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Abstract: Based on gridded temperature data from the China Meteorological Administration (CMA),
two types of methods, i.e., absolute methods and relative methods, respectively, were used to identify
heat waves in Mainland China. Four statistical indicators, including the occurrence frequency,
duration days, earliest occurrence date, and latest extinction date, were constructed to analyze the
spatial-temporal characteristics of heat waves, especially on the annual and decadal change trends.
Firstly, we found that both the frequency and the duration of heat waves decreased in the period
from 1960 to 1989 but increased in the 1990s and increased significantly from the early 2000s to the
2010s. Spatially, the frequency and the duration obtained by each type of method are significantly
different among different regions when considering different facts, such as different regions that have
different degrees of tolerance to heat waves. Secondly, the decadal distribution characteristics of the
earliest occurrence date and the latest extinction date of heat waves well capture the hot summer, the
stronger sensitivity of winter to warming than other seasons, and the gradually increasing intensity
of heat waves. It provides a multidimensional reference for the cause analysis and prediction of
extreme heat waves in China.

Keywords: heat waves; spatial and temporal characteristics; evolution; China

1. Introduction

According to the Sixth Assessment Report for the United Nations Intergovernmental
Panel on Climate Change (IPCC), the rate of climate warming is accelerating, and the
scale of changes in the whole climate system is unprecedented in centuries or even mil-
lennia [1]. Under the background of global warming, heat waves occur frequently and
intensively [2–5]. Heat waves are projected to intensify, accelerate, and increase in intensity,
frequency, and duration by the end of the 21st century [6–8]. In 2003, a catastrophic heat
wave occurred in Europe, which affected many local residents [9,10]. In 2010, a huge heat
wave occurred in Russia [11–13]. In 2013, eastern China suffered from unprecedented
heat waves for almost the whole summer [14]. In 2017, the heat wave swept Central and
Western Europe [15]. Heat waves not only affect human health but also pose a major threat
to the ecological environment as well as the social economy [4,16–20]. Both the human
death and the economic loss caused by heat waves every year cannot be underestimated.
Drought caused by persistent high temperatures has dealt a fatal blow to agriculture and
animal husbandry [21]. Moreover, the frequent occurrence of heat waves has increased
human mortality [22,23]. Among the extreme events, the influence of heat waves is the
most extensive and expanding. With the increase in its intensity, frequency, and range, heat
waves have become the focus and hot spot of scientists’ research in recent years [24–27].

A heat wave is a weather process in which the temperature is higher than the long-
term average climate for several consecutive days. Both the definition and the identifi-
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cation methods of heat waves have not yet formed a unified criterion [28,29]. The heat
wave can be defined by the daily maximum temperature, daily average temperature,
daily minimum temperature, and meteorological factors related to the formation of high
temperatures [30–32]. According to the setting method of the high-temperature threshold,
the definition methods of heat waves can be roughly divided into two categories, which
are absolute threshold methods and relative threshold methods [33]. In the following, we
provide some absolute methods. The World Meteorological Organization (WMO) proposes
the definition of a heat wave as a process in which the daily maximum temperature is
higher than 32 ◦C and lasts for 3 days or more [34]. The Royal Netherlands Meteorological
Institute defines a heat wave as a weather process in which the daily maximum temper-
ature is greater than 25 ◦C, the duration is greater than 5 days, and the daily maximum
temperature is not lower than 30 ◦C for at least 3 of these 5 days [35]. China Meteorological
Administration defines the operation standard of heat waves as a daily maximum tem-
perature that is less than 35 ◦C and the duration of heat waves for 3 days or more [36,37].
Based on absolute methods, a great deal of research already exists. In terms of the 35 ◦C
threshold, Tan et al. [38] screened the heat waves in Shanghai in 1998 and 2003 to explore
the effect of different heat wave intensities on mortality, which described that mortality
was closely related to the duration of heat waves. Li et al. [39] analyzed spatiotemporal
changes in heat waves and extreme temperatures in the main cities of China from 1955 to
2014, which revealed that heat waves showed an increasing trend in most regions from
1955 to 2014, with a more obvious increasing trend after the late 1980s compared to the
decades before. Meanwhile, plenty of researchers used relative methods to define the heat
wave. Cowan et al. [40] took the 90th percentile of the highest temperature of a station
as the discriminant threshold of heat waves in consideration of the vast territory, large
differences in topography, and diverse climate of Australia, which captured the spatial
distribution of the frequency and duration of summer heat waves. Ding et al. [41] used
the 90th percentile of temperature sequence as the recognition threshold of heat waves to
analyze the changing trend of heat waves in China and found that heat waves occurred
most frequently in the northwest and southeast China. Perkins et al. [29] used the Berkeley
Earth dataset to select the 90th percentile as the threshold of heat waves to analyze the
frequency, duration, and variation trend of global heat waves, which was described with
an obvious increase. Zimmer et al. [42] analyzed the health effects and changes in heat
waves using a 5 ◦C threshold, and there was a statistically significant increase in emergency
hospital admissions during heat waves.

In recent years, many researchers have focused on the generation and variation in heat
waves in China. So far, there is a significant warming trend in China [28,42–46]. Studies
revealed that the frequency and intensity of heat waves observed in China in 2018 were
approximately double that of 1960 [47]. China has been one of the countries most affected
by climate change due to its distinct monsoon climate [46]. Previous studies have suggested
that decreasing snow cover over the western Tibetan Plateau and its association with the
Mongolian high may have encouraged heat waves in northern China, while anthropogenic
influences have increased the likelihood of extreme summer heat waves in eastern China [6].
Heat waves occur frequently in China and cause serious harm. Therefore, we chose a variety
of heat wave identification methods to analyze the temporal and spatial characteristics of
heat waves in mainland China, aiming at grasping the evolution law of heat waves from
multiple perspectives so as to forecast heat waves and reduce the harm of heat waves.
The spatiotemporal characteristics and evolutional process of the four statistical features
were also analyzed. The main gap between this study and the existing ones lies in the
research methods. Using the relative method, this study constructs a new set from the
same day in 60 years for each grid point. The heat wave threshold of each grid point for
each day is calculated separately. Some studies have been conducted to construct new
sets by taking different window sizes. This study pays more attention to the temperature
information of the historical field and future field while existing studies pay more attention
to the temperature information closer to the calendar day. In addition, we compared the
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rigor and emphasis of the three relative methods for heat wave identification. In terms of
statistical characteristics, this study not only analyzed the spatiotemporal characteristics
and decadal changes in the frequency and intensity of heat waves but also analyzed the
evolution process of the earliest occurrence date and the latest extinction date of heat waves,
which drew conclusions corresponding to the facts.

Based on the temperature data of meteorological grids in China from 1961 to 2020, the
absolute method and three different relative methods were used to identify heat waves
in each grid, and four statistical indicators were constructed, which are the frequency of
heat waves, the duration of heat waves, the earliest occurrence date of heat waves, and the
latest extinction date of heat waves. The trends and spatiotemporal characteristics of the
annual and decadal changes of the four statistical indicators were analyzed. The results of
the absolute and relative methods were compared between groups (the absolute method
vs. the relative method) and within groups (among the three relative methods) to obtain
the similarities and differences among them. In this study, we used multiple methods to
construct the four statistical indicators simultaneously, focusing on their spatiotemporal
characteristics and evolution processes. Compared with other studies, we comprehensively
considered different methods to identify heat waves and then developed different datasets
to analyze the characteristics and evolution of heat waves under different methods, pro-
viding a multi-dimensional reference for the cause analysis and prediction of extreme heat
events in China.

2. Data and Methods
2.1. Data

The data used in this research is the 0.5◦ × 0.5◦ gridded datasets of daily surface
temperature in Mainland China, which is based on the basic meteorological elements data
of 2472 national surface meteorological stations in China (excluding the two far-sea island
stations of Xisha and Coral) and compiled by the latest basic data special project. The thin
plate spline (TPS) method combined with three-dimensional geospatial information has
been used for spatial interpolation to establish daily temperature grid data with 0.5◦ × 0.5◦

horizontal resolution in China since January 1961. In this study, the daily maximum
temperature data of this dataset were selected from 3830 grids in China, and the time range
was from 1 January 1961 to 31 December 2020 (a total of 60 years).

2.2. Methods

In this study, absolute and relative methods were used to calculate the number of heat
waves. These include the duration of heat waves, the earliest date of heat wave occurrence,
and the latest date of heat wave extinction. Based on these four statistical characteristics,
the changing trend of heat waves in China over the past 60 years was analyzed.

2.2.1. Absolute Method

In meteorological operations, a high-temperature day is usually defined as the day
with the highest temperature, which can be no less than 35 ◦C, and a weather process
with three consecutive high-temperature days or more is defined as a heat wave [37]. The
absolute method of identifying a heat wave in a single grid point is that the maximum
temperature for more than three consecutive days should not be lower than 35 ◦C. The
absolute threshold is defined as:

Tn
i,j ≥ 35 (1)

where Tn
i,j represents the maximum temperature of the nth grid point on the jth calendar

day in year i.

2.2.2. Relative Methods

In this study, three different relative methods were used to calculate the heat waves in
China over the past 60 years. The maximum temperature of a grid for three consecutive



Atmosphere 2023, 14, 544 4 of 18

days and above was not lower than the 90th percentile value of the temperature series [48],
which is named the percentile threshold method (PTM). The anomaly of the daily maximum
temperature at a certain grid for three consecutive days or more was no lower than 5 ◦C [42],
which is named the fixed anomaly threshold method (FATM). The anomaly of the daily
maximum temperature for three or more consecutive days at a grid point is no lower than
two times the standard deviation of the historical temperature series of that day, which is
named the variable anomaly threshold method (VATM).

The use of PTM or FATM to identify heat waves is well documented. The reasons
for using VATM are shown below. The temperature follows the normal distribution and
exists under the 2-sigma principle. The probability of the value distribution in (µ − 2σ,
µ + 2σ) is 0.9544. Therefore, the probability of an anomaly that is greater than two standard
deviations is (1 − 0.9544)/2 = 0.0228 < 0.05, which can be regarded as a small probability
event, in line with the small probability characteristics of heat waves.

Considering the complexity and feasibility of the calculation, the maximum tempera-
ture data on 29 February in a leap year is not used in the calculation of anomaly and the two
times standard deviation of historical temperature series in the relative method. The num-
ber of annual maximum temperature data for each grid point was unified into 365 according
to the total amount of 60 years from 3830 grid points which are 83,877,000 (Figure 1).
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Figure 1. The set in the module highlighted in green is used to calculate the 90th percentile of
the maximum temperature at one grid point. The set in the module highlighted in orange is used
to calculate the anomaly and standard deviation of maximum temperatures at one grid point on
one calendar day. It can be easily understood that we set 3830 different thresholds for PTM and
3830 × 365 = 1,397,950 different thresholds for FATM or VATM.

The first, second, and third relative thresholds are defined as follows, where the
90th percentile represents the function for calculating the 90th percentile. Tn represents
the set of maximum temperatures at the nth grid point for 60 years. The mean represents
the function for calculating the average. Tn

j represents the set maximum temperature at

the nth grid point on the jth calendar day in each year. std is a function for calculating the
standard deviation.

Tn
i,j ≥ 90th percentile{Tn} (2)

Tn
i,j −mean

{
Tn

j

}
≥ 5 (3)

Tn
i,j −mean

{
Tn

j

}
≥ 2× std

{
Tn

j

}
(4)
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2.2.3. Locally Weighted Scatterplot Smoother

A locally weighted scatterplot smoother (LOWESS) was proposed by William [49]. Its
purpose is to predict and smooth. When there are outliers in the coefficient estimates, it is
necessary to ensure valid estimates and eliminate outliers by reasonable means. LOWESS
can handle this easily.

The following demonstrates how LOWESS works. With a point (xi, yi) as the cen-

ter, a data set Ys =

{
[i+ s−1

2 ]
∪

[i− s−1
2 ]

yi

}
of length s is selected forward and backward. The pre-

diction set Ŷs =

{
[i+ s−1

2 ]
∪

[i− s−1
2 ]

ŷi

}
was obtained by weighted polynomial regression for the

s data points. Calculate the central value (xi, ŷc) of the prediction set, which satisfies

ŷc = max{Ŷs} − max{Ŷs}−min{Ŷs}
2 . All the data points are traversed to obtain n central

values, which are connected to form the LOWESS curve.

3. Results
3.1. Analysis of Temperature Change in China from 1961 to 2020

From 1961 to 2020, the mean value of the daily maximum temperature in China was
first stable and then increased significantly from the 1980s, and the standard deviation of
the daily maximum temperature in China first decreased and then remained unchanged.
The turning point of the change in the mean is around 1980, and the turning point of the
change in the standard deviation is around 1990. The rise of the mean value and the decline
of the standard deviation leads to the right shift in the probability distribution function of
the daily maximum temperature and a higher peak value, so the probability of an extremely
high-temperature increase and the probability of low-temperature decreases (Figure 2),
which corresponds to the increasing global warming and the frequent occurrence of heat
waves in recent years.
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Figure 2. Histogram of the mean and standard deviation of the daily maximum temperature series
for all grid points from 1961 to 2021 and its LOWESS trend fitting line. (a) Shows the mean of the
daily maximum temperature series for all grid points from 1961 to 2021, and (b) Shows the standard
deviation of the daily maximum temperature series for all grid points from 1961 to 2021.
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3.2. Analysis of Decadal Variation of Heat Wave Characteristics in China from 1961 to 2020

In this study, the period 1961–2020 was divided into six decades, namely 1961–1970,
1971–1980, 1981–1990, 1991–2000, 2001–2010, and 2011–2020. One decade is a decadal period.

3.2.1. Results Based on Absolute Method

(1) Frequency and Intensity

Figure 3 shows the distribution of the average occurrence times of heat wave years
when screened by the absolute method. In terms of the occurrence region of heat waves,
the common characteristics of the frequency of the heat wave in the six decades are as
follows. The frequency of heat waves in the middle and lower reaches of the Yangtze River,
Jianghuai region, and Xinjiang is significantly more than that in other regions of China.
Northeast China and Inner Mongolia experience heat waves, but less frequently. Tibet and
Qinghai hardly experience heat waves. In terms of spatial and temporal variations in heat
waves, the frequency and spatial range of heat waves in the 1970s decreased compared
with that in the 1960s and then reached the bottom in the 1980s. It began to increase in the
1990s and zoomed in frequency and spatial range after the 21st century.
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Figure 3. Distribution diagram of the average frequency of heat waves in each decade based on the
absolute method.

The same characteristics in the intensity of heat waves over the six decades were that
the duration of heat waves became longer in Xinjiang province and the middle and lower
reaches of the Yangtze River, some heat waves appeared to be more prolonged, heat waves
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occurred sporadically in the Jianghuai region, and the duration of heat waves in Northeast
China and Inner Mongolia was basically less than 10 days (Figure 4).
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Figure 4. Distribution diagram of the average duration of heat waves in decadal period based on
absolute method.

It can be seen from Figures 3 and 5a that the variation trend in the decadal average
frequency of heat waves from 1961 to 2020 decreased first and then increased. The decrease
was obvious for the average frequency of decadal heat waves in the middle and lower
reaches of the Yangtze River and the Jianghuai region during 1971–1980 and 1981–1990.
This also corresponded to the low mean and high standard deviation in Figure 2 from
1971 to 1990. The low mean and high standard deviation reflects the left-leaning and peak
decline of the probability distribution function of the daily maximum temperature, which
leads to a decrease in the probability of occurrence and the average frequency of heat waves
in these two decades. From 1991 to 2000, the average frequency of heat waves began to rise,
especially in the middle and west of Xinjiang province and the middle and lower reaches
of the Jianghuai region. The number of heat waves in the Xinjiang region, Jianghuai region,
and the middle and lower reaches of the Yangtze River increased significantly during
2001–2010 and 2011–2020, exceeding the average number of heat waves during 1961–1970.
Combined with Figures 4 and 5b, the decadal variation trend in the duration of heat waves
first decreased and then increased, which is basically consistent with the decadal variation
trend of the frequency of heat waves. This result is consistent with the fact that the global
climate is warming, glaciers are melting, and sea levels are rising.
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Figure 5. Based on the absolute method, the histogram of occurrence times and duration days of heat
waves at each grid and the fitting line of the LOWESS trend were obtained. (a) Shows the average
occurrence times of heat waves/number of grid points in each year from 1961 to 2021. (b) Shows the
average number of days per grid point of heat waves in each year from 1961 to 2021.

(2) Earliest Date of Appearance and Latest Date of Extinction

According to the analysis of the earliest occurrence date and the latest extinction date
of high-temperature heat waves obtained by the absolute method, the earliest occurrence
time of heat waves was concentrated in June and July, and the latest extinction time was
concentrated in August (Figure 6). The results obtained by the absolute method show that
the occurrence and end of heat waves are concentrated in summer, which indicates that
the absolute method can reasonably present the fact of hot and high temperatures in the
summer for various regions.
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Figure 6. The distribution diagram of the earliest occurrence date and the latest extinction date of
heat waves based on the absolute method. (a) Shows the distribution of the earliest occurrence date
of heat waves in each month for each decade, and (b) Dhows the distribution of the latest extinction
date of heat waves in each month for each decade.
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3.2.2. Results Based on Relative Methods

(1) Frequency and Intensity

Figure 7 depicts the decadal mean frequency distribution of heat waves screened using
PTM (three consecutive days with maximum temperatures at least above the 90th percentile
of the temperature series). Figure 8 depicts the corresponding average decadal duration of
the selected heat waves. According to the results obtained by the relative method, almost
all grid points have more than two times the amount of heat waves, and the duration of
heat waves is more than 12 days, except for the Tibetan Plateau region in the 1960s. The
average frequency and average duration of heat waves in the decadal period decreased first
and then increased. The average frequency and average duration of decadal heat waves
decreased from 1971 to 1980 and 1981 to 1990, began to rise from 1991 to 2000 and increased
significantly from 2001 to 2010 and 2011 to 2020.
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By comparing and analyzing Figures 3 and 7, we found that heat waves screened by
the relative method were significantly more than those screened by the absolute method.
China has a vast territory and huge terrain differences, and different regions have different
fitness to temperature. The absolute method was used to unify high temperatures above
35 ◦C in different regions, and the relative method was used to define the high temperature
in different regions as the 90th percentile of the temperature series in that region. The
absolute method has high efficiency but ignores the tolerance degree of different regions to
high temperatures. The relative method considers the different tolerance degrees of various
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regions to high temperatures, but its efficiency is not as good as that of the relative method.
The two methods have their own choice. Therefore, the absolute method and the relative
method are used in this study to calculate heat waves. Some consistent results are obtained
in the variation trend of the average frequency of high-temperature heat and the average
duration of high-temperature heat in the decadal period. Regardless of the results of the
absolute method or the relative method, the variation trend for the average occurrence
times and average duration days of heat waves decreased from 1971 to 1980 and 1981 to
1990, began to rise from 1991 to 2000, and increased significantly from 2001 to 2010 and
2011 to 2020.
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The decadal average occurrence times for the heat waves obtained are based on FATM
(the anomaly of the maximum temperature on three consecutive days or more is not less
than 5 ◦C), as shown in Figure 9. The characteristics of the decadal average frequency of
heat waves screened by the standard of no less than 5 ◦C show that the frequency of heat
waves in eastern China and northern Xinjiang is more in space. The occurrence frequency
was less in the central and southern regions of Xinjiang, Tibet, and Yunnan. Overall, there
are more heat waves in the east and fewer heat waves in the west. The characteristics
of the decadal average number of heat waves calculated by FATM showed a decrease in
1971–1980 and 1981–1990, a warming in 1991–2000, and a continuous increase in 2001–2010
and 2011–2020.
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Based on FATM to screen out heat waves, the feature of decadal average duration
days in space is that there are relatively more heat waves in the middle and lower reaches
of the Yangtze River area, Inner Mongolia, and northern Xinjiang region. In terms of time,
it shows the characteristics of decreasing first and then increasing significantly. These
characteristics are similar to the results obtained by absolute and other relative methods as
a whole (Figure 10).

Based on VATM (the daily maximum temperature anomaly of three consecutive days
or more is no less than two times the standard deviation of the historical temperature series),
the decadal average frequency of heat waves (Figure 11) is more spatial in western China
but is not distinguished. It is also characterized by first decreasing and then increasing
in time. The characteristics of the decadal average frequency of heat waves obtained by
this relative method are very different from those obtained by other methods in space,
but the characteristics of time are basically the same. The reason for the different spatial
characteristics may be that VATM adopts standard deviation, which measures the degree of
sequence dispersion. If the degree of sequence dispersion is large, the standard deviation
is large; otherwise, the standard deviation is small. According to this standard, the heat
waves in western China, especially in Tibet, can be explained. The annual temperature
fluctuation in Tibet is relatively small, so the whole temperature series is relatively stable,
and the standard deviation is small, so the anomaly can easily meet the screening condition
of more than two times the standard deviation.
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The characteristics of decadal mean duration days of heat waves based on VATM
(Figure 12) are more spatially situated in western China. The heat waves occurring in
1971–1980 and 1981–1990 were less than that during 1961–1970. During 1991–2000, it
began to increase in the Tibet and Qinghai province. From 2001 to 2010 and from 2011
to 2020, the duration of heat waves in Xinjiang, eastern Inner Mongolia, the junction of
Sichuan, Chongqing, and Guizhou, and the coastal areas of Jiangsu, Zhejiang, and Shanghai
became longer.

According to PTM, the increase in heat waves on the decadal time scale is in central
Tibet. According to FATM, heat waves increased in central and western China and the
Jianghuai River basin on a decadal time scale. Using VATM, the regions with increased
heat waves on the decadal time scale were the Tibetan plateau, eastern Inner Mongolia,
and northern Xinjiang.

The difference between the absolute method and the relative method is that the
absolute method had the same definition standard for high-temperature days in differ-
ent regions, while the relative standard had inconsistent definition standards for high-
temperature days in different regions, which led to the possibility of heat waves in any
region based on the relative method. Therefore, the total number of heat waves and the
total days obtained by the relative method were higher than those obtained by the absolute
method. The three relative methods also had the different strictest screening conditions for
heat waves. VATM had the strictest screening conditions for heat waves, followed by the
second, and PTM had the loosest screening conditions. The severity degree corresponds to
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the frequency and duration of high-temperature heat waves; that is, the more stringent the
conditions, the weaker the frequency and intensity of heat waves, and the more relaxed the
conditions, the stronger the frequency and intensity of heat waves.
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(2) Earliest Date of Appearance and Latest Date of Extinction

According to PTM (90th percentile), the earliest occurrence date of the heat waves was
concentrated in June, and the latest extinction date was concentrated in August, which
is similar to the results obtained by the absolute method, and also proves that the 90th
percentile threshold can capture the characteristics of summer high temperatures in each
region (Figure 13). According to FATM (anomaly greater than five), the earliest occurrence
date of heat waves mostly occurred in January, and the latest date of extinction was mostly
in December. This result indicates that the sensitivity of each region to warming in winter
is stronger than that in other seasons (Figure 13). According to VATM (anomaly greater
than two times the standard deviation), the earliest date of occurrence for the heat waves
accounted for a relatively high proportion in the first half of the year, while the latest date
of extinction was relatively scattered. The extinction of heat waves occurred every month,
and the earliest occurrence date showed a stepwise decline on the thermal map. The latest
extinction date shows an upward trend bounded by the lower left and upper right diagonal
line (Figure 13), which corresponds to the phenomenon that the occurrence time of heat
waves is becoming earlier, and the extinction time is progressively later, which reflects the
increase in the duration and intensity of heat waves.



Atmosphere 2023, 14, 544 14 of 18
Atmosphere 2023, 14, x FOR PEER REVIEW 15 of 20 
 

 

 
Figure 12. Distribution diagram of average days of heat waves in decades based on VATM. 

According to PTM, the increase in heat waves on the decadal time scale is in central 
Tibet. According to FATM, heat waves increased in central and western China and the 
Jianghuai River basin on a decadal time scale. Using VATM, the regions with increased 
heat waves on the decadal time scale were the Tibetan plateau, eastern Inner Mongolia, 
and northern Xinjiang. 

The difference between the absolute method and the relative method is that the ab-
solute method had the same definition standard for high-temperature days in different 
regions, while the relative standard had inconsistent definition standards for high-tem-
perature days in different regions, which led to the possibility of heat waves in any region 
based on the relative method. Therefore, the total number of heat waves and the total days 
obtained by the relative method were higher than those obtained by the absolute method. 
The three relative methods also had the different strictest screening conditions for heat 
waves. VATM had the strictest screening conditions for heat waves, followed by the sec-
ond, and PTM had the loosest screening conditions. The severity degree corresponds to 
the frequency and duration of high-temperature heat waves; that is, the more stringent 
the conditions, the weaker the frequency and intensity of heat waves, and the more re-
laxed the conditions, the stronger the frequency and intensity of heat waves. 
(2) Earliest Date of Appearance and Latest Date of Extinction 

According to PTM (90th percentile), the earliest occurrence date of the heat waves 
was concentrated in June, and the latest extinction date was concentrated in August, 

Figure 12. Distribution diagram of average days of heat waves in decades based on VATM.

Atmosphere 2023, 14, x FOR PEER REVIEW 16 of 20 
 

 

which is similar to the results obtained by the absolute method, and also proves that the 
90th percentile threshold can capture the characteristics of summer high temperatures in 
each region (Figure 13). According to FATM (anomaly greater than five), the earliest oc-
currence date of heat waves mostly occurred in January, and the latest date of extinction 
was mostly in December. This result indicates that the sensitivity of each region to warm-
ing in winter is stronger than that in other seasons (Figure 13). According to VATM 
(anomaly greater than two times the standard deviation), the earliest date of occurrence 
for the heat waves accounted for a relatively high proportion in the first half of the year, 
while the latest date of extinction was relatively scattered. The extinction of heat waves 
occurred every month, and the earliest occurrence date showed a stepwise decline on the 
thermal map. The latest extinction date shows an upward trend bounded by the lower left 
and upper right diagonal line (Figure 13), which corresponds to the phenomenon that the 
occurrence time of heat waves is becoming earlier, and the extinction time is progressively 
later, which reflects the increase in the duration and intensity of heat waves. 

 
Figure 13. The distribution of the earliest occurrence date and the latest extinction date of heat waves 
were obtained based on the relative method. (a) and (b), respectively, show the distribution of the 
earliest occurrence date and the latest extinction date of heat waves in each month obtained by PTM. 
(c) and (d), respectively, show the distribution of the earliest occurrence date and the latest extinc-
tion date of heat waves in each month obtained by FATM. (e) and (f), respectively, show the distri-
bution of the earliest occurrence date and the latest extinction date of heat waves in each month 
obtained by VATM. 

4. Conclusions and Discussion 
It is crucial to construct heat wave datasets from multiple angles, analyze the charac-

teristics of heat waves, and derive their evolution characteristics to reduce the harm 
caused by heat waves to a certain extent. In this study, we used one absolute method and 
three relative methods to construct four heat wave datasets, counted four indicators of 

Figure 13. Cont.



Atmosphere 2023, 14, 544 15 of 18

Atmosphere 2023, 14, x FOR PEER REVIEW 16 of 20 
 

 

which is similar to the results obtained by the absolute method, and also proves that the 
90th percentile threshold can capture the characteristics of summer high temperatures in 
each region (Figure 13). According to FATM (anomaly greater than five), the earliest oc-
currence date of heat waves mostly occurred in January, and the latest date of extinction 
was mostly in December. This result indicates that the sensitivity of each region to warm-
ing in winter is stronger than that in other seasons (Figure 13). According to VATM 
(anomaly greater than two times the standard deviation), the earliest date of occurrence 
for the heat waves accounted for a relatively high proportion in the first half of the year, 
while the latest date of extinction was relatively scattered. The extinction of heat waves 
occurred every month, and the earliest occurrence date showed a stepwise decline on the 
thermal map. The latest extinction date shows an upward trend bounded by the lower left 
and upper right diagonal line (Figure 13), which corresponds to the phenomenon that the 
occurrence time of heat waves is becoming earlier, and the extinction time is progressively 
later, which reflects the increase in the duration and intensity of heat waves. 

 
Figure 13. The distribution of the earliest occurrence date and the latest extinction date of heat waves 
were obtained based on the relative method. (a) and (b), respectively, show the distribution of the 
earliest occurrence date and the latest extinction date of heat waves in each month obtained by PTM. 
(c) and (d), respectively, show the distribution of the earliest occurrence date and the latest extinc-
tion date of heat waves in each month obtained by FATM. (e) and (f), respectively, show the distri-
bution of the earliest occurrence date and the latest extinction date of heat waves in each month 
obtained by VATM. 

4. Conclusions and Discussion 
It is crucial to construct heat wave datasets from multiple angles, analyze the charac-

teristics of heat waves, and derive their evolution characteristics to reduce the harm 
caused by heat waves to a certain extent. In this study, we used one absolute method and 
three relative methods to construct four heat wave datasets, counted four indicators of 

Figure 13. The distribution of the earliest occurrence date and the latest extinction date of heat waves
were obtained based on the relative method. (a) and (b), respectively, show the distribution of the
earliest occurrence date and the latest extinction date of heat waves in each month obtained by PTM.
(c) and (d), respectively, show the distribution of the earliest occurrence date and the latest extinction
date of heat waves in each month obtained by FATM. (e) and (f), respectively, show the distribution
of the earliest occurrence date and the latest extinction date of heat waves in each month obtained
by VATM.

4. Conclusions and Discussion

It is crucial to construct heat wave datasets from multiple angles, analyze the char-
acteristics of heat waves, and derive their evolution characteristics to reduce the harm
caused by heat waves to a certain extent. In this study, we used one absolute method and
three relative methods to construct four heat wave datasets, counted four indicators of heat
waves, and obtained the following spatiotemporal evolution characteristics of heat waves.

(1) During 1961–2020, the average daily maximum temperature in China remained
stable from 1961–1980 and continued to rise from 1981 to 2020 with an obvious upward
trend. The decadal average occurrence times and decadal average duration days of the
heat waves obtained by the absolute and relative methods both decreased first and then
increased [28,44,50]. Since the 1990s, the frequency and intensity of heat waves have
increased significantly in response to global warming [26]. The first reason for this is the
warming effect of the unusually strong subtropical high downdraft compression [28], and
the second reason is that urbanization has been increasing since the 1990s [51]. Nonetheless,
the regions of increasing heat waves obtained by different methods were not consistent.
Based on the absolute method, we discovered that heat waves occurred most frequently
both in the middle and lower reaches of the Yangtze river region and the Xinjiang region,
which was consistent with the study by Ding et al. [28]. Based on three relative methods,
we found that vast areas of China suffered from heat waves, which was also discussed by
Li et al. [39] using a 35 ◦C threshold. These thresholds for measuring these heat waves
are almost always at the tail end of the temperature distribution at any grid point on any
calendar day. This conclusion shows that both absolute and relative methods can capture
the evolution processes of heat waves well. The absolute method focuses on temperature
itself, while relative methods focus on some other factors affecting temperature, which may
be one of the reasons for the regional inconsistency of the heat waves increase.

(2) The earliest occurrence date and the latest extinction date of decadal heat waves
obtained by the absolute method and relative methods are different as well. The possible
reason for this is that different methods can give corresponding feedback to different heat
wave characteristics. In this study, the causes of heat waves in different regions are not
clear, and only preliminary inference is made through the similarities and differences of the
evolution process of four statistical indicators of heat waves. The absolute method and PTM
capture summer heat in various areas because of the characteristics of high temperatures.
FATM captures the rule that regions are more sensitive to winter warming than other
seasons. VATM captures the phenomenon of earlier onset and the later extinction of heat
waves in China during 1961–2020.
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In this study, an absolute method and three relative methods were used to screen heat
waves, which was helpful in understanding the details of the characteristic changes in heat
waves in mainland China [28]. Based on the absolute method and PTM, we captured the
characteristics of heat waves that occurred more frequently in summer. Thus, we could
strengthen summer heat wave monitoring and warnings to reduce the number of illnesses
and deaths caused by heat waves. Based on FATM, we captured that the response to
heat waves was greater in winter than in other seasons. Therefore, we could apply FATM
statistical results to winter heat wave warnings. Based on VATM, we obtained results of
increasing frequency and intensity of heat waves. Therefore, we call for urgent measures to
slow the rate of global warming. Four kinds of thresholds could mark different features of
heat waves as above, which might not be described by other researchers. Among the three
relative methods selected in this study, FATM and VATM are rarely seen in other studies.
Meanwhile, for the second and third relative methods, 365 was selected as the sampling
interval to ensure that the temperature information of each calendar day was completely
retained, which is different from other studies.

It is worth mentioning that abnormal atmospheric circulation is an important physical
and meteorological cause of heat waves. The Western Pacific subtropical high is the main
physical and meteorological cause of the heat wave in South China, the middle and lower
reaches of the Yangtze River, and North China. The continuous and steady strengthening
of the Western Pacific subtropical high is a favorable circulation situation to induce heat
waves [52–54]. With a detailed understanding of the characteristics of heat waves, we
will conduct further studies on physicometeorological causes based on snow cover and
SST data.

The absolute threshold and PTM were used when we needed to monitor the high
temperature defined by the thermometer. When we needed to monitor the somatosensory
high temperature, we could utilize FATM and VATM. As mentioned in the introduction,
heat waves affect mortality in summer [38,42]. Using the statistical tables of heat waves
obtained by FATM and VATM, we may be able to further study the relationship between
heat waves and mortality in winter so as to improve the heat wave warning mechanism.
In addition, we can use different heat wave statistical data sets to provide diverse inputs
for heat wave prediction models so as to fully learn the characteristics of heat waves and
achieve accurate prediction. Different methods can provide a multi-dimensional reference
for our next cause analysis and the prediction of heat waves.
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