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ARTICLE INFO ABSTRACT

Keywords: Heatwaves are multi-day periods of extremely high-temperature weather relative to a region's average condi-
Warming slowdown tions and are among the deadliest natural disasters. This study was designed to evaluate changes in the char-
Heatwaves

acteristics of heatwaves during the periods of warming acceleration versus warming slowdown using the mul-
tivariate joint probability distributions of heatwave duration and severity. The results revealed that: (1) From the
warming acceleration period (1961-1997) to the warming slowdown period (1998-2017), the return levels of
heatwave duration increased by < 1.0 d as the return period increased. As the return period lengthened, the
return level of heatwave severity rose as well; (2) The joint occurrence probability of heatwaves with both
variables exceeding the 20-yr, 50-yr, and 100-yr return levels exhibited relative increases of 3%, 8%, and 16%
across China, respectively. There were greater than the joint probability of heatwaves with only 1 variable
exceeding the return levels; (3) The number of heatwaves with both duration and severity exceeding the 50-yr
joint return period increased in China, and this increase was dominated by heatwaves with joint return periods

Joint probability distribution
Joint return period
China

of 50-100 years, leading to a strengthening of heatwave severity.

1. Introduction

Heatwaves are extreme climatic events featuring continuous high-
temperature weather conditions that exert significant negative impacts
on human health, urban air quality, ecological and environmental
conditions. Against the backdrop of global warming, the duration of
extremely hot weather is expected to continue increasing (Baldwin
et al., 2019). For instance, since the deadly heatwaves of 2003 and
2010, Europe has experienced a growing number of hot summers, with
an observed summer temperature increase of 0.81 °C since 2003, a
trend that has overburdened the ecological and public health systems
(Christidis et al., 2014 Teuling, 2018). Consequently, heatwaves have
become the primary indicator used in assessing the impact of climate
change (Jones et al., 2018 Tebaldi and Lobell, 2018 Warshaw, 2018).
Studies have shown that under the conditions of continued global
warming, populations living in developing countries will face a higher

risk of being influenced by heatwaves, public health will be more se-
verely impacted by simultaneously high temperatures and humidity
levels, and humid tropical areas will tend to experience more frequent
heat stress than other regions (Luo and Lau, 2019 Russo et al., 2019
Zhao et al., 2015). By 2100, nearly half the world's population may be
impacted by fatal heatwaves every year (Mora et al., 2017).

There is currently no unified definition of heatwaves. Whether de-
fined by an absolute or relative threshold value, under the combined
effects of global warming and rapid urbanization, heatwaves in most
parts of China have been increasing since the 1990s, especially along
the southeastern coast and in North China (Ding et al., 2009 Luo et al.,
2020 Yang et al., 2018 You et al., 2017). Significant increases in
heatwave frequency, days, and duration were observed in southern
China from 1979 to 2010 (Luo and Lau, 2017). Since the early 1950s,
anthropogenic influences have caused a more than 60-fold increase in
the likelihood of events such as the extremely warm summer of 2013 in
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eastern China, a trend that is projected to continue (Sun et al., 2014).
Urbanization accounts for nearly 30% of the increase in mean and ex-
treme heat stress, and the effects of urbanization are more prominent in
major urban conglomerates such as Beijing-Tianjin-Hebei and the
Yangtze and Pearl river deltas (Luo and Lau, 2018). The rise of the
global average temperature has slowed since 1998 (Fyfe et al., 2016
Medhaug et al., 2017), and the warming trend has also slowed in
northern China, particularly in Northeast China (Sun et al., 2018).
Nonetheless, during the climate-warming slowdown period, it has be-
come hotter in summer but colder in winter in northern China (Li et al.,
2015).

The characteristic indicators of heatwaves are their frequency, se-
verity, and duration. In previous studies on heatwaves, these indicators
have been used as independent variables for analysis (Wehner et al.,
2018), and it was assumed that the marginal distribution function of a
single variable conformed to a certain type. For instance, Wang et al.
(2016) used the generalized extreme value (GEV) model to study the
probability characteristics of extreme temperature in the United States
in January and July, while giving less consideration to the inter-
connection between different variables. Due to its advantage of con-
necting multiple variables subject to any marginal distribution to obtain
a multivariate joint distribution function and effectively describing the
correlation structure between variables, the Copula function has gained
increasing attention in the research fields of the hydrological process,
meteorological drought, and extreme precipitation (Kao and
Govindaraju, 2008 Shiau and Modarres, 2009 Yan, 2006).

Based on Copulas, Jeong et al. (2014) found that the future marginal
values of flood characteristics and the multivariate joint probability of
floods corresponding to longer return periods will be more affected by
anthropogenic climate change than those corresponding to shorter re-
turn periods. Cheng et al. (2016) applied Copulas to analyze the
drought characteristics of California, in different periods. Zhou and Liu
(2018) examined the likelihood of concurrent extreme temperature and
precipitation modes at the interannual scale, including compound cool/
dry and cool/wet events during the cold season, as well as compound
hot/dry and hot/wet events during the warm season using Copulas. In a
study on heatwaves by Mazdiyasni et al. (2019), the Copula was in-
troduced to construct a multivariate curve of severity, duration, and
frequency of heatwaves in 6 cities of the United States, finding that in
Los Angeles, greenhouse gas emissions increased the likelihood of
heatwaves (4 consecutive days with temperatures exceeding 31 °C) by
21%.

The main objective of this study was to evaluate changes in the
characteristics of heatwaves in China from 1961 to 2017. The return
levels of heatwave duration and severity were investigated using con-
ventional univariate analysis, and the joint occurrence probabilities of
heatwave duration and severity based on Copulas were compared
during 2 periods, the warming acceleration period (1961-1997) and the
warming slowdown period (1998-2017). The possible causes of the
differences between these periods were discussed, with the hope of
improving understanding of the variation characteristics of regional
heatwaves and providing useful information for assessing the impact
and risk of heatwaves.

2. Data and study area

The data used in this study were extracted from the daily maximum
temperature observations collected by 769 meteorological stations
across China from 1961 to 2017. The data were qualified and homo-
genized by the China National Meteorological Information Center of the
China Meteorological Administration (CMA). Considering the com-
pleteness and continuity of the historical sequence, we removed the
meteorological stations that failed to measure the daily maximum
temperature for more than 1 month and those which had not detected a
protracted period of high temperatures lasting more than 3 days.
Ultimately, 673 stations were selected, and their distribution is shown
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Fig. 1. Distribution of meteorological stations and boundaries of 8 subregions
in the study area.

Table 1
Coordinates of the subregions.

Subregion Latitude Longitude

15.75-54.75°N
42.25-54.75°N
35.25-42.25°N
27.25-35.25°N
15.75-27.25°N
21.75-35.25°N
26.75-35.25°N
35.25-49.75°N
35.25-42.75°N

70.25-135.25°E
110.25-135.25°E
110.25-129.75°E
107.25-122.75°E
107.25-122.75°E
97.25-107.25°E
77.25-97.25°E
70.25-97.25°E
97.25-110.25°E

All of China (CN)

Northeast China (NEC)

North China (NC)

Jiang-Huai (JH)

South China (SC)

Southwest China (SWC)

Tibetan Plateau (TP)

Western Northwest China (WNC)
Eastern Northwest China (ENC)

in Fig. 1. The meteorological stations are densely distributed in the
eastern monsoon region, with fewer stations unevenly distributed in the
Qinghai-Tibet Plateau and the desert area in southern Xinjiang.

Based on relevant literature, we divided China into 8 subregions
(Table 1) (You et al., 2017): Northeast China (NEC), North China (NC),
Jiang-Huai (JH), South China (SC), Southwest China (SWC), the Ti-
betan Plateau (TB), western Northwest China (WNC), and eastern
Northwest China (ENC). All of China, encompassing the 8 subregions,
was abbreviated as CN.

3. Methods
3.1. Heatwaves

Heatwaves can be defined in terms of either percentiles or fixed
thresholds, employing maximum, minimum, or apparent temperature,
and may be counted based on consecutive days in which conditions are
above the threshold defined (Chen and Zhai, 2017b Perkins and
Alexander, 2013 Perkins et al., 2012). Much attention has been focused
on daytime heatwaves (Li et al., 2019 Luo and Lau, 2017 Mazdiyasni
and AghaKouchak, 2015 Meehl and Tebaldi, 2004 Russo et al., 2015).
In this study, we defined a heatwave as an event during which the daily
maximum temperature T,,,, exceeded the daily relative threshold T, for
at least 3 consecutive days in the 1961-2017 study period.

The daily relative threshold Ty at each station is the 90th percentile
of the daily maximum temperature for a 31-day period, i.e., on a given
day and 15 days before and after this day, from 1961 to 2017.
Moreover, since heatwaves primarily occur in summer, the daily max-
imum temperature on this given day must exceed 25 °C for the defi-
nition of summer days (Tank and Konnen, 2003). The characteristics of
a heatwave can be expressed in terms of duration (D) and severity (S). D
was defined as the number of consecutive days when the daily max-
imum temperature T, exceeded the daily relative threshold Ty
heatwaves have a D of at least 3 consecutive days. A heatwave that is
weak but long is no less influential than a heatwave that is strong but
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short. This is similar to drought, where the definition refers to the
drought severity index (Mirabbasi et al., 2011 Yevjevich, 1967). S de-
notes the cumulative sum of the difference between the daily maximum
temperature and the daily relative threshold over the duration of the
heatwave.

D
S = (Tnax — To)
2 ‘ M

3.2. Copula functions

Referring to a class of functions that link joint distribution functions
with their respective cumulative distribution functions, Copula func-
tions are also known as connection functions(Sklar, 1973). For the
Copula function of 2 variables, assuming Fx(x) and Fy(y) are the cu-
mulative distribution functions of random variables X and Y, respec-
tively, the joint distribution function of X and Y defined by the Copula
function is:

F(x,y) = C(Fx (%), Fy () = C(u,v) (2)

where C(u,v) is a Copula function that connects Fx(x) with Fy(y) to form
a joint distribution of the two.

In order to construct the Copula function of a heatwave, we should
first determine Fp(d) and Fs(s), the respective cumulative distribution
functions of the D and S for the heatwave. Five commonly used cu-
mulative distribution functions, i.e., the y distribution function, the
logarithmic normal distribution function, the normal distribution
function, the Weibull distribution function, and the exponential dis-
tribution function, were selected to fit the distribution of the D and S for
the heatwave. The parameters of each distribution function were ob-
tained using the maximum likelihood estimate, and the Kolmogorov-
Smirnov (KS) method was applied to test the goodness of fit for each
distribution function in order to evaluate whether the empirical dis-
tribution function conformed to the selected theoretical distribution.
The results revealed that among the 673 meteorological stations in
China, 40% of them conformed to a normal distribution in terms of D,
while the stations that conformed to other distributions were relatively
scattered. Meanwhile, 61% of stations featured a logarithmic normal
distribution in terms of S, all of which passed the significance test at the
level of 0.1. Therefore, while constructing the Copula function of the
heatwave, we used the normal cumulative distribution function to fit D
and the logarithmic normal cumulative distribution function to fit S.

In this study, the optimal distribution of heatwaves was determined
by 5 functions, i.e., the Clayton Copula function, the Frank Copula
function, the Gumbel Copula function, the Galambos Copula function,
and the Plackett Copula function. The expressions and parameter
ranges of the above 5 Copula functions are as follows (Table 2):

C(u,v) is a two-dimensional Copula joint function; 6 is a parameter
of the Copula function; there is a clear relationship expression between
the 6 parameter of the common Copula and Kendall rank correlation
coefficient 7; and 7 can be calculated by the following formula:

Table 2
Five Copula functions and their attributes.
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where sign(¢) is a sign function (Mirabbasi et al., 2011).
Based on the Akaike information criterion (AIC) method, the fitting
degrees of various Copula distributions were tested:

AIC = =2InL + 2k 4

where L is the logarithmic sum of the values of the Copula density
function at the original observation data point of the variable, and k is
the sum of the number of related parameters of the Copula function.
The smaller the value of AIC, the higher the fitting degree of the Copula
function.

3.3. Joint occurrence probability

The “or” and “and” joint occurrence probability are the 2 combi-
nations that researchers are most interested in. The cumulative dis-
tribution functions of the D and S of the heatwave were assumed to be
Fp(d) and Fs(s), respectively. Per the definition of the Copula function,
if 1 of the 2 variables of a heatwave exceeds the given threshold, i.e.,
when D > dorS > s, this heatwave belongs to the “or” joint oc-
currence probability (denoted as P;), which is:

P(D>dorS>s)=1- C[Fp(d),Fs(s)] (5)

If the 2 variables of a heatwave simultaneously exceed the given
threshold, i.e., when D > d and S > s, this heatwave features the
“and” joint occurrence probability (denoted as Py), which can be de-
fined as:

P(D>dand S>s)=1- F(d) — F(s) + C[Fp(d),Fs(s)] (6)

In this study, the value of d (or s) is mainly determined by the return
levels of selected return periods (20-yr, 50-yr, and 100-yr). If D or S
exceeds the 20-yr, 50-yr, or 100-yr return level, its respective joint
occurrence probability is either P; 59, Py 50, OF Py 100. If D and S both
exceed the 20-yr, 50-yr, or 100-yr return level, the respective joint
occurrence probability is either Py 59, Py 50, O Py1 100-

3.4. Joint return period

The return periods of a single variable can be calculated by the
following equations:

o N
PT1-R@ @
e N

*T1-E®G) (®)

where Tp and Ts are the return periods of D and S, respectively, and N is

Copula function Copula distribution function C(u,v)

Parameter range

Clayton Cluv) = e 4+ v=o — 1)719 0=0

Frank —Ou—1y(,—Bv—1 0=0
C(u,v) = —lln(l + R

6 01

Gumbel ] v 1P 0=1
C(u,v) = exp(—[(—ln u)/s + (=Inv) 9] )

Galambos o _orlg 6=0
C(u,v) = uve[ (=Inu) Z+(=Inv) ] /

Plackett 11 0=0

Cuv) =55

{1 F O - D@ +v) = [(1+ 6= Du+v))? - 46(8 — l)uv]ll}
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the average interval between heatwaves.
When D > dorS > s, the joint return period was defined as:

ne_ N
1 - ClEp (@), Fs(s)] )
When D > dand S > s, the joint return period was defined as:
Iy = N
1= Fp(d) — Fs(s) + C[Fp(d), Fs ()] (10)

When it comes to the “and” joint occurrence probability, heatwaves
with the 2 variables exceeding the given threshold at the same time
exert the most serious impact. Thus, the “and” joint return period was
thoroughly analyzed in this study.

Changes in the occurrence probability of heatwaves during different
periods were compared based on relative changes.

In order to determine whether temperature increases in China
slowed beginning in the late 1990s, the annual mean maximum tem-
perature (Tyax) anomalies were calculated, with the climatological
mean annual Tyax taken as that of the period 1961-2017. The regional
means were calculated via regional gridding and the area-weighted
averaging method. A Mann-Kendall (MK) test for abrupt changes in
time series was employed (Kendall, 1975 Mann, 1945).

4. Results
4.1. Characteristics of changes in annual Tyax

From 1961 to 2017, the annual Ty;sx anomalies in China exhibited a
significant overall increasing trend (p < .05) of 0.24 °C/decade

(Fig. 2a). For the period 1961-1997, the warming rate of Tyax was
0.12 °C/decade (p < .05), which was half that of 1961-2017. Annual
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Fig. 3. Distribution of average occurrence number of summertime heatwaves in
China from 1961 to 2017.

Tmax did not change significantly from 1998 to 2017, increasing at a
rate of only 0.08 °C/decade. Fig. 2b shows the result of the MK abrupt
change test for the annual Tyax from 1961 to 2017. An intersection
point between the UF and UB curves was detected in 1996 and was
significant at the confidence level of 95%. Before the abrupt change
point, the annual Tyzx Was relatively cool; from the end of the 1990s to
2017, however, the annual Tyax was relatively warm.

Moving trend analysis was performed to further examine the char-
acteristics of change in annual Tyax during different periods (Fig. 2c).
The end year of the time series subjected to the moving trend analysis

Fig. 2. (a) Annual mean time series of Tyax in China during

1.5

a Trends (°C/decade)
1.0F 1961-2017: 0.24 (p<0.05)
05 1961-1997: 0.12 (p<0.05)

1998-2017: 0.08
0.0

-0.5

-1.0

-1.5

1961-2017; (b) Mann-Kendall test for the annual Tyax for the period
1961-2017 in China; (¢) Moving trends of annual Tyax in a varied time
window (the time window progressively narrows from 1961 to 2017 to
2007-2017).

The red dots represent years with significant trends (p < .05).

4
0

4+

Statistical value Temperature anomalies (°C)

1990 2000

Year

_8 1 1 1
1960 1970 1980 2010

2020

Trend (°C/decade)

Temporal window(years)
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was fixed at 2017 while the start year was 1961, after which the start
year of the time window gradually advanced toward the end year, i.e.,
1961-2017, 1962-2017, ..., 2007-2017. The increasing trend of annual
Twmax in China became more pronounced with the narrowing of the time
window until the start year reached 1984, after which the increasing
trend gradually diminished. In particular, the increasing trend has been
the weakest since 1998. It is thus interesting to examine how heatwaves
have changed in China since the start of the warming slowdown in
1998.

Fig. 3 shows the average occurrence number of summertime heat-
waves in China during 1961-2017. Heatwaves occurred most fre-
quently in southern China, with an average of 3-4 times each year in
the southern part of Southwest China and most of South China. The
highest average annual number of heatwaves, i.e., > 4, was found in
the southernmost parts of China. Heatwaves occurred least frequently
in Northeast China, North China, and eastern Northwest China, with an
average of 1-2 times each year. There were average of 2-3 summertime
heatwaves in other parts of China, with the exception of the Qinghai-
Tibet Plateau.

4.2. Different marginal return levels of univariate heatwaves

By calculating the correlation coefficients of D and S for the heat-
waves in China during 1961-2017, we discovered a good correlation
between the D and S values at all stations. Correlation coefficients for
all but 4 stations were found to be significant at the 99% confidence
level. The high correlation between the D and S of heatwaves in China
indicates that the Copula function can be used to construct the joint
distribution of heatwave variables. Therefore, the Copula function was
applied to construct a joint distribution model of the characteristic
variables of heatwaves in China and test the fitting degree of the Copula
distribution of heatwaves detected at various meteorological stations.
The results revealed that the minimum AIC value at 80% of the me-
teorological stations, i.e., 539 stations, corresponded to the Frank
Copula function. This implies the symmetrical joint distribution of the D
and S for heatwaves in China. The distribution characteristics can be
accurately described by the Copula function connected by 2 cumulative
distribution functions, namely the normal distribution function and the
logarithmic normal distribution function.

Based on the definition of the return period, the normal distribution
function and the logarithmic normal distribution function were used to
fit the 20-yr, 50-yr, and 100-yr return levels of the D and S of heatwaves
in China during 3 periods, i.e., 1961-2017, 1961-1997, and
1998-2017.

From the spatial distribution of the variable D of heatwaves with
various return levels in different periods, it was found that the return
level of D gradually increased from north to south, which is basically
consistent with the occurrence number distribution of heatwaves. From
1961 to 2017, the maximum value of the 20-yr return level of D (7-10
d) mainly occurred in Jiang-Huai, South China, and Southwest China.
The minimum value of the 20-yr return level of D (5-7 d) occurred in
most parts of Northeast China, as well as parts of western North China
and Northwest China (Fig. 4a). From 1961 to 1997, the 20-yr return
level of D that was < 7.0 d covered a larger area in Northeast China,
North China, Northwest China, and western Southwest China than
during the other 2 periods, particularly in western Northeast China and
a section of the southwest regions in eastern Northwest China, where
the 20-yr return level of D was < 5.0 d (Fig. 4b). The 20-yr return level
of D decreased 1.0-2.0 d in most parts of China from 1961 to 1997,
although it remained unchanged in Jiang-Huai compared with the en-
tire study period of 1961-2017. During the warming slowdown period,
the 20-yr return level of D that was > 7.0 d covered 53% of the stations
in China, more than the entire period (1961-2017) (45%) and the
warming acceleration period (1961-1997) (33%). West China and
northern North China witnessed a increase in the 20-yr return level of
D, while the 20-yr return level of D decreased by approximately 1.0 d in
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Jiang-Huai and remained almost unchanged in Northeast China
(Fig. 4c).

During the 3 periods, the 50-yr and 100-yr return levels of D were
about 1.0 d longer than the 20-yr return level of D, with the spatial
distribution being basically consistent. There was, however, a differ-
ence of < 1.0 d between the 50-yr and 100-yr return levels of D
(Fig. 4d-i). There was no significant difference between the variable D
of heatwaves with various return levels, which may be related to the
insignificant difference between the historical D values of the heat-
waves at each station.

Throughout the 3 periods, the spatial distributions of D and S for
heatwaves with different return levels tended to be relatively consistent
in most regions, although S varied greatly among the different periods.
For the spatial distribution of the heatwave S with a 20-yr return level
from 1961 to 2017, the minimum 20-yr return level of S (< 20.0 °C)
was found in most of Northwest China, the eastern part of North China,
the southern part of Southwest China, and South China coastal areas,
while the minimum 20-yr return level of S in Jiang-Huai, South China,
and parts of Southwest China was > 25.0 °C (Fig. 5a). From 1961 to
1997, the 20-yr return level of S in most regions of China was < 20.0

°C, with only the S of heatwaves in Jiang-Huai, the northern part of
South China, and the eastern part of Southwest China exceeding
20.0 °C; the minimum 20-yr return level of S (< 10.0 °C) occurred in
Southeast China coastal areas (Fig. 5b). During the period 1998-2017,
the 20-yr return level of S was < 20.0 °C in a few regions, such as North
China and Southeast China coastal areas, while in most other regions it
was > 25.0 °C. Compared with 1961-2017 and 1961-1997, the 20-yr
return level of S in various parts of China during 1998-2017 increased
most noticeably, with the largest increase in Northeast China, followed
by eastern Northwest China and Southwest China (Fig. 5c¢).

During all 3 periods, the 50-yr and 100-yr return levels of S were
higher than the 20-yr return levels of S. From 1998 to 2017, the 20-yr,
50-yr, and 100-yr return levels of S surged more than they did during
the periods 1961-2017 and 1961-1997 (Fig. 5d-i). Based on this ana-
lysis, after 1998—with the exception of Jiang-Huai—the return levels
of D were growing in most regions, thus corresponding to longer return
periods, although the increases were not as significant as those of the
return levels of S.

Fig. 6 shows the probability density distributions of D and S for
heatwaves with various return levels in China during the periods
1961-1997 and 1998-2017. It can be seen from the figure that com-
pared with 1961-1997, the probability density distribution curves of
the return levels of D and S in China during 1998-2017 shifted to the
right, indicating that both the D and S of heatwaves with various return
levels have increased since 1998. From 1961 to 1997, the probability of
the average 20-yr return level of D (7.0 d) was 0.29. From 1998 to
2017, however, the distribution of the 20-yr return level of D became
more concentrated, the number of heatwaves with a longer duration
was higher, and the probability of the average 20-yr return level of D
(7.6 d) was 0.35 (Fig. 5a). The probability density distributions of the D
of heatwaves with 50-yr and 100-yr return levels were quite similar to
that of the 20-yr return level of D. From 1998 to 2017, the average D of
these 2 types of heatwaves increased by 0.5 d, while the return period
of the extreme of duration heatwaves was getting shorter. If the D of
heatwaves increased by 1.0 d, the heatwaves would become more ex-
treme (Fig. 6b, c).

Compared with D, the 20-yr, 50-yr, and 100-yr return levels of S had
relatively low probabilities, but the differences of extremes were
greater for S with different return levels. Compared with the period
1961-1997, the distribution of S was relatively discrete during
1998-2017. The average of S with a 20-yr return level was 21.0 °C
during 1961-1997, and increased by 8.0 °C to 29.0 °C during
1998-2017 (Fig. 6d). The probability density distributions of the S of
heatwaves with 50-yr and 100-yr return levels were similar to that of
the 20-yr return level, but the dispersion degree was greater. The
average S of heatwaves with 50-yr and 100-yr return levels increased by
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10.0 °C and 11.0 °C, respectively, indicating that since 1998, the return
period of the extreme of S shortened more than that of D, and as the
return period expanded, the amplitude of the return level of S increased
as well (Fig. 6e, f).

4.3. Joint occurrence probability distribution of bivariate heatwaves with
different return levels

Based on different return levels of D and S during 1961-1997, i.e.,
20-yr, 50-yr, and 100-yr, the joint occurrence probabilities Piand Py; of
D and S during 1961-1997 and 1998-2017 were calculated, and the
changes of Pjand Pyfrom 1998 to 2017 relative to those of 1961-1997
were compared. Fig. 7 shows the distributions of the changes in P; 59, Py
50, and Py 199 during 1998-2017 relative to those during 1961-1997.
From the figure, it can be seen that P; 59, P; 50, and P; 190 during
1998-2017 were relatively large compared to those during 1961-1997.
The longer the return period, the greater the increase in the amplitude
of P;. Throughout China, P; 5 increased by < 1%, while P; 5o and Py 100
grew by 1% and 2%, respectively. P; 19 in the Qinghai-Tibet Plateau
exhibited the largest relative increase, i.e., 5%, followed by eastern
Northwest China, where P; ;o0 increased by 4%. In contrast, Jiang-Huai
underwent almost no change, and the variation in South China was also
relatively weak. The changes in Northeast China and Southwest China
were relatively consistent, with the increase amplitudes of P; 5o and Py
100 gradually increasing as compared with that of P; 5.

Compared with the period 1961-1997, the changes in Py of heat-
waves in most regions of China were similar to the changes in P; during

the period 1998-2017, although the relative increase in the amplitudes
of Py 5o and Py 1090 Were even larger, and exhibited a region of slight
decrease or no change which was greater than that of P. Py; 59, Py s0,
and Py 190 displayed almost the same positive and negative distribu-
tions of relative changes, and exhibited relative increases of 3%, 8%,
and 16% across all of China, respectively.

In terms of the changes in various regions, the average relative
change of Py 50 in most parts of China, with the exceptions of Jiang-
Huai and South China, was in the range of 4-6%, with no significant
regional differences. The regional differences between Py 59 and Py 100
gradually increased during the warming slowdown period. Moreover, at
some meteorological stations in the Qinghai-Tibet Plateau, eastern
Northwest China, the northern part of Northeast China, and Southwest
China, Py; 50 and Py 10 surged by more than 50%. In eastern Northwest
China and Northeast China, Py 190 increased by an average of ap-
proximately 30%. Meanwhile, Py 50, Py 50, and Py 199 changed very
little in Jiang-Huai and South China (Fig. 8).

A comparison of the relative changes in the joint occurrence prob-
abilities P; and Py; of Chinese heatwaves during the periods 1961-1997
and 1998-2017 revealed that the probability of both heatwave vari-
ables D and S exceeding the threshold during a given return level was
greater than the probability of a single heatwave variable surpassing
the threshold. The joint occurrence probability of a heatwave with both
variables exceeding the 100-yr return level grew by 16% during
1998-2017.
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4.4. Variation in the number of heatwave events exceeding joint return
periods (T) of 20-100 years

Based on the above analysis, Py, i.e., the joint occurrence prob-
ability of bivariate heatwaves, exhibited a larger relative change from
1998 to 2017 than that during the period 1961-1997. Comparing the
number of Ty; > 20-yr, > 50-yr, and > 100-yr across China during the
periods 1961-1997 and 1998-2017 (Fig. 9), we found that the median
number of heatwaves with Ty; > 100-yr during the period 1961-1997
was similar to that of heatwaves with Ty > 50-yr. This implied that
once an extreme heatwave with a return period of more than 20 years
occurred, it was likely to have a return period of more than 100 years
during the period 1961-1997. After 1998, there were more heatwaves
with Ty > 50-yr, and the median numbers of heatwaves with Ty > 20-
yrand > 100-yr were not much different from those during the period
1961-1997, indicating that after 1998, heatwaves with a Ty of
50-100 years contributed more to the increase in the number of ex-
treme heatwaves throughout China.

Based on the changes in the number of heatwave events exceeding
different return periods in various subregions (Fig. 10), although the
average annual number of heatwaves was the highest in South China for
the 1961-2017 study period, the number of heatwaves in Jiang-Huai
that exceeded the joint return period from 20 to 100 years during the
period 1961-1997 was larger than that in other regions. For the heat-
waves with Tj; > 20-yr in eastern Northwest China, the return period
was mostly > 50-yr. After 1998, the number of extreme heatwaves with
return periods ranging from 20 to 100 years fell drastically in Jiang-
Huai, while the number of heatwaves with Ty; of 50-100 years slightly
decreased in South China. As for other regions, the number of heat-
waves with Tjof 20-100 years was greater in the 1998-2017 period

compared to the 1961-2017 period, with the largest increase in am-
plitude found in Northeast China, eastern Northwest China, and the
Qinghai-Tibet Plateau.

5. Discussion and conclusions

In this study, the Copula function was used to connect the duration
and severity of heatwaves in China from 1961 to 2017, and to com-
prehensively evaluate the return levels and joint occurrence probability
changes of univariate and bivariate heatwaves with different return
periods against different climate change backgrounds (i.e., the warming
acceleration period and the warming slowdown period). From the
warming acceleration period (1961-1997) to the warming slowdown
period (1998-2017), the return levels of heatwave duration increased
by < 1.0 d as the return period increased. However, as the return
period lengthened, the return level of heatwave severity rose as well,
and the number of heatwaves exceeding the 50-yr joint return period
increased. Moreover, the increased extreme heatwaves were dominated
by heatwaves with joint return periods of 50-100 years, and as the joint
occurrence probability of heatwaves with both variables exceeding the
100-yr return level grew by 16% across all of China, the heatwave
extremity strengthened.

With the exceptions of Jiang-Huai and South China, all other re-
gions have experienced an increase in the number of heatwaves. Since
the beginning of the 1990s, the decreasing tendency of solar radiation
has either decelerated or reversed in most regions of the world; hence,
this shift has been described as a change from “dimming” to “bright-
ening” (Wild, 2012 Wild et al., 2005). The dimming and brightening
over China were likely due to the increase in absorptive and scattering
aerosols in the atmosphere, respectively (Zhang et al., 2013). Increased
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High results in the anomalous sinking of the airflow and relatively low
‘ 1961-1997 E 1998-2017 humidity, the combined effect of which is likely to increase air tem-
peratures in the lower troposphere of Jiang-Huai and South China
(Chen and Lu, 2015), thus making these areas more prone to heatwaves
than other areas on average. Nevertheless, with the correlation between
the duration and severity of heatwaves being weaker than in other
areas, these 2 regions have proven to be the most sensitive to the cli-
mate-warming slowdown (Chen and Zhai, 2017a). After 1998, the
different return levels of heatwave durations in Jiang-Huai decreased
- compared with previous periods, and the number of extreme heatwaves
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was lower as well, although there was almost no change in South China.
Natural variability and anthropogenic forcing were possible reasons for

the fewer summertime heatwaves in these regions (Wang et al., 2014).
| The recent warming in the tropical Pacific, especially the warming as-

Number of heatwave

o
1

T T T sociated with the tropical inter-decadal to multi-decadal variability
>20y|’ >50yr >1 Ooyr centered over the central and eastern Pacific, could lead to excessive
Retu n pe riOdS Fainfall in eastern China (Li et al:, 2010). The displacement of the.Asian

jet stream toward the equator in summer, as well as changes in the

Fig. 9. Number of heatwave events exceeding different joint return periods in stratospheric temperatures, could also lead to the cooling of surface
China during 1998-2017 and 1961-1997. temperatures in eastern China (Wang et al., 2013 Yu et al., 2004). In
Blue represents the number of heatwaves during 1961-1997 and red denotes addition, the increases in aerosols and cloudiness reduce solar radia-

the number durin.g 1998-2017. The black line in the middle of the box re- tion, causing extra cooling during the day in eastern China (Chen and
presents the median, the upper and lower borders of the box represent the Jeong, 2018 Li et al., 2015 Zhang et al., 2013).

upper and lower quartiles, respectively, the outermost edges connected by the

solid line represent the 95th—5th percentiles, and a black dot denotes an outlier. The eastern Northwest China and the Qinghai-Tibet Plateau have

witnessed increased solar radiation, and the Qinghai-Tibet Plateau was
only slightly affected by climate-warming slowdown (Li et al., 2015 Sun

solar radiation is one of the major factors leading to temperature rise in et al., 2018). After 1998, the heatwaves became more extreme. Snow
summer, which further magnifies climate warming during this season cover on the Qinghai-Tibet Plateau has significantly declined since
(Sun et al., 2019). The transportation of water vapor to the north by 1995, which has contributed to the decrease of soil moisture in spring
southwest monsoon and the expansion of western Pacific Subtropical and summer, and thereby increased the occurrence probability of
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heatwaves (Wu et al., 2012a Wu et al., 2012b). Studies from other re-
gions indicate that insufficient soil moisture will increase the frequency
and duration of high-temperature heatwaves (Hirschi et al., 2010
Mueller and Seneviratne, 2012 Seneviratne et al., 2010).

Strong signals of human activities at different spatial scales can be
detected during the variation of some extreme climate events (Yin and
Sun, 2018). In particular, affected by rapid urbanization, the number of
days with maximum temperatures > 25 °C measured by most meteor-
ological stations in north-central China has significantly surged. The
urbanization effect on the trend of summer days is 0.60-1.5 d/10 yr,
with the largest urbanization contribution to the overall trend reaching
50% during 1961-2008 (Ren and Zhou, 2014). The apparent influence
of urbanization might be one of the important reasons for the increased
return levels of duration and severity of summer heatwaves detected by
most meteorological stations in north-central China since 1998.

Therefore, under the combined effects of natural climate variability
and human activities at various scales, the heatwaves in most parts of
China became increasingly extreme during the warming slowdown
period. In addition, the probability of bivariate heatwaves exceeding
the extreme threshold increased, the duration and severity of heatwaves
in urban areas experienced greater growth, and the risk of heatwaves
rose.
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