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Abstract 30 

Background  31 

The impact of heatwaves on public health has led to an urgent need to describe extremely hot weather events 32 

(EHWEs) and evaluate their health impacts.  33 

Methods 34 

In Hong Kong, a very hot day (VHD) can be defined when the daily maximum temperature ≥ 33 °C, and a hot 35 

night (HN) can be identified if the daily minimum temperature ≥ 28 °C. Three lengths of time, nine 36 

combinations of VHD and HN, and four categories of occurrence intervals between two EHWEs were 37 

considered over 2006–2015. The daily relative risk (RR) of all-cause mortality was estimated using Poisson 38 

generalized additive regression models, controlling for both short-term and long-term trends in temperature as 39 

well as four air pollutants. Lagged effects of the representative EHWEs were further examined for their 40 

association with mortality. Subgroup analysis was conducted for different sex and age groups.  41 

Results 42 

Significant associations with raised mortality risks were observed for a single HN, while stronger associations 43 

with mortality were observed as significant for five or more consecutive VHDs/HNs. More HNs between the 44 

consecutive VHDs also significantly amplified the impact on mortality, with the strongest association observed 45 

for EHWEs characterized as 2D3N, and the effect significantly lagged for five days. Therefore, with identifiable 46 

health impacts, three thresholds (5VHDs, 5HNs, & 2D3N) were determined to be representative of identical 47 

types of EHWEs in Hong Kong. Furthermore, by taking 2 (3) consecutive VHDs (HNs) as one daytime 48 

(nighttime) EHWE event, those occurring consecutively without non-hot days (nights) in between were found 49 

to be significantly associated with excess mortality risks. Moreover, females and older adults were determined 50 

to be relatively more vulnerable to all defined EHWEs.       51 

Conclusions 52 
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Among all the observed significant heat-mortality associations in highly urbanized cities, EHWEs that occurred 53 

during the nighttime, with extended length, consecutively without any break in between, or in the pattern of 54 

2D3N might require the meteorological administration, healthcare providers, and urban planners to work 55 

interactively. 56 

Keywords: extremely hot weather event, heat wave, heat health, mortality, urban heat island effect57 
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1 Introduction 58 

The unprecedented loss of human life during the European heat wave in 2003 (De Bono, Peduzzi, Kluser, & 59 

Giuliani, 2004) broadly increased research interests in examining the health impact of extremely hot weather 60 

events (EHWEs) (Kravchenko, Abernethy, Fawzy, & Lyerly, 2013). In the past few decades, global climate 61 

change and aggravated urban heat island effects have combined to increase the frequency, intensity, and length 62 

of EHWEs in urban areas and cities (Alexander et al., 2006; Gershunov & Douville, 2008; Heaviside, 63 

Vardoulakis, & Cai, 2016; Meehl & Tebaldi, 2004; Perkins-Kirkpatrick & Gibson, 2017), which further 64 

contributed to extensive exploration of the occurrence characteristics of EHWEs and estimation of their 65 

corresponding health impacts (Golden, Hartz, Brazel, Luber, & Phelan, 2008; Uejio et al., 2011). For example, 66 

Hajat and Kosatsky (2010) reviewed previous epidemiological studies on heat-related mortality and found that 67 

heat-related excess mortality occurs across different geographical and climatic regions as well as for individuals 68 

at all levels of socio-economic status (Hajat & Kosatky, 2010). In 2017, another study examined twelve types of 69 

heat waves in 18 countries/regions and also found that high temperatures significantly contribute to excess 70 

mortality (Guo et al., 2017). Particularly, this study found that people residing in moderately hot and moderately 71 

cold places were more likely to suffer from heat events than those living in cold and hot areas. Moreover, 72 

previous studies highlighted the difficulty in synthesizing varied heat-mortality associations and achieving an 73 

international definition of EHWEs due to the inherent heterogeneity among different study contexts, particularly 74 

in terms of diverse meteorological conditions, built-up environments, and demographic compositions, which are 75 

highly correlated with the local population’s vulnerability, acclimatization, and adaptation to heat events. 76 

Among the broadly studied characteristics of EHWEs in previous studies, the length of the EHWE has broadly 77 

been suggested as a critical characteristic in indicating the cumulative health effect of these events, which can 78 

provide useful reference information for the weather services to issue hot weather–related warnings and 79 

minimize the potential hazards during forecast EHWEs with different lengths. A systematic review, however, 80 

suggested that heat wave intensity can play a more important role than its length in determining heat-related 81 
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deaths (Z. Xu, FitzGerald, Guo, Jalaludin, & Tong, 2016). This review also suggested that city or region-82 

specific heat health early warning systems based on identified local EHWE characteristics may be optimal for 83 

protecting people from the adverse impacts of future EHWEs. Another health-related characteristic of EHWEs 84 

that has been increasingly discussed in epidemiological studies during the past few decades is heat exposure 85 

during the nighttime, independently from daytime EHWEs or 24-hour–based EHWEs (Murage, Hajat, & 86 

Kovats, 2017; Roye, 2017). High nighttime temperatures have been found to equally or more significantly 87 

affect the wellness of the public when compared with daytime heat events or heat events defined by using 24-88 

hour average temperatures (Laaidi et al., 2012; Murage et al., 2017), and the adverse health impacts of hot 89 

nights were found to be particularly significant for vulnerable populations such as older people and patients 90 

with chronic ischemic stroke (Murage et al., 2017), as well as those living in densely populated downtown areas 91 

who were suffering from the urban heat island effect (Agency, 2006; Hajat & Kosatky, 2010; Kalkstein & 92 

Greene, 1997).  93 

Without non-hot nights providing significant relief from the heat exposure during the daytime, the increasing 94 

frequency of consecutive hot days and hot nights may introduce excessive health stress to cities struggling with 95 

other unfavorable environmental conditions such as the urban heat island effect and air pollution (Analitis et al., 96 

2014; Davies, Steadman, & Oreszczyn, 2008; Heaviside et al., 2016; Laaidi et al., 2012; Mavrogianni et al., 97 

2011; Shahmohamadi, Che-Ani, Etessam, Maulud, & Tawil, 2011). For example, studies in Hong Kong and 98 

London highlighted the noticeable mortality risk during consecutive hot nights (Ho, Lau, Ren, & Ng, 2017; 99 

Murage et al., 2017); the study conducted in London also suggested that the impact of heat exposure was 100 

highest on hot nights that were preceded by a hot day (Murage et al., 2017). Previous studies also suggested that 101 

high nighttime temperatures may greatly affect health-related behaviors such as sleep quantity and quality, 102 

which may result in severe health conditions (Obradovich, Migliorini, Mednick, & Fowler, 2017). Moreover, 103 

people are relatively more vulnerable to environmental stressors at night due to their inactive physical status 104 

resulting in a lower likelihood of making prompt adjustments to the unfavorable heat exposure. Therefore, for 105 

cities dealing with the health impacts of the increasing frequency of EHWEs, describing daytime and nighttime 106 
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EHWEs independently and interactively—in addition to the length and intensity—is necessary to accurately 107 

summarize the population’s total heat exposure and assess the corresponding health risks. 108 

Hong Kong is located in a subtropical climate with hot and humid summers, and its maximum temperature 109 

often exceeds 31 °C in the daytime during the summer. Due to global warming and rapid urbanization, Hong 110 

Kong has experienced more frequent and intense hot weather and prolonged summers over the last two decades, 111 

as indicated by the increasing numbers of very hot days (VHDs) and hot nights (HNs)(Y.K. Leung, 2004). 112 

Moreover, under the global trend of climate change, the frequency, magnitude, and duration of extreme hot 113 

weather are projected to increase in Hong Kong in the 21
st
 century (J. S. W. Lee, Auyeung, Leung, Kwok, &114 

Woo, 2014). Particularly, the high-density compact urban setting in Hong Kong was found to hamper local air 115 

ventilation, which could further exacerbate the thermal environment of urban areas (Chan, Kok, & Lee, 2012; 116 

Ginn, Lee, & Chan, 2010; Peng et al., 2018; Wong, Mok, & Lee, 2011). Acknowledging that the hot and humid 117 

summer conditions together with decreasing urban ventilation may cause significant heat-related health impacts 118 

to the locals, especially for populations of older adults suffering from chronic diseases, outdoor workers, or the 119 

underprivileged who live in congested and poorly ventilated environments (Brazel, 2006; CY, 2006), the Hong 120 

Kong Observatory (HKO) has been issuing Very Hot Weather Warnings (VHWWs) to alert the public of the 121 

risk of heatstroke and sunburn due to very hot weather in Hong Kong since 2000 (HKO, 2018b). The issuing of 122 

a VHWW appears to have some effect in reducing mortality among older people in Hong Kong (Chau, Chan, & 123 

Woo, 2009). However, a definition of an EHWE that includes an extensive description of its occurrence 124 

characteristics and corresponding estimation of its health impacts is still lacking.  125 

To address this research gap and enhance the heat stress information services to minimize the adverse health 126 

impacts caused by EHWEs, this study aimed to develop applicable thresholds for identifying EHWEs that 127 

significantly introduce excess mortality in high-density cities by accounting for daytime and nighttime heat 128 

events, respectively and interactively, as well as different lengths and intensities of EHWEs. Suggestions on 129 

thresholds for defining EHWEs with significant health impacts are made in the context of Hong Kong, which 130 

may also be applied in other highly urbanized and subtropical metropolises. 131 
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2 Methods  132 

This study was based on all ages of the Hong Kong population during the study period from January 1, 2006 to 133 

December 31, 2015. Time-series daily datasets of all-cause mortality, temperature, and air pollutants in Hong 134 

Kong were collected.  135 

2.1 Measures 136 

For the study period, daily counts of all-cause deaths were obtained from the Census and Statistics Department 137 

of Hong Kong. Hourly temperatures measured at the HKO Headquarters were acquired from the HKO, and the 138 

daily average concentration of four air pollutants (CO, NO2, PM2.5, and O3) were acquired from the 139 

Environmental Protection Department. Figure 1 demonstrates the definition of EHWEs in this study. 140 

Step 1: Based on hourly temperatures obtained from HKO Headquarters, two indicators, namely VHDs 141 

(daily maximum temperature ≥ 33 °C) and HNs (daily minimum temperature ≥ 28 °C), were adopted to 142 

define a single extremely hot day and night, respectively (T.-c. Lee, Chan, & Ginn, 2011). 143 

Step 2: Consecutive 1–2, 3–4, or ≥ 5 VHDs and HNs were observed as three different lengths of a daytime 144 

and nighttime EHWE, respectively.  145 

Step 3: To capture the sequentially interactive effect between VHDs and HNs on the daily population 146 

mortality, four combinations were identified for every two consecutive VHDs, according to the count of HNs 147 

among a total of three nights around these two days, namely two consecutive VHDs with intermittent 0, 1, 2, 148 

or 3 HNs (2D0N, 2D1N, 2D2N, 2D3N), where 2D0N means two consecutive VHDs without a hot night 149 

within the corresponding three nights (nDnDn), whereas 2D3N means two consecutive VHDs with three HNs 150 

(NDNDN), where the capital D and N represent VHDs and HNs, respectively, and the lowercase n represents 151 

a non-hot night. Similarly, five combinations were classified for those three consecutive VHDs with 152 

intermittent 0, 1, 2, 3, or 4 HNs (3D0N, 3D1N, 3D2N, 3D3N, 3D4N), where 3D2N means two nights out of 153 

the four nights sequentially attached with the three consecutive VHDs were identified as hot ( _D_D_D_), 154 
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including six possible patterns, namely NDNDnDn, NDnDNDn, NDnDnDN, nDNDNDn, nDNDnDN, and 155 

nDnDNDN. 156 

Step 4: Among the different combinations of VHDs and HNs, a representative combination xDyN would be 157 

suggested by taking into account the occurrence frequency and effect size of its association with all-cause 158 

mortality. By taking every x consecutive VHDs as one daytime EHWE and every y consecutive HNs as one 159 

nighttime EHWE, the occurrence interval between daytime (nighttime) EHWEi and the preceding daytime 160 

(nighttime) EHWEi − 1 were classified into one of four groups: 1) zero non-hot days (nights) in between; 2) 1–161 

3 non-hot days (nights) in between; 3) 4–7 non-hot days (nights) in between; 4) ≥ 8 non-hot days (nights) 162 

after the daytime (nighttime) EHWEi − 1, which includes the first daytime (nighttime) EHWE of each year.  163 

2.2 Statistical analysis 164 

For different EHWEs, respectively, the daily relative risk (RR) of all-cause mortality between an EHWE and 165 

non-EHWE was estimated by adopting Poisson generalized additive regression models and adjusting for long-166 

term trends, seasonality, day of the week, and the daily concentration of air pollutants: 167 

         
                                          

                   . (1) 168 

The above equation (1) shows the full model used in this study, where   is the observed date, and Y  is the death 169 

count on date  , which is assumed to follow an over-dispersed Poisson distribution, such that the quasi-Poisson 170 

link was adopted. The main effect of the EHWE is estimated by         , where        is a dummy 171 

variable indicating whether date   was observed as extremely hot according to different definitions of EHWEs, 172 

and   is the corresponding coefficient that could be further calculated into the RR of all-cause mortality 173 

between an extremely hot day/night and a non-extremely hot day/night. α is the intercept of the full model. 174 

Seasonality and long-term (decadal) trends were controlled by fitting spline functions on the day of the year, 175 

with three knots per year and five knots on the day of the study period. Day of the week (DOW) is specified as 176 

six dummy variables, and         
 

   
 is a summarized function describing the effects of four air pollutants 177 
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(CO, NO2, PM2.5, and O3). All models were adjusted for the effect of the daily average temperature by adding a 178 

cross-basis quadratic B spline term,      , which simultaneously includes the contributions of temperature and 179 

its lag effects. The daily average temperature was centered at the 75
th

 percentile of the yearly temperature, 180 

which was suggested as the temperature corresponding to the minimum mortality risk by a previous study (Guo 181 

et al., 2014). A maximum nine-days’ lag was allowed in the model to control for the lagged effect of the 182 

average temperature and to make the model in accordance with HKO’s 9-day weather forecast system. The 183 

model fit was validated by excluding autocorrelations and checking the residuals. 184 

A representative EHWE was identified as the one that frequently occurred in Hong Kong during the study 185 

period and was most significantly associated with all-cause mortality. Furthermore, the lagged effect of the 186 

representative EHWE was examined by postponing the EHWE to 1–9 days. We then linked the postponed 187 

EHWE with the death counts on the corresponding date to examine the lagged effect of EHWEs on all-cause 188 

mortality. Lastly, the representative EHWE was prolonged until the day from which the effect on mortality 189 

becomes insignificant, so that the average impact on the mortality of the extended EHWE can be estimated. 190 

To explore the vulnerable populations for all the analyses done for the overall study population, subgroup 191 

analyses were conducted according to sex (male and female) and age (≤18, 19–64, and 65+), respectively. All 192 

analyses were performed using the dlnm, mgcv, gam, and splines packages of the R software (version 3.3.3), 193 

with a two-tailed significance level of p < 0.05. 194 

3 Results  195 

3.1 Data summary 196 

Table 1 shows the summary of weather conditions and all-cause mortality from January 1, 2006 to December 197 

31, 2015. The daily mean temperature in Hong Kong ranged from 4.9 °C to 32.5 °C with a median temperature 198 

of 24.7 °C. The daytime (0600–1800 LST) median temperature was approximately 1° higher than the nighttime 199 

median temperature (25.2 °C versus 24.2 °C). A total of 359,220 deaths were recorded during the ten years. 200 

Excluding deaths without detailed information on age and sex, there were 176,368 (49.1%) male deaths and 201 
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143,089 (39.8%) female deaths, and there were 968 (0.3%), 61,552 (17.1%), and 256,937 (71.5%) deaths in the 202 

three age groups of ≤ 18, 19–64, and 65+, respectively. 203 

Table 2 shows the daily count for different definitions of EHWE. During the ten-year period studied between 204 

2006 and 2015 (3,652 days), 204 VHDs were observed, among which 111, 45, and 48 days were identified as 205 

belonging to EHWEs that lasted for consecutive 1–2, 3–4, and ≥ 5 VHDs, respectively. In addition, there were 206 

230 HNs, among which 104, 70, and 56 nights were identified as belonging to the EHWEs that lasted for 207 

consecutive 1–2, 3–4, and ≥ 5 HNs, respectively. For different combinations of VHDs and HNs, there were 46 208 

days characterized as two consecutive VHDs with three corresponding HNs (2D3N), whereas 30 days were 209 

characterized as having two consecutive VHDs with no HN occurring thereafter (2D0N). The majority of the 210 

three consecutive VHDs occurred with two (31%) or four (35%) intermittent HNs. Taking the representative 211 

EHWE (2D3N) in Hong Kong as the standard to define the daytime EHWE (2VHDs) and nighttime EHWE 212 

(3HN), respectively, the occurrence interval between every two consecutive daytime/nighttime EHWEs were 213 

classified into four groups. In total, 55 VHDs belonged to the daytime EHWE that occurred right after the 214 

preceding daytime EHWE with non-hot days in between, 10 VHDs were identified as a daytime EHWE that 215 

occurred 1–3 days after the preceding daytime EHWE, 14 VHDs occurred more than three days after the 216 

preceding daytime EHWE, and 66 VHDs occurred more than eight days later than the preceding event. For 217 

nighttime EHWEs, there were 8, 15, 30, 11, and 34 HNs that occurred immediately thereafter, 1–3 nights later, 218 

4–7 nights later, and more than 8 nights later than the preceding nighttime EHWE, respectively. 219 

3.2 Main effect of EHWE on mortality 220 

The impact of EHWEs on mortality varied across different event lengths and types. Compared with non-hot 221 

nights, significant excess mortality was observed for a single HN with an increased risk of 2.43% (95% CI: 222 

0.75%, 4.14%). No significant mortality risk was observed for a single VHD (increased risk = 1.57%, 95% CI: -223 

0.18%, 3.35%). The strongest daily mortality risk was observed during EHWEs that lasted for more than five 224 

consecutive days or nights, with an increased daily mortality risk of 3.99% (95% CI: 0.56%, 7.53%) for the 225 
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daytime EHWE and 6.66% (95% CI: 3.45%, 9.96%) for the nighttime EHWE (Table 3). Therefore, five VHDs 226 

and five HNs are considered representative thresholds for EHWEs with significant health impacts in Hong 227 

Kong. 228 

Among nine different combinations of VHDs and HNs, more intermittent HNs between the consecutive VHDs 229 

significantly amplified the impact on all-cause mortality, with the strongest effect on daily mortality being 230 

observed for 2D3N, with an increased mortality risk of 5.32% (95% CI: 1.83–8.93%), while 4.60% (95% CI: 231 

0.57–8.79%) was seen for a 3D4N event (Table 4). Due to the strong association with all-cause mortality 232 

(increased mortality risk of 5.32%) and the high occurrence frequency of 2D3N (Table 2), 2D3N was 233 

considered to be another suitable threshold for EHWEs in Hong Kong.  234 

Furthermore, among different occurrence intervals between two daytime EHWEs, a 4.39% (95% CI: 1.18–235 

7.70%) excess risk of daily mortality was found to be significant for a daytime EHWEd occurring right after a 236 

preceding daytime EHWEd − 1 without non-hot days in between, and a 7.50% (95% CI: 1.26–14.13%) increased 237 

risk of daily mortality was found for a daytime EHWEd occurring 4–7 days after the preceding event. For 238 

different occurrence intervals between two representative nighttime EHWEs, a 5.74% (95% CI: 1.81–7.70%) 239 

excess risk of daily mortality was observed for those occurring right after a preceding nighttime EHWEn − 1 240 

without non-hot nights in between (Table 3). 241 

For a representative 2D3N EHWE in Hong Kong, Figure 2 shows the daily increased risk of mortality and the 242 

corresponding 95% confidence interval resulting from this representative EHWE (2D3N) with 0, 1, 2, 3, 4, 5, 6, 243 

and 7 day’s lag. The excess risk of daily mortality for this type of EHWE decreased from 5.32% (95% CI: 244 

1.78%, 8.80%) to 4.05% (0.64–7.58%) in the 5
th

 lag day, whereas it became insignificant (RR = 3.11%, 95% 245 

CI: -0.29%, 6.62%) after the 6th lag day. Therefore, we prolonged the EHWE for five days to estimate the 246 

average effect of the representative EHWE during the prolonged hot period. Compared with all the other dates, 247 

the average increased risk of daily mortality during the prolonged representative EHWE was 3.80% (95% CI: 248 

1.35%, 6.31%). 249 



11 
 

3.3 Subgroup analysis 250 

By conducting subgroup analyses according to sex, we found that females were more likely to be affected by a 251 

single HN, with an increased mortality risk of 2.74% (95% CI: 0.35%, 5.18%). Besides, for both males and 252 

females, a significantly increased mortality risk was observed for nighttime EHWEs lasting for more than five 253 

days/nights, whereas daytime EHWEs of the same length were only marginally (p-value = 0.05) significant in 254 

association with an increased mortality risk of 5.06% (0.75–9.75%, p-value = 0.055) among males (Table 3). A 255 

nighttime EHWEn preceded by an EHWEn − 1 without any break from non-hot nights in between was found to 256 

introduce higher mortality risk only among the females, with an increased risk of 6.82% (95% CI: 0.60%, 257 

13.43%). Moreover, a daytime EHWEd preceded by an EHWEd − 1 with 4–7 non-hot days in between was 258 

significantly associated with an increased mortality risk of 11.29% (1.90–21.56%) for females (Table 3). 259 

For those younger than 18 years old, a significantly increased mortality risk was only found during five or more 260 

consecutive HNs and those representative nighttime EHWEs occurring without a non-hot break in between; 261 

however, the results need to be cautiously interpreted due to the small sample size in this age group (Table 3). 262 

No significant association was found between all defined EHWEs and all-cause mortality for the adults (18–64 263 

years old). For those aged ≥ 65, a single HN showed a significant association with an increased mortality risk of 264 

2.53% (0.46–4.64%), whereas a single VHD did not indicate a significant effect on mortality. However, for 265 

different lengths of EHWEs, only HNs lasting for more than five nights had significant effects on all-cause 266 

mortality of those aged ≥ 65, with a daily increased mortality risk of 5.33% (1.08–9.75%). For different 267 

combinations of VHDs and HNs, EHWEs characterized by consecutive 2D3Ns only showed significant impacts 268 

for those aged ≥ 65, with a daily increased mortality risk of 5.87% (1.46–10.47%) (Table 4). In addition, 269 

representative nighttime EHWEs that occurred without any break from non-hot nights in between could 270 

potentially cause a greater risk of mortality for those aged ≥ 65, with a significant increased risk of 5.23% (95% 271 

CI: 0.20%, 10.52%) (Table 3).  272 

4 Discussion 273 
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4.1 Significant characteristics of EHWEs 274 

By defining different EHWEs and comparing their corresponding daily mortalities, our findings showed that the 275 

hazards from EHWEs characterized by HNs are comparable with and even greater than those from VHDs. 276 

These HN-related EHWEs include a single HN and consecutive HNs lasting for more than five nights. 277 

Moreover, consecutive VHDs occurring with more intermittent HNs in between (2D3N or 3D4N) are more 278 

likely to cause excess all-cause mortality among the general populations, females, and seniors. Compared with 279 

two consecutive daytime EHWEs in Hong Kong, two consecutive nighttime EHWEs without any break from 280 

non-hot nights in between also showed more of an increased mortality risk than those EHWEs occurring after 281 

some non-hot nights. In a similar study conducted in Australia, extreme hot weather was predominantly 282 

associated with higher mortality risk during the daytime than at nighttime (Z. W. Xu & Tong, 2017); this is in 283 

contrast to the results in the current study and findings in our previous study on HNs, which suggests that they 284 

may contribute to the population’s excess mortality more than VHDs do (Ho et al., 2017) and further indicates 285 

that variations in climate, urban settings, and demographic composition may result in considerably different 286 

extents of health impacts from EHWEs (Luber & McGeehin, 2008). During the past few decades, nighttime 287 

temperatures have been observed to increase more rapidly than the warming trend during the daytime (Agency, 288 

2006; Davy, Esau, Chernokulsky, Outten, & Zilitinkevich, 2017). Particularly, in high-density urban settings, 289 

the urban heat island effect intensified by waste heat released from air conditioners and traffic, commuter 290 

systems, and industrial and residential lighting has progressively contributed to the increased temperature 291 

during the nights and the weakened resilient capability of the nights (Brazel, 2006; Wang, Zhou, Ng, & Xu, 292 

2016), which may explain the enhanced heat hazards at night in highly urbanized settings (Laaidi et al., 2012). 293 

Therefore, future studies in the assessment of EHWE-related hazards should address nighttime heat events 294 

separately and in a manner equal to those for daytime or 24-hour–based heat events. 295 

Moreover, we compared various EHWEs with different lengths of consecutive VHDs and HNs and found that 296 

the hazards from ≥ 5 consecutive VHDs / HNs were significantly greater than hazards from a single VHD or 297 

HN. In addition, by combining VHDs and HNs, we found that consecutive VHDs with more intermittent HNs 298 
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are more likely to increase the mortality risk, such that 2D3N showed the greatest harmful effect on all-cause 299 

mortality, followed by 3D4N, which indicates the significant resilience capability of non-hot nights. In a 300 

comparison of different occurrence intervals between two consecutive daytime/nighttime EHWEs, a 301 

daytime/nighttime EHWE occurring right after a preceding daytime/nighttime EHWEi − 1 without any non-hot 302 

break in between was most likely to cause excess mortality. 303 

In summary, from the health impact and early alert perspectives, the five consecutive VHDs, five consecutive 304 

HNs, and continuous 2D3Ns are considered to be representative thresholds for identifying different types of 305 

EHWEs in Hong Kong. 306 

4.2 Vulnerability of populations 307 

By stratifying the study population according to gender and age, stronger effects of EHWEs on mortality were 308 

found among females and seniors aged 64+ years. Compared with males, females generally have poorer 309 

acclimation capability resulting from their late onset of sweating and lower sweat rates (Kenney, 1985); smaller 310 

body sizes, which allow for rapid heat gain; larger surface area-to-mass ratio, which results in more significant 311 

water lost in unfavorable hot weather; poorer fitness levels, which lead to lower cardiac reserves and worse 312 

tolerance to acclimation under heat exposure; and higher body fat percentages requiring higher metabolic costs 313 

for any physical task (Kenney, 1985). For the older population, the significantly deteriorated physical function 314 

and resilience capability make acclimatization to heat exposure much slower and insufficient for older 315 

populations than for younger populations (Kenny, Yardley, Brown, Sigal, & Jay, 2010). Besides, unlike 316 

working-age populations, seniors spend the vast proportion of their time indoors at residential places, so 317 

caregivers’ assistance and the household cooling system play critical roles in their wellness during EHWEs. 318 

However, there is a considerably high proportion of older individuals living alone (Victor, Scambler, Bond, & 319 

Bowling, 2001) without close caregivers and available cooling systems, which could directly result in delayed 320 

reactions to heat-related symptoms resulting in critical health outcomes such as hospital admission and 321 

mortality, particularly for those with severe morbidities. Even for healthy older adults with close caregivers, 322 
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electricity expenses and the possibility of catching a cold by using air conditioning/indoor cooling systems are 323 

two major barriers for them to take effective adjustment action during EHWEs (Hansen et al., 2011). Instead of 324 

investing in or turning on air conditioning, they are more likely to stay in public areas where the air 325 

conditioning is free and is usually set at relatively low temperatures. Alternatively, it is very common among 326 

the older population to use a fan as the “cooling device,” which might not effectively cool down the indoor air 327 

temperature due to the poor natural ventilation design and the  small window size of residential buildings in 328 

Hong Kong (Gao & Lee, 2011). Therefore, females and seniors are strongly suggested to be protected during 329 

EHWEs, which could be achieved by modifying their living environments, providing accessible public 330 

resources and emergency aids, and delivering sufficient education on how to scientifically and effectively live 331 

through these extreme heat events.   332 

However, modifying effects may exist between sex and age on all-cause mortality due to the average longer life 333 

expectancy for females than for males (87.6 vs. 75.3 years in Hong Kong) (protection, 2017), which may result 334 

in a higher proportion of older individuals in the female population than in the male population, making it 335 

possible that the significant hazards of EHWEs observed in females were actually caused by the vulnerability of 336 

older adults. In our study, the proportion of older adults in the female population was 83.4%, whereas the 337 

proportion of older adults in the male population was 75.5%, which make the findings vulnerable to the unclear 338 

interaction between sex and age on mortality. Therefore, we further checked the mortality risk during all 339 

defined EHWEs for older males and older females, and we found that the association remained robustly 340 

significant for older females, which suggests that females are relatively more vulnerable than males during 341 

EHWEs. Future studies are encouraged to extensively explore the characteristics of the population such that 342 

vulnerable populations can be identified and protected. 343 

4.3 Strengths 344 

Firstly, based on mortality records and city-wide meteorological measurements, both the study population and 345 

study period are representative of the Hong Kong population and weather conditions during the past decade. 346 
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Secondly, nighttime heat events were classified to compare their hazards with those of daytime heat events. We 347 

further studied how HNs interacting with consecutive VHDs affect the daily mortality risk to provide evidence 348 

on the necessity of assessing health impacts of heat events for both VHD- and HN-related EHWEs. Thirdly, we 349 

used Poisson regression models to adjust for long-term, seasonal, and lag effects of the temperature on 350 

mortality; we also controlled for weekly trends and four air pollutants, such that the results are likely to 351 

approximate the independent association between extreme heat events and mortality.  352 

For model modification, in accordance with previous studies that controlled for relative humidity as a 353 

confounding factor in estimating the association between heat stress and mortality, we conducted a sensitivity 354 

analysis by adding daily relative humidity as a covariate in our final model. Compared with the reported model 355 

(adjusted R
2
 = 0.43), the model fit of the modified model with relative humidity did not significantly improve 356 

(adjusted R
2
 = 0.43), and the primary results in estimating the mortality risk during the defined EHWEs 357 

remained robust. Particularly, considering the relative humidity level in Hong Kong is constantly high with very 358 

slight spatial and temporal variation and we did not observe significant time-varying pattern in relative humidity 359 

during the study period, results from the final model without relative humidity level were reported. Similarly, 360 

even though sulfur dioxide (SO2) has not been a critical air pollutant in Hong Kong since 1997 (Department, 361 

2018), we conducted a sensitivity analysis by adding daily concentrations of SO2 to our final model, in 362 

accordance with previous studies that controlled for SO2 as one of the critical air pollutants that correlates 363 

highly with temperature and mortality. However, the model fit did not change when comparing the modified 364 

model with the reported model (adjusted R
2
: 0.43 vs 0.43), and the estimated primary effect of the defined 365 

EHWEs remained robust.  366 

Therefore, our findings are more applicable in estimating the hazards from EHWEs and enhancing the heat 367 

stress information service in a local context. Particularly, unlike evidence on the RR of mortality with every one 368 

degree increase in temperature, the predicted hazards of a defined VHD/HN in an EHWE are more interpretable 369 

for relevant stakeholders and the general public to take preventive strategies when EHWEs are predicted.  370 
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4.4 Limitations 371 

Firstly, we studied all-cause mortality risks during EHWEs without specifying mortality attributes. In fact, heat-372 

related deaths are very hard to clarify due to the current death diagnosis practice that is primarily based on 373 

pathophysiological attributions without considering the circumstances surrounding the death. Particularly, 374 

studies in recent years have suggested that hot weather can increase the risk of accidental deaths from 375 

committing suicide (Burke et al., 2018), unintentional fatal injuries, and accidents (Kampe, Kovats, & Hajat, 376 

2016). Therefore, we used all-cause mortality to avoid the underestimation of fatal hazards from EHWEs, but 377 

we suggest that future studies use more immediate health outcomes or early syndromes of extreme heat 378 

exposure to evaluate the early hazards of EHWEs at the stage at which hazards are more likely to be prevented. 379 

Secondly, while the temperature records at the HKO Headquarters used in this study are generally 380 

representative of the temperature in urban areas in Kowloon Peninsula, given the complex terrain and 381 

differences in local weather (e.g., cloud cover amounts, isolated showers, and wind speed/direction) in Hong 382 

Kong, the regional variation in the temperature in different parts of the territory may sometimes not be fully 383 

represented. Thirdly, acclimatization, including physical adaptations and living environment modifications (e.g., 384 

air conditioning), could be important effect modifiers for the association between high temperatures and adverse 385 

health outcomes, which we were unable to address due to unavailable data; however, in cities that allow for 386 

publicly accessible datasets, household/district income and electricity expenses at clustering levels could be 387 

useful indicators of the prevalence of air conditioning, and subgroup analysis could be further conducted to 388 

adjust for the modifying effects of human acclimatization.  389 

5 Conclusions 390 

Our findings suggest that not only daytime but also nighttime-related EHWEs are independently associated with 391 

the increased mortality risk among the general population residing in a high-density urban setting. In addition, 392 

length and occurrence timing are two essential characteristics of an EHWE in determining the extent of the 393 

effect on mortality risk. By introducing different thresholds of EHWEs, the five consecutive VHDs, five 394 
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consecutive HNs, and continuous 2D3N events showed strong adverse effects on daily mortality. Particularly, 395 

2D3N with its five days’ lagged effect on all-cause mortality is suggested to be applicable in defining EHWEs 396 

in Hong Kong. Moreover, females and seniors are generally at a higher risk of mortality during EHWEs. 397 

Our study highlights the importance of defining EHWEs by extensively acknowledging their characteristics in 398 

terms of different types (daytime or nighttime), lengths, intensities, and combinations across these 399 

characteristics. Through a better understanding of the nature of human exposure to EHWEs and estimating the 400 

corresponding heat health risks, heat stress information services can be further enhanced, and heat-related 401 

healthcare services can be more efficiently distributed to meet the public’s needs during EHWEs.  402 
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Figures 540 

Figure 1. Definitions of extremely hot weather events in Hong Kong during January 1, 2006 to December 31, 541 

2015 542 

Figure 2. Lagged effect of the representative extremely hot weather event (2D3N) on daily all-cause mortality 543 

in Hong Kong 544 

545 



Table 1. Descriptive statistics of daily all-cause mortality, temperature, and air pollutants during 1 

the study period (2006–-2015) in Hong Kong 2 

Minimum Median 75
th
e percentile Maximum 

Temperature (°C℃) 

Daily mean temperature 4.9 24.7 28.1 32.5 

Daily minimum temperatures 3.2 23.0 26.1 30.1 

Daily maximum temperatures 7.0 26.9 30.3 36.1 

Daytime average temperature 4.2 25.2 28.5 32.9 

Nighttime average temperature 5.8 24.2 27.5 31.9 

Daily air pollutants (µg/m
3
) 

PM2.5 5.2 29.5 44.8 139.4 

O3 4.5 33.4 52.1 130.9 

CO (10 µg/m
3
) 33.7 76.8 95.1 216.1 

NO2 16.4 60.9 74.6 173.7 

Daily Mortality (persons) 
General population 3 97 107 162 

Males 2 53 59 91 

Females 5 43 48 76 

aged ≤ 18 1 1 1 4 

aged 19 ≤ Age < 64 1 18 22 37 

aged 65+ 5 77 86 137 

revision_Table1



Table 2. Summary of the dailyy count for different definitions of extremely hot weather events 

(EHWEs) during the study period (2006–-2015) in Hong Kong 

Variables Number of days Number of all other 

days excepting for the 

days meeting the 

definition 

All days Overall study period 3,652 0 

A single 

hot day/night 

Very hot day (VHD, daily maximum 

temperature ≥ 33 ℃) 

204 3,448 

Hot night (HN, daily minimum 

temperature ≥ 28 ℃) 

230 3,422 

Length of  

of a daytime EHWE 

1–-2 consecutive VHDs 111 3,448 

3–-4 consecutive VHDs 

≥ 5 consecutive VHDs 

45 

48 

of a nighttime EHWE 1–-2 consecutive HNs 104 3,442 

3–-4 consecutive HNs 70 

≥ 5 consecutive HNs 56 

Occurrence interval between 

two daytime EHWEs (2 

VHDs): EHWE d − -1 and 

EHWEd 

Continuously with zero0 non-hot 

days in between 

55 3,507 

with 1–-3 non-hot days in between 10 

with 4–-7 non-hot days in between 14 

with ≥ 8 non-hot days in between 66 

Occurrence interval between 

two nighttime EHWEs (3 
HNs): EHWE n − -1 and EHWEn 

Continuously with zero0 non-hot 

nights in between 

36 3,526 

with 1–-3 non-hot nights in between 15 

with 4–-7 non-hot nights in between 9 

with ≥ 8 non-hot nights in between 66 

Two consecutive VHDs with 

different intermittent HNs 

(NDNDN) 

0 HNs 30 3,494 

1 HN 37 

2 HNs 44 

3 HNs 47 

Three consecutive VHDs with 
different intermittent HNs 

(NDNDNDN) 

0 HNs 8 3,554 

1 HN 15 

2 HNs 30 

3 HNs 11 

4 HNs 34 
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Table 3.1. Increased risks of mortality (in percentages) between extremely hot days in the defined extremely hot weather events 

(EHWEs)  

and non-hot days, according to different lengths of EHWEs and different occurrence intervals between daytime/nighttime EHWEs. 

A single 

VHD/HN 

Length 

 (consecutive VHDs/HVNs) 
Occurrence interval between two daytime/nighttime EHWEs 

1–-2 

VHDs/HNs 

3–-4 

VHDs/HNs 

≥ 5 

VEHDs/HNs 

0 

days/nights 

1–-3 

days/nights 

4–-7 

days/nights 

≥ 8 

days/nights 

All study cases (n = 

359,220) 

Day 1.60 

(-0.15, 3.39) 

0.50 

(-1.77, 2.81) 

1.80 

(-1.67, 5.38) 

3.99 

(0.56, 7.53) 

4.39 

(1.18, 7.70) 

-1.11

(-7.97, 6.26) 

7.50 

(1.26, 14.13) 

0.30 

(-2.58, 3.26) 

Night 2.43 

(0.75, 4.14) 

0.56 

(-1.35, 3.40) 

1.18 

(-1.66, 4.10) 

6.66 

(3.45, 9.96) 

5.74 

(1.81, 9.82) 

1.32 

(-4.63, 7.64) 

3.33 

(-4.32, 11.58) 

2.86 

(-0.05, 5.86) 

Male 

(n = 176,368, 49.1%) 

Day 0.95 

(-1.26, 3.22) 

0.13 

(-2.75, 3.10) 

-0.10

(-4.47, 4.47) 

5.16 

(0.76, 9.75) 

3.96 

(-0.14, 8.22) 

-3.92

(-12.5, 5.52) 

4.92 

(-2.92, 13.38) 

-0.31

(-3.97, 3.49) 

Night 1.28 

(-0.86, 3.47) 

0.29 

(-2.69, 3.36) 

0.00 

(-3.60, 3.73) 

4.70 

(0.65, 8.90) 

1.82 

(-3.09, 6.97) 

2.00 

(-5.58, 10.19) 

0.77 

(-8.80, 11.35) 

2.40 

(-1.31, 6.24) 

Female 

(n = 143,089, 39.8%) 

Day 2.10 

(-0.53, 4.81) 

1.17 

(-1.96, 4.39) 

4.06 

(-1.03, 9.41) 

2.49 

(-3.13, 8.44) 

4.92 

(-0.1, 10.19) 

5.34 

(-4.59, 16.30) 

11.29 

(1.90, 21.56) 

0.60 

(-34.82, 55.26) 

Night 2.74 

(0.35, 5.18) 

1.51 

(-2.01, 5.16) 

5.43 

(-1.70, 6.73) 

6.06 

(0.79, 11.60) 

6.82 

(0.6, 13.43) 

2.33 

(-6.93, 12.51) 

4.08 

(-8.85, 18.85) 

2.33 

(-1.99, 6.84) 

Age ≤ 18 

(n = 968, 0.3%) 

Day 2.10 

(-8.51,13.95) 

1.39 

(-11.6, 16.30) 

4.08 

(-16.1, 29.12) 

5.13 

(-16.9, 33.00) 

3.77 

(-13.5, 24.5) 

5.65 

(-24.4, 47.72) 

-11.57

(-57.68, 84.77) 

-7.69

(-24.56, 12.96) 

Night 0.30 

(-9.60, 11.28) 

-5.73

(-19.4, 10.27) 

-3.3

(-15.7, 10.87) 

26.24 

(1.76, 56.61) 

28.92 

(0.7, 65.03) 

18.53 

(-9.9, 55.96) 

-17.30

(-50.81, 39.01) 

-3.92

(-18.82, 13.72) 

19 ≤ Age ≤ 64 

(n = 61,552, 17.1%) 

Day -0.02

(-3.67, 3.77) 

-1.00

(-5.54, 3.77) 

1.01 

(-6.06, 8.60) 

2.02 

(-5.67, 10.34) 

4.8 

(-2.3, 12.47) 

-6.76

(-20.1, 8.85) 

11.40 

(-1.92, 26.54) 

-1.00

(-7.01, 5.41) 

Night -0.60

(-4.04, 2.97) 

0.99 

(-1.35, 3.40) 

1.18 

(-1.66, 4.10) 

6.66 

(3.45, 9.96) 

-1.00

(-9.35, 8.13) 

-8.61

(-20.6, 5.24) 

-0.90

(-18.38, 20.33) 

2.81 

(-3.38, 9.40) 

Age ≥ 65 

(n = 256,937, 71.5%) 

Day 1.71 

(-0.42, 3.89) 

0.90 

(-1.63, 3.51) 

1.82 

(-2.29, 6.09) 

4.29 

(-0.35, 9.14) 

4.08 

(-0.02, 8.35) 

2.84 

(-5.18, 11.53) 

6.79 

(-0.80, 14.96) 

0.19 

(-3.27, 3.76) 

Night 2.53 

(0.46, 4.64) 

1.11 

(-1.63, 3.92) 

2.74 

(-0.63, 6.22) 

5.33 

(1.08, 9.75) 

5.23 

(0.2, 10.52) 

7.08 

(-0.61, 15.36) 

0.94 

(-9.50, 12.59) 

2.40 

(-0.96, 5.87) 

Notes: Significant effects at the significance level of 0.05 are marked as bold numbers. 
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Table 43.2. Increased risks of mortality (in percentages) between extremely hot days in the defined extremely hot weather event extremely hot 1 
weather events (EHWEs) and non-hot days, according to different combinations of very hot days (VHDs) and hot nights (HNs). 2 

Two2 consecutive VHDs with: Three3 consecutive VHDs with: 

0 HNs 1 HN 2 HNs 3 HNs 
0  

HNs 
1 HN 2 HNs 3 HNs 4 HNs 

All study populations 

(n = 359,220) 

0.56 

(-3.63, 4.92) 

2.28 

(-1.52, 6.22) 

-0.03 

(-3.52, 3.59) 
5.32 

(1.83, 8.93) 

4.63  

(-3.39, 13.30) 

2.30 

(-3.56, 8.52) 

0.54 

(-3.60, 4.87) 

-1.15 

(-8.00, 6.20) 
4.60 

(0.57, 8.79) 

Male 

(n = 176,368, 49.1%) 

-0.48 

(-5.77, 5.11) 

1.25 

(-3.56, 6.29) 

0.13 

(-4.17, 4.62) 

3.25 

(-1.14, 7.84) 

3.32 

(-6.78, 14.52) 

2.22 

(-5.21, 10.24) 

1.4 

(-3.9, 6.99) 

-3.73 

(-12.25, 5.62) 

3.54 

(-1.56, 8.91) 

Female 

(n = 143,089, 39.8%) 

1.44 

(-4.30, 7.52) 

3.77 

(-1.44, 9.26) 

-0.45 

(-5.14, 4.47) 
7.57 

(2.11, 13.33) 

10.49 

(-2.65, 25.41) 

2.4 

(-5.99, 11.5) 

-2.27 

(-8.74, 4.65) 

1.77 

(-7.79, 12.33) 

4.60 

(-1.94, 11.59) 

Age ≤ 18 

(n = 968, 0.3%) 

-3.92 

(-25.09, 23.23) 

-5.8

(-25.5, 19.1) 

-2.57 

(-25.36, 27.20) 

-0.9

(-18.85, 21.0) 

30.87 

(-14.4, 102.3) 

3.1 

(-23.7, 39.4) 

-14.79 

(-41.17, 23.42) 

29.82 

(-15.32, 99.03) 

2.33 

(-24.33, 38.38) 

19 ≤ Age ≤ 64 

(n = 61,552, 17.1%) -0.80 

(-9.35, 8.56) 

2.84 

(-5.1, 11.44) 

-3.44 

(-10.90, 4.64) 

3.67 

(-3.77, 11.68) 

-17.22

(-33.01, 2.29) 

11.6 

(-0.7, 25.56) 

-1.59 

(-10.77, 8.55) 

-1.98 

(-14.55, 12.43) 

   3.67 

(-4.15, 12.12) 

Age ≥ 65 

(n = 256,937, 71.5%) 

1.61 

(-3.25, 6.72) 

2.07 

(-2.43, 6.78) 

-0.90 

(-5.26, 3.67) 
5.87 

(1.46, 10.47) 

15.95 

(5.13, 27.89) 

0.05 

(-6.69,7.28) 

-0.70 

(-6.00, 4.90) 

-1.19 

(-8.88, 7.14) 

4.81 

(-0.53, 10.44) 

Notes: Significant effects at the significance level of 0.05 are marked as bold numbers. 3 
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