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Abstract

:

Heatwaves can produce catastrophic effects on public health and natural systems, especially under global warming. There are two methods to measure heatwaves, computed by relative and absolute thresholds, namely relative and absolute heatwaves (RHWs and AHWs). Generally, AHWs mostly occur in hot areas because of fixed thresholds, while RHWs represent anomalous events for the local climate, making them possible everywhere in the warm season. Based on observations and CMIP6 outputs, this study compared AHWs and RHWs in Eastern China (EC) with five sub-regions [Northeast China (NEC), North China (NC), Lower Yangtze River (LYR), Middle Yangtze River (MYR) and South China (SC)]. Similarities among RHWs and AHWs were found in present-day trends (1995–2014) and spatial distributions. The heatwave intensity/days for RHWs and AHWs both displayed highest future increases in northern/southern EC, and the increases for 2081–2100 would be 1.5 times as high as 2041–2060. All these similarities illustrate that applying either relative or absolute thresholds in EC, historical temporal variations, changing future spatial patterns, and increasing ratio from 2081–2100 to 2041–2060, would show reliable results. As far as differences are concerned, RHWs were observed across the entire EC, while AHWs did not show up in parts of NC and NEC. Considering model performance, RHWs would perform better than AHWs in most areas of EC. The annual heatwave intensity/days were higher for RHWs than for AHWs during present-day and future periods, which might overestimate heat-related risks. Overall, this study recommended RHWs for heatwave analyses, particularly for future projections, but for risk assessment, the choice of thresholds is crucial. The results reinforced the necessity to further improve model performance to address various needs.
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1. Introduction


Heatwave events have become one of the most prevalent and immediate global dangers due to climate warming [1,2], which poses a serious threat to human health, energy infrastructure and outdoor activities [3,4]. For instance, the 1995 heatwave in Chicago killed 739 people [5]. The 2003 and 2010 extreme heatwaves in Europe both caused thousands of deaths and damaged the economy severely [6]. Since the world has not achieved convincing and sustained emissions reduction, CO2 releases are still growing, which has already led to a rise in global warming of 1.2 °C, making 2015–2019 the hottest five years on record [7]. The record-breaking North American heatwave in 2021 led to nearly 1000 deaths and widespread wildfires [8]. Global warming has also increased heatwaves in China, posing significant negative impacts [9]. In 2020, approximately 14,500 deaths and 31.5 billion work hours were lost due to heatwaves in China (1.3% of the national total), resulting in an economic loss of ~1.4% of the national annual GDP [10]. IPCC AR6 indicates that under anthropogenic forcing, the risk from heat waves would increase as future global warming intensifies [11].



Eastern China (EC), located on the eastern edge of the East Asian continent and the western coast of the Pacific Ocean, is the most economically developed, highly educated, densely populated and important industrial-agricultural production area in China. The rapid development of EC has a mission to lead and experiment for China, therefore this region is ahead of development and restructuring so as to play an important and pioneering role in comprehensive and deepening reform. In recent years, heatwave events in EC have occurred frequently, having serious impacts on public health and the economy. For example, the 2013 heatwave in the Yangtze River Delta region caused about 160 deaths in Pudong Shanghai, and several provinces experienced unprecedented heat events that inflicted approximately 59 billion CNY in damages [12]. The 2018 heatwave in Northeast China and North China caused drought over at least 65 million acres of cropland, leaving more than 4.6 million people short of drinking water, and increased water temperatures resulted in massive fish deaths from oxygen deprivation [11]. The number of deaths from heatwaves in each province of Eastern China for 2020 was above 500, and in five provinces exceeded 1000 (Guangdong Province exceeded 2000) [10].



However, since there is no standard definition for heatwaves [13], studies on the historical analysis [14,15] and future prediction [16,17] of EC heat waves remain uncertain. According to the high-temperature criterion, heatwaves can be absolute or relative [18]. Absolute heatwaves identify high-temperature by using a fixed threshold. Based on the climate and environment in China, the China Meteorological Administration defines a heatwave event as three consecutive days of daily maximum temperatures above 35 °C. This methodology (absolute threshold) can capture the actual relationship between heatwaves and public health risks in most cities of China, and therefore is valuable in weather prediction and early warning of disaster. Whereas, given the simulation biases of climate models for temperature, research in climate projections mostly define heatwaves by means of relative thresholds, i.e., thresholds calculated from climatological temperatures. When heatwaves are defined, relevant characteristics such as frequency, intensity, and duration can be computed, and historical and future changes investigated. Therefore, it is important to figure out how to define heatwaves.



It has been pointed out that appropriate heatwave measurements for different regions need to be further discussed. Robinson [13] investigated how to select appropriate thresholds to identify heatwaves in different parts of the United States. Meehl and Tebaldi [19] used two approaches to project future heatwaves in Europe and North America. Wang et al. [18] analyzed the spatial types of heatwaves in China by using observational data for absolute and relative definitions, but did not focus on model simulations and future projections. Absolute and relative measurements both have the potential to lead to overestimation or underestimation of heatwave events in some areas. Adequate measurement of heatwaves could help to improve the understanding of heat events in different regions and provide useful information for strategic planning. For EC, in which areas would the two methods of measuring heatwaves produce large/small differences? How will the two measurements perform in future projections? This study aims to provide an in-depth analysis in terms of observations, model historical simulations and future predictions.




2. Data and Methods


2.1. Observational Data


The observed daily maximum air temperature data (CN05.1) [20] for China, from 1961 to 2019, with 0.25° horizontal resolution, is used to calculate the heatwave indices in eastern China. It is also used to examine the performance of CMIP6 model simulations regarding current heatwaves.




2.2. CMIP6 Climate Projections


The Intergovernmental Panel on Climate Change (IPCC), has considered comprehensive factors, including population, economy, technological progress and resource utilization, as well as the newly proposed Shared Socioeconomic Pathway (SSP), in its latest assessment to quantify the relationship between climate change and socio-economic development [21]. This framework combined the SSP with previously assessed future climate representative concentration pathways (RCPs) to generate new emission scenarios [22,23,24]. Under these new SSPs, the Coupled Model Intercomparison Project phase 6 (CMIP6) has provided the latest climate projections, which are expected to be more reliable, as they are generated using a greater number of improved climate models than in previous phases [25,26,27].



Based on the availability of daily maximum surface air temperatures, this study used 27 climate models in the CMIP6 archives [25]. Supplementary Table S1 lists the basic information of these models, details of which can be found at https://esgf-node.llnl.gov/projects/cmip6 (accessed on 3 March 2022). Historical simulations (1850–2014) and future projections (2015–2100) under three emission scenarios were analyzed. These scenarios, SSP1-2.6, SSP2-4.5 and SSP5-8.5, represent the global forcing pathways of RCP2.6, RCP4.5 and RCP8.5, respectively, under the socioeconomic conditions of SSP1, SSP2 and SSP5.



The selected three future scenarios are in Tier-1 and are required for all climate models participating in the Scenario Model Intercomparison Project for CMIP6. SSP1-2.6, SSP2-4.5 and SSP5-8.5 represent low-emission, middle-emission and high-emission pathways, respectively. SSP1-2.6 combines low vulnerability with low challenges for mitigation (SSP1) as well as a low forcing of 2.6 Wm−2. SSP2-4.5 combines intermediate societal vulnerability (SSP2) with an intermediate forcing of 4.5 Wm−2. SSP5-8.5 consists of the only SSP scenario with high enough emission (SSP5) to generate a radiative forcing of 8.5 Wm−2 in 2100. All models used in this study produced multiple realizations with varying initial conditions. Here, only the first realization of each model was selected for the analysis.



In this study, the present-day period (1995–2014) is selected as the baseline, and the future projection period focuses on 2041–2060 and 2081–2100 of the 21st century. It is generally consistent with studies using CMIP6 [16,27].




2.3. Heatwave Definitions


A heatwave is generally considered to be a high-temperature event for several consecutive days. This study aims to compare the differences between the heatwaves defined by relative and absolute thresholds. Absolute threshold-defined heatwaves (AHWs) are commonly used in meteorological observations. The fixed value of 35 °C is set as the threshold, and at least three consecutive days of the daily maximum temperature (Tmax) exceeding this threshold is considered an AHW event [28]. For relative threshold-defined heatwaves (RHWs), the 90th percentile of Tmax (Tx90) of the baseline period (1995–2014 in this study) is generally used as the threshold, and at least four consecutive days with Tmax above this threshold are considered a heatwave [29]. The parameters used to define RHW and AHW are listed in Table 1 [29,30,31]. These two measurements are representative and widely accepted by most studies [18,32], and they differ not only in the threshold but also in the minimum consecutive days (Table 1). Previous studies [32,33] and our further investigations (in the Section 4) suggest that the minimum number of consecutive days is currently applicable for both RHW and AHW, and the slight changes (e.g., 3 to 4 for AHW) would not affect the results too much.



On this basis, we defined the annual heatwave days (HWAD) and the annual heatwave intensity (HWAI) as specific descriptions for the duration and intensity of heatwave events. HWAD is the overall heatwave days in a year, and HWAI is defined as the average of the difference between Tmax and Tx90 for all days during the heatwave period in a year. Their calculations are described as follows:


  HWAD =   ∑  i N   D i   



(1)






  HWAI =     ∑  i  HWAD    (  T m a  x i  − threshold  )    HWAD    



(2)




where D is the overall days of the heatwave events in a year, and Tmaxi is the Tmax of the day i during the heatwave.



In this study, the sub-regions within EC are shown in Figure 1 and detailed in Table S2, which are Northeast China (NEC), North China (NC), Lower Yangtze River (LYR), Middle Yangtze River (MYR) and South China (SC). These regions contain the cultural center, economic centers and demographic areas of China (Figure 1b), as well as important industrial, agricultural and forestry production areas in China. This study used the period 1995–2014 as the baseline and selected two future 20-year windows to capture the major population (2041–2060) and climate changes (2081–2100) in China [29].





3. Results


3.1. Observations and Model Historical Simulations


The threshold is a key factor in measuring heatwaves. AHWs may not be observed in some areas due to fixed temperature threshold limits, while for RHWs this would not happen, as the threshold is dynamically based on the local climate. We analyzed the differences between the two thresholds (the relative minus the absolute) for the observed results, multi-model ensemble means (MMEs), and each CMIP6 model simulation were analyzed. For the observations (Figure 2a), the relative thresholds in most areas of EC are lower than 35 °C. Results for NEC and the northwest part of NC range from −10 °C to −5 °C, indicating a potentially large difference in RHWs and AHWs. For model simulations, the MMEs showed patterns consistent with the observed results, except in some areas (mostly in NC) where the relative thresholds exceed 35 °C (Figure 2b). Among CMIP6 multiple simulations (Figure S1), most have similar patterns to the observed results and MME patterns, although some simulated large areas with relative thresholds above 35 °C (e.g., BCC-CSM2-MR and FOGALS-g3) and some simulated thresholds much lower than 35 °C (e.g., CESM2 and NESM). Overall, both observations and model simulations (i.e., MMEs) exhibited the fact that relative thresholds in most areas of EC were lower than the absolute threshold (35 °C), with great magnitudes in NEC and parts of NC.



The HWAI and HWAD of RHW are abbreviated as R-HWAI and R-HWAD, and the HWAI and HWAD of AHW are abbreviated as A-HWAI and A-HWAD. To investigate the similarities and differences between RHW and AHW, we first compared the heatwave features in the observations. As shown in Figure 3, A-HWAI and A-HWAD were not observed in some areas of EC (Figure 3b,e), while R-HWAI and R-HWAD were observed everywhere (Figure 3a,c). The missing A-HWAI and A-HWAD were mostly in the NEC and northwest part of NC, which was consistent with the area of large differences in Figure 2. The differences between RHW and AHW (RHW minus AHW) demonstrated that the R-HWAI and R-HWAD were respectively higher than the A-HWAI and A-HWAD in most areas of EC (Figure 3c,f). Besides, the regional averages for most sub-regions showed great differences between R-HWAD and A-HWAD, and small differences between R-HWAI and A-HWAI (Figure 4). Take the observations as an example (white bars in Figure 4), the R-HWAI was no more than 1 °C higher than A-HWAI in each region, with the greatest differences in NEC (~1 °C). While for the comparisons of R-HWAD and A-HWAD (Figure 4b), there were ~20 more heatwave days per year for RHW than AHW, with the largest difference also in NEC (~21 days). For MME simulations (colored bars in Figure 4), R-HWAI was about ~0.5 °C higher than A-HWAI in each sub-region, while R-HWAD was 4–8 days higher than A-HWAD, still with the largest differences in NEC. Consequently, for both the observed results and CMIP6 simulations, RHW and AHW differ more in duration (R-HWAD versus A-HWAD) than in intensity (R-HWAI versus A-HWAI), and NEC showed the largest difference among the five sub-regions.



Despite those differences, RHW and AHW showed similarities in spatial distributions. Both R-HWAI and A-HWAI showed a south-to-north increasing pattern in the EC (Figure 3a,b), with values above 1.5–2 °C in most areas of NEC and NC, whereas in SC were lower than 1 °C. Furthermore, the high-value areas for R-HWAD and A-HWAD were both located in MYR and LYR, where the heatwave days could reach 20–30 per year for the present-day period. This is consistent with previous relevant studies, which concluded that the frequency of heatwaves would be highest in parts of LYR, MYR and SC [34,35]. For the model simulations, the MME results were similar to the observed spatial distributions, although a few discrepancies existed, possibly due to climate model bias (Figure S2). The MME also simulated the south-to-north increasing pattern for the R-HWAI and A-HWAI (Figure S2a,b), and the high-value areas of R-HWAD and R-HWAD were also centered in MYR and LYR (Figure S2c). In addition to the spatial distribution, the heatwave indicators of the RHW also demonstrated good relationships with those of AHW on temporal scales. For each sub-region, both observed and MME simulated results showed significant positive correlations between their RHW and AHW in terms of intensity and duration (Table S3). Therefore, both in observations and model simulations, the heatwave characteristics for RHW and AHW in EC showed similar spatial patterns and temporal variations.



Focusing on the model performance, the MME simulated R-HWAD and A-HWAD both showed significant positive coefficients for spatial distributions with the observations in NEC, NC and MYR (Figure 5). Whereas the simulated regional mean A-HWAD was relatively closer to the observations than the R-HWAD (Figure 4b). Climate models generally struggle to perform well in simulations on temporal variation scales. The time series of the MME simulated R-HWAD and A-HWAD seemed slightly similar to the observations on trends but differ in the peaks and valleys (Figure 6), especially for induvial model simulations (Figure S3). The MME simulated R-HWAD showed significant positive correlation coefficients in MYR and LYR, while the A-HWAD only emerged in MYR (Figure 5). Overall, for the modeling performance on heatwave durations, both the A-HWAD and R-HWAD simulated well spatially in most regions, and the A-HWAD was closer to the observed in the regional mean; while for temporal variations, the R-HWAD was better. Regarding heatwave intensity, the regional averaged R-HWAI and A-HWAI archived from model simulations were both similar to the observations, with R-HWAI being relatively closer (Figure 4a). Meanwhile, significant positive spatial correlations between simulated and observed were found in most sub-regions for R-HWAI, while only in MYR for A-HWAI. The MME simulated R-HWAI and A-HWAI also demonstrated similar trends to observations on the time scale, but no significant relationship (Figure 5). Therefore, the models gave a better performance in simulating R-HWAI than A-HWAI.



In conclusion, though the measurements differ, similarities remain together with differences. Comparing RHWs and AHWs, they existed with similar spatial patterns and temporal variations, while differing in the occurrence areas in EC. Model simulations also showed good relationships with observations in terms of spatial patterns, temporal trends, and regional mean heatwave indicators (R-HWAI, A-HWAI and A-HWAD), but demonstrated differences in temporal variations and regional mean HWAD. Overall, RHWs seemed to have better applicability than AHWs in most sub-regions of EC, and for LYR, the AHW was also achievable.




3.2. CMIP6 Future Projections


Due to its critical importance for strategic planning, future heatwave projections have received tremendous attention. Therefore, it is necessary to compare future projections in RHWs and AHWs. Focusing on two popular study periods (2041–2060 and 2081–2100, we analyzed the heatwave features of RHWs and AHWs in EC under three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5).



As shown in future changes relative to the present-day (Figure 7), the heatwave indicators of RHWs and AHWs displayed similar patterns for both 2041–2060 and 2081–2100. The R-HWAI and A-HWAI were projected to increase more in the northern part of EC (e.g., NEC and NC) than in the southern part (e.g., SC; Figure 7a,b). Conversely, the R-HWAD and A-HWAD would increase more in SC than in other sub-regions (Figure 7c,d). These findings are consistent with previous studies that used relative thresholds to compute extreme heat events [17,31], which concluded that the intensity of extreme heat (like R-HWAI and A-HWAI) would grow significantly in northern China, while the frequency (like R-HWAD and A-HWAD) would increase greatly in southern China. Furthermore, the magnitudes of high-value in AHWs were close to RHWs. For example, the maximum increased R-HWAI and A-HWAI over EC were both projected to be 3–4 °C for 2081–2100 under SSP5-8.5 (Figure 7b). Similarly, the highest increases for 208102100 under SSP5-8.5 would be nearly 80 days in both R-HWAI and A-HWAI (Figure 7d). Therefore, whether measured by relative or absolute thresholds, the spatial distributions of future changes relative to the present-day in the heatwaves of EC were robust.



However, differences were also projected between future changes in RHWs and AHWs. For spatial distributions, future increases in AHWs would be concentrated, while those in RHWs would distribute evenly (Figure 7), which could create differences in the regional mean of the five sub-regions. Under three scenarios, the regional mean increases in RHWs were projected to be higher than those for AHWs for both future periods (Figure 8 and Figure 9). For example, the increases in R-HWAI for 2041–2060 and 2081–2100 would reach 0.6–1.2 °C and 0.6–2.5 °C for the five sub-regions (Figure 8), about 0.3–0.8 °C and 0.3–1.2 °C higher than those in A-HWAI (0.1–0.8 °C and 0.2–2.1 °C), respectively. Furthermore, there would be about 3–22 and 4–77 more days per year for R-HWAD (8–29 and 10–102 days annually) than for A-HWAD (1–12 and 1–49 days) during 2041–2060 and 2081–2100 (Figure 9). Moreover, among the five sub-regions, the largest differences between R-HWAI and A-HWAI (R-HWAD and A-HWAD) were projected in NEC (SC), while the minimum was in LYR (NC). The differences between RHW and AHW under SSP5-8.5 would be greater than those under SSP1-2.6 and SSP2-4.5.



Comparing 2081–2100 and 2041–2060 (2081–2100 minus 2041–2060), the spatial patterns for R-HWAI and A-HWAI also showed similarities to each other (Figure 10a), as well as for R-HWAD and A-HWAD (Figure 10b). For both R-HWAI and A-HWAI (Figure 10a), the large increases in 2081–2100 relative to 2041–2060 would fall in NC, MYR and LYR. While the R-HWAD and A-HWAD would increase more in SC among the five sub-regions (Figure 10b). Moreover, the increases from 2041–2060 to 2081–2100 in R-HWAI and R-HWAD would be higher than those in A-HWAI and A-HWAD, especially under SSP5-8.5. For example, the increases in R-HWAD over the whole SC would exceed 60 days, while such account for a small area in A-HWAD (Figure 10b). As a result, the regional average of the difference between the two future periods for RHW and AHW would differ greatly (Figure S4). However, when compared in terms of changing ratios, similarities between RHW and AHW emerged in most sub-regions (Figure 11). As displayed in Figure 11, under SSP1-2.6, SSP2-4.5 and SSP5-8.5, the results for 2081–2100 were projected to be about 1.0–1.2, 1.1–1.8 and 1.4–4.9 times as great as those for 2041–2060, respectively. The results for RHW and AHW would remain at a close level, and the uncertainties for NEC and SC would be wider than in other sub-regions. Especially under SSP5-8.5, the possible highest ratio would exceed 4/8 in HWAI/HWAD for NEC and SC (Figure 11c,f). This is consistent with previous studies which argued that uncertainties under a high emission pathway would be much greater than those under a low emission pathway [27,36].



Above all, the MME projections of future changes in RHWs and AHWs in EC showed similar spatial distributions, while their differences were found in regional average changes, especially in NEC and SC. When comparing the ratio of 2081–2100 to 2041–2060, RHW and AHW revealed robustly consistent results.





4. Discussions


This study suggested that RHWs would be more widely applicable than AHWs in EC, especially considering model performance. The results call for appropriate thresholds for measuring heatwaves, to produce robust conclusions about features, such as heatwave intensity and duration. Relative to previous relevant work [17,32,33,34,35], our study found similarities between RHWs and AHWs not only in observations, but also in simulations and projections of CMIP6. You et al. [34] mentioned that both observed RHWs and AHWs in most parts of China have had an increasing trend since 1990. Our results also found this in the observations and further suggested that the results from CMIP6 model simulations are similar, i.e., there is a consistent trend between RHWs and AHWs on the temporal scale. Furthermore, it could support previous conclusions on the temporal variability of heatwaves, such as the interdecadal changes of NEC, NC and SC heatwaves [14,15,36], which would not be compromised by the threshold selection methods. Meanwhile, future changing patterns of RHWs and AHWs both suggested similar spatial distributions, which supported previous findings [16,17,37] that the intensity (duration) of extreme heat events would increase more in northern (southern) China relative to southern (northern). The above indicates that different ways of measuring heatwaves would not change those previous conclusions.



Moreover, the two measurements selected in our study not only differ in the threshold but also in their minimum continuous days (4 for RHW and 3 for AHW). Previous studies have suggested that the current minimum consecutive days for both AHWs and RHWs were reasonable [14,18]. However, a question remains whether our findings would be very different if the minimum consecutive days were changed, for example, by setting AHWs to 4 days as well. Taking the observations as an example, the results of the 4-day-set AHW (Figure S5) displayed consistent spatial distributions with the 3-day-set AHW (Figure 3). For instance, the high values of the 4-day-set A-HWAD were also mainly located along the Yangtze River. Furthermore, the time series of 3-day-set (original) and 4-day-set AHW indicators (A-HWAD and A-HWAI, Figure S6) demonstrated consistent results for each sub-region, and the blue (3-day-set) and red (4-day-set) solid lines in Figure S6 are almost overlapping. The above indicates that changing the minimum consecutive days, e.g., making it the same level for RHWs and AHWs, would not affect our final results too much. Nevertheless, since the relative threshold is below the absolute threshold (35 °C) in most regions of China, it is reasonable that the minimum persistence of RHW is longer than that of AHW. Therefore, we suggested following the methodology of AHWs and RHWs derived from previous studies, i.e., the minimum number of consecutive days is 3 for AHWs and 4 for RHWs.



Limited by the absolute threshold, AHWs could not be observed everywhere, which caused major differences to RHWs. For example, observed AHWs were mostly located along the Yangtze River basin and its south region (Figure 3). Due to the model biases on temperature, the model would not show the close land fraction of heatwave as observed, which leads to a poor spatial simulation of AHWs (Figure S2). Whereas RHWs occur throughout EC and suffer very little from simulation bias, i.e., the model performs well in the spatial distribution of RHWs. This is why most previous studies on model simulations and projections employ relative thresholds to measure extreme heat events. However, considering AHWs are more closely associated with heat risks (e.g., heat-related health risks) compared to RHWs, it is necessary for AHWs to remain in future projections, especially in risk assessment. Sheridan et al. [38] compared the impacts of absolute and relative extreme high temperatures on human health in the US and found that the two types of extremes were similar on 0-day relative risks, but differed in cumulative 20-day relative risks. Our study found that future increases in RHWs were projected to be higher than AHWs, so risk assessments based on RHWs might be overestimated. In addition to AHWs and RHWs, compound heatwaves [35], with multiple factors (like humidity), were highly relevant to public health. Consequently, it is crucial to find appropriate methods for measuring heatwaves to establish robust linkages with heat-related risks.



Our future projections pointed out that northern China would increase more in heatwave intensity, and previous studies also suggested similar [17,27,36]. As persistent events, maintenance of heatwaves is usually supported by sustainable atmospheric systems [37,39,40]. Li et al. [41] found that 2018 European heatwaves were associated with a European blocking event, accompanied by positive North Atlantic Oscillation. Future changes in heatwaves may be related to many factors, not only anthropogenic impacts (e.g., global warming). Natural internal impacts, including soil moisture [42], Arctic amplification [43], Atlantic Multidecadal Oscillation [15], and El Niño-Southern Oscillation [14] may have some effects. For example, as global temperatures increase, Arctic Sea ice will possibly decrease sharply and its contribution to climate impacts at mid-high latitudes may increase [42,43,44]. Some research found that there existed a possible link between heat events in northern China and Barents-Kara Sea ice [45]. Meanwhile, studies also indicate a link between Arctic Sea ice and summer heatwaves of the North American continent in recent years [43,46]. Therefore, it is interesting to figure out why the northern region will have a greater future increase in heat intensity and how anthropogenic and natural factors contribute to this, which requires further in-depth study.




5. Conclusions


Based on relative and absolute thresholds, two approaches to measure heatwave events in five sub-regions of Eastern China (EC), namely Northeast China (NEC), North China (NC), Lower Yangtze River (LYR), Middle Yangtze River (MYR) and South China (SC), were investigated with a focus on observations, CMIP6 historical simulations, and future projections under three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5).



The relative heatwave (RHW) is defined as an event with daily maximum temperature exceeding the 90th percentile for at least four consecutive days, while the absolute heatwave (AHW) is an event with daily maximum temperature greater than 35 °C for no less than three consecutive days. RHWs and AHWs differ in their thresholds and minimum consecutive days, which leads to some differences in final results. Unlike RHWs, which occurred everywhere for the present-day period (1995–2014), observed and multi-model ensemble mean (MME) simulated AHW events did not appear in parts of NC and NEC. Besides, the annual heatwave intensity (HWAI) and heatwave days (HWAD) of the RHW (i.e., R-HWAI and R-HWAD) were higher than those of the AHW (i.e., A-HWAI and A-HWAD) for both observations and CMIP6 model simulations, and such cases were projected to continue in future periods, i.e., 2041–2060 and 2081–2100. For example, the increases from the present-day to 2081–2100 in R-HWAI (R-HWAD) would be about 0.3–1.2 °C higher than those in A-HWAI (A-HWAD), with the largest differences located in NEC (SC).



However, there remain many similarities between AHWs and RHWs. During the present-day period, both observations and MME simulations indicated that the time series of RHWs of each sub-region exhibited a significant positive correlation with the AHW. Furthermore, the spatial distributions of R-HWAI and A-HWAI (R-HWAD and A-HWAD) showed comparable patterns, with high values in the northern (southern) part of EC, which is consistent with previous relevant works [34,35]. Similarly, the MMEs also projected large future increases in R-HWAI and A-HWAI (R-HWAD and A-HWAD) for the northern (southern) part, which supported conclusions from previous studies that the intensity (duration) of extreme heat would increase more in northern (southern) China. Comparing 2081–2100 with 2041–2060, the increasing ratio for RHWs would be almost the same as that for AHWs, i.e., the heatwave indicators for 2081–2100 would be 1–5 times those for 2041–2060. All these similarities illustrate that applying either relative or absolute thresholds, the temporal variations of heatwaves in EC during the present-day period, the spatial distributions in future changes, and the increasing ratio for 2081–2100 relative to 2041–2060, show robust conclusions. Our further discussions indicated that changing the minimum consecutive days (e.g., 3 to 4 for AHW) would influence the above findings.



This study demonstrated the similarities and differences in heatwave measurements using relative and absolute thresholds for eastern China, and the results summarized the applicability of the two statistical methods for different research intentions and sub-regions. Considering the model performance on observations, RHWs would perform better than AHWs in NEC, NC and LYR and in MYR, both RHWs and AHWs could be applied, and conversely in SC, neither worked well. Whereas if only focusing on the analysis of historical temporal variations, both AHWs and RHWs are applicable but would differ in the distribution of spatial centers. Therefore, this study recommended RHWs for historical and future projections, but the choice of threshold is crucial for risk assessments.
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	MME
	Multi-model ensemble mean



	RHW
	Relative heatwaves



	AHW
	Absolute heatwaves



	HWAD
	Annual heatwave days (days)



	HWAI
	Annual heatwave intensity (°C)



	R-HWAD
	Annual heatwave days of relative heatwaves (days)



	A-HWAD
	Annual heatwave days of absolute heatwaves (days)



	R-HWAI
	Annual heatwave intensity of relative heatwaves (°C)



	A-HWAI
	Annual heatwave intensity of absolute heatwaves (°C)
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Figure 1. Maps of (a) terrain height (m) and (b) population density (1000 per grid with 0.125° resolution). The black dashed frames indicate the scope of each sub-region. 
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Figure 2. Differences between the relative threshold and the absolute threshold (35 °C): (a) Observations and (b) MME. The vertical-line areas indicate values greater than zero. 
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Figure 3. Observed heatwave indicators averaged for present-day (1995–2014). RHW (a,b) and AHW (d,e) represent the results calculated by the relative and the absolute thresholds. Diff (c,f) is the result of RHW minus AHW. The units for HWAI and HWAD are °C and days, respectively. The HWAI and HWAD of RHW are represented by R-HWAI and R-HWAD, and the HWAI and HWAD of AHW are represented by A-HWAI and A-HWAD. 
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Figure 4. Regional mean heatwave indicators of each sub-region for the present-day: (a) HWAI (°C) and (b) HWAD (days). RHW and AHW represent the results calculated by the relative and absolute thresholds, respectively. Colored and white bars represent the MMEs and observations. The perpendicular black lines at the top of the bars represent the variation between the 10th and 90th percentiles of the multi-model ensemble. NEC, NC, LYR, SC and MYR denote Northeast China, North China, Lower Yangtze River, South China and Middle Yangtze River, respectively. 
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Figure 5. Temporal (TC) and spatial correlations (SC) between the observations and MME simulations for the present-day. (a) represents the results for R-HWAI and R-HWAD, while (b) represents the results for A-HWAI and A-HWAD. The triangles in each grid cell represent the TC (HWAI), TC (HWAD), SC (HWAI) and SC (HWAD), respectively. A value greater than 0.42 implies statistical significance at the 0.05 level. 
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Figure 6. Standardized time series of R-HWAI, A-HWAI, R-HWAD, and A-HWAD from 1995 to 2014 for five sub-regions in EC. Black and red solid lines indicate the observations and MME. 
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Figure 7. Spatial patterns of future changes for 2041–2060 (a,c) and 2081–2100 (b,d) relative to present-day. R-HWAI (°C) and R-HWAD (days) are for RHW, while A-HWAI (°C) and A-HWAD (days) are for AHW. 
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Figure 8. Regional mean future changes in HWAI (°C) relative to present-day for 2041–2060 and 2081–2100 under SSP1-2.6 (a,d), SSP2-4.5 (b,e) and SSP5-8.5 (c,f). The red box and purple box indicate R-HWAI and A-HWAI, respectively. The box whisker plots are the 10th, 25th, 50th, 75th and 90th intervals. 
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Figure 9. Regional mean changes in HWAD (days) relative to present-day for 2041–2060 and 2081–2100 under SSP1-2.6 (a,d), SSP2-4.5 (b,e) and SSP5-8.5 (c,f). The green box and blue box indicate R-HWAD and A-HWAD, respectively. The box whisker plots are the 10th, 25th, 50th, 75th and 90th intervals. 
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Figure 10. Spatial patterns of the differences between 2081–2100 and 2041–2060 for (a) HWAI (°C) and (b) HWAD (days). 
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Figure 11. Ratios of heatwave indicators for 2081–2100 to those for 2041–2060 under SSP1-2.6 (a,d), SSP2-4.5 (b,e) and SSP5-8.5 (c,f). Red, purple, green and blue bars represent R-HWAI, A-HWAI, R-HWAD and A-HWAD, respectively. The perpendicular black lines at the top of the bars represent the variation between the 10th and 90th percentiles of the multi-model ensemble. 
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Table 1. Details for the RHW and AHW.
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	Heatwave
	Threshold
	Minimum Consecutive Days
	Category





	RHW
	Tx90
	4
	Relative



	AHW
	35 °C
	3
	Absolute
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