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The Excess Heat
Factor as a metric for
heat-related fatalities:
defining heatwave risk
categories

Dr Thomas Loridan and Lucinda Coates, Risk Frontiers, and

Dr Daniel Argteso and Dr Sarah E. Perkins-Kirkpatrick, Climate
Change Research Centre, and Professor John McAneney, Risk
Frontiers, present a technical classification for heatwave to help
predict fatality numbers.

Introduction

Heatwaves can have considerable economic and societal impacts (Nairn

& Fawcett 2013) and are responsible for the largest number of deaths in
Australia from natural disasters (Coates et al. 2014). However, there is no
consensus about what constitutes a heatwave event (Perkins 2015) or

even about the way one should go about quantifying heatwave intensity.
Acknowledging this gap, Nairn and Fawcett (2015) designed a heatwave index
to account for:

+ the ability of local communities to adapt to its climate

- the dramatic effects that sharp temperature spikes can trigger through a
lack of acclimatisation.

This metric, called the Excess Heat Factor (EHF), is an ideal method to
homogenise the description of heatwave intensity from a hazard point of view.
It also lends itself to the characterisation of various severity thresholds.

Using the 85th percentile of all positive EHF values from 1958-2011, Nairn and
Fawcett (2015) define a severity classification scheme and label heatwave
events as either low-intensity, severe or extreme. This approach is a natural
step towards better risk communication. However, the implications of a

high EHF are dependent on the risk being studied. For applications such as
energy demand or infrastructure damage the threshold EHF values above
which action needs to be taken will be significantly higher than when trying to
accommodate, for instance, human discomfort and increased use of health
services (Hatvani-Kovacs et al. 2015, Scalley et al. 2015). In this study the
focus is on potential heat-related fatalities. The PerilAUS database (Coates
et al. 1996) is used as an archive of deaths attributed to extreme heat
conditions in Australia. From a ranking of the heatwave episodes associated
to these deaths (in terms of EHF magnitude) a set of four heatwave severity
categories is defined. These capture conditions that historically led to a greater
number of deaths and should help communication about heat-related risks.
Using Census population data to normalise the PerilAUS records, a fatality
curve to link these categories to a potential death toll is used. This paper
introduces a methodology to generate realistic, synthetic heatwave scenarios.
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ABSTRACT

Heatwaves represent Australia’'s
most significant natural
disaster in terms of mortality.

A unanimous definition of what
constitutes a heatwave does
not currently exist. However,
recent work from the Bureau of
Meteorology (Nairn & Fawcett
2013) has provided a metric
designed to summarise their
intensity. This metric, called

the Excess Heat Factaor, is

being increasingly adopted by
the research community as it

is well-suited to characterise
heatwave hazards. Yet the link
between the Excess Heat Factor
and the potential societal or
economic impacts heatwaves
can have is still not well
understood. Using the PerilAUS
archive of heat-related fatalities
in Australia, this paper proposes
to develop a classification of
heatwave events in terms of
their risk potential for human
loss of life. This paper also
quantifies the likely death toll
from populations exposed to
each of these categories. The
category scheme is used to
analyse the risk gradient of

the three most lethal events

in south-east Australia since
1900. The scheme helps
communicate about heatwave
fatality risk in Australia and
provides some insight into the
location of the populations under
greatest threat. This study

also catalogued 466 events

in south-east Australia using
the Excess Heat Factor and

the newly developed heatwave
categories. Using principal
component analysis to identify
the key modes of variability, a
synthetic catastrophic heatwave
scenario is generated and
analysed for projected fatalities.
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Excess Heat Factor

There have been many ways to define a heatwave

event (Perkins 2015), however the EHF methodology
introduced by Nairn and Fawcett (2013, 2015) is being
adopted as the standard metric in Australia. It recognises
the need to account for both minimum and maximum
daily temperatures when assessing heatwave intensity,
and explicitly separates the impact of short- and
long-term temperature anomalies.

An excess heat index is computed to capture a-typical
occurrences of high heat accumulation at a particular
location in respect to that location's long-term
temperature average. For this purpose the daily

mean temperature (TM) is calculated as the average

of the daytime maximum and night-time minimum air
temperatures over a three-day period compared to the
95th percentile of TM at the location of interest (TM95).
Daily minimum and maximum temperature data for
Australia are available from the Bureau of Meteorology
from 1911 (Jones, Wang & Fawcett 2009). In this study
the significant excess heat index (EHI) on day ' is
defined as:

Equation 1:

EHISIG (l) =max [(TMi+TMi;1+TMi_Z) - TM95' O]

A positive EHIsic indicates an unusually warm three-day
period relative to the local climate statistics while all
other days are assigned a value of zero.

An acclimatisation index (EHIacc) is brought into play to
capture sudden rises in temperature in relation to the
recent past. The index is computed in a similar fashion to
Equation 1, this time comparing the three-day average to
the past month (30-day) average:

Equation 2:

32
N _ (TmitTmi-1+Tmi—2)  Xk=3TM(i-k)
EHlycc (i) = - Ea—

A positive value of EHlacc indicates a sharp temperature
rise, to which the local population might not have time to
acclimatise.

The EHF is obtained as a combination of EHIsic and EHlacc:

Equation 3:
EHF (i) = EHls; () xmax(1, EHlycc (1))

The strengths of the EHF as a measure of heatwave
occurrence and intensity are that it:

« islocation dependent and explicitly acknowledges
that populations in warmer climates are more resilient
in the face of higher daily mean temperatures

- accounts for both short-term and climate-scale
temperature anomalies.

The EHF can be used as an accumulated index
characterising heat load over time. For that purpose,
the daily EHF values are summed over a certain time
period, such as the duration of the event. The resulting
integrated value represents the heat load and accounts
for both the event duration and its strength over time.

This raises the question: knowing the peak EHF intensity
and heat load for a given event, can the severity of the
risk to human life be anticipated?

Heat-related fatality risk potential

Defining heatwave categories

Having identified objective measures of heatwave
severity, their potential link to heat-related fatalities

are investigated from analysis of two data products.
The PerilAUS archive (Coates et al. 1996) provides

a list of 224 historical occurrences of heat-related
deaths in Australia. The record includes the number of
fatalities reported along with dates and locations. In
addition, gridded records of daily minimum and maximum
temperature available from the Australian Bureau of
Meteorology since 1911 (5 km resolution Bureau of
Meteorology dataset, Jones, Wang & Fawcett 2009)
are used to compute EHF estimates for the 12-day
period prior to the reported fatalities (a period of time
long enough to cover most events durations). Both the
maximum EHF over the period (EHFme and the 12-day
accumulated heat load (EHFsum) are used to characterise
the conditions that led to the fatalities. These two
indices are computed from the average daily EHF value in
the 10 km x 10 km boundary that contains the PerilAUS
record location.

Figure 1 shows the 224 records, marked as dots and
coloured in terms of the total number of fatalities
reported on that day and in that location. The records are
sorted by increasing order of the 12-day accumulated
EHF (EHFsun, x-axis, Figure 1a) and 12-day maximum EHF
(EHFmax, Figure 1b). The y-axis is the conditional
exceedance frequency of that same quantity. From such
a representation the relevance of the two metrics
relating to the number of fatalities is clear: the most
lethal records (warmer-coloured dots) are mainly to the
right of the two figures (representing higher intensity
heatwaves). It is also worth noting the cluster of points
on the zero line as they represent fatalities for which the
EHF definition would not have indicated the presence of
a heatwave event.

The vertical dashed lines represent various threshold
values selected to group the data in different categories.
The numerals next to them indicate the average death
toll for all points situated to the right of that line. Note
that one of the records reported over 300 fatalities (the
February 2009 Victoria event, see Figure 4). The average
for the last group of points is inflated as a consequence.
Nonetheless the increasing trend in the mean number of
deaths per occurrence suggests that both quantities are
good indicators of heat-related fatalities (as the
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Figure 1: Conditional exceedance frequency as a function of (a) the accumulated EHF over the 12-day period prior to
each reported fatality and (b) the maximum EHF over that period.

threshold values increase so does the number of
fatalities per occurrence). One could therefore design a
categorisation of events based on either one of these
indicators for heatwave severity with regards to
potential fatalities. Combining both metrics
acknowledges that the most severe events will be
characterised by both a large peak maximum (EHFmax) and
a sustained period of high EHF (EHFsus). The combined
classification scheme is provided in Table 1 along with
key statistics for each category. It can be noted in

Table 1that the trend towards increasing numbers of
fatalities per occurrence is greater than when the two
indicators are treated separately. For each category, the
equivalent (Nairn & Fawcett 2015) severity class is also
reported for comparison based on the threshold EHF
values for Melbourne and Adelaide.

Application to the three worst events
since 1900

To illustrate how the classification from Table 1 can be
used to characterise specific events, three of the most
lethal cases since 1900 in south-east Australia are
analysed. For each, footprints of EHFmex and EHFsum
values are first computed from the 5 km resolution
Bureau of Meteorology dataset over the duration of the

events. These are used to assign a category for each of
the 5 km cells following the Table 1 scheme. Figures 2, 3
and 4 show the resulting category maps, along with
records of fatalities (black dots, scaled in terms of the
number of deaths). Unlike continuous maps of EHFmax or
EHFsum values, these are direct representations of the
risk gradient and can help illustrate the event to local
populations. For comparison with the (Nairn & Fawcett
2015) severity categories, refer to their Figure 17 that
covers the same event as in Figure 4. In both cases, most
of south-east Australia is under the highest threat
category.

Heat-related fatality curve

To enable projection of heat-related fatalities based on
estimates of both peak EHF and accumulated heat load
during a heatwave event, a vulnerability function is
derived using census population data from 2001 and
20711 to normalise the records. Analysis is focused on the
past ten years of records available in Victoria and South
Australia. These represent the most accurate data in
terms of geolocation. For the ten biggest events of the
last decade, the total population exposed to each of the
categories listed in Table 1is computed, linearly
interpolating between records from 2001 and 2011. The
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Table 1: Criteria for the classification of heatwave events and statistics per category. Equivalent classes from the
Nairn & Fawcett (2015) scheme are reported using the Melbourne and Adelaide threshold definitions.

Mean number Percentage of Equivalent NF15 class  Equivalent NF15 class
Category of fatalities record covered for Melbourne for Adelaide
CATO >0 >0 5 826 low-intensity low-intensity
CAT1 >30 >15 67 554 low-intensity low-intensity
CAT2 >80 >30 8.6 389 severe low-intensity
CAT3 >150 >50 10.4 286 severe severe
CAT4 >300 >70 18.5 12 extreme severe
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Figure 2: Map of Table 1 heatwave severity categories for ~ Figure 3: Map of Table 1 heatwave severity categories for
the January 1939 event. the January 1959 event.
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Figure 4: Map of Table 1 heatwave severity categories

for the February 2009 event. Figure 5: Rate of fatalities per 100 000 people (y-axis) as
a function of the heatwave category they are exposed
to (x-axis). Individual dots represent distinct events
while the red dashed line is representative of all-events
combined.
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corresponding fatalities reported in that
same exposed area are totalled and
normalised by the total population
exposed to derive a death rate by
category. Figure 5 represents the
expected number of fatalities per 100 000
people exposed for each category.
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From knowledge of both peak and
accumulated EHF estimates during

a given event one can compute the
associated category and apply the
relationship from Figure 5 to project an
expected number of fatalities.
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Figure 6: Mean footprints for EHFmax and EHFsum Over the catalogue of

466 events since 1911.

Building a synthetic
heatwave scenario

Hazard footprint

Using the methods described, a catalogue
of historical events impacting south-east
Australia since 1911 was assembled (see
examples from Figures 2-4). To limit the
number of events, only cases for which
atleast one 5 km grid cell in the domain
has experienced a minimum of three
consecutive days of positive EHF are
considered. The 466 occurrences were
characterised in a map of both the peak
EHF during the duration of the event and
its accumulated value. A detailed analysis
of the key components of heatwave
footprints in the region was undertaken
with the aim of extrapolating the data
from this catalogue beyond what has
been experienced since 19711. For this
purpose, the 466 peak and accumulated
EHF footprints were decomposed using
principal companent analysis (PCA).

The key idea at the core of PCA is that
the footprints in the catalogue can be
projected onto a family of vectors called
empirical orthogonal functions (EQFs)
that explain the variability observed since
1911. Mathematically the EOFs form a
basis of orthogonal vectors and allow
decomposition of the field of interest (i.e.
either the peak EHF, EHFmax Or its accumulated value
EHFsun) using a set of event-specific coordinates zi(K).
For instance, for the case of EHFmax, any event 'k" in the
catalogue can be reconstructed starting from the mean
footprint (MFP, see Figure 6) in the following way:

Equation 4:
Neofs

EHF, (k) = MFP + Z 2,(k) EOF,
i=1
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Figure 7: Top six Empirical Orthogonal Functions for the peak EHF
magnitude and the accumulated EHF.

Images provided by author.

The neors is the total number of EOFs, which equals the
number of grid points in the domain. With the EOFs
ordered in terms of importance (based on the percentage
of variance explained, see Figure 7) this decomposition
enables analysis of the key patterns of variability (i.e.
that explain more variance) among the 466 events in the
catalogue. Furthermore, this reconstruction can easily be
truncated to keep only the leading vectors. This provides
a very practical way in which PCA can help generate
synthetic events that are consistent with the observed
historical variability.

For this study, the first six EOFs (i.e. set Neofs t0 SiX in
Equation 4] for both EHFsum and EHFmax were used. By
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Figure 8: Synthetic event representing a coastal event affecting densely populated areas around

Melbourne and Adelaide.

assigning values to the associated EOF weights (ziin
Equation 4) from analysis of their historical distributions,
synthetic scenarios can be created to represent unseen
cases that are consistent with the maost typical observed
patterns in the region. The leading six EOF fields used for
this exercise are presented in Figure 7.

To illustrate the outcome of this method a synthetic
event (Figure 8) was designed to simultaneously impact
the cities of Adelaide and Melbourne. It corresponds to
synoptic situations where a high pressure system is
preventing any relief from cooler maritime air masses.

Projected fatalities

For the scenario shown in Figure 8, an estimate of the
expected number of fatalities can be derived using

the vulnerability curve from Figure S. For this purpose,
fatalities are simulated within each of the S km resolution
cells that cover the domain from knowledge of the total
population within a cell, and the heatwave category to
which the population is exposed.

Using a binomial distribution, the number of deaths can
be simulated to provide a picture of the geographical
spread of fatalities. For this scenario, a total of 86
fatalities is expected in the region (see Figure 9) with
both Adelaide and Melbourne sharing a significant
proportion of the total. The large majority of cases are

latitude

138 140 142 144 146
longitude

Figure 9: Simulated fatalities for the Figure 8 scenario
(grey dots).

within the area under category 4 risk while some
fatalities occur under the category 3 footprint.

Conclusions

The EHF heatwave intensity framework was used in
combination with an archive of heat-related fatalities in
Australia to provide alternative indicators of heatwave
severity. This led to the definition of four severity classes
that may be helpful in characterising and communicating
the potential of fatalities from heatwaves. These
categories were depicted on a chart to show the risk of
three important historical events affecting Victoria and
South Australia.

The Bureau of Meteorology database of minimum

and maximum temperature records dating from 1971

was used to assemble a catalogue of 466 historical
heatwave events in south-east Australia. Each event
was characterised by both peak and accumulated EHF
estimates and PCA was applied to extract the key modes
of variability. A synthetic scenario was constructed to
represent a realistic event in metropolitan regions in
Australia.

To quantify the effect of the scenario beyond the hazard
threat, a vulnerability curve was defined to estimate the
number of human fatalities that might be expected as

a function of both the heatwave risk category and the
population density. The method was applied to project
the number and location of fatalities associated with the
synthetic scenario.

Itis worth mentioning that, as all estimates in this study
are based on reported fatalities, and because of under-
reporting and the likelihood of wrongly categorising
deaths to other health-related issues rather than heat
stress, fatality projections should be interpreted as
lower-bound estimates. A more optimistic view would
also acknowledge that communities and governments
learn from past experience and improve their level of
preparedness. In that sense, fatality rates from the last
decade (Figure 5) might not accurately reflect the current
level of awareness of the population and the ability of
government services to cope with the threat. It is clear
that to factor these two opposite views, some level of
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uncertainty around the estimates of Figure 5 needs to be
modelled in future attempts to characterise heat-related
fatality curves.

Study to date has focused on human fatalities attributed
to heatwaves. A natural follow-up would be to look at
non-lethal heat-related injuries. Following the framework
introduced in this report, additional data, such as
ambulance calls or hospitalisation records, would allow
the development of complementary vulnerability curves
and enable in-depth analysis of the effects of heatwaves
on human health. Similarly, the fatality curve could be
refined to capture the death-rate-by-age band or other
characteristics of the degree of resilience of the local
population. This would allow a better representation of
the areas at risk.

Such considerations would be valuable input to assess
the capability of emergency response services to cope.
This framework might answer questions such as whether
medical staff in local communities can handle the
projected heat-related hospitalisations during extreme
heat events.
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