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Recent progress towards understanding cold fronts in the Australian region is re-
viewed, with emphasis on the summertime ‘cool change’ of southeastern Australia.
We discuss a conceptual model for the cool change, based on observational data
obtained during the Australian Cold Fronts Research Programme (1979-1987), and
relate this to theoretical ideas that have emerged from numerical model studies. The
importance of synoptic-scale frontogenetic forcing, and the role of strong diabatic
heating on frontal behaviour are stressed. Orographic influences and the develop-
ment of the ‘southerly buster’ along the east coast of New South Wales are discussed
in the light of field measurements and recent modelling studies.

The presence of a pre-frontal surface-based stable layer can lead to the generation of
a bore-like disturbance which moves ahead of the air mass change. The passage of
the bore brings about a sharp rise in pressure, a strong, but in some cases temporary
wind surge, and frequently an abrupt rise in temperature. The latter is caused by the
downward mixing of potentially warm air by turbulence at the bore. Such disturb-
ances appear to be common a few hours before sunrise over the continent, but
renewed diabatic heating during the day removes the stable layer and the bore
decays. Accordingly, cold fronts over the continent show a marked diurnal variation
in structure. Over the sea, bore-like disturbances are likely to be most pronounced
during the daytime when there is a hot offshore pre-frontal wind. Recognition of this

type of behaviour is important for a correct analysis of fronts.

Introduction

In late spring and summer, the passage of cold
fronts across southeastern Australia regularly
brings welcome temperature falls as strong, hot
and dry northerly winds from the continent are
replaced by much cooler southwesterly winds of
Southern Ocean origin. Surface temperatures in
the northerlies range typically between 25°C and
40°C and occasionally, especially in late summer,
temperature falls of more than 10°C in a few tens
of minutes are observed. For this reason, cold
fronts in the region are referred to aptly as ‘cool
changes’. About half of all summertime changes
are dry, the absence of precipitation being a reflec-
tion of the relatively low humidity of the pre-
frontal air mass. This dryness explains also why
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severe frontal thunderstorms are relatively un-
common over South Australia and Victoria. How-
ever, the interaction of fronts with the coastal
dividing ranges between Melbourne and Sydney
in the presence of more humid air to the east of the
ranges can lead to severe thunderstorms along the
south coast of New South Wales. On occasion the
interaction leads also to a particularly extreme
frontal squall, with or without precipitation,
known locally as the ‘southerly buster’ or
‘burster’.

Weather forecasters in Australia have long been
aware that conceptual models developed over the
years for fronts in the northern hemisphere are of
limited value in the Australian region in late
spring and summer. For one thing, the typical syn-
optic situation is locally very different, as is the
configuration of land and sea in comparison with,
for example, Western Europe or the United States
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and Canada.* While it is true that cold fronts af-
fecting southeastern Australia are always connec-
ted with a poleward parent cyclone, the cyclone
centre is generally far south of the continent in
summer and frontogenesis occurs locally in the col
region between ridges extending from the sub-
tropical anticyclones over the Indian Ocean and
Tasman Sea (Fig. 1). Even these ridges lie south of
the continent in summer. Warm fronts associated
with the parent cyclones are virtually never ob-
served over Australia in summer. The other
unique feature of the region is the large land-sea
temperature contrast across a long and predomi-
nantly east—west coastline separating a dry sub-
tropical continent equatorward from an extensive
cool ocean area poleward. This feature may be
presumed to have a powerful influence on fronto-
genesis in the region. Although these special fea-
tures have been recognised for a very long time
(see e.g. Lammert 1932), it is only recently that a
conceptual model has been developed for the Aus-
tralian summertime ‘cool change’.

During the last decade, considerable progress
has been made in understanding the structure and
dynamics of ‘cool changes’. This came about
through the stimulus of the Australian Cold

Fig.1 Mean sea level isobaric analysis with 1000-
500 hPa thickness lines (dashed, in decametres)
superimposed for a typical summertime situation
in the Australian region. Prominent features are
the surface cold front over southeastern Aus-
tralia, sandwiched between two anticyclones. Hot
continental northerly flow precedes the front with

cooler maritime southwesterlies behind.
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* It is noteworthy, however, that the climate and geography of
southern Europe and northern Africa are similar in many re-
spects to that of southern Australia. It would be interesting to see
whether the fronts that cross southern Europe and northern
Africa have similar dynamics and structure to their Australian
counterparts.

Fronts Research Programme (CFRP) that was in-
stigated in 1979 and ran for a total of eight years
(Smith et al. 1982; Ryan 1982, 1983; Ryan et al.
1985). The purpose of this article is to review the
advances in understanding that emanated from
the CFRP and related programs, many aspects of
which were influenced by our late colleague, Reg
Clarke, to whose memory our review is dedi-
cated.

Historical perspective

An early, but interesting synoptic description of
cold fronts in southern Australia is given by
Lammert (1932) who noted the significant differ-
ences between the situation there and that in
western Europe. Although her analyses were
based exclusively on surface data over the conti-
nent, Lammert was aware of all the features of the
‘cool change’ described above. She discussed the
‘southerly buster’ which affects Sydney, describ-
ing this as the most pronounced case of a squall
front. She stated that the mountain chain which
runs in the vicinity of the coast considerably in-
creases the frontal intensity, since the pre-frontal
westerly winds are heated as they descend adia-
batically to the coast; moreover, the cold air is first
held up by the mountains before surging north-
ward along the coast. Lammert discussed also a
case in which ‘the cold air succeeds as far as the
tropical region so that even the Gulf of Carpen-
taria region is affected by an incursion of cold air’.
This raises questions about the structure and be-
haviour of cold fronts over continents in low lati-
tudes which we address in a later section.

In the years following World War II, attempts
were made to systematise southern hemisphere
frontal analysis (Clarke 1954), making full use of
what meagre data were then available. Later
between 1953 to 1959, special observations were
carried out to examine surface features and the
low-level structure of the summertime cool
change (Berson et al. 1957, 1959; Berson 1958;
Clarke 1961). The term ‘change’ was used by these
authors to describe a transition zone between
warm and cold air in which one or more surface
discontinuities ‘with the appearance of fronts’ oc-
curred within a few hours of each other. The dis-
continuities were subsequently referred to as
‘change lines’.

Berson et al. (1957) analysed the frequency,
movement and certain structural features of these
cold fronts. They found that two and sometimes
several change lines frequently accompanied the
main trough, the final change being usually the
most pronounced. Fewer than 50 per cent of
changes were associated with significant rainfall.
They inferred from their analyses that differential
heating between land and sea played an influen-
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tial role on frontal behaviour. Over a wide coastal
region, single and leading changes tended to arrive
over land stations in the afternoon, consistent
with a diurnal variation of the speed of the front
deduced from synoptic analyses. The variation in
speed, which had an afternoon maximum, was
explained in terms of the diurnal variation in the
horizontal pressure field produced by differential
heating between hinterland and sea. They empha-
sised the deficiencies of the classical air mass
model of fronts, noting in particular the tendency
for changes to move faster than the low-level nor-
mal component of the wind behind them. Berson
(1958) showed that the vertical structure of some
leading changes had features in common with
gravity currents, including the elevated head and
a post-change relative flow towards the head at
low levels.

Berson et al. (1959) analysed a number of case
" studies which point to the role of a ‘coastal front’
in the development of at least some changes, a
factor alluded to in their earlier paper. The term
‘coastal front’ refers to the marked baroclinic zone
that forms just offshore when the wind blows from
land to sea, typical of the pre-frontal airflow in
southern Australia. Figure 2, reproduced from
Berson et al., shows the structure of this baroclinic
zone in a particular case study. The hypothesis
appears to be that the leading change-line is as-
sociated with the inland movement of this zone in
response to the changing pressure gradients ac-
companying the approaching trough. In essence,
we might interpret the leading change as a sea-
breeze, subject to a particular configuration of
time-varying synoptic and/or frontal-scale forc-
ing. This view finds support in the comprehensive
observational study by Clarke (1961) in which the
vertical structure of several dry cold fronts and
sea-breeze fronts was documented and compared.
The most important difference lay in the vigor of
the circulation and the depth of the cold air,
whereby ‘breezes’ that are forced tend to be
deeper and stronger than those that are unforced.
Except in one case, both kinds of change had a
post-frontal region with positive relative flow,
consistent with Berson’s study, but this region was
limited in extent, evidence that the flows were not
steady.

Berson et al. (1957, 1959) suggested that some
change lines are propagating pressure-jump lines,
essentially travelling hydraulic bores on surface-
based or elevated inversions as envisaged by Free-
man (1951) and Tepper (1950). An understanding
of how such disturbances might be generated has
emerged from recent studies of the morning glory
phenomenon in northeastern Australia (Smith
(1988) and references; see also later discussion
herein and the accompanying article by Christie
(1992)). This is also an area in which Dr Clarke
made pioneering contributions.

The advent of the satellite era in Australia at the

Fig.2 Cross-sections of a coastal front in Bass Strait
constructed from instrumented aircraft flights
between Moorabbin and King Island. (From Ber-.
son et al. 1959.) (a) The afternoon of 21 February
1955, and (b) the afternoon of 22 February 1955.
The solid lines represent potential temperature in
degrees Fahrenheit while the heavy dashed lines
represent mixing ratio (g/kg). The dot-dashed
lines show the flight paths to King Island while
the dotted lines show the return flight paths to
Moorabbin.
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end of 1963 brought about a major boost to
southern hemisphere synoptic analysis and in par-
ticular to our ability to identify cold fronts ap-
proaching from the Southern Ocean. However,
important as they were, these new data were not
always easy to interpret. Sometimes the surface
front was difficult to locate with any precision,
either because the presumed frontal region was
obscured by upper-level cloud, or simply because
the cloud features were not able to be interpreted
in terms of a suitable conceptual model.

In 1977, under the auspices of the Royal
Meteorological Society’s Australian Branch, a
workshop was organised to review the subject of
fronts with emphasis on frontal systems that af-
fect the Australasian region. The proceedings of
the workshop were published in two volumes
(Royal Meteorological Society 1977). Two years
later the CFRP was established.
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An important component of the CFRP was a
series of major field experiments carried out in
southeastern Australia in the late spring and early
summer of 1981, 1982 and 1984 to investigate the
structure and behaviour of the summertime cool
change. We shall refer to these experiments as
Phase I, II and III, respectively. A related exper-
iment, SUBOP (Southerly Buster Observational
Project) was carried out late in 1983 to investigate
the evolution of fronts as they move along the
southern coast of New South Wales towards Syd-
ney. The findings from the three experimental
phases of the CFRP together with those of related
theoretical and numerical model studies are dis-
cussed below. Results emerging from the SUBOP
experiment and the theoretical studies that fol-
lowed are then reviewed, where reference is made
also to a recent study of a related phenomenon in
New Zealand. A brief review of Australian sum-
mertime cold fronts and the southerly buster has
been given recently by Baines (1990).

The discovery in the early 80s that some morn-
ing glory bore waves in the Gulf of Carpentaria
region originate from the south raised the possi-
bility that they might be initiated by cold fronts
(Smith et al. (1986) and references; Christie
(1992)). This led to questions concerning the
structure and behaviour of cold fronts over cen-
tral and northern Australia about which little had
been documented. In September 1988 a small
pilot experiment was organised to investigate
these questions (Smith and Ridley 1990) and it
was followed in September 1991 by a more com-
prehensive experiment, CAFE (Central Aus-
tralian Fronts Experiment). The results of these
experiments, the former which we shall refer to as
pre-CAFE, will be summarised later.

We conclude our review with a discussion of
some outstanding problems that await solution.

Observations and conceptual model
for the cool change

The CFRP was by far the most comprehensive
observational program to focus on cold fronts in
Australia. Analysis of data collected during the
first two field phases of the program led to the
development of a useful conceptual model for the
front-trough systems that cross Australia during
the late spring and summer. Later work, including
the analysis of data from Phase 111, has confirmed
the relevance of this model (Garratt 1988).

The conceptual model is described in detail by
Wilson and Stern (1985) and Ryan and Wilson
(1985), who suggested that the kinematics of the
cool change may be understood simply in terms of
four distinct airstreams. A schematic represen-
tation of these airstreams on isentropic surfaces,
relative to a moving cold front, is shown in Fig. 3.

Fig.3 Schematic representation of the isentropic flow
relative to an observed moving cold front. Flow is
shown on (B) 295K, (A) 305K and (C) 315K sur-
faces. (From Wilson and Stern (1985). Repro-
duced with permission of the American Meteoro-
logical Society.)
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The principal component of the flow on the 305K
isentropic surface is labelled A in this figure. Air
parcels follow a trajectory which originates in a
confluent region over the Tasman Sea before sub-
siding and turning anticyclonically southwards
around the thermal ridge. This hot northerly air-
flow ascends from the continental boundary layer
and is analogous to the warm conveyor belt ident-
ified as being a prominent feature of northern
hemisphere fronts (see Browning (1985) and ref-
erences). However, unlike its northern hemi-
sphere counterpart, it is relatively dry, so that the
pre-frontal cloud base is generally high, typically
about 700 hPa.

The pre-frontal part of the airstream on the
295K surface, labelled B in Fig. 3, originates
ahead of the surface front, but, in contrast to the
warm conveyor belt, has a more easterly maritime
trajectory. Consequently this airstream, termed
the cold conveyor belt, has a lower value of wet-
bulb potential temperature than does the warm
conveyor belt. Parcels follow a trajectory which
ascends while moving southwestwards before
crossing the surface front beneath the warm con-
veyor belt. The post-frontal part of the airstream
on this isentropic surface turns cyclonically be-
hind the surface front while subsiding. In general,
this post-frontal cold air has been drawn from two
distinct regions. It may have originated well ahead
of the surface front and been part of the cold con--
veyor belt, or it may have subsided from upper
levels while turning cyclonically around the upper
trough. This is perhaps the feature of the concep-
tual model that shows the greatest variability from
case to case.
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At upper levels on'the 315K surface, a north-
westerly flow (relative to the moving front) is
evident. This flow has relatively low wet-bulb
potential temperature and generally caps the
pre-frontal middle-level cloud. In the United
Kingdom, where the pre-frontal warm conveyor
belt tends to be much more moist than in Aus-
tralia, the confluence of the descending dry mid-
level airstream behind the front and the ascending
warm conveyor belt airstream almost invariably
leads to potential instability and middle-level

"~ convection. Despite the relative dryness of cool

changes, mid-level convection is still commonly
observed during spring and early summer along
the warm conveyor belt.

The conceptual model is based on a synthesis of
observations and provides an understanding of
the kinematics of summertime cold fronts and
their attendant weather features. However, it does
not take into account dynamical constraints. A
dynamical basis for the model is discussed in later
sections.

During the late spring and early summer the
cool change is characterised by a broad baroclinic
zone, known as the frontal transition zone (FTZ),
in which several change lines may be embedded,
the final line marking the arrival of the cold air
mass. This type of change has been referred to as
Type I by Garratt (1988) and Fig. 4 shows its sche-
matic structure (Garratt et al. 1985). Notwith-
standing the relative dryness of cool changes in
comparison with those fronts studied in the
northern hemisphere, moist processes can play a
significant role in springtime fronts. Stratiform
precipitation occurs frequently in both the warm
and cold air while rainbands and squall lines may
be found in the pre-frontal warm air (see Physick
et al. (1985) for a case study of a particular pre-
frontal squall line that occurred ahead of a front
during Phase Il of the CFRP). While precipitation
is relatively common in the warm pre-frontal air,
most of it evaporates in the dry subcloud-layer air
and consequently very little reaches the surface.
Such evaporative cooling below cloud base fre-
quently leads to the formation of shallow pre-
frontal change lines in the FTZ which may ob-
scure the final synoptic change. Indeed, Ryan et
al. (1989) show that at times evaporative cooling
may be the dominant process in the development
of the change. They analyse a case (18 November
1984) where the synoptic front is greatly weak-
ened by evaporative cooling and a new baroclinic
zone is established several hundred kilometres
ahead of it.

In some cases, moist processes appear to play

_only a minor role, especially in mid-summer and
late-summer fronts, which normally exhibit a

single well-defined change line without a complex

.FTZ. However, strong diurnal heating of the Aus-

tralian continent appears to be a crucial element
in the dynamics of this kind of front. which

Flg 4 Schematic representation of the subsynoptic
structure of a cool change along YX in Fig. 3. L;
and L; refer to the initial and-final lines of
change. A, B dand C indicates the positions of the
305, 295 and 315K surfaces. Northerlies are
shown by an encircled dot while southerlies are
indicated by an encircled cross. (From Ryan and
Wilson (1985). Reproduced with permission of
the American Meteorological Society.)
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Garratt (1988) has referred to as Type II. Some-
times a particular front may be characterised by a
single dry change inland while possessing a more
complex multiple line structure near the coast or
nearer the parent cyclone centre. This character-
istic appears to be related to the variation of
moisture and surface heat flux along the front and
is discussed further in a later section.

The streamline analysis in Fig. 4 shows that the
relative cross-front flow is substantially from
warm to cold air. As expected, the pre-frontal
along—front flow is northerly changing to southerly
in the post-frontal cold air. Garratt et al. (1985)
showed that the maxima of vorticity and potential
temperature gradient are located to the rear of the
FTZ, and that the maximum frontogenesis takes
place in the FTZ ahead of the final line.

Two of the most striking differences between
summertime cold fronts in Australia and those
that have been studied in the northern hemi-
sphere are: (a) the shallowness of the cold air, and
(b) the lack of associated upper-level baroclinic-
ity. A time-height cross-section of potential tem-
perature derived from serial radiosonde ascents is
displayed in Fig. 5. As seen in this figure, the cold
post-frontal air is confined below about 700 hPa
and is capped by a strong inversion. Above the
inversion the isentropes are essentially horizontal
indicating little baroclinicity. Another note-
worthy feature of Fig. 5 is the ‘cold dome’ at about
500 hPa just ahead of the surface cold front. Ryan
and Wilson (1985) suggested that this feature was
associated with convection in the FTZ.
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Fig. 5 Composite of insentropes for summertime cool
change. Contour interval is 2°C. (Adapted from
Ryan and Wilson (1985). Reproduced with per-
mission of the American Meteorological So-

ciety.)
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We present now data gathered on two spec1ﬁc
cool changes taken from Garratt (1988). Theé first
cold front crossed southeastern Australia during
Phase Il of the CFRP on 23 November 1984 and is
typical of cool changes observed at that time of
year (Type I). The second example is the Ash
Wednesday bushfire cold front of 16 February
1983 and is representative of the more intense late
summertime changes (Type II). Figures 6 and 7
pertain to each.cold front respectively and show
the MSL pressure analysis, the GMS* visible sat-
ellite imagery, the surface pressure trace, the ane-
mograph trace, and a time-height cross-section of
potential temperature. Note that the potential
temperature cross-section shown in Fig. 7 is actu-
ally that for a cold frontal passage on 12 December

1983 and not that for the Ash Wednesday front
" because high resolution radiosonde data were not
available for the latter.

As is invariably the case, both cool changes de-
veloped in the trough between two broad anti-
cyclones with the warmest air immediately ahead
of the change. Note that two cold fronts have been
analysed on the MSL pressure chart for the Ash
Wednesday event. Although such an analysis is
common during mid and late summer, there ap-
pears to be little basis for it. The more easterly
analysed front marks the wind and temperature
change whereas the analysis of the second front
appears to be based chiefly on cloud interpret-
ation and on grounds of continuity with prevnous
analyses. In our opinion this kind of analy51s is
misleading and does not fit with the emerging dy-
namical view of Type II cool changes.

* Japanese Geostationary Meteorological Satellite

The anemograph traces and the pressure traces
highlight the key differences between the two
classes of cool change. As can be seen in Figs 7(c)
and 7(d), the Ash Wednesday cold front is charac-
terised by an intense single well-defined change
line. In contrast, the springtime cold front com-
prises several wind changes and pressure jumps in
the trough (or FTZ) ahead of the final line (F)
which marks the onset of the cold air mass. Unlike
the Ash Wednesday cold front, in this case the
cooling commenced several hours before the pass-
age of the final line (see Fig. 6(e)). The leading
change lines are associated with convection, the
cloud bands being indentifiable in Fig. 6(b). In
contrast, the Ash Wednesday cool change is dry.
Reférence to the MSL pressure analysis again
suggests that in this case the pre-frontal air orig-
inated over the centre of continent whereas in the
springtime case the pre-frontal air probably orig-
inated over the Tasman Sea.

Frontogenesis and the large-scale
environment

The modern theory of adiabatic inviscid fronto-
genesis is now well established .and rests chiefly
upon the pioneering work oT Sawyer (1956),
Eliassen (1959, 1962), Stone(1966), Williams and
Plotkin (1968) and Hoskins and Bretherton
(1972). In brief, frontogenesis is initiated by de-
formation in the synoptic-scale wind field. Defor-
mation acts to advect fluid parcels relative to each
other, a process which may produce a locally
strong gradient in temperature and velocity (a
graphic example is given by Welander (19593)).
Any change in the horizontal temperature gradi-
ent is accompanied by a vertical circulation which
serves to maintain thermal wind balance, at least
across the front, and allows the frontogenesis to
proceed in a quasi-balanced fashton. This circu’
lation is imponant because it-€nhances the con-
vergence in the warm air 1mmed1ately ahead of
the surface front, thereéby accélerating the rate at
which the surface front intensifies. In fact,
Hoskins and Bretherton have shown that it is this
circulation that is responsible for producing a sur-
face discontinuity in a finite time. (For a review,
see Hoskins (1982)). The vertical circulation has
at least two further important effects on the fron-
togenesis. Firstly, on the warm side of the front,
air parcels in the ascending branch of the circu-
lation cool adiabatically; likewise air subsiding in
the cold air warms adiabatically. The effect is
most pronounced at mid-levels where the vertical
motion is generally greatest and tends to counter-
balance any increase in the temperature gradient
due to synoptic-scale deformation at these levels.
Thus, fronts are usually found at the surface or
near the tropopause where the vertical motion is
reduced and frontogenesis is therefore unopposed
by adiabatic heating and cooling. The other im-






