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A B S T R A C T

Background: A critical adaptation strategy for reducing heat-related health risk under climate change is to es-
tablish a heat warning system with a proper threshold that requires evaluation of heat-health relationships using
empirical data.
Objectives: This work presents a new approach to selecting proper health-based thresholds for a heat warning
system which are different from thresholds of heat-health relationship.
Methods: The proposed approach examined heat-health relationships through analyzing 15 years of health re-
cords with a modified generalized additive model (GAM), compared risk ratio increments (RRIs) of threshold
candidates against a reference, assessed frequency of days above these candidates, and presented results gra-
phically for easy communication. The candidate with the maximum RRI and proper occurring frequency is
potentially the best threshold. Three heat indicators, including wet-bulb globe temperature (WBGT), tempera-
ture (T), and apparent temperature (AT), as well as three health outcomes, including all-cause mortality, heat-
related hospital admissions, and heat-related emergency visits were evaluated.
Results: Risk ratios for all three health outcomes showed a consistent rising trend with increasing threshold
candidates for all three heat indicators among different age and gender groups. WBGT had the most obvious
increasing trend of RRIs with the three health outcomes. The maximum RRI was observed in heat-related
emergency visits (242%), followed by heat-related hospital admissions (73%), and all-cause mortality (9%). The
RRIs assessed for the three health outcomes pointed to the same thresholds, 33.0 °C, 34.0 °C, and 37.5 °C for
WBGT, T, and AT, respectively. The number of days above these thresholds and for warning to be issued ranged
between 0 and 7 days during 2000–2014.
Discussion: This study demonstrated a new approach to determining heat-warning thresholds with different heat
indicators and health outcomes. The proposed approach provides a straightforward, feasible, and flexible sci-
entific tool that assists the authorities around the world in selecting a proper threshold for a heat warning
system.

1. Introduction

Record-breaking temperatures have occurred more frequently
worldwide under the trend of climate change (IPCC Intergovernmental
Panel on Climate Change, 2014). Since the dreadful heat waves that
occurred in Chicago in 1995, a heat warning system has been re-
cognized as the most effective way to reduce heat-related health risks
(Changnon et al., 1996; Kaiser et al., 2007; Semenza et al., 1996). The
disastrous heat waves in Europe in 2003 further demonstrated the

necessity of establishing a heat warning system to prevent significant
causality, even in developed countries previously considered to have
adequate health care systems for coping with heat-related health im-
pacts (Le Tertre et al., 2006; Pascal et al., 2006). In developing coun-
tries where health care systems lagged behind those in developed
countries, an effective heat warning system that advises people for self-
protection and activates heat-health intervention measures is even
more critical to preventing high causality, as in the case of extreme heat
waves that hit India and Pakistan in 2015, causing tens of thousands of
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deaths (Ghumman and Horney, 2016; Sarath Chandran et al., 2017).
Governmental agencies are in need of a systematical approach to es-
tablishing a heat warning system with sound scientific evidences. An
effective heat warning system with a carefully chosen threshold should
be able to arouse the attention of the public for proper self-protection
and trigger adequate responsive actions from the authorities.

One of the critical elements of a heat warning system is the de-
termination of a proper threshold for issuing a heat warning which
ideally should be supported with historical records of significant heat-
health impacts. Most of the studies focusing on heat-related mortality or
morbidity during high heat-stress periods were in fact assessing the
thresholds of heat-related health impacts rather than the thresholds of
issuing a heat warning. It should be emphasized that these two types of
thresholds are distinctly different. Prior research found that both
mortality and morbidity increase at temperatures beyond the optimum
ranges that local residents are accustomed to (Astrom et al., 2011;
Gasparrini et al., 2015; Honda et al., 2013; Li et al., 2015; Tong et al.,
2014; Xu et al., 2012). For example, increase in mortality in Taipei was
observed at temperature above apparent temperature (AT), 31.5 °C,
between 1994 and 2003 and above the upper bound of optimum tem-
perature (OT), 33.4 °C, between 1994 and 2007 (Chung et al., 2009;
Honda et al., 2013). In fact, according to the above definition of AT and
OT, Taipei had 134 and 93 days above 31.5 °C and 33.4 °C, respectively
in 2017. Therefore, in practice, the thresholds of the heat-related
mortality or morbidity increase are not appropriate thresholds for is-
suing a heat warning. Too frequent issue of warnings may cause the
general public to ignore them, thus rendering them ineffective. In
particular, for resource-scarce developing countries, the required
manpower and resources associated with governmental heat-health
intervention programs is also a limiting factor for a prolonged heat-
health warning. In Taiwan, periods of high temperature were found to
be associated with different health outcomes (Chung et al., 2009, 2015;
Gasparrini et al., 2015; Guo et al., 2014; Honda et al., 2013; Lin et al.,
2011, 2012; Sung et al., 2013). Some studies used percentiles of heat
indicators as the thresholds to avoid frequent announcement of heat
advisory (Gasparrini et al., 2015; Ye et al., 2012); other works further
evaluated excess health risks at these percentiles (Gasparrini et al.,
2015). However, there is yet a systematic approach to comparing and
evaluating excess risks of these percentiles and selecting the most sui-
table threshold. Up to now, only a few studies focused on providing a
systematic approach to assisting governmental agencies to establish a
proper threshold for issuing a heat warning. Petitti et al. (2016) at-
tempted to identify, with data from USA, multiple trigger points at
which heat-health intervention measures might be activated. Minimal
risk temperature, increasing risk temperature, and excess risk tem-
perature were defined according to heat-health relationships, using
95% confidence interval as a criterion for selecting increasing risk
temperature and excess risk temperature above the minimum risk
temperature (Petitti et al., 2016). The present research proposes a more
straightforward approach to evaluating simultaneously proper thresh-
olds and damage coefficients of heat-health relationships above several
threshold candidates in order to provide a systematic way of selecting
proper health-based thresholds for different countries located in dif-
ferent climate zones. It is a useful scientific tool for assisting the au-
thorities to establish a heat warning system with solid scientific evi-
dences. An appropriate warning system is urgently needed especially in
developing countries with high population density, such as those in
Asia, where medical resource is limited and self-protection is critical for
adaptation.

Moreover, a proper indicator is also essential for establishing a heat
warning system. Different heat indicators such as daily maximum
temperature, AT, and wet-bulb globe temperature (WBGT) have been
widely discussed (Astrom et al., 2011; Li et al., 2015; Petitti et al., 2016;
Tong et al., 2014; Xu et al., 2012; Ye et al., 2012). Though the present
approach can be applied to any heat indicator, WBGT is selected in this
study as the target indicator for the following reasons. First, WBGT

comprises four essential meteorological parameters, namely, tempera-
ture (T), relative humidity (RH%), wind speed, and solar radiation, all
of which have significant association with heat stress. It goes without
saying that direct exposure to solar radiation enhances heat stress
human being experiences while high wind speed reduces heat stress.
Heat indicators with only T and RH% taken into account, as in most
studies, may have high false-negative rates, thus causing some high
heat-stress days to be missed. Current heat indicators considering only
T and RH% have their basis on human comfort (Coccolo et al., 2016),
which is subjective and different from “heat stress”. A proper heat-stress
indicator in a heat warning system should be related to human phy-
siological changes with negative health impacts; and WBGT as a heat-
stress indicator has extensive physiological-based evidences (Bernard,
2012). Secondly, WBGT has been used in occupational health as an
indicator to prevent heat-stress-related health impacts in workplaces for
the past 60 years with a lot of studies demonstrating the relationships
between WBGT and heat-related health outcomes (Bernard, 2012;
Błażejczyk et al., 2014; Brode et al., 2018; ISO, 2017; Spector and
Sheffield, 2014; Yaglou and Minard, 1956). Thirdly, in recent years,
increasing research has found that WBGT can be an indicator not only
in workplaces (Hyatt et al., 2010; Kakamu et al., 2017; Lin et al., 2012;
Sung et al., 2013; Yamamoto et al., 2007). However, the warning
thresholds for occupational health cannot be directly applied to the
general public with vulnerable populations, such as the elderly and
children, involved. Hence, there is a need for proper WBGT thresholds
for heat warning systems for different countries in different climate
zones. Fourthly, the Hong Kong government has recently begun using a
modified WBGT as one of their heat indices (Lee et al., 2016). Japan
and Australia also present WBGT as one of the heat indicators for the
general public (Australian Government-Bureau of Meteorology, 2018;
Japanese Ministry of the Environment 2018). In view of the above and
in line with the global trend, the new approach presented in this work
focus on assessing WBGT thresholds for reducing heat-stress health
risks.

For comparison purpose, the proposed approach is also applied to
assessing T and AT thresholds. Temperature is the most commonly used
heat indicator and AT is also used by the Central Weather Bureau
(CWB) in Taiwan and in other countries such as Italy and Australia
(Australian Government-Bureau of Meteorology, 2018; Michelozzi
et al., 2010) for routine forecast. In the literature, AT has different
formulas comprising T, RH%, wind speed, and/or radiation absorbed by
the human body (Coccolo et al., 2016; Steadman, 1984). However,
radiation absorbed by the human body is closely related to the clothing
condition of individuals and it is difficult to measure. On the other
hand, solar radiation in the environment as used in WBGT does not vary
with clothing. Thus, in practice, solar radiation is easier to measure
compared with radiation absorbed by the human body.

When assessing heat-related health outcomes, most studies used
daily all-cause or cardiovascular mortality, hospital admissions of car-
diovascular or respiratory diseases, and/or emergency visits of heat-
related diseases (Astrom et al., 2011; Bai et al., 2014; Knowlton et al.,
2009; Li et al., 2015; Mastrangelo et al., 2007; Semenza et al., 1999;
Sheridan and Lin, 2014). In this work, all-cause mortality, hospital
admissions and emergency visits of heat-related illness (such as heat
stroke and heat exhaustion) are used in view of their different con-
siderations in evaluating proper thresholds of the heat warning system.
A warning system with the threshold identified using all-cause mor-
tality aims at reducing overall mortality, while those with thresholds
determined using hospital admissions and emergency visits target at
reducing morbidity related to work productivity and/or human well-
being (Xia et al., 2018). In reality, some countries may only have
complete datasets for one of the health records presented here. There
were also studies evaluating heat-health relationships for multiple
health outcomes (Petitti et al., 2016; Williams et al., 2012). Petitti et al.
emphasized the advantage of adaptation strategies formulated with
comprehensive information spanning a range of health outcomes
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associated with heat (Petitti et al., 2016). Thus, using these three types
of health records to evaluate the consistency and differences in
threshold identification can shed light on the selection of threshold
according to availability of health records.

In summary, to fill the scientific gap of a method, useful to me-
teorological and/or public health authorities, for selecting proper
thresholds of a heat warning system on the basis of health evidences,
the objectives of this work are (1) to demonstrate an approach to
evaluating proper thresholds of a heat warning system and the damage
coefficients (the slope) of heat-health relationships above the thresholds
simultaneously, with data from Taiwan for illustration; (2) to apply this
approach with WBGT, T, and AT for comparison; and (3) to evaluate
thresholds identified using different health records (all-cause mortality,
heat-related hospital admissions, and heat-related emergency visits) to
assess the consistency and differences in identifying thresholds of is-
suing a heat warning.

2. Materials and methods

2.1. Health records

All-cause mortality counts (excluding accidents and suicide) be-
tween 2008 and 2014 were obtained from the Taiwan National
Mortality Registry. Data before 2008 cannot be used in this work since
the location of death was not specified. Daily hospital admissions and
emergency visits of heat-related illness between 2000 and 2014 were
obtained from the database of the Health and Welfare Data Science
Center of the Ministry of Health and Welfare. This database contains
hospital visit information of almost the entire population of Taiwan
(23.71 million) on a daily basis, including hospital admissions, emer-
gency visits, and hospital locations. Cases of heat-related illness (ICD9:
992 according to the 9th Revision of the International Classification of
diseases (ICD9), including heat stroke and heat exhaustion) and sta-
tistics on age and gender were analyzed in this work. This study was
reviewed and approved by the Internal Review Board of Academia
Sinica.

2.2. Heat indicators and air pollutant data

Hourly meteorological data from 2000 to 2014 were obtained from
the CWB, Taiwan. There are 32 weather monitoring stations throughout
Taiwan; among which, mountain stations were excluded because of the
sparse population in those areas. Daily maximum temperatures of the
22 non-mountain stations were obtained and averaged for analysis. This
study also assessed AT, which comprises T, RH% and wind speed, as
used by the CWB, Taiwan (Steadman, 1984). The equation is listed in
the Appendices (see Eq. (A) of Appendix A). The daily maximum ATs of
these stations were averaged for analysis.

WBGT is a weighed combination of dry-bulb temperature, globe
temperature and natural wet-bulb temperature (Bernard, 2012) (see Eq.
(B) of Appendix A); it considers T, RH%, wind speed, and solar radia-
tion. However, natural wet-bulb temperature and globe temperature
were not provided by routine meteorological measurements. Never-
theless, equations for calculating WBGT according to fundamental
principles of heat and mass transfer with standard meteorological data
have been derived and validated (Liljegren et al., 2008). Thus, these
equations with inputs of routine meteorological measurements of
hourly temperature, RH%, wind speed, and solar radiation were used
for calculating WBGT (see Eq. (C) and Eq. (D) of Appendix A). The daily
maximum WBGTs of these stations were also averaged for analysis.

In the heat-health model, confounders such as air pollutants (Ye
et al., 2012) were adjusted using hourly measurements of air pollutant
levels from 2000 to 2014. These measurements were obtained from the
Environmental Protection Administration (EPA), Taiwan, which has 76
air-quality monitoring stations throughout Taiwan. PM2.5 was used as a
confounder instead of other air pollutants because it is currently the

most concerned pollutant in Taiwan and has high correlation with other
pollutants. Measurements of PM2.5 from 55 ambient stations between
2000 and 2014 were used while data from other types of stations (such
as industrial, traffic and background) were excluded.

2.3. Analysis

This study focused on health outcomes of heat-related illness; hence,
only data of May to October (warm season) were used for modeling.
Data of health outcomes were fitted to generalized additive models
(GAMs) with Poisson distribution to examine relationships between
heat indicators and health outcomes. Non-parametric smoothers are
considered in the GAMs to explore the respective association patterns
between one of the daily maximum heat indicators, denoted by Dt ,
(WBGT, T, and AT) and one of the health outcomes, denoted by Yt , (all-
cause mortality counts, heat-related hospital admissions and heat-re-
lated emergency visits). The model is specified as

∑= + + +
=

E Y f D g t λ CLog[ ( )] α ( ) ( )t t
i

m

i it
1 (1)

where α is a constant, f D( )t is a thin plate spline function of the heat
indicator with a number of knots over days in each warm season, and
g t( ) is another thin plate spline function of time with some number of
knots for examining daily change pattern during warm seasons.
Potential covariates on day t, denoted by Cit, such as daily PM2.5 con-
centration, day of week, holiday and periods prevalent with the severe
acute respiratory syndrome (SARS) are considered for adjustment.
Model selection was conducted to obtain influential covariates and to
choose the number of knots according to the Akaike information cri-
terion (AIC). The model with a lower AIC value is a better-fitted model.
By using the above evaluation, the number of knots =k 3 was adopted
for fitting the thin plate spline function f D( )t . The AIC values for
models with k ranging from 3 to 10 did not reduce significantly and the
fitted patterns of the health outcomes showed almost the same linear
relationship for heat indicators above 30. The fitted curve of =k 10 is
presented in Fig. 1 of Appendix B for comparison. The spline function
g t( ) models the same health outcome pattern during each warm season
of 184 days; choices of k=1, 2, 3 and 4 for a warm season were
evaluated. According to the AIC values of the fitted models, k=3 for a
warm season is the best choice. Hence, =k 45 and 21 were adopted for
modeling g t( ) in health outcomes of heat-related hospital admissions
and emergency visits (15 years) and all-cause mortality (7 years), re-
spectively. After obtaining the best model, the estimated smooth
function f Dˆ ( )t was plotted to examine the heat-health relationships. As
shown in the Results section, the plots did reveal a linear heat-health
relationship for heat indicator beyond certain cut-points, and that the
model can be modified for determining proper thresholds. Specifically,
the daily maximum heat indicator on day t in the model is replaced by
Et which is defined as,

= ⎧
⎨⎩

− >E D θ D θ, if
0, otherwiset

t t

where θ is a specified threshold candidate of the heat indicator. The
model is then modified as

∑= + + +
=

E Y θ β E g t λ CLog[ ( | )] α ( )t θ t
i

m

i it
1 (2)

where βθ is a damage coefficient associated with an increased value of
heat indicator from the chosen threshold θ. For assessing changes in
health risk in relation to a heat indicator threshold, this study evaluated
the risk ratio (RR), eβθ, which is the expected health outcome for 1 °C
increment over the threshold candidate divided by the expected health
outcome for that heat indicator below the threshold. With this damage
coefficient βθ in the modified model, different threshold candidates θ
could be compared to shed light on the potential reduced health risks.
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The threshold candidates were assessed starting from 30 °C at 0.5 °C
increments sequentially for the three heat indicators. Increments of
0.5 °C were used because a threshold defined by the authority is typi-
cally a round number or with 0.5 °C increments for easy communication
with the general public. This work set 30 °C as the lowest threshold
candidate of the three heat indicators because the median values of
WBGT, T, and AT from 2000 to 2014 in Taiwan are 30.1 °C, 30.8 °C, and
33.6 °C, respectively. Previous studies also showed that Taiwan had
higher mortality of various diseases at temperature above 30 °C (Pan
et al., 1995). The models were repeatedly fitted with the threshold
candidates till either the number of days above the threshold candidate
or the number of cases was too small, a limitation of small sample size.

Risk ratios of different threshold candidates were compared to de-
termine the best threshold candidate with the maximum increments of
risk ratio (RR) in comparison with a reference, which, in this work, is
the chosen lowest threshold candidate denoted by =a 30 °C. The risk
ratio increment (RRI) is calculated using

= − ×[ ]e eRRI(%) 100%β βθ a (3)

Such increment in association with a threshold candidate was ad-
justed by the RR of the reference level of a heat indicator; hence, the
sensitivity of the threshold candidate to the RR could be examined and
comparisons among different health outcomes associated with the heat
indicator could be conducted. The patterns of RRI associated with dif-
ferent threshold candidates were graphically illustrated to determine
the proper threshold value. The threshold candidate of the heat in-
dicator with the maximum RRI, the largest increase in RR from the
reference, was potentially the proper threshold value. Thresholds se-
lected on the basis of different health outcomes for different purposes
were evaluated for their consistency and differences. Finally, the
numbers of days exceeding different threshold candidates in previous
years were also assessed and provided as a complementary considera-
tion for threshold selection.

Previous studies showed that heat-health thresholds determined by
spline functions (the change point of the segmented regressions) were
usually too low for a heat warning system as discussed in the
Introduction. A spline function (k=3) for f D( )t was adopted to explore
the patterns of health outcomes above certain cut-points in this work;
rather than determining the thresholds. After confirming that the pat-
terns of health outcome are linear above certain cut-points with Eq. (1),
threshold candidates can be evaluated through comparing their asso-
ciated RRI values with Eqs. (2) and (3). Moreover, thresholds de-
termined according to the change point of the segmented regressions
are typically shown in graphic presentations without quantification.
Instead, the proposed approach presents quantitative RRI values to fa-
cilitate the authorities in their choice of thresholds. The quantitative
graphical presentation is the major advantage of the proposed ap-
proach.

Data processing and statistical analyses were carried out using SAS
9.3 (SAS Institute Inc., Cary, NC, USA) and R 3.3.3 with mgcv package
(Wood, 2006). Regarding the lag effect, recent studies have found much
smaller effect of heat waves in “extended periods” than the acute effects
(Barnett et al., 2012; Gasparrini and Armstrong, 2011; Gosling et al.,
2009), and the focus of an effective heat warning system should mini-
mize health risks of the acute effects on the event days (WMO and
WHO, 2015). For demonstration purpose, lagged effect was assessed for
all-cause mortality and the results are shown in Table 1 of Appendix C.
As can be seen, lagged effect was found to be relatively weak, and hence
not evaluated further in this work.

3. Results

Table 1 shows the summary of data in the warm season of
2000–2014 in Taiwan as used in the models. The daily maximum of all-
cause mortality was 463 with more males than females; and the elderly

had the highest counts among all age groups, as expected. Daily max-
imum of heat-related hospital admissions and emergency visits reached
1533 and 73, respectively. The mean heat-related emergency visit was
almost 0.5% of the mean heat-related hospital admission. Among dif-
ferent age groups, people aged 15–64 years accounted for the majority
of heat-related hospital admissions. In terms of gender, the number of
females was higher than that of males. In contrast, females have fewer
hospital emergency visits than males. The average daily maximum
WBGT, T, and AT in the warm season of these 15 years were 29.5 °C,
30.4 °C, and 32.9 °C, respectively.

The associations of WBGT, T, and AT with different health outcomes
during warm season of the studied periods are shown in Fig. 2 of
Appendix B. As can be seen, the health impacts increased linearly with
the heat indicator after certain values in the right tails of these graphs.
Fig. 1(a)-(i) displays the associations of WBGT, T, and AT with different
health outcomes in GAMs after confounder adjustments. Similarly, the
right tails seen in Fig. 1(a)-(i) also show linear exposure-response re-
lationships of maximum WBGT, T, and AT with different health impacts
above certain values. Such agreement in results obtained indicates the
suitability of the GAMs for this analysis.

Table 2(a)-(c) shows RRs estimated by the modified GAMs with
different threshold candidates for WBGT, T, and AT, respectively.
Whether stratified or not, RRs for all-cause mortality, heat-related
hospital admissions, and heat-related emergency visits showed a rising
trend with increase in threshold values for WBGT, T, and AT. The RRs
for WBGT were statistically significant up to the cut-point of 32.5 °C
(RR = 1.06), 33.0 °C (RR = 2.03), and 33.0 °C (RR = 4.19) for all-
cause mortality, heat-related hospital admissions, and heat-related
emergency visits, respectively. The RRs for T were statistically sig-
nificant up to the cut-point of 33.5 °C (RR = 1.11), 34.0 °C (RR =
1.69), and 34.0 °C (RR = 4.13) for the three health outcomes, respec-
tively. The RRs for AT were statistically significant up to the cut-point
of 36.0 °C (RR = 1.05), 37.5 °C (RR = 1.52), and 37.5 °C (RR = 4.67)
for the three health outcomes, respectively. The highest RRs for all
three heat indicators occurred in heat-related emergency visits (RR =
4.13–4.67), followed by heat-related hospital admissions (RR =
1.52–2.03) and all-cause mortality (RR = 1.05–1.11).

In general, males have higher RRs for these three health outcomes
with all three heat indicators than females, with the few exceptions

Table 1
Summary of data used in GAM, May to October in years 2000–2014.

Variables N Mean S.D. Min. Max.

Daily all-cause mortalitya 1288 360 30 278 463
Female 1288 144 16 105 195
Male 1288 215 19 156 283
Age 0–14 1288 3 2 0 9
Age 15–64 1288 97 11 64 134
Age > 65 1288 260 24 197 340
Heat-related hospital admissions 2760 178 220 1 1533
Female 2760 101 128 0 856
Male 2760 75 90 0 674
Age 0–14 2760 8 8 0 63
Age 15–64 2760 151 191 0 1351
Age > 65 2760 18 22 0 147
Heat-related emergency visits 2760 7 7 0 73
Female 2760 2 2 0 26
Male 2760 5 6 0 45
Age 0–14 2760 1 1 0 7
Age 15–64 2760 5 6 0 51
Age > 65 2760 1 2 0 19
Heat indicator
Daily max. WBGT (°C) 2760 29.5 2.35 19.5 33.6
Daily max. T (°C) 2760 30.4 2.18 20.9 34.5
Daily max. AT (°C) 2760 32.9 2.82 20.8 38.0
Air pollutant
PM2.5 (μg/m3) 2760 28.4 13.3 8.55 149

a Dataset of daily all-cause mortality covers years 2008–2014.
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observed for emergency visits with the WBGT threshold set at 32.0 °C, T
thresholds at 32.0, 33.0, and 34.0 °C, and AT thresholds at 36.0, 37.0,
and 37.5 °C. The differences in RRs between males and females became
greater with increasing threshold values. In heat-related emergency
visits, the highest RR for males was 4.29 for WBGT with threshold of
33.0 °C, while that for females reached 7.45 for T with threshold of
34.0 °C and 6.08 for AT with threshold of 37.5 °C. The above estimates
were all statistically significant.

Differences in RR for health outcomes among the three age groups
also widened with increasing threshold values of heat indicators. The
following description focuses on results with statistical significance. For
WBGT, the highest RR for all-cause mortality (1.06) occurred in the
population aged above 65 years at threshold of 32.5 °C; while that for
both heat-related hospital admissions (2.61) and heat-related emer-
gency visits (6.86) occurred among the age group of 0–14 years at
threshold of 33.0 °C and 33.0 °C, respectively. For T, the population
aged above 65 years had the highest RR for all-cause mortality (1.11)
and heat-related emergency visits (5.29) at threshold of 33.5 °C; while
the age group of 0–14 had the highest RR for heat-related hospital
admissions (2.20) at threshold of 34.0 °C. Similarly, for AT, the popu-
lation aged above 65 years had the highest RR for all-cause mortality
(1.06) and heat-related emergency visits (5.12) at threshold of 36.0 °C
and 37.5 °C, respectively; while the age group of 0–14 had the highest
RR for heat-related hospital admissions (1.97) at threshold of 37.5 °C. In
short, the age group of either 0–14 or> 65 had the highest RRs for
these three different heat indicators, with those for all-cause mortality
consistently in the population aged above 65 and those for heat-related
hospital admissions consistently in age group of 0–14. Moreover, for the
age group of 0–14, the RRs for heat-related hospital admissions
(1.97–2.61) and emergency visits (3.46–6.86) showed statistically sig-
nificant increase with most of the threshold candidates for the different
heat indicators; while those for all-cause mortality did not.

The incremental changes in RRs of different threshold candidates
compared with RRs of the reference, as shown in Fig. 2(a)-(c), show a
rapid rising trend with increase in threshold values. For WBGT
(Fig. 2(a)) with threshold of 33.0 °C, the RRI of heat-related hospital
admissions (73%) and heat-related emergency visits (242%) are nu-
merically much higher than that of all-cause mortality (9%). The same
pattern is observed for T (Fig. 2(b)) with threshold of 34.0 °C and AT
(Fig. 2(c)) with threshold of 37.5 °C. In addition, the rapid increase in
RRIs for these three different health outcomes occurred between WBGT
threshold at 32.0 °C and 33.0 °C. During the period of 2000–2014,
WBGT of 32.0 °C and 33.0 °C correspond to 89.8 percentile and 99.6
percentile, respectively. For T, the rapid increase in RRIs occurred be-
tween thresholds of 33.0 °C and 34.0 °C for all-cause mortality and heat-
related emergency visits only. Temperature of 33.0 °C and 34.0 °C
correspond to 94.1 percentile and 99.8 percentile, respectively during
2000–2014. For AT, the rapid increase in RRIs occurred between
thresholds of 36.0 °C and 37.5 °C for all-cause mortality and heat-re-
lated emergency visits only, which correspond to 90.6 percentile and
99.9 percentile, respectively for 2000–2014.

To further evaluate whether the identified thresholds are proper for
a heat warning system, the number of days above different threshold
values for WBGT, T, and AT between 2000 and 2017 are plotted in
Fig. 3(a)-(c), respectively. For better clarity in illustration, only the
plots of several selected threshold values are presented. The threshold
for a heat warning system can be chosen according to the RRIs and
these historical health outcomes with different policy considerations in
mind. If preventing increase in all-cause mortality is the policy target
and the selected threshold needed to be supported by statistically sig-
nificant evidence, the choice of threshold for WBGT, T and AT could be
32.5 °C, 33.5 °C and 36.0 °C, respectively. However, it may result in
frequent warnings issued. In the cases of WBGT at 32.5 °C and AT at
36.0 °C; there were 52 days in 2016 and 61 in 2017 above these

Fig. 1. Heat-health relationship of daily maximum WBGT, T and AT with all-cause mortality, heat-related hospital admissions and heat-related emergency visits
obtained from smooth functions of heat indicator in GAMs after confounder adjustment.
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Table 2
Risk ratios at different threshold candidates of (a) WBGT, (b) T, and (c) AT.

(a) WBGT

Threshold > 30 °C > 31.0 °C > 32.0 °C > 32.5 °C > 33.0 °C
RR (95% CI)a RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI)

All-cause mortality 1.02* (1.01, 1.02) 1.03* (1.02, 1.03) 1.05* (1.03, 1.07) 1.06† (1.01, 1.11) 1.10 (0.96, 1.26)
Female 1.01* (1.00, 1.02) 1.02* (1.01, 1.03) 1.04† (1.00, 1.07) 1.03 (0.96, 1.11) 1.09 (0.88, 1.34)
Male 1.02* (1.01, 1.03) 1.03* (1.02, 1.04) 1.05* (1.03, 1.08) 1.08† (1.01, 1.14) 1.10 (0.93, 1.31)
Age 0–14 1.02 (0.97, 1.08) 1.02 (0.94, 1.12) 1.08 (0.84, 1.37) 1.44 (0.86, 2.42) 2.23 (0.47, 10.53)
Age 15–64 1.01* (1.01, 1.02) 1.02* (1.01, 1.04) 1.03 (0.99, 1.07) 1.04 (0.96, 1.14) 1.15 (0.88, 1.49)
Age > 65 1.02* (1.01, 1.02) 1.03* (1.02, 1.04) 1.05* (1.03, 1.08) 1.06† (1.01, 1.12) 1.07 (0.92, 1.26)
Heat-related hospital admissions 1.3* (1.30, 1.31) 1.36* (1.35, 1.37) 1.47* (1.45, 1.49) 1.68* (1.62, 1.73) 2.03* (1.82, 2.28)
Female 1.29* (1.28, 1.29) 1.33* (1.32, 1.35) 1.43* (1.40, 1.46) 1.61* (1.54, 1.68) 1.83* (1.57, 2.13)
Male 1.33* (1.32, 1.34) 1.39* (1.38, 1.41) 1.52* (1.48, 1.55) 1.76* (1.67, 1.85) 2.28* (1.92, 2.71)
Age 0–14 1.31* (1.29, 1.34) 1.40* (1.35, 1.44) 1.54* (1.42, 1.66) 1.72* (1.45, 2.04) 2.61* (1.49, 4.56)
Age 15–64 1.31* (1.31, 1.32) 1.37* (1.36, 1.38) 1.48* (1.46, 1.51) 1.69* (1.63, 1.75) 2.01* (1.78, 2.28)
Age > 65 1.24* (1.23, 1.26) 1.27* (1.24, 1.29) 1.33* (1.27, 1.39) 1.58* (1.43, 1.76) 2.05* (1.45, 2.91)
Heat-related emergency visits 1.77* (1.73, 1.81) 1.96* (1.89, 2.02) 2.26* (2.10, 2.42) 2.77* (2.41, 3.17) 4.19* (2.92, 6.03)
Female 1.67* (1.59, 1.75) 1.87* (1.75, 2.00) 2.31* (2.01, 2.66) 3.29* (2.55, 4.25) 3.81* (1.92, 7.57)
Male 1.80* (1.75, 1.85) 1.98* (1.91, 2.06) 2.23* (2.05, 2.42) 2.55* (2.16, 3.01) 4.29* (2.76, 6.65)
Age 0–14 1.29* (1.19, 1.40) 1.52* (1.33, 1.74) 2.38* (1.76, 3.23) 3.45* (1.90, 6.28) 6.86† (1.49, 31.65)
Age 15–64 1.82* (1.77, 1.87) 1.99* (1.92, 2.07) 2.24* (2.07, 2.43) 2.66* (2.27, 3.11) 3.86* (2.52, 5.91)
Age > 65 1.84* (1.73, 1.95) 1.99* (1.83, 2.16) 2.25* (1.89, 2.66) 3.15* (2.30, 4.31) 5.50* (2.50, 12.13)

(b) T

Threshold > 30 °C > 31.0 °C > 32.0 °C > 33.0 °C > 33.5 °C > 34.0 °C
RR (95% CI)a RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI)

All-cause mortality 1.01* (1.01, 1.02) 1.02* (1.02, 1.03) 1.04* (1.03, 1.05) 1.08* (1.05, 1.11) 1.11* (1.04–1.17) 1.16 (0.97, 1.39)
Female 1.01* (1.01, 1.02) 1.02* (1.01, 1.03) 1.03* (1.02, 1.05) 1.07* (1.02, 1.12) 1.06 (0.96–1.16) 1.11 (0.83, 1.48)
Male 1.02* (1.01, 1.02) 1.02* (1.02, 1.03) 1.04* (1.03, 1.05) 1.08* (1.05, 1.12) 1.14* (1.06–1.23) 1.20 (0.94, 1.51)
Age 0–14 1.01 (0.97, 1.06) 1.01 (0.95, 1.07) 0.99 (0.89, 1.10) 0.88 (0.62, 1.26) 0.68 (0.29–1.62) 0.37 (0.02, 7.13)
Age 15–64 1.01* (1.00, 1.02) 1.01* (1.00, 1.03) 1.02† (1.00, 1.04) 1.05 (0.99, 1.11) 1.09 (0.97–1.23) 1.22 (0.86, 1.74)
Age > 65 1.02* (1.01, 1.02) 1.02* (1.02, 1.03) 1.04* (1.03, 1.05) 1.09* (1.06, 1.13) 1.11* (1.04–1.20) 1.15 (0.93, 1.42)
Heat-related hospital admissions 1.31* (1.30, 1.31) 1.36* (1.35, 1.36) 1.44* (1.43, 1.45) 1.59* (1.56, 1.62) 1.68* (1.61–1.74) 1.69* (1.50, 1.90)
Female 1.30* (1.29, 1.30) 1.35* (1.34, 1.35) 1.43* (1.42, 1.44) 1.56* (1.53, 1.60) 1.60* (1.52–1.69) 1.56* (1.33, 1.82)
Male 1.32* (1.32, 1.33) 1.37* (1.36, 1.38) 1.45* (1.43, 1.46) 1.63* (1.58, 1.67) 1.77* (1.67–1.88) 1.84* (1.54, 2.20)
Age 0–14 1.31* (1.29, 1.33) 1.37* (1.34, 1.40) 1.49* (1.44, 1.54) 1.76* (1.61, 1.93) 2.01* (1.66–2.44) 2.20* (1.21, 4.00)
Age 15–64 1.31* (1.31, 1.32) 1.36* (1.36, 1.37) 1.44* (1.43, 1.45) 1.59* (1.56, 1.62) 1.66* (1.59–1.73) 1.66* (1.47, 1.89)
Age > 65 1.26* (1.24, 1.27) 1.30* (1.28, 1.31) 1.36* (1.33, 1.39) 1.53* (1.44, 1.62) 1.72* (1.52–1.94) 1.69* (1.17, 2.45)
Heat-related emergency visits 1.65* (1.62, 1.68) 1.74* (1.70, 1.78) 1.88* (1.82, 1.95) 2.36* (2.18, 2.57) 3.06* (2.59–3.62) 4.13* (2.40, 7.12)
Female 1.61* (1.55, 1.67) 1.74* (1.66, 1.82) 1.99* (1.86, 2.13) 2.76* (2.35, 3.24) 4.19* (3.05–5.76) 7.45* (2.65, 20.98)
Male 1.66* (1.62, 1.69) 1.74* (1.69, 1.79) 1.85* (1.77, 1.92) 2.25* (2.04, 2.48) 2.81* (2.30–3.43) 3.58* (1.88, 6.82)
Age 0–14 1.24* (1.17, 1.32) 1.29* (1.19, 1.40) 1.49* (1.30, 1.70) 2.20* (1.54, 3.13) 3.69* (1.78–7.66) 2.17 (0.11, 44.82)
Age 15–64 1.68* (1.65, 1.72) 1.76* (1.71, 1.80) 1.86* (1.79, 1.94) 2.21* (2.01, 2.43) 2.60* (2.13–3.17) 4.05* (2.19, 7.48)
Age > 65 1.83* (1.74, 1.92) 1.96* (1.85, 2.08) 2.16* (1.99, 2.35) 3.13* (2.60, 3.77) 5.29* (3.73–7.51) 5.25† (1.47, 18.73)

(c) AT

Threshold > 30 °C > 32.0 °C > 34.0 °C > 36.0 °C > 37.0 °C > 37.5 °C
RR (95% CI)a RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI) RR (95%CI)

All-cause mortality 1.01* (1.00, 1.01) 1.01* (1.01, 1.01) 1.02* (1.01, 1.02) 1.05* (1.03, 1.07) 1.04 (0.97–1.12) 1.11 (0.93, 1.32)
Female 1.00† (1.00, 1.01) 1.01* (1.00, 1.01) 1.01* (1.01, 1.02) 1.04* (1.01, 1.08) 1.01 (0.90–1.14) 1.02 (0.77, 1.35)
Male 1.01* (1.00, 1.01) 1.01* (1.01, 1.02) 1.02* (1.01, 1.03) 1.06* (1.03, 1.09) 1.06 (0.96–1.17) 1.17 (0.93, 1.47)
Age 0–14 0.99 (0.97, 1.01) 1.00 (0.97, 1.03) 1.00 (0.94, 1.05) 1.03 (0.82, 1.31) 1.22 (0.47–3.17) 0.99 (0.09, 11.13)
Age 15–64 1.01* (1.00, 1.01) 1.01* (1.00, 1.01) 1.01* (1.00, 1.02) 1.03 (0.99, 1.07) 1.05 (0.90–1.22) 1.28 (0.92, 1.79)
Age > 65 1.01* (1.00, 1.01) 1.01* (1.01, 1.01) 1.02* (1.01, 1.03) 1.06* (1.04, 1.09) 1.04 (0.95–1.14) 1.05 (0.85, 1.29)
Heat-related hospital admissions 1.21* (1.21, 1.22) 1.24* (1.24, 1.25) 1.30* (1.29, 1.30) 1.45* (1.43, 1.47) 1.37* (1.30–1.44) 1.52* (1.35, 1.71)
Female 1.21* (1.20, 1.21) 1.23* (1.23, 1.24) 1.29* (1.28, 1.29) 1.43* (1.40, 1.46) 1.28* (1.20–1.38) 1.38* (1.18, 1.62)
Male 1.23* (1.22, 1.23) 1.26* (1.25, 1.26) 1.32* (1.31, 1.32) 1.48* (1.45, 1.51) 1.47* (1.35–1.59) 1.68* (1.40, 2.01)
Age 0–14 1.19* (1.18, 1.21) 1.24* (1.22, 1.25) 1.31* (1.28, 1.33) 1.53* (1.43, 1.64) 1.58* (1.21–2.06) 1.97† (1.07, 3.62)
Age 15–64 1.22* (1.22, 1.22) 1.25* (1.25, 1.25) 1.30* (1.30, 1.31) 1.46* (1.44, 1.48) 1.35* (1.28–1.43) 1.50* (1.32, 1.70)
Age > 65 1.18* (1.17, 1.19) 1.21* (1.19, 1.22) 1.24* (1.23, 1.26) 1.36* (1.30, 1.42) 1.45* (1.23–1.70) 1.58† (1.08, 2.29)
Heat-related emergency visits 1.42* (1.40, 1.44) 1.51* (1.49, 1.54) 1.64* (1.61, 1.68) 2.02* (1.90, 2.14) 2.60* (2.13–3.18) 4.67* (2.82, 7.75)
Female 1.38* (1.34, 1.41) 1.47* (1.43, 1.52) 1.61* (1.54, 1.68) 2.16* (1.92, 2.44) 2.91* (1.97–4.30) 6.08* (2.22, 16.68)
Male 1.44* (1.42, 1.46) 1.53* (1.50, 1.55) 1.65* (1.61, 1.69) 1.96* (1.82, 2.10) 2.52* (1.98–3.19) 4.38* (2.41, 7.95)
Age 0–14 1.14* (1.10, 1.18) 1.18* (1.12, 1.23) 1.23* (1.14, 1.33) 1.85* (1.43, 2.39) 3.46* (1.46–8.21) 5.93 (0.52, 67.74)
Age 15–64 1.46* (1.44, 1.49) 1.55* (1.53, 1.58) 1.67* (1.63, 1.71) 1.97* (1.84, 2.11) 2.43* (1.93–3.07) 4.59* (2.59, 8.15)
Age > 65 1.52* (1.47, 1.58) 1.63* (1.56, 1.69) 1.77* (1.67, 1.87) 2.29* (1.98, 2.64) 3.30* (2.11–5.15) 5.12* (1.53, 17.10)

* p < 0.01.
† p < 0.05.
a Risk Ratio (RR) and 95% confidence interval (95% CI) of each outcome with a 1 °C increase above the threshold.
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thresholds, respectively. The warm season in Taiwan is usually hot and
humid. Too frequent issue of heat warnings may cause the general
public to pay no heed to them and pose burden on manpower and re-
sources for supporting heat-health responsive actions associated with
warnings. The aforementioned thresholds may be good for heat ad-
visory but not for a heat warning, which should be accompanied with
governmental emergency response actions. Thus, an effective heat
warning system aiming to prevent increase in heat-related hospital

Fig. 2. Risk ratio increments (%) of different threshold candidates for (a)
WBGT, (b) T, and (c) AT, compared with those of the reference threshold
(WBGT, 30 °C; T, 30 °C; and AT, 30 °C) for all-cause mortality, heat-related
hospital admissions and heat-related emergency visits.

Fig. 3. Number of days with (a) WBGT, (b) T, and (c) AT above the respective
threshold candidate in the period of 2000–2017.
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admissions and emergency visits may pick a threshold for an extreme
high heat-stress situation; for example, the choice of threshold for
WBGT, T and AT could be 33.0 °C, 34.0 °C and 37.5 °C, respectively. The
numbers of days exceeding these thresholds in years of 2000–2017
were mostly 0–2 days, with two exceptions for WBGT and six for AT.
The highest number of days, 14, occurred in the case of WBGT in 2016
(an El Niño year). For the whole period of 2000–2017, the average days
above the thresholds for WBGT, T and AT at 33.0 °C, 34.0 °C and 37.5 °C
were 1.5, 0.4, and 2.0 days, respectively (see Table 2 of Appendix C).
Thus, the heat-warning system with such thresholds can arouse the
attention of the public for proper self-protection and trigger adequate
responsive actions from the authorities to reduce causalities under ex-
treme heat-stress events.

4. Discussion

Under the impacts of climate change, high heat-related causality
highlights the urgency and importance of establishing a heat warning
system with a proper heat indicator and an appropriate threshold.
Sustainable Development Goals set by the United Nations call for col-
laborative actions to face the challenge of changing environments UN
(United Nations), 2018. The International Council for Science (ICSU)
also strongly encourages scientists collaborating with stakeholders to
conduct solution-oriented science, especially to work together with
policy-makers in providing sound scientific evidences to support ef-
fective mitigation and adaptation policies for the sustainable develop-
ment of our society (ICSU International Council for Science, 2014).
Particularly, in tropical and subtropical zones where the population
deem themselves already adapted to hot climate, which is not true as
shown in various studies (Ghumman and Horney, 2016; Sarath
Chandran et al., 2017; Sung et al., 2013), people may ignore heat-re-
lated health risks. A heat warning system with proper heat indicator
and threshold is essential for reducing the negative impact of heat on
their health. In the quantitative risk assessment of the climate change
effects conducted by the World Health Organization (WHO (World
Health Organization), 2014), it was projected that there would be
higher excess mortality due to heat-related events in various areas
around the world including Europe, North American, Australia, East
Asia, and high-income Asia Pacific countries, compared with casualties
due to undernutrition and infectious diseases in the 2030 s and 2050 s.
An effective heat warning system accompanied with responsive actions
is viewed as the critical health adaptation strategy which should be
implemented in all countries (Smith et al., 2014). The lack of a sys-
tematic methodology for selecting a proper threshold for heat warnings
hinders the authorities worldwide in setting up a heat warning system.
This study presents a straightforward systematic approach to selecting
the appropriate threshold for warning the public so as to reduce health
risks of heat stress under climate change.

The proposed approach examines historical heat-health relation-
ships using a modified GAM, evaluates increments in RR, assesses fre-
quency of days above certain threshold candidates, and presents ana-
lysis results graphically for easy understanding by stakeholders (policy-
makers and the general public). The candidate with the maximum RRI
and proper occurring frequency is potentially the best threshold. It can
be adopted by the authority in any country in establishing a heat
warning system for different heat indicators with any health outcome
records available. The modified form of GAM successfully obtained the
slope of heat-health relationship above any specified threshold, which
could be chosen according to a given percentile or any set value, giving
the regulatory authority a flexibility to test any threshold candidate in
mind. This model provides a way to compare RRs of different threshold
candidates. After comparing with the RR of the reference, RRI of any
threshold candidate can be presented graphically to facilitate threshold
selection. The emphasis on “increments” in RR rather than RR itself is a
critical concept different from previous heat-health evaluations. The
rising trend of increments confirmed the significant health impacts of

heat-stress represented by the selected heat indicator. The point at
which the heat indicator had the maximum RRI could be taken as the
proper threshold of a heat warning system. The health risk above this
threshold could be reduced if the heat warning system is accompanied
with an effective intervention action plan. The graphic presentation of
the RRI trends will guide policy-makers in selecting the proper
threshold for different policy considerations. With the frequency of
occurrence above the specified threshold assessed, a proper threshold of
a heat warning system can be selected according to the discretion of the
authority. Policy considerations may involve reducing heat-related
mortality or morbidity, establishing tiered advisory/warning system or
not, frequency of warnings issued, and the corresponding intervention
plans, which are beyond the scope of this manuscript. Nevertheless, the
proposed approach provides policy-makers a systematic scientific tool
for considering those factors in the light of sound scientific evidences.
This analysis used 15 years of meteorological and health data of Taiwan
for demonstration. Only data of warm seasons were included; hence, no
seasonal effect needed to be considered. The results clearly show the
feasibility and flexibility of the proposed approach. In view of climate
changes, periodical evaluations should be conducted to update the
chosen threshold.

Compared with traditional graphic presentation of the change point
of spline functions of health outcomes, the proposed approach using
quantitative RRIs to select thresholds have two advantages. First,
thresholds obtained from spline functions are usually too low, resulting
in too frequent warnings, which can be avoided by the proposed ap-
proach. Secondly, it is easier to communicate to the general public with
a quantitative value of RRI of the chosen threshold, rather than a mere
graphic presentation of a spline curve, for demonstrating increase in
heat-related health risks. Lagged effect which used to be adopted for
evaluating excess deaths or cases after extreme heat events was found
to be weak, and hence not considered in the final selection criteria. For
issuing a heat warning system in advance, the most important con-
sideration is to minimize heat exposure and health impacts occurring
on the event days. If heat warnings can be accompanied with effective
heat-health intervention programs, heat exposure on the event days
could be reduced and there would be no (or very minor) lagged effects
that have to be taken into account.

Three types of health data were used, representing two extremes of
heat-related health outcomes. All-cause mortality was the most general
and the most commonly used health outcome for evaluating heat-health
relationship; while heat-related hospital admissions and emergency
visits were the morbidity specific to heat-stress. Heat-related mortality
was not included due to limited number of cases possibly because the
deceased had other types of complication and may not be classified as
heat-related deaths. A heat warning system developed on the basis of
mortality or morbidity represents different policy considerations. If
only statistically significant RRI was considered, the choice of threshold
according to mortality and morbidity (heat-related hospital admissions
and emergency visits) would not be the same. The threshold for WBGT,
T and AT would respectively be 32.5 °C, 33.5 °C and 36.0 °C chosen on
the basis of mortality, but 33.0 °C, 34.0 °C, and 37.5 °C selected in terms
of morbidity. Moreover, the RRI trends of heat-related emergency visits
were similar among WBGT, T, and AT; all showing dramatic increase at
33 °C, 34 °C, and 37.5 °C, respectively, much higher than those of all-
cause mortality and heat-related hospital admissions. Thus, heat-related
emergency visits, if available, could be the initial choice of health
outcome in evaluating proper thresholds. These results demonstrate the
wide applicability of this approach, covering health records of mortality
and morbidity.

As shown in Fig. 2(a), the increments of all three health outcomes
almost doubled from WBGT at 32.5 °C to WBGT at 33 °C; and the pat-
terns were consistent among all three health outcomes. Thus, regardless
of the health outcome considered, the same threshold of 33 °C would be
chosen. Note that the RRs of WBGT at 33 °C were not statistically sig-
nificant, which may be due to the limitation of sample size or certain
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adaptation behaviors (e.g., turning on air-conditioning) under such
high heat-stress condition. It should be emphasized that “statistical
significance” is an important criterion in academic publications, while
it serves merely as a reference in policy-making. In this work, the rising
trend of RRI (30–33 °C) was so obvious that it together with number of
days above the threshold supported the adoption of WBGT at 33.0 °C as
the threshold of the warning system. For this reason, the recommended
threshold for different heat indicators would be WBGT at 33.0 °C, T at
34.0 °C, and AT at 37.5 °C, regardless whether the results are statisti-
cally significant. By choosing these thresholds, mortality and heat-re-
lated morbidity could be both reduced by corresponding emergency
response actions.

Thresholds for heat-health impacts in Taiwan have been assessed
with different heat indicators. Honda et al. considered a daily maximum
temperature between 80 and 85 percentiles of daily maximum tem-
peratures as the best climate index for estimation of optimal tempera-
ture. From 1994–2007, the optimal temperature for the three biggest
cities in Taiwan ranged from 31.2 °C to 33.4 °C (Honda et al., 2007,
2013). In agreement with these findings, the present results also re-
vealed increases in RR above 30 °C, but the temperature threshold of a
warning system chosen in this work is even higher, 34 °C. In addition,
Chung et al. (2009) took daily maximum AT of 31.5 °C as the threshold
of heat-health relationship in summer Taipei (the biggest city in
Taiwan) with the daily mortality risk of 5.1% (3.1–7.2%) per 1 °C in-
crement. This work also found an increased risk of 5% (3–7%) per 1 °C
increment above AT of 36 °C for the whole Taiwan region. Furthermore,
studies have shown that the impacts of heat indicators on all-cause
mortality and all-cause outpatient visits started emerging in the tem-
perature range of 25–30 °C in Taiwan (Lin et al., 2011, 2012). Again,
these previously determined lower thresholds further demonstrated
that prior research focused only on identifying thresholds of heat-health
impacts rather than thresholds of a heat warning system.

Related literature (Honda et al., 2007; Li et al., 2015; Petitti et al.,
2016; Tong et al., 2014) either identified thresholds for increase in
health outcomes with heat indicator rather than thresholds of a heat
warning system or selected them on the basis of percentiles of occur-
rence frequency with health outcome evidences but without compar-
ison among different percentiles. In contrast, the present approach
systematically evaluated RRIs of a series of threshold candidates with a
complement assessment of occurrence frequency of days exceeding
these threshold candidates in previous years. Quantitative RRIs of dif-
ferent threshold candidates were presented graphically; thus, even by
visual examination, a threshold suitable for regulatory purposes can be
identified. It has the advantages of providing health outcome evidences
and frequency of occurrence for this specified threshold of a heat
warning system.

Besides studies focusing on the threshold of heat outcomes, there
have also been attempts made to identify thresholds for heat-health
intervention measures. For example, with data from USA, Petitti et al.
(2016) evaluated comprehensively 10 different types of health out-
comes using six heat indicators (minimum/mean/maximum of tem-
perature and heat index which considers temperature and relative hu-
midity), and tried to identify multiple trigger points at which heat-
health intervention measures might be activated. They defined minimal
risk temperature as the temperature of minimum mortality, and used
95% confidence interval as a criterion for selecting increasing risk
temperature and excess risk temperature according to the RR of a given
health outcome (Petitti et al., 2016). They obtained different increasing
risk temperatures and excess risk temperatures from different health
outcomes. While only three health outcomes were assessed in this work,
the proposed approach emphasized RRI and selected the proper
threshold with a more straightforward way using visual inspection of
the rising trend of RRI without requiring statistical significance which
conceptually is difficult to communicate to stakeholders. With the
proposed approach, the same threshold for heat warning was selected
regardless of health outcomes considered for the chosen heat indicator,

demonstrating the robustness of the approach in determining the same
threshold from different health records for the specified heat indicator.

Additionally, Tong et al. (2014) also assessed RR of daily mortality
and emergency hospital admissions of previous heatwave events in
Brisbane, Australia and proposed a tiered heat warning system ac-
cording to health risks under a heatwave. Their method required first
the identification of heatwave events, where are defined as two or more
consecutive days with the mean temperature above a certain percentile.
This study evaluated thresholds of the heat indicator in one day only;
our future work will aim to evaluate thresholds of the heat indicator for
two or more consecutive days. The present results showed that the
proposed approach can be applied to a tiered warning system men-
tioned by Tong et al. (2014). For example, thresholds identified by
statistically significant RRs selected on the basis of mortality and
morbidity can be adopted to define a tiered heat warning system with
separate thresholds ideal for heat advisory and heat warning, respec-
tively.

Furthermore, most previous studies on heat-health relationships or
heat warning system used temperature as the heat indicator (Ye et al.,
2012; Gasparrini et al., 2015; Petitti et al., 2016). However, tempera-
ture alone is not a good indicator for heat stress. This work compared
heat-health evaluations using WBGT, T and AT; and found that RRIs of
WBGT were more consistent than those of T and AT. For AT, there was
even a dip at 37 °C for all-cause mortality and hospital admissions.
WBGT showed a clearer increasing trend for the three health outcomes
than T and AT, revealing that WBGT is a more suitable heat indicator.
As mentioned above, WBGT comprises four essential meteorological
parameters associated with heat stress. Prior research has also de-
monstrated that WBGT is a good indicator of heat stress for the general
public (Lin et al., 2012; Lee et al., 2016). In view of the above, WBGT is
recommended as the apt heat indicator for a heat warning system.

Most heat-health relationships focusing on mortality found the el-
derly population most vulnerable (Astrom et al., 2011; Changnon et al.,
1996; Le Tertre et al., 2006). Some previous works also indicated
children as one of the vulnerable populations for heat stress (Xu et al.,
2012). Our findings echo both. The results of all-cause mortality with
WBGT, T, and AT all showed the highest RRs in the age group above 65,
while heat-related hospital admissions and emergency visits had the
highest RRs in the group aged 0–14 for all three heat indicators. These
findings emphasized that not only the elderly but also the young need a
better heat adaptation strategy to reduce their health risks. A proper
heat warning system is an essential heat adaptation strategy to alert
them to take actions for self-protection and for healthcare workers to
pay special attention to those vulnerable groups. Moreover, although
the RRs of the heat-health relationships for those aged 15–64 were
usually the lowest among the three age groups, the total numbers of
heat-related hospital admissions and emergency visits for those aged
15–64 were the highest, accounting for almost 90% of the cases
(Table 1). Therefore, heat adaptation strategy to reduce the health risks
for this age group is also important.

In summary, the aforementioned results demonstrated the fol-
lowing. First, a proper threshold for a heat warning system can be
identified through evaluating both RRI of different threshold candidates
in heat-health relationships and the occurrence frequency of days ex-
ceeding these threshold candidates in previous years. Threshold for a
heat warning system can be selected on the basis of these sound sci-
entific evidences and policy considerations. Secondly, the threshold
candidates of the specified heat indicator with the maximum RRIs were
consistent among different health outcomes (Fig. 3), namely, all-cause
mortality, hospital admissions, and emergency visits, even though the
numerical incremental change varied among different health outcomes.
In this work, WBGT at 33.0 °C, T at 34.0 °C, and AT at 37.5 °C were the
points with the maximum RRI in Taiwan. In other words, for countries
with only one of the three health outcome records, applying the pro-
posed methodology can still help identify the cut-point of the specified
heat indicator with the maximum RRI for threshold selection. Thirdly,
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the proposed approach can be applied to different heat indicators, in
this case, WBGT, T, and AT. More consistent results and a more obvious
rising trend of RRI with increasing threshold were found for WBGT than
for T and AT. In addition, WBGT fundamentally considers four im-
portant meteorological parameters related to heat stress. Using an in-
appropriate heat indicator in a warning system may result in high false-
negative rate and days with heat-stress being missed, thus rendering the
warning ineffective. In view of this, WBGT is recommended as a better
heat-stress indicator than the other two for an effective warning system.
Fourthly, the proposed approach combined sound scientific facts and
easy-to-communicate graphs. That is, heat-health relationships are es-
tablished using sound scientific methods and the results are presented
with straightforward illustrations on RRI. Thresholds can be identified
with visual inspection on RRI, which makes easier the communication
to the general public and policy-makers. With the heat warning system
established, the authorities should formulate effective intervention
plans in response to different levels of heat advisory/warning to reduce
health risks due to heat stress.

There are two limitations in this study. First, although Taiwan does
not have an official heat warning system, the government did send out
alert in the daily weather report if the forecasted temperature is high,
particularly above 37 °C in the past 4–5 years. The dataset analyzed
covers 15 years; and the alert issued in recent years may change peo-
ple's behaviors and reduce the number of recent cases in the health
database. Secondly, adaptation measures taken on hot days in Taiwan
were not taken into account. Taiwan has 93% prevalence of air-con-
ditioning (Taiwan National Development Council, 2018). Almost all
office buildings during daytime and most households in the evening
turn on air-conditioning in summer time. These adaptation measures
may affect the analysis, giving statistically insignificant results even in
high heat-stress condition.

5. Conclusions

In response to the call from UN and ICSU for solution-oriented re-
search, this study presents a new approach to identifying a proper
health-based threshold for a heat warning system. The proposed ap-
proach examines heat-health relationships using a modified GAM,
compares RRI, assesses occurrence frequency, and presents analysis
results graphically. Results showed that RRI of three different health
outcomes (all-cause mortality, heat-related hospital admissions, heat-
related emergency visits) all consistently identified the same candidate
as the appropriate threshold for a specified heat indicator. Heat-related
emergency visits gave the most distinctive RRI among the three health
records. The recommended thresholds for Taiwan are WBGT at 33.0 °C,
T at 34.0 °C, and AT at 37.5 °C. Emergency response actions corre-
sponding to these chosen thresholds could reduce both mortality and
heat-related morbidity risks. Among these three heat indicators, WBGT
gave more consistent results in RRIs of health outcomes and showed a
more obvious rising trend. Although the proposed approach can be
applied to any heat indicator, WBGT is recommended as the best for a
heat warning system because it considers four essential meteorological
parameters for heat stress, namely, T, RH%, wind speed, and solar ra-
diation. Under the trend of climate change, the selection of a proper
heat indicator with a proper threshold is crucial for an effective heat
warning system to reduce health risks. This work presents a straight-
forward scientific tool for selecting a proper threshold as the basis of an
effective warning system for better heat-stress adaptation of our society.
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