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Abstract

:

In this study, the instability of extreme temperatures is defined as the degree of perturbation of the spatial and temporal distribution of extreme temperatures, which is to show the uncertainty of the intensity and occurrence of extreme temperatures in China. Based on identifying the extreme temperatures and by analyzing their variability, we refer to the entropy value in the entropy weight method to study the instability of extreme temperatures. The results show that TXx (annual maximum value of daily maximum temperature) and TNn (annual minimum value of daily minimum temperature) in China increased at 0.18 °C/10 year and 0.52 °C/10 year, respectively, from 1966 to 2015. The interannual data of TXx’ occurrence (CTXx) and TNn’ occurrence (CTNn), which are used to identify the timing of extreme temperatures, advance at 0.538 d/10 year and 1.02 d/10 year, respectively. In summary, extreme low-temperature changes are more sensitive to global warming. The results of extreme temperature instability show that the relative instability region of TXx is located in the middle and lower reaches of the Yangtze River basin, and the relative instability region of TNn is concentrated in the Yangtze River, Yellow River, Langtang River source area and parts of Tibet. The relative instability region of CTXx instability is distributed between 105° E and 120° E south of the 30° N latitude line, while the distribution of CTNn instability region is more scattered; the TXx’s instability intensity is higher than TNn’s, and CTXx’s instability intensity is higher than CTNn’s. We further investigate the factors affecting extreme climate instability. We also find that the increase in mean temperature and the change in the intensity of the El Niño phenomenon has significant effects on extreme temperature instability.
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1. Introduction


The Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) shows that global surface temperatures are 1.09 [0.95 to 1.20] °C warmer in 2011–2020 than in 1850–1900, with a greater increase on land (1.59 [1.34 to 1.83] °C) than over the oceans (0.88 [0.68 to 1.01] °C), according to paleoclimate data, global surface temperatures have increased faster (with high confidence) since 1970 than in any other 50-year period over at least the last 2000 years [1]. The IPCC releases “Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX),” which suggests that climate change will lead to an increase in the frequency, intensity, duration, and spatial extent of extreme weather [2]. In addition, climate change has significant impacts on plant phenology and its spatial distribution, natural ecosystems, economic production activities, and human life [3,4,5,6]. Over the past decade, there has been considerable literature around the topics of climate change and extreme climate change. Currently, the main approaches to the topic include: (1) studies of the mean changes in climate elements based on annual or monthly time scales [7,8,9,10]; (2) studies of the spatial and temporal variability of extreme climate based on the definition of extreme climate indices [11,12,13,14]; (3) studies delineating climate zones based on the spatial and temporal variability of climate elements or extreme climate elements [15,16,17,18]; (4) predicting future climate change based on experimental data from the Coupled Model Comparison Project (CMIP) organized by the World Climate Research Program (WCRP) [19,20,21,22,23]. Meanwhile, the issue of climate instability has attracted a lot of attention from scientists. The current research on climate instability focuses on two aspects. (1) Reconstructing paleoclimate from ice cores, lake sediments, stalagmites, and marine sediments to study paleoclimate fluctuations at different time scales [24,25,26]. (2) To explore the intrinsic factors and driving mechanisms of climate fluctuations. Currently, studies of climate instability focus on paleoclimate, which is discussed on longer time scales (centennial to millennial time) [27,28,29]. The instability of extreme climate elements on short time scales has considerable importance for socio-economic development. For example, annual maximum values of daily maximum temperature (TXx) may cause heatwaves, and if the interannual variability in the period when TXx occurs and in the intensity of TXx is small, this facilitates prevention and adaptation to heatwaves. The reverse is also true if the interannual variability is large. However, studies on the instability of extreme temperature elements are often not available.



Generally, China is the most serious natural disaster in the world, one of the few countries especially vulnerable to climate change. The frequency of extreme temperature events has changed significantly over the past 60 years [30,31]. To further investigate the characteristics of extreme temperature changes, we use the instability of extreme temperatures as a viewpoint and calculated the annual maximum value of daily maximum temperature (TXx) and the annual minimum value of daily minimum temperature (TNn) based on daily measurements from 778 meteorological stations in China from 1966 to 2015. Then, the intensity, date of occurrence, instability of intensity, and instability of date of occurrence of TXx and TNn were investigated, and the factors influencing the instability of this variability were discussed.




2. Materials and Methods


2.1. Data


Data on the administrative divisions of China are provided by the National Geographic Information Center of China (13 March 2021: http://www.ngcc.cn/), which contains information on the spatial distribution of the provincial administrative divisions of China (Figure 1) (geographic coordinates are listed in Table S1).



Meteorological station data (1966–2015) were provided by the National Meteorological Science Data Center of China (13 March 2021: http://data.cma.cn/) and contained information on daily maximum and daily minimum temperatures. The spatial distribution of meteorological stations is illustrated (Figure 2).



The Atmospheric Circulation Index (1966–2015) is provided by the Climate Prediction Center (13 March 2021: https://www.cpc.ncep.noaa.gov), the North Atlantic Oscillation (NAO), the Pacific-North American model (PNA), the Arctic Oscillation (AO), and the Pacific Interannual Oscillation (PDO) for the period 1966–2015.



El Niño T-index (1966–2015) extracted the in a new index for El Niño [32]. The definition of El Niño T-index is according to the regional average monthly Sea Surface Temperature Anomaly (SSTA) distance in the above sea area in the (5° S–5° N, 180°–90° W) region. This index not only permits more comprehensive monitoring of the different types of El Niño events that have occurred in history but also provides a reasonable classification of the intensity of El Niño events.




2.2. Selection of Extreme Climate Indices


The Expert Group on Climate Change Detection and Indices (ETCCDI), jointly established by the World Meteorological Organization (WMO) Climate Committee and the Climate Variability and Predictability Research Program (CLIVAR), has proposed 27 climate indices. In this paper, TNn and TXx were selected as the subjects of extreme temperature changes, and, at the same time, their occurrence cycles were investigated (Table 1).




2.3. Methodology for the Study of Extreme Temperature Instability


Extreme temperature variability and its instability have important implications for the occurrence of extreme temperature events; however, there were spatial and temporal differences in extreme temperature variability and its instability. To clarify this discrepancy, we studied extreme temperature variability and extreme temperature fluctuations (their instability) in both space and time. In this context, the instability of extreme temperatures was defined as the degree of disturbance in the spatial and temporal distribution of extreme temperatures, and the greater the interannual or regional variability in the intensity of extreme temperatures and the date of occurrence of extreme temperatures, the greater the instability of extreme temperatures. The process is shown in Figure 3.



First, extreme temperature indices were identified using weather station data, and the types identified include TXx, TNn, CTXx, and CTNn. The indices were calculated by using the ClimPACT2 software (13 March 2021: https://github.com/ARCCSS-extremes).



The Entropy Weight Method was used to determine the weight of an indicator in a comprehensive evaluation based on the variability of the indicator [33]. The higher the entropy value, the greater the degree of variation the indicator deserves, the more information it provides, the greater the role it can play in the comprehensive evaluation, and the greater its weight. In this paper, we have drawn on the definition of entropy in the Entropy Weight Method for the study of extreme temperature instability.



The procedure is as follows.


   r   ( i )     =     x   ( i )    −  min ( x )     max ( x )  −  min ( x )     



(1)




where r is the standardized station extreme temperature index, i is the year (or weather station code), and x is the extreme temperature index (TXx, TNn, CTXx, and CTNn) before standardization, min(x) is the minimum value of the station multi-year extreme temperature index (or the minimum value of the extreme temperature index for all stations in a year), and max(x) is the maximum value of the station multi-year extreme temperature index (or the maximum value of the extreme temperature index for all stations in a year).


   p i     = r   i  /   ∑    i = 1   m   r i   



(2)




where i is the year (or weather station index), m is the total number of years (or total number of weather stations), and p is the ratio of the extreme temperature index to the sum of extreme temperatures for a given year (or the ratio of the extreme temperature index at a station to the sum of the extreme temperature indices at all stations). Where e is the entropy value of the extreme climate index.


   e =  −  1   ln   m      ∑    i = 1   m   p i     · lnp   i   



(3)




where H is the instability index.


   H = 1  − e  



(4)







The larger the H value, the more unstable the extreme temperature, while the smaller the H value, the opposite.



The instability of extreme temperatures was studied in both space and time. (i) Spatial instability refers to the instability study of extreme temperatures at each station. (ii) Temporal instability refers to instability studies of extreme temperatures at all stations on an annual basis.





3. Results


3.1. Extreme Low Temperatures Are More Sensitive to Global Warming


3.1.1. Spatial and Temporal Variation of TXx and TNn


By calculating the annual average of the extreme temperature indices for all stations, we obtained the results that both TXx and TNn in China showed an increasing trend from 1966–2015, with an increased rate of 0.184 °C/10 year and 0.518 °C/10 year, respectively. TXx showed a clear upward trend since 1985, while TNn had a significant increase from 1966–2000 (Figure 4). During the increase in TNn, maximum values occurred in 1975, 1991, and 2007. However, the reason for this phenomenon is not clear.



Figure 5 shows that TXx displays a rising trend in all regions of China except for local areas in Henan, Shandong, and western Xinjiang. The rise in TXx was more pronounced in the Qinghai-Tibet Plateau and surrounding areas, the Beijing-Tianjin-Hebei region, and the Yangtze River Delta region. TNn shows a rising trend throughout China, and in the Qinghai-Tibet Plateau region, Hubei-Hunan border region, local areas in eastern China, northern China, and Liaoning province, where the rising trend was most obvious.




3.1.2. Spatial and Temporal Variation of CTXx and CTNn


By analyzing the interannual dates of extreme temperatures and calculating the annual average of the extreme temperature indices for all stations, we can conclude that CTXx and CTNn in China show a clear forward trend from 1966 to 2015, advancing by 0.538 d/10 year and 1.02 d/10 year, respectively. Nevertheless, this change was not significant (Figure 6). The advance of CTNn was almost twice as fast as that of CTXx.



Spatially, CTXx is significantly delayed in the Qinghai-Tibet Plateau, northern China, southern Xinjiang, and northeast China, and significantly advanced in the central Yunnan, Guizhou, and Guangxi junctions.The CTNn delayed arrival region was distributed in the Qinghai-Tibet Plateau, Gansu Hexi Corridor, northern Ningxia, northern Shaanxi, northern Shanxi and western Inner Mongolia, while the advance of CTNn was mainly in the northeast, Beijing-Tianjin-Hebei region and the Sichuan, Yunnan and Guizhou (Figure 7).




3.1.3. Extreme Temperature Changes Corresponding to Global Warming


The Second National Climate Change Assessment Report published by China showed a trend of 0.23 °C/10 year for surface temperature in China from 1951 to 2009 [34]. Contemporary studies of extreme temperatures showed trends of 0.184 °C/10 year and 0.518 °C/10 year for TXx and TNn, respectively, from 1966 to 2015. The trends in extreme temperatures were the same as the trends in average temperatures, but the magnitudes of the trends in extreme and average temperatures were different. The trend in TXx was slightly lower than the surface temperature trend in China, while the trend in TNn was surface temperature trend by a factor of 2.25. Moreover, the advance of CTNn was almost twice as fast as CTXx. In addition, we found that the correlation coefficient between TXx and the average annual average temperature was 0.47 (p < 0.01), while the correlation coefficient between TNn and the average annual average temperature was 0.71 (p < 0.01).



Since the beginning of this century, several recent studies have shown that there was an insignificant global surface temperature warming trend since 1998, and they proposed the idea of global warming stagnation [35,36,37]. The IPCC’s Fifth Assessment Report makes a similar argument [38]. In this study, we set out to analyze the trends in polar temperature over time. Figure 8 shows that the trend in TNn responds to the stagnant global warming trend around 2000. However, TXx did not respond to the stagnant global warming trend until around 2005 (Figure 8). As mentioned above, we can conclude that the extreme low temperatures in China were more sensitive to global warming than extreme high temperatures.





3.2. Instability of the Extreme Temperature Intensity


Figure 9 shows that the H values of TXx and TNn in China display an increasing trend from 1966 to 2015. The increase of H(TXx) was much earlier than the increase of H(TNn). The instability of TXx increased significantly after 1996, and the instability of TNn increased significantly after 2005. We also obtained that the instability strength of TXx was stronger than that of TNn, with multi-year averages of H for TXx, and TNn of 0.946 and 0.905, respectively.



Spatially, regions with relatively instable TXx include Inner Mongolia, Henan, Anhui, Hubei, Chongqing, Hunan, Jiangxi, and Fujian. In general, the instability of TXx was stronger in the middle and lower reaches of the Yangtze River than in other regions of China. TNn shows stronger instability in the Yangtze River headwaters region, the Yellow River and Lancang River regions, and parts of Tibet (Figure 10).




3.3. Instability of Extreme Temperature Occurrence


Figure 11 shows the temporal variation of H (CTXx and CTNn), with opposite trends for CTXx and CTNn, with a decreasing trend for CTXx and an increasing trend for CTNn from 1966–2015. We also obtained a higher instability intensity for CTXx than CTNn, with multi-year average H values of 0.954 and 0.933 for TXx and TNn, respectively.



Figure 12 shows the results of CTXx relatively instable regions include Chongqing, Guizhou, Jiangxi, Fujian, Guangdong, Guangxi, and Jilin provinces. These provinces were mainly located south of 30° N and between 105° and 120° E. The regions with high H values of CTNn were the Jilin-Liaoning border area, the surrounding area of Beijing, the southern Tianshan region of Xinjiang, the Shaanxi-Sichuan border area, Guangdong and Fujian provinces, which show a fragmented spatial distribution.





4. Discussion


4.1. Effect of Temperature Change on Extreme Temperature Instability


Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation, published by the IPCC, shows that a changing climate can lead to an increase in the frequency, intensity, duration, and spatial extent of extreme weather [2]. How does extreme temperature instability, a key property of extreme temperatures, respond to changes in annual average temperature? To clarify this interconnection, we calculated the correlation coefficient between the extreme climate instability index and annual average temperature. The results (Table 2) show that the average annual average temperature has a high positive correlation with both H(TXx) and H(TNn), while the most significant positive correlation exists between TXx and H(TXx) (Table 2, Figure 13).



To elucidate the relationship between climate change and extreme climate change, scientists discuss typical values of climate variables and the relative frequency of these values. The statistical characteristics of weather and climate events can be influenced by climate change. For example, as temperature changes move in a warmer direction, they cause changes in the location, magnitude, and shape of the distribution of climate variable values [39,40] (Figure 14). At the same time, the dispersion of the distribution of TXx and TNn values becomes larger. Thus, the spatial and temporal variability of TXx and TNn will increase with a warmer climate. The instability of TXx will become more pronounced. This finding is consistent with the result of a significant positive correlation between mean temperature and H(TXx)/H(TNn) in this study. Combined with the findings of [3.1(3)], we can also conclude that changes in the intensity of extreme temperatures and changes in the instability of extreme temperatures are consistent in time and intensity and are both influenced by an increase in mean temperature.




4.2. Effects of Atmospheric Circulation on Extreme Temperature Instabilities


Previous studies have identified important effects of atmospheric circulation on the occurrence of extreme climate events [41,42], and this section will discuss whether atmospheric circulation has an impact on the instability of extreme temperatures. Table 3 and Figure 15 shows a positive correlation between H(TXx) and El Niño T, while H(CTXx) is significantly correlated with PDO. Overall, the correlation between ENSO and H(TXx) is the most pronounced, with a correlation coefficient of 0.39.



El Niño is mainly a climatic phenomenon characterized by an abnormal increase in sea surface temperature in the eastern equatorial Pacific Ocean. El Niño is a natural cyclical phenomenon that has important effects on climate change in China, such as temperature and precipitation anomalies. Combined with the conclusion that temperature variations lead to more instability in temperature extremes [4.1], we can conclude that El Niño-induced temperature anomalies will likely be an important factor in TXx instability.



El Niño is a natural cyclical phenomenon that occurs approximately every seven years. Thus, the instability of extreme temperatures caused by El Niño is also a natural phenomenon. Current research shows that the global warming caused by greenhouse gas emissions will significantly increase the frequency of super El Niño events. Global warming not only directly affects extreme temperature instability but also reinforces the impact of El Niño on extreme temperature instability. From the above analysis of the factors influencing extreme climate instability, we obtain that the instability of extreme temperatures (especially TXx) is not the result of the influence of a single factor but the result of a combination of multiple factors. Figure 16 composes the process of multiple influencing factors on extreme temperatures.





5. Conclusions


Previous studies of extreme temperatures have had a single methodological approach, with more focus on the tendency characteristics of extreme temperature changes. We have studied both the trend variability of extreme temperatures and the instability of extreme temperatures. Based on the extreme temperature index calculation using data from 778 meteorological stations, we further investigated the spatial and temporal variation of the extreme climate index and the instability of the extreme temperature index in China from 1966 to 2015.



It can be concluded that there is a clear upward trend for TXx (annual maximum value of daily maximum temperature) and TNn (annual minimum value of daily minimum temperature), and a notable advancing trend for the interannual data of TXx’ occurrence (CTXx) and TNn’ occurrence (CTNn); the results of instability studies show that the H values of TXx and TNn in China show an upward trend, and the H values of CTXx and CTNn show an opposite trend, with CTXx decreasing and CTNn increasing. In China, the relative instability regions of TXx are located in the middle and lower reaches of the Yangtze River basin, while the relative instability region of TNn is concentrated in the source areas of the Yangtze, Yellow, and Langtang rivers and parts of Tibet. The relative instability region of CTXx instability is distributed between 105° E and 120° E south of the 30° N latitude line, while the distribution of CTNn instability is more dispersed; the instability of TXx is higher than TNn and CTXx instability is higher than CTNn. In addition, we conclude that TXx instability is most likely to be influenced by El Niño and mean annual average temperature variations.
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Figure 1. Map of Chinese provincial-level administration regionalization. 
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Figure 2. Distribution of weather stations over China. 
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Figure 3. Technical process. 
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Figure 4. Temporal variation of TXx and TNn in China from 1966 to 2015. (a) TXx. (b) TNn. 
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Figure 5. Spatial distribution of changes in TXx and TNn, 1966–2015. (a) TXx. (b) TNn. 
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Figure 6. Temporal changes in CTXx and CTNn in China, 1966–2015. (a) CTXx. (b) CTNn. 
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Figure 7. Spatial distribution of CTXx and CTNn changes from 1966 to 2015. (a) CTXx. (b) CTNn. 
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Figure 8. Temporal variation of annual average temperature, TXx and TNn dispersion for China from 1966 to 2015. 
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Figure 9. Temporal changes in H values of TXx and TNn in China, 1966–2015. (a) TXx. (b) TNn. 
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Figure 10. Spatial distribution of H values for TXx and TNn, 1966–2015. (a) TXx. (b) TNn. 
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Figure 11. Temporal variation of H values for CTXx and CTNn in China, 1966–2015. (a) CTXx. (b) CTNn. 
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Figure 12. Spatial distribution of H values for CTXx and CTNn from 1966 to 2015. (a) CTXx. (b) CTNn. 
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Figure 13. Temporal changes in H(TXx) and TXx departures in China, 1966 to 2015. 
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Figure 14. Theoretical changes in the distribution of climate variable values. 
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Figure 15. Temporal variation of H(TXx) and El Niño T value in China, 1966–2015. 
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Figure 16. Processes affecting TXx instability. 
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Table 1. Extreme temperature indices selected and defined.
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	Encoding
	Name
	Definition
	Unit





	1
	TNn
	Annual minimum of daily minimum temperature
	°C



	2
	TXx
	Annual maximum of daily maximum temperature
	°C



	3
	CTNn
	TNn interannual date of occurrence
	Day (d)



	4
	CTXx
	TXx interannual date of occurrence
	Day (d)
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Table 2. Correlation matrix of annual average temperature and H values (extreme climate instability index).
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	H(TXx)
	H(TNn)
	H(CTXx)
	H(CTNn)





	average temperature
	0.34 *
	0.35 *
	−0.02
	0.04



	TXx
	0.64 **
	0.07
	−0.02
	0.22



	TNn
	0.25
	0.27
	0.22
	0.04







* Correlation is significant at the 0.05 level. ** Correlation is significant at 0.01 the level.
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Table 3. Correlation matrix of Atmospheric Circulation Index and H values.
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	NAO
	PNA
	AO
	PDO
	El Niño T





	H(TXx)
	−0.07
	0.03
	0.11
	−0.12
	0.39 *



	H(CTXx)
	0.06
	0.09
	0.00
	0.32 *
	0.1



	H(TNn)
	0.20 *
	0.04
	0.1
	0.19
	0.33



	H(CTNn)
	−0.13
	0.03
	−0.13
	−0.12
	−0.00







* Correlation is significant at 0.05 level.
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