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Abstract

:

Temperature extremes can cause disastrous impacts on ecological and social economic systems. China is very sensitive to climate change, as its warming rate exceeds that of the global mean level. This paper focused on the spatial and temporal changes of the temperature extremes characterized by the 95th percentile of maximum temperature (TX95), the 5th percentile of the minimum temperature (TN5), high-temperature days (HTD) and low-temperature days (LTD). The daily maximum and minimum temperatures generated by PRECIS under different Representative Concentration Pathways (RCPs) are used in the research. The results show that: (1) Model simulation data can reproduce the spatial distribution features of the maximum temperature (Tmax) and minimum temperature (Tmin) as well as that of the extreme temperature indices; (2) By the end of the 21st century (2070–2099), both the Tmax and Tmin are warmer than the baseline level (1961–1990) in China and the eight sub-regions. However, there are regional differences in the asymmetrical warming features, as the Tmin warms more than the Tmax in the northern part of China and the Tibetan Plateau, while the Tmax warms more than the Tmin in the southern part of China; (3) The frequency of the warm extremes would become more usual, as the HTD characterized by the present-day threshold would increase by 106%, 196% and 346%, under RCP2.6, RCP4.5 and RCP8.5, respectively, while the cold extremes characterized by the LTD would become less frequent by the end of the 21st century, decreasing by 75%, 90% and 98% under RCP2.6, RCP4.5 and RCP8.5, respectively. The southern and eastern parts of the Tibetan Plateau respond sensitively to changes in both the hot and cold extremes, suggesting its higher likelihood to suffer from climate warming; (4) The intensity of the warm (cold) extremes would increase (decrease) significantly, characterized by the changes in the TX95 (TN5) by the end of the 21st century, and the magnitude of the increase in the TN5 is larger than that of the TX95 in the national mean value. The changes in both the TX95 and TN5 are larger under the higher versus weaker emission scenario, indicating that it is essential to reduce the GHG emissions and take adaptation measures in the future.
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1. Introduction


Global warming is already incontrovertible in most parts of the world [1]. Both the daily maximum and minimum temperatures have significantly moved toward the warmer direction in their probability distributions [2,3]. According to observation data, variations in extreme temperature events occurred along with shifts in the temperatures, as there is a positive trend in the extreme warm events and a negative trend in the extreme cold events [1,2]. This trend is supposed to go on through the future, with a larger magnitude in variation [3,4,5]. Almost all of the regions in the world would experience climate warming, although there are some differences in the forms of the temperature increases, according to the multi-model and multi-scenario Coupled Model Inter-comparison Project Phase 5 (CMIP5) simulations [6]. Apart from tropical and some subtropical areas with greater increases in the maximum temperature than the minimum temperature, in most of the land areas in the extratropical regions, there is a steep increase in the minimum temperature and less warming in the maximum temperature [7]. The frequency of the warm days and the length of heat waves would increase and the extreme cold events would decrease significantly, and the changing rate of extreme temperature events related to the minimum temperature would exceed that related to the maximum temperature [4,8,9]. Bennett and Walsh noted that the warming rate in the minimum temperature is as much as 2–3 times that of the maximum temperature in Alaska, and this may be attributed to the positive albedo–temperature feedback at high latitude [10]. Min et al. also detected that the anthropogenic GHG emissions have more influence on the extremes related to the minimum temperature [11]. Associated with the asymmetrical warming of the maximum and minimum temperatures, the global mean diurnal temperature range (DTR) decreased in the 20th century [12]. This is a result of natural driving forces, such as radiation, clouds, aerosols, and the features of the underlying surface, as well as anthropogenic activities [13].



The warming rate and magnitude of China is higher than that of the global mean level, according to the Third National Assessment Report on Climate Change [14]. Based on the multi-model ensemble results of CMIP5, the annual mean temperature would increase by 1.7–5.7 °C by the end of the 21st century, and the warming trajectories simulated over China are similar to the projected global mean temperature curves for the corresponding Representative Concentration Pathways (RCPs), although there are some differences in the simulated warming rates [15,16]. As far as the current situation is considered, the magnitude of warming is larger in the winter and smaller in the summer [17], and it warms more in the inland areas of northwest China than the southeast coastal areas in general [18]. The frequency and intensity of heat wave events have increased generally in the past half-century [19], and the range and frequency of the heat wave duration index would increase in the future. In the eastern part of China, all of the five hottest summers in the observed record appeared since 2000, and the anthropogenic emissions of GHGs can be implicated in the increasing frequency of the extreme hot events [20]. However, the record may be continually refreshed, with 2015 being the warmest year on record for China, according to the China Climate Bulletin issued by the China Meteorological Administration [21]. The cold nights and warm nights, which are based on the daily minimum temperature, have decreased by 3.8% and increased by 2.8%, respectively, while the cold days and warm days, which are based on the daily maximum temperature, have decreased by 2.1% and increased by 1.8%, respectively. Additionally, the variation range of the extreme temperature events related to the minimum temperature exceeded that for the maximum temperature. The frequency of extreme cold events clearly decreased in Northeast and North China, whereas the extreme warm events increased more obviously in South, Southwest and Northwest China [22]. The frost days in China decreased as a whole, along with an increasing growing season length [23]. Liu et al. showed that the colder areas in China would be more sensitive in response to climate warming [24], and Ji and Kang noted that the variation in extreme temperatures is more intense in the Tibetan Plateau [23].



Extreme climate events are always linked to low occurrences but can lead to severe impacts on agriculture, the ecosystem, the social economy [19,25], and even human health, as Yang et al. showed that non-accident mortality would increase by 0.47% with an increase of 1 °C in the diurnal temperature range [26]. Generally, the more extreme the climate event, the greater the impact on society and the environment it may cause [27]. However, more extreme climate events occur less frequently, and the rarity of occurrence will increase the uncertainty in the analysis. This paper focused on better understanding the possible features in the variation of extreme temperatures under several possible scenarios to provide suggestions to decision makers so that the extreme temperature indices that reflect the “moderate extremes” are chosen, defined by percentile-based thresholds of meteorological variables, typically occurring several times per year, which is a compromise between uncertainty and reliability.



Global climate models are useful tools for simulating mean and extreme climate changes in future climate scenarios [6,9,28,29]. The reliability of these projections is increasing, owing to advances in modeling and the understanding of the physical processes of the climate system [19,30]. Regional climate models can better resolve the local land-surface properties and the internal regional climate variability through their better resolutions of atmospheric dynamics and processes, which can meet the urgent need for targeted projections of regional climate change. Provide REgional Climates for Impacts Studies (PRECIS) is a dynamic downscaling method developed by the Hadley Centre of the Met Office that can provide developing countries with detailed climate change scenario data. It is widely used in developing countries or regions in analyzing potential changes in the climate extremes [5,31]. Liu et al. applied simulated maximum and minimum temperature data under the SRES A1B scenario produced by PRECIS and predicted that in the future, both of the maximum and minimum temperatures will be higher than the baseline level, with the warming rate of the minimum temperature being as much as 1.1 times the maximum temperature and the DTR decreasing in the northern part of China and increasing in the eastern part of Southwest China [32]. In our paper, simulated data are produced under the up to date emission scenarios recommended by the International Panel on Climate Change (IPCC) Fifth Assessment Report (AR5), namely, RCPs, which have been involved in CMIP5. Our research has some common points with Liu et al. but is more comprehensive and goes more in depth to provide an update and complement to their study.



There is a pressing need for regional projections of the extreme temperature events in China, considering the recent increases in the temperature extremes. The simulation ability of PRECIS and its up-to-date projections based on the RCP scenarios for extreme temperatures over China have not been analyzed before, so this is the first attempt to analyze the changes in extreme temperature events using PRECIS. In addition, previous studies primarily focused on the national trends of temperature extremes in China. However, China has a wide and diverse panel of climate types, which may respond differently to climate warming, so that the regional changes in temperature extremes are given more attention in this paper. The regional climate modeling system (PRECIS), the simulated climate data and the observation data, as well as the extreme temperature indices, are introduced in Section 2; the validation of the simulation capability of PRECIS for the maximum and minimum temperatures as well as the extreme temperature indices and the projection of the variations in extreme temperature events are analyzed in Section 3; and the conclusions and a discussion of the results are provided in Section 4. A map of China and the sub-regions in our description is shown in Figure 1. The division into eight sub-regions is mainly based on administrative regions, which is in accordance with the Third China’s National Assessment Report on Climate Change [14]. Additionally, each of the administrative provinces has been given a fixed value in PRECIS, so it is convenient to calculate the regional average value. However, the Inner Mongolia Autonomous Region is divided into three parts, for it spans too wide in longitude, and there is an overlap among the Tibetan Plateau, Southwest China and Northwest China because of the particularity of the geographical position of this region.




2. Data and Methods


2.1. Model Data


This research is carried out under future climate change scenarios, including a mitigation scenario with low radiative forcing (RCP2.6), a moderate scenario with stabilized radiative forcing by the end of the 21st century (RCP4.5) and a high concentration scenario with rising forcing (RCP8.5) [30]. The projected daily maximum and minimum temperatures over the period of 1961–2099 are generated using the latest version of PRECIS, version 2.0 [33] In this study, the model resolution is 0.44° (latitude) by 0.44° (longitude) (50 km) with 19 vertical levels. The prognostic variables in the dynamical core include the surface pressure, wind components, water content (vapor plus liquid), cloud ice and potential temperature adjusted to consider latent heat.



For downscaling the GCM under the RCP scenarios, PRECIS 2.0 is driven by the coarse resolution output of HadGEM2-ES, which is a coupled atmosphere-ocean model from the Hadley Centre of the Met Office [34] and one of the models used in CMIP5. The atmospheric component is coupled with the ocean and land surface ecosystem, as prescribed for CMIP5. The resolution of the atmospheric component is 1.875° (longitude) × 1.25° (latitude) with 38 vertical levels, and the ocean component resolution is 1° (increasing to 1/3° at the equator) with 40 vertical levels. HadGEM2-ES also contains interactive land and ocean carbon cycles and dynamic vegetation.




2.2. Observation Data


The interpolation of the observed meteorological data is also applied to establish the extreme temperature indices to test the applicability of the indices and the validity of the simulated results. The datasets were derived through interpolation by Xu et al. from the observed daily maximum and minimum temperature data of 751 meteorological stations within mainland China in 1961–2005 with a resolution of 0.5° (latitude) by 0.5° (longitude) [35]. The resolution of the interpolated observation data is very close to the PRECIS resolution, so there is not a significant bias for the direct comparison in the statistical analysis.




2.3. Methods


Data quality control efforts [36] were made to the model simulated data, including that: (1) Eliminating outliers. Searching for the data that are outside a range of the four standard deviations of the climatologically mean value for the day in each grid, assuring the used data are within the range of the mean ± 4 × std. (2) The internal consistency test: Checking for erroneous data, such as when the Tmax is less than Tmin on the same day. The suspected data are treated as missing values. To assess the simulation ability for the surface maximum and minimum temperatures, the downscaled climate simulation data in 1961–1990, which is taken as the baseline period, are compared with the observation data in the spatial distribution. The changes in the extreme temperature indices in 2070–2099 are shown as their differences compared to the baseline level, and the time series of the maximum and minimum temperatures as well as the extreme hot/cold days are displayed as 20-year running average values.



The extreme temperatures will be analyzed from the annual mean maximum temperature (Tmax), annual mean minimum temperature (Tmin), 95th percentile of the maximum temperature (TX95) and 5th percentile of the minimum temperature (TN5), which are the thresholds for the extreme high and low temperature days; they would also allow highlighting the projected changes in the temperature extremes of each grid cell by comparing the average temperature over 2070–2099 to that in 1961–1990. The high-temperature days (HTD) and low-temperature days (LTD) show how usual extreme temperature events based on present-day levels might become in the future. Detailed descriptions of the indices are provided in Table 1.





3. Results


3.1. Validation of Extreme Temperature Indices in the Baseline Period


It is shown in Figure 2 that PRECIS has a considerable simulation capability in the maximum and minimum temperatures of China. It can reproduce the spatial distribution of the annual mean maximum and minimum temperatures that are known to decrease from the southeast to the northwest of China, as well as the high- and low-value centers. For the maximum temperature, the simulation data is slightly higher than the observed data in the southern part of NC and the northern part of EC, as well as the basin area in Xinjiang, while it is lower in TP and the surrounding areas. We can also see from the curves of the probability distribution functions that the simulation data shifted negatively in the lower values below 2 °C, which means an underestimation in the low values and an overestimation of the low-value extent; the simulation extent is less than the observation in the medium-value area in 2–15 °C; and in the higher values above 15 °C, the simulation data shifted in the warmer direction, which means an overestimation in the high-value areas.



For the minimum temperature, the simulated data are higher than the observations in the northern part of SC and the northwestern part of NEC, while it is lower than the observations in the western part of China, including the Tarim basin, the western part of Inner Mongolia and most of the area in TP. From the PDFs of the observation and simulation, we can see that the simulated data are lower than the observed data in the regions below −15 °C; the simulated extent is clearly less than the observation in the range of −15–−5 °C and more than the observation in the range of −5–−2 °C; and there are few discrepancies between the simulation and observation in the regions above 2 °C. We can also infer from the PDFs of the maximum and minimum temperatures that PRECIS has a better simulation ability in the higher-value areas.



It is depicted in Figure 3 that PRECIS can generally reproduce the spatial distribution and its changing features along with the latitude and longitude, and it can also reflect the high- and low-value centers of the TX95 over 1961–1990. However, there are still some differences between the simulation and observation, e.g., there is a general overestimation in most parts of China apart from the Tibetan Plateau, with an overestimation of more than 2 °C in NWC, NEC, the southern part of NC, western part of EC, eastern part of CC, western part of SC and the Sichuan Basin. However, the simulation is lower than the observation in the southern and eastern parts of TP.



The simulation ability for the TN5 is comparable to that for the TX95 in the spatial distribution features, but there is an underestimation of the TN5 in general. For example, there is quite an underestimation of the TN5 in the western part of China, including the basin regions in Xinjiang, most areas on the TP, and the Sichuan Basin, as well as the regions in −2–2 °C that are located in the central part of China. There will be a detailed discussion of the bias in Section 4.




3.2. Projections of Extreme Temperatures in China under RCP Scenarios


Figure 4 shows that, by the end of the 21st century, the Tmax and Tmin would significantly increase over the baseline level within China’s boundary, but there are some discrepancies in the spatial variations between the Tmax and Tmin. The Tmin warms more than the Tmax in NEC and NWC as well as the TP, mainly centered around the cold and high-elevation regions, while the Tmax warms more in the eastern part of SWC and the southern regions of the Yangtze River, which are the relatively warmer areas in China. Under different RCP scenarios, the regions where there are smaller increases in Tmax are mainly located in the Tibetan Plateau, Yunnan Province and the southern part of SC, while there are discrepancies in the regions where there is larger warming in the Tmax under different RCP scenarios. Under the RCP2.6 scenario, larger increases in Tmax appear in CC and the eastern coastal areas, with a magnitude of 2.5–3.5 °C, while it would increase by less than 2 °C in most areas in NEC, Yunnan Province and the TP. For the RCP4.5 scenario, the Tmax in the northern part of Xinjiang, the eastern part of NWC and the western part of CC would increase by more than 4 °C, while the less warmed areas such as the TP, Yunnan Province and the southeastern coastal areas would increase by approximately 2.5–3.5 °C. The spatial pattern of the increase in Tmax under RCP8.5 is similar to that of the RCP4.5 scenario, but the warming magnitude is larger, and most parts of China may experience an increase of more than 6 °C over 2071–2099, except for Yunnan Province and the southern part of SC, with increases of 4.5~5 °C.



The warming magnitude in the Tmin increases from south to north in China because of the positive albedo–temperature feedback in the high latitudes. The model tends to simulate larger increases in NWC and NEC as well as the TP, with the largest warming centered on the basin areas in Xinjiang. The smaller increasing areas in Tmin are located in the southern part of China, including the southeastern part of SWC and southern part of SC. When the warming magnitude over 2071–2099 is compared with the baseline level, under the RCP2.6 scenario, the largest increases in Tmin tend to appear in NWC, where there is a 4–5 °C increase in the warming center that is located in the eastern part of Xinjiang. There is also a larger warming in NEC, the eastern part of EC and the southern part of TP, more than 2.5 °C, while the warming magnitude is relatively small in the eastern parts of SWC and SC, less than 2 °C. For the RCP4.5 scenario, the Tmin in the northern part of China would increase by 4–5 °C in general, but more than 7 °C in the warming center, and in the southern part of China, the warming magnitude is approximately 3–4 °C, with a smaller increase appearing in the southern part of SC, less than 3 °C. For the RCP8.5 scenario, the increase magnitude is more than 6 °C in the northern part of China and TP, reaching 7 °C in NWC and even exceeding 8 °C in some areas of Xinjiang; however, the increases are relatively low in SC and the eastern part of Yunnan Province, only approximately 4–5 °C higher than the baseline level.



Figure 5 shows that, relative to the 1961–1990 reference period, there is a general increase in the annual Tmax and Tmin over China’s land in the 21st century. The increase in TN5 is greater than that in the TX95 for all three RCP scenarios. The maximum temperature would increase by 2.4–6.2 °C while the minimum would increase by 2.4–6.7 °C compared to the baseline period. However, the Chinese territory presents a huge and diverse panel of climate types, and different regions may respond differently under future climate change. Interestingly, the eight sub-regions can be divided into two categories according to their regional differences in the warming rates between the Tmax and Tmin. The first type, including NWC, NEC, NC and TP, are mainly located in the high-latitude and high-elevation area of China, which is characterized by larger warming in the Tmin than in the Tmax under all of the RCP scenarios in the projected period. The asymmetry of the warming magnitudes between Tmax and Tmin is larger under higher-emission scenarios, in the order of RCP8.5, RCP4.5 and RCP2.6. NWC and NEC are typical regions, as shown in Figure 5. By the end of the 21st century, the differences in the warming magnitude (Tmin-Tmax) in NWC are 0.4 °C, 0.8 °C and 1.1 °C, respectively, under the RCP2.6, RCP4.5 and RCP8.5 scenarios. The higher warming rate in Tmin in these regions might be due to the reduction in the snow and ice cover under climate warming and that the increased water vapor content in a warmer atmosphere can obstruct the occurrence of extreme low temperatures in the high-latitude and high-elevation areas [4].



The second type of regions, including CC, SC, EC and SWC, are located in the southern and southeastern parts of China, which are characterized by larger warming in the Tmax than the Tmin under the three RCP scenarios. Two typical regions, CC and SC, are displayed to show the different trajectories in the changes of the Tmax and Tmin. Taking CC as a case study, by the end of the 21st century, the differences in the warming magnitude (Tmax-Tmin) are 0.8 °C, 0.3 °C and 0.4 °C, respectively, under the RCP2.6, RCP4.5 and RCP8.5 scenarios. The higher warming rate in Tmax in these regions might be attributed to the decrease in soil moisture due to the excessive evaporation caused by the temperature increase, which results in a higher probability of extreme high temperatures [4,7].



The high-temperature days characterized by the present-day threshold show a significant increase over 2071–2099 compared to 1961–1990, as shown in Figure 6. From a nationwide perspective, the HTD would increase by the largest magnitude under the RCP8.5 scenario, followed by RCP4.5, and the least under the RCP2.6 scenario. The changes in HTD show a spatial feature that increases from the northern to the southern part of China. The smallest increase in HTD would appear in NEC, which may be due to its relatively low warming in the Tmax in this region, while the greatest increase in HTD would appear in the southern TP and SC under all three RCP scenarios. Under the RCP2.6 scenario, the increase in HTD is less than 5 days in most parts of NEC, and the increase is also relatively small in NWC and Yunnan Province, less than 20 days. However, it would increase by more than 30 days in the southern TP and CC as well as the southern part of SC, with the highest increase reaching 45 days. Under the RCP4.5 scenario, the increase in HTD in NEC and NWC is 15 d~35 d, which is much smaller compared to that in the southern TP, northeastern part of NWC and CC and EC as well as SC, where the increase in HTD is more than 50 days. In the RCP8.5 scenario, there is a general increase in HTD of more than 30 days nationwide. There is an increase of less than 40 days in northern NEC, which is the lowest increase in China; most of NWC would experience an increase of 60 –65days. However, in the southern TP, western and southern parts of Sichuan, southern SC and the eastern coastal areas, there would be an increase in HTD by more than 100 d, which indicates that the high-temperature extremes at the present-day level would become normal in the future. The high-temperature events in the southern part of China are fairly severe at present, but with further increases in the maximum temperature under climate change, there would be a substantial increase in the high-temperature extremes in the future, which may result in high pressure to the agricultural production and economic development as well as the energy supply in these regions [20]. Additionally, the TP is very sensitive to increases in the maximum temperature, due to the fragile ecosystem feature in this area, which may lead to severe impacts to the Tibetan Plateau from global warming.



By the end of the 21st century, the low-temperature days based on the present-day level would decrease significantly under all three RCP scenarios (Figure 7). In common, a larger decrease in LTD appears in NEC, Xinjiang and the southeastern part of TP. Generally, there is the smallest decrease in LTD under the RCP2.6 scenario, while the largest decrease occurs under the RCP8.5 scenario, and there are some regional differences in the changes of LTD under the RCP scenarios. Under the RCP2.6 scenario, the largest decrease in LTD is located in the northern NEC and southern and eastern parts of Xinjiang, as well as the eastern TP, with a decrease of more than 13 days, while in southern NC, western EC, eastern part of Yunnan Province, southern SC and the southwestern TP, the decrease is less than 10 days. Under RCP4.5, the regions with larger decreases in LTD are relatively consistent with those under the RCP2.6 scenario, e.g., NEC, eastern TP and eastern and southern parts of Xinjiang, with decreases of more than 15 days, and some places in NEC would decrease by more than 18 days, while smaller decreases in LTD would appear in EC and SC, less than 15 days. For the RCP8.5 scenario, due to its severe warming in the minimum temperature, there would be a nationwide decrease in LTD of more than 15 days, in which NEC, northern NWC and the northern TP might experience reductions in LTD of more than 18 days, which suggests that under this emission scenario, there would hardly be a low-temperature day in most of China based on the present-day threshold.



Figure 8 shows that there is an opposite tendency between the projected HTD and LTD nationally under each of the RCP scenarios based on the present-day thresholds. Under the RCP2.6 scenario, the HTD shows a slight increasing tendency in the baseline period, and in the projected periods, it would increase quickly at first and then decrease slightly, while under the RCP4.5 scenario, it would increase a little slower than in RCP2.6 at first and keep on increasing until reaching stabilization by the end of the 21st century, and it would maintain a rapid increasing tendency under the RCP8.5 scenario. By the end of the 21st century, the national mean HTD would increase by 106%, 196% and 346% over the baseline level under the RCP2.6, RCP4.5 and RCP8.5 scenarios, respectively. The national annual mean LTD has shown a decreasing trend in the baseline period, and in the projected periods, there are consistent tendencies of decreasing before the mid-21st century, and the LTD continues to decrease until there are few cold days based on the present–day threshold under the RCP8.5 scenario. However, it keeps on decreasing until stabilizing at approximately 2 days per year under the RCP4.5 scenario, and it would begin to recover in the latter part of the 21st century under the RCP2.6 scenario, which means that there might be a possibility of extreme cold events in the future. By the end of the 21st century, the LTD would decrease by 75%, 90% and 98% under the RCP2.6, RCP4.5 and RCP8.5 scenario, respectively. The analysis above may suggest that the frequency of the warm extremes would become much greater, while the cold extremes would become much more infrequent than the present-day level.



The above results show that the thresholds for hot and cold extremes characterized by present-day levels might be inapplicable in the far future; therefore, there may be a need to recalculate the thresholds for temperature extremes by the end of the 21st century. It is shown in Figure 9 that by the end of the 21st century, both the TX95 and TN5 would be much warmer than those in the 1961–1990 reference period under all of the RCP scenarios. According to the statistics, TX95 would increase by 2.1 °C, 3.8 °C and 6.3 °C and the TN5 would increase by 3.4 °C, 5.3 °C and 8.1 °C under the RCP2.6, RCP4.5 and RCP8.5 scenarios, respectively, compared with the baseline level (Table not shown). This suggests that the intensity of the warm extremes would become more intensified, while the intensity of the cold extremes may be alleviated in the future. Obviously, there are some differences in the warming magnitudes of the TN5 and TX95; changes in TN5 are larger than those of TX95 in the national mean value. There are also some spatial differences in the changes of the thresholds for the warm extremes and cold extremes. Regions with higher increases in TX95 are mainly located in eastern SWC, CC and the northwest part of Xinjiang, while higher increases in TN5 are mainly distributed in the northern part of China, including NEC, NWC, northern NC, as well as the eastern TP. By the end of the 21st century (see Figure 9a,c,e), under the RCP2.6 scenario, the smallest increase in TX95 would appear in NEC, which is less than 1 °C, while the largest increase in TX95 would occur in the Sichuan Basin, CC and SC, approximately 3–4 °C. Under the RCP4.5 scenario, there is a minor increase of 1.5–2.5 °C in the TX95 over the TP and the western part of Yunnan, while there are larger increases in TX95 in eastern SWC, in the range of 4–5 °C. For the RCP8.5 scenario, the changes are similar those under the RCP4.5 scenario, where TX95 would increase by more than 6 °C in most parts of China, and the highest increase in TX95 would be 7–9 °C in the higher warming areas.



Unlike the spatial changes of TX95, the warming magnitude in TN5 would increase from south to north, showing the influence of latitude (see Figure 9b,d,f). In addition, there is a warming center that is located in the eastern part of Xinjiang. By the end of the 21st century, under the RCP2.6 scenario, TN5 in the northern part of China would increase by 3–4 °C, with more warming in northern NEC and the eastern part of Xinjiang, approximately 4.5–6 °C. A smaller increase in TN5 appears in the southern part of China and TP, approximately 1–2.5 °C. Under the RCP4.5 scenario, the warming magnitude of the northern part of China is approximately 5–7 °C, and it even exceeds 8.5 °C in the warming center. The lower warming areas in TN5 in the southern part of China would increase by 3–4.5 °C. Under the RCP8.5 scenario, there would be severe warming in the northern part of China and northeastern TP, with a warming magnitude of approximately 8–10 °C, and it would even exceed 10 °C in some scattered areas. Some areas such as SC and the southwestern TP, though the warming magnitude is relatively small compared with that in the northern part of China, also warm more than 6 °C in general compared with the baseline level.





4. Conclusions and Discussion


In this paper, the daily maximum and minimum temperatures produced by PRECIS within China’s boundary are used to test the simulation capability of the spatial distribution of the maximum and minimum temperatures as well as the extreme temperature indices, and then the changes of the extreme temperature events and the spatial and temporal variations compared to the baseline level are analyzed on regional and national scales. This is the first attempt to systematically analyze the changes in extreme temperature events under the low (RCP2.6), medium (RCP4.5) and high (RCP8.5) emission scenarios using the regional climate data produced by PRECIS.



In this study, the considerable simulation capability of PRECIS is testified first. From the comparisons of the spatial distributions of the observation and simulation: (1) PRECIS is less skilled at simulating the lower values in both the maximum and minimum temperature, which are mainly located in the Tibetan Plateau, implying that PRECIS may have deficiencies in simulating the snow-albedo feedbacks over cold regions. In addition, this is commonplace among almost all of the GCMs that there is an underestimation of the temperatures in the Tibetan Plateau [15,23], which may because of the model deficiencies in simulating the cloud properties over the plateau, leading to insufficient plateau heating [15]. (2) There is a general overestimation of the temperatures in the subtropical south of China, which may be due to the inaccuracy in reproducing the cloud amount and aerosols in these regions by PRECIS. This is also detected in the simulations under the SRES scenarios in our previous study [37], and the departure is smaller under the RCP scenarios. This is accordance with the fact that GCMs tend to overestimate the high temperatures and underestimate the low temperatures in East Asia, according to the CMIP5 multi-model ensemble medians [7]. (3) The spatial discrepancy is larger in the western part than the eastern part of China, which may be due to the deficiency of the observation data and the complexity of the geographic features. The observatories in the western part of China are so sparse, and most of them located in areas with relatively low altitude over mountain regions, which resulted in deviations between the observation and the actual conditions [38]. Additionally, there is some discrepancy in the elevation data between the model and the real conditions, and it is known that climate models are sensitive to the altitude in temperature simulations [10]. How to eliminate these departures should be one of our concerns in future work.



As is projected by PRECIS, by the end of the 21st century, the maximum and minimum temperatures would be warmer than in the baseline period, and the changes are in agreement with the variability of the radiative forcing trajectories under the RCP scenarios. This is consistent with You and coworkers’ projections of the changes of the maximum, mean and minimum temperatures of China [39], but the climate model - Max Planck Institute for Meteorology Earth Systems Model of low resolution (MPI-ESM-LR) that You et al. used in their study failed to capture the asymmetric trends for maximum and minimum projections. However, in our study, PRECIS projected it successfully. Nationally, Tmin would warm more than the Tmax under all of the RCP scenarios, but it is interesting that the asymmetrical warming features are projected to vary between different regions. There are mainly two types of asymmetrical warming, which are characterized by the difference between the warming magnitudes of Tmax and Tmin. Type 1, including NWC, NEC, NC and TP, is mainly in regions where snow and ice retreat with global warming, which would see a larger increase in Tmin than Tmax. NWC is a typical case of this group, where the asymmetrical warming is most significant in the future, which can be seen as a continuation of the current tendency [40]. In these regions, there is a positive response of the reduction in snow and ice cover and the increased water vapor content in a warmer atmosphere, which can obstruct the occurrence of extreme low temperatures [4]. Type 2, including CC, SC, EC and SWC, are mainly located in the warmer part of China and would experience a higher increase in maximum temperature than minimum temperature. As the maximum temperature has already reached a fairly high level at present [20], a further increase in Tmax may lead to more severe disasters related to the hot extremes in these regions.



By the end of the 21st century, there is a nationwide increase in HTD and a decrease in LTD characterized by the high and low thresholds for temperature at the present-day level. In the northern part of China, such as NEC and NWC, are more strongly respond to the changes in LTD, while the areas in southern part of China is more sensitive to changes in HTD. However, TP strongly responds to both of the changes in HTD and LTD, suggesting its high sensitivity to climate warming. In average, the HTD would increase by 106%, 196% and 346% compared to the baseline level, and a significant decrease in the LTD would appear, with a reduction of 75%, 90% and 98% by the end of the 21st century. That is, the temperature extremes related to high temperatures at the present level would be more usual, while the extreme states related to the low temperatures would be less frequent in the future. Thus, it raises the demand to redefine the thresholds for the extreme temperatures in the future. Remarkable warming can be seen in the thresholds of the temperature extremes when comparing the changes in the TX95 (TN5) over 2070–2099 to that in the baseline period. The increases in temperature extremes can be controlled at a certain level under RCP2.6 scenario (policy-intervention scenario) [1], while the extreme temperature events would change greatly under RCP8.5 (the business-as-usual scenario) [1], which is projected to exceed the threshold for human adaptability [41]. The frequency and intensity of cold extremes would decrease in the future, while they are projected to increase significantly in the warm extremes. Therefore, it is necessary to reduce GHG emissions and take adaptation measures to control the increase in the warm events [22,42].



In our paper, we have made a series of analyses on the changes of extreme temperature events under the climate-policy-intervention scenarios, which can contribute to the impact and vulnerability assessment to climate change and provide scientific basis for the reduction in GHG emissions and take adaptation measures for China. In addition, our work also provides a complement to the impact and response database under climate change in developing countries.
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Figure 1. Division of Chinese territory into administrative regions. Zones 1–8 represent Northeast China (NEC), North China (NC), East China (EC), Central China (CC), South China (SC), Southwest China (SWC), Northwest China (NWC), and the Tibetan Plateau (TP), respectively. Zone 8 overlaps with Zones 6 and 7. 
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Figure 2. Distributions and probability distribution functions (PDFs) of the maximum and minimum temperatures under observation and simulation in the baseline period: (a) observed maximum temperature; (b) simulated maximum temperature; (c) PDFs of the maximum temperature under observation (black line) and simulation (red line); (d) observed minimum temperature; (e) simulated minimum temperature; and (f) PDFs of the minimum temperature under observation (black line) and simulation (red line). 
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Figure 3. Distribution of the TX95 and TN5 under observation and simulation in baseline period: (a) observed TX95; (b) simulated TX95; (c) observed TN5; and (d) simulated TN5. Unit: °C. 
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Figure 4. Changes of the maximum (left) and minimum (right) temperatures compared with the baseline period levels under the RCP2.6, RCP4.5 and RCP8.5 scenarios by the end of the 21st century: (a) changes in maximum temperature under the RCP2.6 scenario; (b) changes in minimum temperature under the RCP2.6 scenario; (c) changes in maximum temperature under the RCP4.5 scenario; (d) changes in minimum temperature under the RCP4.5 scenario; (e) changes in maximum temperature under the RCP8.5 scenario; and (f) changes in minimum temperature under the RCP8.5 scenario. 
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Figure 5. Asymmetrical warming between Tmax and Tmin in typical regions. All of the lines shown in the figure are the 20-year running averages of the time series. The red lines represent temperature changes under the RCP8.5 scenario, green for RCP4.5 and blue for RCP2.6; the solid lines represent Tmax and the dotted lines Tmin. 
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Figure 6. Changes of the HTD by the end of the 21st century compared to the baseline level under RCP2.6, RCP4.5 and RCP8.5 scenarios: (a) changes in HTD under RCP2.6 scenario; (b) changes in HTD under RCP4.5 scenario; and (c) changes in HTD under RCP8.5 scenario. Unit: days. 
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Figure 7. Changes of the LTD by the end of the 21st century compared to the baseline level under RCP2.6, RCP4.5 and RCP8.5 scenarios: (a) changes in LTD under RCP2.6 scenario; (b) changes in LTD under RCP4.5 scenario; and (c) changes in LTD under RCP8.5 scenario. Unit: days. 
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Figure 8. Twenty-year running average of the national mean extreme hot and cold days under the RCP scenarios in China. 
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Figure 9. Changes of the TX95 and TN5 by the end of the 21st century compared to baseline level under RCP2.6, RCP4.5 and RCP8.5 scenario: (a) changes in TX95 under RCP2.6 scenario; (b) changes in TN5 under RCP2.6 scenario; (c) changes in TX95 under RCP4.5 scenario; (d) changes in TN5 under RCP4.5 scenario; (e) changes in TX95 under RCP8.5 scenario; and (f) changes in TN5 under RCP8.5 scenario. Unit: °C. 
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Table 1. Definitions of extreme temperature indices used in this study.
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Code

	
Index

	
Description

	
Unit






	
TX95

	
Threshold of extreme hot days

	
95th percentile of all of the maximum temperatures

	
° C




	
TN5

	
Threshold of extreme cold days

	
5th percentile of all of the minimum temperatures

	
° C




	
HTD

	
High-temperature days

	
Number of days in a year with the maximum temperature exceeding TX95 (over 1961–1990)

	
day




	
LTD

	
Low-temperature days

	
Number of days in a year with the minimum temperature below TN5 (over 1961–1990)

	
day










© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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