
Introduction
Observational and numerical studies of subtropical
continental cold fronts over the last decade have high-
lighted major differences in their structure compared
with cold fronts in middle latitudes (Smith and Ridley
1990; Reeder et al. 1991; Smith et al. 1995; Deslandes
et al. 1999; Reeder et al. 2000). Reviews are con-
tained in the articles by Reeder and Smith (1992,
1998). Of particular note are the relative shallowness
of the fronts (typically the cold air mass is no more
than a kilometre deep) and the large diurnal

variation in their intensity. Often fronts are difficult to
locate from surface data during the daytime, but they
may rapidly redevelop during the evening. Strong
frontogenesis after sunset appears to be associated
with strong low-level ageostrophic convergence into
a prefrontal trough accompanying the development of
the nocturnal low-level jet.
Pre-frontal troughs are commonly analysed when

cold fronts of Southern Ocean origin cross the conti-
nent of Australia. It appears that these pre-frontal
troughs originate as heat troughs that become mobile
and move ahead of the approaching front, at the same
time being distorted by the broadscale flow. Idealised
numerical model calculations by Ráicz and Smith
(1999) and Reichmann and Smith (personal commu-
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nication) show a similar diurnal evolution for heat
lows, which have a weak signature in low-level rela-
tive vorticity during the daytime. However, like sub-
tropical fronts, they develop a strong signature in the
early morning hours as a result of nocturnal low-level
ageostrophic convergence into the low.
The calculations by Reichmann and Smith (per-

sonal communication) indicate that orography can
have an important influence on the diurnal behaviour
of heat lows and it is possible that the same is true of
cold fronts over central Australia. It is significant that
regions of elevated terrain around the Pilbara and
Kimberley are preferred locations for the formation of
the heat low over WesternAustralia, and in the case to
be described, the heat low was located over the ele-
vated terrain of central Australia to the southwest of
Alice Springs.
The evidence to date suggests that cold fronts

which form overnight in the pre-frontal trough are
new developments associated with the deformation of
the heat trough ahead of the initial cold front. If this is
the case, the existence of the initial cold front may not
be a prerequisite for frontogenesis; presumably any
broadscale flow field that produces a similar defor-
mation of the heat low could suffice. The present
study documents an event that appears to be of this
type. As far as we are aware, it is the first time that
such an event has been described in the literature.
The present study is based chiefly on gridded

analyses from the European Centre for Medium
Range Weather Forecasts (ECMWF), with additional
observations from an automatic weather station oper-
ated at Alice Springs during the 1998 Central
Australian Fronts Experiment.

Synoptic situation
The monthly mean maximum temperatures at Alice
Springs for September and October are 26.7°C and
30.8°C respectively. However, in 1998 the monthly
mean maximum temperatures were 37.7°C in
September and 41.7°C in October. The anomalously
hot conditions over the northern and central parts of
the continent produced strong and persistent heat
troughs and heat lows inland from the Western
Australian coastline. The present study focuses on one
especially mobile heat low that affectedAlice Springs.
The synoptic situation at 0000 UTC on 8 October

(0930 CST on 8 October), and its subsequent evolu-
tion, is indicated by a sequence of four six-hourly
ECMWF analyses of geopotential height and relative
vorticity at 925 hPa shown in Fig. 1. The horizontal
resolution of the ECMWF analyses is about 0.5°. An
equivalent sequence of potential temperature and

potential temperature gradient analyses at 925 hPa are
shown in Fig. 2. The 925 hPa level is chosen in prefer-
ence to mean sea level analyses as it is closer to, and a
little above, the surface over the elevated terrain of cen-
tral Australia. The situation at 0000 UTC on 8 October
is dominated by two anticyclones, one centred off the
southwestern tip of Western Australia and the other
located over eastern Australia. These anticyclones are
separated by a heat low centred over the eastern part of
Western Australia. The cyclonic relative vorticity max-
imum marks the centre of the heat low.
No surface fronts were analyzed over the continent

in the Australian Bureau of Meteorology mean sea
level charts during the previous 36 h period (charts
not shown). Nonetheless, the 925 hPa potential tem-
perature analysis at 0000 UTC on 8 October shows
two bands of relatively strong potential temperature
gradient connected to the heat low. The first extends
northwestward from the centre of the low, while a
second runs through the centre and is oriented north-
west-southeast. Each band has an associated line of
enhanced cyclonic relative vorticity. This pattern
resembles the conceptual model of an inverted T-bone
frontal structure proposed by Keyer and Shapiro
(1990) in which the northward arm corresponds to the
cold front and the northwest-southeast arm corre-
sponds to the warm front.
During the following 18 h, the westernmost anti-

cyclone moves eastwards over the Great Australian
Bight, while extending a pronounced ridge north-
wards to central Australia (Fig. 1, panels b, c and d).
The centre of the heat low, as defined by the cyclonic
relative vorticity maximum, moves slowly during the
first 6 h, but accelerates rapidly northeastwards as the
ridge advances. Overnight the heat low passes over
Alice Springs, and by 1800 UTC on 8 October (0330
CST on 9 October), the ridge is surrounded by a low
pressure trough stretching from Western Australia,
across northern Australia to eastern Australia.
The relative vorticity field has been generally

found to be a more convenient indicator of fronts
across the Australian continent than the horizontal
temperature gradient as it is less affected by diurnal
heating and cooling (Reeder 1986; Reeder and Smith
1988; Smith et al. 1995). Even so, both the relative
vorticity and horizontal potential temperature gradi-
ent show marked diurnal variations in amplitude. In
particular, the northwest-southeast oriented line of
enhanced relative vorticity weakens during the day
(Fig. 1, panel b) and strengthens during the night time
(Fig. 1, panels a and d).
The overnight intensification is typical of fronts

and other discontinuities located in the continental
interior (Smith et al. 1995; Deslandes et al. 1999;
Reeder et al. 2000), and appears to be related to the
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way in which the boundary layer adjusts to rapid
changes in the turbulent stress. During the day, the
winds in the boundary layer are generally sub-
geostrophic because of the stress associated with tur-
bulent mixing. At night, once the buoyantly-generated
turbulent mixing ceases, the balance of forces in the
boundary layer is rapidly altered. In response, air
parcels accelerate down the pressure gradient towards
the trough, locally strengthening the low-level flow
and increasing the convergence and deformation.
These large-scale patterns of convergence and defor-
mation act to strengthen the relative vorticity and tem-

perature gradient. This diurnal signature is especially
clear to the west of the heat low where overnight a sec-
ond line of enhanced relative vorticity forms inland,
parallel to the coast of Western Australia. This second
line marks the axis of the heat trough (Fig. 1d).
Figure 3 shows the pseudo-equivalent potential

temperature* at 925 hPa from 0000 UTC to 1800 on
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Fig. 1 Sequence of ECMWF analyses of geopotential height and relative vorticity at 925 hPa at six-hourly intervals
from (a) 0000 UTC to (d) 1800 UTC on 8 October 1998. Contour interval is 10 m. Regions where the cyclonic
relative vorticity exceeds 5 x 10-5 s-1 are shaded.

*A pseodo-adiabatic process is one in which the heat capacity of liq-
uid water and ice are neglected. The pseudo-equivalent potential
temperature is the equivalent potential temperature assuming a pseu-
do adiabatic process.



UTC on 8 October. The pseudo-equivalent potential
temperature is a useful way of identifying different
air masses over the Australian continent. The key
feature in the analysis is a tongue of moist tropical
air, characterised by relatively high pseudo-equiva-
lent potential temperatures, extending southward
from the northern corner of Western Australia to the
centre of the heat low (Fig. 3(a) and (b)). The west-
ern edge of the warm tongue coincides with one of
the lines of enhanced cyclonic relative vorticity dis-
cussed above. Around 1200 UTC (2130 CST) the

eastern flank of the warm tongue crosses Alice
Springs, while a strong gradient in pseudo-equiva-
lent potential temperature develops on the western
side (Fig. 3(c)). Calculations (not shown) indicate
that the development of these strong gradients is
almost wholly due to deformation and divergence.
As the ridge advances northwards, a strong gradient
develops between the warm tongue and cooler drier
continental air (Fig. 3(d)). This boundary reaches
Alice Springs at around 1745 UTC on 8 October
(0415 CST on 9 October).
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Fig. 2 Sequence of ECMWF analyses of potential temperature at 925 hPa at six-hourly intervals from (a) 0000 UTC
to (d) 1800 UTC on 8 October 1998. Contour interval is 4 K. Regions where the potential temperature gradient
exceeds 3 x 10-6 K m-1 are shaded.



Figure 4 shows a sequence of 925 hPa, wind field
analyses from the ECMWF at six-hourly intervals
corresponding to the fields shown in Figs 1, 2 and 3.
At 0000 UTC on 8 October the dominant feature over
the continent is the cyclonic circulation marking the
heat low centred around (26°S, 127°E) (Fig. 4(a)).
Subsequently, the cyclonic circulation moves north-
eastwards towards Alice Springs (Fig. 4(b), (c)).
Figure 4(a) also shows the anticyclonic circulations
associated with the regions of high pressure over east-
ernAustralia and to the south of WesternAustralia. As

the latter anticyclone moves eastwards over the Great
Australian Bight, a strong southerly airstream devel-
ops, feeding cooler air mainly towards the heat low
(Fig. 4(b)), and over a broader region towards the heat
trough that encircles the northern part of the continent
at later times (Fig. 4(c),(d)). The southerly flow is
directed mostly across the isobars, and therefore has a
significant ageostrophic component. This strong
southerly ageostrophic wind is consistent with the
strong ridging, and will be reinforced by the cross-
isobaric flow induced by surface friction.
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Fig. 3 Sequence of ECMWF analyses of pseudo-equivalent potential temperature at 925 hPa at six-hourly intervals
from (a) 0000 UTC to (d) 1800 UTC on 8 October 1998. Contour interval is 4 K. For reference, regions where
the potential temperature gradient exceeds 3 x 10-6 K m-1 are shaded.



The passage of the heat low at Alice
Springs
We focus now on the passage of the heat low at Alice
Springs. Time series of the temperature, dew-point
temperature, pressure, wind speed and wind direc-
tion at Alice Springs on 8 October 1998 are shown in
Fig. 5.

Two distinct airmass changes are recorded, the
first at about 1310 UTC (2240 CST) and the second at
about 1745 UTC (0315 CST 9 October). The first
change is accompanied by an abrupt temperature fall
of about 8°C, a sharp rise in dew-point temperature of
about 8°C, and a sharp pressure rise of about 4 hPa.
Although the temperature falls with the arrival of the
first change, the increased moisture results in a rise of

Fig. 4 Sequence of ECMWF analyses of horizontal wind at 925 hPa at six-hourly intervals from (a) 0000 UTC to (d)
1800 UTC on 8 October 1998. The arrow below each panel corresponds to a wind speed of 15 m s-1. For refer-
ence, regions where the potential temperature gradient exceeds 3 x 10-6 K m-1 are shaded.
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about 8K in the pseudo-equivalent potential tempera-
ture. From this perspective, the first change has some
of the characteristics of a warm front. The first change
also brings an abrupt fall in wind speed and a change
in wind direction from a north-northwesterly before
the change to a north or north-northeasterly. During
the period between the two changes, the wind speed
remains light, but the pressure falls steadily.
The second change is accompanied by a further,

but smaller temperature fall, a sharp fall in dew-point
temperature, comparable with the rise accompanying
the initial change, a large steady increase in pressure,
and a freshening and backing of the wind, which
becomes south-southeasterly. The wind changes dur-
ing the period from 1200 to 1800 UTC (Fig. 5) are
consistent with the passage of a cyclonic vortex (the
heat low) through Alice Springs as analysed in Fig.
4(c). The second change, which is accompanied by a
19K fall in the pseudo-equivalent potential tempera-
ture, marks the arrival of a strong cold front. The
warm moist strip of high pseudo-equivalent potential
temperature air between the two changes is similar to
that documented by Reeder et al. (2000), and appears
to be a relatively common feature of frontal passages
in the region. The cold front that arrived at Alice
Springs was not forecast and was not connected with
a front or parent low to the south.

The structure of the change lines at
Alice Springs
This section examines the broadscale structure of the
two change lines as depicted by the ECMWF analy-
ses and compares these analyses to the surface
observations.
Figure 6 shows a zonal cross-section of potential

temperature, pseudo-equivalent potential temperature
and meridional wind through 25°S. The analysis time
is 1200 UTC, which is a little more than an hour
before the first change passed through Alice Springs.
At this time the heat low is centred at about (25°S,
133°E). Figure 6(a) shows that the heat low is warm
cored, and Fig. 6(b) shows that its centre coincides
with a narrow region of warm moist air extending to
a height of about 650 hPa. Presumably this high pseu-
do-equivalent potential temperature air originated to
the northwest and had been wound into the low from
the southwest (Fig. 3(c)). The cross-section also
shows a cyclonic circulation around the heat low
which decreases with height.
While the broadscale agreement between the sur-

face observations and the ECMWF analysis is very
good, the analyses are unable to resolve both change
lines. The analyses show a single potential tempera-
ture fall on the southwestern side of the strip of high
pseudo-equivalent potential temperature air. Of
course, this is not surprising as the analyses are coarse
(0.5°) relative to the spacing between the two change
lines (~ 4.5 h x 10 m s-1 = 162 km).
Figure 7 is a meridional cross-section along 130°E

showing the meridional wind, potential temperature
and pseudo-equivalent potential temperature at 1800
UTC; this is close to the time at which the second
change arrived at Alice Springs. At this time the sur-
face cold front is located at about 25°S and is associ-
ated with a deep baroclinic zone (Fig. 7(a)). There are
strong pre-frontal northerlies and strong post-frontal
southerlies just below 900 hPa. The cross-section of
pseudo-equivalent potential temperature (Fig. 7(b))
shows the post-frontal airmass is more than 500 hPa
deep, and is approximately neutrally stable to pseudo-
adiabatic parcel displacements.

Conclusions
This paper has examined the structure of a mobile
heat low using ECMWF analyses and surface obser-
vations taken at Alice Springs. As far as we are aware
this is the first time such a development has been doc-
umented. The observations showed two pronounced
surface changes associated with the passage of the
heat low. The first change increased the pseudo-
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Fig. 5 Time series of surface measurements of tem-
perature (T in deg. C), dew-point temperature
(Td in deg. C), pseudo-equivalent potentialtemperature (θθe in K), pressure (p in hPa),wind speed (V in m s-1) and wind direction at
Alice Springs on 8 October 1998. Times are in
UTC.



equivalent potential temperature at Alice Springs,
even though the surface temperature fell with its pas-
sage. In contrast the second change marked the lead-
ing edge of a much deeper, colder and drier airmass,
and consequently the pseudo-equivalent potential
temperature fell sharply.
The change was not forecast, and at present there

are no conceptual models of this type of development
to assist the forecaster. Nonetheless, the development
appears to be consistent with existing ideas concern-
ing the formation of pre-frontal troughs. In particular,
it is thought that pre-frontal troughs develop when
heat troughs and heat lows are elongated by the syn-
optic pattern of deformation associated with an
approaching cold front from the southwest.
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equivalent potential temperature at 1800 UTC
on 8 October 1998. Contour intervals are 3 K
and 5 m s-1.
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