our verification process, we
focus on Guishard's “poster child” of subtropical storms: Hurricane Michael (2000). The
pre-Michael disturbance initiated as a subtropical storm on 13 October 2000, and was
categorized as a hurricane by 17 October 2000. The tracking code was run for a time
period bracketing the lifecycle of Michael. Michael was found and compared to the
cyclone phase space (CPS) graphics within Guishard (2006) for verification of the
parameter values.

The few discrepancies identified were attributable to the use of

ECMWF ERA-40 analyses versus GFS analyses used by Guishard (he used ERA40 data
for 1957-2002, and GFS data for 1999-2004), however none found were detrimental to
Michael being classified as an ST within our dataset.
Michael was also found using the cyclone tracker on the GFS dataset and
compared successfully to the results Guishard (2006) provided, as demonstrated by a
comparison of the CPS plots from both my study (Fig. 2.2) and Guishard (2006, Fig. 2.3).
There is one noticeable difference between these two figures due to a disparity in how the
B parameter is defined. While a range of values have been identified as symmetric for
the purposes of global consistency (−10m > B < 10m), Figure 2.3 uses a definition of the
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B parameter aimed at only examining Northern Hemispheric systems; thus the difference
between the two plots in terms of B. The purpose of showing both Figures 2.2 and 2.3 is
to illustrate the effectiveness of the model and codes used in this study since the output of
both studies is comparable.
Once the cyclone tracking code proved its accuracy, a filtering code written to
specifically sort out the subtropical (ST) storms based on Guishard's ST criteria from the
rest of the storm tracks found by the tracking code was once again tested on Hurricane
Michael (2000). ST Michael's track was found while the other inappropriate tracks were
thrown out, as specified by the code.
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Figure 1. Derivation parameters for -VTL and -VTU for a) TC exhibiting tropospheric warm-core structure (derived
from the NOGAPS analyses) and b) ET exhibiting tropospheric cold-core structure (derived from the NCEP-NCAR
reanalysis). These cyclone phase parameters are derived from thermal wind within two layers, the 900-600 hPa layer
and the 600-300 hPa. Anomaly from zonal mean (dotted on the left) clearly illuminates cyclone tilt in b). Courtesy of
Hart (2003).
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Figure 2. GFS analyses of Michael from 12 October 2000 to 18 October 2000 at 12Z time periods, plotted in the
Cyclone Phase Space: a) -VTL vs. -VTU and b) -VTL vs. B.
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Figure 3. Guishard (2006) GFS (then known as the AVN) analyses of Michael from 11 October 2000 to 18 October
2000 at 12Z time periods, plotted in the Cyclone Phase Space: a) -VTL vs. -VTU and b) -VTL vs. B. Image courtesy of
http://moe.met.fsu.edu/cyclonephase/ (Robert Hart, Florida State University).
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Section 3

Implementation and Assessment of ST Identification
Methodology
A fifty-one year ST climatology is compiled for the South Atlantic using the
definition of ST from Guishard (2006) to identify and partition these systems. Threshold
criteria specified by Guishard (2006) have been relaxed for this study due to the findings
of Manning and Hart (2007, personal correspondence) that ERA-40 data does not
consistently represent the relative intensities of historical hurricanes.

For example,

category one hurricanes for the time period of 1957-2002 had a mean −VTL value of 5.44
with a standard deviation of −28.35. When the period of 1957-1979 was examined,
category one hurricanes had a mean −VTL value of −1.74 with a standard deviation of
−37.11 (Manning, personal correspondence). Based on these findings, it would be safe to
assume that if hurricanes were performing so poorly (i.e. showing up as cold-cored
cyclones) within CPS values, analyses of subtropical storms are also likely to be
problematic since these systems are weaker than category one hurricanes. However, the
larger spatial scale of the ST somewhat mitigates these concerns. Thus, a new threshold
value of −VTL ≥ −45 was chosen to represent a lower atmospheric warm-core. This
threshold will capture all possible ST that could have been misrepresented, while the
remaining criteria will serve to eliminate those cyclones which don’t belong within this
climatology.
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To further develop our fifty-one year climatology, a series of additional criteria to
that of Guishard’s studies were run on each possible ST to reject those that did not
display all viable subtropical characteristics. A comma-shaped structure displayed on
satellite imagery was the first sorting criterion required of the original ST dataset. Since
satellite imagery becomes scarce to non-existent prior to 1979, possible ST found by the
cyclone tracker were scrutinized based on the trends (i.e. tracks and cyclone state) that
were observed during the satellite era. To further analyze the ST dataset, a comparison
between the ST satellite image and the model’s representation of precipitable water in the
ST region was made. The GFS model accurately portrays precipitable water within the
cloud-covered regions. However, this is not an available option within the ERA-40
dataset. Figure 3.1 displays a series of plots comparing the GFS precipitable water to the
corresponding satellite image for ST / Hurricane Catarina. The satellite signature sought
to confirm hybrid structure is that of a synoptic-scale storm with cyclonic flow at the
center of the low. At first glance, this satellite signature could be confused with that of a
midlatitude storm; however, as long as there is supporting data stating that the storm has
a hybrid structure, we can confirm that the system is indeed of subtropical nature.
A landfalling ST can be quite damaging due to strong surface winds (exceeding
gale-force) and intense rainfall. In fact, a ST can cause just as much damage as a weak
tropical storm. Since these systems tend to track to the southeast in the South Atlantic,
there generally is not much interaction with the South American continent. But this is not
always the case. The most prominent example of this is the formation of Hurricane
Catarina in 2004 which developed into a category one hurricane due to a favorable
environment setup by the ST which spun off Hurricane Catarina and made landfall in the
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Santa Catarina region of Brazil, inspiring its name (Filho and Lima 2006; Pezza and
Simmons 2006).
The second criterion was to verify whether the possible ST’s low pressure center
penetrated into the upper atmosphere, as illustrated by the 500 hPa geopotential height
diagrams used in the following sections. Penetration of the surface low into the upper
atmosphere can be verified if a cutoff low within a trough can be observed along a
500 hPa geopotential height analysis. It was also important that the cutoff low did not
exist within a strong upper-level flow. This would imply that the system was not separate
from the midlatitude flow and therefore would have to be deemed a midlatitude cyclone
rather than a potential ST. An example of this step of the analysis is included within the
case studies shown in Sections 4 and 5.
In compiling the climatology for the Tasman Sea region, an aspect noticed by the
author that was seemingly unexpected was that there were many candidate subtropical
storms that did not seem to form downstream of Australia , but north of New Zealand. In
order to distinguish between potential systems with roots in the monsoon versus those
with roots in higher latitudes, wind vector plots were prepared and analyzed for the
systems’ association with the monsoon trough (figures not included). If there was any
interaction with the monsoon trough, the system was cut from the ST climatology.
As mentioned earlier, the optimal PV analysis for a North Atlantic ST (defined in
Section 2) would denote a Rossby wave break. However, a stronger sheared environment
is typical of the midlatitudes in the Southern Hemisphere (SH, to be discussed in Section
6) relative to that of the Northern Hemisphere (NH) midlatitudes.

Due to SH

climatology, strong PV advection into the potential ST will also be acceptable.
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Given that the previously discussed criteria for subtropical storm classification are
closely adhered to, a potential vorticity (PV) pattern has emerged. This pattern can be
described as “cradling5” (Foley and Hanstrum 1994) the low-level pressure center of the
storm of interest. In such cases, the low-level pressure center can be described as being
hugged by the midlatitude PV reservoir. This pattern allows us to acknowledge that the
midlatitude baroclinic zone is specifically interacting with the subtropical surface low of
interest and has allowed the low to deepen and further develop itself, therefore becoming
inertially stable6.

In much more rare circumstances, “escaped2” is a more accurate

description of the pattern since an area of positive PV seems to detach from the
midlatitude reservoir and wrap itself around the subtropical low pressure center. In
essence, the midlatitude trough scale is reduced. In this case, the system is inertially
stable yet again, however, more independent from the midlatitudes than a “cradled”
system.
Some characteristics that should be noted:
1) The SH ST have a much larger gale radius that their North Atlantic counterparts.

5

Terms used solely for the purposes of pattern recognition.
Within tropical terminology, the term inertially stable is described in reference to a particular storm, rather
than the flow. A system that is inertially stable is resistant to external impacts, including strong vertical
wind shear (Schubert and Hack 1982). Inertial stability is defined as:
6

v⎞
⎛
I 2 = (ζ + f 0 ) ⎜ f 0 + ⎟
r⎠
⎝
where the inertial stability of the system will increase proportionally with the relative vorticity
coriolis parameter f 0 , or the relative angular momentum

v
.
r

ζ

, the local
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2) The presence of PV advection by the low-pressure center’s low level gale force
winds.
3) The PV “cradling” occurs when there is a midlatitude PV reservoir intrusion into
the subtropics.
4) The satellite signature is consistent with the described PV pattern – convective
heating forms around the center and seems to be forced into the center rather than
forced outwards from the center.7
5) Because there is less potential vorticity at the center of these SH ST than their NH
counterparts, there is a decreased likelihood that any would transition into a
tropical storm.
6) Southern Hemisphere ST seem to have many Northern Hemisphere extratropical
storm characteristics, however, they are distinguished by their hybrid thermal
structure.
Linking what we see in terms of the ST satellite signature to the pattern seen in
the PV cross-sections and along an isentropic surface (examples of which are included in
Sections 4 and 5):
•

Satellite: a comma-shaped area of convection with a convective band
curling into the center of the low. There is an absence of convection in the
center of the low (Hebert and Poteat 1975).

•

PV cross-section: the pattern highlights an absence of any significant
values of PV in the core (or center) of the system, surrounded by PV

7

Since PV is a diabatically driven variable, it follows that convective heating and an increase in the PV
anomaly would occur simultaneously.
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anomaly maxima on both the east and west sides of the core (less when
there is land close to the core – to the west in our SH cases)
•

PV on an isentropic surface: PV “cradling” occurs on the outside of the
surface low. The PV anomaly can wrap anywhere between about 45° to
almost 360° on the outside of the surface low pressure center. Again, we
see an absence of any positive PV anomaly in the systems’ core.

Based on these characteristics, it can be concluded that SH ST display features
that are less symmetric than NH ST due to the vertical wind shear differences
experienced by the cyclones. NH ST are formed when a PV maximum detaches from the
midlatitude reservoir into the center of the upper-level low (Fig. 6.5). However, given
that all the other necessary conditions are fulfilled in terms of identifying a ST, the
asymmetric PV patterns previously described (beginning on page 45) should be utilized
in order to forecast a SH ST. Moreover, a difference in the expected ST formation
mechanism and structure should be expected due to the vast difference between NH and
SH shear structures. Thus, this pattern is the associated distinct PV signature expected of
SH ST cyclones.

a. Characterizing and Partitioning the ST
Once all criteria have been fulfilled, several indicators assist in characterizing
these ST cases within like groups: (i) atmospheric shear values within 5° of the storm’s
center over the 900-300 hPa layer; (ii) SST values at storm center and within 2° of storm
center; and (iii) warm-air advection due to low-level flow associated with the ST. The
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first two parameters were used by Guishard (2006, 2007).

The third parameter is

implemented here to aid in determining whether the ST has experienced warm-air
advection in becoming hybrid.
Atmospheric vertical wind shear values aid in characterizing the ST into like
groups. If the atmospheric shear surrounding the storm is strong and there is a lack of
convective heat potential, the ST had a higher potential of being a baroclinic cyclone
versus an ST. Likewise, SST values (ii) associated with the ST aid in characterizing the
storm. If the ST develops over cold SST and there is no indication of warm-air advection
(iii) into the storm center, it can also be assumed that the ST is more likely to be a
baroclinic cyclone. This said, no ST is eliminated based solely on its deep-layer shear
values or SST values. These values are calculated to partition the storms into ST types
with the intention of facilitating a better understanding of the climatology of ST’s
respective region of development (the South Atlantic basin or the Tasman Sea region).
However, extreme values of the quantities for a weak candidate case may ultimately be
an eliminating factor if the associated baroclinic or convective forcings are weak.
Three other parameters are used in characterizing the ST identified within this
study:
1) Lifted index (LI) is one measure of convective activity in the region of the ST.
It is the “trigger” potential at the surface to initiate unstable conditions. LI is
calculated at the center of the cyclone as:
e
p
LI=T500
− T500

(3.1)
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e
p
where T500
and T500
are the temperatures of the environment at 500 hPa and of a

parcel lifted adiabatically from the surface to 500 hPa respectively.
2) Convective Available Potential Energy (CAPE) is the amount of potential
energy in the atmospheric column. CAPE is calculated at the center of the
cyclone as:

⎛ Tv p − Tve ⎞
CAPE= ∫ g ⎜
⎟ dz
e
⎝ Tv
⎠
zf
zn

(3.2)

where Tv p is the virtual temperature of an air parcel lifted from the surface,
Tve is the environmental virtual temperature, z f and zn are the levels of free

convection and neutral buoyancy and g denotes gravity.
3) Convective Inhibition (CIN) is the amount of energy needed to overcome the
stability of the atmosphere for the convection to continue spontaneously. CIN
is calculated at the center of the cyclone as:
zf

CIN = − ∫ g (Tvp − Tve ) dz
zi

(3.3)

where zi is the level at which the parcel originates.
These three parameters are a direct measure of the convective potential of each
ST. They are used in addition to the characteristics (ii-iii) because while each of those
characteristics maintain that the system formed and lived under tropical influence, none
can be actively diagnose whether a significant amount of convection associated with the
ST was occurring during the ST lifecycle.
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Figure 3.1. A comparison of precipitable water within the GFS model to its corresponding satellite image.

The

sequence of plots correlates to ST / Hurricane Catarina, 17-23 March 2004. Satellite imagery courtesy of the Global
ISCCP B1 Browse System (GIBBS) at http://www.ncdc.noaa.gov/gibbs/.

Section 4

A South Atlantic ST Case Study
In June 1981, a depression formed off the South American coast and soon became
a powerful storm with a maximum radius of gale-force winds of about 730 km twelve
hours before reaching a minimum low pressure of 994 hPa on 0600 UTC 18 June 1981.
This storm, which will be referred to as Noname81, is the South Atlantic ST case that
will be used to demonstrate the application of the methodology for ST detection and
classification and ST diagnostics of development (Sections 2 and 3).
Had the ST occurred in the warm season, might it have undergone tropical
transition (TT) as in the case of Hurricane Catarina? Noname81 is unusual in that it had
a strong, positive PV signature over the ST core, reminiscent of North Atlantic warm
season TT cases. However, the extensive environmental vertical wind shear and cool
SST of the cool season certainly precluded Noname81 from developing a tropical
structure.
Noname81 formed at 1800 UTC 14 June 1981 as a 1003 hPa low (44ºS, 63ºW) on
the southern end of a cold front with a northeast track just off the coast of South America,
under the influence of a midlatitude trough (visible by the position of the PV reservoir,
Fig. 4.1b). The increased baroclinicity due to the temperature gradient, associated with
the cold front and the midlatitude PV, helped create an optimal situation for a strong
surface low to form. However, the surface cyclone was situated below an area of upper-
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tropospheric convergence8 (Fig. 4.1a, Appendix), obviously unfavorable conditions for
development, and the disturbance did not yet extend up to 500 hPa.
The low to mid-level flow (as indicated by the mean sea-level pressure isobars in
Fig. 4.1b and the 500 mb flow in Fig. 4.1a) is indicative of lee cyclogenesis playing a role
in the formation of Noname81. However, due to the poleward location of the genesis
point of this cyclone, the baroclinic forcing associated with lee cyclogenesis seems to be
originating downstream of the Andes Mountains of Chile and Argentina, rather than the
Brazilian Highlands; the Brazilian Highlands is really the mountain range associated with
lee cyclogenesis (a mechanism for ST formation) within this basin due to its proximity to
the South Atlantic and its latitudinal range. As will be shown in Section 6, this is the
only ST to have formed so far south.
SST under the surface low were in the single digits (8ºC, Fig. 4.1c), but the
vertical wind shear was weak for this region and season (18 ms-1 over the 900-300 hPa
layer, relative to a median shear value of 18 ms-1 in the South Atlantic; further discussion
of typical shear values will be made in Section 6). The baroclinicity of the region, along
with the weak shear, presented a favorable environment for the system to develop.
Nevertheless, the upper-level convergence suppressed development over the next 6 hours
and the surface low weakened below gale force.
At 0600 UTC 15 June an intensifying system, indicated by the re-emergence of
gale-force winds of about 130 km in radius, would encircle the strengthening surface low.
8

The quasi-geostrophic (QG) omega equation (Appendix, A.11) states that in regions of vorticity advection
by the thermal wind where the geostrophic wind increases with height, downwards motion is forced. The
forced vertical motion is justified by the QG continuity equation which expresses the principle of the
conservation of mass (A.8). Thus, when the downwards motion is induced, ageostrophic convergence is
implied as parcels enter into an upper-tropospheric trough.
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The radius of gale force winds would continue to increase until 12 hours before the ST
was at its strongest intensity.

Once the sustained gale-force winds had begun on

0600 UTC 15 June, a PV maximum of 0.5 PVU, associated with a passing trough, could
be seen descending towards the surface to the east of the low pressure center. The area of
upper-level convergence associated with the passing trough was beginning to move
eastward, thereby allowing the system’s core to strengthen (Fig. 4.2a and 4.3a). This is
the first indication of the developing PV pattern expected during Southern Hemisphere
ST genesis (Section 3). In concert with the passing of the trough to the east, the
environmental vertical wind shear increased to 33 ms-1.

The shear increase is an

indication of the trough situated to the west increasing in amplitude and strength. Also
note that the core displays a westward tilt with height, as expected amongst ST since ST
exist within a baroclinic environment. Noname81 was still a cold-cored system at this
time.
By 1800 UTC 15 June the surface low (40ºS, 56ºW) had begun to penetrate into
the upper atmosphere (Fig. 4.4a). The most likely cause of the system’s increasing
strength was the increased interaction between strengthening PV anomaly and the surface
low, now below upper-tropospheric divergence9 (Fig. 4.4b, Appendix). The increasing
inertial stability (Section 3, footnote 6, pg. 46) of the developing system enabled it to
maintain itself in an environment with increasingly high vertical wind shear (48 ms-1,
Fig. 4.4c); we refer to this process as “cradling” since the PV signature of the storm
9

The quasi-geostrophic (QG) omega equation (Appendix, A.11) states that in regions of vorticity advection
by the thermal wind where the geostrophic wind decreases with height, upwards motion is forced. The
forced vertical motion is justified by the QG continuity equation which expresses the principle of the
conservation of mass (A.8). Thus, when the upwards motion is induced, ageostrophic divergence is
implied as parcels exit an upper-tropospheric trough.
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wraps around the southeast side of the storm but does not encircle the center (“cradling”
is a pattern recognition term described in Section 3, footnote 5, pg. 46).
On 1200 UTC 16 June, Noname81 had become a hybrid system. The transition
into hybrid state is reflected in the increasingly organized convection as seen in the
satellite imagery (Fig. 4.5a-b). The required comma-shaped satellite signature for ST
classification is achieved by 1200 UTC (Fig. 4.5b). Noname81 had moved over warmer
SST values in the double-digit range 6 hours prior and were now 12ºC. As illustrated in
the PV cross-section in Figure 4.2b, a deep trough (PV > 0.5 PVU) now extended down
to the surface on the west side of the storm, further stabilizing the system’s core (39ºS,
52ºW) within a broad region of high vertical wind shear (53 ms-1) associated with the
midlatitude westerlies. In other words, a midlatitude trough was located to the west of
the convection associated with the ST, thus placing the system below upper-level
divergence (Fig. 4.3b). The PV maximum to the east of the ST core in Figure 4.2b is
associated with the trough that had been suppressing development previously and was
now on an eastward track out of the region.
At 1800 UTC 16 June a shortwave was deepening within the 500 hPa level
trough (Fig. 4.6a). The ST, still tracking northeastward, was under the influence of
increased vertical wind shear of 58 ms-1, but was now centered (38ºS, 52ºW) above SST
values of 13ºC (Fig. 4.6c) consistent with the ST approaching the southern reaches of the
Brazilian Current. By now, warm-air advection (WAA) was an influential component of
the deepening ST. WAA undoubtedly aided in the system’s transition into a hybrid state
6 hours prior and continued deepening due to its associated convective potential
(indicated by the convective cloud cover revealed in the satellite imagery and consistent
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with the CAPE, CIN, and LI values associated with ST; Section 6). Figure 4.7a indicates
the magnitude of the WAA affecting the ST. The clockwise surface winds encircling the
system were blowing over SST of ≥ 18ºC, advecting these warm temperatures into the
system’s core. Also, there was an increased “cradling” (indicating a stronger, more
baroclinic system) of the surface low by the PV reservoir within the upper-level trough
which coincides with an enlarged radius of gale-force winds of about 520 km (Fig. 4.6b
and 4.7a); while this is a large radius of gale-force winds, it was clearly associated with
the ST and separate from the midlatitude flow (Fig. 4.7a).
The satellite image for Noname81 at 1800 UTC 16 June 1981 displays an
increasingly organized system as the environmental conditions associated with the ST
become more favorable for development (Fig. 4.5c). The deepening convection and more
obvious comma-shaped signature are indicative of the continued amplification of the
system.
The system’s persistent development is reflected in the satellite imagery for
17 June 1981 (Fig. 4.8a-c). The formation of a comma-shaped area of convection with a
convective band curling into the center of the low is consistent with the increased
interaction between the surface low and upper-level positive PV anomaly within the
midlatitude trough (i.e. the system’s baroclinic development). The central pressure has
decreased to 998 hPa (35ºS, 49ºW) with an expanded gale radius of 700 km, about
13º latitude across, by 0600 UTC 17 June (Fig. 4.7b). This comma-shaped pattern
associated with the baroclinic development consistent with ST formation, as seen via
satellite imagery, is a progression of ST development established by Hebert and Poteat
(1975, hereby HP75, Fig. 4.9). The ST at this stage verifies as a ST 3 (a system with
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associated winds of 23 – 26 ms-1). The ST 2.5 stage (inferred winds of 18 – 21 ms-1) was
achieved at 1200 UTC 16 June, when Noname81 first became hybrid.
By 1800 UTC 17 June 1981, the ST had fully penetrated into the upper-levels as a
closed low (Fig. 4.10a). The low pressure center had deepened to 995 hPa (38ºS, 48ºW)
and the ST had attained its maximum extent of gale-force winds with a radius of about
730 km. The radius of gale-force winds coincides with the apparent half-circle pattern
taken by the upper-level PV maximum (Fig. 4.10b) within the upper-level trough. At this
point, the PV anomaly’s interaction with the surface low had nearly transitioned from
“cradling” the surface low to “escaping” the midlatitude PV reservoir within the upperlevel trough. This indicates that the ST was separating itself from the midlatitudes to a
greater extent than it had before (consistent with the closed low in the 500 hPa
geopotential heights). Additionally, the ST was now situated directly over the southern
extent of the Brazilian Current, which indisputably aided in the amplification of the
surface low, especially with the assistance of WAA from the north-northwest over water
temperatures between 15-18°C (Fig. 4.7b and 4.10c). The ST now had the ability to
sustain itself, via convection, within an environment comprised of vertical wind shear
reaching 57 ms-1 (Fig. 4.11). The low pressure center reached its lowest pressure of
994 hPa (35ºS, 46ºW) at 0600 UTC 18 June, coincident with its passage over waters of
16°C, the highest SST experienced by Noname81 throughout its lifecycle.

By

0900 UTC, the ST had reached an HP75 classification of ST 3.5 (Fig. 4.9 and 4.12a, a
system with associated winds of 28 – 34 ms-1).

The system’s convective bands were

beginning to wrap into the system center, consistent with the first stages of occlusion. By
1200 UTC, the ST had transitioned from a northeasterly track to a southeasterly track
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(now located at 36ºS, 45ºW) into the highest wind shears encountered by the ST of
59 ms-1. The satellite image on 1500 UTC 18 June reflects this sheared environment in
the weakening convection (Fig. 4.12b).
By 1800 UTC 18 June Noname81 was no longer hybrid with the surface (38ºS,
45ºW) and upper-level lows were essentially vertically stacked (Fig. 4.13a-b). The
system is reflected in the 500 hPa heights as a strong cut-off low, which is still being
“cradled” by the positive PV anomaly within the midlatitude trough (Fig. 4.13b). Having
been positioned over relatively warm SST with continual WAA feeding into the system,
the storm had become an exceptionally weak warm-cored system (Fig. 4.14) over SST
values of 14ºC (Fig. 4.13c). The system central pressure is still 994 hPa, though it is
beginning to weaken, and a PV maximum of 1 PVU had broken from the midlatitude
trough and was situated on the eastern side of the system’s core, indicating independence
from the midlatitude trough and ultimately, the inertial stability of the system
(Fig. 4.13b). This PV separation was not achieved via a Rossby wave break (as seen in
North Atlantic ST cases), but was likely facilitated by convection in the region of WAA.
The interaction between the upper-level trough and the system’s core via its
associated PV anomaly, coupled with a relatively warm environment (including the
influence of WAA and convective energy) has allowed for this weak warm-cored
transition despite a 900 – 300 hPa atmospheric vertical wind shear value of 56 ms-1. The
warm-core is exhibited in the satellite imagery by a spin-off area of convection which has
begun to drift towards the west as the comma-shaped cloud system (the parent structure)
continues to drift towards the southeast under the influence of the westerlies (Fig. 4.12c).
North Atlantic midlatitude bombs behave much like this ST has in that they intensify due
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to SST gradients, however, this system is not a bomb since this is a confirmed hybrid
storm and not a deep cold-cored system (Sanders and Gyakum 1980).
The stepwise progression of Noname81 from a cold-cored system into a hybrid
system, to a weakly warm-cored system, and again into a hybrid system (not discussed
here), is consistent with the ERA40 analyses in the CPS plots (Fig. 4.14). This agreement
gives confidence in our methodology when evaluating ST in the South Atlantic basin.
Also, the −VTL values for this ST were no less than −5 during hybrid state. This was one
of the reasons Noname81 was chosen so as to demonstrate just how powerful an ST can
become even when genesis occurs in the cool season.
Due to the limitations of the ERA-40 model, which was used for this case study,
no mention of LI, CAPE, or CIN have been made. However, Noname81 seems to behave
consistently, in terms of its progression of intensity and organization, with what is
expected to occur within the lifecycle of all the ST analyzed by the GFS model with each
of these values. As will be discussed in more detail in Section 6, CAPE, CIN, and LI
values reach their most favorable values for convective potential around the time of the
system’s strongest hybrid state (highest −VTL values), if not simultaneously. The average
convective potential values and trends seen throughout the ST lifecycles (17 in the South
Atlantic and 10 in the Tasman Sea) are shown in Table 4.1.
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Figure 4.1. ERA40 analyses of the South Atlantic for 1800 UTC 14 June 1981 a) 500 hPa geopotential heights (units in
dm). Noname81 is centered on 44ºS, 63ºW (triangle in panel c); b) Ertel potential vorticity on the 320 K potential
temperature surface (shaded), the mean sea level pressure (contour), and the 300 hPa heights (colored contour); c) SST
and 900-300 hPa shear.
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Figure 4.2. Vertical cross-sections of potential vorticity (shaded) and potential temperature (contoured) at the onset of
gale-force winds 0600 UTC 15 June 1981 and at the time of first hybrid state 1200 UTC 16 June 1981. Noname81 is
centered at 61ºW, on 42º S in plot a) and in plot b) at 52ºW, on 39º S.
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Figure 4.3. Ertel potential vorticity on the 320 K potential temperature surface (shaded), the mean sea level pressure
(contour), and the 300 hPa heights (colored contour) at the onset of gale-force winds 0600 UTC 15 June 1981 and at
the time of first hybrid state 1200 UTC 16 June 1981. Storm center is the same as in the previous figure.
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Figure 4.4. The same as in Fig. 4.1, except for 1800 UTC 15 June 1981. Noname81 is centered on 40ºS, 56ºW. As
before, the position of Noname81 at this time is indicated by the triangle in panel c.
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Figure 4.5. SMS-2 infrared images for 0600 UTC, 1200 UTC, and 1800 UTC 16 June 1981. X marks an estimated
center location of the low pressure center. Noname81 is actually centered at 39ºS, 53ºW at 0600 UTC, at 39ºS, 52ºW at
1200 UTC, and at 38ºS, 52ºW at 1800 UTC. The storm center is located just off the image in figure c). Images
courtesy of the Global ISCCP B1 Browse System (GIBBS) accessed on the National Climatic Data Center (NCDC)
website at http://www.ncdc.noaa.gov/gibbs/.
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Figure 4.6. The same as in Fig. 4.1, except for 1800 UTC 16 June 1981. Noname81 is centered on 38ºS, 52ºW. As
before, the position of Noname81 at this time is indicated by the triangle in panel c.
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Figure 4.7. Surface wind speeds of Noname81 at the 925 hPa level indicated by the clockwise (cyclonically) rotating
wind vectors (colored). The black contoured lines indicate the SST values in the region. Plot a) is at 1800 UTC
16 June 1981 (38ºS, 52ºW) and plot b) is at 0600 UTC 17 June 1981 (35ºS, 49ºW).
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Figure 4.8. SMS-2 infrared images for 0300 UTC, 0600 UTC, and 0900 UTC 17 June 1981. These times are different
than in Fig. 4.5 due to image quality. X marks an estimated center location of the low pressure center. Noname81 is
actually centered at 36ºS, 50ºW at 0300 UTC, at 36ºS, 49ºW at 1200 UTC, and at 38ºS, 48ºW at 1800 UTC. Images
courtesy of the Global ISCCP B1 Browse System (GIBBS).
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Figure 4.9. The Hebert and Poteat (1975) classification diagram for subtropical storms. The three red circles represent
the classification of Noname81 between dates 16-18 June 1981 as it progressed from an ST 2.5 to an ST 3.5. The two
blue circles represent the classification of Naname98 between dates 23-26 December 1998 as it progressed from a ST
2.5 to a ST 3.0 (Section 5). ST class numbers are defined as follows: 1.5: 13-15 ms-1; 2.5: 18-21 ms-1; 3.0: 23-26 ms-1;
3.5: 28-34 ms-1. All classes are expected to be ≥ 15º latitude in width.
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Figure 4.10. The same as in Fig. 4.1, except for 1800 UTC 17 June 1981. Noname81 is centered on 38ºS, 48ºW. As
before, the position of Noname81 at this time is indicated by the triangle in panel c.
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Figure 4.11. Time series plot of SST (°C) over a 2° box and 900-300 hPa vertical wind shear (ms-1) over a 5° box
centered over the surface low.

71

Figure 4.12. SMS-2 infrared images for 0900 UTC, 1500 UTC, and 1800 UTC 18 June 1981. These times are
different than in Fig. 4.5 and 4.7 due to image quality. X marks an estimated center location of the low pressure center.
Noname81 is actually centered at 36ºS, 46ºW at 0900 UTC, at 37ºS, 45ºW at 1500 UTC, and at 38ºS, 45ºW at
1800 UTC. Images courtesy of the Global ISCCP B1 Browse System (GIBBS) at http://www.ncdc.noaa.gov/gibbs/.
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Figure 4.13. The same as in Fig. 4.1, except for 1800 UTC 18 June 1981. Noname81 is centered on 38ºS, 45ºW. As
before, the position of Noname81 at this time is indicated by the triangle in panel c.
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Figure 4.14. ERA40 analyses of Noname81 from 1800 UTC 14 June 1981 through 0000 UTC 20 June 1981, plotted in
the Cyclone Phase Space. The top panel plots –VTL vs. –VTU and the bottom panel plots –VTL vs. B (see text for
details). A marks the beginning of the system’s development.
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Table 4.1. Average convective potential values (CAPE, J Kg-1; CIN, J Kg-1; and LI, °C in a) and CAPE in b)) during
each ST lifecycle within the GFS model in the South Atlantic basin and the Tasman Sea region. These values are
meant to show the ST lifecycle trends. The South Atlantic had a total of 17 ST developments in the GFS and the
Tasman Sea had a total of 10 ST developments in the GFS.

Section 5

A Tasman Sea ST Case Study
December 1998 is notorious as the month in which the well-known Sydney-toHobart Yacht Disaster transpired. This tragedy had been well predicted, but was not
taken seriously; had it been, many deaths could have been avoided. This event was an ST
in the Tasman Sea and will be known as Noname98 for the purpose of this study.
Noname98 first formed as a weak depression to the northeast of the Australian
coast on 24 December 1998. Three days later, it would become a powerful ST with galeforce winds extending to a radius of approximately 720 km, about the maximum radius of
Noname81 (Section 4).
Noname98 was first identified 1200 UTC 23 December 1998. However, the
synoptic environment conducive to the system’s formation was already taking shape six
hours earlier. A weak trough (evident as a PV anomaly > 0.5 PVU, Fig. 5.1b) was
dipping equatorward into the development region allowing for a weak area of upper-level
divergence along the east side of the trough10 (Fig. 5.1a and 5.2, Appendix). A surface
low was not yet evident at this time, but the surface pressures were decreasing over SST
values of about 21°C.

10

As discussed in Section 4, the quasi-geostrophic (QG) omega equation (Appendix, A.11) states that in
regions of vorticity advection by the thermal wind where the geostrophic wind decreases with height,
upwards motion is forced. The forced vertical motion is justified by the QG continuity equation which
expresses the principle of the conservation of mass (A.8). Thus, when the upwards motion is induced,
ageostrophic divergence is implied as parcels exit an upper-tropospheric trough.
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Noname98 developed due to a robust baroclinic environment caused by a steep
temperature gradient produced by an interaction between the local topography (the Great
Dividing Range) and the East Australian Current (EAC, the warm poleward current along
the east coast of Australia) in another example of lee cyclogenesis. Due to the strength of
this baroclinic environment, Noname98 remained hybrid for a total of 60 hours.
Noname98 formed downwind of the Great Dividing Range, the topography referred to
above, in a region of high vertical wind shear (Fig. 5.1c). However, the strong gradient
of the warm SST (thus allowing for enhanced convective potential) and favorable
synoptic setup allowed for the low pressure center to deepen (Fig. 5.3).
Noname98 became evident as an unorganized region of convection south of the
Intertropical Convergence Zone and northeast of Australia (Fig. 5.2). At 0900 UTC, the
system’s associated deep convection aided in the development of a weak closed surface
low of 1005 hPa at 1200 UTC (25ºS, 167ºE, Fig. 5.2a). No gale-force winds were
associated with the system thus far and the region was experiencing high vertical wind
shear (50 ms-1) due to the general westerly flow over the region. Between 1500 UTC and
2100 UTC the system became increasingly organized (Fig. 5.2b and c) and developed a
frontal structure (convection towards the northeast) due to weak, in-situ upperatmospheric troughing (as evident by the increased 300 hPa troughing in Fig. 5.4).
The storm was first classified ST (Fig. 5.5) at 1800 UTC 23 December when the
first gale-force winds began (thought the system had been hybrid previously). The
surface low had deepened somewhat to 1004 hPa and was now encircled by gales
extending outwards to about 90 km. The ST low pressure center developed on the east
side of a slow moving trough, below a favorable region of upper-level divergence. The
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PV cross-section (Fig. 5.6) reflects the strength of the developing ST with a positive PV
anomaly of 0.5 PVU extending downward to nearly 750 hPa just east of the core and
about 650 hPa to the west of the core, thus indicative of the increasing inertial stability11
(Section 3, footnote 6, pg. 46) of the ST which could then withstand the 50 ms-1
environmental vertical wind shear (Fig. 5.6). As the low pressure center strengthened, a
PV anomaly of 1 PVU developed to the east of the storm center (0600 UTC 23 December
1998, Fig. 5.4a) and moved west of the system’s core as it became a ST (1800 UTC
23 December 1998, Fig. 5.4b), consistent with the location of the enhanced convection.
This is the PV maximum seen in the PV cross-section west of the ST core in Figure 5.6.
By 0600 UTC 24 December, the ST was in a steady hybrid state, though still relatively
weak. The regional upper-level heights were progressively decreasing as the trough
reached deeper equatorward, overlapping with the developing surface low (27ºS, 164ºE,
Fig. 5.7a) and indicative of the developing upper-level cutoff low. The ever increasing
inertial stability of the developing system (now showing a closed surface low of
1002 hPa) enabled the hybrid system to continue to maintain itself in this high shear
environment. The sufficient inertial stability associated with the system was present via
WAA and in-situ convection (evident by the increasingly strong and organized
convective activity in the satellite imagery, Fig. 5.8). Since the ST is in the process of
firmly establishing itself as an active part of the region’s synoptic landscape, strong shear
would have less of an impact upon the maturing storm. Further confirmation of the ST
inertial stability is evidenced by the “cradling” PV pattern (Section 3) which is apparent

11

On the order of 10-2, whereas a midlatitude system is on the order of 10-5; the larger the magnitude, the
more inertially stable the system will be.
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in the system’s PV signature (now a 0.5 PVU anomaly, Fig. 5.7b) as the positive PV
anomaly appears to encircle the southern side of the storm. SST values were still warm
at 20°C and the radius of gale-force winds had increased to 125 km as the system
continued its movement towards the southwest (Fig. 5.7c).
The satellite imagery confirms a deepening ST low pressure center as a commashaped area of strong convection expanded; this pattern is consistent with a ST
classification of 2.5 (a system of associated winds of 18-21 ms-1) based on the HP75
scheme (Fig. 5.8a-c and Fig. 4.9). Both the PV maximum and the convective maximum
(deduced from satellite imagery) are co-located at about 33°S, 165°E (Fig. 5.7b and
Fig. 5.8), consistent with the previously discussed enhanced convective potential. Based
on HP75 diagnostics of the satellite imagery, Noname98 maintained a classification of
2.5 throughout 24 December. Still, the ST continued strengthening through 24 December
with a surface pressure of 1001 hPa (30ºS, 163ºE) and a radius of gale-force winds of 315
km at 1800 UTC. The ST sustained intensification was coincident with decreasing
vertical wind shear to 40 ms-1, also by 1800 UTC.
With shear values continually decreasing (33 ms-1 at 0600 UTC), a deep cut-off
low had formed equatorward of the midlatitude flow by 0600 UTC 25 December
(Fig. 5.9a). This upper-level development of the ST aided in strengthening its associated
surface low which was being advected southwestward (32ºS, 162ºE) towards a region
below upper-level divergence (Appendix). Also, the central pressure had decreased
slightly to 1000 hPa under the influence of warm but slightly decreased SST values of
18°C and increasingly weakening vertical shear as the upper-level cold-core weakening.
A PV maximum of 1 PVU could be found on the east side of the ST, still consistent with
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the area of enhanced convection (Fig. 5.10), allowing for positive PV advection into the
system’s core12 (Fig. 5.9b).
The continued positioning of the ST downwind of the Great Dividing Range on
the east coast of Australia (apparent in the low to mid-level flow in Fig. 5.9a and b)
provides a sustained topographic forcing (evident by the strong PV and convection
associated with Noname98) which allowed this system to retain its strength for such a
long period. Additionally, the storm center was located in a region of 2-6°C SST
gradients over a 300-400 km range (consistent with the ST gale radius of 359 km,
Fig. 5.9c) providing the continued necessary convective forcing for the ST to remain
hybrid in this otherwise baroclinic environment. At the time, the ST almost underwent a
weak tropical transition (as the upper-level thermal wind values were increasingly
becoming positive, though never actually becoming warm-cored) due to the convective
forcing associated with Noname98, which had such a strong influence on the system for
such an extensive period of time. The ST achieved its most positive −VTL values during
the period of 0000 UTC to 1200 UTC 25 December (see Fig. 5.5).
By 0900 UTC 25 December (1800 hours local time) a convective band can be
seen via satellite wrapping into Noname98’s core (Fig. 5.10a). This signature is
consistent with a ST 3.0 according to the HP75 scheme (Fig. 5.11, Fig. 4.9, a system of
associated winds of 23-26 ms-1) and is supported by the strength of the analyzed surface
winds. The continual strengthening of this storm is well illustrated by these images as
12

The ageostrophic wind is defined as uag=u – ug, where uag is the ageostrophic wind, u is the real wind,
and ug is the geostrophic wind (AMS Glossary, 2000). At the time, the surface winds were very strongly
southwestwards, while the 300 hPa winds were also southwestwards, but less so. Therefore, the
ageostrophic winds were effectively westwards, supporting the claim that there was positive PV advection
into the ST core.
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convective heating increases in the region surrounding the storm center. The inferred
WAA associated with the circulation around the ST center (Fig. 5.11) has contributed to
the Noname98 near transition into a weak warm-cored system at 1200 UTC (Fig. 5.5)
with a −VTU value of −1.3. At this time, the central pressure had dropped to 999 hPa
(32ºS, 161ºE) and the gale radius has increased to 430 km. The vertical wind shear had
also dropped just below 33 ms-1; the ever decreasing shear values and continued WAA
into Noname98’s core have clearly permitted the increasing organization of the ST and
near hybrid to warm-cored transition (Fig. 5.10b-c). However, the tension preserved
between the convective and baroclinic forcings maintained the system’s hybrid state
despite an increasingly favorable tropical environment.
On 0600 UTC 26 December, Noname98’s existence as a hybrid was coming to a
close. By this time, the lower-tropospheric warm-core was weakening and the uppertropospheric cold-core was strengthening. At 0000 UTC, the weakest wind shear values
experienced by Noname98 had been reached at a value of 31 ms-1. This allowed for the
minimum pressure experienced by the ST to occur at 0600 UTC with a value of 996 hPa
(33ºS, 159ºE).
At 0600 UTC (1500 hours local time) 26 December the 500 hPa level closed low
associated with Noname98 had disappeared, most likely due to an enhanced potential
vorticity maximum associated with a baroclinic development (B2) about 18° to the
southwest of the ST, causing it to decay (Fig. 5.12a). B2 developed due to a sharpening
of the upper-level trough to the west of Noname98. At this time, the midlatitude trough
associated with the ST was positioned such that the ST low pressure center was still
underneath a region of weak upper-level divergence associated with an intensifying
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upper-level trough. The low pressure center was still deep as the positive PV anomaly
associated with the ST had continued to “cradle” the system’s core to the southeast and
northwest of its center (33ºS, 159ºE, Fig. 5.12b). The large-scale environmental shear
and SST were still steady at 18°C and shear values of 32 ms-1 (Fig. 5.12c). Still, the
weakening of Noname98 can be viewed in the satellite imagery for 26 December
(Fig. 5.13).
At 0900 UTC, while the system was dissipating, a small area of convection at the
system’s core can be seen (Fig. 5.13a). This is the remnants of the ST near transition
from a hybrid system to a warm-cored system. Six hours later at 1200 UTC, Noname98
spent its last hours as a hybrid system. It had a surface low of 997 hPa (34°S, 159°E) and
its maximum radius of gale force winds of 720 km. The storm was now a synoptic-scale
system, though still in a hybrid state. The large radius of gale force winds can be
attributed to Noname98 apparent interaction with the neighboring system to the
southwest (Fig. 5.13b, 5.14a).
By 1800 UTC 26 December, Noname98 came under the dynamic influence of the
intensifying upper-level closed low associated with B2.

The two systems merged

(evident in Fig. 5.13c and Fig. 5.14b) allowing for the ST to transition into a cold-cored
system. At 2100 UTC, the system saw a decrease in convection (thus completely losing
its potential for retaining a lower warm-core) and had become strongly cold-cored and
was now tracking towards the southeast within the midlatitude flow (Fig. 5.13c). The
system’s quick transition into a cold-cored system demonstrates that the deep convection
that Noname98 had undergone earlier allowed the system to exist in a hybrid state for
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longer than it would have otherwise. By 1200 UTC 27 December the surface pressure
had increased to 1003 hPa (27ºS, 154ºE).
The stepwise progression of Noname98 from a hybrid system, to a near warmcore system, and later to a strong cold-core system, is illustrated using the ERA40
analyses in the CPS (Fig. 5.11). Note that the −VTL values for this storm never become
negative. The progression of Noname98 through the CPS diagram is consistent with our
criteria for ST development.
On 27 December the Sydney-to-Hobart Yacht Disaster occurred. The race had
begun the day before at about 0100 UTC 26 December 1998 (1000 hours local time)
while Noname98 was still east of the race course; but as the race progressed, the ST had
transitioned into a strong cold-cored system (which had retained much of the energy it
had acquired earlier in its lifecycle) and swiftly tracked into the designated yacht race
course. Unfortunately, several people died between 27 and 28 December due to the
storm’s intense winds, which were well above gale force, wreaking havoc upon the
yachts.
As explained in Section 4, no mention of LI, CAPE, or CIN have been made due
to the limitations of the ERA-40 model.

However, Noname98 seems to behave

consistently, in terms of its progression of intensity and organization, with what is
expected to occur within the lifecycle of all the ST analyzed by the GFS model with each
of these values. As will be discussed in more detail in Section 6, CAPE, CIN, and LI
values reach their most favorable values for convective potential around the time of the
system’s strongest hybrid state (highest −VTL values), if not simultaneously. The average
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convective potential values and trends seen throughout the ST lifecycles (17 in the South
Atlantic and 10 in the Tasman Sea) are shown in Table 4.1.
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Figure 5.1. ERA40 analyses of the Tasman Sea for 0600 UTC 23 December 1998. Noname98 is centered on 25ºS,
167ºE (triangle in panel c). a) 500 hPa geopotential heights (units in dm). b) Ertel potential vorticity on the 320 K
potential temperature surface (shaded), the mean sea level pressure (contour), and the 300 hPa heights (colored
contour). c) SST and the 900-300 hPa shear.
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Figure 5.2. GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 23 December 1998. X marks an
estimated center location of the low pressure center. Noname98 is actually centered on 25ºS, 167ºE at 1200 UTC and
on 25ºS, 165ºE at 1800 UTC.
http://www.ncdc.noaa.gov/gibbs/.

Images courtesy of the Global ISCCP B1 Browse System (GIBBS) at
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Figure 5.3. Wind speeds of Noname98 at the 925 hPa level indicated by the clockwise (cyclonically) rotating wind
vectors (colored). The black contours indicate SST with 3°C contour interval. X marks the location of Noname98 at
1200 UTC 23 December 1998.
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Figure 5.4. Ertel potential vorticity on the 330 K potential temperature surface (shaded), the mean sea level pressure
(contour), and the 300 hPa heights (colored contour) at 0600 UTC 23 December 1998 (25ºS, 167ºE) and at 1800 UTC
23 December 1998 (25ºS, 165ºE); the latter represents Noname98’s onset of gale-force winds and hybrid state.
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Figure 5.5. ERA40 analyses of Noname98 from 1200 UTC 23 December 1998 through 1800 UTC 27 December 1998,
plotted in the Cyclone Phase Space. The top panel plots –VTL vs. –VTU and the bottom panel plots –VTL vs. B (see text
for details). A marks the system’s first analysis time used.
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Figure 5.6. Vertical cross-sections of potential vorticity (shaded) and potential temperature (contoured) at the onset of
gale-force winds and hybrid state 1800 UTC 23 December 1998. The plot is located at 165ºE, along 25ºS.
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Figure 5.7. The same as in Fig. 5.1, except for 0600 UTC 24 December 1998. Noname98 is centered on 27ºS, 164ºE.
As before, the position of Noname98 at this time is indicated by the triangle in panel c.
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Figure 5.8. GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 24 December 1998. X marks an
estimated center location of the low pressure center. Noname98 is actually centered on 29ºS, 164ºE at 1200 UTC and
on 30ºS, 163ºE at 1800 UTC. Images courtesy of the Global ISCCP B1 Browse System (GIBBS).
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Figure 5.9. The same as in Fig. 5.1, except for 0600 UTC 25 December 1998. Noname98 is centered on 32ºS, 162ºE.
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Figure 5.10. GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 25 December 1998. X marks an
estimated center location of the low pressure center. Noname98 is actually centered on 32ºS, 161ºE at 1200 UTC and
on 32ºS, 160ºE at 1800 UTC. Images courtesy of the Global ISCCP B1 Browse System (GIBBS).
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Figure 5.11. Same as in Fig. 5.3. Plot a) is at 0600 UTC 25 December 1998 and plot b) is at 1200 UTC 25 December
1998. X marks the center of Noname98.
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Figure 5.12. The same as in Fig. 5.1, except for 0600 UTC 26 December 1998. Noname98 is centered on 33ºS, 159ºE.
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Figure 5.13. GMS-5 infrared images for 0900 UTC, 1500 UTC, and 2100 UTC 26 December 1998. X marks an
estimated center location of the low pressure center. Noname98 is actually centered on 34ºS, 159ºE at 1200 UTC and
on 33ºS, 157ºE at 1800 UTC. Images courtesy of the Global ISCCP B1 Browse System (GIBBS).
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Figure 5.14. Same as in Fig. 5.3.

Plot a) is at 1200 UTC 26 December 1998 and plot b) is at 1800 UTC

26 December 1998. X marks the center of Noname98.

Section 6

Summary of ST Climatologies for the South Atlantic and the
Tasman Sea
A total of sixty-three storms in the South Atlantic basin and one-hundred and
eleven storms in the Tasman Sea region have been identified in this 51-year climatology
(August 1957 – December 2007). The filtering methods designed to identify ST and
partition them by environmental conditions were explained in detail within Sections 2
and 3 and then documented through examples from the South Atlantic basin (Section 4)
and the Tasman Sea region (Section 5).
Candidate ST were found to form under shear conditions of up to 63 ms-1 in the
South Atlantic basin, and up to 56 ms-1 in the Tasman Sea region (Fig. 6.1a and b
respectively). Shear values were determined over a 5° box to describe the environment
affecting the individual ST over the 900-300 hPa layer, a “deep” layer chosen to be
consistent with the atmospheric layer used in the CPS methodology. The difference in
maximum shear values between these two basins is due to the South Atlantic basin’s
proximity to the Antarctic Circumpolar Current (the current which encircles the Antarctic
Continent) and the Antarctic Continent: the presence of a stronger regional temperature
gradient within this basin accounts for the increased overall environmental wind shear
values (Gnanadesikan et al. 2000).
A noticeable difference exists when comparing the maximum shear values
achieved within these two Southern Hemisphere basins to that of the North Atlantic
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basin. Of the one-hundred and ninety-seven ST which formed within the North Atlantic
basin, only one encountered environmental wind shear values of 40 ms-1 (Fig. 6.1c). The
basic cause of this disparity can be easily appreciated when comparing the seasons in
which the maximum ST formed within each individual basin (Fig. 6.2). The maximum in
North Atlantic ST activity occurred in the summer through autumn months, unlike the
Southern Hemisphere where the ST maximum activity was in the autumn through winter
months. Obviously, the North Atlantic has a much larger sample size than the two
Southern Hemisphere basins (197 ST total); nevertheless, the Tasman Sea region still
observed this discrepancy in preferred development months with 111 total ST formations.
However, the cold seasons have a much stronger jet stream within the subtropics in their
respective hemispheres versus that of the warm season months. A stronger jet stream
corresponds to stronger environmental wind shear, thus the reason for the large variance
between hemispheric shear values.
When comparing shear ranges within the three basins, a glaring difference
between the Northern and Southern Hemispheres is observed: while the median for shear
in the subtropical South Atlantic is 28 ms-1 (Fig. 6.1a) and for the Tasman Sea region is
30 ms-1 (Fig. 6.1b), the median shear value for ST in the North Atlantic basin was 8 ms-1
(Fig. 6.1c).

Second and third quartiles span 19-46 ms-1 in the South Atlantic and

25-36 ms-1 in the Tasman Sea. As for the North Atlantic, the second and third quartiles
span 6-13 ms-1. While these differences in shear ranges between the basins are large,
even given the predominance of cold season ST in the Southern Hemisphere, the majority
of these storms (41/63 South Atlantic and 93/111 Tasman Sea) develop in the range of
shear observed for the North Atlantic systems. The South Atlantic ST display the highest
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shear values at genesis, again due to the strong regional temperature gradient, while the
Tasman Sea ST display strong, yet weaker, shear values, and the North Atlantic ST
display the weakest shear values of all three basins. There was no observed difference in
the average latitude at which genesis occurred between the three basins. A deviation in
the proposed mechanisms for formation between the hemispheres no doubt helps to
account for this disparity in maximum shear values.
A similar discrepancy holds true for the SST13 (averaged over a 2° box) variance
at genesis time between hemispheres. While the median in North Atlantic SST values
was 26ºC with the second and third quartiles extending from 23-28ºC (Fig. 6.3c), the
Southern Hemisphere basins both saw variance in SST values between the mid-teens to
the low twenties degrees Celsius (South Atlantic: Fig. 6.3a, Tasman Sea: Fig. 6.3b). In
the South Atlantic, the median SST value was 18ºC with the second and third quartiles
extending from 15-20ºC, while in the Tasman Sea the median value was 19ºC with
second and third quartiles extending from 16-22ºC.

The difference in SST values

between hemispheres should come as no surprise since the maximum number of Southern
Hemisphere ST occurred in the cold seasons. Furthermore, SH SST are climatologically
cooler in both the summer and winter (Fig. 6.4a: January and Fig. 6.4b: July,
respectively) than NH SST for the same 20°-40° latitude band where ST genesis occurs.
After analyzing the differences between the three basins in terms of shear and SST
values, the next logical step is to explore the proposed mechanisms for formation within
each basin.
13

An SST comparison was made between the two models: the ERA-40 and the GFS. It was found that the
SST differed by only 1-2°C maximum at any single location for the three months the SST data overlapped
(June-August 2002). Due to a lower resolution, the ERA-40 model had less detail than the GFS model.
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Since the subpolar jet extends further equatorward in the winter months, the
Southern Hemisphere basins have a much greater reliance on the jet’s evolution and
interaction with the regional topography to allow for ST development by way of lee
cyclogenesis (one of the two proposed mechanisms for ST formation, hereafter known as
M1, refer to Sections 4 and 5). This mechanism for formation accounts for a small, but
significant fraction of the SH ST cases and is fundamentally different than what is
necessary in creating a favorable baroclinic environment for North Atlantic ST
development. In the case of North Atlantic ST formation, a baroclinic environment is
created by a Rossby wave break from a midlatitude trough over favorably warm waters
(Fig. 6.5). Essentially, the system and associated convection create their own baroclinic
environment by destabilizing the environment due to an enhanced convective potential14.
To account for the remaining SH ST cases, a broader characterization of this second
proposed mechanism for formation is necessary.

Instead of limiting the baroclinic

forcing to just a Rossby wave break, it is proposed that a baroclinic forcing occur in the
presence of a region of warm SST or strong WAA, which then provide an enhanced
convective potential (hereafter known as M2).

In terms of M1, the SH east-coast

mountain ranges (the Brazilian Highlands and the Great Dividing Range) and the spatial
temperature gradient due to the poleward currents (the Brazilian Current and EAC)
provide topographic forcing, creating a region of potential cyclogenesis in the lower to
mid-troposphere to their east (lee cyclogenesis). Once again, the presence of warm SST

14

In this case, convective potential is due to both dynamic (i.e. the Rossby wave break) and thermodynamic
(i.e. warm SST or warm-air advection) forcings. Convective potential can be described by variables LI,
CAPE, and CIN.
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or WAA provide the convective forcing necessary to achieve a hybrid system (i.e. a
subtropical storm).
Three measures of convective forcing have been explored here to evaluate
whether active convection is a necessary component to the formation and development of
Southern Hemisphere ST. Note that these values were determined at storm center for
only the GFS ST cases as mentioned within Sections 4 and 5. The median values for
CAPE, CIN, and LI (defined in Section 3) in the South Atlantic basin are 758 J kg-1,
−110 J kg-1, and −3.2°C, respectively (Fig. 6.6a, 6.6b, and 6.6c), while the median values
in the Tasman Sea region are 159 J kg-1, −102 J kg-1, and −3.9°C, respectively (Fig. 6.6a,
6.6b, and 6.6c). Second and third quartiles for CAPE extend from 507-882 J kg-1 in the
South Atlantic; in the Tasman Sea, second and third quartiles extend from
673-1109 J kg-1. Second and third quartiles for CIN extend from −41 to −163 J kg-1 in
the South Atlantic; in the Tasman Sea, second and third quartiles extend from −33 to
−104 J kg-1. Second and third quartiles for LI extend from −2.4 to −4°C in the South
Atlantic; in the Tasman Sea, second and third quartiles extend from −2.5 to −5°C. The
mean and ranges determined within the quartiles are comparable between the two ocean
basins. The only outstanding difference is the mean values for CAPE. However, the
minimum and maximum values of CAPE for both basins are comparable as reflected by
the ranges revealed in the quartiles. A comparison of climatological seasonal mean
values for CAPE (within the ERA-40 model) over the 20°-40°S latitudinal band show
that the CAPE values achieved during the SH ST lifecycles are much greater than the SH
winter and summer mean values (about 90-400 J kg-1 and 100-750 J kg-1, respectively;
Riemann-Campe et al. 2008) as would be expected of ST. CIN values for SH ST are
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greater than seasonal mean values for the same latitudinal band during the SH winter and
summer months (about 10-37 J kg-1and 17-37 J kg-1, respectively) as would also be
expected of ST.
In terms of the degree to which convective potential exist within the lifecycles of
the ST developments, all values of CAPE, CIN, and LI seem to correlate favorably with
the expected intensity of the systems. CAPE, CIN, and LI values reach their most
favorable values for convective potential around the time of the system’s strongest hybrid
state (highest −VTL values) and then decrease in value as the system weakens and
dissipates, as expected. This is reflected by the variation of these values within the ST
lifecycle as reflected in Figure 6.7. These values of CAPE, CIN, and LI support the
conclusions made about the importance of convective potential within the development
of ST within each basin.
Consideration of the mean annual cycle of ST development from the 51- year
climatology15 provides a context for genesis environment variation (characterized above
by shear and SST) and formation mechanisms in the South Atlantic basin and Tasman
Sea region. Genesis of ST systems is relatively constant throughout the year in the South
Atlantic basin but exhibits a slight preference for development between the months of
March-September. The peak month for South Atlantic ST activity in the 51- year record
is May with 8 events, consistent with this tendency towards austral autumn through early
winter activity (Fig. 6.8, annual cycle by month). This is the time of year that the ocean
is still warm from the summer months due to its high heat capacity, and the land has had
15

One system was classified ST by both the ERA-40 and GFS models within the South Atlantic basin
climatology. This demonstrates the consistency between the two models. Most other systems were found
by both models; however, this was the only system which was deemed ST by both models. This is
consistent with the GFS being a higher resolution model.
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time to cool due to the dropping seasonal temperatures. This scenario is the cause of a
strong land-sea temperature gradient. Coincidently, this is also the period in which the
merged jet stream over the summer months (due to the SASM, Section 1) finally splits
into the subtropical and subpolar jet streams, again, lessening the amount of potential
potent vertical wind shear encountered in the region (20°-40° latitude, Zhou and Lau
1998).
Figure 6.9a documents the relation between the SST, number of maximum ST for
the month in consideration (May), and the local topography. SST values are averaged
over the selected month within the 51-year climatology. Only the genesis time, i.e., the
point in which the cyclone first develops gale force winds, is shown for each ST. Note
that 7/8 ST genesis points for the month of May are downstream of the Brazilian
Highlands over SST ≥ 20°C, with one genesis event near 0° longitude. This easternmost
ST developed in a region of strong SST gradients suggesting a reliance on
thermodynamic convective forcing (i.e. WAA) to induce a hybrid state. This ST genesis
also suggests formation via mechanism M2.
The strength of the Malvinas Current and its effect on the region demands some
attention at this point. Since it is the strength of this current that governs how far south
the Brazilian Current is allowed to track, it follows that the maximum SST reach the
furthest poleward in the summer months when the Malvinas Current has weakened.
However, note that SST ≥ 12°C extend south of the Brazilian Highlands in all of the
months examined in this section (May: Fig. 6.9a, November: Fig. 6.10a, April:
Fig. 6.11a). The confluence zone (the maximum baroclinic zone in SST) where the two
currents meet, tracks poleward in the austral summer as the Malvinas weakens and
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equatorward in the austral winter as the Malvinas strengthens. The strength of the
Malvinas Current is the most notable difference between the SST values in all three
basins. While the Labrador Current (an equatorward cold current) exists in the North
Atlantic, it is not nearly as strong nor as cold as the Malvinas Current. As for the Tasman
Sea region, there is no cold current counterpart of which to speak. The EAC is the
dominant and only current in this particular region, hence the increased number of SH ST
within the 51- year climatology.
In the Tasman Sea region, July was the preferred month of ST development
within the cold season, or season of preferred genesis (a total of 17 ST, Fig. 6.9b). The
annual cycle for ST development is more obvious in this basin, extending through austral
autumn, winter, and early spring (April-September). A total of 13 ST occurred in both
May and August and a total of 11 ST occurred in both April and September. Only 7 ST
developed in June, but it is surrounded by monthly ST maxima. The mid-autumn through
early spring ST maximum undoubtedly has much to do with a dynamic winter jet stream
and increased temperature gradients between land and sea in the cold season (Holland et
al. 1987).
The locations of genesis during July in the Tasman Sea region are particularly
important to notice (Fig. 6.9b); most ST formed downstream of the Great Dividing
Range, implying a dependency on the baroclinic forcing associated with lee cyclogenesis
for ST formation (mechanism M1).

The SST may have been relatively low, but

obviously, this did not prohibit the genesis of these storms. For those ST whose genesis
points are too far downstream of the Great Diving Range to undergo genesis via
mechanism M1, a baroclinic environment enhanced by a steep SST gradient played a
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significant role in the convective forcing which induced ST development, thus genesis
via mechanism M2.
Noname98 and the ST genesis locations just mentioned (i.e. downwind of the
Great Dividing Range) within the Tasman Sea region will be used in order to demonstrate
the correspondence that can be drawn between the ST and ECC synoptic setup. A typical
ECC results from a mesoscale development within a synoptic system known as an
easterly dip (Holland et al. 1987). The easterly dip generally develops under, or just
downstream of, a midtropospheric cold-core cyclone which has its origins as a cut-off
low in the westerlies. If this setup sounds familiar, it should. Looking back at Section 5,
in which the description of Noname98’s development occurred, the surface low formed
within an easterly dip (though slightly removed from the Australian coast) under the
influence of a midtropospheric cut-off low. Holland et al. (1987) also states that the
easterly dip sometimes forms equatorward of a strong subtropical ridge. Indeed, in the
case of Noname98, the easterly dip was equatorward of a strong ridge, though slightly out
of the subtropical latitudinal range.
Furthermore, ECC are influenced by low-level tropical air which rises in elevation
and splits to flow around the poleward side of the cyclone or join the jet stream flow.
The strong upper-level baroclinicity described above provides the main energy source for
ECC development while a distinct moisture gradient at the surface, enhanced both by the
temperature difference between the dry continental and maritime tropical air along the
coast and by the differential isentropic vertical motions mentioned previously, heighten
the baroclinicity associated with the system. The baroclinic origins of ECC echoes that
of Noname98 and a significant fraction of Tasman Sea ST, especially those indicated to
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have undergone genesis in July downstream of the Great Dividing Range. ECC are not
associated with the formation of a thermal front at the surface, as this additional origin of
baroclinicity is unnecessary. This is a discernible difference between the two case studies
previously discussed, as Noname81 (Section 4) formed on the southern end of a cold
front. However, South Atlantic ST develop with a similar reliance on surface moisture
and temperature gradients as ECC and Tasman ST do to enhance the environmental
baroclinicity associated with the frontal zone. Note that not all Tasman Sea ST are ECC
because they don’t all affect the Australian east-coast, and not all ECC are Tasman Sea
ST as most ECC are not hybrid. Accordingly, those ST which have been classified
within climatological records as ECC only account for a small subset of ST which
undergo genesis via lee cyclogenesis (M1).
The month which demonstrated a slight maximum in ST genesis in the austral
warm season (September-February), by a marginal difference of one ST, was November
(compared to ST genesis in May, Fig. 6.10a) within the South Atlantic basin. May and
November are similar in that both months signify the last month of the transition seasons
and therefore are months of increased temperature variation between land and sea.
November occurs just before the jet merger which occurs during the South American
austral summer (Zhou and Lau 1998), therefore avoiding an enhancement of vertical
wind shear. Also worth noting is the genesis of most of these ST over SST ≤ 20°C and
further downstream of South America than seen in May. Increased dynamic interaction
between the subtropical and polar jetstreams as they merge into a single jet could
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potentially increase the baroclinicity16 of the region downstream of the Brazilian
Highlands, causing a maxima in ST.

What’s more, as discussed in Section 1, the

differential heating between land and sea in the austral summer in the South Atlantic
basin significantly depreciates (Zhou and Lau 1998), thus reducing the baroclinicity of
the region. Hence, the maximum ST during the warm season is seen before the SASM
sets in.
January contained the most ST developments within the climatology for the
Tasman Sea region warm season (Fig. 6.10b). With the exception of two ST genesis
points which formed downstream of the Great Diving Range (M1), the remaining ST
developed over warm SST of ≥ 22ºC northeast of Australia, forming by way of
mechanism M2. The presence of warm SST in the Tasman Sea highlights the main
difference between the two Southern Hemisphere basins and is the reason for the greater
number of ST occurrences in the Tasman Sea region.
April was chosen as the third and final month to examine due to its contrast with
the North Atlantic basin’s minimum in ST development (Fig. 6.11). However, this
month is within the SH autumn season (the season with maximum ST development) and
does not demonstrate the least amount of ST development in the South Atlantic (with a
total of 6 ST occurrences, Fig. 6.11a). The month with the least ST development was
October, a warm season month in which the land-sea temperature gradient has weakened.
April is worth noting in the figure due to the location in which we see ST genesis. Four
of the April ST form just off the South American coast within the Brazilian Current, thus
16

As the warm season sets in, changes in the temperature field in the lower atmosphere cause the tilted
pressure surfaces between the subtropical and polar jetstreams to converge and interact. In doing so, the
enhanced confluent zone and thus, enhanced vertical wind shear associated with the merge, cause an
increase in the region’s baroclinic instability (Holton 2004).
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benefitting from the land-sea temperature difference, and the remaining two ST form
slightly downstream of the Brazilian Highlands over warmer waters. Also note that of
the three months examined in the South Atlantic basin, April exhibits the strongest
Brazilian Current. While not a warm season month, April occurs just after the austral
summer and is thus still benefitting from the summer heating of the SST and the
weakened Malvinas Current which has yet to reach its maximum winter strength
(Fig. 6.12). Accordingly, there is a relatively large number of ST developments within
April.
Eleven ST occurred in April within the Tasman Sea region (Fig. 6.11b). With the
exception of one ST, which formed directly downstream of the Great Dividing Range, the
other ST formed over warm waters of ≥ 20ºC, along slight SST gradients. While the SST
gradient may not have been as large as seen within previous months, the gradient can still
range anywhere between 2-6ºC. This demonstrates the essential idea that in order to form
a ST (in particular, a warm lower-tropospheric layer), a considerable degree of
convective forcing is necessary for mechanism M2 to ensue.
An average of just over one storm developed per year in the South Atlantic
(Fig. 6.13a), however, this does not take the inactive and active years observed into
consideration.

Still, the final climatology of ST shows a clear maximum of ST

formations between 2003 and 2006. Since it has been demonstrated both in this study
and in Guishard (2006) that the ERA-40 model has adequate resolution for tracking ST,
the presumption is that these years were simply an active ST phase and not a product of
the inclusion of the GFS model.

The inactive years seem to demonstrate a

correspondence with strong El Niño years (Fig. 1.9). While not a topic explored within
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this study, this correlation is interesting considering the equatorward displacement of the
subpolar jet allowing for increased lee cyclogenesis downstream of the Brazilian
Highlands (Section 1e).
On average, two storms per year developed in the Tasman Sea region
(Fig. 6.13b). Obviously, there are some years with no developments, and the maximum
number of developments in one year totaled seven ST in 1974. Unlike the South Atlantic
basin, there is no increase in ST numbers once the GFS model is accounted for in the
climatology.
Once the climatology was complied, the −VTL values were considered. Both the
GFS and the ERA-40 models demonstrated similar −VTL ranges (not shown). This builds
on what Guishard (2006) demonstrated and was mentioned previously: that the ERA-40
has adequate resolution for tracking ST.
The notion of climate change within tropical meteorology has been a subject
matter of much debate and concern in the last few years. Because of this subject’s
popularity within literature and possibly detrimental effects upon our environment as we
know it, it was thought that this subject matter should be addressed within this study as
well. However, as indicated above, there seems to be no drastic changes in the number of
ST found per year over the 51- year period analyzed in either basin. Therefore, this study
cannot categorically conclude that the mechanisms which produce ST cyclogenesis have
been directly affected by global warming or will produce more destructive storms in the
future.
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Figure 6.1. The distribution of ST totals within the South Atlantic basin, the Tasman Sea region, and the North Atlantic
basin based on shear values. Shear for the two SH ST cases (measured in ms-1 through the 900-300 hPa layer) is
averaged over a 5° box, consistent with the CPS layers used, but different from the 900-200 hPa layer used by
Guishard (2006) for the North Atlantic ST cases.
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Figure 6.2. The seasonal distribution of ST occurrences in all three basins considered in this study: the South Atlantic,
the Tasman Sea, and the North Atlantic. Percentages are rounded to the nearest whole number.
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Figure 6.3. The distribution of ST totals based on SST values within the South Atlantic basin, the Tasman Sea region,
and the North Atlantic basin. The SST plots do not include the seven ST that formed over land within the South
Atlantic basin and the three that formed over land within the Tasman Sea region. The SST value (measured in °C) is
evaluated over a 2° box.
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Figure 6.4. Mean SST over the 46 year period encompassed within the ERA-40 dataset (1957-2002) for a) the SH
summer and b) the SH winter. SST values (°C) is evaluated over a 2° box.
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Figure 6.5. North Atlantic maps of Ertel potential vorticity on the 330K potential temperature surface (shaded), and
height of the 330K potential temperature surface (contoured), for a) 0000 UTC 11 October 2001, b) 1200 UTC
11 October 2001, c) 0000 UTC 12 October 2001, and d) 1200 UTC 12 October 2001. The longitudinal range is in
between 100ºW and 30ºW. The latitudinal range is in between 20ºN and 50ºN. Figure courtesy of Mark Guishard.
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Figure 6.6. Maximum convective available potential energy values (measured in J kg-1), maximum negative convective
inhibition values (measured in J kg-1), and maximum negative lifted index values (measured in °C) during each ST
lifecycle within the GFS model in the South Atlantic basin and Tasman Sea region. The South Atlantic had a total of
17 ST developments in the GFS and the Tasman Sea had a total of 10 ST developments in the GFS.
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Figure 6.7. Maximum difference between the maximum and minimum value within all GFS ST lifecycles for CAPE
(J Kg-1), CIN (J Kg-1), and LI (°C) within the South Atlantic basin (blue) and Tasman Sea region (red). The South
Atlantic had a total of 17 ST developments and the Tasman Sea had a total of 10 ST developments in the GFS.
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Figure 6.8. The mean monthly distribution of ST occurrences in all three basins considered in this study: the South
Atlantic, the Tasman Sea, and the North Atlantic. The South Atlantic had a total of 63 ST developments, the Tasman
Sea had a total of 111 ST developments, and the North Atlantic basin had a total of 197 ST developments.
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Figure 6.9. Climatological mean monthly SST (in °C) for the month with the maximum number of ST occurrences
within a) the South Atlantic basin and b) the Tasman Sea region. Each symbol illustrates the genesis point (time of first
gale-force winds) within the ST climatology. The filled-in triangle symbolizes the ST which have formed within the
month documented within the individual plot, the plus sign symbolizes the cold season developments, and the circle
symbolizes the warm season developments.
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Figure 6.10. Same as Fig. 6.9 except for the month with the maximum number of ST occurrences within the austral
warm season.

121

Figure 6.11. Same as Fig. 6.9 except for the month of April. This month was a focus of the North Atlantic study
(Guishard 2006) and chosen to stay consistent between studies.
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Figure 6.12. SST values for January-April 2005. 2005 was chosen because of its most recent ST genesis maximum
within the climatology. As is illustrated within the monthly plots, it is not until May that the Malvinas Current really
gains strength and the poleward extent of warm SST is capped. Microwave OI SST data are produced by Remote
Sensing Systems and sponsored by National Oceanographic Partnership Program (NOPP), the NASA Earth Science
Physical Oceanography Program, and the NASA REASoN DISCOVER Project. Data are available at www.remss.com.
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Figure 6.13. The yearly distribution of ST occurrences in a) the South Atlantic basin and in b) the Tasman Sea region.

Section 7

Conclusion
a. A Summary of the 51 Year Climatologies

While it is not traditionally thought that tropical storms occur in the South
Atlantic basin, we now know that subtropical storms do develop in this region. The
ingredients for TS formation lacking in the South Atlantic basin is a presence of low
vertical wind shear values and warm SST (Section 1), neither of which serve as a
hindrance to subtropical cyclogenesis. Furthermore, we now know that ST are a potential
pathway to tropical genesis as in the case of Hurricane Catarina and the many North
Atlantic ST storms documented to undergo tropical transition (Guishard 2006, Guishard
et al. 2008). Although they are not as strong as tropical cyclones, it is important to keep
track of ST activity due to their associated gale-force winds, large spatial scale and
intense rainfall.
ST also have been demonstrated to be important in the Tasman Sea region where
we have already documented a case (Noname98, Section 5) that caused a substantial and
unnecessary loss of lives. The similarities in the mechanisms for ST formation in the
Tasman Sea region and the South Atlantic basin has helped in the understanding of how
these storms fit into the climatology of both of these Southern Hemisphere basins.
The conditions under which subtropical storms are able to develop in the South
Atlantic basin and Tasman Sea region have been described using a fifty-one year
climatology. Due to the subtropical storms’ ability to form under the presence of vertical
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wind shear and relatively cool SST, strong ST systems have undergone genesis in both
basins and have been overlooked as destructive tropically influenced systems.
Subtropical storms are identified as lower-tropospheric warm-cored and uppertropospheric cold-cored cyclones. The selection of these hybrid storms has undergone a
series of verification steps in order to control the type of system which can be called ST
(detailed within Sections 2 and 3, and documented within Sections 4 and 5). Once
confirmed ST in this climatology, the storms have been partitioned according to the
environmental vertical wind shear and SST that has influenced the storm. If the ST did
not form over warm waters, it was important that WAA into the system center took place
during its hybrid state; if the ST interaction with the midlatitude baroclinic zone was
neither “cradled” nor “escaped,” it was important that the ST displayed evidence of
inertial stability (Section 3) and could then withstand strong vertical wind shear. The
51- year ST climatology partition based on SST and environmental shear at the ST
genesis time (first gales) is illustrated in Figures 7.1 and 7.2 (the South Atlantic basin and
Tasman Sea region, respectively). It is clear from these diagrams that SH ST develop
within a variety of environments in terms of vertical wind shear and SST values.
While both the South Atlantic basin and the Tasman Sea region ST bear striking
resemblance to the ST documented in Guishard (2006), a difference in the preferred
season of development exists between the two hemispheres. Unlike the North Atlantic
basin ST which have shown an inclination for development in the late summer through
early autumn, the Southern Hemisphere ST have demonstrated a preference for autumn
and early winter development (Section 6). Environmental vertical wind shear values
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reflect this difference in preferred seasonal genesis with higher shear values experienced
by ST in the Southern Hemisphere relative to that of the Northern Hemispheric ST.
All ST had some sort of interaction with the midlatitude baroclinic zone, though
the patterns are distinct between hemispheres due to the generally stronger environmental
vertical wind shear values in the Southern Hemisphere. Because of this noticeable
difference, it is more difficult for the Southern Hemisphere ST to develop into purely
warm-cored structures, like much of their Northern Hemisphere counterparts.
Nevertheless, if the synoptic scale environmental conditions are conducive to active
convection (Section 1), the ST can develop in a high shear environment and TT can even
occur, as in the case of Hurricane Catarina (McTaggart-Cowan et al. 2006).
Two mechanisms for ST genesis are proposed. Guishard (2006) documented
North Atlantic ST genesis due to a Rossby wave break in the presence of a region of
warm SST or strong warm air advection. The Rossby wave break reduced the scale of
the passing midlatitude trough, providing a cut-off upper-level low of the same scale as
the developing ST. In concert with this baroclinic forcing, the warm SST / enhanced
WAA provided greater convective potential (defined in Section 6, pg. 101).

The

superposition of the baroclinic and convective forcings resulted in a hybrid sub-synoptic
low pressure center with surface gale force winds. Most of these systems eventually
became either purely baroclinic or warm-cored structures. To account for SH ST cases, a
broader characterization of this proposed mechanism for formation was made. Instead of
limiting the baroclinic forcing to just a Rossby wave break, it was proposed that
baroclinic forcing could occur in the presence of a region of warm SST or strong WAA,
which could then provide an enhanced convective potential (M2, defined in Section 6).
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An alternative mechanism for hybrid storm development has been documented for
the Tasman Sea (Holland et al. 1987) and the South Atlantic (this study). In this
scenario, the respective east-coast mountain range (the Great Dividing Range and the
Brazilian Highlands) and the poleward current (the East Australian Current and the
Brazilian Current) provide topographic forcing, creating a region of potential
cyclogenesis in the lower to mid-troposphere to their east (lee cyclogenesis). As in the
case of M2, the presence of warm SST or WAA provides the convective forcing
necessary to achieve a hybrid system, rather than becoming a pure, baroclinic cold-cored
development (M1, refer to Section 6). Due to the explicit nature of M1, it can only
account for a small, but significant fraction of the SH ST cases.
By examining Noname81 (South Atlantic basin, Section 4) and Noname98
(Tasman Seas region, Section 5), we have come to appreciate the complexity under
which ST form within these two basins and how similar their mechanism for formation is
even though each of these basins are quite unique (Section 6). Despite their differences,
both Noname81 (Section 4) and Noname98 (Section 5) underwent comparable variations
of lee cyclogenesis which were then influenced by strong convective forcing due to
WAA (both basins) and warm SST (Tasman Sea). Each ST developed due to the
formation mechanism M1, and behaved in similar fashions.
There are a few details concerning each of the basins that are essential in our
understanding of ST preferred seasons of development. A climatology of the South
Atlantic basin documents the merging on the subtropical and subpolar jet streams into a
single jet at monsoon onset (Zhou and Lau 1998). This jet merger typically occurs at the
beginning of the austral summer when the SST are increasing. The single jet facilitates a
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decrease in baroclinicity within the region (discussed in Section 1c), an essential
ingredient in the genesis of ST, and an increase in vertical wind shear values. A decrease
in differential heating between the subtropical continent and the ocean during the summer
(Zhou and Lau 1998) is another factor that stifles the baroclinicity of the region when the
presence of tropically influenced storms would be most expected, as in the case of the
North Atlantic basin.
Concerning the development of ST in the Tasman Sea region, it was found that
not all potential ST formed downstream of the Great Diving range, but the warmer water
(warm season) region to the north of New Zealand was also a center of ST genesis. It
was first hypothesized that these storms may in fact be spin-offs from the monsoon
trough that sits to the north of our region of interest between December and April.
However, after verifying that these storms were not monsoon trough related, it was found
that the cyclones formed along regions of high zonal SST gradients that exist in this very
same region. This corresponds with the original hypothesis of how ST form; the ST form
in regions of high zonal SST gradients interacting with a dynamic atmosphere (M2). Of
course, if the ST genesis location is north of New Zealand (and under the influence of the
westerlies), the SST gradient which aids in the convective forcing is more of a meridional
gradient, rather than a zonal gradient. Either way, the same outcome is achieved: ST
development.

b. Future Work

The impacts of several aspects of the South American / Atlantic climate on ST
genesis are not yet understood.

Two of these components are the South Atlantic
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multidecadal cycle and ENSO. Both components and their effect upon the climate were
briefly discussed in Section 1 and while their impacts were beyond the scope of this
study, other work indicates that modulation of ST formation by these features may be
significant. It is possible that the variability in ST numbers is linked to both the oceanic
multidecadal cycle and ENSO but this connection needs to be explored further before any
firm conclusions can be drawn.
As mentioned in Guishard (2006), a global climatology of ST would be valuable
in the understanding of tropical transition from ST genesis. ST have now been shown to
exist in three regions of the world, including potentially the most unlikely basin for ST
development, the South Atlantic. This suggests that ST are likely to be found in all the
world’s basins. ST should be globally documented to facilitate an enhanced knowledge
of their development and their destructive nature in order to prevent future loss of life and
property.
Finally, a conceptual model of the ST lifecycle, much like the model produced of
ET in the Klein et al. (2000) paper, would be beneficial to a more thorough study of ST
genesis. If the ST lifecycle in the Southern Hemisphere could be better understood, it
would make forecasting ST events more straightforward.
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Figure 7.1. Flow chart of descriptors based on synoptic analyses of each of the 63 ST found in the South Atlantic
basin.

131

Figure 7.2. Flow chart of descriptors based on synoptic analyses of each of the 111 ST found in the Tasman Sea
region.

Appendix
The following is a mathematic description of how a parcel travelling through an upperlevel trough will experience convergence / divergence due to its proximity to the absolute
vorticity maximum within the trough.

This conclusion will then be linked to the

conservation of mass and the continuity equation in order to implement the omega
equation, thus describing the vertical uplift of air below an area of mass divergence.
Quasi-geostrophic (QG) theory is used here because it is a good approximation of the
actual structure and evolution of large-scale atmospheric motions in the mid-high
latitudes. All derivations are made with the aid of Holton (2004) and Carlson (1998).
The assumptions made in this derivation are as follows:
1) The flow through the trough is faster than the phase speed of the trough axis.
2) ω goes to zero near the tropopause
3) Parcels flowing through the trough stay at their respective pressure-level height.
In this study, this level is 500 hPa.
4) The horizontal gradient of density (ρ) is neglected.
5) Frictional effects are negligible.
Within a trough, there exists an area of maximum absolute vorticity due to the two
components of the relative vorticity equation: shear vorticity and curvature vorticity.
Consider the vorticity in an inertial frame of reference. In this case, we must add the
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contribution from the vertical component of Earth vorticity, f. Therefore, the vertical
component of absolute vorticity is defined as:
⎛ ∂v ∂u ⎞
ζabs = ζrel + f = ⎜⎜ − ⎟⎟ + 2Ω sin φ
⎝ ∂x ∂y ⎠

(A.1)

where φ represents latitude
Both components of the relative vorticity are at a maximum at the trough. As parcels
enter into the trough, they converge as they approach the maximum in relative vorticity
(the area of increased spin). As the parcels exit the trough axis, the parcels diverge
consistent with a decrease in the relative vorticity.
Consider the horizontal momentum equations (neglecting vertical advection since we are
only concerned with the horizontal plane for the moment):
∂u
∂u
∂u ∂u
1 ∂p
+ u + v w − fv = −
∂t
∂x
∂y ∂z
ρ ∂x

(A.2)

∂v
∂v
∂v
∂v
1 ∂p
+ u + v + w + fu = −
∂t
∂x
∂y
∂z
ρ ∂y

(A.3)

Evaluate ∂/∂x of the v equation and ∂/∂y of the u equation, while neglecting the horizontal
gradients of density to obtain:
where ζ =

∂v ∂u
−
∂x ∂y

(A.4)

In the divergence term (the last term on the left-hand side, LHS), the magnitude of the
relative vorticity is much smaller than the planetary vorticity and is thus negligible under
QG assumptions. Therefore, the vorticity equation becomes:

⎛ ∂u ∂v ⎞
∂ζ
∂ζ
∂ζ
∂f
= −u
−v
− v − f ⎜⎜ + ⎟⎟
∂t
∂x
∂y
∂y
⎝ ∂x ∂y ⎠

(A.5)
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Since the ageostrophic vorticity is smaller in magnitude than the geostrophic vorticity
under QG assumptions, the vorticity can be represented solely by the geostrophic
vorticity:
∂ζ g
∂t

= −u

∂ζ g
∂x

−v

∂ζ g
∂y

−v

∂f
−
∂y

⎛ ∂u ∂v ⎞
f ⎜⎜ + ⎟⎟
⎝ ∂x ∂y ⎠

(A.6)

v
The horizontal velocity ( VH ) in the advection term can be approximated by the
geostrophic velocity (again, due to scale analysis). However, this assumption does not
hold true for the divergence term since divergence / convergence depends upon the
ageostrophic component of the flow (the geostrophic wind is non-divergent on the fplane). Thus the QG vorticity equation becomes:
∂ζ g

v
v
= −Vg • ∇(ζ g + f ) − f (∇ • VH )

∂t
The QG continuity equation expresses the principle of the conservation of mass:

(A.7)

v
∂ω
(A.8)
− ∇ • VH =
∂p
According to this equation, mass cannot be created or destroyed, but can only be

transferred from one volume to another. Thus, if there is sinking or downward motion
within an atmospheric column, there must be convergence aloft; if there is rising or
upwards motion within an atmospheric column, there must be divergence aloft.
Substituting the continuity equation into the QG vorticity equation, we obtain:
v
∂ζ g
∂ω
= −Vg • ∇(ζ g + f ) + f o
∂p
∂t

(A.9)

According to the QG vorticity equation, the vertical component of absolute vorticity is
locally increased by horizontal convergence and decreased by horizontal divergence.
This is a consequence of the conservation of angular momentum. As the area decreases
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due to convergence, the parcels must spin faster; as the area increases due to divergence,
the parcels must slow.
By combining the QG vorticity equation with the QG thermodynamic equation:

κJ
⎛ ∂
⎞⎛ ∂φ ⎞
(A.10)
+ Vg • ∇ ⎟⎜⎜ − ⎟⎟ − σω =
⎜
p
⎝ ∂T
⎠⎝ ∂p ⎠
which is used to measure the diabatic processes within a system, we can obtain the QG
omega equation.

The QG omega equation is useful because it characterizes the

ageostrophic vertical velocity field, and can be found just from the instantaneous
geopotential field. The QG omega equation can be written as:
v
⎞⎤
⎛ 1
⎛ 2 f o2 ∂ 2 ⎞
f o ⎡ ∂Vg
(A.11)
⎜⎜ ∇ +
⎟ω ≈ ⎢
• ∇⎜⎜ ∇ 2 Φ + f ⎟⎟⎥
2 ⎟
σ ∂p ⎠
σ ⎢⎣ ∂p
⎝
⎠⎥⎦
⎝ fo
where the LHS is proportional to –ω, and the right-hand side (RHS) represents the
advection of the absolute vorticity by the thermal wind. Thus, if the RHS is positive
(meaning that the vorticity is decreasing downstream with respect to the thermal wind),
upward motion is forced.
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