
Introduction
The 1998 Sydney-Hobart yacht race was affected by
storm-force winds on the afternoon of 27 December
1998. Of the 115 yachts that contested the race, 71

retired, six were abandoned, and five sank. Fifty-five
crew were rescued, and six lives were lost (see
Cruising Yacht Club of Australia (CYCA) 1999). These
storm-force winds were associated with a mesoscale
extratropical cyclone that developed during 27
December. This was an extraordinary storm, with wind
speeds observed at some coastal locations in the upper
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The 1998 Sydney-Hobart yacht race was affected by storm-force winds
on the afternoon of 27 December 1998. Of the 115 yachts that contested
the race, 71 retired, six were abandoned, five sank, 55 crew were rescued,
and six lives were lost. This band of storm-force winds was associated
with a secondary cyclone that developed on the western side of an occlud-
ing deep-tropospheric low-pressure system. A high-resolution (approxi-
mately 5 km) horizontal resolution mesoscale numerical weather predic-
tion model is used to model this storm, and is shown to reproduce many
of its observed features. These model fields are then used to both diagnose
the processes that led to the development of the low and to describe its
mesoscale structure and evolution.

The synoptic environment prior to the development of the storm shows
an amplifying mid-latitude trough that negatively tilted and cut off as an
equatorward-directed jet stream on its western flank moved to the apex of
the trough.An unusual feature of this case was the interaction of this devel-
oping cut-off low with the circulation of a lower-latitude extratropical
cyclone in the northern Tasman Sea. This interaction led to the develop-
ment of a strong thermal gradient through Bass Strait prior to the devel-
opment of the secondary low, with the direction of the gradient directed
opposite to the direction of the pressure gradient – a reversed shear struc-
ture. Warm, moist air moving over Tasmania from the northeast also pro-
vided a deep layer of weak static stability in the lower troposphere over
Tasmania and southern Bass Strait. As the upper-tropospheric low cut off,
a filament of cyclonic Isentropic Potential Vorticity (IPV) air was advected
to the rear poleward side of this low. The development of the secondary low
is hypothesised to be associated with the vertical circulation induced by the
advection of this IPV filament over the weak static stability air-mass over
Bass Strait. The evolution of this IPV filament in the forecast model is sup-
ported by the water vapour imagery from the Japanese Geostationary
Meteorological Satellite (GMS-5), which shows dark (dry) features in close
agreement with the IPV patterns. The secondary low had a warm-core
structure in its lowest levels, but this was overlain by a cold-core in the mid-
dle troposphere. The reversed shear environment on the northern flank of
the low led to an extreme low-level jet.
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range of recorded observations (Bureau of
Meteorology (1999), hereafter BoM99). The forecasts
by the Bureau of Meteorology (BoM) were remarkably
good, with a storm warning issued for coastal waters
east of Wilsons Promontory and south of Merimbula
(see Fig. 1 for all place-names used in this report) some
18-21 hours before onset. A full description of the
Bureau’s forecasts and warnings, and a broad synoptic
description, are presented in BoM99.

The strongest winds were experienced on the
northern side of a mesoscale cyclone which formed
near the northern coast of Tasmania early on the
morning of 27 December (BoM99), and which inten-
sified rapidly as it moved northeastwards through
Bass Strait. It will be shown that the mesoscale low
formed on the western side of the upper low, rather
than on the eastern side of the trough where standard
development theory places the preferred location for
surface development (see Fig. 10:20 of Palmen and
Newton (1969)). Such developments west of the
upper trough are rare, but can be associated with
extremely strong winds, as was the case of the ‘Sygna
storm’ of May 1974 (Bridgeman 1986). Holland et al.
(1987) also drew attention to these storms as a distinct
class of east-coast lows (their ‘Type 3’ lows).
However, these papers do not present a clear diagno-
sis of the dynamic or kinematic processes in the
atmosphere that led to the development of these
cyclones. It is the aim of this study to present a diag-
nosis and a conceptual model of the development of
what will be termed in this report ‘the Sydney-Hobart
cyclone’, and to describe the mesoscale structure and
evolution of the system.

The diagnosis in this paper will rely heavily on
numerical weather prediction (NWP) datasets. The
system used to generate these datasets is the BoM
Limited Area Prediction System (LAPS) (Puri et al.
1998). Operational regional-scale LAPS analyses will
be used to describe the synoptic environment in
which the cyclogenesis took place. A 0.05° (~ 5 km)
resolution LAPS forecast provides a mesoscale
dataset on which will be based the diagnosis of devel-
opment and the description of the mesoscale structure
of the storm.

The next section of this paper describes the numer-
ical systems used in this study. The evolution of the
0.05° model run is presented, and validated against
independent observations, including satellite imagery
from the water vapour (WV) channel. This validation
is vital as these forecast fields are used in the later
diagnosis sections of the paper. Then two sections
describe the synoptic environment in which the
cyclone developed, present a diagnosis of the forcing
mechanisms which led to its development, and docu-
ment some interesting features of its structure. A final

section discusses other published cases of similar
cyclones, and speculates on whether distinct cyclone
classifications should be applied to such lows.

Data assimilation and model datasets
Using assimilated analyses for diagnostic studies pro-
vides the dynamic consistency of a numerical model
while optimally using all available observations.
Operational LAPS analyses have been used success-
fully in several synoptic/dynamic studies (e.g. Mills
1997): the same strategies will be used in this study to
describe the regional-scale evolution of the synoptic
environment in which the Sydney-Hobart cyclone
formed. These analyses have a horizontal grid spacing
of 0.75° latitude-longitude (~ 75 km), and 19 levels,
with a lowest sigma (pressure normalised by surface
pressure) level of 0.991 (~ 70 m).

The then-operational meso-LAPS model, an inter-
nally nested 0.25° resolution model located over
southeast Australia, forecast a far more intense low
and a stronger band of storm-force winds than did the
0.75° resolution regional-scale LAPS forecast, even
though each model was initialised from identical ini-
tial conditions. This suggests that the grid resolution
was a limiting factor in the accuracy of these fore-
casts. This hypothesis is supported by the manual re-
analyses in Fig. 2, where the secondary cyclone has a
scale much smaller than the width of Bass Strait. It
has been shown in many case studies that mesoscale
numerical models can develop very realistic
mesoscale detail from less-detailed initial states, as
discussed by Browning (1989). As this seems to be
the case in the current event, it was decided to pro-
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Fig. 1 Locality diagram.



duce a hindcast for this event using the research ver-
sion of the LAPS model at the highest resolution at
which it had been reliably tested – in this case 0.05°
and 29 levels.

In order to provide the best possible initial state for
these forecasts, all available data, including that
which was not available until after operational time
thresholds, and including additional cloud-drift wind
(CDW) data from the visible and WV channels of the
GMS-5 satellite (LeMarshall et al. 1996) were re-
assimilated. A higher resolution research version of
LAPS was used, with a 0.375° horizontal grid, 29 lev-
els, improved structure functions, revised background
errors, and improved quality control and data selec-
tion algorithms compared to the then-operational
LAPS. A major change to the forecast model from
Puri et al. (1998) was the inclusion of a new planetary
boundary layer scheme, following Viterbo (1996).
This version of LAPS became the BoM operational
regional NWP system in July 1999. More details of
these experiments are provided in Mills (2000).

Overview and validation of the
mesoscale forecast
Overview
BoM99 describes the event from the perspective of
the effect the storm had on the boats in the Sydney-
Hobart yacht race. Figure 2 shows a series of subjec-
tive MSLP re-analyses from that report (a three-
hourly series of these analyses from 1000 UTC 25
December to 2200 UTC 28 December 1998 is shown
in Figs 4 to 21 of BoM99). These analyses interpret a
mesoscale low-pressure centre developing near north-
western Tasmania (the arrow indicates this tiny low in
Fig. 2(b)) by 1600 UTC 26 December. This intensi-
fied rapidly and moved first northeast and then east
through Bass Strait (Figs 2(c), (d)). Wind speeds over
70 kn (~35 m s-1) were observed at Wilsons
Promontory, and the Kingfish-B oil platform record-
ed a sustained period of mean winds greater than 50
kn (~25 m s-1). Replies to post-race surveys by the
CYCA, and made available for use in Mills (2000),
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Fig. 2 Sequence of subjective MSLP analyses valid at 1000 UTC 26 December (a), 1600 UTC 26 December (b), 2200
UTC 26 December (c), and 0400 UTC 27 December (d). Contour interval 2 hPa. The arrow in Fig. 2(b) indicates
the mesoscale low discussed in the text. All panels from Bureau of Meteorology (1999).



reported that the yachts east of Gabo Island were
affected by wind speeds estimated as up to 80 kn (~40
m s-1), but with most reports between 50 and 60 kn
(~25-30 m s-1). The scale of the secondary cyclone at
the surface in these subjective re-analyses is at most
2° latitude (~ 200 km), and with the lack of surface
observations available to objectively define its struc-
ture, may have been even smaller.

NWP model surface pressure and wind forecasts
Figure 3 shows the sequence of MSLP forecasts from
the 0.05° resolution model based on and nested inside
the re-analysed 0.375° model run initialised at 1100
UTC 26 December. The forecast low is seen to form
near the northeast tip of Tasmania by 1400 UTC 26
December (Fig. 3(b)). It then moved to the northwest,
before curving eastwards through Bass Strait (Figs
3(c),(d),(e)). This model forecast does not deepen the
low after the first 6-9 hours (Fig. 3(d)), but the scale
of the forecast cyclone contracts and the strength of
the pressure gradient on its northern side increases
until 0500 UTC 27 December (Fig. 3(g)).

Comparison of the forecast low's track with the
track implied in the re-analyses in Fig 2 shows that
while the two are very similar after about 2000 UTC
26 December (Fig. 3(d) and between Fig. 2(b) and
2(c)), there is a difference in interpretation before that
time. The subjective re-analyses interpret a small low
near northwestern Tasmania becoming the Sydney-
Hobart cyclone, while the model simulation develops
a low from near northeastern Tasmania, with only a
trough extending back to northwestern Tasmania (Fig.
3(c)). It is difficult to unambiguously decide which is
correct. However, the subjective re-analyses do show

small lows near both the northeast and northwest cor-
ners of Tasmania at the six-hour time into the forecast
(Fig. 2(b)). While the analyst has chosen to intensify
the low near northwest Tasmania, the model simula-
tion has an alternative scenario, with the low near
northeast Tasmania intensifying and becoming the
Sydney-Hobart cyclone.

If these MSLP forecasts are compared with obser-
vations (not shown, but inferred from the isobars in
Fig. 2), there is approximately 4 hPa positive (i.e.
forecast pressure greater than observed pressure) bias
after 1700 UTC 26 December (six hours into the
forecast), with little systematic spatial variation. It is
difficult to unambiguously explain this error, but it
may be due to the effects of the lateral boundary con-
ditions on this relatively small integration area. Even
if the bias is removed, the central pressures of the
forecast low are still higher than the central pressures
in Fig. 2. The distribution of surface pressure in the
subjective analyses is also different to the forecasts.
Each has a region of strong pressure gradient through
northern Bass Strait; however, the subjective re-
analyses continue to decrease pressures relatively
continuously to the centre of the low, while the
model forecasts have a large area of weak pressure
gradient near the low’s centre. The fact that there was
little systematic spatial variation in the bias pattern
suggests that the forecast pressure gradients, and thus
the wind fields, would be relatively unaffected by
this pressure bias. The positions of the analysed and
forecast lows are different, with a systematic west-
ward bias of the forecast positions relative to the re-
analyses. This issue will be discussed further at the
end of this section.
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Fig. 3 MSLP forecasts from the 0.05° resolution model based at 1100 UTC 26 December 1998. Fields are shown at the
initial time (a), and then at three-hourly intervals from 3 to 21 hours (b)-(h). Shaded are the isotachs of 10 m
wind speed, at 5 m s-1 intervals, with the shading starting at 10 m s-1. The lines mark the locations of the cross-
sections shown in Figs 18 to 19.
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Fig. 3 Continued.



Shown shaded in Fig. 3 are the three-hourly
sequence of 10 m elevation wind speed forecasts. At
2000 UTC 26 December (Fig. 3(d)) there was a
broad band of >15 m s-1 winds extending from near
Cape Grim east-northeast through to eastern Bass
Strait. The maximum speeds gradually increased and
the band of strongest winds extended eastwards,
until by 0200 UTC 27 December (Fig. 3(f)) a large
area with wind speeds >20 m s-1 extended from
Wilsons Promontory to Gabo Island, with a small
area above 25 m s-1. This trend continued, and by
0500 UTC (Fig. 3(g)) a small area of winds > 30 m
s-1 are predicted just south of Gabo Island. Speeds in
the centre of this band were maintained at this level
for the next two hours, before gradually weakening
(Fig. 3(h)). While the strongest winds intensified
and moved eastwards through the daylight hours of
27 December (Figs 3(e)-(h)), winds above 15 m s-1

covered all of northern Bass Strait throughout this
period. It was not until late on the 27th that they are
forecast to slowly weaken from the west. The rela-
tively small scale of the zone of maximum winds is
particularly striking – the cross-maximum scale is
much smaller than could ever be resolved by the
observational network.

Mills (2000) compares the wind forecasts with
observations at Cape Grim, Wilsons Promontory,
Kingfish-B, and Gabo Island (his Fig. 4), and shows
excellent agreement at Kingfish-B – the best exposed
site. The match with the coastal observations is not so
good, possibly due to topographic effects, but still
shows reasonable skill. Allowing for the uncertainties
due to exposure and representativity at these stations,
it was concluded that the forecast, by contemporary
standards, was excellent. Also presented in that report
are reports by participating yachtsmen from post-race
questionnaires, and these reports are not inconsistent
with the forecast wind patterns.

Verification of upper-level structure
Figure 4 compares the 12 and 24-hour 400 hPa geopo-
tential height forecasts with the verifying analyses,
and the infrared (IR) GMS-5 satellite imagery. In each
case the position and shape of the upper low centre
are well forecast, albeit with a slight westward bias at
24 hours. The analyses, which include thickness
retrievals from the TOVS soundings, place the 400
hPa low in close association with the cloud vortex in
the second and third panels. Cloud-top temperatures
from the IR imagery indicate that the cloud tops near
the centre of the cloud spiral are near 400 hPa, sug-
gesting that the centre of the cloud spiral reflects the
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Fig. 4 400 hPa analyses at 1100 and 2300 UTC 26 December 1998 and 1100 UTC 27 December 1998, with 12 and 24-
hour forecasts from the 0.05° model based at 26/1100 overlaid. Solid contours are the verifying analyses, dashed
the forecast. In each case the contour interval is 30m. Infrared satellite imagery from the GMS-5 satellite is
included.



mid-tropospheric circulation rather than the position
of the surface low. Comparing the 12-hour MSLP
forecast in Fig. 3(e) with the 12-hour 400 hPa height
forecast in Fig. 4 shows that at that time the surface
low is some 200 km to the west of the upper low.

Mills (2000) also compares the 400 hPa streamline
and isentropic potential vorticity (IPV) forecasts with
the GMS-5 WV imagery. It is shown in his Fig. 6 that
these fields also support the position and shape of the
forecast low.
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Fig. 5 Twelve-hourly MSLPLAPS analyses from 1100 UTC 25 December 1998 (a) to 2300 UTC 27 December 1998 (f).
Contour interval 2 hPa. Shaded are contours of wind speed on the lowest sigma level (~ 70 m). The contour
interval for wind speed is 5 m s-1, with the first level of shading starting at 15 m s-1.



Summary
While the verifications here and in Mills (2000) are
necessarily limited by the available data, and there are
some differences between the model forecasts and
observed surface wind speeds in some coastal loca-
tions, the 0.05° resolution forecast presents a very
realistic representation of the overall structure and
evolution of the storm. It would be regarded as an out-
standing forecast if received in real time.

The issue of the westward displacement of the
forecast low (Fig. 3) relative to the positions shown
in the subjective re-analyses (Fig. 2) is unresolved in
these verifications. It has, however, been shown that
the surface low was forecast to form west of the
upper low, and that the cloud spiral was more close-
ly associated with the mid-tropospheric circulation
in both the forecasts and verifying numerical analy-
ses. The subjective analyses have insufficient sur-
face data over the ocean to define the exact location
of the low-level circulation. If, then, the cloud
imagery was used to assist in defining the centre of
the surface low in Fig. 2, then the differences
between the low's positions in Figs 2 and 3 may be
at least partly explained.

As the observed features of the storm have been
well simulated, it will be assumed for the remainder
of this paper that these model forecast fields are suf-
ficiently accurate to use in a diagnosis of the process-
es leading to the development of the storm, and to
describe some aspects of its three-dimensional struc-
ture and evolution.

Regional-scale synoptic description
This description of the synoptic-scale environment in
which the mesoscale Sydney-Hobart cyclone devel-
oped is based on the operational 0.75° resolution LAPS
assimilated objective analyses. While the resolution of
these analyses is inadequate to resolve the Sydney-
Hobart cyclone, they do resolve the evolution of the
synoptic environment in which that low formed.

Sequences of mean sea-level pressure (MSLP) and
300 hPa geopotential height/isotach LAPS analyses,
and IR and WV satellite imagery are shown in Figs 5,
6, 7 and 8. At 1100 UTC 25 December (Fig. 5(a)),
there was a surface trough over western Victoria, and
a mid-latitude trough at around 140°E. A low in the
Tasman Sea near 30°S (the ‘Tasman Sea low’) and a
large anticyclone to the south of New Zealand formed
a ‘blocking pair’. The 300 hPa height/wind analyses
(Fig. 6(a)) reflect this structure, with a major ridge
extending to high latitudes over New Zealand, and a
very marked split jet pattern between 150° and 170°E
showing a well-developed blocking structure. A

marked mid-latitude trough at 300 hPa near 133°E,
with a strong southerly jet on its western flank, is also
evident.

In the next 24 hours (Figs 6(b),(c)) the southerly
jet moved towards the apex of the trough, the trough
amplified, negatively tilted, and formed a closed low.
The deepening cut-off low then moved eastwards
through Bass Strait (Fig. 6(c),(d)). This represents an
excellent example of the conversion of shear vortici-
ty on the cyclonic side of the southerly jet streak to
curvature vorticity in the cut-off low circulation dur-
ing trough amplification (Bell and Keyser 1993). As
the mid-latitude trough moved northeastwards and cut
off, the surface trough over southeastern Australia
deepened (Fig. 5(a),(b)), and marked frontogenesis
occurred along the trough and through southern
Victoria – graphically seen in the strong low-level vir-
tual temperature gradient along the southern coast of
Australia at 2300 UTC 25 December 1998 (Fig. 9(a)).

There appear to have been a sequence of surface
low developments from the southwest as the mid-lati-
tude trough amplified between 1100 UTC 25
December (Fig. 5(a)) and 1100 UTC 26 December
(Fig. 5(c)). (This is more obvious in the six-hourly
analyses in Mills (2000).) The appearance of a remnant
of the previous low in each subsequent analysis sug-
gests that these were sequential developments, rather
than the steady movement of a single deepening low.
These surface lows formed downstream of the upper
trough, and so have the normal westward tilt with
height of a developing baroclinic wave. Finally, the
low which formed over Victoria between 2300 UTC 25
(Fig. 5(b)) and 1100 UTC 26 December (Fig. 5(c))
moved through eastern Bass Strait, and in these analy-
ses it deepened to become a major cyclone by 2300
UTC 26 December (Fig. 5(d)). Thereafter it moved
slowly southeast and weakened. This ‘Bass Strait’ low
should not be confused with the Sydney-Hobart
cyclone. (There is some difference in the surface pat-
terns between the regional analyses, which include the
real-time interpretation of the data by the National
Meteorology and Oceanography Centre, the post-event
reanalyses (BoM99) which reflect the interpretation of
the data after the event, and the mesoscale forecasts.)

The Tasman Sea low deepened and moved slowly
southwestwards in the period up to 2300 UTC 25
December (Fig. 5(b)), but then weakened rapidly and
became absorbed into the developing circulation
around the intensifying Bass Strait low. The initially
separate strong wind bands on the southeastern sides
of these two lows linked in the period after 2300 UTC
25 December (Fig. 5(b)) as the ridge between these
systems eroded, and formed a single isotach maxi-
mum by 1100 UTC 26 December (Fig. 5(c)), stretch-
ing over more than 20° of longitude.
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The IR imagery (Fig. 7(a)) shows a developing
cloudband associated with the frontogenesis over
southeastern Australia. A region of enhanced cumu-
lus cloud marking the cyclonic vorticity advection
(CVA) maximum at the poleward exit of the souther-

ly jet (e.g. Mills 1997) moved northeastwards from
near 40°S 130°E at 1100 UTC 25 December (Fig.
7(a)) to be still discernible at 1100 UTC 26
December (Fig. 7(c)) near 38°S 147°E. Thereafter
this area of cloud became absorbed into the spi-
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Fig. 6 Twelve-hourly 300 hPa geopotential height (contoured) and isotachs (shaded) LAPS analyses from 1100 UTC
25 December 1998 (a) to 2300 UTC 27 December 1998 (f). Contour interval for height is 60 m, for wind speed
10 m s-1, with the the first level of shading starting at 30 m s-1.
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Fig. 7 Twelve-hourly GMS-5 infrared satellite imagery from 1100 UTC 25 December 1998 (a) to 2300 UTC 27
December 1998 (f).
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Fig. 8 Twelve-hourly GMS-5 water vapour satellite imagery from 1100 UTC 25 December 1998 (a) to 2300 UTC 27
December 1998 (f).



ralling cloud mass associated with the deepening
upper low. Another feature of interest is the south-
westward movement of the area of cloud associated
with the Tasman Sea low. This cloud moved to the
south of the Bass Strait low by 2300 UTC 26

December (Fig. 7(d)), and subsequently appears to
have been swept up into its cyclonic circulation.

The WV imagery (Fig. 8, see Weldon and Holmes
(1991) for a detailed guide to the interpretation of
imagery in these channels) shows independent confir-
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Fig. 9 LAPS 850 hPa virtual temperature analyses, with shaded 300 hPa isentropic potential vorticity at 2300 UTC 25
December 1998 (a), 1100 (b), 1700 (c) and 2300 UTC 26 December 1998 (d), and 0500 (e) and 1100 UTC 27
December (f). The contour interval for temperature is 2K, and IPV is shaded at intervals of 2 IPV units from
–2 to –10 (1 IPV unit = 10-6 m2s-1Kkg-1). The lines mark the cross-sections shown in Figs 18 and 19.



matory evidence for the structures seen in these
analyses. The dry slot (dark) on the cyclonic side of
the southerly jet at 1100 UTC 25 December (Fig.
8(a)) can be seen moving to the apex of the trough 12
hours later (Fig. 8(b)). The col area in the geopoten-
tial contours (Fig. 6(b)) near 47°S 138°E at 2300 UTC
25 December is reflected in the WV image at this time
(Fig. 8(b)), and there is very clear distortion of the
WV patterns as the upper trough negatively tilts (Fig.
8(d)). Finally, the spectacular spiralling of the WV
patterns is evident as the cut-off low deepens (Figs
8(e),(f)).

A particular feature of this event was the band of
strong winds which developed on the western side of
the deepening Bass Strait low in the 12 hours to 1100
UTC 26 December (Fig. 5(c)), and which remained
through Bass Strait for the next 24 hours (Figs
5(c),(d)). This isotach maximum had considerable
scale, with the analysis at 2300 UTC 26 December
(Fig. 5(d)) showing a band of winds > 15 m s-1 at 70
m elevation extending from 46°S 143°E in a curving
path to around 37°S 154°E – well over 1500 km! As
the mesoscale band of extremely strong winds simu-
lated in Fig. 3 was within this pre-existing, larger
scale, strong wind band, it is useful to examine the
processes leading to its formation and maintenance.

The atmospheric pressure at the surface represents
the mass of atmosphere overlying that point, and is
thus, via the hydrostatic equation, dependent on the
mean density (or virtual temperature) of the atmos-
pheric column. Pressure gradients at the surface are,
therefore, a result of the horizontal gradients in mean
virtual temperature (density) of the atmospheric col-
umn above each point, if it is assumed that at some suf-
ficiently high level there is no significant pressure gra-
dient (Godson 1948; Hirschberg and Fritsch 1991a,b).
In the following description, the maintenance of the
pressure (height) gradient through Bass Strait will be
discussed in terms of the density (temperature) changes
in the upper and the lower troposphere.

The 850 hPa virtual temperature (Tv) will be used
as representative of the lower tropospheric density.
The 300 hPa IPV field is used to identify the
tropopause depression associated with the upper
trough, and is thus a proxy for the upper tropospheric
warm anomaly. These charts are shown in Fig. 9. (The
sequence of charts is at different times to those in Figs
5-8.) At 2300 UTC 25 December (Fig. 9(a)) the strong
wind band (Fig. 5(b)) is near the axis of the low-level
thermal (cold) trough, and is closely associated with
the pressure gradient which is a hydrostatic conse-
quence of the tropopause undulation at the centre of
the developing upper-tropospheric cut-off low. As the
upper low cut off, the strongest low-level winds
remained closely associated with the IPV (tempera-

ture) gradient just west of the apex of the upper trough
until around 1100 UTC 26 December (Figs 5(c),
9(b)). After this time the band of strong winds broad-
ened, then slowly extended through Bass Strait, while
the upper-level IPV anomaly moved steadily into the
Tasman Sea (Figs 9(d),(e),(f)).

As the surface low cut off in the 12 hours between
2300 UTC 25 and 1100 UTC 26 December, the low-
level Tv field underwent a dramatic change (Figs 9(a)-
(d)), forming an involuted, or ‘reversed S’, shape over
southeastern Australia and Tasmania. Warm advection
westwards over Tasmania and cold advection east-
wards over northern Victoria were acting to intensify
the large-scale thermal (density) gradient in the lower
troposphere over Bass Strait.

From the hydrostatic equation, the thickness of the
layer of atmosphere between upper and lower pres-
sure levels pu and pl is related to the mean virtual tem-
perature of the layer Tv of the layer by the relation

∆z = - RTv ln(pu/pl ) / g ...1

In a cross-section, the deviation thickness implied by
the deviation of the virtual temperature from the
cross-section mean, (δTv ) can be computed using

δz = - R (δTv ) ln(pu/pl ) / g ...2

where δz is the thickness deviation.
Cross-sections through the strong wind band over

Bass Strait (see lines in Figs 9(c),(e)) at 1700 UTC
26 December and at 0500 UTC 27 December show
this vertical structure. The sections show the thick-
ness deviation calculated from Eqn 2, and the wind
speed. At 1700 UTC 26 December (Fig. 10) there is
a large positive pressure anomaly contribution to the
northwest (left), and negative to the southeast
(right), above 200 hPa. In the centre of the section,
the negative contribution between 300 and 200 hPa
represents the warm anomaly associated with the
tropopause depression, while the positive centre
below it reflects the cold pool below the lowered
tropopause. The effect of the descending tropopause
to the north (left of section) of the cut-off low is seen
in the middle troposphere. The main jet to the north
of the low is located at 250-300 hPa, while the east-
erly jet to its south is around 350 hPa. The low-level
band of strong winds, with speeds >15 m s-1 reach-
ing the surface, is seen in the middle of the section.
Considerable re-adjustment takes place in the twelve
hours to 0500 UTC 27 December (Fig. 11). A strong
gradient is still implied above 200 hPa, but the
warm/cold vertical couplet in the middle tropos-
phere marking the location of the tropopause depres-
sion has moved out of the section. In the lower tro-
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posphere, though, the cold advection over Victoria
(left of section) and warm advection over Tasmania
(right of section, see Fig. 9(e)) is contributing to the
maintenance of the pressure gradient. At this time
the wind speed shows a low-level jet >20 m s-1 in the
centre of the section.

As each thickness deviation represents the half
layer above and below the level to which the calcu-
lation applies, the vertical sum of the contributions
represents the height anomaly due to the vertically
integrated temperature anomaly in that atmospheric
column. Figure 12 shows the vertical integral from
50 to 950 hPa of the thickness anomalies in Figs 10
and 11, together with the 950 hPa height anomaly
profile along the plane of each section calculated
from the height analyses. The agreement between
the derived and analysed height gradients in these
sections is excellent. In spite of the large adjust-
ments at individual levels in the 12 hours to 0500
UTC 27 December, the net result is an increased
height gradient in the middle of the section, while
the actual location of the strongest height gradient
moved little in that 12 hours.

This lower-tropospheric horizontal differential
temperature advection thus contributed to the mainte-
nance of the band of enhanced pressure gradient from
just west of Cape Grim through Bass Strait and into
the Tasman Sea from 1100 UTC 26 to 1100 UTC 27
December, compensating in part for some of the
upper-tropospheric adjustments. Not until after this
latter time did the low-level strong wind band begin
to weaken and move southeastwards across Tasmania,
following the movement of the main low.

The back trajectory analysis in Fig. 13 shows that
the warm air ‘wrapping around’ the southern side of
the Bass Strait low had its origin far to the northeast,
initially being advected southwestwards by the flow
on the southern side of the Tasman Sea low. Air over
Tasmania and Bass Strait at 2300 UTC 26 December
had originated far to the east-northeast, over the warm
waters of the Tasman Sea, while air parcels to the
north of the frontal zone had their origins well to the
southwest. The linking of the two northeasterly low-
level jets on the southern sides of the Tasman Sea and
Bass Strait lows seen in Figs 5(c),(d) made possible
this rapid southwestward advection of subtropical
high equivalent potential temperature (θe) air over
Tasmania. It is unrealistic to speculate what would
have been the case had the Tasman Sea low not been
present; however, the circulation associated with this
low clearly contributed to a warmer, moister atmos-
phere over Tasmania and southern Bass Strait, and
thus to a stronger pressure gradient, than would oth-
erwise have been present.
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Fig. 10 Cross-sections of thickness deviation (DHGT)
calculated from the virtual temperature devia-
tion from the cross-section mean using Eqn 2
(top) and wind speed (bottom) at 1700 UTC 26
December 1998 from the LAPS analysis. The
line of the section is shown in Fig. 9(c).

Fig. 11 Cross-sections of thickness deviation (DHGT)
calculated from the virtual temperature devia-
tion from the cross-section mean using Eqn 2
(top) and wind speed (bottom) at 0500 UTC 27
December 1998 from the LAPS analysis. The
line of the section is shown in Fig. 9(e).



These arguments also provide a physical explana-
tion for the weak pressure gradient seen in Fig. 3 near
the centre of the forecast low – the upper-level thermal
anomaly has little gradient near its centre, while the
warm air from the Tasman Sea again provides little
thermal (density) contrast near the low’s centre (Fig.
12). A further consequence of this evolving tempera-
ture structure is that the thermal wind, directed along
the isotherms with cold air to the right (in the Southern
Hemisphere) was directly opposed to the low-level
band of strong winds over southern Victoria and Bass
Strait – a ‘reversed shear’ environment. This structure
leads to a reduction of wind speed with height once the
influence of surface friction has become negligible, and
the formation of a marked low-level jet.

Mesoscale description
Diagnosis of development
The forcing of development will be discussed using
the ‘IPV thinking’ concepts of Hoskins et al. (1985).

Bluestein (1993) quantifies these concepts, showing
that the forcing term in the quasi-geostrophic height
tendency equation can be expressed in terms of the
differential advection of quasi-geostrophic potential
vorticity. Mills (1997) applied these concepts over the
Southern Ocean using LAPS analyses.

The WV channel senses radiation in a band that is
strongly absorbed and re-radiated by water vapour.
Thus if the upper troposphere is dry, as is the case in
tropopause depressions associated with cold troughs
and jet streak circulations, then the WV channel will
measure a warmer brightness temperature – these
same areas are also regions of high cyclonic IPV
(Weldon and Holmes 1991; Roberts 2000). The IPV
structures in the LAPS forecasts can be validated
using this well-established relationship between dark
(dry) features in the WV imagery and the IPV maxi-
ma. While this relationship is not unique, with cloud
or other factors able to obscure the relationship, it is
sufficiently robust (Georgiev 1999) to be used to
assess the reliability of operational NWP systems
(Mansfield 1996, 1997).

Figure 14 shows the evolving relationship between
the forecast 400 hPa IPV and wind fields and the WV
imagery. At the initial time (Fig. 14(a)), the IPV dis-
tribution is offset from the circulation around the low
due to the strong shear vorticity on the cyclonic side
of the jet north of the low centre. As the low moves
eastwards, the dry air (dark in the WV imagery) is
advected through the northeast and then around the
southern side of the low. By 1700 UTC (Fig. 14(b))
the model shows a bulge of higher IPV air in the
strong northeasterly flow extending southwestwards
through central Bass Strait, and the WV imagery
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Fig. 12 Integrated 50-950 hPa height anomaly profiles
(D) calculated from the cross-sections shown
in Figs 10 and 11, and the height profile across
the section (Zd) at 950 hPa. Top panel shows
the profile for 1700 UTC 26 December 1998,
bottom panel for 0500 UTC 27 December
1998. Units for height are m, distance is in grid
units.

Fig. 13 Forty-eight hour back trajectories for air
parcels ending at 850 hPa at 2300 UTC 26
December, using the LAPS operational analy-
sis wind fields. The asterisks mark six-hour
intervals, and the pressure at the start of the
trajectory is marked in hPa.



shows a co-located dark (dry) band, providing inde-
pendent support for the accuracy of this aspect of the
forecast. Both this filament of IPV and the corre-
sponding dry air (dark) in the WV imagery are partic-
ularly clear over central Bass Strait, between the
northeast corner of Tasmania and Wilsons
Promontory, at 2000 UTC 26 December (Fig. 14(c)).
Importantly, there is advection of IPV across this fil-
ament, as seen by the strongly crossing wind barbs
over central Bass Strait at this time. Qualitatively, this
advection of cyclonic IPV over central Bass Strait at
2000 UTC 26 December implies upper-level forcing
of lower-tropospheric height falls in this region -
exactly where the Sydney-Hobart cyclone was inten-
sifying. Subsequently, the cyclonic circulation of the
upper cut-off low results in the IPV filament wrap-
ping completely around the rotating low. A clear asso-

ciation between the filament and the cloud vortex can
be seen until 0500 UTC 27 December (Fig. 14(d)),
although by this time cloud is beginning to obscure
the relationship.

The surface response to this upper forcing is very
clearly seen in the three-hourly surface isallobars
(Fig. 15). An isallobaric fall centre develops over
northeastern Tasmania in the first three hours of the
forecast (Fig. 15(a)). This moves into Bass Strait and
intensifies (Figs. 15(b),(c),(d)), and is east of
Kingfish-B by 0200 UTC 27 December (Fig. 15(e)).
The greatest three-hourly pressure fall over the 24-
hour period is 6.8 hPa southeast of Gabo Island in the
three hours to 0500 UTC 27 December (Fig. 15(f)). A
feature of note is the development of an almost equal-
ly small-scale and intense pressure rise centre, at first
to the southwest, but later to the west of the fall cen-
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Fig. 14 400 hPa wind barbs and isentropic potential vorticity (IPV) from the 0.05° forecast overlain on the GMS-5
water vapour imagery at the verifying time. Forecasts are valid at 1100 UTC 26 December (a), 1700 UTC 26
December (b), 2000 UTC 26 December (c), and 0500 UTC 27 December (d). Units of IPV are PVU, 1 PVU =
10-6 m2s-1Kkg-1, the contour interval is 2 PVU. The wind barbs use the standard meteorological convention.
Note that the geographic area covered moves east with each successive panel to keep the IPV feature roughly
centred.



Mills: Mesoscale cyclogenesis – the 1998 Sydney to Hobart yacht race storm 45

Fig. 15 Sequence of three-hourly isallobar fields (a)-(h) from the 0.05° forecast based at 1100 UTC 26 December 1998.
Units are hPa/3 hours.



tre. This rise centre can be associated with the advec-
tion of less cyclonic IPV on the upstream side of the
IPV filament. Comparison of Figs 14(c) and 15(d)
shows that the scale of the separation between these
two centres is of the same order as the width of the
IPV filament over Bass Strait. Figure 14 also indi-
cates westward advection of cyclonic IPV on the
southeast side of the upper low, and this can be relat-
ed to the isallobaric fall centres (Fig. 15(f),(g)) east of
Tasmania which can be seen to move westwards in
the second 12 hours of the forecast.

Upper-level divergence does not necessarily
mean that there must be low-level cyclogenesis.
However, as can be seen by the quasi-geostrophic
height tendency equation (Bluestein 1993), the
atmosphere responds more strongly to a given forc-
ing with decreasing static stability. Also, the lower
the static stability, the smaller the Rossby radius of
deformation, and so the smaller the horizontal scale
of any induced circulation. Figure 16 shows the
500-950 hPa θe difference fields at 1100 and 2300
UTC 26 December. Upper and lower level kinemat-
ics were acting to reduce the static stability over
Bass Strait in the 12 hours from 1100 UTC 26
December. Low-level warm, moist air from the
Tasman Sea was being advected around the western
flank of the Bass Strait low, and cold, dry upper tro-
pospheric air was being advected from the south-
west in the mid-levels. The result is a decreasing
static stability over Bass Strait between 1100 UTC
(Fig. 16(a)) and 2300 UTC 26 December (Fig.
16(b)); the same period during which the forcing of
height falls by the advection of the IPV filament
was reaching its maximum. Thus there was both

intense, small-scale upper forcing, and also an
atmosphere that was conditioned to allow a rapid,
small-scale response over Bass Strait.

The isallobaric couplet provides insight into the
presence of the stronger band of winds observed at
isolated stations, by the yacht fleet, and simulated in
Fig. 3. Figure 15 indicates northerly isallobaric wind
vectors directed into the fall centre in Bass Strait on
the northern side of the centre, and from the south on
the southern side of the centre. Expressing the
momentum equation in terms of the ageostrophic
wind vector, V a,

DV/Dt = -f ( k X V a) ...3
shows that the northerly isallobaric ageostrophic wind
implies an acceleration of the pre-existing strong
westerly winds stretching through Bass Strait, and
provides a very credible hypothesis for the occurrence
of the enhanced band of stronger winds.

Low-level thermal structure
The 990 hPa θe forecasts are shown in Fig. 17. Active,
rapid frontogenesis takes place before and as the
Sydney-Hobart cyclone develops. The sequence bears
a strong resemblance to the conceptual model of cyclo-
genesis presented by Shapiro and Keyser (1990), in
which late in the cyclone’s evolution a pocket of warm
air near the low centre is completely cut off, or ‘seclud-
ed’ by cold air – a ‘warm seclusion’. At 1700 UTC 26
December 1998 (Fig. 17(a)), a very strong cold front
extending from off the New South Wales coast to the
northeast tip of Tasmania had developed, with a bent-
back warm front extending southwards over Tasmania.
The developing low is at the end of the warm tongue,
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Fig. 15 Continued



just north of the Tasmanian coastline. By 2000 UTC 26
December (Fig. 17(b)), frontal fracture had occurred,
and by 2300 UTC 26 December (Fig. 17(c)) a warm
seclusion formed.

From 2000 UTC (Fig. 17(b)), the first manifesta-
tion of the warm seclusion, to 0500 UTC 27
December (Fig. 17(d)) when the warm seclusion is
well developed, the warmest air is just equatorward of
the centre of the low’s circulation (see wind barbs),
and the strongest winds are north of the warm pool,
along the zone of strongest thermal gradient. This is
slightly different to the case of warm seclusion devel-
opment presented by Neiman and Shapiro (1993) in
their analysis of the ERICA IOP4 storm, where the
centre of their low-pressure system is coincident with
the warmest air in the seclusion. These model forecast
fields for the Sydney-Hobart cyclone suggest that the

seclusion is at least partly controlled by advection on
the flank of the developing cyclone, and indicate a
low-level warm-cored structure for the cyclone.

Vertical structure
At 2000 UTC (Fig. 18) a cross-section through the
low, along the line shown in Fig. 3(d), shows a
marked tropopause undulation in the centre of the
section, with a deep tropopause fold descending
northwards (left). To the south (right), the tropopause
depression on the southern side of the upper cut-off
low (see Fig. 14(c)) is clear, with large cyclonic IPV
values reaching the lower troposphere. The northeast-
erly jet filament over Tasmania is between 400 and
350 hPa, and the main southwesterly polar jet farther
to the north. A low-level jet, with its maximum speed
>20 m s-1 around 925 hPa is associated with the low-
level baroclinic zone shown in the θe section. A cold-
cored structure below the tropopause depression is
clear with upward-bulging isentropes around 500 hPa.
The θe section shows the developing mid-tropospher-
ic dry slot associated with the northeasterly jet and
IPV filament on the southern side of the upper low.

By 0500 UTC 27 December (Fig. 19, see line in
Fig. 3(g)), the low-level jet has increased in strength
to > 40 m s-1, reflecting the increasing low-level baro-
clinicity seen in the θe cross-section, and with a
warm-core structure appearing in the lowest levels in
both the θ as well as the θe sections. The mid-tropos-
phere still retains a cold-cored structure below the
tropopause depression. There is mid-tropospheric
drying on the southern side of the upper low. The
small cross-jet scale of the 400 hPa jet streak on the
southern side of the upper low is notable– its scale is
similar to that of the low-level jet.

Comparison with previous studies
and existing hypotheses
There are several aspects of this storm that are suffi-
ciently unusual to warrant discussion in the context of
other cyclone models or cases in the meteorological
literature. These are:
• the development of the storm on the western flank

of the upper low
• the extreme low-level jet on its northern flank
• the low-level warm core/reverse shear environ-

ment.
The classic paradigm for baroclinic development

of an extratropical cyclone is that conceptualised by
Hoskins et al. (1985) in their Fig. 21. An upper tro-
pospheric cyclonic IPV anomaly approaching a lower
tropospheric positive potential temperature anomaly,
or a baroclinic zone, induces a low-level cyclonic cir-
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Fig. 16 Zero and 12-hour forecasts of 950-500 hPa
equivalent potential temperature difference
[θe(500) - θe(950)], valid at 1100 (a) and 2300
UTC 26 December 1998 (b) from the 0.05°
model based at 1100 UTC 26 December 1998.
Contour interval 4K.



culation in a positive feedback loop. While this cur-
rent case does not show the westward tilt with height
of that conceptual model, it does contain the same
mix of ingredients, albeit at somewhat smaller scale
and on the western side of the upper trough. While
scaling arguments would suggest that the quasi-
geostrophic assumption may be inappropriate in this
case, the development of the Sydney-Hobart cyclone
can be qualitatively explained in terms of these quasi-
geostrophic IPV advection concepts.

It was recognised as early as the 1920s that there
do occur small-scale extratropical cyclones to which
are attributed ‘hurricane-like’ characteristics, due to
their rapid intensification and strong low-level wind
maxima. The Bergen school of meteorologists (see
Godske et al. 1957) were aware of such a class of sec-
ondary cyclones which formed in the non-frontal
trough, or bent-back occlusion, of a mature cyclone,
and that very strong winds could be associated with

these storms. This description, allowing for the limi-
tations of the data available to the Bergen school,
bears a remarkable similarity to the broad features
seen in this study.

A prominent class of subsynoptic-scale extratropi-
cal cyclones is that termed ‘polar lows’ (Businger and
Reed 1989). However, this term has been applied to a
wide variety of structural types of lows. Businger and
Reed propose three classes, but acknowledge many
multi-type developments. If similarity to any of these
classes of the Sydney-Hobart cyclone is sought, then
Businger and Reed’s reverse-shear sub-class of their
Arctic front type polar low is perhaps the best match.
These Arctic front polar lows form in an environment
of shallow baroclinicity produced by ice-ocean
boundaries, with strong surface fluxes, and those
cases which occur in a reverse-shear environment
often have associated very strong low-level winds.
Duncan (1978) and Reed and Duncan (1987) show,
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Fig. 17 Forecast 990 hPa θθe fields from the 0.05° model forecast based at 1100 UTC 26 December 1998, valid at 1700
UTC 26 December (a), 2000 UTC 26 December (b), 2300 UTC 26 December (d), and 0500 UTC 27 December
1998 (d). Contour interval 2K. Wind barbs at 10 m are overlain, and shown each 10th  grid-point.



using a linear quasi-geostrophic baroclinic model,
that in these statically unstable, reverse shear envi-
ronments the wavelength of maximum baroclinic
instability was ~500 km. 

Forbes and Lottes (1985) proposed nine classifica-
tions of ‘Polar Lows’, with five sub-classifications of
one type. (This perhaps indicates the difficulty of

‘synoptic typing’.) They state that 75 per cent of their
strongly developing lows formed in a reversed shear
environment. However, their study was concentrated
over the eastern Atlantic during a period of stable
broadscale wave pattern and so these results may be
biased by a preferential tendency for reversed shear
environments, but do show a systematic occurrence of
strong low-level winds in these explosively develop-
ing cyclones.

As shown in the current study, an ice-edge is not a
necessary condition for the formation of a shallow,
intense baroclinic zone. Bond and Shapiro (1991)
describe two ‘Arctic front’ type polar lows that devel-
oped in the Gulf of Alaska on the baroclinic zone
formed by the confluence of warm and cold
airstreams on the western side of a mature deep-tro-
pospheric low. Gronas (1995) presents a modelling
study of a case of explosive development, with force
12 winds, in reversed shear flow on the western side
of an occluding low near the Norwegian coast. In this
latter case there is also the presence of a ‘wrapped
around’ upper tropospheric filament of cyclonic IPV
prior to the low’s development. The reverse shear
environments of these cases bear many similarities to
that of the Sydney-Hobart cyclone.

Some of the polar lows reported in the literature are
said to have a ‘warm core’. The evidence for this has
been based on observations, inferred from either the
vertical wind profiles or from the ‘eye-like’ structure
seen in satellite imagery of these storms. This, and the
apparent lack of upper-level forcing in some of these
cases have led to the development of CISK-like devel-
opment theories for these storms (e.g. Rasmussen
1979). Such models, though, imply a deep warm core
akin to that of a tropical cyclone, as shown in Midtbo
et al. (1989), rather than the warm core overlain by a
mid-tropospheric cold pool shown in this case. Gronas
(1995) and Douglas et al. (1991) present modelling
and observational cases respectively where their cross-
sections through ‘polar lows’ show a similar pattern to
the Sydney-Hobart cyclone, with a relatively shallow
warm core overlain by a mid-tropospheric cold dome.
Shapiro and Keyser (1990) present a similar cross-sec-
tion (their Fig. 17) in the case study which formed the
basis for their ‘warm seclusion’ model of the extrat-
ropical cyclone life cycle. In this latter case their
cyclone had formed from an incipient frontal wave. In
these, and the other similar cases (including the sub-
ject of this paper), it appears that the low-level warm
core is formed by the seclusion process, rather than by
convective processes. Indeed, the warm seclusion is a
consequence of the broadscale kinematics that devel-
op the reversed shear flow, and help produce the low
static stability environment in which explosive cyclo-
genesis can take place.
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Fig. 18 Cross-sections valid at 2000 UTC 26 December
1998 from the 0.05° resolution forecast of
potential vorticity (PVOR, units PVU, one
PVU = 10-6 m2s-1Kkg-1, contour interval 2),
potential temperature (THET, contour inter-
val 4K), equivalent potential temperature
(THEE, contour interval 4K), and wind speed
(WIND, contour interval 5 m s-1). The line of
the cross-section is shown in Fig. 3(d).



In this discussion, the role of the Tasman Sea low
in pre-conditioning the environment in which the
cyclogenesis took place should not be forgotten. It is
possible that such pre-conditioning can occur without
the existence of a prior cyclone, but in this case its
influence was significant. 

In the Australian region, Holland et al. (1987)
describe the rare but intense storms which they
termed ‘Type 3 East Coast lows’, and show in one
case study a warm core and an eye-like feature in the
satellite imagery. This led those authors to support the
CISK hypothesis for the development of these lows.
They form rapidly on the western side of mature lows
in the Tasman Sea, and may travel northwards along
the Australian coast, and can produce extremely
strong low-level winds. The ‘Sygna storm’
(Bridgeman 1986) was one such system. There is
insufficient evidence in these two studies to show
whether upper forcing of the type described in this
case was present. However, the northward movement
of these two storms is consistent with the hypothesis
of an upper forcing mechanism rotating cyclonically
on the western side of a pre-existing larger scale
cyclonic circulation, as shown in Fig. 14.

The Sydney-Hobart cyclone, then, has many of the
characteristics of other secondary cyclones reported
in the literature, particularly those that occur in simi-
lar reversed shear environments, although not all
these cyclones have all characteristics. It is not clear
whether these storms form a distinct class of extra-
tropical cyclones, or whether they are part of the spec-
trum of cyclone structures that are possible in the
atmosphere. However, it is clear that extreme wind
speeds can be associated with these developments on
the western side of an occluding low. 

Conclusions
The Sydney-Hobart cyclone developed on the west-
ern side of a mature cut-off low. Strong upper-level
forcing associated with the advection of a filament of
IPV around the poleward side of an upper-tropos-
pheric cut-off low is evident. Larger scale kinematics
had acted to produce a statically unstable reversed-
shear environment in the lower troposphere in which
rapid, small-scale response to the upper-level forcing
could take place. In this, and other studies, it has been
shown that extremely strong surface winds can be
associated with such storms. 

This author has gained the impression from com-
ments about this storm in the media (e.g. Whitmore,
1999; Mundle 1999) that some users of weather fore-
casts have very fixed ideas as to the probable evolution
of weather systems. (A typical example is that the
strongest winds will be experienced immediately
before and after a frontal passage.) It may be benefi-
cial to be able to communicate the extreme or unusual
nature of storms such as the Sydney-Hobart cyclone in
forecasts. As it is not clear how many ‘types’ of such
lows there are, some generic terminology would be an
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Fig. 19 Cross-sections valid at 0500 UTC 27 December
1998 from the 0.05° resolution forecast of
potential vorticity (PVOR, units PVU, one
PVU = 10-6 m2s-1Kkg-1, contour interval 2),
potential temperature (THET, contour inter-
val 4K), equivalent potential temperature
(THEE, contour interval 4K), and wind speed
(WIND, contour interval 5 m s-1). The line of
the cross-section is shown in Fig. 3(g).



advantage. The storm-force winds associated with
these lows have been called ‘the poisonous sting in the
tail of the occlusion’ by Norwegian meteorologists
(Gronas 1995). This expression, while attractive to
this author, is emotive and would not necessarily be
informative to the public. One option would be to use
the expression ‘western flank storm’. Such a term
would indicate that the eastward movement of the pri-
mary low or front did not necessarily mean a modera-
tion of the winds. It would also avoid the need to dif-
ferentiate between lows primarily associated with
deep tropospheric dynamics, as is hypothesised in this
case, and those in which it is hypothesised surface
fluxes or convection (the ‘CISK’ hypotheses) may
dominate the development.
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