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Abstract

:

Heatwaves exert negative socio-economic impacts and particularly have serious effects on public health. Based on the multi-model ensemble (MME) results of 10 downscaled high-resolution Fifth Phase of the Coupled Model Intercomparison Project (CMIP5) model output from NASA Earth Exchange Global Daily Downscaled Projections (NASA-GDDP), the intensity (largest lasting time), frequency and total duration of heatwaves over China as well as population exposure in the 21st century and at 1.5 °C and 2.0 °C above pre-industrial levels are investigated by using the three indices, the Heat Wave Duration Index (HWDI), annual total frequency of heatwaves (N_HW) and annual total days of heatwaves (T_HW) under RCP4.5 and RCP8.5. The MME results illustrate that heatwaves are projected to become more frequent (0.40/decade and 1.26/decade for N_HW), longer-lasting (3.78 days/decade and 14.59 days/decade for T_HW) as well as more extreme (1.07 days/decade and 2.90 days/decade for HWDI under RCP4.5 and RCP8.5 respectively) over China. High latitude and high altitude regions, e.g., the Tibetan Plateau and northern China, are projected to experience a larger increase of intensity, frequency and the total time of heatwaves compared with southern China (except Central China). The total population affected by heatwaves is projected to increase significantly and will reach 1.18 billion in later part of the 21st century, and there will be more and more people expected to suffer long heatwave time (T_HW) in the 21st century. Compared with a 2.0 °C global warming climate, holding the global warming below 1.5 °C can avoid 26.9% and 29.1% of the increase of HWDI, 34.7% and 39.64% for N_TW and 35.3%–40.10% of T_HW under RCP4.5 and RCP8.5 respectively. The half-degree less of warming will not only decrease the population exposure by 53–83 million but also avoid the threat caused by longer heatwave exposure under the two scenarios. Based on the comprehensive assessment of heatwave under the two RCP scenarios, this work would help to enhance the understanding of climate change and consequent risk in China and thus could provide useful information for making climate adaptation policies.
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1. Introduction


Under global warming, climate extremes will increase in both frequency and intensity, and even more significantly than the mean climate [1]. The earth ecology, global economy, and public health are also becoming increasingly vulnerable to these extreme events, particularly temperature extremes [2]. China has experienced an average annual temperature increase of 1.2 °C since 1960 [3]. Also, more temperature extremes have been observed recently [4,5]. For example, the summer in 2013 over eastern China, the hottest summer on record, characterized by a severe heatwave and droughts, resulted in enormous economic losses and affected more than half a billion people in China [6,7].



As typical temperature extreme events, heatwaves have severe and wide-reaching impacts on the world, such as increased wildfires, infrastructure faults, loss of livestock and crop failures, along with reduced workplace productivity and vegetation gross primary productivity (GPP). In particular, heatwaves may cause more severe impacts on public health and induce a relatively higher level of vulnerability in populations that live in urban areas.



The Paris Agreement in December 2015 set a goal to hold global warming to well below 2 °C and pursues efforts to limit it to 1.5 °C above pre-industrial levels [8]. A special report was also published in 2018 from the Intergovernmental Panel on Climate Change (IPCC) for the comparison between global warming of 1.5 °C and 2 °C above pre-industrial levels, which provides a general point that “keeping global warming below 1.5 °C rather than 2.0 °C will reduce the difficulty in adaptation and the world will suffer fewer negative impacts on intensity and frequency of extreme events” [9]. However, the global 1.5 °C and 2.0 °C warming target is just an emblematic indicator globally, and the vulnerability to global warming may vary from region to region and exhibit notable spatial heterogeneity [3]. China is very sensitive and vulnerable to climate change considering its huge population and geographic location [10,11,12]. Therefore, efforts for the projection of heatwave over China in the 21st century and the differentiation of risks between 1.5 °C and 2 °C global warming levels is very important for understanding global warming and also useful for elaborating any national climate mitigation policies [6].



The change trend for heatwaves under a warming climate scenario has received much attention in recent years both globally and in China [13,14,15,16,17]. In addition, there are also some works devoted to the investigation of the changes of heatwave and exposure at the 1.5 °C and 2 °C warming levels [8,18,19,20,21,22]. Over China, there has been a general significant enhancement in heat waves frequency, intensity and the area suffering from such events has expanded remarkably since the 1990s [13,23,24,25]. For the heatwave projection over China in the 21st century or under different global warming targets, the previous works indicate that heatwaves are expected to become more frequent, more severe, and longer lasting in the future. In terms of the spatial pattern, although there is no conscious result due to the different heatwave definition, most of the studies show that western northwest China is projected to experience more large heatwave increase [7,14,26,27]. However, except for a few studies based on regional climate model (RCM) [28,29], most of the studies are based on the original CMIP5 simulation with relatively coarse resolution (e.g., 0.5~2°) and most of the previous works mainly use a special period such as 2070–2099 to reflect the change of heatwaves in the 21st century. Moreover, special analyses of the heatwaves and risk over China for increasing of 0.5 °C from 1.5 °C to 2.0 °C are also rare.



The coarse resolution obviously cannot account for the fine-scale heterogeneity of climate variability and describe the regional heterogeneity. The heterogeneities at scales of 10–50 km are more meaningful for decision makers who require detailed information on potential impacts on crop production, local residents, hydrology, species distribution, etc.



Motivated by the need of accurate regional climate change over China, especially the change of heatwaves, this study uses the CMIP5 datasets with a spatial resolution of 0.25 ° (~25 km × 25 km) from NASA-NEX to analyze the change of heatwave over China under Representative Concentration Pathway (RCP) 4.5 and 8.5.



In order to describe the potential impact of the heatwave in China, we also examined the population exposure in the 21st century under the 1.5 °C and 2 °C warming levels combined with the high-resolution population density map under RCP4.5 and RCP8.5 scenarios.



Our objective is to provide a high-resolution projection about the temporal-spatial change of heatwave and the corresponding potential population exposure in the 21st century as well as at 1.5 °C and 2 °C warming scenarios. Previous works have assessed the capacity of GCM from CMIP5 in reproducing the present climatology and climate variability, and also proved that CMIP5 models could reproduce well the historical heatwaves globally and in China [26,30,31,32,33,34]. Therefore, in the following sections, we focus on the projected changes in the heatwaves in the future.



Through the analysis with NEX-GDDP high-resolution projections, the results provide the projection of heatwaves and possible population exposures in the future. This will not only enhance the understanding of climate change and related risk under climate change conditions, but also provide detailed spatial information to illustrate the benefits of limiting global warming to 1.5 °C rather than 2 °C.




2. Data and Study Area


2.1. CMIP5 Simulations


The NEX-GDDP project provides downscaled global climate simulation results from CMIP5 with the spatial resolution of 0.25 ° (~25 km × 25 km) [28], including 21 GCM models and two of the four greenhouse gas emissions scenarios known as RCP (RCP4.5 and RCP8.5, respectively) by using a statistical downscaling algorithm. The downscaled method used in the NEX-GDDP dataset is the Bias-Correction Spatial Disaggregation (BCSD) method, which was developed by Wood et al. [29] and has been widely used in climate change simulation [30,31]. In the BCSD, the reference global data is from Global Meteorological Forcing Dataset (GMFD) for Land Surface Modeling, which was produced by the Terrestrial Hydrology Research Group at Princeton University [32]. More details about NEX-GDDP could be found in Thrasher et al. [28].



As a new generation statistically downscaled climate dataset, NEX-GDDP has been proved to give more precious and more reliable projections compared with original CMIP5 GCM simulations [25,33,34].



According to the original spatial resolution of CMIP5, we choose ten representative models, which have relatively higher original spatial resolution and are from different countries and research groups. All of these models have been widely used in the study of climate change. The institution, country and original spatial resolution information is listed in Table 1.



RCP4.5 and RCP8.5 are two radiative forcing pathways to 4.5 W/m−2 (equivalent to 650 ppm CO2 concentration) and 8.5 W/m−2 (equivalent to 1370 ppm CO2 concentration) by 2100 respectively. These two scenarios could represent the expected and most serious scenarios. Therefore, these two scenarios are widely used to analyze climate change [9,16].



Based on the ten CMIP5 models results under two scenarios (RCP4.5 and RCP8.5), the Multi-Model Ensemble (MME) results based on equal-weighted strategy are used for the following analysis in the 21st century.




2.2. 1.5 °C and 2.0 °C Warmer Scenarios


There are two approaches (i.e. the transient and the stabilized approach) to evaluate climate change impacts under the 1.5 °C and 2.0 °C warming levels. The stabilized approach is based on the simulation by the recent Half a Degree Additional Warming, Projections, Prognosis and Impacts project (HAPPI), which is designed to provide stabilized scenarios for the 1.5 and 2.0 °C warming worlds [18,35,36]. The transient method is based on transient climate states extracted from the CMIP5 archive to evaluate climate change impacts at specific global temperature targets. In terms of the difference between these two approaches, a recent study reported that the stabilized scenarios from HAPPI are largely consistent with the transient scenarios extracted from CMIP5 simulations in agricultural regions [37]. However, so far no clear conclusion has been reached.



In this study, we chose the transient method to evaluate climate change. In order to simulate the change of heatwave at under 1.5 °C and 2 °C global warming targets, analyses are performed using time-slice periods following the method in previous studies (Gosling et al.; Leng et al.; Schewe et al.; Li et al.) [37,38,39,40]. We specifically assessed the projected change of the heatwave as well as population exposure between 1.5 °C and 2 °C warmer future over eight climate regions in China, which can help to quantify the potential benefit of limiting warming to 1.5 °C.



According to previous studies [38,39,41], the spread range of the chosen 10 CMIP5 model threshold-crossing times of 1.5 °C and 2 °C global warming above pre-industrial levels under RCP4.5 and RCP8.5 scenarios are shown in Figure 1. The MME timing of CMIP5 models when the 20-yr averaged Global Mean Temperature (GMT) reaches 1.5 and 2.0 °C above the pre-industrial period is presented in Figure 1.



The global warming would exceed the 1.5 °C threshold in 2031 and 2028 under the RCP4.5 and RCP8.5 scenarios, respectively. The 2 °C global warming will occur around 2049 and 2041 under the RCP4.5 and RCP8.5 scenarios, respectively (Figure 1). Obviously, the time to reach the two targets under RCP8.5 is shorter than that under RCP4.5. As shown in Figure 1, there is a large difference among the ten models for threshold-crossing times of 1.5 °C and 2 °C warming. For both warming targets, the spread range for the 1.5 °C and 2 °C reaching time under RCP8.5 is narrower and more consistent in comparison with those under RCP4.5.



Thus, according to Figure 1, 1.5 °C scenarios warming will be during 2021–2040 and 2018–2037 under RCP4.5 and RCP8.5, respectively, and the period of MME projection during 2041–2060 and 2030–2050 is for 2.0 °C warming scenarios. Although we just used 10 CMIP5 models, the MME threshold-crossing times of 1.5 °C and 2 °C are very close to the result based on 27 CMIP5 models [42] and the result of Li et al. by using 20 CMIP5 [43]. That means the chosen ten models have a good representation.




2.3. Population Density Map


In order to qualitatively analyze the population exposure of heatwaves, a China population density grid map in 2010 (1 km × 1 km) from the resource and environment data cloud platform of the Institute of Geographic Sciences and Natural Resources Research, CAS (DOI:10.12078/2017121101) was adopted. China’s population density map is based on the demographic data of counties across China. It takes into account many factors such as land use type, nighttime light brightness, and residential density, which are closely related to population. Then, the population data of the administrative district is rasterized using multi-factor weight distribution method to realize the spatialization of the China population.




2.4. Climate Region


In order to have a better understanding of the spatiotemporal pattern of heatwave change over China on zonal perspective, China is divided into eights sub-regions (Figure 2) according to the topography and climate features following the National Assessment Report of Climate Change (2011 National Report Committee [44]).





3. Method


3.1. Heatwave Indices


Heat Wave Duration Index (HWDI), which is recommended by Intergovernmental Panel on Climate Change (IPCC) [45], is used in this study to represent the severity of heatwaves. In addition, based on this index, we propose another two user-defined indexes, the annual total frequency of each heatwave (N_HW) and annual total days of heatwaves (T_HW) to describe the frequency and total persistent heatwave days, respectively. In order to remain in line with previous studies on climate extremes, the period 1961–1990 is adopted to be the reference period. The details of these three indices mentioned above are listed in Table 2.




3.2. Mann-Kendall and Sen’s Tests


The Mann–Kendall (MK), commonly known as Kendall’s  τ  statistic, is a non-parametric test used for trend analysis. The Mann-Kendall statistical test has been widely used to quantify the significance of trends in hydro-meteorological variables such as precipitation, temperature and streamflow [46,47,48,49]. The Mann-Kendall test uses a statistic value    Z  m k     to describe the trend, which is described in Mann [50,51]. Positive values of    Z  m k     indicate increasing trends while negative    Z  m k     values show decreasing trends. Testing trends are analyzed at the specific α significance level. When    |   Z  m k    |  >  Z  1 −  α 2     , the null hypothesis will be rejected and a significant trend exists in the time series.    Z  1 −  α 2      is obtained from the standard normal distribution. In this study, the significance level α = 0.05 is used. At the 5% significance level, the null hypothesis of no trend is rejected if    |   Z  m k    |    > 1.96.



After the trend direction is derived by the Mann–Kendall test, the magnitude of the trend in time series data can be determined using the non-parametric method known as Sen’s estimator. This method assumes a linear trend in the time series. The Sen’s slope estimation is described as in Sen [52].




3.3. Avoided Impacts


In order to assess the avoided impacts (AI) of heatwave under the 1.5 °C warming compared with a 2.0 °C warmer climate, a formula proposed in previous works [35,53] is used:


  AI =    C  2.0   −  C  1.5      C  2.0     × 100 %  








where AI is avoided impacts, C1.5 and C2.0 are the changes for heatwave indices in 1.5 °C and 2.0 °C warming scenarios relative to 1960–1990, respectively.





4. Results and Discussion


4.1. Projected Heatwave Changes in the 21st Century


4.1.1. Temporal-Spatial Heatwave Changes in the 21st Century


Figure 3 shows the change trends of HWDI, N_HW and T_HW under the RCP4.5 and RCP8.5 scenarios during the 21st century. Although there is a remarkable difference among the spatial patterns for the intensity, frequency and total heatwave days change rate on a decade scale, all three indices are projected to increase significantly over China under both scenarios. Overall, China is projected to experience a significant increase of HWDI (1.07 days/decade and 2.90 days/decade) and T_HW (3.78 days/decade and 14.59 days/decade) and N_HW (0.40/decade and 1.26/decade) in the 21st century under RCP4.5 and RCP8.5.



Under RCP4.5, the largest increase for HWDI will be in Northwest China and Tibetan Plateau, with more than 5 days/decade on pixel scale. Moreover, Central China also is projected to experience a larger increase for HWDI than its surrounding regions. The projection under RCP8.5 shows that the increment t of HWDI is greatest in the Tibetan Plateau with a rate of 13 days/decade, closely followed by Northwest China (5 days/decade). Similar to RCP4.5, the increase rate over Central China is higher than that in neighboring regions.



Though the spatial pattern is quite similar under the two scenarios, there is a remarkable difference between the change rate of N_HW, which under RCP8.5 is much higher than that under RCP 4.5. The increase rate for N_HW is projected to reduce from 1.4/decade over Northwest China to 0.203/decade over South China along with the northwest-southeast direction over China under RCP8.5 (Figure 3d). Under RCP4.5, the largest increase for N_HW will happen in Northwest China (0.46/decade), closely followed by central China (0.42/decade) and Tibetan Plateau and (0.37/decade), and the change rate in coastal regions and Southwest China (around 0.15/decade) is lowest (Figure 3c).



The spatial pattern of change rate for T_HW is also similar under two scenarios. The value of T_HW increase rate is projected to be the largest in Tibetan Plateau (3.7 days/decade and 16.7days/decade), then next in Northwest China (4.3 days/decade and 16.3 days/decade), and Central China (3.6 days/decade and 13.6 days/decade under RCP4.5 and RCP8.5, respectively) is closely followed. In general, the increase rate for T_HW under RCP8.5 scenario is around four times larger than that under RCP4.5 scenario, which shows the great impact of higher greenhouse emissions.



Figure 4 shows the temporal variation of HWDI, T_HW and N_HW over eight sub-regions relative to 1960–1991. As presented in Figure 4, the increasing trends on a regional scale for HWDI, T_HW and N_HW over China are more notable under both scenarios. In general, in contrast to the nearly linear increasing trend under RCP8.5, the increases of the three indices are projected to reach a peak in the 2080s under RCP4.5.



The increasing amplitude for three indices under RCP4.5 is significantly lower than that under RCP8.5. Taking N_HW for example, the increase amplitude is in the range of 6.4–12 under RCP8.5, which is almost three times of that (1.65–3.75) under RCP4.5 in the later 21st century. The anomalies of HWDI, T_HW and N_HW show a similar spatial pattern, i.e., the change amplitude of these three indices over the higher altitude and latitude region is larger than that over southern China except for Central China.



As shown in Figure 4a, the largest change of HWDI is found in Northwest China and Tibetan Plateau, while South China will experience the least change of HWDI. Under RCP 8.5 (Figure 4b), the spatial characteristics are similar to those of RCP4.5. The Tibetan plateau will still experience a larger increase in HWDI in comparison with other regions under RCP8.5 than under RCP4.5.



There are some similar characteristics for HWDI and T_HW increase pattern over the Tibetan Plateau under the two scenarios. For HWDI, the increase amplitude of Tibetan Plateau is much larger after the middle of the 21st century, and Tibetan Plateau ranks highest on the change of HWDI after the 2050s under RCP8.5. For T_HW, under RCP4.5, the change of T_HW in Tibetan Plateau is in middle level in comparison with other regions at the early and middle of 21st century and will rank only second to Northwest China after the 2080s, while under RCP8.5, the increase of T_HW in the Tibetan Plateau closely follows Northwest China before the 2030s, then the increasement over this region is rather close to Northwest China and it is projected to be the region with the largest increment after the 2080s. This result implies that the increment of HWDI over the Tibetan Plateau is larger than that of T_HW in comparison with other regions. Thus, the heatwaves will be more extreme with a higher value of HWDI. In addition, the Tibetan Plateau is more sensitive than other regions to climate warming in the middle and later of the 21st century.



For N_HW, the spatial pattern is similar under the two scenarios, with the largest increase of N_HW occuring in Northwest China, followed by North China and Central China, and South China the least.



Regarding the projection of heatwaves, our analysis shows that China will experience more intense, more persistent and more frequent heatwaves. In general, this result is consistent with previous works [14,54,55]. In terms of spatial pattern for HWDI over Xinjiang Province, although there is a slight difference between the result presented and results from Yao et al. [14] both illustrate that the south part of the Tibetan Plateau and Xinjiang have the largest increase rate for HWDI. The spatial pattern for HWDI over southern China and eastern China is obviously different from the result in Li et al. [11]. Different from the high increase rate along the coastal area and over southwest China in Li et al., the increasing magnitude of HWDI over these regions in our work is very small in comparison with other regions. Under RCP4.5, the increase rate of HWDI is also remarkably lower than the result in Yao et al. [14] over most of China. We believe the CMIP5 model and spatial resolution are the possible reasons for the difference between HWDI spatial patterns. In addition, among the different scenarios, our result for HWDI increase rate is significantly lower than the results under A2, A1B and B1 scenarios (9.0, 7.4 and 3.52 days/10a) [56].



Based on NEX-GDDP high-resolution projections, our results with a spatial resolution of 0.25° could present more spatial information for the HWDI change. For example, though the work of Yao et al. [14] also indicate that the south part of Tibetan Plateau and southwest of Xinjiang will experience the more increasement of HWDI over China, however, the results in Figure 3a,b clearly show that the southern part of Tibetan Plateau will experience much higher increases than Xinjiang for HWDI and the increasing rate over the northern part of Xinjiang is much lower than that over the southern part of Xinjiang Province. In addition, compared with the result with 128 × 256 Gaussian grids spatial resolution in Yao et al., the high-resolution results in this work clearly illustrate that Central China will also experience a larger HWDI increase in comparison with surrounding regions and North China will be the second-least increment region, after the coastal regions in China.




4.1.2. Uncertainty of MME Heatwave Projections


Box-and-whisker plots are employed to illustrate the uncertainty of MME results and the consistency of multi-model projection among the 10 models over China’s climate regions. In general, the model spreads of HWDI, N_HW and T_HW under RCP8.5 are larger than that under RCP4.5 and the model spread will gradually increase in the 21st century over all the regions, especially for RCP8.5. In addition, the consistency of GCMs projections over Northeast China and South China is relatively higher than other regions under RCP4.5 and RCP8.5 (Figure 5).



As shown in Figure 5, except the HWDI in the end of the 21st century under RCP8.5, all the MME projections for the three indices over different periods are located in the 25th–75th quantile of multi-model projections range, which means the MME projection is a good indicator to represent the projection of the 10 CMIP5 model results.



Note that the change of T_HW is projected to increase by 150 days at the end of this century by some models. This result implies that heatwaves are projected to occur in any season rather than just in summer. This is caused by the definition of heatwave used in the present work.



As mentioned in the introduction, previous works have systematically assessed the capacity of GCM from CMIP5 in reproducing the present climatology and the historical changes of heatwaves over China based on ground observations [57], NCEP reanalysis datset [14] and the 0.5° × 0.5° daily temperature dataset (CN05.1) over China [56,58]. In general, the CMIP5 model could reproduce the spatial pattern of HWDI and the trend in the observed period, but there is large variation for the ability of GCM in CMIP5 and over the different regions in China. On the regional scale, for example, the results in Dong et al. [58] conclude that CMIP5 tends to overestimate the HWDI over NEC, NC, SWC and underestimate the HWDI over EC in comparison with CN05.1. So far, there is no direct evaluation for the NEX-GDDP for HWDI except over Pakistan [59]. However, the ability of NEX-GDDP for daily temperature, precipitation as well as precipitation extremes over China have been evaluated over China [60,61]. The assessment provides that NEX-GDDP largely reduces the bias of temperature near-term and long-term projections in GCMs in terms of the range of absolute values as well as the spatial distribution and extremes across China [60]. Therefore, we believe that the ability of NEX-GDDP for heatwave simulation and projection have been significantly improved in comparison with the original CMIP5. Despite all this, the evolution of NEX-GDDP for HWDI is still very meaningful and needed in the future in order to understand the possible bias in heatwave-related indices projection.





4.2. Population Exposure to Heatwaves in the 21st Century


As presented in Section 4.1, China is projected to experience more long, more frequent and more intense heatwaves with global warming. However, in most of China’s areas, such as the sparsely populated Northwest China and Tibetan Plateau, the heatwaves would not cause a significant negative socio-economic effect, especially for public health. According to the projected spatial distribution of T_HW on decadal, we employ China population density grid map in 2010 with a 1 km spatial resolution (DOI:10.12078/2017121101) to analyze the population exposure to heatwaves in the 21st century.



The percentage of the population affected by heatwaves (red line) is shown by the line on the right axis (Figure 6). Obviously, there is a significant increasing trend for population exposure, indicating that more and more people will be threatened by heatwaves with global warming in the 21st century. The total population affected by heatwaves is projected to reach 1.18 billion in the middle and later part of the 21st century.



There are some differences for the population exposure temporal variation in the early part of the 21st century between the two scenarios. Under RCP4.5, there is a rapid increase for the population exposure from the 2000s to 2070s, then the population exposure will gradually increase and remain stable until the end of the 21st century, while under RCP8.5, the population exposure will increase quickly to the highest level (1.18 billion) in the 2050s.



The percentages of the population affected by different levels of heatwave days (T_HW) are shown by the bar on the left axis (Figure 6). Although there is no significant difference for the total population threatened by heatwavea at the later 21st century, the ratio for population exposure under longer time heatwaves, i.e., T_HW, is projected to increase. At the end of the 21st century, more than 50% of 1.15 billion will be threatened by heatwaves which are longer than 25 days under RCP4.5, and the domain of heatwave persistent time will be longer than 65 days under RCP8.5. In addition, the ratio for the same level of longer T_HW under RCP8.5 is higher than that with RCP4.5. In other words, there will be a larger population suffering longer duration heatwaves in the future, especially under RCP4.5.



Although the population density map used in this research is based on 2010 data, the analysis could still illustrate the increase of heatwave risk and reflect the serious impact of heatwaves under global warming over China in the 21st century.




4.3. Heatwave Changes Over China Under 1.5 °C and 2.0 °C Global Warming Future Scenarios


As shown in Figure 7, the region with the largest increase is projected to be Northwest China under 1.5 °C and 2.0 °C global warming scenarios and the least increase under the two warming levels will occur in the west part of Southwest China and the coastal area in southern China.



On the regional scale, the high latitude and high altitude regions are projected to suffer a larger increase of HWDI (3.9 days–5.9 days) than southern China (2.3 days–4.1 days) in 1.5 °C and 2 °C warmer futures.



In 1.5 °C warmer climate, the HWDI is projected to increase by 4.2 days and 5.8 days in Northwest China and 1.2 days and 2.0 days in the south of China under RCP4.5 and RCP8.5, respectively, while in a 2.0 °C warmer climate, it will increase by 4.9 days and 7.0 days in Northwest China and 3.0 days and 3.7 days relative to 1961–1990. In other words, the extra 0.5 °C will result in 0.7–1.2 days and 1.7–1.8 days increase in HWDI over Northwest and South China, respectively.



Note that although South China will experience the least increase for HWDI, the difference of HWDI between 1.5 °C and 2.0 °C scenarios is remarkably larger than that in Northwest China.



In order to examine the benefit of limiting global warming by 0.5 °C under RCP4.5 and RCP8.5 we use the avoided impact (AI) to investigate the heatwave indices intensity change between 1.5 °C and 2.0 °C scenarios on a regional scale. In comparison to the 2 °C warmer future, the 1.5° warming future will help avoid approximately 20%–40% of the increase of the intensity of heatwaves. The decreasing amplitude will differ over different climate regions. In addition, except in East China, Central China and Northwest China, the decreasing amplitudes are projected to be larger under RCP4.5 than RCP8.5.



It should be noted that the results presented in Figure 7 about the spatial pattern of HWDI change are completely different from the results recently reported by Li et al. [53], who showed that the additional half degree of warming in the 2 °C warmer climate will result in more longer-lasting heatwave events across southern China than other regions over China. The discrepancy among the two works is partly caused by the data used. The dataset used in Li et al. is NCAR CESM low-warming simulation work, which is the stabilized projections at 1.5 °C and 2 °C warming levels. In addition, the definitions of heatwaves used in the two works are also different.



In terms of heatwave frequency, the change magnitude of N_HW is relatively consistent between 1.5 °C and 2 °C warmer climate scenarios. Under RCP4.5 and RCP8.5, the increase of N_HW over northern China is larger than that over southern China. Northwest China is the region with the largest increase magnitude of N_HW (Figure 8a–d).



On the regional scale, the high latitude and high altitude regions are projected to experience a larger increase (1.0–1.5) than southern China (0.25–1.0) in 1.5 °C and 2 °C warmer futures as shown in Figure 8e. In addition, 1.5 °C warmer climate under RCP8.5 will avoid a larger increase magnitude of N_HW in comparison with under RCP4.5 over eight regions. In general, limiting global warming by 0.5 °C can help avoid 28%–46% of the increases in the frequency of heatwaves over China.



In general, the spatial pattern of T_HW is similar to that of HWDI (Figure 7a,b) and N_HW (Figure 8a,b). T_HW is projected to increase by 8–15 days over high latitude and high altitude regions, and by 4–8 days over southern China in 1.5 °C warmer futures. The additional half-degree warming will lead to an increase of T_HW ranging from 12 to 19 days for high latitude and high altitude, and 7–15 days for southern China.



The change of T_HW between 1.5 °C and 2 °C two scenarios is similar to N_HW (Figure 9e) in terms of regional features. Under RCP4.5, holding the global warming below 1.5 °C instead of 2 °C can avoid 27%–42% of the increases in T_HW, and it will be 32%–50% for RCP8.5.



Though Guo et al. [27] also analyze the projections of heatwave characters for 1.5 °C and 2.0 °C global warmer targets, the spatial patterns of the heatwave frequency, duration and intensity are completely different from those in Figure 9. That is caused by the different heatwave definitions used in these two works.



In general, the spatial pattern of HWDI, T_HW and N_HW in the 21st century and in 1.5 °C and 2.0 °C warmer future scenarios show that the larger increase will be in the inland areas, especially over western China and the coastal region over China will experience the least increment. In theory, the heatwaves should increase with global warming and the spatial pattern should be consistent with that of temperature on a large scale, especially for the diurnal maximum temperature (TX). However, the heatwave is defined as prolonged periods of excessive heat (i.e., TX), which have special temporal character. This reason causes the discrepancy between the spatial pattern of heatwave change and the pattern of heatwave changes per °C warming average temperature in work of Perkins-Kirkpatrick et al. [62] over China. In addition, the spatial pattern of heatwave trend is also similar to that of annual maximum daily maximum temperature (TXx) in Zhou et al. [26] to some degree, which implies there is a higher probability for heatwaves under higher TX on an annual scale. Thus, the spatial pattern of the heatwave change trend is between that of the maximum temperature on diurnal and annual scales.



In a word, the addition of a half-degree of warming will lead to a remarkable increase in intensity, frequency and total time for heatwaves. The increasing magnitude is higher over high latitude and high altitude regions than southern China under RCP4.5 and RCP8.5. Compared with 2.0 °C global warming, the half-degree less of warming will avoid 26.9% and 29.1% increase of HWDI, 34.7% and 39.64% for N_TW, and 35.3% and 40.10% of T_HW under RCP4.5 and RCP8.5, respectively.




4.4. Population Exposure for 1.5 °C and 2 °C Global Warming Climate Scenarios


Similar to the results in Figure 6, the percentage of the total population affected by heatwaves (red line) is shown on the right axis (Figure 10).



Note that the total population exposure under RCP8.5 at 1.5 °C (1.07 billion) is lower than that under RCP4.5 (1.10 billion). However, the results illustrate that there is no notable difference between the population exposure under the two scenarios under 2.0 °C, and the total population affected by heatwaves is projected to reach 1.153 billion under 2.0 °C global warming.



Under RCP4.5, holding the global warming below 1.5 °C instead of 2 °C can avoid 83 million people from suffering heatwaves, and this number will be 53 million people under RCP8.5.



The percentages of the population threatened by different total days of heatwaves are shown through the bar on the left axis (Figure 10). The results in Figure 10 clearly illustrate that there is obviously a discrepancy between the two warming levels under the two RCP scenarios in terms of the ratio of the population suffering different heatwave durations.



At the 1.5 °C warming level, people will be mainly threatened by T_HW ranging from 15 days to 25 days under RCP4.5, and the ratio of the population suffering T_HW 7 days–15 days will remarkably increase under RCP8.5 in comparison with RCP4.5. Meanwhile, it is should be noted that the percentage for T_HW ranging from 15–25 days under RCP4.5 is much larger than that under RCP8.5 (Figure 10). Thus, China will face more heatwave risk under RCP4.5 in a 1.5 °C warmer climate compared with RCP8.5.



At 2.0 °C warming, there is no significant difference under RCP4.5 and RCP8.5 for total population exposure and the ratio for different T_HW. Nearly 80% of 1.15 billion people will be threatened by T_HW ranging from 15 days to 25 days and from 25 days to 35 days under RCP4.5 and RCP8.5, respectively. Therefore, holding global warming below 1.5 °C instead of 2 °C can largely avoid the threat of heatwaves longer than 25 days.



In other words, the half-degree less of warming will not only reduce the total population exposure but also significantly reduce the ratio of the population threatened by longer T_HW under both RCP4.5 and RCP8.5. Thus, it will largely reduce the heatwave risk for public health.



Compared with other studies related to the population exposure to heatwaves under global warming, our results share similar trends but with different values. One main possible reason is that heatwaves can be described and categorized by various definitions and indexes (based on mean, maximum, minimum temperature, humidity, and a combination of those), which can lead to different quantitative results. For example, Zhan et al. [63] analyzed the extreme maximum temperature events (EMTES) and population exposure under global warming scenarios of 1.5 °C and 2.0 °C by using regional scale cosmo-CLM over China. Their result shows that the population exposure is projected to increase by (70.3–91.07) and (86.18–108.65) million, respectively, relative to the reference period. Compared with 2.0 °C warming, the population exposure will decrease by 0.49–25.16 million under 1.5 °C warming. Obviously, our result shows that the population exposure will be near ~80% of the China total population and 53–83 million people will avoid the threat of the heatwave in 1.5 °C in comparison with 2.0 °C warming future scenarios.





5. Conclusions


This paper projects the changes of the heatwave and population exposure over China during the 21st century and at 1.5 °C and 2.0 °C global warming under RCP4.5 and RCP8.5 scenarios by using Multi-Mode Ensemble (MME) results based on ten CMIP5 models with a spatial resolution of 0.25° from NASA-GDDP. The major conclusions about heatwaves can be summarized as follows:




	(1)

	
Heatwaves are projected to become more extreme (1.07 days/decade and 2.90 days/decade for HWDI), more frequent (0.40/decade and 1.26/decade for N_HW) as well as longer-lasting (3.78 days/decade and 14.59 days/decade for T_HW) over China under RCP4.5 and RCP8.5, respectively, with significant spatial variation.




	(2)

	
The spatial pattern of three heatwave indices is similar under the two scenarios while the increase will be considerably intensified under RCP8.5. From a zonal perspective, the high-resolution CMIP5 projections show that high latitude and high altitude regions, e.g., the Tibetan Plateau and northern China, are projected to experience a larger increase in intensity, frequency and the total duration of heatwaves than that in southern China (except for Central China).




	(3)

	
According to NEX-GDDP 25 km heatwave projections, the total population affected by heatwaves is projected to significantly increase and will reach 1.18 billion in the middle and later part the 21st century based on.the 2010 population density map. In addition, more and more people will suffer a longer duration of total annual heatwaves in the 21st century.




	(4)

	
Compared with 2.0 °C global warming, holding the global warming below 1.5 °C can largely reduce the threat of the heatwaves, with HWDI decreasing by 26.9% and 29.1%, N_HW decreasing by 34.7% and 39.64% as well as T_HW decreasing by 35.3% and 40.10% under RCP4.5 and RCP8.5, respectively.




	(5)

	
Population exposure will be 1.07–1.10 billion and 1.153 billion for 1.5 °C and 2.0 °C warming climates, respectively. The half-degree less of warming will not only reduce the population exposure by 83–53 million but also greatly reduce the threat caused by longer heatwave exposure under both the RCP4.5 and RCP8.5 scenarios.









With the CMIP5 MME projections at 25 km spatial resolution, this study could provide more comprehensive information about heatwaves and population exposure under two RCP scenarios in the 21st century, especially for 1.5 °C and 2.0 °C warming cases. Compared with the rural areas, the urban areas are more sensitive and vulnerable to heatwaves. Therefore, further works should focus on the heatwave risk for the city agglomeration, which in the future will have more population and social-economic activities.
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Figure 1. The box-plot of threshold-crossing times of 1.5 °C and 2 °C global warming above pre-industrial levels for the 10 CMIP5 models used in this study, the horizontal line within boxes and the number above the boxes represent the median result and the cross label indicates the mean result. 
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Figure 2. Domains of eight sub-regions in China. Northeast China (NEC ): 39°N—54°N, 119°E—134°E; North China (NC): 36°N—46°N, 111°E—119°E; East China (EC): 27°N—36°N, 116°E—122°E; Central China (CC): 27°N—36°N, 106°E—116°E; South China (SC): 20°N—27°N, 106°E—120°E; Tibetan Plateau (SWC1 or TP): 27°N—36°N, 77°E—106°E; Southwest China (SWC2 or SWC): 22°N—27°N, 98°E—106°E; Northwest China (NWC): 36°N—46°N, 75°E—111°E. 
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Figure 3. Spatial pattern of increase rate for HWDI (a,b), N_HW (c,d), and T_HW (e,f) during the 21st century under RCP4.5 (left:a,c,e) and RCP8.5 (right:b,d,f) by using NEX-GDDP multi-model ensemble (MME) results. The cross hatch in the image represents that there is no significant change trend at the 0.05 significance level in this pixel. 
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Figure 4. Temporal variation of zonal average HWDI anomaly (a,b), N_HW anomaly (c,d), and T_HW (e,f) under scenario RCP4.5 (left: a,c,e) and RCP8.5 (right:b,d,f) relative to the reference period of 1961–1990 over China climate regions. The symbols on the line represent the significant linear trend of time series (star-filled red: positive trend at the 0.05 significance level; star filled blue: negative trend at the 0.05 significance level). 
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Figure 5. Projection of HWDI (a), N_HW (b) and T_HW (c) anomaly over eight sub-regions during the different period in the 21st century using ten CMIP5 models under scenario RCP4.5(cyan color) and RCP8.5 (original color) respective to 1961–1990. The central rectangle boxes indicate the interquartile spread range from the 25th to 75th quantile, the MME medians are indicated by the horizontal lines within boxes, and the extreme ranges of models are indicated by whiskers. 
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Figure 6. The projected temporal variation of total population (red line) threatened by the heatwave as well as the relative ratio of population influenced by different level of T_HW (bar) in the 21st century under RCP4.5 (a) and RCP8.5 (b), with the 2010 China Population density map as the reference. 






Figure 6. The projected temporal variation of total population (red line) threatened by the heatwave as well as the relative ratio of population influenced by different level of T_HW (bar) in the 21st century under RCP4.5 (a) and RCP8.5 (b), with the 2010 China Population density map as the reference.



[image: Sustainability 11 03318 g006]







[image: Sustainability 11 03318 g007 550] 





Figure 7. Spatial distribution of HWDI change at 1.5 °C (a,b) and 2 °C (c,d) global warming levels under scenario RCP4.5 (a,c) and RCP8.5 (b,d) relative to 1961–1990 by MME projection. Regional average of HWDI anomaly (e) and avoided impact between global warming of 1.5 °C and 2 °C above pre-industrial levels in different scenarios(f). 
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Figure 8. Spatial distribution of N_HW change for 1.5 °C (a,b) and 2 °C (c,d) global warming levels under scenario RCP4.5 (a,c) and RCP8.5 (b,d) relative to 1961–1990 by MME projection. Regional average of N_HW anomaly (e) and avoid impact between global warming of 1.5 °C and 2 °C above pre-industrial levels in different scenarios (f). 
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Figure 9. Spatial distribution of T_HW change for 1.5 °C (a,b) and 2 °C (c,d) global warming levels under scenario RCP4.5 (a,c) and RCP8.5 (b,d) relative to 1961–1990 by MME projection. Regional average of T_HW anomaly (e) and avoid impact between global warming of 1.5 °C and 2 °C above pre-industrial levels in different scenarios (f). 
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Figure 10. The projected total population(red line) threatened by the heatwave as well as the relative ratio of population influenced by different level of T_HW (bar) by CMIP5 MME simulation for 1.5 °C and 2 °C global warming levels under scenario RCP4.5 and RCP8.5 with the 2010 China Population Density Distribution as reference. 
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Table 1. Information on the 10 climate models used in the present analysis.






Table 1. Information on the 10 climate models used in the present analysis.





	Institution
	Model
	Spatial Resolution (Lon×Lat, degree)
	Country





	Centre National de Recherches Météorologiques/Centre Européen de Recherche et Formation Avancée en Calcul Scientifique (CNRM–CERFACS)
	CNRM-CM5
	1.40° × 1.40°
	France



	Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology (MIROC)
	MIROC5
	1.40° × 1.40°
	Japan



	National Science Foundation, Department of Energy, National Center for Atmospheric Research
	CESM-BGC
	0.94° × 1.25°
	USA



	Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau of Meteorology (BOM), Australia
	ACCESS1.0
	1.25° × 1.875°
	Australia



	National Center For Atmospheric Research(NCAR)
	CCSM4
	0.94° × 1.25°
	USA



	Commonwealth Scientific and Industrial Research Organization in collaboration with the Queensland Climate Change Centre of Excellence(CSIRO-QCCCE), Australia
	CSIRO-Mk3.6.0
	1.875° × 1.875°
	Australia



	Institute for Numerical Mathematics(INM), Russia
	INM-CM4
	2.0° × 1.5°
	Russia



	Institute Pierre-Simon Laplace (IPSL), France
	IPSL-CM5A-MR
	1.267° × 3.750°
	France



	Max Planck Institute for Meteorology(MPI-M),Germany
	MPI-ESM-MR
	1.875 × 1.875
	Germany



	Meteorological Research Institute(MRI), Japan
	MRI-CGCM3
	1.125 × 1.125
	Japan
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Table 2. Definitions of three indices used in the present study.






Table 2. Definitions of three indices used in the present study.





	ID
	Indicator Name
	Indicator Definitions
	Units





	HWDI
	Heatwave duration index
	Maximum period > 5 consecutive days with daily maximum temperature (Tamax) >5 °C above the 1961–1990 daily Tamax normal
	Days



	N_HW
	Number of Heatwaves
	The total frequency of heatwaves, which is defined as a period > 5 consecutive days with Tamax >5 °C above the 1961–1990 daily Tamax
	/



	T_HW
	Total days of Heatwave
	Annual total days for the heatwaves, which is defined as the periods > 5 consecutive days with Tamax >5 °C above the 1961–1990 daily Tamax
	Days
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