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Abstract

:

Climate change and related events, such as rising temperatures and extreme weather, threaten population health and well-being. This study quantified the impact of climate change on temperature-related, cause-specific mortality while considering adaptations and future demographic changes in Lisbon Metropolitan Area, Portugal. A distributed lag non-linear model (DLNM) was applied to quantify the burden of temperature-related mortality during the present (or reference, 1986–2005) scenario and a future scenario (2046–2065). There was an increase of 0.33% in temperature-related excess mortality (95% CI: 0.02 to 0.59) and significantly lower all-cause deaths in the future. These measurements were attributable to extreme cold and considered an adaptation threshold of 1 °C with no population changes, resulting in an estimated net difference of −0.15% (95% CI: −0.26 to −0.02), a threshold of 1 °C with a high population scenario of −0.15% (95% CI: −0.26 to −0.01), and a threshold of 1 °C with a low population scenario of −0.15% (95% CI: −0.26 to −0.01). Moderate cold exposure under a threshold of 1 °C and a high population scenario reduced future temperature-related deaths and diabetes mellitus (−1.32, 95% CI: −2.65 to 0.23). Similarly, moderate heat exposure under a threshold of 4 °C and a high population scenario had the highest increase in net changes (6.75, 95% CI: −5.06 to 15.32). The net difference in AF% was due to ischemic heart disease, which was the highest for moderate heat exposure with an adaptation threshold of 4 °C only. It decreased slightly with increasing adaptation levels. The most significant increase in net differences for temperature-related excess deaths occurred in respiratory diseases and was associated with heat. A significant decline in net differences was also observed in excess cold-related deaths due to respiratory disease. These findings contribute to the discussion of how climate change impacts human health. Furthermore, they can help guide and monitor adaptation policies in response to climate change.
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1. Introduction


Studies have reported that global climate change threatens population health and well-being, particularly exposure to heat and cold events [1,2,3,4,5,6,7,8,9,10,11,12]. Extreme temperatures, such as heat events, have been well documented [13,14,15,16,17,18,19,20,21,22,23,24]. For example, a study by Vicedo-Cabrera et al. [22] demonstrates a considerable temperature increase over time and frequent extreme weather events, such as heatwaves. The frequency, intensity, and duration of extreme temperature events will increase, according to the Intergovernmental Panel on Climate Change [2,23] and the World Health Organization [25]. Urbanisation and the increasing incidence of chronic conditions primarily cause vulnerability to extreme heat. Disadvantaged and marginalised groups are particularly affected [1,26,27,28,29,30,31,32,33]. Most studies project that future increases in heat-related deaths will outweigh those due to cold [34,35]. Several countries have shown reduced winter mortality due to milder winters [12,36,37]. Portugal’s temperature-attributable mortality projections are mostly related to total or non-accidental mortality. However, few data on temperature-related cause-specific mortality are available, which limits our knowledge of climate change effects on specific conditions, including health determinants. Based on RCP8.5 (Representative Concentration Pathways) greenhouse gas emissions scenario, metropolitan-specific climate projections for two 20-year periods, 1986–2005 and 2046–2065, were used considering low, medium, and high population scenarios to estimate the future impact of climate change on temperature-related, cause-specific mortality.




2. Materials and Methods


2.1. Overview


This study was conducted in the Lisbon Metropolitan Area (LMA), Portugal. LMA comprises 18 municipalities in Portugal’s south–central region. It represents the main social and demographic centre of the country. According to the latest census conducted in 2021, the LMA has a population of 2.871.133. The LMA was selected for this study because of its vulnerability to extreme weather and temperature events, which have significantly impacted vulnerable populations [14,38].




2.2. Data Sources


2.2.1. Mortality Data


Daily data on cause-specific deaths in the LMA were obtained from Statistics Portugal (INE) for 1986–2005.



Causes of death were coded according to the International Classification of Diseases, ninth revision (ICD-9) and tenth revision (ICD-10), as follows: diabetes mellitus (ICD-9: 250 code series; ICD-10: E10-E14); ischemic heart diseases (ICD-9: 410–414; ICD-10: I20-I25); cerebrovascular diseases (ICD-9:430–438; ICD-10: I60-I69); and respiratory diseases (ICD-9: 460–519; ICD-10: J00-J99). During this period, diabetes mellitus (DM) caused 16,447 deaths; ischemic heart disease (HD) caused 64,618 deaths; cerebrovascular disease (CVD) caused 91,824 deaths; and respiratory diseases (RD) caused 37,422 deaths.




2.2.2. Temperature Projections


Projections of historical and future temperatures for the LMA were obtained from the Weather Research and Forecasting model (WRF). This model was used to dynamically downscale climate data from the Max Planck Institute for Meteorology Earth System Model (MPI-ESM) to a higher horizontal resolution (9 Km) climate grid. It is recognised as one of the most robust climate simulation models [17,25].



RCP8.5 greenhouse gas emissions [39] were used as a reference for the current climate (1986–2005) and to simulate projections for the mid-term climate (2046–2065). The average, maximum, and minimum near-surface (2 m high) daily atmospheric temperatures for each location and climate were extracted for the LMA using the closest grid point in the model [17]. The simulated data used in this study were previously validated [40]. Various studies have used these simulations to evaluate different climate aspects [17,41].




2.2.3. Population Data


Population estimates for the historical period (1986–2005) and projected future population estimates (2046–2065) were obtained from Statistics Portugal (INE—Portuguese National Institute of Statistics). According to INE, three fertility hypotheses were defined: ‘low’, which considers a low fertility hypothesis, medium mortality hypothesis, and low migration hypothesis; ‘medium’, which considers medium fertility, mortality, and migration hypotheses; and ‘high’, resulting from high evolution hypotheses for fertility, mortality, and migration.





2.3. Data Analysis


2.3.1. Estimation of Temperature–Mortality Relationships


Based on a previous study, a distributed lag non-linear model (DLNM) [42,43,44,45] was used with a 21-day lag to quantify the relationship between daily temperature and mortality, as well as mortality and lag days [46]. Assuming that daily cause-specific deaths (    Y   t    ) follow a quasi-Poisson distribution, the model is of the form
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where   l o g     P O P   t       represents the logarithm of the population (POP) used to scale the modelling of the mean mortality count; days of the week (DOW), holiday (Hoy), and SEASON (Winter, Summer, and others) are fixed effects; and ns(RH) is the natural cubic spline for relative humidity, with 3 degrees of freedom (df). The model also includes a natural cubic spline with 8 df per year to adjust for long-term trends and seasonal mortality in the data.



To examine the non-linear and lag effects of temperature on mortality, a cross-basis function   c b =   ∫    l   0     21    f . w     x   t − l     d l   ≈   ∑  l =   l   0     21    f . w     x   t − l   , l     =   w   x , t   T     involving a tensor product between the basis chosen for the temperature–mortality function,   f ( x )  , and lag–mortality function,   w ( l )  , was employed. A flexible quadratic B-spline function was used to model the cross-basis term   c b     x   t − l ,     β   l     ,   accounting for 21 days of lag. Three internal knots were placed at the 10th, 75th, and 90th percentiles of the temperature distribution and log scale for the lag dimension (up to 21 days).



The exposure–lag–response association was considered a relative risk (RR) for the minimum mortality temperature. Mild and extreme cold temperatures ranged from the minimum mortality temperature (MMT) to the 1st percentile and below the 1st percentile of the temperature distribution, respectively. Mild and extreme heat temperatures ranged from the MMT to the 99th percentile and above the 99th percentile of the temperature distribution, respectively. This selection was determined according to several epidemiological studies [47].




2.3.2. Projections of Exposure–Response Relationships and Attributable Mortality Rates


The strategy for projecting temperature–mortality associations was motivated by previous studies [48,49]. We extrapolated the temperature–mortality curve for the historical period with projected temperatures for the future period. We assumed that future mortality trends resemble the historical annual series. Furthermore, Golsing et al. [50] recommended two adaptation types. Temperature threshold shifts and exposure–response function (ERF) slope reductions were also explored. We estimated these temperature–mortality relationships, backwards attributable fractions (AF) and attributable number (AN) due to non-optimal temperatures (below and above MMT), using the overall cumulative temperature–mortality association and the RR corresponding to daily temperatures (below or above MMT) for each lag day.
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The parameter   β   represents log(RR), the logarithm of risks associated with temperature exposure, and     n   t     is the number of deaths at time t. The total attributable number (AN) of heat-related deaths corresponds to summing the subsets of days with temperatures above MMT, while days with temperatures below MMT are summed for cold-related deaths. Similarly, the total AF net differences due to hot and cold temperatures were explored. By comparing excess mortality in the future to the historical period, we estimated the net effect of temperature-related mortality over time. Additionally, a series of sensitivity analyses were conducted to examine the robustness of the results to the model specification.



All data analyses in this study were conducted in R software (version 4.1.0), using package “dlnm”. A detailed explanation of “dlnm” is described in Gasparrini et al. [43].






3. Results


3.1. Exploratory Data Analysis


Table 1 presents the distribution of the key variables considered in this study. During the historical period (1986–2005), a high proportion of deaths were due to cerebrovascular disease (CVD), with a daily mean (SD) of 12.57 (4.53) and 91,824 total deaths compared to other cause-specific deaths (Table 1). The mean daily minimum and maximum temperatures for the same period were 13.43 °C and 18.52 °C, respectively. The mean daily temperature ranged from 3.4 °C to 34.7 °C, and its interquartile range was 12.5 °C–19.3 °C. For future projected temperatures (all year), the mean daily minimum and maximum temperatures for the projected period were 14.9 °C and 20.5 °C, respectively (Table 1). The mean daily projected temperature ranged from 5.6 °C to 34.6 °C, and its interquartile range was 13.8 °C–21.2 °C.




3.2. Temperature–Mortality Associations in Historical and Future Periods


3.2.1. Historical Period


Figure 1a–e (top panel) display the pooled estimates from temperature–mortality (1986–2005) curves for all-cause and cause-specific mortality. The overall mortality risks are significantly higher at lower temperatures for all-cause deaths. For example, at a temperature of 6.9 °C (1st percentile), the RR is 1.10 (95% CI: 1.01–1.19) based on an MMT of 11.1 °C (Table S1). Considering an extremely cold temperature (1st percentile) of 6.9 °C, the risk associated with RD was significant (RR = 1.33, 95% CI: 1.11–1.58) based on an MMT of 11.4 °C. By contrast, the risks associated with HD, CVD, and DM were statistically insignificant (Figure 1 and Table S1). Extreme heat (27.7 °C) was only significantly associated with RD, with an RR of 1.37 (95% CI: 1.03–1.82). The lag response from our model for temperatures associated with 6.9 °C and 27.7 °C shows a significant, immediate, and persistent association between extremely cold temperatures and lag days. The lag response to extreme heat was statistically significant over the 21-day lag period for all cause-specific temperature–mortality relationships.




3.2.2. Future Period


The distribution of changes between the historical and future daily mean temperatures is presented in Figure S1. Daily differences (future vs. historical) in the temperature ranging from −10.7 °C to 14.6 °C, a median of 1.7 °C (IQR: −0.5 to 3.6), and mean ± SD (1.7 ± 3.5) were observed in this study. These findings imply a slightly warmer temperature in the future period. This is also evident in the middle panels of Figure 1a–e, which show the distribution of the temperature values in the future period superimposed on the historical period. Furthermore, the mean death counts for each day of the historical period (Figure 1) were projected to the same days of the future period (2046–2065). This ensures that the observed seasonality of death counts was preserved from the historical period to the projected future period, assuming no adverse changes in mortality distribution. Based on the methods for projected mortality data described in Section 2.3, temperature–mortality relationships for the future period were constructed considering different adaptation scenarios (with or without) and population changes (low to high fertility). The response curves in the historical period (Figure 1) indicate that the temperature–mortality association is most significant during cold periods; hence, a reduced exposure–response function (ERF) approach is not reasonable. Therefore, an absolute threshold shift of 1 °C to 4 °C (Reference) and three population changes (low, medium, and high fertility) were used to formulate the scenarios.





3.3. Temperature-Attributable Mortality


The distribution of excess mortality in the future period under no adaptation and population changes compared with the historical period is displayed in the bottom panel of Figure 1a–e. Figure 1 shows that the temperature–mortality attributable fraction (AF) is generally highest at cold temperatures, especially for all-cause mortality. The historical DM and RD are more pronounced than in the future period. On the other hand, the future heat-related mortality was higher than in the historical period. Table 2 shows the corresponding attributable number (AN) of excess mortalities due to non-optimum temperatures. For example, the overall all-cause temperature-related AN due to non-optimum temperatures in the historical period was 9953 (95% CI: 1294 to 17,431), extreme cold was 3263 (95% CI: 350 to 5600), and extreme heat was 2773 (95% CI: 150 to 4970). These measurements are lower than the future period, with overall all-cause temperature-related AN of 11,030 (95% CI: 730 to 20,260) and mostly due to extreme heat (AN = 9803, 95% CI: 6100 to 17,450). For different cause-specific mortality in the historical period, the AN of extreme and moderately cold weather was the highest and statistically significant for RD-related deaths at 1733 (95% CI:720 to 2470) and 6233 (95% CI: 1750 to 10,050), respectively. For other causes of death, only HD shows significant AN for total exposure at 6373 (95% CI:1367 to 10,451) and moderate heat at 6333 (95% CI:1302 to 10,445). The same can be said about HD (AN = 7533, 95% CI: 1491 to 12,390) and RD (AN = 5163, 95% CI: 1646 to 7933). However, this is mostly due to moderate heat in the future period.



Similarly, the estimated AN for future temperature-related mortality under different adaptation scenarios and population changes is presented in Table S2. The AN values vary slightly depending on whether the variable considered models with or without adaptations and/or low, medium, and high population changes. Contrary to the historical period, the estimated AN was primarily caused by warm temperatures and was non-significant in many cases. For example, when the temperature threshold was increased by 1 °C with high population changes in the future period, the estimated overall AN for all-cause mortality was 11,616.20 (95% CI: −793.27 to 22,098.15), primarily due to moderate (11,547.93, 95% CI: −913.35 to 21,976.23) and extreme heat (1445.02, 95% CI: −65.32 to 2574.79). Similar trends can be observed in other adaptation scenarios. In addition to total temperature exposure for cause-specific deaths, RD showed significant AN due to moderate cold and moderate heat across all scenarios. The total AN under a threshold of 1° C and high RD population was 5823 (95% CI: 1797.24 to 8957.72). Moderate cold and moderate heat were 2.33 (95% CI: 1.03 to 3.45) and 5773 (95% CI: 1747.40 to 8899.93), respectively. The HD under a threshold of 1 °C and high population changes was 8683 (95% CI: 1823.10 to 14,251.99), 0.35 (95% CI: −4.30 to 4.49), and 8683 (95% CI: 1822.90 to 14,250.82) for total, moderate cold, and moderate heat, respectively. Detailed ANs for other scenarios are presented in Supplementary Table S2.




3.4. Net Differences in Excess Temperature-Related Mortality


Furthermore, we compared the net differences (change) in excess temperature-related deaths between the future and historical periods as percentage-relative AF (Figure 2). The net differences in the future temperature-related mortality relative to the historical period are displayed in Figure 2 as total, extreme, and moderate temperatures. The estimated burden for various scenarios was also presented as a percentage-relative AF in Table S3. The scenarios are classified as cause-specific (All-cause, CVD, DM, HD, RD), exposure (Total, Extreme cold, Moderate cold, Moderate heat, Extreme heat), and adaptation (None, Threshold 1 °C, Threshold 2 °C, Threshold 3 °C, Threshold 4 °C). The relative AF% (95% confidence interval) represents the adjusted fraction of temperature-related excess mortality with a 95% CI.



The results show that for all causes with total exposure and no adaptation, the total net difference for all-cause excess mortality changed by 0.53% (95% CI: −0.5% to 1.51%). However, this change was not statistically significant. Furthermore, for all causes with exposure to extreme heat and no adaptation, there was an increase of 0.33% in temperature-related excess mortality (95% CI: 0.02 to 0.59). On the other hand, cold temperatures significantly reduced mortality. For example, the significantly lower all-cause deaths in the future were attributed to extreme cold at a threshold of 1 °C and no population changes, an estimated net difference of −0.15% (95% CI: −0.26 to −0.02), a threshold of 1 °C and high population scenario of −0.15% (95% CI: −0.26 to −0.01), and a threshold of 1 °C and low population scenario of −0.15% (95% CI: −0.26 to −0.01).



Compared to the historical period for all scenarios, DM predicted a decrease in cold-related deaths and an increase in future heat-related deaths. The absence or presence of adaptation had a varying effect on the net differences between future and historical temperature-related deaths depending on the temperature exposure and adaptation type. We found that moderate cold exposure under a threshold of 1 °C and high population scenario had the greatest negative effect on relative AF% (−1.32, 95% CI: −2.65 to 0.23). In addition, moderate heat exposure under a threshold of 4 °C and high population scenario had the most positive effect at 6.75 (95% CI: −5.06 to 15.32). These net differences were mainly non-significant except for exposure to extreme cold under a threshold of 1 °C and a high population scenario (AF% = −0.38%, 95% CI: −0.63 to −0.04).



Similarly, Table S3 shows the AF% at different exposure levels and adaptation conditions for CVD. Based on different scenarios, the values represent the net difference between excess temperature-related mortality between the future and historical periods. In the scenario with no adaptation measures, the net difference in temperature-related excess mortality due to CVD is −0.83%, indicating a 0.83% decrease in deaths compared to the historical scenario. In the scenario with a threshold of 1 °C only, the net difference is −1.26%, indicating a greater decrease in deaths compared to the scenario with no adaptation measures. In the scenario with a threshold of 1 °C and high population density, the net difference is −1.57%, indicating an even greater decrease in deaths compared to the previous two scenarios. For extreme cold, the relative difference is −0.17% in scenarios without adaptation measures and −0.18% in scenarios with adaptation measures. Considering the threshold of 2 °C, the net difference in the CVD of temperature-related excess mortality for total exposure is −1.55 (−4.91 to 1.74), indicating a possible CVD mortality decrease of 1.55% (95% CI: −4.91% to 1.74%) compared to the historical data. The same scenario for moderate heat exposure shows a 1% increase in CVD mortality (95% CI: −0.83% to 2.32%).



For individuals with HD and total exposure to heat and cold, the net change in AF% without any threshold was 1.79% (95% CI: 0.04 to 3.18). The net difference in AF% for moderate heat was 1.86% (95% CI: 0.12 to 3.2) and 0.39% for extreme heat (95% CI: −0.16 to 0.76) without any threshold. The net difference for moderate cold without adaptation was −0.06% (95% CI: −0.37 to 0.3) and −0.04% for extreme cold (95% CI: −0.18 to 0.14). When a threshold of 1 °C was applied, the net difference in AF% increased for total exposure (3.09%, 95% CI: 0.22 to 5.29), moderate heat (3.16%, 95% CI: 0.27 to 5.4), and extreme heat (0.66, 95% CI: −0.31 to 1.29). For total exposure to moderate heat with a threshold of 4 °C only, the net difference was 6.42% (95% CI: −0.16 to 11.27). The net difference in AF% due to HD is highest for moderate heat exposure with a threshold of 4 °C only and decreases slightly with increasing levels of population adaptation.



Among the causes of death, the greatest increase in net differences in temperature-related excess death occurred in RD and was associated with heat. A significant decline in net differences was also observed in cold-related excess RD deaths. The net increase in differences increased with increasing thresholds and population sizes. For example, for RD, the net difference in extreme cold deaths was 0.46% (95% CI: −0.65 to −0.19), −1.53% for moderate cold (95% CI: −2.44 to −0.47), and 4.79% for moderate heat (95% CI: 1.34 to 7.33) under a threshold of 1 °C only and no population changes.




3.5. Model Assessment


Figure 3 presents the sensitivity results of the estimated overall cumulative temperature–mortality RR from our model at extreme cold and extreme heat to assess the robustness of the model formulation. The maximum lag varied from 21 to 28 days, and the number of df per year changed from 8 to 10 or used different temperature exposure variables, e.g., daily mean, minimum, and maximum temperatures as exposure variables. The results indicated that the varying model parameters did not substantially affect the estimated temperature–mortality coefficients. All models gave similar RRs for temperature–mortality under extreme cold and extreme heat.





4. Discussion


This study determined that low and high temperatures increased the mortality risk in the historical period. Cold temperatures were primarily responsible for all-cause and cause-specific deaths, particularly cerebrovascular diseases, diabetes mellitus, ischaemic heart diseases, and respiratory diseases. Historically, the attributable fraction (AF) of all specific death causes were associated with cold temperatures. These findings are generally consistent with previous studies [7,51]. In Spain, Achebak et al. [52] showed a sharp decrease in AF during the coldest months and a slight decline during the warmest months, which did not contribute to an additional decrease in cold-related deaths from respiratory disease.



According to the Organisation for Economic Co-operation and Development [53], circulatory diseases remain the leading cause of mortality in nearly all European Union (EU) member states, accounting for 7.5–8% of all deaths. As in other developed countries, the Portuguese population has progressively aged, and its fertility rate has decreased. These trends have significantly increased chronic diseases, which account for most of the disease burden. Although the Portuguese population has a longer life expectancy, it is more affected by comorbidities in advanced age (respiratory diseases, diabetes, cardiovascular diseases, obesity, and oncological conditions). This study addresses the specific concerns and needs of the Portuguese population, where chronic diseases are the leading cause of death.



Further analyses showed evidence of winter temperatures being colder in the historical period than in the future mortality period. This result was not surprising, since warmer temperatures increased during the study period. Contrary to winter temperatures, summer temperature-related deaths were significantly higher in the future period. Weinberger et al. [54] found that projected temperatures are linked with lower cold-related and higher heat-related mortality rates. Across all regions, the cold-related mortality rate per million people is projected to decrease.



This study considers the potential benefits of a warmer climate in reducing cold-related mortality. The projections indicate a reduction in cold-related deaths, historically significant causes of mortality in Lisbon. Firstly, it is crucial to acknowledge that the projected decrease in cold-related mortality may lead to substantial health and economic benefits. For example, less cold-related mortality may reduce the healthcare costs associated with cold-related illnesses and the economic costs associated with lost productivity from illness or death. Secondly, from a policy perspective, policymakers could implement several interventions to recognise the climate benefits of reduced cold-related mortality, for example, investing in infrastructure that allows vulnerable populations, such as the elderly and those with chronic respiratory illnesses, access to warm housing and efficient heating systems. Such interventions could help reduce the impact of cold weather on human health and the need for costly medical treatment. Another potential policy intervention is promoting public awareness campaigns to minimise cold exposure during winter. Such campaigns could include suitable clothing suggestions and behaviour during cold weather. They could also include advice on recognising cold-related illness symptoms and seeking appropriate medical care.



Heat-related mortality is mainly caused by chronic diseases [28]. In the future period, diabetes mellitus will be the disease most affected by high temperatures, especially mild heat. Deaths associated with high temperatures peaked in constant population projections (14.13%). In Portugal, many deaths caused by chronic conditions are avoidable. These findings have important implications for local health interventions and measurements focusing on heat and moderate extremes. Therefore, monitoring temperature is beneficial to health professionals and healthcare entities. Several studies have reported that diabetes mellitus morbidity and mortality are more susceptible to extreme temperatures, particularly heat [36,55,56,57,58,59,60,61,62].



The following limitations and strengths are acknowledged in this study. Air quality may also influence temperature variability in temperature-related mortality. However, in this study, air quality effects were not explored. Likewise, we assumed that the future projected death rate would be similar to the annual death rate in the historical period. Although this assumption may underestimate death counts, it allows us to examine the impact of temperature-related mortality and determine whether future mortality follows a similar historical mortality pattern. We can also determine whether future projected temperatures will affect different population scenarios.



The study results suggest a relatively small increase in Lisbon’s overall mortality in the late 21st century, primarily due to cold-related mortality decreases offsetting heat-related mortality increases. This projection is based on the most extreme warming scenario (RCP8.5). If we had analysed lower warming scenarios, such as RCP4.5, the increase in overall mortality might be even lower.



By using DLNM, we could model the exposure–lag–response relationship effectively. Exposure has a delayed impact that may surface over future periods. Therefore, DLNM efficiently captures and regulates the study variables’ behaviour in both the exposure range and time dimension. In terms of validating smoothing techniques for exposure–lag–response relationships, this study’s use of DLNM was the most effective method for modelling temperature-related mortality. Furthermore, the model was modified to consider potential variations in MMT and temperature–mortality relationships by adjusting the baseline projected population dynamics and adaptation [63,64]. This study was based on a large dataset that covered the Lisbon Metropolitan Area for all-cause and cause-specific mortality.




5. Conclusions


In summary, this study highlights the significant impact of temperature on mortality risk in Portugal, particularly for chronic diseases. It considers several population projection scenarios in the Lisbon Metropolitan Area. The findings suggest that both low and high temperatures increase mortality risk. Cold temperatures contributed to all-cause and cause-specific deaths, including cerebrovascular diseases, diabetes mellitus, ischaemic heart diseases, and respiratory diseases. By contrast, high temperatures were the main cause of future mortality, with diabetes mellitus being the most affected. In a changing climate, this study’s findings and methodology have important implications for monitoring and developing targeted prevention plans for non-communicable diseases. Moreover, these findings can be used to project mortality in other regions. A deeper understanding of changes in population susceptibility will benefit local policy development in public health. This study has implications for health interventions and local-level measurements focusing on heat and moderate extremes.
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Figure 1. Temperature–mortality curves and excess mortality for the historical (1986–2005) and future (2046–2065) periods with no adaptation and population changes. (a) All-cause with MMT at 11.1 °C; (b) CVD mortality with MMT at 22.8 °C; (c) DM mortality with MMT at 11.2 °C; (d) HD mortality with MMT at 9.2 °C; (e) RD mortality with MMT at 11.4 °C. Top panel: Temperature–mortality risk curve. The middle panel represents the distribution of daily mean temperatures during the study period. The bottom panel shows the distribution of excess mortality. The dotted lines correspond to the MMT. The dashed lines indicate minimum and maximum temperatures in the historical period. 
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Figure 2. Net difference in excess mortality attributable to hot and cold temperatures in different adaptation scenarios and population changes. Mortality is expressed as the fraction of additional deaths (%) attributed to non-optimal temperature. CVD: cerebrovascular disease; DM: diabetes mellitus; HD: ischaemic heart disease; RD: respiratory disease; and All: all causes. The square represents the estimated difference, while the lines represent the 95% empirical confidence intervals (CIs). See Supplementary Table S3 for numerical values. 
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Figure 3. Sensitivity of temperature–mortality coefficient to model specification. The first column shows the different temperature variables used, and the second and third columns show each model’s maximum lag and df per year. The RR is presented for the temperature–mortality (all-cause) association in extreme cold (1st percentile) and extreme heat (99th percentile). Tmean: daily mean temperature, Tmin: daily minimum temperature, Tmax: daily maximum temperature, CI: confidence interval, max. lag: maximum lag, df: degrees of freedom. 
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Table 1. Descriptive summaries of daily cause-specific mortality count and meteorological variables for the historical (1986–2005) and future (2046–2065) periods.
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Variables

	
Total

	
Mean

	
SD

	
Min

	
Max

	
Quantiles




	
1

	
25

	
50

	
75

	
99






	

	
1986–2005




	
Mortality

	

	

	

	

	

	

	

	

	

	




	
DM

	
16,447

	
2.3

	
1.7

	
0.0

	
11.0

	
0.0

	
1.0

	
2.0

	
3.0

	
7.0




	
HD

	
64,618

	
8.8

	
3.7

	
0.0

	
33.0

	
2.0

	
6.0

	
8.0

	
11.0

	
19.0




	
CVD

	
91,824

	
12.6

	
4.5

	
2.0

	
47.0

	
4.0

	
9.0

	
12.0

	
15.0

	
25.0




	
RD

	
37,422

	
5.1

	
3.2

	
0.0

	
35.0

	
0.0

	
3.0

	
5.0

	
7.0

	
16.0




	
All causes

	
210,311

	
28.7

	
8.9

	
8.0

	
96.0

	
13.0

	
22.0

	
27.0

	
34.0

	
57.0




	
Meteorological

	

	

	

	

	

	

	

	

	

	




	
Max. Temp.

	

	
18.5

	
5.5

	
5.4

	
42.0

	
8.6

	
14.4

	
17.8

	
22.1

	
33.7




	
Min. Temp.

	

	
13.4

	
4.2

	
0.2

	
27.6

	
4.5

	
10.2

	
13.5

	
16.8

	
22.8




	
Mean temp.

	

	
15.9

	
4.7

	
3.4

	
34.7

	
6.9

	
12.5

	
15.5

	
19.3

	
27.7




	

	
2046–2065




	
Max. Temp.

	

	
20.5

	
5.9

	
7

	
43.6

	
10.5

	
15.8

	
19.7

	
24.5

	
36.4




	
Min. Temp.

	

	
14.9

	
4.4

	
1.8

	
27.8

	
6.9

	
11.3

	
14.7

	
18.3

	
24.9




	
Mean temp.

	

	
17.7

	
4.9

	
5.6

	
34.6

	
9.0

	
13.8

	
17.1

	
21.2

	
30.2
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Table 2. Number of mortality attributable to moderate and extreme hot and cold temperatures according to cause-specific mortality and period.
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Cause of Death

	
Period

	
Total

	
Extreme Cold

	
Moderate Cold

	
Moderate Heat

	
Extreme Heat






	
Historical period




	
All

	
1986–2005

	
9953 (1294 to 17,431)

	
3263 (350 to 5600)

	
1027 (−84 to 2005)

	
8923 (4270 to 16,342)

	
2773 (150 to 4970)




	
CVD

	
1986–2005

	
6401 (−2398 to 14,254)

	
164 (−53 to 330)

	
6210 (−2518 to 14,118)

	
191 (−187 to 490)

	
101 (−77 to 234)




	
DM

	
1986–2005

	
1577 (−604 to 3293)

	
60 (−5 to 101)

	
204 (−63 to 424)

	
1372 (−748 to 3056)

	
41 (−23 to 80)




	
HD

	
1986–2005

	
6373 (1367 to 10,451)

	
26 (−98 to 126)

	
45 (−221 to 269)

	
6333 (1302 to 10,445)

	
104 (−42 to 202)




	
RD

	
1986–2005

	
4613 (1791 to 6991)

	
1733 (720 to 2470)

	
6233 (1750 to 10,050)

	
3993 (1190 to 6271)

	
87 (−11 to 145)




	
Future period




	
All

	
2046–2065

	
11,030 (730 to 20,260)

	
22 (2 to 38)

	
206 (−73 to 453)

	
1083 (548 to 20,077)

	
9803 (6100 to 17,450)




	
CVD

	
2046–2065

	
5635 (−2343 to 12,634)

	
11 (−3 to 23)

	
5085 (−2586 to 11,977)

	
550 (−479 to 1345)

	
364 (−274 to 836)




	
DM

	
2046–2065

	
1621 (−921 to 3648)

	
4 (−0 to 7)

	
43 (−26 to 103)

	
1578 (−963 to 3645)

	
149 (−80 to 286)




	
HD

	
2046–2065

	
7533 (1491 to 12,390)

	
1 (−6 to 8)

	
4 (−27 to 31)

	
7523 (1478 to 12,388)

	
354 (−147 to 690)




	
RD

	
2046–2065

	
5163 (1646 to 7933)

	
12 (5 to 17)

	
1453 (110 to 2640)

	
5013 (1499 to 7786)

	
303 (−42 to 504)
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