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Abstract The recent hiatus in global warming has
attracted significant attention, yet whether it is a widespread
global and/or regional phenomenon remains controversial.
Here, we investigate the response of extreme temperature
changes since 1961 across China’s cold regions (CCR):
Tibetan determine the spatiotemporal characteristics of
extreme temperature changes across these cold regions using
Mann-Kendall and wavelet transform coherence (WTC)
analyses of data from 196 meteorological stations from
1961 to 2018. We further investigate the teleconnection
between extreme temperatures and large-scale ocean-
atmosphere circulation to determine the potential synoptic
scale causes of the observed changes. The results revealed
a significant warming slowdown in all extreme tempera-
ture indices across CCR from 1998 to 2018. In addition,
extreme temperature indices in northwest cold region
(NWC) and north cold region (NC) reveal a clear winter
warming slowdown and even a significant cooling trend,
yet only the cold index in Tibetan Platean cold region
(TPC) shows a warming hiatus. We conclude that the
warming hiatus observed across these regions is primarily
driven by extreme temperature index changes in winter.
We also find that phase variations in the Atlantic Multi-
decadal Oscillation (AMO) and Arctic Oscillation (AO)
critically impact on the observed warming hiatus, but the
specific atmospheric mechanisms are elusive and warrant
further analysis and investigation.

Keywords China’scoldregions, warming hiatus, wavelet
transform coherence, ocean-atmosphere circulations
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Panel on Climate Change (IPCC ARSY) indicates that the
global mean surface air temperature increased by 0.85°C
(0.65°C—-1.06°C) from 1901 to 2012, with a more
significant warming trend since the 1950s (IPCC, 2014).
Numerous studies link global warming with increases in
extreme weather events, such as floods (Donat et al.,
2016; Bubeck et al., 2019), droughts (Diffenbaugh et al.,
2017; Wang et al., 2019) and extreme heat waves (Fenner
et al., 2019), that will have important socio-economic
impacts as well as driving profound ecological changes
(Curtis et al., 2017; Li et al., 2019).

However, some studies have indicated that global-mean
surface air temperatures (GMSTs) have not increased
continuously since 1998 (Medhaug et al., 2017). IPCC
ARS5 has suggested that the GMSTs increased at a rate of
0.05°C per decade during 1998-2012 and 0.12°C per
decade from 1951 to 2012. This slowing down in the
warming trend of GMSTs after the late-1990s has been
termed a “warming slowdown”, “hiatus” or “pause” (Fyfe
etal,,2013 and 2016; Slingo,2013; Medhaug et al.,
2017). Numerous studies have confirmed this warming
hiatus over both global (Johnson et al., 2018; Winslow
etal., 2018) and regional scales (Garfinkel et al., 2017;
Shen et al., 2018) based on model simulations and
observational data records (Easterling and Wehner, 2009;
Kerr, 2009; IPCC, 2014; England et al., 2014). Yet, some
studies have argued that there has been no global
warming hiatus since 1998 (Karl et al., 2015; Rajaratnam
etal.,2015; Huangetal,2017a). The discrepancies
between these studies may be due to different start dates
and to their partitioning of temperature records (Karl
et al., 2015; Rajaratnam et al., 2015). In addition, signifi-
cant differences between climate model predictions and
observations remain a source of debate with respect to a
global warming slowdown (Trenberth, 2015; Zhang,
2016; Huang et al., 2017b). Although the GMSTs warming
hiatus is uncertain, the hiatus is consistent with most
observations (Easterling and Wehner, 2009; Fyfe et al.,
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2013; Medhaug et al., 2017).

China cold regions (CCR) is located at high latitudes or
high altitude, and includes Tibetan Plateau cold region
(TPC), northwest cold region (NWC) and north cold
region (NC) (Yang et al., 2000; Chen et al., 2006). These
cold regions are characterized by high levels of stored
precipitation in the form of ice or snow, and provide
important water resources for arid and semi-arid regions
(Shen et al., 2020; Shen et al., 2021; Wang et al., 2021).
Furthermore, these cold regions are also important areas
of animal husbandry in China, and NC is a commercially
important grain-growing center (Ding et al., 2019a,
2019b; Zhou et al., 2020). Cold, highland regions can be
extremely sensitive to climate change, due to their
complex natural environment and fragile ecosystems
(Li and Cheng, 1999). Some studies indicate that the
frequency of extreme temperature events across high
latitude/altitude regions such as Tibetan Plateau and
northwest China in the context of global warming, is
significantly higher when compared to other parts of
China (Guo et al., 2018; Zhu et al., 2018). In addition, the
accelerated warming of cold regions has caused a series
of ecological and environmental problems, such as rapid
melting and retreat of glaciers, glacial lake outburst
floods, and natural disasters such as landslides, mudslides,
and floods. Hence, in terms of defining current and future
risk to natural hazards, it is important to understand
temperature changes — particularly the extremes — across
cold regions (Qin et al., 2018; Ding et al., 2019a).

Previous studies have mainly focused on the analysis of
spatiotemporal variations in climatic factors (Chen and
Sun, 2015; Wen et al., 2017) and few studies have concen-
trated on extreme temperature changes in cold regions
since the late 1990s. In addition, the influence of atmo-
spheric circulation patterns has important significance
for any regional warming hiatus (Swain etal., 2016;
Diffenbaugh et al., 2017), and has provided a basis for
projecting future regional extreme climate changes.
However, in these previous studies, there is little
discussion of the relationship between regional extreme
temperature and large-scale ocean-atmosphere circulation
patterns, while it remains controversial as to whether or
not a warming hiatus has been observed, particularly
across CCR and most notably TPC (An et al., 2016; Cai
etal., 2017).

Compared with the annual mean temperature, the
extreme temperature index can better reflect the overall
state of the climate system, especially the variability of
extreme temperature events (Alexander et al., 2006; Li
and Zha, 2018). Therefore, studying variations in the
extreme temperature index since 1998 not only reveals
whether the climate system has undergone a warming
hiatus during this period, but also reflects the differences
in the internal changes of the climate system in different
regions from various aspects (Ding et al., 2020).

In this study, we analyze meteorological data from
1961 to 2018 across the three cold regions to: (i) compare
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the temporal variation and spatial distribution of tempera-
ture index between 1961 and 1997 and 1998-2018;
(i) discuss correlations between latitude, longitude,
altitude and extreme temperature index using Pearson
correlation analysis; and (iii) explore the relationship
between the observed trends and synoptic scale ocean-
atmosphere circulation patterns.

2 Material and methods

2.1 Study area

The three cold regions studied here (TPC, NWC and NC)
have a total area of 4.17 x 10 km?2, and account for
43.5% of China’s total land area (Fig. 1). The regions are
characterized by high altitude and latitude, with the
lowest monthly mean temperature of less than —3°C and
annual mean temperature less than 5°C. Fewer than 5
months have a mean temperature greater than 10°C (Yang
etal., 2000; Chen etal.,2006). The Tibetan Plateau,
known colloquially as the “roof of the world” and
“Chinese water tower”, is the highest upland cold region
in the world, with a total area of 2.62 x 100 km?. It has an
important impact on regional and global atmospheric
circulation and is a hotspot of global climate change
(Wang et al., 2013). NWC lies mainly in the Altay
Mountains and Tienshan Mountains, and has an area of
2.1 x 10° km2. NWC, located deep in the hinterland of
Eurasia, is characterized by a fragile ecology and complex
natural environment and is one of the most sensitive areas
to global climate change (Chen et al., 2014; Ding et al.,
2019a). NC is composed of the Northeast Plain and
Daxinganling Mountains, has the highest mean latitude
and the lowest mean temperature in China, and covers a
total area of 1.34 x 10 km2. NC spans both monsoon and
non-monsoon climatic regions and is an important
production base for agriculture and animal husbandry in

55°N

45°N

etan Platean
cold region

35°N

/

o

-
Vel
“80°E 90°E 100°E 110°E 120°E

Fig.1 The three main cold regions analyzed in this study, and
location of the 196 meteorological stations used in this study.
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China. Extreme temperatures have a major impact on
regional agricultural production (Fuetal.,,2018; Tong
et al., 2019) and in the past 50 years, this region has been
one of the fastest warming regions in China and East Asia
(Ren et al., 2012).

2.2 Data sources and quality control

We used meteorological data from 206 weather stations
obtained from the China Meteorological Administration
(available at China Meteorological Administration
website). Data included daily mean, minimum and
maximum temperatures over the period of 1961-2018. To
ensure the reliability of the data record, we eliminated 10
weather stations that had missing data over a year or
more. For the remaining stations, data gaps (< one year)
were interpolated based on data from the nearest station.
In total, 196 weather stations with complete data records
were used in the study.

The Atlantic Multi-decadal Oscillation (AMO) (available
at National Oceanic and Atmospheric Administration
website) is considered as an important large-scale indicator
of climate change in the Northern Hemisphere (Chen
and Tung, 2014). In addition, the Arctic Oscillation (AO)
(available at National Oceanic and Atmospheric Admini-
stration website) shows seesaw behavior in the Northern
Hemisphere, that is, when the AO is in its negative phase,
strong northerly wind anomalies are observed in the
lower troposphere. These transport cold air from high
latitudes to low latitudes, resulting in lower temperature
in the middle latitudes (Song and Wu, 2019). Therefore,
we choose the AMO and AO in this study to more fully
understand the mechanisms driving climate changes (You
etal., 2013; Deng et al., 2014; Huang et al., 2016).

2.3 Methodology

2.3.1 Definition of extreme index

To compare temperature changes over the study period
1961-2018 across the three regions, maximum and
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minimum temperatures and a further four extreme
temperature indices were calculated using the RClimDex
1.9 software package (Zhangetal., 2011; Supari et al.,
2017; Ding et al., 2020; Niu et al., 2020). Since other
studies have focused more on TXm, TNm, TX90p, TNXx,
TN10p and TNn, the six total temperature indices (Table 1)
were selected from the core index recommended by the
CCI/CLIVAR/JCOMM Expert Team on Climate Change
Detection to include (i) annual temperature index: the
annual mean maximum and minimum temperature (TXm
and TNm); (ii)) warm extreme daily temperature index:
the percentage of days when TX is greater than the 90th
percentile of warmest days, and monthly maximum value
of daily minimum temperature (TX90p and TNx); (iii) cold
extreme temperature index: the percentage of days when
TN is lower than the 10th percentile of coolest daily
temperature, and monthly minimum value of daily
minimum temperature (TN10p and TNn) (Li et al., 2015;
Shen et al., 2018).

2.3.2 Mann-Kendall trend analysis

A nonparametric Mann-Kendall (M-K) test is recommend-
ed to detect monotonic trends in hydrometeorological
time-series across different regions of the world (Huang
et al., 2017b; Ding et al., 2018; Pakalidou and Karacosta,
2018; Ding et al., 2019b). The magnitude of test statistic
Z represents the significance level, Z > 0 indicates an
increase, and Z< 0 indicates a decrease. When | Z | >1.96
and | Z| > 2.58, the trends are significant at the 95%
and 99% confidence level, respectively (Ding et al., 2018;
Niu et al., 2020). In addition, the nonparametric Sen’s
slope method can complement the M-K trend analysis by
quantifying the magnitudes of trends of extreme
temperature index (Sen, 1968; Guo et al., 2018). Finally,
we define our meteorological seasons as spring (March to
May, MAM), summer (June to August, JJA), autumn
(September to November, SON), and winter (December
to February, DJF).

Table 1 The six temperature indices used in this study

Index Indicator name Definitions Units
Annual mean temperature

TXm Mean TX Mean daily maximum temperature °C
TNm Mean TN Mean daily minimum temperature °C
Warm temperature extremes

TX90p Warm days Percentage of days when TX > 90th percentile d
TNx Max TN Monthly maximum value of daily minimum temperature °C
Cold temperature extremes

TN10p Cool nights Percentage of days when TN < 10th percentile d
TNn Min TN Monthly minimum value of daily minimum temperature °C

Notes: TX is daily maximum temperature; TN is daily minimum temperature.
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2.3.3 Wavelet transform coherence (WTC)

WTC has been previously used to detect the interactions
and feedback characteristics of extreme temperature
variations and large-scale ocean-atmosphere circulation
patterns (Ding et al., 2020). WTC is an effective method
to measure the correlation between two independent
signals in the local time and frequency domains (Torrence
and Compo, 1998; Jevrejeva et al., 2003; Grinsted et al.,
2004). Following Torrence and Compo (1998), the WTC
is defined as

NEs ngY(s))|2

s (1w @f )xs (1wl o)

R2(s) = (1)

where WX and W! are transformed from the time series
by X and Y, and S is a smoothing function. The scales in
time and frequency over which S is filtered, define the
scales over which coherence is a measure of the
covariance similar to a traditional correlation coefficient
(Jevrejeva et al., 2003). WTC defines the ratio of the
cross product of the amplitudes of two time-series at a
given frequency to the amplitude product of each wave.
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The smoothing operator S is defined as

WX (5) = W (s)x WY (s), 2)

where * denotes the complex conjugate. R2 returns a
value between zero and unity, where O indicates no
correlation, and 1 indicates a perfect correlation. The
relevant code and the calculation procedure can be found
at National Oceanography Centre website.

3 Results

3.1 Temporal variations in annual mean temperature (TXm
and TNm)

From 1961 to 2018, the annual mean maximum (TXm)
and minimum (TNm) temperature increased significantly
(P <0.01) across CCR, by 0.23°C and 0.43°C per decade,
respectively (Figs. 2(a) and 2(b)). For each of the cold
regions, TXm and TNm also showed clear increasing
trends: 0.30°C and 0.40°C per decade for TPC, 0.21°C
and 0.47°C per decade for NWC, and 0.22°C and 0.44°C
per decade for NC (Figs. 3(a)-3(f)).
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Fig. 2 Annual mean time series of six temperature indices in CCR.
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Fig.3 Annual mean TXm and TNm time series in three cold regions.

During the period 1961-1997, TXm and TNm across
all cold regions increased by 0.14°C and 0.44°C per
decade, respectively (Figs.2(a) and 2(b)). Regionally,
TXm across TPC and NWC increased slightly at 0.06°C
and 0.11°C per decade, but TNm increased significantly
at 0.28 and 0.42°C per decade, respectively (Figs. 3(a)—
3(d)). In contrast, across NC, TXm and TNm increased
significantly at rates of 0.19 and 0.58°C per decade
(Figs. 3(e) and 3(f)).

Compared with 1961-1997, the more recent extreme
temperature trends from 1998 to 2018 are substantially
different. TXm and TNm increased at slower rates of 0.07
and 0.16°C per decade in CCR (Figs. 2(a) and 2(b)), and
for the NWC and NC regions, TXm and TNm actually
showed a slowdown in warming (Figs. 3(c)-3(f)).
However, the two indices showed significant accelerating
warming trends across TPC (Figs. 3(a)-3(b)). Based on
this analysis, with the exception of TPC we found that the
warming trend in annual mean temperature across CCR
over the past 21 years slowed down, or even reversed,
compared with 1961-1997. This trend is consistent with
the global warming hiatus (Slingo, 2013). By comparing
the different trends in TXm and TNm across the three
cold regions, it can be inferred that the mean temperature

increase was predominantly affected by NWC and NC.
These results are similar to those of Duan and Xiao
(2015), who revealed that the annual mean temperature
continued to rise across Tibetan Plateau despite the global
warming hiatus.

3.2 Annual mean trend variability of warm extremes
(TX90p and TNx)

Over the past 58 years, the warm index has followed an
obvious increasing trend across CCR (Figs. 2(c) and
2(d)). Among the temperature indices, two stand out
(TX90p for TPC and TNx for NC) as the fastest rising, at
1.54 days per decade and 0.34°C per decade, respectively
(Figs. 4(a)—4(f)). In contrast, TNx for TPC and TX90p for
NC had the slowest warming rate among the three cold
regions, at 0.32°C per decade and 0.89 days per decade
(Figs. 4(b)—4(e)).

From 1961 to 1997, almost all the warm extreme
indices across the three cold regions demonstrate low,
insignificant (P > 0.05) increases, with only TNx in NWC
showing a significant (P < 0.01) temperature increase at
0.23°C per decade (Figs. 4(a)—4(d)). It is noteworthy that
in this latter period, the warm extremes across all three
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Fig. 4 Annual mean trends of warm extremes across the three cold regions.

cold regions showed markedly different trends from the
previous period (1961-1997). TX90p and TNx across the
TPC increased rapidly, at rates of 1.63 days per decade
and 0.45°C per decade, respectively. Compared with the
previous period, the overall magnitude of the warming
strengthened significantly (Figs. 4(a) and 4(b)). TX90p
and TNx across NWC and NC showed an insignificant
cooling trend with the exception of TNx across NC,
which increased at a rate of 0.17°C per decade (Figs. 4(c)-
4(f)). Furthermore, TX90p across CCR showed a
warming slowdown of 0.03 days per decade, while TNx
indicates strengthened warming of 0.21°C per decade
(Figs. 4(c) and 4(d)).

In general, during the warming slowdown period from
1998 to 2018, the warm extremes in NWC and NC
showed a decreasing rate of warming, while TPC showed
an accelerating warming trend.

3.3 Annual mean trend variability of cold extremes
(TN10p and TNn)

From 1961 to 2018, the cold extremes across all three
cold regions demonstrate significant (P < 0.01) warming
trends. Among them, TN10p showed the most obvious

warming trend of 2.83 days per decade across TPC,
followed by 2.50 days per decade across NC and 2.48
days per decade across NWC (Figs. 5(a), 5(c), and 5(e)).
For TNn, the most rapid increase was 0.57°C per decade
across NWC, followed by 0.52°C per decade for the TPC
and 0.51°C per decade across NC (Figs. 5(b), 5(d), and
5(f)). Across the entire cold regions, TN10p and TNn
increased significantly at 2.74 days per decade and 0.63°C
per decade, respectively (Figs. 2(e) and 2(f)).

From 1961 to 1997, TN10p and TNn in all three cold
regions showed significant warming trends (P < 0.01).
Specifically, the variation in magnitude of TN10p from
the highest to the lowest was across NC at 4.01 days per
decade, TPC at 2.91 days per decade and NWC at 2.76
days per decade (Figs. 5(a), 5(c), and 5(e)). For TNn, the
fastest warming was in NWC at 1.31°C per decade,
followed by NC at 1.15°C per decade and TPC at 0.58°C
per decade (Figs. 5(b), 5(d), and 5(f)). By contrast, during
the period after 1998 coeval with warming slowdown, the
variations of the cold extremes across all regions were
significantly lower than those in the previous period. In
particular, TN10p across NWC decreased by just 0.33
days per decade, significantly lower than the 2.76 days
per decade during the previous period (Fig. 5(c)). TN10p
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and TNn across all regions also displayed strong cooling
trends from 1998 to 2018, at 0.64 days per decade in
TN10p and 0.18°C per decade in TNn, respectively, far
lower than the previous period at 3.32 days per decade
and 0.96°C per decade, respectively. The trends in our
data indicate that the cold extremes across all three cold
regions have shown a distinct warming slowdown trend
in the past 20 years.

3.4 Seasonal trend variability of temperature extremes

Our previous analysis demonstrates that, on the annual
time-scale, the cold indices and warm indices all
exhibited clear regional differences during the period of
the warming slowdown (1998-2018). On this basis, we
further analyze the trends in extreme temperature indices
on a seasonal time-scale. From 1961 to 1997, TX90p
across all three cold regions revealed a significant
warming trend both in summer and winter, except for NC
which had an insignificant cooling trend in summer (Fig. 6).
The largest warming (TX90p = 1.35 days per decade)
occurred across NWC in winter (Fig. 6(f)). The lowest
warming trend for TX90p occurred across NWC at 0.25
days per decade in summer (Fig. 6(e)). TNx reveals

warming trends in winter and summer across all three
cold regions. It is noteworthy that the warming magnitude
of TNx in winter across the three cold regions (0.47°C
per decade for TPC, 0.50°C per decade for NWC and
0.76°C per decade for NC) (Figs. 6(d), 6(h), and 6(1))
were higher than those in summer (0.19°C per decade for
TPC, 0.15°C per decade for NWC and 0.16°C per decade
for NC) (Figs. 6(c), 6(g), and 6(k)).

In contrast, the warm seasonal extremes from 1998 to
2018 had markedly different responses. Among them,
TX90p and TNx showed warming trends in summer of
3.12 days and 0.49°C per decade for TPC, 0.69 days and
0.18°C per decade for NWC and 0.09°C per decade for
NC (Fig. 6). In winter, except for warming trends in TPC
at 0.74 days per decade and 0.45°C per decade (Figs. 6(b)
and 6(d)), TX90p and TNx showed cooling trends across
the two other cold regions at 2.49 days per 0.38°C per
decade, and 0.17 days per decade (Figs. 6(f), 6(h), and
6(j)). In general, for CCR during the period 1998-2018,
the warm extremes showed significant warming slowdown
and even significant cooling in winter. However, in
summer, the warm extremes across the three cold regions
showed an increasing warming trend except across NC.

We note that cold extremes across the three regions
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showed an obvious warming slowdown and cooling trend
in winter and summer from 1998 to 2018, with the
exception of the TN10p and TNn indices across the TPC,
which continued to warm at rates of 1.81 days per decade
and 0.40°C per decade during summer (Figs. 6(a) and
6(c)). From 1961 to 1997, TN10p in NWC reveals a
warming trend of 2.77 days per decade and 3.71 days per
decade for the summer and winter seasons, respectively.
However, the warming rates (TN10p) in NWC for the
latter (1998-2018) period were just 1.08 days per decade
and 2.02 days per decade, respectively (Figs. 6(e) and
6(f)). Likewise, for NC from 1961 to 1997, TNn showed
warming of 0.55°C and 1.32°C per decade in summer and
winter, respectively, while from 1998 to 2018, TNn
revealed consistent winter and summer cooling rates of
0.07°C per decade (Figs. 6(k) and 6(1)).

3.5 Spatial distributions of temperature extreme trends

For each meteorological station, we determined whether
each temperature index has a statistically significantly
trend over the two periods, 1961-1997 and 1998-2018
(Tables 2 and 3). The annual mean TXm shows a warming
trend across all three cold regions, in which a total of 164
stations demonstrated statistically significant warming trends.
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These were mostly in northeastern TPC, northern NWC,
and NC from 1961 to 1997 (Table 2, Fig. 7(a)). Almost
all of the stations across NC showed a positive warming
trend, with 34 stations showing significant increases.
Furthermore, we found 20 stations with a statistically
weak cooling trend in southeastern TPC, just three of
which were significant at the 5% level. However, from
1998 to 2018, we found continuously warming trends
across TPC and eastern NWC at 73 stations, while
cooling was observed at 77 stations across other regions,
mainly located in southeastern and southwestern NC, and
western NWC (Table 3, Fig. 7(b)).

In terms of TNm, 159 stations showed a significant
increase with a warming rate that exceeded 0.5°C per
decade in eastern TPC, northern NWC and eastern NC
from 1961 to 1997 (Table 2, Fig. 7(c)). Furthermore, 12
stations showed a negative trend across all three cold
regions, but most of these were insignificant at the 5%
level. In contrast, during the latter period of warming
slowdown, 138 stations with significantly continuous
warming trends were predominantly located across the
TPC and NC, while 58 stations indicating cooling were
mainly distributed in southwestern NC (Table 3, Fig. 7(d)).

For our TX90p index, a total of 128 stations reveal a
warming trend; these were predominantly located in
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Fig. 6 Inter-comparison of warm and cold trends from 1961 to 2018 across each of the three cold regions.

northwestern TPC, western NWC and eastern NC (Table 2,
Fig. 7(e)). However, 62 stations also indicate cooling, and
these were mostly distributed in southeastern TPC and
central and western NC. During the latter period (1998—
2018), TX90p showed warming trends at 58 stations
across TPC, but in contrast, 85 stations indicated cooling
in western NWC and across most of NC (Table 3, Fig. 7(f)).

For TNx, except for TPC, the distribution of cooling
and warming was entirely consistent with TX90p for the
early (1961-1997) period. The majority (142) of stations
with a warming trend were located in TPC, northern
NWC and eastern NC (Table 2, Fig. 8(a)). A further 38

stations indicating cooling were distributed across
northeastern TPC, central and southern NWC and central
and southern NC. During the latter period (1998-2001),
coinciding with the warming hiatus, TNx indicates
cooling or insignificant warming trends across most of
the cold regions, although TPC experienced continuous
warming (Table 3, Fig. 8(b)).

Mean annual TN10p index yields a decrease across
CCR from 1961 to 1997. A total of 186 stations with
significant warming at the 5% level were located across
TPC, NWC and NC (Table 2, Fig. 8(c)). However, just
141 stations showed similar warming from 1998 to 2018,

Table 2 Stations demonstrating a statistically significant temperature trends from 1961 to 1997 (S stands for significance at 0.05)

TPC NWC NC CCR
Index Decreasing Increasing  No Decreasing Increasing  No Decreasing Increasing  No Decreasing Increasing No
trend (S) trend (S)  trend trend (S) trend (S)  trend trend (S) trend (S)  trend trend (S) trend (S)  trend
TXm 20(3) 46(11) 2 6(0) 22(2) 3 1(0) 96(34) 0 27(3) 164(47) 5
TNm 5(2) 63(47) 0 4(0) 27(23) 0 3(0) 94(89) 0 12(2) 184(159) 0
TX90p 26(2) 38(9) 4 5(0) 26(4) 0 31(0) 64(7) 2 62(2) 128(20) 6
TNx 15(2) 48(17) 5 9(1) 20(10) 2 14(0) 74(16) 9 38(3) 142(43) 16
TN10p 63(48) 5(2) 0 29(20) 2(0) 0 94(90) 3(0) 0 186(158) 10(2) 0
TNn 9(3) 57(32) 2 0(0) 31(22) 0 0(0) 97(70) 0 9(3) 185(124) 2
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Table 3 Stations demonstrating statistically significant temperature trends from 1998 to 2018 (S stands for significance at 0.05)

TPC NWC NC CCR
Index Decreasing Increasing No Decreasing Increasing  No Decreasing Increasing No  Decreasing Increasing No
trend (S)  trend (S) trend trend (S)  trend (S) trend trend (S)  trend (S) trend  trend(S)  trend (S) trend
TXm 11(1) 56(16) 1 14(1) 17(1) 0 52(1) 44(0) 1 77(3) 117(17) 2
TNm 9(2) 59(34) 0 10(0) 21(6) 0 39(14) 58(11) 0 58(16) 138(51) 0
TX90p 10(0) 58(6) 0 15(1) 16(1) 0 70(4) 27(0) 0 95(5) 101(7) 0
TNx 6(0) 57(26) 5 12(1) 17(3) 2 29(2) 60(3) 8 47(3) 134(32) 15
TN10p 50(28) 18(3) 0 23(4) 8(0) 0 68(16) 28(10) 1 141(48) 54(13) 1
TNn 24(4) 42(5) 2 14(0) 17(1) 0 62(9) 33(7) 2 100(13) 92(13) 4
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Fig. 7 The spatial distribution of annual warming temperature trends between 1961-1997 and 1998-2018 for (a) (b) TXm, (c) (d)

TNm and (e) (f) TX90p.

showing that TN10p indicated a warming slowdown
across northeastern TPC, southwestern NWC and NC
(Table 3, Fig. 8(d)).

The warming trend revealed by TNn is also clear, with
185 stations showing a substantial increase, and many
stations with a trend exceeding 0.92°C per decade in
eastern TPC, northern NWC and all of NC from 1961 to
1997 (Table 2, Fig. 8(e)). Furthermore, there was slight
cooling across western TPC, with 3 stations indicating a
significant trend. From 1998 to 2018, TNn exhibited a
stronger cooling trend across most of NC and parts of
other cold regions. Compared with annual mean TNn
from 1961 to 1997, there were fewer stations (92) showing
a net increase across all three cold regions from 1998 to
2018 (Table 3, Fig. 8(1)).

Our observations of temperature index from 1961 to 2018
demonstrate that China’s three cold regions experienced

a warming hiatus during 1998-2018, with the notable
exception of TPC, which continued to warm. Moreover,
compared with the other regions, central and western
NWC and NC reflected the strongest response to the
hiatus, while southeastern TPC was most sensitive to
observed climate change.

4 Discussion

We find that the overall warming trend from 1961 to
2018 reflected in our extreme temperature indices across
the CCR was generally consistent with the net warming
trend observed across the rest of China and Asia, as
reflected by the net warming of the global climate system
(IPCC, 2014;Dong et al., 2017;Shi et al., 2018). However,
within China, the studied CCR showed a different
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warming intensity from other regions in China. Table 4
indicates the difference in extreme temperature indices
for the different regions of China from previous studies. It
is apparent in Table 4 that the annual mean extreme
temperature warming indices across CCR were greater
than those observed around the Yangtze River (Niu et al.,
2020) and across the whole China (Shietal., 2018).
When compared to other regions, we find that the cold
extreme temperature indices have the greatest sensitivity.
For example, TN10p and TNn of the Pearl River Basin
were —1.23 days per decade and 0.44°C per decade from
1961 to 2015, but reached —2.74 days per decade and
0.63°C per decade across CCR during the same interval.
Furthermore, the warming trend of extreme temperature
indices on the Loess Plateau was obviously higher than
that in CCR, except for the cold extremes. This

specifically reflects the distinctive physical characteristics
of high altitude and high latitude across CCR. Numerous
studies confirm that the warming trends revealed by
extreme temperature index across high-altitude/latitude
regions are particularly sensitive, and that these regions
act to amplify climate change, a finding that is consistent
with our results (Dong et al., 2017; Youetal., 2018; Li
et al., 2020).

Within the CCR, the extreme temperature indices
indicate a clear warming hiatus during 1998-2018.
However, the annual mean extreme temperature indices
of each of the sub-regions demonstrate different responses
to the warming slowdown. In general, the extreme tempera-
ture indices across NWC and NC demonstrate a
significant and consistent response to the warming hiatus.
Specifically, during 1998-2018, the annual mean tempera-
ture (TXm and TNm), warm extremes (TX90p and TNx)

Table 4 The variations of temperature extremes across different regions in China

Region China’s cold Yangtze River Basin Pearl River Basin Loess Plateau Southwestern China ~ China
regions (Niu et al., 2020) (Liu et al., 2015) (Ding et al., 2020) (Lietal., 2012) (Shi et al., 2018)

Period 19612018 19612014 1960-2012 19612018 1961-2008 19612015

TXm 0.23 0.16 0.29 0.21

TNm 0.43 0.20 0.39 0.37

TX90p 1.18 2.00 1.01 1.43 0.22 1.15

TNx 0.29 0.15 0.16 0.32 0.17

TN10p -2.74 -2.70 -1.23 -2.26 -0.37 -1.87

TNn 0.63 0.38 0.44 0.39 0.29
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and cold extremes (TN10p and TNn) all show a clear
warming hiatus, even cooling across NWC and NC.
However, the extreme temperature index across the TPC
reveals an intensified warming trend except for the cold
extreme temperature index (TN10p and TNn). Our
observations indicate that TPC did not experience the
warming hiatus, but instead the warming trend continued.
Our results are consistent with the other studies of
regional warming and extreme temperature trends across
the Tibetan Plateau, Northwest China, and Northeast
China (Duan and Xiao, 2015; Duetal., 2019; Lietal.,
2020; Zhou et al., 2020).

Analysis on the seasonal scale reveals variable response
in temperature extremes across the three cold regions to
the warming hiatus of 1998-2018. Shen et al. (2018)
showed that across China’s mid-and high-latitudes,
temperature variations in summer and winter are the
critical factors for global warming slowdown. Hence, we
likewise focus on summer and winter extremes in our
discussion. In summer, the warm index across CCR
reveals accelerating warming, with the exception of NC
which experienced a warming hiatus. The cold index
showed significant warming slowdown, resulting in
cooling, except for TPC that underwent further warming.
During winter, all extreme temperature indices for the
three cold regions showed a robust warming slowdown
and cooling trend. Our results suggest that the warming
hiatus from 1998 to 2018 may be primarily due to the
variations in winter extreme temperature index, which
indicate a reduced frequency of “warm winter” events
across CCR (Alexander et al., 2006; Caesar et al., 2011;
Johnson et al., 2018; Ding et al., 2020). Across TPC, we
find that the increased warming is mainly a result of
variations in the warm extremes in summer. This is
consistent with the characteristics of changes across
Eurasia and North America (Gleisner et al., 2015; Li
etal.,2015). A continuous increase in the intensity of
temperature extremes in summer will lead to a continuous
increase of heat waves. For example, from 1998 to 2018,
TNx continued to warm at a rate of 0.49°C per decade
(Fig. 6(c)), with important social and ecological impacts
in the region (Sun et al., 2019).

857

Previous studies show that the geographic distribution
and location of meteorological stations used in tempera-
ture index analysis may influence the resulting trends
(You et al., 2008; Ding et al., 2019b, 2020). It is apparent
(Table 5) that there is a significant positive correlation
between trends of the extreme temperature index and
altitude across the three cold regions. Overall, we find the
higher the altitude, then the greater the amplitude of
warming which is consistent with other studies (Niu
etal., 2020; Ding et al., 2020). The correlation between
extreme temperature index and latitude and altitude is,
however, more complicated across the three cold regions.
Extreme temperature index and longitude generally has a
negative correlation in NC, except for the cold extremes;
this might reflect that meteorological stations across NC
are closer to the ocean, and are influenced by a moderat-
ing, maritime climate. Meteorological stations further
inland are more influenced by a continental climate,
resulting in larger extreme temperature variations.

Although human activities are responsible for increased
aerosols and greenhouse gas emissions, there remain key
regions that have critically witnessed a climate warming
hiatus over the period from 1998 to 2018 (Chen and
Dong, 2018). Many studies have explored the possible
drivers for this warming slowdown, and current theories
can be broadly divided into two broad sets of mechanisms:
first, external forcing of the climate system, such as solar
radiative forcing, volcanic activity, stratospheric water
vapor and human activities. Kaufmann et al. (2011), for
example, argued that periodic weakening of incoming
solar radiation from 1998 to 2008 partially offset any
increase in greenhouse gas concentrations, thereby driving
a global warming hiatus. Likewise, Haywood et al. (2014)
argue that aerosols from volcanic eruptions act to reduce
incoming solar radiation reaching the ground, thereby
leading to partial global cooling. However, cooling
effects from volcanic eruptions have a relatively short
duration and may be of insufficient magnitude to be
impact on climate variability. Hansenetal. (2011)
showed that aerosols produced by human activities have a
direct impact on climate change, and Solomon et al.
(2010) argued that a 10% drop in stratospheric water

Table 5 Correlation between trends of extreme temperature index and latitude, longitude and altitude across the three cold regions

TPC NwWC NC

Index

Latitude Longitude Altitude Latitude Longitude Altitude Latitude Longitude Altitude
TXm —0.002 —0.148 —0.007 0.196 0.563%* 0.030 —0.108 —0.567%* 0.570**
TNm —0.023 —0.385%* 0.289%* 0.228 —0.076 —0.286 0.098 —0.152 0.102
TX90p —0.044 —0.026 0.261* —0.266 0.485%* 0.107 —0.084 —0.526** 0.505%*
TNx 0.203 —0.081 0.253%* 0.301 0.281 0.060 0.111 —0.398%* 0.338%*
TN10p 0.279%* 0.403** —0.280%* 0.017 0.191 0.186 0.033 0.132 -0.081
TNn —0.160 —0.159 0.231 0.187 -0.277 0.262 —0.103 0.135 —0.114

Notes: * is the 0.05 confidence level, and ** is the 0.01 confidence level.
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vapor content after 2000 resulted in a global surface
temperature drop of ~25% from 2000 to 2009. The
second set of mechanisms concerns the internal
variability of the climate system, and is mainly related to
increased energy absorption by the deep ocean. Since
1971, about 94% of the heat received by the earth has
been stored in the ocean, the majority of which has been
absorbed in abyssal waters below 700 m depth; mean-
while, the upper ocean has not changed significantly,
thereby leading to global surface warming slowdown
(Balmaseda et al., 2013; IPCC, 2014; Meehl et al., 2013;
Chen et al., 2014).

Recently, aerosol-radiation interactions and feedback
caused by human activities have had significant influences
on southeastern China. However, ocean surface atmos-
pheric feedbacks and dynamic changes mainly affected
northern China (Su and Dong, 2019). According to the
Community Climate System Model version 4 simulation,
the recent warming hiatus as well as ocean surface
temperatures in the equatorial and eastern Pacific showed
negative anomalies. Coincident positive anomalies in the
mid-latitudes of the western and central Pacific suggested
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that the global warming hiatus may be related to the
negative phase of the PDO (Kosaka and Xie, 2013; Meehl
et al., 2013; Risbey et al., 2014). Although the PDO does
impact upon the global warming slowdown, the underly-
ing driver of this phenomenon is variations in the AMO.
Chen et al. (2014) demonstrated that enhanced Atlantic
meridional overturning circulation (AMOC) transports
low-latitude seawater to the deep North Atlantic Ocean,
leading to warming of the North Atlantic, which affects
atmospheric circulation anomalies and cooling of the
equatorial eastern Pacific. Hence, AMOC enhancement
increases the heat capacity of the North Atlantic and
reduces heat exchange with the atmosphere, impacting
the PDO and thereby triggering global warming hiatus
(England et al., 2014). The AMO reflects the intensity of
AMOC changes (Chen and Tung, 2014). Our WTC results
show the AMO in a positive phase relationship with
TXm, TNm, TX90p and TNx across China’s three cold
regions before 1998. Moreover, the phase angle of the
WTC gradually decreased from 270° to 0°, indicating that
a positive correlation between the inter-annual and inter-
decadal oscillating cycles gradually increased with
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Fig. 9 Wavelet transform coherence for AMO and extreme temperature indices for China’s three cold regions. The thick black
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phase signals, while left-pointing arrows indicate that the two signals are in anti-phase; down-pointing arrows indicate that the
extreme temperature indices are ahead of the atmospheric index, while up-pointing arrows indicate that the extreme temperature

indices lag behind the atmospheric index.

periodicities from 1 to 12 years (Fig. 9). After 1998, the
phase angles of AMO and TXm, TNm, TX90p and TNx
changed from 225° to 0°, with smaller, inter-annual
oscillations dominating the record with a 1-5 year
oscillation period, indicating the AMO has a significant
impact on the four extreme temperature indices. In
addition, compared with the other two cold regions,
although the extreme temperature index across the TPC
still has a significant positive correlation with AMO,
wavelet energy is relatively small in the inter-annual
oscillation period. The cold indices TN10p and TNn were
correlated with the AMO in all three cold regions, and
showed a strong negative relationship with a lagged
response during 1980-2000 in the inter-annual and inter-
decadal oscillation cycles (Fig. 9). In other words, the
AMO was likely to have impacted the warming hiatus
across CCR since 1998 through phase changes; this is
consistent with other studies (McGregor et al., 2014;
England et al., 2015; Ding et al., 2020).

Some studies also suggest that the AO has a strong
influence on climate in the mid-high latitudes of the
northern hemisphere. When AO is in anti-phase, cold

flow into the mid- and high-latitudes is strengthened, and
meridional exchange is enhanced, resulting in a decrease
in temperature in the mid- and low-latitudes. On the
contrary, when the AO is in phase, cold air is restricted
from spreading southward (Sun et al., 2018; Zhou et al.,
2020). WTC analyses reveal that TXm, TNm and TNx
across the three cold regions have a significant positive
correlation with AO (P < 0.05) on inter-annual and inter-
decadal oscillation cycles with periodicities of 1-8 years,
with the exception of the extreme temperature indices
across the TPC which lag behind AO (Fig. 10). We found
that prior to 1998, the AO had a significant positive
correlation with TXm, TNm and TNx in NWC and NC (P
< 0.05), and the phase angle gradually decreased from
90° to 0°, indicating that this positive relationship was
gradually strengthening. However, after 1998, the phase
angles of three extreme temperature indices gradually
increased from 0° to 90°, indicating that the positive
correlation was gradually weakening. For the cold index,
AO showed strong negative correlations with TN10p of
NWC and NC at inter-decadal scales, with a strong
periodicity around 8 to 10 years, and the negative
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correlation strengthened after 2000. Therefore, the phase
change of AO around 1998 is likely to be another
dominant factor leading to slowdown of warming across
CCR. These findings are consistent with other studies
(Huang et al., 2016; Zhang, 2016; Zhou et al., 2020).

Although anthropogenic activities have significantly
influenced the climate in three cold regions, the warming
hiatus since 1998 is more likely to be the result of natural
variability of the climate system, in particular the AMO
and AO. These large-scale ocean-atmosphere circulation
patterns mainly affect the regional climate and
environmental changes through their influence on the
formation and movement of air masses, fronts, cyclones
and anticyclones.

In the future, we should focus on using additional
extreme temperature indices to explore the warming
slowdown in China’s cold regions. We should also
analyze other factors that affect the warming hiatus in
cold regions, such as the El Nifio-Southern Oscillation
index. Previous research has suggested that the strong El
Nifio event in 1998 may have affected the pattern of
extreme temperature changes in China (Shen et al., 2018).

(2) AO-TXm

fil

TPC
-1

(b) AO-TXm

Period
Period
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In addition, as the “amplifier” of climate change, the
Tibetan Plateau did not show warming slowdown during
this period, but the physical mechanisms underlying this
different response need further analysis.

5 Conclusions

The three cold regions in China have shown different
responses to the global warming slowdown since 1998.
NWC and NC showed an obvious warming slowdown
and even a clear cooling trend in all extreme temperature
indices, while the TPC only showed obvious changes in
the cold index. The spatial distribution of regions with
warming slowdown was not consistent across different
extreme temperature indices. This indicated that different
parts of the three cold regions have experienced different
climate change patterns. Overall, the central and western
regions of NWC and NC demonstrate a more significant
slowdown in warming than other regions. However,
across TPC, the most obvious accelerating warming and
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Fig. 10 Wavelet transform coherence for AO and extreme temperature indices across the three cold regions.

hiatus areas are located in the southeast.

During the recent warming slowdown period, all
extreme temperature indices across all three cold regions
showed an obvious warming hiatus during winter. In
summer, the warm index across the entire CCR reveals
significant accelerating warming except for NC, which
experienced a slowdown in warming. Our cold index
demonstrates an unequivocal warming hiatus, and even
cooling, except for the TPC which continued to undergo
accelerated warming.

The WTC results indicated that ocean-atmospheric
circulation had a substantial impact on extreme tempera-
ture changes across CCR. Prior to 1998, the AMO and
TXm, TNm, TX90p, and TNx for the three cold regions
displayed varying inter-annual periodicities and a
significant decadal in-phase periodicity. For the cold
index, TN10p and TNn in all three regions showed a
strong negative relationship with AMO and a lagged
response from 1980 to 2000. Additionally, AO and TXm,
TNm and TNx in all three cold regions showed a
scattered inter-annual and inter-decadal oscillation
periodicity ranging from 1 to 8 years. Furthermore, AO
has a strong negative correlation with the TN10p cold

index across NWC and NC at inter-decadal time scales,
with a major period of about 8-10 years, and the negative
correlation significantly strengthened after 2000. Overall,
our results demonstrate that the warming hiatus across
CCR from 1998 to 2018 was likely to have been
primarily controlled by the AMO and AO.
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