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Abstract. 
Background. The current weather warning system aims to reduce mortality from heat and cold stress but still has room to be improved in terms of incorporating other temperature metrics. The aim of this study is to determine how extreme temperature affects mortality in Hong Kong. Methods. An ecological study was used; daily weather data were subdivided into seven temperature metrics. Daily detrended mortality data were stratified by disease groups and analysed using seven different metrics for temperature. The temperature metrics were then compared. Results. A diurnal temperature range (DTR) of ≥8°C leading to an increase in median mortality of up to 16% and a mean temperature change between neighbouring days of ≥4°C leading to an increase in median mortality of up to 6% were the critical thresholds for excess mortality in Hong Kong. Conclusions. This study reveals that mean net effective temperature, DTR, and temperature change between neighbouring days are effective to predict excess mortality in Hong Kong.
 

1. Background 
There has been a growing interest in the impact of extreme heat and cold events on health globally. In subtropical Asia, this issue has been investigated in countries including Japan, China, and South Korea. Most heat-related mortality research in Hong Kong has been conducted in the last decade [1–5]. A summary of previous findings in Hong Kong is outlined in Table 1. A U- or J-shaped relationship is observed between temperature and mortality [5]. This is consistent with extant studies [6–8]. This paper will explore seven temperature metrics in relation to mortality in Hong Kong. In particular, the effects on mortality of diurnal temperature range (DTR) and temperature change between neighbouring days are not well understood in the Hong Kong literature. Understanding these effects will enhance the current Hong Kong heat-health weather warning system. Diurnal temperature range (DTR) is the difference between the highest and lowest temperature within a single day [9]. DTR is shown to influence heat-related mortality in Hong Kong [10]. DTR has been decreasing from about 5.5°C in 1947 to about 4°C in 2002 [11]. Traditionally, a large DTR relieves heat stress: it assumes a cool night happens after a hot day. This effect is believed to be important in Melbourne, Australia [12]. Conversely, a large DTR might increase mortality during hot days, particularly with cardiovascular diseases [9] and strokes [13]. A large DTR might also increase blood pressure in the elderly leading to cardiovascular disease [10]. 
Table 1: Recent studies of temperature and mortality relationship in Hong Kong.
	

	Reference	Study period	Exposure	Outcome	Methods	Summary of findings
	

	Yan [1]	1995–2005	Daily maximum, minimum, dew point temperature; barometric pressure, cloud cover, and wind speed	Mortality from all-cause, CIR, CVD, and IHD	Generalized additive models (GAM) using a cubic smoothing spline	Temperature was found to be a major factor causing deaths from CIR and RD, but not mortality from all-cause. The elderly (age 
	
		
			

				≥
			

		
	
 65) had longer time lags for mortality compared with the younger age groups (age 
	
		
			

				<
			

		
	
 65).
	

	Yan [2]	1980–2005	Seasonal analysis	Mortality from all-cause, NEO, CIR, and RD	Cosinor analysis	Statistically significant seasonality was discovered for total and gender-specific deaths from all causes, CIR, and RD but not for NEO.
	

	Yan [3]	1980–1994 	Maximum and minimum temperature, and seasonal analysis	Mortality from all-cause, NEO, CIR, and RD	Regression analyses and ANOVA 	Mortality is higher in winter months (November to February), and it is lower in summer months (June to August).
	

	Leung et al. [4]	1995–2004	Max NET, Min NET	Mortality from all-cause, NEO CIR, RD, IHD, CBD, PIF,COP, thermal stress from excessive heat and cold	Poisson regression	Heat threshold: daily max. NET ≥ 26°C (heat stroke risk double per unit rise beyond 26°C; cold threshold: daily min. NET ≤ 14°C (hypothermia risk increases 1.3 fold per unit fall below 14°C).
	

	Chan et al. [5]	1998–2006 	Daily mean, dew point temperature, mean humidity, NO2, SO2, O3, and PM10	Nonaccidental mortality	Retrospective ecological study, using generalisedadditive (Poisson) models	Temperature threshold is 28.2°C (1.8% increase per 1°C temperature increase above this threshold).
	

	Tam et al. [10]	1997–2002	DTR, NO2, SO2, PM10, O3	CVD, among persons aged ≥ 65 years	Generalized additive model to regress daily mortalities of the elderly	Significant associations between CVD and DTR at lag day 1 and at lag days 0–1 to 0–5 were discovered. The largest effect was at lag days 0–3 (RR = 1.017; 95% CI = 1.003–1.031).
	

	Li and Chan [14]	1968–1995 	Net effective temperature (NET)	Mortality from all-cause, excluding external causes	Correlation between WSI and daily mortality	There could be a relationship between low WSI and mortality rates in winter, no conclusive results are found for summer.
	

	Xu [15]	1998–2009	Apparent temperature (AT), diurnal AT range	Mortality from all-cause, CVD and RD, among persons aged ≥ 65 years	A nested case—control approach	AT threshold: 20.8°C (cold days), 28.2°C (hot days).  AT was not significantly associated with mortality on hot days. Effect of diurnal AT range on mortality was not observed.
	



              *CBD: cerebrovascular diseases; COP: chronic obstructive pulmonary disease; CIR: circulatory diseases; CVD: cardiovascular diseases; IHD: ischaemic heart diseases; NEO: Neoplasm; PIF: pneumonia and influenza; RD: respiratory diseases.


The Hong Kong Observatory (HKO) has issued very hot and cold weather warnings since 2000; these warnings are derived from a weather stress index (WSI) [14]. In Hong Kong, WSI is calculated from net effective temperature (NET), which incorporates ambient temperature, relative humidity, and wind speed [14]. It is assumed that Hong Kong people generally adapt better to hot weather than cold weather. Indeed, cold-related mortality is higher than heat-related mortality in Hong Kong [2, 14]. In addition, Li and Chan [14] observed that there is a skewed U-shaped relationship between WSI and mortality, in which the mortality is greater in winter months (November to March) than summer months (May to September).


The aim of this research is to further determine the impact of extreme temperatures on mortality in Hong Kong. Specifically, it examines how different temperature metrics affect mortality, and which temperature metrics are better predictors of mortality in Hong Kong. Hong Kong is a densely populated subtropical city which provides a good representation of the situation of other South East Asia cities. Since relatively few studies on the effects of heat or cold stress have been conducted in Hong Kong, this paper will serve to increase the understanding of the relationship between heat/cold and population health in a subtropical urban environment.
2. Methods
2.1. Mortality Data
The study uses an ecological time series approach to determine the climate variables that affect mortality in Hong Kong from 1999 to 2009. The study uses de-identified mortality statistics from the Hong Kong Census and Statistics Department for analysis. Mortality data were purchased from the Census and Statistics Department in Hong Kong (time-series). The data requested were annual known death micro-data sets from 1999 to 2009. Ethics exemption was obtained from the Monash University Human Research Ethics Committee (MUHREC). The data were partitioned into all-cause mortality, respiratory, and cardiovascular mortality according to the International Classification of Diseases (ICD) 9 and 10 (Table 2). RD refers to respiratory diseases and CVD refers to cardiovascular diseases.
Table 2: Comparison between ICD-9 and ICD-10.
	

	 	ICD-9	ICD-10
	

	All-cause	001–999	A00-T98
	Non-accidental	001–799	A00-R99
	Respiratory diseases (RD)	460–519	J00-J99
	Cardiovascular diseases (CVD)	390–459	I00-I99
	



2.2. Weather Data
Daily time series, weather data were obtained from the Hong Kong Observatory (HKO) from 1999 to 2009. The temperature metrics chosen were the following: daily maximum 
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 temperature, daily mean apparent temperature (AT), daily net effective temperature (NET), diurnal temperature range (DTR), and temperature change between neighbouring days (temp change) in terms of mean temperature 
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, as this approach is demonstrated to predict excess mortality [12]. In order to determine the effects of season on mortality, this paper examines summer and winter separately: 
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 and min NET for winter, as well as DTR in summer and winter. Summer is defined as June to August, whereas winter is defined as December to February. Box plots are produced to visualise the temperature-mortality relationships and identify temperature threshold for excess mortality.
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The equation of Apparent Temperature incorporates wind speed and moisture characteristics to calculate the human perceived air temperature in terms of discomfort. It is calculated as follows [16, 17]:
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  is air temperature and  
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  is dew point temperature.  


Wind increases heat flow after mean daily temperatures are above 34°C, wind-speed correction is not necessary when temperatures are below this [17]. The following is the equation for net effective temperature (NET):
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where  
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  is the ambient temperature (in  °C),  
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 the wind speed (in m s −1), and R H the relative humidity (in %). 
This study uses seasonal decomposition to remove short and long-term trends from the data, such as population ageing and seasonal highs or lows. The multiplicative seasonal decomposition model is as follows (deaths = trend-cycle * seasonal factor * anomaly) [12, 18]:
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where TCt is the “trend-cycle” component, St is the “seasonal” component, and It is the “irregular” or “random” component. 
3. Results
Table 3 outlines the weather parameters and mortality data distribution obtained from the study dataset.
Table 3: Summary statistics of daily death counts and weather parameters in 1999–2009.
	

	 	Mean	SD	Minimum	Maximum
	

	Mortality categories	 	 	 	 
	    Daily total death (all-cause)	91.11	14.36	39	162
	    Daily total death (respiratory)	17.06	5.88	3	52
	    Daily total death (cardiovascular)	21.61	5.98	3	54
	Weather parameters	 	 	 	 
	    Daily mean temperature (°C)	23.21	5.09	8.2	31.8
	    Daily maximum temperature (°C)	25.57	5.31	9.3	35.4
	    Daily minimum temperature (°C)	21.35	5.14	5.8	29.4
	    Mean daily apparent temperature (°C)	26.43	8.01	6.2	39.7
	    Mean net effective temperature (°C)	
												16.25
												
												7.19
												−6.6	27.5
	    Diurnal temperature range (°C)	
												4.22
												
												1.46
												
												0.7
												12.2
	    Temperature change (mean temperature) between neighbouring days (°C)	−0.001	
												1.31
												−5.9	4.9
	



3.1. Effects of Diurnal Temperature Range on Mortality
The diurnal temperature range (DTR) in Hong Kong is small (about 2–5°C). The mean DTR is 4.19°C (SD = 1.436). Across the year, Figures 1, 2, and 4 demonstrate the DTR impact on all-cause mortality, CVD, and RD, respectively, whereas Figures 3 and 5 illustrate the DTR impact on CVD in summer and RD in winter, respectively. Other DTR-mortality relationships are summarised in Table 4.
Table 4: Summary of threshold temperatures for various temperature metrics.
	

	Temperature metrics	Threshold temperature (°C)	No. of days exceeded from 1999 to 2009	% increase in median mortality anomaly
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									 (summer)               	 	 	 
	    All-cause	≥35	3	2.5
	    RD	Nil	Nil	Nil
	    CVD	≥35	3	15
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 (winter)	 	 	 
	    All-cause	Nil	Nil	Nil
	    RD	≥21	14	6
	    CVD	≥21	14	2.5
	Mean AT	 	 	 
	    All-cause	≤8	10	2.5
	    RD	Nil	Nil	Nil
	    CVD	≤8 (≥38)	10 (52)	4 (7)
	Mean NET	 	 	 
	    All-cause	≥27	4	2
	    RD	≤−3	10	12
	    CVD	≥27	4	11
	Max NET (summer) 	 	 	 
	    All-cause	Nil	Nil	Nil
	    RD	Nil	Nil	Nil
	    CVD	≥30	38	4
	Min NET (winter)	Nil for all-cause, RD, and CVD
	DTR (all season) 	 	 	 
	    All-cause	≥10	5	6
	    RD	≥8	33	5
	    CVD	≥8	33	3
	DTR (summer)  	 	 	 
	    All-cause	≥8	6	4.5
	    RD	Nil	Nil	Nil
	    CVD	≥8	6	16
	DTR (winter) 	 	 	 
	    All-cause	≥7.1	23	1.5
	    RD	≥8	6	15
	    CVD	≥8	6	2.5
	Temp change (
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)   	 	 	 
	    All-cause	≥4.1	11	6
	    RD	≥4.1	11	7
	    CVD	Nil	Nil	Nil
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)     	 	 	 
	    All-cause	≥5.6	7	3
	    RD	≥5.6	7	4
	    CVD	Nil	Nil	Nil
	Temp change (
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)	Nil for all-cause, RD and CVD
	





	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
		
	

Figure 1: Detrended deseasoned mortality anomaly (all-cause) per 1°C temperature band for diurnal temperature range. 




	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
			
		
	

Figure 2: Detrended deseasoned mortality anomaly (CVD) per 1°C temperature band for diurnal temperature range. CVD refers to cardiovascular diseases.




	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
	


	
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
	


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	

Figure 3: Detrended deseasoned mortality anomaly (CVD) per 1°C temperature band for diurnal temperature range in summer. Summer months are from June to August. CVD refers to cardiovascular diseases.




	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
			
		
	

Figure 4: Detrended deseasoned mortality anomaly (RD) per 1°C temperature band for diurnal temperature range. RD refers to respiratory diseases.




	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
		
	


	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	

Figure 5: Detrended deseasoned mortality anomaly (RD) per 1°C temperature band for diurnal temperature range in winter. Winter months are from December to February. RD refers to respiratory diseases.


3.2. Effects of Temperature Change between Neighbouring Days on Mortality
Temperature change between neighbouring days is defined as today’s mean temperature minus yesterday’s mean temperature [19]. It is a different temperature measure from DTR. This study’s mean temperature is defined as the average of yesterday’s maximum temperature and today’s minimum temperature [12]. The mean of temperature change (
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) is 0 (SD = 1.31), and for temperature change 
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, the mean is 0 (SD = 1.946). Figures 6 and 7 demonstrate that excess mortality (all-cause, RD) occurred when temperature change (mean temperature) exceeded 4.1°C. Excess mortality (all-cause, RD) also occurs when temperature change (maximum temperature) is greater than 5.6°C (see Figures 8 and 9). Apart from that, there appears to be some significant reduction below baseline mortality when temperature change is greater than −4.0°C. The changes vary from approximately 2–9% below baseline mortality (see Figures 6, 8, and 9). When the temperature cools off, the mortality rate drops.


	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 6: Detrended deseasoned mortality anomaly (all-cause) per 2°C temperature band for temperature change. Temperature change is defined as the differences between the mean temperature of neighbouring days. 




	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	

Figure 7: Detrended deseasoned mortality anomaly (RD) per 2°C temperature band for temperature change. Temperature change is defined as the differences between the mean temperature of neighbouring days. RD refers to respiratory diseases.




	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
		
	

Figure 8: Detrended deseasoned mortality anomaly (all-cause) per 2°C temperature band for temperature change. Temperature change is defined as the differences between the maximum temperatures of neighbouring days. 




	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
					
			
			
				
					
			
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
			
		
	
	
		


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
			
			
		
	

Figure 9: Detrended deseasoned mortality anomaly (RD) per 2°C temperature band for temperature change. Temperature change is defined as the differences between the maximum temperatures of neighbouring days. RD refers to respiratory diseases.


Table 4 summarises temperature-mortality relationships across different temperature metrics. The table was produced based on the graphical relationship in the box plots produced in SPSS [20]. Threshold temperatures are identified when the median mortality anomaly increases above baseline (mortality anomaly > 1). The number of days exceeding the thresholds refers to the number of days between 1999 and 2009. In short, mean NET, DTR, and temperature change between neighbouring days are demonstrated to be effective in predicting excess mortality.
4. Discussion
4.1. Temperature Metrics and Mortality in Hong Kong
Net effective temperature (NET) incorporates ambient temperature, wind speed, and relative humidity and is used in both hot and cold situations [14]. A high positive value indicates high heat load whereas a high negative value indicates substantial heat loss [14]. In order to establish a hot and cold weather warning system, the HKO uses the extreme values of NET as a gauge. It appears that the results support the current HKO’s standard for issuing very hot weather warnings, with excess mortality occurring when daily maximum temperature exceeds 35°C (Table 4). There is no cold excess mortality during winter on lag day 0 (Table 4). However, excess mortality occurs when mean daily apparent temperature falls below 8°C (Table 4). Generally, excess mortality occurs in the upper and lower 2.5% of NET as indicated by Li and Chan [14]. It is interesting to note that there are many nil values when max NET and min NET are examined. This indicates that no excess mortality occurs using these two temperature metrics. Based on the above results, the current weather warning system in Hong Kong might not accurately reflect people’s experience in urban area for two reasons. First, the system depends on max NET and min NET to issue very hot and cold weather warning. Second, the warning system does not incorporate diurnal temperature range (DTR) and temperature change between neighbouring days. 
A large DTR increases health risks (Figures 1, 2, 3, 4, and 5). There were 37 days from 1999 to 2009 with DTR exceeding 8°C, associated with an increased median mortality ranging from 3–16%. During summer (June to August), a large DTR indicates a very hot day (above 95th percentile) and warm night on the same day. For example, on 19th July 2005, the maximum temperature was 35.4°C and the minimum temperature was 26.9°C. A lack of heat relief is associated with excess mortality because people do not have time to recover from heat exposure. This is important as hot nights are expected to increase in the future in Hong Kong [21]. 
The large DTR observed in Hong Kong is different from situations such as Melbourne when a large DTR indicates a cool change in the afternoon; in other words, a hot day and cool night represent a large DTR [12]. During winter (December to February), a large DTR might indicate a cool day with unusually cold night in Hong Kong. For instance, on 26th December, 2002, the maximum temperature was 16°C and the minimum temperature was 7.2°C. Exposure to such cold weather can trigger deaths caused by cardiovascular disease [22]. 
Temperature between neighbouring days is a temperature measure that is seldom investigated in the Hong Kong literature because rapid day-to-day temperature changes are perceived to be rare in Hong Kong [15]. A large temperature change indicates unstable weather systems and can increase the risk of mortality [19]. On the days with mean temperature change between neighbouring days greater than 4°C (13 days from 1999 to 2009), excess mortality (all-cause and RD) increases by at least 7% (see Figures 6 and 7). A large change in maximum temperature (>5.5°C) occurred 8 times between 1999 and 2009, this results in about a 3 to 4% increase in excess mortality for all-cause and RD, respectively (see Figures 8 and 9). In summary, the HKO should incorporate DTR and temperature change between neighbouring days in both hot and cold weather warnings. In refining the current warning system, it can prevent avoidable deaths and reduce the health risks of vulnerable populations. 
4.2. Policy Implications
The HKO currently uses a fixed threshold temperature when issuing very hot and cold weather warnings. Sometimes excess mortality occurs before the warning is issued. Excess mortality occurs when DTR exceeds 8°C (Figures 1 and 2) and temperature change (mean temperature) of neighbouring days exceeds 4.1°C (Figure 5). Therefore, it is necessary to incorporate the above two temperature measures in a heat-health weather warning system. With temperature forecasts available for a week in advance, the government can issue advisories a few days ahead and then issue warnings as the threat increases. Our paper is one of the few that examine the impact of cold weather on mortality in Hong Kong. Understanding the cold threshold temperature will improve the current cold weather warning system. However, it is suggested that the elderly might have a lower heat threshold or a higher cold threshold for excess mortality [23]. It is because they have impaired thermoregulation, and the use of drugs can also affect normal homeostasis. In future research, a cohort study design with focus groups and questionnaires can help to target the more vulnerable elderly population. 
There are several limitations of this study. The findings of this study might not necessarily be generalized to cities from temperate regions or even other subtropical regions, due to the varying demography and socioeconomic factors. Additionally, an ecological study design is susceptible to ecological fallacy, so it is not able to explain individual-level responses from aggregate data. It is acknowledged that air pollution is an important confounder, but it was not included in the study due to the scope of this project. In terms of mortality data quality, there might be misclassification of diseases. Furthermore, air temperature fails to consider indoor temperature which is influenced by the housing design and the use of air conditioning and heating. It is beyond the scope of the current study design to analyse the differences in exposure based on the time spent either indoors or outdoors. Finally, preliminary findings of lag day 1–3 do not reveal any significant excess mortality. However, with longer lag days excess mortality might result.
5. Conclusions
This study aimed to determine the impact of extreme temperature on mortality in Hong Kong. It identified various temperature thresholds for excess mortality. Specifically, mean net effective temperature (NET), diurnal temperature range (DTR), and temperature change (mean temperature) are shown to be effective temperature metrics in predicting excess mortality in Hong Kong. To the best of our knowledge, temperature change between neighbouring days is a temperature metric that has not been studied in Hong Kong before. The Hong Kong Observatory should consider incorporating DTR and temperature change in the heat-health weather warning system, rather than using a fixed weather stress index that is only based on NET. This study demonstrates that the current heat threshold for very hot weather warnings (daily maximum temperature ≥33°C) predict excess summer mortality in Hong Kong. In comparison, the threshold for very cold weather warning (daily minimum temperature ≤12°C) does not appear to predict excess cold mortality on the same day as exposure. Moreover, winter mortality is higher than summer mortality but is seldom studied in Hong Kong. A greater emphasis on cold-related mortality research can refine the cold weather warning systems in Hong Kong and reduce winter mortality.
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