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Table 5 shows that extreme heat has been responsible for
approximately 55% of all listed natural hazard fatalities
recorded in PerilAUS from 1900: more than any other natural

Australian Natural Hazards

Table 5 – Comparison of fatality totals with other
Australian natural hazards (from PerilAUS).
Natural hazard

Deaths
1900–2011

% total natural
hazard deaths
1900–2011

Extreme heat
Flood
Tropical cyclone
Bush/grassfire
Lightning
Landslide
Wind storm
Tornado
Hail storm
Earthquake
Rain storm

4,555
1,221
1,285
866
85
88
68
42
16
16
14

55.2
14.8
15.6
10.5
1
1.1
0.8
0.5
0.2
0.2
0.2

Coates L., Haynes K., O’Brien J., McAneney J., and De Oliveira F. D. 2014. Exploring 167 years of
vulnerability: An examination of extreme heat events in Australia 1844–2010. Environ. Sci. Policy, 42,
33–44.

What is a Heat Wave?
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Table 3
Examples of more recent speciﬁc heatwave indices proposed in the climate science literature. While there are some commonalities between the indices, no two studies have used the same
index. This can make it very difﬁcult to compare changes in heatwaves at regional scales, particularly when interested in a number of characteristics.
Study

Index description

Heatwave characteristic measured

Meehl and Tebaldi (2004)
Meehl and Tebaldi (2004)

“Worst” 3-day event:—the hottest 3 consecutive nights per year
Exceedance index—longest period where maximum temperature is above the 97.5th
percentile for at least 3 days; average daily maximum temperature across the event is
over the 97.5th percentile; all days are above the 81st percentile.
AT105F—number of days where apparent temperature (relative humidity and
temperature combined) exceeds 40.6 °C
Multi-measurement index—periods of at least 6 days where maximum temperature
exceeds the calendar day 90th percentile (15 day calendar window). Per summer, the
total number of events; the hottest day of the hottest event; the length of the longest
event; and the sum of all heatwave days are calculated
CHT—combined hot days and tropical nights (see Table 1)
Periods of various length where daily mean temperature is above the 90th percentile
At least 3 days above the 98th percentile of maximum temperature

Intensity
Duration

Fischer and Schär (2010)
Fischer and Schär (2010)

Fischer and Schär (2010)
Vautard et al. (2013)
Schoetter et al. (2014)
Stefanon et al. (2013)
Nairn and Fawcett (2013)

Exceedance of the calendar-day (21-days) 90th percentile of maximum temperature
At least 3 consecutive days where temperature (the average of the maximum and
minimum) exceeds the climatological 95th percentile, and is anomalously warm
compared to the prior month

Frequency, intensity
Frequency, intensity, duration

Frequency, intensity
Frequency, intensity, duration and persistence
Cumulative intensity (calculated via mean intensity
and extent, as well as duration)
Spatial extent, duration
Intensity, duration, spatial extent

follow in the steps of ETCCDI, and move toward a consistent framework
magnitude of events were at least 3 consecutive days is above the
in which to measure heatwaves?
calendar-day 90th percentile for maximum temperature for 1981–
Most papers studying heatwaves state there is no universal deﬁni2010. This index can then be broken down into sub-heatwaves, and vartion in which to measure these events, however also state that they
ious calculations of magnitude. Stefanon et al. (2013) use the 95th perPerkins,
S. E.
2015. Awith
review
on theforscientific
of heatwaves
Their measurement,
driving
are prolonged
periods where- temperatures
are excessively hotter
than
centile of daily
temperature,
sub-categories
the length ofunderstanding
events
normal.
Despite
the
plethora
of
metrics
used
to
measure
heatwaves,
and their spatialmechanisms,
distribution. Coming
from
a
meteorological
perspecand changes at the global scale. Atmos. Res., 164-65, 242-267.
there are indeed some similarities across the board. Although an obvitive, Nairn and Fawcett (2013) combine daily minimum and maximum
ous one, all deﬁnitions consider at least one form of temperature
temperature into a single variable, and compare how anomalous a
(daily minimum, maximum or average). To consider prolonged events,
three-day averaged window is to the climatological 95th percentile, as

Heat Wave Statistics
Climatology of Australian heatwave characteristics using AWAP data set over 102 (commencing in years
1911–2012) extended summers (November to March).
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Figure 1. Climatology of Australian heatwave characteristics using AWAP data set over 102 (commencing in years 1911–2012) extended summers (November to
2
March). (a) Frequency of heatwave days, HWF (days). (b) Duration of the yearly longest heatwave, HWD (days). (c) Intensity of the hottest heatwave, HWA (°C ).
(d) Onset of the ﬁrst heatwave each year (days from 1st November.)
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Figure 1; grey in all other ﬁgures). We perform our analysis on a 0.5° × 0.5° grid, created via
bilinear interpolation from the original 0.05° × 0.05° grid. A heatwave season is deﬁned as November to
March, since high-impact events can occur outside the classical Austral summer months (i.e., December to

ENSO
Correlations between ENSO and HWF, HWD, HWA, and HWT, respectively, with hatching indicating
statistical significance.
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Figure 2. Correlation between each large-scale mode index and heatwave index. Large-scale modes indices are arranged in rows: (a–d) ENSO, (e–h) IOD, and
(i–l) SAM; and heatwave characteristics are arranged in columns: (a, e, and i) HWF, (b, f, and j) HWD, (c, g, and k) HWA, and (d, h, and l) HWT. Hatching indicates
statistical signiﬁcance at the 5% signiﬁcance level using the Kolmogorov-Smirnov test.

Perkins, S. E., D. Argüeso, and C. J. White. 2015. Relationships between climate variability, soil
moisture,3.2.
and
Australian
heatwaves.
J. Geophys.
Difference
in Heatwave
Composites
of ModeRes.,
Phases120, 8144 - 6164.
Figure 3 presents differences in composites of HWF, HWD, HWA, and HWT between El Niño and La Niña
(Figures 3a–3d), and El Niño and neutral (Figures 3e–3h) phases, deﬁned by Niño3.4. Spatial patterns are

Surface Sensible Heating
Correlations between antecedent soil moisture with HWF, HWD, HWA, and HWT, respectively, with
hatching indicating statistical significance.
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Perkins, S. E., D. Argüeso, and C. J. White. 2015. Relationships between climate variability, soil
moisture, and Australian heatwaves. J. Geophys. Res., 120, 8144 - 6164.

Fig. 12. Trends in the maximum summer heatwave length over Europe over 1880–2007. Red (black) indicate signiﬁcant (nonsigniﬁcant) trends at the 5% level. Trends are in days/decade.
Taken from Fig. 7d of Della-Marta et al. (2007b).

Recent Heat Wave Trends

its intensity has been linked to the preceding drought (Dole et al.,
2011; Matsueda, 2011; Grumm, 2011).
Over Australia, a small number of studies have addressed how
heatwaves have changed over time. From 1950–2013 the number of
heatwave days during each summer increased by 1–2 days/decade
over much of the continent (Fig. 13), with trends further increasing during the latter 40 years (Perkins and Alexander, 2013; Steffen et al.,
2014). The number of discrete events as well as heatwave duration

has also increased, however by a lesser degree, since both rely upon a
change in heatwave days. Signiﬁcant increases in peak intensity were
also detected for much of eastern Australia, and heatwaves occur earlier
over many regions (Perkins and Alexander, 2013; Steffen et al., 2014).
However, such changes are not uniform across the country, with some
locations experiencing large increases in heatwave days, and others in
intensity (Steffen et al., 2014). The most recent literature is qualitatively
in agreement with earlier studies that employ different deﬁnitions and

Trends in the number of heat wave days (November–March) between 1950 – 2013.
Units are in days/decade, hatching indicates significance at the 5% level.

Fig. 13. Trends in the number of heatwave days (during November–March) over Australia between 1950–2013. Units are in days/decade, hatching indicates signiﬁcance at the 5% level.
This is an updated version of Fig. 3 h in Perkins and Alexander (2013).

Perkins, S. E. and L. V. Alexander. 2013. On the measurement of heat waves. J. Clim., 26, 4500 – 4517.

Future Changes
1 AUGUST 2014

COWAN ET AL.

5859

FIG. 3. Summer heat wave metric increases over 2081–2100, compared to the 1950–2005 climatology, for (left)
RCP4.5 and (right) RCP8.5: (a),(d) HWF, (b),(e) HWD, and (c),(f) HWA. Stippling indicates where the 2081–2100
and 1950–2005 climatologies are not significantly different at the 95% confidence level (i.e., most regions are significant) based on a Mann–Whitney U test.

Cowan et al. 2014. More frequent, longer, and hotter heat waves for Australia in the Twenty-First
century. J. Clim., 27, 5851 - 5871.
(Alexander et al. 2013) results in a larger increase in
HWF and HWD compared to the southern regions. As

warming is most influential on the spatial variations of
heat waves. Again, trends over Tasmania oppose this

Southern Hemisphere Rossby Waves
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Time lagged composite on 350 K. (a) pv anomalies (PVU) (shaded). (b) meridional wind anomalies
(ms−1) (shaded), 200 mb geopotential height anomalies (purple contours).
Composite jet [20, 30, 40] ms−1 (green contours)
O’Brien, L., and M. J. Reeder. 2017. Southern Hemisphere summertime Rossby waves and weather
in the Australian region. Quart. J. Roy. Meteor. Soc., 143, 2374 – 238.
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geopotential height anomalies (purple contours). (b) Depth averaged diabatic heating.
O’Brien, L., and M. J. Reeder. 2017. Southern Hemisphere summertime Rossby waves and weather
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1 Day Prior to a SE Australian Heat Wave

(a)

Heat waves are characterised by upper-level anticyclonic anomalies, which evolve from
propagating Rossby wave packets generated upstream several days earlier.

(a)
(b)

(b)

3 days prior to fire weather
(c)

Meridional wind anomalies (shaded), jet [20, 30, 40] ms-1 (green contours)

O’Brien, L., and M. J. Reeder. 2017. Southern Hemisphere summertime Rossby waves and weather
in the Australian region. Quart. J. Roy. Meteor. Soc., 143, 2374 – 238.
(c)

Heat Waves Are Characterised by Upper-Level Anticyclones
S.E. Perkins / Atmospheric Research 164–165 (2015) 242–267
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g. 4. Observed upper-level high-pressure anomalies (500 hPa) during the heatwaves of (left) Chicago in 1995 and (right) Europe in 2003. Both anomalies are calculated against th
48–2003 monthly averages
of July,height
and August,
respectively,for
theheat
monthwaves
when thein
heatwaves
occurred. Taken
from
Fig. 3(right)
of MeehlEurope
and Tebaldi
(2004).
500 hPa
anomalies
(left) Chicago
1995
and
2003.

the soil moisture/temperature is challenging, however this coupling
Mueller and Seneviratne, 2012), where the relationship is stronger
certainly much tighter for temperatures of rare occurrence (Hirsch
here rainfall (and therefore soil moisture) is consistent and plentiful.
et al., 2011)—that is, soil moisture deﬁcit plays an integral role i
When soil moisture decreases in these regions, extreme temperatures
reaching very extreme temperatures. Over North America, desiccate
e more likely. In order for extreme summertime temperatures to
Meehl, G.A., Tebaldi, C., 2004. More intense, more frequent,
and longer lasting heat waves in the 21st
soil moisture is also found to have an inﬂuence on severe temperatur
ccur over Europe, the preceding winter and spring must be dry
century. Science 305 (5686), 994–997.
extremes (Diffenbaugh et al., 2005). Speciﬁcally, a severe rainfall deﬁc
Durre et al., 2000; Quesada et al., 2012). This causes antecedent dry
contributed to the 2011 Texas drought, where rainfall 8 months prior t
oil moisture conditions, and, when combined blocking highs, the posi-
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Rossby Waves are Potential Vorticity Gradient Waves
Pre-Black Saturday Heat Wave
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Parker, T. J., G. J. Berry, and M. J. Reeder. 2013. The structure and evolution of heatwaves over
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Parker, T. J., G. J. Berry, and M. J. Reeder. 2013. The structure and evolution of heatwaves over
southeastern Australia. J. Clim., 27, 5768 - 5785.
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Origin of the Upper-Level Anticyclone
Given that many parcels ascend to reach the upper-level anticyclone, what is the role of diabatic heating?

Parcels must
ascend to reach
the upper
anticyclone
(heating branch)
Parcels already at
the level of the
upper anticyclone
(cooling branch)

Mean height
(shading in hPa)
and spatial density
(black contours
every10-6 km-2) of
trajectories that are
involved in the
formation of upperlevel anticyclones
during
southeastern
Australian heat
waves.

Quinting, J. F., and M. J. Reeder. 2017. Southeastern Australian heat waves from a trajectory
viewpoint. Mon. Wea. Rev., 145, 4109 – 4125

Origin of the Upper-Level Anticyclone
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Quinting, J. F., and M. J. Reeder. 2017. Southeastern Australian heat waves from a trajectory
viewpoint. Mon. Wea. Rev., 145, 4109 – 4125

Heating branch at t = -24 h

(a) Spatial density (black contours every % 10−6 km−2) and mean potential temperature change (K d−1) of
trajectories on the heating branch at t = -24 h.
Anomalies of (b) cloud liquid and (c) ice water path relative to climatology (shading in g m−2), composite
mean of (b) cloud liquid and (c) ice water path (stippled where greater than 100 g m−2 and 50 g m−2,
respectively.
(b, c) 850-hPa potential temperature (black contours every 5 K) at t = -24 h.

Tropical Convection and Heat Waves

Precipitation anomalies when non-heatwave strong
upper-level anticyclones lie over SE Australia

Precipitation anomalies when heatwave strong
upper-level anticyclones lie over SE Australia

Calculation by Malcolm King
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Parker, T. J., G. J. Berry, and M. J. Reeder. 2013. The structure and evolution of heatwaves over
southeastern Australia. J. Clim., 27, 5768 - 5785.

Tropical Convection and Heat Waves

TC Dominic

L
Anticyclone

Parker, T. J., G. J. Berry, and M. J. Reeder. 2013. The influence of tropical cyclones on heatwaves in
southeastern Australia. Geophys. Res. Lett., 40, 1 – 7.
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Origin of the Near Surface Heated Air
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Quinting, J. F., and M. J. Reeder. 2017. Southeastern Australian heat waves from a trajectory
viewpoint. Mon. Wea. Rev., 145, 4109 – 4125

Thermodynamic History of the Near Surface Heated Air
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Quinting, J. F., and M. J. Reeder. 2017. Southeastern Australian heat waves from a trajectory
viewpoint. Mon. Wea. Rev., 145, 4109 – 4125

Surface Sensible Heat Flux
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Anomalies of surface sensible heat flux (shading in W m-2).
Average surface sensible heat flux during southeastern Australian heat waves (green contours in W m-2)
Spatial density of trajectories that arrive close to the surface at t = 0 h (black contours at 10, 30, 50, 70,
90, 120 10-6 km-2).
Quinting, J. F., and M. J. Reeder. 2017. Southeastern Australian heat waves from a trajectory
viewpoint. Mon. Wea. Rev., 145, 4109 – 4125
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Numerical Experiments with Soil Moisture
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Increases in soil moisture increase the maximum
temperature over SE Australia

Figure 7. Difference in maximum 2 m temperature (TMAX) on 7 February 2009,
between each experiment and the control (experiment − CNTL) started at (a)
5 days, (b) 10 days, and (c) 15 days lead time. Positive values indicate that the
experiment was warmer than the control (CNTL) simulation.

Figure 8. As Figure 7, but a
over the 5 day period to the p

Difference in maximum 2 m temperature (TMAX) on 7 February 2009, between each experiment
and the control (experiment − CNTL) started at (a) 5 days, (b) 10
days, and (c) 15 days lead time.
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of the continent, tinent near Darwin (Fig
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north of the upper-level cyclone south of the Great Australian
Bight. There is also a weak upper-level cyclone near Darwin This can explain the de
(Figure 1). The central interior of the continent was mostly dry (increased) soil moistu
with latent heat fluxes close to 0 W m−2 (Figure 9(b)) and sensible There is also a gradual
heat fluxes between 100 and 150 W m−2 (Figure 9(c)). Elsewhere, the ocean to the nort
over the northern Tropics, along the southeast Australian coast the experiments with
and central Western Australia, latent heat fluxes were between increase in 500 hPa G
Figure 7. Difference in maximum 2 m temperature (TMAX) on 7 February 2009,
−2
(a) and 150 W m , reflecting the average precipitation pattern (Figure 10(a), bottom
between each experiment and the control (experiment − CNTL) started at100
over the ocean indic
5(a)).
8. As Figure 7, but averaged between 3 and 7 February 2009 (i.e. mean
5 days, (b) 10 days, and (c) 15 days lead time. Positive values indicate that (Figure
the Figure
the lead
5 day period
the peak
the event).
experiment was warmer than the control (CNTL) simulation.
At 5over
days
time, to
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is aofgradual
increase in the 500 hPa land not only influen
GPH over the centre of the continent as soil moisture is decreased continent, but this in tu
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the conFigure 9(a) shows the presence of the upper-level anticyclone
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Kala, J., J. P. Evans, and A. J. Pitman. 2015. Influence of antecedent soil moisture conditions on the
synoptic meteorology of the Black Saturday bushfire event in southeast Australia. Quart. J. R. Meteor.
Soc., 141, 3118 - 3129.
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