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Abstract

:

Studies based on the 10th (90th) percentiles as thresholds have been presented to assess moderate extremes in China and globally. However, there has been notably little research on the occurrences of high extremes of warm days and hot days (TX95p and TX99p) and cold nights and very cold nights (TN05p and TN01p), based on the 95th and 99th (5th and 1st) percentiles of the daily maximum (minimum) temperature data at a certain station in the period 1971–2000, which have more direct impacts on society and the ecosystem. The trends analyses of cool nights or warm days are based upon the hypothesis that expects a linear trend and no abrupt change. However, abrupt changes in the climate, especially in extreme temperatures, have been pointed to as a major threat to ecosystem services. This study demonstrates that (1) the mean frequencies of TX95p and TX99p increased by 1.80 day/10 year and 0.62 day/10 year, respectively, and that those of TN05p and TN01p decreased by 3.18 day/10 year and 1.01 day/10 year, respectively, in mainland China. Additionally, the TX95p and TX99p increased significantly by 50.42% and 58.21%, respectively, while the TN05p and TN01p of all of the stations decreased significantly by 83.76% and 76.48%, respectively. Finally, (2) the TX95p and TX99p trends underwent abrupt changes in the 1990s or 2000s, but the trends of TN05p and TN01p experienced abrupt changes in the late 1970s and early 1980s. After the abrupt change points, the trend of warm and hot days increased more rapidly than before in most regions, but the trend of cold days and very cold days decreased more slowly than before in most regions, which indicates a greater risk of heat waves in the future.
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1. Introduction


An increase in the average global temperature since the mid-20th century has been observed, and the warming of the climate is unequivocal [1]. Global warming may have increased the frequency and intensity of extreme weather and climate events [2,3,4]. Compared to the mean temperature increase, changes in regional temperature extremes have more direct impacts on society and the ecosystem [5]. Extremely hot summers can drastically reduce agricultural production [6,7,8], increase energy consumption [9], and lead to hazardous health conditions [10,11,12]. Thus, understanding and predicting the spatial and temporal variability and trends of extreme weather events is crucial for the protection of socio-economic well-being and for understanding extreme weather events for mitigation of their regional impact.



To analyse the variations in extreme climate, the Expert Team on Climate Change Detection and Indices (ETCCDI) defined 27 extreme temperature and precipitation indices [13]. Two main types of extreme indices were developed: the number of days in a year exceeding specific thresholds that have fixed values (absolute thresholds) and thresholds that are relative (percentile thresholds) to a base period climate [14]. Indices of the number of days above or below percentile thresholds are more suitable for spatial comparisons of extremes than those based on absolute thresholds [13]. Thus, extreme temperature indices that are based on minimum temperatures below the long-term 10th percentile and/or maximum temperatures above the long-term 90th percentile have been widely used in published studies in North America, South America, Europe, Asia, Australia, and on the global scale [2,15,16,17,18,19,20,21,22]. The more extreme an event, the more likely it is to cause societal or environmental damage. However, most of the studies based on the 10th (90th) percentiles as thresholds are set to assess moderate extremes that, on average, occur 36.5 times every year (10 per cent of 365 days) rather than high-impact weather events that occur once or twice per year. Compared to the moderate extremes, the high extreme temperatures that are based on 5th and 1st (95th and 99th) percentiles, which occur on average 18.25 times and 3.65 times, respectively, every year (5 per cent and 1 per cent of 365 days), have higher potential risks on people’s health and lifestyles, the economy, society, and the environment. However, there has been very little research on the occurrences of high extreme warm days and cold nights according to the 5th or 1st (95th or 99th) percentiles.



More than 70% of the Earth’s land area has experienced a significant reduction in the number of cool nights but an insignificant increase in warm days [2]. In China however, regional analyses have reported that a significant reduction in cool nights and a significant increase in warm days have occurred [23,24,25,26]. Along with these regional analyses in China, the changes are much less spatially coherent, even though significant trends are found in more than half of the stations in the entire China mainland. More updated studies are needed to explain the spatial heterogeneity of the temporal trends of temperature extremes in the different climate regions in China.



Analyses of the increasing or decreasing trends in cool nights or warm days are based on the hypothesis that predicts linear, rather than abrupt, changes. Abrupt changes in climate factors, especially abrupt changes in extreme temperatures, have been pointed out as a major threat to ecosystems [27,28], because extreme temperature is an important physical restriction for some plants [29,30]. Several researchers investigated abrupt changes in the trends in temperature extremes in the northern hemisphere, North America, the northwest of China and mainland China [31,32,33,34,35]; for example, an abrupt change in both temperature and precipitation extremes in Northwest China occurred in around 1986 [34], but studies of the abrupt changes in temperature extremes in mainland China used the moderate extremes temperature indices based on the 10th (90th) percentiles. The abrupt changes of high extreme warm days and cold nights according to the 5th or 1st (95th or 99th) percentiles are studied less frequently.



In this paper, two questions are addressed with respect to temperature extremes: how the extreme temperature trends are spatially distributed in different regions in mainland China and when the extreme temperature trends’ abrupt changes occurred during 1960-2010. In this study, the 5th (95th) and 1st (99th) percentiles were individually considered to determine the thresholds of four indices (TX95p, TX99p, TN05p, TN01p) based on the 95th and 99th percentiles of daily Tmax and the 5th and 1st percentiles of daily Tmin, respectively. The spatial heterogeneity and abrupt features of the temporal trends of the four indices were considered across nine climate regions in mainland China from 1960 to 2010.




2. Data and Methods


2.1. Data Source and Quality Control


The National Meteorological Information Centre (NMIC) of the China Meteorological Administration (CMA) developed the first national homogenized temperature data set [36] and its more recent updated version [37]. To avoid inconsistency in percentile-based indices of temperature extremes, the newly homogenized data sets of daily maximum and minimum temperatures over the period from 1951 to 2010 at 825 stations were chosen for this study. Due to the fact that much daily data was missing at some stations, especially in the years prior to 1960, we chose a time series from 1960 to 2010. Further, according to the criteria that the series length should be no less than 51 years and that the missing data should be no more than 2% of the data points in every year at a station, the data of 591 stations over the period from 1960 to 2010 were ultimately selected for analysis. In the data sets of these 591 stations, a total of 34,776 missing daily data, accounting for 0.316% of the total data, were found at 95 of the 591 stations in the period from 1960 to 2010. The largest numbers of missing data were less than 2% in every year for all stations, so the missing values were ignored in the following analyses. The 591 stations that had good-quality data were chosen for the analysis (Figure 1).
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Figure 1. Distribution of the weather stations and climate zones. The upper curved purple line is the Yellow River and lower curved purple line is the Yangtze River. The blue line is used to separate the different climate zones. See text for climate zone definitions. 
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2.2. Climate Zones in China


The spatial heterogeneity of the temporal trends requires the definition of climate zones in China. Based on the monthly temperature and precipitation data, and considering the coincidence with the administrative divisions of provinces, mainland China was divided into nine climate zones (Figure 1) [38]: Northeast China (NEC: Liaoning, Jilin, Heilongjiang), North China (NC: Beijing, Tianjin, Hebei, Shaanxi, Inner Mongolia), Northwest China (NWC: Shanxi, Gansu, Ningxia), East China (EC: Shanghai, Jiangsu, Zhejiang, Anhui, Shandong), West China (WC: Xinjiang), Southwest China (SWC: Chongqing, Sichuan, Guizhou, Yunnan), South China (SC: Guangdong, Guangxi, Hainan, Fujian), Central China (CC: Jiangxi, Henan, Hunan, Hubei) and Tibetan Plateau (TP: Xizang, Qinghai).




2.3. Extreme Temperature Indices


We used the 95th (5th) and 99th (1st) percentiles individually to obtain the thresholds of the four indices (Table 1). The indices are different from those recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI), which used the 10th percentile to define the occurrences of cold nights (days) and warm days (nights). The thresholds for the temperature extremes at each station are set to the 95th and 99th percentiles of daily Tmax and to the 5th and 1st percentiles of daily Tmin. We calculated the percentile values and defined the thresholds with respect to the period of 1971–2000 [18,39,40]. In the calculation of these indices, the 95th (5th) and 99th (1st) percentiles of the daily maximum (minimum) temperature data at a certain station in the period 1971–2000 were taken as the upper (lower) threshold. In calculation of percentile indices, a bootstrap procedure is used to avoid a bias between the percentiles within the base period and those outside [39]. If a daily maximum temperature was greater (less) than the upper (lower) threshold, then it was considered a warm (cool) day (night) event. The amount of missing data was less than 2% at all the stations, so the missing values were ignored when the percentile thresholds were estimated. According to the percentile thresholds, the temperature indices are classified as cold-related indices TN05p (cold nights) & TN01p (very cold nights) and warm-related indices TX95p (warm days) & TX99p (hot days).
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Table 1. Definition of four temperature indices in China.
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Name

	
Index

	
Definition






	
Warm days

	
TX95p

	
Count of days where maximum temperature TX > 95th percentile




	
Hot days

	
TX99p

	
Count of days where maximum temperature TX > 99th percentile




	
Cold nights

	
TN05p

	
Count of days where minimum temperature TN < 5th percentile




	
Very Cold nights

	
TN01p

	
Count of days where minimum temperature TN < 1st percentile










2.4. Trend Analysis, Significance Test, and Abrupt Change Detection


The annual time-series of the indices were calculated for each station. The trends in the annual indices were calculated using linear trends estimated by linear least squares for each station from all available years from 1960 to 2010. The statistical significance of the trends was evaluated at the 5% level of significance against the null hypothesis.



The possible abrupt changes in the trends of the indices were examined using the Mann-Kendall method and the 5-year moving T-test (MTT) method [17,41,42,43]. For the emergence of multiple point mutations after using the Mann–Kendall method, the 5-year moving T-test method was used to verify the authenticity of the mutation point to enhance the credibility of the results [17,41]. The Mann–Kendall statistical test has been frequently used to quantify the significance of trends in meteorological time series [44,45,46,47,48]. The Mann–Kendall is calculated as [42,43]:


   S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  sgn  (   x j  −  x i   )    



(1)




where n is the number of data points,     x i     and     x j     are the data values in the time series i and j (j > i), respectively, and sgn(xj − xi) is the sign function as:


   sgn (  x j  −  x i  ) =  {      + 1      i f       x i  −  x j  > 0       0      i f       x i  −  x j  = 0       1      i f       x i  −  x j  = 0         



(2)







The variance is computed as:


   Var ( S ) =   n ( n − 1 ) ( 2 n + 5 ) −   ∑  i = 1  p    t i  (  t i  − 1 ) ( 2  t i  + 5 )     18     



(3)




where n is the number of data points, P is the number of tied groups, the summary sign (Σ) indicates the summation over all tied groups, and ti is the number of data values in the Pth group. If there are not tied groups, this summary process can be ignored [49]. A tied group is a set of sample data having the same value. In cases where the sample size n > 30, the standard normal test statistic ZS is computed using Equation (4):


   Z s =  {        S − 1     V ar ( S )     ,      i f      S > 0       0      i f      S = 0         S + 1     V a r ( S )     ,      i f      S < 0         



(4)







Positive values of ZS indicate increasing trends while negative ZS values show decreasing trends. Testing trends is done at the specific α significance level. When |ZS| > |Z1-α/2|, the null hypothesis is rejected and a significant trend exists in the time series. Z1-α/2 is obtained from the standard normal distribution table. In this study, α = 0.05 was used. At the 5% significance level, the null hypothesis of no trend is rejected if |ZS| > 1.96.





3. Results


3.1. Trends of Temperature Extremes


This section gives an overview of the time series for the four temperature extreme indices averaged over all the stations in mainland China (Figure 2). Figure 2 summarizes the anomalies in the annual temperature extreme indices, averaged over all the stations in mainland China. The warm days (TX95p) and hot days (TX99p) showed increasing trends over the last 51 years, with linear trends of +1.80 day/10 year and +0.62 day/10 year, respectively (Figure 2a), which is much less than the trend of TX90p, +5.22 day/10 year [18]. The cold nights (TN05p) and very cold nights (TN01p) showed linear trends of −3.18 day/10 year and −1.01 day/10 year, respectively (Figure 2b), which is also much less than the trend of TN10p, –8.23 day/10 year [18]. Both the warm days and hot days showed rapidly increasing trends after the mid-1980s, although slight decreasing tendencies appeared before this time. Additionally, cold nights and very cold nights generally followed downward trends (Figure 2 and Figure 3).
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Figure 2. Time series of annual occurrences of warm days (TX95p), hot days (TX99p), cold nights (TN05p), and very cold nights (TN01p) in mainland China during 1960–2010. (a) Warm days (TX95p) are the upper lines and hot days (TX99p) are the lower lines; (b) cold nights (TN05p) are the upper lines and very cold nights (TN01p) are the lower lines. The dashed lines are linear trends that are statistically significant at p-value < 0.05. 
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Figure 3. Anomalies in annual (a) warm days (TX95p); (b) hot days (TX99p); (c) cold nights (TN05p) and (d) very cold nights (TN01p), averaged over all the stations in mainland China during 1960-2010. The anomalies are relative to the 1971–2000 mean values. The curve fitting used a 5-year moving average smoothing method. 
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3.2. Spatial Variations of Trends in Extreme Temperature


This section shows the spatial variations of the trends in the four indices in mainland China (Figure 4) and the percentage of the stations that exhibited trends that passed the significance test (p < 0.05) among the 9 climate zones (Table 2).
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Table 2. Percentages of stations that passed the significance test (p < 0.05) among the nine climate zones in mainland China. TX95p: warm days, TX99p: hot days, TN05p: cold nights, TN01p: very cold nights, NEC: Northeast China, NC: North China, NWC: Northwest China, EC: East China, WC: West China, SWC: Southwest China, SC: South China, CC: Central China, TP: Tibetan Plateau.
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TX95p

	
TX99p

	
TN05p

	
TN01p




	
Increase (%)

	
Decrease (%)

	
Increase (%)

	
Decrease (%)

	
Increase (%)

	
Decrease (%)

	
Increase (%)

	
Decrease (%)






	
Mainland China

	
50.42

	
3.38

	
58.21

	
4.74

	
0.85

	
83.76

	
1.18

	
76.48




	
NEC

	
37.50

	
0

	
43.06

	
0

	
1.39

	
86.11

	
1.39

	
37.5




	
NC

	
68.67

	
1.20

	
72.29

	
1.20

	
1.20

	
87.95

	
1.20

	
91.57




	
SWC

	
48.89

	
3.33

	
51.11

	
4.44

	
1.11

	
80.00

	
0

	
100




	
TP

	
40.43

	
0

	
44.68

	
0

	
2.13

	
39.36

	
0

	
18.09




	
WC

	
51.02

	
6.12

	
48.98

	
4.08

	
0

	
81.63

	
8.16

	
91.84




	
SC

	
65.33

	
4.00

	
58.67

	
2.67

	
0

	
82.67

	
0

	
100




	
NWC

	
66.67

	
1.96

	
74.51

	
0

	
0

	
80.39

	
0

	
80.39




	
CC

	
8.70

	
11.59

	
18.84

	
36.23

	
0

	
79.71

	
0

	
78.26




	
EC

	
32.73

	
1.82

	
32.73

	
7.27

	
0

	
96.36

	
1.82

	
49.09
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Figure 4. Spatial distributions of trends of extreme temperature indices in China during 1960–2010: (a) Trends of TX95p; (b) Trends of TX99p; (c) Trends of TN05p; (d) Trends of TN01p. The black symbol “+” shows the stations with trends that were insignificant at the confidence level of 0.05. The unfilled symbol “◦” represents increased frequency in TX95p and TX99p and decreased frequency in TN05p and TN01p. 
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The trends of TX99p and TX95p have similar spatial patterns, although the trend values may be different, showing an increasing trend in all regions of the mainland except for Central China (CC) and its surrounding areas, which show decreasing or insignificant trends (Figure 4a,b). This is similar to the TX90p spatial trend distribution, which showed an increasing trend in nearly all the regions except for a few stations in the central region and the eastern part of Southwest China [18]. Except for the junction area of North and Northwest China (NC and NWC), the northwest of Southwest China (SWC), and a few sites in the northeast of East China (EC), most sites exhibited decreasing trends in TN05p and TN01p (Figure 4c,d) and nearly all the stations exhibited significant decreasing trends in TN10p, with a few exceptions in the eastern part of Southwest China [18]. Both the largest increases in the TX95p and TX99p frequency and the largest decreases in TN05p and TN01p are located in the same regions of NC, NWC, WC, TP, SWC, SC north of CC, and WC, especially in the upper reaches of the Yellow and Yangtze Rivers and the estuaries of the Yangtze River.



TX95p and TX99p increased significantly in more than half of the stations, and TN05p and TN01p decreased significantly in more than three-quarters of the stations (Table 2). In mainland China, more than half of the stations exhibited significantly increasing trends in TX95p and TX99p (50.42% and 58.21%, respectively), and 83.76% and 76.48% of the stations showed significant decreasing tendencies in TN05p and TN01p, respectively. The percentages of sites that exhibited a significantly decreasing trend in TX95p and TX99p were 3.38% and 4.74%, respectively, while those showing significantly increasing trends in TN05p and TN01p were 0.85% and 1.18%, respectively.



Except for CC, where only 8.7% of the stations for TX95p and 18.84% of the stations for TX99p significantly increased and 11.59% of the stations for TX95p and 36.23% of the stations for TX99p significantly decreased, 35% of stations had significantly increasing tendencies and less than 10% of the stations had significantly decreasing trends among the other eight climate zones (Table 2). More than 80% of the stations among the other eight climate zones showed significant decreases in TN05p except for TP, where only 39.36% of the stations show significant decreases in TN05p and more than 80% of the stations showed significant decreases in TN01p, excluding TP, NEC, and EC.




3.3. Characteristics of Abrupt Changes in TX95p and TX99p Trends


The abrupt changes in the TX95p and TX99p trends mainly occurred in the 1990s and 2000s (Table 3). The abrupt changes in the trends of TX95p occurred earliest (in the 1980s) in NEC and CC and latest (in the 2000s) in SWC, SC, and EC. Before abrupt changes in TX95p, the trends were negative except for NEC, SWC, TP, and SC, but after the abrupt changes, all the trends were positive. The TX99p abrupt changes occurred earliest in SC and CC in the mid-1980s and latest (in the 2000s) in NEC, SWC, and EC (Table 3). Before the abrupt change points in TX99p, the trends were negative in NC, SC, CC, and EC, but after the abrupt change points, the trends were negative only in NC, WC, and EC.



The trends in TX95p among the climate zones after the abrupt changes were larger than before the abrupt changes, but the trend values of TX99p in more than half of the climate zones (NEC, NC, WC, NWC, and EC) were larger before the abrupt changes (Table 3).
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Table 3. Years of abrupt changes and trends before and after the abrupt changes in TX95p and TX99p among the climate zones.
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Year of Abrupt Change

	
Trends (day/10 year)

Before and After Abrupt Changes




	
TX95p

	
TX99p

	
TX95p

	
TX99p




	
Before

	
After

	
Before

	
After






	
NEC

	
1981

	
2001

	
0.7

	
2.9

	
0.9

	
0.4




	
NC

	
1995

	
1996

	
−0.9

	
1.8

	
−0.4

	
−1.0




	
SWC

	
2003

	
2001

	
0.45

	
12.1

	
0.1

	
5.3




	
TP

	
1992

	
1993

	
1.3

	
6.5

	
0.2

	
2.0




	
WC

	
1994

	
1996

	
−0.05

	
0.74

	
0.04

	
−0.28




	
SC

	
2000

	
1985

	
1.08

	
10.2

	
−0.5

	
1.7




	
NWC

	
1995

	
1997

	
−0.68

	
1.2

	
0.2

	
0.1




	
CC

	
1987

	
1987

	
−4.7

	
4.1

	
−1.7

	
1.1




	
EC

	
2000

	
2001

	
−0.07

	
0.27

	
−0.2

	
−1.1










3.4. Characteristics of Abrupt Changes in TN05p and TN01p Trends


Except for TP, where the abrupt change in TN05p occurred in 2001, the other climate zones’ abrupt changes in TN05p and TN01p occurred in the 1980s and the late 1970s (Table 4). Before the abrupt change points in TN05p, the regional trends were negative except for WC and CC. Before the abrupt change points in TN01p, the regional trends were negative with the exception of WC. For both TN05p and TN01p, after the abrupt change points, the trends in all the regions were negative.



The decreasing trends of TN01p for all climate zones after abrupt changes were lower than before the abrupt changes, except for WC; decreasing trends in TN05p were observed in more than half of the climate zones (NC, TP, SC, NWC, and EC) (Table 4).
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Year of Abrupt Change

	
Trends (day/10 year)

Before and After Abrupt Changes




	
TN05p

	
TN01p

	
TN05p

	
TN01p




	
Before

	
After

	
Before

	
After






	
NEC

	
1980

	
1976

	
−0.9

	
−1.7

	
−2.5

	
−1.2




	
NC

	
1980

	
1981

	
−2.6

	
−2.1

	
−1.0

	
−0.1




	
SWC

	
1985

	
1986

	
−0.7

	
−2.1

	
−0.7

	
−0.4




	
TP

	
2001

	
1986

	
−3.4

	
−2.7

	
−1.7

	
−1.0




	
WC

	
1980

	
1979

	
0.003

	
−1.2

	
0.67

	
−0.2




	
SC

	
1979

	
1985

	
−2.6

	
−2.3

	
−0.5

	
−0.2




	
NWC

	
1980

	
1981

	
−1.8

	
−1.1

	
−0.4

	
0.2




	
CC

	
1984

	
1980

	
0.23

	
−0.07

	
−0.5

	
−0.3




	
EC

	
1985

	
1983

	
−0.59

	
−0.05

	
−1.0

	
−0.6











4. Discussion


The present study shows that, in mainland China, the frequencies of TX95p and TX99p increased, on average, by 1.80 day/10 year and 0.62 day/10 year, respectively, and the frequencies of TN05p and TN01p decreased, on average, by 3.18 day/10 year and 1.01 day/10 year, respectively. Zhou and Ren [18] showed that a larger increasing trend of 5.22 day/10 year occurred for warm days (TX90p) and a higher decreasing trend of −8.23 day/10 year occurred for cool nights (TN10p) during 1961–2008. The increasing rates of warm days in the 90th, 95th, and 99th percentiles are much lower than the decreasing rates of cold nights in the 10th, 5th, and 1st percentiles, respectively. This seems to be associated with the asymmetric warming characteristic in which the rate of increase in the daily minimum temperature is significantly higher than that of the daily maximum temperature [50,51,52]. Increases in the number of warm days and decreases of cold nights were also detected in different seasons or subareas of China [23,53,54,55]. The increase (decrease) in the number of warm days (cold nights) in China, whether at the 90th (10th), 95th (5th), or 99th (1st) percentiles, are consistent with all other global or regional studies that show that the occurrence of warm days increased but that cold nights decreased [2,15,16,17]. The abrupt changes in the trends of TX95p and TX99p mainly occurred in the 1990s and 2000s. The abrupt changes in TN05p and TN01p occurred in the 1980s and the late 1970s. Zhou and Ren [18] showed negative anomalies in warm days (TX90p) for most years before 1987 and cool days (TN10p) primarily showed positive anomalies before the late 1980s. The changes of TX95p and TX99p may be related to the decadal change of the East Asian summer monsoon rainfall patterns in the 1990s and 2000s [56,57,58] and the changes in the TN05p and TN01p may be related to the decadal weakening of the East Asian winter monsoon in the late 1980s [59,60].



This study showed that the frequencies of warm and hot days exhibited increasing trends, while cold and very cold nights exhibited decreasing tendencies almost everywhere except for Central China and its surrounding areas where the warm and hot days tended to decrease. In Central China, Tmax or warm days in the summer showed a cooling trend, as was also found by Qi and Wang [61] and [23]. The abrupt changes in TX95p and TX99p trends were generally in the 1990s or 2000s, but the trends of TN05p and TN01p change abruptly in the early and mid-1980s. Similar dates of abrupt changes in temperature trends were detected by Qi and Wang [61], and the trends in East Asia were found to reverse after 1997 [62]. The research shows that after the abrupt change, the increasing rates of warm days and hot days are much greater than those before in most areas of China. The number of extreme warm days (with daily maximum temperature >35 °C) increased significantly in most of China during 1960–2007 [63]. An ensemble multi-model of eight state-of-the-art GCMs(General Circulation Models) from the CMIP5 project projected more extreme warm events and fewer cold events over China in the future under the RCP4.5 scenario (Representative Concentration Pathway 4.5 which named after a possible range of radiative forcingvalues in the year 2100 relative to pre-industrial values +4.5 W/m2) [64]. These indicate a greater potential risk of heat waves in the future, which can not only affect human health and disease but can also change the probability of agrometeorological disasters. Crop growth durations were shortened and the sowing date and phenology were shifted because of climate warming [65,66,67]. There is limited knowledge of crops’ responses to climate warming, and this topic deserves more attention in the future.




5. Conclusions


	(1)

	
Warm days and hot days exhibited increasing trends over the last 51 years with a rapid increase after the mid-1980s. The cold and very cold nights exhibited decreasing trends in the last 51years with a rapid decrease from the 1960s to the 1990s.




	(2)

	
The warm days (cold nights) and hot days (very cold nights) showed upward (downward) tendencies in most areas of China, but Central China and its surrounding areas showed decreasing tendencies in warm days and hot days.




	(3)

	
The dates of observed abrupt changes in the trends of warm days and hot days were generally in the 1990s or 2000s, but the trends of cold nights and hot days changed in the early and mid-1980s. The increasing trends of warm days and hot days were greater after abrupt changes in most regions, which indicate a greater potential risk of heat waves in the future.
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