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Abstract

A warming climate is anticipated to increase the future heat-related total mortality in urban areas. 

However, little evidence has been reported for cause-specific mortality or nonurban areas. Here we 

assessed the impact of climate change on heat-related total and cause-specific mortality in both 

urban and rural counties of Jiangsu Province, China in the next five decades. To address the 

potential uncertainty in projecting future heat-related mortality, we applied localized urban- and 

nonurban-specific exposure response functions, six population projections including a no 

population change scenario and five Shared Socioeconomic Pathways (SSPs), and 42 temperature 

projections from 21 global climate models and two Representative Concentration Pathways 

(RCPs). Results showed that projected warmer temperatures in 2016–2040 and 2041–2065 will 

lead to higher heat-related mortality for total non-accidental, cardiovascular, respiratory, stroke, 

ischemic heart disease (IHD), and chronic obstructive pulmonary disease (COPD) causes 

occurring annually during May to September in Jiangsu Province, China. Nonurban residents in 
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Jiangsu will suffer from more excess heat-related cause-specific mortality in 2016–2065 than 

urban residents. Variations across climate models and RCPs dominated the uncertainty of heat-

related mortality estimation whereas population size change only had limited influence. Our 

findings suggest that targeted climate change mitigation and adaptation measures should be taken 

in both urban and nonurban areas of Jiangsu Province. Specific public health interventions should 

be focused on the leading causes of death (stroke, IHD, and COPD), whose health burden will be 

amplified by a warming climate.
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1. Introduction

Heat exposure has been associated with increases in both total non-accidental mortality and 

cause-specific mortality from cardiovascular and respiratory diseases (Basu, 2009; Bobb et 

al., 2014; Curriero et al., 2002; Hajat and Kosatky, 2010; Yang et al., 2013). A warming 

climate is projected to increase future heat-related total non-accidental mortality across 

developed countries (Ballester et al., 2011; Guo et al., 2016; Huang et al., 2011; Kingsley et 

al., 2016; Li et al., 2013; Petkova et al., 2013; Vardoulakis et al., 2014). However, few 

studies have estimated the impact of climate change on heat-related specific causes of death, 

such as cardiovascular mortality and respiratory mortality (Li et al., 2015). Anticipating 

changes in future cause-specific mortality is crucial to understanding and reducing future 

population vulnerability to climate change. In addition, many of these studies have focused 

on urban areas due to the urban heat island effect and high density of susceptible population 

(Huang et al., 2011; Li et al., 2013). However, there is emerging evidence supporting high 

risk of heat-related health impacts in nonurban areas (Bennett et al., 2014; Chen et al., 2016; 

Madrigano et al., 2015; Sarofim et al., 2016; Sheridan and Dolney, 2003). Less is known 

about how total and cause-specific mortality will change in response to changes in projected 

heat exposure in nonurban areas. Moreover, limited studies have specifically assessed 

climate change impacts on heat-related mortality in developing countries such as China 

where socioeconomic and demographic conditions differ from those in developed counties. 

To date in China, only limited evidence of climate change impacts on heat-related mortality 

were found in Beijing, China, leading to considerable uncertainty as to whether the single 

city result can be applied to larger regions of China (Li et al., 2015).
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Projecting heat-related mortality under a changing climate requires information on the 

exposure response function (ERF) for temperature-related mortality, projected changes in 

temperature, baseline rates of cause-specific mortality, and the size of the exposed 

population (Huang et al., 2011), all of which contribute uncertainties. The choice of ERF 

contributes a large part of the variations in estimating future temperature-related mortality 

(Benmarhnia et al., 2014; Wu et al., 2014). As the ERF of heat-related mortality can vary 

substantially within countries (Bennett et al., 2014; Ma et al., 2015), a region-specific ERF 

instead of a single ERF covering different regions or countries is critically important in 

evaluating the impact of climate change on regional heat-related mortality. Another source 

of uncertainty lies in the projected temperature, based on both scenarios of future ‘forcing’ 

associated with greenhouse gas concentrations and from climate model response to those 

greenhouse gas concentrations. The latter varies due to different model formulations, 

representation of processes and initial states (Flato et al., 2013), so a multi-model ensemble 

approach is required to address this uncertainty (Li et al., 2013). In addition, population 

growth would also affect the impact of climate change on heat-related health effects by 

increasing exposed population, which has not been well considered in many previous studies 

(Jones et al., 2015).

In this study, we aimed to assess the impact of climate change on heat-related total and 

cause-specific mortality in both urban and rural counties of Jiangsu Province, China. We 

applied urban-specific and nonurban-specific ERFs for heat-related total, cardiovascular 

(including more specific causes of stroke and ischemic heart disease (IHD)), and respiratory 

(including chronic obstructive pulmonary disease (COPD)) mortality from our previous 

analysis (Chen et al., 2016) to multiple climate and population projections to estimate the 

climate change-induced heat-related health burdens in 104 counties of Jiangsu Province, 

China.

2. Methods

This study was conducted in 104 counties of Jiangsu Province, China with a total population 

of 78.2 million people in 2010. Jiangsu Province is located along the eastern coast of China 

and is the most densely populated province in China. Situated in the transition belt from a 

subtropical to temperate zone, Jiangsu Province has a typical monsoonal climate with an 

average daily mean temperature of 15.7 °C and four distinct seasons. Jiangsu Province is one 

of the most developed regions in China and has the second largest Gross Domestic Product 

(GDP) among Chinese provinces in 2015.

2.1 Temperature projections

Daily maximum and minimum temperatures for the historical period 1980–2005 and the 

future period 2011–2070 under two Representative Concentration Pathway (RCP) climate 

scenarios were obtained from the NASA Earth Exchange (NEX) Global Daily Downscaled 

Projections (GDDP) dataset. The NEX-GDDP dataset includes downscaled daily climate 

projections at a high spatial resolution of 0.25° × 0.25° from 21 global-scale general 

circulation models (GCMs) conducted under the Coupled Model Intercomparison Project 

Phase 5 (CMIP5) (Thrasher et al., 2012). Detailed information about the 21 models can be 
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found in Supplementary Table A1. These GCM runs were developed for the 

Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5) (Flato et 

al., 2013). The NEX-GDDP dataset consists of CMIP5 GCM outputs bias corrected against 

the Global Meteorological Forcing Dataset (GMFD) (Sheffield et al., 2006), a historical 

reanalysis dataset based on meteorological station data, using the Bias-Correction Spatial 

Disaggregation method. This quantile-mapping approach corrects biases between the GCMs 

and GMFD data over the historical period (1980–2005) for each quantile individually, 

allowing for non-constant bias across the temperature domain. All 21 CMIP5 GCMs 

available through NEX under RCP4.5 and RCP8.5 were used in this study, resulting in 42 

temperature projections. RCP8.5 is a high-emission business-as-usual scenario in absence of 

climate mitigation policies, resulting the highest radiative forcing among the total set of 

RCPs (Riahi et al., 2011). RCP4.5 is a medium-low climate mitigation scenario that 

stabilizes radiative forcing at 4.5 watts per square meter (W/m2) in the year 2100 without 

ever exceeding that value (Thomson et al., 2011). Thus, using RCP4.5 and RCP8.5 can 

provide a range of possible future climate conditions in this study.

The daily temperature projections in the geographic region (116.875°E–121.125°E, 

30.875°N–35.125°N) that covers 104 counties of Jiangsu Province (see Supplementary 

Fig.A1) were selected in this study. Daily average temperature projections were computed as 

the average of daily minimum temperature and maximum temperature for each grid cell. 

County-level daily average temperature projections were calculated by taking the area-

weighted mean daily average temperature of each grid cell that fell fully or partially within a 

certain county boundary in Jiangsu Province. The weights that represented the approximate 

fraction of each cell covered by the county polygon were normalized so that they added up 

to one. In order to keep consistent with the 25-year baseline period from 1981–2005, two 

25-year future periods from 2016–2040 and 2041–2065 were used in this analysis.

2.2 Population projections

To isolate the climate-only effect on heat-related mortality, a no population change scenario 

was first used in this study by assuming the future population is the same as the baseline 

population in Jiangsu, China. County-level population data based on the 2010 Population 

Census of China was used as the baseline population. To account for the future demographic 

changes, population projections at 0.125° × 0.125° resolution under five shared 

socioeconomic pathways (SSPs) in Jiangsu Province from 2010 to 2060 were applied (Jones 

and O’Neill, 2016). The SSPs describe a set of plausible alternative futures of societal 

development without considering the effects of climate change and new climate policies 

over the 21st century (O’Neill et al., 2014). In SSP population projections, the assumptions 

of Chinese population changes are low fertility, low mortality, medium migration, and high 

education for SSP1; medium fertility, medium mortality, medium migration, and medium 

education for SSP2; high fertility, high mortality, low migration, and low education for 

SSP3; high fertility, high mortality, medium migration, and polarized education for SSP4; 

low fertility, low mortality, high migration, and high education for SSP5 (KC and Lutz, 

2014).

Chen et al. Page 4

Environ Pollut. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



County-level population projections were calculated by summing the populations of each 

grid cell that fell within a certain county boundary in Jiangsu Province. Since SSP 

population projections were based on the 2000 population, the potential biases between SSP 

population projections and Census 2010 population were corrected using a scaling factor 

(Census 2010 population divided by SSP 2010 population projections) for each county.

2.3 Health impact assessment

We computed the attributable daily deaths (ADD) to heat exposure for each county as 

follows:

[1]

where ADD represents the estimated county-level daily heat-related deaths; Yb is the 

county-level baseline daily mortality rate for cause-specific (total non-accidental, 

cardiovascular, respiratory, stroke, IHD, and COPD) deaths; Tmean is the county-level daily 

average temperature projections from 21 GCMs for the baseline period (1981–2005) and the 

future periods (2016–2040 and 2041–2065); ERF is the daily percentage change in county-

level mortality for a given Tmean relative to the 75th percentile (24.13 °C); POP is the 

county-level population.

The ERF, which represents the heat effect on daily mortality for a given daily Tmean, was 

defined as follows:

[2]

where RR is the cumulative relative risk of Tmean relative to 24.13 °C, which is derived 

from the pooled results of ERF in 102 counties of Jiangsu Province as described in our 

previous work (Chen et al., 2016). Briefly, using observation-derived temperatures and 

cause-specific mortality, a distributed lag non-linear model was first applied to estimate the 

heat-related mortality risk in each county during 2009 to 2013. All counties were divided 

into two groups on the basis of urban fraction: urban counties (percentage of urban 

population ≥ median percentage, i.e., 57.11%) and nonurban counties (percentage of urban 

population < 57.11%). A Bayesian hierarchical model was then used to pool the county-

specific estimates for urban and nonurban counties. As different ERFs were previously 

found for urban and nonurban counties, we used the urban-specific and nonurban-specific 

ERFs for each cause of death to estimate the county-level heat-related deaths (see 

Supplementary Fig.A2). In sensitivity analysis, an overall ERF for all counties was also 

applied in the health impact assessment.

Total and cause-specific daily baseline mortality rates for all ages and both sex were 

obtained from the Jiangsu Provincial Center for Disease Prevention and Control. 

Specifically, daily mortality data during 2009–2013 were used to calculate the baseline daily 

mortality rates for 99 counties in Jiangsu Province. For another five counties in Jiangsu 
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Province, no complete death certificate data before 2014 was available. Thus, the 2014 daily 

mortality data was used to compute the baseline daily mortality rates for these remaining 

five counties. We held the baseline mortality rate during 2009–2014 in Jiangsu Province 

constant in both the historical period and future periods. To reduce the inter-annual 

variations and intra-month fluctuations of daily mortality rates on a certain calendar day, we 

computed the averaged monthly mortality rates for each cause of death during 2009–2014 

and then converted the monthly mortality rates evenly to daily rates within a certain month.

For each of the 21 GCMs, we computed the heat-related daily deaths using Equation [1] for 

each RCP scenario (RCP4.5 and RCP8.5), each period (1981–2005, 2016–2040 and 2041–

2065), and each population scenario (no change and SSP1–SSP5). Then we calculated the 

annual average heat-related deaths during the warm season (May–September) in each 

period. Finally, the changes in future annual average heat-related deaths during the warm 

season were calculated as the differences between the baseline period (1981–2005) and the 

future periods (2016–2040 and 2041–2065).

To explore the sensitivity of heat-related mortality projections to different factors (i.e., 2 

RCPs, 21 GCMs, 6 population projections, and 3 ERF coefficients (mean, upper and lower 

estimates of the 95% CI)), we conducted a variance component analysis using a ANOVA-

type estimation to determine the contribution of each factor in the total variance of overall 

heat-related mortality estimates (Li et al., 2016). We performed the uncertainty analysis for 

each cause of death and each future period, respectively.

All analyses were conducted in R 2.15.0 (R Foundation for Statistical Computing, Vienna, 

Austria) and ArcGIS (version 10.0; ESRI, Redlands, CA).

3. Results

Fig.1 (a) shows the multi-model simulated time series of annual warm season (May to 

September) mean daily average temperature during the historical and future periods. 

Compared to the historical period 1980–2005, projected ambient temperatures will 

continually increase in 2016–2070 under both the RCP4.5 and RCP8.5 scenarios. In general, 

RCP8.5 yielded higher daily average temperatures than RCP4.5; and this difference becomes 

larger over time. Under RCP4.5, the projected 21-GCMs mean daily average temperature 

during the warm season increased by 1.1 °C and 2.0 °C in 2016–2040 and 2041–2065, 

respectively compared with 1981–2005 (see Supplementary Table A2). Larger increases 

relative to 1981–2005 were observed under RCP8.5, with a 1.3 °C increment in 2016–2040 

and 2.7 °C increment in 2041–2065, respectively.

Under the SSPs, population size in the 104 counties of Jiangsu Province will first increase 

from 2010 to 2030, then decrease from 2030 to 2070 (Fig.1 (b)). The trajectories of five 

SSPs stay close to each other until around 2030. Visible differentiation occurs among SSPs 

after 2050 with the highest population in SSP3 and the lowest in SSP4. Compared with the 

no population change scenario (76.7 million), population sizes are generally larger from 

2010 to 2040 under SSPs with SSP3 reaching 81.2 million in 2030. After 2050, SSPs 
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projected population sizes are smaller than the no population change scenario, with SSP4 

reaching 58.3 million in 2070.

Future changes in projected temperature under both RCP scenarios will cause stroke, IHD, 

other cardiovascular diseases (OtherCVD), COPD, other respiratory diseases (OtherResp), 

and other non-accidental (Others) deaths to increase in 2016–2040 and 2041–2065 relative 

to 1981–2005 in Jiangsu Province under a no population change assumption (Fig.2). The 

projected excess (future period – baseline period) heat-related deaths varied greatly among 

the 21 GCMs. From 1981–2005 to 2041–2065, the highest estimates of excess heat-related 

total deaths were from the ACCESS1–0 model, which were one order of magnitude bigger 

than the lowest estimates from the INMCM4 model. The variation of excess heat-related 

mortality across the 21 GCMs increases over time, as its range in 2041–2065 is much larger 

than that in 2016–2040.

Under RCP4.5, the Jiangsu population in 2010 would have 2730 (95%CI: 2591–2871) and 

7992 (95%CI: 7542–8454) excess heat-related total deaths annually between May and 

September if experiencing the multi-model mean projected temperatures in 2016–2040 and 

2041–2065 (Table 1). Likewise, there would be 1713 (95%CI: 1612–1817) and 5314 

(95%CI: 4958–5686) excess heat-related cardiovascular deaths, 452 (95%CI: 411–494) and 

1286 (95%CI: 1167–1411) excess heat-related respiratory deaths, 667 (95%CI: 641–694) 

and 2217 (95%CI: 2105–2334) excess heat-related stroke deaths, 237 (95%CI: 176–300) 

and 787 (95%CI: 653–927) excess heat-related IHD deaths, and 323 (95%CI: 287–361) and 

964 (95%CI: 859–1073) excess heat-related COPD deaths in 2016–2040 and 2041–2065, 

respectively. More excess heat-related cause-specific deaths are projected under RCP8.5 

than RCP4.5, as presented in Table 1.

Fig.3 summarizes the changes in heat-related cause-specific deaths under the six different 

population growth scenarios in Jiangsu Province. In general, for both RCP emission 

scenarios, compared to the historical period 1981–2005, all five SSPs generate slightly more 

excess heat-related deaths than the no population change scenario in 2016–2040 and less 

excess heat-related deaths in 2041–2065. Among all population projections under SSPs, the 

SSP3 scenario generally leads to the highest heat-related deaths, whereas the SSP4 scenario 

results in the lowest estimates. Though population will likely decrease in 2041–2065 (Fig.

1b), due to higher temperatures, the estimated excess heat-related deaths would still be much 

higher than those in 2016–2040 for all five SSPs. For all population scenarios, 

cardiovascular deaths (Stroke + IHD + OtherCVD) account for more than 60% of heat-

related total deaths (Fig.3a). Variations of heat-related total deaths among different 

population scenarios are generally within the range of 95%CI induced by ERFs (Fig.3b), 

which is also observed for other cause-specific deaths (see Supplementary Fig.A3).

We applied the urban- and rural-specific ERFs (see Supplementary Fig.A2) to estimate the 

changes in heat-related deaths in the future periods compared with the historical period. 

Nonurban counties generally have higher heat effects for temperature > 24.13 °C on daily 

total non-accidental, cardiovascular, respiratory, stroke, IHD, and COPD mortality than 

urban counties (see Supplementary Fig.A2). If an overall ERF was used for all urban and 

nonurban counties in the health impact assessment, the excess heat-related total deaths 
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would be overestimated for urban counties and underestimated for nonurban counties (Fig.

4). On average, excess heat-related total deaths in urban counties would be overestimated by 

12.3% under RCP4.5 and 15.4% under RCP8.5 during 2016–2040, and 20.6% under 

RCP4.5 and 24.5% under RCP8.5 during 2041–2065, respectively. On the contrary, average 

excess heat-related total deaths in nonurban counties would be underestimated by 17.3% 

under RCP4.5 and 18.9% under RCP8.5 during 2016–2040, and 20.6% under RCP4.5 and 

21.8% under RCP8.5, respectively. Estimates from the other five specific causes of heat-

related deaths led to similar validation results that argue for using both urban- and nonurban-

specific ERFs (as opposed to a single ERF; results not shown).

Using the urban- and nonurban-specific ERFs, the uncertainty attributable to ERFs were 

generally quite small (<5%) except for the heat-related IHD deaths in 2016–2040 (17%) (see 

Supplementary Fig.A4). In the future five decades, the choice of climate models contributed 

the most uncertainty in estimating heat-related mortality (62–70%), followed by RCPs 

(about 25%). Population size had limited influence on the uncertainty of heat-related 

mortality estimation (<1%).

The future warming impacts on mortality varied substantially across the 104 counties in 

Jiangsu Province (see Supplementary Fig.A5). Compared with southern counties, increases 

in heat-related total mortality relative to the 1981–2005 are much larger in middle and 

northern counties, most of which are nonurban areas. Under RCP8.5 with a no population 

change assumption, 89.5% of counties with more than 150 excess heat-related total deaths in 

2041–2065 were located in nonurban areas (34/38 counties). Under RCP4.5 with a no 

population change assumption, all 12 counties with more than 150 excess heat-related deaths 

in 2041–2065 were located in nonurban areas.

4. Discussion

Under both RCP scenarios, projected warmer temperatures in the 2016–2040 and 2041–

2065 periods will lead to higher heat-related mortality for total non-accidental, 

cardiovascular, respiratory, stroke, IHD, and COPD causes occurring annually during May to 

September in Jiangsu Province, China. Nonurban residents in Jiangsu will suffer from more 

excess heat-related cause-specific mortality in 2016–2065 than urban residents. Climate 

models and scenarios dominate the estimation uncertainty of future heat-related mortality 

while population size contributes only quite limited uncertainty.

Our findings of increasing future heat-related mortality are broadly consistent with previous 

assessments (Guo et al., 2016; Kingsley et al., 2016; Li et al., 2015; Petkova et al., 2013; 

Schwartz et al., 2015; Vardoulakis et al., 2014), though direct comparison of the effect 

estimates is difficult as different climate models, scenarios, downscaling methods, time 

periods, ERFs, and population growth scenarios were used in those previous studies. To 

allow a rough comparison between this study and previous studies, we computed the future 

changes in heat-related deaths per 100,000 people under the no population change scenario. 

We found that in Jiangsu Province, the mean increases in heat-related total mortality 

occurring annually during May to September relative to 1981–2005 was 3.5 per 100,000 

people in 2016–2040 and 10.2 per 100,000 people in 2041–2065 under RCP4.5, and 5.1 per 
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100,000 people in 2016–2040 and 16.6 per 100,000 people in 2041–2065 under RCP8.5, 

respectively. Similarly, a recent study using the GFDL-CM3 model showed that increases in 

heat-related deaths during April to September relative to 1976–2005 were 6.2 per 100,000 

people in 2016–2045 and 8.1 per 100,000 people in 2036–2065 under RCP6.0 scenario in 

209 U.S. cities (Schwartz et al., 2015). Under the RCP4.5 and RCP8.5 scenarios, similar 

increments in heat-related all-cause deaths per 100,000 people relative to 1971–2000 were 

also found in New York City (5.4 and 6.3 in 2010–2039, and 10.6 and 15.2 in 2040–2069), 

Philadelphia (3.5 and 4.3 in 2010–2039, and 7.7 and 11.5 in 2040–2069), and Boston (3.0 

and 3.6 in 2010–2039, 5.9 and 8.8 in 2040–2069) (Petkova et al., 2013). Using daily 

maximum temperature as the exposure metric, projected increases in annual heat-related all-

cause mortality per 100,000 people during the warm months (April to October) in 2046–

2053 relative to 2005–2012 in Rhode Island, U.S. were 2.7 under RCP4.5 and 3.6 and under 

RCP8.5, respectively (Kingsley et al., 2016), which is comparable with our estimates.

For cause-specific mortality, far few studies have assessed the impacts of climate change on 

heat-related cause-specific mortality (Li et al., 2015). The mean increase in annual 

cardiovascular mortality during May to September relative to 1981–2005 in Jiangsu 

Province was 2.2 per 100,000 in 2016–2040 and 6.8 per 100,000 in 2041–2065 under 

RCP4.5, and 3.3 per 100,000 in 2016–2040 and 11.4 per 100,000 in 2041–2065 under 

RCP8.5, respectively. In accordance with our findings, projected median increases in annual 

heat-related cardiovascular mortality relative to 1971–2000 in Beijing were 4.2 per 100,000 

in 2010–2039 and 5.8 per 100,000 in 2040–2069 under RCP4.5, and 4.0 per 100,000 in the 

2010–2039 and 6.5 per 100,000 in the 2040–2069 under RCP8.5, respectively (Li et al., 

2015).

We found that nonurban counties will experience higher excess heat-related mortality in the 

future five decades than urban counties in Jiangsu Province. To the best of our knowledge, 

this is the first study to quantify the impact of climate change on heat-related mortality in 

nonurban areas using multi-model climate models and RCP scenarios. A recent study also 

found comparable cardiorespiratory deaths in rural and urban areas of England and Wales by 

assuming temperature increased by 2°C instead of using climate model projections (Bennett 

et al., 2014). Previous projection studies only focused on urban areas because urban 

residents were generally assumed to be more vulnerable due to the high density of 

susceptible people and the higher temperatures associated with the urban heat island effect 

(Guo et al., 2016; Li et al., 2013). Though evidence on significant heat-related health 

impacts in rural areas is emerging, these studies are often hindered by quantitative 

challenges due to low population density and dispersed weather stations in rural areas 

(Sarofim et al., 2016). This study benefits from our previous attempt to use fine-scale 

interpolated temperatures to quantify the mortality effect of heat exposure in both urban and 

rural residents of Jiangsu Province, where more residents are in nonurban areas than in 

urban areas (Chen et al., 2016). In our previous study, nonurban areas in Jiangsu Province 

were found to have significant heat-related mortality risks due to their high heat-related 

vulnerability (Chen et al., 2016). Nonurban areas in Jiangsu Province generally had higher 

percentages of older people, higher percentages of people with lower education level, lower 

prevalence of air conditioning, and insufficiency of hospital infrastructure, which were all 

associated with increased heat-related mortality risks. Using an overall ERF instead of 
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urban- and nonurban-specific ERFs results in an overestimation of 12.3%–24.5% excess 

heat-related total deaths in urban areas and an underestimation of 17.3%–21.8% excess heat-

related total deaths in nonurban areas (Fig.4). This implies that further studies assessing the 

impact of climate change on heat-related health effects in rural areas should apply a rural-

specific ERF, rather than using ERF from urban areas. Nonurban counties were found to 

have higher heat-related mortality risks and more daily death counts than urban counties in 

Jiangsu Province (Chen et al., 2016), which contributes to the higher estimates of nonurban 

excess heat-related deaths in Jiangsu Province. The high projected heat-related mortality 

burden in nonurban areas of Jiangsu indicates that effective adaptive measures should be 

taken in nonurban areas, which throughout the world have received less attention than urban 

areas in heat mitigation efforts, to reduce the potential adverse health impacts attributable to 

warming temperatures.

In Jiangsu Province with a no population change assumption, more than half of the excess 

heat-related total deaths were derived from cardiovascular mortality (Table 1 and Fig.3). The 

larger increment in cardiovascular mortality than that in respiratory mortality was also 

observed in a previous study in Beijing, China (Li et al., 2015). This is mainly due to the 

high percentage of baseline cardiovascular mortality, which contributes to about 44.6% of 

total non-accidental deaths in China in 2013 (Zhou et al., 2016). Stroke, IHD, and COPD are 

the three most common non-communicable diseases in China in 2013, accounting for about 

23.0%, 16.7%, and 10.9% of total non-accidental deaths (Zhou et al., 2016). In the future 

five decades (2016–2065), these three causes will contribute about 48.5% and 50.7% of the 

heat-related total deaths under RCP4.5 and RCP8.5, respectively (Table 1). Thus, future 

interventions to reduce the burden of these three leading causes should also include 

measures to reduce heat-related vulnerability.

Projecting heat-related mortality under a changing climate inherently involves large 

uncertainties related to baseline ERF, baseline mortality rate, climate models, and population 

changes (Huang et al., 2011). Several of these uncertainties were addressed in this study by 

utilizing a localized ERF for Jiangsu residents, 21 climate models, and six population size 

growth scenarios. Uncertainty from climate models dominated the estimation of future heat-

related mortality with an increasing trend from 2016–2040 to 2041–2065 (Fig.2 and 

Fig.A4). Our findings indicate that the choice of climate models reflects the greatest source 

of uncertainty in heat-related mortality projections in Jiangsu Province, China. This might 

be because GCMs’ intra-annual variance, in conjunction with the magnitude of summer-

mean warming (see Supplementary Table A2), could generate order of magnitude 

differences in heat-related mortality changes, due to the nonlinear ERF at high temperatures 

tails (see Supplementary Fig.A2). Future research could look into the relative role of 

projected temperature variance changes compared with mean changes in driving heat-related 

mortality increase. Improved and more robust projections of future climate will enhance the 

health impact assessment of heat exposure under climate change. The contribution of 

population size growth to future changes in heat-related mortality is relatively small in 

Jiangsu (see Supplementary Fig.A4). Compared with a no population change assumption 

and for a given amount of warming, projected future population size will cause heat-related 

cause-specific mortality to slightly increase in 2016–2040 and to slightly decrease in 2041–

2065. For example, compared with using the 2010 population, using SSP3 projected 
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population yielded 5.1% higher estimates in 2016–2040 and 1.3% lower estimates in 2041–

2065 under RCP8.5 (Fig.3). On the contrary, considering both population size growth and 

population ageing in the demographic changes could result in substantial increases in future 

heat-related mortality (Lee and Kim, 2016; Vardoulakis et al., 2014; Voorhees et al., 2011), 

as elderly people are more vulnerable to heat-related mortality (Bell et al., 2008; 

Benmarhnia et al., 2015; Hajat et al., 2007). Therefore, the no population change scenario 

and SSP population size growth scenarios used in this study provide conservative projections 

of possible future heat-related mortality due to climate change (Knowlton et al., 2007).

Our study has several limitations. First, our projections of heat-related mortality under 

climate change did not account for population acclimatization to heat stress. Recent studies 

comparing the temperature optimum (i.e., the temperature with minimum mortality) in 

different countries revealed that populations could adapt to their local climates to some 

extent (Guo et al., 2014; Todd and Valleron, 2015). People may adapt to heat stress through 

modifications in activities, increased use of air conditioning, and alternative building designs 

(Kinney et al., 2008). Projecting future mortality effects of climate change on heat exposure 

without consideration of heat adaptation may lead to substantial overestimates (Petkova et 

al., 2014). Second, we did not consider changes in demographic structure such as population 

ageing, which may lead to underestimation of heat-related mortality due to climate change 

(Lee and Kim, 2016). Population ageing may amplify future heat-related health burdens by 

increasing the proportion of vulnerable elderly population (Huang et al., 2011; Li et al., 

2016; Vardoulakis et al., 2014). Third, the county-level baseline cause-specific mortality 

rates were held constant in the health impact assessment as no such projection data are 

available in Jiangsu Province. Fourth, the findings of this study were derived from only one 

province of China, which may not be applicable to other regions with different climates and 

socio-economic statuses in China. Finally, the total warming, as well as the magnitude, 

intensity, and duration of heat events specifically could change in ways not captured by the 

GCMs and RCPs (Horton et al., 2016).

Strengths of our study include the use of downscaled daily climate projections from 21 

climate models under two RCP scenarios for the projection of heat-related mortality. 

Additionally, differences in heat-related mortality projections between urban and nonurban 

areas were addressed by applying urban- and nonurban-specific ERF in the health impact 

assessment. Furthermore, non-linear cause-specific ERFs were used to model the health 

impacts associated with future heat exposure, allowing for more flexible temperature-

mortality relationships than linear ERFs.

5. Conclusion

In summary, we found that warming temperatures projected for 2016–2040 and 2041–2065 

could lead to higher heat-related mortality in Jiangsu Province, China. Nonurban residents 

will suffer from more heat-related death burden than urban residents in the future five 

decades. The results argue for targeted climate change mitigation and adaptation measures 

tailored to both urban and nonurban areas of Jiangsu Province. Specific public health 

interventions could be focused on the leading causes of death, whose health burden will be 

amplified by a warming climate.
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Capsule

A warming climate in the next five decades will lead to increased burden of heat-related 

total and cause-specific mortality in Jiangsu, China, especially in nonurban areas.

Chen et al. Page 15

Environ Pollut. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• A warming climate will amplify heat-related cause-specific mortality in 

Jiangsu.

• Nonurban residents are more vulnerable to climate change than urban 

residents.

• Climate models contribute the largest uncertainty in health impact assessment.
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Fig.1. 
Temperature and population changes in the 104 counties of Jiangsu Province. (a) multi-

model simulated time series of annual warm season (May to September) mean daily average 

temperature during the historical period (1981–02005) and future periods (2016–2065). 

Time series of mean projections and a measure of uncertainty (shading, minimum-maximum 

range from 21 CMIP5 GCMs) are shown for RCP4.5 (blue) and RCP8.5 (red). Black (grey 

shading) is the modelled historical daily average temperature. See Supplementary Table A1 

for summary information on each model. (b) The total population projections during 2010–

2070 under six population scenarios (No change and SSP1-SSP5).
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Fig.2. 
Changes in heat-related cause-specific deaths occurring annually between May and 

September in 2016–2040 and 2041–2065 versus 1981–2005 for 21 models under the 

RCP4.5 and RCP8.5 climate scenarios with a no population change assumption in Jiangsu 

Province, China. Cause-specific deaths include deaths due to stroke, ischemic heart disease 

(IHD), other cardiovascular disease (OtherCVD), chronic obstructive pulmonary disease 

(COPD), other respiratory disease (OtherResp), and other causes of non-accidental disease 
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(Others). Urban- and nonurban-specific ERFs for each cause of death were used in the 

calculation.
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Fig.3. 
Multi-model mean changes in heat-related cause-specific (a) and total (b) deaths occurring 

annually between May and September in 2016–2040 and 2041–2065 versus 1981–2005 for 

21 GCMs under the RCP4.5 and RCP8.5 climate scenarios with six population scenarios 

(2010 population and SSP1 –SSP5 projected populations) in Jiangsu Province, China. 

Cause-specific deaths include deaths due to stroke, ischemic heart disease (IHD), other 

cardiovascular disease (OtherCVD), chronic obstructive pulmonary disease (COPD), other 

respiratory disease (OtherResp), and other causes of non-accidental disease (Others). 

Vertical lines in (b) show uncertainty of estimates from the 95% CI of ERFs for total non-

accidental death.
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Fig.4. 
Relationships between estimated multi-model mean changes in heat-related total non-

accidental deaths occurring annually between May and September in 2016–2040 and 2041–

2065 versus 1981–2005 for 21 GCMs using the overall exposure response function (ERF) 

and those using the urban-specific and nonurban-specific ERFs for the 2010 population and 

the RCP4.5 and RCP8.5 climate scenarios in Jiangsu Province, China. The blue and red 

lines with grey shadings are the linear regression lines and the 95% confidence regions for 

urban and nonurban counties, respectively. The black line is the 1:1 line.
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