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Abstract Based on daily air temperature data from 772 sta-
tions in China, the present study uses absolute index and per-
centile index to investigate the spatial and temporal features of
summer extreme temperature over China during the period
1960-2013. The analysis indicates that Xinjiang and south-
eastern China are two major domains where extreme heat
events frequently occur and that the number of heat day
(NHD) and the frequency of heat wave (FHW) both show
an increasing trend throughout the country except for
Shandong and Henan provinces where a decreasing trend is
identified. Although the two leading empirical orthogonal
function (EOF) modes of the NHD and the FHW based on
the absolute index and percentile index have differences, the
time series of the first principal components (PC1) are consis-
tent; PC1 depicts opposite trends from 1960 to late 1990s and
during the late 1990s to 2013. According to the climatology
and EOF modes, four sub-regions are chosen: Chuanyu,
Huanghuai, Southeast, and Xinjiang area. The inter-decadal
variation over the four sub-regions differs, but the NHD and
the FHW significantly increase after the mid-1990s. Based on
Mann-Kendall method, it is found that the NHD and the FHW
over Chuanyu exhibited abrupt shifts in 1978 and 2000;
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sudden shifts occurred in 1973 and 2000 over Huanghuai;
an abrupt shift occurred over the Southeast area in 2003.

1 Introduction

Extreme temperature is a low-probability event but exerts
great influences on social economy, agricultural production,
people’s lives, and property. In recent years, the extreme tem-
perature has been attracting increasing attentions (Easterling
et al. 2000; Meehl and Tebaldi 2004). For instance, extreme
temperature events happened in Western Europe and Russia,
respectively, in 2003 and 2010 (Luterbacher et al. 2004; Dole
et al. 2011), leading to a serious damage of property. Extreme
weather and climate events occurred frequently over China,
for example, in the summer of 2003, 2006, 2007, and
2013(Yang and Li 2005; Chen and Fan 2007; Chen and Fan
2008; Peng 2014). All of the events caused serious influences
on agriculture, energy, and human health.

The Fourth Assessment Report of the Intergovernmental
Panel on Climate Change indicated that the frequency and
intensity of the most extreme weather and climate events pre-
sented an increasing trend in the twentieth century and may
continue to increase in the twenty-first century (Solomon et al.
2007). The Fifth Assessment Report also analyzed the changes
of extreme events (Hartmann et al. 2013). Under background of
climate change, the intensity, scope, and occurrence frequency
of extreme weather and climate events are likely to change
(Wang et al. 2012; Rummukainen 2013).

Numerous studies show that the frequency of global heat
wave has increased in the second half of the twentieth century
(e.g., Easterling et al. 2000; Alexander et al. 2006). Manton
etal. (2001) and Choi et al. (2009) found that the hot days and
warm nights of most stations over Asia-Pacific region show an
increasing tendency. Using global station-observed data, Frich
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et al. (2002) found that the duration of heat wave over
Southeast China was reduced in the second half of the twen-
tieth century.

Due to the complex terrain and climate of China, the chang-
es of extreme temperature over China exhibit spatial features.
Average surface temperature increased by 1.1 °C over the past
50 years (Ren et al. 2005), resulting in the changes of extreme
temperature events. Former researches indicated that extreme
temperature had a weakening trend over China with even a
decreasing trend in east and south China (Zhai and Ren 1997,
Ren and Zhai 1998; Yan and Yang 2000; Zhai and Pan 2003;
Tang et al. 2005; Zhang and Qian 2008; Zhang et al. 2008).
Recent researches indicated that there is a consistent increas-
ing tendency in China, especially in eastern China (except for
east central China) (Ding et al. 2009; Wang et al. 2012; Zhou
and Ren 2011; Xu et al. 2013; Sun et al. 2014).

In addition to the spatial features, change of extreme tem-
perature exhibits obvious temporal features. Shi et al. (2009)
found that the daily maximum temperature and extreme heat
days over east China had an inter-decadal variation. Sun et al.
(2011) suggested that the frequency of heat wave shows inter-
decadal variability in the past 50 years, with an obvious in-
crease throughout the country since 1990s, especially over
northwest and east China. Qi and Wang (2012) indicated that
extreme heat days exhibit an abrupt shift in the early 1990s
over China.

Different researches show different spatial and temporal
features of summer extreme temperature over China. This is
mainly due to various choices of extreme temperature indices,
target periods, and regions. Continuous extreme temperature
events have great impacts on human society, but former re-
searches focusing on the duration of extreme temperature are
not adequate. The objective of this paper is to provide a com-
prehensive analysis of observed extreme temperature over
China. Thus, we use absolute index and percentile index and
adopt the definition of a heat wave from the former work
(Ding et al. 2009) to analyze the spatial and temporal features
of a heat day and heat wave over China during 1960-2013.

2 Data and methods

The dataset with daily temperature is collected and processed
by the National Meteorological Information Center (NMIC)
of'the China Meteorological Administration (CMA). The tem-
peratures were recorded according to the standard observation
rules for China (CMA. 1979). The observed values are quality
controlled using the NMIC conventional procedures, includ-
ing the climatological limit check, the station or regional ex-
tremes check, the internal consistency check, the temporal and
spatial consistency checks, etc. (Li et al. 2004; Li et al. 2009;
Xu et al. 2013). The target months are June, July, and August
(JJA). In this study, the year with no missing value is judged as
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available. A station with no less than 50 available years during
19602013 is adopted in this analysis. Thus, we select 772
stations over China, and the distribution of 772 weather ob-
servation stations in China is shown in Fig. 1.

Present investigation uses absolute index and percentile
index to characterize the extreme temperatures. CMA defines
extreme temperature as daily maximum temperature more
than 35 °C. Considering the regional differences of extreme
temperature, we use the 90th percentile value of daily maxi-
mum temperature to define extreme temperature simulta-
neously. Daily maximum temperatures during 1960-1989
are ranked in an ascending order and then the 90th percentile
is chosen from the order as the percentile threshold.

The day when daily maximum temperature exceeds the
threshold is defined as a heat day. When the daily maximum
temperature exceeds the threshold for three consecutive days
or more, it is defined as a heat wave event. The present study
emphatically analyzes the spatial and temporal features of the
number of heat day (NHD) and the frequency of heat wave
(FHW). The descriptions of two extreme temperature indices,
heat day and heat wave, are showed in Table 1.

Linear regression, 9-year sliding average, and empirical
orthogonal function (EOF) are used to analyze a long-term
variation of the NHD and the FHW. Student’s 7 test is used
to examine the significance of linear regression. Mann-
Kendall method and 11-year sliding #test are applied to detect
sudden shifts.

3 Results
3.1 Climatology

Figure 2a shows climatology of the NHD based on absolute
index over 772 weather observation stations in China during
1960-2013. The domains with frequent heat days mainly re-
side over Xinjiang, south of the Yangtze river, and Chuanyu
area. The summer-averaged NHD increased gradually from
northwest to southeast. A high-value center of the NHD is
present in Xinjiang, which is due to long sunshine time and
large covering areas of sand. One reason for high value of the
NHD over south of the Yangtze river is the influence of the
western Pacific subtropical high.

Figure 2b shows distribution of 90th percentile values of
daily maximum temperature based on 1960—-1989 over China.
The low-value zones include the Tibetan Plateau, most of the
northeast China, and Yunnan province. High value mainly
located in Xinjiang, Huanghuai basin, and south of the
Yangtze river. Compared with the high value areas of the
NHD (Fig. 2a), distribution of the high value regions of 90th
percentile is more extensive, especially in Huanghuai basin.

Figure 3a shows climatology of the FHW based on abso-
lute index over 772 weather stations in China during 1960—
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Fig. 1 Locations of 772
meteorological stations
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2013. Major domains of the FHW reside over south Xinjiang
and south of the Yangtze river. The FHW increases gradually
from northwest to southeast. Figure 3b is the same as Fig. 3a
but for the FHW based on percentile index. There is only one
high-value center located in the south of the Yangtze river and
low-value areas are observed in Shandong, Henan, and
Yunnan province.

3.2 Long-term variation
3.2.1 EOF

The EOF analysis is applied to investigate the main spatial and
temporal features of the NHD and the FHW of 772 stations
over China during 1960-2013. Figure 4 displays the first two
EOF modes and corresponding principal components for the
NHD based on absolute index. The two modes explain about
38.4 % and 12.5 % of the total variances, respectively.

The first two principal components (PCs) for the NHD
based on absolute index display inter-decadal variations
(Fig. 4c, d). The EOF1 (Fig. 4a) features a positive anomaly
covering northeast China and north of Xinjiang and a negative

Table 1  Descriptions of two indices, heat day and heat wave
Description
Absolute index 35°C

Percentile index 90th percentile value of daily

maximum temperature during

1960-1989

Heat day Daily maximum temperature
exceed threshold

Heat wave Daily maximum temperature exceed

threshold for three consecutive
days or more

anomaly covering most regions of China. The corresponding
PC (Fig. 4c) depicts opposite trends during 1960 to the late
1990s and during late 1990s to 2013. The EOF1 and PCl
indicate that from 1960 to the late 1990s, the NHD increased
over northeast China and north of Xinjiang, while it decreased
over most regions of the China, especially in southeast China;
the trends reversed in these areas during the late 1990s to
2013. The second EOF mode (EOF2, Fig. 4b) features a neg-
ative anomaly in south China and a positive anomaly over
Huanghuai area and west Xinjiang. The corresponding PC
(PC2, Fig. 4d) represents a decadal variation with 10a period.
The EOF2 and PC2 revealed that the NHD increases
(decreases) over Huanghuai area and west Xinjiang (south
China) from the 1960s to 1970s and during the 1990s, and
that the trends reversed in these areas during the 1980s and
2000s.

For the NHD based on percentile index, the first two EOF
modes, are shown in Fig. 5, explain about 30.2 % and 14.7 % of
the total variances. The first EOF mode (EOF1, Fig. 5a) fea-
tures a consistent negative anomaly over China, and the first
principal component (PC1, Fig. 5c) depicts opposite trends
during 1960 to late 1990s and during the late 1990s to 2013.
It indicates that the NHD based on percentile index decreased
over China during 1960 to the late 1990s, especially in the
Yangtze river basin, but increased during the late 1990s to
2013. The second mode (EOF2, Fig. 5b) shows a negative
anomaly over north China (north of 35° N) and a positive
anomaly over south China (south of 35° N). The corresponding
PC (PC2, Fig. 5d) represents the opposite trends between 1960
and 1995 and 1995-2013. Thus, the NHD based on percentile
index decreases in north China (north of 35° N) during 1960 to
1995, but increased in south China (south of 35° N). The trends
reversed in these areas during 1995 to 2013.

The modes and PCs of the FHW based on two indices over
China during 1960-2013 (figures are omitted) are consistent
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Fig. 2 Climatology of the NHD based on absolute index over China Huanghuai region, the red box represents Southeast region; distribution
during 1960-2013 (a), the blue box represents Xinjiang region, the of 90th percentile values of daily maximum temperature during 1960—
green box represents Chuanyu region, the purple box represents 1989 over China (b)

with the results of the NHD. The first two EOF modes explain ~ and an increase during the late 1990s to 2013. The EOF2 and

about 23.9 % and 9.1 % of the total variances for the FHW  corresponding PC2 reveal a decrease in north China (north of

based on absolute index, and 19.6 % and 12.9 % for the FHW 35° N) during 1960 to 1995, but an increase in south China

based on percentile index. (south of 35° N). The trends reversed in these areas during
For the FHW based on absolute index, the EOF1 and PC1 1995 to 2013.

indicate an increase over north of Xinjiang, but a decrease

over most regions of China, especially over southeast China,  3.2.2 Linear trend

from 1960 to late 1990s. The trends reversed in these areas

during the late 1990s to 2013. The EOF2 and PC2 reveal that ~ According to the climatology and EOF modes of the NHD

the FHW increases (decreases) in Huanghuai area and west  and the FHW, four sub-regions are chosen: Xinjiang region

Xinjiang (south China) during the 1960s to 1970s and the late ~ (75-92° E, 35-48° N), Huanghuai region (110-122° E, 30—

1990s. The trends reversed in these areas during 1980s toearly ~ 38° N), Southeast region (110-122° E, 22-30° N), Chuanyu

1990s and 2000s. region (105-110° E, 28-33° N). The scopes of the four sub-
For the FHW based on percentile index, the EOF1 and PC1 regions are depicted in Fig. 2a. The four sub-regions are the

indicate a decrease over China during 1960 to the late 1990s  regions where extreme temperatures frequently occur
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Fig. 3 Climatology of the FHW (frequency/JJA) based on absolute index (a) and percentile index (b)
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Fig.4 The first EOF mode (a) and the second EOF mode (b) of the NHD based on absolute index over China and the first principal components (¢) and

the second principal components (d) during 1960-2013

(including NHD and FHW) and have a significant variation in
the EOF modes. The regional averaged NHD (the stations
where the averaged NHD is less than 1 day had been removed)
and FHW are denoted as regional NHD and regional FHW.

Figure 6a displays the linear trend of the NHD based on
absolute index over China during 1960-2013. The NHD in-
creased in most part of China during 1960-2013, especially
over Xinjiang and south of the Yangtze river, and most of the
stations exceed the 95 % significance level. A decreasing
trend is identified in Henan and Shandong province, but the
change trend is not obvious as the trends at most of the stations
do not exceed the 95 % significance level.

Figure 6b is the same as Fig. 6a but for the NHD
based on percentile index. The NHD increased over
most of China during 1960-2013. Compared with linear
trend of the NHD based on absolute index, the increas-
ing tendency based on percentile index is larger and the
increasing areas are more scattered. A decreasing trend
is also identified in Henan and Shandong provinces;
however, the trends over most of the stations do not
exceed the 95 % significance level.

Linear trends of FHW based on absolute index and percen-
tile index over China during 1960-2013 (figures are omitted)
are the same as those of NHD (Fig. 6). A decreasing trend is
identified in Henan and Shandong provinces, but the trends
over most of the stations do not exceed the 95 % significance
level. The FHW increased during 1960-2013 in most regions,
especially in south of the Yangtze river.

Table 2 shows linear trends of the NHD and FHW based on
absolute index and percentile index in four sub-regions. The
linear trends are more obvious for the NHD and FHW based
on percentile index than based on absolute index. All regions
exceed the 90 % significance level except Huanghuai area.
The most significant linear trend exists in Southeast area,
followed by Chuanyu area and then Xinjiang area. The linear
trends of Southeast and Chuanyu areas are larger than national
average, indicating that the NHD of these regions increased
considerably. Based on the linear trends of the FHW in four
sub-regions, the most significant linear trend appeared in
Southeast area, followed by Xinjiang and Chuanyu areas.

Compared to the linear trend of the NHD and FHW based
on absolute index (Ding et al. 2009), the pattern is almost
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Fig. 5 The first EOF mode (a) and the second EOF mode (b) of the NHD based on percentile index over China and the first principal components (¢)
and the second principal components (d) during 1960-2013
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Fig. 6 Linear trend of the NHD based on absolute index (a) and percentile index (b) during 1960-2013 over China, the plus signs indicate station
exceeds the 95 % significance level

@ Springer



Spatial-temporal features of China extreme temperature

827

Table 2 Linear trends of the

Percentile index

FHW

Absolute index

Percentile index

regional NHD (day/decade) and Regions NHD

FHW (frequency/decade) based ]

on two indices over four Absolute index

sub-regions
National 0.05%*
Chuanyu 0.70%
Huanghuai —0.04
Southeast 1.20%*
Xinjiang 0.59%*

0.14%* 0.07%%* 0.19%%*
1.80%* 0.06 0.15%%*
0.30 —0.001 0.05

1.70%* 0.21%%* 0.25%%*
0.92%* 0.09%* 0.14%*

* represents exceeding the 90 % significance level

** represents exceeding the 95 % significance level

consistent, but the values of linear trend are smaller than the
former research. For the linear trend of the NHD and FHW based
on percentile index, both the pattern and value of the trends are
basically consistent with the former research (Ding et al. 2009;
Zhou and Ren 2011; Wang et al. 2012; Xu et al. 2013).

3.2.3 Inter-decadal variation

We use relative variations of the NHD and FHW every
10 years (the latter decade minus the former decade) to char-
acterize the inter-decadal variation. Figure 7 indicates relative
variations of the NHD based on absolute index every decade
over China during 1961-2010. The changes of the NHD dis-
play obvious east-west characteristics during the 1960s to
1970s. Most stations in east China (east of 105° E) showed a
significant decreasing trend, and an increasing trend is identi-
fied in west China (west of 105° E). From the 1970s to 1980s,
the NHD reduced in north of the Yangtze river and increased
in south of the Yangtze river. The most significant increasing
trend occurred in Southeast China. In contrast, the NHD in-
creased in north of the Yangtze river and decreased in south of
the Yangtze river from the 1980s to 1990s. There is a consis-
tent increasing trend of the NHD throughout the country from
1990s to 2000s, especially in south of the Yangtze river.

The relative variations of the NHD based on percen-
tile index over China during 1961-2010 are showed in
Fig. 8. Compared to the results based on absolute index
(Fig. 7), the differences are located in the Tibetan
Plateau (TP: Xizang, Qinghai) and Northeast China
(NEC: Liaoning, Jilin, Heilongjiang). From the 1960s
to 1970s, the NHD increased in the TP and NEC. The
NHD had a decreasing tendency in the TP and an in-
creasing tendency in the NEC from the 1970s to 1980s.
From the 1980s to 1990s, most stations in the TP
showed an increasing trend and a decreasing trend was
identified in most stations of NEC. There is an increas-
ing trend in the TP and NEC from the 1990s to 2000s.
The relative variations of the NHD based on percentile
index are more significant than those based on absolute
index in the Tibetan Plateau and Northeast China. Inter-

decadal variations of the NHD in north China and TP
regions are obvious based on percentile index.

Relative variations of the FHW based on absolute
index and percentile index over China (figures are omit-
ted) are consistent with the NHD, respectively (Figs. 7
and 8) during 1960-2013. Most stations in east China
(east of 105° E) show a significant decreasing trend and
an increasing trend is identified in west China (west of
105° E) from the 1960s to 1970s. From the 1970s to
1980s, the FHW reduced over north of the Yangtze
river and increased over south of the Yangtze river.
The most significant increasing trend occurred over
Southeast China. In contrast, the FHW increased in
north China and decreased in south China from the
1980s to 1990s. There is a consistent increasing trend
of the FHW throughout the country from the 1990s to
2000s, especially in south of the Yangtze river.
Therefore, the FHW has significant inter-decadal varia-
tion and regional characteristics.

We analyze the changes and inter-decadal variability
of the four sub-regions through a 9-year sliding average.
From the changes of regional NHD based on absolute
index for four sub-regions during 1960-2013 (Fig. 9), it
is found that all the four sub-regions exhibit inter-
decadal variation. Figure 9a indicates that the NHD
over Chuanyu area during 1960-2013 exhibits a varia-
tion of “increase-decrease-increase,” and the NHD
decreased dramatically in the 1980s and then increased
since the end of 1980s. The linear regression coefficient
of the NHD over Huanghuai area was —0.04d/decade,
which showed a slight reduction during 1960-2013. It
can be concluded that the NHD reduced from the 1960s
to 1980s and increased since 1990s over Huanghuai
area (Fig. 9b). There is a tendency of “decrease-increase”
in Southeast area (Fig. 9¢). The NHD show a slight decreasing
trend from the 1970s to 1990s and an increasing trend after the
late 1990s, especially since 2000. Figure 9d indicates that the
NHD displays a variation of “increase-decrease-increase”
over Xinjiang (slight increase from the 1960s to 1980s,
decrease during the 1980s to the late 1990s, and increases after
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Fig. 7 Decadal variations of the summer averaged NHD based on
absolute index during 1961-2010 over China. Difference of average
NHD between 1971-1980 and 1961-1970 (a), between 1981-1990 and

the end of the 1990s). Changes of regional averaged NHD
based on percentile index for sub-regions during 19612013
(figures are omitted) are consistent with those based on abso-
lute index (Fig. 9).

Changes of regional averaged FHW based on abso-
lute index and percentile index for four sub-regions dur-
ing 1960-2013 (figures are omitted) are consistent with
those based on the NHD (Fig. 9). The FHW of the four
sub-regions increased rapidly since 1990s. It is found
that all of the four sub-regions have the significant
inter-decadal variation.

The results of trend and inter-decadal variation of the
regional-averaged NHD and FHW are compared with the
EOF modes. It is found that the linear trends for the
sub-regions are basically consistent with the features of
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EOF1 mode. Inter-decadal variations for the sub-regions are
generally in accord with the results of EOF2 mode.

3.2.4 Abrupt shifts

Although the NHD and the FHW of the four sub-regions ex-
hibit obvious inter-decadal variation, the abrupt shift is not
clear. The Mann-Kendall method and 11-year sliding #test
are used to examine whether the four regional NHD and
FHW exhibited sudden shifts during 1960-2013.
Mann-Kendall statistic curves of the regional NHD
based on absolute index for four sub-regions during
1960-2013 are displayed in Fig. 10. The intersection
points appeared in 1978 and 2000 over Chuanyu area
(Fig. 10a), indicating that there were two sudden shifts
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Fig. 8 Decadal variations of the summer averaged NHD based on
percentile index during 1961-2010 over China. Difference of average
NHD between 1971-1980 and 1961-1970 (a), between 1981-1990 and

(1978 and 2000) of regional NHD in recent 54 years.
Figure 10b shows that abrupt shifts in Huanghuai area
basically coincided with Chuanyu area, with sudden
shifts in 1973 and 2000. Based on the results of
Mann-Kendall method, it is found that a sudden shift
of the regional NHD occurred in 2003 over Southeast
area (Fig. 10c). However, no abrupt shift of the regional
NHD in Xinjiang area is found in the recent 54 years
(Fig. 10d).

Mann-Kendall statistic curves of the NHD based on
percentile index for sub-regions during 1960-2013 (fig-
ures are omitted) are consistent with the curves based
on absolute index (Fig. 10). Table 3 shows the years of
abrupt shifts of the regional NHD and FHW based on
absolute index and percentile index over the four sub-
regions during 1960-2013. It is found that the years of

90E
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1971-1980 (b), between 1991-2000 and 1981-1990 (c), between 2001
2010 and 1991-2000 (d)

abrupt shifts of the regional NHD based on percentile
index are 2-3 years earlier compared with those of the
NHD based on absolute index.

The abrupt shifts of the regional FHW based on absolute
index and percentile index during 1960-2013 (figures are
omitted) are similar to those of the NHD. When the
regional FHW is investigated based on absolute index,
the two sudden shifts appeared in 1978 and 2000 over
Chuanyu area in recent 54 years; abrupt shifts occurred
over Huanghuai area in 1973 and 2000; one sudden
shift occurred in 2000 over Southeast area; no abrupt
shift of regional FHW is found over Xinjiang area in
recent 54 years. Table 3 also indicated that the years of
abrupt shifts of the regional FHW based on percentile
index are 2-3 years earlier compared with those results
based on absolute index.
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Fig. 9 Changes of the regional NHD based on absolute index during red dashed line depicts binomial 9a sliding average of regional NHD; the
1960-2013 for Chuanyu (a), Huanghuai (b), Southeast (¢), and black dotted line depicts a linear trend; the black solid line depicts the
Xinjiang (d). The blue solid line depicts the number of heat days; the average of regional NHD during 1960-2013

In addition, the 11-year sliding #-tests are performed on the ~ over the four sub-regions; the results are consistent with those
above variation of the regional NHD and the regional FHW  based on the Mann-Kendall method.
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Fig. 10 Mann-Kendall statistic curves of the regional NHD based on absolute index for Chuanyu (a), Huanghuai (b), Southeast (c), and Xinjiang (d)
during 19602013 (the blue line depicts UF, the red line depicts UB, the two black lines are the significance level of 0.05)
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Table 3 Years of abrupt shifts of

the regional NHD and FHW Regions NHD

based on two indices over four

sub-regions during 1960-2013 Absolute index

Percentile index

FHW

Absolute index

Percentile index

Chuanyu 1978, 2000
Huanghuai 1973, 2000
Southeast 2003
Xinjiang -

2000 1978, 2000 1976, 2000
1973, 1998 1973, 2000 1973, 1997
1999 2000 1999

4 Discussion

In order to investigate the relationship between the two indi-
ces, we calculate the correlation coefficients over each station
between the absolute index and the percentile index for the
NHD and the FHW during 1960-2013. The national averaged
coefficients over China are 0.76 and 0.58, respectively, both
exceeding the 95 % significance level. Differences between
the two indices for the NHD and the FHW mainly existed in
west and north China. Because daily maximum temperatures
over west and north China are generally below 35 °C, the
quantitative values of the NHD and the FHW are tiny when
the threshold is 35 °C. If using the percentile index, the spatial
and temporal features for the NHD and the FHW are well
displayed. Therefore, the percentile index is more reasonable
than absolute index over China.

To demonstrate the relationship between the NHD and the
FHW, we calculate the correlation coefficients over each sta-
tion between the NHD and the FHW for the absolute index
and the percentile index during 1960-2013. The national av-
eraged coefficients over China are 0.77 and 0.78, respectively,
exceeding the 95 % significance level, indicating that the
NHD and the FHW are well associated. The results of the
EOF analysis show that the explained variance of the FHW
is smaller than the NHD, indicating that the spatial and tem-
poral features of the FHW are more complicated. Heat wave as
a continuous extreme temperature event, the occurrence
mechanism, and sustaining mechanism are complicated.

Comparing with recent researches which focus on clima-
tology and tendency of a hot day and heat wave (Ding et al.
2009; Zhou and Ren 2011; Xu et al. 2013), our results are
generally consistent with the researches. For the decadal var-
iations of NHD based on the two indices (Figs. 7 and 8), the
conclusions found in our manuscript are consistent with for-
mer researches (Shi et al. 2009; Sun et al. 2011). Our results
are more comprehensive because the updated temperature da-
ta from more stations and length are used. Qi and Wang (2012)
found that extreme heat days exhibit an abrupt shift in the
early 1990s for the average of whole China, but our manu-
script indicated that abrupt shifts occurred in 1970s and
around 2000 for the four sub-regions; the differences may be
attributed to updated dataset and significant regional
characteristic.

Under the background of global warming, the cooling trend
is identified in east-central China. From the decadal variations
(Figs. 7 and 8) and the changes of regional NHD for
Huanghuai area (Fig. 9b), we found that the cooling trend in
east-central mainly occurred before 1990. The possible mech-
anisms for this unexpectedly cooling trend include two major
aspects. One possible reason is the increasing of atmospheric
aerosols. Most aerosols reflect sunlight to space and have a
global cooling effect (Penner et al. 2004). Therefore, it may
contribute to a decreasing tendency of extreme temperature.
Yu et al. (2004) and Yu and Zhou (2007) indicated that the
cooling trend in central China may be connected to strato-
spheric temperature changes and involves interaction between
the troposphere and stratosphere. Model simulations sug-
gested a significant contribution by sulfate aerosols to the
cooling, which induces a positive gradient of air temperature
in the middle-upper troposphere and an enhanced East Asian
summer monsoon, leading to more clouds over central China
(Li et al. 2007).

Present investigation found that under global warming, the
NHD and the FHW exhibit significant inter-decadal variation
with obvious regional features. There are numerous factors
responsible for the spatial and temporal features of extreme
temperature events, such as atmospheric circulation, sea-air
interaction, and land surface. Further studies are needed to
explore the mechanism of the spatial and temporal features
of extreme temperature events.

5 Summary

Based on daily air temperature data from 772 stations over
China, present study adopts absolute index and percentile in-
dex to investigate the spatial and temporal features of summer
extreme temperature over China during the period of 1960—
2013. Xinjiang and southeastern China are two major domains
where heat days and heat waves frequently occur. The NHD
and the FHW have a consistent increasing trend throughout
the country except for Shandong and Henan provinces where
a decreasing trend is identified. Compared with the trend of
the NHD and the FHW based on absolute index, there is a
larger tendency of increasing for the NHD and the FHW based
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on percentile index and the distribution of great increasing
areas are more scattered with strong regional characteristics.

For the NHD and the FHW based on absolute index, the
most significant feature, revealed by EOF1 and PC1, is that
the NHD and the FHW decreased over south China during
1960 to late 1990s and increases during the late 1990s to 2013.
The EOF2 and PC2 display a decadal variability with 10a
period, indicating an opposite anomaly between Huanghuai
area and south China. For the NHD and the FHW based on
percentile index, the most prominent feature revealed by
EOF1 and PCI1 is a uniform variation over China, with a
decrease over China during 1960 to late 1990s, and an in-
crease during the late 1990s to 2013. EOF2 and PC2 reveal
that the NHD and the FHW decreased in north China during
1960 to 1995, but increased in south China; the trends re-
versed in these areas during 1995 to 2013.

Both the NHD and the FHW display significant inter-
decadal variations over China. Although the changes for four
regions (Xinjiang, Huanghuai, Chuanyu, and Southeast)
displayed differences, the NHD and the FHW for all regions
increased significantly after mid-1990s. Based on the Mann-
Kendall method and 11-year sliding ¢ test, Chuanyu had
abrupt shifts in 1978 and 2000; Huanghuai had sudden shifts
in 1973 and 2000; southeast China had an abrupt shift in the
late 1990s; Xinjiang had no sudden shift during 1960-2013.
The years of abrupt shifts of the regional NHD and the region-
al FHW based on percentile index are generally 2-3 years
earlier compared with those based on absolute index.
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