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ABSTRACT 

Objectives: This study assessed the impact of heatwave on mortality in the three largest Australian 

cities: Brisbane, Melbourne and Sydney.  

Methods: Daily data on climatic variables and mortality for these three cities during the period 

1988 to 2009 were obtained from relevant government agencies. A consistent definition of a 

heatwave was used for these cities. Generalized additive Poisson regression models were fitted to 

assess the impact of heatwaves on mortality after adjustment for confounders.  

Results: Total mortality increased mostly within the same day (lag 0) or a lag of one day (lag 1) 

during almost all heatwaves in three cities. Using the heatwave definition (HWD) as the 95 

percentile of mean temperature for two or more consecutive days in the summer season, the relative 

risk for total mortality at lag 1 in Brisbane, Melbourne and Sydney was 1.13 (95% confidence 

interval (CI): 1.08 – 1.19), 1.10 (95% CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively. 

Using the more stringent HWD - the 99 percentile of mean temperature for two or more consecutive 

days in the summer season, the relative risk of total mortality at the lags of 0-2 days in Brisbane and 

Melbourne was 1.40 (95% CI: 1.29 – 1.51) and 1.47 (95% CI: 1.36 – 1.59), respectively. Elderly, 

particularly females, were more vulnerable to the impact of heatwaves. 

Conclusion: A consistent and significant increase in mortality was observed during heatwaves in 

the three largest Australian cities, but the impacts of heatwave varied with age, gender, the HWD 

and geographic area. 
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ARTICLE SUMMARY 

Article focus 

� Although the health impact of heatwaves has been increasingly investigated over recent years, 

little is known about the geographic difference of the heatwave-health relationship in the 

southern hemisphere. 

� This study assessed the heatwave - mortality relationship in the three largest Australian cities: 

Sydney, Melbourne and Brisbane, and quantified the mortality impacts of heatwaves across 

these areas.  

Key messages 

� There was a consistent and significant increase in mortality during heatwaves in the three largest 

Australian cities, but the impacts of heatwave varied with age, sex, the definition of heatwave 

and geographic area. 

� The impacts of heatwave appeared to occur rapidly and there were no apparent long-term lag 

effects 

Strengths and limitations of this study 

� This is the first multi-city study on the mortality impacts of heatwaves in the south hemisphere. 

� The key limitation is that the potential confounding effects of air pollution (e.g., O3) were not 

controlled, as these data were not complete for the whole study period in all three cities. 
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INTRODUCTION 

It is well known that exposure to extreme temperatures has a significant impact on human health. 

For example, the 2003 heatwave caused over 70,000 excess deaths in Europe.
1, 2

 A number of 

epidemiological studies have shown that the relationships between temperatures and mortality are 

often non-linear, with a J, U or V shape.
3-9

 However, the key reasons why there are different non-

linear curves in different population remain unknown. In addition, exposure to extreme 

temperatures usually does not reach the highest mortality at the same day, and often show lagged 

effects.
10, 11

 Some of this difference may be explained by inconsistent definitions, methodology as 

well as possibly population differences. Different heatwave definitions have been used in previous 

studies since there is currently no standard definition for heatwave.
7, 10, 12

 

Some studies have estimated the mortality effects of heatwaves across many countries, cities 

or communities, and determined how mortality increased during heatwaves.
1-6, 8, 10, 13

 Different 

research methods for estimating mortality associated with heatwaves have been used in previous 

studies. For example, a descriptive approach has been applied to compare the number of deaths 

between heatwave and non-heatwave days,
14

 a time-series analysis has been widely used to estimate 

mortality risks in association with hot or cold temperature,
10, 11

 and a case-crossover analysis is also 

another increasingly popular method used in this field.
7, 15, 16

 However, recent evidence suggests 

that time-series analysis is still an effective and possibly the most applicable method for 

investigating the health impact of time-varying environmental exposures.
17-19

      

The most Australia capital cities are located along the coast. There is a wide variation in 

climatic conditions across Australia. Most previous Australian studies have analysed the 

relationship between temperature and mortality for only one city and no research, to date, has been 

conducted to examine the health impact of heatwaves across different cities.
16, 19-24

 To better 

understand how temperature affects mortality in different locations, this study assessed the 
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temperature - mortality relationship in the three largest Australian cities: Brisbane, Melbourne and 

Sydney, and attempted to quantify the impact of heatwaves on mortality in these areas.  

 

METHODS 

Brisbane, Melbourne and Sydney are the capital cities of Queensland, Victoria and New South 

Wales, respectively, in Australia. These three metropolitan cities are all located on the south east 

coast of the continent (Figure 1). There are about 2.2, 4.2 and 4.6 million residents for Brisbane, 

Melbourne and Sydney, respectively, in June 2011.
25

 Together, they represent approximately half of 

the Australia population of 22.3 million.
25

 

 

[Figure 1 about here]  

 

Data Collection 

We obtained mortality data between 1988 and 2009 for Brisbane, Melbourne and Sydney from the 

Australian Bureau of Statistics (ABS). Due to privacy protection reason, the data obtained from the 

ABS were limited for the Statistical Division of usual residence by gender and two age groups (i.e., 

0-75 and 75+) for the three metropolitan areas. In order to calculate the mortality rate, the 

corresponding populations by gender and the two age groups from 1988 to 2009 in the three cities 

were also extracted from the ABS database. Supplemental Table 1 presents the average of 

population size and percentage of 75 + years old by gender between 1988 and 2009. 

Daily climate data on maximum and minimum temperatures and relative humidity for the 

same period (1988 – 2009) were acquired from the Australian Bureau of Meteorology. We selected 

all available meteorological stations located within ≤ 30 km of each city’s centre (including 7 

stations for Brisbane, 7 stations for Melbourne and 11 stations for Sydney). There were 

approximately 1.4
o
C to 5.1

o
C differences for maximum or minimum temperature between 
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meteorological stations of each city. The daily climate data for each city were averaged from 

selected meteorological stations. When there was a missing value (≤ 1.3%) for a particular 

meteorological station, observations recorded from the remaining weather stations were used to 

compute the daily average values.  

 

Data Analysis 

Previous studies have found that mean temperature was a slightly better predictor of mortality than 

maximum or minimum temperature in Brisbane.
26

 Thus in this study, we used mean temperature as 

an indicator of exposure. Daily mean temperatures (i.e., averaged values of maximum and 

minimum temperatures) were used to investigate the effects of heatwaves on mortality in these three 

cities. A heatwave was defined as the mean temperature above a heat threshold (i.e., 90, 95 and 99 

percentiles of mean temperature) for two or more consecutive days in the summer season (1st 

December to the end of February of next year). A binary heatwave variable (1 or 0) was used for 

each day (e.g., 1 for the heatwave days meant that temperatures were equal to or higher than the 99 

percentile for two or more consecutive days; 0 for non-heatwave days). A Poisson generalised 

additive model (GAM) was used to examine both single (e.g., lag 0, 1 and 2) and cumulative lag 

effects (lag 0 -2) of heatwaves on mortality for each city, after adjustment for humidity and 

population as confounding factors. The “mgcv” package in R software (version 2.14.1) was used to 

fit the time series GAM. 

 

RESULTS 

Table 1 describes the statistical summary of climatic variables and health outcomes for each city in 

summer seasons. The highest mean temperature reached 33.6
o
C in Brisbane (22 Feb. 2004), 35.5

o
C 

in Melbourne (29 Jan. 2009) and 33.2
o
C in Sydney (1 Jan. 2006). However, Brisbane had the higher 
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average mean temperature (24.8
o
C) than Melbourne (19.7

o
C) and Sydney (22.5

o
C). Similar patterns 

were observed for the average maximum and minimum temperatures. 

 

[Table 1 about here] 

 

Table 2 indicates the heatwave days and threshold (
o
C) using different percentiles of mean 

temperatures. Overall, Brisbane had more heatwave days than Melbourne and Sydney across all 

heatwave definitions during the study period. This is not unexpected and may simply be because 

Brisbane is further north with subtropical climatic conditions. Supplemental Figure 1 shows the 

distribution of daily mortality data by mean temperature for each city. The temperature-mortality 

relations appeared to be a U shape across three cities. 

 

[Table 2 about here] 

 

Figure 2 shows the distributed lag structure (lag 0 to lag 2) of the heatwave effects on 

mortality using 95% percentiles of mean temperature as the HWD. Heatwave-related mortality 

mostly occurred within the same day (lag 0) or a lag of one day (lag 1) for almost all heatwaves in 

the three cities. Heatwaves also appeared to have greater impacts on female and total mortality. For 

example, the relative risk for total mortality in Brisbane, Melbourne and Sydney was 1.13 (95% 

confidence interval (CI): 1.08 – 1.19), 1.10 (95% CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), 

respectively, at lag 1. A similar pattern was found if mean temperatures were replaced with 

maximum temperatures in the heatwave definition in these cities (results not shown). 

 

[Figure 2 about here] 
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Table 3 reveals the relative risks (RR) of daily mortality during heatwaves using different 

percentiles of mean temperature as thresholds for cumulative lag effects (lag 0 – 2 days) in three 

cities after adjustment for relative humidity and population size. Heatwaves appeared to have 

greater impacts on female and total mortality, especially for female aged 75 and over, regardless of 

which definition of heatwave was used. However, heatwaves appeared to affect local residents more 

in Brisbane and Melbourne than Sydney, which may be because Sydney had fewer prolonged hot 

days than other cities. For example, no heatwave was recorded in Sydney during the study periods if 

the definition of 99th percentile of mean temperature for 2 or more consecutive days was used 

(Table 2). 

[Table 3 about here] 

  

DISCUSSION 

This is the first study to use locally defined definitions to investigate the relationship between 

heatwaves and mortality in different Australian cities. The principal finding of this study is that 

there was a consistent and statistical significant relationship between hot temperatures and mortality 

in the three largest Australian cities: Brisbane, Melbourne and Sydney.    

Several mortality studies have reported the impact of heatwaves on mortality.
10, 27, 28

 The 

results of this study support the findings from previous research. In general, heatwaves are 

associated with significantly increased mortality and the greatest effects occurred at lag 1across all 

three cities. However, heatwaves appeared to affect mortality more in Brisbane and Melbourne than 

Sydney. This may be due to the fact that Sydney had fewer prolonged hot days than Brisbane and 

Melbourne (Table 2). Additionally, adaptation (e.g., more usage of air conditioning in Sydney) and 

people’s behaviour may also play a role. 

Our results show that the elderly (≥ 75), especially females, were more vulnerable to 

heatwave effects than others in these cities. This finding supports previous studies that the female 
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elderly were particularly vulnerable to heat effects.
29, 30

 There may be an adverse effect of 

menopause on thermoregulation, in addition to its effects on cardiovascular fitness.
30

 Some 

important social factors (e.g., living alone or low income) may also explain differences in mortality 

patterns between males and females during heatwaves.
31, 32

 

We investigated both single and cumulative lag effects since some studies have identified 

the increased risk for temperature-related mortality from exposure occurring on the same day or a 

few days previously.
10, 11, 15, 16

 In this study, we found that the strongest heatwave impact usually 

occurred on the same day or the next day across all three cities. Thus, we concur with the notion 

that heatwaves usually have acute and dramatic impacts on mortality. In addition, we found that the 

minimum mortality temperature thresholds differed across the three cities, i.e., 24.3
o
C (the 61 

percentile of mean temperature), 21.3
o
C (the 54 percentile of mean temperature) and 23.6

o
C (the 64 

percentile of mean temperature) for Brisbane, Melbourne and Sydney, respectively. This suggests 

that residents living in different climate zones do have different minimum mortality temperature 

thresholds, even within the same country.  

The findings of this study are comparable to some previous multi-city studies (e.g., US or 

Europe).
8, 13

 There are three similarities across these studies: 1. the similar magnitude of heatwave 

effects were observed; 2. the impacts of heatwave occurred rapidly and there were no apparent 

long-term lag effects; and 3. Elderly are more vulnerable to the impacts of heatwave than others. 

However, there are also some differences across these studies. For example, a previous study
8
 found 

that mortality  increased more during heatwaves in early summer than those in late summer, but our 

results show that higher mortality was resulted from heatwaves in mid or late summer for all three 

cities, which may be because more intense heatwaves usually occur in mid or late summer in 

Australia. 

There were two key limitations in this study. Only the aggregated data were used while 

individual exposure and outcome data would give a more precise estimate of the health impacts of a 
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heatwave event, but unfortunately individual data were not available. We did not control for the 

potential confounding effects of air pollution (e.g., O3), as these data were not complete for the 

whole study period in all three cities. However, previous studies have reported the health impacts of 

a heatwave as occurring independent of air pollution.
33

 

 

CONCLUSION 

A consistent and significant increase in mortality was observed during heatwaves in the three 

Australian metropolitan cities, but the impacts of heatwave varied with age, gender, the definition 

and geographic area. Extreme hot temperatures appeared to directly result in an increased risk of 

mortality in these cities. The most vulnerable groups were the elderly, especial female, aged 75 and 

over. By better understanding heatwave effects on mortality, local government and communities 

can develop appropriate public health strategies and increase their adaptive capacity to prevent and 

mitigate the impact of heatwave. 
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Table 1 Summary of the daily climatic variables and mortality in summer season
a
 (1988 – 2009) 

  Brisbane   Melbourne   Sydney 

Variable Mean SD Min  Max    Mean SD Min  Max    Mean SD Min  Max  

Male    (All) 12 3.9 2 38 27 5.7 11 52 32 7.1 6 74 

(0-74) 6 2.8 0 17 13 4.6 1 33 16 5.9 2 47 

(75+) 6 2.8 0 25 14 4.4 2 34 15 4.5 3 32 

Female (All) 12 4.1 1 40 26 5.7 10 79 30 6.7 9 70 

(0-74) 4 2.1 0 13 8 3.3 1 21 10 3.8 1 32 

(75+) 8 3.3 0 30 18 5.0 3 64 21 5.4 5 42 

Total 24 6.2 4 68 54 8.6 23 127 62 11.1 20 136 

MaxT
*
 (

o
C) 29.3 2.3 20.1 40.1 25.6 5.8 13.9 46.7 27.1 4.0 16.6 44.0 

MeanT † (oC) 24.8 1.9 18.3 33.6 19.7 3.9 10.9 35.5 22.5 2.7 15.1 33.2 

MinT
‡
 (

o
C) 20.3 2.2 11.9 27.1 13.8 3.3 5.8 27.6 18.0 2.3 9.8 25.8 

RH§ (%) 70.2 8.7 30.2 96.8 65.0 11.6 19.7 95.6 70.0 11.0 28.1 98.1 
a1st December to the end of February of next year  

*
maximum temperature, 

†
mean temperature, 

‡
minimum temperature, 

§
relative humidity 
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Table 2 Summaries of heatwave definitions (HWDs) used in different cities (1988 – 2009)  

Heatwave days and threshold  

HWDa   Brisbane         Melbourne  Sydney 

99% 11 29.7 oC 4 30.1 oC 0 29.6 oC 

95% 70 28.0
 o

C 56 27.2
 o

C 37 27.3
 o

C 

90% 

 

153 27.2
 o

C 

 

128 25.3
 o

C 

 

118 26.1
 o

C 
a 
HWDs were defined as the mean temperature above the percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) for two or more 

consecutive days in the summer season (1st December to the end of February of next year). 
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Table 3 Relative risk of mortality by different HWDs for cumulative lag effects (lag 0-2) in three 

cities, 1988 -2009 

 

RR
† 

 [95% CI
*
]  

HWD
a
 Brisbane Melbourne Sydney 

Male      (All) 

99% 1.32 [1.17 - 1.48] 1.37 [1.22 - 1.53] n/a
‡
 

95% 1.04 [0.99 - 1.10] 1.00 [0.96 - 1.04] 1.03 [0.99 - 1.08] 

90% 1.01 [0.97 - 1.05] 1.02 [0.99 - 1.05] 1.04 [1.01 - 1.06] 

(0 - 74) 

   99% 1.29 [1.10 - 1.53] 1.37 [1.15 - 1.63] n/a 

95% 1.04 [0.96 - 1.12] 0.96 [0.91 - 1.02] 1.07 [1.01 - 1.13] 

90% 0.99 [0.93 - 1.04] 1.00 [0.96 - 1.04] 1.04 [1.00 - 1.08] 

(75+) 

99% 1.33 [1.13 - 1.56] 1.38 [1.19 - 1.61] n/a 

95% 1.05 [0.97 - 1.13] 1.04 [0.98 - 1.09] 0.99 [0.92 - 1.05] 

90% 1.03 [0.97 - 1.08] 1.03 [0.99 - 1.07] 1.03 [1.00 - 1.07] 

Female  (All) 

   99% 1.45 [1.30 - 1.61] 1.57 [1.41 - 1.74] n/a 

95% 1.13 [1.07 - 1.19] 1.11 [1.07 - 1.15] 1.03 [0.98 - 1.07] 

90% 1.06 [1.02 - 1.10] 1.05 [1.02 - 1.07] 1.05 [1.03 - 1.08] 

(0 - 74) 

   99% 1.08 [0.86 - 1.34] 1.46 [1.18 - 1.81] n/a 

95% 1.06 [0.96 - 1.17] 1.10 [1.03 - 1.18] 0.97 [0.90 - 1.05] 

90% 1.04 [0.96 - 1.11] 1.04 [0.99 - 1.09] 1.04 [0.99 - 1.09] 

(75+) 

99% 1.61 [1.42 - 1.82] 1.63 [1.44 - 1.85] n/a 

95% 1.15 [1.08 - 1.22] 1.12 [1.07 - 1.17] 1.06 [1.01 - 1.12] 

90% 1.07 [1.02 - 1.12] 1.05 [1.01 - 1.08] 1.06 [1.03 - 1.09] 

Total 

99% 1.40 [1.29 - 1.51] 1.47 [1.36 - 1.59] n/a 

95% 1.09 [1.05 - 1.13] 1.06 [1.03 - 1.09] 1.03 [1.00 - 1.07] 

90% 1.04 [1.01 - 1.07] 1.03 [1.01 - 1.05] 1.04 [1.03 - 1.06] 
a 
HWDs were defined as different percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) of mean temperature for two or more 

consecutive days in the summer season. 
*
confidence interval, 

†
relative risk, 

‡
 not applicable 
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Figure 1 Locations of Brisbane, Melbourne and Sydney in Australia  
254x190mm (96 x 96 DPI)  
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Figure 2 Distributed lag structure of the heatwave effects on mortality by sex, age and city. Cross symbols 
denote the mean relative risk (RR), and the vertical lines represent the 95% confidence intervals  

185x186mm (96 x 96 DPI)  
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Supplemental Table 1 Average population size and percentage of older people (75+) between 

1988 and 2009 

City Total Male % 75+ (M
*
) Female % 75+ (F

†
) 

Brisbane 1,603,742 792,809 3.6 810,933 5.9 

Melbourne 3,423,855 1,688,942 4.1 1,734,914 6.4 

Sydney 3,996,444 1,978,055 4.0 2,018,389 6.4 
*Male, †Female 
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Supplemental Figure 1 The distribution of daily mean temperature (oC) and mortality (1988 – 2009)  
234x67mm (96 x 96 DPI)  
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STROBE Statement—checklist of items that should be included in reports of observational studies 

 

 Item 

No Recommendation 

Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract 

√ 

(b) Provide in the abstract an informative and balanced summary of what was done 

and what was found 

√ 

Introduction 

Background/rationale 2 Explain the scientific background and rationale for the investigation being reported 

√ 

Objectives 3 State specific objectives, including any prespecified hypotheses 

√ 

Methods 

Study design 4 Present key elements of study design early in the paper 

√ 

Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment, 

exposure, follow-up, and data collection 

√ 

Participants 6 (a) Cohort study—Give the eligibility criteria, and the sources and methods of 

selection of participants. Describe methods of follow-up 

Case-control study—Give the eligibility criteria, and the sources and methods of 

case ascertainment and control selection. Give the rationale for the choice of cases 

and controls 

Cross-sectional study—Give the eligibility criteria, and the sources and methods of 

selection of participants 

N/A 

(b) Cohort study—For matched studies, give matching criteria and number of 

exposed and unexposed 

Case-control study—For matched studies, give matching criteria and the number of 

controls per case 

N/A 

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 

modifiers. Give diagnostic criteria, if applicable 

√ 

Data sources/ 

measurement 

8*  For each variable of interest, give sources of data and details of methods of 

assessment (measurement). Describe comparability of assessment methods if there 

is more than one group 

√ 

Bias 9 Describe any efforts to address potential sources of bias 

√ 

Study size 10 Explain how the study size was arrived at 

√ 

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, 

describe which groupings were chosen and why 

√ 
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Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding 

√ 

(b) Describe any methods used to examine subgroups and interactions 

√ 

(c) Explain how missing data were addressed 

√ 

(d) Cohort study—If applicable, explain how loss to follow-up was addressed 

Case-control study—If applicable, explain how matching of cases and controls was 

addressed 

N/A 

Cross-sectional study—If applicable, describe analytical methods taking account of 

sampling strategy 

N/A 

(e) Describe any sensitivity analyses 

√ 

Continued on next page  
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Results 

Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, 

examined for eligibility, confirmed eligible, included in the study, completing follow-up, and 

analysed 

N/A 

(b) Give reasons for non-participation at each stage 

N/A 

(c) Consider use of a flow diagram 

N/A 

Descriptive 

data 

14* (a) Give characteristics of study participants (eg demographic, clinical, social) and information 

on exposures and potential confounders 

√ 

(b) Indicate number of participants with missing data for each variable of interest 

√ 

(c) Cohort study—Summarise follow-up time (eg, average and total amount) 

N/A 

Outcome data 15* Cohort study—Report numbers of outcome events or summary measures over time 

N/A 

Case-control study—Report numbers in each exposure category, or summary measures of 

exposure 

N/A 

Cross-sectional study—Report numbers of outcome events or summary measures 

N/A 

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 

precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and 

why they were included 

√ 

(b) Report category boundaries when continuous variables were categorized 

√ 

(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful 

time period 

√ 

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity 

analyses 

√ 

Discussion 

Key results 18 Summarise key results with reference to study objectives 

√ 

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. 

Discuss both direction and magnitude of any potential bias 

√ 

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity 

of analyses, results from similar studies, and other relevant evidence 

√ 

Generalisability 21 Discuss the generalisability (external validity) of the study results 

√ 

Other information 
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Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, 

for the original study on which the present article is based 

√ 

 

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 

unexposed groups in cohort and cross-sectional studies. 

 

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 

published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 

available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 

http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 

available at www.strobe-statement.org. 

 

Page 25 of 25

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 23, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2013-003579 on 18 F

ebruary 2014. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review
 only

 

 

 

The impact of heatwaves on mortality in Australia: a multi-

city study 
 

 

Journal: BMJ Open 

Manuscript ID: bmjopen-2013-003579.R1 

Article Type: Research 

Date Submitted by the Author: 03-Oct-2013 

Complete List of Authors: Tong, Shilu; Queensland University of Technology, School of Public Health 
& Institute of Health and Biomedical Innovation 
Wang, Xiao Yu; Queensland University of Technology, School of Public 
Health & Institute of Health and Biomedical Innovation 
Yu, Weiwei; Queensland University of Technology, School of Public Health 
& Institute of Health and Biomedical Innovation 
Chen, Dong 
Wang, Xiaoming 

<b>Primary Subject 
Heading</b>: 

Epidemiology 

Secondary Subject Heading: Public health 

Keywords: 
climate changes, heatwaves, mean temperature, mortality, time series 
analysis 

  

 

 

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open
 on A

pril 23, 2024 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2013-003579 on 18 F
ebruary 2014. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review
 only

1 

 

Manuscript title:  

The impact of heatwaves on mortality in Australia: a multi-city study 

 

 

Authors: 

Shilu Tong,
a
* Xiao Yu Wang,

a
 Weiwei Yu,

a
 Dong Chen,

b
 Xiaoming Wang

b
 

 

 

Affiliations of authors:  

a
School of Public Health & Institute of Health and Biomedical Innovation, Queensland University 

of Technology, Brisbane, Australia 

b
CSIRO Climate Adaptation Flagship and CSIRO Ecosystem Sciences, Melbourne, Australia 

 

 

*Corresponding author:  

Dr. Shilu Tong, School of Public Health, Institute of Health and Biomedical Innovation, 

Queensland University of Technology, Kelvin Grove, QLD 4059, Australia 

Telephone: +61-7-3138 9745; Facsimile: +61-7-3138 3369  

Email: s.tong@qut.edu.au 

 

 

Keywords: climate changes, heatwaves, mean temperature, mortality, time series analysis.  

 

Word count: 1,950 

 

Page 1 of 26

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 23, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2013-003579 on 18 F

ebruary 2014. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review
 only

2 

 

ABSTRACT 

Objectives: This study assessed the impact of heatwave on mortality in the three largest Australian 

cities: Brisbane, Melbourne and Sydney.  

Methods: Daily data on climatic variables and mortality for these three cities during the period 

1988 to 2009 were obtained from relevant government agencies. A consistent definition of a 

heatwave was used for these cities. Generalised additive models were fitted to assess the impact of 

heatwaves on mortality after adjustment for confounders.  

Results: Total mortality increased mostly within the same day (lag 0) or a lag of one day (lag 1) 

during almost all heatwaves in three cities. Using the heatwave definition (HWD) as the 95th centile 

of mean temperature for two or more consecutive days in the summer season, the relative risk for 

total mortality at lag 1 in Brisbane, Melbourne and Sydney was 1.13 (95% confidence interval (CI): 

1.08 – 1.19), 1.10 (95% CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively. Using the 

more stringent HWD - the 99th centile of mean temperature for two or more consecutive days, the 

relative risk of total mortality at the lags of 0-2 days in Brisbane and Melbourne was 1.40 (95% CI: 

1.29 – 1.51) and 1.47 (95% CI: 1.36 – 1.59), respectively. Elderly, particularly females, were more 

vulnerable to the impact of heatwaves. 

Conclusion: A consistent and significant increase in mortality was observed during heatwaves in 

the three largest Australian cities, but the impacts of heatwave varied with age, gender, the HWD 

and geographic area. 
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ARTICLE SUMMARY 

Article focus 

� Although the health impact of heatwaves has been increasingly investigated over recent years, 

little is known about the geographic difference of the heatwave-health relationship in the 

Southern Hemisphere. 

� This study assessed the heatwave - mortality relationship in the three largest Australian cities: 

Sydney, Melbourne and Brisbane, and quantified the mortality impacts of heatwaves across 

these areas.  

Key messages 

� There was a consistent and significant increase in mortality during heatwaves in the three largest 

Australian cities, but the impacts of heatwave varied with age, sex, the definition of heatwave 

and geographic area. 

� The impacts of heatwave appeared to occur rapidly and there were no apparent long-term lag 

effects. 

Strengths and limitations of this study 

� This is the first multi-city study on the mortality impacts of heatwaves in the Southern 

Hemisphere; and the similarities and differences in the heatwave - mortality relationship across 

the three largest Australian cities were quantified. 

� The key limitation is that the potential confounding effects of air pollution were not controlled, 

as these data were not complete for the whole study period in all three cities. 
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INTRODUCTION 

It is well known that exposure to extreme temperatures has a significant impact on human health. 

For example, the 2003 heatwave caused over 70,000 excess deaths in Europe.
1, 2

 A number of 

epidemiological studies have shown that the relationships between temperatures and mortality are 

often non-linear, with a J, U or V shape.
3-9

 However, the key reasons why there are different non-

linear curves in different population remain unknown. In addition, exposure to extreme 

temperatures usually does not reach the highest mortality at the same day, and often show lagged 

effects.
10, 11

 Some of this difference may be explained by inconsistent definitions, methodology as 

well as possibly population differences. Different heatwave definitions have been used in previous 

studies since there is currently no standard definition for heatwave.
7, 10, 12

 

Some studies have estimated the mortality effects of heatwaves across many countries, cities 

or communities, and determined how mortality increased during heatwaves.
1-6, 8, 10, 13

 Different 

research methods for estimating mortality associated with heatwaves have been used in previous 

studies. For example, a descriptive approach has been applied to compare the number of deaths 

between heatwave and non-heatwave days,
14

 a time-series analysis has been widely used to estimate 

mortality risks in association with hot or cold temperature,
10, 11

 and a case-crossover analysis is also 

another increasingly popular method used in this field.
7, 15, 16

 However, recent evidence suggests 

that time-series analysis is still an effective and possibly the most applicable method for 

investigating the health impact of time-varying environmental exposures.
17-19

      

The most Australia capital cities are located along the coast. There is a wide variation in 

climatic conditions across Australia. Most previous Australian studies have analysed the 

relationship between temperature and mortality for only one city and no research, to date, has been 

conducted to examine the health impact of heatwaves across different cities.
16, 19-24

 To better 

understand how temperature affects mortality in different locations, this study assessed the 
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temperature - mortality relationship in the three largest Australian cities: Brisbane, Melbourne and 

Sydney, and attempted to quantify the impact of heatwaves on mortality in these areas.  

 

METHODS 

Brisbane, Melbourne and Sydney are the capital cities of Queensland, Victoria and New South 

Wales, respectively, in Australia. These three metropolitan cities are all located on the south east 

coast of the continent (Figure 1). There are about 2.2, 4.2 and 4.6 million residents for Brisbane, 

Melbourne and Sydney, respectively, in June 2011.
25

 Together, they represent approximately half of 

the Australia population of 22.3 million.
25

 

 

[Figure 1 about here]  

 

Data Collection 

We obtained mortality data between 1988 and 2009 for Brisbane, Melbourne and Sydney from the 

Australian Bureau of Statistics (ABS). Due to privacy protection reason, the data obtained from the 

ABS were limited for the Statistical Division of usual residence by gender and two age groups (i.e., 

0-75 and 75+) for the three metropolitan areas. In order to calculate the mortality rate, the 

corresponding populations by gender and the two age groups from 1988 to 2009 in the three cities 

were also extracted from the ABS database. Supplemental Table 1 presents the average of 

population size and percentage of 75 + years old by gender between 1988 and 2009. 

Daily climate data on maximum and minimum temperatures and relative humidity for the 

same period (1988 – 2009) were acquired from the Australian Bureau of Meteorology. We selected 

all available meteorological stations located within ≤ 30 km of each city’s CBD (7 stations for 

Brisbane, 7 stations for Melbourne and 11 stations for Sydney). We calculated the daily averages of 

climatic variables using all records from meteorological stations in each city. This approach is used 
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in previous research.
18

 There were approximately 1.4
o
C to 5.1

o
C differences for maximum or 

minimum temperature between meteorological stations of each city. When there was a missing 

value (≤ 1.3%) for a particular meteorological station, observations recorded from the remaining 

weather stations were used to compute the daily average values.  

 

Data Analysis 

Previous studies have found that mean temperature was a slightly better predictor of mortality than 

maximum or minimum temperature in Brisbane.
26

 Thus in this study, we used mean temperature as 

an indicator of exposure. Daily mean temperatures (i.e., averaged values of maximum and 

minimum temperatures) were used to investigate the effects of heatwaves on mortality in these three 

cities. A heatwave was defined as the mean temperature above a heat threshold (i.e., 90, 95 and 99 

percentiles of mean temperature) for two or more consecutive days in the summer season (1st 

December to the end of February of next year). A binary heatwave variable (1 or 0) was used for 

each day (e.g., 1 for the heatwave days meant that temperatures were equal to or higher than the 99 

percentile for two or more consecutive days; 0 for non-heatwave days). A Poisson generalised 

additive model (GAM) was used to examine both single (e.g., lag 0, 1 and 2) and cumulative lag 

effects (lag 0 -2) of heatwaves on mortality for each city, after adjustment for humidity and 

population as confounding factors. The “mgcv” package in R software (version 2.14.1) was used to 

fit the time series GAM. 

 

RESULTS 

Table 1 describes the statistical summary of climatic variables and health outcomes for each city in 

summer seasons. The highest mean temperature reached 33.6
o
C in Brisbane (22 Feb. 2004), 35.5

o
C 

in Melbourne (29 Jan. 2009) and 33.2
o
C in Sydney (1 Jan. 2006). However, Brisbane had the higher 
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average mean temperature (24.8
o
C) than Melbourne (19.7

o
C) and Sydney (22.5

o
C). Similar patterns 

were observed for the average maximum and minimum temperatures. 

 

[Table 1 about here] 

 

Table 2 indicates the heatwave days and threshold (
o
C) using different percentiles of mean 

temperatures. Supplemental Table 2 also provided the heatwave days separated by early summer 

and later summer. Overall, Brisbane had more heatwave days than Melbourne and Sydney across all 

heatwave definitions during the study period. This is not unexpected and may simply be because 

Brisbane is further north with subtropical climatic conditions. Supplemental Figure 1 shows the 

distribution of daily mortality data by mean temperature for each city. The temperature-mortality 

relations appeared to be a U shape across three cities. 

 

[Table 2 about here] 

 

Figure 2 shows the distributed lag structure (lag 0 to lag 7) of the heatwave effects on 

mortality using 95% percentiles of mean temperature as the HWD in three cities after adjustment 

for relative humidity and population size. Heatwave-related mortality mostly occurred within the 

same day (lag 0) or a lag of one day (lag 1) in the three cities. Heatwaves also appeared to have 

greater impacts on female and total mortality. For example, the relative risk for total mortality in 

Brisbane, Melbourne and Sydney was 1.13 (95% confidence interval (CI): 1.08 – 1.19), 1.10 (95% 

CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively, at lag 1. A similar pattern was found 

if mean temperatures were replaced with maximum temperatures in the heatwave definition in these 

cities (results not shown). 
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[Figure 2 about here] 

 

Table 3 reveals the relative risks (RR) of daily mortality during heatwaves using different 

percentiles of mean temperature as thresholds for cumulative lag effects (lag 0 – 2 days) in three 

cities after adjustment for relative humidity and population size. Heatwaves appeared to have 

greater impacts on female and total mortality, especially for female aged 75 and over, regardless of 

which definition of heatwave was used. However, heatwaves appeared to affect local residents more 

in Brisbane and Melbourne than Sydney, which may be because Sydney had fewer prolonged hot 

days than other cities. For example, no heatwave was recorded in Sydney during the study periods if 

the definition of 99th percentile of mean temperature for 2 or more consecutive days was used 

(Table 2). 

[Table 3 about here] 

  

DISCUSSION 

This is the first study to use locally defined definitions to investigate the relationship between 

heatwaves and mortality in different Australian cities. The principal finding of this study is that 

there was a consistent and statistical significant relationship between hot temperatures and mortality 

in the three largest Australian cities: Brisbane, Melbourne and Sydney.    

Several mortality studies have reported the impact of heatwaves on mortality.
10, 27, 28

 The 

results of this study support the findings from previous research. In general, heatwaves are 

associated with significantly increased mortality across all three cities. However, heatwaves 

appeared to affect mortality more in Brisbane and Melbourne than Sydney. This may be due to the 

fact that Sydney had fewer prolonged hot days than Brisbane and Melbourne (Table 2). 

Additionally, adaptation (e.g., more usage of air conditioning in Sydney) and people’s behaviour 

may also play a role. Supplemental Table 2 shows that the total number of deaths (i.e., 4,566) 
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during heatwave periods in the late summer was greater than that in the early summer. For example, 

if the heatwave was defined as the 95
th

 centile for two or more consecutive days, 4,566 people died 

during heatwave periods across three cities in the late summer, compared with 2720 died in the 

early summer. 

Our results show that the elderly (≥ 75), especially females, were more vulnerable to 

heatwave effects than others in these cities. This finding supports previous studies that the female 

elderly were particularly vulnerable to heat effects.
29, 30

 There may be an adverse effect of 

menopause on thermoregulation, in addition to its effects on cardiovascular fitness.
30

 Some 

important social factors (e.g., living alone or low income) may also explain differences in mortality 

patterns between males and females during heatwaves.
31, 32

 

We investigated both single and cumulative lag effects since some studies have identified 

the increased risk for temperature-related mortality from exposure occurring on the same day or a 

few days previously.
10, 11, 15, 16

 In this study, we found that the strongest heatwave impact usually 

occurred on the same day or the next day across all three cities (Figure 2). Thus, we concur with the 

notion that heatwaves usually have acute and dramatic impacts on mortality.  

The findings of this study are comparable to some previous multi-city studies (e.g., US or 

Europe).
8, 13

 There are three similarities across these studies: 1. the similar magnitude of heatwave 

effects were observed; 2. the impacts of heatwave occurred rapidly and there were no apparent 

long-term lag effects; and 3. Elderly are more vulnerable to the impacts of heatwave than others. 

However, there are also some differences across these studies. For example, a previous study
8
 found 

that mortality  increased more during heatwaves in early summer than those in late summer, but our 

results show that higher mortality was resulted from heatwaves in mid or late summer for all three 

cities (Supplemental Table 2), which may be because more intense heatwaves usually occur in mid 

or late summer in Australia. 
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There were two key limitations in this study. Only the aggregated data were used while 

individual exposure and outcome data would give a more precise estimate of the health impacts of a 

heatwave event, but unfortunately individual data were not available. We did not control for the 

potential confounding effects of air pollution (e.g., O3), as these data were not complete for the 

whole study period in all three cities. However, previous studies have reported the health impacts of 

a heatwave as occurring independent of air pollution.
33

 

 

CONCLUSION 

A consistent and significant increase in mortality was observed during heatwaves in the three 

Australian metropolitan cities, but the impacts of heatwave varied with age, gender, the definition 

and geographic area. Extreme hot temperatures appeared to directly result in an increased risk of 

mortality in these cities. The most vulnerable groups were the elderly, especial female, aged 75 and 

over. By better understanding heatwave effects on mortality, local government and communities 

can develop appropriate public health strategies and increase their adaptive capacity to prevent and 

mitigate the impact of heatwave. 
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Table 1 Summary of the daily climatic variables and mortality in summer season
a
 (1988 – 2009) 

  Brisbane   Melbourne   Sydney 

Variable Mean SD Min  Max    Mean SD Min  Max    Mean SD Min  Max  

Male    (All) 12 3.9 2 38 27 5.7 11 52 32 7.1 6 74 

(0-74) 6 2.8 0 17 13 4.6 1 33 16 5.9 2 47 

(75+) 6 2.8 0 25 14 4.4 2 34 15 4.5 3 32 

Female (All) 12 4.1 1 40 26 5.7 10 79 30 6.7 9 70 

(0-74) 4 2.1 0 13 8 3.3 1 21 10 3.8 1 32 

(75+) 8 3.3 0 30 18 5.0 3 64 21 5.4 5 42 

Total 24 6.2 4 68 54 8.6 23 127 62 11.1 20 136 

MaxT
*
 (

o
C) 29.3 2.3 20.1 40.1 25.6 5.8 13.9 46.7 27.1 4.0 16.6 44.0 

MeanT † (oC) 24.8 1.9 18.3 33.6 19.7 3.9 10.9 35.5 22.5 2.7 15.1 33.2 

MinT
‡
 (

o
C) 20.3 2.2 11.9 27.1 13.8 3.3 5.8 27.6 18.0 2.3 9.8 25.8 

RH§ (%) 70.2 8.7 30.2 96.8 65.0 11.6 19.7 95.6 70.0 11.0 28.1 98.1 
a1st December to the end of February of next year  

*
maximum temperature, 

†
mean temperature, 

‡
minimum temperature, 

§
relative humidity 
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Table 2 Heatwave definition (HWD) used in three cities (1988 – 2009)  

Heatwave days and threshold  

HWDa   Brisbane         Melbourne  Sydney 

99% 11 29.7 oC 4 30.1 oC 0 29.6 oC 

95% 70 28.0
 o

C 56 27.2
 o

C 37 27.3
 o

C 

90% 

 

153 27.2
 o

C 

 

128 25.3
 o

C 

 

118 26.1
 o

C 
a 
HWD were defined as the mean temperature above the percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) for two or more 

consecutive days in the summer season (1st December to the end of February of next year). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 12 of 26

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 23, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2013-003579 on 18 F

ebruary 2014. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review
 only

13 

 

Table 3 Relative risk of mortality by different heatwave definition (HWD) for cumulative lag 

effects (lag 0-2) in three cities, 1988 -2009 

 

RR
† 

 [95% CI
*
]  

HWD
a
 Brisbane Melbourne Sydney 

Male      (All) 

99% 1.32 [1.17 - 1.48] 1.37 [1.22 - 1.53] n/a
‡
 

95% 1.04 [0.99 - 1.10] 1.00 [0.96 - 1.04] 1.03 [0.99 - 1.08] 

90% 1.01 [0.97 - 1.05] 1.02 [0.99 - 1.05] 1.04 [1.01 - 1.06] 

(0 - 74) 

   99% 1.29 [1.10 - 1.53] 1.37 [1.15 - 1.63] n/a 

95% 1.04 [0.96 - 1.12] 0.96 [0.91 - 1.02] 1.07 [1.01 - 1.13] 

90% 0.99 [0.93 - 1.04] 1.00 [0.96 - 1.04] 1.04 [1.00 - 1.08] 

(75+) 

99% 1.33 [1.13 - 1.56] 1.38 [1.19 - 1.61] n/a 

95% 1.05 [0.97 - 1.13] 1.04 [0.98 - 1.09] 0.99 [0.92 - 1.05] 

90% 1.03 [0.97 - 1.08] 1.03 [0.99 - 1.07] 1.03 [1.00 - 1.07] 

Female  (All) 

   99% 1.45 [1.30 - 1.61] 1.57 [1.41 - 1.74] n/a 

95% 1.13 [1.07 - 1.19] 1.11 [1.07 - 1.15] 1.03 [0.98 - 1.07] 

90% 1.06 [1.02 - 1.10] 1.05 [1.02 - 1.07] 1.05 [1.03 - 1.08] 

(0 - 74) 

   99% 1.08 [0.86 - 1.34] 1.46 [1.18 - 1.81] n/a 

95% 1.06 [0.96 - 1.17] 1.10 [1.03 - 1.18] 0.97 [0.90 - 1.05] 

90% 1.04 [0.96 - 1.11] 1.04 [0.99 - 1.09] 1.04 [0.99 - 1.09] 

(75+) 

99% 1.61 [1.42 - 1.82] 1.63 [1.44 - 1.85] n/a 

95% 1.15 [1.08 - 1.22] 1.12 [1.07 - 1.17] 1.06 [1.01 - 1.12] 

90% 1.07 [1.02 - 1.12] 1.05 [1.01 - 1.08] 1.06 [1.03 - 1.09] 

Total 

99% 1.40 [1.29 - 1.51] 1.47 [1.36 - 1.59] n/a 

95% 1.09 [1.05 - 1.13] 1.06 [1.03 - 1.09] 1.03 [1.00 - 1.07] 

90% 1.04 [1.01 - 1.07] 1.03 [1.01 - 1.05] 1.04 [1.03 - 1.06] 
a 
HWD were defined as different percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) of mean temperature for two or more 

consecutive days in the summer season. 
*
confidence interval, 

†
relative risk, 

‡
 not applicable 
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Figure 1 Locations of Brisbane, Melbourne and Sydney in Australia  
254x190mm (96 x 96 DPI)  
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Figure 2 Distributed lag structure of the heatwave effects on mortality by sex, age and city. Cross symbols 
denote the mean relative risk (RR), and the vertical lines represent the 95% confidence intervals  

271x236mm (96 x 96 DPI)  
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Supplemental Table 1 Average population size and percentage of older people (75+) between 

1988 and 2009 in three cities 

City Total Male % 75+ (M
*
) Female % 75+ (F

†
) 

Brisbane 1,603,742 792,809 3.6 810,933 5.9 

Melbourne 3,423,855 1,688,942 4.1 1,734,914 6.4 

Sydney 3,996,444 1,978,055 4.0 2,018,389 6.4 
*Male, †Female 
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Supplemental Table 2 Heatwave (HW) days and the total number of deaths in three cities (1988 – 

2009) 

City HWD
a
 1988 - 2009 HW days Total deaths HW days in each months 

Brisbane 90% Early summer
b
 71 1,615 45 in December, 65 in January 

Late summer
c
 82 2,073 and 43 in February 

95% Early summerb 31 733 19 in December, 29 in January 

Late summerc 39 1,093 and 22 in February 

99% Early summer
b
 6 168 3 in December, 5 in January 

Late summer
c
 5 205 and 3 in February 

Melbourne 90% Early summer
b
 49 2,734 25 in December, 51 in January 

Late summerc 79 4,597 and 52 in February 

95% Early summerb 19 1,098 7 in December,   23 in January 

Late summer
c
 37 2,152 and 26 in February 

99% Early summer
b
 0 N/A 0 

Late summer
c
 4 333 4 in  January 

Sydney 90% Early summerb 54 3,592 21 in December, 59 in January 

Late summerc 64 3,914 and 38 in February 

95% Early summer
b
 13 889 7 in December, 23 in January 

Late summer
c
 24 1,321 and 8 in February 

99% Early summer
b
 0 N/A 0 

Late summerc 0 N/A 0 
a HWD were defined as the mean temperature above the percentiles (i.e., 90th, 95th or 99th centile) for two or more 

consecutive days in the summer season (1st December to the end of February of next year). 
b
 between 1

st
 Dec. and 15

th
 Jan. 

c
 between 16

th
 Jan and end of Feb. 
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Supplemental Figure 1 The distribution of daily mean temperature (oC) and mortality (1988 – 2009)  
234x67mm (96 x 96 DPI)  
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STROBE Statement—checklist of items that should be included in reports of observational studies 

 

 Item 

No Recommendation 

Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract 

√ 

(b) Provide in the abstract an informative and balanced summary of what was done 

and what was found 

√ 

Introduction 

Background/rationale 2 Explain the scientific background and rationale for the investigation being reported 

√ 

Objectives 3 State specific objectives, including any prespecified hypotheses 

√ 

Methods 

Study design 4 Present key elements of study design early in the paper 

√ 

Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment, 

exposure, follow-up, and data collection 

√ 

Participants 6 (a) Cohort study—Give the eligibility criteria, and the sources and methods of 

selection of participants. Describe methods of follow-up 

Case-control study—Give the eligibility criteria, and the sources and methods of 

case ascertainment and control selection. Give the rationale for the choice of cases 

and controls 

Cross-sectional study—Give the eligibility criteria, and the sources and methods of 

selection of participants 

N/A 

(b) Cohort study—For matched studies, give matching criteria and number of 

exposed and unexposed 

Case-control study—For matched studies, give matching criteria and the number of 

controls per case 

N/A 

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 

modifiers. Give diagnostic criteria, if applicable 

√ 

Data sources/ 

measurement 

8*  For each variable of interest, give sources of data and details of methods of 

assessment (measurement). Describe comparability of assessment methods if there 

is more than one group 

√ 

Bias 9 Describe any efforts to address potential sources of bias 

√ 

Study size 10 Explain how the study size was arrived at 

√ 

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, 

describe which groupings were chosen and why 

√ 
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Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding 

√ 

(b) Describe any methods used to examine subgroups and interactions 

√ 

(c) Explain how missing data were addressed 

√ 

(d) Cohort study—If applicable, explain how loss to follow-up was addressed 

Case-control study—If applicable, explain how matching of cases and controls was 

addressed 

N/A 

Cross-sectional study—If applicable, describe analytical methods taking account of 

sampling strategy 

N/A 

(e) Describe any sensitivity analyses 

√ 

Continued on next page  

Page 24 of 26

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 23, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2013-003579 on 18 F

ebruary 2014. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review
 only

 3

Results 

Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, 

examined for eligibility, confirmed eligible, included in the study, completing follow-up, and 

analysed 

N/A 

(b) Give reasons for non-participation at each stage 

N/A 

(c) Consider use of a flow diagram 

N/A 

Descriptive 

data 

14* (a) Give characteristics of study participants (eg demographic, clinical, social) and information 

on exposures and potential confounders 

√ 

(b) Indicate number of participants with missing data for each variable of interest 

√ 

(c) Cohort study—Summarise follow-up time (eg, average and total amount) 

N/A 

Outcome data 15* Cohort study—Report numbers of outcome events or summary measures over time 

N/A 

Case-control study—Report numbers in each exposure category, or summary measures of 

exposure 

N/A 

Cross-sectional study—Report numbers of outcome events or summary measures 

N/A 

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 

precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and 

why they were included 

√ 

(b) Report category boundaries when continuous variables were categorized 

√ 

(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful 

time period 

√ 

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity 

analyses 

√ 

Discussion 

Key results 18 Summarise key results with reference to study objectives 

√ 

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. 

Discuss both direction and magnitude of any potential bias 

√ 

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity 

of analyses, results from similar studies, and other relevant evidence 

√ 

Generalisability 21 Discuss the generalisability (external validity) of the study results 

√ 

Other information 
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Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, 

for the original study on which the present article is based 

√ 

 

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 

unexposed groups in cohort and cross-sectional studies. 

 

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 

published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 

available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 

http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 

available at www.strobe-statement.org. 
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ABSTRACT 

Objectives: This study assessed the impact of heatwave on mortality in the three largest Australian 

cities: Brisbane, Melbourne and Sydney.  

Methods: Daily data on climatic variables and mortality for these three cities during the period 

1988 to 2009 were obtained from relevant government agencies. A consistent definition of a 

heatwave was used for these cities. Generalised additive models were fitted to assess the impact of 

heatwaves on mortality after adjustment for confounders.  

Results: Total mortality increased mostly within the same day (lag 0) or a lag of one day (lag 1) 

during almost all heatwaves in three cities. Using the heatwave definition (HWD) as the 95th centile 

of mean temperature for two or more consecutive days in the summer season, the relative risk for 

total mortality at lag 1 in Brisbane, Melbourne and Sydney was 1.13 (95% confidence interval (CI): 

1.08 – 1.19), 1.10 (95% CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively. Using the 

more stringent HWD - the 99th centile of mean temperature for two or more consecutive days, the 

relative risk of total mortality at the lags of 0-2 days in Brisbane and Melbourne was 1.40 (95% CI: 

1.29 – 1.51) and 1.47 (95% CI: 1.36 – 1.59), respectively. Elderly, particularly females, were more 

vulnerable to the impact of heatwaves. 

Conclusion: A consistent and significant increase in mortality was observed during heatwaves in the 

three largest Australian cities, but the impacts of heatwave appeared to vary with age, gender, the HWD 

and geographic area. 
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ARTICLE SUMMARY 

Article focus 

� Although the health impact of heatwaves has been increasingly investigated over recent years, 

little is known about the geographic difference of the heatwave-health relationship in the 

Southern Hemisphere. 

� This study assessed the heatwave - mortality relationship in the three largest Australian cities: 

Sydney, Melbourne and Brisbane, and quantified the mortality impacts of heatwaves across 

these areas.  

Key messages 

� There was a consistent and significant increase in mortality during heatwaves in the three largest 

Australian cities, but the impacts of heatwave appeared to vary with age, sex, the definition of 

heatwave and geographic area. 

� The impacts of heatwave occurred rapidly and there were no apparent long-term lag effects. 

Strengths and limitations of this study 

� This is the first multi-city study on the mortality impacts of heatwaves in the Southern 

Hemisphere; and the similarities and differences in the heatwave - mortality relationship across 

the three largest Australian cities were quantified. 

� The key limitation is that the potential confounding effects of air pollution were not controlled, 

as these data were not complete for the whole study period in all three cities. 
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INTRODUCTION 

It is well known that exposure to extreme temperatures has a significant impact on human health. 

For example, the 2003 heatwave caused over 70,000 excess deaths in Europe.
1, 2

 A number of 

epidemiological studies have shown that the relationships between temperatures and mortality are 

often non-linear, with a J, U or V shape.
3-9

 However, the key reasons why there are different non-

linear curves in different population remain unknown. In addition, exposure to extreme 

temperatures usually does not reach the highest mortality at the same day, and often show lagged 

effects.
10, 11

 Some of this difference may be explained by inconsistent definitions, methodology as 

well as possibly population differences. Different heatwave definitions have been used in previous 

studies since there is currently no standard definition for heatwave.
7, 10, 12

 

Some studies have estimated the mortality effects of heatwaves across many countries, cities 

or communities, and determined how mortality increased during heatwaves.
1-6, 8, 10, 13

 Different 

research methods for estimating mortality associated with heatwaves have been used in previous 

studies. For example, a descriptive approach has been applied to compare the number of deaths 

between heatwave and non-heatwave days,
14

 a time-series analysis has been widely used to estimate 

mortality risks in association with hot or cold temperature,
10, 11

 and a case-crossover analysis is also 

another increasingly popular method used in this field.
7, 15, 16

 However, recent evidence suggests 

that time-series analysis is still an effective and possibly the most applicable method for 

investigating the health impact of time-varying environmental exposures.
17-19

      

The most Australia capital cities are located along the coast. There is a wide variation in 

climatic conditions across Australia. Most previous Australian studies have analysed the 

relationship between temperature and mortality for only one city and no research, to date, has been 

conducted to examine the health impact of heatwaves across different cities.
16, 19-24

 To better 

understand how temperature affects mortality in different locations, this study assessed the 
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temperature - mortality relationship in the three largest Australian cities: Brisbane, Melbourne and 

Sydney, and attempted to quantify the impact of heatwaves on mortality in these areas.  

 

METHODS 

Brisbane, Melbourne and Sydney are the capital cities of Queensland, Victoria and New South 

Wales, respectively, in Australia. These three metropolitan cities are all located on the south east 

coast of the continent (Figure 1). There are about 2.2, 4.2 and 4.6 million residents for Brisbane, 

Melbourne and Sydney, respectively, in June 2011.
25

 Together, they represent approximately half of 

the Australia population of 22.3 million.
25

 

 

[Figure 1 about here]  

 

Data Collection 

We obtained mortality data between 1988 and 2009 for Brisbane, Melbourne and Sydney from the 

Australian Bureau of Statistics (ABS). Due to privacy protection reason, the data obtained from the 

ABS were limited for the Statistical Division of usual residence by gender and two age groups (i.e., 

0-75 and 75+) for the three metropolitan areas. In order to calculate the mortality rate, the 

corresponding populations by gender and the two age groups from 1988 to 2009 in the three cities 

were also extracted from the ABS database. Supplemental Table 1 presents the average of 

population size and percentage of 75 + years old by gender between 1988 and 2009. 

Daily climate data on maximum and minimum temperatures and relative humidity for the 

same period (1988 – 2009) were acquired from the Australian Bureau of Meteorology. We selected 

all available meteorological stations located within ≤ 30 km of each city’s CBD (7 stations for 

Brisbane, 7 stations for Melbourne and 11 stations for Sydney). We calculated the daily averages of 

climatic variables using all records from meteorological stations in each city. This approach is used 
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in previous research.
18

 There were approximately 1.4
o
C to 5.1

o
C differences for maximum or 

minimum temperature between meteorological stations of each city. When there was a missing 

value (≤ 1.3%) for a particular meteorological station, observations recorded from the remaining 

weather stations were used to compute the daily average values.  

 

Data Analysis 

Previous studies have found that mean temperature was a slightly better predictor of mortality than 

maximum or minimum temperature in Brisbane.
26

 Thus in this study, we used mean temperature as 

an indicator of exposure. Daily mean temperatures (i.e., averaged values of maximum and 

minimum temperatures) were used to investigate the effects of heatwaves on mortality in these three 

cities. A heatwave was defined as the mean temperature above a heat threshold (i.e., 90, 95 and 99 

percentiles of mean temperature) for two or more consecutive days in the summer season (1st 

December to the end of February of next year). A binary heatwave variable (1 or 0) was used for 

each day (e.g., 1 for the heatwave days meant that temperatures were equal to or higher than the 99 

percentile for two or more consecutive days; 0 for non-heatwave days). A Poisson generalised 

additive model (GAM) was used to examine both single (e.g., lag 0, 1 and 2) and cumulative lag 

effects (lag 0 -2) of heatwaves on mortality for each city, after adjustment for humidity and 

population as confounding factors. The “mgcv” package in R software (version 2.14.1) was used to 

fit the time series GAM. 

 

RESULTS 

Table 1 describes the statistical summary of climatic variables and health outcomes for each city in 

summer seasons. The highest mean temperature reached 33.6
o
C in Brisbane (22 Feb. 2004), 35.5

o
C 

in Melbourne (29 Jan. 2009) and 33.2
o
C in Sydney (1 Jan. 2006). However, Brisbane had the higher 
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average mean temperature (24.8
o
C) than Melbourne (19.7

o
C) and Sydney (22.5

o
C). Similar patterns 

were observed for the average maximum and minimum temperatures. 

 

[Table 1 about here] 

 

Table 2 indicates the heatwave days and threshold (
o
C) using different percentiles of mean 

temperatures. Supplemental Table 2 also provided the heatwave days separated by early summer 

and later summer. Overall, Brisbane had more heatwave days than Melbourne and Sydney across all 

heatwave definitions during the study period. This is not unexpected and may simply be because 

Brisbane is further north with subtropical climatic conditions. Supplemental Figure 1 shows the 

distribution of daily mortality data by mean temperature for each city. The temperature-mortality 

relations appeared to be a U shape across three cities. 

 

[Table 2 about here] 

 

Figure 2 shows the distributed lag structure (lag 0 to lag 7) of the heatwave effects on 

mortality using 95% percentiles of mean temperature as the HWD in three cities after adjustment 

for relative humidity and population size. Heatwave-related mortality mostly occurred within the 

same day (lag 0) or a lag of one day (lag 1) in the three cities. Heatwaves also appeared to have 

greater impacts on female and total mortality. For example, the relative risk for total mortality in 

Brisbane, Melbourne and Sydney was 1.13 (95% confidence interval (CI): 1.08 – 1.19), 1.10 (95% 

CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively, at lag 1. A similar pattern was found 

if mean temperatures were replaced with maximum temperatures in the heatwave definition in these 

cities (results not shown). 
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[Figure 2 about here] 

 

Table 3 reveals the relative risks (RR) of daily mortality during heatwaves using different 

percentiles of mean temperature as thresholds for cumulative lag effects (lag 0 – 2 days) in three 

cities after adjustment for relative humidity and population size. Heatwaves appeared to have 

greater impacts on female and total mortality, especially for female aged 75 and over, regardless of 

which definition of heatwave was used. However, heatwaves appeared to affect local residents more 

in Brisbane and Melbourne than Sydney, which may be because Sydney had fewer prolonged hot 

days than other cities. For example, no heatwave was recorded in Sydney during the study periods if 

the definition of 99th percentile of mean temperature for 2 or more consecutive days was used 

(Table 2). 

[Table 3 about here] 

  

DISCUSSION 

This is the first study to use locally defined definitions to investigate the relationship between 

heatwaves and mortality in different Australian cities. The principal finding of this study is that 

there was a consistent and statistical significant relationship between hot temperatures and mortality 

in the three largest Australian cities: Brisbane, Melbourne and Sydney.    

Several mortality studies have reported the impact of heatwaves on mortality.
10, 27, 28

 The 

results of this study support the findings from previous research. In general, heatwaves are 

associated with significantly increased mortality across all three cities. However, heatwaves 

appeared to affect mortality more in Brisbane and Melbourne than Sydney. This may be due to the 

fact that Sydney had fewer prolonged hot days than Brisbane and Melbourne (Table 2). 

Additionally, adaptation (e.g., more usage of air conditioning in Sydney) and people’s behaviour 

may also play a role. Supplemental Table 2 shows that the total number of deaths during heatwave 
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periods in the late summer was greater than that in the early summer. For example, if the heatwave 

was defined as the 95
th

 centile for two or more consecutive days, 4,566 people died during 

heatwave periods across three cities in the late summer, compared with 2720 died in the early 

summer. Our results show that the elderly (≥ 75), especially females, were more vulnerable to 

heatwave effects than others in these cities. This finding supports previous studies that the female 

elderly were particularly vulnerable to heat effects.
29, 30

 There may be an adverse effect of 

menopause on thermoregulation, in addition to its effects on cardiovascular fitness.
30

 Some 

important social factors (e.g., living alone or low income) may also explain differences in mortality 

patterns between males and females during heatwaves.
31, 32

 

We investigated both single and cumulative lag effects since some studies have identified 

the increased risk for temperature-related mortality from exposure occurring on the same day or a 

few days previously.
10, 11, 15, 16

 In this study, we found that the strongest heatwave impact usually 

occurred on the same day or the next day across all three cities (Figure 2). Thus, we concur with the 

notion that heatwaves usually have acute and dramatic impacts on mortality.  

The findings of this study are comparable to some previous multi-city studies (e.g., US or 

Europe).
8, 13

 There are three similarities across these studies: 1. the similar magnitude of heatwave 

effects were observed; 2. the impacts of heatwave occurred rapidly and there were no apparent 

long-term lag effects; and 3. elderly are more vulnerable to the impacts of heatwave than others. 

However, there are also some differences across these studies. For example, a previous study
8
 found 

that mortality  increased more during heatwaves in early summer than those in late summer, but our 

results show that higher mortality was resulted from heatwaves in mid or late summer for all three 

cities (Supplemental Table 2), which may be because more intense heatwaves usually occur in mid 

or late summer in Australia. 

There were some limitations in this study. We did not control for the potential confounding 

effects of air pollution (e.g., O3), as these data were not complete for the whole study period in all 
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three cities. However, previous studies have reported the health impacts of a heatwave as occurring 

independent of air pollution.
10, 33

 A relatively small number of heatwave days may explain why the 

differences in heat effects between the three cities as well as the subpopulations were not 

statistically significant as their 95% confidence intervals were overlapped each other. Additionally, 

the mortality data for three cities only included two age groups (0 – 74, 75&+) by gender. Thus, we 

were unable to divide the data into smaller age groups.   

 

CONCLUSIONS 

A consistent and significant increase in mortality was observed during heatwaves in the three 

Australian metropolitan cities, but the impacts of heatwave appeared to vary with age, gender, the 

heatwave definition and geographic area. Extreme hot temperatures appeared to directly result in an 

increased risk of mortality in these cities. The most vulnerable groups were the elderly, especial 

female aged 75 and over. By better understanding heatwave effects on mortality, local government 

and communities can develop appropriate public health strategies and increase their adaptive 

capacity to prevent and mitigate the impact of heatwave. 
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Table 1 Summary of the daily climatic variables and mortality in summer season
a
 (1988 – 2009) 

  Brisbane   Melbourne   Sydney 

Variable Mean SD Min  Max    Mean SD Min  Max    Mean SD Min  Max  

Male    (All) 12 3.9 2 38 27 5.7 11 52 32 7.1 6 74 

(0-74) 6 2.8 0 17 13 4.6 1 33 16 5.9 2 47 

(75+) 6 2.8 0 25 14 4.4 2 34 15 4.5 3 32 

Female (All) 12 4.1 1 40 26 5.7 10 79 30 6.7 9 70 

(0-74) 4 2.1 0 13 8 3.3 1 21 10 3.8 1 32 

(75+) 8 3.3 0 30 18 5.0 3 64 21 5.4 5 42 

Total 24 6.2 4 68 54 8.6 23 127 62 11.1 20 136 

MaxT
*
 (

o
C) 29.3 2.3 20.1 40.1 25.6 5.8 13.9 46.7 27.1 4.0 16.6 44.0 

MeanT † (oC) 24.8 1.9 18.3 33.6 19.7 3.9 10.9 35.5 22.5 2.7 15.1 33.2 

MinT
‡
 (

o
C) 20.3 2.2 11.9 27.1 13.8 3.3 5.8 27.6 18.0 2.3 9.8 25.8 

RH§ (%) 70.2 8.7 30.2 96.8 65.0 11.6 19.7 95.6 70.0 11.0 28.1 98.1 
a1st December to the end of February of next year  

*
maximum temperature, 

†
mean temperature, 

‡
minimum temperature, 

§
relative humidity 
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Table 2 Heatwave definition (HWD) used in three cities (1988 – 2009)  

Heatwave days and threshold  

HWDa   Brisbane         Melbourne  Sydney 

99% 11 29.7 oC 4 30.1 oC 0 29.6 oC 

95% 70 28.0
 o

C 56 27.2
 o

C 37 27.3
 o

C 

90% 

 

153 27.2
 o

C 

 

128 25.3
 o

C 

 

118 26.1
 o

C 
a 
HWD were defined as the mean temperature above the percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) for two or more 

consecutive days in the summer season (1st December to the end of February of next year). 
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Table 3 Relative risk of mortality by different heatwave definition (HWD) for cumulative lag 

effects (lag 0-2) in three cities, 1988 -2009 

 

RR
† 

 [95% CI
*
]  

HWD
a
 Brisbane Melbourne Sydney 

Male      (All) 

99% 1.32 [1.17 - 1.48] 1.37 [1.22 - 1.53] n/a
‡
 

95% 1.04 [0.99 - 1.10] 1.00 [0.96 - 1.04] 1.03 [0.99 - 1.08] 

90% 1.01 [0.97 - 1.05] 1.02 [0.99 - 1.05] 1.04 [1.01 - 1.06] 

(0 - 74) 

   99% 1.29 [1.10 - 1.53] 1.37 [1.15 - 1.63] n/a 

95% 1.04 [0.96 - 1.12] 0.96 [0.91 - 1.02] 1.07 [1.01 - 1.13] 

90% 0.99 [0.93 - 1.04] 1.00 [0.96 - 1.04] 1.04 [1.00 - 1.08] 

(75+) 

99% 1.33 [1.13 - 1.56] 1.38 [1.19 - 1.61] n/a 

95% 1.05 [0.97 - 1.13] 1.04 [0.98 - 1.09] 0.99 [0.92 - 1.05] 

90% 1.03 [0.97 - 1.08] 1.03 [0.99 - 1.07] 1.03 [1.00 - 1.07] 

Female  (All) 

   99% 1.45 [1.30 - 1.61] 1.57 [1.41 - 1.74] n/a 

95% 1.13 [1.07 - 1.19] 1.11 [1.07 - 1.15] 1.03 [0.98 - 1.07] 

90% 1.06 [1.02 - 1.10] 1.05 [1.02 - 1.07] 1.05 [1.03 - 1.08] 

(0 - 74) 

   99% 1.08 [0.86 - 1.34] 1.46 [1.18 - 1.81] n/a 

95% 1.06 [0.96 - 1.17] 1.10 [1.03 - 1.18] 0.97 [0.90 - 1.05] 

90% 1.04 [0.96 - 1.11] 1.04 [0.99 - 1.09] 1.04 [0.99 - 1.09] 

(75+) 

99% 1.61 [1.42 - 1.82] 1.63 [1.44 - 1.85] n/a 

95% 1.15 [1.08 - 1.22] 1.12 [1.07 - 1.17] 1.06 [1.01 - 1.12] 

90% 1.07 [1.02 - 1.12] 1.05 [1.01 - 1.08] 1.06 [1.03 - 1.09] 

Total 

99% 1.40 [1.29 - 1.51] 1.47 [1.36 - 1.59] n/a 

95% 1.09 [1.05 - 1.13] 1.06 [1.03 - 1.09] 1.03 [1.00 - 1.07] 

90% 1.04 [1.01 - 1.07] 1.03 [1.01 - 1.05] 1.04 [1.03 - 1.06] 
a 
HWD were defined as different percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) of mean temperature for two or more 

consecutive days in the summer season. 
*
confidence interval, 

†
relative risk, 

‡
 not applicable 

Adjusted for relative humidity, days of week and population size 
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ABSTRACT 

Objectives: This study assessed the impact of heatwave on mortality in the three largest Australian 

cities: Brisbane, Melbourne and Sydney.  

Methods: Daily data on climatic variables and mortality for these three cities during the period 

1988 to 2009 were obtained from relevant government agencies. A consistent definition of a 

heatwave was used for these cities. Generalised additive models were fitted to assess the impact of 

heatwaves on mortality after adjustment for confounders.  

Results: Total mortality increased mostly within the same day (lag 0) or a lag of one day (lag 1) 

during almost all heatwaves in three cities. Using the heatwave definition (HWD) as the 95th centile 

of mean temperature for two or more consecutive days in the summer season, the relative risk for 

total mortality at lag 1 in Brisbane, Melbourne and Sydney was 1.13 (95% confidence interval (CI): 

1.08 – 1.19), 1.10 (95% CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively. Using the 

more stringent HWD - the 99th centile of mean temperature for two or more consecutive days, the 

relative risk of total mortality at the lags of 0-2 days in Brisbane and Melbourne was 1.40 (95% CI: 

1.29 – 1.51) and 1.47 (95% CI: 1.36 – 1.59), respectively. Elderly, particularly females, were more 

vulnerable to the impact of heatwaves. 

Conclusion: A consistent and significant increase in mortality was observed during heatwaves in the 

three largest Australian cities, but the impacts of heatwave variedappeared to vary with age, gender, the 

HWD and geographic area. 
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ARTICLE SUMMARY 

Article focus 

� Although the health impact of heatwaves has been increasingly investigated over recent years, 

little is known about the geographic difference of the heatwave-health relationship in the 

Southern Hemisphere. 

� This study assessed the heatwave - mortality relationship in the three largest Australian cities: 

Sydney, Melbourne and Brisbane, and quantified the mortality impacts of heatwaves across 

these areas.  

Key messages 

� There was a consistent and significant increase in mortality during heatwaves in the three largest 

Australian cities, but the impacts of heatwave variedappeared to vary with age, sex, the 

definition of heatwave and geographic area. 

� The impacts of heatwave appeared to occuroccurred rapidly and there were no apparent long-

term lag effects. 

Strengths and limitations of this study 

� This is the first multi-city study on the mortality impacts of heatwaves in the Southern 

Hemisphere; and the similarities and differences in the heatwave - mortality relationship across 

the three largest Australian cities were quantified. 

� The key limitation is that the potential confounding effects of air pollution were not controlled, 

as these data were not complete for the whole study period in all three cities. 
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INTRODUCTION 

It is well known that exposure to extreme temperatures has a significant impact on human health. 

For example, the 2003 heatwave caused over 70,000 excess deaths in Europe.
1, 2

 A number of 

epidemiological studies have shown that the relationships between temperatures and mortality are 

often non-linear, with a J, U or V shape.3-9 However, the key reasons why there are different non-

linear curves in different population remain unknown. In addition, exposure to extreme 

temperatures usually does not reach the highest mortality at the same day, and often show lagged 

effects.10, 11 Some of this difference may be explained by inconsistent definitions, methodology as 

well as possibly population differences. Different heatwave definitions have been used in previous 

studies since there is currently no standard definition for heatwave.
7, 10, 12

 

Some studies have estimated the mortality effects of heatwaves across many countries, cities 

or communities, and determined how mortality increased during heatwaves.
1-6, 8, 10, 13

 Different 

research methods for estimating mortality associated with heatwaves have been used in previous 

studies. For example, a descriptive approach has been applied to compare the number of deaths 

between heatwave and non-heatwave days,
14

 a time-series analysis has been widely used to estimate 

mortality risks in association with hot or cold temperature,10, 11 and a case-crossover analysis is also 

another increasingly popular method used in this field.
7, 15, 16

 However, recent evidence suggests 

that time-series analysis is still an effective and possibly the most applicable method for 

investigating the health impact of time-varying environmental exposures.17-19      

The most Australia capital cities are located along the coast. There is a wide variation in 

climatic conditions across Australia. Most previous Australian studies have analysed the 

relationship between temperature and mortality for only one city and no research, to date, has been 

conducted to examine the health impact of heatwaves across different cities.
16, 19-24

 To better 

understand how temperature affects mortality in different locations, this study assessed the 
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temperature - mortality relationship in the three largest Australian cities: Brisbane, Melbourne and 

Sydney, and attempted to quantify the impact of heatwaves on mortality in these areas.  

 

METHODS 

Brisbane, Melbourne and Sydney are the capital cities of Queensland, Victoria and New South 

Wales, respectively, in Australia. These three metropolitan cities are all located on the south east 

coast of the continent (Figure 1). There are about 2.2, 4.2 and 4.6 million residents for Brisbane, 

Melbourne and Sydney, respectively, in June 2011.
25

 Together, they represent approximately half of 

the Australia population of 22.3 million.
25

 

 

[Figure 1 about here]  

 

Data Collection 

We obtained mortality data between 1988 and 2009 for Brisbane, Melbourne and Sydney from the 

Australian Bureau of Statistics (ABS). Due to privacy protection reason, the data obtained from the 

ABS were limited for the Statistical Division of usual residence by gender and two age groups (i.e., 

0-75 and 75+) for the three metropolitan areas. In order to calculate the mortality rate, the 

corresponding populations by gender and the two age groups from 1988 to 2009 in the three cities 

were also extracted from the ABS database. Supplemental Table 1 presents the average of 

population size and percentage of 75 + years old by gender between 1988 and 2009. 

Daily climate data on maximum and minimum temperatures and relative humidity for the 

same period (1988 – 2009) were acquired from the Australian Bureau of Meteorology. We selected 

all available meteorological stations located within ≤ 30 km of each city’s CBD (7 stations for 

Brisbane, 7 stations for Melbourne and 11 stations for Sydney). We calculated the daily averages of 

climatic variables using all records from meteorological stations in each city. This approach is used 

Formatted: Font: Times New Roman, 12 pt,
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in previous research.
18

 There were approximately 1.4
o
C to 5.1

o
C differences for maximum or 

minimum temperature between meteorological stations of each city. When there was a missing 

value (≤ 1.3%) for a particular meteorological station, observations recorded from the remaining 

weather stations were used to compute the daily average values.  

 

Data Analysis 

Previous studies have found that mean temperature was a slightly better predictor of mortality than 

maximum or minimum temperature in Brisbane.
26

 Thus in this study, we used mean temperature as 

an indicator of exposure. Daily mean temperatures (i.e., averaged values of maximum and 

minimum temperatures) were used to investigate the effects of heatwaves on mortality in these three 

cities. A heatwave was defined as the mean temperature above a heat threshold (i.e., 90, 95 and 99 

percentiles of mean temperature) for two or more consecutive days in the summer season (1st 

December to the end of February of next year). A binary heatwave variable (1 or 0) was used for 

each day (e.g., 1 for the heatwave days meant that temperatures were equal to or higher than the 99 

percentile for two or more consecutive days; 0 for non-heatwave days). A Poisson generalised 

additive model (GAM) was used to examine both single (e.g., lag 0, 1 and 2) and cumulative lag 

effects (lag 0 -2) of heatwaves on mortality for each city, after adjustment for humidity and 

population as confounding factors. The “mgcv” package in R software (version 2.14.1) was used to 

fit the time series GAM. 

 

RESULTS 

Table 1 describes the statistical summary of climatic variables and health outcomes for each city in 

summer seasons. The highest mean temperature reached 33.6oC in Brisbane (22 Feb. 2004), 35.5oC 

in Melbourne (29 Jan. 2009) and 33.2
o
C in Sydney (1 Jan. 2006). However, Brisbane had the higher 
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average mean temperature (24.8
o
C) than Melbourne (19.7

o
C) and Sydney (22.5

o
C). Similar patterns 

were observed for the average maximum and minimum temperatures. 

 

[Table 1 about here] 

 

Table 2 indicates the heatwave days and threshold (
o
C) using different percentiles of mean 

temperatures. Supplemental Table 2 also provided the heatwave days separated by early summer 

and later summer. Overall, Brisbane had more heatwave days than Melbourne and Sydney across all 

heatwave definitions during the study period. This is not unexpected and may simply be because 

Brisbane is further north with subtropical climatic conditions. Supplemental Figure 1 shows the 

distribution of daily mortality data by mean temperature for each city. The temperature-mortality 

relations appeared to be a U shape across three cities. 

 

[Table 2 about here] 

 

Figure 2 shows the distributed lag structure (lag 0 to lag 7) of the heatwave effects on 

mortality using 95% percentiles of mean temperature as the HWD in three cities after adjustment 

for relative humidity and population size. Heatwave-related mortality mostly occurred within the 

same day (lag 0) or a lag of one day (lag 1) in the three cities. Heatwaves also appeared to have 

greater impacts on female and total mortality. For example, the relative risk for total mortality in 

Brisbane, Melbourne and Sydney was 1.13 (95% confidence interval (CI): 1.08 – 1.19), 1.10 (95% 

CI: 1.06 – 1.14) and 1.06 (95% CI: 1.01 – 1.10), respectively, at lag 1. A similar pattern was found 

if mean temperatures were replaced with maximum temperatures in the heatwave definition in these 

cities (results not shown). 
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[Figure 2 about here] 

 

Table 3 reveals the relative risks (RR) of daily mortality during heatwaves using different 

percentiles of mean temperature as thresholds for cumulative lag effects (lag 0 – 2 days) in three 

cities after adjustment for relative humidity and population size. Heatwaves appeared to have 

greater impacts on female and total mortality, especially for female aged 75 and over, regardless of 

which definition of heatwave was used. However, heatwaves appeared to affect local residents more 

in Brisbane and Melbourne than Sydney, which may be because Sydney had fewer prolonged hot 

days than other cities. For example, no heatwave was recorded in Sydney during the study periods if 

the definition of 99th percentile of mean temperature for 2 or more consecutive days was used 

(Table 2). 

[Table 3 about here] 

  

DISCUSSION 

This is the first study to use locally defined definitions to investigate the relationship between 

heatwaves and mortality in different Australian cities. The principal finding of this study is that 

there was a consistent and statistical significant relationship between hot temperatures and mortality 

in the three largest Australian cities: Brisbane, Melbourne and Sydney.    

Several mortality studies have reported the impact of heatwaves on mortality.
10, 27, 28

 The 

results of this study support the findings from previous research. In general, heatwaves are 

associated with significantly increased mortality across all three cities. However, heatwaves 

appeared to affect mortality more in Brisbane and Melbourne than Sydney. This may be due to the 

fact that Sydney had fewer prolonged hot days than Brisbane and Melbourne (Table 2). 

Additionally, adaptation (e.g., more usage of air conditioning in Sydney) and people’s behaviour 

may also play a role. Supplemental Table 2 shows that the total number of deaths (i.e., 4,566) 
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during heatwave periods in the late summer was greater than that in the early summer. For example, 

if the heatwave was defined as the 95th centile for two or more consecutive days, 4,566 people died 

during heatwave periods across three cities in the late summer, compared with 2720 died in the 

early summer. 

 Our results show that the elderly (≥ 75), especially females, were more vulnerable to 

heatwave effects than others in these cities. This finding supports previous studies that the female 

elderly were particularly vulnerable to heat effects.29, 30 There may be an adverse effect of 

menopause on thermoregulation, in addition to its effects on cardiovascular fitness.
30

 Some 

important social factors (e.g., living alone or low income) may also explain differences in mortality 

patterns between males and females during heatwaves.31, 32 

We investigated both single and cumulative lag effects since some studies have identified 

the increased risk for temperature-related mortality from exposure occurring on the same day or a 

few days previously.
10, 11, 15, 16

 In this study, we found that the strongest heatwave impact usually 

occurred on the same day or the next day across all three cities (Figure 2). Thus, we concur with the 

notion that heatwaves usually have acute and dramatic impacts on mortality.  

The findings of this study are comparable to some previous multi-city studies (e.g., US or 

Europe).8, 13 There are three similarities across these studies: 1. the similar magnitude of heatwave 

effects were observed; 2. the impacts of heatwave occurred rapidly and there were no apparent 

long-term lag effects; and 3. Elderlyelderly are more vulnerable to the impacts of heatwave than 

others. However, there are also some differences across these studies. For example, a previous 

study
8
 found that mortality  increased more during heatwaves in early summer than those in late 

summer, but our results show that higher mortality was resulted from heatwaves in mid or late 

summer for all three cities (Supplemental Table 2), which may be because more intense heatwaves 

usually occur in mid or late summer in Australia. 
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There were two key limitations in this study. Only the aggregated data were used while 

individual exposure and outcome data would give a more precise estimate of the health impacts of a 

heatwave event, but unfortunately individual data were not available.some limitations in this study. 

We did not control for the potential confounding effects of air pollution (e.g., O3), as these data 

were not complete for the whole study period in all three cities. However, previous studies have 

reported the health impacts of a heatwave as occurring independent of air pollution.
3310, 33

 A 

relatively small number of heatwave days may explain why the differences in heat effects between 

the three cities as well as the subpopulations were not statistically significant as their 95% 

confidence intervals were overlapped each other. Additionally, the mortality data for three cities 

only included two age groups (0 – 74, 75&+) by gender. Thus, we were unable to divide the data 

into smaller age groups.   

 

CONCLUSION 

CONCLUSIONS 

A consistent and significant increase in mortality was observed during heatwaves in the three 

Australian metropolitan cities, but the impacts of heatwave variedappeared to vary with age, gender, 

the heatwave definition and geographic area. Extreme hot temperatures appeared to directly result 

in an increased risk of mortality in these cities. The most vulnerable groups were the elderly, 

especial female, aged 75 and over. By better understanding heatwave effects on mortality, local 

government and communities can develop appropriate public health strategies and increase their 

adaptive capacity to prevent and mitigate the impact of heatwave. 
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Table 1 Summary of the daily climatic variables and mortality in summer season
a
 (1988 – 2009) 

  Brisbane   Melbourne   Sydney 

Variable Mean SD Min  Max    Mean SD Min  Max    Mean SD Min  Max  

Male    (All) 12 3.9 2 38 27 5.7 11 52 32 7.1 6 74 

(0-74) 6 2.8 0 17 13 4.6 1 33 16 5.9 2 47 

(75+) 6 2.8 0 25 14 4.4 2 34 15 4.5 3 32 

Female (All) 12 4.1 1 40 26 5.7 10 79 30 6.7 9 70 

(0-74) 4 2.1 0 13 8 3.3 1 21 10 3.8 1 32 

(75+) 8 3.3 0 30 18 5.0 3 64 21 5.4 5 42 

Total 24 6.2 4 68 54 8.6 23 127 62 11.1 20 136 

MaxT* (oC) 29.3 2.3 20.1 40.1 25.6 5.8 13.9 46.7 27.1 4.0 16.6 44.0 

MeanT 
†
 (

o
C) 24.8 1.9 18.3 33.6 19.7 3.9 10.9 35.5 22.5 2.7 15.1 33.2 

MinT‡ (oC) 20.3 2.2 11.9 27.1 13.8 3.3 5.8 27.6 18.0 2.3 9.8 25.8 

RH§ (%) 70.2 8.7 30.2 96.8 65.0 11.6 19.7 95.6 70.0 11.0 28.1 98.1 
a1st December to the end of February of next year  

*maximum temperature, †mean temperature, ‡minimum temperature, §relative humidity 
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Table 2 Heatwave definition (HWD) used in three cities (1988 – 2009)  

Heatwave days and threshold  

HWD
a
   Brisbane         Melbourne  Sydney 

99% 11 29.7
 o
C 4 30.1

 o
C 0 29.6

 o
C 

95% 70 28.0 oC 56 27.2 oC 37 27.3 oC 

90% 153 27.2 oC 128 25.3 oC 118 26.1 oC 
a HWD were defined as the mean temperature above the percentiles (i.e., 90th, 95th or 99th centile) for two or more 

consecutive days in the summer season (1st December to the end of February of next year). 
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Table 3 Relative risk of mortality by different heatwave definition (HWD) for cumulative lag 

effects (lag 0-2) in three cities, 1988 -2009 

RR†  [95% CI*]  

HWD
a
 Brisbane Melbourne Sydney 

Male      (All) 

99% 1.32 [1.17 - 1.48] 1.37 [1.22 - 1.53] n/a
‡
 

95% 1.04 [0.99 - 1.10] 1.00 [0.96 - 1.04] 1.03 [0.99 - 1.08] 

90% 1.01 [0.97 - 1.05] 1.02 [0.99 - 1.05] 1.04 [1.01 - 1.06] 

(0 - 74) 

99% 1.29 [1.10 - 1.53] 1.37 [1.15 - 1.63] n/a 

95% 1.04 [0.96 - 1.12] 0.96 [0.91 - 1.02] 1.07 [1.01 - 1.13] 

90% 0.99 [0.93 - 1.04] 1.00 [0.96 - 1.04] 1.04 [1.00 - 1.08] 

(75+) 

99% 1.33 [1.13 - 1.56] 1.38 [1.19 - 1.61] n/a 

95% 1.05 [0.97 - 1.13] 1.04 [0.98 - 1.09] 0.99 [0.92 - 1.05] 

90% 1.03 [0.97 - 1.08] 1.03 [0.99 - 1.07] 1.03 [1.00 - 1.07] 

Female  (All) 

99% 1.45 [1.30 - 1.61] 1.57 [1.41 - 1.74] n/a 

95% 1.13 [1.07 - 1.19] 1.11 [1.07 - 1.15] 1.03 [0.98 - 1.07] 

90% 1.06 [1.02 - 1.10] 1.05 [1.02 - 1.07] 1.05 [1.03 - 1.08] 

(0 - 74) 

99% 1.08 [0.86 - 1.34] 1.46 [1.18 - 1.81] n/a 

95% 1.06 [0.96 - 1.17] 1.10 [1.03 - 1.18] 0.97 [0.90 - 1.05] 

90% 1.04 [0.96 - 1.11] 1.04 [0.99 - 1.09] 1.04 [0.99 - 1.09] 

(75+) 

99% 1.61 [1.42 - 1.82] 1.63 [1.44 - 1.85] n/a 

95% 1.15 [1.08 - 1.22] 1.12 [1.07 - 1.17] 1.06 [1.01 - 1.12] 

90% 1.07 [1.02 - 1.12] 1.05 [1.01 - 1.08] 1.06 [1.03 - 1.09] 

Total 

99% 1.40 [1.29 - 1.51] 1.47 [1.36 - 1.59] n/a 

95% 1.09 [1.05 - 1.13] 1.06 [1.03 - 1.09] 1.03 [1.00 - 1.07] 

90% 1.04 [1.01 - 1.07] 1.03 [1.01 - 1.05] 1.04 [1.03 - 1.06] 
a HWD were defined as different percentiles (i.e., 90th, 95th or 99th centile) of mean temperature for two or more 

consecutive days in the summer season. 
*
confidence interval, 

†
relative risk, 

‡
 not applicable 
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Adjusted for relative humidity, days of week and population size 
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Figure 1 Locations of Brisbane, Melbourne and Sydney in Australia  
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Figure 2 Distributed lag structure of the heatwave effects on mortality by sex, age and city. Cross symbols 
denote the mean relative risk (RR), and the vertical lines represent the 95% confidence intervals  

271x235mm (300 x 300 DPI)  
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Supplemental Table 1 Average population size and percentage of older people (75+) between 

1988 and 2009 in three cities 

City Total Male % 75+ (M
*
) Female % 75+ (F

†
) 

Brisbane 1,603,742 792,809 3.6 810,933 5.9 

Melbourne 3,423,855 1,688,942 4.1 1,734,914 6.4 

Sydney 3,996,444 1,978,055 4.0 2,018,389 6.4 
*
Male, 

†
Female 
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Supplemental Table 2 Heatwave (HW) days and the total number of deaths in three cities (1988 – 

2009) 

City HWD
a
 1988 - 2009 HW days Total deaths HW days in each months 

Brisbane 90% Early summer
b
 71 1,615 45 in December, 65 in January 

Late summer
c
 82 2,073 and 43 in February 

95% Early summer
b
 31 733 19 in December, 29 in January 

Late summer
c
 39 1,093 and 22 in February 

99% Early summer
b
 6 168 3 in December, 5 in January 

Late summer
c
 5 205 and 3 in February 

Melbourne 90% Early summer
b
 49 2,734 25 in December, 51 in January 

Late summer
c
 79 4,597 and 52 in February 

95% Early summer
b
 19 1,098 7 in December,   23 in January 

Late summer
c
 37 2,152 and 26 in February 

99% Early summer
b
 0 N/A 0 

Late summer
c
 4 333 4 in  January 

Sydney 90% Early summer
b
 54 3,592 21 in December, 59 in January 

Late summer
c
 64 3,914 and 38 in February 

95% Early summer
b
 13 889 7 in December, 23 in January 

Late summer
c
 24 1,321 and 8 in February 

99% Early summer
b
 0 N/A 0 

Late summer
c
 0 N/A 0 

a 
HWD were defined as the mean temperature above the percentiles (i.e., 90

th
, 95

th
 or 99

th
 centile) for two or more 

consecutive days in the summer season (1st December to the end of February of next year). 
b
 between 1

st
 Dec. and 15

th
 Jan. 

c
 between 16

th
 Jan and end of Feb. 
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Supplemental Figure 1 The distribution of daily mean temperature (oC) and mortality (1988 – 2009)  
309x90mm (300 x 300 DPI)  
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STROBE Statement—checklist of items that should be included in reports of observational studies 

 

 Item 

No Recommendation 

Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract 

√ 

(b) Provide in the abstract an informative and balanced summary of what was done 

and what was found 

√ 

Introduction 

Background/rationale 2 Explain the scientific background and rationale for the investigation being reported 

√ 

Objectives 3 State specific objectives, including any prespecified hypotheses 

√ 

Methods 

Study design 4 Present key elements of study design early in the paper 

√ 

Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment, 

exposure, follow-up, and data collection 

√ 

Participants 6 (a) Cohort study—Give the eligibility criteria, and the sources and methods of 

selection of participants. Describe methods of follow-up 

Case-control study—Give the eligibility criteria, and the sources and methods of 

case ascertainment and control selection. Give the rationale for the choice of cases 

and controls 

Cross-sectional study—Give the eligibility criteria, and the sources and methods of 

selection of participants 

N/A 

(b) Cohort study—For matched studies, give matching criteria and number of 

exposed and unexposed 

Case-control study—For matched studies, give matching criteria and the number of 

controls per case 

N/A 

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 

modifiers. Give diagnostic criteria, if applicable 

√ 

Data sources/ 

measurement 

8*  For each variable of interest, give sources of data and details of methods of 

assessment (measurement). Describe comparability of assessment methods if there 

is more than one group 

√ 

Bias 9 Describe any efforts to address potential sources of bias 

√ 

Study size 10 Explain how the study size was arrived at 

√ 

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, 

describe which groupings were chosen and why 

√ 
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 2

Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding 

√ 

(b) Describe any methods used to examine subgroups and interactions 

√ 

(c) Explain how missing data were addressed 

√ 

(d) Cohort study—If applicable, explain how loss to follow-up was addressed 

Case-control study—If applicable, explain how matching of cases and controls was 

addressed 

N/A 

Cross-sectional study—If applicable, describe analytical methods taking account of 

sampling strategy 

N/A 

(e) Describe any sensitivity analyses 

√ 

Continued on next page  
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Results 

Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, 

examined for eligibility, confirmed eligible, included in the study, completing follow-up, and 

analysed 

N/A 

(b) Give reasons for non-participation at each stage 

N/A 

(c) Consider use of a flow diagram 

N/A 

Descriptive 

data 

14* (a) Give characteristics of study participants (eg demographic, clinical, social) and information 

on exposures and potential confounders 

√ 

(b) Indicate number of participants with missing data for each variable of interest 

√ 

(c) Cohort study—Summarise follow-up time (eg, average and total amount) 

N/A 

Outcome data 15* Cohort study—Report numbers of outcome events or summary measures over time 

N/A 

Case-control study—Report numbers in each exposure category, or summary measures of 

exposure 

N/A 

Cross-sectional study—Report numbers of outcome events or summary measures 

N/A 

Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 

precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and 

why they were included 

√ 

(b) Report category boundaries when continuous variables were categorized 

√ 

(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful 

time period 

√ 

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity 

analyses 

√ 

Discussion 

Key results 18 Summarise key results with reference to study objectives 

√ 

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. 

Discuss both direction and magnitude of any potential bias 

√ 

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity 

of analyses, results from similar studies, and other relevant evidence 

√ 

Generalisability 21 Discuss the generalisability (external validity) of the study results 

√ 

Other information 
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Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, 

for the original study on which the present article is based 

√ 

 

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 

unexposed groups in cohort and cross-sectional studies. 

 

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 

published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 

available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 

http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 

available at www.strobe-statement.org. 
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