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Cold air outbreaks, characterised by unseasonably low maximum temperatures,
occurring over Melbourne between May 1972 and June 1991 have been identified
and examined using an air parcel trajectory model and data from observations dur-
ing the period of the outbreak events. Using a definition based on the long-term
climatology of the region, thirteen outbreaks were identified during the study
period.

The cold air pool source regions for each outbreak were examined via the use of the
air parcel trajectory model using the assumption of travel along isobaric surfaces.
Mean sea-level pressure patterns, the temporal behaviour of the maximum tem-
perature surrounding an outbreak, three-hourly basic observational data and the
determined isobaric trajectories were used to analyse the nature of each Melbourne
outbreak.

It has emerged that air of recent Antarctic origin is not a feature common to the
majority of outbreaks examined. It is also apparent that characteristic synoptic
patterns are associated with cold outbreaks over the Melbourne region. These
have been grouped into three categories, ‘classic’, warm front, and blocking anti-
cyclone type. In the mean there is identifiable atmospheric organisation around the
Antarctic continent associated with the events.

Introduction

Cold air outbreaks are known to affect much of
southern Australia (Hannay 1959) and many
other regions of the world such as North America
(Mortimer el al. 1988; Konrad and Colucci 1989)
and eastern China (Joung and Hitchman 1982;
Lau and Lau 1984). They are characterised by
unseasonably low daily maximum temperatures
lasting one or two days. Melbourne (37°49’S,
144°58’E), the most southerly mainland Australia
State capital, is prone to occurrences of cold air
outbreaks which might be thought to be the result
of the influx of air of recent high latitude, or even
Antarctic, origin. Such outbreaks are often associ-
ated with extreme conditions in elements such as
precipitation and high winds.
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Outbreaks occurring in the northern hemi-
sphere (NH) have received greater attention
than those in the southern hemisphere (SH) with
particular focus on forecasting such events
(Dallavalle and Bosart 1975; Joung and
Hitchman 1982; Mortimer et al. 1988; Konrad
and Colucci 1989) and-the:study of cold air out-
break characteristics such as air-sea interaction,
boundary-layer evolution and synoptic feature
development (Agee and Howley 1977; Lau and
Lau 1984; Sethuraman el at. 1986; Hartjenstein
and Bleck 1991). Other studies of note have mod-
elled particular events (Stage and Businger 1981;
Yuen 1985; Sun and Hsu 1988) and analysed vari-
ables that determine the character of a cold air
outbreak (Boers and Melfi 1987; Claud et al.
1992). It is important to note, however, that these
NH studies relate to particular regions (and
unique synoptic influences) and hence findings
are expected to be specific to those regions. An
example of this is east Asian coastal outbreak
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events where the cold air is Siberian continental
polar air that has experienced little modification
whilst travelling overland towards .the coast,
unlike Melbourne outbreaks where air masses
would be expected to be modified whilst travel-
ling over the ocean towards.mainland Australia
(Pook 1992). Indeed Mo et al. (1987) found cold
air breaks originating from Antarctica are associ-
ated with strong fluxes of latent and sensible heat
which serve to modify the characteristics of the
outbreak air mass.

There have been very few studies examining the
outbreak phenomenon over southern Australia.
Elliot (1989) considered a July 1986 event (as
does Pook (1992)) as it related to Tasmania only.
Taylor and Stern (1982) examined the 31 May
1977 outbreak over Victoria but concentrated on
snowfall prediction and distribution whilst synop-
tic features received only brief discussion. They
also presented a limited amount of data on thir-
teen outbreaks over Melbourne between 1849 and
1969. Hannay (1959) examined the synoptic
characteristics of cold air outbreaks affecting
Adelaide, Perth, Hobart and Melbourne, and
included some analysis of the origin of the air in
these outbreaks. However, the utility of his work
islimited by a very short period of data (two years)
and shortcomings in the analyses and trajectory
methods employed.

In this comprehensive study we identify the
occurrence of cold air outbreaks over Melbourne
during a 20-year period from 1972 to 1991. We
determine the origin of the cold air using air parcel
trajectories (and hence, in particular, address the
question; are outbreaks the result of cold air
coming straight from Antarctica?) and study
mean sea-level pressure (MSLP) patterns and sur-
face temperature properties with an eye to ¢lassi-
fying outbreaks in terms of their establishing
factors and features.

Definition of a cold air outbi'eak

There is no standard definition of a ‘cold.out-
break’ and many are used in the literature. Some
are fairly simplistic, such as that of any day with a
surface temperature (Wayland and Raman 1989)
or 850 hPa temperature (Hannay 1959) below
0°C, or days upon which short-term changes in
surface temperature, surface pressure and surface
wind speed and direction are observed (Lau and
Lau 1984). These definitions take no account of
the long-term average conditions of the study
region, especially in terms of temperature.This is
considered to be important for Melbourne out-
breaks as they are unusual and infrequent occur-
rences which must be reflected in their definition.
The classification of periods as outbreaks that,
although cold, are not unusual with respect-to
often experienced weather events is common in
literature of cold air outbreak definitions.

Many authors use qualitative criteria involving
more than one atmospheric property to define
cold outbreaks. Elliott (1989), for example,
defines an outbreak as ‘a surge of unseasonally
cold air across the State [Tasmania] together with
substantial precipitation falling as snow to low
levels. As well, strong winds with low humidity are
features.’ Taylor and Stern'(1982) define outbreak
days relative to ‘typical features’ while Joung and
Hitchman (1982) define an outbreak across East
Asia as ‘a mass of cold Siberian air advancing
southeastwards across the .East Asian coast,
accompanied by strong northerly winds.” These
definitions are obviously subjective and region-
ally specific.

It is important that an outbreak be regarded as
cold relative to the mean pertaining to the
location and time of year. The use of a single fixed

‘temperature, at whatever level of the atmosphere,

or a qualitative checklist to define an outbreak
occurrence in practice means that no summer
outbreaks, especially over Australia, will be so-
identified. In investigating outbreaks in-general,
the restriction of events to a particular season
would-not permit, for example, possibly fruitful
comparison of the synoptic structure of summer
and winter outbreaks. Hence a full examination of
outbreak properties requires a definition that is
not restricted to season but which still recognises
the statistical significance of each outbreak occur-
rence so that the outbreak is indeed distinguished
from the - mean. -Mortimer el al. (1988) use a con-
dition-based upon the drop.in temperature ‘to or
below a critical value’ but do not elaborate on this
or clarify whether théir -critical temperature
depends:on season. Konrad and Colucci (1989)
use a criterion that is felt to be physically.and stat-
istically realistic in selecting true cold air outbreak
episodes-that are significantly anomalous to the

‘mean. 850-hPa conditions. ...

The definition of a cold air outbreak in this
research

In this study, a cold air outbreak is considered to
have occurred when

Tmax < Tcri(
where

Tcril = Tmax'Kc

In the above, T, is the maximum (screen)
temperature for.the day in question, T, is the
Melbourne average maximum :temperature for
the calendar month (these means have been cal-
culated from the daily data collected ‘by the
Bureau of Meteorology .which cover the.period
May-1:855 to June 1991), o is the daily standard
deviation.of the population, also.calculated from

.the entire record for each month; and.x is taken to
“be 2.0. If the temperature time series:was-station-

-ary-and its distribution normal, this choice for k
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would ‘result’ in cold outbreaks occurring on 2.28
per cent of days. Hence this choice would be
expected-to indicate events which are genuinely
extreme, yet will occur sufficiently frequently so
as to provide.a set of case studies of sufficient size
to allow reliable analyses of the general properties.
Table 1. shows the average, standard deviation
and the derived critical temperature for .each
month.

Table 1. Monthly statistics used in the definition of a
Melbourne cold air outbreak:.

Monthly Tpae () 0(C) T ()
January 25.8 6.2 13.4
February 25.7 5.8 14.1
March 23.8 53 13.2
April 20.0 4.5 1.0
May 16.6 3.0 10.6
June 13.9 2.2 9.5
July 13.3 2.1 9.1
August 14:8: 2.6 9.6
September 17,1 3.5 10.1
October 19.5 4.5 10.5
November 21.8- 5.3 11.2
December 24:I 5.9 12.3

In this study our aim-is not'simply to identify
cold outbreaks but to analyse the synoptic types
associated with them. Hence we cannot conduct
our study over the entire period for which Mel-

bourne observations have been made, but must.

confine ourselves to the period over which
reliable and. time-continuous southern hemi-
sphere analyses are available. Among the best
such analyses- are those produced by the Aus-
tralian Bureau of Meteorology (e.g. Guymer
1986). The:daily data analyses, used for the air
parcel trajectories and average MSLP analyses to
be discussed later, are for 2300 UTC and available
on a 47x47 polar stereographic grid covering all of
the SH for-the: period May 1972 to November
1991. This gives an effective resolution of typi-
cally 500 km. The dataset contains geopotential
height, wind (u-and: v)-and temperature infor-

mation on six:pressure levels (1000, 850, 700; 500;.

200 and. 100 hPa) for the years 1972 to- 1975
inclusive. An extra; pressure level (250 hPa) is
included in the-set for the three variables for the
remaining years up.to and including 1991. Water
vapour mixing ratio; presented on the four lowest
levels, and MSLP are included over the complete
record period. Thirteen cold air outbreaks were
found to have occurred: over this 20-year period
and their dates. and characteristics are.given- in
Table 2.

Table 2. Cold air outbreaks over Melbourne in the
period May 1972 to June 1991 and their
associated maximum and minimum tempera--

tures.
Outbreak date T (°C) Tin (°C)
7 July,; 1972* 8.8 5.0
9 June 1973§ 9.3 1.7
7 July 1973% 0.4

8 July 1973%

19 June 1975%

31 May 1977%

18 July 1982*

29 June 1983§

19 July 1983*

13 September 1983§
3 July 1984*

25 July 1986*-

1 July 1990§.

Q0 00 ~1\D 00 00 00 00 ~3 ~ ~)
LNoOLULLWLWLEN
NN NGB WS AN
Puar—voORULL

It is interesting to note that most outbreaks
occurred in the periods July 1972 to July 1973
(four events) and July 1982 to July 1984 (five
events) and three occurred in 1973 and in 1983. It
may at.first appear surprising that July experi-
enced. the greatest: number of outbreaks (eight)
whilethree occurred in June and one in both May
and-September since from the assumption of nor-
mality. for each- monthly temperature distri-
bution, cold outbreaks would be expected to occur
2.28 per-cent of the time (i.e..158 events over the
19 years or about 13 in each calendar month).
This: deviation from what might have been
expected can be explained via the examination of
the. frequency analyses of the daily maximum
temperatures-for each month and local warming
trends. The frequency analyses show that while
some months display a normal-type distribution
(such as June and July shown in Fig. 1), most
months have a positively skewed-type pattern (for .
example January and March as also shown in Fig.
1). This skewness, greatest during the summer
months, and the associated relatively high stan-
dard‘deviations, makes it very ‘difficult’ to obtain
temperatures two standard deviations below the
mean as this is either below the lowest tempera-
ture ever experienced for that month (such as
apparent for: January; February and March) or

.above only the rarest-of events over the 136 years

of record: Hence the nature of our definition is
such that few or no ‘cold outbreaks’ occur over
Melbourne in summer.

The distributions were closest to normal in the
winter months, particularly June and July, but the
number of events which have been identified is
still.less-than the 13 expected. The reason for this
is due to the presence of warmer than average tem-
peratures.during.the study period. As can be seen
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Fig. 1 Frequency analyses of daily maximum temperatures for all January, March, June and July days at Melbourne
since records commenced in 1855. N is the number of cold outbreaks occurring in the month between 1972 and

1991.

Temperature frequency analysis for January (N=0)
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from Table 3, the average winter month tempera-
tures during the interval considered in this
research were above the long-term climatological
averages. These differences are significant con-
sidering the outbreak condition (T,) is derived
from the long-term average but we are only
searching the temperature data of the last 20
years. Hence it is considerably ‘harder’ to satisfy
the outbreak criterion during this warmer interval

Temperature frequency analysis for March (N=0)
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and this results in the low number of events ident-
ified. When considering only the data from the
years 1972 to 1991, the outbreak critical tempera-
ture differs significantly from the long-term cri-
terion with the result that six ‘outbreaks’ are
selected for May, a very large 11 for June and nine
for July. Therefore, the warmer nature of the
study period is particularly significant for these
months.
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Table 3. The long (1855-1991) and short (1972-1991)
term characteristics of T,,,.

T nax (°C) June July August
1855-1991 13.92 13.30 14.83
1972-1991 14.29 13.74 15.12
Difference 0.37 0.44 0.29

Cold outbreak air parcel trajectories

In this paper we perform trajectory analyses for all
the cold outbreaks to determine the origin of the
air. The accuracy of derived trajectories is often
determined by the spatial and temporal resolution
of data observations (Doty and Perkey 1993)
and errors associated with data measurement
(Danielsen 1975). Methods employed to analyse
observed information and transfer that infor-
mation into a gridded dataset (Danielsen 1975),
assumptions necessary in the determination of the
trajectories, such as the form, whether isobaric,
isentropic, ‘isosigma’ etc., in which the data will
be used (Danielsen 1961, Kuo et al. 1989), and
interpolation techniques (Law 1993) also affect
trajectory accuracy. The trajectory model used in
this research is that developed by Law (1993) and
uses wind fields centred on 2300 UTC that are
cubically interpolated in space and linearly in
time, in conjunction with a fourth-order Runge-
Kutta method. The procedure is described in
detail in the appendix. More frequent data would
have made the air parcel tracking easier and poss-
ibly eliminated a few problems which resulted
from the sampling interval.

Horizontal trajectory methods

Even though the assumption that ‘horizontal’ tra-
jectories follow isentropic rather than isobaric
surfaces may be thought more reasonable in
theory, this is not necessarily true in all applica-
tions. The fact that the input trajectory data are
often on isobaric surfaces enhances the usefulness
of the assumption of atmospheric travel along
constant pressure surfaces. In this study the iso-
baric 1000 and 850 hPa pressure levels were
chosen as trajectory surfaces since 1000 hPa is the
lowest pressure level at which analyses are pre-
sented and is considered to be most representative
of a near-surface level, whilst 850 hPa is approxi-
mately at the boundary between the surface wind
regime and that of the upper winds relatively free
from local surface effects (Dayan 1986). Before
deciding to use isobaric surfaces for our trajectory
analyses we wished to establish that our results
would not differ significantly from those we
would obtain on isentropic surfaces. After con-
sideration of a number of cases it was apparent

that the isentropic trajectories were essentially the
same as the isobaric counterparts and had there-
fore failed to reveal any large errors associated
with the isobaric assumption. Others (e.g. Kuo et
al. 1985; Kahl et al. 1989) have found that ‘the
trajectories [isobaric and isentropic] are nearly
equivalent at least for the purpose of identifying
an upwind source region.’ In general, the greatest
overall differences between the isobaric and isen-
tropic trajectories were apparent for air parcels
originating from latitudes greater than 55°S.
These differences were largest in terms of the
longitude of the origin location and highlight the
behaviour of isentropic surfaces in high latitudes
of the globe. However, in our study the geographi-
cal location of the origin of the air parcels is of
more importance than the height. The compar-
able cold outbreak air parcel origin results, the
ease of use of the isobaric technique, its minimis-
ation of computational cost and qualitatively
similar results led to it being selected in this
research.

Isobaric trajectory results

The six-day isobaric trajectories to Melbourne for
all thirteen events at both the 1000 and 850 hPa
pressure levels are shown in Fig. 2. The July 1982
(190782) and 1983 (200783) trajectories are for
the day after the outbreak event since the south-
westerly airstream, known to have initiated the
outbreak, became established over Melbourne
after the 2300 UTC data analysis time used by the
trajectory model. These winds persisted into the
day after the outbreaks before changing direction
soon after the trajectory time. As is clearly
revealed for both levels, cold air outbreaks are not
always the result of surges of, or indeed recent,
Antarctic air. Only two events, those of 19 July
1982 and 25 July 1986 (250786), also investigated
by Elliot (1989) and Pook (1992), are found to
originate from Antarctica. The air in these out-
breaks, for both levels, was found to have been
over the Antarctic continent as little as four days
before the outbreak occurred, but we can see that
they are not typical.

As the trajectories on the two levels near Mel-
bourne, they seem to divide themselves into three
types: parcels from either an easterly sector, a
south to southwesterly sector or a west to north-
westerly sector. Analysis, to be discussed later,
shows these trajectories to be related to three dif-
fering synoptic scenarios which are each represen-
ted by a contrasting line type in Fig. 2. The
trajectories on the 1000 hPa surface appear to be
less organised and more erratic than those at
850 hPa. The scatter of trajectories does not
reveal any obvious difference in the southerly
extents between the two levels with some events,
such as July 1972, originating from higher lati-
tudes at 850 hPa whilst others, such as July 1984,
show the opposite to be the case. Hence a general
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statement as to the preferred height of the cold air
as it moves towards and arrives at Melbourne is
not possible but may be linked to the apparently
different synoptic scenarios.

Fig. 2 Melbourne cold air outbreak six-day isobaric
parcel trajectories on the 1000 hPa (a) and 850
hPa (b) levels. Solid lines represent ‘classic’-type
outbreaks, short dashed lines are ‘warm front’
outbreaks and long dashed lines are ‘blocking
anticyclone’ outbreaks.

The characterisation of Melbourne
cold air outbreaks

. As stated above, the trajectory analysis suggests
that Melbourne outbreaks exist as three distinct
outbreak types. This was confirmed by examining
the MLSP analyses accompanying the outbreaks
and we henceforth refer to them as ‘classic’ cold
air outbreaks, warm front outbreaks and blocking
anticyclone outbreaks. We discuss these below.

‘Classic’ cold air outbreaks

The outbreaks which occurred on 7 June 1972,
31 May 1977, 18 July 1982, 19 July 1983, 3 July
1984 and 25 July 1986 (denoted by * in Table 2)

‘'were associated with quite strong and very cold

south to southwesterly airstreams. In what we call
‘classic’ outbreaks, these events were initiated
over Melbourne after the passage of cold fronts
across Victoria. The synoptic evolution of the July

. 1984 event shown in Fig. 3 provides a typical

example. The MSLP analyses show the recent
passage of a cold front with a southwesterly air-
stream in its wake. An dnticyclone located in the
vicinity of the Great Australian Bight, which is
rather elongated due to the influence of two cyc-
lonic systems located on either side of the the
high, is associated with a strong ridge of high
pressure.

The composited evolution of the six ‘classic’
types is shown in Fig. 4. Two days before the out-
break day it shows a distinct wave-type disturb- .
ance in the flow with a relatively weak ridge,
located to the southwest of Western Australia.
The Indian Ocean anticyclone associated with the
ridge moves to the east and amalgamates with a
large high centred over northern New South
Wales. As the ridge and anticyclone system moves
eastwards, a large low pressure system develops to
the south of Tasmania and establishes a south-
westerly airstream across southeastern Australia.

The very low temperatures experienced in this
situation do not last very long due to the rapid
passage of the cold pool behind the mobile cold
front. The cold air is usually dry but quite
unstable. As a result, these events are all associ-
ated with significant cloud amounts throughout
most of the daylight hours. The observed clouds
were mostly of the cumuliform type, with cumu-
lonimbus observed during the May 1977 and July
1986 events, and rain and snow down to low levels
were observed during each of the events. Snow fell
in Melbourne during the 1984 and 1986 out-
breaks. There was little overnight cloud (except
for the 1986 event), contributing to long wave
cooling of the near-surface air and resulting in low
overnight temperatures (Table 2).

Typical characteristics of the Melbourne maxi-
mum temperature with time relationships for the
classic outbreak type are shown in Fig. 5 for July
1986. Those obtained for the July 1983, 1984 and .
1986 cases all displayed a sudden drop to the out-
break temperature before quickly recovering, con-
sistent with the speed of the cold fronts associated
with this outbreak type. The 1977 and 1982 out-
breaks display a more gradual drop in tempera-
ture to the outbreak minima while the results for
1972 display no definite relationship. The 1982
(Fig. 6) plot suggests the existence of a precursor
outbreak (as discussed in Mortimer et al. 1988)
whereby the temperature falls to a minimum, rises






