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ABSTRACT

Extremes such as summer heat waves and winter warm spells have a significant impact on the climate of

Australia, with many regions experiencing an increase in the frequency and duration of these events since the

mid-twentieth century. With the availability of Coupled Model Intercomparison Project phase 5 (CMIP5)

climate models, projected changes in heat waves and warm spells are investigated across Australia for two

future emission scenarios. For the historical period encompassing the late twentieth century (1950–2005) an

ensemble mean of 15 models is able to broadly capture the observed spatial distribution in the frequency and

duration of summer heat waves, despite overestimating these metrics along coastal regions. The models

achieve a better comparison to observations in their simulation of the temperature anomaly of the hottest heat

waves. By the end of the twenty-first century, the model ensemble mean projects the largest increase in

summer heat wave frequency and duration to occur across northern tropical regions, while projecting an

increase of ;38C in the maximum temperature of the hottest southern Australian heat waves. Model con-

sensus suggests that future winter warm spells will increase in frequency and duration at a greater rate than

summer heat waves, and that the hottest events will become increasingly hotter for both seasons by century’s

end. Even when referenced to a warming mean state, increases in the temperature of the hottest events are

projected for southernAustralia. Results also suggest that following a strongmitigation pathway in the future

is more effective in reducing the frequency and duration of heat waves andwarm spells in the southern regions

compared to the northern tropical regions.

1. Introduction

Heat waves are a common occurrence across many

heavily populated regions of the world, including south-

ern and central Europe (e.g., Fischer and Schar 2010;

Kyselý 2010; Carril et al. 2008; Della-Marta et al. 2007;

Trigo et al. 2005), North America (e.g., Bumbaco et al.

2013; Wu et al. 2012b; Mastrandrea et al. 2011), China

(Wu et al. 2012a; Ding et al. 2007), Russia (Trenberth

and Fasullo 2012; Barriopedro et al. 2011), central and

southern Africa (Hao et al. 2013; Lyon 2009), and

southern Australia (Bureau of Meteorology 2013; Lewis

and Karoly 2013; Nairn and Fawcett 2013; Tryhorn and

Risbey 2006). These types of events are often character-

ized by consecutive days above a threshold maximum

temperature; in some definitions, they also incorporate

a distinct lack of nighttime temperature relief with con-

secutive nights above a minimum temperature threshold

(Pezza et al. 2012; Nairn and Fawcett 2013).

For Australia, heat waves occur in all seasons and are

often referred to as warm spells in austral winter. Based

on the maximum temperature definition of heat waves

from Perkins and Alexander (2013), across the central

interior and tropical regions where summer temperatures

are high (often exceeding 358C), but daily variability is
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low, there are about two heat wave events per extended

summer; however, such events tend to only be ;28–48C
warmer than the climatological maximum temperature.

For southern Australia, a region of great agricultural

importance and where more than a third of Australia’s

population live, one to two summer heat waves occur on

average annually; however, such events can be up to 158C
warmer than the climatological maximum (Perkins and

Alexander 2013). This is because the southern latitudes

experience a high frequency of synoptic prefrontal

weather systems (Tryhorn and Risbey 2006), causing

more severe heat waves to develop due to the greater

variability of summer temperatures (Nairn and Fawcett

2013). Heat waves in the Australian midlatitude regions

are often triggered by atmospheric processes such as

breaking Rossby waves and persistent anticyclones

(Pezza et al. 2012; Perkins and Alexander 2013; Marshall

et al. 2014; Parker et al. 2013), which allow advection of

warm air over the affected region. The anticyclones are

often accompanied by a low pressure trough or tropical

depression over the northwest ofAustralia (Hudson et al.

2011; Pezza et al. 2012), which may directly reinforce the

downstream anticyclone (Parker et al. 2013).

Recent observations suggest that the frequency, dura-

tion, and intensity of heat wave events are increasing over

land regions across the globe (e.g., Coumou andRahmstorf

2012, and references therein), including many regions

of Australia (Pezza et al. 2012; Perkins et al. 2012;

Perkins andAlexander 2013). Despite various limitations

in simulating regional changes (Hao et al. 2013), climate

models project these trends to continue with increasing

emissions of greenhouse gases (Coumou and Robinson

2013; Meehl and Tebaldi 2004). There is also consider-

able evidence to suggest that anthropogenic forcings have

contributed to recent extreme heat wave events across

the Northern Hemisphere (Hansen et al. 2012) and to

record warm summer temperatures across Australia

(Lewis and Karoly 2013). According to Coupled Model

IntercomparisonProject phase 5 (CMIP5) climatemodels,

the likelihood of a human contribution to the extreme

Australian summer of 2012/13 has been assessed to be

;2.5–5 times greater than that without greenhouse

warming (Lewis and Karoly 2013). CMIP5 models also

project a severalfold increase in global monthly heat

extremes by the mid-twenty-first century (Coumou and

Robinson 2013). This follows on from large increases

(decreases) in the warm/dry (cold/wet) extremes across

many tropical and subtropical regions throughout the

late twentieth century, which are well captured by the

CMIP5 models (Hao et al. 2013). However, a compre-

hensive and detailed assessment of how future warming

will impact heat waves across Australia using CMIP5

climate model simulations has yet to be undertaken.

We therefore investigate the projected changes in

heat waves across Australia in the twenty-first century,

comparable to the analysis of Perkins and Alexander

(2013), which examined observed trends. The impor-

tance of understanding how trends in heat wave metrics

will change in a warming world is underscored by the

impact these extreme events have on human health and

mortality. Numerous studies have detailed the increased

risk of heat-related deaths due to extreme heat events in

populated regions of Europe (Le Tertre et al. 2006),

North America (Zanobetti and Schwartz 2008), and

Australia (e.g., Loughnan et al. 2010; Tong et al. 2010).

Based on little or no acclimatization, this risk will likely

increase severalfold by the late twenty-first century

(Gosling et al. 2009). Therefore, communities require

greater certainty in understanding the risk of increased

heat waves in the future and a better understanding as to

whethermitigation will reduce the likelihood of extreme

heat conditions (as in Coumou and Robinson 2013).

For this study, we define Australian heat waves as

summer-only events, as this is when they have the greatest

impact on human health (e.g., Pezza et al. 2012) because of

their intensity, as well as influencing other extreme events

such as bushfires (Karoly 2009). However, we also exam-

ine winter warm spells to investigate the seasonality of the

projected changes. CMIP5 data are used to examine how

heat wave and warm spell frequency, duration, and hottest

event anomalies across Australia will change under two

emission scenarios over the twenty-first century.

2. Data and methods

Daily maximum and minimum temperatures (Tmax

and Tmin, respectively) are utilized for the historical

(1950–2005) and future (2006–2100) periods. Observa-

tions over the historical period are taken from the Bu-

reau of Meteorology high-resolution gridded (0.058 3
0.058) temperature dataset (Jones et al. 2009). This da-

taset has been used previously to investigate several heat

wave metric trends over the late twentieth century

(Perkins and Alexander 2013). Fifteen CMIP5 models

listed in Table 1 that have daily Tmax and Tmin from the

historical experiment and two representative concentra-

tion pathway (RCP) experiments [RCP4.5 (medium-low

emission scenario) and RCP8.5 (high emission scenario)]

are analyzed (Taylor et al. 2012).

The CMIP5 models are bilinearly interpolated to

a 28 3 28 grid, as the median resolution of the models

used is ;1.98. For consistency, the observations are also

interpolated to the same grid. As with Perkins and

Alexander (2013) the choice of grid resolution (0.58 3
0.58, 18 3 18, or 28 3 28) for observations is found not to

affect results (not shown).
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For this study, a heat wave is defined as a period

during which Tmax exceeds a threshold temperature for

three or more consecutive days, and Tmin exceeds

a threshold temperature on the second and third days

(Pezza et al. 2012). This definition takes into account

that heat waves have the most severe effects on human

health when there is a lack of relief between hot days,

and is similar to previous studies (e.g., Della-Marta et al.

2007; Carril et al. 2008; Lau and Nath 2012). Two dif-

ferent Tmax and Tmin thresholds based on the 1950–2005

climatology are tested:

1) monthly 90th percentile Tmax and Tmin, where all

days in a heat wave are referenced to temperatures

from the month of first heat wave day (Pezza et al.

2012); and

2) daily 90th percentile Tmax and Tmin, calculated for

each day using a centered 15-day window (i.e., 7 days

before and after a calendar day) (Perkins and

Alexander 2013).

The results from both threshold definitions are found

not to be substantially different with respect to the

modeled heat wave metric biases (not shown). Based on

their similarity, the remainder of the paper uses the

monthly climatology threshold definition.

For each grid point, heat wave dates occurring during

austral summer (December–February) are determined

and analyzed using three main heat wave metrics (as in

Perkins and Alexander 2013):

1) heat wave frequency (HWF), the number of heat

wave days per summer;

2) heat wave duration (HWD), the length of the longest

summer heat wave event;1 and

TABLE 1. CMIP5 models and simulations used in this study.

Model Modeling group

ACCESS1.0 (Australian Community Climate and Earth-System

Simulator, version 1.0)

Commonwealth Scientific and Industrial Research Organisation

(CSIRO) and Bureau of Meteorology (BoM), Australia

ACCESS1.3 (Australian Community Climate and Earth-System

Simulator, version 1.3)

CSIRO and BoM, Australia

CanESM2 (Second Generation Canadian Earth System Model) Canadian Centre for Climate Modelling and Analysis (CCCma),

Canada

CNRM-CM5 (Centre National de Recherches Météorologiques
Coupled Global Climate Model, version 5)

Centre National de Recherches Météorologiques (CNRM) and
Centre Européen de Recherche et de Formation Avancée en
Calcul Scientifique (CERFACS), France

CSIRO Mk3.6.0 (Commonwealth Scientific and Industrial

Research Organisation Mark, version 3.6.0)

CSIRO and Queensland Climate Change Centre of Excellence

(QCCE), Australia

GFDL CM3 (Geophysical Fluid Dynamics Laboratory Climate

Model, version 3)

National Oceanic and Atmospheric Administration (NOAA)

Geophysical Fluid Dynamics Laboratory (GFDL), United States

GFDL-ESM2G [Geophysical Fluid Dynamics Laboratory Earth

System Model with Generalized Ocean Layer Dynamics

(GOLD) component]

NOAA GFDL, United States

GFDL-ESM2M [Geophysical Fluid Dynamics Laboratory Earth

System Model with Modular Ocean Model 4 (MOM4)

component]

NOAA GFDL, United States

HadGEM2-CC (Hadley Centre Global Environment Model,

version 2–Carbon Cycle)

Met Office Hadley Centre (MOHC), United Kingdom

MIROC-ESM (Model for Interdisciplinary Research on Climate,

Earth System Model)

Japan Agency for Marine-Earth Science and Technology

(JAMSTEC), Atmosphere andOceanResearch Institute (AORI),

and National Institute for Environmental Studies (NIES), Japan

MIROC-ESM-CHEM (Model for Interdisciplinary Research on

Climate, Earth System Model, Chemistry Coupled)

JAMSTEC, AORI, and NIES, Japan

MIROC5 (Model for Interdisciplinary Research on Climate,

version 5)

AORI, NIES, and JAMSTEC, Japan

MPI-ESM-LR (Max Planck Institute Earth System Model, low

resolution)

Max Planck Institute (MPI), Germany

MRI-CGCM3 (Meteorological Research Institute Coupled

Atmosphere–Ocean General Circulation Model, version 3)

Meteorological Research Institute (MRI), Japan

NorESM1-M [Norwegian Earth System Model, version 1

(intermediate resolution)]

Norwegian Climate Centre (NCC), Norway

1By definition,HWDmust be$3 days and is defined as amissing

value in summers without a heat wave. Likewise, HWA is defined

as a missing value for summers without a heat wave. However, for

such summers HWF is defined as zero, and thus averaging over

time can result in HWF , 3 days.
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3) heat wave amplitude (HWA), the anomaly of the

hottest day of the hottest summer heat wave (based

on Tmax).

Two additional heat wave metrics are also described

in Perkins and Alexander (2013):

1) heat wave number, the number of heat wave events

per summer; and

2) heat wave magnitude, the average daily intensity of

summer heat waves.

However for brevity, as the climatologies and changes

for heat wave number and magnitude are similar to

HWF and HWA, respectively, results for these metrics

are not presented.

The same procedure is also undertaken for austral

winter (June–August) warm spells, as well as for austral

autumn (March–May) and spring (September–November)

events. For simplicity, in this manuscript the same ac-

ronyms formetrics corresponding to summer heat waves

are used for winter warm spells (i.e., HWF is used to

describe both heat wave frequency during summer and

warm spell frequency during winter).

Historical summer heat wave and winter warm spell

statistics at each grid point across Australia are used to

construct observed and multimodel mean (MMM)

composites of each metric over 1950–2005. Future heat

wave and warm spell statistics at each grid point across

Australia are also used to construct MMM composites

over 2081–2100, for the two RCP emission scenarios,

and the change relative to the historical period is pre-

sented. Statistical significance in these RCP minus his-

torical composite maps is assessed using a two-tailed

Mann–Whitney U test (Mann and Whitney 1947). This

nonparametric test determines whether the 2081–2100

composite is distinguishable from the 1950–2005 com-

posite at the 95% confidence level.

We also assess how simulated heat wave conditions for

the populated southern Australian cities of Sydney, Mel-

bourne, and Perth evolve over 1950–2100. This is

achieved using daily Tmax and Tmin interpolated to the

three cities airport locations for Sydney (33.98S, 151.28E),
Melbourne (37.68S, 144.88E), and Perth (31.98S, 116.08E).
Averaged time series from the four grid points sur-

rounding the airport locations are also assessed and found

to be comparable to those from interpolated airport lo-

cations (not shown). Time series of HWF and HWD for

these cities are presented, and based on the ability of

CMIP5 models to simulate continental-wide historical

heat wave statistics, we have confidence in simulations of

heat wave changes at the finer spatial scale. Such time

series allow the evolution of the heat wave changes to be

viewed, and the differences between RCP scenarios for

particular locations to be examined in depth. In each of

the time series presented, the historical and future

changes are based on a multimodel mean with the error

based on the 95% confidence interval.

3. Results

a. Observed summer heat wave climatology

Over 1950–2005, the observations show that much of

central and southeast Australia (incorporating the agri-

culturally important Murray–Darling basin) experiences

.2.5 heat wave days per summer (Fig. 1a), equivalent to

;1 event per season (not shown). Along the coastal

fringes of Australia the HWF drops to ,1.5 days per

summer. This spatial pattern compareswell to the regional

variations in HWF found using slightly less constrained

definitions of heat waves in Perkins andAlexander (2013).

Using only the 90th percentile Tmax to describe heat

waves, Perkins and Alexander (2013) calculated an HWF

of 8–10 days per extended summer for central and

southeast Australia, whereas heat waves defined using

only the 90th percentile Tmin show an HWF of 4–6 days

per extended summer. The difference compared to the

climatologies shown here may be a combination of dif-

ferent definitions and the fact that Perkins and Alexander

(2013) analyze heat waves over an extended 5-month

summer (November–March), where greater heat wave

numbers would be expected.

The spatial pattern of observed HWD does not di-

rectly follow that of HWF: the longest heat waves across

the midlatitude regions of Australia are shorter than

those in central and tropical northern regions (Fig. 1b).

This supports previous work suggesting that prefrontal

activity in southern Australia results in shorter heat

waves, compared to the continental interior (Tryhorn

andRisbey 2006). South of 308S, theHWD is;3–4 days,

which, forMelbourne, is slightly less than that calculated

from station data (Pezza et al. 2012), whereas in the

central and northern tropics the HWD is 5–6 days. Along

the western and eastern coastal subtropics, HWD is also

;3 days, perhaps reflecting coastal air–sea processes, such

as sea breezes that prevent minimum temperatures from

exceeding their ‘‘warm’’ threshold (Pezza et al. 2012).

In direct contrast, HWA is greatest over the southern

latitudes (south of 258S), and along the southern coastal

fringes it is often.108C warmer than the climatological

Tmax (Fig. 1c). HWAdecreases equatorward, to;38C in

the tropical north. This reflects the diverse nature of

Australia’s climate, which results in very little variability

in heat extremes in the northern tropical summer (Nairn

and Fawcett 2013), as well as a small diurnal cycle

(Perkins andAlexander 2013), while across the southern
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latitudes the variability in Tmax is high due to the exis-

tence of frontal activity including anticyclonic blocking

systems (Tryhorn and Risbey 2006). The overlap be-

tween high values of HWF and HWA across southeast

Australia explains why this region experiences the most

frequent and hottest heat waves across the continent,

increasing its susceptibility to other extreme events such

as major bushfires (Ellis et al. 2004).

b. CMIP5 historical summer heat wave climatology

We next assess how well the CMIP5 models simulate

summer HWF, HWD, and HWA for Australia over the

historical period. In general, the MMM is able to simu-

late the spatial climatological meridional gradient in

HWF (Fig. 1d), displaying a greater (reduced) likeli-

hood of heat waves in the central (southern coastal)

region. The MMM simulates an HWF of ,2 days per

FIG. 1. Summer heat wave metric climatologies over 1950–2005 for (left) observations and (right) CMIP5 MMM:

(a),(d) heat wave frequency (HWF; days per summer), (b),(e) heat wave duration (HWD; days), and (c),(f) heat wave

amplitude (HWA; 8C). Heat waves are referenced to monthly 90th percentile climatologies, based on the definition

described in Pezza et al. (2012).
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summer for the southern Australian coastline, which is

a slight underestimate (overestimate) for the southeast

(southwest) region. The models also simulate the HWF

maximum to be .3.5 days per summer over central-

eastern Australia, 1–2 days per summer greater than

observed. A positive HWF bias is also simulated along

the northeastern tropical coast of Queensland, while the

models fail to capture the HWF minimum to the east of

the Great Dividing Range, which may be indicative of

a failure to simulate the strong orographic-induced

thermal gradients. The importance of orographic reso-

lution has been shown for northern Europe, where

modeled atmospheric blocking biases are reduced when

model orography is more realistic (Berckmans et al.

2013), although correcting mean model biases can also

improve blocking (Scaife et al. 2010). More broadly, the

model representation of the continental-scale HWF

pattern is overly zonal, with a general failure to capture

observed orographic gradients and coastal variations.

This may also be a result of varying orography among

the models, as well as the regridding and multimodel

averaging processes, which act as a spatial filter.

The broad bias across central eastern and coastal

southern Australia is also seen in the HWD (Fig. 1e),

with the models overestimating HWD by as much as

1 day. It should be noted, however, that for southeast

Australia the gridded observations likely include biases

compared to station-based data, as seen for Melbourne

(Pezza et al. 2012). The MMM again shows a strong

climatological meridional gradient, with HWD across

southern Australia and Tasmania reaching 4.5 days,

while for the northern tropics the HWD is .6 days.

Again, the MMM fails to capture specific regional var-

iations, including a strengthening gradient extending

inland from eastern Australia and the northwest coast.

However, individual models such as ACCESS1.3 and

MIROC-ESM-CHEM (the model names are expanded

in Table 1) are able to capture this spatial variability,

suggesting that the multimodel averaging process pos-

sibly filters out localized features where zonal and me-

ridional gradients are large (e.g., near coastal fringes and

across mountainous terrain).

The MMM performs best at representing HWA,

highlighted in Fig. 1f, with southern Australia exhibiting

the hottest heat waves close to 108C above the clima-

tological Tmax, although the extent of HWAs .108C is

less than seen in the observations (Fig. 1c). The HWA

biases across northern tropical Australia tend to be

small, although a slight positive bias exists across central

Australia (;28C), and a slight negative bias is present

across coastal southwest Australia and the southern-

central coast (i.e., South Australia). In general, the

MMM is able to simulate the large thermal meridional

gradient across the country, but tends to be too warm

compared to observations in the central interior.

In summary, despite the relative coarseness of climate

model grids, model simulations are able to capture the

main broad spatial features of these events well, in-

cluding the strong meridional gradients in HWF, HWD,

and HWA; however, they show the greatest discrep-

ancies where strong coastal and orographic gradients

exist.

c. Observed winter warm spell climatology

Because of differences in the prevailing weather sys-

tems, the patterns for winter warm spell metrics across

Australia are understandably different to summer heat

waves. Austral winter is the cool, wet season for the

southern midlatitudes, which experience an increased

number of frontal systems as the subtropical high pres-

sure ridge shifts equatorward (Timbal and Drosdowsky

2013; Kent et al. 2013) and remote modes of variability

such as the Indian Ocean dipole and the southern an-

nular mode have greater influence on weather systems

(Risbey et al. 2009; Cai et al. 2011b). Along the Great

Dividing Range (east coast) and southern regions, the

winter HWF is,2 days per winter, reflecting the role of

frontal weather systems passing through this region

causing large temperature variations (Nicholls et al.

2010). Across tropical northern Australia, austral winter

heralds the dry, warm season, with the interior of this

region experiencing a HWF of 3–4 days per winter

(equivalent to ;1 event) (Fig. 2a).

The pattern of the winter HWD exhibits quite a large

degree of spatial variability (Fig. 2b). In regions such as

southwest Australia and Tasmania, the longest warm

spells are at the threshold of 3 days (events ,3 days are

not considered warm spells), while for the far tropical

north the longest warm spells can last close to 6 days.

However, many localized variations also exist. In re-

gions where there are sparse observations, such as the

northwest of Australia, a degree of caution should be

noted as these regions are known for their poor data

quality (Ummenhofer et al. 2011); however, results from

a 21-member ensemble from the Community Earth

SystemModel suggest that increasing HWF trends in this

data-sparse region are possible (Perkins and Fischer

2013).

Winter HWA displays a maximum over central Aus-

tralia (Fig. 2c), .68C warmer than the climatological

Tmax. Compared to summer HWA, the equatorward

shift in maximum HWA (cf. Figs. 2c and 1c) represents

the seasonal movement in the high pressure belt, which

sits at ;288S in winter. This shift allows frontal systems

to pass across coastal southwest and southeast Australia,

reducing the winter HWA in these regions. The overlap
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of high winter HWF, HWD, and HWA suggests that

central Australia experiences the most intense and

hottest warm spells during this season, as opposed to the

continental southeast during summer.

d. CMIP5 historical winter warm spell climatology

In terms of winter HWF, the MMM captures the ob-

served spatial shift in the maximum frequency relative

to the summer HWF maximum. This frequency maxi-

mum for winter warm spells is located in northern

Australia; the MMM performs well at capturing this

(Fig. 2d). The MMM also captures the winter HWF

minimums in the south and east, including along the east

coast mountains (i.e., Great Dividing Range), but the

frequency is overestimated with respect to the obser-

vations by ;1 day per winter. Localized regions, how-

ever, show the largest model biases, including the Cape

York Peninsula in the tropical northeast, and the

northwest coast (Pilbara region), with biases of.3 days

per winter. These biasesmay relate tomodel uncertainty

in how they represent local climatic features, but also

could reflect uncertainties in the reliability of the

FIG. 2. As in Fig. 1, but for winter warm spells.
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observations (Ummenhofer et al. 2011) and/or lack of

data coverage (Jones et al. 2009).

For winter HWD, the largest biases of ;1 day are

simulated across tropical northernAustralia (Fig. 2e). The

MMM spatial pattern exhibits a strong meridional gradi-

ent from the southern midlatitudes to the tropics, with

winter HWD minimums captured across the southwest

and southeast regions. The observations suggest strong

zonal gradients exist for winter HWD, particularly along

the mountainous east coast. While the MMM struggles to

capture these regional variations, individual models such

as GFDL-CM3 (not shown) perform well at simulating

many of these observed regional characteristics.

As for summer, the MMM performs best at capturing

the spatial climatology of the anomaly of the hottest

winter warm spells (HWA) as shown in Fig. 2f. The

MMM maximum occurs in central Australia, as seen in

the observations, and represents an association with the

seasonal equatorward shift in the high pressure belt as-

sociated with the contraction of the southern edge of

Hadley cell (Nguyen et al. 2013). The MMM slightly

underestimates the maximum winter HWA at 98C (ob-

served is 108C). Furthermore, the MMM also un-

derestimates the winter HWA in populated coastal

regions of southwest and southeast Australia (including

Tasmania), simulating an HWA of 38C, whereas 58–68C
is observed (Fig. 2c). In general, the models broadly

capture the main winter features across Australia, in-

cluding a greater frequency and duration of events across

northern Australia compared to the south, as well at the

hottest events in central Australia, coinciding with a shift

in the subtropical pressure ridge. However, the models

fail to capture some of the distinct regional gradients in

warm spell metric patterns, particularly for HWD.

Confidence in these results allows us to evaluate how

these heat wave and warm spell metrics may change

throughout the twenty-first century, both from an

overall continental perspective and at specific populated

city locations. The changes in heat waves and warm

spells as projected by the CMIP5 models with respect to

two RCP scenarios are investigated in the next sections.

e. Future changes in summer heat waves

We next assess the continental-scale changes in heat

wavemetrics for the period 2081–2100, differenced from

those of the historical period (1950–2005) for both the

RCP4.5 and 8.5 scenarios. Figure 3 shows the patterns of

change for summer heat waves for the end of the twenty-

first century for HWF, HWD, and HWA. For RCP4.5,

the HWF increases vary from 5–10 days per summer

across southern regions to up to.25 days per summer in

the tropical north (Fig. 3a). Given that the historical

HWF for southern Australia is 1–2 days per summer

(Fig. 1a), this implies a fivefold increase over the cen-

tury, while for northern Australia the increase is closer

to tenfold (although it should be noted that there is

a positive MMM HWF bias in the historical period

across the northern tropics of 1–3 days per summer).

The patterns of change are also highly zonal in nature,

with the meridional gradient of change being quite weak

in the southern latitudes, and stronger in the northern

tropics and along the northeastern Queensland coast.

For RCP8.5, the meridional gradient across the sub-

tropics and interior regions becomes much sharper (Fig.

3d); southern Australia HWF increases are between 10

and 20 days per summer, while increases over the 208–
308S latitude band are in excess of 40 days per summer.

Interestingly, changes in HWF over Tasmania do not

follow the same pattern, where a 30-fold increase in

HWF by 2100 relative to the historical period is pro-

jected. The results from both RCP4.5 and 8.5 suggest

that HWF will increase at a greater magnitude further

equatorward. As expected, this change is more extreme

in RCP8.5 than for RCP4.5, implying that greenhouse

warming strongly amplifies the frequency of heat wave

events.

For HWD, the increase in RCP4.5 is .8 days in the

tropical north and northeast, but only ;2 days south of

308S (Fig. 3b). The pattern of change is predominantly

zonal across the central interior. A strong gradient is

projected for the tropical northeast, weakening away

from the coastline. The pattern in the northern tropics

implies that the length of future HWDwill be more than

4 times the historical value, from 6 to ;25 days by the

end of the century. For southern regions, the slight

increase in the longest heat waves by 2 days by 2100

follows on from weak observed trends in HWD over

1950–2008 (Perkins and Alexander 2013). This suggests

that the duration and frequency of southern Australian

heat waves are less susceptible to anthropogenic

warming than those in the tropical north, possibly due to

the transient nature of the midlatitude anticyclones and

cold fronts that pass through these regions (Tryhorn and

Risbey 2006; Pezza et al. 2012). The latitude of these

systems is strongly associated with the position of the

subtropical high pressure belt and the southern edge of

the Hadley cell.

The late-twenty-first century increase in HWD simu-

lated in RCP8.5 represents an amplification of the

RCP4.5 pattern, with increases .20 days in the tropical

north and 2–4 days in southern regions (Fig. 3e). It should

be noted that the large changes in the tropics are a result

of relatively low variability in summer temperatures

compared to the midlatitude regions. With very little

variability in tropical heat (i.e., the distribution is nar-

row), even a modest warming of ;18–28C by 2100
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(Alexander et al. 2013) results in a larger increase in

HWF and HWD compared to the southern regions. As

such, future changes in HWF and HWD over tropical

regions should be interpreted with caution (Perkins

2011), as noted for observed trends (Nairn and Fawcett

2013). As with the RCP8.5 HWF changes, the meridional

gradient of change for HWD is much stronger than for

RCP4.5, suggesting that an amplification of greenhouse

warming is most influential on the spatial variations of

heat waves. Again, trends over Tasmania oppose this

pattern of change; however, it should be noted that the

coarse resolution of themodels places greater uncertainty

over regions such as this island state, whose climate is

influenced by its coastal and mountainous environment.

As such climate downscaling is generally used to over-

come these biases (Grose et al. 2010).

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 sig-

nificant) based on a Mann–Whitney U test.
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The patterns of change forHWAare opposite to those

for HWF and HWD, showing large increases across

central southern Australia of 38C (.1.68C) for the

RCP8.5 (4.5) scenario (Figs. 3c,f). These changes reflect a

broad amplification of the climatological pattern as ob-

served and simulated in the historical period (Figs. 1c,f).

Northern tropical Australia shows a weak and some-

times insignificant change (0.48–0.88C), possibly due to

a limit in the temperature increases in humid, tropical

areas where wet-bulb temperatures sometimes match

actual temperatures (Sherwood and Huber 2010). The

changes in the tropics also emphasize that due to the

narrow distribution in summer temperatures, future

mean-state warming has very little influence on HWA,

yet HWF and HWD increase dramatically.

From this analysis it can be concluded that southern

Australia will experience a moderate increase in the

frequency and duration of discrete summer heat wave

events in the future, but the heat waves will be signifi-

cantly hotter than in the historical period. For the

northern tropics and interior, heat waves will be signif-

icantly more frequent and longer, but only slightly

warmer than those of the historical period.However, the

lack of temperature variability in the tropics means one

should not overinterpret these regional projections (e.g.,

Perkins 2011).

f. Summer time series of heat wave metrics

Given that the majority of Australia’s population re-

side along the eastern seaboard and southern coasts, we

next examine the evolution of heat wave metrics for se-

lected city locations. The purpose of this is to understand

the evolution of the projected change in these three

metrics by the end of the twenty-first century with respect

to the historical period (1950–2005) at single locations.

We compare HWF, HWD, and HWA for Sydney

(eastern-southeast Australia), Melbourne (southern-

southeast Australia), and Perth (southwest Australia).

Sydney is situated in a temperate climate zone (warm,

humid summers and mild winters, with high annual

rainfall), but can be influenced by the tropical Pacific

variability (Risbey et al. 2009). Melbourne experiences

a maritime climate (warm summers and cool-to-cold

winters with rainfall year-round), and Perth experiences

a Mediterranean climate (hot, dry summers and cool,

wet winters).

The simulated evolutions of the heat wave metrics for

1950–2005 are compared to observations at this local

scale and then extended over 2006–2100 for the two

RCP scenarios (Fig. 4).We do not average the heat wave

metrics across multiple grid points near city locations, as

this can have the effect of averaging out local heat wave

events, particularly those that form north and south of

the Great Dividing Range in southeast Australia. While

the CMIP5 models show promise in simulating the

broad variations in the heat waves metrics across Aus-

tralia, it should be noted that these finer-scale time series

are shown for illustrative purposes. More robust future

finer-scale projections for each city would need to be

carried out using a suitable regional-scale model and

proven downscaling techniques, which are beyond the

scope of this study.

The models simulate little historical change in HWF

across each city, consistent with the gridded observa-

tions, despite observed increases throughout the inland

regions of southeast, central, and northeast Australia

(Perkins and Alexander 2013). However, in a future

warming world, substantial increases in HWF are seen

over 2006–2100 across all three cities (Figs. 4a,d,g). The

RCP4.5 projection for Sydney HWF by 2100 (;14 days

per summer; Fig. 4a) is similar to that for Perth (Fig. 4g)

and more than double the frequency for Melbourne (;6

days per summer; Fig. 4d). For RCP8.5, by 2100 HWF

increases to more than 42 days per summer for Sydney,

and 40 days per summer for Perth, while for Melbourne

it reaches only 12 days per summer. Under the high

emissions scenario, theMMM thus suggests that by 2100

Sydney and Perth will experience a 20-fold increase in

the number of heat wave days compared to the present

day, while Melbourne will experience a comparatively

low sixfold increase. It should be noted, however, that

themodels show a tendency to overestimate HWF along

Australia’s eastern coast, including Sydney, compared

to the observations (Figs. 1a,d). To what extent future

heat waves across the eastern coast show a greater per-

sistence in terms of their dynamical setup is important to

confirm for these projections, but this is beyond the

scope of this study.

It is interesting to note that for Sydney and Perth, the

difference between the mitigation (RCP4.5) and non-

mitigation (RCP8.5) scenarios is quite significant (14

versus .40 days per summer), although for Melbourne

the difference is particularly small (i.e., there is a degree

of overlap between RCP4.5 and 8.5), possibly reflecting

similarities between the two scenarios in the nature of

changes to synoptic events that lead to heat waves across

the southeast.

Sydney and Perth also show the greatest change in

HWD by 2100 (Figs. 4b,h), with the longest heat waves

being 12–14 (;7) days in duration for RCP8.5 (4.5). The

models project a shorter HWD of ,6 days for both

RCP4.5 and 8.5 scenarios by 2100 for Melbourne. For

Sydney and Perth, the evolution of HWD follows

a similar path for both RCPs until ;2050, after which

there is a strong divergence (Figs. 4b,h). It is interesting

to note that the HWD time series for Melbourne does
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not diverge (Fig. 4e). This suggests theremay be a physical

limitation to the duration of heat waves in the southeast,

possibly associated with the transient nature of blocking

highs, and that this lack of increase inHWDcontributes to

the smaller increase in HWF seen for this region.

The future changes in HWA appear somewhat less

dramatic across the three cities than for HWF andHWD

(Figs. 4c,f,i). This is particularly so for Sydney and Perth,

where the models also tend to underestimate the

observed historical HWA (Figs. 4c,i). For Melbourne,

the models show a slight improvement, but still slightly

underestimate HWA during the twentieth century

(Fig. 4f). The evolution of warming in all three cities for

both RCP scenarios is similar; for Sydney there is min-

imal warming in RCP4.5 by 2100 and ;18–28C increase

in HWA under RCP8.5, but there is quite substantial

overlap with RCP4.5. For Melbourne and Perth the

separation between the HWA time series for RCP4.5

and 8.5 is more obvious, particularly near 2100. The

RCP8.5 HWA projection for Melbourne by 2100

is 148C, almost 38C above the 2005 simulated anomaly,

while Perth is projected to experience a smaller HWA

change of ;1.58C for RCP8.5 (corresponding to

a HWA of 88–98C by 2100). Of note is the decline in

HWA variability in the twenty-first century, particularly

for Sydney. This is most likely due to the increased

frequency of simulated heat waves compared to the

historical period. When no heat wave is recorded for

a given year theHWA is not defined; asmore heat waves

are simulated in the future projections, particularly

borderline events that just surpass the historical

threshold, this acts to reduce HWA variability.

g. Future changes in winter warm spells

Observed trends in the seasonality of heat waves (and

warm spells) across Australia (and globally) suggest that

FIG. 4. Summer heat wave time series of (top) HWF, (middle) HWD, and (bottom) HWA. Observations (black) and CMIP5 historical

(green) simulations are over 1950–2005, and CMIP5 RCP4.5 (blue) and RCP8.5 (red) simulations are over 2006–2100: (left) Sydney,

(center) Melbourne, and (right) Perth. Shaded intervals indicate the 95% confidence interval. The observed HWD and HWA time series

are discontinuous, so are shown with markers.
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changes in heat waves outside of the summer months

occur over a broader spatial area and exhibit a greater

magnitude of change relative to summer heat waves

(Perkins et al. 2012). To gain insight into the seasonality

of projected changes, we therefore analyze the changes

in winter warm spell metrics across Australia over the

end of the twenty-first century in the twoRCP scenarios.

Figures 5a and 5d highlight the change in winter HWF

for RCP4.5 and 8.5, respectively. The most noticeable

difference to summer heat waves is the substantial in-

crease in winter HWF along the southern and eastern

coastal fringes, with parts of New SouthWales, Victoria,

and southwest Western Australia experiencing an in-

crease of 15–25 days per winter (more than 10 times the

historical HWF) for RCP4.5. This winter HWF increase

is amplified to $40 days per winter for RCP8.5. Tas-

mania also sees a large increase in winter HWF of $50

(30–35) days per winter for RCP8.5 (4.5). Across north-

ern and central Australia the meridional gradient of

change is amplified in winter compared to summer, with

the northern tropics projected to experience 50 (.30)

days per winter for RCP8.5 (4.5). The winter HWF pat-

tern of change is also less zonal for winter compared to

summer forRCP8.5, with strong coastal gradients present

along the southeast and southwest regions.

The spatial increases in winter HWD are quite similar

to those of winter HWF (Figs. 5b,e). Warm spells south

of 258S (with the exception of Tasmania) are projected

to increase by 2–4 days for RCP4.5. The gradient sub-

stantially increases north of 208S, with the northern

tropics projected to see increases in winter HWDof$14

days by 2100 compared to the historical period. For

RCP8.5, these changes are amplified, particularly along

coastal regions (all exhibiting strong onshore gradients).

For southeast and southwest Australia, winter HWD

increases by 12–14 days. From 208 to 308S, a strong

meridional gradient of change is evident, with winter

HWD increases ranging from 6 days (at 308S in central

Australia) to .20 days (at 208S). North of 208S, the
change in winter HWD reaches .40 days, consistent

with previous studies suggesting that tropical regions

will face an unprecedented heat regime in the coming

decades, compared to higher-latitude regions (e.g.,

Diffenbaugh and Scherer 2011). The results are also

consistent with a significant projected increase in the

total number of tropical nights .208C for northern

Australia, which are more pronounced for RCP8.5 than

for RCP4.5 (Sillmann et al. 2013).

As with summer HWA, winter HWA also shows the

largest increase over southernAustralia; however, as for

the winter historical climatology, the maximum center

of heat is located farther north than for summer (Figs.

5c,f). Across the southern Australian interior the winter

HWA increases by 1.68–28C for RCP4.5 and up to 48C
for RCP8.5. Southeast, southwest, and northeast Aus-

tralia show minimum increases in winter HWA, which

most likely represents transient synoptic activity (south-

ern regions) and air–sea interactions (northern regions).

In summary, for winter warm spells, the models pro-

ject significant increases in frequency and duration

across all of Australia, particularly for coastal regions,

andmore so than for summer. Furthermore, warm spells

will be hotter in the future, with events exhibiting

a greater rise in temperature than for summer heat

waves, particularly across the southern interior. These

projections for winter are also consistent with observed

trends (Perkins et al. 2012).

h. Winter time series of heat wave metrics

The results in the previous section are complemented

by examining the evolution of winter warm spell metrics

for Sydney, Melbourne, and Perth. As expected, the

largest changes in the cities’ HWF also occurs during

winter (Figs. 6a,d,g). Sydney is projected to experience

a winter HWF .50 days per winter (;30 days per win-

ter) by 2100 under the RCP8.5 (4.5) scenario, compared

to 2 days per winter in the historical period (Fig. 6a).

Perth will also experience a large winter HWF by 2100,

increasing to 50 days per winter (20 days per winter) in

RCP8.5 (4.5), compared to ,2 days in the historical

period (Fig. 6g). Although the summer HWF increase

for Melbourne is much less than for Perth and Sydney,

the increase in a winter HWF is considerable (Fig. 6d);

RCP8.5 projections suggest that the winter HWF for

Melbourne will reach ;40 days per winter by 2100,

compared to;2 days per winter in the historical period.

However, through mitigation (RCP4.5) Melbourne

might only experience 8 days per winter by 2100, high-

lighting the large asymmetry in the impact of warming

on the frequency of winter events.

For the RCP8.5 scenario, Perth and Melbourne’s win-

ter HWF diverges from the RCP4.5 time series at;2050,

and Sydney’s diverges at ;2060 (although with a small

overlap between the two scenarios’ uncertainty mea-

sures). This suggests that much of the impact of future

climate change on warm spells occurs in the latter part of

the twenty-first century, reflecting the large inertia in the

climate system in response to greenhouse warming. The

analysis also suggests the difference betweenRCP4.5 and

8.5 on winter HWF is smaller for Sydney (25 days per

winter) than for Perth and Melbourne (30 days per win-

ter), highlighting the complexity in making accurate fu-

ture projections for potentially affected communities.

The results for HWD follow a similar evolution to

HWF, with Sydney to potentially experience warm spells

of length .30 days (10 days) by 2100 for RCP8.5 (4.5),
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compared to 4 days in the historical period (Fig. 6b). Both

Melbourne and Perth potentially experience smaller

winter HWD increases compared to Sydney by 2100

(Figs. 6e,h). Melbourne’s longest warm spells increase

from 4 days in the historical period to 15 days (5 days) by

the end of the century for RCP8.5 (4.5), while Perth ex-

periences longer warm spells of 20 days (8 days) by 2100

for RCP8.5 (4.5). These results highlight the effectiveness

ofmitigation for themore southerly positioned cities such

as Melbourne and Adelaide (not shown), and even sug-

gest that winter HWDmay have an effective ceiling of 10

days for Sydney, which occurs around 2050 for RCP4.5

and does not increase out to 2100. However, in the most

extreme scenario, RCP8.5, the models project continued

growth in the longest warm spells, although there is an

indication of a plateau at the end of the century for

Melbourne.

In Sydney, there is a noticeable divergence of HWA

betweenRCP4.5 and 8.5 by;2080, with the hottest winter

events projected to reach an anomaly of 78C for RCP8.5

(Fig. 6c), a statistically significant change from the end of

the twentieth century for this region (Fig. 5f). Melbourne

FIG. 5. As in Fig. 3, but for winter warm spells.
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experiences a less noticeable divergence in HWA be-

tween the two RCP scenarios: HWA time series diverge

by 2090, increasing to 88C (68C) for RCP8.5 (RCP4.5) by

2100 (Fig. 6f). Perth shows the smallest future changes in

HWA (Fig. 6i), despite the trends in both RCP scenarios

being statistically significant. As with summer HWA, we

see a large reduction in variability for all three cities, al-

though this is quite apparent for Perth. This is possibly

due to more models projecting an increased number of

futurewarm spells (i.e., virtually no futurewinters without

a recorded HWA). In effect, this reduces the variance of

HWA relative to the historical period. Nevertheless, the

results for these city locations imply that winter warm

spells will warm faster than summer heat waves under

RCP8.5 for Sydney andMelbourne, whereas there are less

obvious trends for RCP4.5 in all three cities.

i. Seasonality of future changes

From the above assessment, it is evident that pro-

jected changes in the various heat wave and warm spell

metrics vary both spatially and seasonally. To gain fur-

ther insight into the seasonality of projected changes,

Fig. 7 displays the MMM spatial distribution of the

season of maximum change in HWF, HWD, and HWA.

For each grid point, the change in heat wave metrics

over 2081–2100 relative to 1950–2005 in each season

(summer, autumn, winter, and spring) is determined,

and the season showing the greatest increase is dis-

played.

Changes in HWF andHWD show similar patterns: for

RCP4.5 (Figs. 7a,b) winter is the season that exhibits the

greatest change across southern Australia and along

coastal regions for most of the continent (except

northeast Queensland). For the southern central interior

and northern central region the seasons of greatest

change are split between summer and spring, re-

spectively (although these patterns are reversed in

Queensland). Isolated grid points in central and north-

ern Australia show maximum changes in HWD during

autumn. For RCP8.5 the largest changes in HWF and

FIG. 6. As in Fig. 4, but for winter warm spells.
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HWD (Figs. 7d,e) closely match RCP4.5, although the

regions where winter changes are the greatest cover

a wider area, replacing the regions of maximum summer

and spring changes. In particular, the region where

summer changes are a maximum is isolated to a small

part of central Australia under this scenario.

As with the climatology, HWA displays a different

pattern to HWF and HWD. For both RCP4.5 and 8.5

(Figs. 7c,f), the maximum increase in HWA across the

majority of the continent occurs in winter. This is

consistent with globally averaged observations, which

show that when considering a daily Tmax threshold def-

inition, winter warm spells are warming faster than

summer heat waves (Perkins et al. 2012). Across many

midlatitude regions such as southern Australia and

Europe, the frequency of warm days (Tmax above the

daily 90th percentile) is warmingmore strongly in winter

than during summer (Donat et al. 2013). The strong

increase in winter HWA is also consistent with model

simulations that show the Indian Ocean dipole trending

FIG. 7. Seasons of the greatest heat wave metric change for 2081–2100 compared to 1950–2005, for (left) RCP4.5

and (right) RCP8.5: (a),(d) HWF, (b),(e) HWD, and (c),(f) HWA. Red indicates summer (December–February),

yellow autumn (March–May), blue winter (June–August), and green spring (September–November).
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toward a more positive phase, during which convection

shifts away from eastern equatorial Indian Ocean (Cai

et al. 2013). The positive dipole phase is associated with

reduced cloudiness and drier conditions for much of

southern Australia in winter, resulting in warmer day-

time temperatures (Cai et al. 2011b). Across southern

Australia, themaximum increase inHWA is seen during

spring and summer for RCP4.5, but is limited to spring in

RCP8.5. In general, the season of maximum change in

HWA seems to represent an amplification of the cli-

matological variations in HWA across the continent:

HWA ismaximum across southern latitudes in the warm

seasons and farther north in the cool season (Figs. 1f, 2f).

j. Nonstationary threshold temperatures

We next investigate how nonstationary threshold

temperatures affect the evolution of heat waves across

Australia. We use a centered 31-yr sliding window

(sufficient to filter out interannual variability) to calcu-

late the threshold temperatures, rather than the fixed

1950–2005 climatology. For example, the threshold

temperatures for 1980 are based on 1965–95 climatol-

ogy. Based on data availability, the threshold tempera-

tures for the first and last 16 years are based on fixed

windows (1950–80 and 2070–2100, respectively). We

also use a centered 31-yr sliding window to calculate the

monthly-mean Tmax, against which the anomalies for

HWA are determined.

Results presented are differences with respect to the

historical period 1965–90 (rather than 1950–2005 as in

Figs. 3 and 5), as a true sliding climatology can be cal-

culated for this period, and sliding thresholds are not

contaminated with RCP data. Nevertheless, using 1950–

2005 generates near-identical results, as there are min-

imal temperature trends over this period (not shown).

Likewise, results from the future period 2066–85 are

presented (rather than 2081–2100 as in Figs. 3 and 5), as

again a true sliding climatology can be calculated for this

period. Results for 2081–2100 are not shown because in

the late twenty-first century, particularly under the

RCP8.5 scenario, there are large temperature trends,

and temperatures near 2100 are substantially above the

31-yr climatology centered on 2085, leading to spurious

results.

Assessing heat waves relative to a nonstationary cli-

matology effectively removes increases in the simulated

HWF and HWD for both summer and winter, under

both emission scenarios (Figs. 8a,b,d,e and 9a,b,d,e).

This implies that the mean state change in these metrics

is the dominant signal. However, for HWA we see

a weak increase across southern Australia for summer

under both RCP scenarios (Figs. 8c,f) and a stronger

increase in winter (Figs. 9c,f). This implies that across

southern Australia, the hottest daily Tmax of the hottest

heat waves (i.e., HWA) is increasing at a faster rate than

the mean Tmax is increasing, although such HWA in-

creases are only significant at the 95% confidence level

for a few isolated regions. Synoptic conditions condu-

cive to heat waves in coastal areas tend to involve hot air

from central Australia being directed toward the region

of interest. Since mean temperatures in central Aus-

tralia are projected to increase faster than coastal re-

gions (not shown), this may explain how HWA can

increase faster than the mean temperature across

southern Australia, where desert lies to the north.

The strength of the HWA increase for southern

Australia in RCP8.5 during summer is marginally

stronger than RCP4.5, and includes a greater area of

significance. Results suggest that by 2066–85 heat waves

will have increased ;0.58–18C above the mean Tmax in-

creases, which are ;48–58C for RCP8.5 (not shown),

with the largest increase along central-southern regions

(Fig. 8f). This HWA increase is more extensive for

winter warm spells (Fig. 9f), spreading farther east and

west along southern coastal Australia, with increases

.18C above the mean Tmax increase (;58–68C for

RCP8.5; not shown). Despite the lack of significance,

these findings suggest that in some regions the extreme

maximum temperatures will increase at a faster rate

than the overall mean state, even in the absence of an

apparent increase in the total number of heat waves

relative to that period’s specific climatology. This is

more pronounced for winter warm spells in southern

Australia, although it should be noted that, aside from

the city of Adelaide, many of these regions are sparsely

populated.

4. Discussion and conclusions

CMIP5 projections for Australia indicate that more

frequent, hotter, and longer summer heat waves and

winter warm spells will occur by the end of the twenty-

first century, with more extreme conditions under

RCP8.5 compared to RCP4.5. The largest heat wave

frequency and duration changes are projected to occur

across the northern tropical regions of Australia, con-

sistent with other studies into heat extremes across the

globe (Diffenbaugh and Scherer 2011; Sillmann et al.

2013), while the maximum temperature of southern

Australian heat waves increases more than for those in

the north. In general, the CMIP5 models adequately

simulate the observed heat wave climatologies over the

late twentieth and early twenty-first centuries, although

they tend to simulate an overly zonal climatological

spatial pattern for frequency and duration, which places

a degree of uncertainty on their projected changes in the
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twenty-first century (Figs. 1 and 3). TheMMMperforms

better at simulating the observed amplitude of heat

waves, and thus there is greater confidence in the sim-

ulated increases in the future. Consistent with observa-

tions of heat waves along southernAustralia, the models

simulate little frequency increase for southern Austra-

lian cities over 1950–2005 (Fig. 4); however, they

simulate a 6- to 20-fold frequency increase in summer

and a noticeable increase in summer duration by 2100

for RCP8.5.

The seasonality of projected heat wave changes sug-

gests that a larger increase in the frequency and duration

of heat waves will occur during austral winter across the

populated regions of Australia, including the southern

FIG. 8. Summer heat wave metric increases over 2066–85, compared to the 1965–90 climatology, based on non-

stationary threshold climatologies, for (left) RCP4.5 and (right) RCP8.5: (a),(d) HWF, (b),(e) HWD, and (c),(f)

HWA. A centered 31-yr sliding window is utilized to calculate the threshold temperatures rather than the fixed

historical climatology (seemain text for details). Stippling indicates where the 2066–85 and 1965–90 climatologies are

significantly different at the 95% confidence level based on a Mann–Whitney U test.
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Murray–Darling basin, compared to any other season

(Fig. 7). For the central and northern interior themodels

project the largest changes in spring and summer heat

waves. Conversely, changes in hottest seasonal heat

waves are largest in winter, except across southern re-

gions, where the largest changes are seen during spring

(southeast Australia) and summer (southwest and

southern Australia in RCP4.5). This seasonality largely

mirrors the spatial variations in the climatology, which

exhibit a higher frequency and longer duration of sum-

mer heat waves across northern Australia, but higher

amplitude summer heat waves across southernAustralia

(Fig. 1). As such, results suggest that, along with the

substantial increase in the frequency, duration, and

maximum temperature of heat waves during the twenty-

first century, the seasonality and spatial variation of heat

waves will become enhanced. For populated regions

such as southeast and southwest Australia, the greatest

increase in the hottest heat waves occurs in spring,

consistent with a trend toward more positive Indian

Ocean dipole events that often lead to severe summer

bushfires (Cai et al. 2009).

FIG. 9. As in Fig. 8, but for winter warm spells.
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The main cause of these future heat wave trends is the

continued robust warming of the globe as a result of

anthropogenic greenhouse gas emissions (e.g., Lewis

and Karoly 2013). The amplification of atmospheric

circulation patterns may also force additional changes in

the intensity and frequency of heat waves, as simulated

for regions in Europe and North America (Meehl and

Tebaldi 2004). Studies using CMIP3 models suggest that

due to global warming the local subtropical ridge in-

tensity over Australia will increase over the twenty-first

century (Timbal and Drosdowsky 2013), while the ridge

position will shift poleward (Kent et al. 2013), reducing

rainfall in southeastern Australia. Drier winters are also

projected across southwest Australia in the twenty-first

century (Cai et al. 2011a), with below average rainfall

often associated with higher maximum temperatures

(Nicholls 2004). This may account for the largest simu-

lated increase in warm spells occurring during austral

winter, as well as the fact that maximum temperatures in

winter have a smaller range than for summer (i.e.,

a narrower probability distribution function; not

shown). Despite model biases, atmospheric blocking is

expected to increase in the summer months in the Tas-

man Sea (Grose et al. 2012) east of southeast Australia,

which is consistent with more summer heat waves in the

future for southeast Australia (Sadler et al. 2012).

However, a future Tasman Sea warming and positive

southern annular mode trend are also likely to promote

increased summer rainfall over southeast Australia (Shi

et al. 2008), which may account for the weaker increase

in summer HWF in Melbourne compared to Perth and

Sydney (Fig. 4). For the northern tropics, while the

summer monsoon domain is not expected to change

significantly in the future, despite a general projected

increase in summer rainfall (Wang et al. 2013), the

monsoon is expected to experience onset delays and

shortened durations (Zhang et al. 2012), which may

partially explain the large frequency and duration in-

creases in this region.

A robust result from this study is that summer heat

waves and winter warm spells will increase in frequency,

duration, and amplitude across Australia, and this in-

crease is strongly proportional both to the emission

scenario, and to the latitude of a particular region (i.e.,

tropical versus extratropical). In addition, even if the

heat waves are referenced to a warming mean state, the

hottest events will gradually become hotter by the end of

this century over southern Australia, particularly during

winter and for theRCP8.5 high emission scenario.While

there are obvious human benefits for an increase in

winter warm spells, such as reduced disease and fatali-

ties (McMichael et al. 2006), adverse effects to

temperature-dependent agriculture are also likely (e.g.,

Turner et al. 2011). Furthermore, increases in summer

heat waves and temperatures will have severe adverse

effects to human health (e.g., Kyselý 2010; Sherwood
and Huber 2010), as well as ecosystems and agricul-

ture (Coumou and Robinson 2013, and references

therein). While the temporal evolution of heat waves

has been established, it is still not well understood

whether a change in heat waves across southern

Australia is manifested through a change in the mean-

state temperature alone, or in part due to atmospheric

and oceanic circulation changes. A companion study

will investigate circulation and sea surface tempera-

ture patterns prior to and during summer heat waves,

to gain better insight into how dynamics during sum-

mer heat waves across southern Australia will change

in a warming world.
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