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Abstract

Background: This study attempted to develop health risk-based metrics for defining a heatwave in Brisbane,
Australia.

Methods: Poisson generalised additive model was performed to assess the impact of heatwaves on mortality and
emergency hospital admissions (EHAs) in Brisbane.

Results: In general, the higher the intensity and the longer the duration of a heatwave, the greater the health
impacts. There was no apparent difference in EHAs risk during different periods of a warm season. However, there
was a greater risk for mortality in the 2nd half of a warm season than that in the 1st half. While elderly (=75 years)
were particularly vulnerable to both the EHA and mortality effects of a heatwave, the risk for EHAs also significantly
increased for two other age groups (0 — 64 years and 65 — 74 years) during severe heatwaves. Different patterns
between cardiorespiratory mortality and EHAs were observed. Based on these findings, we propose the use of a
tiered heat warning system based on the health risk of heatwave.

Conclusions: Health risk-based metrics are a useful tool for the development of local heatwave definitions. This tool
may have significant implications for the assessment of heatwave-related health consequences and development of
heatwave response plans and implementation strategies.
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Background

The health impacts of heatwaves are increasingly recog-
nised and reported [1-4]. It is important to understand
the relationship between heatwaves and human health
because climate change is likely to increase the fre-
quency, duration, intensity, and geographic extent of
heatwaves [5]. Some studies have applied a descriptive
approach to estimating excess mortality associated with
heatwaves, by comparing the number of deaths between
heatwave and non-heatwave days [6,7]. Other studies
have used time-series analysis to estimate health risks of
hot temperature [8-10]. Recent studies have assessed
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both the main effect of daily high temperature and added
effect of heatwaves (i.e., the impact of extended periods of
extreme temperatures) [1,11,12]. However, the findings of
these studies have not been consistent. For example, heat-
waves or extended periods of extreme temperatures were
reported to substantially increase risk compared with that
associated with single days of high temperatures [1], but
recent studies found that estimated added effect of heat-
waves on mortality was much smaller than the main effect
of daily high temperature [11-14].

Even though there is no standard definition for heat-
waves, a combination of intensity and duration of heat
(or extreme high temperatures) has been widely used in
previous studies [1,2,4,11,12,15,16]. However, evidence
suggests that acclimatization, individual susceptibility,
and community characteristics all affect heat-related
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effects on mortality [1]. This implies that it is difficult, if
not impossible, to develop a universal definition of heat-
wave. Some efforts have been made to explore the best
temperature predictor of mortality and an appropriate
approach to develop a local definition of heatwave
[15,17-19], but, few data are available on the use of health
risk-based metrics in the development of a heatwave def-
inition. This study attempted to develop health risk-based
metrics to define a heatwave based on the estimation of
its effects on mortality and emergency hospital admissions
in Brisbane, Australia. Additionally, we evaluated whether
the effect estimates varied by heatwave characteristics
(intensity, duration, and timing in season) and individual
characteristics (age and disease category).

Methods

This study was conducted in Brisbane, the capital city of
Queensland, Australia. It has a typical subtropical cli-
mate, with dry and mild winter and humid and warm
summer. Its population size at 30 June 2011 was
1,079,392 persons [20].

Data collection

We obtained daily mortality data for the time period 1
January 1996-30 November 2004, and emergency hos-
pital admissions (EHAs) data between 1 January 1996
and 31 December 2005. Daily data on mortality and
EHAs were provided by the Office of Economic and
Statistical Research of the Queensland Treasury and the
Health Information Centre of Queensland Health, respec-
tively. Mortality data were only obtainable to November
2004 due to the time lag between deaths and their regis-
tration by state authorities when we collected these data.
Non-external causes (NEC) of mortality and EHAs were
categorised according to the International Classification of
Diseases (ICD), ninth version (ICD-9) before December
1996 and tenth version (ICD-10) since December 1996
(ICD 9, < 800; and all ICD 10 codes excluding S00-U99
for external causes), cardiovascular diseases (ICD-9, 390—
459; ICD-10, 100-199), and respiratory diseases (ICD-9,
460-519; ICD-10, J00-J99).

Daily data on climatic variables (maximum temperature
(°C), minimum temperature (°C) and relative humidity
(%)) for the period of January 1996 to December 2005
were obtained from the Australian Bureau of Meteo-
rology. The daily average values of climatic variables
were calculated from four monitoring stations located in
Brisbane city.

Air pollution data including ambient 24 h average con-
centrations of particulate matter with diameter less than
10 micrometers (PM;,) (pg/m?), daily maximum 1 hour
average nitrogen dioxide (NO,) (ppb) and ozone (O3)
(ppb) were provided by the Queensland Department of
Environment and Resource Management (formerly the
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Queensland Environmental Protection Agency). Daily air
pollution concentrations were averaged across seventeen
available monitoring stations in Brisbane. When data
were missing for a particular monitoring station on a
given day (5% of missing data), the observations re-
corded from the other monitoring stations were used to
calculate the daily average values.

Data analysis

In this study, we used daily mean temperature (calculated
using maximum and minimum temperatures) since our
previous work suggests that the mean temperature ap-
pears to be a reliable indicator of the temperature-health
relation [18]. This may be because it was more likely to
represent the temperature level across the whole 24 hours.
A heatwave was defined as two or more consecutive days
with the mean temperature above a certain percentile
(e.g., 98th centile of the mean temperature) in the warm
season (five months) from the 1st November to the 31st
March (next year) during the study period (1996 — 2005)
[21,22]. We arranged columns of each mean temperature
percentile in the dataset. The binary variable (1 or 0) was
entered for heatwave and non-heatwave days, respectively,
during the whole study period. We used a relative index
(i.e, percentile of temperature) instead of an absolute
measure (i.e, degrees in Celsius) for the heatwave defi-
nition, as the relation between temperature and health
may change over time and space, and therefore, a relative
measure (e.g., temperature percentile) may be more ap-
propriate than an absolute one. Relative temperature
measures have been increasingly used in recent epidemio-
logical studies [15,21,22]. We divided warm season into
two parts (early warm season: 1st Nov. - 15th Jan. (next
year) and late warm season: 16th Jan. - 31st Mar.). We just
attempted to explore any difference in the health impacts
of heatwaves between two different time periods. Poisson
generalised additive model (GAM) was used to examine
the heatwave effects on NEC mortality and EHAs where
adjusting for an array of potential confounders including
long-term trends, day of week, relative humidity, PM;,
NO, and O;. Additionally, we assessed the difference in
effect estimates by heatwave characteristics (intensity, du-
ration, and timing in season) and individual characteristics
(age and disease category) using the same approach. We
used linear function for air pollutants, and natural cubic
spline for humidity (df=3) and day of the year (df=4).
We divided the sample into 3 age groups (0 — 64, 65 — 74,
and > 75), because we obtained EHA data by four age
groups (i.e, 0-14, 15 — 64, 65 — 74, and > 75) due to the
reason of confidentiality, and combined the 0 — 14 and
the 15 — 64 age groups as there were few records in the
0-14 age group. Mortality data were also matched by
these groups. Lagged effects of single lag (lag 0, 1, 2 or 3
days) and cumulative lag (lag 0—1, 0-2 or 0-3 days) were
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Table 1 Summary of daily health outcomes, air pollutants and climatic variables in Brisbane, Australia, in warm

season® (1996 - 2005)

Variable Mean SD Min 90% 95% 96% 97% 98% 99% Max
Deaths 15 4 5 20 21 22 22 23 25 42
EHAs 129 21 71 156 165 166 171 175 181 202
Air pollutant

PMo (Ug/m?) 174 6.1 6.5 24.2 283 296 314 335 394 786

NO, (ppb) 13.1 4.1 36 18.2 20.7 21.6 22.7 23.7 264 350

O; (ppb) 320 116 77 479 53.8 55.8 584 613 66.9 882
Temperature (°C)

Maximum 289 2.5 203 320 329 332 337 34.2 355 412

Minimum 19.6 26 11.8 229 238 240 243 246 253 27.7

Mean 24.2 2.2 18.1 27.1 280 28.1 285 289 299 345
Humidity (%) 64.9 1.7 16.0 799 839 859 88.0 89.6 915 96.5

90%, 95% to 99% represent the 90th, 95th to 99th centiles, respectively.

SD standard deviation, Min minimum, Max maximum, EHAs emergency hospital admissions.

“Warm season: 1st Nov. to 31st Mar. (next year).

also assessed using the same methods. We used lags (0 to
3) to explore the lag effects of temperature on mortality,
because heat effects are usually acute and short-term
[23-26]. Relative risks (RRs) and 95% confidence intervals
(CIs) were calculated using the GAM model. The “mgcv”
package in R software (version 2.14.1) was used to fit the
time series GAM.

Results
The average number of daily deaths and EHAs was 15
and 129, respectively. The average level of daily air pol-
lutants including PM;,, NO, and O; was 17.4 (ug/m?),
13.1 (ppb) and 32.0 (ppb), respectively. The average daily
maximum temperature was 28.9°C; minimum tempe-
rature was 19.6°C; mean temperature was 24.2°C; and
relative humidity was 64.9% (Table 1).

Table 2 shows the number of heatwave events and
days by different centiles of daily mean temperatures

according to the heatwave definition (=2 consecutive
days above a certain centile) in warm season and two
different parts of warm season (i.e., early and late). Initial
analysis indicates that during the study period more in-
tense and longer duration heatwaves were more pre-
valent during the late warm season. The most severe
heatwave occurred during 20 — 22 Feb. 2004, when three
consecutive days with a mean temperature above 30°C
were recorded in Brisbane. All heatwave events recorded
during the study period occurred between the 1 December
and the end of February.

Tables 3 and 4 reveal both the unadjusted and adjusted
relative risks of mortality and EHAs in single lag (lag 0,
1, 2 or 3 days) and cumulative lag (lag 0-1, 0-2 or 0-3
days) effects during heatwaves using the different tem-
perature centiles as cut-offs. In general, heatwaves ap-
peared to affect mortality more than EHAs. The higher
risk estimates were primarily observed at lags of 1 and 2

Table 2 Heatwave® events and days by percentiles of daily mean temperatures in the warm season® and different
parts of warm season (i.e., early and late) in Brisbane, Australia, 1996 - 2005

Heatwave event (day)

d

Early warm season® Late warm season

Intensity of
percentile Warm season

299% (29.9°C) 3(8)
298% (28.9°C) 8 (18)
297% (28.5°C) 10 (28)
296% (28.1°C) 19 (54)
295% (28.0°C) 20 (59)
290% (27.1°0) 34 (118)

1(3) 2(5)
409 409
5(12) 5(16)
9(22) 10 (32)
9 (24) 11 (35)
16 (52) 18 (66)

“Heatwave defined as > 2 consecutive days above the percentiles of daily mean temperature.

PWarm season: 1st Nov. to 31st Mar. (next year).

“Early warm season: Tst Nov. to 15th Jan. (next year). %late warm season: 16th Jan. to 31st Mar.
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Table 3 Relative risk of daily mortality and EHAs for percentile of mean temperature in warm season? (single lag

effects)
Intensity of Unadjusted RR [95% Cl] Adjusted® RR [95% CI]
percentile Deaths EHAs Deaths EHAs
Llag 0
299% 1.58 [1.36 - 1.83] 1.25[1.19 - 1.33] 149 [1.28 - 1.73] 117 1071 -1.24]
298% 1.35[1.20 - 1.51] 1.20 [1.16 - 1.25] 1.28 [1.14 - 143] 1.14 [1.10 - 1.19]
297% 1.34 [1.22 - 1.46] 1.16 [1.13 - 1.20] 1.26 [1.15 - 1.39] 112 [1.09 - 1.1€]
296% 1.29 [1.20 - 1.39] 114112 -1.17] 123 [1.14 - 1.33] 1.13[1.10 - 1.15]
295% 1.29 [1.20 - 1.38] 1.14 [1.11 - 1.16] 122 [1.14 - 1.32] 112 [1.10-1.15]
290% 119 [1.13 - 1.26] 1.07 [1.05 - 1.09] 1.14 [1.08 - 1.20] 1.08 [1.06 - 1.10]
Lag 1
299% 1.76 [1.53 - 2.02] 134 [1.27 - 142] 1.67 [1.44 - 1.93] 128 [1.21 - 1.35]
298% 1.39 [1.24 - 1.55] 122 [1.17 -1.27] 132 [1.18 - 1.49] 116 [1.12-1.21]
297% 138[1.26 - 1.51] 1.16 [1.13 - 1.20] 133 [1.21 - 147 1.12 [1.08 - 1.15]
296% 1.26 [1.17 - 1.35] 114112 -1.17] 121 [1.12 - 1.31] 112 [1.09 - 1.14]
295% 1.25[1.17 - 1.34] 1.14 [1.11 - 1.16] 1.21 [1.12 - 1.30] 1.12 [1.09 - 1.14]
290% 115 [1.09 - 1.21] 1.07 [1.05 - 1.09] 111 [1.05 - 1.7 1.08 [1.06 - 1.10]
Lag 2
299% 1.74 [1.52 - 2.01] 134 [1.27 - 141] 1.68 [1.45 - 1.94] 129 [1.22 - 1.36]
298% 140 [1.25 - 1.56] 1.19 [1.15 - 1.24] 1.36 [1.21 - 1.52] 115 [1.071 - 1.20]
297% 129 [1.17 - 141] 1.16 [1.13 - 1.20] 124 [1.13 - 1.37] 1.13[1.09 - 1.17]
296% 1.20 [1.12 - 1.29] 1.13[1.11 - 1.16] 1.17 [1.08 - 1.26] 1.11[1.09 - 1.14]
295% 1.18 [1.10 - 1.26] 113 [1.11 - 1.16] 1.14 [1.06 - 1.23] 111 [1.08 - 1.13]
290% 1.10 [1.04 - 1.16] 1.07 [1.05 - 1.09] 1.07 [1.02 - 1.13] 1.08 [1.06 - 1.10]
Lag 3
299% 1.31[1.12 - 1.54] 1.22 [1.16 - 1.29] 1.27 [1.08 - 1.49] 1.19[1.12 - 1.26]
298% 1.24 [1.10 - 1.39] 1.14 [1.10 - 1.19] 1.21 [1.07 - 1.36] 1.13[1.08 - 1.17]
297% 1.21 [1.10 - 1.33] 112 [1.09 - 1.16] 1.18 [1.07 - 1.30] 1.10 [1.06 - 1.14]
296% 1.16 [1.08 - 1.25] 1.11[1.08 - 1.13] 1.14 [1.06 - 1.23] 1.09 [1.07 - 1.12]
295% 1.15[1.07 - 1.23] 1.10 [1.08 - 1.13] 1.13[1.05 - 1.22] 1.09 [1.06 - 1.11]
290% 101 [1.05 - 1.17] 1.05 [1.03 - 1.07] 1.10 [1.04 - 1.16] 1.05 [1.03 - 1.07]

EHAs emergency hospital admissions, RR relative risk, C/ confidence interval.

#Warm season: 1st Nov. to 31st Mar. (next year).

PConfounders including long-term trends, day of week, humidity, PM;o, NO, and Os.

days for both mortality and EHAs and then these
estimates decreased, which suggests the acute and short
term health effects of heatwaves.

Tables 5 and 6 reveal both unadjusted and adjusted
relative risks for mortality and EHAs at lag 0 (current
day) during heatwaves using the different temperature
centiles as the cut-offs. When investigating any diffe-
rence in the heatwave effects between the early and late
of warm season, we found that the impact of heatwaves
on mortality and EHAs seemed to be stronger in the
second part of the warm season than the first (Table 5).

Table 6 indicates that there was a statistically signi-
ficant increase in both cardiovascular and respiratory
mortality during heatwaves at almost all centile cut-offs.

Results also show a statistically significant increase in
EHAs for respiratory diseases, but not for cardiovascular
diseases. The elderly group (=75) appeared to be most
vulnerable to heatwaves for both mortality and EHAs.
There was also increased risk in other age groups during
heatwaves, particularly for EHAs.

There was a statistically significant increased health
risk if the mean temperature exceeded the historical
90th, 95th or 98th centile for at least two, three and four
consecutive days after adjustment for confounders in-
cluding long-term trends, day of week, relative humidity,
PM;o, NO, and O (Table 7). The historical 90th, 95th
and 98th centiles of the mean temperature were 27.1,
28.0 and 28.9°C, respectively. There were no such
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Table 4 Relative risk of daily mortality and EHAs for percentile of mean temperature in warm season® (cumulative lag

effects)
Intensity of Unadjusted RR [95% Cl] Adjusted® RR [95% CI]
percentile Deaths EHAs Deaths EHAs
Lags O0-1
299% 1.66 [1.47 - 1.88] 1.27 [1.22 - 1.33] 1.58 [1.39 - 1.79] 1.20 [1.15 - 1.26]
298% 1.36 [1.24 - 1.49] 1.20 [1.16 - 1.23] 130 [1.18 - 143] 1.14[1.10- 1.18]
297% 1.33[1.23 - 1.44] 1.14 1.1 -1.17] 1.28 [1.18 - 1.39] 1.10 [1.07 - 1.13]
296% 1.26 [1.18 - 1.34] 113 [1.11 - 1.16] 1.21 [1.13 - 1.30] 1.12 [1.09 - 1.14]
295% 124117 -1.32] 1.13[1.10 - 1.15] 120 [1.12-1.28] 1.11[1.09 - 1.14]
290% 106 [1.01-1.22] 1.07 [1.05 - 1.08] 112 [1.06 - 1.17] 1.08 [1.06 - 1.10]
Lags 0-2
299% 1.64 [147 - 1.83] 1.26 [1.21 - 1.31] 1.57 [140 - 1.76] 1.20 [1.15-1.25]
298% 1.35 [1.24 - 1.46] 118 [1.14 - 1.21] 1.30 [1.19 - 1.42] 113 [1.10 - 1.1€]
297% 129 [1.20 - 1.38] 114 [1.12-1.7] 1.25[1.16 - 1.35] 111 [1.08 - 1.14]
296% 1.23 [1.16 - 1.30] 113 [1.11 - 1.15] 1.19[1.12-1.27] 1.11[1.09 - 1.13]
295% 121 [1.14 - 1.28] 1.12 [1.10 - 1.14] 117 [1.10 - 1.25] 1.10 [1.08 - 1.13]
290% 1.15 [1.10 - 1.20] 1.07 [1.06 - 1.08] 1.11[1.06 - 1.16] 1.08 [1.06 - 1.10]
Lags 0-3
299% 1.53 [1.38 - 1.70] 1.25 [1.20 - 1.30] 147 [1.32 - 1.64] 1.20 [1.15 - 1.24]
298% 1.31[1.21 - 1.42] 1.17 [1.14 - 1.20] 127 [1.17 - 1.38] 1.13[1.10 - 1.16]
297% 1.25[1.17 - 1.33] 114 [1.11 - 1.16] 121 [1.13-1.30] 1.11[1.08 - 1.13]
296% 1.20 [1.14 - 1.27] 1.12 [1.10 - 1.14] 117 101 -1.24] 1.11[1.09-1.13]
295% 1.19 [1.13 - 1.25] 1.12 [1.10 - 1.13] 1.16 [1.09 - 1.22] 1.10 [1.08 - 1.12]
290% 1.13[1.09 - 1.18] 1.07 [1.06 - 1.08] 1.10 [1.05 - 1.15] 1.08 [1.06 - 1.09]

EHAs emergency hospital admissions, RR relative risk, C/ confidence interval.
“Warm season: 1st Nov. to 31st Mar. (next year).

PConfounders including long-term trends, day of week, humidity, PM;o, NO, and Os.

heatwave events in Brisbane if we defined a heatwave as
4 consecutive days with mean temperature above the
98th centile.

Based on the overall results, we developed preliminary
health risk-based metrics to define a heatwave at the
local level (Figure 1). Thus, we propose the use of a
tiered heat warning system based on the likely severity
of heatwave: yellow (>90th centile of historical mean
temperature for two or more consecutive days: moderate
risk); orange (=95th centile of historical mean tempe-
rature for two or more consecutive days: high risk); and
red warning (>98th centile of historical mean tempe-
rature for two or more consecutive days: extreme high
risk). At such times, vulnerable groups (e.g., children,
elderly, people with disability, residents with chronic dis-
ease, economically disadvantaged and/or isolated people)
should be particularly protected.

Discussion

This study investigated the potential to develop local
temperature/health metrics based on the estimation of
the effects of heatwaves on mortality and emergency

hospital admissions, and evaluated whether the effect
estimates varied by heatwave characteristics (intensity,
duration, and timing in season) and individual characte-
ristics (age and disease category) in Brisbane, Australia.
The results of this study show that there were consistent
and significantly increased risks of death and EHAs during
heatwaves even using different temperature cut-offs. In
general, the more intense and longer duration heatwave
events, the greater health impacts, which are consistent
with previous findings [11,22,27]. Brisbane has a humid
subtropical climate condition where the average relative
humidity was 64.9% in warm seasons during the study
period. However, it had been hot and dry during the heat-
wave periods. For example the average relative humidity
was 61.9% and 54.2% when heatwave defined as two or
more consecutive days with mean temperature above 95th
and 98th centile, respectively. Based on the data, heatwave
events also appeared to affect mortality more than EHAs,
which is supported by the literature [28-30]. A possible
explanation for the mismatch in patterns of mortality and
hospital admissions during hot weather is that many heat-
related deaths occur in isolated people before they come
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Table 5 Relative risk of daily mortality and EHAs for percentile of mean temperature in early and late parts of warm

season?
Intensity of Unadjusted RR [95% ClI] Adjusted® RR [95% Cl]
percentile Deaths EHAs Deaths EHAs
Early warm season®
299% 1.10 [0.82 - 1.46] 1.12[1.02 - 1.22] 1.04 [0.78 - 1.40] 1.08 [0.98 - 1.18]
298% 1.24 [1.03 - 1.48] 1.17 [1.11 - 1.24] 1.19 [1.00 - 1.43] 1.14 [1.08 - 1.20]
297% 1.12[0.96 - 1.31] 1.14 [1.09 - 1.20] 1.08 [0.91 - 1.27] 1.11 [1.06 - 1.17]
296% 1.18 [1.05 - 1.33] 1.13 [1.09 - 1.17] 1.14 [1.01 - 1.29] 1.11 [1.07 - 1.15]
295% 1.18 [1.05 - 1.33] 1.14 [1.10 - 1.18] 1.14 [1.01 - 1.29] 1.12[1.08 - 1.16]
290% 1.09 [1.00 - 1.18] 1.06 [1.04 - 1.09] 1.05 [0.97 - 1.15] 1.07 [1.04 - 1.10]
Late warm season®
299% 1.88 [1.58 - 2.24] 1.35[1.26 - 1.44] 1.71 [1.42 - 2.07] 1.20 [1.11 - 1.29]
298% 1.43 [1.24 - 1.66] 1.23 [1.17 - 1.30] 1.29 [1.11 - 1.51] 1.14 [1.08 - 1.20]
297% 1.48 [1.33 - 1.65] 1.19 [1.14 - 1.24] 1.35[1.20 - 1.52] 1.13 [1.08 - 1.18]
296% 1.37 [1.25 - 1.50] 1.16 [1.12 - 1.19] 1.26 [1.15 - 1.39] 1.14[1.10 - 1.17]
295% 1.35[1.24 - 1.47] 1.14[1.11 - 1.17] 1.24 [1.13 - 1.37] 1.13[1.09 - 1.16]
290% 1.27 [1.19 - 1.36] 1.08 [1.06 - 1.11] 1.19 [1.10 - 1.28] 1.10 [1.07 - 1.12]

EHAs emergency hospital admissions, RR relative risk, C/ confidence interval.
#Warm season: 1st Nov. to 31st Mar. (next year).

bConfounders including long-term trends, day of week, humidity, PM;o, NO, and Os.

Early warm season: 1st Nov. to 15th Jan. (next year).
9 ate warm season: 16th Jan. to 31st Mar.
Bold typeface indicates statistical significance at p<0.05.

to medical attention [28]. For example, many of the deaths
in the Chicago heatwaves were of people living alone or
having limited social contact [7,31]. However, we found
that the impact of heatwaves on mortality and EHAs
seemed to be stronger in the second part of the warm sea-
son than the first part (Table 5), which is in contrast to
the previous studies [11,22]. When investigating this
difference, we found that the more intense and longer
duration heatwave events in Brisbane occurred more fre-
quently during the second part of the warm season than
the first part (Table 2). In addition, mean temperature and
relative humidity levels during the second period were 1
to 2°C and 3 to 4% higher than the first period (data not
shown). This may cause people to feel more uncomfort-
able in the late warm season than the early season. It may
also include a variation in susceptible population through-
out the summer with people coming and going from
Brisbane during the holiday season. In an assessment of
the health impact of heatwaves, it is therefore desirable to
adopt an integrated approach which takes the intensity,
duration and timing into account systematically and
dynamically.

The elderly group (=75) was most vulnerable to heat-
waves for both mortality and EHAs which is similar
across the warm season (Table 6). This finding is con-
sistent with most previous studies [9,12]. Increased
platelet and red cell counts, blood viscosity, and plasma
cholesterol levels were reported during heat stress,

which may explain the increased mortality from arterial
thrombosis in hot weather [32]. Heat-related mortality
substantially increases in older people, which may be
due to their poor tolerance to temperature variation and
compromised ability to maintain core body temperature.
This is reflected by research reporting that thermal sen-
sitivity decreases with advancing age [33]. A recent study
observed that the elderly had poor thermoregulatory
responses to high temperatures because of hormonal
changes with age [34]. Reduced thermoregulatory re-
sponses and less sensitive thermal perception in the
elderly may blunt thermoregulatory behaviour during
heat stress and facilitate the occurrence of hyperthermia
[35]. On the other hand, younger people exercising
outdoors in high temperatures may also experience in-
creased heat-related morbidity or mortality.

The results of this study highlight a statistically signifi-
cant increase in cardiovascular and respiratory mortality
and EHAs for respiratory diseases during heatwaves, but
no significant increase in EHAs for cardiovascular dis-
eases. Our findings are broadly consistent with previous
studies [28-30]. The hypothesis for the difference in
cardiovascular mortality and hospital admissions is that
cardiovascular deaths usually occur rapidly before they
reach a hospital [36].

Based on our findings, we propose the use of a tiered
heat warning system primarily based on the likely severity
of heatwave: yellow (>90th centile of historical mean
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Table 6 Relative risk of daily mortality and EHAs for percentile of mean temperature in warm season® by diseases and

age groups

Intensity of
percentile

Unadjusted RR [95% Cl]

Deaths

EHAs

Adjusted® RR [95% Cl]

Deaths

EHAs

299%
298%
297%
296%
295%
290%

299%
298%
297%
296%
295%
290%

299%
298%
297%
296%
295%
290%

299%
298%
297%
296%
295%
290%

299%
298%
297%
296%
295%
290%

1.70 [1.04 - 2.80]
1.75[1.24 - 2.48]
1.55 [1.15 - 2.08]
1.45 [1.15 - 1.83]
1.42[1.13 - 1.79]
1.33 [1.11 - 1.58]

1.90 [1.56 - 2.33]
1.46 [1.24 - 1.72]
1.50 [1.32 - 1.71]
1.36 [1.23 - 1.51]
1.37 [1.24 - 1.51]
1.23 [1.14 - 1.33]

1.49 [1.03 - 2.15]
1.28 [0.97 - 1.69]
1.19 [0.94 - 1.50]

1.20 [1.00 - 1.43]

1.21 [1.02 - 1.43]
1.13 [0.99 - 1.28]

1.38 [0.96 - 1.99]
1.11 [0.83 - 1.48]
1.13[090 - 1.41]
1.13 [0.95 - 1.35]
1.11 {093 - 1.32]
1.01 [0.89 - 1.15]

1.66 [1.39 - 1.98]
1.43 [1.25 - 1.64]
1.43 [1.29 - 1.60]
1.36 [1.25 - 1.48]
1.36 [1.25 - 1.47]
1.26 [1.18 - 1.34]

Respiratory
1.35[1.16 - 1.58]
1.19 [1.07 - 1.33]
1.13 [1.03 - 1.24]
1.14 [1.07 - 1.22]
1.14 [1.07 - 1.21]
1.08 [1.03 - 1.13]

Cardiovascular
1.04 [0.90 - 1.20]
1.07 [0.98 - 1.18]
1.00 [0.92 - 1.08]
0.99 [0.94 - 1.05]
1.00 [0.95 - 1.06]
0.98 [0.94 - 1.02]

0 - 64 age group

1.13 [1.05 - 1.22]
1.14 [1.08 - 1.19]
1.11 [1.07 - 1.16]
1.12[1.08 - 1.15]
1.11 [1.08 - 1.14]
1.06 [1.03 - 1.08]

65 - 74 age group

1.21 [1.04 - 1.41]
1.10 [0.99 - 1.22]
1.12 [1.03 - 1.22]
1.08 [1.01 - 1.15]
1.07 [1.01 - 1.14]
1.02 [097 - 1.07]

75 and over age group

1.55[1.41 - 1.71]
1.40 [1.31 - 1.50]
1.31[1.24 - 1.39]
1.25[1.19 - 1.30]
1.24 [1.19 - 1.29]
1.13 [1.09 - 1.16]

1.34 [0.80 - 2.23]
1.49 [1.04 - 2.14]
1.37 [1.00 - 1.87]
1.34 [1.05 - 1.72]
1.32[1.04 - 1.69]
1.31 [1.09 - 1.58]

1.81 [1.47 - 2.23]
1.38 [1.16 - 1.63]
1.41 [1.23 - 1.62]
1.28 [1.15 - 1.43]
1.29 [1.16 - 1.43]
1.16 [1.07 - 1.26]

1.49 [1.02 - 2.17]
1.26 [0.95 - 1.68]
1.16 [0.92 - 1.48]
1.17 [0.97 - 1.41]
1.18 [0.98 - 1.41]
1.09 [0.95 - 1.24]

141 [0.96 - 2.05]
1.10 [0.82 - 1.49]
1.09 [0.86 - 1.39]
1.09 [0.91 - 1.31]
1.06 [0.89 - 1.27]
0.94 [0.82 - 1.08]

1.51[1.26 - 1.81]
1.33 [1.15 - 1.53]
1.33 [1.19 - 1.49]
1.29 [1.18 - 1.41]
1.28 [1.17 - 1.40]
1.21 [1.13 - 1.29]

1.30 [1.11 - 1.52]
1.14 [1.02 - 1.28]
1.10 [1.00 - 1.21]
1.12[1.04 - 1.20]
1.11 [1.04 - 1.19]
1.07 [1.01 - 1.12]

1.04 [0.89 - 1.20]
1.06 [097 - 1.17]
0.99 [0.92 - 1.08]
0.99 [0.93 - 1.05]
1.00 [0.94 - 1.06]
098 [0.94 - 1.02]

1.06 [0.98 - 1.14]
1.08 [1.03 - 1.14]
1.07 [1.03 - 1.12]
1.10 [1.07 - 1.13]
1.10 [1.06 - 1.13]
1.07 [1.04 - 1.09]

1.24 [1.06 - 1.45]
1.11 [0.99 - 1.24]
1.14 [1.04 - 1.24]
1.09 [1.02 - 1.16]
1.08 [1.01 - 1.15]
1.02 [0.97 - 1.07]

1.39 [1.26 - 1.54]
1.29 [1.20 - 1.39]
1.23 [1.16 - 1.31]
1.21 [1.15 - 1.26]
1.21 [1.16 - 1.26]
1.14[1.10 - 1.17]

EHAs, emergency hospital admissions; RR, relative risk; Cl, confidence interval.
#Warm season: 1st Nov. to 31st Mar. (next year).
PConfounders including long-term trends, day of week, humidity, PM;o, NO, and Os.

Bold typeface indicates statistical significance at p<0.05.

temperature for two or more consecutive days: moderate
risk); orange (=95th centile of historical mean temperature
for two or more consecutive days: high risk); and red
warning (298th centile of historical mean temperature
for two or more consecutive days: extreme high risk).

Vulnerable groups (e.g., children, elderly, people with dis-
ability, residents with chronic disease, economically disad-
vantaged and/or isolated people) should be particularly
protected. As a number of studies have demonstrated that
heat-related deaths can happen rapidly [3,22,27,28,30], the
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Table 7 Relative risk of daily mortality and EHAs for percentile of mean temperature in warm season® under different
heatwave definitions

RR [95% CI]°

RR [95% CI]¢

Intensity of RR [95% CI]*
percentile Deaths EHAs Deaths EHAs Deaths EHAs
Lag 0
298% 1.28 [1.14 - 143] 1.14 [1.10 - 1.19] 1.30 [1.08 - 1.56] 121 [1.14 - 1.29] n/a n/a
295% 122 [1.14-132] 1.12 [1.10 - 1.15] 127 [1.17 - 1.38] 1.15[1.12-1.18] 1.19 [1.07 - 1.32] 115111 -1.19]
290% 1.14 [1.08 - 1.20] 1.08 [1.06 - 1.10] 1.15[1.08 - 1.22] 1.08 [1.05 - 1.10] 119 [1.1 - 1.27] 1.08 [1.06 - 1.10]
Lag 1
298% 133 [1.18 - 149] 1.16 [1.11 - 1.20] 1.35[1.12 - 1.62] 127 [1.19-1.35] n/a n/a
295% 120 [1.12 - 1.30] 1.12 [1.09 - 1.14] 132 [1.21 - 143] 1.15[1.12-1.18] 1.22 [1.10 - 1.35] 1150111 -1.19]
290% 111 [1.05-1.17] 1.08 [1.06 - 1.09] 1.17 [1.10 - 1.24] 1.07 [1.05 - 1.09] 1.21[1.13 - 1.29] 1.07 [1.05 - 1.10]
Lag 2
298% 1.36 [1.21 - 1.52] 1.15[1.11 - 1.20] 148 [1.24 - 1.76] 133 [1.25-142] n/a n/a
295% 1.14 [1.06 - 1.23] 111 [1.08 - 1.13] 122 [1.13 - 1.33] 1.15[1.12-1.18] 1.22 [1.10 - 1.35] 113 [1.09 - 1.17]
290% 1.07 [1.02 - 1.13] 1.08 [1.06 - 1.10] 1.13 [1.06 - 1.20] 1.07 [1.05 - 1.09] 1.17 [1.10 - 1.25] 1.06 [1.04 - 1.08]
Llags 0-2
298% 130 [1.19 - 142] 1.13 [1.10 - 1.16] 1.30 [1.12 - 1.50] 124 [1.18 - 1.30] n/a n/a
295% 117 [1.10 - 1.25] 1.10 [1.08 - 1.13] 1.24 [1.15-1.33] 113 1.1 -1.16] 1.19 [1.09 - 1.30] 1.13[1.10-1.17]
290% 1.11[1.06 - 1.16] 1.08 [1.06 - 1.10] 1.15[1.09 - 1.22] 1.06 [1.05 - 1.08] 1.19[1.13-1.27] 1.07 [1.05 - 1.09]

EHAs emergency hospital admissions, RR relative risk, C/ confidence interval.
“Warm season: 1st Nov. to 31st Mar. (next year).

PHeatwave defined as > 2 consecutive days above the percentiles of daily mean temperature.
“Heatwave defined as > 3 consecutive days above the percentiles of daily mean temperature.
9Heatwave defined as > 4 consecutive days above the percentiles of daily mean temperature.

heat warning system should be activated well before
a heatwave occurs. As both climate predictions (e.g.,
El Nino events) and weekly weather forecasting are readily
available for most cities, it would be feasible to trigger a
heat warning system a week before a heatwave event is
anticipated. If the proposed tiered heat warning system is
confirmed by further research in different populations, it
may have significant implications in reducing and preven-
ting heat-related deaths and potentially mitigate likely
health impacts of anthropogenic climate change.

Over the past several years, a number of heat watch—
warning systems have been implemented in different
cities across the world, based on local health response to

past weather conditions [37,38]. For example, after the
2003 heatwave, a heat watch warming system was deve-
loped and implemented in France which was based on
retrospective analyses of mortality and meteorological
data in fourteen pilot cities [38]. However, they used the
same percentile of temperature to trigger the national
action plan even though the health effects of heatwaves
were apparently heterogeneous. To our knowledge, there
is no heatwave plan for the whole Australia up to now.
Different heatwave definitions were used in previous
Australian studies [15,39,40]. Therefore, it is an urgent
need to develop an appropriate approach to define a
heatwave at a local and/or regional level.

Percentile of mean

Duration (days)

temperature 2

98%

95%

90%

3 4

*Yellow: moderate risk; Orange: high risk; Red: extremely high risk.

Figure 1 Health risk-based metrics based on the impacts of heat on mortality and EHAs.
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This study has three key strengths. As this study at-
tempted to develop health risk-based metrics for defining
a heatwave event at a local level particularly in a sub-
tropical climate, there may be positive implications for the
planning and implementation of climate risk management
policies. Secondly, mortality and emergency hospital
admissions were jointly considered in the assessment of
heatwave related health risks. Finally, we were able to
include a range of confounding variables in the modelling
process, including long-term trends, day of week, relative
humidity, and air pollution,

Two major weaknesses of this study must also be ac-
knowledged. Only one city was considered in this assess-
ment. However, the idea of defining a heatwave using
readily available empirical data may inspire further re-
search in this field. The second weakness was that aggre-
gated data were used in assessing the effect of heatwaves
on mortality and EHAs. Detailed spatial analysis might
give a more precise estimate of the health impacts of a
heatwave.

Conclusions

Health risk-based metrics are a useful tool for the develop-
ment of a clearly defined definition of a heatwave event.
This tool has the potential to be applied in the exami-
nation of health risks of climate variability and change and
the establishment of heat warning systems. As the relation
between temperature and health may change over time
and space, it needs to be evaluated in an appropriate way.
Nevertheless, the methodology developed in this study
may have significant implications for the assessment of
heatwave-related health consequences and development of
heatwave response plans and implementation strategies.
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