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The cold regions of China (CRC) are important and vulnerable freshwater recharge
areas on land, and any changes in them are related to the survival of millions of
people in East Asia. However, for nearly half a century, in cold regions, the extreme
temperature response to global warming is still poorly understood. In this study,
we systematically studied the temperature extreme changes in cold regions of
China since 1961 and discussed the possible circulation factors in detail. The
results showed that 1) the warmingmagnitudes in cold nights and warm nights are
greater than those in cold days and warm days, and decreases in cold nights and
cold days and increases in warm days and warm nights appeared in almost all of
cold regions of China. Most of the temperature indices displayed the largest
magnitudes of warming in winter. 2) Spatially, for most of the temperature
extremes, the stations located at Qinghai–Tibet Plateau (TPC) and Northwest
China (NWC) showed a larger warming trend than that shown by the station at
Northeast China (NEC). 3) The responses of temperature extremes at different
cold regions to each circulation index are variable. Atlantic Multidecadal
Oscillation (AMO) has a significant relationship with almost all the indices in
cold regions of China. Almost all the temperature extremes of TPC and NWC
showed closely relationship with the North Atlantic Oscillation (NAO), especially
for diurnal temperature range (DTR), daily maximum temperature, and the cold
extremes. Multivariate ENSO Index (MEI) is significantly related to most the
temperature indices of Northwest China and Northeast China. However, MEI
has a significant impact on only TPC’s diurnal temperature range and warmest
night (TNx). 4) Atlantic Multidecadal Oscillation displayed significant relationships
with most the temperature extremes in every season in cold regions of China.
However, the summer and winter MEI and the summer and winter North Atlantic
Oscillation showed significant impacts on only diurnal temperature range, daily
minimum temperatures (TNm), and TNx.
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1 Introduction

At present, the global average surface temperature is about
1°C higher than that before industrialization, and it is expected
that rising temperatures will reach or exceed 1.5°C in the next
20 years (IPCC, 2021), as global warming is an indisputable fact.
Climate change has had different impacts on temperature at
varying time scales (from seasonal to multidecadal). Compared
with the average temperature, the changes in temperature
extremes can better reflect the overall situation of climate
systems, and great achievements have been achieved in the
recent decades with regard to temperature extreme changes
(Alexander et al., 2006; You et al., 2013; Alexander and
Arblaster, 2017; Dong et al., 2019; Ding et al., 2021).
Meanwhile, temperature extremes are also closely related to
local ecosystems and human health, as extreme cold waves
and heat waves affect the critical temperature tolerance
conditions of humans, animals, and plants, resulting in
damages to agriculture and pastures and in human life threats
(Zhou C. et al., 2020; Yu et al., 2020; Li et al., 2022). In short,
studying the changes in temperature extremes is helpful for the
accurate grasping of the warming ranges of different regions and
for the scientific understanding of the responses of temperature
extreme changes to climate system changes.

Previous works have revealed that with the warming of world
climate, the frequency and intensity of temperature extreme events
dramatically increase, and the temporal and spatial differences
become more and more significant. However, some of the
researches on the influencing and driving factors of the
differences in temperature extreme changes are controversial.
Most scholars believe that temperature extreme changes are
caused by the combined action of internal and external factors
(Gong et al., 2019; Qian and Zhang, 2019), and it is mainly due to
the internal factors change of climate systems on the multidecadal
time scale (Chan et al., 2009; Watanabe et al., 2014; Wallace et al.,
2015; Gong et al., 2018; Dong et al., 2021; Wang et al., 2022).
However, there are still debates over whether the Pacific or Atlantic
ocean is the dominant climate warming and on the
ocean–atmosphere interaction patterns, such as the North
Atlantic Oscillation (NAO) (Li et al., 2013; Ding et al., 2018b;
Wang et al., 2019; Bardin and Platova, 2020), Arctic Oscillation
(Tong et al., 2019), Pacific Decadal Oscillation (Wills et al., 2018;
Du et al., 2019; Zhou Z. et al., 2020), Atlantic Multidecadal
Oscillation (AMO) (Shi et al., 2018a; Wang et al., 2019),
Multivariate ENSO Index (MEI), East Central Tropical Pacific
sea surface temperature (Caesar et al., 2011; Rohini et al., 2016;
Wills et al., 2018; Tong et al., 2019), and Indian ocean (Rohini
et al., 2016), or the joint action between oceans (Wills et al., 2018).
In particular, China’s mean surface air temperature has been
experiencing warming in the past decade, which has been
confirmed in previous studies (Soon et al., 2018). The frequency
of high-strength heat waves became higher and higher (Li Q. et al.,
2015). Also, many researches have shown that the hot extreme
changes in different regions of China exhibit obvious spatial
heterogeneity (You et al., 2010; Li S. L. et al., 2015; Shi et al.,
2018b) and that hot extremes have significantly increased in the
Tibetan Plateau, southwest China, and East China (Shen et al.,
2018). In addition, this spatial heterogeneity has indicated that

there are some differences in the controlled atmospheric
circulation patterns in different regions due to the complexity
of China’s climate system. Moreover, the variation of the
temperature extreme index is also controlled by different
atmospheric circulation patterns. However, it is still
controversial to extreme temperature changes how to be
controlled by different atmospheric circulation patterns.
Therefore, the mechanism of climate change needs to be more
fully understood, which is hard for researchers.

The cold regions of China (CRC), including the cold regions of
Northeast China (NEC), Northwest China (NWC), and
Qinghai–Tibet Plateau (TPC), are vulnerable ecological regions,
and they have regions with complex climatic environmental
backgrounds with characteristics that are sensitive to climate
change. In addition, these regions are the origin of many large
rivers in East Asia, and their response to global warming is not only
related to ecological and hydrological safety and the balance of the
water resources in the region but is also closely related to the survival
of billions of people in East Asia to a large extent. This makes the
region ideal for researchers to study climate change. However, most
previous studies have focused on the changes in the temperature
extremes only in some parts of China (Li et al., 2010; Li et al., 2012;
You et al., 2013; Deng et al., 2014; Sun W. et al., 2016; Tong et al.,
2019; Ding et al., 2021), and the researches on the temperature
extremes in the whole CRC are relatively scarce (Yin et al., 2019;
Zhou Z. et al., 2020), Moreover, the studies on the latest
observational data did not consider the whole CRC. There have
only been a few studies on the statistical relationships between
temperature extremes and ocean–atmospheric interaction
circulation patterns (You et al., 2013; Shi et al., 2018a; Zhou Z.
et al., 2020; Ding et al., 2021). To the best of our knowledge,
teleconnection patterns significantly contribute to atmospheric
circulation systems by influencing the changes in temperature,
precipitation, atmospheric pressure, and upper troposphere jet
streams, resulting in weather and climate anomalies
(Krishnamurthy and Krishnamurthy, 2015; Li and Ma, 2018;
Zhou Z. et al., 2020; Dong et al., 2020; Zhang et al., 2022).
However, it is not still clear whether and how different
atmospheric circulation patterns affect the regional temperature
extremes in CRC. Therefore, it is necessary to perform more
systematic climate change research in this area. The use of
temperature extreme indices is a good research method, as it can
systematically reflect the overall characteristics of climate. In
addition, the research on the atmospheric circulation patterns
affecting regional warming has important theoretical significance
and reference values for the accurate prediction of the regional
extreme climate change in the future. It also has great reference
significance for studying the changes in permafrost, glaciers, snow
covers, and ice caps.

In this study, we focused on 1) investigating the temporal trends
and spatial distribution characteristics of 11 temperature extreme
indices in CRC from 1961 to 2018 and 2) on examining the influence
of the ocean–atmosphere interaction circulation patterns that
possibly dominate the temperature extreme changes in this
region. This, thus study can be helpful in understanding the
influencing mechanism of climate change on temperature
extremes and in providing important scientific guidelines for
water resource prediction and management.
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2 Data and analytical methods

2.1 Study area and data sources

2.1.1 Study area
The study area is intended to select CRC. The earliest definition of

cold regions in China learned from the definition of Canada (Koppen,
1936; Wilson, 1967; Gerdel, 1969). With the further study of cold
regions, Yang et al. (2000) considers that the definition ismore suitable
for delineating the Canadian region in the high latitude cold regions
and does not fully adapt to China. Therefore, 10 suitable climate
factors for the cold division of China are proposed. However, Yang
et al. (2000) only roughly divided the scope of cold regions, and did not
point out the specific location of cold regions in China. Considering
the operability of cold regions, Chen et al. (2005) combined with the
research results of the predecessors, gave three standards of cold region
that is more consistent with the actual situation in China. The three
criteria are: 1) the coldest month temperature is less than −3°C; 2) the
annual average temperature is no more than 5°C; 3) the monthly
average temperature is greater than 10°C for no more than 5 months.
This study used Chen’s method to divide CRC. A brief mathematical
background of Chen’s method is given in Appendix Method 1.
According to the calculation results, CRC can be divides into three
subregions (Figure 1). The first part is NEC, including Changbai
Mountain, Sanjiang Plain, Mongolian Plateau and Taihang Mountain
in Northeast China. The second part is NWC, which mainly includes
the Tianshan Mountains, the Bogda Mountains, the Altai Mountains.
The third part is TPC, which mainly includes the Qilian Mountains,
the Hexi Corridor and other parts of the northwestern Sichuan and
most of the Qinghai−Tibet Plateau.

2.1.2 Data sources and their quality control
Daily meteorological data of 192 national meteorological

stations (Figure 1) from 1961 to 2018 were downloaded from the
National Meteorological Administration of China (http://data.cma.
cn). These datasets are available and have been processed with
quality control. The criteria are as follows: stations with missing data
of more than 30 days were removed, and stations with missing data
of less than 30 days were interpolated with the most relevant
adjacent stations. These meteorological data are used to calculate
temperature extreme indices by the RClimDex 1.9 software package
(http://etccdi.pacificclimate.org/software.shtml).

For atmospheric circulation indices, previous studies have
confirmed that NAO, AMO, MEI, Arctic Oscillation, the summer
and winter Western Pacific Subtropical High Intensity Index have
also a significant impact on the temperature in China
(Krishnamurthy and Krishnamurthy, 2015; Shi et al., 2018a; Ding
et al., 2018c; Zhou Z. et al., 2020). In particular, Shi et al. (2018a)
suggest that changes in temperature extremes have the significant
correlation with AMO in most of China. Moreover, previous studies
further pointed out that Arctic Oscillation and NAO appear to be
internally close related (Cuo et al., 2013), which implicated as a
predictor of Northern Hemisphere mean temperature multidecadal
variability and significantly contributes to the extreme temperature
variability in northeastern China, northern Xinjiang, the northern
parts of northern China and eastern China (Li et al., 2013; Ding et al.,
2018b). El Niño–Southern Oscillation is usually reflected by
Southern Oscillation Index, MEI, and East Central Tropical
Pacific sea surface temperature, which exert a similar and
important influence on global climate change (Huang and Chen,
2014). These findings will provide useful information in exploring

FIGURE 1
Study area and meteorological station locations. NEC: the cold region of Northeast China, NWC: the cold region of Northwest China, TPC: the cold
region of the Qinghai−Tibet plateau.
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the relationship between temperature extremes and atmospheric
circulation indices. Therefore, we selected NAO, AMO, andMEI. All
selected atmospheric circulation indices, which have a month scale
resolution, are publicly available for downloading from authorities
and research centers. They are obtained through the Earth System
Research Laboratory of the Physical Sciences Division of the
United States National Oceanic and Atmospheric Administration
(https://www.esrl.noaa.gov/psd/data/climateindices/list/).

2.2 Analytical methods

2.2.1 Temperature extreme calculations
Before the indices were calculated, a quality control step

(including a test for outliers and a time consistency test) was
carried out using the RClimDex 1.9 software package (http://
etccdi.pacificclimate.org/software.shtml) developed by Zhang and
Yang, (2004). After the quality control step, 11 temperature indices
(Table 1) were calculated for each year at each station using this
software. The extreme indices used in this study are divided into
three types (Ding et al., 2018c): the cold temperature extreme indices
are the numbers of cold days and nights (TX10 and TN10), the
lowest daily maximum and minimum temperatures (TXn and
TNn); the warm temperature extreme indices are the numbers of
warm days and nights (TX90p and TN90p), the highest daily
maximum and minimum temperatures (TXx and TNx); and the
third type is the daily maximum temperature (TXm), the daily
maximum temperature (TNm), and the diurnal temperature
range (DTR).

2.2.2 Trend calculations
The Mann–Kendall test is a nonparametric test for detecting

trends in a time series (Mann, 1945; Kendall, 1975), and which is
used to detect monotonic trends of temperature extreme index. In
addition, Sen’s estimator of slope (Sen, 1968; Gilbert, 1987) was used

to estimate the true slope of an existing trend in terms of the change
per year, and it is usually used to together with the Mann–Kendall
trend analysis method to determine the magnitudes of the trends
(Ding et al., 2018c; Xi et al., 2018; Zhou Z. et al., 2020).

Furthermore, the regional averages of each temperature extreme
indices were calculated as the arithmetic means of values at all of the
selected stations. The seasons are defined as follows: December to the
following February for winter; March to May for spring; June, July, and
August for summer; and September to November for autumn.

2.2.3 Correlation analysis
The wavelet transform coherence (WTC), which combines

wavelet transform with cross spectrum analysis, is a new signal
analysis technology to effectively analyze the degree of linear
relationship between two nonstationary series in time-frequency
domain from multiple time scales (Torrence and Compo, 1998;
Jevrejeva et al., 2003; Su et al., 2017; Asong et al., 2018; Jiang et al.,
2019; Su et al., 2019). In this study, WTC is used to perform the
correlation between temperature extremes and large-scale
atmospheric circulation. Given two time series x and y, whose
continuous wavelet transforms are Wn

x and Wn
y respectively,

thus the cross wavelet transform between x and y is expressed as:

Wxy
n s( ) � Wx

n s( ) ·Wy*
n s( ) (1)

WTC of two time series x and y is defined as:

R2
n s( ) � S s−1Wxy

n s( )( )
∣∣∣∣

∣∣∣∣2

S s−1 Wx
n s( )∣∣∣∣

∣∣∣∣2( ) · S s−1 Wy
n s( )∣∣∣∣

∣∣∣∣2( )
(2)

where * denotes the complex conjugate. S is a smoothing operator,
which represents time delay. Rn

2 (s)takes a value between 0 and 1,
where 0 indicates no correlation between two time series and
1 indicates that two time series are perfectly correlated with each
other. A detailed mathematical background of WTC is given in
Grinsted et al. (2004).

TABLE 1 The indices for temperature extreme used in this study.

Number Label Index name Definition Unit

1 TXm Daily maximum temperature Daily maximum temperature °C

2 TNm Daily minimum temperature Daily minimum temperature °C

3 DTR Diurnal temperature range Monthly mean difference between TXm and TNm °C

Warm temperature extremes

4 TN90p Warm nights Percentage of days when TN>90th percentile of 1961–2018 %

5 TX90p Warm days Percentage of days when TX>90th percentile of 1961–2018 %

6 TXx Warmest day Monthly maximum value of daily maximum temperature °C

7 TNx Warmest night Monthly maximum value of daily minimum temperature °C

Cold temperature extremes

8 TN10p Cold nights Percentage of days when TN<10th percentile of 1961–2018 %

9 TX10p Cold days Percentage of days when TX<10th percentile of 1961–2018 %

10 TXn Coldest day Monthly minimum value of daily maximum temperature °C

11 TNn Coldest night Monthly minimum value of daily minimum temperature °C
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To identify the factors that influence temperature extremes, a
Pearson’s correlation analysis was also performed between
temperature extremes and the primary atmospheric circulation
patterns in CRC (Zhong et al., 2017; Ding et al., 2018c). A
detailed description of the calculation of Pearson’s correlation
analysis is given in Zhong et al. (2017). In the present work,
Pearson’s correlation and wavelet analysis are used to investigate
the interaction and feedback characteristics of temperature extreme
and large-scale ocean-atmosphere circulation patterns.

3 Results

3.1 Trend variability of TXm, TNm, and DTR
in CRC

Figure 2 shows the average trends in TXm, TNm, and DTR
across CRC. The subregional variations in TXm, TNm, and DTR are
shown in Table 2. During the past 58 years, for TXm (Figure 2A), the
annual mean warming rate was 0.24°C/decade. The subregions
showed a large difference, as the highest warming trend occurred
in TPC at a mean rate of 0.28°C/decade, followed by 0.22°C/decade
in NEC and 0.21°C/decade in NWC. For TNm (Figure 2B), the
annual mean warming rate was 0.43°C/decade, which is obviously
higher than that of TXm. NWC had the largest warming trend
(0.47°C/decade), followed by NEC (0.44°C/decade) and TPC
(0.40°C/decade), respectively. In general, the trends of DTR
should approximately be the difference between TXm and TNm
due to the small difference in the trends of those two, as the annual

mean decline rate was just −0.19°C/decade, and the subregional DTR
trends showed the highest decline in NWC (−0.25°C/decade),
followed by NEC (−0.22°C/decade) and TPC (−0.10°C/decade),
respectively.

In terms of the seasonal trends in TXm, TNm, and DTR from
1961 to 2018 (Table 2), the change trend of the same index was
consistent, and the proportion of the significant sites was
significantly different only in winter. TXm and TNm
maintained a continuous growth trend, while DTR kept
decreasing in each season. For TXm, spring had the largest
warming trend, with a mean rate of 0.26°C/decade, followed
by winter (0.24°C/decade). Compared with NWC and NEC,
the annual mean, summer, autumn, and winter TXm warming
rate in TPC were larger, and winter had the largest warming trend
(0.24°C/decade). For TNm, the highest warming trend occurred
in winter (0.50°C/decade), while autumn had the least warming
rate (0.37°C/decade). By comparing the trend changes of NWC,
TPC, and NEC in different seasons, we could infer that the
change in the average temperature in CRC is likely affected by
different driver factors. The seasonal DTR trends showed the
highest decline in winter with a rate of −0.25°C/decade, but it
showed the least decline trend in summer (−0.17°C/decade). In
addition, the variation between TXm and TNm caused the
seasonal mean DTR significant decline in NWC and
pronounced the declines of −0.35, −0.22, −0.22, and −0.19°C/
decade in winter, summer, autumn, and spring, respectively. The
variation trends of DTR in different seasons in NWC, TPC, and
NEC were similar and with relatively high variations in winter
and spring, followed by autumn and summer.

FIGURE 2
Trend (°C/decade) in the annual mean TXm, TNm, and DTR in CRC from 1961 to 2018.
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TABLE 2 Regional decadal changes in temperature extremes and the number of stations with statistically significant (S) trends in temperature indices.

Indices Region Annual Spring Summer Autumn Winter

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

TXm NWC 0.21b 1(0) 27(25) 0.24a 0(0) 28(16) 0.20b 5(0) 23(22) 0.20b 0(0) 28(19) 0.11b 4(0) 24(2)

TPC 0.28b 3(0) 64(63) 0.21b 4(1) 63(42) 0.26b 1(0) 66(63) 0.29b 2(0) 65(57) 0.35 2(0) 65(59)

NEC 0.22b 0(0) 97(89) 0.26b 1(0) 96(67) 0.20b 1(0) 96(67) 0.17a 0(0) 97(43) 0.29a 2(0) 95(33)

CRC 0.24b 4(0) 188(177) 0.26b 5(1) 187(125) 0.22b 7(0) 185(152) 0.22b 2(0) 190(119) 0.24b 8(0) 184(94)

TNm NWC 0.47b 0(0) 28(28) 0.43b 0(0) 28(26) 0.42b 1(1) 27(25) 0.44b 0(0) 28(24) 0.49b 1(0) 27(24)

TPC 0.40b 2(0) 65(64) 0.36b 3(0) 64(61) 0.37b 0(0) 67(63) 0.37b 2(0) 65(60) 0.48b 2(0) 65(64)

NEC 0.44b 1(0) 96(94) 0.52b 1(0) 96(95) 0.37b 2(1) 95(91) 0.38b 3(1) 94(86) 0.57b 2(0) 95(84)

CRC 0.43b 3(0) 189(186) 0.44b 4(0) 188(182) 0.37b 3(2) 189(179) 0.38b 5(1) 187(170) 0.50b 5(0) 187(172)

DTR NWC −0.25b 24(20) 4(1) −0.19b 23(18) 5(1) −0.22b 23(18) 5(3) −0.22b 23(18) 5(2) −0.35b 26(23) 2(1)

TPC −0.10b 51(34) 16(7) −0.12b 53(34) 14(6) −0.09a 51(22) 16(1) −0.08a 45(17) 22(7) −0.11a 45(29) 22(4)

NEC −0.22b 88(80) 9(5) −0.27b 88(73) 9(3) −0.16b 85(57) 12(4) −0.21b 87(62) 10(4) −0.28b 86(77) 11(6)

CRC −0.19b 163(134) 29(13) −0.21b 164(125) 28(10) −0.16b 159(97) 33(8) −0.17b 155(97) 37(13) −0.25b 157(129) 35(11)

aSignificant at the 0.05 level (t-test).
bSignificant at the 0.01 level (t-test).
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Figure 3 shows the spatial distribution pattern of the trends in the
time series of the annual means of TXm, TNm, and DTR during
1961–2018. The annualmeanTXmclearly showswarming trends across
CRC, except for the four stations located in the southwest of TPC (3) and
NWC (1) (Figure 3A; Table 2), which show an insignificant cooling
trend.One hundred and seventy-seven stations have significantwarming
trends at the 5% level, andmost of the stations located in the central and
western region have a larger warming trend than that of the other
stations (Figure 3A). Meanwhile, the stations with a smaller warming
trend are mainly located in the eastern part of NEC, including the
insignificant eight stations at the 5% level. Similarly, the warming trends
in the annualmeanTNmwere observed at almost all the locations across
CRC (Figure 3B), and their warming rates are slightly greater than those
at TXm.Most of the stations located inNWC show themost remarkable
warming trend, while many stations located in NEC and TPC have a
relatively weaker trend (Figure 3B). In particular, twenty-eight stations
have significant warming trends at the 5% level (Figure 3B; Table 2). For
the annual mean DTR (Figure 3C), it has a relatively complex spatial
distribution of its variation trends. Although there are significant
decreasing trends in most regions, one-sixth of the stations show an
increasing trend, and thirteen stations show a significant increasing trend
(Table 2). These stations are mainly located in the eastern junction of
TPC and the central part of NEC (Figure 3C; Table 2).

3.2 Trend variability of TN90p, TX90p, TXx,
and TNx in CRC

All the warm temperature extreme indices that could be calculated
based on annual time scales are displayed in Figure 4, and the
subregional annual series for these indices are shown in Table 3. For

the past 58 years, all the warm temperature extremes showed awarming
trend at different degrees. The annual mean amounts of TN90p
andTX90p showed increasing trends (1.90% and 1.17%/decade,
respectively). The amount of the annual TXx and TNx showed
increasing trends by 0.22°C and 0.34°C/decade, respectively, and all
these four indices are significant trends at the 0.1% level (Figures
4A–D). The subregions showed a large difference. For TN90p and
TX90p, the highest warming trend occurred in TPC at themean rates of
2.11% and 1.46%/decade (p < 0.01), followed by 1.90% and 1.00%/
decade (p < 0.01) in NWC, and 1.71% and 0.90%/decade (p < 0.01) in
NEC, respectively. For the subregional TXx, TPC had the largest
warming trend, with a mean rate of 0.33°C/decade (p < 0.01). The
subregional TNx trends showed the highest increasing trend in NWC,
with a rate of 0.36°C/decade (p < 0.01), followed by 0.35°C/decade (p <
0.01) in NEC. Also, TPC had the least decline trend [0.33°C/decade
(p < 0.01)].

In the seasonal scales (Table 3), during the past 58 years, all the
extreme indices showed robust warming trends in all seasons in each
subregion (the most significant stations in spring and the least
significant stations in winter). TN90p showed a warming trend and
showed the greatest warming rate (2.31%/decade) in summer. Similarly,
the largest warming trend of TX90p was also in summer (1.27%/
decade). However, for TX90p, the proportion of significant stations is
much lower than that of TN90p, which is more obvious in NWC and
NEC. For TXx, the most obvious increase trend was in spring (0.29°C/
decade), and the smallest warming trend occurred in summer (0.19°C/
decade). In addition, TNx showed the largest increasing trend in winter,
with awarming rate of just 0.44°C/decade, and summer had the smallest
warming trend (0.34°C/decade). TNx and TXx showed the most
significant increase in summer and winter in TPC. Moreover, TXx
had the most significant growth in spring and autumn in NWC and

FIGURE 3
Trends of annual means of (A) TXm, (B) TXm, (C) DTR during 1961–2018. Plus sign represent a significant increasing trend at the 5% level, while
subtraction sign represent a significant decreasing trend at the 5% level.
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NEC, while TNx had the most significant increase in spring and
summer. Speculatively, this may also be caused by large-scale
atmospheric circulation patterns and anthropogenic aerosols.

In terms of the spatial variation of the annual mean trend (Figure 5;
Table 3), most stations of the warm temperature extreme indices
showed warming trends across CRC. TN90p clearly showed
significant warming trends at 185 stations, and most of the stations
located in TPC had a larger warming trend than that of the other
stations (Figure 5A). Similarly, the most remarkable warming trends in
TX90p were observed in TPC (Figure 5B), but its warming rates were
slightly greater than those in TN90p. For TXx (Figure 5C; Table 3),
there were significant increasing trends in most regions, and the sites
with the most significant increases are located in TPC (Table 3). In
addition, 11 sites showed a decreasing trend, and they are mainly
located in the center of NWC and the western junction of NEC
(Figure 5C; Table 3). The difference is that the increasing trend of
TNx is particularly significant in the northern part of the study area
(Figure 5D; Table 3). Based on the above differences, we speculated that
the temperature extremes may be caused by the influence of
atmospheric circulation factors.

3.3 Trend variability of TN10, TX10, TXn, and
TNn in CRC

Figure 6 shows all the cold temperature extreme indices that
could be calculated on an annual time scale within the region, and
Table 4 shows the subregional annual indices. For the past

58 years, the annual mean amounts of TN10p and TX10p
showed decreasing trends (−2.52 and −1.02%/decade,
respectively). However, the amounts of the annual TXn and
TNn increased by 0.27°C and 0.55°C/decade, respectively, and
all these four indices are significant trends at the 5% level
(Figure 6A–D). The subregions showed a large difference. For
TN10p and TX10p, the highest decreasing trend occurred in TPC
at the mean rates of −2.77 and −1.23%/decade (p < 0.01), followed
by −2.54 and −1.01%/decade (p < 0.01) in NEC
and −2.36 and −0.81%/decade (p < 0.01) in NWC,
respectively. Regarding the subregions of TXn, TPC had the
largest warming trend, with a mean rate of 0.31°C/decade (p <
0.01). Moreover, the subregional TNn trends showed the highest
increasing trend in NWC, with a rate of 0.56°C/decade (p < 0.01),
followed by 0.51°C/decade (p < 0.01) in TPC. NEC had the least
decline trend of 0.50°C/decade (p < 0.01). In general, the cold
extreme indices showed an obvious warming trend from
1961 to 2018.

In the seasonal scales (Table 4), TN10p showed a decreasing
trend in each season. The proportion of the significantly stations
is the most in summer and the least in winter. Also, most of the
stations in the different subregions in each season had a
decreasing trend. For TX10p, the change trend of the stations
in each season are similar to that of TN10p, but the proportion of
the significantly stations compared with TN10p is lower. For TXn
and TNn, the change trend of most stations in each season was
exactly opposite to that of TN10p and TX10p. At the same time,
in each season, TNn had a higher proportion of the significant

FIGURE 4
Same as in Figure 2 but for the temperature extreme indices of the warm indices (TN90p, TX90p, TXx, and TNx).
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TABLE 3 Regional decadal changes in temperature extremes and the number of stations with statistically significant (S) trends in temperature indices.

Indices Region Annual Spring Summer Autumn Winter

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

TN90p NWC 1.90b 0(0) 28(27) 1.79b 0(0) 28(26) 2.19b 1(1) 27(25) 1.60b 1(0) 27(22) 1.58b 0(0) 28(23)

TPC 2.11b 1(0) 66(63) 1.80b 2(0) 65(59) 2.63b 1(0) 66(63) 2.10b 1(0) 66(63) 1.89b 1(0) 66(62)

NEC 1.71b 1(0) 96(95) 1.65b 1(0) 96(93) 1.99b 2(0) 95(92) 1.36b 2(1) 95(82) 1.30b 1(0) 96(69)

CRC 1.90b 2(0) 190(185) 1.80b 3(0) 189(178) 2.31b 4(1) 188(180) 1.66b 4(1) 188(167) 1.52b 2(0) 190(154)

TX90p NWC 1.00b 1(0) 27(25) 1.22b 0(0) 28(17) 1.24b 2(0) 26(15) 0.74a 1(0) 27(12) 0.73 1(0) 27(4)

TPC 1.46b 1(0) 66(62) 1.05b 6(1) 61(35) 1.70b 1(0) 66(63) 1.29b 2(0) 65(46) 1.82b 0(0) 67(59)

NEC 0.90b 0(0) 97(84) 0.90b 2(0) 95(48) 0.93a 7(0) 90(44) 0.67a 3(0) 94(31) 0.61 7(0) 90(16)

CRC 1.17b 2(0) 190(171) 1.03b 8(1) 184(100) 1.27b 10(0) 182(122) 0.95b 6(0) 186(89) 1.03b 8(0) 184(79)

TXx NWC 0.17a 4(0) 24(9) 0.32b 0(0) 28(20) 0.16b 4(1) 24(13) 0.34b 0(0) 28(24) 0.22 3(0) 25(3)

TPC 0.33b 1(0) 66(57) 0.20b 6(0) 61(36) 0.31b 1(0) 66(61) 0.27b 3(0) 64(45) 0.43b 0(0) 67(55)

NEC 0.17 6(0) 91(22) 0.30b 2(0) 95(55) 0.14 12(0) 85(26) 0.22b 0(0) 97(40) 0.26 11(0) 86(22)

CRC 0.22b 11(0) 181(88) 0.29b 8(0) 184(111) 0.19b 17(1) 175(100) 0.27b 3(0) 189(109) 0.28b 14(0) 178(80)

TNx NWC 0.36b 3(1) 25(20) 0.46b 0(0) 28(27) 0.36b 2(1) 25(23) 0.44b 1(0) 27(26) 0.38b 1(0) 27(18)

TPC 0.33b 1(0) 66(60) 0.32b 3(0) 64(58) 0.34b 0(0) 67(63) 0.26b 1(0) 66(56) 0.46b 1(0) 66(62)

NEC 0.35b 0(0) 97(78) 0.49b 1(0) 96(95) 0.36b 1(0) 96(92) 0.35b 2(0) 95(77) 0.50b 2(0) 95(70)

CRC 0.34b 4(1) 188(158) 0.43b 4(0) 188(180) 0.34b 3(1) 188(178) 0.35b 4(0) 188(159) 0.44b 4(0) 188(150)

aSignificant at the 0.05 level (t-test).
bSignificant at the 0.01 level (t-test).
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FIGURE 5
Same as in Figure 3 but for the temperature extreme indices of the warm indices (TN90p, TX90p, TNx, and TXx).

FIGURE 6
Same as in Figure 2 but for the temperature extreme indices of the cold indices (TN10p, TX10p, TNn, and TXn).
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TABLE 4 Regional decadal changes in temperature extremes and the number of stations with statistically significant (S) trends in temperature indices.

Indices Region Annual Spring Summer Autumn Winter

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of
stations with

Trend
(decade−1)

Number of stations with

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

Decreasing
(S)

Increasing
(S)

TN10p NWC −2.36b 28(28) 0(0) −1.70b 27(21) 1(0) −2.98b 27(25) 1(1) −2.45b 28(25) 0(0) −1.77b 27(17) 1(0)

TPC −2.77b 64(64) 3(0) −2.38b 64(58) 3(1) −2.73b 65(60) 2(0) −2.60b 65(56) 2(1) −3.14b 64(58) 3(1)

NEC −2.54b 95(92) 2(0) −2.77b 96(93) 1(0) −2.46b 95(90) 2(2) −2.29b 93(82) 4(2) −2.66b 93(82) 4(0)

CRC −2.52b 187(184) 5(0) −2.39b 187(171) 5(0) −2.70b 187(175) 5(3) −2.37b 186(163) 6(3) −2.59b 184(157) 8(1)

TX10p NWC −0.81b 27(22) 1(0) −0.51 26(2) 2(0) −0.88b 23(19) 5(0) −0.71 28(4) 0(0) −0.45 23(1) 5(0)

TPC −1.23b 64(63) 3(1) −0.86b 62(34) 5(1) −1.04b 63(38) 4(0) −1.72b 65(58) 2(0) −1.37b 63(46) 4(0)

NEC −1.01b 97(88) 0(0) −0.91a 93(44) 4(0) −0.95b 96(55) 1(0) −0.75a 97(38) 0(0) −1.31a 95(38) 2(0)

CRC −1.02b 188(173) 4(0) −0.70b 181(80) 11(1) −0.96b 182(112) 10(0) −1.00b 190(100) 2(0) −1.01a 181(85) 11(0)

TXn NWC 0.26b 1(0) 27(3) 0.18 1(0) 27(0) 0.14a 5(1) 23(7) 0.23 0(0) 28(2) 0.08 5(0) 23(2)

TPC 0.31b 3(0) 64(25) 0.15a 6(1) 61(15) 0.22b 3(0) 64(38) 0.30b 1(0) 66(49) 0.26b 3(1) 64(37)

NEC 0.29 5(1) 92(12) 0.25a 2(0) 95(34) 0.17b 5(0) 92(38) 0.22 1(0) 96(21) 0.39a 4(0) 93(44)

CRC 0.27a 9(1) 183(40) 0.19a 9(1) 183(49) 0.19b 13(1) 179(83) 0.24b 2(0) 190(72) 0.26a 12(1) 180(83)

TNn NWC 0.56b 1(0) 27(11) 0.48b 1(0) 27(21) 0.48b 1(0) 27(26) 0.49b 0(0) 28(19) 0.49b 1(0) 27(19)

TPC 0.51b 4(1) 63(44) 0.44b 3(1) 64(57) 0.43b 2(0) 65(61) 0.46b 2(0) 65(60) 0.50b 4(2) 63(52)

NEC 0.50b 8(0) 89(57) 0.62b 1(0) 96(91) 0.49b 2(1) 95(88) 0.42b 5(2) 92(70) 0.70b 2(0) 95(80)

CRC 0.55b 13(1) 189(112) 0.50b 5(1) 187(169) 0.45b 5(1) 187(175) 0.44b 7(2) 185(149) 0.56b 7(2) 185(151)

aSignificant at the 0.05 level (t-test).
bSignificant at the 0.01 level (t-test).
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stations compared with TXn. Overall, the cold extreme indices
showed an obvious warming trend in all seasons, and the change
trend of the cold extreme indices varied greatly in different
seasons, especially in summer and winter. We believe that this
is inseparable from the impacts of global warming and
atmospheric circulation.

Figure 7 shows the spatial distribution pattern of the annual
average cold temperature extreme indices during 1961–2018. The
annual average TN10p clarifies the warming trend of the entire
CRC except for five stations that showed a cooling trend.
However, the trends in the southwest of TPC (3) and NEC (2)
were insignificant (Figure 7A; Table 4). The warming trend of
184 stations was obvious at the level of 1%. Most of the stations
located in TPC had a larger warming trend than that of the other
stations (Figure 7A), while the stations with a smaller warming
trend were mainly located in NWC. Similarly, almost all the
locations of the CRC had a warming trend in the annual mean
TX10p (Figure 7B), which is slightly larger than the warming rate
of TN10p. Most of the stations located in TPC showed the most
obvious warming trend, while many of the stations located in
NEC and TPC had relatively weak trends. For the annual average
TXn (Figure 7C), an increasing trend was observed in most
regions, but there were only a few sites with a significant
increasing trend. These stations are mainly located in the
eastern part of TPC (Figure 7C; Table 4), and even nine
stations showed a downward trend (Table 4). For the annual
average TNn (Figure 7D), a significant increasing trend was
observed in most regions, especially in the stations in the
western parts of the three subregions and the stations in the
eastern parts of TPC and NEC.

3.4 Possible linkage between the large-scale
circulation patterns and the changes in
temperature extremes

WTC and Pearson’s correlation analysis were used to
comprehensively examine the correlation results between the
temperature extreme indices and the large-scale climate
circulations (Figures 8–10, Supplementary Figures S1–S5). Some
differences were found between the results of WTC and Pearson’s
correlation coefficient analysis. One possible reason for this is that
Pearson’s correlation coefficient analysis is linear, while WTC is
nonlinear. Both indicated that the temperature extremes in CRC are
controlled by different circulation patterns. To simplify and limit the
length of this paper, only the WTC results for the large-scale climate
indices with the strongest correlations with the temperature extreme
indices by Pearson’s correlation coefficient analysis were exhibited.
The other results are included in the Supplementary Material.

Figure 8 and Supplementary Figure S3 show theWTC results for
AMO and the time series of the temperature extreme indices. For
NWC, AMO had a significant in-phase relationship (positive) with
TXm, TX90p, and TX10p, which primarily concentrated in the
6–10-year band from 1961 to 2018 and in the 16-year band but
outside the cone of influence (COI) over the past 58 years
[Supplementary Figure S3(a1, a3, a6)]. In theory (Jevrejeva et al.,
2003), the wavelet power outside the COI did not pass the Monte
Carlo test, indicating that these coherences may not be reliable
(Grinsted et al., 2004). Nevertheless, the significant regions in the
large-scale circulation patterns are so extensive and consistent that it
is unlikely to be an accident (Grinsted et al., 2004), which possibly
indicates a ~16-year periodicity since the 1960s in the phase

FIGURE 7
Same as in Figure 3 but for the temperature extreme indices of cold indices (TN10p, TX10p, TXn, and TNn).
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relationship between TXm, TX90p and TX10p, and AMO. This can
be confirmed by existing research results indicating a close
correlation between AMO and East Asian temperature on an
interdecadal scale (Sun et al., 2012; Li Q. et al., 2015). In
addition, a strong coherence between AMO and TNm, TN90p,
and TN10p occurred at the 6–10-year scale spanning (1970s–2010s)
and the 3–5-year scale spanning (1980s–2000s) [Figure 8(a1–a3)].
Furthermore, sporadic apparent coherences between AMO and the
other temperature extreme indices were observed, primarily
distributed in the 1–9-year bands and spanning 1970s–2000s
[Supplementary Figure S3(a2, a4–a5, a7–a8)].

For TPC, a dominant high-energy in-phase coherence between
TNx, TNn, and AMO occurred at the 8–10-year scale spanning
(1960s–2000s) [Figure 8(b3), S3 (b8)]. In the other frequency bands,
the resonance energies of TNx, TNn, and AMOwere weak, and only
the scattered areas passed the significance test. For the other
temperature extreme indices, a sporadically significant coherence
with a scattered distribution on the 1–10-year bands could be
observed from the 1960s to the 2010s [Figure 8(b1–b2), S3(b1–b7)].

For NEC, a sporadically significant coherence with a scattered
distribution on the 1–6-year periodic scales could be observed from

the 1980s to the 2010s [Figure 8(c1), S3(c1–c2)]. A significant
positive correlation between AMO and the warm extreme indices
was found, ranging between 1 and 8 years and primarily
concentrated in the period from the 1970s to the 2000s, and it
occurred at the 8–10-year scale spanning (1970s–2010s) and the
3–5-year scale spanning (1980s–2000s) [Figure 8(c2–c3),
S3(c3–c4)]. In addition, a sporadically significant coherence with
a scattered distribution on the other periodic scales could be
observed from the 1970s to the 2010s. The WTCs between the
AMO and the cold extreme indices significantly differed from the
warm extreme indices. A significant relationship between AMO and
the cold extreme indices could be observed at the 16-year scale from
the 1960s to the 2010s [Supplementary Figure S3(c5–c8)].

We believe that the main mechanism by which AMO affects
extreme temperatures in CRC is the abnormal warming of the
Atlantic Ocean surface temperature, which heats the upper and
middle troposphere of the Northern Hemisphere, thereby warming
the Eurasian continent, strengthening the thermal differences
between land and sea, and ultimately affecting the monsoon.
Previous studies have also suggested (Li S. L. et al., 2015; Hao
and He, 2017; Zhang Q. et al., 2020) that the warm (positive) phase

FIGURE 8
Wavelet transform coherence for AMO and the temperature extremes (The color is closer to yellow, and the relationship is stronger; The color is
closer to blue, and the relationship is weaker; The thin black line is the boundary of the cone of influence (COI), which is the effective spectral value area;
The thick black line is the 95% confidence interval of the significance level α=0.05; The arrow indicates a phase difference; → indicates that the change
phases of the two time series are consistent, and ← indicates that the change phases of the two time series are opposite, that is, the in-phase
(positive) points to right, and antiphase (negative) points to left.).

Frontiers in Earth Science frontiersin.org13

Dong et al. 10.3389/feart.2023.1120800

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1120800


of AMO will cause warming in most parts of East Asia, leading to
weakened winter monsoons and overall higher winter temperatures.
This relationship also exists throughout the year; However, it is not
yet clear how Atlantic sea surface temperature affects the upper and
middle troposphere, and further in-depth analysis is needed.

The relationships between the time series of the temperature
extreme indices and NAO are shown in Figure 9 and S4. For NWC,
sporadic significant coherence patterns the NAO and TXm, and
TNm was primarily observed with a scattered distribution between
1 and 9 years over the period from the 1960s to the 2010s
[Supplementary Figure S4(a1–a2)]. In the case of NAO–DTR,
discontinuous significant in-phase coherence patterns were
detected in the 10–16-year bands from 1961 to
2017 [Figure 9(a1)]. Furthermore, sporadic apparent coherences
between NAO and the warm and cold temperature extreme indices
were observed, primarily distributed in the 1–9-year bands and
spanning (1960s–2000s) [Figure 9(a2–a3), Supplementary Figure
S2(a3–a8)].

For TPC, a dominant and strong antiphase coherence occurred
between 12 and 16 years from the late 1960s to the early 1990s
[Figure 9(b1)]. TXm showed a strong in-phase relationship with
NAO over the 12–16-year scale over the period of
1961–2017 [Supplementary Figure S4(b1)]. In addition, a
sporadically significant coherence with a scattered distribution on

the 6–10-year scale could be observed from the 1970s to the 2000s
for NAO–TXm and NAO–TNm. For the warm temperature
extreme indices [Supplementary Figure S4(b3–b6)], a significant
coherence also existed from 1961 to 2017, and scattered 1–16-year
periodicities occurred. For the cold temperature extreme indices
within the COI zone, primarily scattered 1–8-year periodicities
occurred in the period from the 1970s to the 2000s
[Figure 9(b2–b3), Supplementary Figure S2(b7–b8)]. Moreover,
TX10p significantly covaried with NAO during the study period,
suggesting that this relationship may be robust [Figure 9(b2)].

For NEC, relationships between TXm, TNm, and NAO were
found from 1961 to 2018, where a significant coherence was
primarily concentrated in the 1–5-year and 12–16-year bands,
respectively [Supplementary Figure S4(c1–c2)]. Moreover, the
significant coherence between DTR and NAO was scarce, and it
was only distributed in the 1–5-year band and spanning
(1961–1990) [Supplementary Figure S4(c3)]. In addition, it was
clear that NAO had a sporadically significant coherence with the
warm temperature extreme indices with a scattered distribution on
the 1–5-year band from the 1960s to the 1990s [Supplementary
Figure S4(c3–c7)]. For the cold temperature extreme indices, a
strong negative relationship between TN10p, TX10p, and NAO
was observed, primarily distributed in the 12–16-year band and
spanning (1961–2017), while a scattered distribution was noticed at

FIGURE 9
Same as in Figure 8 but for NAO and the temperature extremes.
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a significant negative coherence, ranging between 2 and 6 years and
primarily concentrated over the periods of 1970–1990 and
2003–2018 [Figure 9(c1–c2)]. The other cold temperature
extreme indices had weak relationships with NAO [Figure 9(c3),
S4(c8)].

Figure 10 and Supplementary Figure S5 show the WTC results
for the temperature extreme indices and MEI. For NWC, MEI was
sporadic, but it in-phase covaried with TXm during the period of
1967–2010 at the 6–10-year band and during the period of
1961–2018 at the 14–16-year band [Supplementary Figure
S5(a1)]. TNm also has a similar relationship with TXm but in
the 6–10-year band [Supplementary Figure S5(a2)]. Additionally,
DTR and MEI mainly have a significant relationship in the 5–7-year
and 9–11-year bands and spanning (1987–2018). However, the
9–11-year scale lagged the 5–7-year scale by 135° [Figure 10(a1)].
For the warm temperature extreme indices [Figures S5(a3–a6)],
TN90p, TX90p, and TXx have a scattered high power ranging from
1 to 16 years with variable phase angles from 0° to 90°, intermittently
during the 1961–2018 period, showing variable phases and
periodicity patterns over that time. Therefore, we concluded that
for the warm extreme indices, WTC and MEI show strong decadal
periodicities. The WTCs between MEI and the cold extreme indices
significantly vary from the warm extreme indices [Figure 10(a2–a3),
S5(a7–a8)]. Within the COI zone, scattered interannual periodicities

occurred from the 1960s–2010s, both in TX10p and TXn, which
phase angle are also opposite to the warm indices, showing the
antiphase relationship of these indices and MEI. Furthermore, for
TX10p, there is a 16-year band of wavelet coherence from 1961 to
2018. For TN10p, a significant high-power region was slightly
observed throughout the study period.

For TPC, the WTCs between MEI and the temperature extreme
indices are shown in Figure 10(b1–b3), Supplementary Figure
S5(b1–b8). For TXm, a lower wavelet power was observed for all
the scales throughout the study period (Figure 10b1). TNm had
scattered interannual periodicities from the 1990s to the 2000s
[Supplementary Figure S55(b1)]. DTR had significant high power
in the 13–16-years periodicities oscillation band from 1961 to 2000,
where the phase angle in this zone was 315°, showing the positive
influence of MEI on the DTR variability during these years
[Supplementary Figure S5(b2)]. For TN90p and TX90p, there
was a remarkable interannual oscillation in the 1–5-year band
from the 1980s to the 2000s with a rather stable phase behavior
(by approximately 0°) and with a rather low coherency outside of
this period [Supplementary Figure S5(b3–b4)]. It is noteworthy that
no regions showed significant wavelet coherence within COI in TXx
[Supplementary Figure S5(b5)]. Unlike the other warming indices,
MEI and TNx showed high coherency in the 7–11-year bands from
1961 to 2000 with a rather stable phase behavior by approximately 0°

FIGURE 10
Same as in Figure 8 but for MEI and the temperature extremes.
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[Supplementary Figure S5(b6)]. For the cold extreme indices over
the past 58 years, there were low power regions within COI, except
for a few significant high coherences with TN10p and TX10p in
different scales [Supplementary Figure S5(b7–b8),
Figure 10(b2–b3)].

For NEC, TheWTCs betweenMEI and the temperature extreme
indices are shown in Figure 10(c1–c3), Supplementary Figure
S5(c1–c8). For TXm, a lower wavelet power was observed for all
the scales throughout the study period except for the 0–4-year band
(high power) from the 1980s to the 2010s at the significant 5% level
[Supplementary Figure S5(c1)]. However, TNm was scattered in the
1–4-year band from the 1990s to the 2000s, and it had complicated
and varying phase angles [Figure 10(c1)]. DTR had a significant
discontinuation power at the 5% level in the 0–6-year periodicities
oscillation band from 1980 to 2018, where the phase angle in this
zone was complicated [Figure 10(c2)]. In terms of the warming
indices, for TN90p, a remarkable interannual oscillation with the
8–12-year band occurred from the 1980s to the 2010s and with a
rather low coherency outside of this period [Supplementary Figure
S5(c2)]. Noteworthy, a few regions showed a significant wavelet
coherence within COI in TX90p [Figure 10(c3)]. For TXx, there was
a significant high coherency in the 4–16-year band from 1961 to
1990 with an in-phase behavior [Supplementary Figure S5(c3)]. In
addition, MEI and TNx showed high coherency in the 8–12-year
bands from 1977 to 2010 [Supplementary Figure S5(c4)]. For the
cold extreme indices, there were significant high power regions
within COI in different scales. For TN10p and TX10p, scattered and
weak periodicities in the 1–3-year band with a complicated phase
relationship were observed from 1970 to 1990 and from 2005 to
2018 [Supplementary Figure S5(c5–c6)]. For TXn and TNn, there
were high negative coherence regions in the interannual and decadal
scales, especially in the decadal scale periodicities, with a 16-year
band from 1961 to 2018 [Supplementary Figure S5(c7–c8)].

4 Discussion

4.1 Variation characteristics of the
temperature extremes and their regional
differences

4.1.1 Temporal variation characteristics of the
temperature extremes

In previous studies, the used methods, data types, and study
periods in the temperature extremes were slightly different. Thus,
only the change trends of temperature extreme were discussed. A
significant warming trend of the temperature extreme indices was
observed in CRC from 1961 to 2018; the warming magnitudes of the
cold temperature indices (TN10p, TNx, TNx) were much greater
than those of the warm temperature indices (TN90p, TXx, TNx).
From the perspective of seasonal change trends, the warming
magnitudes of the cold temperature indices (TX10p, TXn, TNn)
in winter were obviously higher than those in summer. The physical
mechanism of this change is that the water vapor content in air in
winter is less than that in summer. Thus, the radiative forcing effect
of greenhouse gases is enhanced in winter, resulting in a greater
increase in temperature in winter than in summer (Aguilar et al.,
2009). Additionally, the magnitude of the changes of the night

temperature extreme indices (TN90p, TN10p) is obviously greater
than that of the daily temperature indices (TX90p, TX10p), which is
consistent with the results of previous studies (Peterson et al., 2002;
Choi et al., 2009; Wang et al., 2013), and reflects that the frequency
and intensity of the events of “warm winter” have had a tendency to
increase in the past 58 years. This phenomenon has led to the
shrinkage of glaciers and to the accelerated melting of snow and
frozen soil in CRC, and reduced the amount of melting snow in
summer and autumn to a certain extent, which is not conducive to
the rational use of water resources by the agricultural industry. Also,
this has negatively affected regional agricultural, industries and
animal husbandry production (Ding et al., 2018b; Zhou Z. et al.,
2020). Moreover, based on a comparative analysis of the magnitude
of changes in TNm and TXm, it was found that the former wasmuch
higher than the latter in spring, summer, autumn, and winter.
Especially, the difference was significant in winter, and the
warming magnitude of TNm was 2.1 times larger than that of
TXm. To sum up, the changes in the warm and cold temperature
indices are asymmetrical, for example, the magnitude of the changes
in the annual mean minimum temperatures is obviously greater
than that in the annual mean maximum temperatures, and the
magnitude of changes of the cold extremes is obviously greater than
that in the warm indices. The rangeability of night indices are larger
than those of daily indices. This result is consistent with the mean
warming trend of China, the Northern Hemisphere, and the globe
(Seneviratne et al., 2014; Shen et al., 2018; Du et al., 2019; Zhou Z.
et al., 2020; Ding et al., 2021; IPCC, 2021), which reflects the overall
warming trend of climatic systems and complex warming patterns.

4.1.2 Regional differences in temperature extreme
On an annual scale, further analysis has revealed that the

warming trend of all the temperature extreme indices in CRC is
basically consistent with that of the world and China in a national
scale in previous studies (Ding J. et al., 2018; Ding et al., 2018c;Wang
et al., 2019). However, there still were some differences (Shi et al.,
2018a; Shen et al., 2018). Among them, the warming trends in the
cold extreme indices were most significant. For example, the
national average warming trends of TN10p and TX10p were
1.87% and 0.67%/decade, respectively (1961–2015) (Shi et al.,
2018a), while those of CRC reached 2.52% and 1.02%/decade in
this study (trends from 1961 to 2018). Nevertheless, for TNn and
TXn, the increase rates of 0.55°C and 0.27°C/decade in CRC were
significantly lower than those in China (0.63°C and 0.35°C/decade)
and the world (0.71°C and 0.37°C/decade) (Alexander et al., 2006;
You et al., 2010). The national average warming trends of TXx and
TNx were 0.22°C and 0.34°C/decade in CRC, respectively, and they
were significantly higher than those of China (0.07°C and 0.21°C/
decade) (You et al., 2010) and the world (0.21°C and 0.30°C/decade)
(Alexander et al., 2006). Similar to TN90p and TX90p, the warming
trends of CRC were 1.90% and 1.17%/decade, respectively, which
were higher than those of China (1.84% and 1.15%/decade)
computed by Shi et al., 2018a. In addition, the warming trends of
TXm and TNmwere 0.24°C and 0.43°C/decade in CRC, respectively,
which were significantly higher than those of China [0.20°C and
0.37°C/decade (1961–2012)] (Li Q. et al., 2015). DTR significantly
decreased at −0.19°C/decade in CRC. However, it was −0.18°C/
decade in China in a national scale (You et al., 2010; Li S. L. et al.,
2015) and was −0.08°C/decade in the world. (Alexander et al., 2006).
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In summary, the warming magnitudes of most temperature extreme
indices have vitally larger changes than those of global and China, it
indicates that CRC is a more sensitive area to climate change, which
is also consistent with the results of previous studies (Shen et al.,
2018).

For NWC, TPC, and NEC, the warming magnitudes of the
temperature extreme indices showed significant regional differences.
TXm, TN90p, TX90p, TXx, TN10p, TX10p, and TXn had the largest
changes in TPC, while NEC and NWC had relatively small changes.
As for TNm, DTR, TNx, and TNn, their changing trend was similar,
but these indices had the largest variation in NWC and the smallest
variation in TPC. The main reason for these differences may be the
diversity of the main influencing factors of the regions. Large scale
climate change is the main cause of the increase in extreme
temperature events in CRC, such as MEI, NAO, AMO, and
ENSO, which are important factors affecting extreme
temperature events in China. For example, Wang J. et al. (2017)
pointed out that the ElNiño event caused a low daily average
temperature in Northeast China during winter, resulting in an
increase in the frequency of extreme low temperature events,
while the LaNiña event had a weaker impact on extreme low
temperatures; At the same time, human activities, especially high-
intensity and large-scale urbanization, have also played an
important role; In addition, latitude, longitude, and altitude also
profoundly affect the spatiotemporal differentiation pattern of
extreme temperatures. In this study, the extreme temperature
changes of TPC and NWC are closely related to large-scale
climate change, topography, and altitude. For example, plateau
and mountainous areas such as the Qinghai Tibet Plateau affect
the extreme climate in eastern China in terms of heat and power,
resulting in significant differences in extreme temperature changes
between TPC, NWC, and NEC. In addition, the degree of
urbanization in NEC also has a certain impact on extreme
temperature, increased the difference in extreme temperature
changes between NEC and other cold regions. Overall, CRC
warming is consistent with previous research results (Kong, 2020;
Yan et al., 2020), and more importantly, the results of this study
indicate that the magnitude of extreme temperature changes in CRC
is more significant than in other regions, and the dominant factor
causing differences in extreme temperature changes is large-scale
climate change.

Moreover, previous studies have also shown that the magnitude
of the temperature extreme indices is affected by climate change
(You et al., 2013; Ding et al., 2018b; Yang et al., 2019), anthropogenic
aerosol (Mascioli et al., 2016; Samset et al., 2018; Wei and Buwen,
2019), and urbanization (Sun et al., 2019; Tysa et al., 2019; Zhang Q.
et al., 2020; Qian et al., 2022). China is located at the eastern end of
the Eurasian continent, where the interannual variability of
temperature is large, mainly controlled by the strength and
weakness of the winter monsoon from the upstream North Asian
continent. It can be explained by climate change dynamics theories
such as “Arctic warm-continental cold” (Cohen, et al., 2014; Yan
et al., 2020), that is, the warming of the Arctic often corresponds to
an increase in the meridional direction of the circumpolar westerly
circulation, which means that the Arctic Oscillation (AO) is weak,
making it easier for polar cold air activities to spread to some
continental regions, causing these areas to be slightly cold. In
particular, the continuous enhancement of human activities in

recent decades has led to a soar in anthropogenic aerosol, which
has been confirmed by numerous studies (Sun et al., 2019; Wang
et al., 2019; IPCC, 2021). Temperature extremes are highly sensitive
to anthropogenic aerosol (Samset et al., 2018), whose increase causes
induced atmosphere cloud feedback, which will trigger a continuous
increase in the hot extreme climate events (Mascioli et al., 2016;
Samset et al., 2018; Chen and Dong, 2019). However, aerosol forcing
did not well explain that the cold temperature extreme indices in
winter and summer have shown patterns of slowing warming and
even weak cooling in NEC, the arid area of NWC, NEC, and entire
China since the 1960s (Li S. L. et al., 2015; Wang et al., 2019; Zhou Z.
et al., 2020). In addition, the urbanization effect may be obvious in
the changes of some extreme temperature indicators. Previous
research shows that urbanization has contributed to the increase
of regional extreme high temperature events (Sun Y. et al., 2016),
and there is positive feedback between urban heat island and heat
wave weather (Wang Z. Q. et al., 2017); On the other hand, with the
increase of regional aerosol pollution in the process of urbanization,
it has a certain cooling effect on temperature, while heatwave
weather often favors aerosol dissipation and has negative
feedback. In this study, human activities, such as urbanization,
are more frequent in NEC (Zhou Z. et al., 2020), but from the
spatial distribution of temperature extreme indices (Figures 3, 5, 7;
Table 2, 3, 4), the warming trend of temperature extreme changes
has not been great. Previous studies have also shown that the
physical mechanism of aerosols on climate warming still has
great uncertainties (Yang et al., 2016; IPCC, 2021), and our
analysis of the CRC observations also verified this view.
Therefore, the contribution of urbanization and aerosols to
temperature warming trends is uncertain in observation and
mechanism analysis, but it can be confirmed that they are not
the dominant contributing factor (Jones et al., 2008; Yan et al., 2020).

4.2 Large-scale circulation factors affecting
temperature extremes

The natural variability of the Earth’s climate system has an
undeniable impact on climate warming, which is mainly manifested
in the interannual and interdecadal changes of the large-scale
ocean–atmosphere coupled mode (Deser et al., 2012; Huber and
Knutti, 2014; IPCC, 2021). Previous researches have shown that
large-scale atmosphere circulation patterns are likely among the
most potential contributors to the changes in climate extremes (Shi
et al., 2018a; Li et al., 2019; Ding et al., 2021; Ye and Qian, 2021). The
temperature extremes in CRC have statistical relationships with
ENSO, NAO, and AMO. In general, cross-wavelet analyses have
shown that the influence of the large-scale atmosphere circulation
patterns on climate extremes varies not only based on the temporal
scale but also on the spatial scale. In fact, the correlations between
climate extremes and large-scale atmospheric circulation patterns
are even more complicated than the results shown in this study.

ENSO is one of the strongest ocean–atmosphere coupling
signals on Earth, and its strength has a significant impact on
climate in most parts of the world (Cai et al., 2015). MEI is an
important index with regard to characterizing the strength of ENSO,
which is considered an important large-scale atmosphere circulation
pattern with regard to climate change in the Northern Hemisphere,
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especially for the regions in or around the Pacific Ocean (Rogers and
Coleman, 2003; Jin et al., 2016; Thirumalai et al., 2017). Previous
studies have pointed out that MEI is closely related to the
temperature extremes at different regional scales around the
world (Cai et al., 2015; Fasullo et al., 2018). From a previous
analysis, it could be clearly seen that although the relationship
between MEI and different temperature extreme indices is
different in CRC, almost all the temperature extreme indices
have obvious 2–4-year periodic oscillations with MEI.
Furthermore, we calculated the WTCs between MEI and the
temperature extremes in different spatial scales (Supplementary
Figure S5). The results showed that since the 1990s, most of the
temperature extreme indices have had interannual and decadal
high-energy spectra of 2–13-year in the three regions. In
particular, the cold temperature extreme indices have shown a
high coherence with the in-phase relationship in the 7–13-year
bands since the late 1990s, and TXn has reached a significant level of
5%. These results have also shown once again that the whole CRC is
affected by ENSO. It is worth noting that there are still certain
differences in the degree and mode of response to ENSO in different
regions. The reason may be that different CRC regions are located in
different geographical locations and have different sensitivities to
ENSO (Shi et al., 2018a). Also, besides ENSO, CRC are also affected
by other oceanic and atmospheric circulation patterns.

The Atlantic Meridional Overturning Circulation (AMOC), as
an important ocean–atmosphere interaction mode in the North
Atlantic region, plays an important role in the transmission of global
ocean heat from the low latitudes to high latitudes in the North
Atlantic (Chen and Tung, 2014; England et al., 2014). As a vital
characterization of AMOC, AMO represents the strength change of
AMOC (Wang and Zhang, 2013). Previous studies have revealed
that AMO has significant influences on global climate and regional
climate. For example, East Asia is a critial region due to its influence
(Lu et al., 2006). Also, a recent study based on both observations and
numerical simulations has shown that in recent decades the
temperature extreme events in most of northern China are
closely related to the transition from the negative phase to the
positive phase of AMO and that they dominate the frequency and
intensity of heat extreme events (Zhang G. et al., 2020). The WTC
results in Figure 8, Supplementary Figure S3 demonstrate that AMO
has a strong in-phase relationship with TXm, TNm, and DTR and
with the warm indices in the interannual and decadal oscillation
cycles. In terms of cold temperature extreme indices, AMO has
shown strong interannual and interdecadal antiphase periodic
oscillations with TN10p from 1994 to 2005 and with TX10p
from the 1980s to the 2000s. However, the wave spectrum of
interannual cycles is low and extremely scattered with the other
two cold temperature extreme indices, indicating that AMO has a
strong antiphase relationship with some indices. In other words, in
addition to ENSO, AMO also has a certain impact on the
temperature extreme warming in CRC, which is consistent with
the research results of other scholars (Jaccard and Galbraith, 2012;
McGregor et al., 2014).

In addition, as for to the large-scale ocean–atmosphere modes,
such as AMO and ENSO, which affect temperature extremes
through teleconnection in China, the atmospheric oscillation
impact on climate cannot be ignored (You et al., 2013; Wang
et al., 2019; Wu et al., 2019). Studies have shown that NAO has

a significant impact on China’s climate, especially on the
temperature extremes (Liu et al., 2019; Tong et al., 2019; Li et al.,
2022). NAO is a seesaw phenomenon in the Northern Hemisphere,
and it is the change in the pressure difference between Icelandic low
pressure and Azores high pressure (Wanner et al., 2001). When
NAO is in the negative phase, it is easy to generate a strong north
wind anomaly in the lower troposphere; cold air is transferred from
the high latitude to the low latitude, resulting in a temperature drop
in the middle latitude, and vice versa (Visbeck et al., 2001).
Therefore, when NAO is in the positive phase, the temperature
theoretically increases inmost regions of China. On the contrary, the
temperature drops when NAO is in its negative phase. However,
some studies have shown that the impact of NAO on temperature in
the Northern Hemisphere is mainly reflected in winter (Wang et al.,
2005), and this feature is particularly obvious in China (Liu et al.,
2019). According to the analysis results of Supplementary Figure S2,
it can be clearly seen that almost all the temperature extreme indices
in the whole CRC show that the correlation in winter is significantly
higher than that in other seasons. Also, the correlation between
NAO and cold temperature extreme indices is particularly obvious
in winter, and some indices have reached the significance level of 5%.
The main reason is that China is located at the downstream of the
circulation system associated with NAO, and the negative phase of
NAO can lower the temperature in most parts of China in winter by
influencing the Siberian high pressure and Asian winter monsoon,
which causes an increase in the frequency of low-temperature
extremes (Wu et al., 2009). These characteristics indicate that the
influence of NAO on the temperature extreme of CRC may be
mainly manifested in winter, while its influence in the other seasons
is minimal. In addition to the influence of large-scale circulation
patterns, such as ENSO, NAO, and AMO, global warming,
anthropocene activities, land cover, land reclamation,
urbanization, and other human activities can also give rise to
changes in climate extremes. Thus, a fully comprehensive
assessment of the influence of the climatic and nonclimatic
factors in this region would require further research.

5 Conclusion

In this study, we calculated and divided the distribution of
CRC and presented spatial and temporal variations in
temperature extremes and their associations with atmospheric
and oceanic circulation patterns from 1961 to 2018. We found
that DTR, TN10p, and TX10p dramatically decreased, while the
other temperature extremes increased obviously. Also, the trend
magnitudes in cold nights and warm nights were found to be
greater than those in cold days and warm days. Moreover,
decreases in cold nights and cold days and increases in warm
nights and warm days appeared in almost all of CRC. In the
seasonal scales, more than half the temperature indices displayed
the largest trend magnitudes in winter, while the warming trends
in spring and summer were relatively low. Additionally, the
variation trends in most of the cold extremes were
significantly higher than those in the warm extremes.
Spatially, for most of the temperature extremes, the stations
located in TPC and NWC showed larger warming trends than
those in NEC.
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Through further analyses, it was found that the variations of
TXm, TX90p, and TX10p, which are related to AMO, were greater
than those of TNm, TN90p, and TN90p in NWC, while those of
DTR, TNx, and TNn were related to AMOmainly in TPC. For NEC,
AMO had a significant relationship with the variations of the warm
and cold extremes, but their relationship was opposite. NAO was
related to almost all the temperature extreme indices in NWC and
TPC, especially to DTR, TXm, and the cold extremes, while NAO
only had a significant impact on TXm, TN10p, and TX10p in NEC.
MEI were significantly correlated with most of the temperature
indices in NWC (except for TNx and TNn) and NEC. However, MEI
showed significant impacts only on DTR and TNx in TPC. In
addition, AMO displayed significant relationships with most of
the temperature extremes in every season, but the summer and
winter MEI and the summer and winter NAO showed significant
impacts only on DTR, TNm, and TNx. The above results can
provide references for a better understanding of the influencing
mechanism of global warming on the extreme temperatures in CRC,
which can be useful to water resource prediction and management
and to the agricultural development of cold regions.
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