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1.   INTRODUCTION 
 

Cold air outbreaks (henceforth referred to as 
COs) occur in many areas around the world.  These 
extreme cold events can influence many facets of 
society.  The most documented impact of COs is 
economic damage to the agriculture sector, 
particularly the coffee industry in South America 
(Fortune and Kousky, 1983; Marengo et al., 1997) 
and the orange industry in North America.  (Rogers 
and Rohli, 1991; Colucci et al., 1999).  The Australian 
fruit industry has also experienced adverse impacts of 
COs (Emergency Management Australia, 2008),  
however the number of studies focusing on Australian 
COs is quite small compared with research conducted 
elsewhere. 

 While wintertime CO occurrence is more 
often associated with frosts, snow and similar crop-
damaging phenomena, anomalous cold days can 
have an impact on society regardless of the season in 
which they occur.  In South America summer time 
COs are the dominant mode of precipitation variability 
(Garreaud and Wallace, 1998), while Australian 
research suggests that  many elements of industry 
such as grazing and wool growing can be adversely 
affected by a CO occurring during the warmer months 
(Simmonds and Richter, 2000).  It is therefore 
important to study year round CO occurrence.  

The primary mechanism behind COs is a 
surface anticyclone/cyclone dipole located over the 
affected region. A strong geostrophic wind anomaly 
between the two systems is created, forcing cold 
advection and an equatorward incursion of high 
latitude air (see Konrad, 1998 for North America; 
Simmonds and Richter, 2000 for Australia; Marengo 
and Rogers, 2001 for South America).   An example 
of this is shown in Figure 1 which presents the mean 
sea level pressure (MSLP) and 925hPa vector winds 
associated with a CO in Melbourne on December 25, 
2006. This particular CO resulted in the coldest 
December day in Melbourne for 50 years, with a 
maximum temperature of 14.5°C.   

While the pressure dipole pattern is similar 
regardless of the season and region in which it occurs 
few studies have examined the paths travelled by 
these systems in order to identify their characteristic 
genesis locations, trajectories, and lifespans in the 
lead up to a CO event (Pezza and Ambrizzi, 2005; 
Ashcroft et al., 2009).  

 
 
 
 
 
 

COs over South and North America are 
intensified by the presence of the Andes and Rocky 
Mountains respectively, with the mountains creating a 
channeling effect and forcing the cold air further 
equatorward (Hartjenstein and Bleck, 1991; Colle and 
Mass, 1995; Garreaud, 2000; Vera and Vigliarolo, 
2000; Garreaud, 2001; Pezza and Ambrizzi, 2005).  
It is important to note that despite the absence of a 
large mountain range in Australia, COs have still 
influenced large areas of the continent, and can reach 
subtropical latitudes (Pezza and Simmonds, 2008). 

 
Figure 1: MSLP (shaded, in hPa) and 925 hPa vector 
wind (streamlines) associated with a Melbourne CO 
which occurred on December 25th, 2006.  

 
COs are intrinsically associated with the 

amplification of baroclinic energy wave patterns.  
Several studies have identified wave trains which 
develop from convective or other perturbations 
generating gravity waves that will teleconnect to the 
extratropics and propagate long distances before 
ultimately forcing equatorward incursion (Krishnamurti 
et al., 1999; Marengo et al., 2002) while others point 
to the interaction between, and superposition of, 
synoptic scale waves in the midlatitudes as possible 
reasons for wave pattern amplification (Konrad, 1996; 
Marengo et al., 1997; Krishnamurti et al., 1999; Müller 
and Berri, 2007).   

In this work, we examine the nature of 
Australian COs in several ways.  Initially, a definition 
is developed that will identify COs in all seasons over 
the east and west of southern Australia, represented 
by Melbourne and Perth. From this, a hemispheric 
synoptic climatology of cyclones and anticyclones 
associated with these outbreaks is produced and 
dissected. Next, the average large scale atmospheric 
situation and wave amplification mechanisms 
associated with the COs are explored.  Finally, the 
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climate variability of these extreme events is 
examined in order to identify possible frequency and 
intensity trends.   
 
 
2.  DATA AND METHODOLOGY 

 
A percentile dependent temperature-based 

definition was used to identify CO occurrence in 
Melbourne and Perth.  Days with maximum 
temperatures in the bottom 0.4th percentile for each 
month were classified as COs.  Observed daily 
maximum temperatures for the period January 1st 
1958 to December 31st 2006 were taken from the 
Australian Bureau of Meteorology high quality dataset 
for the Melbourne regional office observation station 
(37.81°S, 144.77°E, WMO number 948680) and the 
Perth Airport observation station (31.93°S, 115.98° E, 
946100).  The definition subsequently identified 80 
COs for Melbourne and 83 for Perth over the 48 year 
study period.   

The state of the art Melbourne University 
Tracking Scheme (henceforth referred to as MUTS) 
was employed to plot CO associated system tracks. 
(Murray and Simmonds, 1991a, b; Simmonds and 
Keay, 2000; Simmonds et al., 2003; Pezza and 
Ambrizzi, 2005).  The scheme tracks the trajectory of 
both cyclonic and anticyclonic systems using MSLP 
data and also calculates valuable system statistics 
such as density (SD) and depth (DP).  SD gives the 
number of cyclones or anticyclones present in a given 
area, while DP represents the pressure difference 
between the centre and the edge of a system and 
gives a good indication of the relative influence of a 
system (Lim and Simmonds, 2007; Pezza et al., 
2007).  Six hourly MSLP reanalysis on a 2.5° by 2.5 ° 
grid from the ERA-40 dataset developed by the 
European Centre for Medium-Range Weather 
Forecasts (ECMWF) (Uppala et al., 2005) for 1958-
2001 was used for plotting system tracks with the 
MUTS. The National Centers for Environmental 
Prediction/National Center for Atmospheric Research 
(NCEP/NCAR) revised online reanalysis set (Kalnay 
et al., 1996; Kistler et al., 2001)  was used for 
atmospheric circulation analysis and to identify the 
systems associated with the defined COs. The 
identification of each cyclone and anticyclone 
associated with the COs was completed by 
diagnosing the systems geostrophically associated 
with the cold surge on a case by case basis as in 
Pezza and Ambrizzi (2005).   

Sea surface temperature (SST) anomalies 
associated with CO occurrence were calculated  by 
comparing NOAA surface skin temperature data 
(equivalent to SST values over the ocean) to a 
quadratic regression curve fitted to the data for a 90 
day period centred over each outbreak day, and then 
taking the average for the seven days leading up to 
outbreak day.   

 
 
 

3. SYNOPTIC CLIMATOLOGY OF SYSTEM 
TRAJECTORIES 
 

Figures 2 and 3 shows the anticyclone and 
cyclone tracks associated with Melbourne (Figure 2) 
and Perth (Figure 3) COs from 1958-2001.  The 
darker tracks indicate the path taken by each system 
before CO occurrence, while the lighter tracks trace 
the path described by the systems after CO 
association. The mean, or ‘centre of gravity’, of the 
set of system locations was evaluated for every six 
hours for as long as the number of systems present 
was greater than five.  This average track is plotted in 
grey. The mean location of the systems on outbreak 
day has also been marked, as well as the median 
genesis location. 

 

 
 
Figure 2: System tracks for anticyclones and 

cyclones associated with cold outbreaks in Melbourne 
from 1958-2001. The dots on the tracks give the 
location of the system centre every six hours.  The 
blue tracks (a) are those of the anticyclonic systems, 
with the dark blue showing the pre-outbreak path and 
the light blue giving the post-outbreak movement. The 
red tracks (b) give the paths of the cyclonic systems, 
with the red showing the pre-outbreak migration and 



the orange representing the post-outbreak 
progression. The average path is shown in grey. The 
green and yellow circles mark the average location of 
the anticyclonic and cyclonic pressure systems 
respectively on outbreak day. The green and yellow 
squares give the median genesis point for the 
anticyclonic and cyclonic pressure systems 
respectively (adapted from Ashcroft et al., 2009) 

 
 

 
 
Figure 3: As Figure 2 but for Perth. 

 
The anticyclone tracks are confined to a 

smaller and less variable phase space than cyclone 
tracks for both cities, with the anticyclones following a 
clear arc within 30-60°S. The Melbourne anticyclone  
‘cloud’ lies slightly poleward of the Perth ‘cloud’, due 
to the more southerly location of Melbourne. The CO 
associated cyclones conversely vary greatly in the 
paths taken, with tracks ranging from polar to tropical 
origins for outbreaks in both cities, particularly Perth.  

The solo tropical cyclone track identifiable in 
the Melbourne track cloud is that of Tropical Cyclone 
(TC) Nancy, which was associated with the coldest 
summer CO for the study period, in February 1990.  

The anticyclone which made up the dipole with TC 
Nancy is that of the anomalously long track from 
South America, clearly visible among the anticyclone 
track ‘cloud’ in Figure 2a. Additionally, the movement 
of the system northward over South America is 
consistent with the path taken by systems associated 
with COs in Argentina and Brazil (Pezza and 
Ambrizzi, 2005), suggesting that a teleconnection 
between South America and Australia through wave 
amplification mechanisms cannot be discarded as an 
important feature of Australian COs.  

It is worth pointing out these systems, as this 
particular CO represents an interesting case of 
planetary scale wave interaction.  In particular, the 
presence of TC Nancy moving towards higher 
latitudes illustrates the importance and influence of 
extratropical transition in the Australian region (Dare 
and Davidson, 2004; Pezza and Simmonds, 2008; 
Garde et al., 2009).   
 

3.1 System Density 
 
The average location on outbreak day for 

Melbourne CO associated systems correlates well 
with the areas of maximum system density shown in 
Figure 4a and b. This correlation illustrates that there 
is much less spatial variation of the system locations 
on outbreak day than there is before and after CO 
occurrence. The remaining regions of anticyclone 
density coincide closely with the average anticyclone 
system track. The cyclone SD pattern echoes the 
average system track post-CO; however no density 
pattern in seen to the west of the 130°E. This resu lt 
shows quantitatively that the path taken by the 
cyclones pre-CO is much less consistent than that 
taken by the anticyclones.   

The average location of the anticyclone 
associated with Perth COs on outbreak day also 
corresponds well to the area of highest density 
identified in Figure 4c.  The area of highest cyclone 
density for Perth shown in Figure 4d is located further 
north than the average outbreak day location, with a 
second, smaller density peak corresponding to this 
location. This SD pattern shows the higher level of 
tropical interaction associated with Perth COs.  
Additionally, this plot suggests that CO associated 
cyclones originating from lower latitudes follow a 
consistent path.  

 

3.2 Track Characteristics 

 
   The mean and standard deviation of 

system track duration in days (TD), distance travelled 
in kms (DT) and speed in km day-1 (SP) were 
calculated and plotted in Figure 5.  To interpret these 
results relative to the climatological means, averages 
of these parameters were calculated for all systems 
occurring over the study period which passed through 
a 5° by 5° box located over the average system 
location on outbreak day.   



 
 
Figure 4: System density of anticyclones and 
cyclones associated with cold outbreaks in Melbourne 
(a, b) and Perth (c, d) from 1958-2001.  Coloured 
contours show the mean number of systems found in 
a 103 (° lat) -2 area over the study period. Note that the 
scale size is different for each system type (from 
Ashcroft et al., 2009) 
 

Figure 5a shows that anticyclonic systems 
associated with Perth COs have life spans around 
15%  (or one day) longer than those associated with 
Melbourne COs before CO occurrence, while after the 
cold surge the opposite relationship occurs with 
Melbourne associated systems living over 30% longer 
than Perth  systems.  The cyclones associated with 
COs in both cities travel for much longer after CO 
occurrence than before, with systems living  over 3 
days or 150% longer for Melbourne and 50% longer 
for Perth.  This is presumably due to the interaction 
between the systems and the cold air mass as well as 
intensification associated with poleward progression. 
From the climatological TD averages, Melbourne CO 
associated anticyclones and cyclones exhibit a life 
span up to 50% greater than the average, non CO 
associated systems.  

 Examining the distance travelled by the 
systems in Figure 5b yields a similar pattern as TD.  
The CO associated anticyclones travel over 70% 
further before CO interaction than after for Perth, 
while the CO associated cyclones travel  almost twice 
as far after CO interaction than before for both cities.  
Although this pattern is similar to the climatology, the 
difference is greater, suggesting that the interaction 
with a cold air mass intensifies CO associated 
systems, promoting a longer track length as well as a 
longer lived system.  The anticyclones also travel on 
average over twice the distance than the cyclonic 
systems pre-CO, indicating that they are more local in 
nature. The Melbourne anticyclones display TD 
values that are on average 37% greater than the 
climatological averages. 

The SP plot in Figure 5c shows that CO 
associated anticyclones travel faster before CO 
interaction than afterwards for both cities (9% faster 
for Melbourne and 36% for Perth).  Perth associated 
anticyclones exhibit speeds 22% greater than those 
associated with Melbourne COs before CO 
interaction. Turning to the CO associated cyclonic 
systems, a 14% faster than climatological average 
speed is observed before CO interaction for both 
cities.  
 

3.3 Depth 
 

For Melbourne, an anomalous increase in 
DP (compared with the 1958-2001 climatology) is 
observed around the average location of the cyclones 
on outbreak day, with a ‘tongue’ of positive DP 
anomalies of up to 3 hPa present in the Tasman Sea.  
A slight anomalous DP increase (around 1 hPa) in the 
anticyclones around their average location on 
outbreak day is also apparent, as well as an area of 
greater DP anomaly over the southern Indian Ocean. 
No anticyclone DP anomaly is present over 
Melbourne however.  This is a consequence of 
energy dispersion associated with the demise of the 
CO. 

For Perth COs, it was found that while the 
DP anomaly pattern of the anticyclones is comparable 
to those of Melbourne, the cyclones are around 1 hPa 
less anomalous.  The spatial pattern for Perth COs is 
similar. The anticyclone DP distribution shows a 
region of maximum depth around 10°S of the system 
location on outbreak day, and also suggests an 
intensification of the few anticyclones which continue 
to travel south-eastward after being associated with a 
cold incursion in Perth. A non-anomalous pattern is 
also present over the outbreak region, strengthening 
the suggestion made for Melbourne that the 
anticyclones weaken after being associated with a CO 
due to the presence of the coupled cyclone in that 
area.  

 
  



 
 
Figure 5: The average value and standard deviation 
of track duration (TD, a), distance travelled (DT, b) 
and system speed (SP, c) of pre- and post- CO track 
components for CO associated systems and 
climatologically similar, non CO associated systems 
(from Ashcroft et al., 2009). 
 
 
4. LARGE SCALE STRUCTURE AND 
TELECONNECTION 

4.1 Surface and upper level patterns 
 

Examining the surface pressure pattern over 
the Southern Hemisphere, the main feature is the 
positive and negative anomaly components of the 
dipole present over the outbreak region on outbreak 
day.  A smaller positive anomaly to the east of the 
dipole is also apparent.  For both Melbourne and 
Perth cases, the positive anomaly associated with the 
anticyclone component of the dipole can be identified 
from five days before outbreak occurrence (day -5) 
approaching Australia from the west. What is also 
common between the two cities is the apparent 

weakening of the anticyclone anomaly and 
strengthening of the cyclone anomaly from day -1 to 
day 0 (outbreak day).  The increase in cyclonic 
intensity when the wave is approaching the continent 
is partially a response to enhanced local baroclinicity. 
This would be due to the interaction of the southerly 
maritime flow with continental air and also with 
tropical/extratropical interaction features typically 
present in the Australian region.   

Analysing the 300hPa geopotential height 
anomalies reveals a wave train over the southern 
Indian Ocean associated with Melbourne and Perth 
COs  from about  five days before CO occurrence, 
initialising over 120° from the CO affected area.  This 
train propagates slowly eastwards, amplifying on 
outbreak day with the large negative anomaly centred 
over the affected region.  While the waves observed 
were similar for CO occurrence in each city, the same 
wave patterns were not found to be responsible for 
COs on the east and west side of Australia.  

The annual 300hPa vector wind composites 
from day -2 to outbreak day for Melbourne and Perth 
present a large wave pattern in the subpolar jet which 
amplifies over the CO affected regions on day 0. This 
equatorward ‘bulging’ of the jetstream results in an 
increased strength of the subtropical jet to the north of 
the CO affected area. The merging of the two jets 
over the CO affected region is seen for both cities 
although an increase in wind strength at the wave 
peak is seen for Perth as compared with Melbourne, 
as well as less clearly defined jetstreams.   

The jet merging discussed above is similar to 
that identified by Vera and Vigliarolo (2000), who 
found interaction with synoptic scale subpolar and 
small scale subtropical wave patterns to be 
associated with COs that reached tropical regions in 
South America.    Overlaying the MSLP anomalies 
with the 300hPa streamlines shows a clear guiding 
influence of the subpolar jetstream to the MSLP 
patterns identified earlier. The results found here are 
consistent with those who find CO occurrence to be 
the result of wave train amplification and large 
orographic forcing (Colle and Mass, 1995; Vera and 
Vigliarolo, 2000). The absence of a large mountain 
range in the Australian region indicates that a 
synoptic wave train is capable of causing an extreme 
CO on its own. While orography and other factors do 
influence the intensity of COs, the wave pattern itself 
is the primary energy driver.   
 

4.2 Role of sea surface temperature 

 
 Figure 6 shows the associated SST 
anomalies for COs in Melbourne summer (a) and 
Perth winter (b) over the relevant areas, calculated as 
described in section 2.  The regions additionally 
marked with a cross are significant at the 90% level. 
For both cities, a wide, consistent region of negative 
SST anomalies is present over a similar area to the 
arc of anticyclone tracks shown in Figures 2 and 3.  
Areas of slightly positive SST anomalies are also 



apparent over the region occupied by the cyclones on 
and around outbreak day, even in the subtropical 
regions frequented by Perth CO associated systems.  
The anomalies are modest (less than 0.2°C) but are 
statistically significant over broad regions, not only in 
the seasonal plots but also annually. The presence of 
the negative anomalies may partly explain how the 
anticyclone systems were maintained over such a 
long distance, via reinforcing the subsidence for wave 
train intensification over the Indian Ocean. The 
positive anomalies can also assist in intensifying the 
cyclones as they approach CO interaction. 

These results identify a significant 
relationship between SST values and outbreak 
associated systems.  These findings offer a new 
factor for consideration when examining the dynamics 
of CO occurrence, and also indicate the influence of 
climate and oceanic changes on COs. This becomes 
increasingly important as SSTs are predicted to warm 
differentially over various regions in future years 
(Trenberth et al., 2007). 
 

 
Figure 6: Average surface skin temperature 
anomalies over ocean for the seven days before a CO 
in Melbourne (a) and Perth (b).  Areas marked with a 
cross indicate regions of 90% significance. Contours 
are given in °C (from Ashcroft et al., 2009).  
 
 
5. TRENDS 
 

The frequency analysis of the 80 COs 
identified from 1958-2006 for Melbourne and the 83 
identified for Perth reveal negative trends over the 
period for both cities which are significant at the 95% 
level. 

The negative frequency trends could be 
influenced by several factors.  One possibility is the 
UHI effect over the study period resulting in an 
artificial increase in environmental temperature which 
made cold events warmer and thus harder to identify 

using the definition employed.  However, the negative 
trend is present for both Melbourne and Perth, even 
though the Perth temperature data used was obtained 
from the weather station at Perth Airport.  This station 
is 9.8km from the Perth Metropolitan station and has 
been used in previous research as a source of rural 
data to examine the Perth UHI (Camilloni and Barros, 
1997).  

Another possible cause is an increase in 
climatological average temperatures.  An examination 
of the seasonal average maximum temperatures at 
the two stations over the research period shows a 
significant increase in average temperature for all 
seasons apart from summer.  These trends mean that 
the percentile based definition used has a slight bias 
towards the earlier years of the period, as it would be 
‘easier’ to satisfy the CO definition fifty years ago than 
today.  The increasing environmental temperature 
therefore could account at least partially for the trends 
observed. However, if the reason for the negative 
frequency trends was as simple as a warming 
background temperature resulting in warmer 
temperature extremes, one would expect to see a 
decrease in CO intensity over the study period.  
Examining the deviations of the maximum 
temperature on outbreak day from the monthly mean 
maximum temperature for each CO, which are a good 
indication of relative outbreak intensity, reveals no 
such pattern. A small decrease in outbreak intensity is 
present for autumn outbreaks in both cities, with the 
Perth autumn trend being significant at the 95% level.  
This is relevant as autumn precipitation in Perth has 
also been decreasing (Hope et al., 2006).  It must be 
concluded therefore that while an increasing 
environmental temperature may play a role in the 
decrease of COs identified over the last 48 years, it 
cannot fully explain the negative frequency trend 
identified as there has not been a consistent change 
in CO intensity.  

These findings suggest that there is in fact a 
decrease in the frequency of COs occurring over 
southern Australia, with the eastern side of the 
country experiencing a more rapid decline than the 
west. It is not that recent outbreaks are warmer than 
earlier events, or that they are being missed by the 
definition due to urban heating influence, it seems that 
the frequency of the synoptic dipole pattern and 
associated cold incursions is decreasing.  
 
 
6. CONCLUSIONS 
 

There are many different elements involved 
in the occurrence of a CO. The fundamental 
mechanism of the surface pressure dipole is crucial in 
maintaining the equatorward geostrophic flow. The 
synoptic systems comprising this dipole were found to 
be anomalously deep.  They were also identified on 
average as being anomalously long in duration and 
track length.  The anticyclones in particular were 
found to cover large distances before and after being 
associated with a CO.  This was found to be 



associated with a small but significant negative SST 
anomaly over much of the genesis and propagation 
regions, which may have assisted the systems in their 
extended lifespans via intensifying the subsidence 
over key areas of the Indian Ocean.   

Wave trains amplifying over the CO affected 
region on outbreak day were identified as associated 
with the surface pressure dipole. The synoptic scale 
waves associated with these Australian COs can be 
identified several days before CO occurrence and 
represent clear planetary interaction. These wave 
patterns are similar to those identified in previous 
studies of CO occurrence. However in those studies, 
COs were attributed to a combination of wave 
amplification and orographic forcing. As this forcing is 
present to a lesser extent over the Australian region, 
our results suggest that wave train amplifications on 
their own are enough to induce CO occurrence.  
Another important feature observed for the Australian 
region was the involvement of initially tropical cyclonic 
systems.   

The frequency of the COs identified indicate 
a negative trend in outbreak occurrence in both 
Melbourne and Perth. This was associated with a 
number of factors, including the inability of the CO 
definition to identify more recent outbreaks due to an 
increase in environmental temperatures. While these 
results highlight the difficulty in developing a CO 
definition that is not influenced by regional, seasonal 
and environmental temperature variations, they do not 
discredit the findings of this study.   The relative 
intensity of the COs identified was not found to be 
decreasing, and COs were still identified for recent 
years.   

Many other aspects of the initial ideas here 
proposed are going to be communicated in a 
manuscript currently under review in Journal of 
Climate, by Ashcroft and collaborators which 
proposes for the first time a broader view on large 
scale influences on cold surges in the Southern 
Hemisphere. 
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