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Heatwaves impose disastrous impacts over human, natural and industrial systems across the globe. Over a rela-
tively short period of time, there has been considerable advancement in the scientific understanding of
heatwaves. Such advancements include how heatwaves are measured, their driving mechanisms, observed
and projected changes, and quantifying the anthropogenic influence behind these changes. This paper reviews
these developments. There are however gaps in the scientific literature that should be filled in order to gain a
more complete understanding of the changing nature of heatwaves. The conclusions of this paper propose that
the global community should work toward a unified framework in which to measure heatwaves, reduce spatial
and temporal gaps by increasing the global observation network, further research on how physical mechanisms
interact for heatwave manifestation, and continual work and expansion of methods used for attribution studies
on observed heatwaves and their trends.
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1. Introduction

Since 1900 the global average temperature has warmed by 0.89 °C,
with most of the warming due to anthropogenic activity (Hartmann
et al., 2013). It has been discussed for some time in the climate science
literature that small changes in average temperature can result in
disproportionally larger changes in the intensity and frequency of ex-
tremes. Mearns et al. (1984) suggested this, and over time, was built
upon by other studies, such as Katz and Brown (1992), Nicholls et al.
(1996) and Boer and Lambert (2001). Fig. 1, extracted from the Inter-
governmental Panel for Climate Change (IPCC) Special Report on Ex-
tremes (SREX, IPCC, 2012) summarizes how extreme temperature can
change in response to a shift in mean temperature, or a change in vari-
ability. Extreme temperature can be categorized in many ways (see
Section 2), depending on what elements of extreme temperature are
of interest. This review paper is focused on a particular type of temper-
ature extreme—heatwaves.

Heatwaves have disastrous impacts on many different systems. The
first which many think about is impacts on human health. In 2003, an
intense heatwave occurred over Western Europe, with temperatures
thehighest since 1500 (Luterbacher et al., 2004). This eventwas respon-
sible for over 70 000 deaths (Coumou and Rahmstorf, 2012). The 2010
Russian heatwave, which lasted over a month, killed around 54 000 in-
dividuals (McMichael and Lindgren, 2011). In 2009 a heatwave over
south eastern Australia killed 374 people, double that of the bushfire
that followed (Victorian Department of Health, 2009). Indeed,
heatwaves have been dubbed the “silent killer” (Loughnan, 2014), as
Fig. 1. Schematics showing changes in extreme temperature in relation to shifts in average tem
dashed curve represents a climate with the respective shift. Note that a shift in the mean infer
the original distribution. A shift in variability only can result in extremes in both hot and cold
to be occurring (see Sections 4 and 5), thus having a combined influence on the increase of ho
their impacts on human health are not usually instantaneous. Heat
stroke generally exacerbates underlying medical conditions, affecting
mainly the elderly, the young, and those that work outside, with death
generally occurring after a number of days. It can be exceptionally
hard to properly attribute deaths to heat extremes, because admission
to hospital is generally under the illness aggravated. Thus it is likely
that the true number of heatwave-related deaths is underestimated.
Moreover, it is not necessarily the daytime heatwhich is always respon-
sible for morbidity and mortality, humans need lower nighttime tem-
peratures to recuperate so that they can handle any extreme heat on
the following day. In the most extreme heatwaves, such as the 2003
European heatwave, nighttime temperatures were abnormally high,
which contributed largely to the final death toll (Trigo et al., 2005). Fur-
thermore, the event does not necessarily have to last for an exceptional-
ly long time. Generally humanmorbidity andmortality is quite low after
a single day of extreme temperatures, however increases dramatically
for prolonged events over 2 days (Pantavou et al., 2008).

Another system adversely impacted by heatwaves is human infra-
structure. Australian heatwaves have caused railways to buckle
(McEvoy et al., 2012) and put an enormous strain on power supply
(Colombo et al., 1999), having knock-on effects to human health (e.g.,
Wrigley et al., 2006). Parts of the United States are projected to fall
short of the required energy load by almost 20%, with increasing tem-
perature extremes in the future mapped on to current infrastructure
(Miller et al., 2008). Medical authorities will also be put under pressure,
with the potential for increased ambulance callouts and hospital admis-
sions. Agricultural industries are also adversely impacted by extreme
perature (a) and variability (b). The gray curve represents the current climate, the black
s higher frequencies of hot weather, as well as hot extremes that were extremely rare in
weather. In some regions, both a shift in mean temperature and variability are reported
t temperature extremes. Adapted from Figure SPM.3 of IPCC (2012).
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heat. Russian grain harvests suffered a loss of 30% after the 2010 event
(Barriopedro et al., 2011), due to sensitive tolerances that affect grain-
filling and reproduction (Barlow et al., 2013). Other crops such as rice
are also impacted by extreme temperatures (Lanning et al., 2011), as
are bovine livestock and their milk production (Dunn et al., 2014).

Natural ecosystems are also finely in tune with their surrounding
habitats, and are generally only tolerant to specific temperatures. For
example, Australian flying-foxes, mostly lactating mothers and their
young, literally fall out of trees once temperatures reach 42 °C. During
a 12-year period, over 30 000 flying-foxes suffered heat-related deaths
(Welbergen et al., 2008). Whole terrestrial ecosystems (as well as
human property) are also at risk of increased fire danger during and di-
rectly after a heatwave. The intense temperatures further exacerbate
the drying of vegetation,which, due to preceding conditions, is likely al-
ready very dry. Thus, the likelihood of combustion after ignition is in-
creased. Extreme heat contributed to and exacerbated 500 wildfires
over Russia in 2010, as well as the worst Australian bushfires on record
during 2009 that resulted in 173 deaths and 3500 homes destroyed
(Karoly, 2009). It is also worth remembering that heatwaves are not re-
stricted to land, they can also occur in the ocean. Amarine heatwave off
Western Australia in 2010/2011 caused catastrophic damage to local
seaweed populations, and the first-ever coral bleaching event on the
local reefs (Smale and Wernberg, 2013; Wernberg et al., 2013). A
2012 Marine heatwave in the northwest Atlantic seriously impacted
local fish species, inducing concern of increased frequency of similar
events as the global climate continues to warm (Mills et al., 2013).

There cannot be any doubt that heatwaves incur widespread devas-
tating impacts. But what else do we know about them? How are they
measured? What drives heatwaves? How have they changed? How
will they continue to change, and what is the role of anthropogenic ac-
tivity behind these changes? This review seeks to clarify the current
state of the scientific literature on these questions surrounding terrestri-
al heatwaves. The following five sections are themed around: a history
on the measurement of temperature extremes and current definitions
used by the climate science community; the underpinning physical pro-
cesses of heatwaves; documented changes in temperature extremes
and heatwaves the observational record; future projections from nu-
merical climatemodels; and ascertaining the role of humans behind ob-
served changes. By the end of this review, the reader should have a clear
grasp on how heatwaves are distinctive, and have changed differently
compared to othermeasures of temperature extremes; and the scientif-
ic development of understanding terrestrial heatwaves, particularly the
comprehensive discoveriesmade in the last decade. There are, of course,
gaps in the literature that if filled, would lead to amore complete under-
standing of these complex events. Therefore lastly, a summary is given
that calls upon where future research on heatwaves should be focused.

2. History of the measurement of extreme temperatures
and heatwaves

2.1. Preliminary measures of extreme temperature

While average temperature is relatively easy to derive and study, ex-
treme temperatures have historically posed challenges, many of which
still stand today. An important issue is definitions that can be derived
from climate data, and provide important information on the intensity,
severity and duration of temperature extremes required for impacts
purposes across natural and human systems. Moreover, temperature
extremes require high-quality daily data for their calculation, which,
in terms of observations, does not openly exist for many areas of the
globe. Since extremes are rare by their very definition, robust calcula-
tion is also a challenge—trends in rare events detected by linear
methods over traditional temporal and regional scales are generally
not significant (Manton et al., 2001; Frich et al., 2002).

Attempting to overcome these issues, Frich et al. (2002) proposed 10
climate indicators, 5 ofwhich apply to temperature, with the purpose to
be calculated at local observation centers (i.e., in-situ). This was in con-
junctionwith the outcomes ofmultipleWorldMeteorological Organiza-
tion (WMO) meetings, where the input of changes in extreme events
into the 3rd IPCC report was discussed, and the use of pre-calculated in-
dices was agreed upon. The choice if the indices by Frich et al. (2002)
were limited to those that displayed robust results; had applications
in a variety of impacts sectors, and could be calculated from available
observations. These first five measures of extreme temperature are
listed in Table 1 (Frich et al., 2002).

The metrics by Frich et al. (2002) were employed in other regional
studies (e.g., Kiktev et al., 2003; Klein Tank and Können, 2003), and
paved theway for the expansion and development of other extreme in-
dices (Klein Tank and Können, 2003). The joint World Meteorological
Organization Commission on Climatology (CCl)/World Climate
Research Programme (WCRP) project on Climate Variability and
Predictability (CLIVAR) Expert Team on Climate Change Detection,
Monitoring and Indices (nowknown as ETCCDI)was established shortly
after. ETCCDI facilitated the international coordination of a larger set of
climate extreme indices, freely available software packages for end
users for their own calculations, and numerous regional workshops
that attempted to close gaps in data availability that hampered earlier
work on extremes (Alexander et al., 2006). In all, 27 climate indices
were developed by ETCCDI, 17 of whichmeasure extreme temperature.
Such work was a major development in the field of extreme event met-
rics, compared to the smaller repertoire of indices in previous studies
(Frich et al., 2002; Klein Tank and Können, 2003). This updated list in-
cluded a variety of percentile, absolute threshold, duration, and range-
based temperature indices (see Table 2).

The expansion of this list from Frich et al. (2002) is owed largely to
the pioneeringwork ETCCDI conducted in providing tools for consistent
in-house calculations of the extremes locally, thus improving the global
network. While some data-sparse regions remained, more coverage
than ever over previously data-poor regions of India, South America
andAfricawas permitted, since regional authorities could keep the orig-
inal observations, and only needed to surrender the pre-calculated
indices.

Another milestone outcome of ETCCDI was Hadley Extremes data-
base (HadEX), the gridded output of the indices over areas where suffi-
cient data is present, which is freely available (Donat et al., 2013a;
http://www.metoffice.gov.uk/hadobs/hadex2/). All indices were initial-
ly calculated for 1951–2003, allowing for a consistent measure on
how (temperature) extremes had changed over a substantial period of
time, with trends calculated using nonparametric methods (Sen,
1968; Alexander et al., 2006). This network of indices is continually
expanding, and exists today in the form of the HadEX2 dataset (Donat
et al., 2013a). Another gridded collection of the ETCCDI indices exist in
the Hadley Centre/Global Historical Climatology Network (HadGHCND)
extremes database (GHCNDEX), however in this dataset indices are cal-
culated first before being gridded, and data is limited to stations part of
the HadGHCND network (see Caesar et al., 2006; Donat et al., 2013b).

Some similarities and overlap clearly exist between Frich et al.
(2002) and Alexander et al. (2006), although developments, particular-
ly in the measurement of warm spells, were made. Alexander et al.
(2006) noted that HWDI (see Table 1), due to its absolute threshold
(daily mean temperature + 5 °C), could not be applied to all global re-
gions. An example of this is demonstrated by Perkins (2011), where due
to a small annual temperature distribution in the tropics and some trop-
ical regions, HWDI is poor for measuring periods of extreme heat.
Alexander et al. (2006) therefore introduce WSDI (see Table 2), which
is relative to a particular location as well as the time of year (i.e. detects
anomalouslywarmevents during summer aswell as winter), thusmea-
suring heatwaves in the cooler months.

The ETCCDI indices have been, and still are, widely applied to obser-
vational and climate model data to understand previous and future
changes in extreme events. In terms of regional temperature extremes,
Alexander and Arblaster (2009) used a selection of the indices to

http://www.metoffice.gov.uk/hadobs/hadex2/


Table 1
The first 5 measures of extreme temperature, proposed by Frich et al. (2002). HWDIwas the only index tomeasure heatwaves (prolonged periods of excess heat), however has now been
superseded.

Index shorthand Index name Index definition

Fd Total number of frost days Count of days with minimum temperature b0 °C
ETR Intra-annual extreme temperature range Difference between the highest temperature observation of any given calendar year, and

the lowest temperature reading of the same year
GSL Growing season length Period between when daily temperature is above 5 °C for at least five consecutive days,

and below 5 °C for at least five consecutive days
HWDI Heatwave duration index Maximum period of at least five consecutive days where daily maximum temperature is

above the 1961–1990 mean +5 °C
Tn90 (pronounced as shorthand) Percent of time when daily minimum temperature is above the 90th percentile
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evaluate models part of phase 3 of the Climate Model Intercomparison
Project (CMIP3) against observations, and calculate future projections
over Australia. Perkins (2011) employed a selection for future projec-
tions over the Pacific, also using CMIP3. You et al. (2011), Aguilar et al.
(2009) and Vincent et al. (2011) used a selection of indices to explore
observed changes in extreme temperature over China, parts of Africa
and the Western Indian Ocean, respectively, during the second half of
the 20th Century. Similar studies were conducted over North America
by Peterson et al. (2008a), and the Indo-Pacific by Caesar et al. (2011).
You et al. (2011) explored linkages to changes in atmospheric dynamics,
and the work by Aguilar et al. (2009), Caesar et al. (2011) and Vincent
et al (2011) resulted from further in-country ETCCDI workshops. More
recently, work conducted by Sillmann et al. (2013a, 2013b), calculated
the indices for CMIP5 for historical and future projections, making the
output available to researchers who sought further analysis. Avila
et al. (2012) investigated the effect of land cover change in dampening
or enhancing change in 12 of the temperature indices at the global scale.
The above list is by no means exhaustive, however gives a rounded in-
dication on how broadly the ETCCDI indices have been applied, and
therefore, the groundbreakingwork achieved by this group in standard-
izing in the measurement of extreme (temperature) events (see
Peterson and Manton, 2008; Zhang et al., 2011).

While the work by ETCCDI is by no means short of pioneering, the
events that are measured are generally only considered “moderate ex-
tremes” (e.g., Klein Tank et al., 2009; Zhang et al., 2011). This in partic-
ular relates to the percentile-based indices, being based on the highest
or lowest 10%. Moreover, the indices only measure one feature of ex-
treme events (see Table 2), such as frequency (e.g., TX90p/WSDI), in-
tensity (e.g., TXx) or duration (e.g., GSL). Is this enough information
Table 2
17 measures of extreme temperature proposed by ETCCDI (Alexander et al., 2006). WSDI was t
mertime events. WSDI is also applicable to a wider range of climates than HWDI.

Index shorthand Characteristic measured & timescales In

TN10p Frequency; monthly & annual O
TN90p Frequency; monthly & annual O
TX10p Frequency; monthly & annual O
TX90p Frequency; monthly & annual O
TXx Intensity; monthly & annual M
TNx Intensity; monthly & annual M
TXn Intensity; monthly & annual M
TNn Intensity; monthly & annual M
FD Frequency; annual O
ID Frequency; annual A
SU Frequency; annual A
TR Frequency; annual A
CSDI Duration; annual C

te
WSDI Duration; annual W

te
GSL Duration; annual G
DTR Range/spread; monthly D

m
ETR (no longer part of ETCCDI framework) Range/spread; monthly E
for the measurement of heatwaves, or are multivariate/multi-
measurement indices required (Zhang et al., 2011)?

2.2. Heatwave definitions in the climate & impacts communities

It would appear that numerous climate-based studies have recog-
nized that the appropriate measurement of heatwaves requires more
than just counts above a threshold, or the magnitude of the hottest
day in a month or year (see Table 3). Meehl and Tebaldi (2004) employ
two heatwave definitions based on daily maximum andminimum tem-
peratures to examine projected changes in their intensity, frequency
and duration over North America and Europe. Fischer and Schär
(2010) analyze changes in a range of heatwave indices over
Europe—combined hot days/cold nights; an apparent temperature
index, and a multi-measurement index. The latter defined a heatwave
as a period where at least 6 consecutive days exceeded their respective
calendar-day 90th percentile formaximum temperature. The indexwas
then segregated into the total number of heatwave days in a summer
season (June–August), the number of discrete events in a season, the
mean magnitude over all seasonal heatwaves, and the hottest day of
the hottest seasonal event (Fischer and Schär, 2010).

In a similar vein to Meehl and Tebaldi (2004), Fischer and Schär
(2010), Vautard et al. (2013) analyzed both the amplitude and persis-
tence of European heatwaves, based on the 90th percentile of daily
mean temperature. Focusing on periods of at least 3 consecutive days
above the 98th percentile of maximum temperature, Schoetter et al.
(2014) examine the cumulative severity of a heatwave, based on its
mean intensity, mean extent, and duration. A heatwave magnitude
index is proposed by Russo et al. (2014), taking the maximum
o replace HWDI, as it measured winter time heatwaves (i.e., warm spells) as well as sum-

dex definition

ccurrence of cold nights (daily minimum temperature) below the 10th percentile
ccurrence of warm nights above the 90th percentile
ccurrence of cold days (daily maximum temperature) below the 10th percentile,
ccurrence of warm days above the 90th percentile.
aximum daily maximum temperature
aximum daily minimum temperature
inimum daily maximum temperature
inimum daily minimum temperature
ccurrence of frost days (minimum temperature below 0 °C)
nnual occurrence of ice days (maximum temperature below 0 °C)
nnual occurrence of summer days (maximum temperature above 25 °C
nnual occurrence of tropical nights; (minimum temperature above 20 °C).
old spell duration indicator (count of days part of a 6-day window when minimum
mperature is below the 10th percentile)
arm spell duration indicator (count of days part of a 6-day window when maximum
mperature is above the 90th percentile)
rowing season length (as defined by Frich et al., 2002)
iurnal temperature range (monthly mean difference between daily maximum and
inimum temperature)
xtreme temperature range (as defined by Frich et al., 2002)



Table 3
Examples ofmore recent specific heatwave indices proposed in the climate science literature.While there are some commonalities between the indices, no two studies haveused 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) “Worst” 3-day event:—the hottest 3 consecutive nights per year Intensity
Meehl and Tebaldi (2004) 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.

Duration

Fischer and Schär (2010) AT105F—number of days where apparent temperature (relative humidity and
temperature combined) exceeds 40.6 °C

Frequency, intensity

Fischer and Schär (2010) 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

Frequency, intensity, duration

Fischer and Schär (2010) CHT—combined hot days and tropical nights (see Table 1) Frequency, intensity
Vautard et al. (2013) Periods of various length where daily mean temperature is above the 90th percentile Frequency, intensity, duration and persistence
Schoetter et al. (2014) At least 3 days above the 98th percentile of maximum temperature Cumulative intensity (calculated via mean intensity

and extent, as well as duration)
Stefanon et al. (2013) Exceedance of the calendar-day (21-days) 90th percentile of maximum temperature Spatial extent, duration
Nairn and Fawcett (2013) 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

Intensity, duration, spatial extent
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magnitude of events were at least 3 consecutive days is above the
calendar-day 90th percentile for maximum temperature for 1981–
2010. This index can then be broken down into sub-heatwaves, and var-
ious calculations of magnitude. Stefanon et al. (2013) use the 95th per-
centile of daily temperature, with sub-categories for the length of events
and their spatial distribution. Coming from a meteorological perspec-
tive, Nairn and Fawcett (2013) combine daily minimum andmaximum
temperature into a single variable, and compare how anomalous a
three-day averaged window is to the climatological 95th percentile, as
well as to the prior month (see Table 3).

While it is evident that a large number of climate-based studies have
identified heatwaves as multi-characteristic events, there are also stud-
ies that consider single characteristics, such as intensity (e.g., Hoerling
et al., 2013), duration (e.g., Diffenbaugh, 2005; Diffenbaugh et al.,
2005) or frequency (e.g., Della-Marta et al., 2007a) to represent
heatwaves. Some studies even use monthly instead of daily tempera-
ture (e.g., Coumou and Rahmstorf, 2012), or the ETCCDI indices (see
Table 2) to analyze heatwaves. Indeed, it seems that almost, if not
every climatological study that looks at heatwaves uses a different
metric.

Heatwave definitions within the impacts community are no better.
Many indices tend to be constructedwith a certain impact group or sec-
tor in mind (e.g., human health, wildlife, agriculture, bushfire/wildfire
management, transport, power), are generally too complex or special-
ized to be transportable across groups, or to climatological data. An ex-
ample of this are indices within the human comfort and health sector.
The Predicted Mean Vote (PMV; Fanger, 1970) and the Physiological
Equivalent Temperature (PET; Mayer and Höppe, 1987) have been
employed on small temporal and spatial scales to examine heat stress
and human morbidity (e.g., Matzarakis et al., 1999; McGregor et al.,
2002; Pantavou et al., 2008), and are, to the untrained eye, very similar.
Both PMT and PET are based on the human energy balance and include a
wide range of variables such as themetabolic rate and clothing factor of
an individual. Apparent temperature, also known at the ‘heat index’
(Steadman, 1979, 1984) is calculated from temperature and relative hu-
midity, allowing for the determination of what conditions feel like to a
person undertaking minimal work. These indices have been tailored to
this specific sector, and particularly in the case of PET and PMV, are nei-
ther useful for most others, nor can they be readily derived from clima-
tological data (apparent temperature may be calculated for some
regional climates). These traits are very similar across many sector-
based indices.

Without consistency among impacts sectors or the general climato-
logical community (let alone across these two groups), can we ever
follow in the steps of ETCCDI, andmove toward a consistent framework
in which to measure heatwaves?

Most papers studying heatwaves state there is no universal defini-
tion in which to measure these events, however also state that they
are prolonged periods where temperatures are excessively hotter than
normal. Despite the plethora of metrics used to measure heatwaves,
there are indeed some similarities across the board. Although an obvi-
ous one, all definitions consider at least one form of temperature
(daily minimum, maximum or average). To consider prolonged events,
the majority of studies, particularly modern ones require a number of
consecutive days where a particular threshold is exceeded, and most
of these thresholds revolve around the upper tail of a temperature dis-
tribution. An advantage of using relative-based thresholds such as
high percentiles, allow for the measurement of heatwaves across all lo-
cations, andwhen using a calendar-day percentile, can be relative to the
time of year (sometimes referred to as warm spells).

A general heatwave framework has been constructed by Perkins and
Alexander (2013) and Perkins et al. (2012), seeking to reduce the pleth-
ora ofmetrics employed formeasuring heatwaves andwarm spells. The
framework employs three separate baselines fromwhich heatwaves are
measured (daily minimum and maximum temperature, and the excess
heat factor; Nairn and Fawcett, 2013) and use a calendar-day 90th per-
centile for all three baselines to determine at least three days in a row
where the threshold is exceeded. Based on Fischer and Schär (2010),
each definition is broken down into seasonal characteristics including
the number of heatwave days, the number of discrete events, length
of the longest event, themean eventmagnitude and the highestmagni-
tude. Fig. 2 presents a schematic of the heatwave characteristics sug-
gested by Perkins and Alexander (2013). The framework is designed
such that other characteristics may also be calculated if required (e.g.,
commencement of heatwave season, spatial extent).While no novel in-
dices were proposed, this framework succeeds in reducing the amount
of heatwave metrics in general, and balances what is available and re-
quired from the climatological and impacts sectors, respectively. For ex-
ample, 3 days length is sufficient for impacts on particular sectors, (see
Perkins and Alexander, 2013). While the definitions quantitatively dif-
fer and will therefore be most suitable for different impacts purposes,
the qualitative information derived across all definitions (e.g., global
trends) is similar (see Section 4; Perkins et al., 2012).

A restraint of the metrics used to measure heatwaves is very neces-
sary, andwhile not necessarily perfect, has been proven possible via the
work of Perkins and Alexander (2013). Using a consistent framework
has an imperative advantage of measuring past, current and future
changes in heatwaves in a comparable manner. However, heatwaves



Fig. 2. Schematic illustrating The multi-characteristic framework outlined by Perkins et al. (2012) and Perkins and Alexander (2013). Each of the 5 characteristics here are calculated for
three definitions of heatwaves—the EHF (Nairn and Fawcett (2013)), and separate definitions based for maxmimum and minimum temperature, relative to the calendar—day 90th per-
centile. A heatwave occurs when at least 3 days in a row are considered above the respective threshold. In this figure the threshold is represented by the blue line. There are 4 discrete
events (HWN); the length of the longest event is 10 days (HWD); the number of heatwave days in the sum of the duration of all four events (HWF); the average heatwave magnitude
is the average temperature across all for events (HWM); and the heatwave amplitude is the hottest day of the event with the hottest average (HWA). All 5 characteristics are generally
calculated for a selected season (in this figure the season is 55 days), however are designed to be calculated annualy as well.
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are inherently more complex events with a broad spectrum of impacts
than their cousins measured by the ETCCDI framework. Therefore,
attempting to contain all heatwaves in precisely the same manner
with a universal definition is likely too ambitious. In the climate science
community,we do however need tomake a concerted effort towork to-
gether to reduce the plethora of metrics used, and balance them with
what is useful to the many sectors impacted by these tremendous
events.

3. Physical drivers of heatwaves

Before we can explore changes in heatwaves, a background on the
mechanisms behind heatwaves should be given. It should be made
clear that understanding the underlying physical mechanisms and
their interactions on multi-characteristic heatwaves is an area of very
active research, with many discoveries yet to be made, particularly in
terms of how Sections 3.1–3.3 may be quantitatively linked. Therefore,
in some cases we can only apply what we know about physical mecha-
nisms behind temperature extremes in general. While specific relation-
ships between physical drivers and heatwaves may differ from those
with more general temperature extremes, the latter at least provides
some background on what mechanisms may potentially need to be in
place for the former to manifest. This section discusses these drivers in
threemain categories - synoptic systems, soil moisture and land surface
interactions, and climate variability phenomena.

3.1. Synoptic systems of heatwaves

Although heatwaves can be studied from a climatological standpoint
(e.g., Perkins et al., 2012), at the very core they are meteorological
events. This is governed by the temporal and spatial scales they occur
on. Most events usually last around a week or less, however the
Russian heatwave of 2010 is a fine example of rarer, exceptionally lon-
ger event lasting for over a month (Matsueda, 2011). For all heatwaves
the globe over, there is one common feature in their composition—a
high-pressure synoptic system(otherwise knownas anticyclones). Typ-
ically, such a system is known as a “blocking high” (Charney and
DeVore, 1979; Coughlan, 1983)—a stationary system with a center of
anomalously high pressure that remains in the same location for a lon-
ger period than what is usually expected. However, in recent publica-
tions there has been a shift toward calling these systems persistent
highs (Marshall et al., 2014). This is because the responsible system
for someheatwaves is not always positioned in the regionwere classical
blacking highs, measured by the blocking index (e.g., Pook and Gibson,
1999) occur (see Charney and DeVore, 1979; Coughlan, 1983).

Traditional blocking highs occur when upper-level atmospheric
winds split due to the meandering of the jet stream, allowing a region
to be “blocked” from the zonal jet stream flow, usually for several days
(Egger, 1978; Pezza et al., 2012). As such, cooler air from the poleward
side cannot mix with hotter air in the equatorial side, and because of
the “blocked” pattern, the warm air builds up. Classical blocking highs
have been responsible for numerous extreme heatwaves, including
the he Russian heatwave in 2010 (Matsueda, 2011), the 2003
European heatwave (Black et al., 2004; Vautard et al., 2013) and
the 1995 Chicago heatwave (Meehl and Tebaldi, 2004). Indeed, the
synoptic of these regions are conducive to classical blocking highs,
due to the highly meandering northern polar jet stream, although
Cassou et al. (2005) demonstrate that other circulation patterns
can also be responsible for heatwave-causing high pressure systems
over Europe.

Other persistent highsmay not be caused by a split in the jet stream,
and occur at lower latitudes (Marshall et al., 2014). These systems are
generally located 10° equatorward of the typical blocking region,
where the subtropical ridge sits during summer. Marshall et al. (2014)
find that these types of persistent highs were responsible for numerous
heatwaves over Australia, such as the southeastern 2009 event (Hudson
et al., 2011a; Parker et al., 2014a, 2014b), and are highly represented in
general Australian heatwave climatologies (Pezza et al., 2012; Boschat
et al., 2015). These systems are not blocked from cooler air flow by
the stubborn jetstream aloft, rather they remain stationary until a
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stronger (generally low pressure) system can shift it, usually associated
with the movement of atmospheric rossby wave trains (Cassou et al.,
2005; Della-Marta et al., 2007a; Parker et al., 2014a, 2014b; Boschat
et al., 2015). While these high pressure systems also last for several
days (thereby allowing a heatwave to occur), they have a smaller
chance of lasting much longer than this, compared to classical blocking
highs.

Whatever the type of the offending high pressure system, theywork
in the same way to cause and prolong a heatwave event, by advecting
warm dry air to the region affected. Over Australia, the responsible per-
sistent high pressure system sits adjacent to the area affected, advecting
hot, dry air from the interior of the continent (Hudson et al., 2011a;
Pezza et al, 2012;Marshall et al., 2014; Boschat et al., 2015). Responsible
blocking highs in the Northern Hemsiphere are generally centered over
the affected region (e.g., Black et al., 2004; Della-Marta et al., 2007a;
Matsueda, 2011), with the direction of windflow guiding hot dry air
from southerly deserts to this location. Fig. 3 depicts examples of typical
heatwave causing systems over Australia at sea level.

The high pressure systems are not just situated at the surface, but ex-
tend vertically into the atmosphere, with high pressure anomalies con-
sistently detected at the 500 and 250 hpa geopotential height levels
(e.g., Meehl and Tebaldi, 2004; Pezza et al., 2012; Boschat et al., 2015;
see Fig. 4). Low pressure systems typically sit adjacent, and are
Fig. 3. Examples of sea-level persistent high-pressure systems that cause heatwaves, in this ca
adjacent to the area affected, advecting warm air to the region. Units of the color scale are hPa
dynamically linked to the responsible high pressure system. These
may include “omega” patterns, where lows either side of a blocking
high help keep it stationary (Dole and Gordon, 1983; Degirmendžić
and Wibig, 2007), low pressure systems part of a rossby wave train
(Cassou et al., 2005; Pezza et al., 2012; Parker et al., 2014a, 2014b), or
dynamical teleconnections with tropical lows and cyclones, which can
assist in prolonging the persistent nature of the high pressure system
(Cassou et al., 2005; Hudson et al., 2011b; Marshall et al., 2014; Parker
et al., 2013).

3.2. The role of the land surface and soil moisture

While blocking/persistent high pressure systems are a necessary
synoptic ingredient for heatwaves, coupling with the land surface is ar-
guably more important. When the land surface has plenty of moisture,
latent heat is the dominant flux over sensible heat, however this re-
verses when the soil is dry (Alexander, 2010; see Fig. 5), inducing a pos-
itive feedback between atmospheric heating and further drying of the
soil. Studies examining coupling between the land surface and extreme
temperature have shown that soil moisture/temperature interactions
increase summer temperature variability, resulting in extreme temper-
atures when soil moisture is low (Seneviratne et al., 2006; Lorenz et al.,
2010). Similar findings have been reported over other global regions
se over Australia, (a) for the southeast and (b) for the southwest. Note that the highs sit
, and for wind vectors are m s−1, given by size. Taken from Fig. 4 of Pezza et al. (2012).



Fig. 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 the
1948–2003 monthly averages of July, and August, respectively, the month when the heatwaves occurred. Taken from Fig. 3 of Meehl and Tebaldi (2004).
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(Mueller and Seneviratne, 2012), where the relationship is stronger
where rainfall (and therefore soil moisture) is consistent and plentiful.
When soil moisture decreases in these regions, extreme temperatures
are more likely. In order for extreme summertime temperatures to
occur over Europe, the preceding winter and spring must be dry
(Durre et al., 2000; Quesada et al., 2012). This causes antecedent dry
soil moisture conditions, and, when combined blocking highs, the posi-
tive feedback amplifies. Few hot days will occur if antecedent soil mois-
ture is present but there is a lack of blocking highs, yet no hot days will
occur if soil moisture is high, despite what weather systems occur (see
Fig. 6).

This area of heatwave research has held a solid European focus. Dry
conditions increased the 2003 heatwave intensity by up to 40% (Fischer
et al., 2007a, 2007b), and a positive feedback situation between soil
moisture, circulation (i.e., the resulting synoptics) and temperature
has been detected for both individual events and climatological studies
on European heatwaves (Fischer et al., 2007a, 2007b; Vautard et al.,
2007; Zampieri et al., 2009). Specifically, large-scale advection during
the daytime continues to dry out already desiccated soil, while entrain-
ment allows for a continual build-up of heat in the vertical profile
(Stefanon et al., 2013; Miralles et al., 2014; see Fig. 7). The strength of
the coupling between dry soil and the atmosphere can vary dependent
on the event (Miralles et al., 2012), however was also a fundamental in-
gredient in the “mega heatwaves” over Europe in 2003 and Russia in
2010 (e.g., Fischer et al., 2007a, 2007b; Miralles et al., 2012, 2014).

Longer lasting heatwaves also have a clear link to local soil moisture
deficits (Lorenz et al., 2010). Furthermore, very dry antecedent condi-
tions can exacerbate larger-scale influences on extreme heatwaves,
such as oceanic influences (Ferranti and Viterbo, 2006). Quantifying
Fig. 5. Changes in the role of the land surface on temperature when soils are wet (a) and dry (b
when soils are wet, however this is reversed under dry conditions. This explains in a simple co
the soil moisture/temperature is challenging, however this coupling is
certainly much tighter for temperatures of rare occurrence (Hirschi
et al., 2011)—that is, soil moisture deficit plays an integral role in
reaching very extreme temperatures. Over North America, desiccated
soil moisture is also found to have an influence on severe temperature
extremes (Diffenbaugh et al., 2005). Specifically, a severe rainfall deficit
contributed to the 2011 Texas drought, where rainfall 8months prior to
the summer was less than half of the long term average (Hoerling et al.,
2013). A relationship between droughts and extreme temperatures, as
well as antecedent soil moisture and heatwaves over Australia has
also been identified (Nicholls and Larsen, 2011; Nicholls, 2012;
Perkins et al., in review).

It is clear via the pioneering work conducted over Europe (and to a
lesser extent North America) that the land surface has an integral role
to play, in acting like a switch as to whether a heatwave will occur, as
well as its length and intensity. However there remain large gaps in
our knowledge on this topic, particularly regarding the quantification
of land surface/heatwave coupling over other global regions. Given the
large impacts of heatwaves (see Section 1), such focus should be high
research priority, to better aid in the prediction and preparedness of
these events.

3.3. Climate variability and large-scale teleconnections

The role of climate variability in heatwave manifestation is an area
where specialized studies are largely still required. Indeed, there are
only a handful of studies that investigate the relationships between cli-
mate variability and general temperature extremes at the global scale
(Kenyon and Hegerl, 2008; Alexander and Arblaster, 2009; Arblaster
). A smaller boundary layer and sensible heat flux, and an enhanced latent heat flux occurs
ntext the coupling of drought and heatwaves. Taken from Fig. 1 of Alexander (2010).



Fig. 6. Schematic explaining the relationship between rainfall in themonths preceding summer and feedbackswith synoptic systems to cause hot days over Europe. Note that hot days are
conducive to both little antecedent rainfall and anti-cyclonic weather. Taken from Fig. 4d of Quesada et al. (2012).
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and Alexander, 2012). The global influence of the El Nino/Southern Os-
cillation (ENSO) is clear, however regional relationships dominate de-
pendent on mode phase (i.e., El Nino or La Nina; Kenyon and Hegerl,
2008, Alexander and Arblaster, 2009; Arblaster and Alexander, 2012).
The North Atlantic Oscillation (NAO) has a clear regional influence
Fig. 7. Schematic illustrating the positive feedback between decreased soil moisture, which enh
creased advection decreases evaporation and contributes to a dryer soil. All processes work tog
(2014).
over Eurasia on temperature extremes, and the largest influence of the
Pacific Decadal Oscillation (PDO) occurs over the northern Pacific Rim
and North America (Kenyon and Hegerl, 2008). Given that climate
modes can influence temperature distributions beyond a simple
shift in the mean (Kenyon and Hegerl, 2008), further research in
ances sensible heat, the growth of the boundary layer and therefore heat entrainment. In-
ether to increase temperature, thus a heatwave occurs. Taken from Fig. 4 of Miralles et al.
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understanding the interactions and changes in climate variability in re-
lation to climate extremes at the regional scale is important.

As discussed in Section 3.2,much of the focus on Europeanheatwave
drivers has focused around land/atmosphere coupling via soil moisture,
withmanygreat developmentsmade. Yet furthering this understanding
to include large scale modes of variability and other teleconnection is
quite sparse. This could be due to the fact that blocking highs are largely
associatedwith the NAO (Della-Marta et al., 2007a), therefore such con-
nections are implicit. Furthermore, research over this region has shown
the dominating influence of soil moisture (Quesada et al., 2012) in
heatwave intensity and frequency, which is likely important regardless
of the larger-scale influence responsible for any one season of surplus/
deficit. Despite this, connections have been made with the occurrence
of heatwaves and the Atlantic Multidecadal Oscillation (AMO) via
northern Atlantic sea surface temperatures (SSTs), as well as connec-
tions to high pressure anomalies over Scandinavia (Della-Marta et al.,
2007a), suggesting that the drivers of European heatwaves can extend
beyond local and shorter temporal mechanisms.

There are other global regions where climate variability and large
scale teleconnections have significant influences. Over Australia, ENSO,
the Indian Ocean Dipole (IOD) and the Southern Annular Mode (SAM)
have been shown to influence seasonal extreme temperatures
(Nicholls et al., 1996; Min et al., 2013). Some attempts have been
made in extending similar analyses specifically to heatwaves (Trewin,
2009; Parker et al., 2014b; Perkins et al., in review). Connections have
been made in the physical development of southeastern heatwaves to
La Nina phases of ENSO, positive phases of SAM and phases 3–6 of the
Madden Julian Oscillation (MJO), due to the tropical convection interac-
tions these phases govern (Parker et al., 2014b). In general, El Nino sum-
mers result in earlier heatwaves, longer and more intense heatwaves
over much of Australia, with the exception of the far southeast
(Trewin, 2009; Boschat et al., 2015; Perkins et al., in review). Large
scale teleconnections to sea surface temperatures and atmospheric con-
ditions have been suggested (Pezza et al., 2012; Boschat et al., 2015),
thus linking persistent causing highs with larger scale climate
variability.

Over North America, an ENSO influence has been identified, where
La Nina patterns are coincident with warmer temperatures (Kenyon
and Hegerl, 2008; Koster et al., 2009; Hoerling et al., 2013). It has been
reported that a strong La Nina was largely responsible for the 2011
Texan heatwave/drought (Hoerling et al., 2013). Indeed, connections
have been made with cooler Pacific conditions and enhanced evapora-
tion regimes (Koster et al., 2009), highlighting a link between climate
variability, the land surface and extreme temperature events for North
America.

While the drivers of heatwaves have been discussed in separate sec-
tions in the present paper, it is clear that links exist between them. For
example, clear links between climate variability and the land surface
in the formation of heatwaves have been identified by Hoerling et al.
(2013), while Quesada et al. (2012) address links between the land sur-
face and synoptic systems. However, such analyses are sporadic in
terms of the events and regions analyzed.While the climate community
has a good general understanding in how synoptic systems, the land
surface and larger-scale climate variability can contribute to heatwave
development, there is a large gap in this quantification, as well the rela-
tive importance of the involved physical mechanisms. This will, of
course, vary per region, but is vital for understanding in greater detail
how and why heatwaves have changed. Moreover, a more comprehen-
sive understanding on how heatwave are inextricably linkedmay aid in
the better measurements of these high impact events in the future.

4. Observed changes and regional heatwaves

Due to the global effort in categorizing extreme temperatures, there
is a wealth of literature analyzing how changes in the frequency and in-
tensity of maximum and minimum temperatures have changed in the
observational record (see IPCC, 2012). However, as discussed in
Section 2, there are more to heatwaves than just the count of
exceedances about the 90th percentile, or the highest annual intensity
of maximum temperature. While this has been recognized (IPCC,
2012; Perkins andAlexander, 2013), literature on changes in specifically
heatwaves is relatively scarce. As such, changes in general temperature
extremes are first summarized. A discussion of global changes in
heatwaves is then given, along with the challenges in detecting
heatwaves at this scale. Regional changes as well as major regional
events are also discussed.
4.1. changes in temperature extremes

Globally averaged,warming trends in annualmaximum (minimum)
temperatures were 0.14 °C (0.2 °C) per decade over 1950–2004
(Trenberth et al., 2007). Changes in observed temperature extremes
have been detected since the turn of the millennium (e.g., Plummer
et al., 1999; Easterling et al., 2000; Frich et al., 2002), though with re-
gional variations. While fewer cooler extremes were detected over
North America, fewer warm extremes were also measured toward the
end of the 20th Century (DeGaetano and Allen, 2002). Similar trends
have been measured via other studies, dubbing a “warming hole” for
the central eastern United States (Pan et al., 2004; Portmann et al.,
2009). However, over Australia and New Zealand both the frequency
and intensity of warm maximum and minimum temperatures in-
creased, with warm minimum temperatures showing greater trends
(Plummer et al., 1999; Alexander and Arblaster, 2009), detectable
over some areas as far back as 1910 (Torok and Nicholls, 1996). Over
Europe, frost days have significantly decreased since the 1930s, due to
large increases of winter minimum temperatures (Heino et al., 1999;
Easterling et al., 2000). Over 1946–1999, a reasonably symmetric
warming of minimum and maximum extremes was detected over
Europe, though variations of the rate of warming occurred over shorter
periods within this timeframe (Klein Tank and Können, 2003). The late
20th centurywarming over Europe, including thewarming of extremes,
placed this period warmer than any other in at least 500 years
(Luterbacher et al., 2004). Other regional studies, which agree with
those discussed here, can be found in IPCC (2012).

The first “global” analysis on observed changes in temperature ex-
tremes reported a significant change in most temperature indicators
from 1946–1999, where the intensity and frequency of warm (cool) ex-
tremes increased (decreased) over most regions (Frich et al., 2002).
However, changes in heatwaves were largely non-significant, yet were
based on the now supersededHWDI index (see Table 1 & Fig. 8). The ap-
proach of this global studywas in-house calculation of extremes byme-
teorological services so that they did not have to relinquish original data
(see Section 2.1). However, large gaps still remained over Africa, India,
and Central and South America (Frich et al., 2002). The creation of the
ETCCDI network gave a much more comprehensive overview on ob-
served changes in global extremes (Alexander et al., 2006). Over 70%
(45%) of stations analyzed showed significant decreases (increases) in
cold (warm) extremes over 1951–2003 (Alexander et al., 2006). As in-
dicated by earlier studies, regional trends varied, where some regions
(e.g., central and eastern Eurasia) exhibited large significant changes
in the frequency of ETCCDI temperature indices, and others (e.g., the
United States) showed little significant change (Alexander et al.,
2006). Changes heatwaves were now detected via WSDI and not
HWDI (see Table 1; Fig. 9). The observational network and resulting
trends in ETCCDI indices are continually being updated, with a more re-
cent assessment reporting significant increases in temperature ex-
tremes throughout all seasons during 1901–2010, although are
generally larger during cooler months (Donat et al., 2013a). There is
also evidence that the warming trends multiple indicators of tempera-
ture extremes have accelerated since the turn of the millennium
(Seneviratne et al, 2014).



Fig. 8. The percentage of change between twomulti-decadal averages in heatwaves during the 2nd half of the 20th century (1946–1999) of heatwave duration, as measured by HWDI for
144 stations. Filled circles indicate significant changes at the 5% level, with red (blue) indicating increases (decreases). Despite this being a global study there are still large regions not
represented. Taken from Fig. 4a of Frich et al. (2002).
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4.2. Global heatwave changes and hindering limitations

Given the inconsistency in heatwave definitions, until recently it has
been difficult to document their changes at the global scale. Frich et al.
(2002) and Alexander et al. (2006) provided some indication on how
heatwave duration has increased (see Figs. 8 & 9), however one of the
metrics is the previously discussed HWDI (see Section 2.1). A more re-
cent study has presented updated global changes in heatwaves, using
three relative definitions of heatwaves (see Fig. 2) and three
characteristics—seasonal heatwave intensity, duration, and the number
of heatwave days (See Section 2.2; Perkins et al., 2012). Since at least
1950, all three heatwave characteristics have been showing increasing
trends in the global observational record, despite which underpinning
Fig. 9. Global changes in WSDI for 1951–2003. Units are in days/decade and areas within black
spatial coverage for some regions compared to Fig. 8, other regions are worse (e.g., Australia). T
region, rather than no heatwaves actually occurring. This is also likely a reason why trends inW
ander et al. (2006). Taken from Fig. 4a of Alexander et al. (2006).
definition of a heatwave is used (Figs. 10 & 11; Perkins et al., 2012).
There is some regional similarity to changes other temperature ex-
tremes, such as the warming hole over the central United States
(Perkins et al., 2012). Climate variability influences are evident globally,
with the 1998 and 2009 El Nino's increasing the duration of heatwaves,
and the series of La Nina's during the 1970s slightly decreasing the peak
intensity of heatwaves during the respective years (Fig. 10, Perkins et al.,
2012). However ENSO influences are only seasonal, with the long-term
global trend indicatingmore heatwaves that are hotter and last for lon-
ger. Perkins et al. (2012) also showed that warm spells, which include
heatwaves outside summer, are increasing faster in their frequency
and intensity. This agrees with the existing literature on othermeasures
of temperature extremes, in that warm temperatures relative to cooler
boarders show significant trends at the 5% level. While there is some improvement with
his is likely due to the index not adequately representing heatwaves/warm spells over this
SDI are smaller and less significant than other measures of extreme temperature in Alex-



Fig. 10.Globally-averaged heatwave duration (HWD, left) and heatwave amplitude (HWA, right) from 1950–2011. Each line represents a different heatwave definition (see Perkins et al.,
2012). Note that despite different quantitative results, all definitions have similar trends per characteristic. Moreover, seasonality is similarly represented. Taken from Fig. 2 of Perkins et al.
(2012).
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times of the year are increasing faster than similar extremes during
warmer times if the year (e.g., Alexander et al., 2006).

Another challenge in the global assessment of changes in heatwaves
is the underpinning data required. While some studies have calculated
heatwaves and reported respective changes based on monthly data
(e.g., Coumou and Robinson, 2013), the short timescales on which
heatwaves occur and cause disastrous impacts means that daily data is
essential in appropriately measuring them. Unfortunately, large gaps
exist in the coverage and quality of the global observational network
of daily temperature (Caesar et al., 2006), with areas of little to no cov-
erage over Africa, central and south America, India, Greenland or
Antarctica (Caesar et al., 2006; Perkins et al., 2012). Indeed, the data
coverage in Perkins et al. (2012) is similarly lacking to Frich et al
(2002), despite being a decade younger.

In the case of developing countries such gaps are partly explained
by issues surrounding ownership of observational data. This limitation
does not necessarily apply to other temperature extremes, due to al-
ternative methods in their calculation (as discussed above). Moreover
while other monthly global products of temperature go back as far as
the late 1800s or early 1900s, the quality of daily data for many re-
gions cannot be assured to a similar standard before 1950. Along
with the previously inconsistent metrics used to measure heatwaves,
the spatial and temporal limitations in daily observations has led the
Intergovernmental Panel on Climate Change (IPCC) to declare only
medium confidence in their changes at the global scale (IPCC,
2012). Such confidence will likely not change unless the quality of
daily global observations is improved. Therefore until this time the
assessment by Perkins et al. (2012) is as comprehensive as possible
for a global analysis. Furthermore, as discussed below, (recent) re-
gional studies on observed changes in heatwaves are mainly limited
to regions with a comprehensive record – Europe, Australia and the
United States.
4.3. Regional heatwave changes and remarkable events

While a dedicated and in-depth global assessment on heatwave
changes has only recently been possible, research on European events
has been underway for the last decade. While much of this has focused
on the mega heatwaves over Western Europe and Russia (e.g., Stott
et al., 2004; Otto et al., 2012), trends in European events have beenmea-
sured from 1880 (Della-Marta et al., 2007b). The length of intense
heatwaves has doubled over Western Europe between 1880–2005
(Della-Marta et al., 2007b; Fig. 12). It is estimated that an 11% increase
in variance is responsible for a 40% increase in heatwave frequency
(Della-Marta et al., 2007b). It has been suggested that the strong con-
nectionswith thewater cycle and land surface over Europe during sum-
mer (see Section 3.2) and the changes therein can explain some of the
increases in summertime heatwaves, since more intense and longer
heatwaves are much more likely after a dry winter over the Mediterra-
nean (Vautard et al., 2007; Vautard and Yiou, 2009).

Both the 2003 European and 2010 Russian heatwaves are consid-
ered mega-heatwaves, due to their unprecedented nature in terms of
their magnitude (Schär et al., 2004; Grumm, 2011) and in the case of
the Russian heatwave, duration. The intensity of both events were at
least 4 standard deviations greater than the observed temperature
distribution (Schär et al., 2004; Grumm, 2011). Much of this research
effort has been geared toward understanding why these events have
occurred (e.g., Stott et al., 2004; Fischer et al., 2007a; Dole et al.,
2011; Otto et al., 2012) and the likelihood of experiencing more in
the future (e.g., Stott et al., 2004; Barriopedro et al., 2011). The con-
tribution to changes in these events due to anthropogenic activity is
discussed in Section 6. Interestingly, it is via these mega heatwaves
that many developments have been made in understanding the role
of the land surface and synoptic patterns in priming heatwave condi-
tions (see Section 3). An extreme precipitation deficit, early excess



Fig. 11.Global trends in the frequency of summer heatwave days from 1950–2011 for three different definitions of heatwaves (see Perkins et al., 2012). Hatching indicates significance at the
5% level. Similar to Fig. 10, while quantitatively the indices differ, their respective regional trends are quite similar, alongwith areas of significance. Adapted from Fig. 1 of Perkins et al. (2012).
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evapotranspiration and persistent blocking highs aided a positive
feedback where latent cooling was heavily reduced, allowing the
2003 heatwave to be so extreme (Zaitchik et al., 2006; Fischer
et al., 2007a). In retrospective studies, decreased soil moisture also
increased the intensity of summer heatwaves in 1976, 1994 and
2005 (Fischer et al., 2007b). The longevity of the 2010 Russian
heatwave was found to be mainly due to internal atmospheric pro-
cesses that maintained a long-lived “omega” blocking event, while



Fig. 12. Trends in themaximumsummer 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).
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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
overmuch of the continent (Fig. 13), with trends further increasing dur-
ing the latter 40 years (Perkins and Alexander, 2013; Steffen et al.,
2014). The number of discrete events as well as heatwave duration
Fig. 13. Trends in the number of heatwave days (during November–March) over Australia betw
This is an updated version of Fig. 3 h in Perkins and Alexander (2013).
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). Themost recent literature is qualitatively
in agreement with earlier studies that employ different definitions and
een 1950–2013. Units are in days/decade, hatching indicates significance at the 5% level.
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characteristics (Tryhorn and Risbey, 2006; Trewin, 2009) as well as re-
gional assessments on other temperature extremes (e.g., Plummer
et al., 1999; Alexander and Arblaster, 2009). However some uncertainty
lies around the observational datasets used. Coastal events exhibit
higher intensities when measured from in-situ data compared to re-
analysis, while trends in the number of heatwave days and average du-
ration are larger in the latter (Tryhorn and Risbey, 2006).

In the last few years Australia has experienced numerous unprece-
dented heatwaves. A late spring heatwave occurred in 2012 over the
southeast, where some areas recorded temperatures up to 12 °C higher
than average (Bureau of Meteorology, 2012). This event preceded
Australia's hottest summer on record, which was punctuated by an ex-
tensive heatwave during summer that impacted all of the country
(Bureau of Meteorology, 2013a), a prolonged autumn heatwave over
the southeast (Bureau of meteorology, 2013b), and relatively extreme
heatwaves during spring (Bureau of Meteorology, 2013c). Central and
southeast Australia were affected by a persistent high during January
2014 (Bureau of Meteorology, 2014a), and much of Australia experi-
enced a long autumn heatwave, lasting almost 3 weeks in some loca-
tions (Bureau of Meteorology, 2014b). These events have broken
many records across various locations, and have added to the increasing
trends discussed above.

Compared to Europe and Australia, there is a lack of published litera-
ture on the investigation of recent changes in heatwaves over North
America. This is likely due to the detection of the warming hole and its
connections to changes in the regional hydrological cycle (Pan et al.,
2004; Portmann et al., 2009) and/or changes in the phase of the PDO
(Meehl et al., 2012), allowing assumptions to be extended to heatwaves.
Indeed, larger numbers of heatwaves occurred in the central United
States during the 1930s (Kunkel et al., 2008; Peterson et al., 2013), con-
sistent with the dust-bowl drought (Hoerling et al., 2013). However a
significant increasing trend in heatwaves has been detected since 1960
(Kunkel et al., 2008), and Alaska has experienced a high number of
heatwaves during 2001–2010 (Peterson et al., 2013). There has however
been twomajor American heatwaves that have received some attention
in the climate science literature. In 1995 a severe heatwave occurred
over Chicago, which was accompanied by a high dew point temperature
(Karl and Knight, 1997; Kunkel et al., 1996) and was the most intense
event in the region in 48 years (Kunkel et al., 1996). Another outstanding
event is the Texan heatwave of 2011. The overall summer average tem-
perature of 2011 was 2.9 °C above the climatological mean, with large
ties identified to severe antecedent rainfall deficits and a very strong La
Nina (Hoerling et al., 2013). This region of the United States has experi-
enced other notable heatwaves, during the 1930s, 1980 (Greenberg
et al., 1983) and 1998 (Hong and Kalnay, 2000), which, like European
events, have strong connections to antecedent droughts (Hong and
Kalnay, 2000). Lastly, over China, significant increases in heatwave
length have been found since 1961, particularly in the northwest and
southeast coast (Ding et al., 2010).

This somewhat detached assessment of observed changes in
heatwaves reinforces the need for a unified framework. Much of the lit-
erature on observed heatwaves employ separate definitions, making it
very difficult quantitatively to compare individual events and overall
changes.While a prescribed framework similar to ETCCDI has been pro-
posed (Perkins et al., 2012; Perkins and Alexander, 2013), such a tool
will only be effective and, ideally improved upon, when widely used.
The deployment of a unified heatwave framework similar to, or even
part of the ETCCDI HadEX2 (Donat et al., 2013a) calculationswould cer-
tainly help achieve this.

5. Future changes in heatwaves

5.1. Climate model background and their usefulness

Unlike the measurement of observed heatwaves, projected changes
derived from numerical climate model simulations do not suffer from
spatial and temporal issues, at least to the same degree. They do howev-
er suffer from the inconsistency of a unified heatwave definition with
many studies employing their own, or using less appropriate ETCCDI
definitions (similar to that of observed changes). Since the release of
the ClimateModel Intercomparison Project Phase 3 in 2005, many glob-
al climate models (GCMs) have provided daily data, which is key in the
measurement of heatwaves. CMIP3 models with daily data produced
only two time slices for future projections, based around 2046–2065
and 2081–2100, for a range of emissions scenarios (generally low, me-
dium and high; see Meehl et al., 2007a). These limitations were mainly
due to data storage and model run time, and allowed for a snapshot of
the climate centered on the middle and the end of the 21st century.

The current version, CMIP5, has continuous 21st Century simula-
tions for similar though not identical emissions scenarios (see Taylor
et al., 2012), allowing for the analysis of trends and progressive changes
in high-impact events such as heatwaves. Modern day climate model
projections are also consistent through space, although the resolution
of climate models can inhibit adequate projections of temperature ex-
tremes relative to observations. Climate models produce gridded data,
where resolution can vary in size from 50–100 km2 to 400 km2 among
different climate models. Each grid box is a representative for all condi-
tions for the area it covers, thereby processes that occur on scales
smaller than the resolution are parameterized (i.e., mathematically rep-
resented, and not actually simulated by the model). This can affect the
representation of heatwaves since the driving processes (e.g., surface
energy fluxes, soil moisture, synoptic systems) may not be adequately
simulated, resulting in systematic biases such as overly persistent
events (see Vautard et al., 2013).

Nevertheless, climate models are the best tools available for gaining
understanding in how the climate will change under enhanced anthro-
pogenic activity, and are extremely useful so long as their limitations are
understood and taken into account. Moreover, multiple assessments
have concluded that many contemporary numerical models provide
sound projections of heatwaves and temperatures extremes (e.g.,
Perkins et al., 2009; Cowan et al., 2014; Zwiers et al., 2011). Encourag-
ingly, there is also evidence that the latest generation of climate models
in the CMIP5 archive have improved in simulating key processes for
temperature extremes and heatwaves (e.g., Fischer et al., 2012; Purich
et al., 2014; Loikith et al., 2015). Regional climate models (RCMs),
which operate on finer resolutions than GCMs for a limited domain
can also increase value to projections of temperature extremes (e.g.,
Di Luca et al., 2013; Perkins et al., 2014a), though the quality of down-
scaled projections is dependent on the driving GCMs (e.g., Vautard
et al., 2013; Perkins et al., 2014a). All investigations of projections of
heatwaves and temperature extremes conclude that the more
greenhouse-gas enhanced the future climate is (represented via differ-
ent emission scenarios), all temperature extremes are more intense
and occur more often, and in the case of heatwaves, last for longer.
The rest of this section discusses the current state of scientific knowl-
edge on projected changes heatwaves at global and regional scales, as
well as how an enhanced greenhouse gas future may affect heatwave
mechanisms.
5.2. Projected global and regional changes

Recent comprehensive assessments of the climate science literature
have stated it is very likely that increases in heatwave duration, intensi-
ty and frequency under enhanced greenhouse gas conditions (Meehl
et al., 2007b; IPCC, 2012), though such increases have been reported
for over a decade (Meehl and Tebaldi, 2004). Using amulti-member en-
semble of a single GCM, the 2003 European and 1995 Chicago
heatwaves are projected to occur more frequently under a business-
as-usual scenario (i.e., no change in industry, greenhouse gas emissions
continue to increase;Meehl and Tebaldi, 2004). A separate analysis over
Central Europe also confirmed an increase in frequency of heatwaves
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similar to the 2003 event due to an increase in average temperature
under enhanced greenhouse conditions (Beniston, 2004).

More modern RCMprojections over Europe have shown spatial het-
erogeneity in increases of the intensity, frequency and duration of
heatwaves (see Fig. 14; Fischer and Shär, 2009; Fischer and Schär,
2010). Larger increases in intensity and duration are projected for
southern Europe, particularly over Spain and the Mediterranean, were
heatwave days are projected to increase 20-fold by 2100 (Fischer and
Shär, 2009; Fischer and Schär, 2010). Other projections over the Medi-
terranean include dramatic increases in the frequency hot temperature
extremes and heat stress by between 200–500% by the end of the 21st
century (Diffenbaugh et al., 2007). The frequency of a European mega-
heatwave similar to 2003 is projected increase by 5–10 fold over the
Fig. 14. Projected changes via an ensemble of RCMS of average European heatwave frequency (
1990. Note the spatial heterogeneity, with smaller and sometimes negative changes further po
next 40 years (Barriopedro et al., 2011), with corresponding summer
temperature anomalies becoming “the norm” by 2100 under a high
emissions scenario (Fig. 15; Christidis et al., 2014). However, the 2010
Russian event was so extreme that the probability of a similar event oc-
curring again does not increase for at least 50 years (Barriopedro et al.,
2011) and is still considered a rare event by the end of the 21st century
under a high emissions scenario (Russo et al., 2014).

Increases in heatwave intensity and frequency are projected by the
CMIP3 ensemble and RCMs over the United States (see Fig. 16), with
these signals detectable by 2030–2039 (Diffenbaugh and Ashfaq,
2010). Similar to Europe, projections are spatially heterogeneous, with
larger increases in frequency over the southwestern states and North-
ern Mexico (Diffenbaugh and Ashfaq, 2010), yet the intensity of
a,b) and amplitude (b,d) for 2021–2050 (a,c) and 2071–2100 (b,d), with respect to 1961–
leward. Taken from Fig. 2 of Fischer and Schär (2010).



Fig. 15. Probability distributions of the European average summertime temperature
anomalies relative to 1961–1990 for future decades under a nigh emissions scenario
from the CMIP5 GCM ensemble. The vertical red line indicates the seasonal anomaly of
the 2003 European heatwave. Note that by the end of the century, all European summers
are projected to be at least as hot as 2003, indicating significantly more heatwaves.
Adapted from Fig. 5 of Christidis et al. (2014).
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temperature extremes show larger increases in the northeast, particu-
larly under a high emissions scenario (Wuebbles et al., 2014). Under a
medium emissions scenario, the number of hot extremes will outnum-
ber cold extremes by 20 (50) times by the mid (late) 21st century
(Meehl et al., 2009). Heat stress over the United States are projected
to increase by many climate model ensembles and generations, largely
driven by temperature increases since relative humidity is projected
to decline (Wuebbles et al., 2014 and references therein).

Very large increases the duration of heatwaves are projected over
the Tropical Pacific by the end of the 21st Century (Perkins, 2011). How-
ever, such projections should be interpreted with caution, as extreme
temperature metrics are exacerbated in this region due to the small an-
nual range temperature. Though despite this small annual range and
relatively smaller projected temperature increase, it has been reported
that heat stress show the largest projected increase over the Tropics
than any other region by the end of this century (Delworth et al.,
1999; Fischer et al., 2012).

Significant increases in Australian heatwave/warm spell duration
was found to occur by the end of the 21st Century in a subsample of
CMIP3 models (Alexander and Arblaster, 2009). This is consistent with
earlier work, which also reported increases in heatwave frequency
and intensity projected by a single GCM by (Tryhorn and Risbey,
2006). Modern analysis employing the CMIP5 models report increases
in the intensity, frequency and duration of Australian heatwaves and
warm spells by the end of the 21st century (Cowan et al., 2014). Signif-
icant increases in the number of heatwave/warm spell days and
heatwave/warm spell duration are greatest over tropical Australia, par-
ticularly by 2100 under a high emissions scenario (see Fig. 17). The
maximum amplitude of heatwaves and warm spells significantly in-
creases over southern Australia (Cowan et al., 2014), which already ex-
periences themost intense events of the continent (Tryhorn and Risbey,
2006; Perkins and Alexander, 2013). This asymmetric warming in
events during cooler times of the year is consistent with observed
changes (Perkins et al., 2012). At the local scale, significant changes in
the number of heatwave days and event duration are projected for a se-
lection of Australian cities, under a high emissions scenario (Cowan
et al., 2014). Urban areas are projected so see larger increases in heat
stress (heatwaves coupled with humidity), particularly at nighttime,
compared to surrounding urban areas (Fischer et al, 2012).

While there is a significant amount of literature on future changes in
regional heatwaves, some studies have also held a global focus. In-
creases in heatwave duration were projected by the CMIP3 and CMIP5
GCM ensembles, with greater increases under the business-as-usual
scenario compared to lower emission scenarios, and statistically signif-
icant changes over land, with exception to the tropics (Tebaldi et al.,
2006; Orlowsky and Seneviratne, 2012). The length of the average sea-
sonal heatwave is projected to increase faster than maximum seasonal
duration, and long events show faster increases during cooler seasons
compared to warmer seasons (Fig. 18; Orlowsky and Seneviratne,
2012) Events with similar intensity to the 2010 Russian event are
projected to occur as often as once every 2 years over Europe, the
Americas, Africa and Indonesia by the end of the 21st century under a
high emissions scenario (Russo et al., 2014). Projections from a
perturbed physics ensemble show increases in heatwave intensity
over the Northern Hemisphere, which are reasonably uniform across
events of various duration, though the overall length of events are
projected to have dramatic increases (Clark et al., 2006). Indeed, many
global regions may likely reach a new permanent warm state by the
middle of the 21st Century (Diffenbaugh and Scherer, 2011), thus in-
creasing the intensity, severity and frequency of present-day events.

5.3. Changes in mechanistic drivers of heatwaves

It is abundantly clear frommanydifferent studies employingnumer-
icalmodels at regional and global scales that throughout the 21st centu-
ry, heatwaves will occur more often, at higher intensities, and last for
longer under enhanced greenhouse gas concentrations. Butwhat exact-
ly drives this change? Do the synoptic systems that govern heatwaves
also change, is there any alteration to land surface fluxes and coupling,
or is an increase in background temperatures solely responsible? Pres-
ently, there seems to be no clear answer on this, with different studies
providing evidence in changes of different mechanisms.

Changes in the intensification of persistent highs were found to in-
fluence future increases in frequency of intense heatwaves similar to
the 2003 European heatwave and 1995 Chicago heatwave (Meehl and
Tebaldi, 2004). Increased frequencies of persistent highs have been
projected over the United States, which, coupled with increased drying
of the land surface, aids in the manifestation of heatwaves under
enhanced greenhouse conditions (Diffenbaugh and Ashfaq, 2010).



Fig. 16. Figure projections over the United States from an RCM on the occurrence of the hottest heatwave during 1951–1999 for 2010–2019 (left), 2020–2029 (middle) and 2030–2039
(right). Note that by halfway through this century, all of theUnited Stateswill seemore extremeheatwaves, particularly in the central states. Adapted fromFig. 1 of DiffenbaughandAshfaq
(2010).
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However, while the intensity of persistent highs is also projected to in-
crease over Australia with more of these systems also occurring further
poleward, themain driver for increased heatwave occurrence and dura-
tion is mainly due to an increase in average temperature (Cowan et al.,
2014; Purich et al., 2014). This is in agreementwith earlier work finding
increases in the frequency of temperature extremes result mainly from
increases in seasonal average temperature over most global regions
(e.g., Barnett et al., 2006; Ballester et al., 2010). Similarly over Europe
the CMIP3 ensemble provided no evidence to suggest changes in
heatwave-driving synoptic systems throughout the 21st century
(Cattiaux et al., 2012). Moreover, future events are projected to have
similar governing synoptic systems compared to recent events
(Cattiaux et al., 2012).

Simulations fromRCMs project increased variability coupledwith an
increase in average temperature under enhanced greenhouse gas condi-
tions. This increases the frequency of events similar to the 2003 and
2010 mega-heatwaves, though changes in “less extreme” heatwaves
may result from increases in mean temperature only (Barriopedro
et al., 2011).Many studies point toward increased temperature variabil-
ity of around 100% over Europe over the next century, leading to larger
increases in extremes compared to mean temperatures (Schär et al.,
2004; Clark et al., 2006; Diffenbaugh et al., 2007; Fischer and Schär,
2009, 2010; Fischer et al., 2012). Temporal components of variability
(seasonal, annual, interannual) are all projected to increase under en-
hanced greenhouse conditions, though by varying degrees over differ-
ent European regions (Fischer and Schär, 2010; Fischer et al., 2012).
There is evidence that the projected increase in temperature variability
is connected to soil moisture and other land surface interactions, with
higher heatwave magnitudes expected under increases in average tem-
peratures combined with enhanced soil moisture deficits (Clark et al.,
2006; Seneviratne et al., 2006; Diffenbaugh et al., 2007; Fischer et al.,
2011). Indeed, a preferential heating of the upper tail of the temper-
ature distribution, thus increasing variability, is largely governed by
soil moisture feedbacks (Diffenbaugh et al., 2007; Fischer et al.,
2012). Both conditions are projected under enhanced greenhouse
gas conditions over Europe (e.g., Seneviratne et al., 2006; Fischer
et al., 2011), though there are no similar studies to date exploring
future land surface changes and heatwaves over Southern Hemi-
sphere regions.

Over the last decade, a huge amount ofwork has been undertaken to
understand how temperature extremes and heatwaves will change
under enhanced greenhouse gas conditions. While heatwave intensity,
frequency and duration increase over time (particularly under high/
business as usual scenarios), they are projected to change at different
rates and over different spatial scales. Moreover, much of the work in
understanding how the drivers of heatwaves will change has largely
been conducted over Europe. Such changes in temperature variability
and land surface coupling may not necessarily apply to other regions,
at least to the same extent. Thus, there is a great need for more research
on how anthropogenic activity may cause changes in the physical
mechanisms behind heatwaves. There may also be other mechanisms
that may change in a future climate but have not yet been thoroughly
researched, such as land use change and the corresponding effects of at-
mosphere/land surface coupling (e.g., Hirsch et al., 2014). Progress in
climate modeling is also continuous and develops further as we learn
more about the climate system and its interactions, and the climate
community is able to make use advances in computational resources.
Thus, continuing research into the understanding of future changes in
heatwaves will continue to be necessary, at least for the foreseeable
future.

6. Role of humans behind heatwave changes—can we do it?

Despite a lack of a consistent heatwave metric, an increase in the in-
tensity, frequency and/or duration of these high-impact events have
been detected over many global regions. The occurrence of record-
breaking events since the turn of the millennium is also disturbing.
While such changes are consistent with what is expected under en-
hanced greenhouse conditions, is it possible to quantify whether
human activity is responsible for these changes, and/or the occurrence
of a particular event? Indeed, this is a question often bestowed on
climate scientists during or directly after a heatwave (or another high-
impact event) occurs (Stone andAllen, 2005). Andwhile we cannot cat-
egorically answer “yes” or “no”, we can determine whether the likeli-
hood, or chance of a particular heatwave occurring has changed due
to human influence on the climate. In other words, do we now see
more heatwaves that are longer andmore intense, because of anthropo-
genic climate change?

6.1. Fraction of Attributable Risk

A probabilistic method commonly used to answer this question is
named Fraction of Attributable Risk (FAR), which works by comparing
the occurrence of a specific event over a given region between two sam-
ples (Allen, 2003; Stone and Allen, 2005). In the case of climate change
research, this involves large ensembles of climate model simulations.
This method is frequently used to study changes in a meteorological
event from a climatological perspective (Hulme, 2014), that is, is a me-
teorological event of a certain intensity changing in its relative frequen-
cy, because the climate is changing? The probability of the event of
interest is computed in climate model experiments where observed
greenhouse gas emissions are prescribed, and are compared to the
probability of the same event occurring in experiments where green-
house gasses are not included. The exact details of models used and ex-
perimental designmay vary (e.g., see Lewis and Karoly, 2013; Christidis
et al., 2013), however the method has been successfully employed for



Fig. 17. Projected changes of Australian summer heatwave days (HWF), duration (HWD)
and hottest day of hottest event (HWA) using the CMIP5 GCMunder a high emissions sce-
nario for 2081–2100 compared to 1950–2005. Units for the top to panels are days, for the
bottom panel in °C. Stippling indicates where changes are not significant at the 5% level.
Adapted from Fig. 3 of Cowan et al. (2014).
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over a decade to determine probabilistic changes in the odds of various
observed extreme events under current atmospheric greenhouse gas
levels (e.g., Stott et al., 2004). Fig. 19 shows the relationship between
FAR values and changes in risk. For example, a FAR value of 0.5 corre-
sponds to a doubling of risk, a FAR value of 0.7 corresponds to a quadru-
pling, and so on.

One of the first FAR studies conducted investigated the change in
likelihood of the 2003 European heatwave (Stott et al., 2004). In this at-
tribution study, the event was characterized by a summertime mean
temperature anomaly of 2.3 °C over the domain of Western Europe.
The frequency of this area-averaged summertime anomalywas then de-
termined for model simulations that included natural climate forcings
and anthropogenic emissions, and compared to the frequency of the
same event in a simulation where only natural forcings were included.
By using a bootstrap resampling procedure to estimate uncertainty, it
was concluded with 90% confidence that the odds of a summertime
anomaly of 2.3 °C over Western Europe had at least doubled due to
anthropogenic activity (Stott et al., 2004). However, updated studies
report this estimate as very conservative, due to a continuing
increase in European temperatures, and more advanced modeling
tools (Barriopedro et al., 2011; Christidis et al., 2014). Moreover, the es-
timate in risk is only valid for the point in time that it is estimated for. As
the climate continues to change because of anthropogenic activity, risks
in high-impact events will also change. So in the case of the 2003
European heatwave, the risk of a similar event occurring will only in-
crease as the planet continues to warm.

Using the CMIP5 model ensemble, Lewis and Karoly (2013) per-
formed a similar study on the 2012/2013 Australian summer, the
hottest on record. Their analysis revealed a 2.5 fold increase in the
odds of an Australian summer this hot by the early 2000s, and at least
a 5-fold increase by 2020. Very similar resultswere also found for the in-
crease in risk of the 2014 autumnheatwave (Perkins, in review). Indeed,
there have been multiple studies that have examined the contribution
of anthropogenic climate change to Australia's hottest year using vari-
ous methods. Knutson et al. (2014) and Lewis and Karoly (2014) com-
puted FAR values of near 1.0 (i.e., almost impossible to have occurred
without human influence) for various prolonged extreme temperatures
that occurred during 2013, with Arblaster et al. (2014) and King et al.
(2014) noting such links with anthropogenic climate change haveman-
ifested in reduced moisture availability an anomalous circulation pat-
terns. More specifically Perkins et al. (2014b) found at the intensity
and frequency of heatwaves that occurred during the 2013Austral sum-
mer had doubled and trebled in these odds of occurrence, respectively,
due to anthropogenic climate change.

Similar studies have also been conducted for other regional events
across the globe. Diffenbaugh and Scherer (2013) found a 4-fold in-
crease in the extreme July temperatures and associated dynamics across
the United States. An extreme summer also occurred over Asia during
2013, with FAR analyses revealing a 10-fold increase over Korea (Min
et al., 2014). Anthropogenic climate change also increased the probabil-
ity of heatwaves similar to respective 2013 events over Japan (Imada
et al., 2014) and China (Zhou et al., 2014). The likelihood of extremely
warm European summers has increased by 2–4 fold (Christidis et al.,
2012a), while extremely warm years have increased by at least a factor
of 2 over many global regions (Christidis et al., 2012b). European au-
tumn temperatures of similar magnitude to 2011 have also increased
62-fold in occurrence, compared to a climatewithout anthropogenic in-
fluence (Massey et al., 2012).

In the last decade, understanding the human contribution on smaller
regional and spatial scales has become pertinent, particularly from an
impacts perspective. While the limitations of GCMs could inhibit attri-
bution analyses on finer scales (Stott et al., 2010), a systematic intra-
model relationship between temporal and spatial scales has been
identified in the attribution of temperature extremes (Fig. 20;
Angélil et al., 2014). Thus, while most “extreme” attribution studies
currently focus on seasonal or annual temperature anomalies over
continental scales, the same general findings of these studies likely
apply to shorter scale events (i.e., heatwaves), at least until targeted
research is undertaken.

6.2. Other approaches and inherent attribution issues of heatwaves

There are also other, though perhaps less widely used methods that
can be used to understand the anthropogenic influence behind changes
in heatwaves. A statistical model employing Monte Carlo simulations
was introduced by Rahmstorf and Coumou (2011), assessing changes
in risk similar to FAR, though employed no numerical climate models,
rather incorporating random sampling and trend estimation from ob-
servations. Via this method it was found that the occurrence of the
Russian heatwave had increased by 5-fold during the last decade



Fig. 18.Global projections of Annual (1st row), Dec–Feb (2nd row),Mar–May (3rd row), Jul–Aug (4th row), and Sep–Nov (5th row) ofmaximumheatwaveduration (1st column), average
heatwave duration (2nd column) and warm spell duration (3rd column) using the CMIP3 GCMs. Note the seasonal and regional heterogeneity of changes. Taken from Fig. 5 of Orlowsky
and Seneviratne (2012).
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(Rahmstorf and Coumou, 2011). Dole et al. (2011) made use of the
CMIP3 model ensemble to ascertain any contribution of human activity
on the Russian heatwave, and employed multi-member model ensem-
bles to understand the role of atmospheric and oceanic influences.
Since no trend was detected for western Russia temperature extremes
in the CMIP3models and observations, andweather patternswere sim-
ilar to other heatwaves for the region, it was concluded that human ac-
tivity did not contribute to the intensity of the 2010 Russian heatwave,
rather that atmospheric mechanisms and land–atmosphere feedbacks
were mostly responsible (Dole et al., 2011). It is interesting that despite
analyzing the same event, the above two studies seem to contradict
each other.
This raises the important point of the attribution question that is
posed. What appears to be contradicting statements on the role of an-
thropogenic climate change behind a specific heatwave may be equally
plausible, so long as the context is clear. Otto et al. (2012), who conduct-
ed a separate analysis on the Russian heatwave, find neither study
wrong. Instead, the importance of question framing is emphasized—the
magnitude of the Russian heatwave is primarily driven by internal dy-
namics, as outlined by Dole et al. (2011), however the probability in
the occurrence if this particular event over the region of interest has in-
creased when anthropogenic climate change is accounted for
(Rahmstorf and Coumou, 2011; Otto et al., 2012). This is a crucial
point that must be remembered in any analysis determining the



Fig. 19. Schematic showing the relationship between the fraction of attributable risk of a specific to an external cause, and the corresponding change in risk. Taken from Fig. 1 of Allen
(2003).
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contribution of humans toward a specific event—the explicit statement
of the characteristic being analyzed and its context.

It is also quite likely that in many cases the different driving mecha-
nisms of a heatwave are affected by anthropogenic climate change in
different ways, thus complicating the resulting attribution statements.
An example of this is the 2011 Texan heatwave, which was coupled,
and likely amplified, by a preceding extreme drought (Hoerling et al.,
2013). The drought itself was largely driven by natural variability
through an extreme La Nina. And while increases in the frequency of
temperature records were marginally attributed to human activity, at-
tribution to natural variability was much higher. An overall average
warming from 1981–2010 was attributed to human activity, however
over longer temporal periods the assessment is difficult, due to a lack
of temperature trend over this region. Hoerling et al. (2013) emphasize
the importance of assessing the physical mechanisms in conjunction
with event attribution, and the conclusion that natural variability was
largely responsible was also supported by Cattiaux and Yiou (2013),
who found little detectable change in atmospheric flow in response to
anthropogenic activity.

Optimal fingerprinting is another method to disclose the human
contribution behind observed changes (Allen and Tett, 1999). This
method employs climate model simulations to estimate internal vari-
ability, and scaling estimates are applied to historical model trends to
best match observed trends (Allen and Tett, 1999; Allen, 2003). Thus,
Fig. 20. The relationship between the length of time an extreme temperature event lasts
(colors) and the size of the spatial domain it occurs on (x and y axes) for its risk of occur-
rence. The triangles and squares each represent a different RCM. Such relationships sug-
gest that changes in the risk of temperature extremes (i.e., heatwaves) at finer scales
can be estimated from changes in risk at larger scales. However, the estimated absolute
changes in risk do differ dependent on the model used. Adapted from Fig. 3a of Angélil
et al. (2014).
the result depicts the contribution of human activity toward trends in
a certain event, accounting for influences of internal climate variability.
A significant contribution of anthropogenic forcing toward increasing
warm years has been detected over many global regions (Christidis
et al., 2012b). At the regional level, an anthropogenic influence has con-
tributed to European seasonal temperature trends (Stott et al., 2004;
Christidis et al., 2012a). In terms of extremes, optimal fingerprinting
has found that increasing trends in extremely warm nights over
Australia, the United States and Northern Eurasia can be attributed to-
ward human activity (Christidis et al., 2005). Later work detected an in-
fluence on extremely warm days over similar regions (Christidis et al.,
2012b), which, along with other measures of extreme temperatures,
has been extended to other regions (Zwiers et al., 2011). Indeed in
most cases, trends in temperature extremes would have decreased
since 1950 if forcings on the climate system were only from natural
sources (see Christidis et al., 2005, 2012b). However, despite sig-
nificant trends being detected over numerous regions (Perkins
et al., 2012), formal fingerprinting on heatwaves specifically has
yet to be established.

It is clear from the discussion above that while it is certainly achiev-
able to ascertain the influence of human activity behind a heatwave (or
any other event of interest), there are some limitations that must be re-
membered. Firstly, the results of an assessment like this are highly
specific—they depend on the intensity of the event, its spatial and tem-
poral scale, the regions of interest, and the specific timeperiod onwhich
the analysis is performed. Thus,while links of attribution statements be-
tween spatial and temporal scales have been identified for temperature
extremes (Angélil et al., 2014), in order to ascertain the correct change
in risk, at least at this stage, an attributional study is required for each
individual event. Moreover, changes in likelihood are not stationary in
time, and need to be re-established for different temporal periods.
There are also issues surrounding the specificity of the attribution
question, which influences the analysis and the interpretation of the
assessment. Previous and current modeling tools used for attribution
may also become superseded, which could compromise then-relevant
statements.

These issues, however, should not prevent the undertaking of
heatwave attribution studies, but rather facilitate in their development.
A large communication effort is certainly required to ensure statements
are interpreted correctly, and not misunderstood by the greater scientific
or even general communities. Provided this occurs, and attribution
methods are developed further and applied to physical mechanisms,
many benefits could arise from this type of knowledge. Near- or even
real-time attribution could be determined as a heatwave occurs, or per-
haps even as part of a weather forecast. This would highlight the current
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impact of anthropogenic climate change, and accelerate the discussion
of liability (Allen, 2003) in social constructs. Attribution of heatwaves
may also provide important adaptation and mitigation information;
byunderstanding howanevent is changing compared to a natural base-
line, appropriate policies may be drawn up to lessen the impacts of
these events—for example the impacts of heatwaves on human health.
Moreover, while variability exists in the exact quantification of human
contribution behind heatwaves, the vast majority of studies point to-
ward increases in the frequency of high-impact events, due to anthro-
pogenic climate change.

7. Closing remarks and future heatwave research priorities

It should be clear that an enormous amount of research has been
conducted by the climate science community, particularly in the last
10 years, in order to further scientific understanding of heatwaves.
This work has focused on the definition of a heatwave, driving physical
mechanisms, observed and future changes, and the contribution of an-
thropogenic climate change behind these changes. Fig. 21 provides a
schematic on how the five heatwave topics addressed in this paper re-
late and interact with one another. No one topic stands alone, yet future
changes (i.e., Section 5) a wholly reliant on the other four. Moreover, all
five topics undoubtedly have strong influences on any resulting
heatwave events, and their impacts.

In terms of themeasurement of heatwaves, progress has beenmade
from non-flexible duration indices and counting days above a particular
threshold (e.g., Frich et al., 2002; Alexander et al., 2006), to mutli-
definition and characteristic frameworks (Perkins and Alexander,
2013) aswell asmetrics that combinemultiple heatwave characteristics
(e.g., Russo et al., 2014), all of which are based around the premise of
consecutive days of extreme heat. There is a substantial amount of
knowledge of the driving mechanisms of heatwaves, including persis-
tent high pressure systems (e.g., Black et al., 2004; Matsueda, 2011;
Pezza et al., 2012), land surface interactions and moisture fluxes (e.g.,
Fischer et al., 2007b; Hirschi et al., 2011; Quesada et al., 2012), and sea-
sonal climate variability (e.g., Kenyon and Hegerl, 2008; Hoerling et al.,
2013). Many studies have consistently reported observed increases in
heatwaves and related temperature extremes at global and regional
scales (e.g., Alexander et al., 2006; Della-Marta et al., 2007a; Ding
et al., 2010). There are also differences in how heatwave characteristics
(e.g., intensity frequency and duration) have changed over different
global regions (Perkins et al., 2012). Observed increases are projected
Fig. 21. Schematic showing the interrelationships between the 5 heatwave topics
discussed in this literature review. All topics are interrelated, indicating that further devel-
opment and research on heatwaves can't be conducted separately under these topics.
Future changes in heatwaves rely on a sound understanding of the 4 other topics, and
all 5 topics have a profound impact on corresponding heatwave events and the resulting
impacts.
to continue well into the future by numerical climate models (e.g.,
Meehl and Tebaldi, 2004; Cowan et al., 2014; Russo et al, 2014), partic-
ularly if anthropogenic activity continues on the current trajectory.
Moreover there is already a detectable influence of anthropogenic cli-
mate change on the frequency of numerous observed events across
the globe (e.g., Lewis and Karoly, 2013; Christidis et al., 2014). Such re-
search efforts have certainly accelerated our understanding of a high
impact and complex event that has global ramifications across many
systems. However gaps still exist in our knowledge of heatwaves,
which should hold priorities for future research directions.

Despite several attempts, there is still a lack of a unified metric or
framework in which to measure heatwaves. A single unified metric is
likely too ambitious, due to the large range of heatwave impacts,
which are driven by different characteristics to different extents. How-
ever it is certainly feasible to have a unified framework, although
there may be issues with disseminating its application to the climate,
meteorological and impacts communities, since they are already
established in their own metrics. It would be a potentially laborious,
yet worthwhile exercise for all communities affected by heatwaves to
work together toward a common framework, perhaps even using
ETCCDI as a model. From all vantage points discussed in this paper, it
is clear that more certainty would exist around our understanding of
heatwaves, in particular their changes, if a common framework of
their measurement was employed.

It has nevertheless been established that anthropogenic activity is
causing increases in heatwave intensity, frequency and duration over
the globe. From an impacts perspective (see Section 1), such results
are extremely concerning and should be taken seriously. However,
most measures of heatwaves and temperature extremes use a static
base period, centered on a particular point in time (e.g., Alexander
et al., 2006; Nairn and Fawcett, 2013; Perkins and Alexander, 2013) to
maximize common data between observations and models, adequately
sample natural climate variability, and to be as representative of a sto-
chastic climatewith as little anthropogenic influence as possible. There-
fore, such reference periods do not take into account possible long-term
acclimation to rising temperatures. Climatologically speaking changes
in heatwaves will certainly still occur and are extremely concerning,
but adaptive capacity over decadal timescales may reduce the impacts
of increases in heatwave intensity and duration (Cowan et al., 2014). In-
deed, under the case of no mitigation and continual global warming a
threshold of human heat stress tolerance will eventually be reached
(Sherwood and Huber, 2010). Moreover it is feasible that humans
have a higher adaptive capacity than other organisms and systems.
Yet there is a large research gap in determining whether the extent of
impacts aligned with future heatwave projections will be just as severe
as the projections themselves.

It is also evident that there are large gaps in our understanding of ob-
served changes in heatwaves, both spatially and temporally. This is of
course not an issue endemic to heatwaves, but also affects other ex-
treme events. In developing countries analog recordsmay exist, howev-
er have not been digitized. In other parts of the world large gaps exist
where recordings were paused, or stations were removed for some rea-
son. It is certainly the case that in many locations such issues cannot be
rectified, simply because there is not enough data. Reanalysis products
help in producing consistent pictures where and when observations
are lacking, however they reduce in skill during periods and over re-
gions where observations do not exist, as the numerical model
employed by the product is required at greater lengths. Other interpola-
tion tools used to “fill gaps” of observational records should be used
with caution. The digitization and/or quality control of records would
aid in our understanding of how regional changes in heatwavesmay dif-
fer, as well as increasing confidence and certainty around global projec-
tions. Such a task would be no easy feat and would certainly require
global efforts. Though past efforts (e.g., Alexander et al., 2006; Donat
et al., 2013a) are evidence of the many benefits this would dispose on
the climate science community in understanding changes in extremes.
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In the last decade, considerable developments have been made on
the physical mechanisms responsible for heatwave manifestation. A
combination of persistent high-pressure systems, low soil moisture
and teleconnections from climate variability all play a role in the inten-
sity, frequency and duration of heatwaves. This research, however, has
been quite segregated. Many advances on the role of the land surface
and soil moisture has taken place in central Europe (Fischer et al.,
2007a, 2007b; Lorenz et al., 2010; Hirschi et al., 2011; Quesada et al.,
2012). Understanding the driving synoptic systems has also had great
focus in this region (e.g., Cassou et al., 2005; Della-Marta et al., 2007b;
Vautard and Yiou, 2009), but has also started to extend to other regions
(Pezza et al., 2012; Parker et al., 2013, 2014a). To a lesser extent, and
mainly for temperature extremes, influences of climate variability
have been assessed globally (Kenyon and Hegerl, 2008), and for some
regions (e.g., Parker et al., 2014b; Boschat et al., 2015). There is however
a lack of understanding on how extremes such as heatwaves may
change if not only mean temperature and variability change, but also
the skewness of the underpinning distribution (IPCC, 2012). A future re-
searchpriority for the global heatwave communitywould be tofill these
gaps. That is, develop a comprehensive understanding on how these
physical mechanisms contribute to heatwave development over as
many global regions as possible. It is extremely likely that all three
types of mechanisms apply over all regions, however their relative
rolls would differ. Moreover, despite a few exceptions, studies investi-
gating the dynamical links between these mechanisms are largely
missing.

Physical studies on heatwaves are also mainly focused on summer-
time events; quantifying the dynamics of cooler season warm spells
and their changes has remained relatively untouched. While the lack
of observational data may hamper such analyses in some regions (as
discussed above) there are certainly more studies that could be con-
ducted where observational data is of high quality. Given the strong in-
teractions between heatwaves and the land surface, future research on
the coupling between heatwaves and droughtswould also be beneficial.
Desiccated soil moisture is also a clear indicator of drought-like condi-
tions, and so the interactions between heatwaves and droughts cannot
go undetected. This research has been attempted (e.g., Mueller and
Seneviratne, 2012), but further developments, particularly at regional
scales remain relatively untouched. Indeed, because of their tight cou-
pling, there may even be room for overlapping metrics between the
two phenomena. These proposed studies have great potential to be use-
ful in short- and long-term forecasting of heatwaves, which in turn, will
aid in preparedness measures of these high-impact events.

Lastly, the greater heatwave community would significantly benefit
from improved detection and attribution studies. There has been a large
number of event attribution analyses on individual heatwaves, however
this is a distinctly case-by-case basis, usually occurring sometime after
the event occurs. Working toward real-time attribution would not
only allow for an automated process, but may also aid in communicat-
ing that anthropogenic influence is already having an influence on the
extremes we experience today. There is some evidence that this has
been attempted (e.g., Lewis et al., 2014), however more studies are re-
quired, since different attribution statements will stand for different
events over different regions. There is also a need to test the sensitivity
of the FAR method to the experimental design, as model setup (e.g.,
mutli-model or multi-member ensembles) could yield different quanti-
tative statements. Lastly, optimal fingerprinting has not yet been per-
formed on trends of regional heatwaves; there is room for interesting
and relevant research on whether anthropogenic influence has had dif-
ferent contributions on the trends of heatwave intensity, frequency, and
duration, respectively.

As this review paper has demonstrated, scientific research in under-
standing the measurement, occurrence and changes in heatwaves has
made remarkable progress in a short period of time. This knowledge is
invaluable to the greater community, particularly towardheatwave pre-
paredness, adaptation, and perhaps evenmitigation. However, research
in this field is by no means complete—there is still work to be done the
unified measurement of terrestrial heatwaves, a greater understanding
of their observed changes, how physical mechanisms interact for a
heatwave to occur, and furthering our ability to quantify human influ-
ence. Such work will surely be a global effort, but will prove invaluable
in gaining a deeper understanding of this complex extreme event, and
thus mitigating various devastating impacts of heatwaves worldwide.

Acknowledgments

S.E. Perkins is supported by the Australian Research Council grant
number DE140100952.

References

Allen, M., 2003. Liability for climate change. Nature 421 (6926), 891–892.
Aguilar, E., Aziz Barry, A., Brunet, M., Ekang, L., Fernandes, A., Massoukina, M., Zhang, X.,

2009. Changes in temperature and precipitation extremes in western central Africa,
Guinea Conakry, and Zimbabwe, 1955–2006. J. Geophys. Res. Atmos. 114 (D2).

Alexander, L., 2010. Extreme heat rooted in dry soils. Nat. Geosci. 4, 12–13.
Alexander, L.V., Arblaster, J.M., 2009. Assessing trends in observed and modelled

climate extremes over Australia in relation to future projections. Int. J. Climatol. 29,
417–435.

Alexander, L.V., Zhang, X., Peterson, T.C., Caesar, J., Gleason, B., Klein Tank, A.M.G., Haylock,
M., Collins, D., Trewin, B., Rahimzadeh, F., Tagipour, A., Kumar, K.R., Revadekar, J.,
Griffiths, G., Vincent, L., Stephenson, D.B., Burn, J., Aguilar, E., Brunet, M., Taylor, M.,
New, M., Zhau, P., Rusticcucci, M., Vazquez-Aguirre, J.L., 2006. Global observed chang-
es in daily climate extremes of temperature and precipitation. J. Geophys. Res. 11,
D05109. http://dx.doi.org/10.1029/2005JD006290.

Allen, M.R., Tett, S.F., 1999. Checking for model consistency in optimal fingerprinting.
Clim. Dyn. 15 (6), 419–434.

Angélil, O., Stone, D.A., Tadross, M., Tummon, F., Wehner, M., Knutti, R., 2014. Attribution
of extremeweather to anthropogenic greenhouse gas emissions: sensitivity to spatial
and temporal scales. Geophys. Res. Lett. 41 (6), 2150–2155.

Arblaster, J.M., Alexander, L.V., 2012. The impact of the El Niño‐Southern Oscillation on
maximum temperature extremes. Geophys. Res. Lett. 39 (20).

Arblaster, J.M., Lim, E.-P., Hendon, H.H., Trewin, B.C., Wheeler, M.C., Liu, G., Braganza, K.,
2014. Understanding Australia's hottest September on record [in “Explaining Ex-
tremes of 2013 from a Climate Perspective”]. Bull. Am.Meteorol. Soc. 95 (9), S37–S41.

Avila, F.B., Pitman, A.J., Donat, M.G., Alexander, L.V., Abramowitz, G., 2012. Climate model
simulated changes in temperature extremes due to land cover change. J. Geophys.
Res. Atmos. 117 (D4).

Ballester, J., Giorgi, F., Rodó, X., 2010. Changes in European temperature extremes can be
predicted from changes in PDF central statistics. Clim. Chang. 98 (1–2), 277–284.

Barlow, K.M., Christy, B.P., O'Leary, G.J., Riffkin, P.A., Nuttall, J.G., 2013. Simulating the im-
pact of extreme heat and frost events onwheat production: the first steps. 20th Inter-
national Congress on Modelling and Simulation, Adelaide, Australia, 1–6 December
2013.

Barnett, D.N., Brown, S.J., Murphy, J.M., Sexton, D.M., Webb, M.J., 2006. Quantifying uncer-
tainty in changes in extreme event frequency in response to doubled CO2 using a
large ensemble of GCM simulations. Clim. Dyn. 26 (5), 489–511.

Barriopedro, D., Fischer, E.M., Luterbacher, J., Trigo, R.M., García-Herrera, R., 2011. The hot
summer of 2010: redrawing the temperature record map of Europe. Science 332
(6026), 220–224.

Beniston, M., 2004. The 2003 heat wave in Europe: a shape of things to come? An analysis
based on Swiss climatological data and model simulations. Geophys. Res. Lett. 31,
L02202.

Black, E., Blackburn, M., Harrison, G., Hoskins, B., Methven, J., 2004. Factors contributing to
the summer 2003 European heatwave. Weather 59 (8), 217–223.

Boer, G.J., Lambert, S.J., 2001. Second-order space-time climate difference statistics. Clim.
Dyn. 17 (2–3), 213–218.

Boschat, G., Pezza, A., Simmonds, S., Perkins, S., Cowan, T., Purich, A., 2015. Large scale and
sub-regional connections in the lead up to summer heat wave and extreme rainfall
events in eastern Australia. Clim. Dyn. 44, 1823–1840.

Bureau of Meteorology, 2012. Extreme November heat in eastern Australia. Spec. Clim.
Statement 41 (Melbourne).

Bureau of Meteorology, 2013a. Extreme heat in January 2013. Spec. Clim. Statement 43
(Melbourne).

Bureau of Meteorology, 2013b. A prolonged autumn heatwave for southeast Australia.
Spec. Clim. Statement 45 (Melbourne).

Bureau of Meteorology, 2013c. Australia's warmest September on record. Spec. Clim.
Statement 46 (Melbourne).

Bureau of Meteorology, 2014a. One of southesast Australia's most significant heatwaves.
Spec. Clim. Statement 48 (Melbourne).

Bureau of Meteorology, 2014b. An exceptionally prolonged autumn warm spell over
much of Australia. Spec. Clim. Statement 49 (Melbourne).

Caesar, J., Alexander, L., Vose, R., 2006. Large‐scale changes in observed daily maximum
and minimum temperatures: creation and analysis of a new gridded data set.
J. Geophys. Res. Atmos. 111 (D5).

Caesar, J., Alexander, L.V., Trewin, B., Tse‐ring, K., Sorany, L., Vuniyayawa, V., …, Sirabaha,
S., 2011. Changes in temperature and precipitation extremes over the Indo‐Pacific re-
gion from 1971 to 2005. Int. J. Climatol. 31 (6), 91–801.

http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0315
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0700
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0700
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0300
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0305
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0305
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0305
http://dx.doi.org/10.1029/2005JD006290
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0310
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0310
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0320
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0320
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0320
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0710
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0710
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0715
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0715
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0720
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0720
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0720
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0325
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0325
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0725
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0725
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0725
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0725
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0335
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0335
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0335
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0330
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0330
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0330
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0340
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0340
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0340
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0345
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0345
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0350
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0350
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0355
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0355
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0355
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0730
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0730
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0735
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0735
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0740
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0740
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0745
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0745
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0750
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0750
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0755
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0755
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0760
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0760
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0760
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0765
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0765


265S.E. Perkins / Atmospheric Research 164–165 (2015) 242–267
Cassou, C., Terray, L., Phillips, A.S., 2005. Tropical Atlantic influence on European heat
waves. J. Clim. 18 (15), 2805–2811.

Cattiaux, J., Yiou, P., 2013. U.S. heat waves of spring and summer 2012 from the flow-
analogue perspective [in “Explaining Extreme Events of 2012 from a Climate Perspec-
tive”]. Bull. Am. Meteorol. Soc. 94 (9), S6–S9.

Cattiaux, J., Yiou, P., Vautard, R., 2012. Dynamics of future seasonal temperature trends
and extremes in Europe: a multi-model analysis from CMIP3. Clim. Dyn. 38 (9–10),
1949–1964. http://dx.doi.org/10.1007/s00382-011-1211-1.

Charney, J.G., DeVore, J.G., 1979. Multiple flow equilibria in the atmosphere and blocking.
J. Atmos. Sci. 36 (7), 1205–1216.

Christidis, N., Stott, P.A., Brown, S., Hegerl, G.C., Caesar, J., 2005. Detection of changes in
temperature extremes during the second half of the 20th century. Geophys. Res.
Lett. 32 (20).

Christidis, N., Stott, P.A., Jones, G.S., Shiogama, H., Nozawa, T., Luterbacher, J., 2012a. Human
activity and anomalously warm seasons in Europe. Int. J. Climatol. 32 (2), 225–239.

Christidis, N., Stott, P.A., Zwiers, F.W., Shiogama, H., Nozawa, T., 2012b. The contribution of
anthropogenic forcings to regional changes in temperature during the last decade.
Clim. Dyn. 39 (6), 1259–1274. http://dx.doi.org/10.1007/s00382-011-1184-0.

Christidis, N., Stott, P.A., Scaife, A.A., Arribas, A., Jones, G.S., Copsey, D., Tennant, W.J., 2013.
A New HadGEM3-A-based system for attribution of weather-and climate-related ex-
treme events. J. Clim. 26 (9), 2756–2783.

Christidis, N., Jones, G.S., Stott, P.A., 2014. Dramatically increasing chance of extremely hot
summers since the 2003 European heatwave. Nat. Clim. Chang. http://dx.doi.org/10.
1038/NCLIMATE2468.

Clark, R.T., Brown, S.J., Murphy, J.M., 2006. Modeling northern hemisphere summer heat
extreme changes and their uncertainties using a physics ensemble of climate sensi-
tivity experiments. J. Clim. 19 (17), 4418–4435.

Colombo, A.F., Etkin, D., Karney, B.W., 1999. Climate variability and the frequency of ex-
treme temperature events for nine sites across Canada: implications for power
usage. J. Clim. 12 (8), 2490–2502.

Coughlan, M., 1983. A comparative climatology of blocking action in the two hemi-
spheres. Aust. Meteorol. Mag. 31, 3–13.

Coumou, D., Rahmstorf, S., 2012. A decade of weather extremes. Nat. Clim. Chang. 2 (7),
491–496.

Coumou, D., Robinson, A., 2013. Historic and future increase in the global land area affect-
ed by monthly heat extremes. Environ. Res. Lett. 8 (3), 034018.

Cowan, T., Purich, A., Perkins, S., Pezza, A., Boschat, G., Sadler, K., 2014. More frequent, lon-
ger, and hotter heat waves for Australia in the twenty-first century. J. Clim. 27 (15),
5851–5871.

DeGaetano, A.T., Allen, R.J., 2002. Trends in twentieth-century temperature extremes
across the United States. J. Clim. 15 (22), 3188–3205.

Degirmendžić, J., Wibig, J., 2007. Jet stream patterns over Europe in the period 1950–
2001—classification and basic statistical properties. Theor. Appl. Climatol. 88 (3–4),
149–167.

Della-Marta, P.M., Haylock, M.R., Luterbacher, J., Wanner, H., 2007a. Doubled length of
western European summer heat waves since 1880. J. Geophys. Res. Atmos. 112
(D15).

Della-Marta, P.M., Luterbacher, J., vonWeissenfluh, H., Xoplaki, E., Brunet, M., Wanner, H.,
2007b. Summer heat waves over western Europe 1880–2003, their relationship to
large-scale forcings and predictability. Clim. Dyn. 29 (2–3), 251–275.

Delworth, T.L., Mahlman, J.D., Knutson, T.R., 1999. Changes in heat index associated with
CO2-induced global warming. Clim. Chang. 43 (2), 369–386.

Di Luca, A., de Elía, R., Laprise, R., 2013. Potential for small scale added value of RCM's
downscaled climate change signal. Clim. Dyn. 40 (3–4), 601–618. http://dx.doi.org/
10.1007/s00382-012-1415-z.

Diffenbaugh, N.S., 2005. Sensitivity of extreme climate events to CO2‐induced biophysical
atmosphere‐vegetation feedbacks in the western United States. Geophys. Res. Lett. 32
(7). http://dx.doi.org/10.1029/2004GL022184.

Diffenbaugh, N.S., Ashfaq, M., 2010. Intensification of hot extremes in the United States.
Geophys. Res. Lett. 37 (15).

Diffenbaugh, N.S., Scherer, M., 2011. Observational and model evidence of global emer-
gence of permanent, unprecedented heat in the 20th and 21st centuries. Clim.
Chang. 107 (3–4), 615–624. http://dx.doi.org/10.1007/s10584-011-0112-y.

Diffenbaugh, N.S., Scherer, M., 2013. Likelihood of July 2012 U.S. temperatures in prein-
dustrial and current forcing regimes. [in “Explaining Extreme Events of 2012 from a
Climate Perspective”]. Bull. Am. Meteorol. Soc. 94 (9), S6–S9.

Diffenbaugh, N.S., Pal, J.S., Trapp, R.J., Giorgi, F., 2005. Fine-scale processes regulate the re-
sponse of extreme events to global climate change. Proc. Natl. Acad. Sci. U. S. A. 102
(44), 15774–15778. http://dx.doi.org/10.1073/pnas.0506042102.

Diffenbaugh, N.S., Pal, J.S., Giorgi, F., Gao, X., 2007. Heat stress intensification in the
Mediterranean climate change hotspot. Geophys. Res. Lett. 34 (11).

Ding, T., Qian, W., Yan, Z., 2010. Changes in hot days and heat waves in China during
1961–2007. Int. J. Climatol. 30 (10), 1452–1462.

Dole, R.M., Gordon, N.D., 1983. Persistent anomalies of the extratropical Northern Hemi-
sphere wintertime circulation: geographical distribution and regional persistence
characteristics. Mon. Weather Rev. 111 (8), 1567–1586.

Dole, R., Hoerling, M., Perlwitz, J., Eischeid, J., Pegion, P., Zhang, T., Quan, X.-W., Xu, T.,
Murray, D., 2011. Was there a basis for anticipating the 2010 Russian heat wave?
Geophys. Res. Lett. 38, L06702. http://dx.doi.org/10.1029/2010GL046582.

Donat, M.G., Alexander, L.V., Yang, H., Durre, I., Vose, R., Dunn, R.J.H., Willett, K.M., Aguilar,
E., Brunet, M., Caesar, J., Hewitson, B., Jack, C., Klein Tank, A.M.G., Kruger, A.C.,
Marengo, J., Peterson, T.C., Renom, M., Oria Rojas, C., Rusticucci, M., Salinger, J.,
Elrayah, A.S., Sekele, S.S., Srivastava, A.K., Trewin, B., Villarroel, C., Vincent, L.A., Zhai,
P., Zhang, X., Kitching, S., 2013a. Updated analyses of temperature and precipitation
extreme indices since the beginning of the twentieth century: the HadEX2 dataset.
J. Geophys. Res. Atmos. 118, 2098–2118.
Donat, M.G., Alexander, L.V., Yang, H., Durre, I., Vose, R., Caesar, J., 2013b. Global land-
based datasets for monitoring climatic extremes. Bull. Am. Meteorol. Soc. 94 (7),
997–1006.

Dunn, R.J., Mead, N.E., Willett, K.M., Parker, D.E., 2014. Analysis of heat stress in UK dairy
cattle and impact on milk yields. Environ. Res. Lett. 9 (6), 064006. http://dx.doi.org/
10.1007/s00382-012-1415-z.

Durre, I., Wallace, J.M., Lettenmaier, D.P., 2000. Dependence of extreme daily maximum
temperatures on antecedent soil moisture in the contiguous United States during
summer. J. Clim. 13 (14), 2641–2651.

Easterling, D.R., Meehl, G.A., Parmesan, C., Changnon, S.A., Karl, T.R., Mearns, L.O., 2000.
Climate extremes: observations, modeling, and impacts. Science 289 (5487),
2068–2074.

Egger, J., 1978. Dynamics of blocking highs. J. Atmos. Sci. 35 (10), 1788–1801.
Fanger, P.O., 1970. Thermal Comfort. Analysis and Applications for Environmental Engi-

neering. Danish Technical Press, Copenhagen (244 pp.).
Ferranti, L., Viterbo, P., 2006. The European summer of 2003: Sensitivity to soil water

initial conditions. Journal of Climate 19 (15), 3659–3680.
Fischer, E.M., Seneviratne, S.I., Vidale, P.L., Lüthi, D., Schär, C., 2007a. Soil moisture–atmo-

sphere interactions during the 2003 European summer heat wave. J. Clim. 20 (20),
5081–5099.

Fischer, E.M., Seneviratne, S.I., Lüthi, D., Schär, C., 2007b. Contribution of land–atmosphere
coupling to recent European summer heat waves. Geophys. Res. Lett. 34 (6).

Fischer, E.M., Schär, C., 2009. Future changes in daily summer temperature variability:
driving processes and role for temperature extremes.Climate. Dynamics 33 (7-8),
917–935.

Fischer, E.M., Schär, C., 2010. Consistent geographical patterns of changes in high-impact
European heatwaves. Nat. Geosci. 3 (6), 398–403.

Fischer, E.M., Lawrence, D.M., Sanderson, B.M., 2011. Quantifying uncertainties in projec-
tions of extremes—a perturbed land surface parameter experiment. Climate dynam-
ics 37 (7-8), 1381–1398.

Fischer, E.M., Oleson, K.W., Lawrence, D.M., 2012. Contrasting urban and rural heat stress
responses to climate change. Geophys. Res. Lett. 39 (3). http://dx.doi.org/10.1029/
2011GL05057.

Frich, P., Alexander, L.V., Della-Marta, P., Gleason, B., Haylock, M., Klein Tank, A.M.,
Peterson, T., 2002. Observed coherent changes in climatic extremes during the sec-
ond half of the twentieth century. Clim. Res. 19 (3), 193–212.

Greenberg, J.H., Bromberg, J.I.L.L., Reed, C.M., Gustafson, T.L., Beauchamp, R.A., 1983. The
epidemiology of heat-related deaths, Texas—1950, 1970–79, and 1980. Am. J. Public
Health 73 (7), 805–807.

Grumm, R.H., 2011. The central European and Russian heat event of July–August 2010. Bull.
Am. Meteorol. Soc. 92 (10), 1285–1296. http://dx.doi.org/10.1175/2011BAMS3174.1.

Hartmann, D.L., Klein Tank, A.M.G., Rusticucci, M., Alexander, L.V., Brönnimann, S.,
Charabi, Y., Dentener, F.J., Dlugokencky, E.J., Easterling, D.R., Kaplan, A., Soden, B.J.,
Thorne, P.W., Wild, M., Zhai, P.M., 2013. Observations: Atmosphere and Surface. In:
Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A.,
Xia, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

Heino, R., Brázdil, R., Førland, E., Tuomenvirta, H., Alexandersson, H., Beniston, M., Wibig,
J., 1999. Progress in the study of climatic extremes in Northern and Central Europe.
Weather and Climate Extremes. Springer, Netherlands, pp. 151–181.

Hirsch, A.L., Kala, J., Pitman, A.J., Carouge, C., Evans, J.P., Haverd, V., Mocko, D., 2014. Impact
of land surface initialization approach on subseasonal forecast skill: a regional analy-
sis in the southern hemisphere. J. Hydrometeorol. 15 (1), 300–319. http://dx.doi.org/
10.1002/2014GL061179.

Hirschi, M., Seneviratne, S.I., Alexandrov, V., Boberg, F., Boroneant, C., Christensen, O.B.,
Stepanek, P., 2011. Observational evidence for soil-moisture impact on hot extremes
in southeastern Europe. Nat. Geosci. 4 (1), 17–21.

Hoerling, M., Kumar, A., Dole, R., Nielsen-Gammon, J.W., Eischeid, J., Perlwitz, J., Chen, M.,
2013. Anatomy of an extreme event. J. Clim. 26 (9), 2811–2832.

Hong, S.Y., Kalnay, E., 2000. Role of sea surface temperature and soil-moisture feedback in
the 1998 Oklahoma–Texas drought. Nature 408 (6814), 842–844.

Hudson, D., Marshall, A.G., Alves, O., 2011a. Intraseasonal forecasting of the 2009 summer
and winter Australian heat waves using POAMA. Weather Forecast. 26 (3), 257–279.

Hudson, D., Alves, O., Hendon, H.H., Marshall, A.G., 2011b. Bridging the gap between
weather and seasonal forecasting: intraseasonal forecasting for Australia. Q. J. R.
Meteorol. Soc. 137 (656), 673–689.

Hulme, M., 2014. Attributing weather extremes to ‘climate change’: a review. Prog. Phys.
Geogr. 1–13. http://dx.doi.org/10.1177/0309133314538644.

Imada, Y., Shiogama, H., Masahiro, W., Mori, M., Ishii, M., Kimoto, M., 2014. The
contribtion of anthropogenic forcing to the Japanese heat waves of 2013 [in
“Explaining Extremes of 2013 from a Climate Perspective”]. Bull. Am. Meteorol. Soc.
95 (9), S52–S54.

IPCC, 2012.Managing the risks of extreme events and disasters to advance climate change
adaptation. In: Field, C.B., Barros, V., Stocker, T.F., Qin, D., Dokken, D.J., Ebi, K.L.,
Mastrandrea, M.D., Mach, K.J., Plattner, G.-K., Allen, S.K., Tignor, M., Midgley, P.M.
(Eds.), A Special Report of Working Groups I and II of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge, UK, and New York, NY,
USA (582 pp.).

Karl, T.R., Knight, R.W., 1997. The 1995 Chicago Heatwave: how likely is a recurrence?
Bull. Am. Meteorol. Soc. 78, 1107–1119.

Karoly, D.J., 2009. The recent bushfires and extreme heatwave in southeast Australia. Bull.
Aust. Meteorol. Oceanogr. Soc. 22, 10–13.

Katz, R.W., Brown, B.G., 1992. Extreme events in a changing climate: variability is more
important than averages. Clim. Chang. 21 (3), 289–302.

http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0360
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0360
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0370
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0370
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0370
http://dx.doi.org/10.1007/s00382-011-1211-1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0375
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0375
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0380
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0380
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0380
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0385
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0385
http://dx.doi.org/10.1007/s00382-011-1184-0
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0395
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0395
http://dx.doi.org/10.1038/NCLIMATE2468
http://dx.doi.org/10.1038/NCLIMATE2468
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0405
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0405
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0405
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0415
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0415
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0415
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0410
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0410
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0420
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0420
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0770
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0770
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0425
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0425
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0425
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0435
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0435
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0430
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0430
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0430
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0775
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0775
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0775
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0440
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0440
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0445
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0445
http://dx.doi.org/10.1007/s00382-012-1415-z
http://dx.doi.org/10.1029/2004GL022184
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0465
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0465
http://dx.doi.org/10.1007/s10584-011-0112-y
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0475
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0475
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0475
http://dx.doi.org/10.1073/pnas.0506042102
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0460
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0460
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0480
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0480
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0490
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0490
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0490
http://dx.doi.org/10.1029/2010GL046582
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0500
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0500
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0500
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0505
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0505
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0505
http://dx.doi.org/10.1007/s00382-012-1415-z
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0515
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0515
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0515
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0520
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0520
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0525
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0530
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0530
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf6000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf6000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0535
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0535
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0535
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0540
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0540
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf8000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf8000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf8000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0545
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0545
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf7000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf7000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf7000
http://dx.doi.org/10.1029/2011GL05057
http://dx.doi.org/10.1029/2011GL05057
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0785
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0785
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0790
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0790
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0790
http://dx.doi.org/10.1175/2011BAMS3174.1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0800
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0800
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0800
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0800
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0800
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0800
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0805
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0805
http://dx.doi.org/10.1002/2014GL061179
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0810
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0810
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0555
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0560
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0560
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0565
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0565
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0570
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0570
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0570
http://dx.doi.org/10.1177/0309133314538644
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0815
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0815
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0815
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0815
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0820
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0820
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0820
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0820
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0820
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0820
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0580
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0580
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0585
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0585
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0590
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0590


266 S.E. Perkins / Atmospheric Research 164–165 (2015) 242–267
Kenyon, J., Hegerl, G.C., 2008. Influence of modes of climate variability on global temper-
ature extremes. J. Clim. 21 (15), 3872–3889.

Kiktev, D., Sexton, D.M., Alexander, L., Folland, C.K., 2003. Comparison of modeled and ob-
served trends in indices of daily climate extremes. J. Clim. 16 (22), 3560–3571.

King, A.D., Karoly, D.J., Donat, M.G., Alexander, L.V., 2014. Climate change turns Australia's
2013 big dry into a year of record-breaking heat [in “Explaining Extremes of 2013
from a Climate Perspective”]. Bull. Am. Meteorol. Soc. 95 (9), S41–S45.

Klein Tank, A.M.G., Können, G.P., 2003. Trends in indices of daily temperature and precip-
itation extremes in Europe, 1946–99. J. Clim. 16 (22), 3665–3680.

Klein Tank, A.M.G., Ziwers, F.W., Zhang, X., 2009. Guidelines on Analysis of extremes in a
changing climate in support of informed decisions for adaptation.WorldMeteorolog-
ical Organization, Geneva (55 pp.).

Knutson, T.R., Zeng, F., Wittenberg, A.T., 2014. Multimodel assessment of extreme annual-
mean warm anomalies during 2013 over regions of Australia and the western
Tropical Pacific [in “Explaining Extremes of 2013 from a Climate Perspective”]. Bull.
Am. Meteorol. Soc. 95 (9), S26–S30.

Koster, R.D., Guo, Z., Yang, R., Dirmeyer, P.A., Mitchell, K., Puma, M.J., 2009. On the nature
of soil moisture in land surface models. J. Clim. 22 (16).

Kunkel, K.E., Changnon, S.A., Reinke, B.C., Arritt, R.W., 1996. The July 1995 heat wave in
the Midwest: a climatic perspective and critical weather factors. Bull. Am. Meteorol.
Soc. 77 (7), 1507–1518.

Kunkel, K.E., Bromirski, P.D., Brooks, H.E., Cavazos, T., Douglas, A.V., Easterling, D.R.,
Emanuel, K.A., Groisman, P.Y., Holland, G.J., Knutson, T.R., Kossin, J.P., Komar, P.D.,
Levinson, D.H., Smith, R.L., 2008. Observed changes in weather and climate extremes.
In: Karl, T.R., Meehl, G.A., Christopher, D.M., Hassol, S.J., Waple, A.M., Murray, W.L.
(Eds.), Weather and Climate Extremes in a Changing Climate. Regions of Focus:
North America, Hawaii, Caribbean, and U.S. Pacific Islands. A Report by the U.S. Cli-
mate Change Science Program and the Subcommittee on Global Change Research,
Washington, DC, p. 222.

Lanning, S.B., Siebenmorgen, T.J., Counce, P.A., Ambardekar, A.A., Mauromoustakos, A.,
2011. Extreme nighttime air temperatures in 2010 impact rice chalkiness and milling
quality. Field Crop Res. 124 (1), 132–136.

Lewis, S.C., Karoly, D.J., 2013. Anthropogenic contributions to Australia's record summer
temperatures of 2013. Geophys. Res. Lett. 40 (14), 3705–3709. http://dx.doi.org/10.
1002/grl.50673.

Lewis, S.C., Karoly, D.J., 2014. The role of anthropogenic forcing in the record 2013
Australia-wide annual and spring temperatures [in “Explaining Extremes of 2013
from a Climate Perspective”]. Bull. Am. Meteorol. Soc. 95 (9), S31–S34.

Lewis, S.C., Karoly, D.J., Yu, M., 2014. Quantitative estimates of anthropogenic contribu-
tions to extreme national and State monthly, seasonal and average annual tempera-
tures for Australia. Aust. Meteorol. Oceanogr. J. 64, 215–230.

Loikith, P.C., Waliser, D.E., Lee, H., Neelin, J.D., Linter, B.R., McGinnis, S., Mearns, L.O., Kim,
J., 2015. Evaluation of large-scale meteorological patterns associated with tempera-
ture extremes in the NCARCCAP regional climate model simulations. Clim. Dyn.
http://dx.doi.org/10.1007/s00382-015-2537-x.

Lorenz, R., Jaeger, E.B., Seneviratne, S.I., 2010. Persistence of heat waves and its link to soil
moisture memory. Geophys. Res. Lett. 37 (9).

Loughnan, M., 2014. Heatwaves are silent killers. Geodate 37, 1–10.
Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M., Wanner, H., 2004. European seasonal

and annual temperature variability, trends, and extremes since 1500. Science 303
(5663), 1499–1503.

Manton, M.J., Della-Marta, P.M., Haylock, M.R., Hennessy, K.J., Nicholls, N., Chambers, L.E.,
Collins, D.A., Daw, G., Finet, A., Gunawan, D., Inape, K., Isobe, H., Kestin, T.S., Lefale, P.,
Leyu, C.H., Lwin, T., Maitrepierre, L., Ouprasitwong, N., Page, C.M., Pahalad, J.,
Plummer, N., Salinger, M.J., Suppiah, R., Tran, V.L., Trewin, B., Tibig, I., Yee, D., 2001.
Trends in extreme daily rainfall and temperature in Southeast Asia and the South Pa-
cific: 1961–1998. Int. J. Climatol. 21 (3), 269–284.

Marshall, A.G., Hudson, D., Wheeler, M.C., Alves, O., Hendon, H.H., Pook, M.J., Risbey, J.S.,
2014. Intra-seasonal drivers of extreme heat over Australia in observations and
POAMA-2. Clim. Dyn. 43 (7–8), 1915–1937. http://dx.doi.org/10.1007/s00382-013-
2016-1.

Massey, N., Aina, T., Rye, C., Otto, F.E.L., Wilson, S., Jones, R.G., Allen, M.R., 2012. Have the
odds of warmNovember temperatures and of cold December temperatures in central
England changed? [in “Explaining extreme events of 2011 from a climate perspec-
tive”]. Bull. Am. Meteorol. Soc. 94, 1057–1059.

Matsueda, M., 2011. Predictability of Euro‐Russian blocking in summer of 2010. Geophys.
Res. Lett. 38 (6). http://dx.doi.org/10.1029/2010GL046557.

Matzarakis, A., Mayer, H., Iziomon, M.G., 1999. Applications of a universal thermal index:
physiological equivalent temperature. Int. J. Biometeorol. 43 (2), 76–84.

Mayer, H., Höppe, P., 1987. Thermal comfort of man in different urban environments.
Theor. Appl. Climatol. 38 (1), 43–49.

McEvoy, D., Ahmed, I., Mullett, J., 2012. The impact of the 2009 heat wave onMelbourne's
critical infrastructure. Local Environ. 17 (8), 783–796.

McGregor, G.R., Markou, M.T., Bartzokas, A., Katsoulis, B.D., 2002. An evaluation of the na-
ture and timing of summer human thermal discomfort in Athens, Greece. Clim. Res.
20 (1), 83–94.

McMichael, A.J., Lindgren, E., 2011. Climate change: present and future risks to health, and
necessary responses. J. Intern. Med. 270 (5), 401–413.

Mearns, L.O., Katz, R.W., Schneider, S.H., 1984. Extreme high-temperature events: changes
in their probabilities with changes in mean temperature. J. Clim. Appl. Meteorol. 23
(12), 1601–1613.

Meehl, G.A., Arblaster, J.M., Branstator, G., 2012.Mechanisms contributing to the warming
hole and the consequent U.S. east–west differential of heat extremes. J. Climate 25,
6394–6408.

Meehl, G.A., Tebaldi, C., 2004. More intense, more frequent, and longer lasting heat waves
in the 21st century. Science 305 (5686), 994–997.
Meehl, G., Stocker, T.F., Collins, W.D., Friedlingstein, P., Gaye, A.T., Gregory, J.M., Kito, A.,
Knutti, R., Murphy, J.M., Noda, A., Raper, S.C.B., Watterson, I.G., Weaver, A.J., Zhao,
Z.-C., 2007a. Global climate projections. In: Solomon, S., Qin, D., Manning, M., Chen,
Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds.), Climate Change 2007:
The Physical Science Basis, Contribution ofWorking Group I to the Fourth Assessment
Report on the Intergovernmental Panel on Climate Change 747–845. Cambridge
University Press, Cambridge, United Kingdom, and New York, NY, USA.

Meehl, G.A., Covey, C., Taylor, K.E., Delworth, T., Stouffer, R.J., Latif, M., …, Mitchell, J.F.,
2007b. The WCRP CMIP3 multimodel dataset: a new era in climate change research.
Bull. Am. Meteorol. Soc. 88 (9), 1383–1394. http://dx.doi.org/10.1175/BAMS-88-9-
1383.

Meehl, G.A., Tebaldi, C., Walton, G., Easterling, D., McDaniel, L., 2009. Relative increase of
record high maximum temperatures compared to record low minimum tempera-
tures in the US. Geophys. Res. Lett. 36 (23).

Miller, S., Muir-Wood, R., Boissonnade, A., 2008. An exploration of trends in normalized
weather-related catastrophe losses. Climate extremes and society, pp. 225–247.

Mills, K.E., Pershing, A.J., Brown, C.J., Chen, Y., Chiang, F.S., Holland, D.S., Wahle, R.A., 2013.
Fisheries management in a changing climate lessons from the 2012 ocean heat wave
in the Northwest Atlantic. Oceanography 26 (2), 191–195.

Min, S.K., Cai, W., Whetton, P., 2013. Influence of climate variability on seasonal extremes
over Australia. J. Geophys. Res. Atmos. 118 (2), 643–654.

Min, S.-K., Kim, Y.-H., Kim, M.-K., Park, C., 2014. Assessing human contribution to the sum-
mer 2013 Korean heatwave [in “Explaining Extremes of 2013 from a Climate
Perspective”]. Bull. Am. Meteorol. Soc. 95 (9), S48–S50.

Miralles, D.G., den Berg, M.V., Teuling, A.J., Jeu, R.D., 2012. Soil moisture‐temperature cou-
pling: a multiscale observational analysis. Geophys. Res. Lett. 39 (21).

Miralles, D.G., Teuling, A.J., van Heerwaarden, C.C., de Arellano, J.V.G., 2014. Mega-
heatwave temperatures due to combined soil desiccation and atmospheric heat accu-
mulation. Nat. Geosci. 7 (5), 345–349.

Mueller, B., Seneviratne, S.I., 2012. Hot days induced by precipitation deficits at the global
scale. Proc. Natl. Acad. Sci. 109 (31), 12398–12403.

Nairn, J., Fawcett, R., 2013. Defining heatwaves: heatwaves defined as a heat impact event
servicing all community and business sectors in Australia. CAWCR Technical report
No 060. The Centre for Australian Weather and Climate Research A partnership be-
tween the Bureau of Meteorology and CSIRO.

Nicholls, N., Lavery, B., Frederiksen, C., Drosdowsky, W., Torok, S., 1996. Recent apparent
changes in relationships between the El Niño‐Southern Oscillation and Australian
rainfall and temperature. Geophys. Res. Lett. 23 (23), 3357–3360.

Nicholls, N., Larsen, S., 2011. Impact of drought on temperature extremes in Melbourne,
Australia. Aust. Meteorol. Oceanogr. J. 61 (2), 113–116.

Nicholls, N., 2012. Is Australia's continued warming caused by drought? Aust. Meteorol.
Oceanogr. J. 62 (2), 93–96.

Orlowsky, B., Seneviratne, S.I., 2012. Global changes in extreme events: regional and sea-
sonal dimension. Clim. Chang. 110 (3–4), 669–696. http://dx.doi.org/10.1007/
s10584-011-0122-9.

Otto, F.E.L., Massey, N., Oldenborgh, G.J., Jones, R.G., Allen, M.R., 2012. Reconciling two ap-
proaches to attribution of the 2010 Russian heat wave. Geophys. Res. Lett. 39 (4).
http://dx.doi.org/10.1029/2011GL050422.

Pan, Z.T., Arritt, R.W., Takle, E.S., Gutowski,W.J., Anderson, C.J., Segal, M., 2004. Altered hy-
drologic feedback in a warming climate introduces a “warming hole.”. Geophys. Res.
Lett. 31, L17109.

Pantavou, K., Theoharatos, G., Nikolopoulos, G., Katavoutas, G., Asimakopoulos, D., 2008.
Evaluation of thermal discomfort in Athens territory and its effect on the daily num-
ber of recorded patients at hospitals' emergency rooms. Int. J. Biometeorol. 52 (8),
773–778. http://dx.doi.org/10.1007/s00484-008-0170-7.

Parker, T.J., Berry, G.J., Reeder, M.J., 2013. The influence of tropical cyclones on heat waves
in Southeastern Australia. Geophys. Res. Lett. 40 (23), 6264–6270. http://dx.doi.org/
10.1002/2013GL058257.

Parker, T.J., Berry, G.J., Reeder, M.J., 2014a. The structure and evolution of heat waves in
southeastern Australia. J. Clim. 27 (15), 5768–5785. http://dx.doi.org/10.1175/JCLI-
D-13-00740.1.

Parker, T.J., Berry, G.J., Reeder, M.J., Nicholls, N., 2014b. Modes of climate variability and
heat waves in Victoria, southeastern Australia. Geophys. Res. Lett. 41 (19),
6926–6934.

Perkins, S.E., Pitman, A.J., Sisson, S.A., 2009. Smaller projected increases in 20‐year tem-
perature returns over Australia in skill‐selected climate models. Geophysical Re-
search Letters 36 (6).

Perkins, S.E., 2011. Biases and model agreement in the projections of climate extremes
over the tropical Pacific. Earth Interact. 15, 1–36. http://dx.doi.org/10.1175/
2011EI395.1.

Perkins, S.E., Alexander, L.V., Nairn, J.R., 2012. Increasing frequency, intensity and duration
of observed global heatwaves and warm spells. Geophys. Res. Lett. 39 (20). http://dx.
doi.org/10.1029/2012GL053361.

Perkins, S.E., Alexander, L.V., 2013. On the measurement of heat waves. J. Clim. 26 (13),
4500–4517. http://dx.doi.org/10.1175/JCLI-D-12-00383.1.

Perkins, S.E., Moise, A., Whetton, P., Katzfey, J., 2014a. Regional changes of climate ex-
tremes over Australia—a comparison of regional dynamical downscaling and global
climate model simulations. Int. J. Climatol. 34 (12), 3456–3478.

Perkins, S.E., Lewis, S.L., King, A.D., Alexander, L.V., 2014b. Increase simulated risk of the
hot Australian summer of 2012/2013 due to anthropogenic activity as measured by
heat wave frequency and intensity [in “Explaining Extremes of 2013 from a Climate
Perspective”]. Bull. Am. Meteorol. Soc. 95 (9), S34–S36.

Perkins, S.E., 2015. Increased risk of the 2014 Australian May heatwave due to anthropo-
genic activity. Bull. Am. Meteorol. Soc. (in review).

Perkins, S.E., Argüeso, D., White, C.J., 2015. Relationships between climate variability,
soil moisture and on Australian heatwaves. J. Geophys. Res. (in review).

http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0595
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0595
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0600
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0600
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0825
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0825
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0825
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0830
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0830
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0605
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0605
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0605
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0835
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0835
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0835
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0835
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0610
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0610
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0615
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0615
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0615
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0840
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0840
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0840
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0840
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0840
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0840
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0620
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0620
http://dx.doi.org/10.1002/grl.50673
http://dx.doi.org/10.1002/grl.50673
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0845
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0845
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0845
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0630
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0630
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0630
http://dx.doi.org/10.1007/s00382-015-2537-x
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0850
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0850
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0640
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0645
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0645
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0645
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0855
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0855
http://dx.doi.org/10.1007/s00382-013-2016-1
http://dx.doi.org/10.1007/s00382-013-2016-1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0655
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0655
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0655
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0655
http://dx.doi.org/10.1029/2010GL046557
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0665
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0665
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0670
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0670
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0675
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0675
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0680
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0680
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0680
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0685
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0685
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0690
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0690
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0690
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf2695
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf2695
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf2695
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0695
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0695
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0860
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0860
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0860
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0860
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0860
http://dx.doi.org/10.1175/BAMS-88-9-1383
http://dx.doi.org/10.1175/BAMS-88-9-1383
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0005
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0005
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0005
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0015
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0015
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0010
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0010
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0020
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0020
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0870
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0870
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0870
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0025
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0025
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0030
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0030
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0030
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0875
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0875
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0880
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0880
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0880
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0880
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0040
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0040
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0040
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0885
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0885
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0045
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0045
http://dx.doi.org/10.1007/s10584-011-0122-9
http://dx.doi.org/10.1007/s10584-011-0122-9
http://dx.doi.org/10.1029/2011GL050422
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0070
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0070
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0070
http://dx.doi.org/10.1007/s00484-008-0170-7
http://dx.doi.org/10.1002/2013GL058257
http://dx.doi.org/10.1175/JCLI-D-13-00740.1
http://dx.doi.org/10.1175/JCLI-D-13-00740.1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0085
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0085
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0085
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf4000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf4000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf4000
http://dx.doi.org/10.1175/2011EI395.1
http://dx.doi.org/10.1175/2011EI395.1
http://dx.doi.org/10.1029/2012GL053361
http://dx.doi.org/10.1175/JCLI-D-12-00383.1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0115
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0115
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0115
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0895
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0895
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0895
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0895


267S.E. Perkins / Atmospheric Research 164–165 (2015) 242–267
Peterson, T.C., Manton, M.J., 2008. Monitoring changes in climate extremes: a tale of inter-
national collaboration. Bull. Am. Meteorol. Soc. 89, 1266–1271. http://dx.doi.org/10.
1175/2008BAMS2501.1.

Peterson, T.C., Zhang, X.B., Brunet-India, M., Vazquez-Aguirre, J.L., 2008. Changes in North
American extremes derived from daily weather data. J. Geophys. Res.-Atmos. 113
(D7), D07113.

Peterson, T.C., Heim Jr., R.R., Hirsch, R., Kaiser, D.P., Brooks, H., Diffenbaugh, N.S., Dole,
R.M., Giovannettone, J.P., Guirguis, K., Kerl, T.R., Katz, R.W., Kunkel, K., Lettemaier,
D.L., McCabe, G.K., Paciorek, C.J., Ryberg, K.R., Schunert, D., Silva, V.B.S., Stewart, B.C.,
Aldo, V.V., Villarini, G., Vose, R.S., Walsh, J., Wehner, M., Wolock, D., Wolter, K.,
Woodhouse, C.A., Wuebbles, D., 2013. Monitoring and understanding changes in
heat waves, cold waves, floods, and droughts in the United States: state of knowl-
edge. Bull. Am. Meteorol. Soc. 94 (6), 821–834.

Pezza, A.B., Van Rensch, P., Cai, W., 2012. Severe heat waves in Southern Australia: synop-
tic climatology and large scale connections. Clim. Dyn. 38 (1–2), 209–224.

Plummer, N., Slinger, J., Nicholls, N., Suppiah, R., Hennessy, K.J., Leighton, R.M., Trewin, B.,
Page, C.M., Lough, J.M., 1999. Changes in climate extremes over the Australian region
and New Zealand during the twentieth century. Clim. Chang. 42, 183–202.

Pook, M.J., Gibson, T., 1999. Atmospheric blocking and storm tracks during SOP-1 of the
FROST Project. Aust. Meteorol. Mag. 48, 51–60.

Portmann, R.W., Solomon, S., Hegerl, G.C., 2009. Linkages between climate change, ex-
treme temperature and precipitation across the United States. Proc. Natl. Acad. Sci.
106 (18), 7324–7329.

Purich, A., Cowan, T., Cai, W., van Rensch, P., Uotila, P., Pezza, A., Perkins, S., 2014. Atmo-
spheric and oceanic conditions associated with southern Australian heat waves: a
CMIP5 analysis. J. Clim. 27 (20), 7807–7829. http://dx.doi.org/10.1175/JCLI-D-14-
00098.1.

Quesada, B., Vautard, R., Yiou, P., Hirschi, M., Seneviratne, S.I., 2012. Asymmetric European
summer heat predictability from wet and dry southern winters and springs. Nat.
Clim. Chang. 2 (10), 736–741.

Rahmstorf, S., Coumou, D., 2011. Increase of extreme events in a warming world. Proc.
Natl. Acad. Sci. U. S. A. 108, 17905–17909.

Russo, S., Dosio, A., Graversen, R.G., Sillmann, J., Carrao, H., Dunbar, M.B., Vogt, J.V., 2014.
Magnitude of extreme heat waves in present climate and their projection in a
warming world. J. Geophys. Res. Atmos. 119 (22), 12–500.

Schär, C., Vidale, P.L., Luthi, D., Frei, C., Haberli, C., Liniger, M.A., Appenzeller, C., 2004. The
role of increasing temperature variability in European summer heatwaves. Nature
427, 332–336.

Schoetter, R., Cattiaux, J., Douville, H., 2014. Changes of western European heat wave
characteristics projected by the CMIP5 ensemble. Clim. Dyn. 1–16.

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall's tau. J. Am. Stat.
Assoc. 63 (324), 1379–1389.

Seneviratne, S.I., Lüthi, D., Litschi, M., Schär, C., 2006. Land–atmosphere coupling and cli-
mate change in Europe. Nature 443 (7108), 205–209.

Seneviratne, S.I., Donat, M.G., Mueller, B., Alexander, L.V., 2014. No pause in the increase of
hot temperature extremes. Nat. Clim. Chang. 4 (3), 161–163.

Sherwood, S.C., Huber, M., 2010. An adaptability limit to climate change due to heat
stress. Proc. Natl. Acad. Sci. 107 (21), 9552–9555.

Sillmann, J., Kharin, V.V., Zhang, X., Zwiers, F.W., Bronaugh, D., 2013a. Climate extremes
indices in the CMIP5 multimodel ensemble: Part 1. Model evaluation in the present
climate. J. Geophys. Res. Atmos. 118 (4), 1716–1733.

Sillmann, J., Kharin, V.V., Zwiers, F.W., Zhang, X., Bronaugh, D., 2013b. Climate extremes
indices in the CMIP5 multimodel ensemble: Part 2. Future climate projections.
J. Geophys. Res. Atmos. 118 (6), 2473–2493.

Smale, D.A., Wernberg, T., 2013. Extreme climatic event drives range contraction of a
habitat-forming species. Proc. R. Soc. Lond. B Biol. Sci. 280 (1754), 20122829.

Steadman, R.G., 1979. The assessment of sultriness. Part I: A temperature–humidity index
based on human physiology and clothing science. J. Appl. Meteor. 18, 861–873.

Steadman, R.G., 1984. A universal scale of apparent temperature. J. Climate Appl. Meteor.
23, 1674–1687.

Stefanon, M., D’Andrea, F., Drobinski, P., 2013. Heatwave classification over Europe and
the Mediterranean region. Environ. Res. Lett. 7, 014023. http://dx.doi.org/10.1088/
1748-9326/7/1/014023.

Steffen, W., Hughes, L., Perkins, S., 2014. Hotter, Longer, More Often. The Climate Council,
Australia.

Stone, D.A., Allen, M.R., 2005. The end-to-end attribution problem: from emissions to im-
pacts. Clim. Chang. 71 (3), 303–318.

Stott, P.A., Stone, D.A., Allen,M.R., 2004. Human contribution to the European heatwave of
2003. Nature 432 (7017), 610–614.

Stott, P.A., Gillett, N.P., Hegerl, G.C., Karoly, D.J., Stone, D.A., Zhang, X., Zwiers, F., 2010.
Detection and attribution of climate change: a regional perspective.Wiley Interdiscip.
Rev. Clim. Chang. 1 (2), 192–211.
Taylor, K.E., Stouffer, R.J., Meehl, G.A., 2012. An overview of CMIP5 and the experiment de-
sign. Bull. Am. Meteorol. Soc. 93 (4), 485–498.

Tebaldi, C., Hayhoe, K., Arblaster, J.M., Meehl, G.A., 2006. Going to the extremes. Clim.
Chang. 79 (3–4), 185–211.

Torok, S., Nicholls, N., 1996. A historical annual temperature dataset. Aust. Meteorol. Mag.
45 (4).

Trenberth, K.E., Jones, P.D., Ambenje, P., Bojariu, R., Easterling, D., Klein Tank, A., Parker, D.,
Rahimzadeh, F., Renwick, J.A., Rusticucci, M., Soden, B., Zhai, P., 2007. Observations:
atmospheric surface and climate change. In: Solomon, S., Qin, D., Manning, M.,
Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds.), Climate Change
2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 235–334.

Trewin, B.C., 2009, February. A new index for monitoring changes in heatwaves and ex-
tended cold spells. In 9th International Conference on Southern Hemisphere Meteo-
rology and Oceanography.

Trigo, R., Garia-Herrera, R., Diaz, J., Trigo, I., Valente, M., 2005. How exceptional was the
early August 2003 heatwave in France? Geophys. Res. Lett. 32, 1071–1074.

Tryhorn, L., Risbey, J., 2006. On the distribution of heatwaves over the Australian region.
Aust. Meteorol. Mag. 55, 169–182.

Vautard, R., Yiou, P., 2009. Control of recent European surface climate change by atmo-
spheric flow. Geophys. Res. Lett. 36 (22).

Vautard, R., Yiou, P., D'Andrea, F., de Noblet, N., Viovy, N., Cassou, C., Polcher, J., Ciais, P.,
Kageyama, M., Fan, Y., 2007. Summertime European heat and drought waves induced
by wintertime Mediterranean rainfall deficit. Geophys. Res. Lett. 34, L07711.

Vautard, C., Gobiet, A., Jacob, D., Belda, M., Colette, A., Déqué, M., Fernández, J., García-
Díez, M., Goergen, K., Güttler, I., Halenka, T., Karacostas, T., Katragkou, E., Keuler, K.,
Kotlarski, S., Mayer, S., van Meijgaard, M., Nikulin, G., Patarčić, M., Scinocca, J.,
Sobolowski, S., Suklitsch, M., Teichmann, C., Warrach-Sagi, K., Wulkmeyer, C., Yiou,
P., 2013. The simulation of European heat waves from an ensemble of regional cli-
mate models within the EURO-CORDEX project. Clim. Dyn. 41, 2555–2575. http://
dx.doi.org/10.1007/s00382-013-1714-z.

Victorian Department of Health, 2009. January 2009 heatwave in Victoria: an assessment
of health impacts. The Victorian Government Department of Human Services
Melbourne, Victoria.

Vincent, L.A., Aguilar, E., Saindou, M., Hassane, A.F., Jumaux, G., Roy, D., Montfraix, B.,
2011. Observed trends in indices of daily and extreme temperature and precipitation
for the countries of the western Indian Ocean, 1961–2008. J. Geophys. Res. Atmos.
116 (D10).

Welbergen, J.A., Klose, S.M., Markus, N., Eby, P., 2008. Climate change and the effects of
temperature extremes on Australian flying-foxes. Proc. R. Soc. B Biol. Sci. 275
(1633), 419–425.

Wernberg, T., Smale, D.A., Tuya, F., Thomsen, M.S., Langlois, T.J., De Bettignies, T.,
Rousseaux, C.S., 2013. An extreme climatic event alters marine ecosystem structure
in a global biodiversity hotspot. Nat. Clim. Chang. 3 (1), 78–82.

Wrigley, B.J., Ota, S., Kikuchi, A., 2006. Lightning strikes twice: lessons learned from two
food poisoning incidents in Japan. Public Relat. Rev. 32, 349–357.

Wuebbles, D., Meehl, G., Hayhoe, K., Karl, T.R., Kunkel, K., Santer, B., Sun, L., 2014. CMIP5
climate model analyses: climate extremes in the United States. Bull. Am. Meteorol.
Soc. 95 (4), 571–583.

You, Q., Kang, S., Aguilar, E., Pepin, N., Flügel, W.A., Yan, Y., Huang, J., 2011. Changes in
daily climate extremes in China and their connection to the large scale atmospheric
circulation during 1961–2003. Clim. Dyn. 36 (11–12), 2399–2417.

Zaitchik, B.F., Macalady, A.K., Bonneau, L.R., Smith, R.B., 2006. Europe's 2003 heat wave: a
satellite view of impacts and land–atmosphere feedbacks. Int. J. Climatol. 26 (6),
743–769.

Zampieri, M., D'Andrea, F., Vautard, R., Ciais, P., de Noblet-Ducoudré, N., Yiou, P., 2009. Hot
European summers and the role of soil moisture in the propagation of Mediterranean
drought. J. Clim. 22 (18), 4747–4758.

Zhang, X., Alexander, L., Hegerl, G.C., Jones, P., Tank, A.K., Peterson, T.C., Zwiers, F.W., 2011.
Indices for monitoring changes in extremes based on daily temperature and precipi-
tation data. Wiley Interdiscip. Rev. Clim. Chang. 2 (6), 851–870.

Zhou, T., Ma, S., Zou, L., 2014. Understanding a hot summer in central eastern China: sum-
mer 2013 in context of multimodel trend analysis [in “Explaining Extremes of 2013
from a Climate Perspective”]. Bull. Am. Meteorol. Soc. 95 (9), S54–S57.

Zwiers, F.W., Zhang, X., Feng, Y., 2011. Anthropogenic influence on long return period
daily temperature extremes at regional scales. J. Clim. 24 (3), 881–892.

http://dx.doi.org/10.1175/2008BAMS2501.1
http://dx.doi.org/10.1175/2008BAMS2501.1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0900
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0900
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0900
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0905
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0905
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0905
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0125
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0125
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0140
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0140
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0130
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0130
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0135
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0135
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0135
http://dx.doi.org/10.1175/JCLI-D-14-00098.1
http://dx.doi.org/10.1175/JCLI-D-14-00098.1
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0145
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0145
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0145
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0915
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0915
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0150
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0150
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0920
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0920
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0920
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0155
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0155
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0160
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0160
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0165
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0165
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0170
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0170
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0175
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0175
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0180
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0180
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0180
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0185
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0185
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0185
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0190
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0190
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf2000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf2000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf3000
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf3000
http://dx.doi.org/10.1088/1748-9326/7/1/014023
http://dx.doi.org/10.1088/1748-9326/7/1/014023
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0200
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0200
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0205
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0205
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0210
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0210
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0215
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0215
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0220
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0220
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0225
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0225
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0230
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0230
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0925
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0925
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0925
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0925
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0925
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0925
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf3240
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf3240
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf3240
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0240
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0240
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0245
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0245
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0280
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0280
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0275
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0275
http://dx.doi.org/10.1007/s00382-013-1714-z
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0250
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0250
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0250
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0935
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0935
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0935
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0255
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0255
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0255
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0260
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0260
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0270
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0270
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0265
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0265
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0265
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0940
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0940
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0940
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0290
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0290
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0290
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0285
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0285
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0285
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0295
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0295
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0945
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0945
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0945
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0950
http://refhub.elsevier.com/S0169-8095(15)00173-8/rf0950

	A review on the scientific understanding of heatwaves—Their measurement, driving mechanisms, and changes at the global scale
	1. Introduction
	2. History of the measurement of extreme temperatures and heatwaves
	2.1. Preliminary measures of extreme temperature
	2.2. Heatwave definitions in the climate & impacts communities

	3. Physical drivers of heatwaves
	3.1. Synoptic systems of heatwaves
	3.2. The role of the land surface and soil moisture
	3.3. Climate variability and large-scale teleconnections

	4. Observed changes and regional heatwaves
	4.1. changes in temperature extremes
	4.2. Global heatwave changes and hindering limitations
	4.3. Regional heatwave changes and remarkable events

	5. Future changes in heatwaves
	5.1. Climate model background and their usefulness
	5.2. Projected global and regional changes
	5.3. Changes in mechanistic drivers of heatwaves

	6. Role of humans behind heatwave changes—can we do it?
	6.1. Fraction of Attributable Risk
	6.2. Other approaches and inherent attribution issues of heatwaves

	7. Closing remarks and future heatwave research priorities
	Acknowledgments
	References


