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Abstract Extreme hot weather events are likely to increase
under future climate change, and it is exacerbated in urban areas
due to the complex urban settings. It causes excess mortality due
to prolonged exposure to such extreme heat. However, there is
lack of universal definition of prolonged heat or heat wave,
which leads to inadequacies of associated risk preparedness.
Previous studies focused on estimating temperature-mortality
relationship based on temperature thresholds for assessing
heat-related health risks but only several studies investigated
the association between types of prolonged heat and excess
mortality. However, most studies focused on one or a few iso-
lated heat waves, which cannot demonstrate typical scenarios
that population has experienced. In addition, there are limited
studies on the difference between daytime and nighttime tem-
perature, resulting in insufficiency to conclude the effect of
prolonged heat. In sub-tropical high-density cities where
prolonged heat is common in summer, it is important to obtain
a comprehensive understanding of prolonged heat for a com-
plete assessment of heat-related health risks. In this study, six
types of prolonged heat were examined by using a time-stratified

analysis. We found that more consecutive hot nights contribute
to higher mortality risk while the number of consecutive hot
days does not have significant association with excess mortality.
For a day after five consecutive hot nights, there were 7.99%
[7.64%, 8.35%], 7.74% [6.93%, 8.55%], and 8.14% [7.38%,
8.88%] increases in all-cause, cardiovascular, and respiratory
mortality, respectively. Non-consecutive hot days or nights are
also found to contribute to short-termmortality risk. For a 7-day-
period with at least five non-consecutive hot days and nights,
there was 15.61% [14.52%, 16.70%] increase in all-cause mor-
tality at lag 0–1, but only −2.00% [−2.83%, −1.17%] at lag 2–3.
Differences in the temperature-mortality relationship caused by
hot days and hot nights imply the need to categorize prolonged
heat for public health surveillance. Findings also contribute to
potential improvement to existing heat-health warning system.
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relationship . Heat wave definition . Sub-tropical high-density
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Introduction

Excess mortality due to prolonged heat was widely observed
in urban environment, including cities from tropical and sub-
tropical areas and temperate regions (Bell et al. 2008; Chan
et al. 2012; Curriero et al. 2002; Dang et al. 2016; Filleul et al.
2006; Goggins et al. 2012; Guo et al. 2012; Hajat et al. 2005;
Ho et al. 2017; Huang et al. 2010; Kaiser et al. 2007; Kosatsky
et al. 2012; Lin et al. 2011; Semenza et al. 1996; Seposo et al.
2016; Smargiassi et al. 2009; Tam et al. 2009;Wu et al. 2013).
It is attributed to the accumulated heat during such extreme
hot weather and exacerbated by the compact urban settings.
Climate change has also increased the severity, intensity, and
frequency of extreme hot weather, resulting in increases in
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excess mortality (Meehl and Tebaldi 2004; Reid et al. 2009),
and controlled by the mitigation to extreme hot weather such
as heat warning system and community resilience (Burkart
et al. 2016; Chau et al. 2009; Petkova et al. 2014). However,
as there are no universal definition of prolonged heat or heat
wave, it is important to consider the characteristics of local
meteorological conditions and living environment in the im-
pact assessment of extreme hot weather (Gao et al. 2015; Xu
et al. 2016), in order to implement and improve the heat warn-
ing system for enhancing the climate resilience of a city
(Petkova et al. 2014).

Previous studies extensively found excess mortality above
a temperature threshold in different climatic regions, and this
temperature threshold was commonly used to represent sever-
ity and intensity of extreme heat to human health (Ma et al.
2014; McMichael et al. 2008). Several recent studies have
focused on studying prolonged heat or heat wave to mortality
(Lin et al. 2011; Gasparrini and Armstrong 2011; Zeng et al.
2014). In order to quantify the relationship between prolonged
heat and mortality risk, previous studies generally isolated a
period of Bheat wave^ to examine the elevated mortality risk
(Fouillet et al. 2006; Gabriel and Endlicher 2011; Kosatsky
et al. 2012; Smoyer 1998). There were also studies to analyze
temperature-mortality relationship based on decedents died on
a day after consecutive days with average temperature above
certain thresholds (Anderson and Bell 2011; Gasparrini and
Armstrong 2011; Lin et al. 2011, Revich and Shaposhnikov
2008; Zeng et al. 2014). These two methods have been widely
used to address the excess mortality associated with prolonged
and abnormally high temperature.

Despite of the common use of the above methods, the na-
ture of model settings may lead to potential bias to the results.
For example, studies isolating a period of Bheat wave^ were
typically conducted by pre-selecting one or a few 7- or 14-
day-periods with multiple days of extreme heat as Bperiods of
heat wave,^ then compared these Bperiods of heat wave^ to
the periods with less hot days (Fouillet et al. 2006; Gabriel and
Endlicher 2011; Kosatsky et al. 2012). While this method is
useful to predict mortality shift during one or a few specific
heat waves, these results cannot represent the temperature-
mortality relationship during prolonged heat because these
specific heat waves are isolated events or very extreme cases.

In comparison with isolating a period of Bheat wave,^ an-
alyzing temperature-mortality relationship based on a temper-
ature threshold is more promising because it generally in-
volves multiple periods of extreme hot weather in a prediction
model, which enhances the model ability to estimate the mor-
tality risk during a prolonged period of extreme hot weather
(Anderson and Bell 2011; Revich and Shaposhnikov 2008;
Zeng et al. 2014). However, there were missing elements in
term of integrating the characteristics of prolonged heat into
previous studies, including the lack of consideration for pe-
riods with multiple non-consecutive hot days and the diurnal

difference in temperature. Failure to include such characteris-
tics of prolonged heat in previous models is likely the reason
for the lack of significantly additional effect of consecutive
hot days quantified by average temperature on excess mortal-
ity (Gasparrini and Armstrong 2011; Lin et al. 2011; Zeng
et al. 2014).

In contrast to the common use of daytime temperature to
quantify the temporal characteristics of temperature-mortality
relationship, several studies suggested that urban nighttime
temperature or diurnal temperature range had more significant
association with thermal health issues (Cheng et al. 2014;
Giridharan et al. 2005; Kan et al. 2007; Laaidi et al. 2012;
Lim et al. 2012; Tam et al. 2009; Wang et al. 2013; Yang et al.
2013). It is therefore important to associate different charac-
teristics of prolonged heat, such as consecutive hot days and
consecutive hot nights, with the temperature-mortality rela-
tionship in order to appropriately predict excess mortality
from different types of heat waves for public health planning.

In order to investigate the characteristics of prolonged heat
to temperature-mortality relationship, we hereby developed a
time-stratified analysis to compare different types of
prolonged heat and their influences on excess mortality.
Time-stratified analyses have been used to assess the influence
of weather and air pollution on mortality, especially to exam-
ine the sensitivity of mortality risk to extreme heat across
multiple cities, or to study mortality shift based on isolating
a specific hot weather event in a defined geographic region
(Bell et al. 2008; Ho et al. 2017; Johnston et al. 2011;
Kosatsky et al. 2012; Medina-Ramón and Schwartz 2007;
Smargiassi et al. 2009; Stafoggia et al. 2008). Time-stratified
analysis can also simplify data analysis and reduce seasonal
effects, for the purpose of directly differentiating excess mor-
tality of cases from controls (e.g., hot periods vs non-hot pe-
riods). In this study, we applied time-stratified analysis to
Hong Kong because the extremely dense urban environment
and extensive building coverage highly influence the urban
climate, resulting in distinctive diurnal temperature pattern
which significantly affects mortality risk in Hong Kong
(Tam et al. 2009). We examined the heat mortality between
2007 and 2014 for the purpose of removing potential bias
before/after the first issue of heat warning system in 2000
(Chau et al. 2009); for the potential of improving current heat
warning system that should be revised every 5 years (Hess and
Ebi 2016); and for keeping the location of residence of each
decedent under the same BTertiary Planning Unit^ (a
neighborhood-level boundary in Hong Kong) issued in
2006. The objectives of our study include (1) to estimate the
temperature-mortality relationship of each type of prolonged
heat (e.g., consecutive hot days and consecutive hot nights) in
Hong Kong, (2) to compare the difference in excess mortality
of each type of prolonged heat, and (3) to identify the type of
prolonged heat with higher contribution to short-term excess
mortality.
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Study area

HongKong is a high-density city with a population of approx-
imately 7.1 million residing in an area of slightly more than
1000 km2 (Thach et al. 2015). It is located in the sub-tropical
region with a summer mean temperature of 28.6 °C during the
period of 2007–2014. In addition, there are 480 days with
daily mean temperature over 29 °C in the study period and
daily maximum temperature can reach up to 34.8 °C. Due to
the terrain and natural reserve, the population is resided in
about 30% of the land, resulting in an extreme separation
between urban and rural areas. Such an extremely high popu-
lation density also results in highly compacted and high-rise
urban form and a significant spatiotemporal difference in tem-
perature (Nichol 2005). Although the heat warning system
issued in 2000 could reduce 1.3 deaths from ischemic heart
disease and 0.97 deaths from stroke of the elderly in Hong
Kong (Chau et al. 2009); in the downtown area, due to strong
urban heat island effect and reduced air ventilation, there is
still a 5.7% excess mortality on hot summer days after 2000
(Goggins et al. 2012).

Materials and methods

We used mortality data from 2007 to 2014 to conduct this
time-stratified analysis. This dataset was obtained from the
Census and Statistics Department and consists of 284,477
mortality records with information of age, gender, occupation,
date, location of residence, and underlying cause of death
coded according to the 10th Revision of the International
Classification of Diseases (ICD-10).We also used temperature
between 7:00 a.m. and 7:00 p.m. to represent the daytime
temperature and temperature between 7:00 p.m. and 7:00
a.m. to represent the nighttime temperature. Both daytime
and nighttime temperature were retrieved based on hourly
air temperature data recorded at the Hong Kong Observatory
Headquarter during the study period. We also retrieved daily
average concentration of air pollutants, including CO, NO2,
NOx, O3, SO2, and PM10, from the Environmental Protection
Department for model adjustment.

In this study, cases were identified as the decedents who
died on the days classified as hot days, and controls were
the decedents on the same weekdays of 4 weeks before the
date of death in order to minimize the weekday-weekend
bias (Kosatsky et al. 2012). Two temperature thresholds
were used in this study based on the Very Hot Weather
Warning of the Hong Kong Observatory, namely Very
Hot Days (VHD; at least 1 h of daytime temperature
≥33 °C) and Hot Nights (HN; all hours of night tempera-
ture ≥28 °C) (Hong Kong Observatory 2008). This ap-
proach follows previous studies of heat-related health risks
for examining extreme heat warning with mortality data

(Chau et al. 2009; Ebi et al. 2004; Tan et al. 2007). In
addition, these temperature thresholds correspond to the
95th percentiles of Tmax (32.8 °C) and Tmin (28.2 °C) based
on the 2007–2014 temperature data in Hong Kong, which
is consistent with the common method of using 95th (or
above) percentile of temperature as the thresholds for de-
fining heat waves (Bell et al. 2008; Lin et al. 2011; Revich
and Shaposhnikov 2008; Smargiassi et al. 2009).

Six types of prolonged heat were applied in this study: (1)
three consecutive VHDs, (2) three consecutive HNs, (3) five
consecutive VHDs, (4) five consecutive HNs, (5) at least three
VHDs and three HNs within a 7-day period, and (6) at least
five VHDs and five HNs within a 7-day period. The results of
(1) and (3) were to analyze the effect of prolonged heat on the
temperature-mortality relationship based on the traditional ap-
proach of using consecutive days (Lin et al. 2011), while the
results of (2) and (4) were to determine whether nighttime
temperature would induce a different temperature-mortality
relationship from previous understandings of prolonged heat
quantified by daytime temperature. On the other hand, the
results of (5) and (6) were to examine whether prolonged heat
with non-consecutive hot days and nights would also contrib-
ute to excess mortality. We also included an analysis of all
cases died on VHDs in our study, as a baseline scenario dem-
onstrating temperature-mortality relationship of hot summer
days in general, for the purpose of demonstrating Bmain^ ef-
fect on heat risk. Based on the comparison with the baseline’s
model, the higher risks of results of the other types of
prolonged heat can be acted as the Badditional effect^ on mor-
tality from the heat wave.

We applied a generalized linear regression with the glm2
package of R software to estimate excess mortality from
prolonged heat (Marschner 2014). Gaussian model was cho-
sen for the purpose of generating an asymptotically normal
distribution for cases and controls of all types of prolonged
heat in order to retrieve relative risks between 0 and 100% for
all models. In brief, to explain our model, we applied Tmin to
quantify excess mortality and controlled the model by the
concentration of different air pollutants (CO, NO2, NOx, O3,
SO2, and PM10), weekday-weekend effect, socioeconomic
vulnerability (age, gender, unemployment), and adaptive ca-
pacity estimated by the neighborhood-level vegetation cover.
For each case, we assigned 100% as its expected mortality
influencing from heat, while we assigned 0% as the expected
mortality of each control for modeling:

Heat Mortality Risk 0−100%ð Þ∼β0 þ β1Tmin þ β2CO
þ β3NO2 þ β4NOx þ β5O3 þ β6SO2
þβ7PM10 þ β8weekend 1; 0ð Þ þ β9Age
þ β10Gender þ β11Unemployment
þβ12Vegetation

The use of Tmin to quantify excess mortality was found to
have stronger association with heat-relatedmortality than Tmax
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in warmer southern cities in the northern hemisphere (Davis
et al. 2016). Time-stratified analysis also self-controls the sea-
sonality based on the selection of cases and controls, therefore,
seasonality has not been added as a confounding factor (Bell
et al. 2008). As a result, this model measures excess mortality
associated with a 1 °C increase in daily minimum air temper-
ature and the 95% confidence intervals (CI).

We first estimated excess mortality of all prolonged heat
based on a lag 0–3’s scenario with the following subsets of
mortality data: (1) all-cause mortality except traffic accidents
(excluded ICD-10 codes V01–V99), (2) cardiovascular mor-
tality (ICD-10 codes I00–I99), and (3) respiratory mortality
(ICD-10 codes J00–J99). The results aim to represent excess
mortality of each type of prolonged heat in general. Based on
all-cause mortality models with highest excess mortality of
each type of prolonged heat, we then reported all-cause mor-
tality results at lag 0–1, and at lag 2–3 separately for estimat-
ing short-term lagged effect of prolonged heat. We also report-
ed the P values of all variables of each all-cause mortality
model (lag 0–3) in order to validate the significance of each
confounding factor, for the purpose of minimizing the con-
founding bias of a retrospective study (Cox et al. 2009).

Results

Significance of confounding factors

For all-cause mortality, the adjustment of the influence of air
pollutants was required for estimating the temperature-
mortality relationship (Table 1). CO, PM10, and SO2 were
found to be significant (P value <0.05) in all models while
the influences of NOx and O3 were significant in all models
except one, and influence of NO2 was significant in five
models. Age, unemployment, and weekday-weekend effect
were partially important in the model adjustment while gender
and neighborhood-level vegetation covers were not a signifi-
cant confounding factor in any models.

Compared to the models for predicting all-cause mortality,
influence of air pollutants, occupational weekday-weekend
effect, socioeconomic vulnerability, and adaptive capacity es-
timated by neighborhood-level vegetation cover were fully or
partially important in the model adjustment for cardiovascular
mortality (Table 2). All confounding factors were also fully or
partially important in predicting respiratory mortality except
unemployment (Table 3).

Characteristics of prolonged heat
to temperature-mortality relationship

In general, there were five events of three consecutive VHDs;
31 events of three consecutive HNs; three events of five con-
secutive VHDs; 11 events of five consecutive HNs, 67 events

of at least three VHDs and three HNs within a 7-day period;
and 11 events of at least three VHDs and three HNswithin a 7-
day period between 2007 and 2014. We compared the
temperature-mortality relationships of the six types of
prolonged heat based on all-cause mortality and found that
three consecutive VHDs and five consecutive HNs had the
highest influence on mortality risk in Hong Kong (Table 4),
with 7.97% [7.14%, 8.80%] and 7.99% [7.64%, 8.35%] in-
crease in mortality in 1 °C increase in daily minimum air
temperature at lag 0–3, respectively. Excess mortality under
these two types of prolonged heat was greater than without
considering prolonged heat effect (the baseline scenario) with
an increase of 3.67% [3.53%, 3.81%].

Our results do not indicate any significant trends between
excess mortality and different types of consecutive VHDs,
which is consistent with previous studies in sub-tropical re-
gions (Lin et al. 2011; Zeng et al. 2014). There was a 4.90%
[3.59%, 6.21%] increase in all-cause mortality for lag 0–3
after five consecutive VHDs, which was lower than excess
mortality (7.97% [7.14%, 8.80%]) after three consecutive
VHDs. There was no significant increase in respiratory mor-
tality for lag 0–3 after five consecutive VHDs compared to
7.06% [5.32%, 8.80%] excess mortality after three consecu-
tive VHDs. This Bbell-shape^ increase/decrease of excess
mortality associated with consecutive hot days was also re-
ported in a previous study conducted in temperate climate
(Gasparrini and Armstrong 2011) although our range of con-
secutive hot days is relatively shorter than this previous study.

In contrast, we found significant trends between excess
mortality (all-cause, cardiovascular, and respiratory) and con-
secutive HNs. Excess mortality of all-cause, cardiovascular,
and respiratory mortality at lag 0–3 after three consecutive
HNs were 3.70, 3.54, and 3.72% higher than the baseline’s
result, respectively, while excess mortality after five consecu-
tive HNs were 0.62, 0.33, and 0.87% higher than that after
three consecutive HNs. These results indicate that more con-
secutive HNs contributed to higher risk of all-cause, cardio-
vascular, and respiratory mortality, against more consecutive
VHDs only contributed to cardiovascular mortality but not all-
cause and respiratory mortality in Hong Kong between 2007
and 2014.

Excess mortality was also found under the influence of
prolonged heat with non-consecutive VHDs or HNs. For lag
0–3 days after at least three VHDs and three HNs within a 7-
day period, there was only 1.46% [1.22%, 1.71%], 1.82%
[1.29%, 2.36%], and 1.80% [1.28%, 2.32%] increase in all-
cause, cardiovascular, and respiratory mortality, respectively.
However, for lag 0–3 days after at least five VHDs and five
HNs within a 7-day period, we found 5.32% [4.59%, 6.04%],
5.74% [4.18%, 7.29%], and 6.23% [4.62%, 7.85%] increase
in the three types of mortality, respectively. Although excess
mortality of non-consecutive VHDs or HNs was generally
lower than that of the consecutive counterpart, the duration
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of non-consecutive VHDs or HNs is a factor to consider with
regard to excess mortality due to prolonged heat.

Lagged effect of heat mortality (lag 0–1 and lag 2–3)

We examined the lagged effect of heat mortality of the models
with the highest excess mortality: (1) three consecutive
VHDs, (2) five consecutive HNs, and (3) at least five VHDs
and five HNs within a 7-day period (Table 5). We found sim-
ilar patterns of lagged effect of consecutive hot days and con-
secutive hot nights to our baseline’s result as well as previous

studies conducted in sub-tropical cities (Wu et al. 2013; Yang
et al. 2015).

For lag 0–1 days of (1) baseline scenario, (2) three consec-
utive VHDs, and (3) five consecutive HNs, we found 5.91%
[5.72%, 6.10%], 10.23% [9.02%, 11.45%], and 10.95%
[10.48%, 11.42%] excess mortality, respectively. For lag 2–
3 days, excess mortality was reduced but still significant, which
we found 1.09% [0.88%, 1.30%], 6.60% [5.67%, 7.52%], and
5.24% [4.72%, 5.77%] increase in mortality, respectively, for a
1 °C increase in daily minimum air temperature.

In contrast, there was a lack of lagged effect after non-
consecutive VHDs/HNs compared to other scenarios. Lag

Table 1 P values of confounding factors, representing the significance of confounding factors in each all-cause mortality model. Significant con-
founding factors are marked with *

Variables Baseline
(Tmax

≥33 °C)

Three
consecutive
VHDs

Three
consecutive
HNs

Five
consecutive
VHDs

Five consecutive
HNs

At least three
VHDs and three
HNs
within a
7-day period

At least five
VHDs and five
HNs
within a
7-day period

CO <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* <0.05*

NO2 0.14 <0.05* 0.26 <0.05* <0.05* <0.05* <0.05*

NOx <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* 0.11

O3 <0.05* 0.32 <0.05* <0.05* <0.05* <0.05* <0.05*

PM10 <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* <0.05*

SO2 <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* <0.05*

Weekday-weekend
effect

<0.05* 0.08 <0.05* 0.24 0.86 <0.05* <0.05*

Age 0.16 0.35 0.96 0.16 0.07 <0.05* 0.66

Gender 0.78 0.35 0.94 0.92 0.31 0.36 0.87

Unemployment <0.05* 0.66 0.06 0.59 0.15 <0.05* 0.87

Vegetation 0.51 0.70 0.85 0.28 0.26 0.47 0.94

Table 2 P values of confounding factors, representing the significance of confounding factors in each cardiovascular mortality model. Significant
confounding factors are marked with *

Variables Baseline
(Tmax ≥ 33 °C)

Three consecutive
VHDs

Three
consecutive
HNs

Five consecutive
VHDs

Five consecutive
HNs

At least three
VHDs and
three HNs
within a 7-day
period

At least five
VHDs and
five HNs
within a 7-day
period

CO <0.05* 0.10 <0.05* <0.05* 0.22 <0.05* <0.05*

NO2 <0.05* <0.05* 0.35 <0.05* <0.05* <0.05* <0.05*

NOx <0.05* 0.19 <0.05* <0.05* <0.05* <0.05* 0.62

O3 <0.05* 0.36* 0.14 <0.05* 0.12 <0.05* <0.05*

PM10 <0.05* <0.05* <0.05* <0.05* 0.93 <0.05* <0.05*

SO2 <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* <0.05*

Weekday-weekend
effect

<0.05* 0.31 <0.05* 0.57 0.29 0.36 <0.05*

Age 0.84 0.68 0.32 0.84 0.19 <0.05* 0.31

Gender 0.15 0.19 0.83 <0.05* 0.69 <0.05* 0.20

Unemployment 0.20 0.44 0.66 0.92 0.50 <0.05* 0.73

Vegetation 0.36 0.05 0.84 <0.05* 0.94 0.41 0.84

Int J Biometeorol



0–1 days after at least five VHDs and five HNs within a 7-day
period had an increase of 15.61% [14.52% 16.70%] in mor-
tality for a 1 °C increase in daily minimum air temperature but
excess mortality of lag 2–3 days was −2.00% [−2.83%,
−1.17%].

Discussion

Comparison of heat-related health studies

In this study, we examined the temperature-mortality relation-
ship under prolonged heat conditions from two aspects, name-
ly baseline, and consecutive and non-consecutive hot days or
hot nights. Our results indicate similar findings to previous
studies that prolonged heat effect of consecutive hot days
did not have significant contribution to excess mortality
(Gasparrini and Armstrong 2011; Lin et al. 2011; Zeng et al.

2014) and at the same time provide new finding that
prolonged heat from consecutive hot nights has an effect on
excess mortality (7.99% [7.64%, 8.35%]). We also found that,
although non-consecutive hot days/nights have weaker asso-
ciations with excess mortality than consecutive hot days/
nights at lag 0–3, an increase in non-consecutive hot days
and hot nights within a 7-day period was related to increasing
excess mortality. More importantly, we found significant mor-
tality displacement after at least five VHDs and five HNs
within a 7-day period, in which it induced severe increase in
very short-term mortality at lag 0–1 (excess mortality 15.61%
[14.52%, 16.70%]). Our results also show mortality displace-
ment for other types of prolonged heat but it is relatively lower
than the one from non-consecutive hot days/nights.

In general, our results are consistent with research studies in
Hong Kong or nearby cities (Goggins et al. 2012; Thach et al.
2015;Wu et al. 2013; Yang et al. 2015; Yi and Chan 2015; Zeng
et al. 2014). Our baseline’s results (Tmax ≥33 °C) show that there

Table 3 P-values of confounding factors, representing the significance of confounding factors in each respiratory mortality model. Significant
confounding factors are marked with *

Variables Baseline
(Tmax ≥ 33 °C)

Three
consecutive
VHDs

Three
consecutive
HNs

Five consecutive
VHDs

Five consecutive
HNs

At least three
VHDs and
three HNs
within a 7-day
period

At least five
VHDs and
five HNs
within a 7-day
period

CO <0.05* <0.05* <0.05* <0.05* 0.07 <0.05* <0.05*

NO2 0.21 <0.05* 0.14 <0.05* <0.05* <0.05* <0.05*

NOX <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* 0.25

O3 <0.05* 0.17 <0.05* <0.05* 0.09 <0.05* <0.05*

PM10 0.21 <0.05* <0.05* <0.05* 0.92 <0.05* <0.05*

SO2 <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* <0.05*

Weekday-weekend
effect

<0.05* 0.23 0.98 0.87 0.76 <0.05* <0.05*

Age 0.29 0.59 <0.05* 0.68 0.30 0.47 0.43

Gender 0.97 0.27 0.76 0.98 0.95 <0.05* <0.05*

Unemployment 0.08 0.14 0.37 0.48 0.91 0.55 0.66

Vegetation 0.05 0.06 0.23 <0.05* 0.56 0.11 0.58

Table 4 Excess mortality of prolonged heat (lag 0–3). The results indicate the percentage increase in mortality in 1 °C increase in daily minimum air
temperature at lag 0–3 and the corresponding 95% confidence intervals of each model. Significant results are marked with *

Model All-cause mortality Cardiovascular mortality Respiratory mortality

Baseline (Tmax ≥ 33 °C) 3.67% [3.53%, 3.81%]* 3.87% [3.55%, 4.18%]* 3.54% [3.24%, 3.85%]*

Three consecutive VHDs 7.97% [7.14%, 8.80%]* 8.36% [6.53%, 10.19%]* 7.06% [5.32%, 8.80%]*

Three consecutive HNs 7.37% [7.14%, 7.61%]* 7.41% [6.88%, 7.94%]* 7.26% [6.77%, 7.75%]*

Five consecutive VHDs 4.90% [3.59%, 6.21%]* 9.64% [6.75%, 12.54%]* 0.78% [−2.01%, 3.56%]

Five consecutive HNs 7.99% [7.64%, 8.35%]* 7.74% [6.93%, 8.55%]* 8.13% [7.38%, 8.88%]*

At least three VHDs and three HNs within a 7-day period 1.46% [1.22%, 1.71%]* 1.82% [1.29%, 2.36%]* 1.80% [1.28%, 2.32%]*

At least five VHDs and five HNs within a 7-day period 5.32% [4.59%, 6.04%]* 5.74% [4.18%, 7.29%]* 6.23% [4.62%, 7.85%]*
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was a 3.67% [3.53%, 3.81%] increase in mortality in 1 °C
increase in daily minimum air temperature at lag 0–3 for the
study period of 2007–2014. These results are similar to previ-
ous studies at HongKong that 2.1% [−0.3%, 4.6%] increase in
mortality was found for a day with average temperature higher
than 29 °C between 2001 and 2009 (Goggins et al. 2012) and
2.16% [−0.05%, 4.37%] excess mortality was found in the
warm season in Hong Kong in 2006 (Thach et al. 2015).
However, our baseline result is lower than a relatively extreme
case reported by Yi and Chan (2015), with 9% [3%, 17%]
higher mortality at 99th percentile of average temperature
(31.5 °C) compared to 75th percentile (27.8 °C) between
2002 and 2011. In Guangzhou, sharing similar urban environ-
ment, population structure (including culture practices), and
sub-tropical climate to Hong Kong, results of previous studies
in this city are also comparable to our baseline result. Three to
four percent increase in mortality was found in Guangzhou
between 2003 and 2007 (Yang et al. 2015) and 2.9–3.7%
increase was reported between 2006 and 2009 (Wu et al.
2013). It is noted that the characteristics of urban environment
and population structure significantly influence heat-related
mortality risks in sub-tropical cities, resulting in significant
differences in temperature-mortality relationship. One exam-
ple is that Zeng et al. (2014) reported a large variation of
excess mortality, ranging from 4.8 to 15.4%, in four different
cities in Guangdong province (Guangzhou, Zhuhai,
Nanxiong, and Taishan). Therefore, our baseline results
should only be consistent with the sub-tropical high-density
cities with similar socioeconomic conditions.

Implications of heat wave definition

One major advantage of our study is the stratification of
temperature-mortality relationship based on the characteristics
of prolonged heat. Previous studies overgeneralized the defi-
nition of heat wave since there was an insufficient consider-
ation of the type of prolonged heat and a lack of understanding
about nighttime temperature (Anderson and Bell 2011;
Gasparrini and Armstrong 2011; Lin et al. 2011; Revich and
Shaposhnikov 2008; Zeng et al. 2014). Overgeneralizing the
heat wave definition as a result in insufficiency of representing
the actual prolonged heat a vulnerable person would

experience. While extremes in daily temperature were widely
recognized as the most important factor of heat-related mor-
tality in both tropical/subtropical and temperate regions
(Gasparrini and Armstrong 2011; Zeng et al. 2014), better
understandings of additional effect of prolonged heat during
nighttime will improve the analysis of excess mortality and
short-term mortality displacement during a heat wave and is
useful to the development of public health surveillance system
for reducing the vulnerability to prolonged or extreme heat
events (Wilhelmi and Hayden 2010). Therefore, analyzing
the characteristics of prolonged heat with regard to the
temperature-mortality relationship is essential and innovative
because our method clearly classifies potential scenarios of
prolonged heat in summer and is able to identify specific sce-
narios in need of emergency response in terms of excess
mortality.

Another advantage of our study is the application of local
heat warning system to a comprehensive heat-mortality as-
sessment. Previous studies compared heat waves with or with-
out local heat warning and found significant difference in
mortality (Chau et al. 2009; Ebi et al. 2004; Fouillet et al.
2008; Petkova et al. 2014; Tan et al. 2007). These results show
that the appropriate use of local heat warning system could
successfully help reduce the vulnerability to prolonged or ex-
treme heat events in the future (Wilhelmi and Hayden 2010).
However, the main focus of previous studies was to predict
mortality shift between two heat events, one with local warn-
ing and one without warning (Chau et al. 2009; Ebi et al.
2004; Fouillet et al. 2008; Tan et al. 2007). These research
could not address excess mortality under different types of
heat wave or prolonged heat conditions while understanding
the effect of the nature of heat wave on excess mortality is
necessary to inform potential disaster outbreaks during future
heat events. Therefore, it is important to integrate local heat
warning system into more comprehensive heat-mortality as-
sessment in order to determine the practicality of local heat
warning system to public health surveillance and, at the same
time, provide accurate estimation of excessmortality for emer-
gency management. The results of this study can also be used
to improve the current heat warning system of Hong Kong
since there is a need for review on the local heat warning
system in every 5 years (Hess and Ebi 2016).

Table 5 Excess mortality of prolonged heat (lag 0–1 and lag 2–3). The results indicated the percentage increase in mortality in 1 °C increase in daily
minimum air temperature at lag 0–1 and lag 2–3, and the corresponding 95% confidence intervals of each model. Significant results are marked with *

Model All-cause mortality (lag 0–1) All-cause mortality (lag 2–3)

Baseline (Tmax ≥33 °C) 5.91% [5.72%, 6.10%]* 1.09% [0.88%, 1.30%]*

Three consecutive VHDs 10.23% [9.02%, 11.45%]* 6.60% [5.67%, 7.52%]*

Five consecutive HNs 10.95% [10.48%, 11.42%]* 5.24% [4.72%, 5.77%]*

At least five VHDs and five HNs within a 7-day period 15.61% [14.52% 16.70%]* −2.00% [−2.83%, −1.17%]*
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Mortality estimation with time-stratified analysis

Compared to previous studies, we did not apply time-series
analysis with distributed lag linear model (DLLM) or distrib-
uted lag non-linear model (DLNM) to estimate mortality risk.
While DLLM and DLNMwere commonly used to develop an
all-inclusive model to determine heat-related risks (Anderson
and Bell 2011; Chan et al. 2012; Goggins et al. 2012; Lin et al.
2011; Seposo et al. 2016; Zeng et al. 2014), including data
from all seasons in such a model, may reduce the ability to
directly quantify the excess mortality of particular heat sce-
narios (e.g., prolonged heat with different characteristics). In
this study, the use of time-stratified analysis can therefore
provide valid and more relevant results since the model can
directly estimate the excess mortality of different types of
prolonged heat relative to other summer days in the same year.

Also, non-consecutive hot days/nights within a 7-day peri-
od were examined as scenarios of prolonged heat in this time-
stratified analysis, which is different from common under-
standings that the effect of prolonged heat is mainly due to
accumulated heat through consecutive days (Tan et al. 2007).
It was reported that temperature difference between hot and
non-hot days is the Bmain effect^ for heat-related mortality
while the duration of heat can be the Badditional effect^ (Xu
et al. 2016; Zeng et al. 2014). The findings of this study im-
plies that non-consecutive hot days/nights within a 7-day pe-
riod can develop a Bmixed effect^ to heat-related mortality by
both temperature variation and relatively longer duration of
heat. It was supported by a previous study, with results indi-
cating a significant association between temperature change of
neighboring days and mortality risk in sub-tropical Chinese
cities (Lin et al. 2013), matching with our results that
prolonged heat with significant temperature change between
neighboring days (at least five VHDs and five HNs within a 7-
day period) had severe mortality increase at lag 0–1.

Limitations

One limitation of our study is that our time-stratified analysis
did not consider any spatial factors. Recent studies have
emerged to assert the importance of understanding the spatial
variability of heat-related mortality (Goggins et al. 2012; Ho
et al. 2017; Hondula et al. 2012; Laaidi et al. 2012; Smargiassi
et al. 2009; Thach et al. 2015). However, these studies also
reported the potential issues of using temperature and pollu-
tion maps in studies of heat-related mortality (Ho et al. 2017;
Thach et al. 2015). Insufficient spatial coverage of weather
stations causes ecological fallacy (Thach et al. 2015) and
therefore induces a statistical bias to the prediction model.
Remote sensing applications based on satellite images or land
use regression models using GIS data are possible measures to
improve the mapping of temperature or air pollution in fine
spatial scales (Adam-Poupart et al. 2014; Dons et al. 2014;

Eeftens et al. 2016; Ho et al. 2014; Ho et al. 2016; Hoek et al.
2008; Lai et al. 2016; Liu et al. 2016; Nichol et al. 2009; Shi
et al. 2016; Su et al. 2008; Xu and Liu 2015). Such techniques
are somewhat limited by the temporal resolution of spatial
data such that there is a lack of study accurately mapping
spatiotemporal variation of daily temperature or air pollution.
The key of our study is to apply a time-stratified analysis to
predict excess mortality on a day after prolonged heat. While
integrating spatial information to our model may increase the
variability of heat mortality, inappropriate use of spatial data
would also significantly reduce the accuracy of our analysis.
Therefore, we hereby propose a spatiotemporal analysis for
future studies, given that sufficient spatial data with quality are
available.

Conclusions

We developed a time-stratified analysis to determine the
temperature-mortality relationship associated with six differ-
ent types of prolonged heat in Hong Kong, including tradi-
tional type of prolonged heat defined by consecutive hot days
or hot nights, and new types of prolonged heat categorized by
non-consecutive hot days or hot nights. For the traditional
type of prolonged heat, our results do not indicate associations
between the number of consecutive VHDs and all-cause mor-
tality or respiratory mortality, similar to previous studies con-
ducted in sub-tropical high-density cities (Lin et al. 2011;
Zeng et al. 2014). In contrast to VHDs commonly used in
previous studies, our results indicate new findings of strong
associations between the number of consecutive HNs and ex-
cess mortality (all-cause mortality, cardiovascular mortality,
and respiratory mortality) in Hong Kong, with the highest
mortality risks observed in the case of five consecutive HNs
at lag 0–3. This relationship between the number of consecu-
tive HNs and excess mortality has seldom been examined in
previous studies. For the new type of prolonged heat catego-
rized by non-consecutive hot days or nights, our results indi-
cate that at least five VHDs and five HNs within a 7-day
period can cause significant mortality displacement and can
severely increase excess mortality at lag 0–1. Finally, our ap-
proach of integrating excess mortality of specific prolonged
heat scenarios into current local heat warning system can be
used to validate local heat warning and improve public health
surveillance (Chau et al. 2009; Wilhelmi and Hayden 2010)
by setting new heat-health alarm at days experienced
prolonged heat.
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