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Abstract 

Background: Climate change has augmented heat-related illnesses and deaths. Selecting proper 

thresholds in a heat-warning system is critical to reducing health risks.  

Methods: This work evaluates the applicability of a modified generalized additive model (GAM) at 

different spatial scales, and identifies proper heat-warning thresholds using empirical morbidity and 

mortality records of 18 years from a population database and taking into account substantial health risk 

increases of the lag effects of 0-2 days. Reference-adjusted risk ratio (RaRR), i.e., risk ratio of threshold 

candidates against that of a reference, was respectively evaluated for heat-related emergency and 

hospital visits and all-cause mortality. The threshold with the highest RaRR among the candidates with 

infrequent occurrence is potentially the best one. Wet-bulb globe temperature (WBGT) and 

temperature were both used heat indicator in the model for comparison.  

Results: It was found that WBGT is a more sensitive heat-health indicator than temperature. The 

highest RaRR with WBGT for the whole Taiwan island was observed to shift from lag 0 in emergency 

visits (1.44) to lags 0-1 in hospital visits (1.18) and also to lag 1 in all-cause mortality (1.04). For 

different age groups, children had the highest RaRR with WBGT of emergency visits on lag 0 (1.87) 

while the elderly had the highest RaRR for all-cause mortality on lag 0 (1.04), for hospital visits on 

lag 1 (1.23), and for emergency visits on lag 2 (1.38), respectively. Emergency visit is the most 

sensitive heat-related health record and should thus be employed, if available, to select heat-warning 

threshold. With the highest RaRR in emergency visits and the occurring frequency considered, the best 

area-specific thresholds can be chosen for various sizes of population at-risk. The novel RaRR allows 

comparison of health risks across different categories, providing a solid scientific basis for threshold 

selection. 
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Conclusions: This work demonstrated the feasibility and flexibility of the proposed approach which 

considers substantial enhancement of health risks on lags 0 to 2, removes the rare-event interference, 

and accommodates at-risk populations of different sizes. This methodology can be applied by 

authorities worldwide for selecting proper heat-health thresholds according to their own 

morbidity/mortality records.  

 

Keywords: Sustainable Development Goal 3, extreme events and health, socio-demographic factors 

and health, heat-health warning system, heat-health threshold identification 
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Background 

In face of climate emergency (1), adaptation is as important as mitigation. Record-breaking 

temperatures have occurred more frequently with longer durations worldwide (2-4); the resulted high 

heat-related casualty highlights the urgency and importance of establishing a heat warning system to 

meet the third Sustainable Development Goal set by the United Nations (5) for health risk reduction 

due to rapid climate change. The disastrous heat waves in Europe in 2003 demonstrated the necessity 

of establishing a heat warning system to prevent significant casualty even in developed countries (6). 

The tens of thousands of deaths during the heat waves in India and Pakistan in 2015 further revealed 

that an effective heat warning system is even more critical in developing countries where health care 

systems lagged behind those in developed countries (7, 8). While a heat warning system has long been 

recognized as the most effective way to reduce heat-related health risks (9, 10), the challenge remains 

in selecting a proper heat indicator and an appropriate threshold with sound scientific evidences (11), 

which could trigger adequate responsive actions from the authorities to prevent high casualty and 

advise people for self-protection. This paper aims at providing a systematic approach to assisting 

authorities worldwide in identifying appropriate heat-warning thresholds.  

 The determination of a proper threshold for issuing heat warning should ideally be supported with 

historical records of “significant” heat-health impacts. As emphasized in our earlier work (11), most 

heat-health studies were in fact assessing the starting points in the right arm of the U-shaped or V-

shaped heat/cold-related health impacts just outside the comfort zone of human being, which is 

associated with statistically but not substantially increased health impacts. Issuing health warning 

according to these starting points would be too frequent, thus losing the attention of the general public 

while exhausting the resources of the authorities. Such starting points in practice are not appropriate 

thresholds for issuance of heat warning which should be associated with substantial health impacts; 

and intervention measures thus triggered should serve to reduce significant health risks. Up to now, 

only a few studies focused on providing a systematic approach to assisting governmental agencies in 
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establishing proper heat-warning thresholds. With data from USA, Petitti et al. (12) attempted to 

identify multiple trigger points at which heat-health intervention measures might be activated, using 

95% confidence interval as a criterion for selecting increasing risk temperature and excess risk 

temperature above the minimum risk temperature. Our earlier work proposed a more straightforward 

approach to simultaneously evaluating proper thresholds with substantial health risk increments 

according to local health records, thus providing a systematic method of selecting proper thresholds 

for different countries located in different climate zones (11).  

 On the basis of our previous work, this study further modifies the approach to selecting proper 

thresholds, not only with emphasis on substantial health risk increases but also with both lag effects (0 

to 2 days) and at-risk populations of different sizes taken into account. The flexibility of applying this 

useful scientific tool at different spatial resolutions for assisting the authorities to establish a heat 

warning system with solid health-based evidences is demonstrated. As evaluated in our previous work 

(11), wet-bulb globe temperature (WBGT), compared against both temperature and apparent 

temperature, showed the most obvious increasing trends for three different health outcomes in Taiwan 

population, making it a proper heat-health indicator. Moreover, WBGT comprises four essential 

meteorological parameters related to heat stress, namely, temperature, relative humidity (RH%), wind 

speed, and solar radiation. A proper heat-warning indicator should be related to human physiological 

changes with extensive physiological-based evidences (13) rather than considering only subjective 

thermal comfort such as apparent temperature. In addition, WBGT has been used for six decades as an 

indicator for preventing heat-stress-related health impacts in workplaces; and studies in occupational 

health have demonstrated the relationships between WBGT and heat-related health outcomes of 

workers (13-18). Increasing evidences also showed that WBGT is a suitable heat-health indicator for 

the general public as well (19-23). However, the warning thresholds for workers cannot be directly 

applied to the general public with vulnerable populations, such as the elderly and children. Thus, this 

work aims at identifying proper WBGT thresholds for the general public on the basis of both heat-
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related morbidity and all-cause mortality records.  

 In summary, to fill the scientific gap of a feasible health-evidence-based method for the authorities 

to identify proper thresholds of a heat warning system, the objectives of this work are as follows. First, 

a modified statistical model is proposed for identifying proper thresholds, taking into consideration 

one- to three-day substantial health risk increases on the basis of damage coefficients of heat-health 

relationships above the thresholds, with data from Taiwan for illustration. Secondly, proper thresholds 

are selected using different health records (heat-related emergency and hospital visits as well as all-

cause mortality) and with both WBGT and temperature used as a heat indicator for comparison. Thirdly, 

the applicability of the proposed method is examined at different spatial scales with at-risk populations 

of different sizes and heat events of different frequencies. Findings of this study should provide useful 

reference and assistance to central and local governments worldwide in selecting proper thresholds 

according to their own health records.  

 

Methods  

Records on daily emergency and hospital visits of heat-related illness between 2000 and 2017 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), including age and sex of patients as well as hospital locations. Cases of heat-related 

illness (according to the 9th Revision of the International Classification of Diseases (ICD9): 992 

including heat stroke and heat exhaustion for 2000-2015 data, and ICD10: T67.0XXA-T67.9XXA for 

2016-2017 data) were used in this work. All-cause mortality counts (excluding accidents and suicide) 

between 2008 and 2017 were obtained from the Taiwan National Mortality Registry. Data before 2008 

were not used because the location of death was not specified.  

Hourly meteorological data from 2000 to 2017 were obtained from 20 non-mountainous (< 500 

m above sea level) stations of the Central Weather Bureau in Taiwan. Daily maximum temperatures of 



7 

 

these stations were averaged for analysis on Taiwan as a whole. To evaluate the spatial difference in 

heat-health relationships and to assess the flexibility of the present method at different spatial scales, 

Taiwan island is divided into sub-regions, namely North, Central, South and East Taiwan (Additional 

File Figure A1). Geographically separated by mountain ranges, North, Central and South Taiwan are 

mainly on the western side of the island, with much higher population density compared with the 

eastern side. The population and area of these sub-regions in 2017 are listed in Table 1. There are 6, 2, 

6, and 6 weather stations located in North, Central, South, and East Taiwan, respectively. 

WBGT is a weighed combination of dry-bulb temperature, natural wet-bulb temperature and 

globe temperature (13). However, natural wet-bulb temperature and globe temperature were not 

provided by routine meteorological measurements. Nevertheless, equations for calculating WBGT 

according to fundamental principles of heat and mass transfer with standard meteorological data have 

been derived and validated (24) Thus, with inputs of routine meteorological measurements of hourly 

temperature, RH%, wind speed, and solar radiation, WBGT can be calculated. The daily maximum 

WBGTs of these stations were also averaged for analysis. 

In the heat-health model, confounders such as air pollutants (25) were adjusted using daily means 

of PM2.5 levels from 2000 to 2017; PM2.5 was used because it is currently the most concerned pollutant 

in Taiwan and has high correlation with other pollutants. PM2.5 levels were obtained from 58 ambient 

air-quality monitoring stations and 4 industrial stations located in populated areas (population density 

close to or above median population density of Taiwan in 2017, 618 people/km2, Table 1) of the 

Environmental Protection Administration, Taiwan, between 2000 and 2017. For North, Central, South, 

and East Taiwan, there are 25, 11, 22, and 4 stations, respectively, included in the present analysis. 
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Table 1 Characteristics of Taiwan and sub-regions with 99.5 percentile of WBGT and temperature 

and chosen limits  

 Taiwan North Central South East 

Population 23316818 10776529 4570579 6964326 1005384 

Area (km2) 355887 7030 7396 11174 10287 

Population density  

(Pop. per km2) 
650 1533 618 623 98 

WBGT 

99.5 percentile 

(2000-2017) 
33.2 34.3 35.0 33.2 33.4 

99.5 percentile 

(2008-2017) a 

33.2 34.3 35.4 33.2 33.4 

Chosen limit 33.0 34.5 35.0 33.0 33.5 

Temperature 

99.5 percentile 

(2000-2017) 
34.1 35.5 35.2 34.3 34.0 

99.5 percentile 

(2008-2017) a 

34.2 35.6 35.3 34.3 33.9 

Chosen limit 34.0 35.5 35.0 34.5 34.0 

a2008-2017 is the duration analyzed for all-cause mortality 

 

The models used in this paper were modified from our previous work (11). The present method 

first confirmed the linear patterns of health outcome above certain cut-points of the heat indicators, 

then evaluated the risk ratios (RRs) of the different threshold candidates, and compared those RRs with 

a reference. Finally, the numbers of days above different threshold candidates in previous years were 

assessed to evaluate the feasibility of designating the specific thresholds in the heat warning system. 

The best threshold will be chosen on the basis of RR comparison and occurring frequency. 
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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 (denoted as 𝐷𝑡, WBGT or temperature) and health outcomes (denoted by 𝑌𝑡, 

heat-related emergency visits, heat-related hospital visits, and all-cause mortality counts), with detailed 

description in (11). The initial model is specified as 

Log[𝐸(𝑌𝑡)] = α + 𝑓(𝐷𝑡) + 𝑔(𝑡) + ∑ 𝜆𝑖𝐶𝑖𝑡𝑚𝑖=1   Eq. (1) 

where α is a constant, 𝑓(𝐷𝑡) 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 day t with some 

number of knots for examining daily change pattern during warm seasons. Potential covariates on day 

t, denoted by 𝐶𝑖𝑡, such as daily mean PM2.5 concentration, day of week, holiday, and periods prevalent 

with the severe acute respiratory syndrome are considered for adjustment. SAS 9.4 (SAS Institute Inc., 

Cary, NC, USA) and R 3.5.1 with mgcv package for GAM estimations were used in the present analysis. 

The number of knots for 𝑓(𝐷𝑡) is automatically chosen for different models. The number of knots 𝑘 = 3 was adopted for 𝑔(𝑡) according to lower Akaike information criterion values for each warm 

season; hence, 𝑔(𝑡) with 𝑘 = 54 and 30 was considered for modeling all 18-year data on heat-

related emergency and hospital visits and 10-year all-cause mortalities, respectively. After obtaining 

the best model, the estimated smooth function 𝑓(𝐷𝑡)  was plotted to examine the heat-health 

relationships which did reveal a linear heat-health relationship for the heat indicator beyond certain 

cut-points. Then, this model was further modified for determining proper thresholds. Specifically, the 

daily maximum heat indicator on day t in the model is replaced by 𝐻𝑡 which is defined as, 

𝐻𝑡 = { 𝐷𝑡 − 𝜃,   if 𝐷𝑡 > 𝜃0,        otherwise 

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

Log[𝐸(𝑌𝑡|𝜃)] = α + 𝛽𝜃𝐻𝑡 + 𝑔(𝑡) + ∑ 𝜆𝑖𝐶𝑖𝑡𝑚𝑖=1   Eq. (2) 
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where 𝛽𝜃 is the damage coefficient associated with a unit increase of heat indicator from the chosen 

threshold 𝜃. The risk ratio (RR), 𝑒𝑘×𝛽𝜃 = E(𝑌𝑡|𝐷𝑡 = θ + 𝑘)/E(𝑌𝑡|𝐷𝑡 = 𝑏𝜃)) for any value 𝑏𝜃 ≤ 𝜃, 

is defined by the ratio of the expected health outcome for a k unit increase over the threshold candidate 

compared with the expected health outcome for any heat indicator below or equal the threshold. The 

threshold candidates were assessed starting from 30°C (the lowest threshold candidate) at 0.5°C 

increments sequentially in view of higher mortality of various diseases in Taiwan at WBGT and 

temperature above 30°C (11, 26). The models were repeatedly fitted with the threshold candidates till 

the sample size was too small, i.e., very few cases or days above the threshold candidate. 

 The RR values of these threshold candidates were compared with that of a reference, the chosen 

lowest threshold candidate denoted by 𝑎 =  30°C in this work. The RR difference calculated as [𝑒𝛽𝜃 − 𝑒𝛽𝑎] × 100% was used in our previous work (11). This study further modified the comparison 

of these RRs, expressed in ratio rather than difference, to emphasize the enhancement of the expected 

health outcome above threshold candidates. This further-refined indicator, reference-adjusted risk ratio 

(RaRR), is defined as 

 

𝑅𝑎𝑅𝑅 = 𝑒𝑘×𝛽𝜃𝑒𝑘×𝛽𝑎 = 𝐸(𝑌|𝐷𝑡 = 𝜃 + 𝑘)/𝐸(𝑌|𝐷𝑡 = 𝑏𝜃 ≤ 𝜃)𝐸(𝑌|𝐷𝑡 = 𝑎 + 𝑘)/𝐸(𝑌|𝐷𝑡 = 𝑏𝑎 ≤ 𝑎)      for 𝜃 ≥ 𝑎.        Eq. (3) 

 

RaRR equals to 𝐸(𝑌|𝐷𝑡 = 𝜃 + 𝑘)/𝐸(𝑌|𝐷𝑡 = 𝑎 + 𝑘) , the relative expected health outcome of k 

degree above the heat indicator candidate over that above the reference, when both the given 𝑏𝜃 and 𝑏𝑎 equal to the reference 𝑎. We determine the threshold as the candidate with the maximum of RaRR 

which is calculated only when 𝑒𝛽𝜃 is statistically significant. The selected threshold often indicates 

that the expected health outcome of the population exposed to WBGT or temperature above the 

threshold has the maximum increase among those heat indicator values above the reference. 
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When the two-day lag effect is considered, the equation is modified as  log[E(Yt|θ)] =  α + 𝛽𝜃0𝐻𝑡 + 𝛽𝜃1𝐻𝑡−1 + 𝛽𝜃2𝐻𝑡−2 + g(t) + ∑ λiCitmi=1 .      Eq. (4) 

 

Moreover, in order to evaluate spatial differences of the heat-health relationship and the flexibility 

of this model with at-risk populations of different sizes, the above models were applied to the sub-

regions of Taiwan. However, above certain heat indicator values, the heat-health relationships became 

unstable, as illustrated in the example shown in Figure 1. As seen in Figure 1(a), there exists a linear 

relationship of WBGT with heat-related hospital visits for the whole Taiwan island, but the number of 

heat-related hospital visits in Central Taiwan fluctuated when WBGT exceeded 35°C (Figure 1(b)). 

These fluctuations may be attributed to the infrequent occurrence of temperature above 35°C (rare 

events) in Central Taiwan. To avoid the impact of such rare events, the upper limit (𝛿) chosen for the 

modified model approximated the 99.5 percentile of the heat indicators in the specific sub-region 

(Table 1), as expressed in Eq. (5).  

 log[E(Yt|θ)] = α + 𝛽𝜃0𝐻𝑡 + 𝛽𝜃1𝐻𝑡−1 + 𝛽𝜃2𝐻𝑡−2 + 𝛾0𝐿𝑡 + 𝛾1𝐿𝑡−1 + 𝛾2𝐿𝑡−2 + g(t) + ∑ λiCitmi=1       

Eq. (5) 

 

where 𝐿𝑡 = { 1,     𝑖𝑓 𝐷𝑡 ≥ 𝛿 > 𝜃0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒        , the same for 𝐿𝑡−1, 𝐿𝑡−2 

 

and 𝐻𝑡  =  {𝐷𝑡 − 𝜃, 𝑖𝑓 𝛿 > 𝐷𝑡 > 𝜃0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  , the same for 𝐻𝑡−1, 𝐻𝑡−2. 
 

For consistency, Eq. (5) was applied for all spatial scales in this study. The same sets of 𝛿 and 𝜃  were used for calculating 𝐻𝑡 , 𝐻𝑡−1 , and 𝐻𝑡−2  for each model. It should be noted that 𝜃 

sometimes differs from 𝛿 only by 0.5°C in these models. Using data in this 0.5°C range to obtain 
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damage coefficients covering a 1°C range would cause bias. Thus, the new RR between the expected 

health outcome for a 0.5°C increase, instead of the commonly used 1°C increase, over the threshold 

candidate divided by the expected health outcome for that heat indicator below the threshold, 

represented by 𝑒𝛽𝜃𝑗/2, is used for calculating 𝑅𝑎𝑅𝑅𝑗 with lag 𝑗 = 0, 1, 2 to identify the threshold. 

For coherent comparisons among different regions and health outcomes, this new RR is used in the 

subsequent analysis regardless of the actual differences between 𝛿 and 𝜃 at different spatial scales. 

In summary, the present method first confirmed the linear patterns of health outcome above 

certain cut-points of the heat indicators using Eq. (1), and then evaluated the threshold candidates with 

RaRR (Eq. (3)) using RR values obtained from Eq. (5) for a 0.5°C increase (𝑒𝛽𝜃𝑗/2). RaRR is the ratio 

of RR at the threshold candidate for a 0.5°C increase adjusted against that at a reference (30°C). In 

addition, the historical occurring frequency above different threshold candidates were assessed to 

evaluate the feasibility of designating the specific thresholds in the heat warning system.  

 

Results  

Table 2 shows the summary of health and environment data in Taiwan during warm seasons 

between 2000 and 2017. As to health data shown in Table 2(a), for the whole Taiwan island, daily 

maximum heat-related emergency and hospital visits reached 73 and 1533, respectively; and daily 

maximum all-cause mortality was 510. In terms of sex difference, males had more heat-related 

emergency visits and higher daily all-cause mortality while females had more heat-related hospital 

visits. Among different age groups, people aged 15-64 accounted for the majority of heat-related 

emergency and hospital visits while those aged  65 had the highest counts in all-cause mortality. 

Among different sub-regions, East Taiwan had the lowest counts while North Taiwan had the highest 

counts in all three health outcomes. As for environment data shown in Table 2(b), the average daily 

maximum WBGT and temperature during warm seasons of these 18 years for the whole Taiwan island 

were 33.6°C and 34.8°C, respectively. The highest WBGT (38.1°C) and temperature (39.7°C) both 
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occurred in Central Taiwan.  

[Insert Table 2 here] 

Table 3(a) and (b) shows RRs estimated by the modified GAMs for the whole Taiwan island with 

different threshold candidates of WBGT and temperature, respectively, considering the lag effects of 

0-2 days. For heat-related emergency and hospital visits with lag effects of 0, 1, and 2 days, RRs 

showed rising trends with increase in WBGT threshold from 30°C to 32.5°C and temperature threshold 

from 30°C to 33.5°C. Moreover, most RRs of both WBGT and temperature threshold candidates 

decreased from lag 0 to lag 2. For example, at WBGT threshold of 32.5°C, the statistically significant 

RRs of heat-related emergency visits were 1.82, 1.31, and 1.14 for lag effects of 0, 1, and 2 days, 

respectively; while their corresponding RRs of heat-related hospital visits were 1.27, 1.23, and 1.17, 

respectively. Similarly, at the temperature threshold of 33.5°C, the statistically significant RRs of heat-

related emergency visits were 1.62, 1.18, and 1.15 for lag effects of 0, 1, and 2 days, respectively; 

while their corresponding RRs for heat-related hospital visits were 1.31, 1.20, and 1.17, respectively. 

In contrast, the rising trends of RR for all-cause mortality were comparatively less obvious until the 

highest threshold candidate for both WBGT and temperature; and there was no significant difference 

in RRs for lag effects of 0-2 days among all threshold candidates.  

[Insert Table 3 here] 

The novelty of this study is the proposed RaRR that emphasizes increases in substantial health 

risk against that of a reference. The proposed RaRR is calculated using the aforementioned RR values. 

The RaRR of different health outcomes at WBGT thresholds are presented in Tables A1 and A2 

(sex/age and sub-region, respectively) while the corresponding RaRR at temperature thresholds are 

displayed in Tables A3 and A4. Figure 2(a)-(b) shows changes in RaRR of heat-related emergency 

visits at different WBGT threshold candidates for the whole Taiwan and in different sub-regions as 

well as for different sex and age groups, respectively. The levels of statistical significance associated 

with the corresponding RR are denoted with different symbols. For heat-related emergency visits, the 
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highest RaRRs were seen at lag 0 (Figure 2(a)-(b), RaRR = 1.44 for the whole Taiwan, Table A1). For 

heat-related hospital visits, the highest RaRR for the whole Taiwan island occurred at lags 0 and 1 

(both 1.18) (Figure 2(c)) while that for different sex, age and sub-regions, except for East Taiwan, 

occurred either at lag 0 or 1 (Figure 2(c)(d)). For all-cause mortality, the highest RaRR for the whole 

Taiwan island was seen at lag 1 (1.04) (Figure 2(e)). Equivalent information for heat-related hospital 

visits and all-cause mortality is illustrated in Figure 2(c)-(d) and Figure 2(e)-(f), respectively. Likewise, 

Figure 3(a)-(f) displays changes in RaRR at different temperature threshold candidates for the three 

different health outcomes under different categories. 

Variations in RaRR among different sub-regions at both WBGT and temperature thresholds 

(Figures 2(a)(c)(e) and 3(a)(c)(e)) were observed, with larger variability for WBGT, indicating again 

that WBGT is a more sensitive heat-health indicator than temperature. For heat-related emergency 

visits, RaRR for different sub-regions generally tend to increase with increasing WBGT on lags 0-2, 

with few exceptions. North Taiwan had the highest RaRR (2.18) at WBGT of 34°C on lag 0 while East 

Taiwan has different patterns on lags 0-2 probably due to the small-sized at-risk populations. For heat-

related hospital visits, North Taiwan had the highest RaRR (1.32) at the highest threshold candidate 

(34°C) and on lag 1 while Central and South Taiwan had the highest RaRR (1.10 and 1.24, respectively) 

at the highest threshold candidate (34.5°C and 32.5°C, respectively) on lag 0. East Taiwan again had 

different patterns. For all-cause mortality, South Taiwan is the only sub-region with statistically 

significant RR at the highest threshold candidates on all lag days. 

To protect vulnerable populations is the mission of the heat warning system. This work assessed 

heat risks for different sex and age groups. The present findings revealed higher RaRRs of emergency 

visits for females on lags 0-2 at WBGT of 32.5°C than for males; for example, higher RaRR on lag 0 

was observed in females (1.55) than in males (1.41). In contrast, RaRRs of hospital visits at WBGT of 

32.5°C on lag 0 were higher in males (1.21) than in females (1.16). For all-cause mortality, RaRRs for 

males at WBGT of 32.5°C on lags 0 and 1 were both 1.04 while those for females did not exist due to 
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statistically insignificant RRs. 

For different age groups, this work found that for all-cause mortality, the elderly was the only age 

group with statistically significant increase in RR on lags 0-1 (both 1.04) at WBGT of 32.5°C, with 

the highest RaRR on lag 0 (1.04) (Figures 2(f)). For emergency visits, the youth had the highest RaRR 

(1.87) on lag 0 at WBGT of 32.5°C, followed by the elderly (1.52) (Figure 2(b)); while the reverse was 

true on lag 2 with the elderly having higher RaRR (1.38). For heat-related hospital visits, the highest 

RaRR (1.23) was observed among the elderly at WBGT of 32.5°C on lag 1. 

In addition to RaRR, the frequency of expected heat warnings is also an important consideration 

when establishing a heat-warning system. Occurring frequency of days above certain threshold 

candidate is employed to examine whether the heat warnings issued on the basis of that specified 

threshold would be too frequent and too many. Figures 4 and 5 show the counts of periods of 

consecutive days exceeding the specified WBGT and temperature thresholds, respectively, in the entire 

island and different sub-regions between 2008 and 2017. There are five categories for periods of 

consecutive days, namely 1-5, 6-10, 11-15, 16-20, and  21. One count represents one period, not one 

day, that met the specified criteria. For example, one count for 6-10 consecutive days denotes one 

period of 6-10 consecutive days occurring in that year. For both WBGT and temperature, applying 

region-specific thresholds (Figures 4(b) and 5(b), respectively) yielded fewer days above the specified 

thresholds, compared with the number of days obtained with the same threshold applied for the whole 

island (Figures 4(a) and 5(a), respectively). For the entire Taiwan, the top three years with the highest 

number of days above the specified threshold were 2014, 2016, and 2017, regardless of heat indicator 

used. For these years, there were more than 10 days above the WBGT threshold but fewer days above 

the temperature threshold. Among sub-regions (Figures 4(a) and 5(a)), North and Central Taiwan had 

more days above the same WBGT and temperature thresholds in all categories compared with South 

Taiwan. This phenomenon may be counter-intuitive at first sight, yet, attributable to heat accumulation 

by the basin location of their largest city in both North and Central Taiwan. 
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To avoid too-frequent too-many heat warnings, region-specific thresholds are recommended. 

With the highest RaRR for emergency visits at WBGT threshold and the region-specific occurring 

frequency considered, the best threshold chosen were WBGT of 32.5°C, 34°C, 33.5°C, 32.5°C, and 

32°C for the entire, North, Central, South, and East Taiwan, respectively. Again, North and Central 

Taiwan had higher thresholds than South Taiwan, presumably due to the same aforementioned 

geographic location of their largest city. 

 

Discussion 

This work applies a modified GAM using RaRR to identify proper heat-warning thresholds. The 

advantage of using RaRR is that comparison on health risk increases can be made among different 

health outcomes across different categories for different heat indicators with different lag periods. The 

following discussion focuses on comparisons of RaRR, not RR, among different categories. Among 

different health outcomes, heat-related emergency visits had the highest RaRR and most prominent 

increasing trends at both WBGT and temperature thresholds with lags 0-2 for the whole Taiwan island 

and in most categories, followed by hospital visits, and all-cause mortality. Records of heat-related 

emergency visits represent direct and immediate health outcomes due to heat, while those of all-cause 

mortality represent the most general health outcome. Compared with those for the other two health 

outcomes, the increasing trends of RaRR for all-cause mortality at both WBGT and temperature 

thresholds were less obvious, with much fewer statistically significant RR (Tables A1-A4). With few 

exceptions, RaRR of emergency and hospital visits for all categories (sub-region, sex, and age) 

revealed rising trends with increasing WBGT and temperature thresholds. Moreover, abrupt increases 

were seen at the highest threshold candidates at lags 0-2 in most cases. The highest RaRR for the whole 

Taiwan island (1.44) was observed for heat-related emergency visits at WBGT of 32.5°C with lag 0. 

All RaRR for hospital visits at WBGT thresholds were less than 1.25, lower than those for emergency 

visits; while those for all-cause mortality were even lower than 1.04.  
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A warning system with the threshold identified using all-cause mortality aims at reducing overall 

mortality, while those with thresholds determined using emergency and hospital visits target at 

reducing morbidity related to human well-being and work productivity (27-33). Compared with that 

between heat and mortality, the relationship of heat with morbidity is less documented as reviewed by 

Li et al. (29). However, morbidity occurs before mortality; hence, selecting heat-warning threshold on 

the basis of heat-related emergency or hospital visits is recommended for protecting both health and 

well-being of the general public under climate change. In view of increasing occurring frequency of 

extreme events in recent years, periodical evaluations should be conducted to update the chosen 

threshold. 

The lack of a systematic methodology for selecting a proper threshold poses challenge to the 

authorities in establishing an effective heat warning system, which accompanied with responsive 

actions is viewed as the critical health adaptation strategy needed in all countries (34). Particularly, in 

tropical and subtropical countries where inhabitants deem themselves already adapted to hot climate, 

which is not true as shown in various studies (7, 8, 11, 22), heat-related health risks under climate 

change are given insufficient attention and heat warnings may even be ignored. Specifically, the low- 

and middle-income countries disproportionately affected by climate change (3) and located in 

tropical/subtropical areas are in urgent need for a heat warning system. This study presents a systematic 

approach to selecting the appropriate heat-warning thresholds, taking into consideration substantial 

enhancement of health risks on lags 0 to 2. The modified GAM has rare-event interference removed 

and can accommodate at-risk populations of different sizes. For demonstration, Taiwan’s 

meteorological and health data of 18 years were analyzed. Only data of warm seasons were included, 

thus eliminating the need to consider seasonal effect. The results obtained clearly show the feasibility 

and flexibility of the proposed approach which could be applied to other countries. Selecting heat-

warning thresholds according to records of heat-related emergency visits is thus recommended.  
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Nevertheless, the small counts in emergency visits cause problem to statistical evaluation. To 

overcome the problem, this work further modified a recently revised GAM (11) to deal with small-

sized populations. The present method successfully obtained appropriate threshold candidates for all 

sub-regions in Taiwan having different population sizes and areas, with the exception of East Taiwan. 

Compared with other sub-regions, East Taiwan has a smaller population and much lower population 

density (Table 1), with very few counts in the three health outcomes (Table 2). As a result, East Taiwan 

had few RRs with statistical significance and showed inconsistent trends of increase in RaRR. 

Therefore, caution should be taken when applying the present method in cities and countries with at-

risk populations of small sizes.  

The candidate with the highest RaRR not occurring too frequently is potentially the best threshold. 

RaRR emphasizes the substantial enhancement of health risks compared with that of a reference to 

ensure that the chosen threshold is at the starting point of substantial health risks rather than just outside 

the human comfort zone. The health risks above this threshold can be reduced through prompt issuance 

of heat warning accompanied with effective responsive measures. With occurring frequency 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 morbidity or 

mortality, expected frequency of warnings issued, vulnerable populations targeted, and resources 

required for the corresponding intervention plans, which are beyond the scope of this manuscript. 

Nevertheless, the proposed approach provides policy-makers a systematic scientific tool for 

establishing a heat warning system with any health outcome records available as the key element.  

Attempts have been made to identify thresholds in different countries for heat-health intervention 

measures for the general public. For example, in the US, Petitti et al. (12) attempted to determine 

multiple trigger points for activating heat-health intervention measures with multiple health outcomes. 

In Brisbane, Australia, Tong et al. (35) assessed the RR of daily mortality and emergency hospital 

admissions of previous heatwave events and proposed a tiered heat warning system according to health 
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risks under a heatwave. In South Korea, Kang et al. (36) also put forward a mortality risk-based method 

considering lag-cumulative heatwave-related mortality risk at district levels, and pooled the results 

with meta-analysis to define heat wave. The current work used both morbidity and mortality records 

to assess appropriate heat-warning thresholds for different sub-regions with at-risk populations of 

different sizes, further demonstrating the flexibility and applicability of the present method.  

Thresholds for heat-health impacts in Taiwan have been assessed with different heat indicators, 

mostly with temperature. The optimal temperature proposed for the three biggest cities in Taiwan range 

from 31.2°C to 33.4°C (37, 38). Furthermore, studies have shown that the impacts of heat indicators 

on all-cause mortality and all-cause outpatient visits started to emerge in the temperature range of 25-

30°C in Taiwan (21, 39). A recent study also attempted to identify the temperature with the lowest 

health risks (40). Again, these works focused on determining the starting points of heat-health impacts 

outside the human comfort zones rather than thresholds of a heat warning system. Our previous work 

had identified the heat-warning threshold of WBGT at 33°C for the whole Taiwan island without 

considering the lag effect (11). On the basis of our prior research, this work further modified the 

statistical model with the lag effect for two days taken into consideration, and evaluated systematically 

RaRRs of different threshold candidates, as another alternative approach to the comparison of 

“difference” presented earlier (11). RaRR may be mathematically and conceptually superior than the 

earlier “difference” comparison and provides a more systematic assessment on RR comparisons. Thus, 

using RaRR to identify thresholds for a heat warning system is recommended.  

Whether WBGT or temperature is more suitable for heat-health warnings can also be evaluated 

with RaRR. At both WBGT and temperature thresholds, RaRR of heat-related emergency and hospital 

visits for the whole Taiwan island showed similar increasing patterns. Nevertheless, for the immediate 

heat-health outcome, i.e., heat-related emergency visits, substantially higher RaRR for different sex, 

age and sub-regions, except Central Taiwan, were observed at WBGT thresholds than at temperature 

ones. Moreover, only minor differences in RaRR were observed for emergency and hospital visits 
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among different sex and age groups at temperature thresholds compared with WBGT ones. Taken 

together, these results revealed that WBGT is a more sensitive heat-health indicator than temperature, 

especially for vulnerable populations. Recent studies have demonstrated that WBGT is a better heat-

stress indicator for the general public, compared with temperature or apparent temperature (11, 21, 41). 

The Hong Kong government has begun using a modified WBGT as one of their heat indices (41). 

Japan and Australia also present WBGT as one of the heat indicators for the general public (42, 43). 

Thus, WBGT should be considered a proper heat indicator for a heat-health warning system. Issuing 

heat warnings on the basis of WBGT would protect public health against heat-related health hazards.  

In general, for the whole Taiwan island, the highest RaRR with WBGT shifted from lag 0 in 

emergency visits to lag 1 in hospital visits, especially for the most vulnerable children (0-14 years) and 

elderly ( 65 years) populations, and also to lag 1 in all-cause mortality. It is expected because heat-

related emergency visit is the most direct health outcome. Longer lag periods of heat-health 

relationship have been evaluated up to 25 or 30 days; nevertheless, the most significant morbidity and 

mortality impacts was found to occur in the first two days immediately after exposure to heat (29, 40, 

44). A recent study analyzed emergency ambulance calls on hourly basis in China and found that hot 

temperature was positively associated with all-cause and cardiovascular diseases at lags of 0-30 and 

0-9 hours, respectively (45), consistent with the present findings. Our results clearly showed lag-day 

shifts among different health outcomes, demonstrating that the modified model can identify heat-

warning thresholds with lag effects of 2 days and Eq. (5) is applicable to analysis on longer lag period.  

The present findings also showed varied patterns in different sub-regions in Taiwan, an island 

with geographically distinct regional features. Previous studies have demonstrated spatial variation of 

heat-related health impacts (29, 36, 44). Hence, it is important to identify area-specific thresholds to 

effectively reduce heat-health risks of that area.  

As for health impacts with WBGT on different sex groups, our analysis showed mixed results of 
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either higher heat-health risks for males or females in morbidity or mortality, similar to those presented 

in the literature (44, 46-48). For example, a study found that males were more affected than females in 

heat-related illness (29). It was speculated that males may suffer more from heat partly due to their 

participation in more outdoor activities (29). However, other studies found higher heat-health impacts 

in either sex in different cities (44, 47-48). A review study concluded that heat-related health impacts 

could be higher for males or females for different health outcomes (29). Other socio-demographic 

factors may play a role such as education level, marital status, and number of household occupants 

(47).   

For heat and mortality/morbidity in different age groups, most studies found the elderly to be the 

most vulnerable group, followed by the youth (6, 9, 27, 29, 36, 47, 49, 50). Our results showed that 

children had the highest RaRR for emergency visits on lag 0 (1.87) while the elderly had the highest 

RaRR for all-cause mortality on lag 0 (1.04), the highest RaRR for hospital visits on lag 1 (1.23), and 

the highest RaRR for emergency visits on lag 2 (1.38). Due consideration given to different responses 

and lag days of these vulnerable populations is crucial when designing responsive actions following 

the heat-health warning to reduce their risks. With RaRR, health risks of different threshold candidates 

among different sub-groups can be compared because they are against the same reference. The above 

comparisons demonstrate the merits of the present method.  

Furthermore, it should be noted that RaRR for heat-related hospital visits of those aged 15-64 

with WBGT (1.17) is close to that of the youth (1.18) but higher than that of the elderly (1.13) on lag 

0. The high RaRR in this age group, of mostly working adults, may be related to their higher chances 

of exposure to high heat under the sun while engaged in outdoor activities (29). These findings 

emphasized variations in vulnerability of sub-populations due to difference in their exposure to high 

heat. Therefore, specific responsive actions following a warning system should be deliberately 

designed for different sub-populations to reduce their heat exposures for more effective reduction of 
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heat-health risks.  

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 5-6 years. The dataset analyzed covers 18 years; 

and the alert issued in recent years may change people’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-conditioning (51). 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 under high heat-stress 

condition. Despite of these limitations which would bias the results towards null, the present findings 

did show statistically significant RRs in most of the assessments, demonstrating significant heat-health 

impacts.  

 

Conclusions  

 In response to the call from UN for partnership for all to meet the third Sustainable Development 

Goal in reducing health risks due to rapid climate change, this study presents a modified approach to 

assisting central and local governments worldwide in identifying proper heat-warning threshold 

according to local health evidences. Although the proposed approach can be applied with any heat 

indicator, WBGT is recommended as the best for a heat warning system. WBGT has been used for six 

decades as an indicator for preventing heat-stress-related health impacts in workplace. New thresholds 

for WBGT in a heat-health warning system are needed to protect vulnerable populations in the general 

public, such as those aged 0-14 and  65 years. The current results showed that children had the highest 

emergency visits on lag 0 while the elderly had the highest mortality on lag 0, the highest hospital 

visits on lag 1, and the highest emergency visits on lag 2. With the present method, proper thresholds 

for heat-warning systems can be identified so that excess health risks can be reduced with advance 
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warnings. The proposed approach can also facilitate other countries in establishing WBGT-based heat-

health warning systems for the general public.   

This refined approach assessed heat-health relationships of emergency/hospital visits and 

mortality using a modified GAM with lag effect of 0-2 days taken into account, compared RR of 

different threshold candidates with that of a reference using RaRR, expanded statistical models 

considering at-risk populations of different sizes, and evaluated region-specific historical occurrence 

frequency. The novel RaRR allows comparison of health risks across different categories, providing a 

solid scientific basis for threshold selection. Results showed that heat-related emergency visit is the 

most sensitive heat-related health record and should thus be employed, if available, to select heat-

warning threshold. The highest RaRR with WBGT as heat indicator for the whole Taiwan island was 

observed to shift from lag 0 in emergency visits to lag 1 in hospital visits especially for the most 

vulnerable youth and elderly, and also to lag 1 in all-cause mortality. Thus, lag period of at least one 

day should be taken into account when selecting the proper threshold. With RaRR of heat-related 

emergency visits and occurring frequency considered, the recommended WBGT thresholds are 32.5°C, 

34°C, 33.5°C, 32.5°C, and 32°C for whole, North, Central, South, and East Taiwan, respectively. In 

view of the spatial variations of heat-health impacts, threshold identification should be conducted for 

specific cities/regions. In summary, using health records in Taiwan for demonstration, this work 

presents a systematic scientific tool for selecting a proper threshold as the basis of an effective warning 

system for better heat-stress adaptation to reduce health risks of climate change.  

 

List of abbreviations:  

GAM: generalized additive model; ICD: International Classification of Diseases; RR: risk ratio; RaRR: 

reference-adjusted risk ratio; WBGT: wet-bulb globe temperature 
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Table 2 Summary of warm-season (a) health and (b) environment data analyzed  

(May to October, 2000-2017) 

(a) 

Category 

Daily emergency visits 

(nb) 

 Daily hospital visits 

(nb) 

 Daily all-cause mortalitya 

          (n = 1840)         

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

Whole Taiwan island 8 9 0 73  222 266 1 1533  357 56 187 510 

Sex               

Female 2 3 0 26  126 155 0 855  145 26 67 230 

Male 6 6 0 45  93 109 0 673  212 33 113 291 

Age (years)               

0-14 1 1 0 7  9 9 0 63  3 2 0 10 

15-64 6 7 0 51  189 231 0 1351  94 16 42 140 

 65 1 2 0 19  23 28 0 176  260 44 131 390 

Sub-region               
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Category 

Daily emergency visits 

(nb) 

 Daily hospital visits 

(nb) 

 Daily all-cause mortalitya 

          (n = 1840)         

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

North Taiwan 3 4 0 41  117 149 0 917  148 19 93 218 

Central Taiwan 2 2 0 24  81 94 0 510  67 16 15 113 

South Taiwan 2 3 0 23  17 20 0 152  121 30 25 182 

East Taiwanc 1 2 0 15  9 11 0 67  21 5 7 40 

 

(b) 

Category 

Daily maximum WBGT (°C) 

(nd) 
 

Daily maximum temperature (°C) 

(nb) 
 

Daily mean PM2.5 (μg/m3) 

(ne) 

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

Whole Taiwan island 29.7 2.4 19.5 33.6  30.7 2.2 21.1 34.8  25.4 11.1 5.9 92.0 

North Taiwan 29.4 3.3 16.3 35.5  30.6 3.2 18.3 37.1  22.1 10.7 2.1 106.5 

Central Taiwan 29.9 2.3 19.7 38.1  31.4 2.2 20.4 39.7  27.8 14.9 5.0 139.7 

South Taiwan 30.0 1.9 21.1 34.0  31.3 1.8 22.2 34.9  28.1 15.6 5.9 207.1 
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Category 

Daily maximum WBGT (°C) 

(nd) 
 

Daily maximum temperature (°C) 

(nb) 
 

Daily mean PM2.5 (μg/m3) 

(ne) 

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

East Taiwanb 29.7 2.6 19.0 33.8  30.3 2.2 21.4 34.7  15.0 7.6 4.5 72.7 

 

a: Analysis for all-cause mortality was for 2008-2017 only due to locations of death not specified for 2000-2007 

b: n = 3312 for North, Central and South Taiwan, n = 2392 for East Taiwan 

c: Analysis for East Taiwan was for 2005-2017 only due to no PM2.5 measurements for 2000-2004 

d: n = 3312 for North and South Taiwan, n = 3310 for Central Taiwan, n = 2392 for East Taiwan 

e: n = 3312, 3207, 3275, 3243 and 2392 for the whole Taiwan, North, Central, South, and East Taiwan, respectively. 

SD: standard deviation; Min: minimum; Max: Maximum 
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Table 3 Risk ratios at different (a) WBGT and (b) temperature threshold candidates for whole Taiwan island  

(a) WBGT 

 Risk ratios (RR) (95%CI) a 

Threshold (°C)  30  31 31.5 32 32.5 

Heat-related emergency visits 

Lag 0 1.26***(1.25,1.28) 1.32***(1.30,1.35) 1.37***(1.34,1.40) 1.48***(1.43,1.52) 1.82***(1.69,1.97) 

Lag 1 1.09***(1.07,1.10) 1.11***(1.09,1.13) 1.13***(1.11,1.16) 1.19***(1.14,1.23) 1.31***(1.20,1.43) 

Lag 2 1.00   (0.99,1.01) 1.02*  (1.00,1.04) 1.05***(1.03,1.07) 1.08***(1.05,1.12) 1.14** (1.05,1.24) 

Heat-related hospital visits 

Lag 0 1.08***(1.08,1.08) 1.09***(1.09,1.09) 1.10***(1.10,1.11) 1.14***(1.13,1.15) 1.27***(1.26,1.29) 

Lag 1 1.04***(1.04,1.05) 1.07***(1.06,1.07) 1.09***(1.09,1.10) 1.13***(1.12,1.13) 1.23***(1.21,1.25) 

Lag 2 1.05***(1.05,1.05) 1.07***(1.06,1.07) 1.08***(1.08,1.09) 1.11***(1.10,1.12) 1.17***(1.15,1.19) 

All-cause mortality 

Lag 0 1.00***(1.00,1.01) 1.00*  (1.00,1.01) 1.01*  (1.00,1.01) 1.01** (1.00,1.02) 1.03** (1.01,1.05) 

Lag 1 1.00** (1.00,1.01) 1.01***(1.00,1.01) 1.01***(1.01,1.02) 1.02***(1.01,1.03) 1.04** (1.01,1.06) 

Lag 2 1.00   (1.00,1.00) 1.00*  (1.00,1.01) 1.01*  (1.00,1.01) 1.01   (1.00,1.02) 1.02   (1.00,1.04) 

 



37 

 

(b) Temperature 

 RR (95%CI) a 

Threshold (°C) 30 31 32 32.5 33 33.5 

Heat-related emergency visits 

Lag 0 1.25***(1.23,1.26) 1.27***(1.26,1.29) 1.31***(1.29,1.34) 1.34***(1.31,1.37) 1.38***(1.33,1.43) 1.62***(1.49,1.76) 

Lag 1 1.06***(1.04,1.07) 1.07***(1.05,1.08) 1.08***(1.06,1.10) 1.09***(1.07,1.12) 1.11***(1.07,1.16) 1.18***(1.08,1.30) 

Lag 2 0.97***(0.97,0.98) 0.97***(0.96,0.99) 0.98** (0.96,0.99) 0.99   (0.97,1.01) 1.05*  (1.01,1.09) 1.15** (1.04,1.26) 

Heat-related hospital visits 

Lag 0 1.10***(1.09,1.10) 1.11***(1.10,1.11) 1.12***(1.11,1.12) 1.13***(1.13,1.14) 1.18***(1.17,1.18) 1.31***(1.28,1.33) 

Lag 1 1.03***(1.03,1.03) 1.04***(1.04,1.04) 1.07***(1.06,1.07) 1.09***(1.08,1.09) 1.12***(1.11,1.13) 1.20***(1.17,1.22) 

Lag 2 1.04***(1.04,1.04) 1.04***(1.04,1.05) 1.04***(1.04,1.05) 1.05***(1.04,1.05) 1.08***(1.07,1.08) 1.17***(1.15,1.19) 

All-cause mortality 

Lag 0 1.00***(1.00,1.01) 1.00***(1.00,1.01) 1.01***(1.00,1.01) 1.01***(1.01,1.02) 1.02***(1.01,1.03) 1.05***(1.02,1.08) 

Lag 1 1.00   (1.00,1.00) 1.00** (1.00,1.01) 1.01** (1.00,1.01) 1.01*  (1.00,1.01) 1.01*  (1.00,1.02) 1.03*  (1.01,1.06) 

Lag 2 1.00*  (1.00,1.00) 1.00*  (1.00,1.01) 1.01** (1.00,1.01) 1.01***(1.01,1.02) 1.02***(1.01,1.03) 1.04** (1.01,1.07) 

a: Risk Ratio (RR) and 95% confidence interval (95% CI) of each outcome with a 0.5C increase above the threshold 

*: p < 0.05, **: p < 0.01, ***: p < 0.001 
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Figure legend 

 

Figure 1 Relationship of WBGT with heat-related hospital visits for (a) whole Taiwan and (b) Central 

Taiwan. The blue bars denote numbers of days in certain WBGT range and the orange line 

indicates numbers of heat-related hospital visits. Rare events of WBGT above 35C in Central 

Taiwan may cause fluctuations in counts of heat-related hospital visits. 

 

Figure 2 RaRRs of heat-related emergency visits, heat-related hospital visits and all-cause mortality 

at different WBGT threshold candidates for whole Taiwan island and different sub-regions 

(a)(c)(e), different sex and age (b)(d)(f), respectively. p-values are those for the corresponding 

risk ratios at that threshold candidate. 

 

Figure 3 RaRRs of heat-related emergency visits, heat-related hospital visits and all-cause mortality 

at different temperature threshold candidates for whole Taiwan island and different sub-regions 

(a)(c)(e), different sex and age (b)(d)(f), respectively. p-values are those for the corresponding 

risk ratios at that threshold candidate 

 

Figure 4 Counts of periods of consecutive days exceeding the specified WBGT thresholds in different 

regions of Taiwan between 2008 and 2017; (a) same threshold for all regions and (b) region-

specific threshold 

 

Figure 5 Counts of periods of consecutive days exceeding the specified temperature thresholds in 

different regions of Taiwan between 2008 and 2017; (a) same threshold for all regions and (b) 

region-specific threshold 

 



Figures

Figure 1

Relationship of WBGT with heat-related hospital visits for (a) whole Taiwan and (b) Central Taiwan. The
blue bars denote numbers of days in certain WBGT range and the orange line indicates numbers of heat-
related hospital visits. Rare events of WBGT above 35C in Central Taiwan may cause �uctuations in
counts of heat-related hospital visits.



Figure 2

RaRRs of heat-related emergency visits, heat-related hospital visits and all-cause mortality at different
WBGT threshold candidates for whole Taiwan island and different sub-regions (a)(c)(e), different sex and
age (b)(d)(f), respectively. p-values are those for the corresponding risk ratios at that threshold candidate.



Figure 3

RaRRs of heat-related emergency visits, heat-related hospital visits and all-cause mortality at different
temperature threshold candidates for whole Taiwan island and different sub-regions (a)(c)(e), different
sex and age (b)(d)(f), respectively. p-values are those for the corresponding risk ratios at that threshold
candidate



Figure 4

Counts of periods of consecutive days exceeding the speci�ed WBGT thresholds in different regions of
Taiwan between 2008 and 2017; (a) same threshold for all regions and (b) region-speci�c threshold



Figure 5

Counts of periods of consecutive days exceeding the speci�ed temperature thresholds in different regions
of Taiwan between 2008 and 2017; (a) same threshold for all regions and (b) region-speci�c threshold
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