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Abstract: With temperatures increasing as a result of global warming, extreme high temperatures are 
becoming more intense and more frequent on larger scale during summer in China. In recent years, a variety 
of researches have examined the high temperature distribution in China. However, it hardly considers the 
variation of temperature data and systems when defining the threshold of extreme high temperature. In order 
to discern the spatio-temporal distribution of extreme heat in China, we examined the daily maximum 
temperature data of 83 observation stations in China from 1950 to 2008. The objective of this study was to 
understand the distribution characteristics of extreme high temperature events defined by Detrended 
Fluctuation Analysis (DFA). The statistical methods of Permutation Entropy (PE) were also used in this 
study to analyze the temporal distribution. The results showed that the frequency of extreme high 
temperature events in China presented 3 periods of 7, 10—13 and 16—20 years, respectively. The abrupt 
changes generally happened in the 1960s, the end of 1970s and early 1980s. It was also found that the 
maximum frequency occurred in the early 1950s, and the frequency decreased sharply until the late 1980s 
when an evidently increasing trend emerged. Furthermore, the annual averaged frequency of extreme high 
temperature events reveals a decreasing-increasing-decreasing trend from southwest to northeast China, but 
an increasing-decreasing trend from southeast to northwest China. And the frequency was higher in southern 
region than that in northern region. Besides, the maximum and minimum of frequencies were relatively 
concentrated spatially. Our results also shed light on the reasons for the periods and abrupt changes of the 
frequency of extreme high temperature events in China. 
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1  INTRODUCTION  

The linear warming trend over the last 50 years 
(0.13°C [0.10°C to 0.16°C] per decade) is nearly 
twice that for the last 100 years, and eleven of the last 
twelve years (1995—2006) rank among the 12 
warmest years in the instrumental record of global 
surface temperature (since 1850)[1]. Therefore, high 
temperature events have captured attention from 
governments and meteorologists[2]. In recent years, a 
variety of researches have examined the cause of high 

temperature and its distribution in China. Many 
scholars have investigated the trend for the number of 
high temperature days, features of high temperature 
weather in summer, and variation periods of high 
temperature frequency in China. In particular, some 
scholars focused on the reason for a hot weather and 
its spatial and temporal distribution in Jiangsu, 
Xinjiang, Shandong, Chongqing, and other regions in 
Eastern and Northern China[3-15]. However, some 
scholars defined the threshold of extreme high 
temperature based on the percentile method of 
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statistics analysis without considering the variation of 
temperature data and systems[16]. In fact, the climate 
system is featured by self-memory and climatic 
sequence with sustainability[16-18]. For better capturing 
the long-range power-law correlations in the climate 
event sequence, it is necessary to identify the trend 
components caused by internal long-range fluctuation. 
If the trend components are not removed, the strong 
trend components will distort the results of long-range 
analysis. Detrended Fluctuation Analysis (DFA) is 
used to remove the sequence trend before studying its 
memory characteristics[19]. In addition, the climate 
system is a giant system with characteristics of 
nonlinearity, free scales, multiple levels, and complex 
forced dissipation[20]. Therefore, it is more reasonable 
to use statistics to examine the climatic characteristics 
in China for reflecting the uncertainty of climate 
system changes[21]. Here we used an index called 
Entropy, which is a thermo-dynamic concept. It can 
be adopted to describe the chaos degree of 
thermo-dynamic degree. Among the numerous 
calculation modes[22], Permutation Entropy (PE) is a 
complex parameter according to the comparison of 
adjacent data of longer time series. Its advantage is 
that it is simple, practical and easy to calculate[25]. PE 
is primarily applied in medical science[26, 27] in recent 
years. In addition, lots of scholars have declared that 
PE is extremely reliable in detecting abrupt changes 
and identifying temperature periods[22, 28]. 

The study on the temporal-spatial structure of 
temperature variability not only can help to further 
understand the characteristics of climate changes, but 
also has practical application in understanding and 
predicting climatic disaster risks[23]. Thus, in this 
paper, the threshold of extreme high temperature at 
every station is defined by the DFA method. The 
period and abrupt change of regional frequency of 
extreme high temperature are analyzed by the PE 
method. The study objective is to contribute to the 
development of operational warning systems against 
extreme high temperature weather in cities, which is 
significant to improving public service and people's 
life quality. 

2  MATERIALS AND METHODS 

2.1  Materials 

Observed temperature is quite sensitive to 
anthropogenic activity. For example, station 
relocation could lead to dataset inhomogeneity. 
Therefore, the China Meteorological Administration 
(CMA) National Meteorological Information Center 
(NMIC) started in 2006 to release the homogenized 
historical temperature datasets of China (1951—2004). 
This study adopts this data with relatively good 
homogeneity provided by CMA. 

According to the missing data principle that the 

continuous lack of observation is less than 182 days 
and accumulated absence of observation is not more 
than 1 year, 77 stations are eligible to be used in 
defining the high temperature events. The observation 
data at Golmud in Qinghai (from April of 1953 to 
2008), Madoi in Qinghai (from 1953 to 2008), Xining 
in Qinghai (from 1954 to 2008), Tianjin (from 1954 to 
2008) and Lhasa in Tibet (from 1955 to 2008) are 
supplemented to complete the space information. 
Besides, the data at Shanghai station is only from 
1991 to 2008, while Longhua station misses data from 
1997 to 2006. Considering Shanghai is very important 
for both Yangtze River Valley and even the whole 
country and the distance between Longhua and 
Shanghai is relatively small, the data at Shanghai site 
(1997-2006) is merged with the time sequence of 
Longhua meteorological station. Eventually, there are 
a total of 83 stations (Table 1). 

2.2  Detrended Fluctuation Analysis (DFA) 

DFA is a method based on both the new 
development of the theory of random process and 
chaotic dynamics. It is usually applied to detect the 
physical characteristics of time series. From a 
dynamics perspective, the sequence derived from the 
method keeps certain characteristics of the original 
sequence. Specifically, the persistence or 
anti-persistence quality of the derived sequence is the 
same as that of the original sequence[16]. The 
traditional methods may be responsible for less 
reliable analysis results because of some trend 
components or noise of the observed meteorological 
data which is usually non-stationary. In contrast, DFA 
has a great advantage on the analysis of such series 
with trend components[19]. As a tool for scale analysis, 
DFA can effectively filter the trend components in 
each scale to process unstable data and eliminate 
spuriously correlated phenomena remarkably. 
Therefore, DFA can examine the correlation of 
non-stationary time sequences. Based on Yang’s 
research, the threshold of extreme high temperature 
can be defined by DFA as follows[16]. 

①Determine the maximum value (xmax) of a series 
(xi); 

②Identify a medium value (R) of the series xi, 
where R can be the average value of the series (xave) or 
a certain R value (xmed) between the xmax and 
minimum value of the series (xmin); 

③Remove data in the interval {xi, xi≥xmax-d×k} 
successively until xmax = R to obtain a new series YJ (J 
= xmax-d×k) each time, where k = 1, 2, ......, (xmax-R)/d, 
and d is the interval size; 

④Determine the variation of DJ related to the 
change of interval J by calculating the long-range 
correlation coefficient DJ of every new series YJ; 

⑤The threshold is defined as the value of DJ 
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changes tending to stabilize and converge; and 
⑥The interval size d represents the resolution of 

this method. The smaller the value d takes, the higher 
the threshold resolution and the more complex the 
computation become. When k is small, the threshold 

resolution is relatively small. Conversely, when k and 
the threshold resolution are small, the computational 
complexity is relatively low. Considering the accuracy 
and range of temperature in summer, k and R are set 
as 1000 and 15.0℃ in this study, respectively.

 
Table 1. Threshold of extreme high temperature at stations determined by the DFA method. 

Station Threshold/℃ Station Threshold/℃ 
Jiuyang, Chongqing 35 Zhijiang, Hunan 36.9 

Shapingba,Chongqing 39.3 Lingling, Hunan 38.6 
Quzhou,Zhejiang 38.4 Changde, Hunan 38.2 

Hangzhou, Zhejiang 38.1 Yichang, Hubei 38.4 
Tengchong,Yunnan 28.9 Wuhan, Hubei 37.5 

Mengzi, Yunnan 33.4 Laohekou, Hubei 38 
Lijiang, Yunnan 28.8 Qiqihar, Heilongjiang 34.6 

Kunming, Yunnan 29.2 Nenjiang,Heilongjiang 33.7 
Chuxiong, Yunan 30.8 Mudanjaing,Heilongjiang 33.9 
Urumqi, Xinjiang 37.3 Keshang, Heilongjiang 33.2 

Qitai, Xinjiang 37.5 Jixi, Heilongjiang 33.7 
Kuche, Xinjiang 37.5 Haerbin, Heilongjiang 34.4 
Kashgar,Xinjiang 36.5 Zhengzhou, Henan 38.2 
Kami, Xinjiang 40.1 Xinyang, Henan 37.3 

Lasha,Tibet 27.3 Anyang, Henan 38 
Tianjin 36.9 Chengde, Hebei 36.4 

Yinchuan, Ningxia 34.8 Haikou, Hainan 37.1 
Dalian, Liaoning 31.6 Beijing 37.3 

Dandong, Liaoning 32.3 Changchun, Jilin 34.2 
Jinzhou, Liaoning 34.6 Siping, Jilin 33.4 

Shenyang, Liaoning 34 Yingkou, Liaoning 32.7 
Burke, Inner Mongolia 32.1 Pingliang, Gansu 32.9 

Tongliao, Inner Mongolia 35.6 Lanzhou, Gansu 35.3 
Wuzhou, Guangxi 36.9 Jiuquan, Gansu 34.6 
Nanning, Guangxi 36.4 Dunhuang, Gansu 38.6 
Guilin, Guangxi 36.7 Bijie, Guizhou 32.2 
Baise, Guangxi 38.5 Xingyi, Guizhou 32 

Shaoguan, Guangdong 37.8 Guiyang, Guizhou 33.2 
Nanping, Fujian 38.2 Yibin, Sichuan 36.7 

Longhua, Shanghai 36.9 Songpan, Sichuan 28.6 
Yulin, Shanxi 35.6 Nanchong, Sichuan 38.3 
Xian, Shanxi 35.8 Xichang, Sichuan 33.9 

Hanzhong, Shanxi 35.4 Ganzi, Sichuan 27.7 
Taiyuan, Shanxi 34.8 Hohhot, Inner Mongolia 34 

Yanzhou, Shandong 37.5 Hailar, Inner Mongolia 33.8 
Weifang, Shandong 36.8 Chifeng, Inner Mongolia 36.3 

Jinan, Shandong 38.2 Zunyi, Guizhou 35.1 
Huiming, Shandong 37.6 Ganzhou, Jiangxi 38.2 

Xining, Qinghai 30.6 Nanjing, Jiangsu 37.2 
Maduo, Qinghai 19.7 Guangzhou, Guangdong 36.3 
Gelmud, Qinghai 31.4 Wudu, Gansu 36.1 

Wuqiaoling, Gansu 23.9   
 
2.3  Permutation Entropy (PE) 

According to Hou’s study, the PE algorithm can 
be summarized as follows[28]. 

①Assume a discrete time series xi, i=1, 2, ......, n, 
and reconstruct the phase space of every series 
element to obtain: 

[ ]( ) ( ), ( 1) , ( ( 1) ) (1)X i x i x i x i m l= + + −KK

where m is the embedded dimension and l is the delay 
time. 

②Rearrange the reconstructed components of X(i) 

in ascending order to get a symbol sequence: 
[ ]1 2( ) , , , mA g j j j= KK          (2) 

in which g = 1, 2, ......, k and k ≤ m! 
There are m! permutations for m with different 

signs. The probability of every symbol series is 
denoted as P1, P2, ......, Pn. In accordance with the 
form of Shannon information entropy, we define 

1
( ) ln

k

p v v
v

H m p p
=

= ∑           (3) 
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③When Pv=1/m!, Hp(m) reaches the maximum 
value ln(m!), we can obtain the following relation by 
standardized treatment 

0 ( ) / ln( !) 1p pH H m m≤ = ≤        (4) 
Bandt and Pompe have showed that PE algorithm 

would lose its validity for m≤4 and it is not 
appropriate to take large value of m (such as m = 12). 
Thus m is 7 in this study[23]. 

3  RESULTS AND DISCUSSION 

In this study, an extreme high temperature event 
is defined as one for which the daily maximum 
temperature is above the threshold according to DFA, 
and the result is showed in Table 1. Consequently, we 
obtained the spatio-temporal distribution of annual 
extreme high temperature frequency (AEHTF) in 
China from 1951 to 2008 (Figs. 1 and 2). Fig. 1 
clearly showed that the AEHTF was higher in the 
early 1950s and then sharply dropped until the end of 
the 1970s and early 1980s when it began to present an 
increasing trend. Chen et al.[29] conducted a 
comprehensive analysis on the characteristics of 
climate change in China in the past few decades and 
claimed that China experienced the first warm period 
in the 1940s, subsequently witnessed sharp 
temperature decrease in the 1950s, which was 
followed by fluctuations until the 1980s when it began 
to record sharp increases again[30]. This may be caused 
by the fact that sunshine hours over the Chinese 
mainland and global solar radiation decreased from 
the 1950s to the 1980s and then both of them 
increased after the 1980s[31-34]. Fig. 2 showed that the 
annual mean frequency of extreme heat presents a 
decrease-increase-decrease trend from Southwest to 
Northeast China but an increase-decrease trend from 
Southeast to Northwest China. Besides, it was also 
found that the higher values of AEHTF primarily 
appeared in Yunnan, Guangxi, Guangdong, Henan 
and Southern Hebei. However, smaller values mainly 
scattered in Guizhou and Gansu provinces and Inner 
Mongolia Autonomous Region. In general, the 
frequency of extreme high temperature events in the 
southern China is higher than that in the northern 
China and high and low frequencies are concentrated 
spatially. 

In order to further analyze the regional 
characteristics, the Chinese mainland was divided into 
10 regions according to the tempo-spatial distribution 
of AEHTF (Fig. 3). They were (A) Junggar Region, 
(B) Northeast Region, (C) East of Junggar Region, (D) 
East of Southwest Region, (E) West of Southwest 
Region, (F) Beijing-Tianjin-Hebei Region, (G) 
Southeast Region, (H) Central South Region, (I) 
Taihang-Qinling mountains Region, and (J) South 
China Region, respectively. This was mostly 
consistent with Gong’s regionalization[35] based on the 

index of dynamical autocorrelation factor and Xiang’s 
regionalization[36] based on Rotated Empirical 
Orthogonal Function (REOF) and Cluster Analysis 
Method from Center for Advanced Spatial 
Technologies (CAST), University of Arkansas, USA. 
 

 
Figure 1. Temporal distribution of annual mean frequency of 
extreme heat events in China from 1951 to 2008. 
 

 
Figure 2. Spatial distribution of annual mean frequency of 
extreme heat in China from 1951 to 2008. 

Because the maximum missing duration of the six 
added stations was 4 years, PE was calculated from 
2008 to 1956 and standardized according to Eq. (4). 
Fig. 4a showed that the AEHTF for Junggar Region 
had a quasi 10—11-year period with mutations 
occurring in 1963 and 1994. A 14—15-year period 
variation was present in Northeast Region (primarily a 
14-year period) and the mutation occurred from 1960 
to 1964 (Figure 4b). We also found that AEHTF 
presented a 10-year period first and a 13—15-year 
period after with mutations occurred in 1969 and 
1978—1980 in the east of Junggar Region (Fig. 4c). 
In addition, AEHTF’s first period was 13—14 years 
and its second period was 18—20 years in the east of 
Southwest Region with mutations in 1984—1985 (Fig. 
4d). Fig. 4e clearly demonstrated that there were 3 
stable periods in the west of Southwest Region which 
was 7, 9 and 13—14 years respectively, and its 
mutation years were 1965 and 1976—1979. The first 
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and second period of AEHTF were 7 years and 10 
years in Beijing-Tianjin-Hebei Region, respectively, 
which were small relative to other regions; low HP 
lasted for 2 years from 1980 (Fig. 4f). In addition, 2 
stable periods of Southeast Region were 11—13 years 
and 15 years (primarily 13-year), and the mutations 
occurred in 1977—1978 (Fig. 4g). There were 3 
periods in Central South Region (Fig. 4h) which were 
quasi-8-year, quasi-10-year and quasi-11-year with 
the mutation in 2007. Fig. 4i showed that the first and 
second period of AEHTF were 13 years and 16 years 
and only one mutation appeared in 1979 in 
Taihang-Qinling Mountains Region. Besides, double 
periods for South China Region were 10 years and 15 
years and the mutations in this region occurred in 
1966—1970, 1976 and 1979. 
 

 
Figure 3. The ten regions divided in the Chinese mainland 
according to the spatio-temporal distribution of extreme heat 
frequency. 

Dong et al.[37] studied the characteristics of 
spatial and temporal distribution of temperature 
variation based on a 50-year dataset (including the 91 
stations) using MHF wavelet analysis, nonparametric 
statistical Mann-Kendall and Yamamoto method. 
Dong claimed that the 14-year period oscillation of 
temperature variation was stronger in Northeast 
Region with mutation in 1964. The climatic 
characteristics for high temperature frequency in 
Guangzhou from 1951 to 2004 were analyzed 
according to the EOF and correlational analysis 
method by Liu et al.[38]. The results showed that high 
temperature frequency in Guangzhou steadily 
increased from 1980 and a positive mutation occurred 
in 1980. Besides, Jiang et al.[39] detected and 
reconstructed a regional average temperature series at 
the global level using multiple spectrum and claimed 
that there was quasi-10.3-year interdecadal variability 
in the northern region of China. All of these studies 

are consistent with our results in this paper, which 
clearly confirms that PE is reliable and scientific. 

Figure 4 clearly showed that there were mainly 3 
periods in every region from 1956 to 2008, which 
were quasi-7, quasi-10-13 and quasi-16-20 years. 
Besides, we also found that 7 years and 10—13 years 
correspond to the ENSO and solar activity period, 
respectively, both of which have great influence on 
global and Chinese climate change. Hou et al.[28] 

found that the period of AEHTF was related to solar 
activity periods and 10-year climatic variabilities. As 
a meteorological element, temperature is influenced 
by various factors, such as solar activity, earth 
rotation, and various teleconnection indices[16]. 
However, previous studies indicated that the 
frequency of high temperature and its progress were 
all impacted by atmospheric circulation[38, 40]. In 
addition, the high temperature becomes more intense 
and frequent and on larger scale during summer in 
China when the summer monsoon is strong[41, 42], 
because there is a significant relationship between the 
subtropical high and the intensity of tropical summer 
monsoon in East Asia. The cross-equatorial flow of 
Western Pacific Region that has an effect on the 
temperature in China presents oscillations of 10—11 
years and quasi-20 years, the zonal wind of mid-level 
500 hPa and low-level 850 hPa mainly shows a 
17-year decadal oscillation, and the meridional wind 
reveals quasi-7-year and quasi-13-year periods in 
summer[43]. 

The mutations of every region mainly occurred in 
the 1960s, the end of 1970s and the early 1980s, 
which corresponds to the results of a climatic jump in 
Lin[44] and the spatio-temporal distribution of dynamic 
structure mutation for surface temperature in He[45]. 
The mutations widely happened during the 1960s in 
the Northern Hemisphere (NH). There were 
connections at the planetary scale between the 
mutation of every region: this was caused by the 
cooling at mid- and higher-latitudes and the warming 
at mid- and lower-latitudes in NH, and as a result 
thermal gradients at high latitudes increased rapidly in 
the early 1960s[46]. In response, the mutations of 
AFEHT appeared during the same period. Besides, it 
was also believed that the mutations during the end of 
1970s and the early 1980s were related to the 
conditions of solar activity[45]. In addition, the 
mutations in this period well responded to the 
different trend of sunshine hours before and after this 
period in China[31-34] and the overall trend of global 
temperature around the 1980s.
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Figure 4. The variation of standardized Hp in the specific regions ((a) to (j) is for Junggar Region, Northeast Region, East of Junggar 
Region, East of Southwest Region, West of Southwest Region, Beijing-Tianjin-Hebei Region, Southeast Region, Central South 
Region, Taihang-Qinling mountains Region and South China Region, respectively. 
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4 CONCLUSIONS 

(1) The annual average frequency of extreme high 
temperature presented a decreasing- 
increasing-decreasing trend from Southwest to 
Northeast China, and an increasing-decreasing trend 
from Southeast to Northwest China. The frequency 
was higher in the southern region than in the northern 
region. Besides, the maximum and minimum 
frequencies were relatively concentrated spatially. 

(2) Quasi-7, quasi-10-13 and quasi-16-20 years 
were the three primary oscillation periods for the 
AEHTF from 1956 to 2008 in China. There are a 
number of possible reasons: the variation in 
meridional wind at mid- and lower-level from June to 
August, climate decadal variability, ENSO, solar 
activity and zonal wind of cross-equatorial flow in 
Western Pacific Region. 

(3) The mutation of extreme high temperature 
mainly appeared in the 1960s, end of 1970s and early 
1980s, which coincided with the extensive mutation 
of climate conditions during the 1960s in NH and the 
overall trend of sunshine hours and global temperature 
around the 1980s. 
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