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Abstract
Extreme climatic events have become a global concern. Understanding
changes in these events is essential to support efforts to reduce their impacts.
We investigated the spatial and temporal variation of 15 temperature and
11 precipitation extremal indices based on daily observations from 1960 to
2016 at 794 meteorological stations in mainland China. The regionally averaged temperature index trends were consistent with global warming. An
abrupt change in the trends for warmth-related indices mainly occurred from
1990 to 2000, and the year with an abrupt change for cold-related indices
appeared earlier (mainly around 1990). The numbers of warm days, warm
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nights, summer days, and tropical nights increased significantly. In contrast,
the numbers of cool days, cool nights, ice days, and frost days decreased significantly. The coldest night temperature had a strong and significant warming
trend (0.4 Cdecade−1), whereas the number of frost days showed the fastest
decrease (2.6 daysdecade−1). The warmth and extremal indices decreased significantly with increasing latitude, whereas warming trends increased significantly with increasing longitude, and the warmth indices and extremal daily
indices decreased with increasing elevation. The number of consecutive wet
days decreased fastest, at 0.09 daysdecade−1, and the daily intensity index
increased fastest, at 0.09 mmday−1 per decade. The extreme precipitation
events decreased significantly with increasing latitude, but increased with
increasing longitude. Large-scale atmospheric circulation indices (the Arctic
Oscillation and the Western Pacific Subtropical High Intensity and Area indices) and the Western Ridge Point strongly influenced the warm and cold
extremes and contributed significantly to climate change in mainland China.
The Western Ridge Point and Subtropical High Area were the dominant
drivers of extreme temperature and precipitation events, respectively, in mainland China.
KEYWORDS
atmospheric circulation, extreme climatic events, precipitation, subtropical high, temperature
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1 | INTRODUCTION
Global climate change is no longer disputed, and the Fifth
Assessment Report (AR5) of the Intergovernmental Panel
on Climate Change (IPCC) reported that the global average
surface temperature increased by 0.85 C from 1880 to 2012
(IPCC, 2013). Global temperatures in 2016 were 1.2 C
above preindustrial levels according to an assessment by
the World Meteorological Organization (WMO, 2016).
Although these averages are important, climate change also
affects the magnitude and frequency of extreme weather
and extreme climatic events such as heat waves, storms,
hailstorms, tornadoes, and hurricanes. These changes have
greatly affected agriculture, energy consumption, ecosystems, and human health around the world (IPCC, 2013).
In recent years, extreme summer heat waves have
occurred frequently, including in Europe in 2003
(Luterbacher, 2004), Southern Europe in 2007 (Founda and
Giannakopoulos, 2009), Australia's Victoria State in 2009
(Karoly, 2009), Western Russia in 2010 (Barriopedro
et al., 2011), and North America in 2011 (Coumou and
Rahmstorf, 2012). Warming increases evaporation from the
soil surface, thereby drying the surface soil and increasing
the intensity and duration of drought (Trenberth, 2011;
Mazdiyasni and AghaKouchak, 2015). Extensive droughts
occurred in the central and northern United States in 2012
(Hoerling et al., 2014) and 2017 (Gerken et al., 2018), southern China in 2013 (Yuan et al., 2015), and southern Africa
in 2015 (Yuan et al., 2018). Widespread drought threatens
water and food security, environmental sustainability, and
even human life (Hoerling et al., 2014), and may cause heat
waves or wildfires that trigger compound extreme events
(Mueller and Seneviratne, 2012; Zscheischler et al., 2018),
such as the catastrophic 2019 wildfires in southeastern
Australia.
During this same period, warming has also increased
the atmosphere's water vapour content because the air's
water holding capacity increases by 7% for each 1 C
increase, thereby producing more intense precipitation
(Trenberth, 2011). Record rainfall has been recorded in
many regions, including Central Europe in 2002 (Becker
and Grünewald, 2003), the South Atlantic in 2004 (Pezza
and Simmonds, 2005), Pakistan in 2010 (Webster et al.,
2011), and the northeastern United States, Western Europe,
Japan, and Korea in 2011 (WMO, 2011). Extreme precipitation events cause uneven distribution of precipitation, leading to extreme hydrological events such as floods or
droughts, which significantly affect a region's economy and
residents, especially in developing countries where income
and survival depend mainly on agriculture (Zhang
et al., 2005).
Furthermore, compared with gradual changes in the
mean climate, extreme weather or climate events appear to
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be more sensitive to global climate change, and have
greater potential to cause disastrous impacts on a region's
economy and residents, as well as on its ecological environment (Meehl et al., 2000; IPCC, 2014). To support efforts to
mitigate the consequences of these changes, it is necessary
to understand their spatial and temporal trends so that governments can predict future changes in the extremes. Thus,
studies to detect changes in climate extremes have received
widespread attention around the world. At a global scale,
the studies of climate extremes by Groisman et al. (1999)
and Frich et al. (2002) lacked sufficient data on Central and
South America, Africa, and southern Asia, leading to large
uncertainty in their findings. Kiktev et al. (2003) analysed
six climate extremal indices based on updates of Frich
et al.'s (2002) dataset, but the spatial coverage of meteorological data sites was still poor. Subsequent studies such as
Alexander et al. (2006) found that more than 70% of the
global land area exhibited a significant increase in the
number of warm nights and a significant decrease in the
number of cold nights from 1951 to 2003.
Because changes in climate extremes differ among
regions, studies of these changes were conducted on a
large scale in different regions, including Europe (Klein
Tank and Können, 2003), Central and South America
(Aguilar et al., 2005), the Asia-Pacific region (Griffiths
et al., 2005), and Africa (New et al., 2006; Gbode
et al., 2019). Almost all results showed that widespread
changes in temperature extremes were closely linked
with global warming, and that precipitation extremes
exhibited higher spatial variability than temperature
extremes.
In China, warmth indices, including the numbers of
warm days, warm nights, and summer days, have generally increased, whereas cold indices, including the numbers of frost days, cold days, and cold nights, have
generally decreased in frequency and intensity, with varying magnitudes of change across China's diverse regions
(Li et al., 2011; Zhen and Li, 2014; Guan et al., 2015;
Zhong et al., 2017). The numbers of extreme precipitation
events have increased in southern, southwestern, and
northern China, but have decreased in central, northwestern, and northeastern China (Ning et al., 2012; Lu
et al., 2014; Li et al., 2015; Sun et al., 2016). However, these
studies were limited by their reliance on relatively few
meteorological stations and an insufficient study period.
In the IPCC Assessment Report (Houghton et al., 2001),
China was described as a data-sparse area that limited the
ability to describe global trends in precipitation from 1976
to 1999. Thus, it has become increasingly necessary to provide a more thorough account of changes in extreme temperature and precipitation in China and cover a longer
period, especially to provide an update on the changes that
have occurred since 1999.
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Based on this context, the main objectives of the present study were to (a) detect trends in indices for
extremes in daily temperature and precipitation throughout China from 1960 to 2016, (b) explore the spatial variation in extreme temperature and precipitation events
(with respect to latitude, longitude, and elevation), and
(c) identify relationships between these dynamic changes
in the extreme climate indices and global atmospheric
circulation patterns.

2 | DEFINITIONS A ND METHODS
2.1 | Data
We obtained quality-controlled data, including daily
maximum temperature (TX), minimum temperature
(TN), and daily precipitation (PRCP) from 839 meteorological stations distributed throughout China (Figure 1),
with data obtained from the National Climate Center of
the China Meteorological Administration (http://data.
cma.cn). The quality and completeness of the dataset
have significantly improved as a result of strict quality
control, and we selected a total of 794 sites that had
<10% missing data for the period from 1960 to 2016.
However, for the present study, it is worth noting that as
shown in Figure 1, the results of extreme climate change
are not representative in parts of the Southwest and
Northwest due to the sparsely distributed meteorological
stations.

F I G U R E 1 Study area and the
distribution of the 794 Chinese
meteorological stations used in the
present study. The study area was
divided into six regions: northwest,
north, northeast, southwest, south
central, and east
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Because the climate extreme indices differ among stations, instruments, and data collection procedures
(Haylock et al., 2006), we performed further quality control before calculating the extremal indices. For quality
control, we (a) replaced all missing values (originally
coded as −99.9) with an internal format recognized by
the R statistical software (i.e., NA, for not available), and
(b) replaced all unreasonable values with NA. Examples
of unreasonable data include a daily minimum temperature that was higher than the daily maximum temperature and a daily rainfall that was <0 mm. In addition, we
identified outliers in daily maximum and minimum temperatures, which we defined as daily values that lay outside a range defined as n times the standard deviation
(STD) of the value for that day; that is, we included only
values in the range (mean − 3 STD, mean + 3 STD).
To detect artificial multiple change points (shifts) in a
data series, we conducted homogeneity assessments for
the recorded daily temperature and precipitation data
from 1960 to 2016. We used version 4 of the RHtests software developed by Wang and Feng at the Climate
Research Branch of the Meteorological Service of Canada
(http://etccdi.pacificclimate.org/software.shtml) to detect
and adjust first-order autoregressive errors caused by
shifts. The RHtests package was applied using the penalized maximal t test (Wang et al., 2007) and the penalized
maximal F test (Wang, 2008b), which are embedded in a
recursive testing algorithm that accounts empirically for
a lag −1 autocorrelation (if any) in the time series
(Wang, 2008a).
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2.2 | Definitions
To facilitate monitoring and analysis of changes in the
intensity, frequency, and duration of the extreme temperature and precipitation events in different parts of
the world, the Expert Team on Climate Change Detection and Indices (http://cccma.seos.uvic.ca/ETCCDI/),
led by the World Meteorological Organization, defined
a core suite of 26 extreme climate indices (15 temperature and 11 precipitation indices; Table S1), as well as
related software for their calculation (Powell and
Keim, 2015). These climate indices were also recommended by the Climate Change and Predictability
Program's Climate Change Detection group, the Global
Climate Research Program, and the Climate Commission of the World Meteorological Organization (Wang
et al., 2018). During the last several years, these indices
have been widely applied throughout the world (Klein
Tank and Können, 2003; Aguilar et al., 2005; Dos Santos et al., 2011; Croitoru et al., 2013; Insaf et al., 2013;
Guan et al., 2015; Filahi et al., 2016; Sun et al., 2016;
Supari et al., 2016; Gbode et al., 2019). The specific definitions of the 26 climate indices and their development
are described by Alexander et al. (2006), Klein Tank
et al. (2009), and Donat et al. (2013), and on the relevant Web site (http://www.climdex.org). The temperature indices comprise 7 cold-related indices and
8 warmth-related indices, and these indices can be further grouped according to their method of calculation
as 4 percentile, 4 threshold, 4 extremal indices, and
3 duration indices. The precipitation indices comprise
1 dry index and 10 wet indices, which can be grouped
into 2 percentile, 3 threshold, 2 duration, 2 extremal,
and 2 other indices (Powell and Keim, 2015).

2.3 | Atmospheric circulation patterns
To analyse the influence of the main atmospheric circulation types on temperature and precipitation extremes in
mainland China, we calculated Pearson's r for the relationships between the climate extreme indices and the following atmospheric circulation indices: the Arctic
Oscillation (AO), North Atlantic Oscillation (NAO), Southern Oscillation Index (SOI), and Pacific Decadal Oscillation (PDO). We obtained this data from the National
Oceanic and Atmospheric Administration (http://www.
esrl.noaa.gov/psd/data/climateindices/list/). In addition,
we selected four components of the West Pacific Subtropical High Index (WPSHI): the Subtropical High Intensity
(SHI) index, Subtropical High Area (SHA) index, Subtropical High Western Ridge Point (SHW) index, and Subtropical High Ridge Line (SHR) index. We obtained this data
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from the Climate Diagnostics and Prediction Division,
National Climate Center, China Meteorological Administration (http://cmdp.ncc-cma.net/Monitoring/). SHI and
SHA represent the intensity and area of the West Pacific
Subtropical High, respectively, whereas SHW and SHR
represent the position and direction of the Western Ridge
Point and Ridge Line. When SHW increases, this means
that the Western Ridge Point is located more towards the
east, and when SHW increases, this means that the Ridge
Line of the WPSHI is located more towards the north.

2.4 | Statistical analysis
We used least-squares linear regression to calculate the
slopes of the trends for the climate indices from 1960 to
2016. We used the Mann–Kendall test (Kendall, 1990) to
detect significant trends and abrupt changes for climate
extreme indices; this nonparametric trend test is suitable
for data that may not be normally distributed, and is less
sensitive to the effects of outliers (Tabari et al., 2011). This
method has been widely used to analyse time series to
detect trends in meteorological and hydrological data
(Viola et al., 2014; Sun et al., 2016; Supari et al., 2016;
Zhong et al., 2017). We used the Z statistic to judge the
direction of the trends and their significance; Z > 0 represents an increasing trend, whereas Z < 0 represents a
decreasing trend. When the absolute value of Z is greater
than or equal to 1.96, 2.58, and 3.30, the trend is significant
at p < .05, .01, and .001, respectively (Hamed and
Rao, 1998). We used ordinary kriging interpolation in version 10.3 of the ArcMap software (http://www.esri.com) to
define the spatial pattern of trends in the climate indices.
We used Pearson's correlation coefficient (r) to detect significant relationships among the extremal variables and
between extreme climate events and atmospheric circulation patterns. Furthermore, we used a constrained ordination method (redundancy analysis, RDA) to assess the
influence of the atmospheric circulation patterns on climate extremes, and produced the ordinations using version
5.0 of the Canoco software (http://www.canoco5.com/).

3 | RESULTS
3.1 | Nationwide trends for the
temperature and precipitation extremal
indices
During the study period from 1960 to 2016, the majority of
stations showed decreases for the cold temperature indices
(Figure 2): the numbers of cool days (TX10p), cool nights
(TN10p), ice days (ID), and frost days (FD) decreased at
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F I G U R E 2 Proportions of the
meteorological stations in China
that showed increases or decreases
in the extremal climate indices from
1960 to 2016. Black portions of the
bar represent stations at which the
trend was statistically significant at
p < .05. The descriptions of the
indices and proportions of stations
with positive or negative trends are
shown in Table S1, respectively

T A B L E 1 Results of the abrupt
change in extreme climate events
during 1960 to 2016 in mainland China

Before abrupt change
Indices

K

TX10p

−0.18

TX90p

0.08

After abrupt change
Abrupt year

K

12.55

1992

−0.03

10.73

11.46

2000

0.60

14.10

Mean

Mean

TN90p

0.28

11.07

1992

0.65

14.60

TN10p

−0.51

14.32

1986

−0.43

10.56

SU

0.73

115.99

2001

0.31

125.24

TR

0.82

56.95

1999

2.15

63.88

FD

−1.30

101.11

1993

−2.36

92.63

ID

−0.16

33.70

1988

0.13

29.91

DTR

−0.30

10.95

1975

−0.07

10.53

0.17

10.17

2008

3.04

12.18

TXx

0.05

24.47

2000

0.17

25.21

TXn

−0.02

9.58

1993

0.10

10.22

TNx

0.10

12.78

1995

0.35

13.69

TNn

0.23

0.22

1990

0.27

1.38

WSDI

Note: Indices are defined in Table S1. The K value represents the change trend before or after
the year with the abrupt change (calculated using linear least-squares regression) and represents a change per decade.

93, 98, 79, and 93% of the stations, respectively. Conversely, most stations showed increased warm temperature
indices: the numbers of warm days (TX90p), warm nights
(TN90p), summer days (SU), and tropical nights
(TR) increased at 85, 94, 95, and 84% of the stations,
respectively. In addition, more than 90% of the stations

showed increases in the extremal indices: warmest day
(TXx), warmest night (TNx), coldest day (TXn), and coldest night (TNn). Roughly 81% of stations showed
decreases in the diurnal temperature range (DTR), with
51% of the decreases being significant. For the duration
indices, 90% of the stations showed decreases in the cold
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spell duration (CSDI) and 71% of stations showed
increases in the warm spell duration (WSDI), indicating
that the duration of periods of extreme heat increased, and
cold outbreaks became shorter.
In general, the precipitation indices showed fewer significant overall trends than existed for the temperature
indices. For instance, 73% of stations showed increases in
the maximum monthly 5-day precipitation (Rx5day), but
with significant trends at only 9% of the stations. In addition, 59% of the stations showed increases in the amount
of precipitation on very wet days (R95pTOT, >95th percentile), but only 5% had a significant trend, and 55% of
stations showed increases in the number of very heavy
precipitation days (R99pTOT, > 99th percentile), but only
4% had a significant trend. The monthly maximum 1-day
precipitation (Rx1day) was most commonly significant;
76% of stations showed increases in this index, but only
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10% of the stations showed a significant trend. Overall, the
precipitation indices showed more significant increases
than decreases, indicating that precipitation events
became increasingly large or prolonged from 1960 to 2016.
Although the frequency and intensity of extreme
events increased, the duration of extreme precipitation
events appears to be decreasing. The two wet and dry
duration indices, consecutive wet days (CWD) and consecutive dry days (CDD), showed more significant
decreases than increases. Specifically, 66% of stations
showed decreases in CWD, with 10% of the stations
showing significant decreases, compared to 34% of stations that exhibited increases, but with only 2% of the stations showing a significant increase. Furthermore,
roughly equal proportions of the stations showed increasing and decreasing trends in annual total precipitation on
wet days (when daily rainfall >1 mm).

F I G U R E 3 Regionally averaged series for indices of the extreme temperature events in China from 1960 to 2016. The indices are
defined in Table S1. Straight lines represent statistically significant linear regressions; the dashed red line is the smoothed 5-year running
average. Z scores represent the Mann–Kendall test results. Significance: ***p < .001; **p < .01

WANG ET AL.

3.2 | Abrupt changes in trends for
extreme climate events
We used the Mann–Kendall method to detect abrupt
climate changes. The abrupt climate changes for
warmth-related indices mainly occurred from 1990 to
2000 (Table 1). The abrupt changes in the numbers of
warm days (TX90p), warm nights (TN90p), summer
days (SU), tropical nights (TR), warmest day (TXx) and
warmest night (TNx) occurred in 2000, 1992, 2001,
1999, 2000, and 1995, respectively. After the abrupt climate change, the increasing trend for these warmthrelated indices accelerated, with the largest increase for
TR (by 1.33 daysdecade−1). Moreover, the warm spell
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duration (WSDI) had an abrupt change in 2008, and its
rate of increase also accelerated (by 2.87 daysdecade−1)
after 2008. However, compared with the warmth-related
indices, the abrupt changes for cold-related indices
appeared earlier (mainly around 1990). The numbers of
cool days (TX10p), cool nights (TN10p), ice days (ID),
and frost days (FD), and the temperatures of the coldest
day (TXn) and coldest night (TNn) changed abruptly in
1992, 1986, 1988, 1993, 1993, and 1990, respectively.
After the abrupt change, the rate of decrease of TX10p
and TN10p slowed (by 0.15 and 0.08 Cdecade−1,
respectively), whereas the rate of decrease of FD accelerated (by 1.06 daysdecade−1) and the trends for ID
and TXn changed to increases. In addition, the extreme

F I G U R E 4 Spatial pattern of the Mann–Kendall Z values for temperature indices from the 794 meteorological stations in China from
1960 to 2016. The indices are defined in Table S1. Z < 0 represents a decreasing trend, Z > 0 represents an increasing trend, and jZj > 1.96
represents a statistically significant trend (p < .05). Hatching shows areas where the change trends are significant
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precipitation events showed no significant abrupt climate change.

3.3 | Trends for extreme temperature
events
3.3.1 | Temporal trends of extreme
temperature events
In China, the regionally averaged occurrence of warmth
indices, including the numbers of warm days (TX90p),
warm nights (TN90p), summer days (SU), and tropical
nights (TR), increased significantly (p < .001), at rates of
0.6, 1.0, 2.2, and 1.9 days per decade, respectively
(Figure 3). TN90p showed the strongest increase, with a
Mann–Kendall test value of Z = 5.42. In contrast, the cold
indices, including the numbers of cool days (TX10p), cool
nights (TN10p), ice days (ID), and frost days
(FD) decreased significantly (p < .001), at rates of 0.5, 1.1,
1.0, and 2.6 days per decade. The trend was strongest for
FD (Z = −6.21). The extremal indices for the warmest
day (TXx), warmest night (TNx), coldest day (TXn), and
coldest night (TNn) showed significant warming trends,
at rates of 0.2, 0.3, 0.2, and 0.4 C per decade (p < .001).
TNn showed the strongest increasing trend, with a
Mann–Kendall test value of Z = 7.10.
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3.3.3 | Correlations among the
temperature indices
Figure 5 presents the correlations among the temperature
indices, including the mean annual temperature (Tem).
Most of the extreme temperature indices were moderately
to strongly correlated with the annual mean temperature,
with correlation coefficients greater than .5 (p < .05),
except for the diurnal temperature range (DTR). The
warmth indices were significantly positively correlated
with annual mean temperature, and the correlation coefficients ranged from .71 to .83. In contrast, we observed significant negative correlations between the cool indices
and the annual mean temperature; the number of frost
days had the strongest correlation (−.96) with the mean
temperature. Furthermore, we found significant positive
correlations among the warmth indices and among the
cold indices.

3.4 | Trends for the extreme
precipitation events
3.4.1 | Temporal trends for extreme
precipitation events
The regionally averaged occurrence of daily intensity
index (SDII) from 1960 to 2016 increased significantly, at
a rate of 0.05 mmday−1 per decade (p < .001) (Figure 6).

3.3.2 | Spatial trends in extreme
temperature events
To further examine the trends in the temperature indices, we mapped the spatial patterns of the annual
trends based on Mann–Kendall Z-values at the
794 meteorological stations (Figure 4). The numbers of
warm days (TX90p) and warm nights (TN90p) generally
decreased from west to east, with the weakest change
trends in the South Central and East regions. From
west to east, the number of cool nights (TN10p)
increased initially, then decreased slightly and finally
increased again. The area where the number of cool
days (TX10p) decreased most significantly was mainly
in the Southwest region, with weak trends in the
Northwest, Northeast, and East regions. The trend for
the number of summer days (SU) was strongest in the
coastal areas of East China, and the number of tropical
nights (TR) showed a similar pattern, but with much
weaker trends, in most areas in the Southwest and
Northwest. The number of frost days (FD) showed a
significant decrease in most areas of China, whereas
the number of ice days (ID) decreased most significantly in the Northwest region.

FIGURE 5

Correlations (Pearson's r) among the annual mean
temperature and the extreme temperature indices from 1960 to
2016. Indices are defined in Table S1. The circle size is proportional
to the r value, and the X symbol in a cell means a nonsignificant
correlation
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F I G U R E 6 Regionally averaged series for the indices of extreme precipitation events in China from 1960 to 2016. The indices are
defined in Table S1. Straight lines represent linear regressions; the dashed red line is the smoothed 5-year running average. Significance:
***p < .001; **p < .01; *p < .05; ns, not significant

In contrast, the number of consecutive wet days (CWD)
decreased significantly, at a rate of 0.09 days per decade
(p < .001). Moreover, the monthly maximum 1-day precipitation (RX1day) and maximum consecutive 5-day precipitation (RX5day) increased by 0.1 and 0.5 mm per
decade, respectively (p < .01).

3.4.2 | Spatial trends in extreme
precipitation events
Figure 7 shows that the extreme precipitation indices in
most regions of China showed nonsignificant changes
from 1960 to 2016. Total annual precipitation
(PRCPTOT, the total for daily precipitation >1 mm),
heavy precipitation (R10mm), very heavy precipitation
(R20mm), monthly maximum 1-day precipitation
(RX1day), and maximum consecutive 5-day precipitation
(RX5day) showed similar distributions for their trends,
with a significant increase in Northwest China and significant decreases in the South Central region. In contrast,
the number of consecutive wet days (CWD) increased significantly in the Southern Central region, and decreased
in a large area of the Northwest region. The annual precipitation on very wet days (R95pTOT) increased significantly in parts of Northwest region, but decreased

slightly in Northeast region and South Central region
and showed a nonsignificant increase in the East region.
Overall, the precipitation on extremely wet days
(R99pTOT) increased more obviously in the eastern half
of China than in the west.

3.4.3 | Correlation coefficients for the
precipitation indices
We found strong positive correlations between the
annual precipitation (Pre, including all rainfall) and the
extreme precipitation indices, excluding the consecutive
dry days (CDD; Figure 8, r = −.45). The correlation
coefficients were greater than .85 between the annual
precipitation and the extreme precipitation indices
heavy precipitation (R10mm), very heavy precipitation
(R20mm), rainstorm (R50mm), monthly maximum
1-day precipitation (RX1day), maximum consecutive
5-day precipitation (RX5day), annual precipitation on
very wet days (R95pTOT) and annual total wet day precipitation (PRCPTOT, for daily precipitation >1 mm).
There were positive correlations among the extreme
precipitation indices, but negative correlations between
consecutive dry days (CDD) and the precipitation
indices.
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F I G U R E 7 Spatial pattern of the Mann–Kendall Z values for precipitation indices from 794 meteorological stations in China from 1960
to 2016. The descriptions of these indices are shown in Table S1. Z < 0 represents a decreasing trend, Z > 0 represents an increasing trend,
and jZj > 1.96 indicates that the trend was statistically significant (p < .05). Hatching shows areas where the change trends are significant

4 | DISCUSSION
4.1 | Change trends in the extreme
temperature and precipitation indices

FIGURE 8

Correlations (Pearson's r) among annual
precipitation (pre, all rainfall events) and the extreme precipitation
indices from 1960 to 2016. The circle size is proportional to the
r value, and the X symbol in a cell means a nonsignificant
correlation

The occurrences of cold days and cold nights have
decreased and the occurrence of warm days and warm
nights have increased due to global warming
(IPCC, 2007). In the present study, the cool temperature
indices generally exhibited significant decreasing trends
from 1960 to 2016 in mainland China (that is, there were
fewer extreme cold days), whereas the warm temperature
indices showed significant increasing trends. This is consistent with similar studies in other regions. For example,
at a global scale, 70% of locations showed increases and
decreases in the numbers of warm nights and cold nights,
respectively (Alexander et al., 2006). Similar research has
been implemented in Europe (Klein Tank and
Können, 2003), Central and South America (Aguilar
et al., 2005), and Africa (New et al., 2006; Gbode
et al., 2019), and the extreme temperature indices in these
regions showed similar trends. In addition, the strengths
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of the trends for the night temperature indices (TN10p
and TN90p), were greater than those for the daytime
indices (TX10p and TX90p), indicating that nocturnal
warming contributed more than daytime warming to the
overall warming process. This has been confirmed by
other studies (Moberg et al., 2006; Revadekar et al., 2013;
Yan et al., 2014). In the present study, the strengths of
the trends for the temperature indices were lower than
those in the Loess Plateau of northwestern China (Sun
et al., 2016), the Xinjiang Autonomous Region of northwestern China (Wang et al., 2013a), and the Tibetan Plateau of western China (Wang et al., 2013b), but greater
than those for the Yunnan–Guizhou plateau in southwestern China (Li et al., 2012) and the Yangtze River
basin in central and southern China (Wang et al., 2014).
Specifically, the magnitude of the trend for TNn in mainland China was lower than the average value for the
Yangtze River Basin (0.42 Cdecade−1; Guan et al., 2015),
the Yellow River Basin (0.45 Cdecade−1; Dong
et al., 2019) and the Yarlung Tsangpo River Basin in
China (0.48 Cdecade−1; Liu et al., 2019). Similarly, the
trend for FD (−2.63 daysdecade−1) was less than that in
the Yellow River Basin (−3.72 daysdecade−1; Dong
et al., 2019), Tibetan Plateau (−5.69 daysdecade−1; Sun
et al., 2016), Loess Plateau (−3.22 daysdecade−1; Wang
et al., 2013b), and Yarlung Tsangpo River Basin
(−4.39 daysdecade−1; Liu et al., 2019), but larger than
those in the Wujiang River Basin (−2.19 daysdecade−1)
and Jialing River Basin (−1.93 daysdecade−1) (Wang
et al., 2014) in China.
Overall, the strengths of the trends for the precipitation indices were lower than those for the temperature
indices. The rate of increase of annual total precipitation
(PRCPTOT) in this study was higher than those in the
Loess Plateau (Sun et al., 2016), the Tibetan Plateau
(Wang et al., 2013b), the Songhua River basin in northeastern China (Song et al., 2015), and the Yangtze River
basin (Wang et al., 2014). In addition, we observed an
increasing frequency and intensity of extreme precipitation events, which was consistent with previous work in
China (Wang et al., 2013b, 2014, 2018; Song et al., 2015),
excluding the Loess Plateau (Sun et al., 2016). The
decreasing trend for CWD in the present study was consistent with the results for Xinjiang (Wang et al., 2013a)
and the Yunnan–Guizhou plateau (Li et al., 2012), which
are in Northwest and Southwest China, respectively, but
contrary to the results in the Loess Plateau (Sun
et al., 2016), Tibetan Plateau (Wang et al., 2013b), and
Songhua River (Song et al., 2015) in China. In addition,
the regionally averaged SDII (0.05 mmday−1decade−1)
in the present study was larger than the average value for
the Xinjiang region (0.04 mmday−1decade−1; Wang
et al., 2013a), the Tibetan Plateau (0.01 mmday−1decade−1;
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Wang et al., 2013b), and the Yunnan–Guizhou plateau
(0.03 mmday−1decade−1; Li et al., 2012), but lower than
that in the Yellow River Basin (0.06 mmday−1decade−1;
Dong et al., 2019), and Yarlung Tsangpo River Basin
(0.10 mmday−1decade−1; Liu et al., 2019).
Previous researchers generally considered natural climatic variability and anthropogenic forcing to be the
main factors influencing extreme temperatures and precipitation (Hegerl et al., 2004). Kiktev et al. (2003) found
that the simulation of temperature extremes could be significantly improved by integrating anthropogenic effects
in their model, particularly for greenhouse gases. Christidis et al. (2011) separated the anthropogenic and natural
factors that influence warm daytime extremes by means
of an optimal fingerprinting analysis, and found that
anthropogenic global warming caused decreasing severity
of cold days and nights, and increasing severity of warm
nights. Zhou and Ren (2011) found that urbanization significantly affected the trends of extreme temperature
indices in northern China from 1961 to 2008; for
instance, urbanization exacerbated the increases for the
numbers of summer days, tropical nights, and warm
nights, and the decreases for the numbers of cool nights,
cool days, and frost days and in the diurnal temperature
range. Despite these findings, the reasons for the changes
in extreme temperature and precipitation in mainland
China should be further addressed. This is particularly
true for the parts of western and northwestern China
where the density of meteorological stations is low.

4.2 | Relationships between extreme
temperature events and geographic factors
We observed large spatial variation in temperature
extremes. To clarify the reasons for the different trends in
different regions, we analysed the correlations between
extreme temperature events and latitude, longitude, and
elevation (Table 2).
Latitude affects the solar incidence angle, and thereby
influences the distribution of energy over the Earth's surface. In general, higher latitude areas have a lower solar
incidence angle, so they receive less heat, leading to colder temperatures. In contrast, the temperatures are
higher at lower latitudes because more solar radiation is
intercepted. Warming trends tend to be more evident at
high latitudes in the Northern Hemisphere (Serreze
et al., 2000). In the present study, all the temperature
indices were significantly correlated with latitude; the
cold indices (FD, ID, TN10p, CSDI) and diurnal temperature range (DTR) showed significant positive correlations
(p < .01), whereas the warm indices (SU, TR, WSDI,
TX90p, and TN90p) showed significant negative
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TABLE 2

Correlations (Pearson's r) between the temperature
extremes from 1960 to 2016 and the latitude, longitude, and
elevation of the measurement sites in mainland China
Indices

Latitude

Longitude

T A B L E 3 Correlations (Pearson's r) between precipitation
extremes from 1960 to 2016 and the latitude, longitude, and
elevation of the measurement sites in mainland China

Elevation

Indices

Latitude

Longitude

Elevation

FD

0.80**

−0.18**

0.43**

R10mm

−0.78**

0.37**

−0.27**

SU

−0.57**

0.15**

−0.51**

R20mm

−0.77**

0.38**

−0.34**

ID

0.84**

0.12**

R50mm

−0.72**

0.34**

−0.36**

TR

−0.71**

0.25**

CDD

0.55**

−0.42**

0.26**

TX10p

−0.15**

0.19**

CWD

−0.76**

0.11**

0.11**

TX90p

−0.34**

0.01 ns

TN10p

0.17**

0.19**

TN90p

−0.26**

−0.20**

WSDI

−0.34**

0.19**

CSDI

0.26**

−0.21**

TXx

−0.72**

0.15**

−0.48**

TXn

−0.84**

0.02 ns

−0.31**

TNx

−0.74**

0.25**

−0.51**

TNn

−0.84**

0.13**

−0.38**

DTR

0.60**

−0.38**

0.42**

0.05 ns

−0.38**
0.00 ns
−0.04 ns

SDII

−0.64**

0.58**

−0.43**

0.06 ns

RX1day

−0.75**

0.46**

−0.38**

0.10**

RX5day

−0.76**

0.45**

−0.38**

−0.21**

R95pTOT

−0.78**

0.38**

−0.31**

−0.26**

R99pTOT

−0.74**

0.39**

−0.30**

PRCPTOT

−0.79**

0.36**

−0.27**

Note: Significance (two-tailed): **p < .01; ns, not significant.

correlations (p < .01). This indicates that the warming
trend became more significant with decreasing latitude,
which was inconsistent with previous research in the
Yangtze River Basin (Guan et al., 2015) and the
Hengduan Mountains of China (Li et al., 2012). This difference is likely to have been caused by the different latitude ranges; in the previous research, the study area
covered a relatively small range of latitudes, versus all of
China in the present study. Furthermore, the extremal
indices for the warmest day (TXx), warmest night (TNx),
coldest day (TXn), and coldest night (TNn) all showed
strong and significant negative correlations with latitude
(p < .01), indicating that the occurrences of daily extreme
temperature events would decrease with increasing
latitude.
Longitude affects regional climate change by
influencing the transport of water and energy between
the coast and China's inland areas (Zhong et al., 2017).
Brown et al. (2010) found that climate change became
more significant in coastal areas than inland areas in the
northeastern United States. Guan et al. (2015) found that
cold indices in the Yangtze River basin increased with
increasing longitude when the longitude was <112 E,
whereas the cold indices decreased with increasing longitude when the longitude was <112 . In the present study,
the temperature extremes generally had weaker correlations with longitude than with latitude (Table 2), and
there were more nonsignificant correlations. Three warm

Note: Significance (two-tailed): **p < .01.

indices (SU, TR, and WSDI) showed significant positive
correlations with longitude (p < .01), whereas two cold
indices (FD and CSDI) showed significant negative correlations with longitude. This indicated that transport of
water and energy between longitudes appears to have relatively little correlation with changes in temperature
extremes in mainland China. This might due to the geographical location (e.g., proximity to the Himalayas or to
large desert areas) or human activity, but the physical
mechanisms responsible for the correlations between longitude and temperature extremes should be further
investigated.
Elevation determines the vertical distribution of
energy and water, and thereby influences regional climate change. Giorgi et al. (1997) found that the warming
trend became more significant at high elevations than
low elevations in the Austrian Alps. Similar conclusions
were obtained in the Rocky Mountains of North America
(Fyfe and Flato, 1999), on the Tibetan Plateau (Liu
et al., 2009), and in southwestern China (Li et al., 2012).
In the present study, two cold indices (FD and ID)
showed significant positive correlations with elevation
(p < .01), whereas three warm indices (SU, TR, and
WSDI) showed significant negative correlations (Table 2).
This indicated that the frequency and intensity of cold
temperature events increased at high elevations, whereas
warm temperature events showed the opposite trend. In
addition, the extremal indices for the warmest day (TXx),
warmest night (TNx), coldest day (TXn), and coldest
night (TNn) all showed significant negative correlations
with elevation (p < .01), indicating that the occurrences
of daily extreme temperature events would decrease with
increasing elevation.
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TABLE 4

Correlations (Pearson's r) between temperature extremes from 1960 to 2016 in mainland China and the atmospheric
circulation patterns
Indices
SU

SHA
0.500**

SHI
0.479**

SHR

SHW

AO

NAO

PDO

SOI

−0.059 ns

−0.506**

−0.013 ns

−0.164 ns

−0.063 ns

−0.114 ns

TR

0.604**

0.600**

0.047 ns

−0.575**

−0.174 ns

−0.067 ns

0.127 ns

FD

−0.655**

−0.630**

0.056 ns

0.683**

−0.296*

−0.056 ns

−0.119 ns

0.117 ns

ID

−0.515**

−0.477**

0.185 ns

0.530**

−0.305*

−0.157 ns

−0.24 ns

0.212 ns

0.115 ns

TX10p

−0.474**

−0.444**

0.132 ns

0.473**

−0.128 ns

−0.072 ns

−0.235 ns

0.200 ns

TX90p

0.423**

0.418**

0.073 ns

−0.416**

0.091 ns

−0.123 ns

−0.209 ns

0.100 ns

TN90p

0.481**

0.449**

0.079 ns

−0.479**

0.170 ns

−0.087 ns

−0.085 ns

0.166 ns

TN10p

−0.609**

−0.571**

0.042 ns

0.648**

−0.320*

−0.169 ns

−0.247 ns

0.217 ns
−0.035 ns

DTR

−0.480**

−0.466**

−0.063 ns

0.503**

−0.355**

−0.152 ns

−0.246 ns

CSDI

−0.435**

−0.387**

0.032 ns

0.506**

−0.173 ns

−0.223 ns

−0.294*

0.307*

WSDI

0.339**

0.356**

0.134 ns

0.119 ns

0.001 ns

−0.169 ns

0.042 ns

TXx

0.594**

0.576**

−0.217 ns

−0.582**

−0.057 ns

−0.130 ns

0.098 ns

−0.128 ns

TXn

0.362**

0.336*

0.037 ns

−0.374**

0.369**

0.085 ns

−0.133 ns

0.038 ns

−0.308*

TNx

0.744**

0.722**

−0.163 ns

−0.740**

0.175 ns

−0.029 ns

0.139 ns

−0.078 ns

TNn

0.609**

0.576**

−0.041 ns

−0.630**

0.368**

0.065 ns

0.111 ns

0.013 ns

Tem

0.687**

0.658**

−0.047 ns

−0.702**

0.272*

0.042 ns

0.116 ns

−0.108 ns

Note: Significance (two-tailed): **p < .01; *p < .05; ns, not significant.
Abbreviations: AO, Arctic Oscillation; NAO, North Atlantic Oscillation; PDO, Pacific Decadal Oscillation; SHA, Subtropical High Area; SHI,
Subtropical High Intensity; SHR, Subtropical High Ridge Index; SHW, Subtropical High Western Ridge Point; SOI, Southern Oscillation
Index.

4.3 | Relationships between extreme
precipitation events and geographic factors
Similarly, we analysed the correlations between extreme
precipitation events and latitude, longitude, and elevation
(Table 3). All of the precipitation indices showed significant negative correlations with latitude, except for the
number of consecutive dry days (CDD). This indicates
that the extreme precipitation events were more frequent
at low latitudes, probably due mainly to the greater precipitation in low-latitude coastal areas and the low precipitation in high-latitude inland areas, which have large
areas of desert. Longitude had the opposite effect on
extreme precipitation events, with all of the precipitation
indices except CDD showing significant positive correlations with longitude, and CDD showing a negative correlation (Table 3). This may be because the areas with a
higher longitude are closer to the coast, where the frequency and intensity of precipitation are higher, whereas
areas with a lower longitude are dominated by deserts in
northern China. The precipitation indices showed significant negative correlations with elevation (Table 3), except
for the two consecutive indices for dry and wet days
(CDD and CWD), which showed significant positive correlations. This indicates that the occurrence of extreme
precipitation events decreases with increasing elevation.

4.4 | Correlations between temperature
extremes and atmospheric circulation
patterns
The Subtropical High is an important atmospheric circulation system that links extratropical and tropical circulation (Zhao and Gong, 2002). As one of the most
important components of the East Asian monsoon, the
West Pacific Subtropical High (WPSH) plays a prominent
role in influencing temperature and precipitation conditions in China (Zhao and Wang, 2017). Sun et al. (2016)
found that the WPSH was positively correlated with
warm extremes (SU and TX90p), and negatively correlated with cold extremes (TX10p, TN10p, and FD) on the
Loess Plateau (Sun et al., 2016). Zhong et al. (2017) also
found that the area and intensity of the WPSH showed
positive correlations with extremal temperature indices
in the Songhua River Basin.
Table 4 shows the correlations between these circulation patterns and the mean annual temperature (Tem)
and the other temperature extremal indices. Several
warm indices (SU, TR, WSDI, TX90p, and TN90p)
showed significant positive correlations with the Subtropical High Intensity (SHI) and Subtropical High Area
(SHA), whereas several cold indices (FD, ID, CSDI,
TX10p, and TN10p) showed significant negative
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correlations. The extremal indices for the warmest day
(TXx), warmest night (TNx), coldest day (TXn), and coldest night (TNn) all showed significant positive correlations with SHA and SHI. The correlations between these
temperature extremes and the Subtropical High Western

F I G U R E 9 Ordination diagram from the redundancy analysis
for the relationships between temperature extremes (FD, the
number of frost days; TNn, the minimum daily minimum
temperature) and the atmospheric circulation patterns. AO, Arctic
Oscillation; NAO, North Atlantic Oscillation; PDO, Pacific Decadal
Oscillation; SHA, Subtropical High Area; SHI, Subtropical High
Intensity; SHR, Subtropical High Ridge Index; SHW, Subtropical
High Western Ridge Point; SOI, Southern Oscillation Index

Ridge Point (SHW) showed the opposite responses.
Therefore, an increase in the area and intensity of the
Western Pacific Subtropical High (WPSH) will lead to a
significant increase in extreme warm events and a significant decrease in extreme cold events in mainland China.
When the SHW moves eastward, the mean temperature
and extreme warming indices are likely to decrease significantly, whereas the extreme cold indices are likely to
increase significantly. In contrast, the Subtropical High
Ridge Index (SHR) had no statistically significant effect
on the temperature indices.
The Arctic Oscillation (AO) is a dominant control of
climate over the extratropical regions of the Northern
Hemisphere (Thompson and Wallace, 1998), and the AO
is closely related to the Siberian high pressure system and
the East Asian winter monsoon, both of which strongly
affect China's climate (You et al., 2013). Many
researchers have studied the correlations between the AO
and temperature extremes around the world (Thompson
and Wallace, 2001; Jeong and Ho, 2005; Park et al., 2010).
He and Wang (2016) found that the AO index was significantly negatively correlated with the numbers of cold
days and cold nights, and Sun et al. (2016) reached similar conclusions for the Loess Plateau. In the present
study, the AO index showed significant negative correlations with the numbers of frost days (FD), ice days (ID),
and cool nights (TN10p) and with the diurnal temperature range (DTR). There were also significant positive
correlations between the AO index and the mean annual
temperature (Tem) and two daily extremal cold indices

TABLE 5

Correlations (Pearson's r) between precipitation extremes from 1960 to 2016 in mainland China and the atmospheric
circulation patterns
Indices
RX1day

SHA
0.529**

SHI

SHR

SHW

AO

0.556**

−0.06 ns

−0.494**

0.245

NAO
0.035 ns

PDO
0.277*

SOI
−0.25 ns

RX5day

0.490**

0.520**

−0.037 ns

−0.459**

0.240 ns

0.016 ns

0.252 ns

−0.233 ns

R20mm

0.421**

0.455**

−0.055 ns

−0.343**

0.066 ns

−0.157 ns

0.208 ns

−0.147 ns

R50mm

0.291*

0.338*

−0.003 ns

−0.207 ns

0.07 ns

−0.123 ns

0.200 ns

−0.172 ns

CDD

−0.265*

−0.289*

−0.156 ns

0.251 ns

−0.254 ns

−0.114 ns

−0.092 ns

0.003 ns

CWD

−0.22 ns

−0.144 ns

−0.213 ns

0.054 ns

−0.037 ns

0.022 ns

−0.150 ns

0.224 ns

−0.073 ns

−0.117 ns

0.134 ns

−0.012 ns

0.085 ns

−0.119 ns

0.167 ns

−0.130 ns

−0.183 ns

−0.121 ns

0.263*

R95pTOT

0.516**

0.544**

−0.004 ns

−0.441**

R99pTOT

0.463**

0.506**

0.082 ns

−0.351**

PRCPTOT

0.244 ns

0.293*

0.044 ns

−0.164 ns

R10mm

0.291*

0.338*

−0.003 ns

−0.207 ns

SDII

0.700**

0.685**

−0.219 ns

−0.661**

Pre

0.416**

0.461**

−0.005 ns

−0.326*

−0.02 ns
0.070 ns

−0.123 ns

0.200 ns

−0.172 ns

−0.066 ns

−0.176 ns

0.287*

−0.125 ns

0.061 ns

−0.160 ns

0.170 ns

−0.092 ns

Note: Significance (two-tailed): **p < .01; *p < .05; ns, not significant.
Abbreviations: AO, Arctic Oscillation; NAO, North Atlantic Oscillation; PDO, Pacific Decadal Oscillation; SHA, Subtropical High Area; SHI,
Subtropical High Intensity; SHR, Subtropical High Ridge Index; SHW, Subtropical High Western Ridge Point; SOI, Southern Oscillation
Index.
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(TXn and TNn). The AO was not significantly related to
the other indices.
Moreover, the North Atlantic Oscillation (NAO),
Southern Oscillation Index (SOI), and Pacific Decadal
Oscillation (PDO) showed few significant correlations
with the extreme temperature indices. The PDO index
was significantly negatively correlated with CSDI,
whereas SOI was significantly positively correlated
with CSDI.

4.5 | Summary of the atmospheric
circulation patterns that influence the
temperature extremes
We selected the indices with the strongest increasing and
decreasing trends from the temperature extremes, and
then used the ordination diagram produced by RDA to
summarize the factors that influence the variation in
temperature extremes (Figure 9). The eigenvalues of axis
1 and axis 2 were 0.6487 and 0.0008, respectively, and the
cumulative proportion of the variation explained by the
eight circulation patterns was 65.0%. FD was positively
associated with SHW, SHR, and SOI, but negatively associated with SHA, SHI, AO, PDO, and NAO; TNn showed
the opposite relationships. We used a partial Monte Carlo
permutation test to evaluate the contributions of each circulation pattern to the variation of FD and TNn
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(Table S3). The SHW explained the largest proportion of
the variation (46.5%), and also had the highest contribution rate (71.6%). The influences of AO and PDO were
statistically significant, but much smaller. The effects of
SHR, NAO, SOI, SHA, and SHI were small and not statistically significant. This showed that SHW was the dominant driver for the variation of extreme temperature
events in mainland China.

4.6 | Correlations between the
precipitation extremes and the
atmospheric circulation patterns
Table 5 shows fewer significant correlations between the
precipitation parameters and the circulation patterns
than was the case for the temperature parameters. The
Subtropical High Intensity (SHI) and Subtropical High
Area (SHA) showed significant positive correlations with
all the precipitation extremes, except for negative correlations with the two consecutive indices (CWD and CDD).
This indicates that the number and intensity of extreme
precipitation events increased with increasing intensity
and area of the West Pacific Subtropical High. The Western Ridge Point (SHW) was significantly negatively correlated with precipitation extremes, excluding CDD and
CWD, which indicates that when the SHW moves eastward, extreme precipitation events are likely to decrease
significantly, whereas the extreme precipitation events
would increase if SHW moves westward. The other circulation indices showed no significant correlations with the
extreme precipitation indices, except for positive correlations between the PDO index and both RX1day and SDII.

4.7 | Summary of the atmospheric
circulation patterns that influence the
precipitation extremes

F I G U R E 1 0 Ordination diagram of the redundancy analysis
for precipitation extremes (SDII and CWD) with atmospheric
circulation patterns. AO, Arctic Oscillation; NAO, North Atlantic
Oscillation; PDO, Pacific Decadal Oscillation; SHA, Subtropical
High Area; SHI, Subtropical High Intensity; SHR, Subtropical High
Ridge Index; SHW, Subtropical High Western Ridge Point; SOI,
Southern Oscillation Index

Similarly, we summarized the factors that influence the
variation in temperature extremes with the most obvious
change trends using redundancy analysis (Figure 10).
The eigenvalues of axis 1 and axis 2 were 0.2466 and
0.0962, respectively, and the cumulative proportion of the
variation explained by the eight circulation patterns was
34.3% (Table S4). SDII was positively associated with
SHA, SHI, and PDO, but negatively associated with
SHW, SHR, AO, NAO, and SOI; CWD showed the opposite relationships with SHW, SHA, and SHI. The SHA
explained the largest proportion of the variation (19.8%),
and also had the highest contribution rate (57.8%). The
effects of the remaining atmospheric circulation patterns
were small and not statistically significant, indicating
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that SHA played a prominent role in extreme precipitation events in mainland China.

5 | C ON C L U S I ON S
In this study, we used 15 extreme temperature indices
and 11 extreme precipitation indices to quantify the
changes in climate extremes in mainland China from
1960 to 2016. The regionally averaged trends for the temperature indices were consistent with global warming.
The warmth indices, including the numbers of warm
days, warm nights, summer days, and tropical nights,
showed significantly increasing trends during the study
period. In contrast, the cold indices, including the numbers of cool days, cool nights, ice days, and frost days
decreased significantly. Furthermore, the extremal daily
indices, including the warmest day, warmest night, coldest day, and coldest night, showed significant increasing
trends during the same period. The warmth indices and
extreme daily indices showed significant negative correlations with latitude, indicating that the warming trend
became more significant at lower latitudes, whereas the
warming trend became more significant with increasing
longitude, largely due to proximity to the eastern coast of
China. In addition, the magnitudes of the warmth indices
and extreme daily indices decreased with increasing elevation, whereas the frequency and intensity of extreme
cold events increased at high elevations.
The daily rainfall intensity increased significantly
from 1960 to 2016, whereas the number of consecutive
wet days decreased significantly. Furthermore, the maximum 1-day precipitation, maximum consecutive 5-day
precipitation, and the precipitation on extremely wet
days also increased significantly. The number and intensity of extreme precipitation events decreased significantly with increasing latitude, but increased
significantly with increasing longitude. Furthermore, the
number and intensity of extreme precipitation events
decreased with increasing elevation.
Large-scale atmospheric circulation patterns, represented by indices for each circulation pattern, sometimes
strongly affected the climate extremes. The Arctic Oscillation, the Western Pacific Subtropical High Intensity and
Area indices, and the Western Ridge Point index strongly
influenced the extremes and contributed significantly to
the climate in mainland China. Specifically, the increasing
area and intensity of the Western Pacific Subtropical High
led to significant increases in temperature and extreme
warm events, and significant decreases in extreme cold
events in mainland China. When the Western Ridge Point
moves eastward, the extreme warming indices are likely to
decrease significantly, whereas the extreme cold indices
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are likely to increase significantly. In addition, extreme
precipitation events increased with increasing intensity
and area of the Western Pacific Subtropical High. The
extreme precipitation events are likely to decrease when
the Subtropical High Western Ridge Point moves eastward, whereas the extreme precipitation events would
increase if this point moves westward.
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